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Summa~-Equilibrium distribution coefficients are presented for 
the alkaline earth metals Be(H), MS(H), Ca(II), Sr(I1) and Ba(II) 
with the complexing agents acetate, formate, lactate, citrate, tartrate, 
a-hydroxyisobutyrate, malonate, malate, acetylacetonate, EDTA, 
EGTA and DCTA, and the AGSOW-X8 cation-exchange resin. 
Coefficients in HCl, HNO,, HClO, and NH&l are included for the 
sake of completeness. The merits of the various complexing agents 
for the separation of adjacent element pairs are discussed and experi- 
mental elution curves are presented for selected separations. Separation 
factors for adjacent elements are calculated at eluting agent concen- 
trations corresponding to a distribution coefficient of 10 for the less 
strongly absorbed element and are presented together with the eluting 
agent concentrations to form a basis for comparison. 

SEPARATION factors for cation-exchange chromatography of the alkaline earth elements 
in aqueous hydrochloric or other non-complexing acids are rather small.14 Many 
complexing agents such as acetate,s,6 formate,’ citrate,*BB lactate,lO malonate,2 u- 
hydroxyisobutyrate, 11,12 EDTA,lS DCTA,14*lS EGTA,le 2,6-pyridinedicarboxylatel’ 
and acetylacetonate therefore have been suggested for improved separation. In 
almost all cases the suggested methods seem to have been developed empirically by 
trying out a few eluting concentrations in a column procedure and settling for the 
best one. Distribution coefficient data from which the most favourable eluent con- 
centration could be obtained directly, and which also would make possible an 
evaluation and comparison of the merits of the various eluting agents, do not seem to 
be available. Therefore, a systematic investigation of the cation-exchange distribution 
coefficients of the alkaline earth elements, Be, Mg, Ca, Sr and Ba, in various com- 
plexing solutions was carried out in this laboratory. Included were the following 
complexing agents: acetate, formate, lactate, citrate, tartrate, a-hydroxyisobutyrate, 
malonate, malate, acetylacetonate, EDTA, EGTA and DCTA. The results, their 
application, and discussion are presented in this paper. The malonate system has 
been investigated before,2 but the coefficients are included for comparative purposes. 
Coefficients in hydrochloric, nitric and perchloric acids and ammonium chloride 
solutions are also given for the sake of completeness. 

EXPERIMENTAL 

Reagents 

Chemicals of analytical-reagent grade purity were used throughout with the exception of malonic 
and or_-malic acid which were obtained as 99% pure reagents and were further purified by an ion- 
exchange method.s 
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The resin used was the AGLOW-X8 sulphonated polystyrene marketed by Bio-Rad Laboratories, 
Richmond, California. Resin of 100-200-mesh particle size was used for equilibrium and of 200400 
mesh for coInmn experiments. 

Appam fus 
Borosilicate glass tubes of 2Omm inner diameter with fused-in sintered glass plates of No. 2 

porosity and a burette tap at the bottom, were used as columns. 
A Perkin-Elmer 303 atomic absorption spectrometer was employed for determinations of low 

concentration of alkaline earth metals (elution curves). 

Pix%=&i?Y?es 

~~s~ribi~~~~n coe$cients. CoeMents were determined by equilibratinrr for 24 hr in a mechanical 
shaking apparatus 2.718 g of dry AG50W-X8 resin in the &m&ium f&n (equivalent to 2500 g of 
resin in the hvdroeen form) with 250 ml of a solution containine 1 mmole of the reauired element 
and the requiied Gncentraiion of the organic complexing agent”as the ammonium Gait. Only @l 
mmole of magnesium(II) was used for equilibria with ammonium cc-hydroxyisobutyrate because of 
its limited solubility with &is reagent. The pH was kept at 7.0 throughout except for the equilibration 
of beryllium in ammonium chtoride, acetate and formate where a pH of 5@ was used to prevent 
hydroxide precipitation in the external solution, and the equiIibration of all elements in acctylace- 
tonate, where a pH of 90 was used. Coefficients in EDTA, EGTA and DCTA were determined at 
starting pH values ranging from 5 to 9 at intervals af 1.0, and at concentrations of 0.02M and O.lOM 
for EDTA and 0*02M for EGTA and DCTA. One series of coefficients was measured in the presence 
of 030M ammonium acetate as buffer, another series was measured in the absence of the buffer. 

After equilibration the resin was separated from the aqueous phase by filtration and the pH of the 
filtrate was measured with a pH meter in the cases of EDTA, EGTA and DCTA. The amounts of 
the elements in the tin phase (after ashi@ and in the water phase were determined by suitable 
analytical methods.a From the results the equilibrium distribution coef%ients, 

D- 
amount of element in resin phase ml of solution 
amount of element in water phase ’ g of resin (dry weight in H+ form) 

were calculated. For EDTA, EGTA and DCTA, curves of D against pH after equilibration were 
pIotted and the cMZicien& at the required pH values were read from these curves. The results are 
presented in Tables I and II, CoeflIcients in perchloric acid were also determined, Their values and 
those of the coeflicients in hydrochloric and nitric acids, for 1 mmole of the element and 2.5 g of resin 
are included in the Tables. Coefficients for 2.5 mmole have been published before,l tB but the 
coefficients for lower loading are included for the sake of completeness. 

Separu#ion factors. For comparison of the merits of the various eluting agents the values of the 
separation factors for element pairs at a distribution coefficient of 10 for the less strongly adsorbed 
element were obtained from plots of co&cients against eluent concentration or pH value (for 
EDTA, EGTA and DCTA). Table III presents a summary of these sepamtion factors and the corre- 
sponding eluent concentration. 

ElutioE curues. Satisfactory column kinetics are required in addition to a favourable separation 
factor to obtain a good chromatographic separation. The excellence of the separations possible for 
adjacent group IIA elements when working under near optimum conditions are demonstrated by 
some elution curves. 

Fiwe I shows an elution curve for the 2 mmole of beryllium, 1 mmole of mamesium and O*lON 
amm&&m malate of pH 7.5 as eluting agent. The col&n had an inner diam&r of I5 mm and 
contained X5 ml (5 e) of AG5OW-X8 resin of 200-400-mesh narticle size in the ammonium form. 
The flow rate was k&t at 24 + O-2 ml&in. 

I 

Figure 2 shows an elution curve for the ma~~i~~~aIciurn~1) pair with a similar column, 
but 0*2OM ammonium acetylacetonate of pH 90 as eluting agent; the same column and 2*0&f 
ammonium acetylacetonate of pN 9-O as eluting aRent were used for the calcium(H)-strontium(II) 
pair as shown id Fig. 3. The eiuting agent waspre?pared by neutralizing a mixture of acetylacetone 
and water with aqueous ammonia to a pH of 9, with victorous stirring. The solution was left s&mime 
for M-20 rnin bgfore elution was star&. when a 3&ml (lo-g) c&mn was used the calcium & 
eluted quan~tativ~y with 300 ml of the efuting agent while no strontium appeared in the first ioo0 ml 
of eluate when 1 mmole of each element was present. 

Figures 4-6 show elution curves for the daIcium(II)-strontium(H) pair with 0.7ON ammonium 
cL-hydroxyisobutyrate of pH 7.0, OQON ammonium citrate of pH 7.5, O*lOM EDTA of H 5.0 con- 
taining 0*30Mammonium acetate, and O*lOM EDTA of pH 5-O and 54 in the absence o P ammonium 
acetate, as eluents. The columns contained 60 ml (20 g) of AG50W-X8 resin of 2~00~mesh 
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TASL~ I.-DLWRIBUTION COEFFIUBNTS 

3 

EInent Be Mg ca Sr &l 

NH4 acetate 
NHa formate 
NH; lactate 
NH, malate 
NH4 a-hydroxyisobutyrate 
NW& tartrate 
NE& acetylacetonate 
NH& malonate 
NJ& citrate 

Q2oN HClO* 283 
HNO* 244 
acx 158 
NH&l 440 
NH4 acetate 805 
NH,, formate 140 
NH; lactate 79 
N& n&ate f-8 
NE& u-hydrox~sobut~ate 51 
NH4 tartrate 56 
NJ& acetylacetonate <l*O 
NH, malonate 5.1 
NH4 citrate <o.s 

o-SON RCIO, 
HNOS 
Ha 
NH&Cl 

NE& acetate 
NE& farmate 
Nl& lactate 
NE& maIate 
NH4 ~~hydro~~butyrate 
N& tartrate 
NH4 acetylacetonate 
NHB, malonate 
NH4 citrate 

1 +lOR HCl* 
HNQ, 
HCl 
NH&l 
NW& acetate 
NH4 formate 
NW, lactate 
NH, malate 
NH; ~-hydrox~so~u~te 
NH, tartrate 
NE& acetylacetonate 
NE& malonate 
NH* citrate 

834 1340 29SQ 4510 > 10s 
763 1180 2310 4350 6800 
334 1320 4570 6500 >lW 

1530 816 2390 4300 13800 
1900 915 2060 3900 10900 
1870 804 2060 3500 10000 

770 333 473 881 1320 
3.5 311 502 1070 2815 

440 811 1360 4060 20000 
38~6 476 52 952 2460 
5.7 48.0 12300 16600 >10’ 
7.8 205 910 1760 4500 

<O-5 27.9 48.0 172 565 

418 
393 
387 
254 
214 
219 
100 

IZ 
124 

4K 
7.8 

871 1290 3370 
719 1150 2330 

1160 1590 4450 
631 944 2480 
481 817 3460 
475 774 2480 
142 283 498 
118 284 766 
255 678 2280 

30 226 503 
2640 9900 >104 

290 460 990 
10.8 43-3 144 

65 
63 
51 

106 

3@1 
8.7 
2-f 
I.0 
1.8 
1.8 

<l-O 
3.3 

<05 

98 

:: 
51 
33.5 
32-O 
13.2 
11.7 
12-1 
19.3 

i:f 
l-5 

X98 268 
X50 196 
188 278 
124 170 

73 132 
74 12s 
23.5 61 
15.2 42-3 
24-3 91 

7.4 26.7 
377 2500 
337 71 
25 7-6 

645 

E 
379 
323 
288 
123 
114 
280 
68 

>lW 
160 
22.2 

18.7 26.9 
16-f. 24.6 
14.4 21.8 
29.2 15.2 
4.2 8.6 
2-Y 7.7 

<l.O 2.9 
<l-O 3.7 

1.2 4-2 
l-2 5-l 

<l.O l-2 
<l.O 3.2 
<05 0.7 

60 
3&l 
43.8 
39.2 
l&3 
18.4 
4.8 
3.0 

2:; 
115 

;:; 

88 173 
431 88 
73 168 
52 116 
35.3 85 
35.1 76 
14.2 38-6 
9-4 26-7 

I@4 61 
5% 14-3 

1170 >lO’ 
17.3 40-5 
2.0 5.6 
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TABLE I. (Contd.) 

EIuent Ee Mg Ca Sr Ba 

2oON HClO& 4.7 
HNO, 8-5 
HCl 5.4 
NH&l 8.9 
NH* acetate 2.3 
NH4 formate 1.5 
NH* lactate <l-O 
NH& malate <l-O 
NH& ~-~ydroxyi~but~ate <I-O 
NH4 tartrate <l-O 
NH* acctylacetonate <l.O 
NH* malonate tl.0 
NH4 citrate to-5 

~.~~~Cl~~ 
HNOs 
HCI 
NH&? 
NH, acetate 
NH4 formate 
NH4 lactate 
NH6 u-~yd~o~sob~tyrate 
NH4 tartrate 
NI-I& acetylacetonate 
NH* maIonate 
NH4 citrate 

2-2 
4-5 
3.3 
7.5 
1.6 
1-O 

(1.0 
<l-O 
<l-O 

<f.O 
to.5 

4*OON HClO, 
HNOa 
HCI 
N&Cl 
NH& acetate 
NH& formate 
NH4 lactate 
NH, cr-hydroxyisobutyrate 
NH4 tartrate 
NH6 mahate 
NH* citrate 

l-7 
2-S 
2=4 
6-4 
I.1 

<l-O 
<l.O 
<l*O 
<l-O 
cf.0 
to-5 

TABLE II.-Du~Bv~oN COEPFKXENTS WITH 0.02M COMPLEXONES 

CONTAINING @3oM NH, ACETATE 

s-5 
9.7 
6.4 

;:; 
2.7 
f*6 
1.7 
1.7 
l-8 
1.0 
1.6 
0.4 

412 

3:; 
3.4 
1.4 
l-9 
1.4 
1.0 
1.3 

@8 
0.2 

2.9 
4.1 
3.0 
2*2 

::; 
1.3 

<I*0 
1.0 
0.5 

CO.2 

It+9 
10.5 
13.2 
1275 
4.5 
4.8 
2.2 

;:; 
O-9 

78 
1*8 
0.2 

0.9 
<0*2 

25-2 53 
11-2 13-l 
19.2 38.9 
17.9 37.1 
9.4 22.7 
8-5 19.9 
3-3 10.3 
l-7 6.9 
6-3 17.9 
2-l 2.9 

838 6800 
3.8 13.3 
O-6 1.7 

14.4 2F3 
6-2 4-7 

10-B 20.0 
10.0 19.5 
4.7 11.4 
4.4 9-6 
2-O 5.8 
3-6 10-6 
l-2 1.5 

2-O 
0.3 

109 
4-7 
7-6 
7.5 
3-9 
3.7 
1.7 
2.7 
O-9 
l-3 
O-2 

11.1 
0.9 

20-Z 
3-2 

12-4 
x3-5 
7-l 

::; 
7.5 
1-I 
9.7 
O-6 

Elating agent pH Mgf IE) C&II) SrGI) Ba(II) 

EDTA 4-5 101 (2250) 33.1 (128) 396 (8300) 
5-o 53 (401) 3-9 (26-S) 292 (1220) 
6.0 31 (15.3) 0.2 (2.1) 16.3 (54) 
7.0 0.8 (1.2) X0.2 (<0.2) 2*4 (5.7) 
8.0 <0#5 (<@5) <0*2 (<0.2) 0.8 (1.1) 
9.0 to.5 (0.5) so.2 (<O-2) <co*5 (tO5j 

IXTA 4-5 42.5 (958) 19-4 005) 394 (Wf 
5-O 8.3 (130) 26 (36.5) 274 (3400) 
6-o O-5 (2.7) <@2 (2-l) 37-S (183) 
7.0 <0”5 (<O-5) <0*2 (<@2) 5.6 (S-2) 
8.0 “&M (<0*5) <O*2 (<O-2) O”9 (t@S) 
90 <O-5 (<O-5) <@2 (<0*2) -cOti (<@5) 

1210 (>lOy 
784 (103 
104 (535) 

7.5 (33.5) 
1.2 (3-7) 
05 (1.0) 

865 (>ltF] 
504 WOOL 
202 (1460) 

Z.6 ;ziy 
I*9 (18.4) 
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TABLE II. (Conrd.) 

EGTA 45 91 (765) 60 (1540) 161 (2980) 740 (4500) 

5.0 88 (765) 326 (865) 157 (2830) 715 (3700) 

6.0 75 (665) 1.6 (19.8) 87 (1590) 345 (1820) 

7.0 48.0 (322) <@2 (4.5) 5.9 (50) 28 (69) 

8.0 11.4 (67) <@2 (1.9) <0*5 (4.1) 2.8 (5.0) 

9.0 2.6 (12.0) <@2 (1.3) <0*5 (<l-O) <l*O (<l*O) 

EDTA 4.5 (120) (98) (267) (1030) 

(O*lOM) 5.0 (20.4) (2.7) (70) (315) 
60 (1.2) (<O-5) (3.9) (30.5) 

7.0 (<O-5) (<O.J) (<0*5) (2.4) 
8.0 (cO.5) ( <0.5) (<O-5) (<O-5) 

9.0 (tO.5) (<0*5) (<0*5) (<0.5) 

CoetBcients in brackets were determined in absence of NH, acetate (0*133M acetate present in 
the case of EGTA). 

particle size in the ammonium form and had an inner diameter of 22 mm. 
3-O f 0.3 ml/min, and 1 mmole of each element was used. 

The flow-rate was kept at 

Figures 7 and 8 present elution curves for the strontium(H)-barium(H) pair with 0.02OM DCTA 
of pH 7-O containing 0*3OM ammonium acetate and with I2ON u-hydroxyisobutyrate of pH 7.0, 
respectively. Resin, column dimensions and flow-rate were the same as those for Figs. 4-6. No 

TABLE IIL-SEPARATION FACTORS 

Eluting agent 
Mg/Be CalMg Sr/Ca Ba/Sr 

Cont., N Factor Cont., N Factor Cont., N Factor Cont., N Factor - - 
Acetylacetonate 0.08 >lO 0.18 ~320 -2-o* -15* - - 

Citrate 0.06 -50 0.18 1.3 0.20 4.3 044 2.9 

a-hydroxyisobutyrate 0.30 4.0 0.55 1.9 0.74 3.8 1.40 3.2 

Lactate 0.33 3.1 0.53 2.0 0.72 3.0 1.17 2.8 

Malate @07 -100 0.54 1.3 060 2.9 0.97 2.8 

Malonate 0.08 -30 0.45 4.3 0.87 2.4 1.27 2.7 

Formate 0.48 3.4 0.87 2.4 1.33 1.9 1.82 2.3 

Acetate 0.67 1.9 0.92 2.2 1.34 2.0 1.92 2.5 

Tartrate 0.15 28 0.41 0.40 0.41 3.7 0.75 2.7 

NH&l 1.85 O-6 1.32 24 232 1.4 3.00 2.0 

HCI I.25 1.4 1.50 2.1 255 1.4 3.00 1.9 

HClO, 1.32 1.6 1.75 2*1 3.10 1.3 4.20 1.9 

HNOs 1.33 1.5 1.85 I.1 2.03 1.1 2.10 1.2 

Eluting agent 
Cal& Sr/Ca Ba/Sr 

PH Factor PH Factor pH Factor 

0.02iU EDTA + B 4.77 l/74 4.77 34 6.21 5.5 

@02M EDTA 5.43 l/11 5.43 28 6.68 7.1 

@ 1OM EDTA 4.48 l/12 4.48 27 5.65 6.8 

0.02M DCTA 5.33 l/3*6 5.33 148 6.92 38 

0*02&f DCTA + B 4.65 112.8 4-65 34 6.72 9-l 

0*02M EGTA 6.36 l/54 6.36 66 7.59 1.2 

0*02M EGTA -t B 5.40 l/8.2 5.40 15 6.85 4.3 

l From elution curves. 
B = buffer of 0*3OM NH4 acetate. 
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barium appeared in the first 1000 ml of eluate on elution with 0*020M DCTA, but the strontium 
peak was very wide for larger amounts of strontium. When the DCTA concentration was increased 
to 0*10&f and the pH was decreased to 6.0 or 65, the separation factor t~s~‘~ decreased considerably 
and a slight overlapping of the barium and strontium occurred when 1 mmole of each element was 
present in a column run. 

24.3 

100 200 300 400 500 600 700 800 900 1000 

Eluale, ml 

FIG. 1 .-Elution curve for Be(II-Mg(I1) with OlON NH4 malate of pH 7.0. 
Column, 15 ml of AG5OW-X8 resin, 200400-mesh, NH,+-form. Diameter 15 mm. 

How-rate 2.0 f 0.2 ml/min. 

0 IO0 200 300 400 500 600 700 

FIG. 2.-Elution curve for Mg(II)-Ca(II) with 0.2OM NH4 acetylacetonate of pH 9.0. 
Column, 15ml of AG5OW-X8 resin, 200-400-mesh, NH,+-form. Diameter 15mm. 

Flow-rate 2.0 + 0.2 ml/min. 
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Eloote, mt 

FIG. 3,Efution curve for ~~j-Sr~ w&b 2-OM NH4 ~~y~~to~te of pH 9-O. 
Column. 15 ml of AGJQW-X8 resin, 20@-400-mesh NH&*-form. Diameter 15 mm. 

Flow-rate 2~0 f 0.2 mlfmin. 

IO0 255 355 400 555 650 700 805 900 1055 
&ale, mi 

Fm. 4.Elution curves for Ca@j-SrCX1) with 
x - x 0.7ON NH4 &ydroxyisobutyrate of pH 7.0. 

~-0-a 0.2ON NH4 citrate of pH 7-S. 
Column, 60 ml of AG50W-X8 resin, 200-400-mesh, NH,+-form. 
Diameter 21 mm, flow-rate 3.0 rt 0.3 ml/n&. 
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IO0 200 300 400 500 600 700 800 900 1000 

Elvote, ml 

FIG. .5.-Elution curve for Ca(II)-Sr(II) with O=lOM EDTA of pH 5.0 containing 
03OM NH, acetate. 

Column, 60ml of AGJOW-X8 resin, 200-400-mesh, NH,+-form. Diameter 22mm. 
Flow-rate 3.0 & 0.3 ml/min. 

IO - 

‘ii 
L 

z Co (pH5.5) 

s 5 

E 
P 
0 

E Co (PH 5.0) 
Sr (PH 5.5) 

I 

400 500 600 700 800 900 1000 

Eluote, ml 

FIG. 6.---Elution curveS for Ca(II)-Sr(I1) with @lOM EDTA of pH 5.0 and 95. 
Column, 60 ml of AGSOW-X8 resin, 2004%mesh, NH,+-form. Diameter 22 mm. 

Flow-rate 3-O j, O-3 mljmin. 
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Sr ( 1.0 micromoles 1 

Sr (O-I micromoles~ 

I t I 
100 200 300 400 500 600 700 800 900 1000 

Eluate, ml 

FIG. 7.-Elution curves for Sr(II)-Ba(II) with 0*020MDCIA of pH 7-O containing @30&f NHr 
acetate. Column, 60 ml of AG5OW-X8 resin, 200-400-mesh, N&+-form. Diameter 21 mm. 

Flow-rate 3-O rfi 0.3 ml/min. No Ba(I1) detectable in first 1600 ml. 

-_ 

0 100 200 300 400 500 600 700 800 

Eluate. ml 

Fro. I.-Elution curve for Sr(II)-Ba(I1) with 12ON NH, a-hydroxyisobutyrate of 
pH 7.0. 

Column, 60 ml of AGJOW-X8 resin, 200-4QO-mesh, NH,+-form. Diameter 21 mm. 
Flow-rate 3-O f O-3 ml/m& 
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DISCUSSION 

The analytical errors for the coefficients presented are about f 1% or better in the 
range of values from 20 to 100 and are greater for higher or lower values. This does 
not apply to the coefficients in EDTA, EGTA, DCTA and acetylacetonate. These 
coefficients are strongly pH-dependent with the first three reagents and therefore less 
accurate because of uncertain pH-values (not better than f0.03 pH), while coefficients 
in acetylacetonate depend on the history of the eluting agent and are very much less 
reproducible than those in acetate, malonate etc. The values given can be considered 
only as approximate. Furthermore, calcium, strontium and barium are eluted with 
acetylacetonate at much lower eluent concentration than predicted by the distribution 
coefficient. Apparently the reagent undergoes a slow reaction in ammoniacal aqueous 
solution which changes its ion-exchange properties, and no correlation between 
coefficients and elution curves can be obtained. 

Be(ZZ)-Mg(ZZ). The largest separation factor (in,“” N 90) and excellent separations 
are obtained with O*lON ammonium malate of pH 7-O as eluting agent (Fig. 1). This 
seems to be the largest separation factor known for this pair. The O.lON ammonium 
citrate and malonate of pH 7-O and 0*20N ammonium tartrate of pH 7.0 also give a 
large separation factor and good separations. The 0*20N ammonium malonate 
containing O*lN malonic acid is a good eluting agent for practical purposes. 
Beryllium(II) is eluted with a small volume of eluting agent, the separation factor is 
still reasonably large (aBeYg N 10) and the reagent can be destroyed very easily.2 The 
O*lOM ammonium acetylacetonate of pH 9 also gives a large separation factor, but 
actual separations are less satisfactory, because magnesium appears in the eluate 
sooner than predicted by the distribution coefficients. 

Ca(ZZ)-Mg(ZZ). The most effective separation of this pair is obtained with 0~20M 
ammonium acetylacetonate of pH 9, with the very large separation factor of aNgo’ N 200 
(Fig. 2). A good separation is also obtained by using 040 or 0.45N ammonium 
malonate as eluting agent. 2 The separation factor is not very large (ar,rgcB = 4*3), but 
exchange kinetics are good and the reagent can be destroyed easily. The O*lOM EGTA 
of pH 6-O containing 0.3M sodium acetate-acetic acid buffer also gives a large 
separation factor, but calcium is eluted first. The separation factor with EGTA is 
considerably reduced by the presence of ammonium acetate (Table III) as has been 
observed by Povondra and PIibilnr previously. A fairly good separation is also ob- 
tained with O*lOM EDTA of pH 4.5 containing 0*20M sodium acetate-acetic acid 
buffer, but with DCTA separation is not satisfactory. With both eluents calcium is 
again eluted first. Lactate,l” formate,’ acetate,5*6 c.+hydroxyisobutyrate11*12 and 
ammonium chloride have separation factors not much different from those with 
aqueous hydrochloric acid and therefore do not present any advantage over this 
reagent. More attractive for practical purposes than any of the reagents above seems 
to be 3sOOM hydrochloric acid containing 60 % of ethanol.3 The separation factor is 
still reasonably large xMgCa N 6 (- 8 for small amounts), separations are excellent, 
and the eluting agent can be removed most easily. 

,Sr(ZZ)-Cu(ZZ). The 0.10M DCTA of pH 4.7 containing 0*30M ammonium acetate 
provides the best separation of strontium from calcium (Fig. 5), and O*lOM EDTA 
under similar conditions is almost as good, with about 5 fraction volumes less between 
the peaks when a 60-ml resin column and 1 mmole of each element are used. At 
pH 5.0 the calcium peaks are even sharper for both reagents, while strontium is still 
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retained strongly enough for an excellent separation. While batch separation factors 
are as high as, or higher in the absence of ammonium acetate buffer than in its presence, 
actual column separations are considerably improved by the presence of the buffer 
(Figs. 5 and 6). An even more effective separation is obtained with 2*OM ammonium 
acetylacetonate of pH 9-O as eluent (aca8’ N 15 according to column work), and 
l-mmole amounts can easily be separated even on a 15-ml(5-g) resin column (Fig. 3), 
but the removal of the reagent is much more troublesome than that of EDTA. The 
0.10M EGTA of pH 5.8 containing 0.30M ammonium acetate also provides an 
excellent separation of calcium and strontium. Citrate (8caSr = 4-3) and a-hydroxy- 
isobutyrate (aca sr= 3$X), both of pH 7, have somewhat lower separation factors than 
the above reagents, but they still provide very good separations, as shown in Fig. 4. 
It is remarkable that despite a lower separation factor the a-hydroxyisobutyrate 
separation is as good as the separation with citrate. The somewhat sharper elution 
peak of calcium with c+hydroxyisobutyrate seems to indicate that this reagent has 
better column kinetics which make up for the larger separation factor with citrate. 
Citrate nevertheless is quite attractive because good separation can be obtained at low 
eluting agent concentration (0.2ON). This facilitates removal of the eluting agent. 
After addition of hydrochloric acid to reduce the pH to below 3, the eluate can be 
passed directly onto a small second cation-exchange column in the hydrogen-ion form 
which will absorb the calcium while the citrate passes through. Figure 4 seems to 
contradict the work of Milton and Grummit* who came to the conclusion that cation- 
exchange in citrate is unsatisfactory for the separation of calcium from strontium. 
The reason for this is that their elutions were carried out with 5 % citrate of pH 5. 
Our own investigations showed that distribution coefficients are considerably higher 
and separation factors distinctly lower at pH 5 than at pH 7. This is caused by the 
dissociation of the second and third hydrogen ions of citric acid between pH 5 and 
pH 7. Apparently complexes of Ca with Ls- are somewhat more stable than complexes 
with HL2- (L3- = citrate). 2o From pH 7 to 9 distribution coefficients and separation 
factors remain practically constant. Ammonium lactate and malate are less effective 
eluting agents than a-hydroxyisobutyrate, but are still quite satisfactory, while even 
malonate is superior to acetate and formate, which again are better than hydrochloric 
acid. Tsubota21 has suggested 1 A4 ammonium formate containing 50 % of acetone and 
1M ammonium acetate containing 50 % of methanol as eluting agents for the improved 
separation of calcium from strontium. The separation factor has values of about 
5-6, but the elution curves do not show much improvement as compared with the 
aqueous reagents, apparently because the increased separation factors are accompanied 
by less favourable column kinetics caused by the partly organic solvent. Separations 
appear to be less effective than those with citrate or u-hydroxyisobutyrate. 

Ba(II)-Sr(II). The highest separation factor for this pair is obtained in 0.02M 
DCTA of pH 7-O containing 0*30M ammonium acetate. Unfortunately the separation 
factor decreases with increasing concentration of DCTA and decreasing pH values. 
Separations with O*lOM DCTA are therefore not satisfactory. For this reason 1.20N 
ammonium a-hydroxyisobutyrate of pH 7-O (Fig. 8) is preferred for the separation 
of large amounts of strontium from small amounts of barium, but DCTA has definite 
advantages for the separation of small amounts of strontium from large amounts of 
barium. Reasonable separations can also be obtained with l-ON ammonium lactate, 
0.85.N ammonium malate or l*lM ammonium malonate of pH 7-O or with 0.IOM 
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EDTA of pH 6-O in the presence of O-30M ammonium acetate. More attractive than 
any of these eluting agents for practical purposes is 3.ON hydrochloric acid containing 
20% of ethanol.4 

Zusammenfassung-Die Gleichgewichts-Verteihmgskoeftizienten der 
Erdalkalimetalle Be@), M&II), Ca(II), Sr(II) und Ba(II) xwischen den 
Komplexbildnern Acetat, Formiat, La&at, Citrat, Tartrat, a-Hydroxy- 
isobutyrat, Malonat, Malat, Acetylacetonat, EDTA, EGTA sowie 
DCTA und dem Kationenaustauschharx AGSOW-X8 werden angege- 
ben. Der Vollstiindiekeit halber werden die KoeIhxienten in HCl. 
HNO*, HCIO( und <H&l beigeftigt. Die Vorteile der verschiedenen 
Komplexbildner xur Tremumg von Paaren benachbarter Elemente 
werden diskutiert und experimentelle Elutionskurven ausgewahlter 
Trenmmgen wiedergegeben. Tremrfaktoren ftir benachbarte Elemente 
werden berechnet fiir Konzentrationen des Elutionsmittels, die einem 
Verteihmgskoethxienten von 10 fiir das schwacher adsorbierte Element 
entsprechen. Sie werden zusammen mit den Konxentrationen an 
Elutionsmittel als Vergleichsbasis angegeben. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

21. 

R&&--Gn prbente les coefficients de partage a l’&prilibre pour les 
m6taux alcalins-terreux Be(H), Mg(II), Ca(II), Sr(II) et Ba(II) avec les 
agents complexants acetate, formiate, lactate, citrate, tartrate, a- 
hydroxyisobutyrate, malonate, malate, ac&yIac&onate, EDTA, EGTA 
et DCTA, et la rtsine echangeuse de cations AG 5OW-X8. On inclut 
les coefficients en HCl, I-INO,, HCIOl et NH,Cl pour &re complet. On 
discute des m&rites des divers agents complexants pour la separation de 
paires d’elements adjacents et presente des courbes d’elution experi- 
mentales pour des separations choisies. On calcule les facteurs de 
separation pour les Bements adjacents a des concentrations d’agent 
&ant correspondant il un coefficient de partage de 10 pour l’element 
le mains fortement absorb6, et les presente en meme temps que les 
concentrations d’agent &ant pour former une base de comparaison. 
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Summary-_Aluminium ions form a ternary complex with Catechol 
Violet (CV) and cetyltrimethylammonium bromide (CTAB) in which an 
Al*+:CV:CTAB ratio of 1:2:5 is observed. The sensitivity of the 
binary complex between ahnninium and Catechol Violet &Isa,,, = 
1.50 x 10’ 1. mole --1 . mm-1 is enhanced on ternary complex formation 
to =%TOlun = 530 x 10s 1. mole-r . mm-l. The colour is formed instan- 
taneously, stabilizes within 20 min. and may be used for the detection 
of ahuninium in the range 0.27-54 pm in the presence of EDTA 
which prevents the interference of most ions. A benxoate extraction 
procedure for aluminium is used to prevent interference from hundred- 
fold amounts of Cr(VI), Fe@), Fe(III), H&II), Sb(III), Ti(IV) and 
acetate, but Be, Cr(III), rare earths, V(V), Zr and tartrate must be 
absent, as must high concentrations of phosphate and fluoride ions. 

CATECHOL Y~OLET was proposed as a reagent for the absorptiometric determination 
of aluminium by Anton1 in 1960. Subsequently, Tanaka and Yamayoshi* reported 
extremely high sensitivities with the same reagent for tin and ahuninium (molar 
absorptivity for Al = 6.8 x 103 I.mole-l.mm-l). In common with other workerss*4 
we have been unable to obtain such high values for tin in this laboratory and have 
only been able to approach the sensitivity for aluminium by ternary complex formation. 

During our studies on the sensitizing effect of cetyltrimethylammonium bromide 
(CTAB) on the reaction of Catechol Violet with various metal ions,s*6*7 it was es- 
tablished that the addition of CTAB to the binary aluminium-Catechol Violet complex 
produced a marked bathochromic shift in wavelength of absorption from 615 to 
670 nm. In addition, the molar absorptivity increased from 1.50 x 105 to 5.30 x 10s 
I.mole-l.mm-l. This communication describes the spectrophotometric determination 
of aluminium by means of this ternary complex, which is of comparable or greater 
sensitivity than methods previously described utilizing Chromazurol,s-lo Eriochrome 
Cyanine,ll Aluminon12*13 or 8-hydroxyquinoline. ls-r5 We have found this colour 
reaction to be more reproducible and less prone to variations in reagent composition 
than the binary complex. 

EXPERIMENTAL 
Reagents 

All are of analytical grade unless stated otherwise. 
Benzoic acid (GPR), 5 % solution in ethyl acetate. 
Ammonium benzoate. 10% aqueous solution. 
Ammonium acetate, 50% aqueous solution. 
I ,10-Phenanthroline, 2 % aqueous solution. 
Hydroxylammonium chloride, 10 % aqueous solution. 
Ascorbic acid, 5 % aqueous solution. Prepared fresh every 2 days, 

l Part VII-TaIanta, 1968,15,1359. 
13 



14 J. E. CHESTER, R. M. DAGNALL and T. S. WENT 

EDTA, cu. O-l&f. Dissolve 7.5 g of EDTA (GPR free acid) in ca. 200 ml of water by addition 
of the minimum volume of cont. ammonia solution, 
distilled water. 

Adjust the pH to 9.5 and dilute to 250 ml with 

Buffer, pH 10.2. Dilute 50 ml of cont. ammonia solution to 350 ml with distilled water and adjust 
the pH to 10.2 with cont. hydrochloric acid. Dilute to 400 ml with distilled water. 

Aluminium solurion. Dissolve 0.2267 g of ammonium alum [NH,Al(SO,),.lZH,O] in 500 ml 
of distilled water. (More dilute solutions may be prepared from this stock solution.) Store in poly- 
thene or glassware treated with a silicone water-repellent such as “Repelcote” (Hopkin and Williams). 

Reagent solurion. Catechol Violet 2 x 10-4Mand CTAB 2 x 1O-3 M. Dissolve 0.1546 g of Cat- 
echo1 Violet in 500 ml of distilled water, add 1.458 g of CTAB and stir to dissolve until there is no 
turbidity (the solution may need gentle warming). Dilute to 2 1. with distilled water. 

Procedure 
To prepare the calibration curve transfer by pipette l-10 ml portions of 10-4Maluminium solution 

into 100~ml volumetric flasks. Add 25 ml of the reagent solution, 5 ml of 5 % ascorbic acid solution 
and 5 ml of the pH 10.2 buffer solution, After 20 min, add 5 ml of O-l&f EDTA, make up to volume 
and measure the absorbance at 670 nm against a reagent blank. The curve is a straight line passing 
through the origin. 

Proceed similarly for test samples, but modify the procedure as follows for both test samples 
and calibration if interfering species are present. Transfer an appropriate aliquot (l-10 ml) of the 
cu. lo-‘M ahuninium test solution into a lOO-ml separating-funnel. Add 2 ml of 50% ammonium 
acetate solution, 2 ml of 2 ‘A l,lO-phenanthroline solution, 1 ml of 10% hydroxylammonium chloride 
solution and 5 ml of 10 3 ammonium benzoate solution. If necessary, adjust the pH to 7.5-9. Add 
10 ml of 5 % benzoic acid solution in ethyl acetate and shake vigorously. Separate and discard the 
lower (aqueous) layer and back-extract the organic phase with two IO-ml portions of 1M hydrochloric 
acid. Combine these extracts in a loo-ml flask containing 25 ml of the reagent solution and 5 ml 
of ascorbic acid. Add cont. ammonia solution dropwise until the colour of the solution changes 
from orange to green. Then add 5 ml of the pH 10.2 buffer solution and, after 20 min, 5 ml of O.lM 
EDTA solution, make up to volume and measure the absorbance at 670 nm against a reagent blank. 
The coloured complex tends to adhere strongly to glassware so it is necessary to wash all vessels 
which have come ir,to contact with it, concentrated hydrochloric acid being used for this purpose; 
this procedure must also be used for cleaning the cuvettes between each measurement. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorption spectra of the reagent solution (Catechol Violet and CTAB) and 
the ternary complex with aluminium at pH 10.2 are shown in Fig. 1. Included, for 
comparison, are the spectra of Catechol Violet and the binary complex obtained with 
aluminium at the same pH value. The ternary complex shows a pronounced absorp- 
tion at ca. 670 nm whereas the binary aluminium complex gives a less well-defined 
absorption (compared with the reagent alone) with a peak at 615 nm. The absorption 
of Catechol Violet at 615 nm is reduced appreciably by the addition of CTAB. 

Optimum conditions for colour development 

The optimum pH for complex formation was found to lie in the range 9.7-10-2 
(Fig. 2). Values of pH greater than about 10.5 could not be achieved without very 
rapid oxidation of the mixed reagent solution. Oxidation of Catechol Violet was in 
fact found to occur in alkaline solutions at pH values less than 10-5 unless an anti- 
oxidant such as ascorbate or hydroxylammonium chloride was present. These were 
ineffective above pH 10.5. 

Maximum colour formation was found to occur with slightly greater than a 2-fold 
molar excess of Catechol Violet and a 5-fold molar excess of CTAB over aluminium. 
A greater molar excess of Catechol Violet than about 2-fold produced a slightly 
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Wavelength, nm 

FIG. 1 .-Absorption spectra. 
(a) 5 ml of 10-aM Catechol Violet and 5 ml of IOP’M CTAB diluted to 100 ml 
with distilled water; (b) as (a) plus 1 ml of lo-*M aluminium; (c) 5 ml of 10-8M 
Catechol Violet diluted to 100 ml with distilled water; (d) as (c) plus 1 ml of WSM 

aluminium. All solutions adjusted to pH 10.2, 
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FIG. 2.-Optimum pH for colour formation. 
(a) 5 ml of 10-8MCatechol Violet, 5 ml of lo-*MCTAB and 1 ml of 10-3Maluminium 

solution diluted to 100 ml with distilled water. (6) as (a) but with no aluminium. 

diminished sensitivity. It was, however, found necessary to use a 25-SO-fold molar 
excess of CTAB over a~uminjum in order to stabilize the colour and prevent a rapid 
decrease in absorbance owing to precipitation of the complex. This necessitated special 
treatment of the mixed reagent solution to secure the maximum colour formation 
and prevent the reagent solution from precipitating When the temperature of the 
mixed reagent sohrtion fell below cu. 20” for any length of time, the reagent solution 

2 
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deposited a flocculent precipitate of CTAB. This deposition could be postponed 
almost indefinitely by constant low-speed stirring or reversed by warming the solution 
to ca. 30”. 

When these precautions were not observed and the mixed reagent solution was 
allowed to become even faintly turbid, the blank absorbance value increased without 
a corresponding increase in the complex absorbance. This behaviour prevented an 
absolute value being ascribed to the molar absorptivity of the complex, although a 
series of solutions prepared at the same time from the same mixed reagent solution 
obeyed Beer’s Law. 

Colour development in alkaline solution was found to be instantaneous but this 
was followed immediately by a rapid decrease for some 20 min. After this time, the 
rate of decrease in absorbance was found to have slowed so that there was only a 
further 15 % decrease over the next 24 hr. Measurement of a series of solutions 
allowed to age for 20 min was found to give consistent absorbance values. The 
decrease in absorbance in the first 20 min was measured as 30% of the initial absor- 
bance value; this decrease could not be prevented. 

With the optimum conditions described above, a linear calibration curve was 
obtained for the direct method over the range O-27-54 ppm aluminium, the effective 
molar absorptivity being 5.30 x lo3 l.mole-l.mm-l (&4x). The solvent extraction 
procedure which was subsequently developed to avoid certain interferences was found 
to give a linear calibration curve over the range 2.7-27 ppm aluminium, the molar 
absorptivity coefficient remaining the same. 

Nature of complex 

The Catechol Violet: aluminium ratio was determined by the method of continuous 
variation to be 2: 1. No other complexes were observed. Potentiometric titrations 
indicated the formation of the Al(Catecho1 Violet)s(CTAB), complex. Figure 3 shows 
a possible form of it, which is supported by the observed partial extraction of a blue 
species into chloroform. This extract was not studied further because it was not 
found possible to separate completely the emulsion formed when CTAB-containing 
solutions were shaken with chloroform. The ternary complex is insoluble in water. 
Salts of the cetyltrimethylammonium ion with bulky anions such as perchlorate or 
iodide are also insoluble.3 

In the light of these observations and the known requirement for the presence of 
micelles for complex formation, 6*7 it is postulated that the complex formed with 
aluminium is present as finely dispersed particles protected within the CTAB micelles 
in solution. This is supported by the observed initial rapid drop in absorbance of the 
complex, corresponding to aggregation of these particles. 

The bathochromic shift is thought to be due to further deprotonation of the 
hydroxyl groups on the dye molecule with formation of the ion shown in Fig. 3. 
Potentiometric titrations indicated the release of eight equivalents of protons per 
equivalent of ternary complex which is in agreement with the results obtained by 
Malat and Zelinka.16 It also demonstrated that the nature of the cationic surfactant 
plays at most a minor role in the colour change, in that when cetylpyridinium bromide 
was substituted for CTAB, the absorption spectra obtained for the respective ternary 
complexes were nearly identical. Thus, the colour change is not thought to be a 
charge-transfer phenomenon. Further support is lent to this view by the formation of 
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a ternary molybdenum(VI)/carminic acid/CTAB complex together with a batho- 
chromic shift and increased absorbance. The binary molybdenum(Vl)/carminic acid 
complex possesses a number of hydroxyl groups which would be expected to depro- 
tonate readily. 

A notable physical property of the ternary complex with aluminium was its 
adsorbability onto the walls of glass vessels, even after treatment with a silicone 
water-repellent. An adhering film was found to build up slowly and continuously 
over a period of days until the original solution became noticeably decolorized. The 
film could be removed by washing with acetone or concentrated hydrochloric acid 
which destroys the complex. Washing with water had little effect. 

Interferences 

A number of possible interfering species likely to be present in a sample for analysis 
were investigated. No interference was found from the alkalis, boron (as borate), 
molybdenum(VI), selenium(IV), fluoride or phosphate when present in concentrations 
less than 103M (i.e., less than about IOO-fold molar excess over aluminium). The 
addition of EDTA after formation of the ternary aluminium complex (i.e., after 
adjustment of pH to 10.2) prevented interference from a lOO-fold molar excess over 
aluminium of magnesium, cobalt, nickel, zinc, copper( cadmium and lead. EDTA 
added before complex formation was also found to interfere. 

The solvent extraction procedure developed was able to prevent interference from 
lOO-fold molar excesses of iron(II), iron(III), chromium(VI), mercury(II), titanium 
(IV), antimony(III) and acetate. Interference was, however, still observed from 
zirconium, vanadate, beryllium, the rare earth elements, chromium(III) and tartrate. 
High concentrations of phosphate, ascorbate and fluoride (lOOO-fold molar excess 
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over aluminium) interfered by reducing the extraction efficiency. Ascorbate does not 
interfere with the formation of the ternary complex when it is subsequently added as 
a protective agent. 

Solvent extraction of aluminium with benzoate 

The solvent extraction procedure used for the separation of aluminium as its 
benzoate is based on the procedure described by Morrison and Freiser.l’ It was 
found necessary to modify the procedure by using 5% benzoic acid in ethyl acetate 
in order to increase the recovery of aluminium from 75 % to 100%. The addition of 
ammonium rather than sodium benzoate to the aqueous solution was effective in 
reducing the absorbance of the blank. It was found to be beneficial to form the 
extractable complex in an acid solution ca. pH 4 since the efficiency of extraction was 
improved, probably because of the formation of a basic benzoate at higher pH values. 
The presence of the ascorbic and tartaric acids in the extraction medium decreased 
the extraction efficiency by competing for the aluminium ions. 

The anomalous interference of chromium(II1) arose from the complete obscuration 
of the phase boundary by the bulky precipitate formed at the interface. Chromium(VI), 
reduced to chromium(II1) in situ by the hydroxylamine, yielded less precipitate and 
although the phase boundary was still indistinct its precise location was rendered 
possible by the red colour imparted to the solution in the presence of iron by the tris- 
1 ,lO-phenanthrolinium iron(l3) ion. When iron was absent an addition of iron was 
made to chromium containing solutions to render the phase boundary visible. 

Acknowledgements-One of us (J. E. C.) wishes to thank the Welding Institute for the award of a 
grant to carry out this work. 

Zusanunenfassnng-Aluminiumionen bilden einen ternaren Komplex 
mit Catechinviolett (CV) und Cetyltrimethylammoniumbromid 
(CTAB), in dem das Verhaltnis AP+:CV:CTAB = 1:2:5 beobachtet 
wird. Die Emptindlichkeit des binaren Komplexes zwischen Aluminium 
und Catechinviolett .s016nm = 1,50. 1Oa 1. mol-’ mm-’ wird durch 
Bildung des ternniiren Komplexes auf .ss,onm = 5,3 . 10’ 1. mol-lfnm-l 
gesteigert. Die Farbe bildet sich augenblicklich stabilisiert such in 
20 min und kann zur Bestimmtmg von Aluminium im Bereich 0,27-54 
ppm verwendet werden. Zur Vermeidung von Stiirungen durch die 
meisten Ionen gibt man EDTA zu. Urn StSrung durch hundertfache 
Mengen Cr(VI), Fe(E), Fe(III), Hg(II), Sb(III), Ti(IV) und Acetat zu 
vermeiden, wird Ahuninium mit Benzoat extrahiert. Be, Cr(III), 
seltene Erden, V(V), Zr und Tartrat dilrfen nicht anwesend sein 
ebenso hohe Konzentrationen von Phosphat- und Fluoridionen. 

R&6---Les ions aluminium forment un complexe temaire avec le 
Violet de Catecho (CV) et le bromure de c&vltrim6thylammonium 
(CTAB) dans lequelbn observe un rapport APq:CV:CTkB de 1:2:5. 
La sensibilite du complexe binaire entre l’aluminium et le Violet de 
Catechol, eBllnm = 1,50 X 10’ 1. mole-l . mm-’ est exalt&e par for- 
mation du complexe ternaire & E,,,~~ = 5,30 x lo8 1. mole-l . mm-‘. 
La coloration se forme instantanement, se stabilise en 20 min, et peut 
&tre utilisee pour la detection de l’alurninium dans le domaine 0,27- 
54 ppm en la presence d’EDTA qui 6vite l’interference de la plupart 
des ions. On utilise une technique d’extraction au benzoate pour 
l’aluminium pour eviter l’interference de quantites cent fois plus 
Clevees de Cr(VI), Fe(B), Fe(III), Hg(II), Sb(III), Ti(IV) et acetate, 
mais Be, Cr(III), les terres tares, V(V), Zr et tartrate doivent etre 
absents, ainsi que des concentrations &levees d’ions phosphate et 
fluorure. 
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Summary--The ever-increasing volume of analytical literature makes it 
important to be able to compare unambiguously the advantages and 
disadvantages of analytical methods. To this end, a set of consistent 
definitions and methods for determining quantitative performance- 
characteristics (e.g., precision, sensitivity, bias) is needed. The aim of 
this series of papers is to review the definition and determination of such 
parameters, and to suggest criteria for general use. This first paper 
discusses the general problem, considers those general aspects of 
analytical methods that arc important. and establishes the performance- 
characteristics to be considered in detail. 

KIRKBRIGHT~ has pointed out the difficulties experienced by analysts when attempting 
to determine from the literature the most suitable spectrophotometric method or 
reagent for a particular purpose. These difficulties arise for two main reasons: (a) 
the nature and extent of investigation vary markedly from one paper to another; 
(b) authors use different approaches in defining, determining and expressing the 
quantitative characteristics of their methods. Kirkbright’s paper is timely for, as he 
says, when new or modified methods are being presented in the literature at an ever- 
increasing rate, confusion and ambiguity are likely to increase so long as (a) and (b) 
persist. Conversely and desirably, greater uniformity will lead to more certain and 
efficient utilization of the vast amount of information appearing. 

In an attempt to eliminate or reduce these problems, Kirkbright made a number of 
suggestions concerning the minimum amount of quantitative data that should be 
included in any publications describing new or modified reagents and methods. He 
dealt mainly with important experimental parameters in spectrophotometry but also 
recommended that data should be quoted for precision, sensitivity, selectivity, etc. 
Such parameters are of fundamental importance in defining the usefulness of all 
analytical methods. Garton et al a have used the term “performance-characteristics” 
to describe parameters of this nature. This term seems admirable, and is used through- 
out this series of papers. 

Many authors, e.g., refs. 2 and 3, have stressed the importance of uniformity in 
the definition and determination of performance-characteristics; otherwise, unam- 
biguous comparison of analytical methods is either impossible or severely hindered. 
Nevertheless, analytical literature is notable for the multiplicity of methods used to 
describe performance-characteristics. This lack of uniformity is probably due to many 
factors among which may be included the following. 

(a) Surprisingly, there appear to be no generally accepted definitions of several 
basic concepts such as “analytical method,” “precision” and “interference.” 

* Present address, Water Research Association, Ferry Lane, Medmenham, Nr. Marlow, Bucks, 
U.K. 
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(b) A unified treatment of performance-characteristics is either absent, super- 
ficial or not comprehensive in the standard analytical texts, or in the journals. The 
most complete discussion known to the author is in Gottschalk’s book,4 which is in 
German, and tends to emphasize the statistical rather than the analytical aspects. 
Published papers generally present the views of their authors rather than attempt a 
critical review, and any suggestions made are often expressed in terms of a particular 
technique rather than in terms capable of general application. 

(c) Statistical concepts must be used in consideration of many performance- 
characteristics. Many analysts seem unfamiliar with, or partially averse to, the use of 
such techniques, particularly when the topic is approached from the statistical rather 
than the analytical viewpoint. 

For these reasons alone, it is not surprising that wide variations occur in the 
definition and determination of performance-characteristics. This series of papers 
has the following aims : (a) to discuss the characterization of analytical methods and 
propose performance-characteristics of general importance; (b) to consider the 
various definitions that have been suggested for these characteristics and to recommend 
definitions thought most suitable for general use; (c) to suggest suitable experimental 
techniques for determining these characteristics. These proposals are unlikely to meet 
with general agreement, but the author will be well satisfied if these papers provoke 
comment and discussion and perhaps help to lead to the general agreement that is so 
desirable and must ultimately be obtained. It should be emphasized that few of the 
individual ideas in this series are original; most if not all are to be found in the 
literature. The aim was not to provide a series of new observations but rather to 
attempt to weld existing concepts into a consistent whole. 

The first part deals with several aspects that must be considered before individual 
performance-characteristics are discussed in detail. Throughout, only quantitative 
methods for analysing discrete samples are considered. Qualitative and continuous 
analysis are excluded; the former because quantitative treatment on the lines 
intended seems unnecessary and inappropriate, and the latter because a different type 
of treatment is preferable for some of the performance-characteristics. 

DEFINITION OF ANALYTICAL METHOD 

First it is essential to be clear on the meaning of the term “analytical method.” 
The general concept seems clear at first sight but its very familiarity may conceal 
important differences in interpretation. 

Analytical methods are of interest principally because they are, or may be, used in 
the production of analytical results. However, several other components are also 
involved in producing results. Thus, in addition to a description of the procedure to 
be used, an analyst, apparatus, reagents, laboratory and sample are all generally 
required. The question immediately arises-which combination of all or some of these 
components constitutes the analytical method? If none of the last five components 
affected analytical results, the question would be trivial. However, experience shows 
indisputably that each may markedly affect, for example, the precision and/or bias of 
analytical results. Thus, if any of these components were included with the pro- 
cedure in a definition of “analytical method,” it would follow that the method could 
change each time that a different analyst, apparatus, reagent, laboratory or sample 
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was involved; such an ambiguous situation is to be avoided. It is concluded, there- 
fore, that an unambiguous and useful definition can be framed only in terms of the 
procedure. A suggested definition is given below, and is recommended for general 
adoption. 

Definition. An analytical method is to be regarded as the set of written 
instructions completely defining the procedure to be adopted by the 
analyst in order to obtain the required analytical result. 

Surprisingly, only two definitions of the term “analytical method” have been found 
in the literature. Essentially the same definition as that proposed above has been 
given by the American Society for Testing and Materials (A.S.T.M.).5 Kaiser and 
Specker3 have suggested a different definition for “methods of measurement” and 
state that “analytical methods” are to be regarded as a special class of such methods. 
Their definition is “A method of measurement (Messverfahren) is embodied in the 
measuring arrangements and conditions (Messanordnung) and the specified procedure 
(Messvorschrift) which determines in every detail the operations (Messvorgang) to be 
carried out.” The exact meaning of the term “Messanordnung” was not explicitly 
defined, and Kaiser6 later emphasized that all details capable of affecting analytical 
results must be stated before the method can be considered to have been defined. 
This definition therefore leads to such detailed specification that the method would 
change each time the analyst, the laboratory, the reagents or the apparatus changed. 
Such a concept appears to the writer to be of little or no practical value, and, in 
addition, logically prevents consideration of one of the most important features of 
analytical methods, i.e., their ability to allow good results to be obtained under a 
wide variety of experimental conditions. Sandell’ and Maurice* have both mentioned 
the problem of defining the term “analytical method.” Although neither gave a 
definition, they suggested that certain factors such as analysts and laboratories should 
be excluded from any definition. Their views thus support the definition proposed in 
this paper. 

The definition proposed has two important consequences: (a) a distinction must 
be made between the errors of analytical methods and results; (b) great emphasis 
must be placed on accurate and complete specification of methods. 

DISTINGUISHING BETWEEN ANALYTICAL METHODS AND RESULTS 

Papers often contain such statements as “the precision (or other performance- 
characteristic) of the method is . . . .” Such statements would be incorrect if the 
proposed definition were adopted, because the concept of precision could not be 
applied to printed paper. The correct form would be “when the method was followed, 
analytical results were obtained with a precision of. . .” or more simply, “the pre- 
cision of analytical results was . . . .” Thus emphasis is immediately placed on the 
quality of results; this can only help to stimulate more critical appraisal by analysts 
of the validity of their results. The shift of emphasis from methods to results should 
also encourage more searching investigations of the effects of the other five com- 
ponents involved in producing results. 

It may be argued that any method has an associated limiting precision which 
cannot be bettered. In the author’s opinion, such a concept is debatable but the 
question need not be laboured. In characterization of an analytical method, the 
precision obtained experimentally is crucial because it states what is known about 
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the actual results rather than results relating to hypothetical conditions. Limiting 
precisions, if they exist, can easily be calculated for any set of hypothetical conditions. 
If experience with a particular method shows that the precision of results is essentially 
constant with time and in different laboratories, it may then be argued that the method 
rather than the results can be correctly associated with the experimentally determined 
precision.s Such an approach is considered undesirable because even extensive 
experience cannot guarantee universal applicability (as many analysts must know to 
their discomfort), though it is useful to think of such a method as a good one. 

It is of interest that the A.S.T.M. propose the association of performance-charac- 
teristics such as precision and bias neither with methods nor with analytical results but 
with “measurement procedures.” Such a procedure is defined6 as “a method of 
measurement together with a system of causes.” This “system of causes” represents 
a set of specified values for all the factors affecting performance-characteristics. This 
definition therefore leads logically to the same difficulties as Kaiser and Specker’s 
proposed definition of “analytical method.“a However, the term “error of an an- 
alytical method” retains a useful meaning in association with the definition proposed 
here, signifying an omission, ambiguity or mistake in the written procedure. 

SPECIFICATION OF ANALYTICAL METHODS 

It is vital that methods contain all experimental details of importance in achieving 
results of the quality obtained by the authors. This obvious but frequently neglected 
point has been emphasized by Kaisers and often and eloquently by Youden.QJs 
Otherwise, different laboratories will use, in effect, different methods although each 
will state that the same method is employed. Analysts are well aware of the large 
effects that may be caused by apparently minor procedural variations. Such variations 
could easily lead to confusion concerning the quality of results obtainable, and hence 
to falsely severe judgment on the procedure or its description, and to further experi- 
mental investigations in a number of laboratories. If both consequences arise from 
inadequate description, it is correct to regard the method as unsuitable. Authors 
should therefore gladly accept the responsibility of attempting to specify their methods 
unambiguously. Youden,s in discussing interlaboratory comparative analyses, has 
stated “Unless and until a procedure has been adequately described, so that nearly all 
the laboratories show acceptable agreement for their averages, the question of agree- 
ment with a true value is hardly meaningful. If laboratories disagree, the procedure 
needs more careful specification.” This view of an authority on the subject indicates 
the importance of satisfactory description of analytical procedures, and introduces 
the concept of “the true value.” 

Several authors (e.g., Eisenhartll) have argued that a true value can be defined 
only in terms of the result of a measuring process-a further strong reason for un- 
ambiguous and complete description of analytical procedures. Such description meets 
two main difficulties. 

First, many experimental and environmental factors may affect analytical results, 
and authors have the problem of deciding which factors should be specified in the 
method. Although it is not impossible to specify all the conditions, it is usually 
impracticable and often unnecessary. For example, it will usually be unimportant 
and unnecessarily restrictive to state in which direction the laboratory windows faced 
or which type of separating-funnel was used. It is customary not to specify such 
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factors in analytical methods; they are left to the discretion of the analyst using the 
method. Nevertheless, the complete description of an analytical procedure ideally 
requires that the author should establish all those experimental conditions that may 
affect analytical results. This information can, in general, be obtained only by experi- 
mental study, and as this study is made more searching, so can the method be better 
defined. 

Even if a full investigation is not possible, it is often of value to publish the method, 
but lack of knowledge should not then be taken as an excuse for an ambiguous 
analytical method. When the effects of certain factors are not known, authors should 
be even more careful to state exactly the procedures they have used. For example, if 
the effects of the intervals between reagent additions have not been determined, the 
author should state the range of intervals used during his work. Methods abound with 
common, basic procedures such as weighing and use of volumetric apparatus, of 
which complete details need not be given, because they are adequately described 
elsewhere. All procedural details peculiar to a particular method or not commonly 
known should be described in full. A related point has been emphasized by Youden;s 
he strongly condemns instructions such as “shake vigorously” and “clean thoroughly.” 
Such wording is open to large differences in interpretation, and should always be 
expressed less ambiguously. All these points may appear so obvious as not to require 
stating, but so many published methods pay so little regard to them as to warrant their 
repetition. Editors could stimulate the improvement of analytical methods by striving 
still more keenly for unambiguous descriptions in published papers. 

The second problem arises when authors have to specify the numerical values for 
experimental parameters such as weight, volume, time and temperature. In the 
writer’s view, these numerical values should aim to define not only the optimum 
values but also the deviations from them that can be tolerated without causing more 
than a stated deterioration in the quality of results, thus ensuring a close enough 
approach to optimum values without waste of time, effort and money on unnecessarily 
fine control. As an example, consider the instruction “add 5 ml of reagent;” one 
analyst may painstakingly use a bulb pipette and add 5 f 0402 ml while another may 
use a graduated cylinder and add 5 f 0.5 ml. The latter may be perfectly adequate 
(to achieve a stated precision) and in that case the instruction “add 5 ml (f0.5 ml)” is 
far more informative in indicating the degree of control required, but does not preclude 
the use of a pipette. Similarly, “add 5 ml (f0402 ml)” immediately indicates that 
strict control is required, and that a graduated cylinder should not be used. The 
quantities in brackets may be called tolerances, and besides aiding choice of technique, 
serve as a guide to the critical factors of a method, so helping to prevent the false, 
assessment of importance of factors that is sometimes made by analysts presented with 
an unfamiliar method or technique. Analytical methods should always quote toler- 
ances for each such parameter; the additional space required is a small price to pay 
for the extra information. Sometimes “add 5 ml” is taken to mean addition of 
5 6 1 ml or 5 rt 0.5 ml and “add 5.0 ml” to mean addition of 5-O f 0.1 ml or 
5-O 3 0.05 ml, and so on. However, there appears to be no universal agreement to 
this system, which is also much less flexible in defining tolerances, and it seems better 
to specify the tolerance. 

Every method quoting tolerances should define the criteria used in deciding their 
values, e.g., that the results were not affected by more than a certain amount by 
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variations within the stated range; no strong reason appears for attempting more 
precise definition of tolerances. Tolerances should not be regarded as an excuse for 
careless or slipshod work; the aim should be to achieve the specified (optimum) value 
of the parameter; the tolerance indicates the necessary technique and degree of 
control required. 

Tolerances should ideally be determined experimentally but the choice of values 
may not always be straightforward, and whenever there is any doubt as to the values 
to be specified or no investigations have been made, the best plan would be to quote 
the values observed during the development of the procedure. If an author gave 
falsely large tolerances there would be a tendency for results by other analysts to be of 
poorer quality (e.g., less precise, more biased). Conversely, specification of too many 
extremely fine tolerances would tend to lead to rejection of a method. Thus, analysts 
would favour use of methods for which the tolerances had been reasonably chosen, a 
situation likely to encourage a more critical approach to the choice of tolerances and 
consequent improvement of analysis and analytical methods. 

. 

Consistent general application of this approach to definition and specification of 
analytical methods could be of great and increasing value to all analysts. General 
adoption of these suggestions is therefore recommended. Gottschalk12 has argued for 
a standardized format for analytical methods and gives two examples. In the writer’s 
opinion, his suggestions represent unn~ess~y standardization but indicate a possible 
line of development. ’ 

PERFORMANCE-CHARACTERISTICS 

A primary aim of a new analytical method should be to improve the quality and/or 
efficiency with which samples (for which the method is relevant) can be analysed, 
and it is essential for authors to publish info~ation giving the rn~rn~ possible 
assistance in deciding whether the method is likely to be of value for their purposes. 
Obvious examples are the bias and precision of the results, Such parameters may be 
called “performance-characteristics.” 

From what has been said above on analytical methods, it follows that performance- 
characteristics are not, in general, invariant properties of a method, and only show the 
performance obtained under a given set of experimental conditions. For that reason, 
it is essential to define these conditions closely, as emphasized by Garton et aL2 and 
recommended by a British Standard13 on the presentation of experimental results. 
Factors such as laboratory temperature, skill and experience of the analyst, and whether 
the work was carried out under research or routine conditions, may be important 
but are often omitted in papers, so that it becomes quite possible for different values 
for the one characteristic to be obtained when the same method is used by different 
workers, This possibility appears to be considered undesirable by many analysts, who 
seem to favour the concept of invariant performance-characteristics. It is worth 
briefly examining whether this concept has any advantages, as it is contrary to the 
approach recommended in this paper. 

The practising analyst faces two main situations relevant to the point: (a) choosing 
a method for a particular sample, and (6) publishing a method or the results obtained 
by use of a published method. In (a), the analyst chooses that method apparently 
most suitable (on the basis of published performance-characteristics) for his particular 
problem. However, he would usually be ill-advised to assume that he will inevitably 
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obtain the same values for all characteristics as those quoted in the method. In 
practice, he would always seek to obtain an estimate of some, at least, of the character- 
istics relevant to his own conditions, and this procedure in no way requires the concept 
of invariant performance-characteristics ; indeed, it is clearly based on the contrary 
concept. If the performance with the chosen method is found to be satisfactory, the 
matter is at an end. If the performance turns out to be unsatisfactory, the analyst has 
either to select another method or attempt to locate the reasons why the performance 
under his conditions is not as good as that reported by others, and neither course of 
action is facilitated by the concept of invariant performance-characteristics. In (b), 
the analyst has merely, in effect, to quote experimental results. Clearly, he is then 
concerned solely with his observed performance-characteristics, and it is immaterial 
whether they are considered invariant or not. Different values for the performance- 
characteristics associated with a method may therefore be reported, which simply 
provide additional information for analysts facing situation (a) and present problems 
only if one tries to maintain a concept of invariant performance-characteristics; such 
a concept therefore appears to have no important advantages. In contrast, the concept 
of variable characteristics proposed in this paper should favour their more critical 
evaluation because the emphasis is placed on experimental estimation of performance 
rather than prediction. 

On this basis, the following definition of performance-characteristics is proposed. 

Definition. The performance-characteristics of an analytical method used 
under a given set of experimental conditions are a set of quantitative 
and experimentally-determined values for parameters of fundamental 
importance in assessing the suitability of the method for any given 
purpose. 

Although this definition. includes all the elements required from the previous 
discussion, it has been deliberately put in very general terms. In this way, the same 
definition can be used if parameters other than those suggested in these papers are 
later considered to require inclusion. 

There are, of course, several factors that are not included by the proposed defini- 
tion, e.g., the equipment and/or experience available in a particular laboratory, the 
care with which experimental operations need to be carried out, the ease or difficulty 
of making reagents and/or calibrating the analytical system. Quantitative expression 
of such factors is often impossible and in any case may be of little or no value to 
another analyst working under different conditions. Further, a well written method 
should itself allow any analyst to make an adequate assessment of such points without 
the need for any particular performance-characteristics. Performance-characteristics 
need, and should, refer only to the quality of the results obtained and the time required 
to make the analyses. 

The literature dealing with analytical methods in general contains little discussion 
of the characteristics that should be quoted. Morrison and Skogerboel4 state that 
sensitivity, accuracy, precision and selectivity are of primary importance in choosing 
a method. They mention that other factors such as scope, sampling and standards 
requirements, cost of equipment and time of analysis are also of great practical 
significance. Gottschalk12 suggests eight factors required in evaluating a method, 
viz., range, selectivity, errors, limit of determination, difficulty, apparatus required, 
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cost and time of analysis. Kaiser and Specker3 have proposed range, calibration 
function, systematic errors, precision, limit of detection, cost and time of analysis. 
These different suggestions can be summarized, once the factors excluded by the 
proposed definition have been omitted, by stating that information is required on the 
errors of analytical results, on the calibration curve, and on the time of analysis. 

Analytical results are always affected by random errors, and systematic errors 
(e.g., interferences) may also occur. Thus, performance-characteristics must aim to 
define the magnitude of both types of error. Random errors (precision) and the related 
concept of “limit of detection” will be considered in detail in Parts II and III of this 
series. Systematic errors (bias) and, in particular, the phenomenon of interference 
will be considered in detail in Part IV. 

Mathematical expression of the calibration curve shows the relationship between 
the analytical measurement and the concentration (or amount) of the determinand.* 
This information is of value in revealing the range of concentrations covered by the 
method, the ease of calibration and the rate at which the magnitude of the analytical 
measurement changes with concentration. The last feature is of importance because 
it allows a check on unrealistic claims for precision. These aspects together with some 
comments on time of analysis and other miscellaneous factors will be dealt with in 
Part V, which also gives some detailed examples of a technique proposed for reporting 
performance-characteristics. 

Acknowledgements-1 should like to acknowledge the stimulating discussions with many of my 
colleagues and, in particular, Mr. I. R. Morrison. 

Zusammenfassung-Der immer grijDer werdende Umfang der analy- 
tischen Literatur Ial% es immer wichtiger erscheinen, Vor- und Nach- 
teile analytischer Methoden zweifelsfrei gegeneinander abwagen zu 
k&men. Zu diesem Zweck braucht man einen Satz konsistenter 
Definitionen und Methoden, urn quantitativ Gtitekennzeichen (z.B. 
Genauigkeit, Emptindlichkeit, systematischer Fehler) ermitteln zu 
kiinnen. Das Ziel dieser Reihe von Publikationen ist es, einen Uber- 
blick tiber Definition und Bestimmung solcher Parameter zu geben und 
allgemein verwendbare Unterscheidungsmerkmale vorzuschlagen. 
Diese erste Arbeit diskutiert das Problem im allgemeinen, erortert die 
allgemeinen Aspekte analytischer Methoden, die ftir dieses Problem 
wichtig sind, und gibt die Gtitekennzeichen an, die im einzelnen 
betrachtet werden sollen. 

R&urm5--Le volume toujours croissant de la litterature analytique rend 
importante la possibiiitc! de comparer sans ambiguite les avantages et 
desavantages de mithodes analytiques. A cette fm, il est besoin dun 
ensemble de definitions et de methodes logiques pour la determination 
de caracteristiques de performances quantitatives (par ex., precision, 
sensibilite, intluences). Le but de cette serie de mdmoires est de passer 
en revue la definition et la determination de tels parametres, et de 
suggerer des criteres d’emploi general. Ce premier memoire discute du 
probleme general, considere tels aspects genbaux de methodes analyti- 
ques qui sont importants, et etablit les caracteristiques de performances 
que l’on doit considerer en detail. 
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Summary-Statements on the errors of analytical results are an impor- 
tant aspect of characterizing the performance of analytical methods. 
The general nature of random and systematic errors is briefly discussed, 
and methods of numerically defining the former are considered. It is 
suggested that the standard deviation of analytical results be used 
exclusively as the quantitative measure of precision within the context 
of performance-characteristics. Techniques for, and precautions to be 
observed in, estimating standard deviation are critically discussed. 
On this basis, general principles are proposed that should be observed 
whenever possible in experimental tests to estimate standard deviation. 

IN PART I1 it was concluded that among the performance-characteristics of analytical 
methods should be included statements on the errors of analytical results. Although 
it seems that all analysts are in agreement on this, many different methods are used to 
determine and express analytical errors so that it is often difficult and sometimes 
impossible to interpret reported results quantitatively and/or unambiguously. 
Occasionally, the experiments reported do not allow even an estimate of the errors, 
despite the firm conclusions drawn. It seems most desirable to attempt to obtain 
greater uniformity in the determination and expression of errors. 

NATURE OF ERRORS 

Eisenhart2 has given a particularly clear and illuminating discussion of this topic, 
and the brief outline below essentially follows his approach. 

Consider the analysis of a stable, homogeneous sample for a substance with true 
concentration 7. When a number of identical portions of this sample are analysed, it 
is a matter of experience that the results (x1 x2 . . . x3$ differs among themselves and 
in general from the true concentration. The error, Ei, of a result, xi, is universally 
defined as the difference between the result and the true concentration, i.e., Ei = xi - 

T. The concept of a “true value” is of great importance, and will be discussed in more 
detail in Part IV. For the present, it suffices to think of the term in its literal sense. 

There is experimental and mathematical2 justification for the postulate that the 
mean of n analytical results approaches a definite value, ,u, as the number of results is 

increased indefinitely provided that the analytical measurements are in “a state of 
statistical control” (i.e., that all the causes of errors remain the same). That is to say, 
an analyst’s results are meaningful estimates of the concentration to be determined. 
When the limiting mean concentration ,u differs from the true concentration, results 
are said to be subject to bias or systematic error of magnitude B where B = p - 7. 

* Part I--Talantu, 1970,17,21. 
t Present address, Water Research Association, Ferry Lane, Medmenham, Nr. Marlow, Bucks, 

$ y:e page 32. 
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The terms “bias” and “systematic error” are usually used synonymously, though 
Murphy6 states that some regard systematic error as the cause of bias-a distinction 
that seems unimportant in the present context. The several sources of bias will be 
considered in Part IV; one familiar example is the effect of an interfering substance. 

In the IUPAC recommendation9 for presentation of results of chemical analysis, 
bias is defined as the difference between the mean of a series of results and the true 
value, i.e., the experimental results define the bias exactly. Experimental results 
defined as in this paper provide only an estimate of the bias. For a given set of results, 
both definitions lead to the same numerical value for bias, but it seems inconsistent 
that IUPAC should imply that this experimental value has no uncertainty when this 
is quite contrary to the statistical approach. For example, according to the IUPAC 
definition the bias would, in general, vary with the number of results. Accordingly, 
the IUPAC definition is not followed in this series. Analytical Chemistry’ recommends 
the term “mean error,” defined in the same way as the IUPAC definition of bias. 
The use of mean error in this sense avoids the problem caused by the definition of 
bias in two different ways. Mean error is no more than a statement of experimental 
observation, and can be used as an estimate of bias in the sense used in this paper. 
It is unfortunate that the IUPAC and Analytical Chemistry definitions lead to two 
different terms for the identical concept. The IUPAC definition should be changed so 
that either bias is defined in the sense used in this paper or the term “bias” is replaced 
by “mean error.” 11 

The magnitudes and signs of the deviations of individual results from their mean 
are found to vary randomly because of the inevitable variations in experimental 
conditions, such as slightly different amounts of reagents, differing reaction-times, 
temperatures, etc. These random variations are always present even if systematic 
errors are absent, and thus form a second source of error of profound importance. 

Several different words are used to express this concept of the variability of results 
among themselves, e.g., precision, reproducibility, repeatability. There seems to be 
little to choose etymologically between these terms. Precision has been recommended 
by IUPAC,s Analytical Chemistry7 and ASTM. * A British Standard9 favours repro- 
ducibility but recognizes that precision may ultimately be preferable. Usage in 
journals varies. It is desirable that one term be used consistently to avoid confusion. 

$ In this series the term “analytical result” means the value obtained for the concentration (or 
amount) of the determinand when the procedure described in the analytical method is followed. 
It does not signify a primary “measured value” such as a weight, an electric current or voltage, a 
time. This usage follows the recommendations of IUPAC.* As KaiseW points out, it is impor- 
tant to distinguish between a result obtained as described in a method and the mean result of 
replicate determinations. For example, a method may state that two portions of a sample 
must be analysed and the mean of the two determinations used to calculate an analytical result; 
the variability which characterizes the performance is then the variability of the means of 
duplicate determinations. Similarly, if a method specifies a single determination for each 
sample, variability should not be calculated for the means of a number of determinations. 

0 Strictly, this statement is true only when one attempts to minimize any discrepancy between 
results and true values. Otherwise, identical results may be obtained if the analytical system is 
of such coarse discrimination that differences are concealed. In such cases, the excellent 
concordance of results is misleading because real differences between the concentration of 
samples will also pass undetected. 

11 EDITORIAL NOTE: Unfortunately, the term “mean error” is ambiguous, since it could be 
interpreted as the average error; what is really meant is the error of the average, i.e., the differ- 
ence between the average and the true result, and the term “error of the mean” would be more 
correct. 
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Precision appears to be the most widely recommended and used, and is therefore used 
in this series and recommended for general adoption. 

Thus, the terms bias and precision refer to the two types of error. Neither alone 
is capable of defining the total error of an analytical result, and it is useful to have a 
term connoting total error. There is concurrence on the use of the term “accuracy” 
for this purpose 5*7-g This usage is followed in this series, and is recommended for 
general adoption. Eisenhart2 has discussed the relative importance of bias and 
precision when methods of measurement are chosen. 

Quantitative statement of precision 

Random variations have the effect that the deviation of an analytical result from the 
limiting mean cannot be known exactly. Thus, each result must be regarded as an 
estimate to which attaches some uncertainty. Limits must be set on this uncertainty; 
otherwise the analytical result is worthless. For this purpose, statistical techniques 
are required. Of course, when an analyst’s experience with a particular method shows 
that random variations have never been larger than r, and he is concerned only with 
detecting differences (between samples) that are very much larger than r, he is justified 
in not using formal statistical techniques. However, this approach is in essence the 
same as that required by statistics, and is a justifiable approximation. The basis of 
the statistical techniques has been covered in several books written especially for 
chemists and analysts. lo-l3 The statistical approach requires calculation of an estimate 
of the variability of the results, and use of this estimate to calculate the likely maximum 
deviation of a result from the limiting mean. 

To obtain a quantitative measure of precision corresponding to a given method 
and set of conditions, several parameters can be used, e.g., the range of the results, the 
mean deviation from the mean, the standard deviation. The aim is to determine, 
from a finite number of results, the variability that would be observed in an infmite 
number of results, i.e., an estimate is made of the true variability. The parameter 
used should therefore have as good precision and bias as possible, and the best 
parameter is variance. For a homogeneous set of n results, the estimate, V, of the 
true variance is given by the equation: 

v = 2 (xt - 2)2 
1 

where 2 is the mean result. 
n-l 

The square root of the variance gives an estimate, S, of the true standard deviation, 
o, which is used to calculate the likely deviation of a result from the limiting mean. 
The key role played by standard deviation in the characterization of precision has 
been generally recognized by analysts who have increasingly quoted it rather than 
other measures of precision such as range and mean deviation. There may however, 
be occasions when other parameters than s may allow better estimates of 0, e.g., the 
mean deviation when results contain occasional gross deviations that are not repre- 
sentative of the normal precision. l2 Such possibilities do not alter the basic aim of 
obtaining as good an estimate as possible of the true standard deviation. 

With an estimate of the true standard deviation and knowledge of the distribution* 
of the results, it is possible to calculate the range round the analytical result within 

* See page 34. 
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which the limiting mean is likely to lie. For a normal distribution, 68 % of results will, 
on average, lie in the range p + cr, and -95 % and 99.7 % in the ranges ,LJ f 2cr 
and f3o, respectively. These facts and an analytical result x then allow such state- 
ments as “the limiting mean lies in the range x f 2~” (95 % confidence).? The 
confidence level of 95 % implies that, on average, such statements will be correct on 
95 occasions in every 100. If a greater or smaller degree of confidence is required for a 
particular application, the value of the factor used to multiply Q is changed accordingly. 
There is no reason why one confidence level should be suitable for all analytical work; 
indeed, quite the opposite is true. Thus, the confidence level must be chosen for each 
application and should not be fixed for the method. The confidence level is not a 
property of a set of results although their standard deviation is. For these reasons, 
it is undesirable to define a precision index as a fixed multiple of standard deviation 
as suggested in British Standard 4237:1967. The ASTM8 has suggested that various 
indices of precision may be used provided that their bases are clearly indicated by 
added statements such as “2s limits,” etc, but this may lead to misinterpretation. 
The best approach seems to be that recommended by IUPAC3 i.e., to quote the 
experimentally estimated standard deviation This estimate may then be interpreted 
appropriately for any particular problem. 

Eisenhart2 points out that s is really a measure of imprecision, for it increases with 
decreasing precision. He states that this was recognized by Gauss who remarked 
in 1809 that the parameter l/(y/2 . u) was more properly a measure of precision. 
Kaiser and Specker, I* also recognizing this fact, tentatively suggested a parameter 
F = Z//a as an index of precision, and this was later repeated more definitely by 
Kaiser.4 Murphy* and the ASTM8 have discussed this and conclude that the normal 
usage is so entrenched that changes in nomenclature and usage are not justified. 
Further, it is highly desirable for numerical statements on precision to be in units 
directly of interest to the analyst, so definition of precision as an inverse function of s 
seems undesirable. 

It is often of interest to quote s as a fraction of the mean of the results from which 
it was estimated. The term “coefficient of variation” has often been used but Analytical 
Chemistry’ and IUPAC? recommend the term “relative standard deviation” be used. 

* “Distribution” denotes the relationship between the value of an analytical result and the 
probability of obtaining such a value; hence it is a fundamental indication of the variability of 
analytical results and is the best index of precision. Because the distribution usually cannot be 
estimated precisely from experimental results (and it is impracticable to quote all these) it is 
customary to postulate a given distribution (until evidence to the contrary is obtained) and to 
quote the experimental estimates of the parameters defining it. The normal (Gaussian) dis- 
tribution is most frequently assumed. The dis~bution of experimental results often approxi- 
mates to it, as expected from theory. lo It is defined by the standard deviation, which thus 
becomes an index of precision and a convenient performance-charateristic. NalimoP has 
discussed factors leading to non-normal distributions. Apparent non-normality may arise from 
the nature of the experimental design and interpretation of results, but the design proposed here 
should minimize this risk. Even when other distributions occur, they often approximate to the 
normal distribution, which therefore can usually be assumed. If some other distribution is 
postulated, experimental and/or theoretical grounds for doing so should be clearly stated, and its 
nature included with any statement of precision. 

t The true standard deviation ET can never be known, and only the estimate s will be available. 
The uncertaintv of this estimate means that broader confidence limits for an analytical result 
must be used, given by fts/n where I is the appropriate value of the parameter “$tudent’s-8” 
(given in statistical tables), and n is the number of independent determinations on which the 
analytical result is based. 
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The former defines this parameter as 100 s/Z while the latter recommends s/Z so as to 
avoid confusion that might arise when analytical results are themselves expressed in per 
cent. On balance, the definition proposed in ~na~ytjcal Chemistry seems preferable 
because it is in very common use, and the type of confusion postulated by IUPAC 
should be avoided so long as the word “relative” is placed before “standard deviation” 
whenever appropriate. 

The term “precision,” then, should be used when speaking generally of the degree 
of agreement among repeated results. For numerical definition of this degree of 
agreement, the parameters standard deviation or relative standard deviation should 
be used exclusively. 

Factors a#ecting precision 

Often, so little description of the experimental design and statistical interpretation 
of the results is given in published papers that it is impossible to assess the true 
significance of the reported precision. This section considers certain aspects of experi- 
mental design on the basis of performance-characteristics, and proposes a set of 
principles to be used whenever possible in experimental designs for estimating pre- 
cision as a performance-characteristic. These principles are not intended to apply 
to the estimation of precision for other purposes which are likely to require individual 
consideration and other experimental designs. 

De$%tion of analytical method. There is little point in quantifying precision if the 
analytical method is ill-defined. Therefore, as emphasised in Part I,l the analytical 
method must be complete and unambiguous before experimental estimation of 
precision is attempted. 

Choice of experimental condition. The magnitude of the random variations 
should be kept as constant as possible during the tests, which should be so designed 
that the results do not fall into groups between which systematic differences are 
likely; the effect of such grouping would be to give falsely large estimates of the stand- 
ard deviation. If such grouping cannot be avoided or is of interest, the experimental 
design and the interpretation of results should be planned so that the standard 
deviations corresponding to variations within and between groups can be estimated 
independently. 

First, the degree of control to be exercised over procedural details (reagent 
volumes, times, temperatures, voltages, etc.) must be decided and adhered to through- 
out. There is generally no need to seek extreme fineness of control; so long as the 
degree of control is specified when results are reported, s is a measure of the precision 
obtained with that degree of control. 

Secondly, experience shows that analysts, apparatus and laboratories may all 
cause marked systematic deviations in both bias and precision so the basic unit for 
precision tests should be one analyst using one set of apparatus in one laboratory. 
The definition of performance-characteristics proposed in Part I1 took account of this 
by associating the characteristics with a given set of experimental conditions. Of 
course, tests of precision may usefully be designed to involve several analysts, etc, 
but then the standard deviation associated with each combination should be estimated 
independently. 

Even analytical results obtained solely by the basic combination (as defined above) 
may fall into groups. For example, in spectrographic analysis different photographic 
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plates may cause systematic differences in results, and many other such grouping 
effects exist. Some confusion in published work is then possible unless the experimental 
design and statistical interpretation are clearly denned. For example, tests made on 
one plate would tend to give better precision than tests made on a number of plates- 
which of the two precisions is of interest for performance-characteristics? It is of 
value to know both, and their estimation is considered below. 

Duration and number of tests. When the general experimental conditions have 
been decided, the number and duration of tests must be fixed. The latter factor is 
closely connected with the grouping effect just mentioned. Experience shows that the 
precision of results often worsens as the time period within which they were obtained 
increases. Aging of various components (e.g., reagents, apparatus) of the analytical 
system may affect results, but increasing time periods will also usually give increasing 
chance of grouping effects. The analytical results may be regarded2 as produced in 
batches which have essentially the same within-batch true standard deviation c, and a 
between-batch standard deviation cb, operating independently. In this model, the 
true standard deviation bt for any result in any batch is then given by: 

Several points arise in connection with the validity of this model. First, the true 
standard deviation within a batch may vary from batch to batch. However, attention 
to the points mentioned earlier should normally ensure that such variations are un- 
important. Minor variations will also tend to be averaged if the standard deviation 
is estimated from the variability within several batches. It is therefore reasonable to 
assume constancy of 0, until evidence is obtained to the contrary. If such evidence 
were obtained, it would be better to seek and eliminate the source of variation than to 
employ the more complex statistical model that would be required. 

Secondly, the differences between batches have been postulated as random, and 
though this is normally justifiable, the variations could be largely systematic, e.g., if 
the ambient temperature increased from the first to last batch of results, and caused a 
systematic change in the results. This effect, however, would not call for any changes 
in the statistical model, but rather for elimination of the systematic effect, recalculation 
of st, for the corrected results, and specification of the effect in the published method. 

Thirdly, the between-batch standard deviation may not be constant. Again using 
the example of photographic plates, there may be systematic differences not only 
between plates from the same production batch but also between different production 
batches. This situation could be dealt with statistically, but in practice the problem is 
usually eliminated by recalibration of the analytical system. 

Granted the model, it follows that 6, represents the best precision achievable with 
the given experimental conditions, and is of interest when the analyst is concerned 
with the smallest concentration difference detectable between two samples, e.g., in 
considerations of the limit of detection (see Part III) and the effects of other substances 
(see Part IV). The value of ct is of interest to analysts concerned with the regular 
analysis of samples of a particular type in order to detect changes in concentration. 
The value for c,, is a measure of the between-batch variations occurring in the cali- 
bration curve for the method. Since it is preferable for the calibration curve to be 
constant, ub is also of interest. 

On this basis, experimental designs for estimating precision should be chosen SO 

that estimates, s, and sb, of the true standard deviations are obtained whenever 
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possible, i.e., designs in which n portions of a sample are analysed in each of m batches. 
The term “batch” requires amplification. The approach adopted implicitly defines a 
batch as that time during which the calibration curve remains constant. Such a 
definition is not practically useful, and a more pragmatic one is needed. The batches 
should be arranged so that there is likely to be reasonable correspondence between 
the between-batch variations in the precision tests and those that would be found in 
the regular analysis of samples of a given type. Often this will simply mean that a batch 
corresponds to the analysis of a number of samples more or less in parallel. No more 
rigorous definition of batch is considered necessary since the description of the experi- 
mental design ought to make clear the precise meaning in each particular case. Some 
analytical methods may allow the analysis of only one sample at a time; in that case 
all results obtained within one day might be regarded as a batch, but it would be more 
revealing to speak of within- and between-days standard deviations. Ambiguity can 
be avoided by clear description of the design and of the interpretation of results. It is 
important to ensure that any factors considered likely to have between-batch variations 
that may affect analytical results, are allowed to show these variations in the precision 
tests. Most often, these precautions in “batching” will lead to no more complication 
than the design already suggested, the analysis of n portions of the sample in each of 
m “batches.” 

Given this design m and n must be decided. Statistical considerations indicate 
that the larger m and n the better. However, it seems reasonable to obtain estimates of 
cW and ob with approximately the same numbers of degrees of freedom, and this is 
ensured by choosing n = 2. Then s, and s, will have m and (m - 1) degrees of free- 
dom, respectively. In choosing m, a compromise must be made between the uncer- 
tainty of the estimates ard the time and effort available for the tests. A choice of 
m = 10 seems generally reasonable. For example, for normally-distributed results 
and at the 95 % confidence level, the true within-batch standard deviation would lie in 
the range 0.7-1.8 s,; it would also be possible to detect a statistically-significant 
between-batch variation such that sr, = s,. 

More detailed knowledge of likely sources of error can, of course, be used with 
advantage in choosing values for m and n. In trace analysis, contamination is often 
the dominant random error and may be unlikely to vary in general magnitude from 
one batch to another. In this situation, it would be more efficient in estimating c, to 
use the values n = 5 and m = 4 since the estimate s, would then have 16 degrees of 
freedom as against 10 when n = 2 and m = 10. In general, it is suggested that the 
product nm should never be less than 10 and preferably not less than 20. 

The final parameter to be fixed is the duration of the tests. Many arrangements are 
possible but, in general, it is considered reasonable to analyse one batch every l-2 days. 
In this way, the design will usually give more opportunity for sources of between-batch 
variation to exert their effects than if all the tests had been completed in a much shorter 
period. 

Choice of samples 

It is important that the samples used be sufficiently stable and homogeneous for 
differences in the concentration of the determinand in the portions analysed not to 
cause any variations in results that are appreciable relative to analytical errors. 

A further point of importance is the possible dependence of s on the concentration 
of the determinand, C. Numerous examples have been reported, and Nalimovr’J has 
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suggested a general equation of the form: 

s=aC+b 

where a and b are constants for given experimental conditions. 
The true functional relationship between s and C is unimportant in the present 

context; the prime point is that the precision cannot be characterized by estimating 
the standard deviation for only one concentration of the determinand, and at least 
two concentrations should be used. Concentrations at the extremes of the calibration 
curve are best if only two values are used, since interpolation rather than extrapolation 
can be used to estimate standard deviations for other concentrations. More infor- 
mation is obtained if several concentrations are used, and the linearity of the cali- 
bration curve can then be checked with good precision, but as with many other 
design parameters, there must be a compromise between information obtained and time 
and effort expended. 

Samples for the tests must be homogeneous, stable, and available in sufficient 
amount and range of concentrations of the determinand; these requirements are 
usually best met by standards prepared by the analyst to contain accurately-known 
concentrations of the determinand. For certain techniques, e.g., direct spectrography 
of metals and alloys, standards in the appropriate form can usually be more easily 
obtained commercially than prepared in the laboratory. 

Usually, standards cannot be prepared with exactly the same physical form and 
chemical composition as the samples for which the method is intended. Differences in 
these factors may possibly affect precision so that the estimates obtained with standards 
do not apply to samples, and the extent to which standards are made to correspond 
with samples must be decided in each particular case. This point is less important if 
the precision for samples is also estimated as a check on the relevance of the estimates 
for standards. This check can be made with the same design as for standards if 
sufficient amounts of adequately stable samples are available. However, useful checks 
may be made even without such samples because it is not essential to estimate both s, 
and sb for samples. The latter (s,,) reflects between-batch variations in the calibration 
curve and these are validly estimated from standards. Thus, for samples it is mainly 
necessary to estimate s,. For this, it suffices to make duplicate analyses on a sample 
in each batch. Different samples may be used in each batch but they should all 
contain approximately the same concentration of the determinand in case s, varies 
with concentration. Two or more series of such samples may be used to check the 
dependence of s, on concentration. 

It is most desirable to include in each batch duplicate determinations on a sample 
or standard containing essentially none of the determinand (blank determination). 
It will be seen in Part III that the precision of such determinations is of great interest 
in connection with the smallest detectable concentration of the determinand. 

Need to obtain independent analytical results 

The analytical results used for estimating standard deviation should be statistically 
independent. This requirement involves two further aspects of experimental design 
both of which are apparently often ignored in the literature. 

First, many methods call for a blank* determination, the result from which is used 
to correct the result obtained from a sample. Thus, the precision of both blank and 

* See page 39. 



Performance-characteristics of analytical methods-II 39 

sample determinations affects the precision of analytical results. When the blank is 
subtracted from the sample result, the standard deviation of analytical results bR is 
given by: 

CR = d/(%’ + %3”> 

where bs and on are the standard deviations (in units of concentration) for sample 
and blank results. Thus, an analytical result is derived from a pair of determinations, 
and independent determinations of such pairs should be made. For this experimental 
design, if n portions of d samples and standards are analysed in each of m batches, 
each batch must also contain n blank determinations; otherwise the estimated standard 
deviation will be falsely low by an amount depending on the values of us and a, 
(e.g., this bias will be approximately -0.4as when ag = as). 

Secondly “randomization” must be used to ensure that unsuspected sources of 
variation during the tests in each batch do not cause bias in the statistical estimates. 
Suppose that some factor (e.g., temperature) and hence the slope of the calibration 
curve varies systematically during a batch; then if samples were analysed in order of 
increasing concentration, the results might indicate a non-linear calibration curve, 
and the variability of the n replicate determinations of each sample would be smaller 
than if they had not been made one after the other. The first effect is clearly undesirable 
and the second leads, in general, to falsely optimistic estimates of the within-batch 
standard deviation. Both effects can be eliminated by analysing the samples, standards 
and blanks in a random order chosen from tables of random numbers, a new order 
for each batch. Other factors may also cause systematic effects, e.g., one piece of 
apparatus may cause more contamination than another, or “memory” effects may 
exist leading to biased estimates for the slope of the calibration curve and to falsely 
optimistic estimates of precision. Therefore, the assignment of determinations in each 
batch to particular pieces of apparatus should also be randomized. 

Conversion of measured values into concentrations 

The standard deviations and analytical results are expressed in terms of the 
concentration (or amount) of the determinand. A calibration curve (or a factor) is 
required to convert the measured values into concentrations. For estimating pre- 
cision, it is not generally necessary to establish the calibration with the best possible 
accuracy because errors as large as 10% in the standard deviations will usually be 
unimportant compared to the statistical uncertainties of the estimates. The results of 
the precision tests will establish the calibration sufficiently well except when few con- 
centrations have been used and the calibration curve is markedly non-linear, in which 
case additional tests may be required for sufficiently accurate conversion. 

In normal analysis the imprecision of results will lead, in general, to bias in the 
calibration curve used, but this error does not affect the precision of results, and can 
be made as small as desired by replication of the calibration determinations. Accord- 
ingly, if the analytical method specifies use of a tied calibration curve (or factor), 
the error of the latter need not be considered further when quoting precision numer- 
ically. If, however, a fresh calibration is specified for each batch of analyses, the 

* Discussed in detail in Part III. For the present it suffices that the term “blank” be defined by 
the procedure called for by a method. This approach ensures a valid estimate of precision 
achieved when the method is used, although some approaches to blank determination lead to 
possibilities of bias in analytical results. 
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within-batch variations of the standards will cause the bias of the calibration to vary 
from batch to batch. The between-batch standard deviation for samples will then be 
greater than the true value for ~tween-baby sources of variability; the difIerenm is 
not considered important, and can be estimated from an estimate of the within-batch 
standard deviation for the standard. Accordingly, for methods involving within- 
batch calibration, it is considered adequate to obtain only one estimate for the cali- 
bration in each batch. Alternatively, this tendency to create apparent between-batch 
variability from wit~n-batch variations can be avoided by making rr independent 
estimates of the calibration in each batch, and analysing the analytical results so that 
S, for samples includes the within-batch contribution from the calibration. 

The relative values of s, and s,, and their dependence on concentration are of 
basic importance in deciding whether or not a fixed calibration or a batch calibration 
should be used in normal analysis. 

Many analytical methods proceed in two stages: (1) the sample is treated so that 
the determinand is brought into the required physical and/or chemical form in 
the required chemical environment (e.g., dissolution of an alloy and separation of the 
determinand from other constituents): (2) the concentration or amount of the 
determinand in the treated sample is measured, The errors associated with each stage 
are often of interest, and though not strictly required for characterizing the precision 
obtained with the method, are often easily estimated. If 8A and SM are the standard 
deviations associated with stages 1 and 2, respectively, and s is the overall standard 
deviation from the precision tests, then 

The value of s, can be obtained by applying the design principles already discussed 
to suitable standards or samples which are subjected only to stage 2 of the complete 
analytical procedure; $A is then calculated from the equation above. As an example 
for spectrophotometric methods in which the coloured product is stable, duplicate 
measurement of the final solutions will give an estimate of sW Alternatively, if the 
colour is not stable, stable standard solutions with similar absorption spectra may be 
used. 

Summary of suggested principles of experimental designs 
The following set of principles is proposed for use in characterizing the precision 

achieved when a given method is used. 
f . The analytical method should be complete and ~n~bi~ous_ 
2. Before any tests are made to estimate precision, the degree of control to be exer- 

cised over experimental factors should be decided, and adhered to throughout the tests. 
3. Estimates of precision should be based on the results obtained by one analyst 

in one laboratory, using one set of apparatus. 
4. The basic experimental design should allow estimates of within-batch and 

between-batch precision to be obtained. In general therefore, the tests should consist 
of the analysis of n portions of d samples andfor standards in each of m batches. Values 
of n = 2 and m = 10 are generally useful but other values may sometimes be more 
appropriate; d should be at least 2, and the samples and standards should always 
include two corresponding to the extremes of the calibration curve. 
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5. If standards are used so that the nature of the calibration curve and the vari- 
ation of precision with concentration can both be estimated, the precision of ana- 
lysing samples should be estimated for at least one concentration level. 

6. Whenever the method calls for a blank determination, n such determinations 
should be made in each batch. 

7. The order of analysis of samples, standards and blanks, and their assignment 
to particular pieces of apparatus, should be randomized in each batch. 

8. The experimental design and methods of calculating statistical parameters must 
be described explicitly in published papers. 

EXAMPLE OF STATISTICAL CALCULATIONS 

The calculations may be made on the measured parameters (weight, absorbance, etc.,) or the 
tinal results (concentration or amount). The former is usually more convenient and has been used in 
the following example. There are several methods of calculation but the method given here is suitable 
for any values of m and n. 

In the example, duplicate portions of 4 solutions were analysed spectrophotometrically in each of 
five batches, so n = 2 and m = 5. The results are first tabulated in logical order (assuming that the 
order of tests had been randomized), and then the blank correction is applied, Table I. 

TABLEI.-EXPERIMENTALRESIJLTS(AS ABSORBANCES)FORESTIMATINOPRECISION 

Concen- 1st Batch 2nd Batch 3rd Batch 4th Batch 5th Batch 

tration 
Uncor- Cor- Uncor- Cor- Uncor- Cor- Uncor- Cor- Uncor- Cor- 
rected rected* rected rected* rected rected* rected rected* rected rected* 

(bl:nk) 09:; = 0.005 0.011 - - 0.004 o*OOs - - 0.005 0.004 - - @006 0.006 - - 

C 0.211 0.207 0.211 0.200 0.213 0.208 0.210 0.206 0.211 0.205 
0.212 0.210 0.212 0.207 0.215 0.211 0.213 0.208 0.213 0.207 

2c 0.416 0.412 0.414 0.403 0.412 0.407 0.416 0.412 0.413 0.407 
0.415 0.413 0.413 0.408 0.414 0.410 0.416 0.411 0.414 0408 

4c 0.820 0.816 0.821 0.810 0.821 0.816 0.819 0.815 0.818 0.812 
0.819 0.817 0.819 0.814 0.822 0.818 0.820 O-815 0.819 0.813 

* In each batch, the first blank to be measured is assigned to the first portion measured of each of 
the other solutions; similarly for the second measurements of blank and other solutions, and 
for other measurements when n > 2. 

The corrected results for each of the three solutions containing the determinand are now analysed 
as illustrated for the solution of concentration 2C. To simplify the arithmetic, it is convenient to 
transform the corrected results, x, to give a set of simpler numbers, X by using the equation X = 1000 
(x - 0408), Table II. 

TABLE II.-TRANSFORMED RESULTS FOR ESTIMATING PRECISION 

Batch 
Sum 

1 2 3 4 5 

Teat 1 4 -5 -1 4 -1 1 EXB = 97 
Test 2 5 0 2 3 0 10 ZBa/n = 78.5 

Sum(= B) 9 -5 1 7 -1 11 (EB)2/mn = 121 

B” 81 25 1 49 1 157 

If more than 2 tests are made on each sample in each batch the additonal corrected and transform- 
ed results are included in the appropriate batch columns of Table II and the summations carried 
out on all the results. In addition to these summations, the sum of the squares of the individual results 
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(EXS) in Table II must also be calculated. An analysis of variance table is next drawn up for each 
solution, e.g., Table III. For the results in Table II, the values of M1 and MO are 16-6 (N1 = 4) and 
3.7 (JV, = 5), respectively. 

In these analysis of variance tables, M0 = s w8 and M1 = nsb* + s$, where sw and sb are the 
estimates of the within-batch and between-batch standard deviations. However, it is first necessary 
to test whether M1 is statistically greater than MO. 
test (or Snedecor F-test) is used. 

For this purpose, the standard variance-ratio 

TABLEIII-ANALYSISOFVARIANCEOFTRANSFORMEDRESULTS 

Source of variability Sums of squares (Sr) 

Between batches Sr = CBZ/n - (CB)a/mn 
Within batches S, = XX - CBS/n 

Degrees of freedom Mean squares 

N,=m-1 MI = &IN, 
No = m(n - 1) Mo = S,INo 

Total & = XX2 - (CB)*/mn Nt = inn - 1 - 

If MI is significantly greater (at the chosen probability level) than MO, this is evidence of between- 
batch variations and then 

ns,,’ = MI - M 0 
and 

St2 = rwa + sb2. 

If MI is not significantly greater than MO, the evidence is too weak to assert that between-batch 
variations have been detected, and it is best to record sb as non-significant (but not zero), and to 
calculate st* from 

St2 = [2w, + (n - 1) MJ/n 

If M, is significantly smaller than MO, the procedure and technique should be examined for 
abnormal sources of error since such a conclusion is inconsistent with the model used as a basis for 
the experimental design and calculations. 

If MI is not significantly smaller than MO, the best estimate for sb is zero, and it is prudent to regard 
MO as the best estimate not only of sw2 but also of stB. 

These calculations and significances tests applied to the results in Table I lead to the conclusion 
shown in Table IV (after transformation of the results back to absorbance units). 

TABLEIV-ESTIMATEDSTANDARDDEVIATIONS 

Standard deviation (absorbance units) 
Concentration Average 

Within-batch Between-batch Total absorbance 

0 O-0020 - - O*OO& 
C OQO27 NS O-0030 0.206, 

2c 0~0019 NS O-0032 o-4o91 
4c oQO15 NS 0.0025 0~814~ 

NS = not significant but not zero. 

These standard deviations are then converted into concentration units to yield the tinal estimated 
standard deviations of analytical results. The figures in the first and last columns provide the conver- 
sion factor. 

No estimates have been calculated for 81, and st for the blank determinations. This is because it 
has been assumed that a blank determination would be made with each batch of sample analysis, 
and therefore batch-to-batch variations of the blank should not affect analytical results. If a blank is 
not carried out with each batch of normal sample analyses, its between-batch variations are then of 
interest and sb and st can be calculated by applying the same analysis of variance technique to the 
blank results. 

REPORTING RESULTS OF PRECISION TESTS 

If the experimental design used for precision tests is that proposed in this paper, 

Table IV illustrates a suitable method for summarizing the statistical results. To 
complete the table, it is necessary only to add a footnote stating the various numbers of 



Performance-characteristics of analytical methods-II 43 

degrees of freedom. The description of the experimental design will make it clear how 
many determinations were involved and how they were arranged in batches. 

It is also useful to summarize concisely the main performance-characteristics. 
Table IV does this but a briefer statement giving concentration, s, and s, would 
indicate whether the method was worth consideration by a potential user. The concise 
statement of performance-characteristics will be dealt with in Part V. 

CONCLUSIONS 

Determination, reporting and discussion of the errors of analytical results are of 
great importance to all analysts, and it is clearly desirable that all analysts should use 
the same basic terminology in this field. The first part of this paper reviews some of 
the definitions proposed for the terms precision, bias and accuracy, and shows that 
differences existed between some of these definitions. These differences are both 
undesirable and easily avoidable. The definitions proposed by the American Society 
for Testing and Materials are very suitable, and it would be beneficial if they were 
used by all analysts. 

Although there is general agreement that the term precision be used to denote the 
variability of analytical results, various suggestions have been made for the parameters 
to be used as quantitative indices of precision. There are two main aims for such 
quantification : (1) to characterize the precision achieved when a given method was 
used, and (2) to set confidence limits on particular analytical results; only the first 
is of interest in the context of performance-characteristics for which the best param- 
eter for quantifying precision is the standard deviation. 

The second part of this paper discusses factors that may affect precision, and 
proposes a set of principles for experimental designs of tests for estimating precision 
as a performance-characteristic. The aim has been to express these principles in such 
a way that they are applicable to all analytical methods. General adoption of these 
suggestions would help analysts in several ways : (1) by reducing problems arising in 
interpreting published data; (2) by facilitating comparison of the performances 
obtained with different methods, and (3) by encouraging a critical approach to experi- 
mental designs for precision tests. 

Acknowledgements-1 should like to acknowledge the valuable discussions with many of my colleagues 
and, in particular, with Mr. R. E. Fry and Mr. I. R. Morrison. 

Zusammenfassung-Anaaben tiber die Fehler analytischer Ergebnisse 
sind ein wichtiger Teir der Kennzeichnung analytischer Methoden. 
Die allaemeinen Eieenschaften zufalliaer und svstematischer Fehler 
werden- kurz disku?iert und Method& betradhtet, die zufalligen 
Fehler numerisch zu definieren. Es wird vorgeschlagen, die Standardab- 
weichung analytischer Ergebnisse ausschliefilich als quantitatives 
Genauigkeitsmafi im Rahmen der Giitekennzeichnung zu verwenden. 
Verfahren zur Ermittlung der Standardabweichung und dabei zu 
beobachtende VorsichtsmaSregeln werden kritisch diskutiert. Auf 
dieser Grundlage werden allgemeine Regeln vorgeschlagen, die man 
bei Experimenten zur Ermittlung der Standardabweichung, wenn 
irgend miiglich, beobachten sollte. 

R&arm&-Les rapports sur les erreurs de resultats analytiques sont un 
aspect important de la caracterisation des performances de methodes 
analytiques. On discute brievement de la nature g&r&ale des erreurs 
de hasard et systematiques, et considere des methodes de definition 
numbique des premieres. On suggere que IYcart-type de resultats 
analytiques soit utilise exclusivement comme la mesure quantitative 
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de la precision a l’interieur du contexte de caractMstiques de per- 
formances. On discute de man&e critique des techniques pour 
l’estimation de l&art-type et des precautions 21 observer en ce domaine. 
Sur cette base, on propose des principes gentkaux que l’on devrait 
observer chaque fois que possible dans les essais exp&imentaux pour 
estimer l%cart-type. 
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Sm-N-Acetylsalicyloyl-N-phenylhydroxylamine is proposed 
for the separation of niobium(V) and tantalum(V) and their gravi- 
metric determination. Niobium is precipitated at pH 55-65 by the 
reagent and the complex is weighed directly. Tantalum is precipitated 
from l-2M hydrochloric acid solutions and the complex is ignited to 
tantalum pentoxide. The method is fairly selective. In the presence 
of thiocyanate the reagent forms an extractable complex with niobium. 
The reaction forms the basis of a selective and sensitive spectrophoto- 
metric determination of niobium. 

SOME of the derivatives of hydroxamic acid have proved most useful for the determina- 
tion of niobium and tantalum in the presence of each other. Thus, N-benzoyl-N- 
phenylhydroxylamine has been used for the spectrophotometric determination of 
niobium, in the absence of titanium and tantalum,l for the separation of niobium 
from tantalum by precipitation2 and for the gravimetric determination of tantalum. 
Improvements in selectivity might be brought about by the introduction of suitable 
substituents into N-benzoyl-N-phenylhydroxylamine. N-Benzoyl-N-o-tolylhydroxyl- 
amine3 has been used for the separation of niobium from tantalum, and in this paper 
we show that N-acetylsalicyloyl-Nphenylhydroxylamine can be used for the 
separation and gravimetric determination of niobium and tantalum in presence of a 
number of other associated ions. 

Reagents 

EXPERIMENTAL 

N-Acetylsalicyloyl-N-phenylhydroxylamine. The reagent is prepared by condensing acetyl- 
salicyloyl chloride and phenylhydroxylamine in the presence of sodium hydrogen carbonate, by the 
method of Bamberger,’ modified by Lutwick and Ryan,5 the acetylsalicyloyl chloride being prepared 
by the method of Riegel and Wittcoff. 6 The white needle-shaped crystals of the reagent (recrystallized 
fromethanol-water)melt at 128”. Found: C, 66.9%; H, 4.8%; N, 51%; calculated for C,,H,,04N: 
C, 6642%; H, 4.79%; N, 5.16%. 

A O-3 % w/v solution of the reagent in purified chloroform is used for spectrophotometric work. 
For gravimetric experiments a 4 % solution of the reagent in ethanol is prepared. 

Ammonium thiocyunate, 4M. Prepared just before use. 
Chloroform for spectrophotometric work. 

of distilled water and finally distilled. 
Purified by washing several times with half its volume 

Solutions of metal ions. Standard niobium and tantalum solutions are prepared by fusing about 
1 g of the appropriate pentoxide with about 10 g of potassium hydrogen sulphate in a silica crucible 
and extracting the cooled melt with 500 ml of 1M tartaric acid solution. The metal ion content is 
determined gravimetrically with cupferron. 

Ammonium acetate, 1M. 

4.5 
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Procedures 

Separation and gravimetric determination of niobium. Take an aliquot of a tartrate solution of 
niobium(V) containing 10-20 mg of the metal and up to 16 times as much tantalum(V). Neutralize 
the solution to Methyl Red with 1M ammonia. Dilute the solution to about 100 ml and adjust the 
pH to 55-6.5 with O.lM ammonia or O.lM hydrochloric acid, then add 25 ml of 1M ammonium 
acetate as buffering agent. Precipitate niobium in the cold by slow addition of the alcoholic solution 
of the reagent. The dull white precipitate coagulates quickly. Stir for a few minutes, then filter off 
on Whatman No. 42 paper. Wash several times with water containing 0.2% reagent and 5 % ammon- 
ium acetate. Dissolve the precipitate in the minimum quantity of 1M ammonia and uilute to about 
150 ml with water. Acidify to 0.1-05M with hydrochloric acid. Heat to 70-80” and add 2-3 times 
the theoretical quantity of the 4% alcoholic solution of the reagent, with stirring. Immediate pre- 
cipitation of niobium as a yellow granular complex results. Boil for 1 min and allow to settle for 
2 hr at room temperature. Filter off on a porosity 4 sintered-glass crucible with decantation. Wash 
several times with cold water containing 0.1% reagent and dry to constant weight at 105-115”. 
Calculate the niobium content, using the conversion factor 0.1011. 

Gravimetric determination of tantalum. Evaporate the filtrate from separation of niobium until 
the metal concentration is about 1 mg/ml. Acidify to l-2Nwith either hydrochloric acid or sulphuric 
acid. Heat to 7&80” and add the reagent in alcohol in the proportion of 7-8 mg reagent per mg of 
tantalum. Boil the solution for a few minutes and then allow it to stand at room temperature for 
2 hr. Filter off on Whatman No. 42 paper and wash with cold water. Dry the precipitate in the 
filter for 1 hr at 1 lo” and ignite m a silica crucible at above 900” to constant weight. Weigh as TaaO,. 

Spectrophotometric determination of niobium. Take an aliquot of tartrate solution of niobium, 
containing 0.0125-0.875 mg of the metal, in a separatory funnel and add 2-3 ml of freshly prepared 
4M ammonium thiocyanate followed by enough hydrochloric acid to make the solution 5-9M with 
respect to the acid. Add 2-3 ml of @3 % w/v solution of the reagent in chloroform and equilibrate 
gently for 2 min with two 5-ml portions of chloroform. Dry the combined extracts with sodium 
sulphate and dilute to 25 ml with dry chloroform. Measure the absorbance at 400nm against a 
reagent blank. 

RESULTS AND DISCUSSION 
Gravimetric procedures 

Conditions. For quantitative separation of niobium, the pH should be kept in the 
range 55-65. At low pH tantalum is also precipitated and at higher pH the precipi- 
tation of niobium is not quantitative. Table I shows the effect of pH on the precipita- 
tion of 15 mg of niobium in the presence of 150 mg of tantalum. For the final 
precipitation of niobium at 70-90”, the acid strength should be 0.1-0.5M with respect 
to hydrochloric acid. The precipitate formed in sulphuric acid media is charred on 
drying. It is found that for quantitative precipitation of tantalum, the medium should 
be l-2N hydrochloric or sulphuric acid. 

TABLE I.-PRECIPITATION OF 15 mg OF Nb IN PRESENCE OF 150 mg OF Ta 

PH Nb found, mg Error mg PH Nb found, mg Error mg 

1.2 23,28 + 8.28 6.0 15.00 0.00 
2.5 18.86 +3.86 6.5 14.99 -0.01 
3.0 17.62 +2.62 7.0 14.60 -0.40 
4.0 16.84 +1.84 8.0 10.80 -4.20 
5.0 15.86 +0.86 9.0 2.28 - 12.72 
5.5 15.00 0+X) 9.5 0.00 -15.00 

When the temperature is raised above 35” the precipitate of niobium formed at 
pH 5.5-6.5 disintegrates and passes through the filter. Therefore it is always necessary 
to keep the temperature below 35” for the separation of niobium. However, for the 
final precipitation of niobium, the temperature should be above 70” because the yellow 
complex formed at 60” and below is partially melted on drying. The precipitation of 
tantalum is slow at low temperatures. Therefore it is always advantageous to conduct 
the precipitation at 70-80” with vigorous stirring. 
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For the separation of niobium about 15-20 mg of the reagent per mg of the metal 
is enough. The optimum concentration of the reagent in the final precipitation is 2-3 
times the theoretical quantity. A large excess should be avoided because the reagent 
is soluble in water at 30” only to the extent of O-25 %. A large excess of the reagent 
may be used for the precipitation of tantalum. But about 7-8 mg of the reagent per 
mg of tantalum is enough to effect quantitative precipitation. 

Efict of foreign ions. Separation of niobium is quantitative in the presence of 
almost all the cations examined except titanium(W). Up to a 16-fold amount of 
tantalum(V) can be tolerated, and zirconium, iron(II1) and cerium(IV) can be masked 
by EDTA. The effect of various foreign ions in the determination of 15 mg of niobium 
is given in Table II. 

TABLE IL-INTERFERENCE OF FOREIGN IONS IN DETERMINATION OF 15mg OF Nb 

Ion, mg 

Fe(H) 
Cu(II) 
Co(H) 
Ni 
Be 
Zn 
Al 
Cr(lIL) 
Fe(II1) 
Zr 

200 
200 15.02 $0.02 
200 15.01 10.01 
200 
200 
200 
250 
200 
300 
100 

Niobium 
found, mg Error, mg Ion, mg 

15.0 0.00 

15.00 0.00 
14.99 -0.01 
15.01 to.01 
14.98 -0.02 
14.98 -0.02 
15.03 $0.03 
15.04 $0.04 

Ce(IV) 
V(IV) 

F&V) 
MoW) 
W(VI) 
Citrate 
Oxalate 
EDTA 
Fluoride 

100 
100 
100 

15 
50 
50 

250 
100 
500 

50 

Niobium 
found, mg Error, mg 

14.99 
14.98 
15.00 
15.04 
15.01 
15.00 
15.00 
14.90 
15.01 
14.28 

-0.01 
-0.02 

0.00 
+0.04 
+0.01 

0.00 
O@O 

-0.10 
+0.01 

interferes 

To eliminate the interference of small amounts of titanium(N), niobium is 
precipitated in the presence of 2-3 ml of 20-vol hydrogen peroxide. The precipitate 
of niobium is then dissolved in ammonia and reprecipitated in the presence of 1 ml 
of hydrogen peroxide. An equal amount of titanium can then be tolerated. 

Most of the ions examined are without effect in the determination of tantalum, 
but tungsten(W) and molybdenum(W) interfere seriously. Zirconium and cerium(lV) 
can be complexed by EDTA and vanadium(V) by thiocyanate. Titanium(lV) can be 
masked (up to 50-fold amount) by fluoride. Other cations such as Mn(II), Cu(II), 
Co(H), Fe(H), Fe(lII), Al, Cr(III), Th, V(N) and U(VI) will not interfere even in 
50-fold amount even in the absence of complexing agents. Complexing agents such 
as oxalate, fluoride, citrate and EDTA are tolerated in still larger quantities. 

The complex formed between niobium(V) and the reagent in O*l-O*5M hydrochloric 
acid solutions was determined by analysis to be NbO(C,,H,,O,N), (found: N, 4.9 %; 
Nb, 10-l %; required N, 4.56 %; Nb, lO*lO%). The conversion factor is O-1011. 

Spectrophotometric determination. The complex shows no absorption maximum 
in the range 370-560 nm, but 400 nm is chosen as the wavelength for photometric 
measurements because the absorbance of the reagent is then negligible (Fig. 1). 

For maximum colour development 5-9M hydrochloric acid medium is required. 
In sulphuric acid medium of the same acidity, the intensity of the colour is con- 
siderably less. For maximum colour development 2.5 ml of 4A4 ammonium thio- 
cyanate is required. Lower amounts cause decreased sensitivity and stability, whereas 
no change is noticed with larger concentration of thiocyanate. The optimum con- 
centration of the reagent is found to be 2-3 ml of O-3 % w/v solution of the reagent in 

4 
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Wavelenqth. nm 

FIG. 1 .-Absorption spectra. 
A. 2 ml of 0.5 % w/v reagent in 25 ml against chloroform blank 
B. 2 ppm niobium against reagent blank 
C. 3 ppm niobium against reagent blank. 

chloroform. In all experiments, the blanks should contain the same amount of 
reagent as in the test solution. 

The complex is stable at room temperature for 18 hr and afterwards the absorbance 
increases slightly and a turbidity results. Variation in temperature from 15 to 50” has 
no marked effect if the volume change of the solution with temperature is allowed for. 

The system obeys Beer’s law from O-25-4 ppm of niobium at 400 nm. The optimum 
concentration range according to Ringbom’s method’ is from 0.5-3.5 ppm, the relative 
analytical error per 1% absolute photometric error calculated from Ayres’s equation* 
being 2.3 %. The molar absorptivity of the complex is 17.7 x lo3 l.mole-l . mm-l. 

The complex is highly unstable and insensitive in the absence of a very large excess 
of thiocyanate, so that methods for the determination of composition in solution with 
respect to thiocyanate failed. Therefore Job’s method9 and the molar ratio methodlo 
were applied with equimolar solutions of the reagent and niobium, a constant excess 
of thiocyanate being kept. These methods indicate (Figs. 2 and 3) that the ratio of 
metal to reagent is 1:2. 

The solid complex formed between niobium, reagent and thiocyanate in hydro- 
chloric acid medium was isolated and analysed (found: N, 6.0 %; S, 4.5 %; Nb, 
13.1%; NbO(C,,H,,O,N)$CN requires N, 5.94%; S, 4.53 %; Nb, 13.14%). 

Interferences. It was found during this study that 25 ,ug of Nb can be determined 
in the presence of 25 mg each of Tl(I), Hg(II), Cd, Ni, Co(H), Fe(E), Ca, Ba, Sr, Be, 
Mg, Zn, Fe(IH), Cr(III), Al, Sb(III), As(III), Bi, La, V(N), Zr, Ce(IV), Th, V(V), 
W(VI), Mo(VI), U(V1) and Os(VII1). Copper(H) present in up to a lOOO-fold amount 
can be masked by EDTA. Tantalum(V) forms a colourless complex which is not 
extractable with chloroform and a 200-fold amount can be tolerated. Only 
titanium(IV) causes a serious interference, and it is best to eliminate titanium, by 
prior removal with the reagent. Of the various anions, oxalate and fluoride cause 
serious interference. Citrate, tartrate, borate and EDTA are tolerable in lOOO-fold 
amounts. 
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Znsammenfassung-IV-Acetylsalicyloyl-IV-phenylhydroxylamin wird zur 
Trenmmg von Niob(V) und Tantal(V) und deren gravimetrischer 
Bestimmung vorgeschlagen. Niob wird durch das Reagens bei pH 
5,5-6,5 gefilt turd der Komplex direkt gewogen. Tantal wird aus 
l-2M salzsauren Liisungen gefallt und der Komplex zu Tantalpen- 
toxid vergltiht. Die Methode ist vergelichsweise selektiv. In Gegen- 
wart von Rhodanid bildet das Reagens mit Niob einen extrahierbaren 
Komplex. Die Reaktion bildet die Grundlage ftir eine selektive und 
empfindliche spektrophotometrische Bestimmung von Niob. 

R&&--On propose la N-acetylsalicyloyl N-phenylhydroxylamine 
pour la separation de niobium(V) et tantale et leur determination 
gravimetrique. On precipite le niobium par le reactif a pH 5,5-6,5 et 
pbse directement le complexe. On precipite le tantale de solutions en 
acide chlorhydrique l-2M et calcine le complexe en pentoxyde de 
tamale. La methode est moyennement selective. En la presence de 
thiocyanate, le reactif forme un complexe extractible aved le niobium. 
La reaction forme la base dune determination spectrophotometrique 
selective et sensible du niobium. 
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Summary-The deuterium concentration of heavy water was deter- 
mined by utilizing recoiling deuterium nuclei from n-d collisions 
to induce the reaction lBO(d, n)l’F. The internal ratio of 66-set 
fluorine-17 to 7.35~set nitrogen-16 activity, formed by the reaction 
l@O(n, p)lBN, was found to vary linearly with deuterium concentration. 
When such an internal ratio of activities is measured, the neutron 
flux and sample weight need not be known. Deuterium was deter- 
mined over the range from 2.6 to 94.5 atom %, with a relative standard 
deviation of 2.8%. The effect of sample size was investigated and it 
was found that the relative amount of fluorine-17 activity formed 
became less as sample size decreased, due to the loss of recoiling 
deuterons from the sample. A simple relationship to account for this 
effect was obtained. 

MANY of the lighter elements and their isotopes cannot readily be determined by 
neutron activation.l*2 These nuclides do, however, yield suitable measurable activities 
during charged particle activation, and several investigators3-s having access to 
nuclear reactors but not to charged particle accelerators have consequently explored 
the possibility of using secondary nuclear reactions for charged particle activation. 
Tritons and alpha particles have been produced in reactors by utilizing the sLi(n, a)t 
reaction, whereas protons and deuterons have been obtained for n-p and n-d 
“knock-on” reactions induced by epi-cadmium neutrons. These secondary charged 
particles have been successfully used for the determination of deuterium,3 lithium- 
6,4,5 oxygen- 1 66,7,s and oxygen-18.s Although the charged particle flux obtained by 
these methods is much smaller than fluxes obtained from accelerators, the technique 
does have the advantage that relatively large samples can be irradiated uniformly. 
Furthermore, target preparation and heating, which can be serious problems in 
charged particle activation, are almost totally eliminated. 

Amiel and Peisach3 have determined the deuterium concentration in heavy water 
by the reaction leO(d, n)17F utilizing knock-on deuterons produced by reactor fast 
neutrons. In the present work the feasibility of using 14-MeV neutrons from a neutron 
generator has been investigated. 

When a water sample containing D,O is irradiated with 14-MeV neutrons the 
following reactions take place. 

(i) 2H(n, d)n 

(ii) lsO(d, n)r’F 

(iii) lsO(n, p)leN 
* On leave from the Southern Universities Nuclear Institute, P.O. Box 17, Faure, C.P., South 

Africa. 
@ Address for reprints. 
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The amount of fluorine-17 (tllz = 66 set) and nitrogen-16 (tr,s = 7.35 set) activity 
formed is given by: 

A,,P = N,o.&,(l - e-Q> (1) 

AM, = N,c&(l - e+l) (2) 
where the indices refer to the specific nuclear reactions, and 

A = activity produced, disintegrationslsec 
N = number of atoms 
0 = cross-section, mm2 
4 = flux, particles/mm2 . set 
)3 = decay constant 
t = irradiation time, sec. 

If the neutron flux stays constant during the irradiation, the ratio of activities formed 
(RA) can be expressed as 

A,,# R,=-= 
A,,, 

CQ 
12 

(3) 

where C, is a constant. 
From reaction (1) we have that the number of prompt deuterons per set (PJ 

can be written as: 

Pa = NacrL (4) 

The number of deuterons per unit volume of the sample (NJV,) is directly propor- 
tional to the deuterium concentration (a) of the sample expressed in atom % (atom % 
deuterium is here defined as the percentage of hydrogen atoms in the sample which 
have mass = 2). This assumption is true, because the change in volume caused by 
replacing the hydrogen atoms of water molecules with deuterium atoms is negligible 
[the difference between the ratio of the density of D,O to that of water (l-107) and 
the ratio of their molecular weights (l-111) is negligible in comparison to the relative 
standard deviation of 2.8 % for the method (Table II)]. Thus 

where C, and C, are constants. By substituting for 4a in equation (3) the following 
expression is obtained : 

A 
RA = 2 = C,a. 

A 16N 
(6) 

It can thus be seen that the ratio of fluorine-17 and nitrogen-16 activities is directly 
proportional to the deuterium concentration of the sample expressed in atom %. 
It should be noted that this ratio is independent of sample size and neutron flux (if 
the neutron flux stays constant during irradiation). 

Some of the usual methods for determining deuterium in water are mass spectro- 
metry, interferometry, and optical and density measurements.1° The only methods 
currently available utilizing nuclear properties, other than the ‘knock-on” technique, 
are those based on photoneutron emission11*12 and prompt neutron detection during 
irradiation with deuterons.13 
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EXPERIMENTAL 

Samples weighing approximately 1 g were prepared by mixing known weights of heavy water, 
containing 94.5 atom % deuterium, with natural water. The deuterium concentration of the pre- 
pared samples ranged from 2.6 to 94.5 atom % deuterium. The samples were contained in cylindrical 
polyethylene vials which were heat-sealed before use. Natural water samples similarly prepared were 
used as blanks. 

Irradiations were carried out with a 150-keV Cockcroft-Walton accelerator (Texas Nuclear 
Corporation) producing 1CMeV neutrons by bombarding a tritiated titanium target with a deuteron 
beam of 150-500 PA. A neutron flux of approximately 10%. mrra . set-l was obtained. The 
neutron output was monitored by a proton recoil detector connected to a ratemeter. The beam 
current of the neutron generator was varied when necessary during irradiation in an effort to maintain 
a constant neutron flux. All samples and standards were irradiated for 2 min. 

The samples were transferred to and from the irradiation terminal through a polyethylene pneu- 
matic tube by means of compressed air. The gamma-rays from the radioisotopes produced were 
detected by two matched 75 x 75 mm NaI(T1) crystals positioned 25 mm apart. The detectors were 
connected to a 4OO-chamrel pulse-height analyser operated in the multiscaler mode. Counting was 
started 30 sec. after the end of each irradiation in order to allow the 7.35~set nitrogen-16 activity 
to cool sufficiently, thereby minimizing dead-time effects. 

RESULTS AND DISCUSSION 

The decay of the activity produced in a sample containing 58.0 atom% deuterium 
is shown in Fig. 1, from which the relative contribution of 7.35-set nitrogen-16, 
66-set fluorine-17 and 9.96~min nitrogen-13 can be seen; prolonged counting reveals 
the presence of IlO-min fluorine-18 as well. The stripping of all the decay curves 
was done by computer, using the CLSQ program of Cumming.l* The possible origin 
of the activities found is given in Table I. 

TABLE I.-REACTIONS LEADING TO ACTMTIES FOUND IN FAST 

NEUTRON IRRADIATED HEAVY WATER SAMPLES 

Source 

Sample 

Container 

Reaction 

lsO(n, p)lBN 
laO(d n)l’F 
I”O(p: #‘F 
laO(p, cr)=N 
‘“O(d, y)lSF 
l”O(p, n)l*F 
W(p, VN 
Y(d, n)laN 
‘“C(p, n)lsN 

Q-value, 
MeV 

-9.639 
-1.631 

0.596 
-5.208 

1.538 
-2.450 

1.941 
-0.286 
-3.005 

Half-life 

7.35 set 
66 set 

9.96 min 
110 min 

9.96 min 

The activity ratio (Ra) of fluorine-17 to nitrogen-16 at the end of the irradiation 
was found to change linearly with deuterium concentration, as expected from equation 
(6), and to go through the origin of the calibration curve so that one standard sample 
is sufficient to ftx the calibration. The activity ratio per atom% deuterium was 
8.47 x 1O-s. The linearity of the calibration curve over the concentration range 
studied indicates that fluorine-17 is predominantly formed by the leO(d, n)17F 
reaction. The contribution of fluorine-17, formed by knock-on protons (see Table I), 
is negligibly small even at low deuterium concentrations. Other reactions induced 
in pure water samples are unlikely to yield fluorine-17. Amiel and-Peisach3 found 
that their calibration curve started to deviate from proportionality for deuterium 
concentrations below about 7 atom%. That such a deviation was not observed in 
this work can be ascribed to the fact that most of the epi-cadmium neutrons used in 
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FICA L-Decay of a sample conta~ing 58.0 atom % deuterium, showing the relative 
amounts of 735~see nitrogen-16, 66-set fluorine-17 and 9*96-m& nitrogen-13 formed. 

their investigation have energies considerably below 14 MeV. Higher energy neutrons 
would thus favour the formation of fluorine-17 by the 160(d, n)l’F reaction rather 
than the lsO(p, y)17F reaction, as the threshold for the former reaction is much 
higher (see Table I). 

The results of some deter~nations of deuterium are shown in Table II, showing 
an average relative standard deviation of 2.8 % over the concentration range studied. 
The error distribution (Table II) indicated the absence of bias. The mean value of 
the activity ratio per atom% deuterium was 8.50 x 10e6, which is in agreement with 
the calibration value within the precision of the measurements. The deuterium 
concentration expressed as wowed DsO can be obtained from the concentration in 
atom % (a) by the relationship: 

w/w % DzO = 
20a 

18 + 0.02a * (7) 

The precision of the method is not affected by the reproducibility of sample 
position at the irradiation terminal, because the activity ratio (RA) is independent of 
flux. A variation of neutron flux does however affect the precision, owing to the 
large difference in half-lives of the two activities determined. This is thought to be 
the main source of error of the method, as the relative standard deviation due to 
statistical errors is about O-S% (for a sample having a deuterium content of 50 
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atom %) as compared to a value of 2.8 % found. Even though the half-lives of nitro- 
gen-16 and nitrogen-13 differ greatly from that of fluorine-17 (see Table I), their 
formation introduces a source of error in the determination of the fluorine-17 activity, 
which becomes appreciable in samples of very low deuterium content, (below about 
2 atom %) and may be considered a limiting factor of the method. It is estimated 
that samples with a deuterium concentration of about 1 atom % can only be analysed 
with a relative standard deviation of approximately 20%. The sensitivity of the 
method, based on the criterion that the net measured fluorine-17 activity should be 
twice the standard deviation of the background, is about 0.6 atom % deuterium. 

The effect of sample size was investigated and it was found that the activity ratio 
(R,) became smaller as sample size decreased, because the relative amount of fluorine- 
17 activity formed decreased owing to the loss of recoiling deuterons from the sample. 
To a first approximation the loss of recoiling deuterons from the sample is directly 
proportional to the area (A) of the sample; therefore the fluorine-17 activity formed 
in a sample with weight W is given by 

~41,~ = k,( W - k,A) (8) 

where k, and k, are constants. The relationship between the area (A) and weight (W) 
of a sample (expressed in mm2 and g respectively) contained in a cylindrical con- 
tainer with a radius of r mm is given by the expression 

A = 27~9 -j- 2W/rD 

where D is the density of the sample, in g/mm3. By substitution for A in equation 
(8) and from the fact that the activity ratio (RA) is proportional to the fluorine-17 
activity per unit weight of sample, the relationship between R, and sample weight 
can be found. 

R, = C, - C,/W. (9) 

The values of the constants C, and C, were obtained by measuring the activity ratios 
(RA) for different size samples and were found to be 8.68 x 1O-5 and O-368 x 1O-5 
respectively for the conditions of this experiment, which differed slightly from those 
prevailing during the actual analyses. Therefore 

x 10-G 

The maximum energy attained by knock-on deuterons during 14-MeV neutron ir- 
radiation can be determined from momentum considerations, and is about 12.5 MeV. 
The range of such deuterons in water is approximately l-2 1zlfn.1~ Equation (10) is 
not applicable in cases where any of the linear dimensions of the sample are less 
than twice the range of the maximum energy of the knock-on deuterons. This 
corresponds to sample weights less than approximately 0.16 g, for the sample holders 
used in this experiment. 

The effect of sample size on activity ratio (R_J is shown in Fig. 2. The smooth 
curve was calculated from equation (10) and the points were measured for sample 
sizes between 0.18 and 1.1 g. It can be seen that as sample size increases the activity 
ratio per atom% increases asymptotically to the maximum value of 8.68 x 10e5. It 
is also clear that small variations in sample size below about 0.5 g (see Fig. 2) will 
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FIG. 2.-The effect of sample size on the activity ratio (17F/16N) measured, for a 
sample containing 94.5 atom % deuterium. 

considerably affect the precision of the method, owing to the loss of recoiling deuterons 
from the sample. Variation of sample size between samples and standards weighing 
more than 0.5 g will, however, not appreciably add to the errors of the method. 

The flux obtainable from neutron generators is about four orders of magnitude 
smaller than the epi-cadmium flux of a reactor. This is somewhat compensated for 
by the fact that all the neutrons from a 14-MeV generator can contribute to the 
formation of fluorine-17, whereas a large majority of epi-cadmium neutrons have 
energies lower than that necessary to produce knock-on deuterons with energies 
above the threshold of the reO(d, nY’F reaction. From the yield of fluorine-17 
activity per atom % deuterium, obtained during reactor irradiation* and in this 
work, it is estimated that the effective cross-section for the production of fluorine-17 
by 14-MeV neutrons is approximately 200 times larger than that for reactor epi- 
cadmium neutrons. Furthermore, reactor thermal neutrons which do not contribute 
to knock-on activation products, do form serious interfering activities, owing to 
activation of impurities either in the sample or sample vial. This necessitates en- 
closing the samples in cadmium covers during irradiation. Care must also be taken 
to prevent cross-contamination from the cadmium covers. Although the cross- 
sections of many common impurities for 14-MeV neutrons can be appreciable, the 
activities produced are usually not positron emitters and can be discriminated against 
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if necessary by coincidence counting of annihilation gammas in the case of fluorine- 
17. The nitrogen-16 activity formed in the sample can also be measured very specifi- 
cally by suitable energy discrimination, as this nuclide emits very high energy gamma- 
rays. 

The present method provides a simple and rapid non-destructive method for 
determining heavy water concentrations. Furthermore, irradiation flux and sample 
weight need not be determined, as use is made of an internal ratio of activities. The 
relative amounts of deuterium and oxygen in the sample are measured directly; 
impurities which do not form interfering activities but which may affect other methods 
of heavy water determination (such as density measurements) do not present any 
problem when this method is used. 

Recent developmentP in 14-MeV neutron generator technology have made it 
possible to obtain fluxes of up to lo9 n.mm-2. set-l. The availability of such a 
generator would greatly improve the sensitivity of the analysis described here and 
would in general greatly increase the scope and applicability of secondary charged 
particle activation analysis. Furthermore, the low cost of neutron generators as 
compared to nuclear reactors makes them more readily available to smaller analytical 
laboratories. 
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Zusannnenfassnng-Die Deuteriumkonzentration in schwerem Wasser 
wurde bestimmt ; dabei wurden RiickstoR-Deuteriumkeme aus 
n-d-StijBen zu der Reaktion laO(d, n)17F verwendet. Das imrere 
Verhlltnis der Aktivitaten von Fluor- (66 set) und Stickstoff-16 
(7,35 set) der sich durch die Reaktion lBO(n, p)laN bildet, lnderte sich 
linear mit der Deuteriumkonzentration. MiDt man ein solches inneres 
Aktivitatsverhlltnis, dann braucht man weder NeutronentIuR noch 
Probengewicht zu kennen. Deuterium wurde im Bereich 2,6-94,5 
Atom- % mit einer relativen Standardabweichung von 2,8 % bestimmt. 
Der EinfluR der ProbengrBBe wurde untersucht; “mit fallender Proben- 
zr6Be wurde die relative Fluor-17-Aktivitat kleiner. da RiickstoB- 
ieuteronen aus der Probe verloren gingen. Zur Berticksichtigung 
dieses Effekts wurde ein einfacher Ausdruck gefunden. 

Resume-On a determine la concentration en deuterium de l’eau 
lourde en utilisant les noyaux deuterium de recul des collisions n-d 
pour induire la reaction 180(d, n)l’F. On a trouve que le rapport 
inteme de l’activite du fluor- 66 s B celle de l’azote-16 7,35 s, form6 
par la reaction lBO(n, p)lBN, varie lineairement avec la concentration 
en deuterium. Lorsqu’un tel rapport interne d’activites est mesure, le 
flux de neutrons et le poids d’echantillon n’ont pas besoin d&e 
connus. On a determine le deuterium dans le domaine allant de 
2,6 1 94,5 atomes%, avec un &cart-type relatif de 2,8%. On a etudie 
l’irdluence de la dimension de l’echantillon et l’on a trouve que 
l’importance relative de l’activite du fluor- forme devenait moindre 
quand la dimension de l’&chantillon decroissait, par suite de la perte de 
deuterons de recul de l’echantillon. On a obtenu une relation simple 
pour rendre compte de cette influence. 
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Summary-A rapid spectrophotometric method is presented for the 
determination of boron in steel by use of the fluoborateMethylene 
Blue complex. The method is in principle similar to that of Rosotte, 
but modifications simplify the operation, obviate contamination and 
avoid problems with emulsion formation. Up to 20% Cr, 10% Ni, 
and 1% each of V, MO and W present either individually or collectively 
do not interfere in the determination, making it applicable to alloy 
steels. The determination limit of the method has been lowered from 5 
to 0.2 ppm boron. Samples are dissolved at room temperature in 
polythene bottles, solubilizing all forms of boron including boron 
nitride, and avoiding loss of relatively volatile boron compounds. The 
precision of the method is good. Six samples can be analysed in less 
than 2 hr. 

SEVERAL reagents have been used for the photometric determination of boron in steel. 
Amongst the most frequent are l,l-dianthrimide, quinalizarin and cm-cumin. A 
critical evaluation of these reagents has been made by the B.I.S.R.A. Methods of 
Analysis Committee,l who adopted the reagent 1 ,l-dianthrimide for use after a 
preliminary separation of iron by cation-exchange. However, the conditions estab- 
lished for the colour development are critical and so less useful for routine work. The 
present ASTM method2 involves a prior distillation of methyl borate in an expensive 
all-quartz apparatus, and there is a great possibility of contamination from the 
relatively large quantities of reagents required in the procedure. 

Takeuch? and co-workers described a method for determining boron in steel by 
pyrohydrolysis and constant-current coulometry. This approach was unsuccessful in 
our laboratory; even with pure synthetic solutions containing microgram amounts of 
boron, the yields were erratic. Harrison and Cobb4 used the boron-curcumin complex 
in an acetic anhydride medium. The dissolution at 80” in 20% sulphuric acid, 
recommended in the procedure, required excessive time. Further, the blanks were 
high, and calibration was inconsistent. Very recently Tolk et aL6 also used curcumin 
for determining boron. The method appears to be time-consuming in the sample 
dissolution step and requires an additional 3 hr for subsequent treatment and colour 
development. Further the authors reported a serious limitation of the method in that 
no oxidizing agents could be used, which leaves uncertain the treatment of the carbides 
etc inherent in iron and steel. No alternative is offered. 

The triple complex of Methylene Blue, fluorine and boron in dichloroethane 
medium has been proposed by many workers 8-0 for the determination of boron in 
steel. RosotteO successfully dissolved steel directly in a fluorine-containing medium, 
with the obvious advantage of reducing the amount of reagents capable of affecting 
the blank. Ammonium hydrogen fluoride, hydrofluoric acid etc were used to achieve 

* Paper presented at the 20th Pittsburgh Conference on Analytical Chemistry and Applied 
Spectroscopy, March, 1969. 
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both the rapid dissolution and the conversion of boron into BF4- (the active species) 
at room temperature. 

However the extraction technique recommended by her, involving a pneumatic 
separator, was found far from satisfactory in our laboratory. Polyethylene separatory 
funnels proved to be successful both in providing a quick separation of the two 
phases and in equilibrating the excess of reagents into the aqueous phase without 
emulsion formation. As will be illustrated the method presented here is suitable down 
to O-2 ppm of boron, with satisfactory precision. 

Apparatus 
EXPERIMENTAL 

Nalgene 4-0~ (125~ml) narrow-mouth bottles with polypropylene screw closures (Canlab, Cat. 
5-803 or equivalent). Nalgene 60-ml bottles with dropper assembly and polypropylene closures 
(Canlab, Cat. 6-251 or equivalent). Nalgene Squibb pear-shape separatory-funnels (polypropylene, 
Teflon plug, polyethylene stopper, capacity 125 ml (Canlab, Cat. 37-287 or equivalent). These 
bottles and funnels should be kept filled with demineralized distilled water until just before use, and 
refilled after use and washing. Polyethylene measuring cylinders, funnels and beakers. Mohr pipette 
graduated to 0.01 ml. 

Use demineralized distilled water throughout, and chemically pure reagents. Prepare reagents in 
plastic or polyethylene ware and transfer immediately to polyethylene containers with screw closures. 

Hydrojluoric acid, 5 %. Carefully add 10 ml of 50% HF (27M) to 90 ml of water in a polyethylene 
beaker. 

Boron stock solution, 50 PgImI. Dissolve 0.287 g of boric acid in water and dilute to a litre in a 
volumetric flask. 

Standard BFI- solution A, 1 ,ug of boron/ml. Transfer 5 ml of boron stock solution into a 125~ml 
polyethylene bottle, add 20 ml of water and 2.5 ml of 5 % hydrofluoric acid. Mix, let stand for 24 hr 
and dilute to 250 ml in a volumetric flask. This solution is stable for 6 months. 

Standard BF,- solution B, 0.1 pg uf boron/ml. Transfer 10 ml of solution A into a polyethylene 
beaker. Add 1 ml of 5 % hydrofluoric acid followed by 80 ml of water. Mix, transfer, and dilute to 
100 ml in a volumetric flask with water. Prepare this solution fresh as needed. 

Ammonium hvdropen fluoride. 8M. Dissolve 91 e of NH,F.HF in 150 ml of boiling water. Filter. 
Phosphoric aiid (! +J2). Dilute 3 parts of phos‘$horic acid (sp. gr. l-69) with 2 p&ts of water. 
Hydrogen peroxide, IOO-vol. 
Hexamethylenetetramine solution, 40 %. Dissolve 40 g of hexamethylenetetramine in water by 

slight warming. Filter and dilute to 100 ml with water. Prepare fresh as needed. 
Methylene Blue solution, 0.01&f. Dissolve 0.8 g of “medicinal Methylene Blue” in 200 ml of 

water. Filter through a glass filter (fine porosity) and dilute to 250 ml with water. 
1 ,ZDichloroethane. Distilled. 

Pure iron chips, boron-free. NBS 55e is suitable. 
The ammonium hydrogen fluoride, phosphoric acid, hydrogen peroxide, Methylene Blue and cont. 

hydrofluoric acid solutions should be kept in bottles fitted with droppers to facilitate transfer. 
Volumes can be measured by counting drops or graduating the droppers. 

Procedure 

Calibration. Weigh 0.100 g of pure iron or NBS 55e chips into a series of 6 polyethylene bottles 
(narrow mouth) and>dd in t& foilowing order (making surk the sample remaini in-contact with the 
reagents): 1 ml of ammonium hvdrogen fluoride solution, 1 ml of nhosuhoric acid (3 + 2). 0.5 ml 
of zonc&trated hydrofluoric acid, andy 2.0 ml of lOO-vol hidrogen $.ro$de. Cap the bottid imme- 
diately after the addition of hydrogen peroxide and tap gently to bring the sample in contact with the 
reagents. It takes 5-10 min for complete dissolution. Let stand for an additional 15 min. Transfer 
the contents to separatory-funnels, using 10,9*5,9,8,7 and 6 ml of water for rinsing. Add (by pipette) 
O, O-5,1*0,2.0,3.0 and 4.0 of standard boron solution A to the respective separatory-funnels (to give 
the same total volume in each) and mix (this covers the range 5-40 ppm boron; to cover the range 
lower than 5 ppm use standard solution B). Add 5 ml of hexamine solution and mix, then add 1 ml 
of Methylene Blue solution and mix. Add 15.0 ml of dichloroethane (from a burette). Stopper and 
manipulate the separatory-funnels so that no aqueous phase is trapped under the organic layer. Clamp 
the funnels in a mechanical wrist-action shaker and shake for 5 min. Let settle for 2-4 min. Tap the 
funnels, if necessary, to ensure complete separation of the two phases. 
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Transfer the (lower) organic phase into another separatory-funnel, add 10 ml of water, stopper the 
funnel, mix very gently for 30 set to extract the excess of Methylene Blue into the aqueous phase 
(excessive shaking may produce an emulsion; this must be avoided). A clear separation is achieved. 
Let settle for about 5 min, drain off about 1 ml to flush the stem and then transfer the organic layer 
through a 70-mm fast filter paper (e.g., Whatman No. 541) supported on a dry 50-ml beaker, leaving 
about 1 ml of it in the separatory-funnel. 

Transfer an appropriate aliquot of the extract into a dry 25ml volumetric flask and dilute to the 
mark with dichloroethane. In the range @2-1-O ppm boron no dilution with dichloroethane is needed. 
Measure the absorbance in a IO-mm cuvette, with dichloroethane as reference, at 650 nm, using a 
red-sensitive phototube. Obtain the net absorbance by subtracting the blank (Org boron). Plot 
absorbance vs. rg of boron or calculate a conversion factor. 

Samples. Weigh sample and add boron-free iron as follows. 

Boron,ppm Sample wt., g 

Blank 
0.2-l 

I-5 
5-40 

40-70 
70-100 

nil 
O-1000 
0~1000 
01000 
00500 
0.0300 

Boron- Final extract 
free iron, g aliquot , ml 

01000 
nil 
nil 
nil 

0~0500 
0.0700 

As in example 
No dilution 

10 
5 
5 
5 

Carry out the procedure as described (including blank) under calibration except for the addition 
of boron standard solution; instead use 10 ml of water for rinsing. 

Interferences 
RESULTS AND DISCUSSION 

Residual elements in steel such as Cu, Cr, Ni, V, MO and W did not present any 
problem in the boron determination, but their effect was investigated to ensure that 
the method would be applicable to alloy steels. Table I shows the interference study 
with British Chemical Standards steel 273 containing 25 ppm boron, which was used 
to provide the steel matrix. Potassium dichromate and nickel ammonium sulphate 
were used to provide 20 mg of Cr and 10 mg of Ni, and ammonium vanadate, 
ammonium molybdate and sodium tungstate were used to provide 1 mg each of V, 
MO and W, added to a O-1 g sample. 

TABLE I.-INTERFERENCE STUDY WITH BCS STEEL STANDARD, 
CERTIFIED 25 ppm BORON 

Element added Boron found, ppm 

nil 23 
nil 25 

20% Cr 24 
lO%Ni 22 

l%V 24 
l%Mo 25 
l%W 23 

20%Cr+lO%Ni+l%V+l%Mo+l%W 24 

Evidently 20% Cr, 10% Ni, and 1% each of V, MO and W added either individ- 
ually or collectively do not interfere in the boron determination. 

Range of application 

Extension of the lower limit of the method from 5 ppm down to O-2 ppm of boron 
by use of a bigger sample weight did not give encouraging results. The alternative-use 

6 
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of a larger proportion of the Methylene Blue extract-proved satisfactory, as shown in 
Table II. The blanks were similarly carried out with a IO-ml aliquot. 

TABLE II.-RECOVERY TESTS 

Boron, ppm Boron, ppm 
Present Found+ Range Present Foundt Range 

1.0 1.1 0%1.1 0.2 0.25-0.3 
2.0 2.4 2.0-2.5 0.5 0.3-055 
3.0 2.8 26-3.1 0.8 0.8 0.7-0.9 
4.0 3.9 3.5-4.0 1.0 1.0 0.9-1.1 
5.0 5.1 4.7-5.2 

* 10 ml of extract diluted to 25 ml for absorbance measurement. 
t Absorbance of undiluted extract measured. 

The procedure described was applied to a number of British Chemical Standard 
steels. The results are recorded in Table III. The wide spread in the range of values 
listed in the certificates prevents knowledge of the “true” content but the precision of 
the present method is good throughout. 

TABLE III.-BORON IN BCS STEEL STANDARDS 

BCS 
No. 

272 
273 
275 
326 
327 
328 
329 
330 

Certificate 
Value, Range, 
PP” PPG 

Boron 
found, 
PPm 

40 30-40 30 
25 15-30 23 
10 lo-25 11 
:: 25-40 10 6 

40 35-50 E 
80 70-80 65 
70 70-80 71 

Standard 
deviation, 

ppm 

::; 

::; 
1.7 
0.8 

No. of 
detns. 

Conclusions 

In the determination of boron as described under the procedure the active species 
is BF4-, which forms the ion-association complex with Methylene Blue. Normally it 
takes about 18 hr to convert boron into BF,-. However, iron catalyses this reaction, 
which is completed in 5-10 min, the time needed to dissolve the steel. The incorpor- 
ation of phosphoric acid prevents the formation of anionic complex iron fluorides 
capable of entering into extractable combination with Methylene Blue. Attack with 
ammonium hydrogen fluoride destroys boron nitride, solubilizing the boron; hence 
total boron is obtained.s Addition of hydrogen peroxide speeds up the dissolution and 
oxidizes the iron. The dissolution at room temperature avoids risk of loss of boron 
compounds volatile at higher temperatures (e.g., -70”). 

The partition coefficient of the ion-association complex is such that the volume of 
both the aqueous and organic phases must be precise, as indicated in the method, 
otherwise variable errors will occur. 

It is advisable to clean the polyethylene ware initially with a mixture of ammonia 
solution (1 part) and dichloroethane (2 parts) and to rinse with water. It is of the 
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utmost importance subsequently to keep the apparatus clean and filled with water 
between tests. It has been reported that some batches of dichloroethane, usually with 
a slight yellowish tinge, interfere with the extraction of the fluoborate-Methylene Blue 
complex. Strizovic and CaldwelF purified the dichloroethane by treating it with small 
portions of sodium hydroxide until colourless. Excess of alkali was removed by 
washing with dilute sulphuric acid and then water. 

Up to 20% Cr, 10% Ni, 1% each of V, MO and W present either individually or 
collectively do not interfere in the boron determination, showing the feasibility of 
applying the method to alloy steels. The method can also be applied to determine 
trace amounts of boron in fertilizers containing phosphate, or in glass, but it is then 
necessary to use boron-free iron, as indicated in the method, to catalyse the BF,-- 
formation. The lower limit of the method is O-2 ppm of boron. Sample dissolution is 
carried out at room temperature, solubilizing all forms of boron including boron 
nitride. This avoids loss of relatively volatile boron compounds. The precision of the 
method is good and six samples can be analysed in less than 2 hr. The method has 
been in use in our laboratory for the last 2 years. 

Acknowledgements--Our thanks are due to J. F. Donovan for assistance in the experimental work 
and to the Steel Company of Canada, Limited, for permission to publish. 

Zusannnenfassung-Ein schnelles spektrophotometrisches Verfahren 
zur Best&mung von Bor in Stahl mit Hilfe des Fluoborat-Methylen- 
blau-Komplexes wird .ngegeben. Es iihnelt im Prinzip der Methode 
von Rosotte, aber Anderungen vereinfachen die Handlung und 
vermeiden Verunreinigung und Probleme der Emulsionsbildtmg. Bis 
20% Cr, 10% Ni und je 1% V, MO und W s&en einzeln oder gemein- 
sam bei der Bestimmung nicht; dadurch wird das Verfahren auf 
legierte Stale anwendbar. Die Nachweisgrenze wurde von 5 auf 0,2 
ppm Bor gesenkt. Die Proben werden bei Raumtemperatur in 
Polythene-Flaschen aufgeschlossen, wobei alle Formen von Bor 
such Bomitrid, in Liisung gehen und der Verlust von relativ fltichtigen 
Borverbindtmgen vermieden wird. Die Genauigkeit des Verfahrens ist 
gut. Sechs Proben k&men in weniger als xwei Stunden analysiert 
werden. 

RCum&-On prtsente une methode spectrophotometrique rapide pour 
la determination du bore dam I’acier par I’emploi du complexe 
fluoborate-bleu de methylbne. La methode est en principe similaire a 
celle de Rosotte, mais des modifications simplitient l’operation, 
&tent la contamination et ecartent les problemes de formation 
d%mulsion. Des quantites allant jusqu’e 20% Cr, 10% Ni et 1% de 
chacun des mttaux V. MO et W nresents soit individuellement. soit 
collectivement, n’interferent pas dins le dosage, le rendant applicable 
aux aciers allies. La limite de dosage de la methode a et& abaissee de 
5 B 0,2 ppm de bore. Les echantillons sont dissous a temperature 
ordinaire dam des bouteilles en polythene, solubilisant toutes les 
formes du bore y compris l’azoture de bore, et dvitant la perte de 
composes du bore relativement volatils. La precision de la methode 
est bonne. On peut analyser six echantillons en moins de 2 h. 
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Summary-A combined ion-exchange spectrophotometric method has 
been developed for the determination of molybdenum and tungsten 
in silicate rocks. After the decomposition of samples with a mixture of 
sulphuric, nitric and hydrofluoric acids, traces of molybdenum 
and tungsten are separated from other elements by anion-exchange in 
acid sulphate media containing hydrogen peroxide. The adsorbed 
molybdenum and tungsten can easily be stripped from the column by 
elution with sodium hydroxide-sodium chloride solution. The adsorp- 
tion and desorption steps provide selective concentration of molyb- 
denum and tungsten, allowing the simultaneous spectrophotometric 
determination of the two metals with dithiol. Results on the quan- 
titative determination of molybdenum and tungsten in the U.S. 
Geological Survey standard samples are included. 

MOLYBDENUM is quite frequently reported in the routine spectrochemical analysis of 
common types of rocks, although its concentration often borders on the spectrochemi- 
cal detection limits. Unlike molybdenum, the abundance of tungsten in most rocks 
and sediments is below the limits of detection by direct spectrochemical methods. 
A number of photometric methods have been described for the determination of 
molybdenum in silicate rocks. Recent progress in concentration and the subsequent 
photometric determination of molybdenum in rocks has been reviewed by Chan and 
Ri1ey.l The calorimetric method developed by Stanton and Hardwick for molyb- 
denum in soils, sediments and rocks is primarily intended to provide a rapid pro- 
cedure for field work, involving fusion of samples with potassium hydrogen sulphate. 

There are fewer photometric methods for tungsten in silicate rocks. For photo- 
metric determination with the tin(H) chloride-thiocyanate method, SandelP tist 
removed iron and titanium by a double precipitation, and molybdenum by hydrogen 
sulphide precipitation, using antimony(V) sulphide as a carrier. Jeffery4 concentrated 
molybdenum and tungsten by extraction with cr-benzoinoxime into chloroform after 
alkali fusion of silicates, the two metals being determined simultaneously with dithiol. 
Chan and Riley co-precipitated tungsten with manganese dioxide from a perchloric 
acid solution of rocks, purified it by cation-exchange, and finally determined it spectro- 
photometrically with dithiol. Since the carrier, co-precipitating agent or organic 
extracting agent has generally to be removed before tungsten can be determined 
spectrophotometrically, the procedures are tedious and time-consuming. 

+ Present address: Laboratory for Science Education, Faculty of Education, Ehime University, 
Matsuyama, Ehime, Japan. 
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It has been demonstrated that comparatively few metal ions, including molyb- 
denum and tungsten, adsorb on a strongly basic anion-exchange resin in the sulphate 
form from sulphuric acid or sulphate media. 6S7S8 This behaviour of molybdenum and 
tungsten may offer a good basis for separating them from many other metals in silicate 
rocks before photometric determination. However, we found that even though the 
distribution coefficients of both metals are sufficiently high in sulphuric acid or 
sulphate media, a considerable portion of the two metals appears in the effluent from 
the sample solution, probably because of hydrolysis and the slow kinetics of the 
exchange reactions involved. 

This difficulty can be overcome by allowing the two metals to adsorb on the resin 
from sulphuric acid or sulphate media containing a small amount of hydrogen perox- 
ide. Thus, selective anion-exchange in sulphuric acid media coupled with simultaneous 
determination with dithiol allows the development of a simple, rapid, and highly 
selective method for the determination of molybdenum and tungsten in a variety of 
silicate rocks. 

Reagents and apparatus 

EXPERIMENTAL 

Stock solutions. Molybdenum(V1) : an appropriate amount of ammonium molybdate was 
dissolved in water to give cu. 10mg of MO/ml. The solution was standardized against EDTA. 
Tungsten0 : an appropriate amount of sodium tungstate was dissolved in water to give ca. 10 mg 
of W/ml. The solution was standardized gravimetrically. From these stock solutions, standard 
solutions were freshly prepared by dilution with water. 

Zon-exchange resin. A strong base anion-exchange resin, Dowex I-X8, SO,-form, 100-200 mesh, 
was used. An appropriate amount of resin (Cl-form) was purified by placing it in a large column and 
backwashing with water to remove fine particles. Then it was washed with 3M sulphuric acid (to 
convert it into the sulphate form) until the effluent gave a negative test with silver nitrate. Finally the 
resin was washed thoroughly with water until the effluent gave a negative test with barium chloride. 
After drying at 60” for several hours the resin was stored in a desiccator containing a saturated potas- 
sium bromide solution. 

Dithiol solution. An appropriate amount of toluene3,Cdithiol was dissolved in 0*25&f sodium 
hydroxide to yield a ca. @ 1% solution, and a few drops of thioglycollic acid were added. This solution 
was freshly prepared, when needed. 

Column. Dried resin (5 g) was slurried with water and poured into a conventional glass column, 
15 mm bore, drawn to a tip and with a plug of glass wool at the outlet. The resulting resin bed was 
about 50 mm long. 

Equilibrium study 

The distribution coefficient, Kd, for molybdenum(V1) and tungsten(VI) was determined by a 
batch method.* Portions of dried resin (1 g each) were weighed and placed in glass stoppered conical 
flasks, to which 41-ml portions of ammonium sulphate solution were added. The solution was 
previously adjusted to 0*025&f in sulphuric acid and contained varying amounts of ammonium 
sulphate and 1.03 mg of molybdenum(V1) or 1.04 mg of tungsten(VI). After mechanical shaking for 
20 hr at room temperature, the two phases were separated by filtration. An aliquot of the tiltrate 
was analysed calorimetrically for the respective element with dithiol. The Kd was calculated from the 
formula 

Kd = 
amount of ion in resin phase/g of resin 

amount of ion in solution phase/ml of solution 

The Kd values for molybdenum(V1) and tungsten(VI) on the resin as a function of concentration 
of sulphuric acid were determined in the same manner. The Kd values were also determined in the 
presence of hydrogen peroxide at selected concentrations of sulphuric acid. 

Weigh out about 2 g of powdered sample in a platinum dish. Add 10 ml of 5M sulphuric acid, 
4 ml of nitric acid and 10 ml of hydrofluoric acid. Heat on a hot-plate and evaporate to dryness. 
Continue the heating until no further fumes of sulphuric acid are evolved. Repeat the fuming with a 
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further 2 ml of sulphuric acid and 20 ml of water in order to remove all traces of fluoride. Add a 
further 2 ml of sulphuric acid and 20 ml of water and digest at slightly below the boiling point for 
30 min while stirring at intervals. Dilute to about 150 ml and boil gently until a clear solution results. 
After cooling, add 4 ml of 30% hydrogen peroxide and dilute to 200 ml with water. Pass the solution 
through the resin column at a flow-rate of l-2 ml/mm. After washing the column with 50 ml of 1M 
ammonium sulphate-O.025M sulphuric acid solution, strip the molybdenum and tungsten by elution 
with 50 ml of 0*5M sodium hydroxide-0.5M sodium chloride solution at a flow-rate of 0.5 ml/min. 
Discard the first 20-ml fraction of the effluent and collect the subsequent 25-ml fraction for the 
determination of both elements. 

Transfer the fraction containing molybdenum and tungsten into a Kjeldahl flask. Add 2 ml of 
sulphuric acid and heat until dense white fumes of sulphuric acid are evolved. After cooling add a 
few drops of 30 % hydrogen peroxide and heat again until white fumes evolve. Add a few ml of water 
and three drops of 85% phosphoric acid, make alkaline with ammonia and expel the excess of 
ammonia by boiling. Add 1 ml of 5M sulphuric acid to the resulting solution and dilute to about 18 ml 
with water. Add 3 ml of the dithiol solution and warm on a steam-bath for 30 min. After cooling, 
extract the dithiol complexes of molybdenum and tungsten with 5 ml of n-butyl acetate and filter into 
a lo-mm cell. Measure the absorbance of the extract at 630 and 670 MI against the blank solution. 
Calculate the amounts of molybdenum and tungsten from the following equations 

MO = AsTo. ago - A,,, . a~‘/a~~. up - a::. ago 

W = AIllO. 680 a:: - Ae7, . a~~/a~~ . a? - ho . ago 

where ABso and AeTO are the absorbances at 630 and 670 M-I, respectively, a?, a:‘, &z and a&‘: are 
constants which are determined experimentally with standard solutions, and the result is expressed 
in Icg. 

RESULTS AND DISCUSSION 

Adsorption on Dowex I ion-exchange resin 

Kd values for molybdemun(V1) and tungsten(X) in acid sulphate media on Dowex 
I are tabulated in Table I as a function of the sulphate concentration. Kd values for 

TABLE I.-DISTRIBV~ON COEFFICIENTS OF MO(V) AND W(V) AS A FUNCTION 

OF CONCENTRATION OF AMMONIUM SULPHATE 

(Free acid concentration kept constant at 0.025M H,SO,) 

(NHMOI, M 0.050 0.10 0.25 0.50 1.00 

Kd Mo(VI) 40 x 10’ 2.5 x 10J 2.0 x 10s 1.2 x 108 0.8 x 10s 
W(vI) >lO’ >I04 >lO’ >104 >lO’ 

the two metals in sulphuric acid media of varying concentration are listed in Table II. 
The values in parentheses indicate the K, values for molybdenum and tungsten in the 
presence of O-8 % hydrogen peroxide. The K, values for molybdenum and tungsten 
generally decrease monotonically with increasing sulphate or sulphuric acid concen- 
tration in the range covered. It can be seen that the Kd values for molybdenum and 
tungsten in slightly acidic sulphate media are much higher than the respective values 
in sulphuric acid media. The presence of hydrogen peroxide makes molybdenum 
favour the resin phase to a greater extent, but lowers the Kd values for tungsten in 
sulphuric acid media. 

TABLE X-DISTRIBUTION COEFFICIENTS OF Mo(V1) AND W(V1) AS A FUNCTION 

OF CONCENTRATION OF SULPHURIC ACID 

&SO,, M 0.050 0.25 0.50 0.75 1.00 

Kd 
Mo(V1) 937 187(625) 52(227) 12(72) 
W(VI) 2130 566(353) 229(153) 21(63) 

Values in parentheses are the distribution coefficients in the presence of @8 % HaOa. 
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Over a wide range of sulphate or sulphuric acid concentration, the K, values for 
molybdenum and tungsten should be sufhciently high to allow the two metals to 
adsorb on the column, but an attempt to adsorb molybdenum and tungsten quanti- 
tatively on the column failed with 200 ml of 05M ammonium sulphate-0.025M 
sulphuric acid solution containing 52 pg each of molybdenum and tungsten; a small 
fraction of both metals (3-4 %), passed through. Similarly the uptake of molybdenum 
and tungsten from sulphuric acid solutions is only partial; when 200 ml of 0.45M 
sulphuric acid solution containing the two metals (52 ,ug each) is loaded onto the 
column, approximately 50% of molybdenum and 70% of tungsten pass through the 
column. The partial breakthrough of molybdenum and tungsten may be accounted 
for as due to the slow kinetics of the exchange reactions involving the hydrolysis 
products. 

The partial breakthrough can be avoided by introducing a small amount of hydro- 
gen peroxide into the sulphuric acid or sulphate solution containing the two metals. 
The concentration of hydrogen peroxide in sulphuric acid (pH 1) which is necessary 
to retain molybdenum and tungsten on the column covers a range from at least O-3 to 
6% peroxide in the final solution. However, a higher concentration of peroxide 
should be avoided, particularly if iron(III) is present, as this acts as a catalyst for 
deterioration of the resin. 

Interferences 

Adsorption of molybdenum and tungsten on the Dowex I column from sulphuric 
or sulphate media, and the subsequent elution with sodium hydroxide solution 
provides a selective removal of molybdenum and tungsten from a number of metals 
including alkali and alkaline earth metals, titanium, iron( iron(III), aluminium, 
beryllium, cadmium, cobalt, copper, gallium, germanium, nickel, vanadium and 
zinc.’ Uranium(W), thorium, zirconium and scandium, which are retained strongly 

TABLE III.-DETERMINATION OF MOLYBDENUM AND TUNGSTEN IN 2-g SAMPLES OF 

SILICATE ROCKS 

Sample Added, f.g Found, pg Content in original sample, ,q 
(location 
collected) Mo(V1) W(V1) MO W MO W 

Granite - 
(Gunma) - 

- 

2.06 
- 

Andesite - 
(Gunma) - 

- 

2.06 
- 

Basalt - 

(HiyGgo) - 
- 

2.06 
- 

- 1.54 1.32 
- 1.39 1.63 
- 1.56 1.54 
- 3.56 1.17 

2.08 1.39 3.46 

- 1.73 0.07 
- 1.74 0.08 
- 1.72 0.06 
- 3.62 010 

2.08 1.50 2.21 

- 1.17 0.95 
- 1.24 0.85 
- 1.24 0.85 
- 3.19 082 

2.08 1.22 2.89 

1.54 1.32 
1.39 1-63 
1.56 1.54 
1.50 1.17 
1.39 1.38 

Av. 1.48 f 0.07 Av. 1.41 rrt 0.16 
1.73 007 
1.74 0.08 
1.72 @06 
1.56 0.10 
1.50 013 

Av. l-65 f 0.10 Av. 0.09 5 0.01 
1.17 0.95 
1.24 0.85 
1.24 0.85 
1.13 082 
1.22 0.81 

Av. 1.20 f 0.04 Av. 0.86 f 0.05 



Determination of molybdenum and tungsten 71 

z 

z 

O 

Z 

.> 

! 

O~ 

¢ q  

6 

¢b 

o¢ 
w4 

¢ q  

¢b 

6 

6 

V 

V 

V 

¢/1 

0 

6 

,d 

¢5 

¢ q  

[- 

p... 

¢ q  

¢ q  
O 

o 

t,o 

r~ 



72 KAZUAKI KAWA~UCHI and ROKURO KURODA 

on the resin, may not be stripped from the column by elution with 0.5M sodium 
hydroxide45M sodium chloride solution. It will not generally be necessary to purify 
the eluted fraction of molybdenum and tungsten, particularly if the two metals are 
determined spectrophotometrically with dithiol. 

Precision and accuracy 

Results of repeated determinations of molybdenum and tungsten in three types of 
rocks, which represent the igneous rocks, are given in Table III. A known amount of 
molybdenum or tungsten was added to each rock sample, and the overall recoveries 
were estimated. The results are also quoted in Table III. The averages and errors 
(expressed as the standard deviation) are based on all determinations including 
addition tests. In general, the overall precision is satisfactory, the relative standard 
deviations ranging from 6 to 11%. 

To obtain information about the accuracy of the method, the U.S. Geological 
Survey standard rock samples were analysed by the proposed procedure, the results 
being quoted in Table IV. For comparison, recommended values for G-l and W-l 
given by Fleischer, and some recent literature values cited by Flanagan for the new 
series of rock samples are also listed in Table IV. With respect to W-l our values for 
molybdenum and tungsten are in good agreement with recommended values. Since 
the molybdenum concentration in G-l is unusually high, causing a high concentration 
ratio of molybdenum to tungsten, considerable uncertainty may be introduced into 
the simultaneous dithiol determination of molybdenum and tungsten.* Our values 
obtained after the separation of molybdenum and tungsten are close to recommended 
values. 

For the new series of standard rocks our values for molybdenum agree with 
spectrochemical results given by Le Riche. For tungsten the photometric values given 
by Chan and Riley are distinctly higher than our values, the disagreement being 
particularly marked for granite G-2 and two ultrabasic rocks PCC-1 and DTS-1. 

Znsannnenfassung-Ein kombiniertes spektrophotometrisches Ionen- 
austauschverfabren zur Bestimmung von Molybdin und Wolfram in 
Silikatgesteinen wurde entwickelt. Nach Aufschlu5 der Proben mit 
einem Gemisch von Schwefel-, Salpeter- und Elul%ure werden 
Molybdiln- und Wolframspuren von anderen Elementen durch 
Anionenaustausch in saurem, Sulfat und Wasserstoffperoxid enthalten- 
dem Medium getrennt. Das adsorbierte Molybdan t&d Wolfram kann 
durch Elution mit Natriumhvdroxid-Natriumchloridliisung leicht von 
der S&tle gel&t werden. Die Adsorptions- und Desorp~onsschritte 
bewirken selektive Anreichenmg von Molybdan und Wolfram; die 
gleichxeitige spektrophotometrische Bestimmung beider Metalle mit 
Dithiol wird mliglich. Ergebnisse der quantitativen Bestimmung von 
Molybd%n und Wolfram in Standardproben vom U.S. Geological 
Survey sind beigeftigt. 

RBsum6-On a elabore une methode associee &change d’ions-spectro- 
photometric pour la determination du molybdene et du tunstene dans 
des roches aux silicates. Apr&s la decomposition des 6chantillons avec 
un melange d’acides sulfurique, nitrique et fluorhydrique, les traces de 
molybdene et de tungstene sont s$ar&es des autres elements par 
&change anionique dans des milieux de sulfate acide contenant de 
l’eau oxygen& On peut aisement detacher de la colonne les molybdene 
et tungstbne adsorb& par Ablution avec une solution de soude-chlorure 
de sodium. Les stades d’adsorption et de desorption fournissent une 
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concentration selective du molybdene et du tungstene, permettant la 
determination spectrophotometrique simuha&e des deux metaux au 
dithiol. On inclut les r&.sultats sur la determination quantitative du 
molybdene et du tungstene dam des &chantillons &talons du U.S. 
Geological Survey. 
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USE OF 3-HYDROXY-1,3-DIPHENYLTRIAZINE IN THE 
SPECTROPHOTOMETRIC DETERMINATION OF 

COPPER, PALLADIUM, IRON, COBALT, NICKEL, 
AND MOLYBDENUM 

B. DAS* and S. C. SHOME 
Chemical Laboratory, Presidency College, Calcutta, India 

(Received 12 April 1969. Accepted 20 July 1969) 

Summary-3-Hydroxy-1,3_diphenyltriazine (HDPTA) forms brightly 
coloured complexes with copper, palladium, iron, cobalt and nickel 
ions, which are readily extractable in benzene. The deep yellow 
molybdenum complex is completely soluble in 60% ethanol. All the 
chelates have a definite absorption maximum between 398 and 422 mn, 
the reagent absorption being negligible above 415 nm. The molar 
composition of the chelates is ML*, except for iron and cobalt which 
form ML* complexes. Microquantities of these metals can be deter- 
mined spectrophotometrically with HDPTA. 

3-HYJIROXY-1 ,3-DIPHENYLTRIAZINE (HDPTA) was suggested by Shomel as an analyt- 
ical reagent in which the nitroso group of cupferron was replaced by the benzene- 
diazonium group. Later Sogani and Bhattacharya2 used this reagent for the 
gravimetric determination of palladium, copper and nickel. The reagent was subse- 
quently employed by Shome, Das and Da9 for the spectrophotometric determination 
of thallium. In the present study, HDPTA was used for the extraction and subsequent 
photometric determination of copper, palladium, iron, cobalt and nickel in benzene 
medium. 

Molybdenum was determined previously by Kaima14 and Shome by precipitation 
with HDPTA followed by ignition and weighing as oxide. The present investigation 
was carried out to examine the possibility of spectrophotometric determination of the 
metal in 60% ethanol, with HDPTA as the colour-forming reagent. 

Reagents 
EXPERIMENTAL 

Solutions of the metals were prepared by dissolving their chlorides, nitrates or sulphates in water; 
acids were added wherever necessary and the metal contents were determined by the usual methods. 
Weighed amounts of ammonium or alkali metal salts of various anions were dissolved in water and 
made up to standard volumes. Sodium acetate, ammonia or hydrochloric acid solutions were 
used for the regulation of pH. All the reagents and chemicals used were analytical reagent grade. 

HDPTA (C,,H,,N,O) was crystallized twice from alcohol, and 401 M solutions of the com- 
pound were prepared in spectroscopic grade ethanol. 

Dry benzene and spectroscopic grade ethanol were prepared and stored in the usual manner. 

Extraction and spectrophotometric determination of copper, palladium, iron, cobalt and nickel in 
benzene 

An aliquot of the metal solution was taken in a 100-ml separatory funnel, diluted, and adjusted 
to an optimum pH value (Table I); 2-5 ml of the ethanol solution of HDPTA were then introduced 
into the funnel and shaken thoroughly. The metal chelate was then extracted with 2 or 3 successive 

* Present address: Department of Soil Science, Kalyani University, India. 
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TABLE I.-PHOTOMETRIC DETERMINATION OF COPPER,PALLADIUM,IRON, COBALT,NICICEL AND MOLYB- 
DENUM WITH HDPTA (TEMPERATURE 25%) 

Metal ion 

Time limit Range for Molar Optimum 
for colour adherence absorp- concentra- 

stability to Beer’s law, tion range, 
A,* nm hr. @ml 

tivity 
x 100 t&ml pH range 

cua+ 415 
2 

1-o -10.2 
Pde+ 415 0.2 -55 
Fe3f 418 24 0.5 -3.9 
CO”+ 420 36 O-45-3.25 
Niz+ 422 72 0.4 -3.5 
MO@+ 420 6 1.0 -15.0 

* Appropriate wavelength for the determination. 

50 2.5 -93 3.8-54 
219 @7 -3.4 36-56 

98 1*154* 40-5’1 
148 &6 -28 68-8.3 
152 0.75-27 64-8.0 

51 3.6 -13.0 20-4.0 

5-ml portions of benzene. The combined organic extracts were then diluted to the mark with ben- 
zene in a 25-ml volumetric flask and dried with a pinch of anhydrous sodium sulphate. A corre- 
sponding blank solution was prepared and the absorbance of the complex was measured against 
the reagent blank at an appropriate wavelength (Table I). 

Spectrophotometric determination of molybdenum in 60 % ethanol 

A measured volume of molybdenum solution was adjusted to pH 25-3.5, the reagent (2-5 ml) 
was added and the volume was made up with ethanol and water so that the final solution contained 
60% of alcohol. The pH was checked and the absorbance was measured at room temperatu~ 
against a reagent blank prepared under the same conditions. 

Characteristics of the complexes 
RESULTS 

The molybdenum, nickel and palladium complexes are yellow, the copper and 
cobalt complexes brownish yellow, and the iron complex blue-violet. Each has a 
well defined absorption ~mum in the visible region (Fig. 1). 

Conformity to Beer’s law was tested at the appropriate &,, or at a longer wave- 
length. Longer wavelengths were preferred when the reagent interfered with measure- 
ments at &a= because it also absorbed at that wavelength. The ranges of metal 
concentration for adherence to Beer’s law and of optimum concentration for photo- 
metric dete~nation6 are listed in Table I. 

The metal complexes were extracted with benzene from solutions adjusted to 
different pH values, the other conditions remaining the same, and the pH ranges for 
complete extraction were determined from absorbance studies (Fig. 2). The colour 
of the molybdenum complex in 60% ethanol was found to be independent of the 
acidity in the pH range 20-4.0. 

When a definite amount of ~10-~iU metal solution was treated with varying 
amounts of 10-3M ethanolic HDPTA solution and the complex was extracted into 
benzene, the absorbances of the extracts showed that extraction is quantitative only 
when at least a 5-fold excess of the reagent is used. Molar ratio studies6 indicated the 
composition of the chelates as ML,, except for the iron and cobalt complexes which 
were ML, (M = metal, L = ligand). For molybdenum a 60% ethanol medium was 
used for these studies, and the complex was found to be ML. 

The colour of the metal-HDPTA complexes was stable for at least 24 hr except for 
the molybdenum complex, the colour of which gradually decreased after 6 hr. Time 
limits for colour stability are given along with the molar absorptivities, in Table I. 

Solvents such as chloroform, carbon tetrachloride, ether and ethyl acetate could 
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I \L/ 0*-m- l I I I 
360 390 420 450 480 510 

Wave length, nm 

FIG. l.-Transmittance curves of HDPTA complexes. 
A--10-+&f reagent; B-h, 1@2 &III; C-Fe, 261 p&d; D-MO, 103 &ml; 
MO, 1% &ml; F-Ni, 2.0 pg/ml; G-Pd, 3.7 &ml; concentrations refer lo 

metal ions. 

FIG. 2.-Extraction of HDPTA complexes as a function of pH. 
A-Pd; B-Fe; C-Cu; D-Ni; E-Co. 

not be used for the extraction of metal-HDPTA complexes, because the reagent was 
found to be unstable in these media. Toluene and xylene appeared to be usable. 
The molybdenum complex could be extracted with benzene, but the colour intensity 
was less than that in alcoholic medium. Moreover, the molybdenum-HDPTA chelate 
showed a tendency to decompose in benzene solution. 

Interferences 

The effect of a number of foreign ions on the spectrophotometric determination of 
the metals was studied; the procedure involved approrpriate pH adjustments and use 
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TABLE II.-EFFECT OF DIVERSE IONS ON THE PHOTOMETRIC ANALYSIS OF METALS 

Foreign 
Amount tolerated (mg) in the determination of 

ion Iron Cobalt Nickel Copper Palladium 
(Co2f (Cu2+ 

Molybdenum 
(Fe3+ (Ni2+ (Pd*+ (Moe+ 
= 65.25 lug) = 45.3 @) = 50.0 /q) = 127.5 ,I@ = 57.5 /~g) = 193.5 rg) 

Ni*+ 

Zn2+ 

Cd2+ 

Hg2+ 

Mn2+ 

co2+ 

cue+ 

PdZ+ 

Pb2+ 

Bi3+ 

Al3+ 

Ga3+ 

Ins+ 

Fe3+ 

Th4+ 

Ti4+ 

Sn4+ 

v5+ 

Moe+ 

We+ 
us+ 
F- 
oxalate 
tartrate 
EDTA4- 

1*4t 

1.25 

1.2 

2.0 

1.2 

l*OY 

Nil 

Nil 

O-75? 

0.5o.t 

1.4 

0.23 

0.60 
- 

1.0 

0.025 
- 

0*15t 

@65t 

0.65 
0.90 
Nil 
0.10 

10 
Nil 

- - 

0.18 0.26 

0.10 0.12 

2.0 2.0 

0.075 * 0*18* 
- - 

o*soy 0.50: 

0.75:: 0.75; 

1*ot 1 *ot 

1.45.t 1*7t 

@60* 0+30* 
- - 

- - 

O-32* @60* 

@80* l-25* 

1-o* 1*0* 

@25* o-30* 

0*251j 0.2511 

0+95* 1*2* 

0.80 0.80 
0.75 1.0 
100 100 
10 10 
10 10 
Nil Nil 

1.4.t 

1.45 

1.4 

2.0 

1.25 

1*5t 
- 

Nil - 

1.2t l-251 

1.45.t 1.77 

1.4 1.6 
- - 

1.17 1.18 

l-la 1.27 

0.58 0.70 

0*9oa 0.901 

0.75 0.30 

0*30t 0.3011 

0*9oll 0*9oTI 

0.65 @8Ot 
1.0 1.0 
100 100 
100 10 
10 10 
Nil Nil 

1*42 

1.55 

1.5 

2.0 

1.25 

1.4 

Nil 

1.25 

1.5 

1.6 

1.2 

0.75 

1.4 

0.205 

O-258 

0.15 

Nil 

1.6 

0.350 

0.60 

0.010 

1.2 

O%O$ 

0.40 

0.050 (v+) 
- 

1.4 
0.45 
0.10 
Nil 

0.18 
0.40 

* Citrate-fluoride as masking agent. 
t Tartrate as masking agent. 
2 Prior extraction of the foreign ions with HDPTA. 
5 Filtration before measurement. 
7 Oxalate as masking agent. 
]I Fluoride as masking agent. 

of masking agents. In some cases, especially in the interference studies in the deter- 
mination of molybdenum, the solutions were filtered before the absorbance measure- 
ments. The results are shown in Table II. A 2% error was considered tolerable. 

Precision and accuracy 

The precision and accuracy of determination of each of the metals with HDPTA 
according to the recommended procedures were obtained by employing a set of five 
solutions of a particular concentration for each, and the results are shown in Table III. 

DISCUSSION 

A great many organic reagents have been proposed for the calorimetric determina- 
tion of copper, palladium, iron, cobalt, nickel and molybdenum. Most suffer from 
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TABLE III.-PRECISION AND ACCURACY 

Metal ion 
Concentration, Coefficient of variation, Mean relative error, 

CLgW % % 

Fe’+ 261 05 -0-3 
toe+ 1.36 0.8 -0.3 
Nie+ 1.52 0-l -0.4 
CUB+ 2.55 0.1 -0.4 
Pda+ 1.47 0.8 -0-4 
Moe+ 5.16 0.9 -0.2 

some drawback such as lack of specificity, selectivity, sensitivity, precision, and 
stability of complexes. HDPTA is superior to some of the commonly used reagents. 

Although HDPTA was long ago introduced as an analytical reagent it has not 
previously been used successfully for the calorimetric determination of metals, 
owing mainly to the low solubility and the unstable nature of the reagent and its metal 
chelates in aqueous and many non-aqueous solvents. However, benzene has now been 
found an appropriate solvent for the purpose. The HDPTA-complexes of copper, 
palladium, iron, cobalt and nickel can be rapidly extracted into benzene and the colour 
of the extracted complexes is sufficiently stable to permit spectrophotometric deter- 
mination of these metals. In some cases the reagent is selective, but difficulties arise 
in the determination of iron in the presence of copper and palladium, and in separation 
of copper and palladium, or cobalt and nickel. 

Zusammenfassung-3-Hydroxy-1,3-diphenyltriazin (HDPTA) bildet 
krlftig gefarbte Komplexe mit Kupfer, Palladium, Eisen, Kobalt und 
Nickel, die sich leicht in Benz01 extrahieren lassen. Der tiefgelbe 
Molybdankomplex ist in 60% Athanol vollstlndig lbslich. Alle 
Chelate haben ein deutliches Absorptionsmaximum zwischen 398 und 
422 mn; die Absorption des Reagens ist iiber 415 mn zu vernachlls- 
sigen. Die Zusammensetzung der Chelate ist ML2 aul3er bei Eisen und 
Kobalt, die ML-Komplexe bilden. Mikromengen dieser Metalle 
k&men mit HDPTA spektrophotometrisch bestimmt werden. 

R&sum&La 3-hydroxy 1,3-diph6nyltriazine (HDPTA) forme des 
complexes vivement color&s avec les ions cuivre, palladium, fer, 
cobalt et nickel, qui sont aisement extractibles en benzene. Le com- 
plexe jaune fence du molybdene est complbement soluble en ethanol 
a 60%. Tous les chelates ont un maximum d’absorption d&ini entre 
398 et 422 nm, l’absorption du reactif &ant negligeable au-dessus de 
415 nm. La composition molaire des chelates est ML*, a l’exception 
des complexes de fer et de cobalt qui forment des complexes ML,. 
On peut determiner spectrophotometriquement des microquantites de 
ces metaux avec le HDPTA. 
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Snmmary-A sequential separation scheme has been devised for the 
quantitative analytical separation of 27 different metal ions. Five 
different chromatographic and ion-exchange columns are used to 
separate the metal ions into groups. The metal ions of each group are 
eluted separately from each column by means of selective eluents. 
Following separation, the metal ions are determined by titrimetry, 
flame spectrometry or other appropriate analytical methods. The 
reliability of the proposed scheme has been demonstrated by extensive 
testing, including the analysis of U.S. National Bureau of Standards 
samples. The scheme can be used for macro or micro quantities. 

ALTHOUGH efficient methods can usually be worked out for the analysis of large 
numbers of samples of similar chemical composition, the incidental analysis of 
samples of different types often presents a difficult problem. The selection of a plan 
for analysis of a multicomponent sample requires an experienced, trained chemist. 
Even then, the myriads of analytical methods in books and journals are often con- 
fusing, and selection of methods is apt to be a hit and miss proposition. All too often a 
method will not be successful the first time it is tried on a particular sample. Minor 
difficulties are often encountered and the method will work only after some modi- 
fication. Therefore, the analysis of new or non-routine samples is frequently slow and 
costly. Each new type of sample often becomes a research project in itself. 

A more systematic approach to the analysis of analytical samples, particularly 
those of a non-routine nature, is clearly called for. The aim of the present work is to 
provide at least a start in that direction. A systematic scheme for the separation of 
some 27 different metal ions by column chromatographic techniques is presented. 
Once each metal ion component of the sample has been separated, measurement by 
appropriate titrimetric, spectral or other method is easily accomplished. Sometimes 
the measurement method used will permit determination of two or more elements 
without mutual interference, thereby reducing the number of separations required and 
simplifying the analytical process. Extensive testing has shown that this separation 
scheme is dependable and provides quantitative separations for both macro and trace 
amounts of the various metal ions. 

The classical hydrogen sulphide scheme is a somewhat systematic approach to 
chemical analysis, but the methods are often slow and subject to co-precipitation 
errors. More recently, several comprehensive separation schemes using solvent 
extraction, chromatography and ion-exchange have been described.l-7 However, 
these are largely schemes for radiochemical separations and the separations are not 
always quantitative. Chalmers and co-workersaBg have approached the analysis of 

* Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. Contri- 
bution No. 2610. 

t Present address: Central Research Lab, New Jersey Zinc Co., Palmerton, Pennsylvania 18071. 
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metal ion mixtures systematically using solvent extracticm with cupferron and other 
completing reagents. Their method uses s~ectrop~ot~metric and polarographic 
meas~ement of separated elements and is intended for 100 pg or fess of each efemermt. 

EXPERIMENTAL 

Reagents 
Amberlyst XAD-2, an inert cross-linked polystyrene polymer, was obtained from Rohm & Haas 

as 20-50 mesh beads. The beads were ground in a Waring blender and sieved to obtain the proper 
mesh sizes. This product was washed successively with 6it-i hydrochtoric acid and methanol, and 
air-dried. 

Amberlyst A-26 macroreticular anion-exchange resin was obtained from the same source and was 
similarly ground and sieved. It was then washed with 2M perchloric acid, 1M hydrochloric acid, and 
then with water. 

Dowex SOW-X8 cation-exchange resin, 100-200 mesh was purified by washing with 10% am- 
monium citrate solution, 3M hydrochloric acid, and finally with water. 

Indicators were O-5 % w/v aqueous solutions of Xylenol Orange, 8-hydroxy-~-t6-siilpho-2- 
~phthyl~o)-5~~no~~ s&phonic acid (HAS) and Arsenazo I. 

Isopropyl ether (IPE) and isobutyl methyl ketone (IRMK) were redistilled bet&e use. Trioctyl- 
phosphine oxide (TOPO) was obtained from Eastman Organic Chemicals and used as received. 

Column preparation 
Conventional cohunns were used. The flow was controlled by a i-mm bore stop-cock and the 

column support was held in place by a small plug of glass wool. Columns with Amberlyst XAD-2 as 
the inert support were all prepared by the same method. The requisite amount of XAD-2 slur&d in 
methanol was added to the column and the methanol was allowed to drain rapidly just to the top of 
the support, A perforated Teflon disk was then placed on the top of the support to prevent disturbance 
of the column bed. Next the support was impregnated with the extractant by adding 3-S column 
volumes of equilibrated IPE, IBMK or 05MTQPO in cyclohexane and allowing the extractant to 
displace the methanol by gravity flow. Then the interstitial organic liquid was removed with equil- 
ibrated 8M hydrochloric acid. 
flow-rate (10-20 ml/min}. 

This is best accomplished by using some air pressure and a rapid 

The stripping solvent used to remove sorbed motal ions from the IPE and IRMK oolumns is O-l.% 
hydrochloric acid in 98 7s methanol. After the metal ions have been stripped from the column, the 
support is in essentially the same condition as when the methanol slurry was first added to the cohunn. 
Therefore it can be made-ready for the next sample by repetition of the procedure above, 

Since elutions from the TOPQ column are carried out with aqueous solutions, the column can be 
used a dozen times or more without reconditioning. When reconditioning is necessary it is sufficient 
to pass a few ml of 05M TOPO-cyclohexane through the column to replace any lost extractant and 
then displace the interstitial TOP0 solution with 8iw hydr~Norjc acid as described above. 

Any three of the first four columns used in the separation scheme may be connected so that the 
effluent from one flows directly into the next. A flow-rate of approximately 1 ml/min was used for 
elutions requiring up to 20 ml per element. 
flow-rate of approximately 2 ml/mm. 

Elements requiring a larger volume were eluted at a 

Analytical procedures 

Antimony was determined by an o~da~o~~~du~~on method. Add 10 ml of hy&ocNoric acid 
and 20 ml of 10% potassium bromide solution to a 30-B-ml sample ~on~ning ~tirnony~~= If the 
solution contains tartrate, also add 4 ml of sulnhuric acid. If an organic solvent is present, remove it 
by boiling. Add excess 8 k sulphurous acid and boil for 10 min to r;?duce to antim&y@II). Remove 
any excess of sulphur dioxide by bubbling air through the solution for 5 min. Cool and titrate with 
standard potassium bromate, using a-naphthoflavone indicator. 

Most elements were titrated with 0.02M EDTA; solutions as dilute as 04OlM were used to titrate 
very small quantities of separated metal ions. Conditions for EDTA titrations are given in Table I. 
~o~ja-~onium chloride buffers were used for pH 9-10 and pyridine for pH 6. 

Chromium was determined by a standard ox~datjon-adios method employing ammonium 
nersulnhate,fo To solutions also containing citrate, add 5 ml of sulphuric acid and evaporate until 
&lph& trioxide fumes appear and the saGpIe becomes charred. Cool slightly, add 10&l of nitric 
acid and again evaoorate to sulnhur trioxide fumes, Cool, wash down the beaker walls with distilled 

I * 

water and &ain evaporate to fumes, Dilute and determine the chromium by the persulphate oxidation 
procedure. 
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TABLE I.-SUMMARY OF EDTA TITRATION METHODS 
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Element Method PH Indicator Notes 

Ga(III) back-titn. Zn 6 NAS 
Fe(II1) back-titn. Th 2 Xylenol Orange 
Sn(Iv) back-titn. Cu 3.5 NAS 1 
CuO direct 6 NAS 
Co(B) direct 6 NAS 
Zn(I1) direct 6 NAS 
Cd(H) back-titn. Cu NAS 
Bi(III) direct 4 Xylenol Orange 2 
Ti(IV) back-titn. Cu 4.5 NAS 3 
ThO direct Xylenol Orange 
ZrO back-titn. Th ; Xylenol Orange 4 
V(Iv) back-titn. Zn 

2 
NAS 5 

Pb(L1) back-titn. Cu NAS 
MnO direct 9 Arsenazo I 6 
AI(II1) back-titn. Cu 6 NAS 7 
NiOI) back-titn. Zn 6 NAS 8 
Mg(II) direct 10 Arsenazo I Photometric end- 

point, 565 nm 
Re(II1) direct 6 Arsenazo I 9 
CaO, WI), direct 10 Arsenazo I Photometric end- 

Ba(ID point, 565 nm 

Notes 1. Acidify to pH 1 or below to prevent hydrolysis. Add 2 g of sodium chloride and a 50-100 % 
excess of standard EDTA, and boil for 5 min. Cool, buffer with ammonium acetate to pH 3.5 and 
back-titrate. 

2. If sulphate or chloride is present add excess of standard EDTA to solution at pH 2 and boil for 
5 min. Cool, buffer to pH 6, back-titrate with standard copper(H), using NAS indicator. 

3. Add excess of standard EDTA, buffer to pH 4-5 with ammonium acetate, add several drops of 
30 % hydrogen peroxide, and boil for 5 min. Cool and back-titrate. 

4. Add 100% excess of standard EDTA to a pH 1 solution and boil for 10 min. Cool, adjust pH 
to 2-O with ammonia and back-titrate. 

5. If hydrogen peroxide is present, boil to remove. Then add a small amount of 8 % sulphurous 
acid or ascorbic acid to reduce to V(W). Then determine as indicated in the table. 

6. Titrate with DCTA (1,2-diaminocyclohexanetetra-acetic acid) instead of EDTA. Add several 
drops of 8 % sulphurous acid to ensure complete reduction to Mn(II). A spectrophotometric end- 
point (565 nm) is more accurate than the visual end-point. 

7. Add SO-100% excess of standard DCTA, buffer to pH 6 with pyridine and ammonia, and boil 
for 5 min. Cool and back-titrate. If hydrofluoric acid is present, add 2-3 ml of sulphuric acid and 
evaporate to heavy fumes. Cool and redissolve the aluminium sulfate with water, heating if necessary. 

8. For successive titration of nickel(H) and magnesium(B) in mixtures, first determine nickel(H) 
at pH 6 by zinc(H) back-titration, using a minimum amount of NAS indicator. Then adjust the pH 
to 10 with ammonia, add Arsenazo I indicator and titrate the magnesium(B). Best results are 
obtained by using a spectrophotometric end-point at 565 nm. 

9. Total rare earths and alkaline earths in mixtures may be successively titrated, first the rare 
earths at pH 6, then the alkaline earths at pH 10. A spectrophotometric end-point is recommended 
for the latter titration. 

Atomioabsorption methods were used to analyse for metals when a good microtitration method 
was not available or where more than one component was to be measured without further separation. 
A Perkin-Elmer model 290 atomic-absorption unit was used and the procedures followed were those 
recommended by the manufacturer. In general, standard solutions were prepared in the solvent used 
to elute the metal of interest from the chromatographic column. 

SELECTION OF SYSTEMS 

Among the various methods of separating metal ions from one another, ion- 
exchange and extraction chromatography (liquid-liquid partition chromatography) 
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are outstanding. Many separations have been reported, that use these two multistage 
techniques; the separations are quantitative and can usually be used with one 
element (or more) present in large excess over the others. Several systems have been 
studied extensively and the behaviour of a number of elements is well known. These 
systems include anion-exchange with aqueous hydrochloric acid,ll hydrochloric acid 
in non-aqueous solvents,12*13 aqueous hydrofluoric acid,14 and cation-exchange with 
hydrochloric acid in acetone. ls*16 In extraction chromatography aqueous hydrochloric 
acid-ketone systems,l’ trioctylphosphine oxide (TOPO),18*1s bis(2-ethylhexyl)phos- 
phoric acid20-22 and others have been studied extensively. Any single system works 
well for certain elements but either fails or is not advantageous for separation of other 
elements. For example, anion-exchange with aqueous hydrochloric acid separates 
many elements very well but tin(IV) is difficult to remove quantitatively from the 
column. Iron(II1) and uranium(V1) are difficult to separate from each other; if the 
hydrochloric acid concentration is too high manganese is retained, albeit weakly, and 
is difficult to elute quantitatively. A number of elements are not retained by an 
anion-exchange column from hydrochloric acid solutions. 

Some general requirements of an efficient separation scheme may be listed. 
1. The separations should be quantitative with each element being strongly 

retained by the chromatographic column or not retained at all. 
2. The separations should be quick and the elution volumes small. 
3. The eluting media should be easily volatilized and should keep all elements in 

solution. Any incompatible combinations of metal ions and eluting media should be 
avoided by a separation earlier in the scheme. 

4. Sufficient information should be available for prediction of the behaviour of 
many elements under the conditions used. 

5. The sequence of steps should be such that a minimum number of changes in 
eluent composition is required for group separations. 

The separation scheme presented in the next section fits these requirements very 
well. The first four group separations are carried out on chromatographic and 
ion-exchange columns, each using 8M hydrochloric acid as the eluent. The columns 
are small to minimize elution volumes, and the flow-rates employed are reasonably 
fast. Following a single evaporation, the remaining elements are separated on a 
cation-exchange column. 

The column support is an important consideration in any chromatographic 
separation. Special halogenated polyethylene supports have been successfully used in 
the past. However, we have found that Amberlyst XAD-2, a porous polystyrene, 
sorbs significantly larger quantities of organic solvents than polyfluoroethylene 
supports and yet is hard and mechanically strong. For this reason XAD-2 was used in 
the present work. 

For anion-exchange separations, Amberlyst A-26 macroreticular resin was 
employed. This is similar to Amberlyst XAD-2 but has quaternary ammonium 
functional groups to provide sites for anion-exchange. The highly porous, rigid 
structure of the A-26 resin permits somewhat faster flow-rates and smaller elution 
volumes than the ordinary gel-type resins. Dowex 5OW-X8 was selected as the 
cation-exchange resin for this study. It was found that some metal ions are more 
easily eluted from this resin than from a column of the macroreticular cation-exchange 
resin, Amberlyst 15. 
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SEPARATION SCHEME 

A flow chart summarizing the separation of sample mixtures into groups and the 
column methods of separating the metal ions in the individual groups is given in 
Table II. Elements listed under each group are retained by that column and are later 
eluted by the eluents listed at the right. The elements not retained by a column are 
washed from the column with 8M hydrochloric acid (for columns l-4). Several notes 
on various details concerning the group separations are given in footnotes in Table II. 

Methods for measurement of individual metal ions (once they are separated) are 
outlined under Experimental above. However, several additional details regarding 
separation and determination of some of the metal ions should be mentioned. 

1. No reliable method was found for separating antimony(V), iron(II1) and 
gallium(II1) on the IPE column. Antimony(V) can be separated from iron(II1) and 
gallium(II1) by passing an acidic solution containing excess of tartrate through a short 
Dowex-50 column. Antimony(V) passes through while iron (III) and gallium(II1) are 
retained. After stripping from the column, iron and gallium may be separated from 
each other on an A-26 column, a small amount of ascorbic acid being used to reduce 
the iron to iron( and 0*45M hydrobromic acid in 90 % methanol being the eluent.23 

2. When copper(I1) and cobalt(I1) (Group 3) are both present in the sample, the 
cobalt(I1) will be sorbed onto the column above the copper(I1) band. When the 
eluting solvent is changed to 05M hydrochloric acid in 65% ethanol, the order of 
elution is reversed and cobalt is eluted from the column ahead of the copper. Because 
copper(I1) is also slowly eluted by this eluent, extra care must be taken to ensure use of 
a column of sufficient size to allow a clean separation. 

3. The separation of copper(I1) from uranium(V1) (Group 3) by elution with 
2.5M hydrochloric acid is marginal. 

4. Several good methods are available for separating zirconium and hafnium 
(Group 4) should it be desirable to separate these two elements.24*2s 

5. When 0.6M hydrobromic acid is added to the column (Group 5), lead bromide 
is initially precipitated at the top of the column. If the amount of lead(I1) is small this 
precipitate readily redissolves on continued elution. When larger amounts of lead are 
present, the dissolution of the precipitate may be hastened by using heated eluent or 
by using a hot water-jacket on the exchange column. 

6. If aluminium(II1) is eluted with 0.3M hydrofluoric acid, a column of Kel F (or 
another plastic) is used in place of a glass column. 

7. A method for successive titration of nickel(I1) and magnesium(I1) in mixtures is 
outlined in Table I. 

8. A method for successive titration of total rare earths and alkaline earths is out- 
lined in Table 1. 

The probable effect of several additional elements on the separation scheme was 
also considered. 

Arsenic(lII), germanium(W). These elements should be retained by the IPE 
column. However, separation of arsenic and germanium from a large number of 
elements by extraction into benzene from 10--12&f hydrochloric acid has been re- 
ported, *26 this separation has also been accomplished by using a column of benzene 
sorbed onto a porous solid support.27 

Niobium(V), tantalum(V), tungsten(VI). A separation scheme for these three 



86 JAMES S. FRITZ and GARY L. LATWESEN 

TABLE IL-FLOW CHART FOR SEPARATION SCHEME 

Abbreviations : IPE = isopropyl ether, IBMK = isobutyl methyl ketone, 
TOP0 = trioctylphosphine oxide 

Data in parentheses are recommended column bed volumes for trace (T) and macro (M) amounts 
of metal ions. 

Sample in 8M HCl 

1 

1. IPE on XAD-2 column* (T 5 ml; M 6 ml + 1 ml/additional @1 mmole) 

Sb(V) 
GaO Strip with O.lM HCl in MeOH 
Fe(II1) 

2. IBMK on XAD-2 column (T 5-10 ml; M 15 ml + 2 ml/additional 0.1 mmole) 

Mo(V1) Elute with 1M HCl-3M HaSOp 
Sn(Iv> Strip with @ 1M HCl in MeOH 

3. Amberlyst A-26 column,t (T 45 ml; M 6ml + 1 ml/additional 0.1 mmole) 

Co(II) Elute with 0*5M HCl in 65 % EtOH 
Cu(II)$ Elute with 2.5M HCI 
U(vI) Elute with l*OM HCI 
ZnOI) Elute with 0.05M HBr 
Cd@) Elute with l.OM HNO,-O.OlM HBr 
Bi(II1) Elute with 2*OM HCIO, 

4. TOPO-cyclohexane on XAD-2 column5 (T 5-10 ml: M 15 ml + 2 ml/additional O-1 mmole) 

TiOV) I 
SCOII) I 

Elute with 5.0M HNOs 

TWV) Elute with 12M HCL 

Zr(W 
HfW) I Elute with l.OM HCI 

Evaporate to near dryness. Add HNO, and re-evaporate. Dissolve in 20 ml of HZO. 

If Cr present add citrate, pH 4, boil, cool, adjust to pH 2.7** 

5. Dowex 5OW-X8 column (T 4 ml; M 6 ml + 1 ml/additional 0.1 mmole) 

V(IV) Elute with 1% HZOe-O.OIM HClO, 
Pb(I1) Elute with 0.6M HBr 
Mn(II) Elute with l.OM HCI in 92 % acetone 
Al(II1) Elute with 0.3M HF 
Ni(II) 
Mg(II) I 
Ca(I1) 
Ba(I1) 
Sr(I1) 
RE(II1) 

Elute with 3.0M HCl in 60 % EtOH 

Strip with 4.OM HNO, 
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elements has been reported, that uses a hydrofluoric acid medium and a chromato- 
graphic column containing IBMK on a solid support. 2s These separations appear to 
be selective, but extensive testing would be needed to determine how well such a 
separation would fit into the present scheme. 

Indium. Published extraction data29 (and work by the present authors) indicated 
that indium(II1) should be quantitatively retained by the IBMK column from 8M 
hydrochloric acid. However, experimentation showed that indium is only partly 
retained by this column; the remainder is sorbed by the A-26 column. 

Gold(III). Gold is easily extracted from hydrochloric acid solution and will be 
retained by the IPE column. Platinum, rhodium, osmium and iridium have not been 
tested at all. 

Mercury(II). Mercury passes through the IPE and IBMK columns, although a 
larger volume of 8M hydrochloric acid than normal is needed for complete e1ution.l’ 
Mercury(I1) is retained by the A-26 column. 

Siher (I). Silver forms an anionic chloride complex that is reasonably soluble in 
8M hydrochloric acid. Thus moderate amounts of silver will remain in solution and 
will pass quantitatively through the first four columns. Evaporation of the eluate 
from the TOP0 column, followed by dilution with water, should permit quantitative 
gravimetric separation of silver from the remaining elements. Interference from lead 
can be avoided by repeated washing of the precipitated silver chloride with hot dilute 
nitric acid.@’ 

Alkali metals. These will pass quantitatively through the first four columns, but 
some of the alkali metals may be retained by the Dowex-50 column. 

EVALUATION OF SEPARATION SCHEME 

The reliability of any comprehensive analytical separation scheme can only be 
established by thorough testing. The likelihood of an actual sample containing macro 
amounts of all 27 elements is negligible. Most samples will contain only a few 

Footnotes to Table ZZ 

* The best eluting solvent here is a 1: 1 mixture of equilibrated 8M hydrochloric acid and non- 
equilibrated acid. Otherwise when the eluting solvent is first added to the column some of the dissolved 
IPE may be salted out of solution, causing streaking of the sorbed metal bands and bleeding of the 
extracting agent from the column. 

t Manganese(H) and lead(B) are weakly extracted by the resin. The elution volume required for 
these two metals is greater than for the other metals considered. An elution volume equivalent to 8 
column volumes is sufficient to elute these metals from the column. 

$ Copper(H), although retained by the resin, has a sufficiently low distribution coefficient for it 
to move slowly down the column. Therefore, when large amounts of copper(H) are present in the 
sample, care must be taken to ensure the column is of sufficient size to perform the desired separations. 

$ If a larger than usual IPE or IBMK column is used, the effluent from the A-26 column should 
be heated for a few minutes to remove any dissolved organic solvent. This avoids the possibility of 
removal of any TOP0 from the column by dissolved organic IPE or IBMK. 

7 Omit the citrate step if chromium is absent. A vanadium residue from the evaporation step 
may be redissolved by adding a few drops of hydrogen peroxide. 

** A faster method may be used for separation of small amounts of chromium(III) (<lx), 
provided sulphate will not interfere with subsequent operations. After removing hydrochloric acid, 
add a small amount of sulphuric acid and evaporate to fumes. This converts the chromium(III) into 
an anionic sulphate complex. Cool, dilute with water to reduce the sulphuric acid concentration to 
0.1425M, then transfer to the Dowex-50 column that has been conditioned with O*lMsulphuric acid. 
Elute the chromium(III) sulphate complex from the column with O.lM sulphuric acid. This method 
will recover approximately 99 % of the chromium present in the sample. 
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elements, but the variety of combinations is very large. The following testing pro- 
gramme was used to demonstrate the validity of the proposed separation scheme. 

1. Each element was separated on an appropriate column from the elements 
immediately preceding and following it in the scheme. Spot tests for other qualitative 
tests) were used to determine the point of complete elution of an element and to as- 
certain that breakthrough of the next element did not occur with a reasonable 
additional volume of eluent. This general procedure has proven to be a dependable 
test of separation efficiency and is muoh more reliable than using only batch distri- 
bution coefficients to predict actual column separations. 

2. Several synthetic samples were separated and analysed quantitatively. The 
sample compositions were chosen to test the reliability of various portions of the 
separation scheme. Results, together with actual separation conditions, are sum- 
marized in Table III. 

TABLE ~1=--%3FA~~~N AND ANALYSIS OF METAL fQN MmRFS 
Approximately O-1 mmoie of each element is present. Flow-rate I m@nin if 

element requires 20 ml ar less; otherwise 2 ml/mm 

Metal ion 
mixture 

Column 
mm, type 

Wash,* 
ml 

Elution 
ml, ekient 

Recovery, 
% 

Nickel(IH 
Cobalt0 
CopperoT) 
Zinc(II) 
~~~~~ 

TitaniumtIV) 
Vanadium(IV) 
Aluminium(III) 

Nickel0 
Tmznium(fV) 
Th~um(i~ 

Lanthanum(iIf) 
Titanium0 
Thorium(IV) 
Zirconium(R) 

NiekehII) 
Magnesinm(ID 
Cakium(If) 

50 x 12, IPE 
60 x 10, A-26 

140 x 10, A-26 

IlO x 14, TOP0 
60 x 12, Dowex-50 

100 x 13,TOPO 

130 x 12,TOPO 

70 x 12, Dowex-50 

10 20, M&H loo-3 
15,8jt4HCi 100-3 
25, Ha0 99.8 

- 25, 8M HCI 
30,05M HC1/65 % EtOH 
20,l M HCl 
100,0~5M HBr 
100, IM ~0~~0~~~ 

100.4 
loo-4 
99.8 

100.0 
loo*4 

30 20,0@5M HCI 999 
2091% Ha& 99.6 
25,3M WC1 99.9 

- 20,8&f HCI 
50,5M HNO, 
100,02&f HCI 

- 20,8&f WC1 
40,5&f HNOS 
50,12&f HCl 
125,lMHCl 

lOO*O 
99-4 
99-6 

100.2 
100.0 
loo*0 
100.4 

- 100,3&f HC&Q % EtOH 

40,4M HNos 

998 
loo-2 
100.2 

* “Wash’ is the volume of 8M HCI needed to wash elements of later groups (see Table II) from 
the column. 

3. Several U.S. National Bureau of Standards samples were analysed by using the 
separation methods of the present scheme. Some of these samples contain many 
different elements and their analysis is ordinarily quite complicated. Results are given 
in Table IV. 

A simple statistical evaluation of the results obtained for separation and analysis 
of all synthetic and NBS samples is summarized in Table V. The average recoveries 
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TABLE IV.-ANALYSIS OF U.S. NATIONAL BUREAU OF STANDARDS SAMPLES 
Flow-rate 1 ml/mm if element requires 20 ml or less; otherwise 2 ml/min 

Sample Metal Column Wash,* Elution Certificate Found,? 
number determined mm, type ml ml, eluent value % % 

54d 

124d 

173a 

2Of 

IOle 

la 

Sb 
Sn 
cu 
Pb 
Fe 
Sn 
cu 
Zn 
Pb 
Ni 
Fe 
Ti 
V 
Al 
Fe 
MO 
cu 
Mn 

Ni 

Cr.? 
Fe 
MoS 
CoS 
CuS 
Mn 

Ni 
Cr 
Fe0 
Ti§ 
Al5 
Mg§ 

CaTI 

60 x 10, IPE 
120 x 14, IBMK 
50 x 10, A-26 

50 x 10, IPE 
150 x 10, IBMK 
130 x 12, A-26 

30 x 10, Dowex-50 

70 x 10, IPE 
300 x 14, TOP0 
60 x 12, Dowex-50 

100 x 13,IPE 
80 x 10. IBMK 
50 x 10; A-26 
50 x 10, Dowex-50 

100 x 10, IPE 
80 x 10, IBMK 
50 x 10, A-26 

70 x 10, Dowex-50 

60 x 10, IPE 
80 x 10, TOP0 
120 x 10, Dowex-50 

7 
9 

10 

6 
10 
50 

10 
30 

15 

:“o 

20 
5 

30 

20 

10 
15 

20, IPE 7.04 
30, IBMK 88.57 
20, Ha0 3.62 
10,8M HCI 0.62 
15; MeOH 0.18 
30. MeOH 
30; 1M HCI 

4.56 
83.60 

50, H,O 5.06 
30,0.6M HBr 5.20 
15,3M HCI o-99 
20, MeOH 0.15 
50,0.5M HCl - 

15,1% I-I&a 4.06 
20,3M HCl 6.47 

- - 

30, H,; 
30, 1M HCl/92 % 

acetone 
50,3M HC1/60 % 

EtOH 
O*lM HISO 

- 
10, MeOH 
2O,O+OlM HCI 

50,lM HC1/92 % 
acetone 

25.3M HCI 
20; H,O 
20. MeOH 
20; 0*5M HCI 
60,0.3M HF 
100,3MHCl/60% 

EtOH 
40,4M HNOIl 

706 
88.41 
3.61 
0.61 
0.19 
4.51 

83.6, 
5.05 
5.22 

A:: 

4% 
6.49 
- 

- - 
0.239 0.24, 
0.754 0.76, 

0.243 0.25, 

0.097 

0:3 
O-18 
O-36 
1.77 

0.097 
- 

040 
0.19 
0.36 
1.74 

948 944 
17.98 178t, 
l-63 1.60 
0.16 0.17 
4.16 4.12 
2.19 2.27 

4144 41.2, 

l The volume of 8M HCl needed to remove elements from later groups. 
t Average of 3 determinations. 
$ Determined by atomic absorption. 
5 Reported as the metal oxide. 
7 Calcium plus strontium, calculated as CaO. 

Dissolution Methods 
No. 54 d (tin-base alloy). Dissolve 250 mg in 10 ml of 8M HCl, 0.5 ml of HNO,, 1 ml of 3 % 

H,O*. Dilute to 25 ml with 8M HCl, take 4-ml aliquot (40 mg of sample). 
No. 124d (copper-base alloy). Dissolve 250 mg in 10 ml of 8M HCI, 1 ml of 30% H,O,. Dilute to 

25 ml with 8M HCI, take 4-ml. aliquot (40-mg sample). 
No. 173a (titanium-base alloy). Dissolve 50 mg in 5 ml of 8M HCl (90”, 2 hr). Add O-25 ml of 

30% HsOI to oxidize Ti to Ti(IV), boil to remove HIOI. Add O-5 ml of 6% H$O, to reduce V to 
ViJv). Adjust sample volume to about 5 ml with 8M HCI. 

No. 20f (steel). Dissolve 1 g in 10 ml of HCI, 1 ml of HNOs. Evaporate almost to dryness. 
Dilute to 100 ml with 8M HCI, take 10 ml (lOO-mg sample). 

No. 1Ole (alloy steel). Dissolve 500 mg in 10 ml of HCl, 1 ml of HNO,. Evaporate almost to 
dryness. Dilute to 100 ml with 8M HCI, take 5 ml (25mg sample). 

No. la (limestone). Weigh 500-mg sample, ignite for 30 min at 1000”. Dissolve in 5 ml of H,O, 
4 ml of HCIOI, 5 ml of HF. Evaporate to HCIO, fumes. Dilute to 25 ml with 8M HCl, take 5 ml 
(50-mg sample). 
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Turn V.-SUMMARY OP ANALYTICAL DATA 

Type of 
sample 

Number of Average Relative standard 
samples recovery, % deviation, % 

Synthetic samples 
NBS samples, 

components greater 
than 2 % of sample 

NBS sampfes, 
components less 
than 2 % of sample 

25 100.1 0.3 
14 99.7 0.4 

14 101.0 3-5 

and relative standard deviations for major sample components are considered quite 

good, especially since most samples were only 40 or 50 mg. The average recovery of 
minor components of NBS samples is a bit high, but again it should be remembered 
that emphasis was placed on using small samples, which makes the accurate deter- 
mination of minor constituents more diflicult. 

A study of the sampIes analysed (Tables III and IV) shows that for any given 
sample the separation scheme can usually be shortened considerably. If the sample 
contains no elements of certain groups, the column separation for those groups can be 
dispensed with. Stripping of the last element in the A-26 column group with water (or 
dilute acid), in the TOP0 column group with 05% hydrochloric acid, or in the 
Dowex-50 column group with 3-4M hydrochloric acid often permits a more rapid 
elution than indicated by the scheme in Table II. Often the method of analysis will not 
require the separation of each element from the others. For example the analysis of 
an aluminium alloy for traces of iron, copper, zinc and bismuth by a flame method 
might require only the isolation of the minor elements from the alu~nium matrix by 
the IBMK and A-26 columns or by an A-26 column alone. Automaton of the 
separation steps by suitable pumps, valves and timers would further improve the 
convenience of the separations. 

The scheme is incomplete to the extent that it does not include all metallic elements 
and does not cover the separation of some closely related elements such as the in- 
dividual rare earths. However, it is felt that the proposed scheme is a useful step 
towards a systematic approach to the analysis of samples containing metallic elements. 
The scheme appears to be reliable and the separations are convenient and reasonably 
quick to carry out. 

Zusammenfassung-Ein Trennungsgang zur quantitativen analytischen 
Trennung von 27 verschiedenen Metallionen wurde entworfen. Ftinf 
verschiedene c~o~to~p~~be und ~on~a~~u~h~u~en dienen 
zur Auftrennung der Metahionen in Gruppen. Die Metallionen jeder 
Gruppe werden von jeder S&de durch selektive Elutionsmittel einzeln 
eluiert. Nach der Trennung werden die Metallionen durch Titration, 
Flammenphotornetrie oder andere geeignete analytische Verfahren 
bestimmt. Die Zuverliissigkeit des vorgeschlagenen Trennungsganges 
wurde durcb eingehende Erprobung demonstriert; such Proben vom 
US National Bureau of Standards wurden analysiert. Der Trennungs- 
gang kann fii Makro- und Mikrorhengen verwendet werden, 

R&nn&-Un a dtabli un sch&na de &paration sequentielle pour Ia 
separation analytique quantitative de 27 ions rnetalliques differents. 
On utilise cinq colounes chromatographiques et 6changeuses d’ions 
differentes pour s&parer les ions metalliques en groupes. Les ions 
mttalliques de chaque groupe sont 6lutSs separement de chaque colonne 
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au moyen d’eluants s&&ifs. A la suite de la separation, les ions 
mballiques sont doses par titrimbtrie, spectrometrie de flamme ou 
d’autres methodes analytiques approprites. On a demontrt l’exacti- 
tude du scMma propose par un examen Btendu, incluant l’analyse 
d’tchantillons du U.S. National Bureau of Standards. On peut 
utiliser le schema pour des macro- ou micro-quantitb. 
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METALLEXTRAKTIONEN MIT ALIPHATISCHEN 
ALKOHOLEN 

EUGEN GAGLIARDI und PETER T~MMLER 

Institut fiir Anorganische und Analytische Chemie der Universitlt Graz (Osterreich) 

(Eingegangen am 9. Mai 1969 Angenommen am 8. August 1969) 

Zusammenfassung-Eine Reihe von Metallen wird mit den Alkoholen 
2-Ethyl-1-butanol, CMethyl-2-pentanol und I-Butoxy-2-propanol 
aus jodidhaltigen schwefelsauren Lasungen quantitativ, ein anderer 
Teil unvollsttidig und einige Elemente werden iiberhaupt nicht 
extrahiert. Die Durchfiig der Extraktion wird beschriebcn. 
Es ergeben sich eine Fiille von Trennungsmiiglichkeiten; zwei davon, 
die Trennungen Zink-Cadmium und Indium-Gallium werden bespro- 
then und an technischen Produkten erprobt. Am Beispiel des Queck- 
silbers wird mittels konduktometrischer Extraktionstitration die 
Zusammensetzung der extrahierten Metallkomplexe bewiesen. 

IN LETZTER Zeit haben Verteilungsverfahren zur Anreicherung und Trennung von 
Elementen erhebliche Bedeutung erlangt. Die Fliissig-Fltissig-Extraktion zeichnet sich 
gegentiber FZillungsreaktionen durch einige Vorteile aus, die es gestatten, diese 
Arbeitsweise in der analytischen Praxis bevorzugt gegeniiber anderen Methoden zu 
verwenden. 

Wir haben eingehende Untersuchungen iiber die Extrahierbarkeit von Metallen 
mit den Alkoholen 2-&hyl-1-butanol, CMethyl-2-pentanol und 1-Butoxy-2-propanol 
in jodidhaltigen schwefelsauren LZisungen durchgefiihrt. Diese Solventien sind nicht 
oder nur sehr wenig wasserliislich und stellen sich preismHBig kaum hSher als etwa 
iithanol oder Methanol. Wie bekannt, werden hohe Verteilungskoeffizienten in 
jodidhaltigen Systemen schon bei geringeren Konzentrationen des komplexbildenden 
Halogenidions erreicht als in chlorid- und bromidhaltigen Lbsungen.1 Auch wirkt 
sich der EinfluB des Gegenkations (H+, Li+, Na+ usw.) weniger aus als in chlorid- 
haltigen Systemen. Neben den komplexbildenden Liganden haben aber das organische 
Solvens und die Aciditgt der L&sung einen entscheidenden EinfluS auf das Extraktions- 
vermiigen. Hierfiir gee&net sind alle organischen Liisungsmittel, deren Molekiil ein 
Sauerstoffatom enthglt und Oxoniumsalze bilden k&men. 

Aliphatische Alkohole und &her, die von sich aus keine mesomeren Oxonium- 
kationen bilden kannen, werden mit starken SHuren zu einer Protonenaddition 
gezwungen, wobei pro Molekiil Alkohol, das als Base mit Schwefels5ure zu einem 
Oxoniumsalz reagiert, zwei Ionen gebildet werden. Die Metalle kijnnen dann aus 
w2il3riger Phase fiber den Sauerstoff gebunden als undissoziiertes Molekiil oder 
komplexe Metallsgure extrahiert werden. Bemerkenswert erscheint, daI3 einfach 
negativ geladene Komplexe allgemein gut extrahiert werden, gegeniiber zwei- oder 
mehrfach negativ geladenen. Systematische Untersuchungen iiber das Extraktions- 
verhalten von mit Wasser nicht mischbaren aliphatischen Alkoholen bezfiglich 
Metallen aus jodidhaltigen Medien wurden bisher nicht durchgefiihrt. Es war nun 
interessant zu erfahren, ob unsere Arbeiten Vorteile in der analytischen Praxis 
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beziiglich Extrahierbarkeit, Trennungsm6glichkeiten, SHurekonzentration usw. 
ergeben . 

EXPERIMENTELLER TEIL 
Durchfiihrung der Extraktion 

Die Untersuchungen wurden in zylindrischen Schiitteltrichtern von 250 ml Inhalt bei Raumtem- 
peratur vorgenommen. Da die meisten Elemente nach einmaliger Extraktion mit 20 ml Lasungsmittel 
nicht vollsttidig in die organische Phase iiberfiihrt werden, verwendeten wir ein LBsungsmittel- 
gemisch von 20 ml Alkohol und 25 ml Tetrachlorkohlenstoff. Durch die Beschwerung des organischen 
Extraktionsmittels war eine schnelle Phasentrennung gewiihrleistet, wobei sich die organische Phase 
im unteren Teil des Schiitteltrichters sammelt. Das Extraktionsvermiigen dieses Liisungsmittel- 
gemisches wird dadurch zwar etwas verschlechtert, es ist jedoch auf diese Art eine 2-3 fache Aus- 
schiittelung ohne gr6Deren Arbeitsaufwand mbglich. 

Die Extraktion wurde durch 2 Minuten dauemdes Schiitteln bewerkstelligt. Ltigeres Schiitteln 
hatte auf den Extraktionseffekt keinerlei steigemden EinfluB. Nach vollsttindiger Phasentrennung 
wurde der organische Anteil zur weiteren Aufarbeitung abgetrennt. Die wlRrige Schicht kam nun 
in einen 250~mlTitrierkolben, wobei der Restanteil des LGsungsmittels verkocht wird. Durch anschlle- 
Benden Zusatz von 5 ml wnz. Salpeterslure und Aufkochen der Liisung konnte das Jodid entfemt 
werden. Die Analysen wurden nach Bblichen Verfahren durchgefiihrt. 

Die Bestimmung der Metalle in der organischen Phase erfolgte nach zwei Methoden. 
1. Die in ein Becherglas iiberfiihrte organische Schicht wurde mit Wasser versetzt und auf dem 

Sandbad eingeengt. Waren im Riickstand noch organische Anteile vorhanden, so wurde er mit 
5 ml conz. Schwefels%ure und 5 ml conz. Salpeterslure aufgenommen und zum Sieden gebracht. 
In dieses S&uregemisch wurde solange tropfenweise Perhydrol zugesetzt, bis alle organ&hen Reste 
zerstiirt waren. 

2. Die Methode der Riickextraktion des Metalls aus organischer Phase mit Natronlauge ist 
zeitsparend und gut reproduzierbar, wobei diese Phase in einem 250 u-&Schiitteltrichter gesammelt 
und mit 20 ml 20% iger Natronlauge 1 Minute lang geschiittelt wurde. 
wurden dann 50 ml Wasser zugesetzt und nochmals kurz geschiittelt. 

Zur besseren Schichttrennung 
Nach dieser Extraktion befinden 

sich die Metalle quantitativ in w;iBriger Phase. Diese wird nach Trennung in einem Titrierkolben 
gesammelt und Lbsungsmittelreste durch Verkochen entfernt. Nach Erkalten der L6sung werden 
zur Entfemung des Jodids 20 ml conz. Salpeterslure zugegeben und zum Sieden erhitzt. 

DISKUSSION DER ERGEBNISSE 

Wie Abb. 1 zeigt, lassen sich die Elemente Indium, Thallium, Zinn, Antimon, 
Wismut, Tellur, Kupfer, Silber, Gold, Quecksilber, Cadmium, Palladium und 
Platin nach ein- oder hiichstens dreimaliger Extraktion zu 98-100 % in die organische 
Phase iiberfiihren. Blei, Arsen und Zink konnten trotz aller Variationsversuche, die 
Jodidkonzentration, Sluregrad und Extraktionsmittelgemisch betrafen, nur zu BO- 
90% extrahiert werden. Die Metalle Titan, Zirkonium, Hafnium, Vanadin, Niob 
und Molybdgn waren nur zu einem geringen Prozentsatz, Aluminium, Gallium, 
Chrom, Mangan, Eisen, Kobalt, Nickel, Rhodium und Uran iiberhaupt nicht 
auszuschiitteln. 

Indium wurde bereits mit DGthylGther, Methylisobutylketon und Cyclohexanon 
aus jodidhaltigen Liisungen als Tetrajodoindat [InJ,]- extrahiert.1*2,3 Geringere 
Mengen Kaliumjodid als in Tab. I angegeben, ergaben unvollstindige Ergebnisse. 

~haZlium(I) 133t sich nur schlecht extrahieren, mit TP+ hingegen erhielten wir sehr 
gute Resultate. Dieses wird nach Specker und Pappert* entweder als Thalliumjodid 
oder im uberschul3 von Jodid als Tetrajodothallat [TlJ,]- vorliegend, mit Cyclo- 
hexanon und Tributylphosphat extrahiert. 

Zinn. Bei Verteilungsversuchen von Sn2+ ergaben sich bedeutende Unterschiede 
je nach eingesetztem Ltisungsmittel. Aus 0,5M kaliumjodidhaltiger- und 2N 
schwefelsaurer LGsung konnte Zinn nach dreimaliger Extraktion mit 1-Butoxy-2- 
propanol vollstGndig in das organische Solvens iiberfiihrt werden. Auch 2-&hyl-l- 
butanol nnd 4-Methyl-2-pentanol aus 4N schwefelsaurer Lbsung extrahierten 
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ABB. 1,Extraktionsvermiigen der Alkohole Zdthyl-1-butanol, 4-Methyl-2-pentanol 
und I-Butoxy-2-propanol. 

TABELLEI.-OPTIMALE siiu~e- UND JODIDKONZENTRA~ON FiiR EINE QUANTITATIVE EXTRAKTION 
DER ELEMENTE 

t%%l, WI, 
Element iv &f Analytische ~ti~~g 

Indium 2 0,75 komplexometrisch,13 oder F&hung 
als In (OH).14 

Thallium 099 komplexometrischlP 
Zinn : 0,5 
Antimon 

komplexometrisch’* 
3 0,75 F&hung als Sultld; Auflosung in 

Wismut 
HCI und jodometrische ~~~gx~ 

7 0,75 
Teller 

kompIexome~~hl* 

:, 
0.75 

Kupfer 
Fallung aIs SuItId” 

0,75 
Silber 

kompIexometrisch15 
8 0,75 

Gold 
komplexometrisch8~1* 

Cadmium : 
0,75 komplexometrisch* 
0,071 

Quecksilber 
komplexometrisch*~‘s 

: 
0,75 

Palladium 
kompiexometrischsJ8 

0,75 
Platin 

kompIexome~~h12 
6 0,75 photomet~~hls 

Die Extraktionen wurden einheitlich bei einer Konzentration von 20 mg Metal1 in 40 ml wgDriger 
Phase durchgeftihrt. 

quantitativ. Aus 6N schwefelsaurer Losung, nicht jedoch bei geringerer Siiurekon- 
zentration, f&l& ein Niederschlag, vermutlich Zinn(II)-jodid aus. 

Antimon Iii& sich aus 0,25M jodidhaltiger und 1-6N schwefelsaurer Losung mit 
Methylisobutylketon zu 99,4x extrahiern.s 

Wismut liegt bei JodidiiberschuB als [B&1- vor und l&l3 sich mit einem Gemisch 
von 15 % Tributylphosphat in Octan gut extrahieren. 6 Wir erzielten aus 6N salzsaurer 
L&sung gute Ergebnisse. 

7 
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Tehr. Nach einmaliger Extraktion mit 20 ml L&ungsmittel, ohne Zusatz von 
Tetrachlorkohlenstof liiI3t sich Tellur als Pentajodotellurat [TeJ,]- quantitativ 
extrahieren. Ein finliches Ergebnis war bei Verwendung von Methylisobutylketon 
festzustellen.5 

Kupfer. Die Angaben von Specker und Hartkamps sowie Specker und Pappert 
fiber das Extraktionsverhalten von Elementen der ersten Nebengruppe zeigen such 
mit unseren Ergebnissen gute ubereinstimmung. Kupfer wird als [CuJ,]- oder in 
konzentrierteren Lasungen als [Cu,J,]- nach dreimaliger Schiittelung extrahiert. 

Silber konnten wir aus schwach saurer LBsung nicht quantitativ in die organische 
Phase iiberfiihren, wie dies mit Cyclohexanon geschieht.’ Das in wtiriger Phase 

A 

IOO- 

60- 

L I I I I I I I I I I) 

0 I2 3 4 5 6 7 6 9 10 

n H,SO, 

ABB. 2a 

n H2S04 

n H,S04 

hB. 2b 

I I I,,, I,,,_ 

0 I2 3 4 5 6 7 9 9 IO 

n H,SO.q 

ABB. 2c ABB. 2d 

hB. 2.-Abhlngigkeit der Alkoholextraktion von der SIurenormalit%t: 
1: 2-&hyl-1-butanol; 2: 4-Methyl-2-pentanol; 3: 1-Butoxy-2-propanol. (a)-Zinn; 

(b)-Wismut; (ct_Kupfer; (d)-Silber; @)-Cadmium; (f)-Quecksilber; @--Hatin. 
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ausgefallene Silberjodid wird von den Alkoholen leicht gel&t und liegt in der organ- 
ischen Phase als [AgJ,]- oder [Ag,J& var. 

Gold. Das als ~AuJ~]--Komplex in der orga~s~hen Phase vorliegende Metall 
kann nicht mit Natronlauge reextrahiert werden, da es dabei als Kolloid ausfdlt. 
Nach Abdampfen des LiSsungsmittels wird der Rtickstand mit 15 ml Sal&lure und 
5 ml Salpetersaure versetzt. Man kocht kurz und nimmt mit Wasser auf, neutralisiert 
mit Natronlauge und bringt die L&sung in einen 250 ml-Mefikolben. Hieraus werden 
aliquote Anteile entnommen und mit 5 ml 0,lM Komplexon-III-Liisung, 1 ml 1M 
Kali~cyanoniccolat-L~sung, 1 ml Ammoniak (25 %ig) und SAS-SN als Xndikator 
versetzt. Die Rticktitration erfolgt mit 0,134’ ZinksulfatlGsung. 

Cadmium. Die Elemente der zweiten Nebengruppe sind mit verschiedenen 
Extraktionsmitteln eingehend untersucht und Angaben tiber die Zusammensetzung 
derjewe ils extrahierten Verbindung gemacht worden.s*D*10 Wir konnten 100 mg 



98 EUGEN GAGLIARDI und PETER T~~MMLER 

Cd2+ aus 0,071.M Kaliumjodid- und 5hJ schwefelsaurer L&sung extrahieren. In diesem 
Fall fiegt ein Verhaltnis Cadmium : Jodid = 1: 3 vor. Aber such bei einem Verhgltnis 
von I:2 I&& sich Ca~um noch quanti~tiv extrahieren. 

Quecksilber wird als Quecksilberjodid HgJz oder als Komplex [HgJ,]- extrahiert. 
Bei groBem Uberschul3 an Jodid nimmt die Extrahierbarkeit wieder ab, da sich dann 
Tetrajodomercurat [HgJ,]” bildet. 

Plutinmetalle. Von diesen Elementen wurden Palladium(IV), Platin(IV), 
~o~um(III) und Os~um~III) auf ihr Verteilungsverhalten untersucht. Palladium 
wird durch einmalige Extraktion mit Alkohol allein (ohne CC],) aus 0,75&i 
Kaliumjodid- und 5N schwefelsaurer Liisung extrahiert. Ist der Alkohol mit Tetra- 
chlorkohlenstoff “verdtinnt”, kann man das Metal1 durch dreimalige Extraktion bei 
gleicher Jodidkonzentration aus 3N schwefelsaurer Lbsung in die organische Phase 
uberftihren. 

Unter gleichen B~ingungen wurden Verteilungsversuche am Platin ausgef~hrt. 
Das Extraktionsmaximum von 98 % wurde in 6N schwefelsaurem Medium ermittelt. 
Eine weitere ErhShung der Saure- und Jodidkonzentration ergab eine Erniedrigung 
des Verteilungskoeffizienten. 

Bei Osmium ergaben sich Schwierigkeiten bei der nach der Extraktion folgenden 
analytischen Bestimmung, da Verbindungen dieses Metalls bekanntlich sehr fliichtig 
sind. Mit Besti~theit kann jedoch gesagt werden, daB Osmium zum Groiateil, 
Rhodium dagegen iiberhaupt nicht extrahiert wird. 

Bei Palladium und Platin wurde der Metallgehalt nach der Extraktion jeweils in 
beiden Phasen analysiert. Nach Zusatz von 5 ml conz. Salpetersaure zur Entfernung 
des Jodids mu&en die Elemente mit 5 ml conz. Salzsaure wieder in Liisung gebracht 
werden. 

Diese dient der Aufklsirung der Zusammensetzung des extrahierten Metall- 
komplexes, wobei es notwendig ist, da13 das zu extrahierende Kation gut meBbare 
Anderungen der Leifahigkeit in der organischen Phase hervorruft. 

Am Beispiel des Quecksilber-(II)-~trates, das sehon mit Cyclohexanon als 
Extraktions~ttel untersucht wurde,6 konnten wir die Zusammensetzung der Queck- 
silberjodidverbindungen, wie sie von den Alkoholen extrahiert werden, nachweisen. 
Aus den Knickpunkten der Leitfahigkeitskurven ist zu entnehmen, da0 Quecksilber 
als HgJ, und [HgJ,]- extrahiert wird. Quecksilber(II)-jodid hat nur eine geringe 
Leitfahkeit in der organischen Phase, erst bei weiterer Zugabe von Kaliumjodid ist 
ein steiler Anstieg der Leitf~~gkeit zu beobachten, wobei sich das Quecksilber(II)- 
jodid zum Trijodomercurat umsetzt. 

Die Untersuchungen wurden in einem 150-ml MeBzylinder ausgeftihrt. Zu 20 ml 
einer 7N schwefelsauren L&sung, die 0,77 mMo1 Quecksilber enthielt, werden 40 ml 
Alkohol zugesetzt. Dann wird portionsweise O,lN Kaliumjodidlijsung zugegeben. 
Nach jeder Zugabe wird durch kriiftiges Durchmischen beider Phasen das Verteilungs- 
gleichgewicht eingestelh und die Leit~igkeit in der organ&hen Phase gemessen. 

Trennungen 

Cadmium-Zink Diese beiden Metalle konnten mit Cyclohexanon bzw. einem 
Gemisch von Cyclohexanon und Tetrahydrofuran aus jodidhaltigen, schwach 
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ABB. 3.-Konduktometrische Extraktionstitration van Quecksilber (II) mit (a)-2- 
&hyl-l-butand; (&)4*~ethyl-2-~n~noi; (c)-f-Butoxy-2-propanol. 
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schwefelsauren bzw. ammoniakalischen LBsungen getrennt werden.l* Auch Isoamyl- 
alkohol, Isobuty~kohol, n-Butylalkohol, Di~thyl~ther und Isoamylacetat aus 
schwach schwefelsaurer jodi~altiger Liisung werden als Extraktions~ttel angegeben, 
wobei Cadmium zu 100x, aber such ein hoher Prozentsatz (lO+ZO%) Zink in die 
organische Phase tibergeht.ll 

Eigene Versuche ergaben, dal3 mit 1-Butoxy-2-propanol aus 0,071M Kaliumjodid- 
und 5N schwefelsaurer L&sung nach dreimaliger Ausschiittelung 100 % Cadmium und 
5 % Zink extrahiert wurde. Die Beobachtung, daB such Zink in die organische Phase 
iiberftihrt wird, konnte mit 2-ethyl-l-bu~nol und 4-Methyl-2-pentanol nicht gemacht 
werden, weshalb diese beiden Alkohole zur Trennung dieser beiden Metalle Verwen- 
dung fanden. Es war jedoch notwendig, den Konzentrationsbereich von Cadmium 
zu ermitteln, bei dem dieses Metal1 aus einer konstant gehaltenen jodid- und 
schwefels&rehaltigen Lijsung mit einem bestimmten Volumen Alkohol extrahiert 
wird. 

TABELLE II.-EXTRAKTION~FXH~GKE~~ DER ALKOHOLE 
GEGEN~BER CADMIUM BEI GLEIC~R JODIDKONZWIMTION 

Cadmium, 

mg 

vorgelegt w%ige Phase 
gefunden 

organische Phase 

5 0 
20 0 2: 
50 0 49,9 

;: 
0 loo,2 

71,6 129,4 

Die angegebenen Zahlen sind Mittelwerte aus f&f Bestimmungen mit 20 ml 
2-Ethyl-I-butanol und 4-Methyl-2-pentanol gel&t in 25 ml Tetrachlorkohlenstoff. 

Wie Tab, II zeigt, lassen sich 100 mg Cadmium noch quantitativ extrahieren. Bei 
weiterer Erhahung der Metallkonzentration mu13 such die Jodidkonzentration 
entsprechend gesteigert werden. Die Trennung des Cadmiums vom Zink ist voll- 
st&rdig und gut reproduzierbar, wie aus Tab. If1 zu ersehen ist. 

TABSLLE 111.-2-~T~vL-l-BuTAN0L UND 4-METHYL-2-PENTANOL AL8 EXTRAICTIONSMI-ITEL 

vorgelegt gefunden, nach der Extraktion 

Cadmium, 

mg 

10,l 
10,l 
10,l 

5 
50,5 
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Zink, 

m&? 

11,6 
47,2 
94,2 
94,2 

9,s 
9,s 

Cadmium (org.), 

W 

10,3 
10,l 
10,4 

5 

;;,2 

Zink (w&B.), 

mg 

11,6 
47,2 
94,l 
94,2 

9s 
98 

Das in der w~~gen Phase befindliche Zink wurde komplexometrisch bestimmt.12 
Urn diese Ergebnisse such in praxi an technischen Produkten, Hiittenerzeugnissen 

etc. zu tiberprtifen, haben wir einen Blei-Cadmium-Flugstaub und Blei-Cadmium- 
Rticksmnde der Firma Dr. L. C. Marquart, Beuel/Rhein untersucht. Die Ergebnisse 
sind in Tab. IV zu sehen. 
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TABELLE IV.-ANALYSENWERPE NACH DER EXTRAKTION MIT 2-.&rriv~-1-~ur~~o~ 
UND 4-METHYL-2-PENTANOL 

Zink 
Blei 
Kupfer 
Cadmium 
Amen 
Antimon 
Silber 
Schwefel 
SiOa 

Blei-Cadmium Flugstaub 

.EYey”n* gefunden, 
0 % 

643 6,25 
18,24 - 
0,05 - 

18,57 18,35 
0,24 - 
0,78 - 

23 PPm - 
- - 
- - 

Blei-Cadmium Rtickstande 

geg$benp 
0 “‘Yden* 0 

lo,06 lo,18 
41,05 - 

093 
11,19 11;9 

196 - 
- 

40 PPm - 
2,08 - 

036 - 

Die angegebene Fehlervarianz des Analysenattestes der Firma ist f0,5 % 
Es wurde 1 g Substanz in conz. Salzs&rre gel&t und auf dem Sandbad bis zur Trockene 

eingeengt, sodann mit 1N Schwefels8ure aufgenommen, um das Blei als Sulfat zu fallen, worauf 
filtriert und die Lijsung in einem 100 ml-Me8kolbe.n gesammelt wird; man ftillt bis zur Marke mit 
Wasser auf und verwendet 20 ml dieser Lbsung ftlr die nachfolgende Extraktion. 

Indium-Gallium. Wie Hartkamp und Specker lB2 berichten, lassen sich die beiden 
Metalle aus jodidhtitiger und mindestens 0,2N schwefelsaurer Liisung mit Cyclo- 
hexanon und mit Methylisobutylketon trennen. 

Die optimalen Bedingungen fur die Trennung fanden wir aus 0,75M kaliumjodid- 
haltiger und 2N schwefelsaurer Lijsung, mit 2-Ethyl-I-butanol, 4-Methyl-Zpentanol 
und 1-Butoxy-2-propanol. In schwefelsaurer Liisung bei gleichbleibender Jodid- 
konzentration war Gallium in dem von uns untersuchten Bereich in keinem Fall in die 
organische Phase extrahiert worden. 

Tabelle V gibt die Mittelwerte von 8 Bestimmungen fur Indium und Gallium nach 
dreimaliger Extraktion wieder. Das in wiil3riger Phase befindliche Gallium wurde 
entweder als Oxinat bestimmt, oder such Galliumoxinat in heil3er SalzsIure gel&t und 
bromatometrisch bestimmt.s 

TABELLE V.-~-AT~~L-~-B~TANOL, 4-METHYL-2-PENTANOL UND l-BUTOXY- 
2-PROPANOL ALS BXTRAKTrONSMITrEL 

vorgelegt gefunden nach der Extraktion 

Indium , Gallium, Indium (org.), Gallium (wU), 

mg mg 

19,23 18,4 19,23 18,12 
98,75 18,67 99,4 18,51 

Summary_-A number of metal ions may be extracted quantitatively 
from iodide-containing sulphuric acid solutions by 2=ethyl-l-butanol, 
4-methyl-2-propanol, or I-butoxy-2-propanol, some partially extracted, 
and others not at all. There are many possibilities for separations, 
two of which-zinc-cadmium and indium-gallium-are described, 
and have been tested in technical products. The determination of the 
composition of the extracted metal complexes is described with refer- 
ence to those of mercury, a conductimetric extraction titration being 
used. 
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RCum&+Un certain nimbre d’ions mi%ailiques peuvent &re extraits 
quantitativement, quelques-uns partiellement et d’autres pas du tout a 
partir de solutions d’acide sulfurique contenant de l’iodure au moyen 
de Zethyl I-butanol, Cmethyl 2-propanol ou I-butoxy Zpropanol. 
11 y a de nombreuses possibilitts pour les separations dont deux: 
zinc-cadmium et indium-gallium sont d&rites et ont et& essayees sur 
des prod&s techniques. On d&rit la d&termination de la composition 
des complexes metalliques extraits par rapport a ceux du mercure, en 
utilisant un titrage conductimetrique par extraction. 
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SHORT COMMUNICATIONS 

Spectrophotometric determination of niobimn(V) with II-propyl 
3,4,5hihydroxybenzoate 

(Receiued 5 May 1969. Accepted 4 August 1969) 

MANY attempts have been made to determine niobium spectrophotometrically,‘-‘P but none avoid 
direct interference by such elements as platinum metals, nickel, copper, iron, hafnium, zirconium, 
tantalum, and manganese, which are likely to be present in niobium alloys. This paper describes the 
spectrophotometric determination of niobium in the presence of the commonly interfering elements, 
with n-propyl 3,4,Strihydroxybenzoate (PTB). 

EXPERIMENTAL 

All reagents and chemicals were analytical grade. 
PTB solutions. A @lM solution was prepared by dissolving 21.2 g of reagent in 200 ml of acetone 

and diluting, with constant stirring, to one litre with water. Lower concentrations were prepared by 
proper dilution with 1:4 acetone-water mixture. These colourless solutions were stable for at least 
one week. 

PTB solutions (O.lM) in t-pentanol or in isobutanol were colourless, and stable for at least two 
weeks. 

Metal ions. An 8.0 x 10e8M stock solution of niobium was obtained bv fusing in a silica crucible 
the calculated quantity of niobium pentoxide and 14 g of potassium py-rosdphate ‘mtil a clear colour- 
less liauid was formed. To the cooled melt 20 ml of 20 “Y tartaric acid solution and 0.5 ml of concen- 
trated’sulphuric acid were added and the mixture w& brought to boiling. Unbroken bits of melt 
were disintegrated with a stout platinum rod. The resulting solution was diluted to 1 litre with 2% 
tartaric acid solution. Blank solutions were similarly prepared but without niobium pentoxide. 

Phosphate buffer. A mixture of 250.0 ml of 0.2M sodium dihydrogen phosphate and 37.0 ml of 
0.2M sodium hydroxide was diluted to 1 litre with water, adjusted to pH 6.1 and stored in pdythene 
bottles. 

Procedure 

An aliquot of the neutralized niobium solution, containing O-100 rg of Nb, is treated in a small 
Kieldahl flask with 10 ml of DH 6.1 DhosDhate but&r solution and 5 ml of lo-*M F’TB in acetone- 
witer, and gently boiled fo; 2 mini. Tbo methods are then available. 

A. The cooled solution is quantitatively transferred to a 25-ml volumetric flask, diluted to the 
mark with water and mixed, and the absorbance of the solution is measured at 333 nm against a 
reagent blank prepared similarly. 

B. The cooled solution is placed in a separating-funnel, treated with 1 ml of 1 M sodium chloride, 
and extracted successively with three 5-ml portions of lo-*M FTB in t-pentanol. The combined 
extract is filtered, the filter paper is washed with 5 ml of the solvent and the volume is made up to 
25 ml with t-pentanol. The absorbance is measured at 333 nm against a blank similarly prepared. 

Procedure for alloys 

A 0.1-g sample of the alloy is dissolved in 20 ml of 1: 1 concentrated hydrochloric and nitric acids. 
The solution is evaporated to dryness and the residue is fused in a silica crucible with 2 g of potassium 
pyrosulphate. The cooled melt is dissolved in 20 ml of 20% tartaric acid solution containing a few 
drops of concentrated sulphuric acid. The resulting solution is diluted with water to 100 ml, and an 
aliquot that contains up to 100 pg of Nb is treated according to the recommended procedure. 
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RESULTS AND DISCUSSION 

Preliminary experiments showed that when a slightly acid solution, about pH 6.1, of niobium 
in tartrate solution was treated with BTB dissolved in acetone-water mixture a bright yellow to deep 
orange colour appeared, depending on the concentrations of the metal and l&and. The coloured 
species reached maximum intensity on boiling for 2 min and was stable in diffused light for at least 
three weeks. Among the common oxygen-containing organic solvents, t-pentanol and isobutanol 
were the most efficient extractants. 

The niobium-PTB complex had a constant R,,, 
absorptivity at 333 rmr over the pH range 5.565. 

between pH 5.4 and 6.3 with a constant molar 
A minimum 3 : 1 ligand: metal concentration ratio 

was needed in acetone-water medium for full colour development, and an 8 : 1 ratio for the reaction 
with FTB in either isobutanol or t-pentanol; both solvents will extract the complex. The absorbance 
was higher if the metal ion solution was buffered to pH 6.1 before addition of the reagent. 

To find the temperature conditions for maximum absorbance, each solution was brought to the 
required temperature (Table I), kept there for 2 mm, then cooled to 20”. 
became pale yellow, and intensified in colour on cooling. 

During heating the solution 

TABLE I-EFFWT OF TE~~ATURE ON ABSORBANCE OF COMPLEX 

Temp., “C 

20 

: 

Absorbance Temp., “C Absorbance 

040 50 0.42 

8% 60 70 044 0.45 

Temp., “C Absorbance 

80 0.45 

1:: 0.45 0.48 

Beer’s law was valid over the niobium concentration range of 0-lOO~g/ml for either acetone- 
water or t-pentanol media, but the molar absorptivity is lower in the latter. Two methods were 
used to establish the composition of the Nb-PTB complex in solution, the continuous variationP 
and the mole-ratio method.“-r6 The results showed that an ML2 complex is formed. The stability 
constant was evaluated from the results [log K = l@OO (continuous variation+); log K = 9.50 
(mole-ratiois); 10 results each]. The structure of the chelate was tentatively proposed as: 

OH OH 

C,H,O,C- 

Electrophoresis and adsorption of the complex on the anion-exchange resin Amberlite IR-45(OH) 
showed the anionic nature of the complex. No explanation is offered for the solubility of the complex 
in t-pentanol and isobutanol. 

Precision and accuracy 

To find the repeatability of the procedure devised, 50 ,eg of niobium in pure solution were deter- 
mined 11 times in acetone-water and t-pentanol media; the mean absorbances were 0.48 and 0.45 and 
the coefficients of variation for a single absorbance measurement were 2.3% and 3% respectively. 
Table II indicates the results (average of three) of determination of niobium in synthetic sample 
solutions which contained the commonly interfering ions. Analysis of an Alcomax IV sample 
(Al 8-O %, Ni, 13.5 %, Co 24.0 %, Cu 3.0 %, Fe, 48.7 %, Nb 2.8 %) gave 2.65 % Nb (9 results, relative 
standard deviation 1%). 

TABLE II-INTERFERENCES 

Al co 
Metal added, /_~g Nb, ~8 

Cr cu Fe Ni Ta Added Found 

200 200 200 500 50.0 48.2 
200 200 500 100.0 97.5 

500 500 loo*0 98.2 
150 500 150 300 50-O 47.8 

300 200 300 50.0 48.5 
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E$ect of foreign ions 

Measurements of the absorbances of the coloured species developed from 5O-pg of niobium in 
the presence of l-mg amounts of Al, Co(B), Cu(II), Fe(III), Ta, Ba, Ca, Li, Na, Rh(III), Ir(IV), 
Os(IV), Ni, Cr(III), Au(III), K, Zn, Re(VII), Ag, Hg, Pb, Hf and Zr, resulted in f3.8 % relative error. 
The error caused by the presence of 1-mg amounts of the following ions are given in parentheses: 
U(VI)(+520~,Sn(II)(+15o~,Mo(VI)(+50%),Ti(HI)(+15%),Pt(II)or(IV)(+20%)andAu(In) 
(+18%). 

Department of Chemistry and Food Technology FADHIL JASIM 
College of Agriculture 
University of Baghdad 
Baghdad, Iraq 

Summary_-The use of n-propyl 3,4,5&hydroxybenzoate (PTB) for 
the spectrophotometric determination of niobium is investigated. 
PTB yields a yellowish-orange ML8 chelate with Nb(V) at pH 
61. The formation constant at pH 6.1 is about lw”. Beer’s law is 
obeyed over the range O-100 rg of Nb per ml. 

Z&nnnenfassnn~Die Verwendung von n-Propyl-3,4,5-trihydroxy- 
benzoat (PTB) zur spektrophotometrischen Bestimmung von Niob 
wird untersucht. PTB bildet bei pH 6,l mit Niob(V) ein gelborange 
gefarbtes ML,-Chelat. Die Bildungskonstante bei pH 6,l betr@t etwa 
lOlo. Das Beersche Gesetz gilt im Bereich O-100 rg pro ml. 

RCsurn&Gn etudie l’emploi du 3,4,5&hydroxybenzoate de n-propyle 
(PTB) pour le dosage spectrophotometrique du niobium. Le PTB 
donne un chelate orange-jaunltre ML8 avec Nb(V) a pH 6,l. La 
constante de formation a pH 6,l est d’environ lOlo. La loi de Beer est 
suivie dans le domaine O-100 pg de Nb par ml. 
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Determination of gadolinium in sodium borate glasses 

(Received 24 April 1969. Accepted 29 May 1969) 

INCREASING use of rare-earth doped glasses’ as lasers has made analytical determination of their 
composition a matter of urgency. Likewise the increasing use of inorganic glasses as matrices for 
trapped radicals and ions in unusual oxidation state? necessitates development of a non-destructive 
analytical method for the determination of impurities. Gadolinium(III) introduced into inorganic 
crystals exhibits ultraviolet fluorescence under short wavelength excitation.J Stimulated emission by 
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FIG. l.-Fluorescence spectrum of a glass containing 1% w/w gadolinium. 
Left-emission (excitation 273 nm) 

Right-excitation (emission 312 nm) 

TABLE I.-RELATIVE FLUORESCENCE OF GALBOLINIIJM IN GLASSES CONTAINING 
GADOLINIUM ONLY 

Gds+, Relative fluorescence, Gds+, Relative fluorescence, 

PPm 10 PPm 10 

10 5 5000 
50 24 6500 

100 48 8000 
500 250 10000 

1000 500 13000 
2000 1200 20000 
4000 2250 

2600 
3350 
4500 
4800 
6400 

10000 

gadolinium(II1) in lithium magnesium aluminium silicate glass was measured by Gandy and 
Ginther,4 who observed fluorescence at 312.5 nm. Dependence of fluorescence intensity on concen- 
tration was used in this work for the quantitative determination of gadolinium. 

EXPERIMENTAL 

Apparatus 

The spectrofluorimeter used for the measurement of excitation and fluorescence emission spectra 
was constructed in this laboratory and will be described in detail elsewhere.& Briefly, it consists of a 
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500-W xenon arc lamp (Mazda), interchangeable with a medium pressure 100-W mercury lamp, an 
excitation monochromator (Bausch & Lomb, 250-mm focal length), the sample compartment, an 
analysing monochromator (Bausch & Lomb, 500-mm focal length), an EM1 9558 Q/B photomulti- 
plier connected through a 16-ohm resistor to an EIL Vibron electrometer, and a Kipp & Zonen 
recorder. Slow drifts in intensity were corrected by frequent measurement of a reference glass. Fast 
fluctuations were filtered out. The fluorescence was viewed from the front (illuminated) side of the 
glass at an angle of 35”. The photomultiplier was cooled to -20” for all measurements. 

Reagents 

Sodium tetraborate and boric acid, 99.5 % purity. Gadolinium chloride, 99.9 % purity. 

Preparation of glasses 

Dry gadolinium chloride, was mixed with borax and boric acid (in which were taken ratio 
123:62 w/w) in plastic vials containing glass balls, by means of an electric vibrator. The mixture 
contained gadolinium in concentrations ranging from 10 to 20000ppm. It was established that 
homogeneous mixtures were obtained after 10 min. These mixtures were found to melt at temnera- 
tures iower than lOOO”, but clear transparent solutions resulted only after heating at 1100” for at 
least 15 min. The melts were made in ulatinum crucibles. Drons of the hot melt were allowed to 
fall directly onto a clean white glazed ce&unic surface. The drop was placed inside a ring l-mm thick 
and pressed with a second ceramic tile so as to obtain glasses of constant l-mm thickness. The 
glasses were inserted into a glass holder with a circular opening of 12-mm diameter and their excitation 
and fluorescence spectra were measured at room temperature. 

RESULTS AND DISCUSSION 

The excitation spectrum for fluorescence measured at 312 nm and the emission spectrum for 
273 mn excitation are shown in Fig. 1. The 312 nm emission results from the transition from the 
BP,lp state to the B&l, ground stat; of the 4f7 electronic configuration of Gd3+. The excitation at 
273 nm is due to the transition from the ground state to the levels in the sZ multiplet. 

Table I presents relative fluorescence at 312 nm on excitation at 273 nm as a function of gado- 
linium concentration in glasses in which the only rare earth was gadolinium. Linear dependence was 
observed in the total range from lO-20000ppm. The conditions of measurement were excitation 
273 nm; emission 312 rnp; voltage applied to photomultiplier 1250 V; slitwidths-cxcitation, 
entrance and exit both O-6 mm; emission, entrance 1.0 nun, exit 0.5 mm. 

TABLE II.-RELATIVE FLUORESCENCE OF GAWLINIIJM AS A FUNCTION 

OF CONCENTRATION IN GLASS CONTAINING EQUAL AMOUNTS OF Gd 
AND !h 

GdS+, ppm Relative fluorescence, Z zcliz 

500 

1000 

2000 

4000 

5000 

6500 

10000 

180 1.38 

390 1.28 

720 1.66 

1440 1.56 

1920 1.35 

1980 1.69 

2000 2.40 

2000 5.0 

In order to test the effect of the presence of another rare earth, the fluorescence of gadolinium 
was measured in glasses with equal concentrations of samarium. 
II, conditions of measurement being as above. 

The results are presented in Table 
At concentrations up to 6500 ppm, the gadolinium 

fluorescence decreased by a factor of 213, and dependence was linear. At higher concentrations of 
samarium and gadolinium, quenching of fluorescence was observed. 

It is therefore assumed that a non-radiative energy transfer takes place from gadolinium to 
samarium. Low concentrations up to 6000ppm provide the best conditions for the analytical 
determination. 
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RENATA Rmmm 
Er-ruo BIRON 

Summary-A method for the determination of gadolinium in sodium 
borate glasses is described which utilizes the 312~nm fluorescence of 
gadolinium under 273~nm excitation. A linear dependence of fluores- 
cence on concentration is found for the concentration range 10-20000 
ppm. Quenching of gadolinium fluorescence by samarium is examined. 

Zusammenfassung-Eine Methode zur Bestimmung von Gadolinium 
in Natrium Borat Ghisem, unter Benutzung der 312 nm Fluoreszenz 
des Gadoliniums mittels 273 nm Erregung, wird beschrieben. Eine 
lineare Abhangigkeit der Fluoreszenz von der Konzentration im 
Bereich von lo-20000 ppm wurde gefunden. Quenching der Gado- 
linium Fluoreszenz durch Samarium wurde untersucht. 

R&m&On decrit une methode pour la determination du gadolinium 
dans les verres au borate de sodium, qui utilise la fluorescence 312 nm 
du gadolinium sous l’excitation 273 nm. On trouve une relation 
lineaire entre la fluorescence et la concentration pour le domaine de 
concentrations 10-20000 ppm. On examine l’extinction de la fluores- 
cence du gadolinium par le samarium. 
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Polarographic determination of impurities in high-purity phosphorus 

(Received 5 June 1969, Accepted 5 August 1969) 

SEVERAL methods have been developed for the determination of trace impurities in high-purity 
phosphorus used in the semiconductor industry. I** These include spectrophotometric, fluorimetric, 
spectrographic, voltammetric and radioactivation techniques. However, no simple method has been 
reported for determining copper, lead and cadmium at the ppM (parts per milliard) level. This paper 
describes the application of square-wave (S.W.) and radio-frequency (R.F.) polarography in a 
phosphoric acid base electrolyte to the simultaneous determination of these elements down to @l 
ppm. For cadmium, higher sensitivity is achieved by the use of cation-exchange separation before 
polarographic determination in a potassium sulphate base electrolyte. 

EXPERIMENTAL 

Apparatus 

Polarograph. A Yanaco PF-501 R.F.1S.W. polarograph (Yanagimoto Mfg. Co., Kyoto, Japan) 
was used in this study. The instrumental parameters were as follows-S.W. frequency: 200 Hz; 
amplitude: 20mV; time constant: 52; amplifier sensitivity: l/2; recorder sensitivity: @02 or 
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FIG. 2.--Effect of phosphoric acid concentration on peak-height in 0.2M KCL 

(0-03/~g of Cu, 0"1 ~g of Pb and 0"06/~g of Cd/ml) 
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O-04 (for the S.W. polarography); and R.F. frequency: 455 kHz; S.W. modulation: 2OOHz; ampli- 
tude: 4 V; amplifier sensitivity: l/l ; recorder sensitivity: O-02 or O-04 (for the R.F. polarography). 
All measurements were carried out at 20 or 25 f 0.5” after deaeration with nitrogen for 15 min. 

Cation-exchange column. Columns were prepared from Amberlite IR 120 B strongly acidic 
cation-exchange resin, 30-50 mesh. After careful conditioning, the resin was converted into the 
hydrogen form with 3M hydrochloric acid and washed free from acid with water. The flow-rate was 
adjusted to cc. 1 ml/mm. 

Reagents 

Water was purified by ion-exchange followed by repeated distillation. Nitric acid was purified 
by distillation; ca. 5 ppM of copper and O-6 ppM of lead were found after purification. Potassium 
sulphate, 0*5M, was purified by electrolysis with a mercury cathode. 

Potassium chloride. Potassium chloride solution (100 ml, 3M) was shaken with two lots of 4 ml 
of O-1 % sodium diethyldithiocarbamate solution and 20 ml of chloroform, and then with 20 ml of 
chloroform. The aqueous phase was evaporated to dryness in a quartz beaker and heated to ca. 
400” to destroy organic matter. 

Phosphoric acid 6M. Phosphoric acid (90 ml, 6M) was poured onto a 14-mm diam. x 150-mm 
cation-exchange column. The iirst IO-ml fraction of the effluent was discarded, and the following 
80-ml fraction was collected for use. The breakthrough capacity of the column was ea. 100 ml. 

All the reagents used were of reagent grade. A quartz condenser was used in the distillations. 

Procedure 

Dissolution of sample. Elementary phosphorus was converted into phosphoric acid as follows. 
Place a weighed sample (@5-2 g) in a 50-ml quartz tall beaker, add 5 ml of water and then 10 ml of 
nitric acid per g of sample, in small portions, and heat gently until the sample has dissolved. Continue 
heating to evaporate the solution to l-2 ml. Add 10 ml of water, evaporate to 1-2 ml, and repeat this 
operation twice more. To minimize airborne contamination, carry out the dissolution and evapor- 
ation inside a small chamber, which is continuously flushed with purified nitrogen. 

Cation-exchange separation of copper, lead, and cadmium in phosphoric acid. Pour a sample 
(5-20 ml of 3M phosphoric acid) onto a 12-mm diam. x 6Omm cation-exchange column, and wash 
the column with 20 ml of water. Pass 30 ml of 4M hydrochloric acid through the column, and collect 
the effluent in a 50-ml silica dish. Evaporate the effluent to dryness. 

RESULTS AND DISCUSSION 

Because copper(I1) gives low peak-heights in S.W. and R.F. polarograms in 3M or 6M phosphoric 
acid, a small amount of potassium chloride was added (0*2M). A typical R.F. pdarogram is shown 
in Fig. l(a). The effect of phosphoric acid concentration on peak-height is summarized in Fig. 2. 

TABLE I.-DETERMINATION OF IMPURITIES IN 99.9999% RED PHOSPHORUS 

Expt. 
no. 

Sample 
taken, 

g 

Base 
Polarogaphy Cu* 

Found, ppm 
electrolytes Pb Cd 

1 0.91 

2 1.12 

3 206 

3M H,PO,- 
0.2M KC1 

3M H8P0,- 
@2M KC1 

6M H,POI- 
0*2M KC1 

S.W. 
R.F. 

S.W. 
R.F. 

R.F. 

0.1 0.1 Not detected 
0.1 0.1 Not detected 

o-1 0.1 Not detected 
0.1 0-l Not detected 

0.1, - - 

4 o-59 @4M KISOd, R.F. - - 0.01 
2.5 ml 

5 0.90 0.4M KISOI, R.F. - - 0.00, 
2.5 ml 

* Blank values, O-142 pg, were subtracted. No correction was required for the other two elements. 



Short communications 111 

As reproducibility of R.F. polarograms of lead and cadmium in 6M phosphoric acida2M potassium 
chloride was poor, 3M phosphoric acid-O*2M potassium chloride was chosen as the base electrolyte 
for the simultaneous determination of the three elements. 

The lower limits of determination in 3M phosphoric acid-O.2M potassium chloride were (in 
,~g/ml): O-005 (S.W.) @Ol (R.F.) for Cu, O-01 (S.W., R.F.) for Pb, and PO1 (S.W., R.F.) for Cd. 
The calibration curves (peak-height us. concentration) were linear up to at least 0.1 &ml, with a 
maximum deviation of ca. 5 % at @05 ,ug/ml. All of them passed through the origin except for R.F. 
polarograms of copper. However, in 6M phosphoric acid-O*2M potassium chloride, R.F. polaro- 
graphic peak heights were proportional to copper concentrations over the range OQOS~I pug/ml. 

In S.W. and R.F. techniques in 3M phosphoric acida2M potassium chloride, the following 
elements may be present in at least the amounts @g/ml) indicated without causing appreciable error : 
Pb, 10; Cd, 5; As(III), O-7; Fe@I), 5; Sb(III), 0.04 (in the determination of 0.03 ,ug of Cu/ml); 
Cu, 6; Cd, 5; A&III), O-4; Fe(III), 2.5; Sb(III), 0.05 (in the determination of O-1 ,ug of Pb/ml): 
Cu, 3; Pb, 1; As(III), 0.7; Fe(ITI), 2.5; Sb(III), 095 (in the determination of O-05 pg of Cd/ml). 
Also, nitric acid more dilute than @1 M does not interfere with the determination. 

A sample of high-purity red phosphorus was analysed by these techniques with the results shown 
in Table I (Expts. l-3). Phosphorus, cu. 1 or 2 g, was converted into ca. 10 ml of 3M or 6Mphosphoric 
acid as described above. As little as O-1 ppm of these elements can be determined simultaneously 
within 5-6 hr. 

In order to extend the lower limits of determination, cation-exchange separation was combined 
with the polarographic determination in a small volume of 0.4M potassi;m sulphate. A typical R.F. 
~olaroaam in this base electrolvte is shown in Fig. l(b). The lower limits of determination in 0.4M 
$otass&m sulphate were (in ,&nl): @002 (S.W.) 0.01 (R.F.) for Cu, O-01 (S.W., R.F.) for Pb, 
and O-005 (S.W.) WOO2 (R.F.) for Cd. In both S.W. and R.F. techniques, peak-heights of copper, 
lead, and cadmium were pro 

P 
ortional to concentrations of the elements up to at least O-1 pgml, 

with a maximum deviation o cu. 5 % at 0.05 lug/ml. 
In the cation-exchange separation described above, the breakthrough capacity of the column for 

the desired impurity elements was cc. 50 ml in 3Mphosphoric acid, and these elements were completely 
eluted with cu. 25 ml of 4M hydrochloric acid. Copper and lead, 0.1-l pg each, and cadmium, 
O-01-1 ,ug, added to lo-20 ml of purified 3M phosphoric acid, were almost completely recovered. 
Because of the relatively large contamination of copper and lead, this method was successfully applied 
only to the determination of cadmium in high-purity phosphorus. The results are given in Table I 
(Expts. 4 and 5). Since cadmium contamination is negligible, less than 5 ppM of cadmium in phos- 
phorus can be determined by this technique. The time required for a determination is approximately 
8 hr. 

Faculty of Engineering 
Nagoya University 
Chikusa-ku, Nagoya 
Japan 

T. MIWA 
T. KONO 
R. ISOMURA 
A. MIZUIKE 

Summary-Square-wave and radio-frequency polarographic techniques 
in phosphoric acid-potassium chloride media are applied to the 
simultaneous determination of copper, lead and cadmium in high- 
purity red phosphorus down to a*Ievel of 0.1 ppm. In addition& 
O-01 ppm of cadmium is determined by R.F. polarography in potassium 
sulphate base electrolyte after cation-exchange separation. 

Zusammenfassung-Square-wave- und Radiofrequenzpolarographie in 
Phosphorslure-Kaliumchlorid-Medien werden zur gleichzeitigen 
Bestimmung von Kupfer, Blei und Cadmium in hochreinem rotem 
Phosphor bis hemmer zum Bereich 0,l ppm verwendet. Femer 1iiBt 
sich etwa 0,Ol ppm Cadmium nach Kationenaustausch-Abtremmng in 
Kaliumsulfat-Trggerelektrolyt durch Radiofrequenzpolarographie bes- 
timmen. 

R&tmLOn applique les techniques polarographiques d’onde car&e 
et de radio-frequence en milieux acide phosphorique-chlorure de 
potassium a la determination simultanee des cuivre, plomb et cadmium 
-dam le phosphore rouge de haute purete jusqu’a*des teneurs aussi 
faibles oue 0.1 pnm. De plus, on determine environ 0.01 unm de 
cadmium parla*polarographie R.F. en electrolyte de base &ate de 
potassium apres separation par echange cationique. 

8 
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Submicro determination of cobalt, manganese or nickel in organometallic 

cornponds 

(Received 6 June 1969. Accepted 18 August 1969) 

LEE attention has been devoted to the determ~ation of metals in org~omet~lic compounds on 
the submicro scale. A method for the determination of iron1 appears to be the only one studied so 
far; in this method, the organic material was digested in a sealed tube with a nitric/sulphuric acid 
mixture and the iron determined spectrophotometrically. 

It has subsequently been shown *** that a more rapid mineralization procedure, with a perchloricl 
sulphuric acid mixture in an open tube, is effective in the submicro determination of phosphorus. 
Some photometric EDTA titration methods for microgram quantities of various metals have recently 
been described4 and it was suggested that these might be applicable to the analysis of org~ornet~ic 
compounds. 

These techniques have been examined for the analysis of compounds containing cobalt, manganese 
or nickel. 

Photometric titration 
EXPERIMENTAL 

Standard solutions, which had been treated to simulate the residues from digestion of organo- 
metallic materials, gave variable, high results when titrated by the methods described previously,* 
probably because t&ratable impurities were introduced during the processing of the solutions. Some 
improvement might be achieved by the use of purified reagents, masking agents or more selective 
titrations. In refining the titrimetric methods, however, much of their simplicity might be lost and it 
was considered better to seek suitable spectrophotometric methods; titrimetry, including the use of 
the mercury electrode,& would only be reconsidered if spectrophotometry proved unsuitable. 

Cobalt. Nitroso-R-salt@ was found to be a satisfactory reagent. 
Manganese. Attempts to de&mine manganese by the catalytic method of Ahn&ssy and DeGo’ 

failed to achieve the desired repeatability. Satisfactory precision was obtained by oxidation to per- 
manganate with ammonium hexanitratocerate. 8 Owing to the poor sensitivity of this method, 
however, the largest fmal volume that could be used was 10 ml, which allows barely sufficient volume 
for washing digestion vessels. The formaldoxime method proposed by MarczenkoQ gave a precision 
as good as the permanganate method and, because of its higher sensitivity, was preferred. 

?&&el. Sodium ~ethyl~thi~b~ate~O was briefly examined for nickel detestation, but 
results were very erratic. The dime~ylglyoxime method proposed by Yamasaki and Mats~otoll 
had been used previously with some success; it was found that the higher pH recommended by Black- 
well et aLla was preferable and consistency of results was improved by an alteration in the order of 
addition of the reagents. 

Mineralization procedures 

Portions of aqueous solutions of metal salts containing 4-20 pg of metal were evaporated in diges- 
tion tubes and treated by the open- and sealed-tube mineralization procedures. Excellent recoveries 
were obtained with both for all three metals tried. the spectrophotometric finishes being used. How- 
ever, when the open-tube digestion was applied td org&ometillic compounds, consisteit but slightly 
low recoveries were obtained from cobalt and nickel comDounds and variable. high results from a 
manganese compound. Variations in the amounts of acidBand time and tempeiatke of heating did 
not consistently improve results, so the lengthier sealed-tube digestion procedure was adopted. 
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Recommended procedures 

Mineralization. Digest the samples, containing 4-20 pg of metal, in sealed tubes by the procedure 
described elsewhere.1*s It is particularly important to ensure that the last traces of nitric acid are 
removed from the opened tube before nickel is determined. 

Determination of cobalt. Transfer the residue from the digestion tube into a 50-ml conical flask 
with about 10 ml of water. Add 25 ~1 of concentrated sulphuric acid followed by 2 ml of 50% 
sodium acetate trihydrate solution and 2 ml of 0.05 ‘A nitroso-R-salt solution. Boil the contents of 
the flask for 1 rain, add 1 ml of concentratednitric acid and again boil for 1 min. Cool the solution 
rapidly in running water and transfer it into a 25-ml volumetric flask. Dilute to the mark and measure 
the absorbance at 500 nm in a 40-mm cell against a reference blank solution taken through the 
whole procedure. Prepare a calibration curve by evaporating portions of standardizedI cobalt 
solution to dryness in digestion tubes, and applying the complete procedure. 

Determination of manganese. Transfer the residue from the digestion tube into a 25-ml volu- 
metric flask with about 10 ml of water. Add 1 ml of formaldoxime solution (8.4 ml of 36 % formal- 
dehyde + 70 ml of 10 % hydroxylamine hydrochloride solution diluted to 100 ml) followed immedi- 
ately by 3 ml of 1.25M sodium hydroxide. After 10-15 min, dilute to the mark and measure the 
absorbance at 455 nm in a 40-mm cell against a reference blank solution taken through the whole 
procedure. For the calibration curve apply the whole procedure to portions of standardiie8* 
manganese solution, diluted to 10 ml and to which concentrated sulphuric acid has been added to 
make the total acid volume 5 ~1. 

Determination of nickel. Transfer the residue from the digestion tube into a 25-ml volumetric 
flask with about 10 ml of water. Add 1 ml of 20 % tartaric acid solution and 05 ml of saturated 
bromine water. Allow the solution to stand for l-2 min, add concentrated ammonia solution drop- 
wise to decolorize the solution and then 5 or 6 drops in excess. Allow the solution to stand for 
l-2 min, then add, in quick succession, 1 ml of 3M sodium hydroxide, 5 ml of buffer solution (100 ml 
of 0.2M disodium hydrogen phosphate + 65 ml of 0*2M sodium hydroxide) and 1 ml of 1% ethanolic 
dimethylglyoxime solution, swirling the flask well during each addition. After 15 min, dilute to the 
mark and measure the absorbance at 466 nm in a 40-mm cell against a reference blank solution 
subjected to the whole procedure. Prepare a calibration curve by applying the colour development 
procedure to a standard nickel solution. 

Note. The bromine water should be prepared daily and allowed to stand for 1 hr before use. 
The 3M sodium hydroxide should be renewed weekly and the tartaric acid and buffer solutions 
monthly. 

RESULTS AND DISCUSSION 

The results of the analysis of a number of organometallic compounds are summarized in Table I. 
Only two of the forty determinations done came outside the normally accepted limits, of *O-3% 
absolute, for analysis of organic materials. The range of compounds listed is limited; other materials 
analysed by the recommended methods were either of uncertain composition, in which case similar 
precision was obtained, or were clearly inhomogeneous. 

TABLE I.-ANALYSIS OF ORGANOMETALLIC COMPOUNDS 

Ni-dimethylglyoxime 

Ni-nioxime 

Ni-oxine 

Ni-cr-naphthol 

Ni-di-isopropyl- 
dithiophosphate 

Co-anthranilic acid 

Coca-nitroso+ 
naphthol 

Co-acetylacetone 

Mn-acetylacetone 

Mn-anthranilic acid 

28+69*4 

48*1-100.5 

27.3-91.5 

34.7-98.5 

46.7-92.5 

32.0-69.8 

634-89.9 

30.1-85.8 

43,3-84.4 

33.7-90-7 

Metal, % 

Calc. 

20.32 

17.21 

16.91 

14.01 

Found 
(mean) 

20.30 

17-21 

16.89 

14*0* 

12.10 12.0, 4 -O-l* to +0*2, 

17.79 17.8e 4 -0-2, to +o.o, 

9.95 9.9, 4 -o.06 to +o.o, 
16.54 16*5d 4 -o*o, to +o*o, 

15.60 15.6, 4 -o.o* to f0.1, 
16.79 16.90 4 -0.1, to +0*3, 

No. of 
detns. 

Range of errors 
% absolute 

4 -0*3* to $0.1, 

4 -0.4 to SO-l* 

4 -0.1, to +o.o, 

4 +o.oi to +0.1, 
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The reason for the failure of the open-tube digestion procedure is not known. Deviations from 
the mean for the cobalt and nickel compounds mineralized by this technique were similar to those 
obtained by sealed-tube digestion but mean recoveries of only about 98% were obtained. The 
manganese compound tested gave a mean recovery of about 107% and results were very variable. 
It is thought that higher oxidation states of manganese may be formed during the digestion. 

TABLE IL-POOLED STANDARD DEVIATIONS FOR TITRIMETRIC AND 
SPECTROPHOTOMETRIC DETERMINATION OF METALS 

Pooled standard deviation, pg 

Spectrophotometry 
Photometric titration 

co Mn Ni 

0.06 0.09 0.05 
0.13 0.09 0.13 

A comparison of the pooled standard deviations for the two finishes is of interest and is shown 
in Table II. In each case the figures are based on 8 determinations at 4 levels of metal content in 
the range 4-20 pg. The improvement in precision by the spectrophotometric procedure is significant 
for cobalt and nickel, although no improvement is obtained for manganese. 

Department of Chemistry R. BELCHER@ 
University of Birmingham 
P.O. Box 363, Birmingham 15, U.K. 

Royal Aircraft Establishment BARBARACROSSLAND 
Farnborough T. R. F. W. FENNELL 
Hants., U.K. 

British Crown copyright, reproduced with the permission of the Controller, Her Britannic Majesty’s 
Stationery Office. 

Summary-Methods for the determination of cobalt, manganese or 
nickel in samples of organometallic compounds weighing 30-100,cg 
have been developed. Spectrophotometric determination following 
digestion with nitric and sulphuric acids in a sealed tube is recom- 
mended, all results obtained from the analysis of standard compounds 
being within &@4% absolute error. Digestion in an open tube with 
perchloric and sulphuric acids gives slightly low results for cobalt 
and nickel compounds and is inappropriate for manganese compounds. 

Zusammenfa.ssun8-Verfahren zur Bestimmung von Kobalt, Mangan 
oder Nickel in Proben metallorganischer Substanzen mit 30-100,~g 
wurden entwickelt. Nach Aufschlulj mit Salpeter- und Schwefelsaure 
im abgeschmolzenen Rohr wird spektrophotometrische Bestimmung 
empfohlen; alle Ergebnisss der Analyse von Standardverbindungen 
lagen innerhalb von 0,4x absolutem Fehler. AufschlUa im offenen 
Rohr mit uberchlor- und Schwefelsaure gibt fiir Kobalt- und Nickel- 
verbindungen etwas zur niedrige Werte; fiir Manganverbindungen ist 
er nicht geeignet. 

R&sum~On a &labor& des methodes pour la determination du cobalt, 
du manganese ou du nickel dans des Gchantillons de composes organo- 
metalliques pesant 30-100,cg. On recommande le dosage spectro- 
photometrique suivant la digestion avec les acides nitrique et sulfixique 
en tube scelle, tous les resultats obtenus de l’analyse de composes 
&talons &ant compris dam les limites d’erreur absolue &0,4x. La 
digestion en tube ouvert avec les acides perchlorique et sulfurique domre 
des resultats legerement faibles pour les composes du cobalt et du 
nickel et ne convient pas aux composes du manganese. 
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Spectrophotometric extractive titrations-VII. * Titrations with 

di+naphthylthiocarbazone 

(Received 5 June 1969. Accepted 13 July 1969) 

DITHIZONE has been successfully applied as titrant in extractive titrations.‘-4 It was considered that 
the use of its analogue, di-2-naphthylthiocarbazone (DNZ), would be advantageous: the molar 
absorptivities of the reagent and its chelates are higher than those of dithizone and of dithizonates,5*E 
and DNZ does not form secondary chelates. Thus, it would be most advantageous to use DNZ in 
the analysis of samples readily soluble in alkaline medium and for the consecutive titration of two 
metal ions, because it is more likely that there will be a pH range within which both metal ions are 
extracted successively than in the case of dithizone, and the titration employing the measurement of 
absorbance due to free reagent should be easier because of the lower tendency of DNZ to pass into 
ammoniacal aqueous solutions from organic solvents such as carbon tetrachloride or chloroform. 
The disadvantages that were envisaged stemmed from the lower stability of DNZ solutions and the 
lack of reliable equilibrium constants to enable prediction of optimum conditions.’ 

The reagent was evaluated by titrating traces of silver in germanium dioxide and successively 
titrating mercury and zinc. During the titrations, the solutions were kept in a dark bottle placed in 
a Dewar flask kept cold by being filled with water with ammonium chloride dissolving in it. 

Apparatus 

As described earlier.lBs 

EXPERIMENTAL 

Reagents 

The common reagents and solutions were as indicated earlier.‘sg 
Standard silver solution, IOOppm. Reagent grade silver sulphate was dissolved in water on the 

day of use and diluted to the required concentration. 
Di-2-naphthylthiocurbuzone. A sample was prepared by the procedure of GrzhehorzhevskyD 

and was purified by dissolving O-1 g in 50 ml of carbon tetrachloride, then re-extracting with five 
50-ml portions of aqueous ammonia (1 + 9). The combined aqueous phases were cooled in an 
ice-bath, and then acidified with dilute acetic acid. The green precipitate was filtered off on filter 
paper and dried in the dark at room temperature. The DNZ so precipitated was dissolved in 25-ml 
of freshly distilled, water-free chloroform or carbon tetrachloride and this stock solution was stored 
in a dark bottle in a refrigerator. Solutions of DNZ, 1-O x IO-‘M, were prepared by diluting the 
stock solution with either chloroform or carbon tetrachloride. The titre of solutions wa.s checked 
absorptiometrically, by taking the absorptivity at 650 mn to be 6.70 x 10” I.mole-lcm-l.lo~ll 

Procedures 

Titration of silver. Ten ml of chloroform were placed in the titration cell, followed by 50 ml of the 
solution to be analysed, containing up to 10 rg of silver, and 1 ml of @l oA sodium ethylenedinitri- 
lotetra-acetate. The solution was adjusted with 2M ammonia to a suitable pH between 3 and 11. 

* Part VI-Tulantu, 1969, 16,201. 
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ice-bath, and then acidified with dilute acetic acid. The green precipitate was filtered off on filter 
paper and dried in the dark at room temperature. The DNZ so precipitated was dissolved in 25-ml 
of freshly distilled, water-free chloroform or carbon tetrachloride and this stock solution was stored 
in a dark bottle in a refrigerator. Solutions of DNZ, 1-O x IO-‘M, were prepared by diluting the 
stock solution with either chloroform or carbon tetrachloride. The titre of solutions wa.s checked 
absorptiometrically, by taking the absorptivity at 650 mn to be 6.70 x 10” I.mole-lcm-l.lo~ll 

Procedures 

Titration of silver. Ten ml of chloroform were placed in the titration cell, followed by 50 ml of the 
solution to be analysed, containing up to 10 rg of silver, and 1 ml of @l oA sodium ethylenedinitri- 
lotetra-acetate. The solution was adjusted with 2M ammonia to a suitable pH between 3 and 11. 

* Part VI-Tulantu, 1969, 16,201. 
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In the comparison cell, 10 ml of chloroform and 50 ml of water were placed. The solutions were 
agitated with a mixer for 2 min, then the titration was started. After each addition of DNZ, the mixer 
was applied for 1 min. When the organic phase in the lower arm of the titration cell clarified, the 
absorbance at 650 mn was measured against a blank of pure chloroform. During the titration the 
absorbance rises negligibly up to the end-point, but thereafter it increases markedly with each addition 
of titrant. 

Consecutive titration of mercury and zinc. Thirty ml of the solution to be analysed, containing 
up to 5 ,ug of meicury and 2 ,ug of zinc, were placed in the titration cell, followed by 20 ml of 30 % 
w/v sodium acetate trihydrate solution. Ten ml of carbon tetrachloride were added to the comparison 
and titration cells, then the comparison cell was filled with aqueous sodium acetate solution and the 
phases were equilibrated for 2 min. When the phases settled, the spectrophotometer was checked 
with the comparison cell, and then the titration, with 5 x 10-sM DNZ, was begun. After each 
increment of titrant was added, the solutions were agitated for 100 set and then the absorbance of 
the organic layer was measured at either 580 or 590 mn. It was observed that during the titration of 
mercury there is a slight increase in the absorbance until the end-point is reached and thereafter it 
increases markedly until the second end-point is reached. Thereafter the slope of the curve decreases 
sharply, but remains positive. 

The buffers and the vessels used were carefully purified with a solution of DNZ in chloroform. 

RESULTS AND DISCUSSION 

Silver 

In order to fhrd the pH range for titration of silver with DNZ it was necessary to reinvestigate the 
pH-dependence of the extraction of this element, because the reported data are contradictory.6Ja 
A series of 50-ml aliquots of 0*015M EDTA, each containing 20~~ of silver, were either acidified 
with a few drops of l&f sulphuric acid or made ammoniacal an& after-measurement of pH, transferred 
into lOO-ml senaratorv funnels and shaken for 30 set with 5 ml of 1.3 + 10-‘iM DNZ in chloroform. 
The absorbanie of t& extracts was measured at 500 and at 650 nm. Treatment of the results in the 
manner described by DuBois and Knight” showed that DNZ is quantitatively bound over the pH 
range 2-11. The discrepancy between these tindings and those of earlier authors might be due to 
the replacement of sodium hydroxide with aqueous ammonia, which suppresses the precipitation of 
silver oxide. 

The procedure for spectrophotometric extractive titration of silver with DNZ was designed by 
taking into account this pH range. Because of addition of EDTA, the procedure should be selective 
against interferences other than mercury(II) and gold(m). la In order to check the accuracy of the 
method the absorptiometic titre was compared with that obtained by the titration of standard silver 
sulphate solution. The technique of simultaneous titration of the standard sample and of the blank 
solution was applied, and the shape of the titration curve was quite similar to that reported earlier,‘ 
if the absorbance of the blank was measured with the spectrophotometer zero being set for the sample. 
The results of titrations listed in Table I indicate that the DNZ was still not pure; it obviously con- 
tained some metal chelate which absorbs negligibly at 650 nm and which is less stable than the chelate 

TABLE I.-TITRATION OF SILVER 

Silver present, 
I% 

Volume of DNZ solution, ml 
calculated, * A found, B 

DitIerence, % 
lOO(A - B)/A 

7.0 O-389 O-348 10.5 
5-o 0.298 0.260 6.5 

45 0.250 0.230 3.5 0.194 0.170 1t.i 
25 0.139 O-128 7.9 
1-o 0.056 0.050 10.7 

* Using Beer’s law and molar extinction coefficient 6.70 x 10” l.mole-l.cm-l at 650 nm. 

of silver with DNZ. Further purification of DNZ by adsorption might seem useful, but it might 
result in another shortcoming-lower stability of titrant so1utions.l’ 

With the application of the procedure for silver to the analysis of germanium dioxide being in 
mind, the extraction of silver with DNZ from 1M ammonium tartrate in O-5 % EDTA solution was 
investigated. It was found that DNZ is bound by silver quantitatively only between pH 8-6 and Il. 
The narrowing of the pH range cannot be explained by the complexing effect of tartrate ions; it is 
more likely that the ammonium tartrate contains an anionic impurity which binds silver more strongly 
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than tartrate does. Fortunately, even the narrower pH range coincides with that best suited for dis- 
solution of germanium dioxide,’ at the same time the measurement of the absorbance at the wave- 
length of maximum absorptivity of free DNZ remains possible because of the large partition coefficient 
of DNZ between chloroform and water. The application of the prodedure for silver, modi6ed by 
addition of ammonium tartrate, to the analysis of germani um dioxide was proven to be satisfactory, 
the only shortcoming being the necessity to check frequently the titre of DNZ solutions by titration 
of standard silver solution. 

Consecutive titration of mercury and of zinc 

The choice of suitable wavelength and organic solvent for the consecutive titration of mercury and 
of zinc with DNZ was made on the basis of measurements of absorption spectra of equimolar solutions 
of pure mercury and zinc chelates in chloroform and in carbon tetrachloride. It was found that the 
ratio of absorbance of the zinc and mercury chelates is most favourable at 585 nm with carbon 
tetrachloride as solvent. 

There must be a large difference between the stability of the chelates involved for successful 
successive titration.* The ratio of the extraction constant of the mercury chelate to that of the zinc 
one is > lOI with chloroform as solvent .I1 This high value, which presumably applies also to carbon 
tetrachloride systems, indicates that in consecutive titration at any pH zinc will be titrated only after 
all mercury has been completely extracted. The titration of zinc may then be treated as if it is present 
alone and the minimum pH for successive titration may be calculated according to equations derived 
earlier,’ but with modification taking into account the complexing effect of buffer. 

1 
pHt = 2.14 - ; log &c$&x)l + z log (1 + &&AC]) 

Here KZnae is the stability constant of zinc acetate. Employing the value of the extraction constant 
found by Grzehorzhevsky6 and the stability constant of zinc acetate referred to by Jazimirski and 
Wasiljew, Is the threshold pH for consecutive titration of mercury and of lO-BM zinc solutions in 
0*88M acetate medium is 6.72. 

These predictions were verified experimentally (Table II). For the reasons mentioned in connection 

TABLE II.-CONSECUTXVE TITRATION OF MERCURY AND ZINC 

Mercury, ,y Zk Pg 
present found present found 

5.0 4.9 0.8 0.7, 
3.2 3.4 1.1 l-15 
3.2 3.3 1.1 1.2 
2.2 2.2 20 2.06 
1.9 1.8 0.6 o-5 
0.9 0.7, 0.6 P68 

with silver, the DNZ solutions were standardized by separately titrating either mercury or zinc 
standard solutions. 

Lead and thallium(I), in SO-pg amounts, did not interfere with the titration, but metal ions such 
as nickel, cobalt and copper, or large amounts of citrate, did. The consecutive titration therefore 
requires the separation of mercury and of zinc from the bulk of any sample. 

It may be concluded that the spectrophotometric extractive titrations with DNZ are feasible; 
in comparison with titrations with dithiione they have advantages mainly related to the absence of 
the formation of secondary chelates, so that, e.g., silver can be determined in an ammoniacal medium. 
The higher values of molar absorptivity of DNZ chelates did not lead to higher absolute sensitivity, 
because of the limiting effect of the variability of blanks. A serious shortcoming of titrations with 
DNZ is the necessity of carefully protecting the titrant both from light and heat. 
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Summary-An investigation of the possibilities of the use of di-2- 
naphthylthiocarbazone as titrant in spectrophotometric extractive 
titrations has been undertaken. A selective procedure for successive 
titration of silver in an ammoniacal medium has been developed and 
applied to the analysis of germanium dioxide. It has been established 
that the consecutive titration of mercury and zinc in the microgram 
range is possible. Because of low selectivity of this titration, a separ- 
ation of mercury and zinc from other ions is necessary. 

R&xnn&-Gn a entrepris une investigation des possibilites d’emploi 
de la ~-2-naphtylt~~b~one comme agent de &rage dans les 
t&ages par extraction sp~~ophotom~~qu~. On a Babom une 
technique selective pour le dosage courant de l’argent dans un milieu 
ammoniacal et on l’a appliquee a l’analyse du bioxyde de germanium. 
On a dtabli que le titrage condcutif du mercure et du zinc dans le 
domaine du microgramme est possible. A cause de la faible s&ctivitb 
de ce titrage, une separation des mercure et zinc des autres ions est 
nfxessaire. 

Zusammenfassung-Die Ve~endun~m~glic~eiten van Di-2-naph- 
thyithiocarbazon als Titrant bei spektrophotometrischen extraktiven 
Titrationen wurden untersucht. Eine selektive Vorschrift zur Titration 
von Silber in ammoniakalischem Medium wurde entwickelt und auf 
die Analyse von Germaniumdioxid angewandt. Es wurde festgestellt, 
da13 die Titration von Quecksilber und Zink nacheinander im Mikro- 
~amrn~r~ch moglich ist. Da die Titration wenig selektiv ist, miissen 
Quecksilber und Zink von anderen Ionen abgetrennt werden. 
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Determinatkm of atmosplteric iron particulates by X-ray fluorescence 
s~~~oscopy 

(Received 27 June 1969. Accepted 11 August 1969.) 

ATMOSPHERIC iron particulates as iron oxides present a serious hazard to human beings. Iron oxide 
fumes are generated, for example, in welding operations. It has been shown that continued exposure 
to concentrations above 30 rngirn” may cause chronic bronchitis.l** Atmospheric iron particulates 
have been determined by emission spectrographys and by ato~c-a~oTtion spectroscopy.4 The 
former has relatively poor precision and accuracy compared with the latter, though that stiers from 
inter-element effects. 

The good precision and accuracy of X-ray fluorescence spectroscopy have been well documented 
in other articless-n on trace analysis. The inter-element effects in the present method were neglected 
because of the lack of heavy elements, the abundance of lighter elements as matrix, and the thiiesslo 
of samples collected on membranes. 
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Reagents 
EXPERIMENTAL 

All chemicals used were of reagent grade. Distilled demineralized water was used throughout. 

Preparation of standards 

Pure iron wire (1GKl g) was dissolved in 10 ml of hydrochloric acid (1 + 1) and diluted to 1 litre 
with water. This solution contained 1OOO~g of iron per ml, and was diluted further as required. 
Portions containing 1000, 300, 100, 30 and 10 pg of iron, were added each to 10 ml of water, and 
ammonia solution was then added dropwise to precipitate hydrous iron(II1) oxide. After checking 
by atomic-absorption spectroscopy for completeness of precipitation, the precipitates were filtered 
off on membranes which could be used as iron standards with or without a Mylar fllm covering” 
and which were reasonably permanent. 

Apparatus 

A Norelco air-path X-ray fluorescence spectrometer with tungsten tube operated at 50 kV and 
40 mA, lithium fluoride analyser crystal and scintillation counter was used. For the preparation of 
the standards, a Pyrex filter holder (Millipore Corp. cat. no. XX10 047 00) with 47-mm PH mem- 
branes of 0.30 ,um pore size was used. 

Procedure 

An inverted polyethylene cup is pressed on to the membrane disk so that the precipitate of hydrous 
iron(II1) oxide or unknown sample is exposed through the opening. The sample holder with disk 
and sample backing is then inverted in the X-ray unit and the intensity of the FeKa line is measured. 
A blank membrane is used to obtain a correction for background. 

Background interference 

RESULTS AND DISCUSSION 

Since blanks may cause signiticant errors in trace analysis, an investigation was made into the 
contribution of FeKa intensity from the tungsten target tube, Mylar, precipitating reagent, membrane 
and sample backing. Compared with about 5 cps from 10 pg of iron in the sample, none of the blanks 
showed any sign&ant contribution to the FeKa signal. 

A similar study was also made on various filters. Neither regular fBter paper nor a Millipore 
membrane showed any detectable iron while a glass-fibre tilter appeared to contain about 5 rg of 
iron. A silver membrane also showed very little iron but the back-scattering was so serious that the 
metallic membrane was considered unsuitable for the present work. 

Back-scattering 

In order to improve signal-to-noise ratio a sample backing was sought which would give the least 
back-scattering. Of those studied an inverted polyethylene cup was found to be the most suitable. 
Metallic backings enhanced the FeKa radiation by approximately 15 %, but were unsuitable because 
of their higher back-scattering. 

Inter-element effects 

Based on information about the chemical compositions of the atmospheric particulates reported,‘2 
a study was made of some inter-element effects. No significant inter-element effects were observed 
that were greater than the experimental error of approximately 5 % (Table I). 

Working curve 

The count-rate was plotted on a log-log scale for amounts of iron between 10 and 1OOO~g. The 
recorded peaks and the calibration curve are shown in Fig. 1. It appears that the working curve is 

TABLE I.-INTENSrrreS (cps) OF FeKa LINE FROM 1OOpg OF IRON IN THE 
PRESENCE OF SOME OTHER ELEMENTS 

Element 

Silicon 
Aluminium 
Magnesium 
Calcium 

0 

49.5 
47.5 
47.5 
49.5 

Amount added, pg 

100 500 

45.6 45.9 
45.5 48.2 
48.2 48.0 
48.2 465 

1000 

47.8 
46.2 
465 
47.0 
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FIG. I.-X-ray fluorescence spectra of iron standards, and the calibration graph. 

linear up to 1000,ug of iron as hydrous iron(II1) oxide, but it is doubtful whether the linearity will 
still hold up to 1000 ,eg of iron in actual atmospheric samples, because of increasing thickness of the 
samples collected on the membranes. No further attempt was made to ascertain the linearity beyond 
1000 rg of iron. 

Precision and accuracy 

The precision for five different standard samples of 100 ,ug of iron determined by this method was 
checked, and a relative standard deviation of & 5.4 % was obtained at a concentration level of 100 ag 
of iron, with an average count-rate of 46.5 cps. 

Table II shows the results of analyses by this method and by a wet chemical method for various 
collected samples. Samples l-4 were taken in a wet-chemical laboratory for the analysis of alloys, 
and samples 5-10 were taken near a machine workshop. The average error of f67 ‘A in the concen- 
tration ranges shown compares favourably with that of atomic-absorption spectroscopy’ for this 
concentration range. 

Tmm II.-ACCURACY OF THE X-RAY FLUORESCENCE METHOD 

Iron found, pg/m” 

Sample No. X-ray method Chemical method Difference, % 

1 23 2.5 -8.0 
2 29 32 -9.4 
3 42 40 +5-o 
4 45 49 -8.2 
5 88 82 +7*3 
6 87 91 -4.4 
7 125 115 +6-l 
8 141 133 $6.0 
9 265 282 -6.0 

10 340 359 -5.3 
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In conclusion the present method was found to be suitable for the determination of iron in the 
atmospheric samples with satisfactory precision and accuracy. The sensitivity of the method could be 
improved by using a thinner beryllium window in the X-ray chamber, by utilizing smaller membranes 
for sample-collection and by the use of a better detector system. The disadvantages of the X-ray 
fluorescence method are the complications due to inter-element effects, especially when large amounts 
of sample are collected, and the difficulty in preparing proper standards. 

Applications Laboratory JAEY. HWANG 
Instrumentation Laboratory Inc. 
113 Hartwell Avenue 
Lexington, Mass. 02173 U.S.A. 
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Summary-A method is described for the determination of atmospheric 
iron particulates by X-ray fluorescence spectroscopy. Samples are 
collected, with a low-volume air sampler, on organic membranes 
which are used directly for measurement by comparison with standards 
prepared by precipitation of hydrous iron(III) oxide on similar mem- 
branes. The method is simple and rapid, and offers a precision and 
error of about 6 y0 for the range 10-200 pg of iron. 

Zusammenfassung-Em Verfahren xur Bestimmung atmosphiischer 
Eisen-Schwebeteilchen durch Rontgenfluoreszenxspektroskopie wird 
beschrieben. Die Proben werden mit einem kleinvolumigen Luft- 
Probenahmegerlt auf organischen Membranen gesammelt; diese 
werden direkt zur Messung verwendet und mit Standards verglichen, 
die durch Fallen von Eisen(III)oxidhydrat auf gleichartige Membranen 
hergestellt werden. Das Verfahren ist einfach und schnell. Genauig- 
keit und Fehler betragen etwa 6% im Bereich IO-200 pg Eisen. 

R&m&--On d6crit une methode pour la determination de particules 
de fer atmospherique par spectroscopic de fluorescence de rayons X. 
Les &hantillons sont collect&, avec un &hantillo~eur d’air de faible 
volume, sur des membranes organiques que l’on utilise directement 
pour la mesure par comparaison avec des Btalons prepares par 
precipitation d’oxyde de fer(III) hydrate sur des membranes similaires. 
La m&hode est simple et rapide, et offre tme precision et une erreur 
d’environ 6% dam le domaine 10-200 rg de fer. 
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Summary_-The precipitation kinetics of copper(E) S-hydroxy- 
quinolinate, formed in water-acetone mixtures, have been studied 
in a stop-flow apparatus by spectrophotometric techniques. Three 
factors are found to be important in improving the physical character- 
istics of crystals precipitated from mixed solvents. Supersaturation 
and growth rate can be ~~~011~ bony by slow rate of change 
in solvent composition; the presence of acetone ~~~~~y reduces 
the number of effective nuclei; thirdly, large amounts of organic 
solvent cause a change in the crystal form and its growth mechanism. 
At room temperature, copper(I1) I-hydroxyquinolinate is precipitated 
as a dihydrate from water-acetone mixtures containing MO % acetone, 
and the crystal growth is limited by a diffusion-controlled process. 
Anhydrous copper 8-hy~oxyq~olinate is formed in 70 % acetone 
solutions by a s~a~ontroll~ reaction. 

EARLIER work reported from this laboratory1 has demonstrated the possibility of 
precipitating metal chelates from solutions containing large amounts of organic 
solvents. The technique involves the addition of about an equal volume of a miscible 
organic solvent, such as ethanol or acetone, to an aqueous solution of the metal ion. 
Following the addition of the chelating agent, the solution is warmed to approximately 
70”, and the preferential volatilization of the organic solvent is accompanied by the 
formation of the precipitate. 

Particularly striking is the increased size of these crystals as compared to the 
chemically identical particles obtained by a direct addition procedure. Further, 
co-pr~ipitation is sig~ficantly lowered. These results compare favourably with other, 
more common methods of precipitation from homogeneous solution.2*3 The initial 
speculation was that these alterations arose solely from the increased solubility of the 
metal chelates in the mixed solvent media. The gradual and uniform decrease in 
solubility, caused by the preferential evaporation of the organic solvent component, 
allowed the crystals to grow under conditions closer to equilibrium, so that the 
formation of more perfect crystals was favoured. 

However, other factors may be more important. It is possible that the presence 
of the organic solvent may markedly reduce the rate of the chelation reaction and 
thereby reduce the initial supersaturation. Alternatively, the organic solvent may 
cause a change in the crystal growth mechanism or may reduce the rate of the slowest 
step which, again, would permit the development of more perfect crystals. A third 
possib~ity is that nucleation processes are altered by the presence of the organic 
solvent; e.g., the effectiveness of foreign nuclei may be reduced. 

The precipitation kinetics of copper(X) &hydroxyquinolinate were studied under 
conditions of varying solvent composition and solution supersaturation in order to 
obtain experimental data which could be used to distinguish between these various 
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control factors. It had been reported earlie+ that the colour and crystal habit of 
precipitated copper(E) 8-hydroxyquinolina~ were particularly dependent upon the 
presence of organic solvents. A much different precipitate was formed from solutions 
containing over 60% of the organic solvent. Supersaturated solutions of this com- 
pound, in solvents varying from 0 to 70% v/v acetone, were formed in the chamber 
of a 4-jet mixer and passed into a stop-flow observation chamber where they were 
observed spectrophotometrically. Data, collected at wavelengths at which the 
predominant interaction with the light-beam was the scattering by solid particles, 
were treated by fitting various crystal growth equations. 

EXPERIMENTAL 
Apparatus 

Stop-flow upparatus. The all-glass apparatus used for obtaining kinetic data6 consisted essentially 
of four storage cylinders, an eiIicient 4-jet mixing chamber based on Hartridge and Roughton’s 
device* and a Pyrex precision bore observation tube with an accurate inside diameter of 2 mm. This 
tube was mounted horizontally and passed directly through the cell compartment of a spectro- 
photometer. Its position was fixed by an aluminium block which had been adjusted to the dimensions 
of the cell holder. 

Water. Distilled water, passed through a “Bantam Demineralizer’” containing cation- and anion- 
exchange resins, was used to prepare all solutions. Monitored water impurities were 0.05 ppm or 
less. 

Acetone. Reagent grade acetone was distilled through a 300-mm Vigreux column. The high- 
and low-boiling fractions were discarded. 

Ammonium-acetate buffer solutions. A 2M stock solution was pre 
F 

ared by dissolving 154.2 g of 
reagent grade ammonium acetate in water, filtering and diluting to 1 me. All 0.2M solutions used 
for precipitation reactions were prepared by appropriate dilution of the stock solution. 

Copper solutions. A 6354-g sample of purified electrolytic copper metal (pellets, 99.99% pure) 
was dissolved in 120 ml of nitric acid (1 + 4). The resulting copper nitrate solution was evaporated 
almost to dryness, then diluted with water, filtered through a tie porosity Whatman filter paper, and 
diluted to 1 litre with water. 

8-Hydroxyquinoline solutions. Reagent grade S-hydroxyquinoline was recrystallized from ethanol, 
and dissolved in appropriate solvents. 

Copper S-hydroxyguinolinate solutions. The desired amount of copper standard solution was 
transferred by pipette into a SOO-ml graduated cylinder and the necessary amount of 1M nitric acid 
added to yield a pH of 2. This solution was then diluted to 500 ml with water and transferred to a 
I-litre volumetric flask. The same cylinder was used to measure the desired amount of acetone in 
which a weighed amount of 8-hydroxyquinoline was dissolved. This solution was then transferred 
into the rapidly stirred copper solution, and the final volume was adjusted to 1 litre with water. 

When aqueous solutions were prepared, the nitric acid was added to the I-hydroxyquinoline 
solution in order to dissolve the reagent. 

Procedure 

Modulation and testing of the sto~~ow apparatus. The reactant solutions were placed in the 
storage cylinders as follows: Om2M buffer solution in cylinder 1, copper S-hy~oxyqu~o~nate 
solution in cylinder 2, a blank solution of buffer and acetone in cylinder 3, and 4M hydrochloric acid 
cleaning solution in cylinder 4. 

The simultaneous outflow of the reactant and buffer solution was maintained for 5 set by applying 
a constant nitrogen pressure of 9.6 lcN/m*. Two set before the flow was stopped, a sample was col- 
lected at the end of the observation tube and used to determine the initial reactant concentration. 
The stop-cock at the end of the observation tube was closed first to prevent the formation of bubbles 
in the observation tube. The pressure was then removed as rapidly as possible in order to follow the 
crystat growth processes at atmospheric pressure. An electric stop-watch was started when the flow 
was stopped. The recorder was switched on before the flow started. 

The efficiency of the mixing chamber was tested with an acid-base reaction and phenol 
indicator. P 

hthalein 
Under an applied pressure of 9.6 kN/m* (corresponding to a flow-rate of 10 m /set or a 

flow-speed of 3.2 mlseo) mixing was found to be complete in 3.5 msec. 
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Prehminary precipitation experiments with copper 8-hydroxyquinolinate were carried out with 
the observation tube vertical, and the absorbance was measured at different heights along the tube. 
It was found that the final absorbance of a particular run did not depend on the position of measure- 
ment, and that it remained constant. This indicated that the growing particles did not migrate or 
settle, but remained where they formed. 

Copper rieterminution. The sample collected after each run was analysed for copper, by a tech- 
nique described by Reilley’ but with several modifications. The I-hydroxyquinoline interfered in the 
determination; it was therefore necessary to oxidize it first. After addition of 2 ml of 30% hydrogen 
peroxide, each sample was heated until a colour change occurred. The temperature was then raised 
until all of the excess of hydrogen peroxide was removed. The copper was titrated with EDTA at 
pH 4, with PAN as indicator. The result of this titration determined the value for the initial con- 
centration (C,) of the run. 

THEORETICAL CONSIDERATIONS 

Any crystallization process may involve three basic phases : achievement of super- 
saturation, formation of crystal nuclei, and growth of the nuclei into visible crystals. 
A comprehensive theoretical treatment, dealing with the overall growth rate of a 
large number of distinct crystals growing from a supersaturated solution, must be 
very complex. 

The growth process alone may involve such diverse events as diffusion of the solute 
particles from the bulk of the solution to the crystal surface, adsorption of solute 
material at the solid-liquid interface, diffusion across the face of the crystal, and 
dehydration and incorporation of the precipitated material into the crystal lattice. 
Depending upon experimental conditions, each one of these processes may become 
the rate-controlling factor. Certainly, the rate laws are not always sufficiently 
described by one mechanistic step (e.g., within transition regions) and furthermore, 
complications arising from competing dissolution and agglomeration phenomena may 
tend to obscure the actual growth laws. 

Theoretical treatments which apply to specific growth paths can generally be 
found. It should be emphasized, however, that extreme care is required in selecting 
a particular theoretical treatment, for it may involve making unwarranted assumptions 
about prospective growth paths. The distinction between a diffusion-controlled and 
a surface-controlled reaction generally serves as a first approach to give some insight 
into a particular crystal growth system. 

The theoretical and practical aspects of diffusion-controlled growth kinetics have 
been treated by several authors. **O Careful reconsiderations by HamlO confirmed 
earlier findings that a diffusion-limited process may be approximately described by 
an expression of the form: 

C, = Co exp [-1/~]~ (1) 

Where Co = initial concentration of solute at time t = 0 
C, = solute concentration at any time t 
C, = equilibrium solubility 

n = exponent depending upon the growth mechanism 
T = time constant, depending upon the diffusion coefficient D, the sink 

radius rs, the final particle radius ro(m)*, and Co. 

Equation (1) is an approximation,1° valid for small t when 

c, - c, 1 

c, ‘5 

* Shape and size of the actual crystals are approximated by a sphere of equal volume. 
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It also requires that the dimensions of the precipitate particles remain small compared 
to their distance of separation, i.e., rc/rs < 1. The latter requirement may be fulfilled 
for a large number of small particles as well as for a few widely spread large particles. 

As long as the particle growth is strictly diffusion-controlled, and the particles are 
incorporated into the crystal at the point where they are absorbed, the crystal will 
grow with constant eccentricity. Qualitatively similar rate laws are then predicted for 
crystals of different shapes, e.g., spheres and spheroids. For this growth mechanism 
the exponent n of equation (1) will be between 1-O and 15. 

There is, however, at least one other, perhaps even more important, possibility 
by which crystals can grow under diffusion-controlled conditions. In this case, the 
entire crystal surface is thought to be active in capturing solute material; but the 
captured particle may be incorporated into the crystal lattice only at certain specific 
sites. This requires the adsorbed particle to migrate across the face of the crystal, and 
this process must be sufficiently faster than the diffusion of the solute to the surface 
layer to maintain the assumed rate-determining mechanism. Under these conditions, 
the exponent n of equation (1) depends to a larger extent on the shape of growing 
crystals and varies between 1.0 and 2-0.11 

The exponent n would approach a value of 3-O if a process at the crystal surface 
should become rate determining. Equation (1) may, therefore, be used to distinguish 
between diffusion-controlled and surface-controlled precipitation reactions. 

Particularly at low supersaturations, crystal growth often proceeds by way of screw 
dislocations. Burton, Cabrera and Frank l2 have developed rate laws for this type of 
growth by considering a system of non-dissociated species growing from the vapour 
phase. Basically the same theory was subsequently applied by ChernoP3 to crystal- 
lization models, involving liquid-solid phase transitions. Recently, this theory was 
further extended by Reich and Kahlweit14 to include surface-controlled reactions. 

The following simple relationship was derived by Reich and Kahlweit: 

The rate constant kD of a diffusion-limited process, and kR, the rate constant of a 
surface-controlled reaction, may be evaluated if the flux j (in mole.sec-l) of the 
deposited material can be determined as a function of time. Equation (2) should be 
most relevant during the latter part of the precipitation process where the super- 
saturation changes only slowly with respect to time. 

For kD > k, Or for j -+ 0, the flux is mainly determined by: 

j % kR(Ct - Cd2. (3) 

On the other hand, for large flux values: 

j m k,(C, - C,). (4) 

Equation (2) predicts, therefore, a second-order rate law in the case of a surface- 
controlled reaction and a first-order rate law for diffusion-limited precipitations. 

Similar equations have been developed previously?*le However, equation (3) 
differs from Walton’s suggestion l7 that the kinetic order should always be equal to the 
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number of ions required to form a neutral molecule. Equation (3) predicts a second- 
order rate law for surface-controlled precipitations, regardless of whether the solute 
species are ions or molecules. 

According to Reich and Kahlweit,15 the flux j may be found from: 

dc/dt rc(oo) 
i = - (CO - CJ2/3 - 3 P(C, - C#/S - 

The molar volume is indicated in equation (5) by P. Letting 

k’=% (6) 
we have: 

j dc/dt 1 
-= 
k’ (Co - Ct)2’3 ’ (Co - Ct)l’s = 

Y. (7) 

From equations (3) and (4), we see that, depending upon the rate controlling step, 

or 

Y M g (C, - C,) 

Y M 2 (C, - c22. (9) 

Equation (7) is particularly useful for data interpretation of experiments in which the 
particle sizes have not been determined. 

RESULTS AND DISCUSSION 

Initial experiments with unsaturated solutions of copper Shydroxyquinolinate 
revealed that the absorption spectrum was time-independent and appreciably different 
from the combined spectra of the reactants. While a possible effect of solvent com- 
position upon the rate of chelation cannot be discounted, the chelation reaction must 
nevertheless be very fast compared to crystallization rate. From flow experiments it 
was estimated that the chelation in aqueous solution must be complete in less than 
1 msec. For this system, then, chelate formation cannot be effective in controlling 
the crystal growth process. 

Turbidimetrically determined crystallization curves of transmittance OS. time are 
shown in Fig. 1. These curves reveal a steady induction period which is terminated 
rather abruptly and is followed by a rapid crystal growth, which later on becomes 
slower and slower as the reaction is approaching equilibrium conditions. Many 
similarly shaped curves have been reported. 

Figure 1 reveals that there exists a definite relationship between the initial concen- 
tration (CO) and the final absorbance (A&. To find this relationship, final absorbance 
values were plotted against the initial concentrations (Fig. 2). A straight-line relation- 
ship is observed in all cases. 

The straight-line equation calculated by least-squares serves to evaluate the con- 
centration terms C, and C,; the solubility (C,) of copper S-hydroxyquinolinate in a 
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FIG. l.-Precipitation curves of copper I-hydroxyquinolinate formed in aqueous 
solution: concentration denendence. 

Co: Q-0.883; &1*090; @--1.55 (mole/l. x 1O4). 
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FIG. 2.-Turbidimetric calibration lines for copper I-hydroxyquinolinate pre- 
cipitated from different solvent media. 

Acetone content, %v/v: Q O--O%; @ O--20%; @ 040%; @ Q--SO%; 
0 w-60%. 

given solvent system is obtained from the intercept of the corresponding calibration 
line with the abscissa. 

Combining absorption and scattering laws, WellP derived an expression which 
is of the same form as Beer’s law. A straight-line relationship may, therefore, be 
expected for cases approaching ideal conditions. It must be pointed out, however, 
that Wells’s expression is at most an approximation since it neglects such important 
factors as how closely the particles are packed. 
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The turbidimetric detection method was chosen because ordinary absorption 
measurements of coloured species in solution were unsuccessfi& owing to strong 
interference from the growing particles. Conductomet~c measurements, often used 
for this purpose, were unsuitable, too, since the particles in solution were neutral 
molecular species. 

Figure 3 shows typical experimental data plotted in log-log form according to 
equation (1). The horizontal lines on each run terminate the region for which this type 
of data treatment is expected to be best applicable. The lower limit corresponds to 
the value calculated by setting C, = 0*9C,, and the upper limit generally indicates 
the point of the reaction at which C, = $C,. Straight lines are obtained within these 
limits, which extend over a large portion of the precipitation process. The slope of 
these lines appears to be independent of the reaction rate. The average slope of all 
runs considered at a given solvent composition, therefore, may be used to determine 
the exponent n of equation (1). 

FIG. 3.-Experimental crystal growth data for copper0 8-hydroxyquinoIinate in 
different solvent media, plotted according to equation (1). 

C, (mole/l. x 104): @-+9688; Q--4*456; @--11.15; @)--9.10; @-31.07; 
@-15~00. 

Table I summarizes the results obtained in the different solvent media. The time 
constant T is obtained from the intercept of the precipitation lines with the 1.0 line 
(ordinate value) of Fig. 3. The minimum and maximum T value of a given solvent 
system may serve as a first indication of the range of reaction times studied. It should 
be noted that the total concentration and the T value range in run 59 cover 
approximately two orders of magnitude. 

The constancy of the A values in Table I is remarkable, There are no significant 
differences in the average slope values, nor is there an indication of a trend in the 
values. This suggests clearly that the precipitation mechanism does not change 
within the entire solvent and concentration range investigated. These data, however 
do not give a complete answer as to what mechanism is involved in the rate determining 
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TABLE I 

Acetone Number Concentration range Time range Aver- Standard 
content, of runs C,min., C, max., 7 min., 7 max., Slope range age deviation 

% v/v averaged mole.l.-l X 10’ set nmin nmsx slope 17 ofii 

0 9 0.6545 2.080 7.0 64.0 1.40 2.50 1.89 0.37 
20 12 2.349 6809 10.6 86.0 1.43 2.10 1.87 0.21 
40 16 6.412 17.16 11.7 71.0 1.38 2.30 2.02 0.22 

11 9.10 31.07 93 7000 1.54 2.54 1.95 0.32 
11 15.00 40.00 6.1 130.0 1.55 2.30 1.88 022 

step, since the ii values were found to lie near 2 (i.e., between 1.5 and 3.0). Had these 
values been consistently less than 2, the growth could be classified as diffusion- 
controlled. Conversely, values consistently above 2 would clearly indicate surface- 
control. With the data obtained, it is only clear that the mechanism does not change 
and that the particles are not incorporated into the crystal at their adsorption sites. 

Reich and Kahlweit’s treatment was then applied to the same experimental data. 
(C, - C,) ZLS. t values of individual runs were plotted and the instantaneous rates 
(dc/dt) were determined from the slopes. These rates were used as input data in a 
computer programme used to calculate the necessary parameters to construct the 
plots shown in Figs. 4a and 4b. 

These two figures illustrate that the plots ofj/k’ vs. supersaturation are linear in 
all five solvent systems. On the other hand, plots of (j/k’)1/2 vs. supersaturation were 
curved. Only one run is shown for each solvent system. Actually, 7-10 runs performed 
under various precipitation conditions were evaluated in this manner for each solvent 
system, and similar curve shapes were obtained in all cases. Under the conditions in- 
vestigated, the precipitation of copper 8-hydroxyquinolinate appeared to be a 
diffusion-controlled process. 

Figure 4u also reveals that the slope of the straight lines obtained varies with 
changing solvent composition. The slope of these lines, being equal to kD/k’ = k,‘/ 
r c(m)7 is inversely proportional to the final particle size. The general trend observed, 
therefore, indicates that the final particle size increased with increasing acetone 
content. Such an effect could be explained in two ways. The increase in particle size 
could simply result from the larger amount of material which is precipitated from the 
increasingly concentrated acetone solutions. This possibility was eliminated by the 
proposed method of plotting the data, which accounted for such an effect. Alterna- 
tively, it could be explained by a real decrease in the number of growing particles in 
solvent media containing more acetone. We believe the latter to be the case. In fact, 
without counting particles it was qualitatively observed that the number of growing 
particles per unit volume decreased rapidly with increasing acetone content. For 
solutions containing 40% or more acetone, it was also found that the number of 
particles was dependent upon the initial solute concentration C,. The number of 
particles generally increased with increasing supersaturation although C, was kept 
well below the range where homogeneous nucleation could occur. Table II gives a 
more complete representation of the data and clearly shows the effect of acetone 
concentration on particle size. It should be emphasized, however, that nucleation, 
although generally influenced by the supersaturation and by the acetone content, was 
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FIG. 4.-Experimental crystal growth data for copper 8-hydroxyquinolinate in 
different solvent media. 

(u) First-order rate plots according to equation (8). 
(b) Second-order rate plots for the same runs. 

C, (mole/l. x 104): Q-2-080; @-S-996; @I--14*49; @-27.10; @-l>OO. 

a somewhat unpredictable process. Differences in the number of particles did occur 
even under seemingly identical conditions of successive experiments. 

Within this restriction it still appears that the trends in the kD/k’ values are suffi- 
ciently uniform to justify interpretation. The 40, 50, and 60% acetone data, despite 
some scatter, display a clear trend to larger values with increased supersaturation. 
Since the solutions of higher supersaturations contain more material, one might 
expect larger particles to be formed. These data indicate exactly the opposite effect. 
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TABLE II 

Acetone Su~~aturation 
content. Concentration C, ccl kr, kD.3V 

% vlv ?mle.i.-1 x 10’ =;:- 
s c 

T=- 
e k *c(m) 

Aver. $ 

0 

20 

40 

50 

60 

06545 2.014 0.146 
0.7439 2.289 0.148 
@9265 2855 0163 
0.9688 2,981 @112 
1,670 5.138 0.166 
2-080 6400 0.159 
2.117 6,605 0.161 
2857 2,012 0.0238 
2.997 2110 0.0250 
4.456 3.138 mo250 
5.276 3.715 00458 
5-996 4.222 0.0360 
6.515 4588 0.0337 
6809 4793 0.0369 
6412 2.15 OQO18 
6678 2.24 o+xl14 
9.281 3.12 0.0065 

12.65 4.25 00117 
14.35 4.82 0.0192 
1449 487 0.0159 
16.56 5.56 0.0119 
9.10 l-88 OmO87 

11.51 2.37 COO203 
12.70 262 O+lO178 
19.60 4.04 000156 
2640 544 000173 
27.10 5.59 0.01262 
31.07 6.41 0~01210 
15.0 2.46 OGO386 
20.0 3.28 om177 
25.0 4.10 000270 
25.0 410 000422 
30.0 4.92 0*00518 
40.0 6.56 0*01139 
40.0 656 0@0973 

0.151 

0.0323 

000977 

0.00467 

0.00555 

The larger k,/k’ values require a smaller rctm). The only way in which smaller rgtoo) 
values may be obtained with increasing amounts of material is by an even greater 
increase in the number of growing particles. Since heterogeneous nucleation certainly 
predominates, the number of foreign particles that may effectively serve as crystal 
growth sites must increase with increasing supersaturation. This effect has been 
observed previously for ionic precipitates. wzo The data obtained at 20% acetone 
concentration may or may not be displaying this trend and the aqueous solutions 
obviously do not. Therefore, the implication is drawn that the higher acetone 
concentrations cause the number of effective foreign nuclei to be more supersaturation- 
dependent. 

A comparison of the average k,fk’ values for various solvent compositions shows 
a pronounced trend toward decreasing values with increasing acetone content. Since 
this change is much larger than any expected changes in diffusion coefficients, the 
change must relate to increased particle sizes, which must be caused by a decrease in 
the number of effective foreign nuclei. There is no rational basis for expecting a 
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decrease in the total number of foreign nuclei in these solvent systems, which leads 
to the postulate that the ability of the nuclei to act as effective crystal growth sites 
must be decreased by the presence of the acetone. The fact that this change is most 
pronounced with the first addition of acetone (i.e., from 0 to 20 %) and decreases until 
disappearing at about 50 % acetone suggests a Langmuir type adsorption of the acetone 
on the active crystal growth sites. This postulate is also consistent with the super- 
saturation dependence of particle size since at the high acetone concentrations the 
more weakly held acetone mol~ules may be displaced by the precipi~ting particles 
at the higher su~rsat~tions. 

The practical significance of this effect should not be overlooked. The reduced 
number of effective nuclei in the mixed solvent media favours the formation of larger 
crystals, which are more easily separated. In this respect, the technique of precipita- 
tion from mixed solvents has a definite advantage over other more common methods of 
precipitation from homogeneous solution, where it was found that the number of 
particles produced is often little different from the number obtained by direct mixing 
of suitable, dilute solutions.n’ 

Precipitation of anhydrous copper(D) 8-hydroxyqkzolinate 
While precipitations from 60% acetone solutions were being performed, it was 

observed that in some runs, crysta1s of different appearance and behaviour were 
formed in addition to the normally occurring crystals. The ordinary crystals were 
yellow, star-shaped, and did not move in the observation tube. The other crystals 
were bright green and more compact. 

X-Ray powder diffraction data clearly established that the unit cells of the two 
materials were different. Gravimetric analysis of the two crystal forms confirmed the 
expected fact that the dif%erence observed arose from a change in the degree of 
hydration. The yellow form was found to be a dihydrate, while the green crystals were 
an anhydrous form of copper 8-hydroxyquinolinate. 

The anhydrous crystal form became predominant in precipitations from 70% 
acetone. These crystals tended to settle rapidly even at sizes barely visible under 
strong i~u~nation of the observation tube. The decrease in transmittance due to the 
presence of these crystals, therefore, never exceeded 2 % at a wavelength of 500 nm 
and was too small to be useful for following the course of reaction. The disappearance 
of the green chelate complex from solution was therefore used to study the precipi- 
tation kinetics, a wavelength of 445 nm being used. 

The interpretation of the kinetic data was undertaken as for the dihydrate. No 
correction was made to take into account any absorption changes due to the presence 
of precipitate, and runs in which both crystal types occurred were excluded from 
further considerations. For the runs with 70% acetone solutions, plots identica1 to 
those shown in Fig. 3 yielded an average exponent and standard deviation of A = 
2.53 & 0.16. This value, being significantly different from n’ for the dihydrate, would 
indicate that another reaction step, such as a process at the crystal surface, may have 
become rate-dete~ining. 

This first indication was confirmed by applying Reich and Kahlweit’s treatment. 
It can be seen on Fig. 5 that (j/~%‘)l’~ VS. (C, - C,) now approached a straight line 
rather than the simple first-order function. The precipitation of anhydrous copper 
8-hydroxyquinolinate must, therefore, be governed by a surface-controlled reaction. 
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FIG. 5.-Experimental crystal growth data of anhydrous copper(H) S-hydroxyquinol- 
inate precipitated from 70% acetone-water solutions; first- and second-order rate 

plots according to equations (8) and (9). 
C, (mole/l. x lo*): @ and @-74.50; @ and Q-3&50. 

The difference of three orders of magnitude in the ordinate scales of Figs. 4 and 5, 
together with determined T values ranging from 2000 to 10000 set, indicated that the 
precipitation of the anhydrous form was a much slower process. As it appears very 
unlikely that diffusional rates are much affected in going from 60 % to 70 % acetone 
solutions, the crystal growth of the anhydrous form cannot be limited by diffusion. 

CONCLUSLONS 

This study has shown three major factors to be of importance in causing an im- 
provement of the physical characteristics of copper(I1) 8-hydroxyquinolinate crystals 
when these are precipitated from mixed solvents. First, the presence of organic 
solvents such as acetone increases the solubility of this chelate compound sufficiently 
to permit a controlfed pr~ipitation in which the su~rsaturation and growth rate are 
conveniently regulated by the evaporation of the organic solvent. Secondly, the 
number of growing particles is reduced, which leads to the formation of larger, more 
easily manipulated crystals. The presence of acetone inhibits a considerable number 
of heterogeneous nuclei from becoming effective growth sites. Thirdly, the actual 
growth mechanism and crystal composition are altered in the presence of large 
amounts of acetone. Copper~~} 8-hy~oxyquinolinate is precipitated at room 
temperature as a dihydrate in water-acetone mixtures containing from 0 to 60% v/v 
acetone. Within this range of solvent composition, the precipitation kinetics do not 
change, and the crystal growth is governed by a diffusion-limited process. Anhydrous 
copper(I1) S-hydroxyquinolinate is produced from 70 ‘A acetone solutions. 
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Zusammenfaasun~--Die Ftilungskinetik von Kupfer(II)-8-hydroxychi- 
nolat, das sich in Aceton-Wasser-Gemischen bildet, wurde in einer 
stopped-flow-Apparatur spektrophotometrisch untersucht. Drei Fak- 
toren wurden aefunden, die zur Verbesseruna der nhvsikalischen 
Eigenschaften v’on aus Losungsmittelgemischei gefi&en Kristallen 
wichtig sind. Ubersattiaune und Wachstumsaeschwindiakeit kiimren 
durch- langsame An&dg der LSsung&ittelxusa&nensetxung 
kontrolliert werden; die Gegenwart von Aceton vermindert die 
effektive Keimzahl erheblich; gro5e Mengen des organ&hen Lasungs- 
mittels bewirken einen Wechsel in der Kristallform und dem Wach- 
stumsmechanismus. Bei Zimmertemperatur fiillt Kupfer(II)-8-hydroxy- 
chinolat als Dihydrat aus Gemlschkn mit bis zu 60% Ace&; d& 
Kristallwachstum ist diffusionskontrolliert. In 70% Aceton bildet sich 
wasserfreies Kupfer(II)-8-hydroxychinolat nach ‘einem oberfliichen- 
kontrollierten Mechanismus. 

R&m14-Les cinetiques de precipitation du 8-hydroxyquinoltinate de 
cuivre(II), form6 en melanges eau-acetone, ont et6 &udiQs dans un 
appareil ‘stop-flow’ par des techniques spectrophotometriques. On a 
trouve que trois facteurs sont importants dans l’amelioration des 
caracteristiques physiques des cristaux precipitds a partir de m6langes 
de solvants. On peut contr8ler uniformement la sursaturation et la 
vitesse de croissance par la vitesse lente de changement dam la 
composition du solvant; la presence da&one reduit notablement le 
numbre de germes efficaces; troisiemement, de grandes quantitts de 
solvant organique causent un changement darts la forme du cristal et 
son m6canisme de croissance. A temp6rature ordinaire, le 8-hydroxy- 
quinoltinate de cuivre(II) est precipite a l’etat de dihydrate ii partir de 
m&tnges eau-a&one contenant 060% da&one et la croissance du 
cristal est 1imitQ par un processus rCgi par la diffusion. Le 8-hydroxy- 
quinoleinate de cuivre(II) anhydre est forme en solutions il 70% 
da&one par tme reaction regie par la surface. 
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SOLVENT EXTRACTION OF Ga(II1) AND In(II1) 
FROM AQUEOUS HALIDE MEDIA BY ADOGEN-364 

SK A. SHEFJF, A. S. ABDEL-GAWAD and A. M, EL-WAKIL 
National Research Centre, Dokki, Cairo, U.A.R. 

(Received 26 November 1968. Accep?ed 28 May 1969) 

Snnnnary-Adogen-364 has been used for the extraction of gallium@I) 
and indium(lII) from halogen acid solutions, and the dependence of 
the extraction on chloride, bromide and iodide ion concentration 
studied. The separation of Ga(Ill), ln@II) and AI is reported 
and some conclusions have been drawn about the stoichiome~ of the 
extracted species. 

Am have found wide application for analytical separati0ns.l”’ The extraction of 
a variety of metal complexes from halogen acids has been reported.&’ Good et uZ.**~ 
used long chain alkylamines and quaternary ammonium salts for the extraction of 
iron(III), cobalt(II), gallium(II1) and indium(II1) from aqueous chloride solutions. 
Application of high molecular weight amines for the extraction of some metal iodides 
including gallium and indium has been reported by Suzuki.r” 

The aim of this investigation is to achieve separation of gallium(III), indium(111) 
and aluminium(III) ions from each other by amine extraction, using Adogen-364 
in toluene. 

Reagents 

EXPERIMENTAL 

Adogen-364. Obtained from Archer-Daniels-Midland Co., Minneapolis. It is a water-insolubIe 
trialkyl tertiary amine mixture of C, and Cl0 chains with C8 predominating: average molecular 
weight 390; sp. gr. 0402. Solutions of Adogen-364 were prepared by dilution with toluene. 

Gailium and indium solutions. The metal was dissolved in concentrated hydrochloric acid and the 
solution evaporated almost to dryness to give the chloride. Metal sulphate solutions were prepared 
by precipitation of gallium and indium hydroxide followed by dissolution in the ~~ quantity 
of concentrated sulphuric acid. Both gallium and indium stock solutions were standardized against 
EDTA. The metal bromide or iodide was obtained in solution by addition of the corresponclmg acid 
to the sulphate solution. 

Procedure 

The extraction experiments were performed in separating-funnels; 10 ml of the aqueous phase 
cont~g gallium and indium at inaction levels of about lO+M at different halogen acid 
concentrations were shaken for 2 min with an equal volume of Adogen-364 (1 oA v/v) in toluene. 
After equiIibration the phases were separated and analysed for metal ion concentration. 

Each of the separated phases was heated to dryness and the organic residue was destroyed by a 
mixture of nitric and sulphuric acids. The metal concentration was determined spectrophotometricelly 
with galliotF for gallium, and Alizarin-Sa for indium. 

RESULTS AND DISCUSSION 

Extraction of indism and gal&urn 

Gallium, indium and aluminium were extracted by Adogen-364 from their 
solutions in halogen acids (HCl, HBr, HI). The results obtained showed that it is 
possible to separate them. 
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FIG. L--Extraction isotherm for Ga(?II) and 2.0 x IPaM Adogen-364 in toiuene. 

O-From 6M I-ICI ; O--From 5-5iU HBr 

The degree of extraction of gallium and indium metal complexes increases with 
hydrochloric acid concentration as shown in Fig. 1, but the extraction of indium 
passes through a maximum at higher acid concentration. 

The extraction isotherm for the galli~-c~oride system (Fig. 2) indicates that 
the limiting ratio of amine hydrochloride to gallium is 1: 1. The data of Woodwardls 
and Krausl* indicate that tetrachlorogallate is the predominant species in aqueous 
hydrochloric acid solutions so that the ion-pair R3NH-GaC& may be the extractable 
species. 



Solvent extraction of Ga(III) and In(lII) 139 
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FIG. 4.-Dependence of the degree of extraction of Ga(III) and Iu(III), on HI concentration. 
O-In(III), extraction by 1% amine solution. 
@-Ga(lII), extraction by 1% amine solution. 
O-Ga(III), extraction by 5 % amine solution. 

The variation of degree of extraction of gallium and indium bromide complexes 
with the concentration of the acid in the aqueous phase is shown in Fig. 3. The 
indium bromide complex is extracted at lower acidity than the corresponding gallium 
complex; 50% extraction is reached for indium at an acidity of 0_5M, whereas with 
gallium 50 % extraction is reached only at 3*7M. There is no decrease in extractability 
of indium with increasing concentration of the acid, such as is observed in the chloride 
system. The extraction isotherm of gallium bromide shows a 2: 1 ratio of amine 
hydrobromide to gallium (Fig. 2), and the ion-pair (R,NH),aGaBr, may be extracted. 
The extraction isotherm of the indium-bromide system indicates that the ratio of 



140 SH. A. SHERIP, A. S. ABDEL-GAWAD and A. M. EL-WAKIL 

4.0 

t.1: /--" 

,.O- l /_'_&' .-. 

% 
I I I I I 

0 20 3.0 4.0 50 6.0 

[InI oa 
FIG. 5.-Extraction isotherm for In(III) and 3.0 x 10-aM Adogen-364 in toluene. 

O-From 2M HI; O-From 25M HBr 

TABLE I.-SEPARATION OF INDIUM FROM GALLIUM IN 2M HBr 

Ratio of 
Ga:In 

1:l 

;;; 

1:l 
1O:l 
1O:l 

1OO:l 
1:lO 

Gallium Indium 

Taken, mg 

- 2.58 
2.58 
2.58 
2.58 
0.50 
5.00 

IO*00 
- 

found, mg Taken, mg Found, mg 

2.60 
2.57 
2.58 
2.57 
0.50 
5.00 
9.92 
- 

2.90 2.96 
2.90 2.90 
2.90 - 

2.90 2.86 
0.05 0.05 
0.50 0.50 
0.10 0.10 
0.50 0.53 

TABLE II.-SEPARATION OF INDIUM FROM GALLIUM IN 1.5&f HI 

Ratio of 
Ga:In 

Gallium Indium 

Taken, mg Found, mg Taken, mg Found, mg 

1:l 2.50 2.47 2.00 1.97 
I:10 0.50 0.50 5.00 4.94 
1:loO 0.05 0.05 5.00 5.00 
1:l 2.50 2.43 2.00 1.94 
1:lOO 0.05 0.05 5.00 4.94 
1:lO 0.50 0.49 5.00 5.00 

amine hydrobromide to metal is 3 : 1 (Fig. 5)) and that the ion-association compound 
(RsNH),.InBr, may be extracted. 

From hydriodic acid solution, indium is more readily extracted than gallium 
(Fig. 4). The extraction isotherm of indium iodide was obtained (Fig. 5), indicating an 
amine hydriodide to metal ratio of 1: 1. 

From the results obtained, it can be seen that in the case of gallium, with increasing 
acid concentration, the order of extractability of the various complexes is Cl- > 
Br- > I-, and in the case of indium it is I- > Br > Cl-. These results agree with 
those obtained by ion-exchange, 15*16 and solvent extraction meth0ds.l’ 
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TABLE IIL-SEPARA~ON OF GALLIUM FROM AL~~NIUM 
IN 65M HRr 

Ratio of 
Ga:Al 

Gallium 

Taken, mg Found, mg 

1:lO 0-50 050 
I:1 2.50 249 
1:lO 050 050 
1:lOO o-50 049 
1:l 0.50 0.49 
I:10 o-50 048 
1:lOO 0.50 0.48 

TABLE Iv.-SBPARA~ON OF GALLJUM FROM ALUMINIVM 

IN 7*0M HCI 

Ratio of 
Ga:Al 

Gallium 

Taken, mg Found, nig 

1:l 2.50 2.45 
1:lO 0.50 049 
1:lOO 0.50 O-48 
1:l 2.50 250 
1:lO o-50 O-50 
1:lOO 0.50 049 

TABLE V.Y%PARATION OP INDIUM FROM ALUMINIUM 

IN 5*OM Hl3r 

Ratio of 
lll:Al 

Indium 

Taken, mg Found, mg 

1:lO 100 l-03 
1:lOO 100 O-98 
1:l 
1:lO ::z 

O-99 
1.96 

1:lOO 100 094 
1:l 100 094 

Extraction of aiuminium by Adogen-364 in all the systems mentioned is negligible 
over the concentration range studied. 

SEPARATION OF GALLIUM, INDIUM AND ALUMINIUM 

The extraction results show that it is possible to separate indium and gallium from 
both 2M hydrobromic acid and 1.5M hydriodic acid; gallium and ahuninium from 
both 7.OM hydrochloric acid and 6.5M hydrobromic acid; indium and aluminium 
from both 5M hydrobromic acid and 2M hydriodic acid. 

The separation of the three elements from each other could be achieved by the 
extraction of indium from 1.5M hydriodic acid followed by the extraction of gallium 
from 7M hydrochloric acid. 

Synthetic mixtures of the metal salts were prepared and the suitable acidity of the 
aqueous phase for the extraction of one component was established by the addition 
of the corresponding acid. The aqueous phase was shaken twice, each time for 2 min, 
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TABLE VI.-SEPARATION OF INDIUM FROM ALUMINIUM 
IN 2.0M HI 

Ratio of 
Ill:Al 

Indium 

Taken, mg Found, mg 

1:lO 1.00 0.97 
1:100 I.00 1.02 
1:l 2.02 2.02 
1:lO 1.00 0.98 
1:100 100 O-98 
1:l 2.00 1.96 

with an equal volume of 1 yO v/v amine solution in toluene. For the separation of 
gallium from aluminium in hydrobromic acid medium, 5 % v/v amine solution in 
toluene was used. Results of the separations are listed in Tables I-VI. Every element 
separated was tested spectroscopically for the presence of other cations. 

Determination of gallium and indium after separation was carried out spectro- 
photometrically by means of the reagents mentioned above. 

Acknowle&ement-The authors are grateful to Professor H. Khalifa, Cairo University, for his 
interest in the work, and for his continuous help and advice. 

Zusammenfassung-Adogen-364 ist zur Ausscheidung von Gallium(III) 
und Indium(III) aus Halogen S%urelBsungen benutzt worden und die 
Abhiingigkeit von Chlorid, Bromid und Jodid-Ionen bei der Auss- 
cheidung wurde studiert. Ein Bericht iiber die Trennung von Ga(III), 
In(III) und Al(III) wird gegeben und einige Schliisse wurden iiber die 
StGchiometrie der ausgeschiedenen Arten getroffen. 

R&sum&On a utilid l’Adogen-364 pour l’extraction du gallium(II1) 
et de l’indium(II1) B partir de solutions d’hydracides, et l’on a Ctudi6 la 
dendance de l’extraction par rapport B la concentration en ion 
chlorure, bromure et iodure. On rapporte la s6paration de Ga(III), 
In(II1) et Al(II1) et l’on tire quelques conclusions sur la stoechiomttrie 
de l’esp&ce extraite. 
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FOR THE DETERMINATION OF SILICON* 
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(Received 24 May 1969. Accepted 25 August 1969) 

Summary-A versatile spectrophotometric method is described for the 
determination of microgram levels of silicon, as molybdenum blue. It 
combines the desirable features of existing spectrophotometric methods 
with three pretreatment procedures, namely (a) the removal of cations 
with a cation-exchange resin in the H+-form, (b) the conversion of all 
silicon species into the reactive monomer with an alkaline treatment, 
and (c) the decomposition of silicon fluoride with boric acid in the 
presence of cation-exchange resin. These pretreatments coupled with 
the colour development provide five procedures which are applicable 
to a wide variety of samples including natural and industrial waters and 
solutions of various nuclear reactor fuels and components. Provisions 
are included for the selective determination of total silicon. 

MICROGRAM amounts of silicon are usually determined by the familiar molybdenum 
blue calorimetric method. Many variations of this methodI were investigated in an 
attempt to establish a reliable, sensitive spectrophotometric method for silicon with 
sufficient versatility for application to a wide diversity of samples. All the methods 
investigated, though sufficiently sensitive, had several shortcomings, foremost of 
which was the low tolerance for diverse ions, especially common anions. To cir- 
cumvent this major defect, most of the methods were oriented to specific analytical 
problems and used with close control of sample preparation and with calibration 
under the same conditions as the samples. 

The desirable features of these molybdenum blue procedures have now been 
combined with three simple pretreatments (see Table I) to provide a truly versatile 
spectrophotometric method that is free from the limitations mentioned. The 
pretreatments are (a) conversion of non-reactive silicon species into the reactive 
monomer with hot sodium hydroxide solution, (b) removal of cations and excess of 
sodium hydroxide with cation-exchange resin, and (c) complexation of fluoride with 
boric acid. The basic molybdenum blue method is used alone and in various com- 
binations with these three pretreatments to give five separate procedures. The pro- 
posed method has high tolerance for diverse ions and is applicable to a wide variety of 
samples including natural and industrial waters, and solutions of various nuclear fuels 
and components. Provisions are made for the selective determination of the sum of 
the reactive monosilicic and disilicic acids and for the determination of total silicon. 

Apparatus 
EXPERIMENTAL 

Because of the limited but non-negligible solubility of silica in water, especially that which is 
alkaline, plastic ware was used wherever possible in treatment of samples and to store reagents_ 
Most of the items recommended are commercially available. For filtration, 0.45-pm membrane 

* Presented at the 24th Northwest Regional Meeting of the American Chemical Society in Salt Lake 
City, Utah, 12-13 June 1969. Work done under Contract AT(lO-H-1230 Idaho Operations 
Office, U.S. Atomic Energy Commission. 
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filters were supported on a 2%mm Millipore filter holder used in conjunction with a Fisher filtrator. 
The base of the filter holder was extended to a total length of 180 mm with 6-mm tubing to permit 
direct tiltration into a beaker or a 50-ml polyethylene bottle. 

Reagents 

Silicon-free ammonia solution, -6M. Expose distilled water to twice its volume of cont. ammonia 
solution in a sealed polyethylene bag for 12-24 hr, stirring the water constantly by magnetic stirring 
during the equilibration. 

Procedure 

TABLE I.-APPLICABILITY OF THE VARIOUS PROCEDURES 

Applicability Diverse ion effect * 

I. 

II. 

III. 

IY. 

Molybdenum blue procedure. Determi- 
nation of reactive silicon in aqueous 
solution devoid of fluoride. Samples 
containing much Cu(II) must be analysed by 
procedure III. Samples containing Fe are 
conveniently analysed by procedure III. 

Alkaline pretreatment followed by molyb- 
denum blue procedure. Determination of 
total silicon in low-salt aqueous solutions 
devoid of fluoride. Samples containing 
much CL@) must be analysed by procedure 
IV. 

Cation-exchanae resin treatment followed 
by molybde&n blue procedure. 
mination of the sum of reactive 
in aqueous metal salt solutions 
of fluoride. 

Deter- 

devoid 

Cation-exchange resin treatment followed 
by alkaline treatment followed by molyb- 
denum blue procedure. Determination of 
total soluble silicon in aqueous metal salt 
solutions devoid of fluoride. 

,V. Cationexchange resin-boric acid treatment 
followed by molybdenum blue procedure. 
Determination of total silicon in metal salt 
solutions containing fluoride. 

The tolerance levels, expressed as diverse ion to 
silicon molar ratio, are at least 950 for Al; at 
least 185 for Co, Cr(III, VI), Fe?, lanthanides~, 
Mn, Ni, and Zn; 25 for As(V), Hg, Sn(IV), 
U(VI), and V(V). Copper0 absorbs at 810 nm, 
hence its tolerance ratio is only 20. Tin(B) imme- 
diately reduces the molybdate and must be 
absent. The alkaline earths require the use 
of HNOI instead of HtSO, for pH adjustment. 
Un to 10 mmole of Cl-. ClO,-. NO.-. and 
S@-, and 0.005 mmole ofphosphate persample 
aliquot do not interfere. Citrate, fluoride, 
oxalate, and tartrate must be absent. 

Anions same as procedure I. Cations which 
form insoluble hydroxides must be absent. Use 
procedure IV for samples containing cations that 
form insoluble hydroxides. 

Anion tolerance same as for procedure I. 
Metals, except those in the form of anionic 
complexes, are removed by the cation-exchanger; 
e.g., 2 mmole of Al, 1.5 mmole of equimolar Fe, 
Cr, Ni mixture, 0.8 mmole of U, and O-5 mmole 
of Bi are removed sufllciently to permit appli- 
cation of the alkaline treatment. The tolerance 
for metals that form anionic complexes is the 
same as for procedure I. 

As for procedure III. 

Except for those that exist as stable anionic 
complexes, cations are removed by the resin. 
This nrocedure has been applied successfully to 
fluoride solutions of “Zircaloy” and to mixtures 
of Al-U and Zr-U fuel solutions. Niobium at 10 
and Sn(IV) and Ti at 25 molar ratio to silicon do 
not interfere. At least 5 mmole of fluoride can be 
present in the sample aliquot without adverse 
effect. 

l Based on diverse ion studies at a silicon level of 30 pg (1 pmole) The interference level was 
established on the basis of a t-test at the 95 % confidence level. 

t p;se the molybdenum blue colour is slow to form, the minimum colour development time is 

$ Lanthanide oxalates are insoluble, so the sample solution must be centrifuged or filtered. 
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Ammonium mofybubte reagent. Dissolve 50 g of ammonium heptamolybdate tetrahydrate in 
water, filter the solution through a 0.4%pm membrane filter, then dilute the solution to 500 ml. 

Uxxdic acid-urtaric acid complexing reagent, 0*75&f in each component. 
Redwing apt. Dissolve 27 g of sodium hydrogen sulphite, 2 g of sodium hydroxide, and O-50 g 

of 1-amino-2-nanhthol4suibhonic acid in 225 ml of water. filter. and dilute to 250 ml. 
Cation-exch&er. Dow& SOW-X8 (or equivalent), 5&O-‘mesh, in the H+-form. The resin 

must be washed with 6M hydrochloric acid and then with water, then stored without water in a 
plastic container. 

Silicon stock solution, ~$JOO mglml. Fuse 053.50 g of pure silica with 2 g of sodium carbonate in a 
platinum crucible, cool, dissolve the melt and dilute to 250 ml with water containing @4% sodium 
hydroxide. Prepare working standards from the stock solution by dilution with the same sodium 
hydroxide solution. 

Procedures 

The basic molybdenum blue method for the determination of silicon is used alone or in various 
combinations with sodium hydroxide, cation-exchange resin, and boric acid pretreatment5 to provide 
five procedures for different types of samples and different determinations (Table I). In all cases, two 
appropriate standards and a blank are processed s~ultaneously and the results for the samples are 
calculated by comparison with the standards. 

Procedure I. Place a sample aliquot of 75 ml or less, containing 5-100 pg of reactive silicon, into a 
lOO-ml polyethylene beaker. Adjust the pH to 1-l Z!Z @l with 6N sulphuric or nitric acid, then add 
10 ml of ammonium molybdate reagent. Adjust the pH to 1.3 f 0.1 with either 6N sulphuric acid or 
ammonia, and let stand for 10 min. Add IO ml of the complexing reagent, mix, and after 30 set but 
within 1 min of the addition of complexer, add 2 ml of the reducing solution. Wait 20 rnin for colour 
development, then dilute the solution to 1OOml with water in a volumetric flask. Measure the 
absorbance against water at 815 nm finfrared source and detector) or at 795 nm (visible source and 
detector) in lO- or %-mm cells. 

Procedure II. Place a sample aliquot of 50 ml or less, containing 5-100 pg of silicon, into a 50-ml 
polyethylene bottle. Add 2 drops of phenolphthalein indicator, then SO% sodium hydroxide solution 
until the solution turns pink, plus an additional 5 drops. Heat in a boiling water-bath for 20 min and 
chill to room temperature. Add H+-form cationexchange resin until the solution is neutral, theti 
add approximately 5 ml more. Filter the sample through a @45-pm membrane filter and collect 
the filtrate and water rinses in a 100-r& polyethylene beaker. Continue-with the determination as 
in Procedure I. If much precipitate appears when the sample is made basic, the results will be low 
and the sample should be analysed by Procedure IV. 

Procedure ZIZ. Add approximately 10 ml of II*-form cation-exchange resin to a 50-ml polyethylene 
.beaker. Transfer a sample aliquot of 25 ml or less, containing 5-100 pg of reactive’ silicon, onto the 
resin and mix. Filter the solution through a 0*45-,um membrane filter and collect the filtrate and 
water rinses in a loo-ml polyethylene beaker. Continue with the determination as in Procedure I. 

Procedure ZK Carry the sample through the cation-exchange resin treatment and the alkaline 
treatment as in Procedures III and II and finish by Procedure I. As there is a filtration before the 
alkaline treatment, particulate silicon is not determined. 

Procedure V. Add approximately 10 ml of H+-form cation-exchange resin to a 50-ml polyethylene 
beaker. Transfer a sample aliquot of 5 ml or less, containing 5-100 pg of silicon, onto the resin and 
mix. Add 40 ml of saturated boric solution, mix, and let stand for 30 min with intermittent mixing. 
Filter the sample through a O-45-pm membrane filter and collect the filtrate and water washes (which 
must not exceed 70 ml) in a lOO-ml polyethylene beaker. Conclude the determination by Procedure I. 
In fluoride medium, silicon generally exists only as the fluoride-complexed monomer so only total 
silicon is deter~able. 

RESULTS AND DISCUSSION 

The widely used molybdenum blue procedure for the determination of silicon 
involves initial formation of the yellow silicomolybdic acid complex, reduction of the 
yellow complex to the more sensitive molybdenum blue compIex, and spectrophoto- 
metric measurement of the blue colour. The existing molybdenum blue methods have 
these three basic steps in common but vary in the specific conditions used to develop 
and measure the molybdenum blue species. For example, various pH values and 
molybdenum reagents have been recommended for the formation of the silica- 
molybdate complex, various organic complexing reagents have been suggested for 
masking the excess of molybdate and destroying extraneous molybdate complexes, 
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and many reducing reagents have been used to produce the blue complex. The 
measurement of the blue complex has been made at several different wavelengths. 

The many variations in the colour development phase of the method were studied 
and evaluated. A discussion of the pertinent variables, pH, reagents, and measure- 
ment of the blue complex follows. 

Formation of silicomolybdate 

The critical variables in the formation of the silicomolybdic acid complex are the 
chemical state of the silicon, the pH, the quantity and composition of the molybdate 
reagent, and the presence of anions. 

In an aqueous medium, silicon exists as monosilicic acid, disilicic acid, a variety 
of higher polysilicic acids, and silica. One or any combination of these species may be 
present, depending on such factors as temperature, pressure, pH, and the presence of 
various electrolytes. 

Monosilicic acid and disilic acid are reported to react quantitatively with ammo- 
nium molybdate in 75 set and 10 min, respectively. ’ Polysilicic acids and silica react 
slowly or not at all and must be converted into the reactive monomer if they are to be 
determined. The conversion can be accomplished by reaction with hydrofluoric acid, 
by a basic fusion, or by reaction with a hot sodium hydroxide solution. The de- 
composition in a hot alkaline solution at pH 12-13 is employed in this method. In 
solutions containing fluoride, the silicon exists predominantly as a fluorosilicate 
which yields the reactive monomer upon reaction with boric acid, so no conversion is 
deemed necessary. 

The optimum pH for the reaction of monosilicic acid and molybdate has been 
reported as 1*2-1*3,8 1~6~ and 1.6-2.0. lo Based on a pH study over the range 14-2-0, a 
pH of 1.3 f. O-1 is recommended, corresponding to formation of cr-silicomolybdic 
acid.ll The simplest method of achieving these conditions is to add the ammonium 
molybdate solution to a sample acidified to pH 1-l f 0.1. If the pH is too high, 
colour formation is incomplete. 

Previous investigators have recommended different amounts of ammonium 
molybdate in the form of a water solution or a sulphuric acid solution. All variations 
gave satisfactory production of the yellow silicomolybdateinlow-salt media; however, 
without exception, the suggested conditions did not provide adequate tolerance for 
the common anions chloride, nitrate, perchlorate, and sulphate. These ions could be 
tolerated in quantities only up to about 2 mmole, above which serious negative 
interference is observed. A much more practical tolerance of about 10 mmole 
is obtained by using a water solution of molybdate and maintaining the molyb- 
date at O-85 mmole per test sample. At this molybdate level, phosphomolybdate resists 
dissociation by oxalic acid ,and tartaric acid; however, if the amount of oxalic and 
tartaric acids added is increased to 7.5 mmole of each, satisfactory results are ob- 
tained. 

Complex&on of excess of molybdate and destruction of extraneous molybdate 
complexes 

After the silicomolybdic acid has been formed, an organic complexing reagent is 
introduced to mask residual molybdate and destroy other molybdate complexes. A 
Oe75Moxalic acid475M tartaric acid complexing solution is used in this method. 
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The complexer also slowly breaks up the silicomolybdic acid complex so the interval 
between the addition of the complexing solution and the addition of the reducing 
reagent must be kept between 30 and 60 sec. The absorbance of the sample decreases 
at the rate of ONI5/min. The complexing reagent and the reducing solution may not 
be added simultaneously because complete dissociation of the phosphomolybdate 
complex is then not attained. 

Reduction of silicomolybdate to molybdenum blue 

Chlorostannous acid, iron ammonium sulphate, sodium sulphite, and various 
mixtures of sodium sulphite, sodium bisulphite, and I-amino-2-naphthol4sulphonic 
acid have been used to reduce silicomolybdate to the molybdenum blue complex.1*2 
The last of these, prepared according to Banks and Carlson,s was confirmed to be the 
most reliable from the standpoint of stability of the reduced species, stability of 
the reducing solution (shelf life is at least one month), and colour reproducibility. 
Quantitative colour development is obtained in 20 min and the colour is stable for at 
least 16 hr. 

Under the recommended colour development conditions, the absorbance spectrum 
of the molybdenum blue complex has a maximum at 815 nm with an infrared source 
and detector and 795 nm with a visible source and detector. Best results are obtained 
with the infrared source and detector. 

TABLE II.--RESULTS OF THB ANALYSIS OF SILICON STANDARDS AND DIFFERENT TYPES OF 
SYNTHETIC SAMPLES BY THE VARIOUS PROCEDURES 

Procedure 
Salt or 

matrix added Amount Recovery*, % 

I None 
Various metal salts 

individually (See Table I) 
II None 

III None 
7:2: 1 Fe-G-Ni 

mixture as nitrates 
IV None 

RiW% 
CWWP 
H&NC,), 

7:2: 1 Fe-Cr-Ni 
mixture as nitrates 

0*4M S&II-2M HCl 
V O*OlM KNb0,4*6M HF 

@OS M SnC1,4*6M HF 

0.02M Ti(IV) in 
HF-HNOI 

2*OM Al(NO,),-O~014M 
UO,(NO,),-O~4M ZrF,- 

3M HF 

- 
0.2 mmole 

- 
- 

1.5 mmole total 

- 99.9 + 1.2 (2) 
O-5 mmole 98.0 
1-O mmole 99.5 
0.5 mmole 98.0 
1.5 mmole total 101.7 

1.0 ml 
1.0 ml 
0.25 ml 
1.0 ml 
1-O ml 

1.0 ml 

91.0$ 
loo*5 
100.0 
91.0$ 
99.5 

99.5 f 0.9 (5) 

100.0 & 1.2 (19) 
99.9 rt 1.2 

98.3 * 0.4 (4)t 
100.8 f 1.0 (4) 
100*6 f @6 (4) 

* The recoveries are quoted relative to the average silicon recovery in procedure I for pure 
silicon standards, with the associated standard deviation (number of renlicates given in 
brackets). The silicon level was 30-40 ,LJ~ throughout. 

I v 

t The silicon was initially converted into a non-reactive form by evaporation with nitric acid. 
$ In chloride or fluoride media, the anionic Sn(IV) complexes are not completely removed by the 

resin. Residual Sn(IV) precipitates molybdate. 
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Use of cation-exchange resin to circumvent diverse ion e$ects 
In an overall silicon method that includes alkaline conversion of inert silicon 

into reactive silicon, colour development and measurement, metal ions affect the 
determination in many ways. They may precipitate as the hydroxide, molybdate, 
oxalate, or other salts during colour development. They may prevent complete con- 
version of inert silicon species into the determinable monosilicate by precipitating at 
high pH and occluding silicon. They may, like copper, absorb at the working wave- 
length. Finally they may consume reductant. Cation-exchange resin in the H’-form 
can be used effectively to avoid most, if not all, of these undesirable side-effects. 
The cation-exchange resin is also used to neutralize the sodium hydroxide introduced 
in the alkaline conversion treatment. This practice keeps the introduction of anions 
to a minimum. In many laboratories, including this one, highly radioactive samples 
must often be analysed. Use of the resin enables sufficient reduction of the activity 
level to permit removal of the sample from the shielding facility. 

Eflects of diverse ions; method reliability 
The effects of diverse ions on the various procedures and the applicability of the 

various schemes to different types of samples have been studied. Table I summarizes 
the effects of diverse ions and Table II lists the results for silicon standards processed 
by the various schemes. Some of the standards were mixed with metal salts or 
acid-metal salt matrices known to be troublesome. It can readily be seen that the 
three pretreatments have little effect on the recovery of silicon and that each procedure 
produces highly satisfactory results within its limitations. 

Based on results collected over a 2-month period, the attainable precision at the 
30-40~pg silicon level is 1.25 % relative standard deviation. 

ZnsammenfassnnR-Ein vielseitiges spektrophotometrisches Verfahren 
zur Bestimmung von Silicium im Mikrogrammbereich als Molyb- 
dlinblau wird beschrieben. Es verbindet die Vorteile bekannter 
spektrophotometrischer Verfahren mit drei Vorschriften zur Vor- 
behandhmg: (a) der Entfermmg von Kationen mit einem Kationen- 
austauschharz in der Hf-Form; (b) der oberftihrung aller Silicium- 
Spezies durch Alkalibehandlung in das reaktionsfiihige Monomere; 
(c) die Zersetzung von Siliciumfluorid mit BorsIure in Gegenwart von 
Kationenaustauschharz. Diese Vorstufen ergeben zusammen mit der 
Farbentwicklung fiinf Verfahren, die auf viele verschiedenartige Proben 
anwendbar sind, darunter nattirliche und industrielle Wbser und 
Losungen verschiedener Kemreaktorbrennstoffe und-bestandteile. Die 
selektive Bestimmung von Gesamtsilicium ist berticksichtigt. 

RBsnra6-On decrit une methode spectrophotometrique polyvalente 
pour le dosage du silicium a des teneurs de l’ordre du microgramme, en 
tant que bleu de molybdene. Elle combine les caracteres desirables de 
methodes spectrophotometriques existantes avec trois techniques de 
pretraitement, nommement (a) l’blimination des cations avec une 
r&sine Bchangeuse de cations sous la forme H+, (b) la conversion de 
toutes les especes du silicium en le monomere reactif par un traitement 
alcalin, et (c) la decomposition du Ruorure de silicium par l’acide 
borique en la presence dune r&sine 6changeuse de cations. Ces 
pretraitements associes avec le developpement de la coloration 
fournissent cinq techniques qui sont applicables a une large variete 
d’echantillons comprenant l’eau naturelle et industrielle et des solutions 
de divers combustibles et constituants de reacteurs nucltaires. On 
inclut des dispositions particulieres pour la determination s&ctive du 
silicium total. 
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Summary-A method is described for the estimation of a systematic 
titration error which is introduced by linear extrapolation of hyperbolic 
titration curves in amperometric, photometric, and other instrumental 
titrations. It is assumed that the titration is based upon a single-step 
ion-association reaction mA + nB P A,,,B, and that the measured 
physical property falls within known minimum and maximum values. 
The procedure is suitable for end-point determination, even when the 
titration curves have extensive curvature, and for predicting the choice 
of optimum experimental conditions for a given titration. 

IN MANY instrumental titrations, such as conductometric, amperometric, spectro- 
photometric, thermometric, and other titrations, the measured physical property 
represents a summation of partial contributions which are directly proportional to 
molar concentrations of the individual species involved in the equilibrium. The 
appropriate proportionality constants can be defined according to the method under 
consideration (see e.g., ref. 1). Usually, their values depend upon the experimental 
conditions employed and may even be zero. In all these titrations hyperbolic titration 
curves are obtained with linear segments on both sides of a more or less pronounced 
bend in the vicinity of the equivalence point. The linear segments of the curve are 
extrapolated and the point of intersection is taken to be both the end-point and the 
equivalence point. 

Such graphical end-point extrapolation presents no problem if the curvature 
around the equivalence point is insignificant and the linear segments are long enough. 
In practice, however, titration curves with extensive curvatures are fairly common. 
Tyrrell,s for example, presented a family of thermometric titration curves discussing 
the necessary criteria to obtain a sharp end-point. Usually, (Figs. 1 and 2) the ex- 
trapolated end-point deviates considerably from the true equivalence point. Thus, 
systematic titration errors may occur, their magnitude depending upon the concen- 
tration of the substance to be determined and upon the completeness of the reaction. 

Most of the discussion of the problems of end-point extrapolation has been 
limited to the simple ion-combination reaction 

A+B+AB 

Langer and Stevenson3 advocated two procedures for the end-point evaluation, using 

3 151 
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chords of the hyperbola. The first is based on the fact that if one asymptote to the 
titration curve is known, the second can easily be constructed by means of the theorem 
saying that on any chord the parts between the hyperbola and the two asymptotes are 
of equal length. The second procedure is based on the theorem that the bisector of 
any pair of parallel chords of the hyperbola goes through the intersection point of the 
asymptotes. Thus, the end-point of a hyperbolic titration curve is found as the point 
of intersection of the bisectors of two different pairs of parallel chords. Grunwald* 
has used a method of end-point calculation based on the curvature of the titration 
curve. If the mathematical expression of the titration curve is known, the equivalence 
point can be calculated as an intersection point of two secants. One of them is drawn 
across the curvature before the equivalence point, the second is given by a pair of 
points beyond the equivalence point. Again, one point is chosen, the other is cal- 
culated. This procedure may be easily applied only if the equilibrium is of a simple 
type. An easy but approximate way of systematic error estimation in photometric 
titrations based on the formation of a simple complex AB is given in the monograph 
by Ringbom,s and the expression derived by him is discussed below [cf. equation (lo)]. 
The problem of the end-point evaluation when one of the asymptotesis known has been 
solved by Khadeev. 6 The estimation of the amperometric titration error has been 
studied by Gordienko and co-workers’ for cases where one of the equilibrium species is 
not involved in the electrode reaction. KlaP has examined the titration curve and the 
end-point evaluation in radiometric precipitation titrations in which one of the ions 
forming the precipitate is labelled. He has also treated the problem of the systematic 
errorslO in these titrations. 

Less attention has been paid to the titration curves for a general case of reaction 

mA+nB+&B, 

despite the known fact that the linear extrapolation of such a curve is subject to 
greater systematic errors. Brinkman has given expressions for the estimation of this 
error, but we have been unable to discover a full explanation of their derivation or 
value.11 A rigorous investigation of the conditions required for the existence of 
extrema on titration curves and their locations was undertaken by Goldman and 
Meites.l They considered the general ion-combination reaction in which the product 
did not make any contribution to the physical property measured. The practical 
application of their expressions involves a detailed knowledge of the equilibrium 
itself and of the individual proportionality constants. A general equation of the 
amperometric precipitation curve for the above-mentioned equilibrium was also 
derived by Mar’yanov, l2 who also discussed the conditions for the existence of an 
extremum. KlaP evaluated a correction of the consumption of titrant in relation to 
the solubility of a precipitate LB, in a radiometric titration. 

The present paper deals with the problem of systematic errors arising in linear 
extrapolations of titration curves with considerable curvature. It is supposed that 
the titration is based on a one-step reaction and that the measured property is directly 
proportional to the concentration of the product A,B, and reaches a limiting constant 
value beyond the equivalence point, so that the position of the horizontal asymptote 
parallel to the abscissa is known. These conditions are often encountered in practice 
and the treatment permits easy end-point evaluation, even if the titration curve has 
pronounced curvature. 
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Derivations of equations 

Consider the case of a titrimetric determination of a substance A with a standard 
solution of substance B in which the product A,B, is formed, essentially in one step. 
It is supposed that equilibrium is attained after each addition of the titrant, and is 
characterized by a formation constant 

(1) 

which is usually the conditional (effective) stability constant. 
The equations for the analytical concentrations of the constituents A and B are 

CA = CA1 + m[&,&l (2) 
cB = [B] + ?2[A,B,] = acA (3) 

the parameter a (equivalent fraction) representing the ratio of the added titrant to the 
total amount of the substance A being titrated. To obtain the equation expressing 
the dependence of the measured equilibrium concentration of the product A,,,B,, 
terms from equations (2) and (3) are substituted into (1): 

Gn = 
k&J 

@A - d%,BnI)m(~CA - d&&i)" * 
(4) 

This rearranges to give 

@, h,&I) = &dcA - d%,&J)m( acA - ?z[&,B~])~ - [A,&&] = o (5) 

The derivative of this function forms the basis of a general equation of the tangent 
to the curve [A,B,] = f(u) with the variables X and Y 

X{~CAK,,(CA - m[f&$,])“(UCA - FZ[A~B~])‘“-“) - Y{&,(c, - m[A,B,])(“‘-l) 

X (UcA - n[A,,,B,])(n-l) [ma(acA - n[A,,,B,]) + n2(cA - m[A,B,]) + l] (6) 
$ mKm,cA(UcA - PZ[A~B,])~(CA - m[A,B,])(m-l) - (m f n - l)[A,B,] = 0. 

Of more interest is an expression for the intersection of a given extrapolation 
tangent with the abscissa, Y = cJm. This straight line corresponds to the limiting 
value for the measured physical quantity, if the substance A is quantitatively converted 
into the complex A,B,. Substitution for Y and for the parameter a from equation 
(4), gives 

X=l+CA+m(m+n-lI)[A~B,In I L%,,hJ 
m mnCAIAmBnI \ L,(cA - mLLBdm ’ (7) 

It is convenient to introduce a new variable, i.e., the distribution coefficient 6,, = 
m[A,B,]/ca, which represents the relative amount of the substance A bound into 
the complex, or the relative part of the maximum change in the physical quantity to be 
measured during the titration. Then equation (7) may be rewritten 

x2+ 1 + (m + n - l)d,, 
m nbn ( d,, l/n 

m(l - LP 1 (&nC*(~+~-l))-l/~ (8) 

or 

x = ; + fmn(&$~++l))-l~~ = ; + Aha. 
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Thus, the deviation from the equivalence point X = n/m is obtained as a product of 
the function fmn and a constant which involves the value of the stability constant 
K&, and the rrnafytkal con~ntra~on of the substance A to be titrated. 

Systematic error in linear mtrapolations of hyperbolic tiiratiion curves 

To show the significance of the deviations which are inherent in the common 
procedure of extending the linear segments of the titration curve plot, values of c& 
and K&@ were chosen so that the curvatures of the theoretical curves Figs 1 and 2 
were pronounced_ The titration curve in Fig. 1 is calculated for the formation of AB, 
(m=n= 1) and it is seen that the linear branch extends as far as a,, = 0.4. If this 
segment is used to extrapolate the end-point, a deviation (Aa),., = 0.15 results. 
When the tangent is drawn from a point in the middle of the maximum attainable 
change, the deviation (Aa& = O-30 is obtained which, in its turn, represents a 
positive 30 % systema~~ error. 

FIG. I.-Dependence of distribution facto; upon the equivalent fraction for the for- 
mation of compkex AB; &,ca = IO. 

to 

8 I2 

a I 2 3 

FIO, L-Dependence of the distribution:wtor upon the equivalent fraction for the 
formation of complex A&; cAdI& = 10. 

Figure 2 shows the shape of the curve calculated for the formation uf the AB,, 
(m= l,n= 2). It is linear up to 6,s =;: 0.6. The extrapolation of the tangent at 
6,, = 083 intersects the horizontally extrapolated straight line at the point where the 
deviation from the equivalence point is (Aa)e.s = 0.175. If the part about 6,s = O-9 
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is used for extrapolation, a serious deviation results [(ha&g = O-471. Thus, the extent 
of the systematic deviation increases, as the point used to draw the extrapolation 
tangent approaches the equivalence point. The general equation (8) allows the 
theoretical evaluation of the systematic error, if the type of the titration product and 
the values of the parameters a,,, K,,,, and CA are known. 

The expressions log fm,, for individual types of titration products are summarized 
in Table I. To evaluate the extent of the end-point deviation for the more important 
types of titration products, the numerical values of the correction function fmn given 
in Table II might be found useful. 

TARLK &---EXPRESSIONS OF THE CORRECTION FACTOR FOR 
THE MORE IMPORTANT TYPBS OF TITRATION PRODUCTS 

AB log (1 + S11) - log (I - a,3 
A%? log (1 -k 2613 - 3 log (1 - S,,) - 

- &log611 - log2 
A-h log (1 -I- 4S14) - & log (1 - L) - 

- f log I&* - log 4 
AI% log (1 + f&3 - * log (1 - S,s) - 

- Q log 6,, - log 6 
A,B log (1 + 26,*) - 2 log (1 - s,3 - log 2 

TABLE II.-VAJAJES OF THE CDRRECI'ION FAVOR fmn FOR VARIOUS 
TYPES OF TITRATION PRODUCTS 

TYPe 
AB ma Ah 

6 em8 fix fle fib 

O-05 1.105 2.524 2.875 
O-10 1,222 2mo 2021 
0.20 1CXN l-750 1.591 
0.30 I*851 l-746 1.483 
0.40 2333 1.837 l-468 
0.50 2aOO l-500 
O-60 ;:g 224.5 l-568 
o-70 5-667 2-619 l-677 
O-80 9*m 3.250 1.856 
090 19.00 4.667 2.213 
0.95 39ao 6.653 2640 

2.653 O-609 
1.849 0,741 
1.455 1.094 
1.351 1.633 
1.324 2.500 
x.333 4aOO 
1.367 6.875 
l-426 13.33 
1.523 32.50 
1.709 140.0 
1.922 580.0 

In Fig. 3 there is a quite interesting dependence of the correction function values 
upon the position of the tangen~al point for individual types of the titration product 
A,B,. Apparently, the greater the ratio B:A, the greater the range of the linear 
part of the titration curve. The extrapolation tangents merge with the linear segment 
of the titration curve and the systematic error due to the extrapolated end-point 
remains constant up to the value of a,,, where the bend of the curve begins to occur. 
In the range of S,, from O-2 to O-4 the values of the function fmn are fairly close 
within the range 1.1 to 1.80. Thus, in many cases an average value of fmn may be used 
irrespective of the type of the complex. 

Even in the case when the initial part of the curve (6,, approaching zero) is used 
to extrapolate the end-point, the evaluated consumption of the titrant does not 
correspond to the theoretical value. With the complex AB, for example, it is higher 
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f mn 

FIG. 3.-Dependence of correction factor fm,, upon the values of distribution factors 
for various types of titration products: (1) AB; (2) ABI; (3) ABs; (4) A.&; (5) A&; 

(6) A&. 

by the value l/&ca). This systematic error becomes negligible only with low values 
of the term (Kmn~b(na+n-l))-lln, and depends thus upon the stability of the titration 
product. 

The relative error, which is due to linear extrapolation of the end-point, can be 
readily expressed from equation (9) 

Error, % = Aa: 100 (10) 

If equation (10) is evaluated for the case of the complex AB, the solution obtained 
resembles the expression which was derived by Ringbom [c$ equation (34) in his 
monograph51 by another approach. 

Equation (10) can also be taken as a relationship between a permissible relative 
error in the titration of the substance A, the stability constant and the position of the 
extrapolation straight line on the titration curve being given by the value of the 
correction term fmn 

log Aa t = log% + log fmn - 
m+n-1 

log c* - ; log K,,. (11) n 

The numerical values for the last two terms in equation (11) are given in Table III 
on the suppositions that the part of the curve at 6,, = O-2 is taken for the end-point 
extrapolation and that an accuracy of 0.1% is required. If the concentration of the 
substance to be titrated is known (e.g., lOAM), the minimum value of log Km, 
necessary to achieve the required level of accuracy can be obtained. 

End-point evaluation by the method of fan-traced tangents 

To apply the proposed procedure for end-point evaluation, the stoichiometry of 
the titration product and the position of the horizontal asymptote corresponding 
to the maximum attainable value of the measured physical quantity must be known. 
As shown in Fig. 4, the tangents are laid off from the points chosen on a plot of the 
experimental titration curve, for instance at 8,, equal to 0.2, 0.4, O-6 and 0.8. 
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TABLE III.-PERMISSIBLE VALUES OF SOME PARAMETERS FOR A SUPPOSED @lx RELATNE ERROR AND 

USINO THE TANGENTIAL POINT AT a,,,, = @2 

log 4nn 6.8 14.1 21.7 29.6 37.6 45.7 10.7 

mfn-1 n 
log c, + ; log K,,,, 2.82 3.06 3.25 3.40 3.52 3.63 2.66 

05 

04 

A 

03 

02 0 

II 11 11 1 "'I 
0 50 loop1 

I I I I I I 
0 5 IO 

MIcrometer readmg 

FIG. 4.-End-point evaluation by the method of fan-traced tangents. 

The relative values of the distribution coefficient, 6, are evaluated either arith- 
metically or geometrically. A convenient method is to circumscribe a circle of 
convenient radius (e.g., 100 mm) from the beginning of the curve. A line is drawn 
from the centre of this circle to the intersection point with the horizontal asymptote 
and this serves as a scale to draw a system of lines parallel to the abscissa, which cut 
the ordinate at suitable values of 6. 

General methods for tangent construction to plane curves are known, but they 
are rather complicated. Any simple method may be used and if the titration curve is 
fairly symmetrical in the vicinity of the tangential point, the secant cutting equal parts 
of the curve on both sides of the point is suitable for orientation of the tangent. If the 
tangent is led through a longer linear segment of the titration curve, the tangential 
point is identified with the middle of this section. 

Further, the intersects of the individual tangents with the upper asymptote are 
evaluated. Since the consumption of the titrant is directly proportional to the values 
of a, equation (9) can be used to evaluate the distance between the two intersection 
points : 

v, - va = kCfo - fd). (12) 

The values of the correction factors are read from Table II. The systematic deviation 
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is calculated by multiplying the constant k by the relevant correction factor, e.g., 

Au, = kfc. (13) 

The proposed procedure would be applicable even in case of an unknown com- 
position of the titration product. Since the ratio of the differences in subsequently 
evaluated volumes is equal to the ratio of differences in corresponding correction 
factors, we obtain, for instance, 

03 - Vl f3 - fi 
Uel=fi-- (14) 

Then the stoichiometry of the titration product could be solved by comparing the 
tabulated values. However, this approach can hardly yield unambiguous information 
since the volume differences are to a great extent influenced by inaccurate construction 
of the tangents. 

EXPERIMENTAL 

An aliquot of an ethanolic solution containing 57.8 ,ug of commercial diphenylthiocarbazone 
(dithizone) was transferred to the titration cuvette (length 30 mm) and 1 ml of hexamethylenetetra- 
mine buffer solution of pH 5.0 was added. The solution was diluted with a further amount of ethanol 
and water in order to produce 20 ml of 50% (by volume) alcoholic solution. For the photometric 
microtitration** OWllM lead nitrate was dispensed with a syringe microburette. 

As may be seen in Fig. 4, the bend of the experimental titration curve obtained is so great that the 
end-point evaluation seems to be quite difficult. Following the proposed procedure, a series of tangents 
was drawn and the following volumes (expressed as micrometer readings) were found: u,,.* = 5.30; 
v~.~ = 5.78; v,,.~ = 6.64; ~0.6 = 8.65. 

Lead ion forms a chelate Pb(HDz), with dithizone, and since a ditbizone solution is titrated with a 
lead salt (titrant B), the titration product is of the type AZB. For the evaluation of the constant k the 
two extreme volume readings may be used. Thus, we obtain 

k = 8.65 - 5.30 
32.50 _ 1.094 = o.1067 

From equation (13) the correction values are found and used to express the end-point consumption ve 

(for So.,) ve = 5.30 - a1067 x 1.094 = 5.30 - 0.12 = 5.18 
(for 6,.3 a,, = 8.65 - 0.1067 x 35.5 = 8.65 - 3.47 = 5.18 

The agreement obtained is fairly good. 

Zusammenfassung-Es wird zur Ermitthmg eines systematischen 
Titrationsfehlers ein Verfahren angegeben, das sich durch lineare 
Extrapolation hyperbolischer Titrationskurven bei amperometrischen, 
photometrischen und anderen instrumentellen Titrationen ergibt. Es 
wird angenommen, da8 die Titration auf einer einstufigen Ionenasso- 
ziation mA + nB $ A,,,B, beruht und die gemessene physikalische 
Eigenschaft zwischen bekannten unteren und oberen Grenzwerten liegt. 
Das Verfahren eignet sich zur Endpunktsbestimmung, such wenn die 
Titrationskurven stark gekrtlmmt sind, und zur Voraussage der 
besten experimentellen Bedingungen ftlr eine gegebene Titration. 

RBsum~n decrit une methode pour I’estimation dune erreur de 
titrage systematique qui est introduite par extrapolation lineaire de 
courbes de titrage hyperboliques dans les titrages amperometriques, 
photometriques et autres titrages instrumentaux. 11 est admis que le 
titrage est base sur une reaction d’association ionique en un seul stade, 
mA+nB + A,B, et que la propritte physique mesuree se situe entre 
des valeurs minimale et maximale connues. La technique convient 
pour la determination de la fin de reaction, mgme quand les courbes de 
titrage ont une courbure accent&, et pour predire le choix des 
conditions experimentales optimales pour un titrage dorm& 
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SHORT COMMUNICATIONS 

a-(Phenylazo)4nitrobenzyl cyanide, a new acid-base indicator 

(Received 29 JUQJ 1969. Accepted 10 September 1969) 

THERE are few acid-base indicators applicable in strongly alkaline medium. In an earlier paper’ was 
recommended the use of the 4nitro- and 2,4dinitrophenylhydrazones ofp-nitroacetophenone as new 
acid-base indicators for the titration of weak acids. In this uaner a further new indicator is described. 
a-(phenylazo)4nitrobenzyl cyanide. This compound can be prepared from benzyl cyanide by means 
of nitration and coupling with diazotixed aniline. Indicator constants in mixtures of organic solvent 
and water have been determined on the basis of absorption spectra, according to the method used for 
the determination of the dissociation constants of Methyl Red in a mixture of alcohol and water* and 
according to our earlier method.a 

EXPERIMENTAL 

Preparation of a-(phenylazo)4nitrobenzyl cyanide 

4Nitrobenzyl cyanide. To 2.9 g of benzyl cyanide add 25 ml of 94-98x nitric acid dropwise with 
stirrine. at below 30”. then stir for 30 min more. Pour the mixture into 50 ml of water and neutralize 
with a’i;ali. Filter off the separated product and recrystallize it from alcohol. Yield 1.4 g, m.p. 116” 
(literature value 116-7”). 

a-(PhenylaLo)4nitrobenzyZ cyanide. Dissolve 0.93 g of aniline in a mixture of 25 ml of 1M 
hydrochloric acid and 5 ml of water and add 0.69 g of sodium nitrite. Filter the diazonium salt 
solution and add it to 1.62 g of nitrobenzyl cyanide d&solved in 110 ml of ethanol, then neutralize the 
solution with 1M sodium hydroxide. Filter off the separated product and dry it at 100”. 
m.p. 201”. The substance is used as a 0.1% solution in 96% ethanol. 

Yield 0.6 g, 

Determination of the dissociation constant 

To a glycocol and sodium hydroxide buffer solution of known pH add enough organic solvent to 
give the required amount in a volume of 10 ml, and then 10 drops of O-1 % solution of indicator. 
Record the absorption spectrum. From the absorption spectra for various solvent media and pH 
values the dissociation constants of the indicator can be calculated according to our earlier work.a 

Titration of weak acids 

Dissolve about 1 mequiv of the weak acid in 50 ml of ethanol or acetone, or aqueous ethanol or 
acetone, add 10 drops of indicator solution and titrate with O.lM aqueous sodium hydroxide (magnetic 
stirring). 

DISCUSSION 

Indicator constants 

Figures 1 and 2 show the absorption spectra of the indicator dissolved in water and 75 % ethanol 
and the method of calculation of the pK values therefrom. Table I lists the dissociation constants, 
absorption maxima and isosbestic points of the indicator. 

Functioning of the indicator 

p-Nitrobenzyl cyanide is also an acid-base indicator. 
cyanide group. 

This behaviour is due to the presence of the 
In consequence of the strongly electron-attracting cyanide group, an active methylene 

group comes into being, which easily dissociates a proton to form a nitronic acid. A more advantag- 
eous indicator property is gained, if p-nitrobenxyl cyanide is coupled with diazotized aniline. The 
acid colour of a-(phenylazo)4nitrobenzyl cyanide is yellow, the alkaline colour violet. The violet 
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FIG. l.-Absorption spectra of indicator in aqueous solution at various pH Values, 
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FIG. 2.-Absorption spectra of ethanolic indicator solution at various pH values, and 
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TABLE I.-INDICATOR CONSTANTS IN MMTuREs OF ORGANIC SOLVENT 

AND WATER 

Solvent 1 
Isosbestic point, 

max, nm nm Apparent pK 

water 520 460 12.10 
25 % ethanol 540 460 11.10 
50 % ethanol 560 460 11.35 
75 % ethanol 560 460 11.75 
25% acetone 540 460 11.20 
50% acetone 560 464 10.80 
75 % acetone 560 465 10.30 

colour in alkaline medium is due to the nitronic acid structure: 

The indicator constants of a-(phenylaxo)4nitrobenzyl cyanide are markedly altered when the 
indicator is dissolved in an organic solvent. The absorption maximum of the indicator shifts 40 mn 
to longer wavelengths in acetone or in ethanol. This change may be explained by the fact that the 
indicator is less soluble and dissociated in water than in organic solvents. 

,ol I I I I 
20 40 60 80 

D 

FIG. 3.-Variation of pK with dielectric constant of solvent medium. 

When a weak acid carries no charge or is negatively charged, the value of pK increases in ethanolic 
or acetone medium.” The case is reversed with a positively charged weak acid. In other words, in 
ethanol or in acetone, weak acids carrying no charge or a negative charge become still weaker, 
while positively charged weak acids become stronger. The weak acids in Table II and cr-(phenylaxo)- 
4-nitrobenxyl cyanide indicator belong to the first group. In Fig. 3 the pK values of the indicator 
are plotted as a function of the dielectric constant of the solvent. This figure shows that in acetone 
the pK value of a-(phenylazo)4nitrobenxyl cyanide decreases with decrease of the dielectric constant 
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of the medium, and in ethanol the value first decreases then increases slightly, but the pK value is 
always smaller in ethanol than in water. This property of u-(phenylazo)4nitrobenzyl cyanide is irreg- 
ular and opposite to that of carboxylic acids. According to our earlier investigation9 the pK value 
of phthalein indicators in acetone and ethanolic medium increases to a high degree, whereas that of 
nitronic acids is almost unchanged by variation of the dielectric constant of the medium. Though 
this irregular behaviour of a-(phenylazo)4nitrobenzyl cyanide is disadvantageous in titration of 
weak acids, nevertheless it becomes possible to titrate weak acids, using this indicator over a wide 
pK interval. The relatively strong trichloroacetic acid can also be titrated, with this indicator being 
used in acetone medium, as in this medium the pKvalue of weak carboxylic acids increases, while 
that of the indicator decreases. The weaker acids are to be titrated in ethanol or aqueous ethanol, 
where the pK values of the acids and the indicator are only slightly changed. 

Results 

Table II shows results obtained with the indicator used in titrations with O.lM sodium hydroxide, 
in aqueous ethanol and acetone media. All three protons of citric acid can be titrated. 

TABLE II.-TITRATION OF WEAK ACIDS (100% PURE) 

Acid Medium Colour change 
Error in 

titration, % 

Tartaric 
Trichloroacetic 
Citric 
Salicyclic 
Monochloroacetic 
Nicotinic 
Anthranilic 
4,dDinitro-o-cresol 

ethanol 
acetone 
20% ethanol 
acetone 
acetone 
20% ethanol 
ethanol 
ethanol 

yellow --, violet-red +0.6 
yellow -+ violet -0.2 
yellow + pink 0 
yellow -+ violet -0.8 
yellow --f violet +0.6 
yellow -+ pink -0.5 
yellow + violet-red 0 
yellow ---f pink +0.6 

When 1 mequiv of sodium tartrate was dissolved in a mixture of 20 ml of water and 30 ml of 
ethanol and 10 drops of 0.1 oA indicator solution were added, the addition of 0.06 ml of O-U4 sodium 
hydroxide produced the transition colour. This 0.06 ml is the indicator error, and should be deducted 
from the result of the titration. 

NitrokJmia Works 
F2zfCgy&rtelep 
Hungary 

Summary-A new acid-base indicator, a-@henylazo)4nitrobenzyl 
cyanide, is proposed. The indicator changes colour from yellow to 
violet in the presence of alkali owing to the formation of a nitronic acid 
structure. This indicator is applicable for the titration of weak acids in 
acetone and ethanol media or in a mixture of these organic solvents and 
water, with O-U4 aqueous sodium hydroxide as titrant. The ab- 
sorption spectra have been recorded for the indicator in 25 %, 50 % 
and 75% aqueous ethanol and acetone. By means of the spectra the 
dissociation constants in these media have been determined. The pK 
value of a-(phenylazo>4-nitrobenzyl cyanide is 12.10 in water, and is 
decreased considerably in acetone but only slightly in ethanol. This 
behaviour is similar to that of positively charged weak acids and 
irregular for a weak acid carrying no charge or a negative charge. 

Zusammenfassung-Ein neuer Siiure-Base-Indikator, a-(Phenylazo)- 
4-nitrobenzylcyanid, wird vorgeschlagen. Der Indikator %ndert seine 
Farbe in Gegenwart von Alkali von Gelb nach Violett, wobei sich eine 
Nitrons&rregru pierung bildet. Er ist zur Titration schwacher Sauren 
in Aceton- und % thanolmedien oder einem Gemisch dieser organischen 
Liisungsmittel mit Wasser geeignet, wobei 0,lM wiU3riges Natrium- 
hydroxid als Titrant dient. Die AbsorptionssEktren des Indikators 
wurden in 25 %, 50% und 75 % w80rigem Athanol und Aceton 
registriert. Mit Hilfe der Spektren wurden die Dissoziationskonstanten 
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in diesen Medien bestimmt. Der pK-Wert von a-(Phenylazo)4nitro- 
beeylcyanid betriigt 12,lO in Wasser und sinkt in Aceton betrbhtlich, 
in Athanol nur schwach. Dieses Verhalten entspricht dem von positiv 
gelandenen schwachen SLuren; ftir eine schwache Saure ohne Ladung 
oder mit negativer Ladung ist es ungewohnlich. 

RCume-On propose un nouvel indicateur acide-base, l’a-(phenylazo) 
4-nitrobenzyl cyanure. La coloration de l’indicateur passe du jaune au 
violet en la presence d’alcali par suite de la formation dune structure 
acide nitronique. Cet indicateur est applicable au titrage d’acides 
faibles en milieux acetone et ethanol ou dans un melange de ces 
solvants organiques et d’eau, avec comme agent de dosage la soude 
aqueuse 0,lM. On a enregistre les spectres d’absorption de l’indicateur 
en ethanol et acetone aqueux a 25%, 50% et 75%. Au moyen des 
spectres, on a determine les constantes de dissociation dans ces milieux. 
La valeur du pK de Pa-(phenylazo) Cnitrobenzyl cyanure est de 12,lO 
dans l’eau et d&croft considbablement en acetone mais seulement 
legerement en ethanol. Ce comportement est semblable a celui 
d’acides faibles charges positivement et irregulier pour un acide faible 
ne portant pas de charge ou portant une charge negative. 

REFERENCES 
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Gas-chromatographic determination of ultramicro amounts 
of selenium in pure sulphuric acid 

(Received 12 April 1969. Accepted 1 September 1969) 

SPECTROPHOTOMETRIC,~~~ fluorimetrica~4 and catalytic6 methods for the determination of selenium are 
based on the formation of piaselenols which are quantitatively made from selenium(IV) and aromatic 
o-diamines such as 3,3’-diaminobenzidine or 2,3_diaminoaphthalene. Tanaka and Kawashimaa have 
presented a critical study of some Csubstituted o-phenylenediamines as spectrophotometric reagents 
for selenium. Nakashima and Toei’ have recently proposed a very sensitive gas-chromatographic 
procedure for selenium by electron-capture detection of 5-chloropiaselenol. The present paper 
describes the gas chromatographic determination of selenium in pure sulphuric acid. 

Lovelocks has shown that the nitro group in an organic substance is more sensitive than the 
chlorine group to electron-capture detection. Hence 4-nitro-o-phenylenediamine is used as reagent 
in the gas chromatographic determination of selenium. As the oxidation number of selenium in pure 
sulphuric acid is not four but zero because of the reducibility by trace amounts of sulphurous acid, a 
bromine-bromide redox buffer is used for the conversion of elemental selenium into selenous acid. 

EXPERIMENTAL 

4-Nitro-o-pbenylenediamine hydrochloride solution. A 1% acidic solution is stable at room 
temperature for at least a week. 

Stock selenium solution, 1 mg/mI. Selenium dioxide (351.3 mg) dissolved in 250 ml of distilled 
water. Diluted to provide working solutions. 

Stock bromine-bromide redox buffer solution (O.lM bromine--O.2M bromide). Bromine water 
(saturated, 45.7 g) and potassium bromide (2.38 g), diluted to 100 ml with distilled water. Diluted to 
provide working solutions. 
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Selenium-free concentrated sulphuric acid. Dilute 100 ml of concentrated sulphuric acid with an 
equal volume of water, add 20 ml of 48 ‘A hydrobromic acid and heat strongly till dense white fumes 
appear. 

Apparatus 

A Shimazu Model GG3AF gas chromatograph (Kyoto, Japan) equipped with an electron- 
capture detector was used. The glass column (1 m long, 4 mm bore) was packed with 15% SE-30 on 
60-80 mesh Chromosorb W. The column and detector temperature was maintained at 200”. The 
nitrogen flow-rate was 44 ml/min. 

Procedure 

Put 1 ml (1.8 g) of sulphuric acid into a IOO-ml beaker containing 10 ml of water and 3 ml of 
lo-*it4 bromine-bromide redox buffer, and heat the solution in a hot water-bath for 20 min. Cool 
the solution and transfer it to a lOO-ml separatory funnel, using 10 ml of distilled water for rinsing. 
Add 2 ml of 1 y0 4-nitro-o-phenylenediamine solution and let stand for 2 hr. Extract the 5-nitro- 
piaselenol into 1 ml of toluene by shaking for 5 min. Inject 5 ~1 of the extract into the gas chromato- 
graph column and measure the height of the peak with 3.7-min retention time (Fig. 1). 

Prepare a calibration curve by adding known amounts of selenous acid to selenium-free sulphuric 
acid, or from guaranteed purity sulphuric acid without using the oxidation procedure. 
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FrG. 1 .-Gas chromatogram of 5-initropiaselenol. 
Column I5 % SEfO/Chromosorb W in 1 m x 4 mm glass column. 
Carrier gas nitrogen, flow-rate 44 ml/min. Sample 5 ~1 (@12 lug Se/ml). 

RESULTS AND DISCUSSION 

It was found that selenium(IV) reacts quantitatively with the reagent to form 5-nitropiaselenol, if 
there is a 50000-fold molar excess of reagent; 2 ml of the reagent solution were therefore used. It 
was shown earlier@ that 4-nitro-o-phenylenediamine does not react quantitatively with selenium(IV) 
at pH above 2. The reaction time at room temperature was measured at pH 0 and 1 and it was found 
that the reaction was complete in 1 hr. As expected, heating hastened the reaction and 5 min at 100” 
are sufficient for complete reaction. It was found that with 1 ml of toluene the volume of aqueous 
phase could be varied from 20 to 50 ml without effect on the efficiency of extraction. 
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As selenium in sulphuric acid is present as selenium(O) because of reduction by sulphurous acid, 
the selenium must be oxidized to selenous acid. The bromine-bromide redox buffer used has a 
standard potential of +1@9 V, and selenous acid is stable between +@74 and +1~15 V at pH 0. 
Oxidation was shown to be complete by recovery experiments with CO53 ,og of amorphous selenium 
treated with 2 ml of lo-*M bromine-bromide solution in a hot water-bath (about 90”) for 20 min. The 
recovery of the selenium was between 96 and 106%. 

The minimum molar excess of buffer needed was found to be 1500-fold relative to selenium, but 
at room temperature must not exceed 7500-fold, or turbidity appears and affects the extraction ; 
7 ml of WaM redox bufIer is the maximum permissible. 

The oxidation is complete in 10 min at the temperature of a hot water-bath (-90”) and in 20 min 
at room temperature. 

The determination of selenic acid by this method was not successful, because selenium(W) was not 
reduced to selenous acid by the redox buffer and selenium(W) did not react with rlnitro-o-phenyleae 
diamine. Selenium in commercial pure sulphuric acid was determined and the result checked for 
accuracy by spiking the sample with @030 ag of selenium(W). The results are shown in Table I. 

TABLE I.--SELENIUM CONTENT OF SULPHURK ACID 

SUPPlY 
company 

Se, 1O-8% 

Analytical grade Extra pure 
reagent reagent 

A 1.8 9.4 

: 5.3 1-9 2.5 2.4 
D 5-o 1.3 
E 2.6 3.2 

As the sensitivity of an electron-capture detector tends to vary during operation, the gas chromato- 
grams should be run successively and an unknown content of selenium should be determined along 
with standard samples which contain similar amounts of selenium. The proposed procedure should 
find wide application where ultramicro amounts of selenium are to be determined. Its outstanding 
features are that it is simple, highly sensitive and rapid, and no special skill is necessary. 

Department of Chemistry YAsUAxI SHIMoraHI 
Faculty of Science KYOJI T&r 
Okayama University 
Okayama, Japan 

Sununa~-Ultramicro amounts of selenium in pure sulphuric acid are 
converted into selenous acid with a brominebromide redox buffer 
solution. The selenous acid reacts quantitativeIy with 4-nitro-o-phenyl- 
enediamine to form 5-nitropiaselenol which can be extracted into 
toluene. The extract is very sensitive to electron-capture detection in 
gas chromatography, and the sensitivity is higher than that of 5-chloro- 
or 4,5-dichloropiaselenol. The calibration curve (peak heights) is 
linear up to O-1 5 ,ug of selenium in 1 ml of toluene. Pure sulphuric acid, 
commercially available, contains 10-s - lo+ % selenium. 

Zusammenfassung-Ultramikromengen Selen in reiner Schwefels&rre 
werden mit einer Brom-Bromid-Redoxpufferlosung in selenige SPure 
tibergeftit. Die selenige S&rre reagiert mit CNitro-o-phenylen- 
diamin quantitativ zu 5-Nitropiaselenol, das in Toluol extrahiert 
werden kann. Der Extrakt ist durch Gaschromatographie mit 
Elektroneneinfangdetektor sehr empfindlich nachzuweisen; die 
Empfindlichkeit ist hBher als bei 5-Chlor- oder 4,5-Dichlorpiaselenol. 
Die Eichkurve (ii PeakhGhen) ist linear bis 0,15 ,ug Selen in 1 ml 
Toluol. Handelstibliche reine Schwefelslure ehthUt 1O-a bis 10-S % 

4 
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R&rrn&Gn convertit des ultra-microquantites de &nium dam 
l’acide sulfurique pur en acide dl6nieux par une solution tampon redox 
brome-bromure. L’acide s&ldnieux r6agit quantitative~nt avec la 
4-nitro ~-ph~yi~n~~ne pour former le 5-ni~opi~~l~nol qui peut 
Btre extrait en toluene. L’extrait est t&s sensible B la d&ction par 
capture d’&ctrons en chromatographie en phase galeuse, et la 
sensibilite est plus &levee que celle du S-chloroou du 4,5-dichloro- 
pias&nol. La courbe d’etalonnage (hauteurs de pit) est lineaire 
jusqu’ir 415 pg de s61Qium dam 1 ml de toluene. L’acide sulfurique 
pur, commercialement accessible, contient lo-* N 10-b% de s&%rium. 
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Stability constants of lanthanide complexes with salicylhydroxamic acid 

(Received 12 June 1969. Accepted 30 August 1969) 

SALICY~ROXAMIC ACID (SHA) forms Ianthanide complexes which may be of analytical value. The 
present paper describes the determination of their stability constants in3 : 1 v/v acetone-water medium. 
They have limited solubiIity in water but are soIuble in the mixed solvent medium. 

EXPERIMENTAL 

Reagents 

Lunthanide perchlorates. The corresponding oxides (99x, Johnson Matthey) were digested in 
nerchloric acid and the excess of nerchloric acid was removed by evaporation. The solutions were 
‘diIuted to the desired con~~t~ti~n and were standardized by cohveniional methods. 

~~i~lh~dro~amic acid, Prepared by the method of Ray and Bhaduri.l 
The other chemicals used were of reagent grade. 

The general procedure consists of the titration with standard sodium hydroxide solution of 50 ml 
of acetone-water mixture (3: 1 vlv) having metal ion concentration ~2 x 10-*&f, reagent concen- 
tration ~1 x lo-%& and sod&n perch&ate in sapient amount to maintain an ion& strength of 
O-1. After each addition of a definite amount of alkali and stirring, the pH values were recorded with 
a Cambridge pH-meter with glass and calornel electrodes. Stirring was effected with a magnetic 
stirrer. The pH-meter was calibrated with aqueous buffers (pH4.00 and 9.18) before and after 
titration. All titrations were carried out at 25 f 0.5”. The acid dissociation constant of the ligand 
was determined by the same procedure but with the omission of the metal ion. 

Standard procedures were followed and the formation constants of the first two stages of reaction, 
KI and KB, were evaluated graphically by using the equation 

(1 -&R-l = 
(2 - $[R-] 

(1 - fi) . K,K, -I- Ir, 
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and the last two stages, K2 and K,, were evaluated by using the equation 

(1 - ii) (3--)lwKK +K 
(2 - ii)[R-] = (2 - li) * * * 

where fi is the average ligand number, R- is the ligand and K,, = [LnR,]/[LnR,,_J[R-1, Ln denoting 
a IanthanidetIID ion. 

The sigr&cance of pH in acetone-water mixtures in which formation constants of rare earth com- 
plexes have been previously evaluated has been discussed.p 

DISCUSSION 

The value of the acid dissociation constant of the reagent and formation constants of rare earth- 
salicylhydroxamic acid complexes are given in Table I. 

TABLX I.-FORMATION CONSTANTS OF RARE EARTH-SALICYLHYDROX 
ACID COMPLEXES 

Metal ion Log Kl Log Ka Log Ks Log 88 

Las+ 6.30 
Prs+ 6.94 
Nd*+ 7.03 
Sm8+ 7.20 
Eua+ 740 
GdJ+ 7.35 
Dy’+ 7.72 
Erg+ 7.82 
YbS+ 8.13 
YS+ 7.24 

5.96 
6.50 
6.64 
6.77 
684 
6.80 

E 
7.25 
6.50 

4.90 
4.98 
5.10 
5.01 

::z 
5.06 
5.10 

* 
+ 

17.16 
18.42 
18.77 
18.98 
19.28 
18.75 
19.78 
19.93 

Temperature 25 + O.S”C; ionic strength @I, pK,, 8.86. 
* Precipitation occurs. 

Salicylhydroxamic acid (I) can behave as a monobasic and dibasic acid: 

OH 

H’ ‘OH 

Consequently, the complexes of praseodymium, neodymium and samarium have been prepared and 
analysed. The composition is MRI as shown by the typical analysis: found, Sm,Ol, 28.8%; C, 
41.6%; H, 3.0%; N, 7.9%; calculated, Sm,O,, 29.07%; C, 41.05%; H, 3.01%; N, 7.82%. 

However, for a dibasic acid where pK* > pKl the highest complex species is formed well before 
the second stage of ionization of the acid begins, and the formation function may be derived by assum- 
ing the ligand to be monobasic. In fact, the maximum ii values reached in our present experiments 
are ~2.5 which also supports our assumption of 1: 3 complex formation. 

The formation constants increase fairly regularly with decrease in ionic radius, with the gadolinium 
complex being less stable than predicted from simple ionic considerations. 

In general log Kl > log KS > log K, for a given metal ion. However, the differences in the values 
between the three constants are not much, indicating that there is almost equal tendency for the 
formation of neutral complex species LnR8 as for LnRB+. 

The overall stability constants, & of rare earth salicylhydroxamates are comparable with those of 
complexes of oxygen-donating ligands such as henzoylacetone and benzoylphenylhydroxylamine 
complexes, measured in the same solvent mixture. The dissociation constants (PK.) of salicylhydrox- 
amic acid, benzoylacetone* and benzoylphenylhydroxylamineS are 8.86, 9.58 and 1@26 respectively. 
It is expected that the rare earth complexes derived from salicylhydroxamic acid would be weaker than 
complexes derived from the other two. In fact, the average values of log /18 of rare earth benxoyl- 
acetonates and benzoylphenylhydroxylamines are ~20 and 21 respectively, which are greater than 
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those of the salicylhydroxamic acid complexes, -19. It was not possible to determine log Ks for 
ytterbium and yttrium because of precipitation of their complexes even when their ii values reached 
-2. 

From the stability constants it can be deduced that if the physical characteristics of the precipitate 
are satisfactory, salicylhydroxamic acid might be as successful as benzoyl phenylhydroxylamine4 for 
the gravimetric determination of the lanthanides. 

Acknowledgement-The author thanks Dr. M. S. Iyengar, Director of the Regional Research Labora- 
tory, for permission to publish this paper. 

Reg&mal Research ~~ratory T. SESSADRI 
J&at-ii, Assam 
india 

Summary-The stability constants of La, Pr, Nd, Sm, Eu, Gd, Dy, Er, 
Yb and Y complexes of salicylhydroxamic acid have been determined 
potentiometrically in 3:l v/v acetone-water medium at 25 i 03” and 
at an ionic strength of @l with respect to sodium perchlorate. The 
stability constants are comparable with those of other lanthanide 
complexes with oxygen-donating ligands such as benzoylacetone and 
benzoylphenylhydroxylamine. 

Zusammenfasstmg-Die Stabilitiitskonstanten der Komplexe von La, 
Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb turd Y mit Salicylhydroxamsi 
wur&n potentiometrisch in 3: 1 (v/v) Aceton-Wasser-Medium bei 
25 + 0,s” und einer Ionenstarke von 0,l an Nat~~~r~~orat 
ermittelt. Die Stabil~t~tskonst~ten sind vergleichbar mit denen 
anderer Komplexe von Lanthaniden mit iiber Sauerstoff koordinieren- 
den Liganden wie Benzoylaceton und Benzoylphenylhydroxylamin. 

RCum&-Gn a determine potentiometriquement les constantes de 
stabilite des complexes de La, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb et Y 
avec l’acide sali~lhy~ox~ique en milieu a&tone-eau 3 : 1 (v/v) & 
25” + 0,5” et pour une force ionique de 0,l en ce qui concerne le 
perchlorate de sodium. Les con&antes de stabilite sent cornparables a 
c&es d’autres complexes de lanthanides avec des ligands donateurs 
d’oxygene tels que la benzoylacetone et la benzoylphenylhydroxylamine. 
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Complexometric determination of molybdenum(VI) 

(Received 23 June 1969. Accepted 28 August 1969) 

OF THE methods proposed for the complexometric determination of molybdenum, only those based 
on the formation of the stable ~o~EDTA complex have been of practical value. This intensely 
yellow complex, with composition @IoO&Ya- (where H,Y is EDTA) is formed by reduction of 
molybdate in strongly acidic medium with hydrazine sulphate in the presence of EDTA. The excess of 
EDTA is then (after adjustment to the proper pH) titrated with a suitable cation and corresponding 
indicator, for example with copper sulphate and PAN’-’ or c&&n,* lead and Xylenol Grange,6 
iron and sulphosalicylic acid,B or zinc and alizarin complexone or Exiochrome Black T.* 
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Yaguchi and KajiwaraO studied the reaction of molybdenum with hydroxylamine hydrochloride 
and found that a 1: 1 complex is formed, but wrongly assumed that on addition of EDTA a MO(V)- 
complex is formed. Lassner and Schedle10 in a critical paper stated that when molybdate solution is 
boiled with hydroxylamine (I-IyOH) hydrochloride no reduction takes place and that a 1: 1: 1 ternary 
complex Mo(VI)-HyOH-EDTA is formed. This ternary complex is more stable than the simple 
Mo(VI)-BDTA complex. Molybdenum cannot be displaced from it by copper at pH 45 and is only 
slowly displaced by bismuth at pH 2. 

A complexometric method based on the formation of this 1: 1: 1 complex should be superior to all 
previous ones, because twice as much EDTA is required per mole of molybdenum. However, the 
author+ mentioned as disadvantages the poor selectivity, the need to use an empirical factor, and 
the unsuitability of the method in the presence of tungsten. 

Recently, Lassner et al.” mentioned that similar complexes are formed by DCTA and NTA, but 
made no attempt to exploit them for determination of molybdenum. We can expect that use of DCTA 
would be superior to use of EDTA because DCTA forms more stable complexes, and displacement 
reactions (which might interfere in back-titrations) proceed slowly or not at all. 

We have found that a very stable Mo-HyOH-DCTA complex is formed on prolonged boiling of 
molybdenum solutions with hydroxylamine. The excess of DCTA can easily be titrated with zinc 
chloride at pH 5 (hexamine buffer) or even with thorium nitrate at pH 3-4, Xylenol Orange being 
used as indicator in both cases. The displacement of molybdenum with zinc proceeds so slowly, that 
at the end-point the red colour of the zinc-Xylenol Orange lasts for at least 3 min. In addition we 
have found that phosphate, up to a 1: 1 concentration ratio relative to molybdenum, does not inter- 
fere and that the displacement is then even slower than in its absence. 
(e.g., 1O:l ratio) obscure the end-point. 

Larger amounts of phosphate 
We have also found very simple conditions for reliable 

determination of molybdenum in the presence of large amounts of tungstate. 
A similar reaction with ITHA (triethylenetetraminehexa-acetic acid) leads to the formation of a 

2: 1 complex. Back-titration with zinc gives a less sharp end-point, however, making this reaction 
inconvenient for analytical purposes. 
unsuitable. 

DTPA, which forms a 1: 1: 1 complex in acidic medium, is also 

Reagents 

EXPERIMENTAL 

Ammonium moIybdate, O.OSM. Standardized gravimetrically with &hydroxyquinoline. 
Other reagents include 0*05&f solutions of zinc chloride, thorium nitrate, EDTA and DCTA; 

10 % hexamine solution and 05 % Xylenol Orange solution. 
used (a solution is unsuitable). 

Solid hydroxylamine hydrochloride is 

Determination of molybdenum 

Procedure. To the nearly natural solution of molybdenum (containing 540 mg of MO) add 

TABLE I.-DETERMINATION OF MOLYBDENUM 

Back-titration 

MO 0.05M DCTA O.OSM Zn, 0.05M Th, MO found, Error, 
taken, mg added, ml ml ml mg mg 

2.06 2.87 
2.06 4.19 
4.12 1.91 
4.12 2.87 
4*12* 4.79 

20.61 9.80 
20.61.t 6.70 
41.21 Il.76 
41.21 11.76 
61.82 23.93 
61.82 23.93 
82.42 23.93 

2.58 
4.40 
1.05 
- 
3.95 
3.95 

3:7 
- 
- 

10.55 
6.40 

- 1.3@ 
- 1.8, 
- 4-l* 
1.82 4.4 
- 4.08 
- 20~6~ 
- - 
- 41.21 
3.22 40.9, 

10.77 63.1, 
- 64.1a 
- 84.0, 

-0.6, 
-0.1s 
+0-o* 
-o.04 
--@OS 
+o.o, 

- 
0 

-0.2, 
+1*31 
+2.3, 
+1.6, 

* Added 50 mg Na,HPO,. 
t Added 500 mg NasHPOd. 
$ Bad end-point. 
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1-2 g of hydroxylamine hydrochloride, dilute to 150-200 ml and heat to boiling. The solution be- 
comes yellow or slightly blue-green, depending on the molybdenum concentration. Add excess of 
DCTA and boil the solution (pH 4.5) for a further 15 min. The solution turns yellow or yellow-green. 
Cool, add hexamine solution to adjust the pH to 5-5.5, add a few drops of Xylenol Grange and titrate 
with 005M zinc to a red-violet colour which lasts at least 3 min. 

Results. Good results were obtained for 5-40 mg of molybdenum (Table I). For smaller amounts 
than 5 mg the results are low, for higher amounts than 40 mg the results are high. The back-titration 
can also be carried out with thorium nitrate at pH 3-4. At pH < 3 a slightly red colour appears before 
the end-point and makes the end-point more dillicult to discern. 

Determination of molybdenum in the presence of tungsten 

We have found that this method can also be used in the presence of tungsten, provided that s&i- 
cient hydroxylamine hydrochloride (10 g) is used for formation of the Mo-HyOH-DCTA complex. 
The procedure is the same as described above. Table II shows the intluence of hydroxylamine 

TABLE II.-EFFECT OF HYDROXYLAMINE HYDROCHLORIDE ON THE DETERMINA~ON 
OF MO IN THE PRESENCE OF W 

HyOH OOSM Back-titration 
added, MO taken, W added, DCTA, 0.05M Zn, MO found, Error, 

6 mg mg ml ml mg mg 

1 12.36 184 4.79 4.75 
2 12.36 184 4.79 3.50 
3 12.36 184 4.79 280 
4 12.36 184 4.79 2.30 
5 12.36 184 4.79 2.25 
5 12.36 276 4.79 3.60 
7 12.36 276 4.79 2.33 

10 12.36 276 4.79 220 
10 12.36 368 4.79 2.30 

0.19 
6.1, 
9.56 

11.94 
12.1, 

1:::: 
12.4, 
11.9, 

-12.1, 
-6.1, 
-2.79 
-0.4, 
-0.1, 
-6.65 
-0.5, 
+o.o, 
-0.4, 

hydrochloride, Table III summarizes results for molybdenum determination in the presence of up to 
276 mg of tungsten. It can be seen that EDTA is a less satisfactory reagent. 

Boiling solutions containing only molybdenum, tungsten and hydroxylamine are highly coloured 
(yellow to intense yellow-green). After addition of DCTA the resulting colour is green or blue-green 
depending on the amount of tungsten present. For this reason the amount of tungsten is limited to 

TABLE III.-DETERMINATION OF MO IN THE PRESENCE OF W 

MO taken, W taken, 0.05M 0.05M Back-titm. MO found, Error, 

“?g mg DCTA, ml EDTA, ml Zn, ml Th, ml mg mg 

4.12 9.2 
4.12 27.5 
4.12 92.0 
4.12 230.0 
4.12 276.0 

12.36 92.0 
12.36 9.2 
4.12 276.0 

20.61 46.0 
20.61 46.0 
41.21 92.0 

8.24 276.0 
20.61 9.2 
41.21 184.0 

4.79 
4.79 
4.79 
2.87 
4.79 
- 
- 
- 
- 
9.57 

16.27 
4.79 
9.57 

14.35 

- 3.95 
- 3.95 
- 3.93 
- 2.03 
- 4.00 

9.71 6.80 
4.86 
4.86 375 
9.71 4.90 

5.25 
- 7.70 
- - 
- - 

- 4.0, 
- 4.0, 
- 4.1, 
- 4.0, 
- 

2;4 g9* 10.68, 
- 4.8,*? 
- 23.0,* 
- 20.7, 
- 41.2,: 

3.17 7.7, 
5.22 20.8, 
5.82 40.92 

-0.0, 
t-0.0, 
-to*01 
-0.0, 
-0.3, 
+1*60 
-1.7* 
$0.7, 
+1.4, 
-to.11 
1-0.0, 
-0.4, 
+0.2, 
-0.2, 

* Fast displacement. 
i Unsharp end-point. 
$ Average of three determinations. 
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300 mg/SOO ml. Dilution to 500 ml is without effect on the MO determination. Back-titration with 
thorium nitrate is less reliable at higher concentrations of tungsten and is recommended only for 
smaller amounts of tungsten. Generally the solutions have to be boiled at pH 45-5. At lower pH 
the formation of the Mo-HyGH-DCTA complex is not quantitative, probably on account of for- 
mation of Mo-W polycations (see ref. 10). 

That a very large excess of hydroxylamine is needed may be due to catalysis by molybdenum(VI) 
of the decomposition of hydroxylamine ,I1 besides the decomposition occurring on boiling. 

Laboratory of Analytical Chemistry 
J. Heyrovskj Polarographic Institute 
Czechoslovak Academy of Sciences 
Prague 1, Jilski; 16 Czechoslovakia 

RUDCU P&L 
vLADI& VesELii 

Summary-_In acidic medium molybdenum(VI) forms a stable complex 
on boiling with excess of DCTA and hydroxylamine hydrochloride. 
Molybdenum can then be determined by back-titration of the excess of 
DATA either with zinc chloride at pH S-5-5 or with thorium nitrate at 
pH 3-4-5, Xylenol Orange being used as indicator in both cases. A 
simple method for the determination of molybdenum in the presence of 
moderate amounts of tungsten is also described. 

Zusammenfassung-In saurem Medium bildet Molybd&n(VI) beim 
Kochen mit tiberschtissiger DCTA und Hvdroxvlamhrhvdrochlorid 
einen stabilen Komplex.-Molybdan kann dann durch Rhcktitration 
der iiberschiissiaen DCTA mit Zinkchlorid bei DH 5-5.5 oder mit 
Thoriumnitrat &i pH 3-4,5 bestimmt werdent wobei beidesmal 
Xylenolorange als Indikator diem. Ein einfaches Verfahren zur 
Bestimmung von Molybd&n in Gegenwart miiaiger Mengen Wolfram 
wird ebenfalls angegeben. 

R&am&En milieu acide, le molybdene(VI) forme un complexe stable 
par ebullition avec un exu?s de DCTA et de chlorhydrate d’hydroxyl- 
amine. On peut alors doser le molybdene par titrage en retour de 
l’exc&s de DCTA soit avec le chlorure de zinc ii pH 5-5,5, soit avec le 
nitrate de thorium a pH 34,5, l’Orar@ Xylenol &ant utilise comme 
indicateur dam les deux cas. On d&it aussi une methode simple pour 
le dosage du molybdene en la presence de quantites peu elevees de 
tungstene. 
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300 mg/SOO ml. Dilution to 500 ml is without effect on the MO determination. Back-titration with 
thorium nitrate is less reliable at higher concentrations of tungsten and is recommended only for 
smaller amounts of tungsten. Generally the solutions have to be boiled at pH 45-5. At lower pH 
the formation of the Mo-HyGH-DCTA complex is not quantitative, probably on account of for- 
mation of Mo-W polycations (see ref. 10). 
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or lanthanum(III), and fluoride has become accepted as a valuable spectrophotometric procedure 
for the determination of fluoride. Earlier work had shown its suitability as an indicator in EDTA 
titrations,* and it has been proposed for the spectrophotometric determination of uranyl ion.* 
For satisfactory prediction of optimum conditions in its use, the acid dissociation constants of 
alizarin fluorine blue have been determined by potentiometric titration (glass electrode). The 
importance of adequate data on the equilibrium constants of organic reagents has been emphasized 
by Ringborn, who has also mentioned the present scarcity of such information for reagents now in 
use.4 

EXPERIMENTAL 
Reagents 

AlizarinfIItorine blue. Thin-layer chromatography showed traces of alizarin, which were removed 
as far as possible by dissolving 1 g of aliiin fluorine blue in the minimum quantity of 05M sodium 
hydroxide (10-15 ml), diluting to 100 ml, adjusting the pH to 65-7.0 (the solution went deep wine- 
red) with hydrochloric acid and extracting with five 20-ml portions of methylene dichloride. The 
aqueous phase was then cooled in an ice-bath, and hydrochloric acid added dropwise until a heavy 
orange precipitate formed. After 2 hr the alizarin fluorine blue was filtered off, washed with ice- 
cold water, and dried in a vacuum desiccator at 50” over phosphorus pentoxide. 

Alizarinjluorine blue disodium salt. Purified alizarin fluorine blue was weighed and suspended in 
water, under a nitrogen atmosphere, and the volume of sodium hydroxide required for half-neutraliza- 
tion was added from a micrometer syringe. The mixture was shaken till homogeneous, then water 
was removed by evaporation under vacuum. The damp solid remaining was dried at 50” over phos- 
phorus pentoxide. The sodium content was checked by emission spectroscopy. 

Potassium hydroxide solution. Analytical grade potassium hydroxide pellets in excess of the 
required weight were quickly washed with demineralized water, dried, and dissolved in demineralized 
water boiled free from air, about half the final volume being used. The solution was passed through 
a freshly regenerated column of IRA 400 ion-exchange resin (hydroxide form) into a polythene 
vessel, and washed through with demineralized water until the desired total volume was obtained. 
The solution was standardized potentiometrically with potassium hydrogen phthalate, and stored 
under nitrogen free from carbon dioxide. 

Hydrochloric acid. Prepared by dilution of analytical grade acid and standardized potentio- 
metrically with sodium carbonate. 

Other reagents were analytical grade. 

Apparatus 

An Electronic Instruments Ltd. Model 39A Vibron vibrating capacitor pH meter, fitted with an 
E.I.L. type GHS 23 general purpose glass electrode, and a saturated calomel reference electrode. 
The cell used was 

Hg” lHgsCl,I Satd. KC1 [ISatd. KC111 Test solution in O.lMKNOs 1 Glass electrode 

The test solution was maintained at 25 f 0.1” in a double-walled vessel, by circulating water from 
a thermostat, and stirred by a small glass paddle. To minimize electrical interference the titration 
vessel and stirrer motor were surrounded by earthed brass gauze screens, and the metal of the apparatus 
stand was earthed. Samples of test substance were weighed individually on a microbalance and 
titrated (micrometer syringe burette) at ionic strength 0.1 (potassium nitrate). 

RESULTS AND DISCUSSION 

Bjerrum defined the degree of formation A of proton complexes, where ii gives the average number 
of protons attached. In dealing with dissociation of acids, it is more convenient to use a quantity 
R = n - A, where n is the total number of dissociable protons; R then represents the average number 
of protons dissociated and it can be shown6 that 

R = aCa + tH+l - [OH-I 
C. 

where C,, is the analytical concentration of the acid and a = equivs. of base per mol. 
Then, by applying the conditions of mass balance and electroneutrality to the solution, it eventually 

follows that 

<to (R - i)&[H+Jn- = 0 
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where & is the overall proton dissociation constant for the ith dissociation, delIned by 

il‘ = k,k, . . . kg 

This equation gives the relation between [H+] and the degree of neutralization for any polyprotic 
acid. 

Ahzarhr fluorine blue has four ionizable protons, and so the equation contains four unknowns. 
However, since kl and k, are well separated from k8 and k, the simplifying assumption can be made 
that alizarhr fluorine blue behaves as a mixture of two dibasic acids, and values of kl and kt, and k, 
and k,, can be obtained by considering separately the appropriate regions of the titration curve. 

For a dibasic acid the general equation becomes 

or 
R[H+]” + (R - l)kJH+] + (R - 2)k,k, = 0 

(R-l) 1 (2 - R) 
Rk,[H+] + VP = R[H+]O 

Values of k, and ka can be obtained from the slope and intercept of the resulting linear plot. 
For accurate calculation, pairs of values were chosen from the titration curve, ana the k values obtained 
by solving the resulting equations simultaneously. 

The nitrogen atom of the iminodiacetic acid group can be protonated, but the protonation constant 
was not determined. If it is suthciently different from kl, the result for the latter will not be affected. 

The main problem was the low solubility (approx. 5 x 10-4M)of alizarin fluorine blue mwater, and 
its slowness to dissolve. Mixed solvents do not improve the solubility sui&iently to justify their 
use with subsequent extrapolation to obtain a value for the dissociation constants in water. Since 
alizarin fluorine blue is readily soluble in alkali, the determination was carried out in two stages. 
Constants kl and kl were determined by dissolving the weighed sample in a known amount of potas- 
sium hydroxide solution and back-titrating with hydrochloric acid. To determine k, and k, the 
disodium salt of alizarin fluorine blue was titrated with potassium hydroxide. The higher solubility 
of the salt enabled a higher concentration to be used, with consequent improvement in the precision. 
The mean values and standard deviations of the constants found are k, = 1.28 f @30 x 10-‘; 
k, = 2.82 f 024 x lo-*; ks = 3.72 f 0.19 x lo-“; k, = 6.39 f @12 x 10-ls. A distribution 
diagram, showing the proportion of alizarin fluorine blue present in each ionized form at different 

PH 

FIG. 1 
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pH values, is given in Fig. 1, where H,Y represents the undissociated alizarin fluorine blue molecule. 

HO 

/CHaCoo- 
II CH,+NH 
0 \ 

CH&OOH 
Aliiin fluorine blue 

Department of Inorganic and Analytical Chemistry 
Queen’s University 
Belfast, N. Ireland 

C. K. LAIRD 
M. A. LEONARD 

Summary-Dissociation constants for the analytical reagent alizarin 
fluorine blue (3-aminomethylalizarin-N,N-diacetic acid) have been 
determined by potentiometric titration at ionic strength O-1, and are 
kl = 1.28 f 0.30 x 10-s; ka = 2.82 f O-24 x 10-n; k, = 3.72 & 
0.19 x 10-l’; k* = 639 f 0.12 x lo-=. 

Zusammenfassung-Die Dissoziationskonstanten des analytischen 
Reagens Alizarinfluorinblau (3-Aminomethylalizarin-N,N-diessigsiiure) 
wurden durch potentiometrische Titration bei der Ionenstsirke 0,l 
ermittelt. Sie betragen k, = 1,28 h 0,30. lo+; kl = 2,82 f 
0,24 * lo-*; k, = 3,72 f 0,19 * lo-“; kp = 6,39 f 0,12 * lo-“. 

RBsum&On a determine les constantes de dissociation pour le 
reactif analytique alizarine fluorine bleue (acide 3-aminomethyl- 
alizarine N,N-diac&ique) par titrage potentiometrique a la force 
ionique O,l, et elles sent k, = 1,28 f 0,30 x lo+; kl = 2,82 f 
0,24 x 1O-8; ks = 3,72 f 0,19 x lo-“; kd = 6,39 f 0,12 x lo-le. 
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Complexometric titration of total iron with o-mercaptobenzoic acid as indicator 
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VARIOUS methods have been reported in the literature for the EDTA titration of iron and iron(H). 
For the use of EDTA to determine total iron in a system containing both iron(III) and iron( 
the iron(H) has to be oxidized. Iron can be titrated with EDTA, with ammonium thiocyanate,l 
salicylic acid,* sulphosalicylic acid, * Tiron**6 efc as indicator. These direct complexometric titrations 
have, however, poor end-points. Further, the formation of the iron@) EDTA complex is slow at 
room temperature and a higher temperature (up to 60”) is advisable, but the increased risk of hydro- 
lysis necessitates the use of a pH in the region of 1. 

o-Mercaptobenzoic acid (MBA) is proposed in the present investigation as an indicator for the 
determination of iron. Arutyunov and BakalyatP have reported the estimation of iron in food 
products by titration of the red precipitate formed between iron and MBA. However, the titration 
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is very slow, the end-point is not sharp, and the titration has to be carried out with a 
ill! 

recipitate 
present. The precipitation can be avoided by the use of a pyridine-sulphuric acid b er system. 
MBA forms a soluble deep blue complex with iron(H) in this medium @H 64-7-4) and this can be 
titrated against EDTA, giving a very sharp colour change from blue to light yellow at room temperature 
(25-30”). 

Iron@) can also be determined conveniently because it is reduced by MBA to iron(H). Iron(III) 
forms a transient blue colour which soon disappears and then with excess of the reagent the deep 
blue iron(H) complex is formed. The reduction can be hastened by addition of ascorbic acid or 
hydroquinone before the reagent. The blue iron(H) complex is susceptible to oxidation but this 
can be prevented by addition of ascorbic acid or hydroquinone. Further, iron can be determined 
even in the presence of a large excess of copper if the latter is masked with sodium t~osulp~te or 
ascorbic acid. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from analytical grade materials. 
Zron(ZZ), 0*01&f. Prepared by dissolving the requisite amount of Fe(NH&(SO,),+6H,O in a 

litre of water containing 5 ml of concentrated sulphuric acid, and standardized against potassium 
dichromate, ~-phenylan~~lic acid’ being used as indicator. 

Zron(ZZZ), 0.01&f. Prepared by dissolving the requisite amount of Fe(NH,)(S0&12H,O in a 
litre of water containing 5 ml of concentrated sulphuric acid, and standardized by the tin(U) chloride 
method.’ 

o-Mercuptobenzoic acid. A 1% w/v solution in redistilled ethanol; stored in the refrigerator. 
Pyridine, redistilled. 
EDT& O*OlM. Standardized against calcium, with Murexidee as indicator. 

Determi~t~o~ @iron 

To 5 ml of solution containing up to 5 mg of iron, add 1 S-20 mg of ascorbic acid or hydroquinone, 
let stand for 2 mm, then add pyridine to adjust the pH to 64-7.4, followed by 3-4 ml of indicator 
solution, and titrate immediately with EDTA till the colour changes from blue to light yellow. 

Determination of iron in presence of capper 

To 5 ml of solution containing up to 5 mg of iron and 12 mg of copper add 15-20 mg of ascorbic 
acid, 2 ml of pyridine, 6-7 ml of 10% sodium thiosulphate solution and 3-5 ml of indicator solution 
and titrate immediately with EDTA till the colour changes from red to light yellow. If more copper 
is present, add the amount of sodium thiosulphate solution calculated to mask the copper completely; 
5 ml of 10% sodium thiosulphate solution masks 0.25 mmole of copper (15.9 mg). 

RESULTS 

Typical titration results are shown in Tables I-IV. 

Fe09 
taken, mg 

0.558 
1.168 
1675 

Fe@9 
found, mg 

0558 
1.160 
1.680 

Error, 

W 

- 
-0GO8 
+o.OOs 

Fe09 
taken, mg 

2.233 
2.792 
5.584 

Fe@9 
found, mg 

2241 
2.800 
5.519 

Error, 

mg 

+O@OX 
+0.008 
-oG)5 

TABLEE.-TITRATIONOFIRON(ITI) 

Fe(fI1) 
taken, mg 

Fe(H1) 
found, mg 

Error, 
Mg 

Fe@@ 
taken, mg 

Fe(II1) 
found, mg 

Error 
mg 

0.558 0558 - 2.233 2.241 +0+08 
1.168 1.168 - 2.792 2.800 -to.008 
1.675 1.670 -0~005 5.584 5.580 --0004 
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%hBLEI&-TlTRATIONOFToTALIRON 

Fe0 
taken, 

mg 

0558 
1.168 
2.792 
5.584 

Fe@T) Total Fe, 
taken, Total Fe, found, Error, 

mg w mg mg 

2792 3.350 3.345 -0+05 
2.332 2400 3.995 -0GO5 
1.675 4.467 4.459 -0038 
0558 6.142 6.138 --0004 

TABLB IV.-TITRATION OF IRON PI THB PRESENCE OF COPPER, 
WlTHSoDlUMTHIOSULPHA'IY?,ASMASKINGAGENT 

Taken, “g 

Fe Cu 

0.558 6.354 
2.792 6.354 
0.558 12.71 
2792 12.71 

Fe found, Error, 
W mg 

0.558 - 
2.800 _tOGO8 
0.556 -0W2 
2.785 -o*OO7 

FIG. 1 .-Absorption spectrum of the iron(H) complex with MBA at pH 6.4. 
1 ml of @0025&f iron(H) + 2 ml of pyridine -i- I ml of 1% MBA, diluted to 10 ml. 

The absorption spectrum of the complex is shown in Fig. 1. Continuous variation@ and mole 
ratid plots showed that a 1: 2 Fe-MBA complex is formed. 
over the pH range 6-4-7.4. 

The complex has maximum absorption 

The stability constant, calculated by Harvey and M~ng’s method,‘l was found to be log K = 
7.7 at 25”, at ionic strength 0.1. 

Eflect of diverse ions 

Co(H), Ni, Mn(l1) and Cu(I1) interfere seriously in the titration and also form coloured com- 
plexes. Cu(II) can, however, be masked with sodium thiosulphate. There was no interference by 
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anions such as chloride, fluoride, tartrate, phosphate, oxalate, citrate and acetate in amounts up to 
250 mg. 

Defence L~ratory L. M. B~~AND~ 
Jodhpur, India M. M. L. KH~~LA 

Department of Chemistry s. P. RAO 
University of Jodhpur 
Jodhpur, India 

Summary-The soluble deep blue complex of iron(H) with o-mer- 
captobenzoic acid in aqueous pyridine &dium (pH.64?4) can be 
titrated with EDTA at room temnerature with a sham colour chance 
from blue to light yellow. o-Mertaptobenzoic acid f&ms a 2: I cogi 
plex with iron(ID, maximum absorption at 600 mu. Its stability 
constant was found to be log K = 7.7. With iron( a transient blue 
colour is first formed which soon becomes colourless and then on the 
addition of excess of reagent, the deep blue complex is formed on 
reduction of the iron(III$ Iron can be titrated ih the presence of 
Conner. if the latter is masked with sodium thios~ohate. Cobalt and 
nickel interfere. Common anions such as chloride, t&rate, phosphate, 
oxalate, citrate and acetate have no interference. 

Zusammenfassung--Der liisliche tiefblaue Komplex von Eisen(II) mit 
o-Mercaptobenzoe&ure in wtirigem Pyridinmedium (pH 6,4-7,4) 
kann bei Raumtemperatur mit EDTA bis zu einem scharfen Farbum- 
schlag von blau nach lichtgelb titriert werden. o-Me~pto~~~~ 
bildet mit Eisen(II) einen 2: I-Komplex mit Abso~tio~~~ bei 
600 nm. Fiir seine Stabilititskonstante wurde log K = 7.7 gefunden. 
Nit Eisen(III) erscheint vortlbergehend eine blaue Fiirbung, dann wird 
die Losung farblos und bei Zugabe van tlberschtlssigem Reagens bildet 
sich der tiefblaue Komplex nach Red&ion des Eisen(III). Eisen 
kann in Gegenwart von Kupfer titriert werden, wenn dieses mit 
Nat~um~iosu~at maskiert wird. Kobalt und Nickel St&en, h&tdiger 
vorko~ende Anionen wie Chlorid, Tartrat, Phosphat, Oxalat, 
Citrat und Acetat St&en nicht. 

R&run&-Gn peut titrer le complexe soluble bleu foncl: du fer(II) avec 
l’acide o-mercaptobenzoique en milieu pyridine aqueuse (pH 6,4-7,4) 
au moyen d’EDTA it temperature ordinaire, avec un changement de 
coloration net du bleu au jaune clair. L’acide o-mercaptobenxoIque 
forme un complexe 2:l avec le fer(II), maximum d’absorption a 
600 run. On a trouve que sa constante de stabilite est lo K = 7,7. 
Avec le fer(III) il se forme d’abord une coloration bleue ugace qui f 
bient6t disparalt puis, par addition d’un ex& de reactif, il se forme le 
complexe bleu fonci: par reduction du fer(II1). On peut doser le fer en 
la presence de cuivre, si ce dernier est dissimule au moyen de thio- 
sulfate de sodium. Le cobalt et le nickel g&rent. Les anions communs 
tels que chlorure, tartrate, phosphate, oxalate, citrate et acetate ne 
g&rent pas. 
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Hydrolysis of substituted fkacetoxyquinolines 

(Received 25 June 1969. Accepted 11 August 1969) 

IN this study, the hydrolysis of 2-methyl-8-acetoxyquinoline, an ester of analytical interest for the 
precipitation of metal ions from homogeneous solution (PFHS),l and of 5&loro-8-acetoxyquinoline 
are compared and contrasted with the hydrolysis of the parent ester 8-acetoxyquinolme, in the 
presence and absence of metal ions. 

EXPERIMENTAL 

Reagents 

8-Acetoxyquinoline. PFHS grade, stored over phosphorus pentoxide. 
2-Methyl-8-acetoxyquinoline. Synthesized by the method of Btlchi et aL4 from 2-methyl-8- 

hydroxyquinoline, and stored over phosphorus pentoxide. 
5-Chloro-8-acetoxyquinoline. Prepared by refluxing 10 g of 5-chloro-8-hydroxyquinoline, 10 ml 

of pyridine and 50 ml of acetic anhydride for 7 hr; the excess of reagents was then removed by 
heating under reduced pressure on a steam-bath, and the residue distilled (162-164”, 8 mbar). The 
product was recrystallized from benzene-petroleum ether to yield white platelets m.p. 82-84”. 

Metal ion solutions. Prepared from the perchlorate salts. The copper(I1) solution was standard- 
ized iodometrically. 

The water used was distilled and demineralized. 

Procedure 

pK, Values. About 60 mg of ester were weighed into the titration vessel, then dissolved in 1-O ml 
of absolute ethanol, and diluted with 100.0 ml of 005M perchloric acid which was 010M in sodium 
perchlorate, and then titrated potentiometrically at 25.0 + Oslo, under nitrogen, with a standard 
carbonate-free solution of sodium hydroxide. The p& values were calculated in the manner of 
Takamoto et al.’ Calculations showed that the hydrolysis that occurred during a potentiometric 
titration was negligible. 

Hydrolyses of esters. Solutions made by adding 1-O ml of a freshly prepared ethanolic solution of 
ester to 99 ml of perchloric acid (for pH values <3) or of a buffer solution (acetate for pH 3-6, 
phosphate for pH 6-7, borate for pH > 8) were adjusted to an ionic strength of 0.1, where necessary, 
with sodium perchlorate. The solutions, usually 2 x 10-6M in ester, were kept at 25.0 f O-l”, and 
samples withdrawn at appropriate intervals for measurement of absorbance (with I-acetoxyquinoline, 
at 251.5 nm for pH <5 and at 240 mn for pH >5; with the Zmethyl ester, generally at 255 nm; 
with the 5-chloro ester, at 257 mn for pH <3.9 and at 235 nm for pH >3.9). 

Values of log (A, - A,), where Am and At are the absorbances at the completion of the hydro- 
lysis and at time t, when plotted against t yielded straight lines extending over several half-lives, 
indicating that the reactions were first-order with respect to ester. 

Some rate constants for the 2-methyl ester, for the same conditions of temperature and ionic 
strength but with the ester at higher concentration (O*Ol-O02M), were determined by a bromometric 
method’ for the determination of 2-methyl-8-hydroxyquinoline. These constants were consistent 
with those determined spectrophotometrically. 

RESULTS AND DISCUSSION 

For the hydrolysis of 8-acetoxyquinoline, Wasmuth and Freiser5 showed that the variation of the 
observed first-order rate constant with pH could be accounted for by assuming it to be a consequence 
of several hydrolysis reactions: that of the protonated ester catalysed by H+, that of the free ester 
catalysed by H+, a hydrolysi8 of the free ester without catalysis by H+ or OH- (but possibly involving 
intramolecular catalysis by the quinoline nitrogen), and hydrolysis of the free ester catalysed by OH-. 
This leads to the following expression for the observed rate constant: 

k obe = KB :“;;+] VdH+ll + KB +K;H+l WH+l -I- ka + k,[OH-I} 

in which kl, kg, ks and ka are the rate constants for the four hydrolysis reactions in the order men- 
tioned above, and K,, is the acid dissociation constant of the protonated ester. 

The results we obtained for the hydrolysis of both 2-methyl-8-acetoxyquinoline and 5-chloro-8- 
acetoxyquinoline can be described by this equation as shown in Fig. 1, the curves of which were 
plotted from the data of Table I. The curve for Gacetoxyquinoline is based on the work of Barca and 
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2-methyl-8-acetoxyquinallne 

5-chloro-8-acetoxyqulnoline 

0 2 4 6 8 

PH 

FIG. I.-Variation, with pH, of observed first-order rate constants for hydrolysis of 
8-acetoxyquinolines. (The curves below pH 1 are dotted because the ionic strength is 
greater than 0.1.) The points plotted as squares are for the hydrolysis of 2-methyl-s- 

acetoxyquinoline in the presence of 0.01-0.06M copper(H). 

Freiser;6 for this ester we obtained similar hydrolysis data over a narrower pH range. The similarities 
in the pH-rate constant relationships of the three eSters suggests that they have the same hydrolysis 
mechanism. 

The hypothesis500 that the pH-independent hydrolysis of the neutral ester is due to intramolecular 
nucleophilic catalysis by the nitrogen atom is supported by our tiding that ks for 2-methyl-S-acetoxy- 
quinoline is higher, and for 5-chloro-8-acetoxyquinohne is lower, that that for 8-acetoxyquinoline: 
this accords with the order of basicity of the nitrogen atom in the three esters. 

Freiser et a1.6*6 observed that the hydrolysis of I-acetoxyquinohne is catalvsed by several metal ions, 

the effect (with bivalent ions) on kobs being given by 
K&,,[M+a][OH-] - - 

K, + lH+l 
as an additional factor in the 

equation cited earlier. 
We confirmed catalysis of the hydrolysis of 8-acetoxyquinoline by both copper(H) and nickel 

ions, with very good agreement: km for Cu *+, 
1O1).E km for NP+, 

8.5 x 1071*. mole-“. Se& (compared with 9.1 x 
~1.6 x 10’ 1’. mole-*. se& (compared with ~1.5 x 1O’).6 In contrast, though, 

we detected no catalysis of the hydrolysis of 2-methyl-8-acetoxyquinoline by either copper(I1) 
(O~Ol-OG6M, at pH 3-5-3.9) or nickel (@OlM, at pH 6.1-6.5). With 5-&loro-8-acetoxyquinoline, 
catalysis by copper(H) was observed, km being 
2.5-3.5 with [Cup+] = 0.01&f). 

~10~ P. mole-*. se@ (from experiments at pH 

Our observation that the hydrolysis of 2-methyl-8-acetoxyquinoline appears uncatalysed by 
metal ions, whereas the hydrolysis of both the parent ester and the 5-chloro derivative is catalysed, 
supports the view6 that the catalysis involves co-ordination of the metal ion to both the nitrogen and 

TABLE I.-RATE CONSTANTS FOR HYDROLYSIS OF 8-ACETOXYQUINOLINES AND pK,, VALUES 
(25.O”C; ionic strength = 0.1) 

2-methyl- S-chloro- 
Rate constant 8-acetoxyquinoline 8-acetoxyquinoline 8-acetoxyquinolinee 

kI, I.mole-l.sec-l x lo6 1.5 1.8 2.55 
kl, I.mole-l.sec-l x lOa 36 2.1 3.7 
k,, set-’ x lo5 20.7 2.68 4.7 
k4, l.mole-l.sec-l 1.8 0.8 1.14 
pKe of the conjugate acid : 3.99 f 0.03 2.33 f 0.02* 3.08 f 0.01 

* A spectrophotometric determination, at 245.5 MI, yielded the value 2.31 f 0.04. 
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the carbonyl oxygen of the ester, to form a 7-membered ring. Models show that such co-ordination 
is prevented by a methyl group in the 2position but is unhindered in the other two compounds. If 
chelation involved the ether oxygen, the 2-methyl group would exert no appreciable sterlc et%%. 

The fact that the hydrolysis of ~methyl-8-a~toxyquinoline is much less &e&d by metal ions 
gives an advantage to this ester, in comparison to S-acetoxyquinoline, as a reagent for the homo- 
geneous precipitation of metal ions. With the parent ester, the rate of hydrolysis depends, inter uliu, 
on the nature and concentration of the metal ion being precipitated, and may be several times the 
rate in the absence of the latter; with the 2-methyl compound, prediction of the rate of hydrolysis, 
and hence control of the precipitation, is more readily achieved. 

Ack~wle~e~e~t-We gratefully ac~owi~ge tinancial support from the National Research 
Council of Canada. 

Burke Chemical Laboratories E. J. B~LLO 
M&faster University R. P. Gm@’ 
Hamilton, Ontario, Canada P. 0. CALWAY 

Summary-In the absence of metal ions, the hydrolysis of 2-methyl- 
S-acetoxyquinoline and of 5-chloro-8-a~toxyq~noline follow the 
same reaction paths as those of the parent ester 8-a~toxyqu~oline, 
including an i&ramolecular catalysis by the quinoline nitrog%. Unlike 
the hvdrolvsis of the other esters. that of the 2-methvl compound 
appears no\ to be catalysed by metal ions, and this is consistent with 
the view that catalysis by a metal ion involves the formation of a 
Fmembered chelate structure. 

Zu~~g-In Abwesenheit von Metallionen verlauft die 
Hydrolyse von 2-Methyl-8-~toxyc~o~m und von 5-Chlor-8- 
acetoxychinolin ebenso wie die des zugrundeliegenden Esters 8- 
Acetoxychinolin tiber eine intramolekulare Ratalyse durch den 
Chinolinstickstoff. Anders als die Hydrolyse der iibrigen Ester wird 
die des 2-Methylderivats offenbar nicht durch Metallionen katalysiert. 
Dies stimmt mit der Auffassung iiberein, da8 die Metallionenkatalyse 
die Bildung einer 7-gliedrlgen Chelatstruktur einscblie& 

R&m&-En l’absence d’ions m&alliques, l’hydrolyse de la 2-methyl 
8-ac&oxyquinol&me et de la 5-chloro 8-acetoxyquinolbme suit le meme 
processus reactionnel que l’ester apparent& 8-acetoxyquinoleine, 
incluant une catalyse intramol(5culaire par l’azote quinoleique. A 
l’oppod de l’hydrolyse des autres esters, celle du compose 2-methyl6 
apparalt ne pas Btre catalysee par les ions m&alliques, et ceci est en 
accord avec la conception que la catalyse par un ion metallique 
implique la formation dune structure ch&lat&e heptagonale. 

REFERENCES 
1. R. P. Graham, E. J. Bill0 and J. A. Thomson, Tulanta, 1964,11,1641. 
2. J. Btlchi, A. Aebi, A. Deflorin and H. Humi, Helv. Chim. Acta, 1956,39,1676. 
3. S. Takamoto, Q. Fernando and H. Freiser, Anal. Chem., 196537, 1249. 
4. A. Corsini and R. P. Grabam, Anal. Chim. Acta, 1960,23,248. 
5. C. R. Wasmuth and H. Freiser. Takmta, 1962,9,1059. 
6. R. H. Bama and H. Freiser, f. hrn. O&z. So&, i966,88,3744. 

Talanta, 1970, Vol. 17, pp. 182 to 186. Persamon Pnss. Printed in Northern Ireland 

Acid dissociation and metal chelate formation equilibria of some 
halogenated dipbenyltbioc~bazo~~ 

(Received 12 May 1969. Accepted 2 July 1969) 

IN THE course of an investigation of the effect of ligand substitution on the rate of formation of zinc, 
nickel and cobalt dithizonatesr*a it was found that both electron-releasing and -withdrawing sub- 
stituents resulted in ligands which reacted more rapidly with the metal ions than did the parent 
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stituents resulted in ligands which reacted more rapidly with the metal ions than did the parent 
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compounds. This substituent effect is markedly different from that generally observed in equilibrium 
parameters such as the pKa of the l&and or the formation constant of the chelate. Change of charge 
density at the site of chelation is generally reflected in a corresponding change of pKa and log Kt, in a 
given series. This study of the pKs values for the ligands and of log Kr, values for the Co(H), Nr and 
Zn chelates was undertaken to learn whether the unusual kinetic behaviour would be observed in the 
acid dissociation and/or the metal chelate formation equilibria. 

Materials 

EXPERIMENTAL 

The di-p-fluoro, di-p-chloro-, di-p-bromo-, di-p-iodo-, and di-m-trifluoromethyl-phenylthio- 
carbazones were synthesizeds-6 by coupling two molecules of the diazonium compound with 
sodionitromethane in an alkaline ethanolic medium, giving the nitroformazyl compound which was 
then reduced by ethanolic ammonium sulphide solution to give the thiocarbazide product. The 
latter, in turn, was oxidized to the corresponding diphenylthiocarbazone. These synthesized dithi- 
zones as well as diphenylthiocarbazone were purified by precipitation with absolute ethanol from 
solutions of freshly distilled chloroform that had been treated with hydroxylamine hydrochloride.@*’ 

The melting points were found to be: di-p-fluoro 149-SO”(lit.* 146-S’), di-pchloro 72-3” (lit9 
173-4”), di-p-bromo 150-l”(lit.e 151-2”), di-p-iodo 159-60°(lit. e 160-l”) and di-m-trifluoromethyl 
130-l’(lit.* 128-9”). 

The absorption spectra in the region 320-760 nm as well as the peak ratios of these compounds 
in chloroform solutions were compared with those previously reported (Table I). 

TABLEI.-ABSORPTMTYDATAFORD ITHIZDNESIN CHCl* AT 25°C 

il, min, 1, max, 1, min, L, max, & min, e1 max/e* max 
Diarylthiocarbazone nm nm nm nm nm 

D iphenyl 
(CJ&N,S) 
Di-p-fluorophenyl 
(G,H,,F,N,S) 
Di-p-chlorophenyl 
(C,,H&l,N,S) 
Di-p-bromophenyl 
(C1~H~OBr~NIS) 
Di-p-iodophenyl 
(GH,&N,S) 
Di-m-trifluoro- 
methylphenyl 
(CUHU,FBN~S) 

700 605 
7oa7 606 605 

777 607 622 
7f8 626 621 

7:* 635 626 

a 635 

718 610 
a 610 

507 443 
505 445 
507 447 
507 447 
515 458 
515 458 
522 458 
522 458 
530 466 
530 464 

508 443 
510 445 

364 
- 

365 

373 

9:; 

2.5 
373 2.6 

- ;:: 

384 2.6 
- 2.6 

357 1.4 
- 1.4 

a Reported values.8 

Buffer solutions were prepared from reagent grade chemicals and demineralized water. At pH 
values below 7 they were freed from heavy metal ions by extraction with dithizone solution in carbon 
tetrachloride,10 and were made up to 030M ionic strength by adjustment with sodium perchlorate 
solution. 

The aqueous solutions of zinc, cobalt(I1) and nickel perchlorates were standardized by titration 
with EDTA solution.” 1,4-Dioxan was purified by refluxing with metallic sodhut+* and redistilled 
daily. A 50 % v/v aqueous dioxan solution was the medium for all absorbance measurements made 
in the determination of equilibrium constants. The stabilities of the dioxan solutions of the halogen 
substituted dithizones toward oxidation were found to decrease in the order F > Cl > Br > I, a 
behaviour similar to that found for their chloroform solutions .I To prevent the oxidation of the sol- 
utions of these dithizones the freshly distilled dioxan was vigorously shaken with a few crystals of 
hydroxylamine hydrochloride for about 10 mm, followed by filtration before use. 

A Cary 14 spectrophotometer was employed for all the spectrophotometric measurements 
made in this study. 

A Beckman Research pH meter with a glass+alomel electrode pair was used for pH measure- 
ments. Standardization against Beckman buffers of pH 4.00 and 6.86 was carried out before each 
set of measurements. For measurements in 50 % v/v aqueous dioxan solutions appropriate corrections 

5 
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were made for converting the pH meter readings into the corresponding hydrogen ion concentrations. 
An ultrasordc disintegrator Model T-WI (Ultrasonic Industries, Inc., Albertson, L.I., N.Y.) 

was very useful for ensuring quick and complete dissolution of the ligands in dioxan. 

Determination of acid dissociation constants 

In each experiment, a series of 10-12 or more different solutions was prepared, each containing a 
mixture of buffer solution of O30N ionic strength, demineralized water and dioxan. That volume of 
ligand solution which on dilution would give an ionicstrengthof O~lOMandaEnal composition of 50 % 
v/v aqueous dioxan, was added by pipette to each mixture just before theabsorbance at the appropriate 
wavelength was recorded (Table II). Although in previous studies1p a small change of absorbance 

TAXE II.--AsSGRPTMTY DATA FOR DITEIIZONES IN DIOXAN (A) AND Ii’4 50 % V/V AQUEOUS DIOXAN 
MEDIUM (B) IN THE REGION 320760 nm AT 25°C 

L1 min, I, max, il, min, 1, max. & min, 
Diarylthiocarbazone nm 

8> max/ar max 
nm nm nm nm 

Diphenyl (A) 710 618 512 447 363 1-S 

gi 
598 SO5 435 360 

Di-p-F-phenyl 615 516 450 367 1.5 
700 596 506 424 350 

Di-p-Cl-phenyl (A) 720 627 523 458 370 15 

gi 
700 596 506 424 350 

Di-p-Br-phenyl 723 632 525 456 370 1.4 
(B) 706 616 516 448 362 

Di-~I-phenyl 726 638 530 465 380 1.6 
720 625 526 458 376 

Di-m-CF.-phenyl $ 725 620 510 440 358 095 
715 600 510 420 348 

with time had been observed, arising from slight oxidative decomposition of the ligand. it was found 
in this study that solutions prepared with the freshly distilled and hydroxylamine-treated dioxan 
were entirely stable for a number of hours. 

A plot of the absorbance values of the series of solutions against pH gave the characteristic sip&d- 
shaped CUNeS with inflection points corresponding to the plu, values of the ligands. A more reliable 
graphical method from which the acid dissociation constants were calculated (Table III) is the one 
based on the equation.” 

~E,,T, - A 
PH = PK’ + log A _ lELTL 0) 

or pH = p& + logf(A) (2) 

and pH = p& at logf(A) = 0 

TABLE III.-ACID DISSOCIATION CONSTANTS OF DWHIZONES AND FORMATION CONSTANTS OF THEIR 1 :I 
METAL CJXELATES IN 50 % V/V AQUEOUS DIOXAN SOLUTIONS OF @lo&f IONIC STRENGTH AT 25°C 

Di~l~i~b~one p~dJ+l 
COOI) 

Diphenyl 5*77(6OO) 643(520) 
From Ref. 14 5.80 

Di-p-F-phenyl 4*99(596) 
Di-p-Cl-phenyl 4~63(610) - :*$E; 
Di-p-Br-phenyl 4*40(616) S*39(520) 
Di-~~-phenyl 403(62S) 4.84(440) 
Di-m-CF,-phenyl 2S7(6OO) 3*48(58O) 
Di-o-CH,-phenyP 6-23 
Di-p-CH,-phenyP 6.40 

* Wavelength used for absorbance measurements, nm. 

Log f&&P) 

Ni(H) 

569(600) 
583 
5*14(480) 
4*90(610) 
4*72(430) 
4*66(62S) 
3*33(490) 
5.90 
660 

WH) 

6*16(500) 
618 
5*75(5O0) 
537(510) 
5*3S(SlO) 
S~O2(.510) 
3.83(495) 
450 
6.45 
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where E~& and eL are the molar absorptivities of the neutral and anionic forms of the lipand, A the 
absorbance, all at the same pH value, I is the path-length, and I’& is the total ligand concentration 
(in mole. 1-l). A plot of pH us. log f(A) gave a straight line of unit slope with an intercept [at 
log f(A) = 0] equal to the pK,, of the acid. 

Determination of formation constants of 1 :l metal complexes 

The solutions were prepared as for the ~Ks determination except that each mixture contained a 
definite amount of the metal ion added as standard perchlorate solution. Just before the absorbance 
was recorded an aliquot of the ligand solution was added to the mixture to give a solution of O.lOM 
ionic strength in 50% v/v aqueous dioxan medium, with a metal-ligand concentration ratio (TX/T,) 
of 100 or more in order to prevent the formation of the 1:2 chelate complex. In the case of nickel, 
chelate precipitation could be avoided only when TM was under 5 x 10-4M. 

Absorbance measurements at the wavelength maximum of the metal complex were made at various 
time intervals. Extrapolation of absorbance to zero time was necessary since in the presence of metal 
ions, a slow change due to ligand oxidation was observed. 

The variation of absorbance with pH provided the basis of the graphical method for the calculation 
of the formation constant.14 

[H+l (A - ~,,T,I) 
Kfl = mM (eIIL T,I - A) 

(A - eELTL0 
log &I = PK. - log TM - pH + log (eMATLl _ A) 

(3) 

(4) 

where Krl is the formation constant of the 1 :l complex and A is the extrapolated absorbance. The 
value of log Kf, for each metal complex was determined from a plot of log f(A) us. pH; this gave a 
straight line of unit slope with an intercept [at logf(A) = 0] equal to log T,Ka&,. The precision of 
log PK. and log Kil was kO.05. 

I I I I I I I 
35 40 45 50 55 60 65 

PK~ 

ho. I.-Variation of dithizonate chelate stabilities with reagent basicity (log Krl 
us. p&) in 50% v/v aqueous dioxan at 25°C. 
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DISCUSSION 

The effect of the substituents on the acid dissociation constants of the ligands is in reasonable 
accord with what could be expected from their electronic influence. There is a roughly linear corm- 
lation of the p& values of the ligands with the value of the Hammett c constants of the su~ti~en~. 
Furthermore, as can be seen from Fig. 1, the variation of chelate stability with l&and basicity is in 
complete accord with the conventional p&, - log Kr relationships. The explanation for the unusual 
kinetics of chelate formation with these substituted dithizones must be sought elsewhere, 

Although of the reagents studied the m-trifluoromethyl analogue forms the weakest chelates, 
it is important to note that its complexes have proton displacement constants (J&K*) that are the 
highest in the series so that its chelates wilf form in sign&antly more acidic media than will those of 
dithizone. This property, plus a greater stability of the compound towards oxidative degradation, 
should make it quite a useful analytical reagent. 
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Summary-The acid dissociation constants (I&) of di-p-fluoro-, 
di-p-chloro-, di-p-bromo-, di-p-iodo- and di-m-trifluoromethyl- 
phenylthiocarbazones and the equilibrium formation constants (Kr,) of 
their 1 :l complexes with Co(n), Ni and Zn have been determined at 
25” in 50% v/v aqueous dioxan at 0.10 M ionic strength. Each of the 
el~~n-~th~a~g substituents gives a reduction in pK, roughly 
proportions to its Hammett u value, and log Kt, increases linearly 
with p&. 

Zasarnmenfassun8-Die Sauredissoziationskonstanten (&) der Di-p- 
fluoro-, Di-p-chloro-, Di-p-bromo-, Di-p-jodo- und Di-m-tritluor- 
methyl-phenylthiocarbazone und die Bildungskonstanten (&,) ihrer 
1 :I-Komplexe mit Co(II), Ni und Zn wurden bei 25” in 50% (V/V) 
wtirigem Dioxan bei der Ionenstiirke 0,lM bestimmt. Jeder der 
elek~on~b~ehenden Substituenten vermindert p& urn einen Wert, 
der etwa seinem o-Wert nach Hammett proportional ist; log J& 
steigt linear mit p&. 

R&nun&-&r a determin6, a 25” en dioxane aqueux a 50 % v/v et aver 
une force ionique O,lOM, les constantes de dissociation acide (&) des 
di-p-fluoro-, di-p-chloro-, di-p-bromo-, di-p-iodo- et di-m-trifluoro- 
m~~ylph~nyl~io~~ones et les constantes de formation dXquilibre 
(&) de leurs comptexes 1:l aver Co@), Ni et Zn. Chacun des 
substituants attracteur d’&ctrons donne une r&luction du p& 
approximativement proportionnelle a sa valeur o de Hammett, et 
log Kf, crolt lintiiement avec p&. 
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Summary-The tetracyanoplatinate(II) (TCP) ion forms insoluble 
fluorescent compounds with many metal ions. This property has not 
hitherto been exploited for analytical use. The soluble sodium TCP 
salt has been applied as a reagent for metal ion detection. Fluorescent 
precipitates useful for detection of the metal ions were obtained with 
VIII), Zrov), Ag(I), Zn(II), Cd(II), Hg(O, I-WI), WIII), PbOI), 
La(llI) and Th(IV). Limits of detection ranged from 5 to 200 ppm. 
With ammonium acetate as a masking agent, selective detection of 10 
ppm of silver was achieved in the presence of the other metal ions. As 
little as 20 ppm of zirconium can be detected in the presence of 
hafnium, which yields a non-fluorescent precipitate. 

THE DETECTION and/or determination of metal ions by luminescent methods constitutes 
an important and growing topic of present-day analytical research. The reagents 
used are mainly organic chelating molecules, producing characteristic fluorescent 
solutions with particular metal ions. Some inorganic compounds also possess 
luminescent properties. Of these, the tetracyanoplatinate(II) (TCP) ion is an unusual 
example since it is not a metal chelate. The physical properties of the TCP salts have 
been examined in some detail since the mid-19th century, yet their chemical reactions 
have received little attention. As far as could be ascertained from the literature the 
TCP salts have not been previously investigated as analytical reagents. 

Many of the crystalline soluble TCP salts are fluorescent in the solid state, or in 
the frozen state in solution under ultraviolet excitation, and have been studied in 
some detail in radiation investigations. Apart from this, the applicability of metal- 
TCP compounds, in particular the insoluble compounds, does not appear to have 
been studied for metal ion detection. It seemed therefore of interest to study whether 
the luminescence of the insoluble metal TCP compounds could be exploited to detect 
metal ions in solution. The results of this study as they apply to detection are reported 
in this communication. The chemical and physical chemical aspects of the investi- 
gation will be reported elsewhere. 

As a result of our investigation methods have been developed for the detection of 
certain metal ions. For example, silver, which is normally difficult to detect directly 
in the presence of such elements as lead, mercury and noble metals, is easily detected 
by means of the luminescent precipitate formed; zirconium, virtually indistinguishable 
chemically from hafnium, is readily detected in the presence of the latter because the 
zirconium TCP precipitate is luminescent and the haf’nium one is not. 

This communication describes the preparation and use of the pure barium and 
sodium TCP salts; the sodium salt is the preferred reagent. Use of sodium TCP as a 

+ Paper presented at the International Symposium on Analytical Chemistry, Birmingham, 21-25 
July 1969. 
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reagent for the gravimetric and titrimetric determination of silver will be described in a 
later communication. 

EXPERIMENTAL 

Preparation of the tetracyanopZatinate(II) reagents 

The barium and sodium TCP salts were prepared. The first recorded preparation of tetracyano- 
platinate(II) compounds was by Gmelin’ in 1822 for the potassium salt. Quadrat in 1847 made the 
insoluble copper TCP from which he obtained the soluble barium salt, while ScherteP made the 
latter by the fusion of platinum disulphide with barium cyanide. None of these methods appeared 
to give good yields. Bergsrae& in 1899 synthesized the barium salt by a route involving the formation 
of an intermediate double salt of PtSOI*3BaSOI, formed according to the reaction: 

H,PtCl, + 7Ba(OH), + 5S01 -+ PtSOo*3BaSOI + BaSO, + 3BaC1, + 8H00 (I) 

The double salt was then digested with barium cyanide solution at 50” to yield barium TCP as follows: 

PtSO,*3BaSO, + 2Ba(CN), + BaPt(CN), + 3BaS0, (2) 

This method was reported to give good yields of the TCP salt, but it was not clear to what extent 
the yield was governed by the amount of barium cyanide in excess, the reaction temperature, and the 
digestion time. 

Our first attempts to produce the barium TCP salt by Bergsae’s method, with a moderate excess 
of barium cyanide, produced rather poor yields. This was flnally overcome by using a large excess of 
barium cyanide (about 5 times the stoichiometric requirements) and digestion for 4 hr at 50’; ~95 % 
yields of pure material were then obtained. 

The cyanide digestion temperature was found to be critical. At temperatures above 60” the 
double sulphite tends to decompose, depositing platinum black in the reaction mixture. 

Poor yields were also obtained if in reaction (1) nitrate ion or nitric acid remained in the hexa- 
chloroplatinic acid solution, whether this was obtained as a commercial preparation or from dissolu- 
tion ofplatinum sponge in aqua regia. The chloroplatinic acid solution mustbe repeatedly evaporated 
to drvness with hvdrochloric acid in order to drive off all the nitric acid. 

In’ the case of the alkali metal TCP salts, Quadrat% described some methods based on the reaction 
of the insoluble copper TCP with the metal hydroxides, and by treating tetrachloroplatinate salts 
with the appropriate alkali metal cyanide. These methods were considered too cumbersome as a 
means of obtaining the pure sodium TCP salt. In recent times Bergsee et aL6 (1962) described an 
ion-exchange method for the preparation of alkali metal TCP salts; a solution of the barium TCP 
salt was passed down a column of cation-exchange resin to convert the salt into the free tetra- 
cyanoplatinic acid, which was then neutralized with the appropriate alkali, or alkaline earth metal 
oxide or carbonate. 

It was considered that the ion-exchange method would provide a purer sample of the sodium 
TCP. and it was modiied by using a cation-exchanger in the sodium form. 

Preparation of barium tetracyanoplatinate(Il). Platinum sponge of 99999% purity (2 g) was 
dissolved in aqua regia (20 ml) and the solution of hexachloroplatinic acid reduced to small bulk on a 
boiling water-bath. The residue was taken up in cont. hydrochloric acid (10 ml, MAR) and the 
volume of liquid reduced once more by evaporation. This hydrochloric acid treatment was repeated 
until no more nitric acid was present in the residue. 

The residue was taken up in distilled water (10 ml) and transferred to a 500-ml round-bottomed 
flask with distilled water. The solution was adjusted to pH 9-10 with 0.5M barium hydroxide, and 
diluted to about 200 ml with distilled water; barium hydroxide (23 g) was then added. The orange 
mixture was stirred to dissolve most of the barium hydroxide and the flask was placed in a water-bath 
maintained at 70”. The vessel was provided with a gas-delivery tube and exit, and when the mixture 
was at about 70” sulphur dioxide was passed slowly through the reaction mixture until the latter was 
colourless, indicating that all the barium hexachloroplatinate(IV) had been reduced, and was then 
passed for a further 15 min to ensure complete reduction. The contents of the flask, a mixture of the 
double sulphite and barium sulphate, were adjusted to pH 9-10 with @5M barium hydroxide and 
then filtered. 

The reaction product was collected on a Whatman No. 542 paper in a Biichner funnel and washed 
with hot distilled water. The precipitate was very fine and difficult to collect, and decantation was 
impracticable since the precipitate did not settle. The product was sucked dry on the filter, transferred 
to a 250-ml beaker, and treated with a suspension of barium cyanide (20 g in 50 ml of water). The 
mixture was heated to 50” and stirred constantly for 4 hr. The precipitate decreased in bulk as 
reaction (2) proceeded. Carbon dioxide was then passed through the suspension in order to destroy 



Use of tetracyanoplatinate@) for the luminescent detection of metal ions 189 

the excess of barium cyanide. The mixture was filtered and the solution of the barium TCP salt 
obtained was evaporated to small bulk. 
on cooling the concentrate. 

Green crystals of the barium TCP tetrahydrate were obtained 

The yield was 4.87 
B 

: 92.6% of the theoretical from the platinum taken. Analysis: found, C 93, 
9.3 %; H 1.6.1*7%; a 266,26*6x; [Pt(CN),lg-586, 58.6%: calculated for BaPt(CN),*4Hp0, C 
9.43 %; H 1.59 %; Ba 27.0%; [Pt(CN),]*- 58.8 %. 

Notes. 1. Determination of the water content of the product by drying to constant weight was 
found to be impracticable. The dried salt was extremely hygroscopic. 

2. Further purification of the product was attempted by recrystallization from water, the solution 
being saturated with carbon dioxide. Yellow crystals of barium TCP tetrahydrate were obtained, and 
did not differ in analytical composition from the green material. This is consistent with the observa- 
tions of Levy.@ Both tetrahydrates gave a green fluorescence under ultraviolet excitation, but the 
yellow form was much less fluorescent. 

Preparation of sodium tetracyanopIatinate(ZZ). A column of Amberlite IR-120 cation-exchange 
resin, 250 mm long and 20 mm in diameter, was changed into the sodium form by passage of a 
saturated solution of sodium bromide through it, and then washed free from bromide ions with 
demineralized water. A solution of the pure barium TCP tetrahydrate (1 g in 25 ml of water) was 
placed on the column, which was then washed with demineralized water until the effluent no longer 
gave a precipitate with silver nitrate solution, i.e., ail the TCP ion was washed from the resin. 

The solution collected from the column was evaporated to small bulk and colourless crystals of 
the sodium TCP trihydrate were obtained on cooling the concentrate. The product gave a bright 
blue fluorescence under the ultraviolet lamp. Yield 0.76 g; 96.8% of theoretical. Analysis: 
found, [Pt(CN),]*- 74.7, 74.8%; HI0 13.4, 13.4%; calculated for NalPt(CN)d [Pt(CN),I1- 74.9%; 
H,O 13.5%. 

Note. The [Pt(CN),e- ion was determined by the argentometric potentiometric titration used for 
the analysis of the barium TCP. The water of crystallization was determined by heating the weighed 
samples to constant weight at 160”. The anhydrous salt was not hygroscopic. 

77re reaction of tetracyarwplatinate(ZZ) with metal ions 
Quadrat described the preparation and analysis of some insoluble TCP compounds, and Stokes’ 

in 1853 stated that the nrecioitates obtained from the heavv metal ions and soluble TCP salts were 
I 

usually non-fluorescent: but that mercury(B) gave a strongly fluorescent precipitate and silver a 
very weakly fluorescent precipitate. Since then no other investigators have reported fluorescence of 
insoluble TCP compounds. Mtiller,B for example, in 1903 reported the production of coloured 
precipitates from the addition of a 3 % solution of potassium TCP to certain metal salts in solution; 
no mention was made that any of the precipitates exhibited fluorescence. 

A large number of soluble metal tetracyanoplatinate(I1) salts have been prepared, mainly because 
of the interest shown in their fluorescent characteristics in the solid state and their possible use as 
scintillation materials. PringsheimO lists a number of soluble TCP salts prepared by various in- 
vestigators before 1949. Later Tolstoi et aLlo prepared the alkali, alkaline earth and rare earth metal 
TCP salts in order to measure their fluorescence lifetimes. 

In the present investigation, preliminary tests showed which of the metals selected and available 
gave precipitates with the sodium tetracyanoplatinate(1) reagent. The metals listed in Table I, as 
5 % w/v aqueous solutions of their nitrates or other soluble metal salts where the nitrates were not 
available, were treated with an excess of 5 % w/v aqueous solution of the reagent. 

Since several of the metal ion solutions were naturally acidic, the pH was raised, after the addition 
of TCP, by addition of @lM or 2*5M ammonium solution, the former being used for fine control. A 
greatly extended range of precipitates was thus obtained but some of these precipitates were evidently 
the metal hydroxides. However, when a fluorescent precipitate was produced only on addition of the 
ammonia it was concluded that at least some of the TCP ion had been brought out of solution, and 
further that either these metal-TCP compounds were soluble in acid and precipitated by ammonia, or 
that fluorescence was caused by adsorption of the TCP ion onto the metal hydroxide precipitate. 

A more detailed study of the precipitation was then carried out under carefully controlled pH 
conditions. In this series of experiments the usual buffer solutions could not be used to control the 
pH, because they contained anions which would have given precipitates with some of the metal ions. 

Each metal ion solution (O-1 ml) was treated with the sodium TCP reagent 0.1 ml), then adjusted 
to different pH values with the aid of narrow-range indicator papers and dropwise addition of 0.1M 
ammonia hydroxide or O*lM nitric acid. The information obtained narrowed our interest (i) to those 
precipitates which formed in solutions of pH 6 or less, irrespective of whether they were fluorescent 
or not; and (ii) those precipitates that were fluorescent and which formed in solutions of pH above 6. 
The precipitates which formed in alkaline solutions were no longer of particular interest unless they 
were fluorescent, as some might well have been metal hydroxides. 

The results are tabulated in Table I and discussed below. 
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DISCUSSION 

Our investigation of the effect of pH on the formation of insoluble metal TCP 
precipitates revealed the conditions under which they were obtained. Certain of these 
precipitates, however, were non-~uores~nt (see Table I), p~i~arly those formed in 
solutions of pH 2, and it was not known whether they were indeed tetracyanoplati- 
nates. It is known that the crystalline alkali and alkaline earth metal TCP compounds 
are fluorescent in the solid state 9~10 Hence it seemed reasonable to expect any metal 
TCP precipitate to fluoresce. Many of the precipitates formed at pH 6-10 were 
fluorescent, as shown in Table I. Those that did not fluoresce and produced pre- 
cipitates only in alkaline solution warranted further investigation, but were not of 
importance in this study of the TCP compounds. It was considered desirable to check 
that all the precipitates of interest did contain the metal tetracyanoplatinates. 

TASLJX I.-&ACXTON OF METAL IONS WlTH TETFtACYANOPWINATS~) 

No 
precipitate 

ii? 
CMW 
CS 
K 
Li 
MO 
Na 

:!k 
ReO 

&III) 

Non”fluo~~t precipitate 

From aqueous After addition 
solution of NH8 

am) BA,” MnWI) 
Cr(III) Nd 
CU(n) Bicv) Ni+ 

.Fecn) Ce(III) Pr 
Fe(IlI) c!egV) Pt 

Z” w&J ;;w&lJ 
* 

SbiIII) wzr)t SC 
V Er SnOI) 

SnW 
E(X)* Tb 
Fe(III)* Ti(III) 
Hf TKW 
HgtI)f W3 
Ho WV) 
In WVI) 

?&II) 
V 

Fluorescent precipitate 

From aqueous After addition 
solution (pH) of NH, (PHI 

Al WI 
cd 6-Q) 
La (lo-12) 
Pb (7-Q) 
Th (7-Q) 

& ((!$ 
n v-7) 

* Precipitation, pH l-12. 
t Precipitation, pH l-6. 
$ Precipitation, pH l-5. 

The amounts available were too small for full anaIysis so we relied on ultraviolet 
examination, after dissohttion of the sampIes in suitable media, for the peaks at 256 
and 280 nm, at~ibu~ble to the ~t~N)*]*- ion.ll In ail cases the presence of the 
TCP ion in the precipitates was confirmed. 

From the results and consideration of the conditions of precipitation, we believe 
that those compounds precipitated in acid solution are simple TCP compounds, 
e.g., NiPt(CN),, whereas those obtained from an alkaline soIution are probably 
basic salts, e.g., Pb(OH)~*~PbPt(CN~~ 

The silver, mercury and lead precipitates were found to have certain differences 
as foIlows: 

Silver TCP. A white precipitate was obtained over the pH range l-9, but none at 
pH 9-12, presumably because of ammine formation. The product had a brilliant 
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bluish-green fluorescence which became less intense on standing, and finally dis- 
appeared. Stokes7 found that only a weakly fluorescent precipitate was obtained. 

Three factors were found to affect the decay time of the fluorescence: the decay 
time was shortened if the silver concentration was decreased, the excess of sodium 
TCP increased, or the degree of agitation increased. 

When 05 ml of silver nitrate solution was treated with one drop of 1% sodium 
TCP reagent, the times needed for disappearance of the fluorescence were 2700, 600 
and 15 set for 1000, 100 and 10 ppm of silver respectively. The pH of the solutions 
did not seem to affect these times. The time factor must therefore be taken into 
account when applying the TCP test for detection of silver. The decay of the fluores- 
cence, which occurs only with silver TCP, may be caused by photodecomposition, 
especially in ultraviolet light. Stoke’s observation of weak fluorescence could have 
been due to delay in examination. 

MercuryQ TCP. At the mercury(I) concentration used a dark blue non-fluorescent 
precipitate was obtained over the pH range 1-5. At higher pH values elemental 
mercury was deposited in the reaction mixture. 

When mercury(I) was examined at different dilution levels extremely anomalous 
results were obtained. At concentrations from 1 part in 10 down to 1 part of Hg(1) 
in 100, sodium TCP reagent gave a dark blue-non-fluorescent precipitate. From 1 
part in 100 down to 1 part of Hg(1) in 200, a pale blue non-fluorescent precipitate 
was obtained. From 1 part in 200 down to 1 part in 10000 of Hg(l), a yellow precipi- 
tate was obtained which gave a blue fluorescence on standing for about 2 min. 

With a concentrated solution of mercury(I) acetate dissolved in dilute sulphuric 
acid, sodium TCP gave a bright yellow precipitate having a blue fluorescence. 

Quadrat reported an analysis of the blue mercury(I) precipitate he had obtained 
and indicated that it may have contained nitrate ion. This fact was confirmed by us 
during an infrared study of these different precipitates. The dark blue precipitate 
gave the characteristic absorption lines of the nitrate ion on the spectrum. Mercury(I) 
therefore appears to yield under certain conditions a complex TCP nitrate which 
constitutes a positive interference in the test for the Hg(1) ion. 

The test can be applied to detect Hg(1) at pH l-5 provided the concentration of 
the metal does not exceed 1000 ppm. At this concentration, nitrate does not inter- 
fere with the performance of the test, which relies on the production of the yellow 
form of precipitate having a blue fluorescence. 

The mercury(II) ion, as nitrate, does not yield anomalous precipitates at any 
concentration. 

Lead TCP. Over the pH range 7-9 a white precipitate with a bluish-green fluores- 
cence was obtained. At pH 1-4 there was no precipitation. With excess of ammonia 
a white non-fluorescent precipitate was obtained. It was found that lead also can 
form TCP nitrate complexes. 

Three distinct varieties of lead TCP were produced: a non-fluorescent pink 
variety, an orange variety which had a yellow fluorescence, and white variety with a 
bluish-green fluorescence. The pink and orange forms showed the characteristic 
absorption lines of the nitrate when subjected to infrared analysis. The pink and 
orange complexes only occurred when the lead nitrate concentration was extremely 
high. Concentrations of up to 5 % as lead nitrate gave a white variety with the bluish- 
green fluorescence. 
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Determination of the limits of identijkation 
Solutions of the metal nitrates were prepared, containing 1000 ppm of the metal 

ion. A measured volume of the metal solution (0.5 ml) was taken in a micro test- 
tube, a drop of 1% sodium TCP reagent was added, and the pH of the mixture 

TABLE II.-LIMITS OF DETECTION 

Limit of 
pH for Colour of Colour of detection 

Metal ion Precipitation precipitate Ruorescence PP” 

Y (III) 
Zr(IV) 
CrUn) 
FeUI) 
Fe(lI1) 
COOI) 
Ni(I1) 
Cu(I1) 
Ag(T) 
Zn(II) 
Cd(II) 
Hg(I) 

Hg(U 
Al(II1) 
Pb(I1) 
La(II1) 
Th(IV) 

1-12 
1-12 
1-12 
l-6 
l-6 
l-6 
l-9 
6-9 
6-9 
l-5 

l-5 
4-6 
7-9 

lo-12 
7-9 

White 
White 
Blue 

White 
Brown 
Pink 

Pale-green 
Pale-blue 

White 
White 
White 
Blue* 

Yellowt 
White 
White 
White 
White 
White 

Bluish-green 100 
Green 20 

None - 
None - 
None - 
None - 
None - 
None 

Bluish-green lo 
Green 50 
Green 200 
None 
Blue 100 
Blue 5 

Green 200 
Bluish-green 100 

Green 10 
Green 20 

* Above 1000 ppm [Hg(II)]. 
t Below 1000 ppm [Hg(II)]. 

adjusted as indicated in Table II. The precipitate was examined in situ, under ultra- 
violet light. The metal ion solution was then diluted stepwise and treated as above until 
the dilution was so high that fluorescence under ultraviolet lamp was no longer visible. 
The concentration at which fluorescence was just visible on the precipitate was noted 
as the limit of detection for the metal ion. 

Of the metal ions forming insoluble TCP compounds at pH 2, only silver, mer- 
cury(I) and mercury(I1) yielded fluorescent precipitates. This difference provided a 
possible way of detecting these metal ions in the presence of the others, and in the 
presence of those metals which form non-fluorescent TCP compounds. However, 
those metals forming non-fluorescent precipitates are of some importance because 
they constitute a possible cause of interference by masking the fluorescent TCP to be 
detected. 

The detection of the silver ion was explored first, because the methods for the 
chemical detection of silver in silver groups (Group I) of the classical qualitative 
analysis scheme and in metallurgical and geological specimens are laborious and require 
separation of silver from the other metals. A simple direct test would offer some 
advantage. 

In application of the TCP test for silver in the silver group, lead does not interfere, 
because it does not give a TCP precipitate at pH 2, but mercury(I) and mercury(U) 
both yield fluorescent precipitates at pH 2 and do interfere. Metal ions yielding 
non-fluorescent TCP precipitates at pH 2 may also interfere. 

Tests on solutions containing 10 ppm of silver showed that observation of the 
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fluorescence of the silver compound became impossible in the presence of 2 ppm of 
mercury(I), 200 ppm of chromium(III), 200 ppm of iron( 1 ppm of iron(III), 
800 ppm of cobalt(U), 200 ppm of nickel(U) or 40 ppm of copper(I1). 

Further tests with various silver concentrations showed there was a linear relation- 
ship between silver ion concentration and the maximum tolerable interfering metal 
ion concentration. 

Attempts to prevent the interference of other metal ions by addition of conven- 
tional masking agents such as EDTA, DCTA and other complexing substances were 
unsuccessful. These masking agents require buffering of the solution, and, the 
usual buffer solutions contain anions which themselves give precipitates with 
many metal ions. The silver ion was also complexed. It was found, however, 
that only the silver ion gave a fluorescent precipitate in ammonium acetate solution 
(used to produce a solution buffered at pH 7). The ammonium acetate acted as a 
complexing agent as well as a buffer. 

The blue copper TCP compound dissolved in the ammonium acetate buffer to 
yield a deep blue solution, indicating that complexing had occurred, although free 
ammonia could not have been present to form the copper ammine complex. 

Investigation showed that in order to detect 10 ppm of silver a final concentration 
of 10 % of ammonium acetate in the precipitation solution was the maximum permis- 
sible. The more concentrated the ammonium acetate the more masking effect it 
would have, but later work on the gravimetric determination of silver as its TCP 
showed that extremely high concentrations of ammonium acetate dissolved some of 
the silver TCP precipitate. 

The addition of ammonium acetate (lOOO-fold w/w ratio to silver) was found to 
raise the interference levels of mercury(I) to 10 ppm, iron(III) to 10 ppm and copper(I1) 
to 250 ppm. The other interfering metal ions were unaffected, and the interference 
levels were again in linear relationship with the silver concentration, as in the absence 
of masking agent. As much as 1000 ppm of mercury(I1) was masked with ammonium 
acetate. 

Metals yielding precipitates only at pH values well above 2 did not interfere, 
whether the precipitation was fluorescent or not. 

SOME ANALYTICAL APPLICATIONS OF SODIUM TCP REAGENT 

The investigation has yielded a direct selective test for silver with many applications. Some of 
these are given below together with methods for other metal ions. 

Reagents 
Analytical-grade reagents and demineralized water were used throughout. 
Ammonia solution. 0.1M. Preoared bv dilution of concentrated ammonia solution. 
Nitric acid, 0.1 M.* 

I , 

Ammonium acetate solution, 10% w/v. 
Sodium tetracyanoplatinate(II) solution, 1% w/v. 

Silver in the presence of aN metal ions 
Place a drop of test solution* containing not less that 10 ppm of silver in a micro test-tube.? 

Add a drop each of the ammonium acetate and sodium TCP reagent. Flick the tube to mix the 
contents and place it immediately under an ultraviolet lamp (prefeiably enclosed in a box with its 
base and inside walls blackened). A white precipitate, having a bluish-green fluorescence and fading 
within minutes, indicates the presence of silver. 

* Of the nitrates. If halides are present they must be removed by heating with sulphuric acid. 
Silver halides (except the fluoride) do not react with TCP. 

t The preferred vessel. The depressions in a spot-tile are not deep enough for the fluorescence 
to be seen. 
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Silver in galena 
Heat O-1 g of powdered sample with cont. sulphuric acid until fumes of sulphur triozide are 

evolved, and repeat this process to remove any chloride present in the ore. Heat the residue to red 
heat, cool it, add a few drops of cont. nitric acid, warm, cool, centrifuge, separate the supernatant 
liquid, evaporate it to dryness, and take up the residue in O-2 ml of 25M nitric acid. Treat one drop 
of the solution with 1 drop each of the ammonium acetate and sodium TCP reagents. 

An ore analysed by emission spectroscopy and found to contain the elements Pb, As, Sb, Al, s1, 
Ca, Fe, Cu, Sn, Ni and Ag, was tested and a faintly green fluorescent precipitate was obtained. 

&ead in the presence of mercury(ZZ) 
Take a drop of test solution containing about 100 ppm of lead in a micro test-tube, adjust the 

pH to 9 with 0-M ammonia solution and add a drop of TCP reagent. A white precipitate having a 
bluish-green fluorescence indicates the presence of lead. Lead is distinguishable from silver by the 
fact that the fluorescence of the silver TCP fades within minutes. whereas that of lead TCP is auite 
stable. Up to 1000 ppm of mercury(II) can be tolerated in the test solution. 

I 

Lead in the presend of silver and mercury(ZZ) 
To a drop of test solution containing about 100 ppm of lead add a drop of 5 % sodium chloride and 

warm to coagulate the silver chloride. Cool the mixture, adjust the pH to 9 with solution of ammo- 
,nia and add a drop of sodium TCP reagent. A bluish-green fluorescent precipitate indicates the 
presence of lead. Up to 1000 ppm of silver and mercury@) can be tolerated in the test solution. 

,Mercary(ZZ) in the presence of lead 
Adjust a drop of test solution [containing not less than 5 ppm of mercury(II)] to pH 2, in the 

micro-tube. Add a drop of sodium TCP reagent. 
of mercury(I1). 

A blue fluorescent precipitate indicates the presence 

Zirconium in the presence of hafnium 
Take a drop of the test solution, containing not less than 20 ppm of zirconium, preferably as the 

nitrate, in the tube and adjust the pH to 6. Add a drop of the sodium TCP reagent. A green fluo- 
,rescent precipitate indicates the presence of zirconium. Up to 100 ppm of hafnium can be tolerated 
‘in the solution. 

I Thorium in the presence of cerium 
Adjust a drop of the test solution, containing not less than 20 ppm of thorium, to pH 9 and add 

a drop of the TCP reagent. A green fluorescent precipitate indicates the presence of thorium. 

CONCLUSIONS 

The tetracyanoplatinate(I1) ion in the form of its sodium salt has proved a useful 
and versatile reagent for the detection of silver and some other metal ions, and for the 
determination of silver. Its application in the detection of zirconium in the presence 
of hafnium is of some interest because of the lack of suitable direct chemical methods 
for detecting zirconium. We have reported only on the preliminary work in this study 
of the zirconium-hafnium system, which is being continued to establish methods for 
the analysis of zirconium-containing materials. Systems involving other metal ions 
which yield fluorescent precipitates are also being examined. 

The original aim of the investigation to produce a fluorescent titrimetric reagent 
based on a square planar complex ion of platinum is still being considered. It is felt 
that there may exist a complex of this metal with r-acceptor ligands which does 
exhibit strong fluorescence in solution. The possibility of this aspect is being explored. 

The possibility of determination of metal ions by means of fluorescence of their 
TCP compounds has not been overlooked. It is considered that analysis by means of a 
modified spectrofluorophotometric technique may prove more fruitful than either 
gravimetric or titrimetric methods. 
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Zusammenfassung-Das Tetracyanoplatination (TCP) bildet unlBs- 
lithe fluoreszierende Verbindungen mit vielen Metallionen. Diese 
Eigenschaft wurde bisher analytisch noch nicht ausgeniitzt. Das 
losliche Natrium-TCP-Salz wurde als Reagens zum Metallionen- 
Nachweis verwendet. Zum Nachweis geeignete fluoreszierende Nie-, 
derschlage wurden mit Y(III), Zr(IV), Ag(I), Zn(II), Cd(H), HP(I)- 
HgfH), Al(III), Pb(II), La(W) und Th(IV) erhalten. Die Nachweis- 
grenzen lagen bei 5-200 ppm. Mit Ammoniumacetat als Maskierungs- 
mittel wurde ein selektiver Nachweis von 10 ppm Silber in Gegenyart 
anderer Metallionen erzielt. 20 ppm Zirkonium konnen in Gegenwart 
von Hafnium nachgewiesen werden; Hafnium gibt eine nicht fluor- 
reszierende Fiilhmg. 

R6sum6-L’ion tetracyanoplatinate(I1) (TCP) forme des composes 
fluorescents insolubles avec de nombreaux ions metalliques. Cette 
propriete n’a pas CtC exploitee jusqu’ici a des tins analytiques. IX se1 
de sodium soluble du TCP a ett6 applique comme reactif pour la 
detection d’ions metalliques. On a obtenu des pr6cipit6s fluorescents 
utiles pour la detection d’ions metalliques avec Y(III), Zr(Iv), Ag(I), 
Zn(II), Cd(II), Hg(I), Hg(II), Al(III), Pb(II), La(III) et Th(IV). Les 
limites de detection se sont situ&s entre 5 et 200 ppm. Avec l’acetate 
d’ammonium comme agent de dissimulation on a r6alisd la detection 
selective de 10 ppm d’argent en la presence de-s autres ions metalliques. 
Des quantitb aussi faibles que 20 ppm de zirconium peuvent &tre 
detect&es en la presence de hafnium qui donne un pr6cipite non 
fluorescent. 
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L’AUTOMATISATION EN ANALYSE PAR ACTIVATION 
NEUTRONIQUE ET SES APPLICATIONS A LA 

PRODUCTION INDUSTRIELLE 

J. PERDIJON 

Centre d’8tudes Nucleaires de Grenoble, Rue des Martyrs, 3&Grenoble, France 

(Recu le 6 juin 1969. Accept& le 16 aolit 1969) 

R&m+-On tente d’expliquer pour quelles raisons l’analyse par 
activation n’a pratiquement pas encore reussi a sortir du domaine du 
laboratoire. On donne les conditions pour qu’une methode analytique 
puisse &tre appliqued en conrs de production industrielle et on Btudie 
comment I’analyse par activation pourrait s’adapter a ces conditions. 
On presente enfm un cas de reussite d’une telle adaptation: l’analyse 
automatique de l’oxygene dans les aciers. 

LA DBCOUVERTE de ce pro&de d’analyse Clementaire date de plus de trente ans. On 
connait bien ses divers avantages: grande sensibilite, bonne precision, utilisation 
d’ttalons prima&, bonne representativite (gros Cchantillons, analyse dans la masse), 
conservation souvent possible de l’kchantillon. 1*2 Et pourtant la radio-activation 
n’est encore pratiquement utilide que par les laboratoires tres specialis& de l’energie 
atomique, des universites ou de quelques rares industries. 

Cette diffusion, qui semble limit&e a la recherche, tient principalement 5 deux 
caracteres propres a l’analyse par activation. 

(a) 11 faut d’abord irradier l’echantillon a analyser au moyen de neutrons dont la 
principale source est constituke par la reaction de fission. C’est pourquoi l’analyse 
par activation s’est primitivement developpee A proximite des centres nucleaires 
equip& de reacteurs. 

(b) Le r&ultat du comptage de la radio-activite induite dans Gchantillon par 
l’irradiation se traduit le plus souvent par des histogrammes donnant l’intensite du 
rayonnement gamma en fonction de son Bnergie. Or, ces spectres sont en gen6ral t&s 
complexes; leur depouillement est long et necessite un personnel t&s qualifi6. 

Si les qualids de precision et de representativite sont particulitrement appreciables 
pour les industriels, il n’en demeure pas moins que l’activation ne pourra s’imposer 
comme m&ode d’analyse en tours de production que si elle repond a trois autres 
imperatifs dont l’importance est primordiale: un temps de reponse assez bref, un 
grand debit de dosages etun coat rendant son utilisation rentable. Ceci a CtB longtemps 
impossible, du fait de la dependance vis-a-vis des reacteurs et du depouillement 
manuel des resultats; le developpement recent des generateurs de neutrons et des 
petites calculatrices a change les don&es du probleme. 

C’est ce qui explique que, en dehors des recherches sur le dosage des traces ultimes, 
il existe maintenant une nouvelle tendance trts dynamique de l’analyse par activation 
dont le but est de rendre cette methode applicable dans l’industrie. 

ADAPTATION DE L’ANALYSE PAR ACTIVATION A L’INDUSTRIE 

Dtfveloppement des &&ateurs de neutrons 

Le premier point &it de s’affranchir des reacteurs. Cela a 6ttC rendu possible par le 
developpement des petits acc&&ateurs de particules peu coifteux qui, equip& de cibles’ 
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tritik, permettent d’obtenir des debits de l’ordre de loll a 10la neutrons par seconde.3 
11 s’agit de neutrons de 14 MeV et des &udes4m5 ont montre qu’on pouvait ainsi, avec 
ou sans thermalisation, doser plusieurs dizaines d’6Mments avec une sensibilite qui 
atteint souvent la partie par million. 

De plus, de nombreux dispositifs ont 6ttB imaginesa*’ pour obtenir des irradiations 
uniformes malgre la grande h&CrogtkW des flux produits.8 11 en resulte une repro- 
ductibilite proche de la limite theorique et un &art-type relatif individuel inferieur a 
2% est courant. 

Automatisation du dt?pout’llement 

Le second point Qtait de rendre automatique le depouillement des comptages. 
L’utilisation dune petite calculatrice electronique dans ce but n’est pas nouvelle.* 
Mais il est, par contre, t&s rare de voir cette calculatrice montee en ligne, directement 
a la sortie de l’ensemble de spectrometrie. 

En fait, le problbme se pose differemment suivant la complexit du spectre gamma 
obtenu.2 

(a) Si l’irradiation de l’echantillon ne donne naissance qu’a un seul radio-isotope 
ou bien si le radio-isotope choisi pour le dosage &met un rayonnement plus Bnergetique 
que ceux Cmis par les autres, il stit d’utiliser un selecteur a un seul canal que l’on 
centre sur le photopic gamma a mesurer. Le resultat du comptage se lit alors directe- 
ment sur une Gchelle apres une simple soustraction du bruit de fond. 

(b) Si, par contre, le radio-isotope choisi pour le dosage ne produit pas le photopic 
le plus Bnerg&tique du spectre ou bien si on veut doser simultanCment plusieurs 
&ments, on a le choix entre deux solutions. 

1. On peut faire autant de comptages avec un s&lecteur monocanal qu’il y a 
d’tlements a doser, en laissant l’echantillon refroidir entre chaque comptage de facon 
a faire disparaitre les activites g&antes ou bien, au contraire, a obtenir certaines 
activites par diffkence. Le temps de reponse est alors relativement long mais il est 
possible d’augmenter le debit d’analyses par l’imbrication des skquences successives et 
par leur commande automatique au moyen d’un programmateur. 

2 On peut utiliser un selecteur multicanal qui permet d’enregistrer l’ensemble du 
spectre gamma. Ces informations sont ensuite trait&s par une calculatrice qui, au 
moyen d’un programme appliquant la m&hode des moindres ~arrt%,~~*~~ reconstitue 
le spectre de l’khantillon a partir des spectres de ses elements constitutifs. Les 
quantites de ces demiers se deduisent alors des coefficients de pondkation. 

Dans tous les cas, il faut kvidemment rapporter les activites mesurks h un poids 
d’6chantillon don& et a un flux de neutrons bien d6termine.12 

Les petites calculatrices Blectroniques permettent d’envisager maintenant une 
automatisation complete de tous ces calculs, d’oh une grande rapidit d’analyse 
accompagnee dune Qonomie de personnel. 

CAS DU DOSAGE DE L’OXYGENE DANS LES ACIERS 

Le dosage de l’oxyghne est t&s important dans de nombreuses industries, surtout 
en mbtallurgie. Plusieurs pro&d& tels que la fusion reductrice sous vide ou sous gaz 
inerte peuvent foumir rapidement des resultats prkcis mais les masses ainsi analyskes 
sont tr&s faibles par rapport a la methode par activation; de plus, lorsqu’un grand 
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nombre de dosages doit &tre effectu6, I’activation ajoute l’avantage d’Qtre Cconomique 
g&e A la possibilite qu’elle offre de rendre I’analyse entikement automatique. 

Principe 

On utilise une &action qui ne se produit d’ailleurs qu’avec les neutrons tr&s rapides 
don&s par les petits acc&rateurs: 

‘:O + n(14 MeV) + l;N + p 

L’azote-16 ainsi form6 dCcroit avec une phiode de 7,4 s, ce qui permet une mesure 
rapide, et il Cmet principalement des rayons gamma de 6,l MeV. Or, ce radio-isotope 
est pratiquement le seul A Bmettre un rayonnement aussi Bnergktique. I1 est done 
facile d’automatiser le comptage en utilisant un selecteur monocanal dont la fendtre 
est rbgl&z entre 4,5 et 6,5 MeV.13 

Appareillage 
L%quipement d&it ici a et6 mis au point par le Professeur Hoste a I’Universite de Gand;l**l& il 

est a present commercial& par la S.A.M.E.S. a Grenoble. I1 comprend trois parties.‘@ 
Un gtWrateur de neutrons du type D (150 kV, 1,5 mA) peut foumir, avec les cibles triti6es 

actuelles, un debit constant de neutrons de 2-W’ n/s pendant 10 heures environ. Une irradiation de 
5 s &ant suihsante, il est possible de faire 5000 dosages par cible, ce qui est done tr6s 6conomique. 
Les irradiations sont command&s par le mouvement d’un &ran escamotable en tantale. Cegenerateur 
est entierement blind& ce qui permet de l’installer dam une Salle de 3 m* seulement. 11 est cependant 
n&essaire de l’entourer de profections importantes contre les neutrons rapides,” de l’ordre de 1,20 a 
1,50 m de b&on. 

Le syst&me de transfert pr&ente la particularit d’8tre constitue d’un double pneumatique de 
facon a pouvoir irradier ensemble, l’un derriere l’autre et pendant le meme temps, l’&chantillon et 
un etalon d’oxygene. 18*l@ Ainsi, meme s’il y a des variations du debit de neutrons pendant l’ir- 
radiation, 1’6chantillon et l’etalon recoivent des flux qui restent toujours proportionnels. Ce double 
pneumatique relie la double station d’irradiation, plac& contre la cible, aux dew stations depart- 
arrivee, l’une &ant pour I’etalon et l’autre pour 1’6chantillon. Cette demiere est equip& dune 
glissiere pour r6cuperer 1’6chantillon ou en introduire un nouveau. Par contre, le m&me etalon peut 
servir indeflniment. Un chronoscope B temps fixes de 5, 10 et 15 s permet de s&ctionner le temps 
d’irradiation en fonction de la teneur a determiner et de l’usure de la cible. 
temps fixe de 30 s donne le temps de comptage. 

Un second chronoscope. a 
Deux paires de cellules photo-r&sistantes n’autorisent 

l’une le declenchement de l’irradiation et l’autre le demarrage du comptage que si echantillon et 
&talon sont tous les deux en place. Le programmateur assure automatiquement le va-et-vient des 
echantillons et des etalons par la commande de vannes il air cornprime. 11 permet un fonctionnement 
manuel “coup par coup” ou bien automatique, les 6chantillons stock& dans le magasin &ant alors 
analyses l’un apr&s l’autre, une, dew ou trois fois chacun (ce qui est possible puisque l’analyse est 
non-destructive). 

La spectromdtrie gamma cst faite au moyen de deux chalnes identiques comprenant chacune un 
detecteur a iodure de sodium, un selecteur monocanal et une 6chelle qui a la particularite d’8tre 
remise il zero sur le complement du bruit de fond lors de l’introduction d’un nouvel &hantillon; WI 
muret en plomb &pare les deux detecteurs. 

Echantillon et etalon sont ainsi comptes s6parement mais simultanement. A la fin du comptage, 
les nombres d’impulsions obtenus avec chacune des deux chalnes sont envoy&s dans une petite 
calculatrice. Celleci fait le rapport entre ces deux nombres puis affecte ce rapport d’un coefficient 
tenant compte de la quantite d’oxygene contenue dans p&talon, du poids de 1’6chantillon et d’un 
facteur k da aux dilT&ences entre les conditions operatoires pour 1’6chantillon et pour l’etalon. Ces 
differences proviennent des efficacitb de comptage, qui peuvent &tre differentes pour les deux chalnes, 
et du fait que l’etalon est irradie derriere 1’6chantillon; il est facile de determiner ce facteur k en 
utilisant un echantillon identique a l’etalon. Le rc%ultat du dosage est imprime directement en 
nombre de ppm d’oxygene. 

ReWtats 

Une telle installation est en fonctionnement depuis dkembre 1966 dans une 
acitrie de la Soci& Cockerill-Ougree-Providence, juste au pied des convertisseurs 
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L.D.*O Les resultats obtenus en exploitation de routine peuvent Ctre resumes par 
le tableau suivant.21*22 

poids de l’echantillon 37 g 
sensibilite limite 
precision au niveau de 50 ppm 

environ 5 ppm 
10 % 

au niveau de 500 ppm 4% 
au niveau de 1000 ppm 2% 

temps de reponse sans tenir compte du prelevement 45 s 
compte-tenu du prelevement 3mn 

nombre de dosages actuellement effectuds (3 par echantillon) 75OOO/an 
prix de revient du dosage (amortissement sur 5 am) 3,20 F 

Cctte installation r&pond done parfaitement aux besoins des acieristes qui doivent 
connaitre tres rapidement l’etat d’oxydation des bains de metal a affiner. 

DOSAGE AUTOMATIQUE DES AUTRES ELEMENTS 

Le cas des autres elements se presente de facon gen&.lement beaucoup plus 
complexe. Cependant, comme on l’a signale plus haut, le dosage automatique 
peut &tre possible par decroissance selective ou par la methode des moindres carr6s, 
ii condition bien entendu que l’element a doser se transmute en un radio-isotope 
emettant un rayonnement gamma suffisamment intense.s On peut titer quelques 
exemples d’applications dont certaines sont en tours de realisation: 

dosage du silicium dans les aciers23 
dosage de Fe, Si et Al dans les miner& de fex? 
dosage de l’azote dans les engrais 
dosage du phosphore dans les stories Thomas 
dosage du hafnium dans les produits nucleaires 
dosage du baryum dans les huiles. 

Nous n’avons jusqu’a present envisage que les analyses sequentielles par pre- 
levement mais il est evident que la prochaine etape du developpement industriel de 
l’analyse par activation sera constituee par le dosage en continu qui permettra de 
contrbler la production directement sur bande transporteuse ou sur tuyauterie.2s*2s92r 

Summary-Reasons are given for the applications of activation 
analysis being generally confined to laboratory use. Conditions are 
eiven for anulication of analytical methods to industrial nrocess 
Control, in p&icular for automatic determination of oxygen in steels. 

Zusammenfass~g-Es werden Grtlnde daftir angegeben, daR die 
Anwendung der Aktivierungsanalyse im allgemeinen auf das 
Laboratorium beschrankt ist. Es werden die Bedingungen dafti 
angegeben, da13 analytische Methoden auf die industrielle Pror&lber- 
wachung angewandt werden k&men, speziell auf die automat&he 
SauerstotIbestimmung in Stahlen. 
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Summary-A study has been made of a number of interferences 
observed in the trace determination of beryllium by atomic-absorption 
in the nitrous oxide-acetylene flame. The major negative interference 
caused by the presence of excess of aluminium salts may be overcome 
by the use of 8-hydroxyquinoline. Magnesium and sihcon also 
depress the Be signal, but most other metals cause enhancement. In 
most instances the enhancements may be made uniform by the addition 
of potassium ions to the sample solution. 

IN CONTINUATION of previous work in this laboratory on the determination of trace 
elements in a matrix of alumina or in the presence of large amounts of aluminium 
salts,1*2 it was decided to investigate the behaviour of beryllium atoms in the long- 
path (50 mm) nitrous oxide-acetylene flame when nebulized from solutions containing 
high concentrations of aluminium and various other elements. 

Beryllium, being an element capable of forming highly refractory compounds, 
cannot be atomized efficiently in low-temperature flames, e.g., a sensitivity of 
300 ppm for 1% absorption has been quoted for 120-mm long air-acetylene flame: 
but the introduction of the high-temperature, highly reducing, nitrous oxide-acetylene 
flame enabled Amos and Willis4 to determine trace levels of beryllium by atomic- 
absorption spectroscopy (AAS). These authors reported a 10% depression of sensi- 
tivity caused by 500 ppm of aluminium, but observed no interference from 25N (ca. 
12% w/v) sulphuric acid, though 1000 ppm of phosphorus (as phosphoric acid) 
caused a 2 % enhancement. In the same paper it was shown that 1000 ppm of alumin- 
ium caused 10-20x enhancement in magnesium absorption. These and subsequent 
worker+” have investigated the effects of potassium as an ionization suppressant on 
calcium, barium, etc, and several other significant interference effects in the nitrous 
oxide-acetylene flame have since been reported. In this work, the enhancement or 
depressant effects of many metal ions, acids and other compounds on the AAS 
determination of beryllium have been studied with special reference to aluminium 
interference. 

EXPERIMENTAL 

Techtron AA4 atomic-absorption spectrophotometer, with an A.S.L. beryllium hollow-cathode 
lamp and detector modulated at 285 Hz, fitted with an R213 photomultiplier and a 50-mm slot burner 
head for premixed nitrous oxide-acetylene. The wavelength was set at the most sensitive beryllium 
absorption line at 234.86 nm; the lamp current was 6 mA, slitwidth 100 mn (@33-m optical slit- 
width), nitrous oxide pressure 110 kN/ml, acetylene pressure sufficient to give a red-zone of cu. 20 mm 
height; position of measurement in the flame usually IO-15 mm above the burner head. 

203 
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3k0. 1 .--Effect of various interferants on 4 ppm of beryllium atomic absorption. 

Reagents 
Stock ~e~~Zi~rn su~afiaa, 1OOppm. Prepared by dissolving 1.9656 g of ~ytic~-DDE BeSOp*4Hs0 

in water and diluting to 1 litre. Test solutions were prepared by dilution from this stock solution. 
Aluminium chloride solution, 50000 ppm. Prepared by dissolving 50 g of aluminium foil in excess of 

hydrochloric acid (1 + 1) and diluting to 1 litre. 
S-Hydroxyquinoline solution, 10% w/v. Prepared by dissolving 100 g of 8-hydroxyquinoline in 

hydrochloric acid (1 + 1) and diluting to 1 litre with water. 
Potassium solufion, 1OOOOO ppm. 

diluting to 100 ml. 
Prepared by dissolving 25.9 g of potassium nitrate in water and 

All solutions used were prepared from ~~yti~l-jade reagents except where stated. 

Experimenfs on solutions containing high concentrations of altlminium and other metals 
The direct determination of trace amounts of beryllium in aluminium alloys or alumina by atomic 

absorption in the nitrous oxide-acetylene flame, after simple dissolution in hydrochloric acid, would 
be desirable, but previous work* suggested that considerable interference would be caused by as little 
as 5OOppm of aluminium. On continued addition of aluminium chloride to solutions containing 
4 ppm of ~~~iurn, a wnt~uously increasing depression of signal was noticed and above about 5000 
ppm of aluminium the depression became approximately linear with respect to aluminium wncen- 
tration (see Pig. 1). At the 4000- and 9000-ppm aluminium levels depressions of 32% and 425% 
respectively were observed. It is clear that this is a very serious effect, the rapid variation of signal 
with aluminium concentration in the region O-2500 ppm of the interferent obviously being the 
source of considerable error in the determination of traces of beryllium, It is well known that aluminium 
salts can cause major negative interferences in the atomic-absorption determination of many elements 
in the cooler air-propane and air-acetylene flames, owing to the formation of refractory alumina 
clotlets which are not readily dissociated, thereby entrapping the trace elements present. 

In the nitrous oxide-acetylene flame, however, both enhancement and depression of sensitivity 
have been observed, e.g., aluminium has been shown to enhance the AAS signal for magnesium,’ 
titanium6*’ and vanadium,8 whereas there is a depression in the AAS signal for beryllium,4 strontium@ 
and cobalt.* It is clear, therefore, that several factors are involved (see Discussion), one of which may 
still be the formation of refractory clotlets which are not dissociated completely. 

Previously it has been reported that the addition of 5% of oxine (S-hydroxyquinoline) to 
solutions containing magnesium and 200 ppm of aluminium could overcome their depressant 
effects in a low-tem~rature flame%. The reduction of interference is presumed to be caused by more 
efficient dissociation of the aluminium~on~ning clotlets in the presence of the organic compound. 
in this respect the atomization of beryliium in the flame would also be expected to be improved by 
the presence of oxine. A study of the effect of increasing oxine concentration in the AAS signal for 4 
ppm of beryllium showed that up to 2 % of oxine gave maximal enhancement of ca. 8 %, but if the 
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TABLE L-THE EFFECT OF HIGH CONCENTRATIONS OF VARIOUS METAL IONS ON 

THJ3 ATOMIC-ABSORPTION SBNSITMTY OF BERYLLIUM* 

Ion Compound added 
Concentration Effect on Be signal 

PPm % 

K 
Pb 
SnO 
MO(W) 
Sr 
Cd 

$01) 
Co(B) 
UO 
Ca 
WI0 
Th 
VO 
Na 

&I) 
Cr(II1) 
Se(rv) 
zn 
MnCrI) 
TeOv) 
NW) 
TiOV) 
Ni 

Mg 
Si 
Al 

KNOl 
Pb(NOs)s 
SnCl, 
(NH&Mo,O~~ 
Sr(NOL 
Cdso, 
ZrCl, I 
Hg&h 
COCI, 
UO*(NO*)* 
~“~oO*)l 

Th(N&), 
NH,VO. 
NaNOt - 
Bi(NO& 
FeCl, 
CrCl, 
H&OS 
znso, 
M&O, 
Te in HNO,/HCl i 
Nb in HF 
Ti in HF 
NiS04 
Mg(NO,), 
H2SiFe 
AlCls 

+17-o 
+17.0 
+17*0 
-1-17.0 
+15*1 
+15.1 

loooo $15.1 
$13.2 
+13.2 
+13.2 
+11*3 
+11*3 

+9.4 
4ooo +9*4 

+7*5 
+7*5 
+7*5 

10000 
+7*5 
-c6.6 
$5.7 
$5.7 
$1.9 

4ooo t1.9 
+1.0 

0.0 
loo00 -3.8 

-18.9 
-43,4 

* All solutious contained 4 ppm beryllium, which in pure aqueous solution gave 
an absorbance of 0.53. 

concentration was increased above ca. 6% of oxine, the absorption fell off again, presumably be 
cause of increased viscosity and reduction of nebulizer efficiency. The effect of adding 25% of 
oxine to solutions containing up to 4000 ppm of ahuninium and from 1 to 4 ppm of beryllium, was to 
overcome the depression completely and to obtain a linear calibration curve exactly similar to that of a 
pure aqueous beryllium solution containing 2.5 % of oxine (see Fig. 1). It was necessary to acidify the 
solutions with hydrochloric acid in order to obtain complete dissolution of the oxine and to prevent 
precipitation of the Al(CgHsON)8 complex. Unfortunately the “masking” of aluminium by oxine falls 
off steadily if concentrations of the metal are increased to above 4000 ppm, and a corresponding in- 
crease in oxine concentration to, say, 5 % could not offset this. 

Although beryllium atoms have been reported to be completely un-ionized in the nitrous oxide- 
acetylene flame,4 it was decided to test the effect of ionization suppressants and it was found that the 
presence of 9000 ppm of potassium and calcium produced enhancements of 15 % and 1 l-3 % respec- 
tively (Fig. 1). Subsequent investigations showed that many other metals, when added in large 
amounts, could cause significant enhancements of sensitivity for beryllium (see Table I). 

From Table I it can be seen that the maximal enhancement of 17 % was caused by the presence of 
10000 ppm of potassium, lead, tin(B) or molybdenum (VI) whilst the other metal ions tested produced 
a steadily decreasing series of enhancements down to titanium(W) and nickel, which exhibited little 
or no enhancement. Apart from magnesium which caused a depression of 3*8x, the only depres- 
sants encountered were silicon and aluminium. 

It was found that linear calibration curves could be constructed for O-54 ppm beryllium in the 
presence of excess of potassium, uranium, copper, etc and virtually no further enhancement of 
sensitivity was achieved by changing from 10000 to 20000 ppm of potassium. For all these minor 
enhancement interferences, it is clearly undesirable to have to construct a different calibration curve to 
account for the presence of each individual element, or group of elements, and it was discovered that 
if the metal ions of Sr, Cd, Zr(IV), Hg(lI), Co(II), U(W), Ca, Cu(lI), Th, V(V), Na, Bi, Fe(III), 
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TABLEII.-THE EFFECT OF ORCJANIC SOLVENTS ON 
THE ABSORPTION OF 4ppm OF BERYLLIUM 

Solvent added, 20% v/v Interference, % 

Methanol +11.3 
Ethanol Jr13.2 
Propan-2-01 +2o*s 
Glycerol -17.0 
Acetone $151 
Acetic acid $15.1 

Cr(III), Se(W), Zn, Mn(II), Te(IV), Nb(V), Ti(IV) and Ni were present in concentrations up to 
4000 ppm the enhancement could be raised to the maximum produced by potassium, simply by making 
the solutions 10000 ppm in potassium by addition of 25.9 % w/v potassium nitrate solution (equivalent 
to 100000 ppm of potassium). This procedure was also effective for masking up to 4000 ppm of 
magnesium. At concentrations greater than cu. 5000 ppm of the original interferent the addition of 
excess of potassium nitrate could not always be relied upon to bring the enhancement up to the re- 
quired level, but for many of the elements producing enhancement as great or nearly as great as that by 
potassium [e.g., U(VI), MO(W)], up to 10000 ppm of the original interferent plus 10000 ppm of 
potassium could be tolerated. 

A 4000-ppm concentration of aluminium caused a 32% depression for 4 ppm of beryllium and 
this was reduced to a 21 y0 depression by the addition of 10000 ppm of potassium; this may be 
considered as an enhancement effect on the absorption of the free beryllium atoms existing in the 
presence of aluminium, in which case it would represent a 17% enhancement-the same value 
produced by potassium for pure beryllium. A similar effect was predicted for silicon, but the pre- 
cipitation of KISiFB prevented further investigation. 

A study of the effect of position of measurement in the flame for a solution containing 4 ppm of 
beryllium, 4000 ppm of aluminium and 10000 ppm of potassium showed that optimal absorption 
occurred at a height of CCL 10 mm above the burner head, i.e., the same as for pure solutions of 
beryllium. 

Experiments on solutions containing acids, ammonium salts and organic compounds 

Because some of the solutions previously described contained free hydrochloric acid, it was 
decided initially to test the effect of this acid on beryllium absorption, but no interference was 
noticed when solutions were made 1M with respect to hydrochloric acid. Subsequently Cppm 
beryllium solutions were prepared which contained orthophosphoric, sulphuric, hydrochloric and 
nitric acids at the lOOOO-ppm level with respect to Cl, S, N and P (i.e., 3.16, 3.06, l-03 and 450 w/v, 
respectively, of the pure acids). 

Sulphuric acid caused a 5.7 % enhancement, but the other acids showed no interference, nor did 
hydrofluoric acid at the 2 and 4% w/v levels. A systematic study of the enhancement casued by 
sulphuric acid revealed a steady increase in signal up to cu. 2-75 y0 w/v sulphuric acid (7.5 y0 enhance 
ment) followed by a gradual decline until no effect at all was observed when the test solution contained 
ca. 9.2% w/v sulphuric acid. A similar reduction in the enhancement was noticed when solutions 
containing beryllium and aluminium were made more than ca. 6% w/v in oxine, and this could be 
caused by reduction of nebulizer efficiency in more viscous solutions. An attempt to verify the viscosity 
effect was made by making gradual additions of sucrose to solutions, the results being closely similar 
to those obtained with sulphuric acid, i.e., a maximal enhancement of cu. 7 % was observed at 2-3 % 
w/v of sucrose, followed by a gradual decline. Ammonium chloride and ammonium nitrate, when 
added in the range l-10% w/v, caused enhancements very similar to those obtained with potassium 
in the range K@O-10000 ppm and the ammonium radical may therefore, be grouped in Table I, 
with the metals causing optimal enhancement. 

The effect of organic solvents can be seen in Table II; the results are predictable with the possible 
exception of acetic acid, where such a large enhancement was not expected. In each case the fuel 
flow-rate was adjusted to give the best flame conditions. 

Finally the effect of a powerful surface active agent was investigated. The addition of @5% 
cetyltrimethylammonium bromide caused no interference. 

DISCUSSION 

Of the interference effects observed in AAS in the nitrous oxide-acetylene flame 

some may be explained by direct extension of the theories available to account for the 
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interferences in lower temperature flames, e.g., organic solvent enhancement, which 
is primarily due to increased efficiency of nebulization. 

In the ~~-temperat~e flame, ionization assumes greater importance and in 
many cases the addition of an ionization suppressant is valuable. In other cases, the 
ability of this flame to dissociate and reduce refractory oxides may cause a complete 
reversal of an interference effect, e.g., in the air-propane flame the presence of alum- 
inium severely depresses absorption sensitivity for magnesium whereas the opposite 
effect is observed in the nitrous oxide-acetylene flame. The presence of aluminium 
and titanium has been shown to give a maximal enhan~ment of cu. 25 % in the AAS 
determination of vanadium8*lo and similar results were obtained for rnoly~en~.l~ 
In these cases, it has been proposed that a competition mechanism has been operating 
by which aluminium and titanium atoms preferentially remove atomic oxygen from 
the flame plasma, allowing a higher concentration of the test element in its atomic 
form, this process being favoured by a large excess of the interferent. It has also been 
reported that a number of refractory elements, especially alu~nium, have a major 
enhancement effect in the determination of titanium.6*7 However, aluminium 
depresses the absorption of strontium6 and experiments on the AAS of calcium in the 
nitrous oxide-acetylene flame (in connection with the present work) showed that the 
presence of excess of aluminium could almost completely eliminate the calcium absorp 
tion signal. 

For beryllium, it has been shown that the major depression caused by alu~nium 
could be overcome by the addition of oxine. This would tend to indicate that the 
formation of refractory particles in the base of the flame is still of major importance 
even in a high-temperature reducing flame, and if this is the case, it becomes difficult 
to explain the enhancements previously noted. That the formation of refractory 
clotlets is not a generally valid assumption to account for depression of sensitivities in 
this flame medium is further suggested by the observation that other elements poten- 
tially capable of forming such high melting point oxides (e.g., MO, Zr, U, Th, Nb) 
cause enhancement of beryllium absorption. Bearing this in mind, it was noted that 
the only three elements, of those investigated, to cause negative interference were 
magnesium, aluminium and silicon, of which magnesium could scarcely be considered 
as capable of forming refractory particles in the flame. Furthermore in the periodic 
table magnesium and silicon flank aluminium, being elements of atomic number 12, 
14 and 13 respectively. It is well known that beryllium and altinium present what 
is probably the best example of the “diagonal relationship”, there being many chemi- 
cal similarities; there are also certain chemical similarities between beryllium and 
silicon (e.g., see F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 
Interscience, New York, 1962, pp. 168-177). In addition the ability of ~~~~ to 
replace silicon in silicate lattices to form the important group of aluminosilicate 
minerals illustrates further the close relationship of these elements. It is pertinent 
here to note that the major source of beryllium is the mineral beryl, 3Be0*Al,0,*6Si08, 
and considering these facts it is clear that a special case of refractory compound 
formation in the flame may well be responsible for the major depressant effects of 
alu~nium and silicon, while the minor depression due to magnesium may also be the 
result of a chemical interaction causing reduction in atomic population. There are 
other examples of specific chemical interference in atomic absorption in the nitrous 
oxide-acetylene flame, e.g., the enhancement caused by hydrofluoric acid and iron on 
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titanium, zirconium, hafnium and tantalum4*’ and the recently reported enhancement 
effect of nitrogen-containing compounds on the atomic absorption of zirconium, which 
has been utilized in the indirect determination of these substances.la 

Before commenting further on the table of enhancement interferences, it is 
necessary to consider the possibility of ionization. From the very high first ionization 
potential of the beryllium atom (9.32 eV) it is evident that even in the nitrous oxide- 
acetylene flame the degree of ionization of beryllium will be very low and the magni- 
tude of the effect will not be significant in this work, 

The problem of explaining the majority of the enhancements is very complex. 
In work reported to date the effect of added sulphuric acid has been to cause enhance- 
ments for absorption of calcium, aluminium and zinc,13 and titanium6 but at the 
5 % v/v level sulphuric acid causes a 25 % depression of the molybdenum signa1.l’ 
Orthophosphoric acid has been shown to give enhancement of sensitivity for a 
number of elements; in the cases of calcium and barium the increases in signal 
caused by 10000 ppm of phosphorus (as phosphoric acid) were attributed to an im- 
provement in dissociation rate .s Koirtyohann and Pickett13 have recently reported 
10% enhancements of calcium and barium atomic emissions from a nitrous oxide- 
acetylene slot flame upon making the samples 0*3M (cu. 2.9% w/v) with respect to 
phosphoric acid, also a 15 % enhancement was observed for the AAS of 1 ppm of 
Aluminium. Similar results were obtained with sulphuric and perchloric acids 
(O-3-lM), ammonium orthophosphate and sodium chloride (l-2%) and a theory 
was developed involving the spatial distribution of the sample within the flame. 
According to this explanation, the particles, after they have dried in the base of the 
flame, will be heavier in the presence of an involatile salt or high-boiling acid and will 
therefore diffuse more slowly towards the edges of the flame, giving a higher concen- 
tration in the centre of the flame (i.e., along the axis of the burner slot). 

In the present work it was found that orthophosphoric acid (45 % w/v) produced 
no enhancement of beryllium absorption and, when considered with the marked 
depression of molybdenum sensitivity by sulphuric acid, this theory does not appear 
to be generally satisfactory. Similarly, organic materials, including sucrose, were 
stated to produce no effect on the atomic emission of Ca, Sr, Ba, Li, Na, K, Al, and 
Ga or atomic absorption of Ca, Al and Zn, whereas it has been observed here that 
there are major interferences from organic compounds in the AAS of beryllium, suc- 
rose behaving in a very similar fashion to sulphuric acid (over a similar % w/v range). 
Beryllium absorption is also enhanced by the presence of l-2 % of ammonium com- 
pounds and sodium chloride, but it is not thought valid to refer to sodium chloride as 
an involatile salt at the temperatures encountered in the nitrous oxide-acetylene 
flame. Further, a comparison of the interference effects on the absorption of beryllium 
produced by the same weight concentrations of different metal ions, leads inevitably to 
the conclusion that spatial distribution is only one of a number of important factors 
involved. 

It is not easy to apply the “oxygen competition” theory developed by Sachdev, 
Robinson and West8 to such a wide range of metal ion interferents. Moreover, the 
two elements, aluminium and titanium, which enhance sensitivity for vanadium and 
molybdenum do not have this effect on beryllium. The major depression by alumin- 
ium may be explained by compound formation, but this seems unlikely to be an im- 
portant cause of interference between titanium and beryllium. The refractory 
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elements which, in large excess, would be expected to cause significant reduction 
in atomic oxygen concentration, occur in various positions in the table of enhancements 
from MO (maximal enhancement of 17 %) to Ti (minimal enhancement of 0.95 %), and 
it is difficult to consider these effects as being in any way separate from the similar 
effects of the other metals in the table. 

Because no simple coherent theory can be invoked to explain all the observed 
effects, it is necessary to consider most of the metallic interferents individually; 
however, certain factors do appear to be common to a number of determinations, 
e.g., the addition of hydrochloric or nitric acid usually produces no significant varia- 
tion of signal, and the expected organic solvent effects are usually observed. In the 
determination of beryllium the gradual building up of the enhancement with increasing 
concentration of interferant material, followed by a steady decline, is probably the 
result of the enhancement effect being gradually overcome by reduction of nebulizer 
efficiency as the solutions become denser and more viscous. 

For some of the interferences noted it is possible to postulate a specific chemical 
action which could improve atomization in the flame (e.g., the formation of the 

PdHd%12+ ion from oxy- or hydroxy-species as sulphuric acid is added), but in 
most instances it is not easy to conceive of simple explanations for these “releasing” 
effects. 

CONCLUSION 

The enhancement effects observed cannot be accounted for by ionization suppres- 
sion or ascribed to any other singIe phenomenon. In all cases both physical and chem- 
ical interactions occur which may be additive or subtractive. The theories of chemical 
releasing and complexation reactions, of oxygen competition and chemical change of 
the flame conditions, of spatial distribution in the flame and nebulization effects must 
all be considered and it is, therefore, extremely difficult, if not impossible, to attempt 
accurate prediction of an interference effect. 

However, for the interference of aluminium and silicon in beryllium AAS, it has 
been suggested that a strong chemical action is the predominant cause, and in the case 
of aluminium, accurate analyses may be performed after addition of 8-hydroxy- 
quinoline reagent. 

For many metallic enhancements it has been shown that their interferences are 
not additive, with certain limitations, and accurate analyses may therefore be per- 
formed by making addition of excess of potassium nitrate in order to give maximal 
enhancement. 
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flame spectrophotometer. 

Zusammeufassung-Es wurde eine Untersuchung einer Anzahl 
Interferenzen vorgenommen, die in der Spurenermittlung von Beryll 
bei atomischer Absorption in der Nitrooxyd-Azetylentlamme beo- 
bachtet wurden. Die grossere, negative Interferenz, die durch Vor- 
handensein von iiberm&sigen Aluminiumsalzen verursacht wird, kann 
durch Verwendung von 8-Hydroxyquinoline vermieden werden. 
Magnesium und Silizium drilcken such das Be Signal herab, aber die 
meisten anderen Metalle verursachen VerstLkung. In den meisten 
Fallen kamt die Verstarkung durch Zufiigen von Kalium Ionen zu der 
Musterliisung gleichfijrmig gemacht werden. 
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R&ann&On a effectue une etude sur un certain nombre d’interferences 
observ%es dans la determination de traces de beryllium par absorption 
atomique dam la &u-rune protoxyde d’azote+ac&ylene. L’interference 
negative majeure cau&e par la pr6sence d’exces de sels d’aluminium 
peut bre surmont6e par l’emploi de 8-hydroxyquinoleine. Le mag- 
nesium et le silicium abaissent aussi le signal de Be mais la plupart des 
autres metaux causent une exaltation. Dam la plupart des cas, les 
exaltations peuvent bre rendues uniformes par l’addition d’ions 
potassium a la solution &&antillon. 
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Summa&-The reaction between peroxidisulphate and iodide: mod& 
by the addition of thiosulphate to show the Landolt e&t, has been 
used for the determination of copper and iron in the range’ l-100 
&ml, based on the catalytic effect of these ions. The procedure is 
rapid and simple, and the errors are less than 10%. The interference 
from iron in the determination of copper may be overcome by the 
addition of a masking reagent such as fluoride. 

LANDOLT reactions were first used for catalytic microdeterminations by Erdey and 
Svehlal” who used the slow reaction between hydrogen peroxide and iodide, 
accelerated by molybdate ions. Ascorbic acid was used to change the reaction to one 
showing the Landolt effect, since it reduces instantaneously the free iodine formed 
by oxidation by the peroxide. Free iodine is then only detectable in solution after all 
the ascorbic acid has been consumed. Variamine Blue was added as an indicator for 
free iodine. 

Erdey and Svehla later suggested that the peroxidisulphate-iodide-ascorbic 
acid system might be used for the determination of some metal ions4 

The reaction between peroxidisulphate and iodide proceeds in two steps, as 
follows :s 

s,o:- + I- = s,o,l?- (1) 
S,O,P- + I- = 2S04s- + 12 (2) 

The second step is fast, but the first is slow and is accelerated in the presence of copper 
and iron ions, the former having the greater effect. 

Sodium thiosulphate was used to change the reaction to one with the Landolt effect, 
as it reacts with the free iodine: 

I, + 2S,O,” = 21- + s40,2- 

Free iodine occurring after consumption of the thiosulphate was indicated by the 
appearance of the blue colour in the presence of starch. 

Reagent solutions 

EXPERIMENTAL 

(1) Oxidizing solution, containing 7 g of potassium peroxidisulphate and 10 ml of 1M sulphuric 
acid in 500 ml. 

(2)-(7) Reducing solutions: see Table I. 
All reducing solutions contained 68 g of sodium acetate, 10 ml of lit4 sulphuric acid and 5 g of 

starch, and were diluted to ZOO ml with distilled water. 
(8) Copper stock solution contained 3.93 g of copper sulphate pentahydrate in 1 1. (copper 

concentration = 1 mg/ml). 
(9) Iron stock solution contained 1*404g of ammonium iron@) sulphate and 10 drops of 

concentrated sulphuric acid, in 11. (iron concentration = 0.2 mg/ml). 

211 
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TABLE I.-REDUCINO SOLUTIONS 

No. 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

PllrpOSe 

Investigation 

Investigation with copper 

Determination of l-10 &ml 
of copper 

Determination of 10-100 fig/ml 
of copper 

Determination of l-10 &ml 
of iron 

Determination of 10-1000 &ml 
of iron 

Potassium 
iodide, 

g 

1.65 

1.65 

1.65 

1.3 

1.3 

1.65 

Sodium 
thiosulphate, 

copper 
sulphate, 

g g 

0.13 - 

0.63 0.0589 

0.4 - 

1.2 - 

0.08 - 

0.2 - 

Procedure 

Test-tubes were thoroughly cleaned with chromic acid, washed with distilled water, and dried 
before use. Known, and equal, quantities of one of the solutions (2)-(7) were transferred to a number 
of test-tubes to each of which were added equal quantities of water and of solutions containing 
different concentrations of catalyst. Into each test-tube was put a glass rod with a flattened end (for 
stirring) and the test-tubes were put in a water-bath controlled at 25 f 0.5”. The oxidizing solution 
(1) was also put into the water-bath, and all solutions were left for 2 hr to reach constant temperature. 
A known volume of solution (1) was added to the tirst test-tube, the stop-watch was started, the 
solution stirred, and the time taken for the blue colour to appear was recorded. This procedure was 
repeated for each test-tube. 

The uncatalysed reaction between peroxidisulphate and iodide is second-order. 
This was checked experimentally both for the uncatalysed and the catalysed reaction. 
Equal portions (2 ml) of reducing solution (2) were transferred to a series of test-tubes 
containing increasing amounts of water. The procedure as described was then followed, 
with the same volume of oxidizing solution (1) in each test-tube. In a second series 
of experiments, reducing solution (3) was used, which contained 75 pug of copper 
per ml. For each series, a plot of recorded reaction time against total volume gave 
a straight line passing through the origin, verifying that the reaction was in each case 
second-order. From the known concentrations of the reacting species, the rate 
constants were calculated, and found to be, at 25”, 2.32 x 10-r l.mole-l.min-l un- 
catalysed, and 1.79 x 10s I.mole-l.min-l when catalysed by copper(H). 

Procedure for the determination of copper or iron 

Determination of copper in the range l-10 pg/ml. Into each of 36 test-tubes transfer 5 ml of 
reducing solution (4) then add 5 ml of distilled water to each of the first three, 5 ml of solution con- 
taining 1 pg of copper per ml to each of the next three, 5 ml of 2 pg/ml copper solution to the next 
three, and so on up to 10 rg/ml of copper. Then to each of the last three add 5 ml of the unknown 
solution, and follow the described procedure for each test-tube, calculating the average of the three 
time measurements obtained for each concentration. The reciprocal time values are proportional 
to the concentration of catalyst. 

We have found that results obtained from plots of reciprocal time are not as reliable as those 
obtained from plots of to/t values (where to is the time measured in the absence of catalyst), and hence 
the latter are to be preferred. 

Other concentrations, and determination of iron. For the determination of copper in the range 
10-100 pg/ml and of iron in the ranges l-10 and 10-100 pg/ml, the reducing solutions (5)-(7) are 
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used, respectively, and the concentrations of the standard catalyst solutions are chosen suitably. The 
data for the calibration graphs as obtained are reproduced in Table II. The error of the determinations 
was within the limits &lo% for both ions. 

TABLE II,-DATA WR CALIBRA~ON CURVES 

Element 

Range of 
concentration 

@ml 

Graph of toit vs. concentration 

Intercept Slope 
Std. devn. 

of to/t 

Copper l-10 1.206 0.524 0.46 
l&100 1.208 0.696 164 

Iron l-10 0.962 0.157 0.06 
10-100 0.967 0.079 0.08 

The effect of other ions on the reaction was also investigated. Since the repro- 
ducibility of the measurements is about 10 %, the interference due to a given ion may 
be neglected at a given catalyst concentration if the to/t value is within 10% of the 
value in the absence of that ion. Expressed in these terms, it was found that lithium, 
sodium, potassium, calcium, zinc and molybdate do not interfere at concentrations 
below O*lM, strontium, barium, silver, chromium(III), manganese@), cobalt, nickel 
and vanadate at concentrations below 10m2M, aluminium and lead in concentrations 
below 103M, and arsenic, antimony, cerium and mercury in concentrations below 
lOaM. Of the last-mentioned, As(III), Sb(II1) and Hg(1) give rise to negative errors 
because they are themselves oxidized. 

The possibility of masking iron in solution, and hence of determining copper in 
its presence, was investigated, using fluoride as masking reagent. 

Three series of solutions were prepared, containing, in the first, increasing amounts 
of copper(H), and sodium fluoride (5 g/l); in the second, the same concentrations of 
copper and fluoride and also iron(I1) (1O”M); and in the third series, copper, 
fluoride and iron(III) (also 10-3M). The concentration of iron was therefore from 
5 to 50 times that of the copper. The calibration graphs, prepared as described under 
Procedure were the same within experimental error, supporting the use of fluoride as 
masking reagent, and making possible the determination of copper in the presence 
of iron. 

The chronometric method described has been successfully applied to the determina- 
tion of traces of copper present as an activator in zinc sulphide luminescent powder. 

Zusammenfassnng-Bei der Reaktion zwischen Peroxydisulfat und 
Jodid wurde Thiosulfat zugegeben, um den Landolteffekt zu erzielen. 
Diese Reaktion wurde zur Bestimmung von Kupfer und Eisen im 
Bereich l-100 rg/ml auf Grund ihrer katalytischen Wirkung verwendet. 
Das Verfahren geht schnell und einfach und die Fehler sind kleiner 
als 10%. Die Storung durch Eisen bei der Bestimmung von Kupfer 
kann durch Zugabe eines Maskierungsmittels wie Fluorid beseitigt 
werden. 

R&sum6-& a utilis6 la reaction entre le peroxydisulfate et l’iodure, 
modifiee par l’addition d’hyposulfite pour montrer l’effet Landolt, pour 
la determination du cuivre et du fer dans le domaine I-100 pg/ml, en 
se basant sur l’iniluence catalytique de ces ions. La technique est 
rapide et simple, et les erreurs sont inferieures A 10%. L’interference 
du fer dans le dosage du cuivre peut etre 6limii6e par l’addition d’un 
agent de dissimulation comme le fluorure. 
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VERWENDUNG MABIG DISSOZIIERTER KOMPLEXE 
BE1 SPEKTRALPHOTOMETRISCHEN 

BESTIMMUNGEN-II. 

REAKTIONEN VON ARSENAZO HI MIT URANYL UND THORIUM(IV) 

J. BoR.~K, Z. SLOVAK und J. FISCHER 
Institut ftir reine Chemikalien, LACHEMA Bmo, Tschechoslowakei 

(Eingegangen am 25. September 1968. Angenommen am 11. Juli 1969) 

Zusammenfassung-Bei Reaktion von Uranylionen mit Arsenazo III 
entstehen in sauren Lijsungen zwei dissoziierte Komplexe des Typus 
ML. Ihr Konzentrationsverh&ltnis in der Losung ist von der Aciditiit 
abhibrgig. Die Werte der differentiellen molaren Extinktionskoefhzien- 
ten dieser Komplexe heim Absorptionsmaximum 565 nm betragen 
5,3 * 10s bzw. 8,s * 10s l.mole-l.mm-l. Auf Grund der festgelegten 
Besttidigkeitskonstanten wurden die bisherigen empirischen Kennt- 
nisse iiber die Empadlichkeit der Reaktion erkli4rt. Thorium(IV) 
bildet mit Arsenazo III in sauren Liisungen M&-, ML*- und zwei 
ML-Komplexe. Der in analytischer Praxis verwendete maBig dis- 
soziierte Komplex ML% entsteht vorwiegend in stark sauren Lbsungen 
bei einem hohen ReagenstiberschuB. Der differentielle molare Extink- 
tionskoeflizient des Komplexes ML% im Absorptionsmaximum 658 MI 
betrlgt 12,s * lo3 l.mole-l.mm-l. 

ARSENAZO III (2,7-Bis[azo-2-arsonphenyl]chromotropsaure) ist das meist benutzte 
Reagens aus der Reihe der symmetrischen Bisazoderivaten der Chromotrops&tre. 
Es wurde erstmals im Jahre 1959 ftir die Bestimmung einer Reihe von Elementen 
durch Sawinl vorgeschlagen. Eine breite Anwendung fand das Reagens insbesondere 
bei Uran-2-0 und Thoriumbestimmungen. l”-10 Weitere Verwendungsmoglichkeiten 
wurden in der Monographie20 von Sawin angegeben. 

AsO,H, AsO,H, 
I 

OH OH 

Arsenazo III 

Trotz der grohen Bedeutung von Arsenazo III in der analytischen Chemie wurden 
bisher die grundlegenden Fragen der Komplexbildung nicht befriedigend erklrirt. In 
der Mehrzahl der VerSffentlichungenl-O**o wurde bei der Reaktionen von Uranylionen 
mit Arsenazo III die Bildung eines ML-Komplexes nachgewiesen. Nach Budi%nskjer 
entsteht ein Komplex des Typus M,L,. Auch die Mliglichkeit der Bildung eines ML,- 
Komplexes ist erwiihntz2 worden. Fiir die Extinktionskoefhzienten bei Absorptions- 
maximum wurden folgende Werte angegeben: 5,3 - lo3 l.mole-l.mm-l bei pH 2,B 
6,0 - lo3 in 6M SalpetersSiuree und 7,5 * lo3 in 5,6M Perchlors&tre.O Auch bei der 
Anwendung des Reagens bei Thoriumbestimmungenl’Is wurden die Fragen der 

215 
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Komplexbildung bisher nicht eindeutig gel&t. Arsenazo 1%Thorium(N)-Komplexe 
folgender Typen wurden beschrieben: ML, ML,, ML, und sogar ML4.r6*20*ul Nach 
BudtSinsky21 entsteht ein M,L,-Komplex. 

Es kann erwartet werden, daB die Komplexe von Arsenazo III bei einer hohen 
Aciditat zu bedeutendem Teil dissoziieren werden. Darauf zeigt die Abhangigkeit 
der molaren Extinktionskoefhzienten von der LigandkonzentratioiP sowie der 
publizierte Wert der Bestandigkeitskonstante eines Arsenazo III-Uranyl-Komplexes 
(K = 1 - 104 in 6M Salpetersaure). In der ersten Mitteilung dieser Reihe25 wurde 
gezeigt, daB die Bestimmung der Bestandigkeitskonstanten der Komplexe und somit 
such ihrer Zusammensetzung fur die Auswertung einer fur die spektralphotometrische 
Analyse dienenden Reaktion unerlHBlich sind. 

Im Weiteren geben wir einen Uberblick tiber die Komplexbildung von Arsenazo 
III mit Uranylionen und Thorium(IV) bei Bedingungen der analytischen Verwendung, 
d.h. in mZil3ig und stark sauren Losungen. Die grundlegende Methode der Unter- 
suchung war die Auswertung photometrischer Titrationskurven. Bei der Bildung von 
dissoziierten Komplexen wurden die Titrationskurven nach den von uns beschriebenen 
Methoden analysiert.2s 

Verwendete Symbole und Bezeichnungen 

CM; CL 

MzLI 
K 

totale Metall- bzw. Ligandkonzentration, molar 
Gleichgewichtskonzentration des Komplexes MC, 
Bestandigkeitskonstante; 

K 
MLal 

MnLb = (CM - a * [M,L,])’ * (cL - b - [M,LJy 

AA 

AA0 

EL; &ML 

A&ML 

AE ML.elf 

HO 

Extinktionsmodul, gemessen gegen gleiche cL 
Extinktionsmodul bei einem groBen TitrantiiberschuB (horizontaler Ast 
einer photometrischen Titrationskurve) 
molarer Extinktionskoeffizient des Liganden bzw. Komplexes ML (gegen 
Wasser) 
differentieller molarer Extinktionskoefhzient des Komplexes ML28 
effektiver differentieller molarer Extinktionskoethzient des Komplexes ML 
(Steigung des Anfangsteiles einer photometrischen Titrationskurve)26 
Aciditiit nach Hammettscher Funktion; die Ho-Werte fur HNOa und 
HClO, aus27*28 entnommen. 

EXPERIMENTELLER TEIL 

Uranylnirrut-Stammliisung, 1,45 . 10-3M. Der U0,2+-Gehalt wurde gravimetrisch bestimmt. 
Thorium(lV)-Nitrat-Liisung, 1,OO * 10-sM. Die Thorium(IV)-Konzentration wurde chelato- 

metrischP9 bestimrnt. 
Die Aciditlt der LBsungen wurde durch konz. Perchlorsaure p.u. bzw. Salpeterslure p.u. ein- 

gestellt. Jeweils 100 ml der konz Salpeterslure wurden zwecks Beseitigung der salpetrigen Slure 1 g 
Harnstoff zugesctzt.lo 

Zur Herstellung der Ligandenstammliisung wurden 90-100 mg chromatographisch reines Arsen- 
azo III in 10ml Wasser geliist. Die Losung wurde durch eine kleine S&de mit Dowex 50 x 8 
(H+-Form) Iaufen gelassen und schliefilich auf 100 ml aufgeftillt. Die Konzentration der Stamm- 
liisung wurde coulometrisch *O bestimmt. Die Arsenazo III-Losungen waren mindestens 2 Monate 
bestandig. 
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Reimgung van Arsenazo III 

Es wurden 1-2 g des Ausgangsproduktes (Spolana Neratovice) in 15-25 ml 5%~iges Ammonium- 
hydroxid gelBst. Nach Filtration der Liisung wurde das Arsenazo III durch eine Zugabe von 10 ml 
Salzslure (1: 1) ausgefilllt. Die Umftillung wurde noch einmal wiederholt, und 0,s g des auf diese 
Weise vorgereinigten Praparates wurde in 7 ml eines Gemisches n-Propanol-N&OH konz.-H,O 
(1: 1: 1, Volumenverhiiltnis) bei 50” aufgelbst. Nach dem Erkalten wurde filtriert und das Filtrat auf 
eine SIule (+ 25 mm, Hiihe 120 mm) von mikrokristallinischer Zellulose (Lachema, Bmo) gegeben. 
Die Stiule wurde vorher mit dem Laufmittel, bestehend aus n-Propanol-N&OH konz.-H,O (Volu- 
menverhiiltnis 3: 1: l), durchgespiilt. Die Elutionsgeschwindigkeit betrug 1,5 ml/Min. Nachdem 
die blau gefiirbte Zone von Arsenazo III die Miindung der Kolonne erreicht hatte, wurden 10 ml- 
Fraktionen des Eluats entnommen. Die Reinheit der einzelnen Fraktionen wurde cbromatograpbisch 
am Papier Whatman 4 mit 1M Salzslure als Laufmittel kontrolliert. Als Verunreinigung des Aus- 
gangsproduktes wurden auf dem Papierchromatogramm ein roter (Arsenazo I, RI - 0.35) und ein 
brauner Fleck (& N 0,05) sichtbar. Arsenazo III ergab einen langgezogenen rotvioletten Fleck 
(R, - 0,25). 

Die chromatographisch einheitlichen Fraktionen wurden vereinigt und bei maximal 80” auf 
10-15 ml einpedamnft. Dann wurde das Arsenazo III mit 10 ml konz. SalzsB;ure und schlieBlich mit 
wenig &ha&l ge;aschen. Das Priiparat wurde an der Luft bei Zimmertemperatur getrocknet. 

Bei der papiercbromatographischen Reinheitskontrolle wurde nur ein einziger Fleck von Arsenazo 
III erhalten. 

Die Spektren der Liisungen von reinem Arsenazo III und der maximale Wert von 8,~ = 3,6. 10s 
l.mole-~.mm-~ bei 540 nm sind in guter ubereinstimmung mit den meisten publizierten Arbeiten, 
mit Ausnahme von B. BudC%fnskf.81 Im Absorptionsspektrum von Arsenazo III treten im Bereich 
der Wellenllngen 400-ZOO nm in Abh%ngigkeit von der Aciditgt der Liisung (von pH 2,8 bis H,, 
-2,5) praktisch keine Anderungen auf. Bei einer graBeren Aciditlt als HO -3 macht sich die Pro- 
tonisierung von AzogruppenDO in den Absorptionskurven deutlich bemerkbar. 

Photometrische Titrationen 

Die Titrationen wurden unmittelbar in den MeBkiivetten mit Hilfe einer Agla-Mikrodosierung 
spritze durchgefiihrt. Das Volumen der titrierten Liisung blieb wtihrend der Titration praktisch 
unvertindert und betrug in der lo-mm Kiivette 2,5 ml und in der 20-mm Kiivette 5,O ml. Das 
maximal zugesetzte Volumen der Titerltisung betrug weniger als 1-2 % des Gesamtvolumens. Nach 
jeder Zugabe von 0,001-0,005 ml der Titerliisung wurde die Liisung in der Kiivette mit einem Teflon- 
Stabchen durchgemischt. AnschlieBend wurden entweder die Absorptionsspektren im Wellenbereich 
580-720 nm registriert oder es wurde nur bei der Wellenllnge des Absorptionsmaximums gemessen. 
Bei dem Studium der Reaktionen von Thorium(IV) mit Arsenazo III wurden zwei Arten von Titra- 
tionskurven aufgenommen: 

(a) Titration des Liganden mit dem Kation. AA wurde direkt gemessen. 
(b) Titration des Kations mit dem Liganden. In diesem Fall wurde als Vergleichsliisung Wasser 

benutzt. Vom MeBwert wurde die Extinktion einer reinen Arsenazo III-Lbsung gleicher Konzen- 
tration abgezogen. 

Bei der Untersuchung der Reaktion von Arsenazo III mit Uranyl wurden nur Titrationen mit 
Kation ausgefiihrt. 

MERERGEBNISSE 

Reaktionen von Uranyl 

Photometrische Titrationskurven von Arsenazo III-LSsungen mit Uranyl bei 
pH 2,8 (0,lM Essigs%ure) weisen einen scharfen Knick auf, der einem MolverhSiltnis 
Arsenazo III: UOs2f = 1: 1 genau entspricht. Die Steigungen der Anfangsteile der 
Kurven sind c,-unabhgngig (AE~,~~~ = AE~ = 5,3 - 103 l.mole-l.mm-l bei Amax 
656 nm). 

Bei hiiheren AciditZiten (ab pH 1) wurde eine c,-Abhgngigkeit der A&,,,-Werte 
festgestellt. Eine t)bersicht der Ergebnisse (AESOP bei 1= 656 nm) und der gewghlten 
experimentellen Bedingungen (cL, H,,) ist in Tab. I gegeben. Nach jeder Titration 
wurde noch der Extinktionsmodul A& bei einem groBen U022+-uberschuB durch 
Zugabe kleiner KristSillchen von Uranylnitrat bzw. Uranylperchlorat in die MeB- 
kiivette ermittelt. 

3 
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TABELLE I.-AUS~ERTUNG PHOTOMETRISCHER TITRATIONSKUR~EN VON ARSENAU) III 
MIT UIUNYL 

Aciditkt CL * 106M 

A&M,, . 1O-s 
As,n - lo-* I.mOle.-lmm-l 

hwle.-‘mn+ (a) (4 
K - lo-& 

(a) (4 

0,5M HNOs 
pH OJ 

1 ,OM HNOl 
z& -0,2 

1,12M HClOp 
I& -0,3 

5,8M HNOs 
Ho -1,75 

5,5M HClO, 
H0 -2,6 

11,5M HNO, 
Ho -3,0 

1,37 
2,74 
6,85 

13,7 
22,l 
1,37 
2,74 
6,85 

13,7 
1,52 
4.36 

10;9 
2,74 
6.85 

13;7 
1,52 
4,36 

10,9 
2;74 0,72 
5,48 1,26 990 899 0,32 0,32 

10,9 2,33 

0,75 
1,39 
2,55 6,l 690 1904 1,07 
3,58 
4,45 
0,39 
0,75 695 694 0,49 0,48 
1,52 
2,56 
0,70 
1,65 721 791 0,71 0,81 
3,lO 
1,20 
2,48 893 8,15 0,63 0,66 
3,85 
4,80 
660 892 8,3 10,o 10,5 
7,40 

(a) aus der a-Abhtiglgkeit der A&u!-Werte bestimmt 
(b) aus AA, bestimmt 
(c) bei der logarltbmischen Analyse der Titrationskurven ermittelt 

Reaktionen von Thorium(ZV) 

Eine Titrationskurve von Arsenazo III durch Thoriumnitratlosung in 0,lM 
Essigsaure (pH 23) bei 662 nm ist in Abb. 1 dargestellt. Die Steigung der Kurve ist 
cl-unabtingig und wird durch die Zah14,6 * 105 l.mole-l.mm-l (= Ae) charakterisiert. 
Bei der Titration des Kations mit Arsenazo III bei den gleichen Bedingungen bei 
672 nm (= A,,) wurde keine Abhangigkeit der Steigungen der Anfangsteile der 
Titrationskurven von CM festgestellt. Die Steigung (= ha) betragt 2,6 * 10s lmole-l* 
mm-l. Die Titrationskurven von Thorium(N) mit dem Liganden weisen einen 
S-formigen Verlauf auf. 

MeSergebnisse und gewahlte experimentelle Bedingungen (cn, H,,) fur die 
Titrationen von Arsenazo III mit Thorium(IV) in stark sauren LSsungen sind in Tab. 
II zusammengestellt. Tabelle III enthalt die MeBergebnisse und die gewahlten 
experimentellen Bedingungen fur Titrationen von Thorium(W) mit Arsenazo III in 
stark sauren Liisungen. 

AUSWERTUNG UND DISKUSSION 

Die Komplexbildung wurde aus dem Gesichtspunkt der analytischen Verwendung 
der Reaktionen untersucht. Bei der Bildung von wenig dissoziierten Komplexen wurde 
deshalb lediglich das Verhlltnis M: L aus der Form der Titrationskurve ermittelt. 
Die fur die spektralphotometrische Anwendung wichtige Konstante heMaL, ist in 
diesem Fall unmittelbar durch die Steigung der Eichkurve gegeben. 
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ABB. l.-Photometrische Titration von Arsenazo III mit Thorium(IV). 0,lM Essig- 
s&tre, pH 2,s; cr, = 2,21 - lo-‘M; 1 = 662 nm. 

TAJCIELLE II.-A~~~ERT~N~ PH~T~MB~~~HER TITRATIONSKUR~EN VON ARSENAZO III 
MlTTHoRruM(Iv) 

AciditHt C& * 106M 

Agma - 10-a 
I.~le.-‘mm-l 

(4 
K- 10-e 

(4 @I 

2,SM HNOI 1920 9,50 
Ho -1,o 2,40 ll,o 12,8 10,o 

4,80 12,o 
7,20 12,6 

5,6M HNOS 0.44 1,31 
Ho -1,75 1,50 a,37 

2,21 9,97 12,s 896 839 
11,05 12,4 
15,05 12,4 
22,l 12,7 

11,3M HNOa 3,96 4,54 
H,, -3,05 7,92 7,84 12,7 0,26 0,34 

19,8 11,4 

(a) aus der cl-Abhtigigkeit der A.seff-Werte bestimmt 
(b) bei der logarithm&hen Analyse der Titrationskurven ermittelt 

Die Grundlagen der Auswertung von photometrischen Titrationskurven bei der 
Bildung von dissoziierten Komplexen wurden frtiher abgeleitet? 

1. Triigt man die fur gleiche Reaktionsbedingungen (Aciditit) gewonnenen 
A&,,,-Werte bei Bildung eines einkernigen Komplexes (MLI, oder M,L) in geeigneten 
Koordinaten auf, so erhrilt man Geraden, deren Steigung den differentiellen molaren 
Extinktionskoefbzienten (hem, bzw. A+& angibt. Die Wahl der richtigen 
Koordinaten h%ngt vom vermuteten Komplextyp ab. Aus derselben Beziehung lzist 
sich der Wert der Bestandigkeitskonstante K ermitteln. Aus den Werten von AE der 
Komplexe kann man die AA,,-Werte berechnen. Das hat besondere Bedeutung fiir 
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TABELLE III.-AUSWERTUNG PHOTOMETRISCHER TITRATIONSKURVEN VON THORIUM(IV) 
MIT ARSENAZ~ III 

Aciditlit CM . 1 OSM 
Ae,if . lo-8 

I.mole.-lmm-~ 

Acal .I O-8 
I.mole.-‘mm-l 

(4 

K * lo-” 
(4 (b) 

2,8M HN08 230 
Ho --I,0 490 

10,o 
50,o 

5,6M HNOs 0,99 
H0 -1,75 1,98 

4,95 
9,90 

99,0 
11,3M HNOS 0,99 

Ho -3,05 1,98 
3,96 
9,90 

19,8 
99,0 

498 
595 697 14 

?: 
313 
4,6 
61 8,l 6,8 8,O 
790 
798 
099 
1,45 
1,65 793 192 1,4 
399 
5,05 
6,6 

(a) aus der CM-AbhIngigkeit der As,lf-Werte bestimmt 
(b) bei der logarithmischen Analyse der Titrationskurven ermittelt 

die logarithmische Analyse, wenn sich die AA,-Werte experimentell nicht bestimmen 
lassen. 

2. Die bei gleichen Reaktionsbedingungen (Aciditiit) experimentell erhaltenen 
Titrationskurven lassen sich bei bekannten AA,,-Werten innerhalb bestimmter, vom 
Komplextyp abhangiger Koordinaten, in eine Gerade transformieren. Zur Ermittlung 
der Zusammensetzung des in der Losung vorliegenden Komplexes sind diejenigen 
Koordinaten zu wahlen, bei denen die transformierten Titrationskurven, die bei 
verschiedenen Konzentrationen der titrierten Losung erhalten wurden, in einer 
Geraden zusammenfallen (“logarithmische Analyse der Titrationskurven”). AuBer- 
dem muB die Steigung dieser Geraden mit der theoretisch berechneten Steigung 
tibereinstimmen. Die Koordinaten fur die einzelnen Komplextypen (M,L,) fur die 
photometrischen Titrationen von Kation durch Ligand und umgekehrt sowie die 
theoretischen Steigungen der resultierenden Geraden folgen aus Gl. (1) und (2): 

1% 
1 AA K. bb 

(1) 
b.c”” AA,--a-AA 

= _f. log 
(AA, - AA)b + : * log AE&--;;~ 

CL 

fur cL = Konst. 

1% 
1 = _i.log 

AA 1 K-a” 

(AA, - AA)= + b * log As&;;,l (2) 
a*s*AA,,-b-AA 

CM 

fur CM = Konst. 
Diese Gleichungen wurden analog wie bereits fur den ML-Komplex angegeberP 
berechnet. Aus dem Ordinatenabschnitt bei einem bekannten As,aLb-Wert la& sich 
die Bestandigkeitskonstante berechnen. Man setzt bei diesem Verfahren nach 
MSglichkeit immer die experimentell ermittelten AA,-Werte und die daraus berech- 
neten AeMaLa ein. Nur wenn die AA,-Werte experimentell nicht zuganglich sind (z.B. 
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wegen Bildung eines anderen Komplexes bei grbl3eren Titranttiberschtissen), mtissen 
die bei der Auswertung der KonzentrationsabhZngigkeiten von Aceit erhaltenen 
differentiellen molaren ExtinktionskoelBzienten und die daraus berechneten (Ref. 26, 
Gl. (5)) A&Werte eingesetzt werden. 

Reaktion van Arsenazo III mit Uranylionen 

In m%ig saurer L&sung (pH 2,8) wird ein fester Komplex des Typus ML gebildet. 
Der ermittelte AeML- Wert bei &_ 656 nm, 5,3 - 103 I.mole-l.mm-l, stimmt mit der 
Literaturangabe tibereinF3 

I I I I 

0 I 2 3 4 5 

C,/AC,,,~,X IO8 

ABB. 2.-Auswertung der CL-Abhtigigkeit von ALE,,~~ hei Titration von Arsenazo III 
mit Uranyl. 

1 0,5MHNOII; 2 l,OMHNOa; 3 5,6MHNO,; 4 11,6MHNOa; 5 l,lMHCIO,; 
6 5.6M HCI04. 

In sauren Liisungen werden dissoziierte Komplexe gebildet. Abbildung 2 zeigt 
die Auswertung der Konzentrationsabhangigkeit der Ae,ii-Werte fur einen vermuteten 
Typ ML. Die hieraus ermittelten A&,,-Werte stimmen gut mit jenen AEMdL-Werten 
tiberein, die aus den experimentell ermittelten A&Werten bei einem groBen Uranyl- 
iiberschul3 berechnet wurden (Tab. 1). 

Abbildung 3 zeigt die transformierten Titrationskurven. Alle Geraden besitzen 
innerhalb der fiir einen ML-Komplex gtiltigen Koordinaten die Steigung - 1,OO f 
0,03. Damit ist das Vorliegen eines 1: 1 Komplexes eindeutig bewiesen. Die aus dem 
Ordinatenabschnitt ermittelten K-Werte sind in guter Ubereinstimmung mit jenen, 
die bei der Auswertung der Konzentrationsabhiingigkeit der Aem,,irWerte fest- 
gestellt wurden (Tab. 1). 

Mit Hilfe der transformierten Titrationskurven la& sich such zeigen, da13 in 
sauren Losungen bei keinen Konzentrationsverhaltnis cy/cL Komplexe des Typus 
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ABB. 3.-Logarithmische Analyse der Titrationskurven von Arsenazo III mit Uranyl 
(vorausgesetzter Komplex ML). 

I. 0,5MHNOI; a = 2,65 * 10-6M 0 und 2,21 * 10-4M 0 
2. 5,8MHNOI,; cr. = 2,74 * lo-‘M 0, 6,85 - 10-5M A und 13,7 * 10-sM q 
3. 11,6MHNOJ; c,, = 5,48 * 10-&M 0 und lo,96 * IO-‘M 0 
4. l,lMHCIOd; cr, = 1,52 * 10-6M 0,4,36 * 10-&M A und 10,9 * 10-6M 0 
5. 5,6M HClO&; cL und Bezeichnungen wie bei 4. 

Ma& entstehen. Abbildung 4 zeigt die Transformation von zwei bei gleicher Aciditit, 
jedoch verschiedenen cL gewonnenen Titrationskurven innerhalb der fiir einen M&- 
Komplex giiltigen Koordinaten. Die Steigungen der beiden getrennten Linien (etwa 
-0,75) weichen erheblich von der geforderten Steigung -0,5, vgl. Gl. (l), ab. 

Die Abhgngigkeit der AeML -Werte der Uranyl-Arsenazo III-Komplexe von der 
Acidit% der Losung (H,,) wird in Abb. 5 dargestellt. Es ist ersichtlich, dal3 bei gleicher 
Acidit% dieselben Ergebnisse (AaML) erzielt werden, unabh%ngig von der Art der 
benutzten S&ure. Auch das Verhaltnis von AA-Werten bei verschiedenen Wellen- 
langen ist bei gleicher Acidit& von dem Charakter der S&rre unabh%ngig. Aus dem 
Verlauf der in Abb. 5 dargestellten Kurve, mit Rticksicht auf die Ergebnisse der 
logarithm&hen Analyse, folgt, daD in dem System zwei (oder mindestens zwei) 
MLKomplexe entstehen. Ihr Konzentrationsverhitnis in der Lijsung hQt von 
der Acidit% ab. Die WellenlSingen der Absorptionsmaxima beider Komplexe sind im 
Rahmen der MeBgenauigkeit identisch (656 f 2 nm). Bei kleineren Acidititen als 
pH 1 entsteht tiberwiegend ein ML-Komplex mit einem he&-Wert von 5,3 * lOa 
l.mole-l.mm-l bei 656 nm. Bei hoheren Aciditiiten als H,-2 kann praktisch die 
ausschliel3liche Bildung eines weiteren ML-Komplexes (Bezeichnung ML*) mit 
AE ML* - - X,8 - 10s bei 656 nm vorausgesetzt werden. Eine vollstIindige Beschreibung 
des Gleichgewichtes zwischen den beiden Komplexen, d.h. die Erkliirung ihrer 



Verwendung mi@ig dissoziierter Komplexe bei spektralphotometrischen Bestimmungen-II 223 

-I 0 

log 
AA 

(flAo-LJA12 

ABB. $.-Logarithm&he Analyse der Titrationskurven von Arsenaxo III mit Uranyl 
(vorausgesetzter Komplex MaLII). 

0,5MHN08; 1. cr, = 2,65 - lo-$M; 2. cr, = 2,21 * lo-‘M. 

A~B. 5.-Differentielle ExtinktionskoetBzienten der Komplexe von Arsenazo III mit 
Uranyl in Abhangigkeit von der Aciditlt. 

A bestimmt bei Anwesenheit von I-INOI 
0 bestimmt bei Anwesenheit von HClO, 
0 bestirnmt bei Anwensenheit von CH,COOH. 

Struktur, iibersteigt den Rahmen dieser Arbeit. Die Spektren beider Komplexe 
(umgerechnet auf AeML bzw. A&& sind in Abb. 6 dargestellt. 

Die frfiher veroffentlichten unterschiedlichen Beziehungen zwischen den AA- 
Werten der Uranyl-Arsenazo III-Komplexe und der S&trekonzentratioxF’ lassen 
sich somit leicht erkliiren. Die Autoren haben lediglich die A+,rr,,,,rWerte gemessen. 
Die Abhgngigkeit dieser Werte weist mit Aciditatserhohung ein Minimum auf, 
bedingt einerseits durch die wachsende Dissoziation des ML-Komplexes (AE~ = 
5,3 * 103) und anderseits durch Erhohung der Asm,,i,-Werte ab bestimmten Saure- 
konzentrationen in Zusammenhang mit der bevorzugten Bildung des Komplexes ML* 
(AEON. = 88 - 10s). 

Aus einem Vergleich der Aem,ell- Werte bei entsprechenden c,-Werten und 
gleicher Acidit@ (eingestellt durch Salpetersaure bzw. Perchlorslure) wird ftir die 
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hB. 6.Spekh.n van Arsenazo III (als 8~) und von Arsenazo III-Uranylkomplexen 
(als AQ,, und AeM,,.). 

1. Arsenazo III, pH 2,s; 2. Komplex ML (pH 2,s); 3. Komplex ML* (llMI-INOII). 

analytische Praxis die grol3e Bedeutung fur die richtige Auswahl der S&e ersichtlich. 
Bei Verwendung von Salpetersaure wurden stets niedrigere K-Werte und somit2s such 
AE ML,eii-Werte gefunden als bei Anwesenheit von Perchlorsaure (vgl. Tab. 1). Es 
mu8 angenommen werden, da13 bei Anwesenheit von Salpetersaure neben der 
Komplexbildung Arsenazo III-Uranyl (Komplexe ML und ML*) noch eine Kon- 
kurrenzreaktion der Salpetersaure mit Uranyl verlauft. Daher ist zwar das Konzen- 
trationsverhaltnis der Komplexe ML und ML* bei gleicher Acidit& von der Art der 
Sgure unabhiingig, die Gleichgewichtskonzentrationen dieser Komplexe sind jedoch 
bei Anwesenheit von Salpeterdure wesentlich kleiner als in einem Reaktionsmedium 
mit Perchlorsaure. Die Existenz von Komplexen des Uranyls mit Nitrationen ist 
bekannt.al 

Reaktionen van Arsenazo III mit Thorium(ZV) 

Bei hijheren Aciditaten (H,, - 1; 2,8M Salpeters&tre) wurde bei Titrationen von 
Arsenazo III mit Thorium eine merkliche cl-Abhgngigkeit (cr, = 1O-6 bis lOAM) 
der effektiven Extinktionskoetllzienten festgestellt (Tab. 2). Die graphische Aus- 
wertung der gemessenen he,,,-Werte in den Koordinaten cL2 gegen cL2/As,,, deutete 
auf die Anwesenheit eines dissoziierten ML,-Komplexes. Der Wert von AE?? = 
12,8 - lo3 l.mole-l.mm-l bei 658 nm ist im Bereich -1 > H, > -3 von der Acrditgt 
der Liisung unabhangig. Fur die transformierten Titrationskurven (Abb. 7) wurden 
die benijtigten AA,,-Werte mit Hilfe dieser Zahl (12,8 - 103) berechnet. Unmittelbar 
experimentell lassen sich die AA,-Werte nicht bestimmen, da bei groI3en Uberschiissen 
von C~ andere Komplexe entstehen (vgl. unten). Die Geraden 2 und 2 in Abb. 7 
bestatigen das Vorliegen eines ML,-Komplexes. Dagegen wird durch die Geraden 
2’ und 2” der Abb. 7 das Nichtvorhandensein eines ML-Komplexes bei diesen 
Reaktionsbedingungen eindeutig bewiesen. 

Bei Titrationen von Thorium(IV) mit Arsenazo III, also bei Bedingungen eines 
CM-Uberschiisses, ist die Beziehung zwischen cM und cXI/Aaetf linear-es kann die 
Bildung von ML-Komplexen vorausgesetzt werden. Die aus den Steigungen 



Verwendung mU3ig dissoziierter Komplexe bei spektralphotometrischen Bestimmungen-II 225 

m AA 

(AA, - AA? 

(log 
AA 

AA,-AA ) 

ABB. 7.-Logarithm&he Analyse der Titrationskurven von Arsenazo III mit Thor- 
ium(W). Vorausgesetzter Komplex ML* (I und 2) oder ML (2’ und 2”). 

1. 11,6MHNO.; cr, = 7,92. 10-6M A und 193 * 10-5M 0 
2. 5,8MHNOI,; = 0,44 * 10-&M 0 und 2,21 * cr, 10-6M A 
2’ wie 2, = 2,21 * 10-6M; 2” wie 2, = 0,44 cI, cr, - 10-6M. 

ermittelten AenaL -Werte sind wie bei den Uranylkomplexen von der Aciditat der 
Losung abh%ngig. Deshalb nehmen wir an, da13 mindestens zwei Thorium(IV)- 
Arsenazo III-Komplexe des Typs ML gebildet werden, weiter ML und ML* 
bezeichnet. Die transformierten Titrationskurven (Geraden I und 2 in Abb. 8) 
bestZitigen die Bildung von ML-Komplexen. Die benijtigten AA,-Werte wurden aus 
den Werten von Asm berechnet. Durch die Geraden 1’ und 1” wird das Nicht- 
vorhandensein eines M,L-Komplexes bei diesen Reaktionsbedingungen bewiesen. 

Die Abweichung eines Teiles der Kurve 2 (Abb. 8) von der theoretischen Steigung 
kann durch gleichzeitige Anwesenheit des ML,-Komplexes bei einem kleineren 
UberschuB von cM erkhlrt werden. &mliche Abweichungen wurden such bei der 
Bildung des ML,-Komplexes bei kleineren cr,(cr, < 2 - 10-5M) und einer hbheren 
Aciditat (H,, -3,05) beobachtet wiihrend der Titration von Arsenazo III mit 
Thorium(IV). Sie lassen sich durch Bildung von ML-Komplexen erkhlren. Aus den 
angefiihrten Ergebnissen geht aber hervor, daS in stark sauren Liisungen bei einem 
geniigenden ReagensiiberschuB vorwiegend der ML,-Komplex, bei einem grol3en 
Thorium(IV)-Uberschul praktisch nur die ML- und ML*-Komplexe entstehen. 

Die Zusammensetzung der Thorium-Arsenazo III-Komplexe, die bei kleinen 
Sgurekonzentrationen entstehen, kann nicht mit Hilfe der oben erw&nten Methoden 
bestimmt werden, da es keine Konzentrationsabhangigkeit der Steigungen der 
Anfangsteile von photometrischen Titrationskurven gibt. Man kann jedoch auf sie 
schlieBen aus dem Verlauf der photometrischen Titrationskurven, sowie aus einem 
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ABB. 8.-Logaritkmische Analyse der Titrationskurven von Thorium(W) mit Arsenazo 
III. Vorausgesetzter Komplex ML (I und 2) oder MIL (I’ und I”). 

1. 5,8MHNO,; CM = 1,98 a 10-6M 0,4,95 - 10-6M A und 9,9. 10-6M 0 
2. 11,6MHNOB; car = 1,98 * 10m5M 0,3,96 * 10e6M 0, 9,9 - lO+M A und 19,8 * 10esM 0 
I’ wie I; cI, = 1,98 . 10-5M; I” wie I; cr, = 4,95 * 10-5M. 

Spektrenvergleich mit Komplexen, deren Zusammensetzung bei einer hoheren Aciditit 
eindeutig festgestellt wurde. Aus Abb. 1 ist ersichtlich, daB bei der Titration von 
Arsenazo III mit Thorium(N) bei pH 2,8 nacheinander zwei Komplexe entstehen. 
Der gefundene Wert des differentiellen Extinktionskoethzienten bei groBen Reagens- 
iiberschiissen (Steigung des Anfangsteiles der Titrationskurve, 4,6 - 105 l.mole-l.mm-l 
‘bei &, 662 nm) sowie das ganze Spektrum sind mit dem Wert As,, und dem 
Absorptionsspektrum des ML-Komplexes identisch, der bei griiBeren SSiurekonzen- 
trationen (H, -0,l) bei einem MetalltiberschuB entsteht. 

Bei Titrationen von Thorium(N) mit Arsenazo III bei pH 2,8 wird bei &a= 
672 nm eine c,-unabhlingige Steigung der Anfangsteile der Titrationskurven, die 
einem differentiellen Extinktionskoeffizienten 2,6 - lo3 entspricht, beobachtet. Diese 
Zahl entspricht dem bei 662 nm gefundenen Wert von 2,5 - 10s, der durch den 
horizontalen Ast der Titrationskurve (Abb. 1) gegeben wird. Die erwiihnte S-fiirmige 
Form der Titrationskurve von Thorium(N)-Losungen mit Arsenazo III 1liBt sich 
durch gleichzeitige Bildung des MLKomplexes bei kleiner werdenden Metall- 
iiberschtissen erkliiren. 

Die beschriebenen Tatsachen, die bei Titrationen bei pH 2,8 festgestellt wurden, 
kiinnen nicht durch gleichzeitige Bildung von zwei Komplexen eines gleichen Typs, 
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z.B. ML, erklgrt werden, da ihr Konzentrationsverhitnis in der Losung von dem 
Verhaltnis der reagierenden Komponenten (cn:cd unabhiingig sein mtil3te. Eine 
schrittweise Bildung von Komplexen ML und MzLz ist durch die Form beider 
Titrationskurven ebenfalls ausgeschlossen. Deshalb mu13 man neben dem ML- 
Komplex mit AE =,, 4,6 - 103, der bei einem LigandentiberschuD bei pH 2,8 entsteht, 
noch die Existenz eines M,L-Komplexes bei Bedingungen eines Metalhiberschusses 
annehmen (AeM,L = 2,6 * lo3 bei &,, 672 nm). Bei der schrittweisen Bildung der 
wenig dissoziierten Komplexen ML und M,L bei der photometrischen Titration von 
Arsenazo III mit Thorium(N) (Abb. 1) entspricht dem F’unkt A die Zusammensetzung 
86,5 % mol. ML und 13,5 % mol. M,L, und dem Punkt B 9 % mol. ML und 91% M,L. 

14 
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AEXB. 9.-Differentielle Extinktionskoeflizienten der Komplexe von Arsenazo III mit 
Thorium(N) in Abhiingigkeit von der AciditZit.--I bei q > CM; 2 bei cx > cr,; 0 

extrapolierte Werte aus den Konzentrationsabh%ngigkeiten von AMY. 

In Abb. 9 sind Abhangigkeiten der differentiellen molaren Extinktionskoeffizienten 
von der Aciditat der Liisung bei einem solchen c,-oder cNUberschu13 dargestellt, bei 
welchem praktisch keine Konzentrationsabh%ngigkeit der A+,-Werte bemerkbar ist. 
Die Werte sind stets fur das Maximum bei llngeren Wellenlgngen (vgl. Abb. 10) 
angegeben. Kurve I (Abb. 9) charakterisiert die Komplexe ML und Mb, die bei 
Bedingungen eines Arsenazo III-Uberschusses gebildet werden. Die Komplexe M,L, 
ML und ML* werden in Abhgngigkeit von der Aciditat der Losung bei grol3en 
Metalltiberschiissen vorwiegend gebildet, Kurve 2, Abb. 9. DifIerentielle Absorptions- 
spektren (als AE) der vier Arsenazo III-Thorium(N)-Komplexe sind in Abb. 10 
angeftihrt. Es ist beachtlich, da13 die &,, der beiden 1 :l-Komplexe (ML, AE- 
4,6 - 103 und ML*, As m* 8,1 * 103) gleich wie im Fall der Uranylkomplexe im 
Rahmen der MeBgenauigkeit identisch sind (662 f 2 nm). 

Bei den untersuchten Bedingungen (c~, c,, Aciditzit) entstehen keine Komplex- 
verbindungen anderer Typen (M,b,21 ML, und ML416). 



228 J. BORAK, 2. SLOVAK und J. FISCHER 

ABB. lO.-!$ektren von Arsenazo III-Thorium(W)-Komplexen (als Am&. 
I Komplex MIL; 2 Komplex ML; 3 Komplex ML*; 4 Komplex ML%. 

FOLGERUNGEN FUR DIE ANALYTISCHE PRAXIS 

Bei der spektralphotometrischen Uranylbestimmung mit Arsenazo III ist es 
gtinstig, die bevorzugte Bildung des ML*-Komplexes mit Aa=* = 8,8 - 103 (656 nm) 
in stark sauren Liisungen bei H, < -1 auszunutzen. Als Reaktionsmedium 
bewilhrte sich Perchlorsaure besser als Salpetersaure. Bei cL > 1 * 1044M und 
-1 > H,, > -2,5 ist es dann moglich, die Bestimmung bei Bedingungen, die einer 
vollstLndigen Komplexbildung nahe kommen, zu verwirklichen weil AaIIIL* ,eii 
gndert sich kaum mit cL und nahert sich dem Wert von AE~*. 

Die Bestimmung von Thorium(IV) in stark salpetersauren Lijsungen beruht auf 
der Bildung eines ML,-Komplexes. Bei einem geniigenden LigandentiberschuD 
(CL > 1 * lo-4M) sind die Steigungen der Eichkurven praktisch cl-unabhlngig und 
sie nSihern sich dem Wert von ha,, * = 123 - 103. 

SCHLUBBETRACHTUNG 

Die Ergebnisse des Studiums der Komplexbildung von Arsenazo III mit Uranyl 
und Thorium(N) weisen daraufhin, da13 die vollstlndige Analyse der photometrischen 
Titrationskurven eindeutige Resultate such in komplizierten Fallen bei Entstehung 
von mehreren dissoziierten Komplexen liefern kann. Die allgemeinen Fragen der 
Auswertung von photometrischen Titrationskurven beim Studium der Gleichgewichte 
(Komplextyp, K> und Eigenschaften (Ae y,Lb) dissoziierter Komplexe wollen wir 
noch einmal spater ausfiihrlich behandeln. 

Ftir die erwiesene Interesse und Unterstiitzung sind wir Herm Prof. Dr. Lumir Sommer, Dr.Sc., aus 
der Universittit UJEP Brno zu Dank verpflichtet. 
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Summary-The reaction of uranyl ion with Arsenazo III in acid 
solution gives rise to the formation of two complexes of the type ML, 
the proportions of these two being dependent on the acidity. The 
molar absorptivities of the complexes at 565 nm are 5.3 x 10s and 
8.8 x 10s l.mole-~.mm-l. The formation constants have been deter- 
mined, and the apparent variation in the sensitivity of the reaction is 
explained. In acid solution thorium forms complexes with Arsenazo 
III of the types MEL, ML (two), and ML*, the la; of which is analytic- 
ally useful, although partially dissociated. It predominates in strongly 
acid solution containing a large excess of reagent, and has a molar 
absorptivity at 658 ~1 of 12.8 x 10s l.mole-l.mm-l. 
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R&rn&La reaction de l’ion uranyle avec I’Arsenazo III en solution 
acide engendre la formation de deux complexes du type ML, leurs 
proportions dependant de l’acidite. Les coefficients d’absorption 
mol6culaire des complexes a 565 mn sont 5,3 x lo8 et 8,8 x lOa 1. 
mole-’ . mrrl. On a determine les constantes de formation, et I’on 
explique la variation apparente dam la sensibilite de la reaction. En 
solution acide, le thorium forme avec 1’Arsenazo III des complexes des 
types MIL, ML (deux) et ML*, ce dernier &ant analytiquement utile, 
quoique partiellement dissocie. 11 predomine en solution fortement 
acide contenant un grand exces de rtactif, et a un coefficient d’absorp- 
tion moleculaire a 658 mu de 12,8 x lOa l.mole-l.mm-l. 
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SHORT COMMUNICATIONS 

2,4-Bis(4nitrobenzazo)resorcinol-6mlphonic acid as a new acid-base indicator 

(Received 11 June 1969. Accepted 20 September 1969) 

IN RESEARCH on 2,4-bis(nitrobenzaxo)resorcinol-6-sulphonic acid (BRS) as a selective qualitative 
reagent for magnesium, the substance was found suitable as an acid-base indicator, capable of Iilling 
a gap in the series of alkaline region indicators. 

The substance was prepared according to Podstata and Alian,l and puritied by a two-stage repre- 
cipitation. The purity at each step was checked by paper chromatography, and the final purity was 
veritied by means of elementary analysis. 

Two colour transitions were found, at pH 68-8.2 (yellow + red), and at pH 105-13 (red --, blue- 
violet). The dissociation constant values pKr 764 and pKa 1164 correspond to these transitions, and 
were obtained as described elsewhere.* 

The polarographic behaviour of the substance was investigated and the problem of its possible 
structures discussed. The use of BRS as a new acid-base indicator was tested by a series of deter- 
minations of weak and strong acids. It proved very suitable for the determination ofp-hydroxybenzoic 
acid, permitting, in contrast to the commonly used indicators, the carboxyl group to be titrated with- 
out simultaneous titration of the labile proton of the hydroxyl group. 

The literature shows that the use of resorcinol azo dyes as acid-base indicators is rare (Tropaeolin 
0 and Axe Violet*+; no mention has been made of bisazo dyes derived from resorcinol. 

EXPERIMENTAL 

Preparation 

Heat resorcinol with cont. sulphuric acid for about 90 min at 140-160”.6 Cool the mixture, and 
quickly collect the precipitate on a sintered porcelain dish by suction. Moisten the product with 
a little cont. sulphuric acid and subject it to suction for 30 min. 

HO-ocS:aH + 2 [NO*-Q--N=N, +Cl- -, 

/- 
SOsH 

NOa NO., 

Treat p-nitroaniline (2.76 g) with 5 ml of 2M hydrochloric acid and quickly add (all at once, in 
order to prevent formation of amino-azo dye)’ the theoretical quantity of solid sodium nitrite 
(1.38 g) cooled with ice. Then dissolve resorcinol4,6disulphonic acid (9 g) in boiling water (about 
200 ml) and add sodium acetate (30 g). 
nium salt. 

Cool with ice (100 g), and then add the 0.02 mole of diaxo- 
As the coupling is slow, heat the reaction mixture to 30” after an hour. 

itated dye rapidly under suction and wash it with a small quantity of water. 
Collect the precip- 

231 
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I I: pH=3.29 

FIG. l.-Absorption spectra of 2.4 x lo-6M indicator solution, pH 3-29-962. 

Dissolve the purified substance in boiling water (200 ml) and add sodium carbonate (about 10 g) 
till alkaline. Salt out the sodium salt by adding about 5 % w/v of solid sodium chloride, cool, dilute 
the solution to twice its volume and collect thebrown-red precipitate by suction. In the second stage 
of ourification dissolve the urecioitate in 400 ml of water, tilter hot, and add 2M hydrochloric acid 
to ihe hot filtrate till it is adid to’ Congo Red, collect, wash and dry the amorphous red precipitate. 
Test the product chromatographically, with Whatman No. 4 paper and (a) 20 % ammonia-isopentanol- 
pyridine, (l:l:l), (b) 20% ammonia, and by elementary analysis. (The Rf value of the product 
is O-6, and of the impurities, O-07.) 

For use as an indicator the purified product is precipitated again as the sodium salt. 

Spectrophotometric studies 
Measurements were made of the absorption spectra of 2.4 x lo-“M indicator solutions buffered 

at pH values from 3.29 to 13.30, and (except for the pH 13.3 solution) kept at constant ionic strength 
with sodium perchlorate (Figs. 1 and 2). The dissociation constants of the indicator were calculated 
from the equation 

1ogL 
1 - cri 

=pH-pK1 

where ai is the degree of dissociation, and were verified by a graphical methoda (from the dependence 
of the absorbance on pH) and by a linear regression method,8 and were found to be pKl = 764; 
pKz = 1164. 

Applications 
The indicator was found suitable for most acid-base titrations (e.g., benzoic and phthalic acids 

dissolved in 70% ethanol, malonic, tartaric, acetic acids in water, mineral acids, p-hydroxybenzoic 
acid, titrated with sodium hydroxide) but not for phosphoric acid because of the mismatch of pK 
values for the acid and the indicator. Some results are given in Table I. 
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A0 

6: pH= 9.62 

7: pH’IO.38 

8. pH = 10.88 

9. pH = I I .58 

IO. pH=ll.98 

II pH=l3 30 

Fig. 2.-Adsorption spectra of 2.4 x 10-&M indicator solution, pH 9.62-13.30. 

TABLE I.-ACIWBASE TITRATIONS WITH THE NEW INDICATOR 

Acid 

Hydrochloric 

Tartaric 

Benzoic 

Phthalic 

0.02M NaOH, ml 

theory found 

7.46 7.46 
7.48 
7.46 

6.72 6.70 
6.70 
6.70 

4.80 4.84 
4.80 
4.80 

8.22 8.22 
8.22 
8.22 

Acid 

Malonic 

p-Hydroxybenzoic 

Acetic 

@02M NaOH, ml 

theory found 

840 840 
840 
8.38 

566 5.68 
5.68 
5.66 

7.36 7.34 
7.36 
7.34 

4 
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In non-aqueous media, e.g., acetic acid, pyridine, acetone and methanol, the indicator gave no 
distinct colour transition. 

It was found experimentally that the most suitable quantity of indicator for visual titrations is 
001-0*05 ml of 0.1% indicator solution (Le., a saturated solution) in 25 ml of titration solution. 

DISCUSSION 

The indicator is polarographically active, giving an anodic wave, most probably because it forms a 
complex with mercury (a more detailed explanation will be given elsewhere), and a cathodic reduction 
wave, common in azo-substances. 

The most probable cause of the strong bathochromic shift with increasing pH is associated with 
the quinonoid groups. As the indicator is derived from resorcinol, the orthoquinone structure is 
energetically most suitable, and therefore most likely to be produced in the tirst dissociation, with 
quinone formation between the second hydroxy group and the second axe group in the second disso- 
ciation. However, the paraquinone structure cannot be completely left out of account. 

An attempt to determine the structures by means of infrared spectra was unsuccessful. On the basis 
of common structural relationships in organic chemistry it can be supposed that in acid medium 
(yellow form of the indicator) the structure is: 

with dissociation of one proton to give the red forms: 
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and loss of another proton in strongly alkaline medium to give the violet-red form: 

0 

NOI 

I 
\/ 

e/ ’ 
N 

In strongly acidic medium (70% sulphuric acid), a red form is produced: 

OH 

SOsH 

Department of Analytical Chemistry 
College of Chemical Technology 
Pardubice, Slov. povstdnf 565 
Czechoslovakia 

J. J&K 
F. RENGER 

Stnnrnary-2,4-Bis(4-nitrobenzazo)resorcinol-6-sulphonic acid is sug 
gested as a new visual acid-base indicator, which because of its colour 
sharpness and other qualities is useful in titrations of weak acids. 
There are two colour transitions, one from yellow to red at pH 
6.8-8.2, the other from red to blue-violet at 10.5-13.0. The corre- 
sponding dissociation constants are pK1 764, and pK% 1164. 

Zt1sammenfassun~2,4 - Bis(4 - nitrobenzazo)resorcinol - 6 - sulphonic 
Slure wird als neue sichtbare Anzeige auf SGuengrundlage vorge- 
schlagen, welches wegen der Farbscharfe und anderer Eigenschaften 
niitzlich bei Titrierung schwacher Siiuren ist. Es gibt zwei Farbtiber- 
gange, einer von gelb auf rot bei pH 6,8-8,2, der andere von rot auf 
blau-violett bei 10,5-13,0. Die entsprechenden Dissoziationskon- 
stanten sind pK1 764, und pKs 1164. 

R&nn&-On suggere l’acide 2,4-bis(4nitrobenzazo) resorcinol 6- 
sulfonique comme un nouvel indicateur visuel acide-base qui, par 
suite de sa nettete de coloration et d’autres qualites, est utile dam les 
titrages d’acides faibles. 11 y a deux transitions de coloration, l’une du 
jaune au rouge ii pH 6,8-8,2 l’autre du rouge au bleu-violet il pH 10,5- 
13,0. Les constantes de dissociation correspondantes sont pK, = 764 
et pKa = 11,64. 
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Silver (III) as an oxidative titrant 

Determination of some sugars, carboxylic acids and inorganic ions 

(Received 22 May 1969. Accepted 16 October 1969) 

THE EVIDENCE for the existence of silver(III) was obtained by Jirsar who made a mixed oxide of 
silver(H) and silver(III) by the anodic oxidation of silver(I) salts. A pure variety of silver(II1) was 
obtained by Carmona by the oxidation of silver(I) with ammonium persulphate. Subsequently stable 
compounds of silver(II1) were obtained by complexation. Malapradea complexed silver(II1) with 
periodate and the sparingly soluble sodium diperiodatoargentate(II1) Na,[Ag(LO,),] was prepared. 
Malatesta* used tellurate as complexing agent for preparing a ditelluratoargentate(II1) compound 
Na,H,[Ag(TeO,),]*l8H,O. Ray” isolated a number of 4-co-ordinated silver(II1) ethylenebiguianide 
(enbg) salts of the type [Agrrt(enbg)&X, where X is &Sole-, NO*-, ClO,- or OH-. In spite of the 
interesting behaviour of silver(II1) compounds, no attempts appear to have been made for their use 
as oxidizing titrants and the present work is directed towards this end. 

Materials 

EXPERIMENTAL 

All the chemicals used were of reagent grade. 
,Sih.er(ZII) solution. Malatesta’s procedure4 was employed with some modification for the prep- 

aration of silver(II1) solution. Silver nitrate (I.36 g). potassium tellurite (3.8 g), potassium persul- 
phate (6.5 g) and potassium hydroxide (9 g) were added to about 250 ml of water. The order of 
addition was not important. The mixture was shaken thoroughly and heated on a hot-plate for 
about 30 min. It became greenish and tinally a light red solution mixed with black oxides of silver was 
obtained. After cooling, the black precipitate was filtered off on a porosity-4 sintered-glass crucible. 

The persulphate used is just sufficient to oxidize silver(I) and tellurite to silver(III) and tellurate 
respectively and is therefore completely removed during boiling. If an excess of persulphate is used, 
boiling for a longer time is necessary for its complete decomposition. The removal of persulphate is 
necessary because of its interference in the oxidation of substrate compounds and in the estimation of 
silver(III) by the iodimetric method. The absence of persulphate in the prepared solution can be 
ascertained bv acidifying about 1 ml of solution with dilute sulphuric acid till the red colour is 
completely d&charged [&ver(III) is then reduced to silver(I)], adding 5 ml of 0*5M sodium bicar- 
bonate and 1 ml of 10% potassium iodide solution, letting stand for 2 min, then adding starch. 
Absence of a blue colour shows the absence of persulphate. 

The prepared solution was diluted to 250ml. The silver(III) concentration was found to be 
~1.26 x lo-*M. From the amount of silver(I) taken, the silver(m) solution should have been 
3.2 x IO-*M. The divergence may be due to loss of silver by precipitation as oxide. The final 
concentration of potassium hydroxide in the prepared solution was No*5M. The solution obtained 
was fairly stable (for at least 3 months). 

Procedure 

For standardization of silver(III) solution, treat 5 ml of it with 10 ml of 0.02M arsenite solution, 
let stand for 1 min and then acidifv with -IN SulDhuric acid till the colour disaDDears. Then add 5 ml 
of 0.5M sodium bicarbonate and i ml of 10% potissium iodide solution. Back-&ate the unconsumed 
arsenite with standard iodine solution (0*006N), using starch as indicator. Run a blank. 
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For determinations, to 25 ml of silver(III) solution add an amount of sample that will reduce less 
than half the silver(III) and keep it at 75-80” for the time shown in Table I. Determine the excess of 
silver(II1) as described for standardization. If the temperature is >80” erratic results are obtained. 
Run a blank. 

TABLE I 

Sample 

Glucose 
Fructose 
Sucrose 
Xylose 
Maltose 
Lactose 
Arabinose 

Potassium tellurite 
Thiosulphate 
Sulphite 
Hydrogen peroxide 
Chromium(III) 
Potassium ferrocyanide 
Sulphide 
Tartaric acid 
Citric acid 
Salicylic acid 
Ascorbic acid 
Formic acid 

Amount 
pmole 

I.55 
251 
1.24 
2.26 
0.825 
1.16 
1.86 
1.82 

16.1 
5.33 

14.9 
24.3 

3.80 
725 
1.33 
6.78 
1.61 
0.692 
1.41 

16.5 

AgOI 
consumed, 

equivlmole of Duration, 
sample hr 

23.90 4 
24.05 4 
47.90 4 
2013 4 
48.23 4 
48.20 4 
20.08 4 
24.10 4 
2.01 4 
8.05 & 

2.01 1.99 : 

3.01 1.005 : 
7.98 3 

IO.05 1 
18.10 
28.10 : 
20.02 1 

2.01 1 

DISCUSSION 

From the results (which were reproducible within 0*5%), it is clear that the sugars and organic 
acids are oxidized to carbon dioxide and water by heating at 80” for an appropriate time with an excess 
of silver(III) solution. Arabinose and xylose, which are pentoses, require 20 equivalents of Ag(II1) for 
complete oxidation. The hexoses such as glucose, fructose, mannose, consume 24 equivalents, 
whereas sucrose, maltose, and lactose require 48 equivalents. Organic acids, viz., formic, tartaric, 
citric, ascorbic and salicylic, take 2,10,18,20,28 equivalents respectively. Inorganic compounds such 
as potassium hexacyanoferrate(II), sodium sulphite, hydrogen peroxide, chromium sulphate, sodium 
sulphide, and sodium thiosulphate require 1, 2, 2, 3, 8, 8 equivalents respectively. It shows that 
thiosulphate, sulphite and sulphide ions are converted into sulphate, hydrogen peroxide into water 
and oxygen, chromium(II1) to chromium(VI) and Fe(CN),‘- to Fe(CN),*-. If the amount of 
silver(II1) added is less than twice that required, complete oxidation is uncertain; this may be due to 
the fact that in such cases solid silver(R) oxide formed in the system oxidizes the substrate very 
slowly. This was found to happen with potassium tellurite, glucose, fructose, sucrose, xylose, 
maltose, lactose, arabinose, mannose, sodium sulphide, tartaric acid, citric acid and salicylic acid, 
but not with the other compounds tested. Tellurate does not interfere as an oxidant, since silver(III), 
being a stronger oxidant, reoxidizes any tellurite that may be formed in the reaction mixture. 

Chemical Laboratories 
University of Allahabad 
Allahabad, India 

P. K. JAISWAL 
K. L. YADAVA 

Summary-Silver(IIl) has been stabilized as its tellurato complex and 
used for the oxidation of sugars, organic acids, ferrocyanide, sulphide, 
peroxide and thiosulphate, the excess of oxidant being measured by 
reducing it with an excess of arsenite and then titrating the surplus 
arsenite with iodine. 
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Zusanunenfass~-Silber(IH) wurde als Telluratkomplex stabilisiert 
und zur Oxidation von Zuckern, organischen Sauren, Ferrocyanid, 
Sultid, Peroxid und Thiosulfat verwendet. Der UberschuB an Oxi- 
dationsmittel wird mit iiberschtissigem Arsenit reduziert und dessen 
&erschul3 mit Jod titriert. 

R&um&L’argent(111) a et& stabilid sous forme de son complexe 
tellurique et utilis6 pour l’oxydation de sucres, acides organiques, 
ferrocyanure, sulfure, peroxyde et thiosulfate, l’exces d’oxydant 
&ant mesure en le r&luisant avec un excbs d’arsenite puis en titrant 
l’excb de celui-ci a I’iode. 
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The volumetric determination of nitrite with chloramine T 

(Received 1 September 1969. Accepted 15 September 1969) 

THE METHOD most frequently used for the volumetric determination of nitrite seems to be the titration 
with permanganate. Disadvantages of the method are the low reaction-rate, and the decomposition 
and air-oxidation of the nitrous acid during the titration. As a consequence complicated procedures 
are often given, and the results obtained are not satisfact0ry.l 

The application of chloramine T (sodium salt of p-toluenesulphochloramide, CH&H$OI- 
NClNa . 3H,O) as an oxidimetric reagent has been described frequently in the literature. It is cheap, 
may be obtained in a rather pure stat;, and its solution is rather stable. Literature surveys are given 
bv Bishoo and Jennings2 Kolthoff and Belcher$ and Berka. Vulterin and ZQka.* 

’ The &ect titrationodf nitrite with chloramine T has been described, but does not give satisfactory 
results4 An indirect method is possible,8 but no detailed information seems available on the scope and 
limitations of the method. In this paper some information on this point is therefore given. In the 
procedure used, a modification of the earlier procedure, J the sample is oxidized to nitrate with 
chloramine T, then iodide is added and oxidized to iodine by the excess of the reagent, and the 
iodine is titrated with thiosulphate solution. 

EXPERIMENTAL 

Reagents 

A chloramine T solution, about 0*05M, was prepared by dissolving as far as possible about 25 g 
of the reagent, filtering into a 2-litre volumetric flask, and diluting to the mark. The solution was 
stored in an amber bottle. A cation-exchanger, 20-50 mesh, dry capacity 4.8 mequiv/g was used. 

Procedure 

In a 500-ml stoppered conical flask take 25 ml of chioramine T solution (or 50 ml if more than 
30 mg of nitrite arepresent), add the sample, dilute to about 150 ml, add 10 mi of 9Macetic acid and 
after 2 min add 10 ml of 10% potassium iodide solution. Place the flask in the dark for 5 min and 
titrate in the usual way with thiosulphate solution and starch indicator. 

Perform a blank in the same way. From the difference in the quantities of thiosulphate added, 
calculate the nitrite content of the sample. 

RESULTS AND DISCUSSION 

Stock solutions were prepared with the products of two different manufacturers. The pH of both 
solutions was about 10, in agreement with Berka et al.’ Bishop gives the value 7.7 however.B The 
titre of one solution decreased 0.3% in 5 weeks and 0.7% in 10 weeks, the other solution had a 



238 Short communications 

Zusanunenfass~-Silber(IH) wurde als Telluratkomplex stabilisiert 
und zur Oxidation von Zuckern, organischen Sauren, Ferrocyanid, 
Sultid, Peroxid und Thiosulfat verwendet. Der UberschuB an Oxi- 
dationsmittel wird mit iiberschtissigem Arsenit reduziert und dessen 
&erschul3 mit Jod titriert. 

R&um&L’argent(111) a et& stabilid sous forme de son complexe 
tellurique et utilis6 pour l’oxydation de sucres, acides organiques, 
ferrocyanure, sulfure, peroxyde et thiosulfate, l’exces d’oxydant 
&ant mesure en le r&luisant avec un excbs d’arsenite puis en titrant 
l’excb de celui-ci a I’iode. 

REFERENCES 

1. F. Jima, Z. Anorg. Allgem. Chem., 1926,158,36, 61. 
2. P. C. Carmon, Trans. Faraaky Sot., 1934,30,566. 
3. L. Malaprade, Compt. Rend., 1940,210,504. 
4. L. Malatesta, Gazz. Chim. Ital., 1941, 71,467. 
5. P. Ray, Nature, 1943, 151, 643. 

Talanta, 1970, Vol. 17, pp. 238 to 240. Pergamon Press. Printed in Northern Ireland 

The volumetric determination of nitrite with chloramine T 

(Received 1 September 1969. Accepted 15 September 1969) 

THE METHOD most frequently used for the volumetric determination of nitrite seems to be the titration 
with permanganate. Disadvantages of the method are the low reaction-rate, and the decomposition 
and air-oxidation of the nitrous acid during the titration. As a consequence complicated procedures 
are often given, and the results obtained are not satisfact0ry.l 

The application of chloramine T (sodium salt of p-toluenesulphochloramide, CH&H$OI- 
NClNa . 3H,O) as an oxidimetric reagent has been described frequently in the literature. It is cheap, 
may be obtained in a rather pure stat;, and its solution is rather stable. Literature surveys are given 
bv Bishoo and Jennings2 Kolthoff and Belcher$ and Berka. Vulterin and ZQka.* 

’ The &ect titrationodf nitrite with chloramine T has been described, but does not give satisfactory 
results4 An indirect method is possible,8 but no detailed information seems available on the scope and 
limitations of the method. In this paper some information on this point is therefore given. In the 
procedure used, a modification of the earlier procedure, J the sample is oxidized to nitrate with 
chloramine T, then iodide is added and oxidized to iodine by the excess of the reagent, and the 
iodine is titrated with thiosulphate solution. 

EXPERIMENTAL 

Reagents 

A chloramine T solution, about 0*05M, was prepared by dissolving as far as possible about 25 g 
of the reagent, filtering into a 2-litre volumetric flask, and diluting to the mark. The solution was 
stored in an amber bottle. A cation-exchanger, 20-50 mesh, dry capacity 4.8 mequiv/g was used. 

Procedure 

In a 500-ml stoppered conical flask take 25 ml of chioramine T solution (or 50 ml if more than 
30 mg of nitrite arepresent), add the sample, dilute to about 150 ml, add 10 mi of 9Macetic acid and 
after 2 min add 10 ml of 10% potassium iodide solution. Place the flask in the dark for 5 min and 
titrate in the usual way with thiosulphate solution and starch indicator. 

Perform a blank in the same way. From the difference in the quantities of thiosulphate added, 
calculate the nitrite content of the sample. 

RESULTS AND DISCUSSION 

Stock solutions were prepared with the products of two different manufacturers. The pH of both 
solutions was about 10, in agreement with Berka et al.’ Bishop gives the value 7.7 however.B The 
titre of one solution decreased 0.3% in 5 weeks and 0.7% in 10 weeks, the other solution had a 
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constant titre for 3 weeks. More stable solutions have been described in the literature.‘~P The purities 
of the two chloramine T, samples, (calculated from the thiosulphate titre, standardized against 
iodate) were 98 and 985 % respectively. This is in agreement with Bishop.s 

The repeatability of the method was checked in two series of five experiments with 25 mg of 
nitrite. In both cases the relative standard deviation was about @lx. 

Interferences were investigated by adding the foreign compound immediately after the sample 
had been added and then completing the procedure described above. The foreign compounds were 
added in quantities of 1,2,5,10,25,50 and 125 mg. The maximum permissible amount (error below 
0.3 % when 25 mg of nitrate were present) was found to be less than 1 mg for SB-, N&+ and SCN,- 
1 mg for Fe(CN)$- 5 mg for Cua+, 50 mg for I-, and 125 mg (or more) for Br-, Fe(CN),8-, Hga+, 
Pb*+ and ClO,-. 

I&de interferes if present in too large amounts because it consumes too much chloramine T, and 
not enough is left for the oxidation of nitrite. 
the bromine formed also oxidizes nitrate. 

Theoretically, bromide should not interfere, because 

Cu*+ reacts slowly with iodide Fe(CN),‘-, SB-, NHpf and SCN- react about quantitatively with 
chloramine T; the reaction products do not react appreciably with iodide under the experimental 
conditions. Hg*+ and Pb*+ react with part of the I-, but presumably this does not interfere with the 
reaction with chloramine T. ClO,- probably has no oxidizing properties under the experimental 
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Application of a cation-exchange column gave satisfactory results; 35 ml of a solution containing 
25 mg of nitrite and variable amounts of Cu *+ and NHd+ were passed through the column (about 
50 x 10 mm) into the titration flask, the column was rinsed with about 50 ml of water, and the resulting 
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error of @4%. The error is probably caused by oxidation of nitrite by air, during the run through 
the column (45 min). The error was not considered serious but possibly may be further reduced if a 
smaller column is used. 
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Summary-Nitrite may be determined by oxidation with chloramine T, 
reaction of the excess of chloramine T with excess RI, and titration of 
Ia formed, with thiosulphate. The reproducibility and some interfer- 
ences are discussed. 

Zusammenfassung-Nitrit kann bestimmt werden durch Oxidation mit 
Chloramin T, Reaktion des iiberschtissigen Chloramin T mit iiber- 
schiissigem KI und Titration des gebildeten II mit Thiosulfat. Die 
Reproduzierbarkeit und einige Stiirungen werden diskutiert. 

R&aan&-On peut determiner le nitrite par oxydation avec la chlor- 
amine T, reaction de Vex&s de chloramine T avec un exc&s de KI et 
titrage de Ia form6 avec le thiosulfate. On discute de la reproduc- 
tibilite et de quelques interferences. 
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Exchange reactions of ternary ion-association complexes 

directly in the organic phase 

(Received 14 July 1969. Accepted 20 October 1969) 

A NEW approach has been developed that combines the advantages of solvent extraction with the 
inherently high sensitivities afforded through the incorporation of large organic dye cations into 
ternary ion-association complexes containing the metal ion of interest. Basically, the new technique 
involves the formation of a complex, [ML=-]R+, where R+ initially is either a non-coloured or a non- 
fluorescent organic cation. Following extraction of [ML,-]R+ a second cation, RI+, which is capable 
of exchanging with the tirst R+ group, is added directly to the organic phase. In this instance, how- 
ever, R,+ is purposely selected to be highly coloured or fluorescent, thereby yielding the highly 
coloured or fluorescent complex [ML,-]R t+. 
the dye-complex in the organic phase. 

Unreacted Rt+ is readily back-extracted, leaving only 
In the present paper the determinations of gold and uranium 

are described to illustrate the advantages of the new technique. 

EXPERIMENTAL 

Reagents 

A uranium stock solution (1.00 mg/ml) was prepared by dissolving 1.180 g of triuranium octa- 
oxide in 10 ml of concentrated nitric acid and diluting to 1 litre with distilled water. 

A 1.00 mglml gold solution was prepared by dissolving 1.000 g of gold rod in 5 ml of aqua regia, 
evaporating to incipient dryness and diluting to 1 litre with O*lM hydrochloric acid. 

working solutions were prepared by further dilution. 
Dye solutions were prepared by dissolving 30 mg of Brilliant Green (C.I. No. 42040, bisulphate 

salt) or Rhodamine 6G (C.I. No. 45160, chloride salt) in 100 ml of absolute ethanol. 
The following aqueous solutions were used : 1 M ammonium thiocyanate, 0.1 M sodium benzoate 

and O*OlM tetraphenylarsonium chloride. 

Apparatus 

Absorption spectra were obtained with a dual-beam recording spectrophotometer whereas 
measurements at a fixed wavelength were made on a single-beam instrument. Matched IO-mm 
absorption cells were used in all instances. 

Fluorescence measurements were obtained with a single-beam, uncorrected spectrofluorometer. 
Extractions were carried out in 60-ml separatory funnels equipped with all-Teflon fittings. A 

large, industrial-type centrifuge was used to hasten the separation of phases. 

Gold-thiocyanate system. The aqueous phase, containing I 20 ,ug of gold(m), is made 0.02M in 
thiocyanate, 0.002M in tetraphenylarsonium chloride and 0.01 M in hydrochloric acid. Following 
extraction with 5.00 ml of benzene for 1 min (vigorous shaking), the sample is centrifuged and the 
aqueous layer is discarded. Approximately 0.5 ml of alcoholic dye solution is added to the benzene 
fraction and mixed, and the resulting solution is back-washed with an equal volume of 0.01 N hydro- 
chloric acid to remove unreacted dye (30~set shaking time is ample). The extract is then analysed 
either spectrophotometrically or spectrofluorometrically, depending on the choice of dye. Beer’s 
law is obeyed over the range l-20 ,ug of gold. For Brilliant Green, maximum absorbance is at 640 nm; 
for Rhodamine 6G the excitation maximum is 525 nm and the emission maximum is 550 nm. 



240 Short communications 

REFERENCES 

1. I. M. Kolthoff and R. Belcher, Volumetric Analysis, Vol. III, p. 69. Interscience, New York, 1957. 
2. E. Bishop and V. J. Jemings, Tafanta, 1958,1, 197. 
3. I. M. Kolthoff and R. Belcher, op. cit., p. 639. 
4. A. Berka, J. Vulterin and J. Zfka, Massanalytische Oxydations- und Reduktionsmethoden, p. 33. 

Akad. Verlag. Geest. und Portig, Leipzig, 1964. 

Talanta, 1970, Vol. 17, pp. 240 to 242. Pergamon Press. Printed in Northern Ireland 

Exchange reactions of ternary ion-association complexes 

directly in the organic phase 

(Received 14 July 1969. Accepted 20 October 1969) 

A NEW approach has been developed that combines the advantages of solvent extraction with the 
inherently high sensitivities afforded through the incorporation of large organic dye cations into 
ternary ion-association complexes containing the metal ion of interest. Basically, the new technique 
involves the formation of a complex, [ML=-]R+, where R+ initially is either a non-coloured or a non- 
fluorescent organic cation. Following extraction of [ML,-]R+ a second cation, RI+, which is capable 
of exchanging with the tirst R+ group, is added directly to the organic phase. In this instance, how- 
ever, R,+ is purposely selected to be highly coloured or fluorescent, thereby yielding the highly 
coloured or fluorescent complex [ML,-]R t+. 
the dye-complex in the organic phase. 

Unreacted Rt+ is readily back-extracted, leaving only 
In the present paper the determinations of gold and uranium 

are described to illustrate the advantages of the new technique. 

EXPERIMENTAL 

Reagents 

A uranium stock solution (1.00 mg/ml) was prepared by dissolving 1.180 g of triuranium octa- 
oxide in 10 ml of concentrated nitric acid and diluting to 1 litre with distilled water. 

A 1.00 mglml gold solution was prepared by dissolving 1.000 g of gold rod in 5 ml of aqua regia, 
evaporating to incipient dryness and diluting to 1 litre with O*lM hydrochloric acid. 

working solutions were prepared by further dilution. 
Dye solutions were prepared by dissolving 30 mg of Brilliant Green (C.I. No. 42040, bisulphate 

salt) or Rhodamine 6G (C.I. No. 45160, chloride salt) in 100 ml of absolute ethanol. 
The following aqueous solutions were used : 1 M ammonium thiocyanate, 0.1 M sodium benzoate 

and O*OlM tetraphenylarsonium chloride. 

Apparatus 

Absorption spectra were obtained with a dual-beam recording spectrophotometer whereas 
measurements at a fixed wavelength were made on a single-beam instrument. Matched IO-mm 
absorption cells were used in all instances. 

Fluorescence measurements were obtained with a single-beam, uncorrected spectrofluorometer. 
Extractions were carried out in 60-ml separatory funnels equipped with all-Teflon fittings. A 

large, industrial-type centrifuge was used to hasten the separation of phases. 

Gold-thiocyanate system. The aqueous phase, containing I 20 ,ug of gold(m), is made 0.02M in 
thiocyanate, 0.002M in tetraphenylarsonium chloride and 0.01 M in hydrochloric acid. Following 
extraction with 5.00 ml of benzene for 1 min (vigorous shaking), the sample is centrifuged and the 
aqueous layer is discarded. Approximately 0.5 ml of alcoholic dye solution is added to the benzene 
fraction and mixed, and the resulting solution is back-washed with an equal volume of 0.01 N hydro- 
chloric acid to remove unreacted dye (30~set shaking time is ample). The extract is then analysed 
either spectrophotometrically or spectrofluorometrically, depending on the choice of dye. Beer’s 
law is obeyed over the range l-20 ,ug of gold. For Brilliant Green, maximum absorbance is at 640 nm; 
for Rhodamine 6G the excitation maximum is 525 nm and the emission maximum is 550 nm. 
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Uranium(VI)-benzoufe system. This is similar to the gold-thiocyanate system except that 
instead of being 0*02&f in thiocyanate, the aqueous phase is @05M in sodium benzoate and has a 
pH in the range 2-5. There is one other significant difference. The complex, [Brilliant Green+] 
[UOa(CBHJ!OO)~-1, decomposes with time but can be stabilized by the addition of acetone. At 
least 40% by volume is necessary. This composition is achieved most readily by diluting 2.00 ml of 
acetone, previously added to a dry 5-ml volumetric flask, to the mark with the benzene extract. 

In the procedures above, the various reagent concentrations cited are not necessarily optimum 
values but are sufticient for demonstrating the advantages of the extraction-exchange approach. 
Preliminary pH studies, however, have shown that acidity definitely does not need to be closely 
controlled. In practice, any value in the range 2-9 is satisfactory. Above about pH 5 some difficulty 
may be encountered with emulsion formation. 

DISCUSSION AND RESULTS 

From a O*OlM thiocyanate solution at pH 2 thiocyanate ion can be quantitatively extracted into 
benzene as the binary complex [R+] [CNS-] with either Brilliant Green or Rhodamine 6G as the R+ 
group. Consequently, in ternary complex reactions based on metal-thiocyanate-dye systems, the 
anion dye side-reaction can cause excessively high blank values since the R+ group is solely responsible 
for the colour and/or fluorescence in both the binary and ternary complexes. 

To investigate the possible advantages of the present approach in minimizing the [R+] [CNS-] 
side-reaction the gold-thiocyanate system was selected for initial study. The absorbances obtained 
for 10 yg of gold were 0*902,0.884 and 0.887 for three independent determinations. Most important, 
however, the corresponding blank was only O-003. If the same amount of Brilliant Green had been 
added directly to the 0.OlM thiocyanate, the corresponding blank value would have been approxi- 
mately 0.9, i.e., approximately the same as the sample signal. Thus, instead of a sample-to-background 
ratio of 1 :l, the exchange approach gave a ratio of about 3OO:l. 

Attempts to extract microgram amounts of uranium(V1) as the complex, [+&+I [UO,(CNS),-,I 
were not as successful as the gold experiments. Although various thiocyanate concentrations up 
to IM were investigated, the maximum net absorbance obtained for 100 rg of uranium was only 
about 0.3 with a corresponding blank that was also about 0.3 (for 1M thiocyanate), indicating that 
significant amounts of thiocyanate were being extracted as [&As+] [CNS-] in the initial extraction 
and remaining in the benzene phase as [Brilliant Green+] [CNS-] following the exchange reaction. 
Attempts to lower the amount of binary-bound thiocyanate by back-extracting with iron(II1) solutions 
(1 mg/ml; 10 ml taken for phase equilibration) met with moderate success. In this instance the 
blank was reduced from O-3 to 0.09 with an average deviation of &O*Ol for four runs. 

The formation and extraction of the red ternary complex, [Rhodamine B+] [UO,(C,H,COO),-1, 
was first renorted by Feirrl’ and later used bv Anderson and Hercules2 for the auantitative determina- 
tion of tra& amour& of &anium. In the latter work complete extraction of ur&ium(VI)wasobtained 
only when the aqueous: organic volume ratio was 1 :lO. In the exchange approach, however, uranium 
is completely extracted at aqueous:organic phase ratios of 2:l and indications are that much larger 
ratios can be tolerated. As pointed out previously, the benzene extracts of the uranyl-benzoate-dye 
complexes are unstable and both their absorbance and fluorescence decrease rapidly with time. In 
the case of the Brilliant Green complex, the rate of decrease in absorbance was found to vary from 
about 8% per min at the 5-pg uranium level to approximately 3% per min at the 20-PLg level. 
Stabilizing with a minimum of 40% v/v of acetone, however, yielded extracts with absorbances 
which were constant for several hours and decreased only about 2% overnight. 

Although RZiEka and Star~a-6 have recently described the analytical implications of chelate 
exchange in the organic phase, apparently the present work is the iirst report of exchange reactions 
involving ternary ion-association complexes. Because much larger concentrations of intermediate 
ligand, L, can be utilized effectively when coupled with an exchange reaction a number of interesting 
and potentially useful analytical systems are now open for study. Futhermore, since the initial 
(tetraphenylarsonium) extraction can be carried out at a lower acidity than normally employed with 
the trinhenvlmethane and rhodamine dves, the nossibility of using masking agents to increase 
selec&ty further is also greatly enhanced. Finally, dye 
considerably fewer problems in the proposed technique 
needed. 

purity and light-fastness appear to cause 
and much smaller quantities of dye are 
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Surnma~-The analytical implications of exchanging a highly coloured 
or fluorescent group R for a non-coloured or non-fluorescent one 
directly in the organic phase are discussed for ternary ion association 
complexes of the type [ML=-]R+. Several examples are given to illus- 
trate the approach. 

Zusammenfaesung-Die analytischen Gesichtspunlcte beim Austausch 
einer stark gefefiirbten oder fluoreszierenden Gruppe R in temiiren 
Ionenassozia?ionskomplexen des Typs [ML,-]R+ @gen eine farblose 
oder nicht fluoreszierende in der oreanischen Phase werden diskutiert. 
Mehrere Beispiele werden zur Erl&terung des Vorgehens angegeben. 

Rbum&-Gn discute des incidences analytiques de l’&hange d’un 
groupe R hautement color6 ou fluorescent par un autre non color6 ou 
non fluorescent directement dans la phase organique pour les com- 
plexes d’association d’ions temaires du type (Mz-]R+. On donne 
plusieurs exemples pour illustrer cette voie. 
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The structure of primary nickel dithizonate 

(Received 18 September 1969. Accepted 18 October 1969) 

ALTHOUGH a considerable volume of work has been published on the structure of diphenylthio- 
carbazone (dithizone, H,Dz) complexes, ‘,a the crystal structures of only Hg(HDz), and Cu(HDz), 
havebeendetermined.*” Both thesecomplexes wereshown taco-ordinatethroughsulphurandnitrogen. 
Several authors have grouped the complexes according to various properties. All have concluded 
that the nickel, palladium and platinum compounds are unusual, and are characterized by multiple 
visible absorption bands,” a high formation constame and a strong absorption band at 1220 cm-l in 
the infrared.’ On the basis of these results, Math, Fernando and Freiser6 proposed that the dithizone 
ligand was bonded through two nitrogen atoms in the nickel complex. These workers seem to have 
assumed that they had a 1: 1 complex; however, they used the term “octahedrally co-ordinated” in 
their discussion. 

We have reacted nickel and dithizone at various pH values from 1 to 11 and with metal:ligand 
ratios from 1 to 100 without finding evidence of any complex other than Ni(HDz)o, nor has a secondary 
complex been reported elsewhere. The visible and infrared spectra published by Math et al. are 
identical to those found for our Ni(HDz)B. We have also prepared fourteen other dithizone com- 
plexes and the powder diffraction patterns of Ni(HDz),, Pd(HDz), and Pt(HDz), show that they are 
closely isostructural and, in fact, constitute the only group of isomorphs among the complexes 
investigated. Surprisingly it was found that Ni(HD& is paramagnetic, with a magnetic moment of 
3.15 BM. 

Ret stallization of Ni(HDz), from chloroform yielded black needles which are triclinlc, space 
groupP?; a- - 0*462nm, 6 = 1.099 nm, c = 1.25Onm; CL = 88*8”, B = 97.4”, y = 99.1”; Z = 1, 
Do = 1.50, D, = l-51. The structure was determined from a Patterson projection down the a axis, 
and refined by observed and difference Fourier syntheses to yield R = 0.15 for the 338 Ok1 data 
(250 observed with N&filtered Cu Kor radiation). 

The molecule is centrosymmetric with a planar configuration about the nickel that is essentially 
the same as that found for the copper complex (Fig. 1). The dithizone moiety is bonded to the nickel 
atom through one nitrogen and one sulphur atom and definitely not as suggested by Math et aL6 

The unit cell dimensions of Ni(HDz), are very similar to those of Cu(HDz), but with the exception 
that a is longer (0.462 vs. O-429 nm) and c is shorter (1.250 vs. 1.336 nm). This suggests that the 
Ni(HDzh molecule is tilted further out of the basal plane of the unit cell than is Cu(I-IDz),, thus 
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t+4 - 
FIG. 1 .-Structure of the nickel complex. 

possibly allowing pseudo-octahedral co-ordination of the nickel atom with either sulphur or nitrogen 
atoms in the neighbouring molecules above and below it. Such a configuration would account for 
the paramagnetic susceptibility of the nickel complex, which cannot be explained by a simple planar 
arrangement. 

A three-dimensional structure analysis is being done to determine in detail the co-ordination around 
the nickel atom. This will be reported later. 

Department of Chemistry MICHAEL LAING 
University of Natal 
Durban, S. Africa 

Department of Chemistry 
University College of Rhodesia 
Salisbury, Rhodesia 

P. A. ALSOP 

Summary-Primary nickel dithizonate is found to be isostructural with 
the palladium and platinum complexes, and the nickel dithizonate 
molecule is shown to contain nickel in an approximately square planar 
con6guration bonded to the organic ligand through both sulphur and 
nitrogen atoms. 

Zusammenfassung-Primlres Nickel-Dithizonat ist isostrukturell mit 
den Palladium- und Platinkomplexen. Es wird gezeigt, d& das 
Nickeldithizonatmolektil Nickel in ungefiihr quadratisch planarer 
KonQuation enthalt. Es ist sowohl tiber Schwefel als such tiber 
Stickstoff an den organischen Liganden gebunden. 

R&tm&On a trouve que le dithizonate de nickel primaire est iso- 
structural avec les complexes du palladium et du platine, et l’on montre 
que la molecule de dithizonate de nickel contient le nickel dans une 
contiguration plane carr& approximativement, Me au coordinat 
organique par l’interm&liaire 1 la fois des atomes de soufre et d’azote. 
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Determination of dicyclohexylamine in sodium cyclamate 

(Received 8 September 1969. Accepted 26 October 1969) 

FOR mtz past two years or so calorimetric methods for the dete~nation of mono and dicyclo- 
hexylamine in cyclamates have been in regular use in Nobel Division of L.C.I. Ltd. That for the mono 
compound is the same as that of Bradford and Weston’ except that benzene is used instead of chloro- 
form as extractant, and considerable demand has been evident for the method used for the dicyclo 
compound. The method described here is a calorimetric procedure based on the use of Bromophenol 
Blue, but before it was chosen a number of possible techniques were explored. 

The possibility of using a calorimetric procedure in which the amine is reacted with carbon 
~sulphide to form a dithio~b~ate~ was first examined. A yellow colour is obtained when the 
method is used for secondary amines, but lack of sensitivity in the microgram range precludes its use 
for dicyclohexylamine. Thin-layer chromatographic procedures, a although sensitive and useful for 
exploratory work, were not suitable for routine work. Likewise, gas chromatography, although 
useful for pre arative work, is unsuitable for the many different users of cyclamate. 

During a lterature search for a calorimetric method appropriate for dicyclohexyhu’nine, it was F 
noted that Bromophenol Blue has been used as a complexing agent for the determination of cationic 
surfactants.* In the titration of sodium oleyl sulphate with ~tyttrimethyla~oni~ bromide 
solution, the end-point is detected by forming the complex of ~tyltr~ethyla~onium bromide 
with Bromophenol Blue, which is soluble in chloroform, and it was considered that it might be 
possible that dicyclohexylamine would react in the same way, since dicyclohexylamine has itself been 
recommended as a cationic surfactant. 6 Moreover it is claimed’ that complexes are formed by 
reaction of Methyl Orange with fatty amines, but the authors could not identify the complexes by 
infrared spectroscopy. However, the yellow colour of the complex indicated that the cationic form of 
the Methyl Orange predominated and hence the complex may be a salt of the cationic amine. Pre- 
liminary experiments with Methyl Orange gave inconsistent results so the Bromophenol Blue reaction 
was explored. 

A lO+g amount of dicyclohexylamine gave a measurable colour in the presence of excess of 
monocyclohexylamine in sodium cyclamate. 

The method described is applicable to samples of sodium cychunate for the determination of 
dicyclohexylamine down to the order of 1 ppm in the presence of as much as 600 ppm of mono- 
cyclohexylamine. 

EXPERIMENTAL 

Reagents 
Bromophenol Blue solution. Add 0.075 g of solid Bromophenol Blue to 60 ml of water in a lOO-ml 

beaker followed by 10 ml of 0*1&f sodium bicarbonate and stir continuously for about 15 mm until 
dissolution is complete. Add 0.2M hydrochloric acid and adjust the pH of the solution to 4.0 (pH 
meter). Transfer the solution to a lOOmI volumetric flask and make up to volume with water. 

Acetic ocid~~drochloric acid reagent. Mix 200 ml of 1M hydrochloric acid with 166.6 ml of 
glacial acetic acid in a l-Ii&e volumetric flask and dilute to the mark with water. 

Sodium hydroxide, O-f&f. 
Sto~arddieyclohexylamine solution. Dissolve O-5 g of dicyclohexylamine in 100 ml of chloroform. 

Dilute 1. ml of this solution to 200 ml with chloroform (1 ml contains 25 ,ug of dicyclohexylamine). 
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Determination of dicyclohexylamine in sodium cyclamate 

(Received 8 September 1969. Accepted 26 October 1969) 

FOR mtz past two years or so calorimetric methods for the dete~nation of mono and dicyclo- 
hexylamine in cyclamates have been in regular use in Nobel Division of L.C.I. Ltd. That for the mono 
compound is the same as that of Bradford and Weston’ except that benzene is used instead of chloro- 
form as extractant, and considerable demand has been evident for the method used for the dicyclo 
compound. The method described here is a calorimetric procedure based on the use of Bromophenol 
Blue, but before it was chosen a number of possible techniques were explored. 

The possibility of using a calorimetric procedure in which the amine is reacted with carbon 
~sulphide to form a dithio~b~ate~ was first examined. A yellow colour is obtained when the 
method is used for secondary amines, but lack of sensitivity in the microgram range precludes its use 
for dicyclohexylamine. Thin-layer chromatographic procedures, a although sensitive and useful for 
exploratory work, were not suitable for routine work. Likewise, gas chromatography, although 
useful for pre arative work, is unsuitable for the many different users of cyclamate. 

During a lterature search for a calorimetric method appropriate for dicyclohexyhu’nine, it was F 
noted that Bromophenol Blue has been used as a complexing agent for the determination of cationic 
surfactants.* In the titration of sodium oleyl sulphate with ~tyttrimethyla~oni~ bromide 
solution, the end-point is detected by forming the complex of ~tyltr~ethyla~onium bromide 
with Bromophenol Blue, which is soluble in chloroform, and it was considered that it might be 
possible that dicyclohexylamine would react in the same way, since dicyclohexylamine has itself been 
recommended as a cationic surfactant. 6 Moreover it is claimed’ that complexes are formed by 
reaction of Methyl Orange with fatty amines, but the authors could not identify the complexes by 
infrared spectroscopy. However, the yellow colour of the complex indicated that the cationic form of 
the Methyl Orange predominated and hence the complex may be a salt of the cationic amine. Pre- 
liminary experiments with Methyl Orange gave inconsistent results so the Bromophenol Blue reaction 
was explored. 

A lO+g amount of dicyclohexylamine gave a measurable colour in the presence of excess of 
monocyclohexylamine in sodium cyclamate. 

The method described is applicable to samples of sodium cychunate for the determination of 
dicyclohexylamine down to the order of 1 ppm in the presence of as much as 600 ppm of mono- 
cyclohexylamine. 

EXPERIMENTAL 

Reagents 
Bromophenol Blue solution. Add 0.075 g of solid Bromophenol Blue to 60 ml of water in a lOO-ml 

beaker followed by 10 ml of 0*1&f sodium bicarbonate and stir continuously for about 15 mm until 
dissolution is complete. Add 0.2M hydrochloric acid and adjust the pH of the solution to 4.0 (pH 
meter). Transfer the solution to a lOOmI volumetric flask and make up to volume with water. 

Acetic ocid~~drochloric acid reagent. Mix 200 ml of 1M hydrochloric acid with 166.6 ml of 
glacial acetic acid in a l-Ii&e volumetric flask and dilute to the mark with water. 

Sodium hydroxide, O-f&f. 
Sto~arddieyclohexylamine solution. Dissolve O-5 g of dicyclohexylamine in 100 ml of chloroform. 

Dilute 1. ml of this solution to 200 ml with chloroform (1 ml contains 25 ,ug of dicyclohexylamine). 
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Procedure 

Dissolve 10 g of the sodium cyclamate sample in 100 ml of water and transfer the solution to a 
separating-funnel. Add 10 ml of O*lM sodium hydroxide and extract the mixture three times with 
lo-, 5- and 5-ml quantities of chloroform. Combine the chloroform extracts in a second separating- 
funnel, add 100 ml of water followed by 3 f 0.2 ml of the acetic acid-hydrochloric acid reagent and 
1 ml of the Bromophenol Blue reagent. Shake the mixture for 3 min and at the end of this time set it 
aside for 30 min, protecting it from sunlight. 

Open the tap of the separating-funnel momentarily to disperse any entrapped water, dry the stem 
of the funnel with filter paper, run off the chloroform layer into a graduated flask and dilute it to 25 ml 
with chloroform. Entrapped water may also be removed by passing the chloroform solution through 
a dry filter paper. Prepare a blank in the same way, omittmg only the sample. Measure the absorb- 
ance of the test solution and of the blank against chloroform in 40-mm cells at 410 mn. 

Purify sodium cyclamate by making it just alkaline and then extracting with chloroform. Dissolve 
10-g portions in water and add known amounts of up to 75 rg of dicyclohexylamine, dilute each 
solution in turn to 1OOml and carry out the test described, to obtain a calibration curve, which 
should be linear. 

DISCUSSION 

An absorbance of 0.110 was found to be equivalent to 1 ppm of dicyclohexylamine. Amounts of 3 
or 6 mg of monocyclohexylamine in 10-g samples of sodium cyclamate did not interfere with the 
determination of 10-75 rg of dicyclohexylamine. Samples of sodium cyclamate taken from various 
sources were tested and found to contain from less than 1 up to 2.5 ppm of dicyclohexylamine. 

Should some impurity other than dicyclohexylamine be present in the cyclamate and produce a 
small amount of yellow colour, the apparent amount of dicyclohexylamine found would be incorrect 
but it would be certain that not more than this amount of dicyclohexylamine was present. 

The purity of the dicyclohexylamine used in this work was checked by testing fractions obtained 
by preparative gas chromatography. Traces of 5 other compounds, including monocyclohexylamine, 
were present but the yellow colour due to the Bromophenol Blue was only obtained from the fraction 
corresponding to the dicyclohexylamine peak. 

The conditions for the preparation of the dicyclohexylamine fraction were as follows. 

Column 6mx13mm 
Stationary phase SE 30 (30 % on Chromosorb W) 
Column temperature 250” 
Nitrogen flow-rate 300 ml/min 
Amount of commercial dicyclohexylamine 5091 portions injected at repeated intervals 

Thin-layer chromatography (TLC) can be used as an alternative method for the separation and 
determination of small amounts of dicyclohexylamine. A known weight (about log) of sodium 
cyclamate is dissolved in 100 ml of water and, after being made alkaline, the solution is extracted 
four times with lo-, 5-, 5- and 5-ml quantities of chloroform. The combined chloroform extracts are 
evaporated to 0.5 ml in a specially designed graduated tube, at room temperature, by means of a jet 
of air. With a Hamilton syringe 0.05 ml of the solution is applied as a single spot on a Kieselgel G 
thin-layer plate. Standards (O-05 ml of chloroform containing 2.5-10 rg of dicyclohexylamine) are 
put on the plate at the same time. The chromatogram was developed with a mixture of ammonia, 
acetone and petroleum ether (b.p. 40-60”) (17:833:400). After development, the plate is sprayed 
with a 1: 1 mixture of O.lN iodine and 10% sulphuric acid and the size of the spots compared. It is 
easy to differentiate between 25-, 50-, 75- and lOO+g amounts of dicyclohexylamine added to 10-g 
amounts of sodium cyclamate dissolved in 100 ml of water. Samples of sodium cyclamate, when 
tested by this method, gave results comparable to those obtained by the calorimetric procedure, but 
we would not recommend a TLC procedure for routine work, because it is more time-consuming and 
less suited to plant control work than the relatively simple calorimetric method. 

Research and Development Department 
I.C.I., Nobel Division 
Stevenston, Ayrshire 

J. W. Ensrcrmr 
A. F. W~UIAMS 

Snnnnary-Dicyclohexylamine is determined in sodium cyclamate at 
levels of concentration down to the order of 1 ppm by measurement of 
the yellow colour of the chloroform extract of its Bromophenol Blue 
complex. 
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Zusammenfasslmg-Dicyclohexylamin wird in Mengen bis herunter zu 
1 ppm in Natriumcyclamat durch Messung der gelben Farbe des Chlo- 
roformextraktes seines Komplexes mit Bromphenolblau bestimmt. 

R&arm~ dose la dicyclohexylamine dans le cyclamate de sodium a 
des niveaux de concentration descendant jusqu’a l’ordre de 1 ppm par 
mesure de la coloration jaune de l’extrait chloroformique de son 
complexe avec le Bleu de Bromophenol. 
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Coulometcische Titration van Hypochloriten und Chloraten 

(Eingegangen am 14. Oktober 1968. Revidiert am 29. September 1969. Angenommen am 
15. Oktober 1969) 

HYPOCHLQRIT und Chlorat wurden coulometrisch bei Generator-stromstlrken von 0,2 bis 100 mA 
titriert. Die Messungen fanden in einer offenen “H-2elle” statt. Der Me8raum hatte ein Volumen 
von 100 ml. Als Hilfselektrode diente em Platinblech in 1N Natriumsulfatlijsung. Die Elektroden- 
rslume waren durch eine Salzbriicke aus Gelatine/l N Naturiumsulfatliisung getrennt. 
wurden biamperometrisch an einem Platin-Drahtpaar bzw. 

Die Endpunkte 
amperometrisch an einer rotierenden 

Platinelektrode indiziert. Der MeDraum wurde mit einem Magnetriihrer gertihrt. 

Bestimmung von Hypochlorit 

Elektrolyt. Eisen(III) sulfat, 0,lM; Natriumacetat, 1M; pH-Wert auf 4,3 bis 4,7 eingestellt. 
Die Generatorkathode war eine Platindrahtspirale mit einer Oberflache von cu. 600 mm*. Die 

Potentialdifferenz zwischen den Indikatorelektroden ftlr biamperometrische Indikation betrug 700 mV. 
Die Elektrolytlbsung (30 bis 50 ml) wird vor und w&end der Messung mit Stickstoff gespiilt. 

Nach Einschalten des Generatorstroms wird bei laufender Registrierung des Indikationsstroms die 
Probe zugegeben. Die biamperometrische Indikation ergibt am Endpunkt ein scharfes Minimum. 

Sehr kleine Konzentrationen werden besser nach dem indirekten amperometrischen Verfahren 
von Christian’ bestimmt. Die Probe wird zu tiberschiissigem E&n(H) gegeben und der Gehalt aus 
dem Anstieg der Indikationskurve ermittelt. 

Chlorverfltichtigung aus der Losung ist vermeidbar, wenn vor Probezugabe bereits soviel Eisen(II) 
erzeugt wurde, da8 nur em kleiner Rest von Hypochlorit austitriert werden mu& 

Chloride, Perchlorate, Chlorate und Sulfate in sehr hoher Konzentration sowie Nitrate in max. 
zehnfachem Uberschua stiiren die Bestimmung nicht. Chlorite werden mittitriert. 

Probebestimmungen wurden mit Natriumhypochloritl&sung* ausgeftihrt, deren Gehalt durch 
Titration mit Amenits kontrolliert wurde. 

TABELLE I.-BESTIMMUNG VON HYPOCKLORIT 

Durchschnittsergebnis 
Einwaage, von n Bestimmungen, Strom, Fehler , 

~Mol ,uMol mA n % 

93,6 93,2 28,66 4 -0,4 
17,61 17,58 4,64 11 -0,2 
9,084 9,093 2,50 11 +0,1 
1,018 1,021 0,266 4 + 0,3 
0,2119 0,2119 0,265 5 o,o* 
0,1033 0,102l 0,247 5 + 1,2* 

* Indirekte amperometrische Bestimmung.’ 
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Bestimmung uon Chforut 

Elektrolyt. Titantetrachlorid, O*lM; Kaliumrhodanid, @08M; Salzsiiure, 2M. Die Generator- 
kathode war eine nach Slovak und Pfibyl* praparierte Kupferamalgamelektrode mit einer Ober- 
i&he urn cu. 1400 mm’. Zur Indikation diente eine auf + 25 mV gegen SCE pola.riSierte rotierende 
Platinelektrode. Diese Elektrode bestand aus einem Platindraht, der in das Ende eines L-fijrmig 
gebogenen Glasrohrs eingeschmolzen war. Sie rotierte mit 1000 Umdrehungen pro Minute und 
diente gleichzeitig zum Riihren der Lbsung. 

Unter strijmendem Stickstoff wird bei laufender Registrierung des Indikationsstroms Titan@) 
erzeugt (Indikationsstrom steigt linear an), bis die Titan(III)- Konzentration mindestens 8quivalent 
der zu erwartenden Probemenge an Chlorat ist. Danach wird die Probe ohne Stromunterbrechung 
zugegeben und weiter elektrolysiert, bis der Indikationsstrom emeut linear ansteigt, nachdem er 
zunachst stark abgesunken war. Die Zeitdifferenz der linearen Kurventeile ergibt den Gehalt an 
Chlorat. Das Absinken des Indikationsstromes rtihrt von der Bildung von Hypochlorit w&end 
der Messung her. Ammoniumsalze, Chloride, Perchlorate und Sulfate stbren die Bestimmung nicht. 
Probebestimmungen wurden mit gereinigtem und getrocknetem Natriumchlorat ausgeftihrt. 

TABELLE II.-BESTIMMUN G VON CHLORAT 

Einwaage, 
Durchschnittsergebnis 
von n Bestimmungen, Strom, Fehler , 

pMol ,uMol mA n % 

1243,0 1243,l 100,O 4 + 0.09 
235,4 235,6 28,9 6 + 0,08 

46,88 47,29 28,9 4 -t 0,85 
11,453 11,453 11,l 4 0,O 

1,395 1,385 1,43 4 + 0,7 

Zur Analyse von Gemischen kann in einer ersten Probe Hypochlorit bestimmt werden. In einer 
weiteren Probe wird Chlorat bestimmt, nachdem zuvor Hypochlorit durch Kochen mit Wasserstoff 
peroxid in alkalischer Liisung ausgetrieben worden ist. In einer dritten Probe k&men Verunreinigun- 
gen, die mit Titan(III) reduzierbar sind, bestimmt werden, indem man vorher alle oxydierenden 
Chlorverbindungen durch Kochen mit konz. HCl in Chlor umwandelt und mit Luft austreibt. 

Sektion Chemie 
Karl-Marx-Universitiil 
Liebigstraje 18 
701 Leipzig, D.D.R. 

PETER GRUNDLER 
HEINZ HOLZAPFEL 

Summary-Hypochlorite was determined by direct coulometric 
titration with iron(H) in an acetate buffered solution. Chlorate was 
titrated with titanium(II1) in 2M hydrochloric acid. Amperometric 
indication with one and two electrodes, respectively, was used. Mix- 
tures of hypochlorites and chlorates, e.g., in industrial electrolytes, may 
be analysed. 

Zusammenfassung-Hpchlorit wurde durch direkte coulometrische 
Titration mit Eisen(I1) in acetathaltiger Liisung bestimmt. Chlorat 
kann mit Titan(III.) in 2M salzsiiure coulometrisch titriert werden. Die 
Aquivalenzpunkte wurden durch amperometrisch Indikation mit einer 
bzw. mit zwei polarisierten Elektroden angezeigt. Hypochlorit und 
Chlorat kiinnen in Mischungen z.B. in technischen Elektrolyselaugen, 
bestimmt werden. 

R6su111&-0n a determine l’hypochlorite par titrage coulometrique 
direct avec le fer(I1) dam une solution tampomee 51 l’acetate. On a 
tit& le chlorate avec le titane(II1) en acide chlorhydrique 2M. On a 
utilise l’indication amp&om&rique une et dew electrodes respective- 
ment. On peut analyser des melanges d’hypochlorites et de chlorates, 
par exemple dam des &ctrolytes industriels. 
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A~s@tical rtpplic&ions of m- and pphenylene-di(l-tetrazoiines5thione) 

Gravhetric determination of rutbenium@n) in presence of large amounts of rbedium(XU) 

(Received 1 July 1969. Accepted 19 September 1969) 

FOLLOWING the induction of certain monof~~on~ I-substitute te~~oI~~5-t~on~ as gravi- 
metric reagents for metals,+’ a difunctional compound, gphenylenedi(iol~e-stool) 
(PDT-5) was also successfully used in the determination of silver and copper.s The present commum- 
cationdexribestheuse of PDT-5 andits isomer,?+phenylene-di(l-tetrazohne-5-thione) (MDT-5) in the 
gravimetric determination of ruthenium(III). Studies have indicated that both reagents can be applied 
to the de~tion of ruthenium in the presence of many cations and anions. Since there are few 
good weighing forms for ruthenium, the high sensitivity of its precipitation with PDT-5 and MDT-5 
is promising. The novelty of the method lies in the fact that even large amounts of rhodium(III) do 
not interfere. The reagents, in acetone solution, when treated with solutions of ruthenium(III), 
give an intensely green precipitate (at pH 55-70), whereas no reaction is observed under identical 
conditions (or at low pH) with solutions of rhyme). The precipitates were found to contain a 
1: 1 mole ratio of ruthenium to PDT-5 or MDT-S and can be easily dried at 110-l 15” or in a vacuum 
desiccator (after washing with acetone or alcohol). 

MDT-5 PDT-5 

EXPERIMENTAL 

Reagents 

Standard ruthenium(ZZZ) solution. A 0.25 % w/v solution of hydrated ruthenium(III) chloride in 
water, standardized by the method of Gilchrist and Wichers.6 

m- and p-phenylene-di(l-tetrazoline-Whione). Prepared by the method described by Lieber and 
Slutkin,r and used as 2 % w/v soh@ions in acetone. 

~odi~(IZ~ chloririe salutions. Standardized by the thionalide method.B 

Qualitative tests 

About 5 ml of the metal ion sohrtion containing 05-J mg of the metal ion were mixed with the 
acetone solution of the reagent. The reactions at room temperature and after heating for a few 
minutes on the water-bath were noted, the pH range used being 4-7. Ca, Sr, Ba, Zn, Mg, Co(H), 
Ni, Fe(B), MnO, SnOI), SnBV), Be, Ce(III), Ce(Iv), Rh(III), Ga(JII), In(IID, SmO, Eu(IID, 
Yt, Al, As(III), Sb(III), Cr(III), Th, Ti(IV), Zr, Nb(V), Gd(V), V(IV), U(VI), MoO,~- WO,‘- VGI- 
gave no reaction. Ag, Tl(I), Cd, Hg(I), H&II) and Pb gave white precipitates; Cu@) green; 
Ru(III) intense green; Fe(III) brown; Pd(II) red~sh-brow; Bi yellow; Ir(IV) viofet. Au(II1) 
(brown) and Pt(TV) (red) gave precipitates only after tong heating (50-60 min) and cooling for a few 
hours. Thus the number of interfering ions in the determination of ruthenium is limited. 
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Procedure for the determination of ruthenium 

A known volume (l-20 ml) of the ruthenium(IIl) chloride solution (containing l-100 mg of Ru) 
was diluted with distilled water to 60-70 ml. The pH of the solution was adjusted to 50-65 
(but not >7*0),* 2% acetone solution of PDT-5 or MDT-5 was added (2 ml for each mg of Ru). 
The mixture was stirred slowly, and heated at 90-95” on the water-bath for 3-5 min. An intensely 
green (appearing black) precipitate of the ruthenium(III) complex was obtained. (Precipitation does 
not ensue at room temperature, hence heating of the solution is essential.) The precipitate was 
allowed to settle at room temperature for 15 min, and then filtered off on a medium porosity sintered- 
glass crucible. It was washed tirst with distilled water and then with a little acetone or alcohol, and 
finally dried at 115” to constant weight (45 mm). The precipitate was weighed as Ru(C,H,N&)Cl. 
The gravimetric factor for ruthenium is 02444. The results are shown in Table I. 

TABLE I.-DETERMINATION OF R~~HENwM(III) WITH MDT-5 AND PDT-5 IN PRESENCE AND ABSENCE 
OF RHODnmC(In) 

Ru taken, 

mg 

MDT-5 PDT-5 

Rufound, Rhadded, Rufound, Rufound, Rhadded, Rufound, 
“?g mg mg mg mg mg 

O-50 

1.00 

5.00 

1001 

25.02 

50.05 

75.1 

1001 

0.50 
0.49 
0.50 
0.99 
0.99 
0.98 
5.00 
4.98 
4.98 

10.08 
10.0, 
1006 
25.10 
25.1, 
25.1; 
49.9 
49.9 
50.0 

99.9 
100.0 
99.0 

0.51 
0.50 
0.50 

1.0 1.01 
1.00 
1.00 

10.0 5.00 5.01 25.0 5.00 
5.01 5.00 5.01 
5.01 5.00 5.00 

100.0 25.1,, 
25-l* 
25-20 

200.0 50.3 
50.4 
50.6 

25.0; 
50.0 
50.0 
50.0 
75.6 
75.3 
76-O 
99.6 
99.0 
99.4 

200.0 25.0, 
25-l* 
25*11 

500.0 50.1 
50.4 
50-5 

No co-precipitation of reagent was found, even with lOO-fold excess present. The complexes of 
ruthenium(lII) with MDT-5 and PDT-5 are noncrystalline, and thermally stable up to 145”. Their 
solubility, at various levels of pH and temperature, was determined in the usual way, and the results 
are shown in Table II. Both complexes are practically insoluble in water, dilute acids and alkalis, 
and most organic solvents. 

Extent of co-precipitation of rhodium 

A part of the precipitates obtained in the presence of rhodium(lII) was decomposed by heating 
to dryness with 10 ml of aqua regia, and the residue taken up in very dilute hydrochloric acid and 
tested for rhodium with m-ohenvlenediamine.ll methvlaniline.ll and thioanalide.lP A feeble uositive 
test was obtained with thehrst ‘&agent and negative; with the other two, showing that the amount 

+ At low pH (< 4-O), a small amount of the water-insoluble acid form of the reagents may be 
precipitated, and admixed with the precipitate. At pH > 70, a partial decomposition of the 
ruthenium precipitates is likely to take place. 
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TABLE II.-S~LUBILITY OF RUTHENIUM(III) COMPLEXES IN WATER 

357 

Temperature, 
“C PH 

25 4.0 
55 
7.0 

50 4.0 

::; 

100 4.0 

::; 

Solubility, 
mgll. 

Ru(PDT-5)Cl Ru(MDT-5)Cl 

4.0 3.0 
20 
0.1 ;:; 

;:; 5.0 3.0 
1.0 2.0 
::; 6.0 

3.0 

of rhodium co-precipitated with ruthenium is very small. The recovery of ruthenium in the pres- 
ence of rhodium is shown in Table I. 

Composition and structure of the ruthenium(ZZZ) precipitates 

Microanalysis shows the metal: ligand ratio as 1: 1; the complexes have the empirical formula 
Ru(C,H,N,S,)Cl. Found: Ru (MDT-5)Cl; Ru, 24-O%, C, 23*5x, H, I-O%, N, 26*9x, Cl, 8.5%: 
Ru(PDT-5); Ru, 23*8X, C, 23*4X, H, 1*1x, N, 27*0x, Cl, 85%: required: Ru 24*4x, 
C 23*2x, H 0*9%, N 27*1x, Cl 8.6%. 

The elemental analysis, infrared and reflectance data, and magnetic moment measurements have 
indicatede+0 that the reaction of ruthenium with MDT-5 and PDT-5 results in the formation of 
polymeric internal complexes of the type, 

I 

Znterferences 

There is generally no interference by the common anions (Table III). Only a few cations interfere; 
these include Ag, CuO, Hg(I), Hg(II), Pb, Cd, FeO, Bi, Pd@), PtO, Au@I), and Ir(IV). 
In the precipitation of metal ions with MDT-5 and PDT-5, the control of pH of the solution was 
found to be an important factor. Below pH 4.0, the water-insoluble acid form of the reagents was 

TABLE III.-RUTHENIUM(III) PRECXPITAT~ON WITH PDT-5 AND MDT-5 IN PRESENCE 
OF CERTAIN COMMON ANIONS 

NO,- 

10.0 
50.0 

- - 
- 
- 

10.0 
50.0 

Added, mg 
Ruthenium, mg 

Recovered Recovered 
Sole- Pod*- Br- I- Added (with PDT-5) (with MDT-5) 

10.0 - - - 5.0 5.0 
50.0 - - - 5.0 ;:o” 5.0 
- 

10.0 
- - 

5.0 - 50.0 
- - lG0 170 

25.0 2z.z 2:.(: 
25.0 25.0 25.1 

- - 100.0 100.0 25.0 25.0 25.1 
10.0 10.0 10.0 10.0 25.0 25.1 25.1 
50.0 50.0 50.0 50.0 25.0 25.1 25.1 



358 Short communications 

partially regenerated, and in very basic solutions, an apparent decomposition of the reagents and the 
complexes took place, and in consequence, the precipitates were found to be mixed with a little 
sulphide. 

DISCUSSION 

The precision was fair, and the accuracy was generally within the permissible limits. The data 
given in Table I indicates that PDT-S gave the best results. 
not more than 90 min. 

A single determination generally takes 
The favourable conversion factor is an advantage and gives high sensitivity. 

Department of Chemistry 
V.S.S.D. College 
Kanpur. India 

Department of Chemistry 
Indian Institute of TechnoIogy 
Kanpur, India 

G. S. JOHAR 

UMESH AGARWALA 

Summa~-A simple and rapid method is described for the gravimetric 
determination of ruthenium(II1) with two new isomeric reagents, 
m-andp-phenylene-di(l-tetrazoline+thione). Solutionscontainingmiil- 
ligramamounts of ruthenium(III)on treatmentwith the acetone or alco- 
hol solutions of the reagents at pH 5.5-70 give a quantitative yield of 
an intensely green insoluble 1 :l complex which can be easily filtered off 
and dried at 110-l 15”. Amounts of ruthenium down to 05 mg can be 
determined with fairly good accuracy and precision. Even large 
amounts of rhodium do not cause any interference. The following 
cations interfere: Pd(II), Pt(IV), Au(III), Ir(IV), Bi, Fe(III), Cu(II), 
H&I), H&II), Pb, Cd, TI(1) and Ag. 

Zusammenfassunt-Eine einfache und schnelle Methode zur gravi- 
metrischen Bestimmung von Ruthenium(II1) wird beschrieben. Sie 
bedient sich zweier neuer isomerer Reagentien, m- und p-Phenylendi 
(l-tetrazolin-5-thion). Milligrammengen Ruthenium(III) enthaltende 
Lijsungen geben bei Zugabe der Reagentien in Aceton oder Alkohol 
bei pH 5,5-7,0 in quantitativer Ausbeute intensiv grtinen unliislichen 
1 :I-Komplex, der leicht abfiltriert und bei 110-115” getrocknet werden 
karm. Rutheniummengen bis herunter zu 0,5 mg kdnnen mit ziemlich 
guter Genauigkeit und Richtigkeit bestimmt werden. Selbst grol3e 
Mengen Rhodium stijren nicht. Folgende Kationen stiiren: Pd(TI), 
Pt(IV), Au(III), Ir(IV), Bi, Fe(III), Cu(II), Hg(I), Hg(II), Pb, Cd, TI(1) 
und Ag. 

RCu&-On d&it une methode simple et rapide pour la determin- 
ation gravimetrique du ruthenium(III) avec deux houveaux rbctifs 
isomeres, les m et D-uhenvlene di(l-tetrazoline 5-thione). Des solutions 
contenant des q&&&s de ruth&ium(III) de l’ordre du milligramme, 
par traitement avec les solutions acetoniques ou alcooliques des 
reactifs a pH 5,5-7,0 donnent un rendement quantitatif d’un complexe 
insoluble 1: 1 intensement vert, que l’on peut aisement s&parer par 
filtration et s&her a 110-115.” Des quamites de ruthenium descen- 
dant jusqu’li 0,5 mg peuvent &re determinees avec d’assez bormes 
exactitude et precision. Mi?me de grandes quantitb de rhodium ne 
causent pas d’interference. Les cations suivants interferent: Pd(II), 
Pt(Iv), AWII). Ir(Iv), Bi, IWIII). WII), HgO), HgOI), Pb, Cd, TU) 
et Ag. 
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LETTER TO THE EDITOR 

Trivial names of the most important derivatives of 3,6-bis(arylazo)-4,5_dihydroxy- 
2,7-naphthalenedisulphonic acid 

-9 
Recently’ a nomenclature for reagents of the type of arsenazo III, i.e., 3,6-bis(o-arsonophenylazo)- 

4,5-dihydroxy-2,7-naphthalenedisulphonic acid, was suggested. Unfortunately, this suggestion is not 
based on the international nomenclature. The first exception is the use of the name “arsenazo” 
for traditional reasons. Less understandable is the use of orthanilic S for 3,6-bis(o-sulphophenylazo)- 
4,6-dihydroxy-2,7-naphthalenedisulphonic acid, sulphochlorophenol S for 3,6-bis(Y-chloro-2’- 
hydroxy-3’-sulphophenylazo)-4,5-dihydroxy-2,7-naphthalenedisulphonic acid, orthanilic K for 
3-(o-carboxyphenylazo)-6-(o-sulphophenyl~o)~,5-dihydroxy-2,7-naphth~enedis~pho~c acid, and 
antipyrine M for 3-(2’-antipyrinylazo)-6-(m-sulphophenyl~o)~,5-dihydroxy-2,7-naphthal~edi- 
sulphonic acid. 

One can agree with the author that it is not necessary to look for names for reagents which are 
less prominent in analytical chemistry. However, selection should be made more drastically. 

It is well known that in the case of 3,6-bis(phenylazo)-4,5-dihydroxy-2,7-naphthalenedisulphonic 
acid the ortho substituent of the benzene rings is the most important carrier of selectivity and sensi- 
tivity of reagents. From this point of view, the reagents which are able to form complexes of the type 
A should be differentiated from all other azo derivatives of chromotropic acid. Undoubtedly they are 
reagents of unusual quality, for which the use of a trivial name is quite reasonable. The name “azo”, 
either with or without the suffix III (I recommend III to prevent any confusion with existing names), 

lLnL2 

A 

should be kept for 3,6-bis(phenylazo)-4,5-dihydroxy-2,7-naphthalenedisulphonic acid because of 
tradition. The prefix of this name should contain the name of the benzene ortho-substituent, for 
reasons which are quite clear. Experience with reagents which are able to form complexes of type 
A shows very clearly that only the totally symmetric reagents are the most important. The names 
following from these conditions are listed in Table I. 

TABLE I.-TRMAL NAMES OF SEVERAL REAGENTS 

Name phenyl substituents 

sulphonazo III 
methylsulphonazo III 
phosphonazo III 
chlorophosphonazo III 
arsonazo III 
aminomethvlazo III* 

o-sulpho 
p-methyl-o-sulpho 
o-phosphono 
p-chloro-o-phosphono 
o-arson0 
o-[bis(carboxvmethvl)aminomethvl1 

+ The use of the pretix “bis(carboxymethyl)“is not necessary because it is less important 
for complex formation. 

Department of Chemistry 
University of Waterloo 
Waterloo, Ontario, Canada 
25 March 1969. 

B. BUDESINSKY 
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Editorial note. This system sometimes gives the same results as Savvin’s, sometimes not. Once a 
name has been coined by the discoverer of a reagent, there is no excuse for inventing another name 
for it in subsequent work by others. It is this behaviour (made worse by development of trade-names) 
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ATOMIC-FLUORESCENCE SPECTROSCOPY 

VACLAV SYCHRA and JAROSLAV MATOUSEK 

OF LEAD 

Department of Analytical Chemistry, Technical University, Prague 6, Czechoslovakia 

(Received 10 June 1969. Accepted 30 September 1969) 

Summary-The fluorescence spectrum of lead excited with a high- 
intensity hollow-cathode lamp has been investigated and the probable 
mechanism of fluorescence transitions is suggested. It is confirmed 
experimentally that the most intense fluorescence line at 405.78 nm is 
mostly due to direct-line fluorescence. The premixed air-hydrogen 
flame, the separated air-acetylene tlame, and the oxy-hydrogen flame 
diluted with argon have been used, the last mentioned giving a detec- 
tion limit of PO2 ppm with the line at 405.78 nm. 

THE DETERMINATION of lead by atomic-fluorescence spectroscopy has already been 
reported by several authors, who have used either continuous excitation source~~-~ 
or line excitation sources.e-* The best detection limit of 0.0035 ppm was obtained by 
Massmann, who used a special hollow-cathode lamp as source, and evaporated the 
sample in an electrically heated graphite in an argon atmosphere. 

In this study, a lead high-intensity hollow-cathode lamp of the Sullivan-Walsh 
design9 was used as a fluorescence excitation source. This type of lamp has recently 
been used successfully for the atomic-fluorescence determination of silver,lO beryl- 
lium,ll arsenic,s copper,S magnesium,12 iron,5*13 cobalt5,13 and nicke1.5B13*14 Atomic 
fluorescence of lead excited with a high-intensity hollow-cathode lamp was mentioned 
very briefly by Manning and Heneage.s 

This paper reports the detailed investigation of the complete fluorescence spectrum 
of lead excited by a high-intensity hollow-cathode lamp and the determination of 
lead by atomic-fluorescence spectrophotometry in various premixed flames. 

Apparatus 

EXPERIMENTAL 

A Techtron AA-4 atomic-absorption spectrophotometer equipped with a lead high-intensity 
hollow-cathode lamp and ultraviolet-sensitive HTV R 106 photomultiplier was coupled to a Hitachi 
Perk&Elmer Model 165 recorder. The lamp and detector were square-wave modulated at 285 Hz. 
The instrument was adapted for fluorescence measurements in practically the same manner as 
described in our previous paper. r* The optical arrangement is shown diagrammatically in Fig. 1. 
The mirror in the optical path of the exciting beam increased the fluorescence emission by 100x, but 
the mirror in the optical path of the fluorescence radiation enhanced the signal by only 70 %, and also 
increased the background emission of the flame, and was not always found to be advantageous. The 
instrumental settings were adjusted to the maximum values? 
current, 300 mA; slit-width, 300 pm (band-width @99 mn). 

primary lamp current, 15 mA; booster 

Reagents 

A stock lead solution was prepared by dissolving 14300 g of spectrally pure metal in nitric acid 
(1 + 1) and diluting to 1000 ml with twice distilled water. More dilute solutions were prepared with 
the same concentration of nitric acid. All other solutions were prepared from reagent-grade chemicals. 

Flame conditions 

An air-hydrogen flame, an oxy-hydrogen flame diluted with argon, and a separated air-acetylene 
flame were used. The Techtron FE-l emission burner head for the air-acetylene flame was fitted 
with a chamber with five concentric rows of holes and tangential nitrogen inlet to facilitate separation 
of the flame16 (Fig. 2). For the air-hydrogen and hydrogen-oxygen-argon flames, a specially 
manufactured Meker-type brass burner head with 97 holes 0.5 mm diameter was also fitted with the 
chamber described. 

363 
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L MI 

u) 

FIG. I-Optical arrangement for atomic-fluorescence measurements. 
S-excitation source M1, MB---mnrors 
F-flame 
L-condensing lens 

T-selective radiation gathering tube 
M-monochromator 

FIG. 2.-Burner for a nitrogen-separated air-acetylene flame. 
(I) Burner head, (2) chamber, (3) nitrogen inlet 

The dependence of back~ound emission of the Aames and of the fluorescence signal on the fuel to 
oxidant ratio was investigated to find the optimum gas flow-rates. From Fig. 3 it is apparent that the 
fluorescence signal in the hy~ogen-oxygen-argon flame at a given oxygen flow-rate is strongly 
dependent on the hydrogen flow-rate, whereas the fluorescence signal in the air-hydrogen flame is 
practically independent of the hydrogen flow-rate. For the separated air-acetylene flame, the de- 
pendence of the fluorescence signal on the acetylene flow-rate exhibits a flat maximum. 
optimum gas flow-rates are listed in Table I. 

The resulting 

The height of measurement in the flame was not critical, but to avoid emission from the primary 
reaction zone, the measurements on all flames were taken at 15-25 mm above the burner top. 

The solution uptake rate was set to 4.7 ml/min for the air-hydrogen and hydrogen-oxygen-argon 
flame, and to 5.2 ml/min for the air-acetylene flame. 
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I I I I 1 I I 1 

I 2 3 4 5 6 7 8 9 

Hydrogen flow rate, 1 / min 

FIG. 3.-Variation of relative fluorescence intensity for lead at 40578 nm in air-hydrogen, 
argon-hydrogen, and hydrogen-xygen-argon flames. 

O-air-hydro n 
g 

hydrogen-xygen-argon, oxygen flow 
A-argon-hy ogen 0410 I./mm 

O-O.35 l&in 
@+065 l./min 
o-0.75 l./rnin 

TASLE I.-BURNER OPERMINO CONDITIONS 

Flame 
Flow-rate, I./min 

H, CIHI Air 0, Ar 

H,-air 4.55 - 6.35 - - 
HI-O&r 1.70 
C,Hl-air - 0<5 

- 0.35 5.70 
6.25 - - 

Emission and fluorescence spectra of lead 

To choose the most sensitive fluorescence lines, the relative intensities of lines emitted by the 
excitation spectral source and of corresponding fluorescence lines in all the flames were determined. 
In scanning the fluorescence spectrum, a lo-ppm solution of lead was sprayed into the flame under the 
optimum conditions and at a slit-width of 50 pm. The emission spectrum of the lamp was scanned at 
the maximum lamp operating currents and at a slit-width of 10pm. The relative emission and 
fluorescence intensities measured were corrected for the detector response. 
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Atomic-absorption measurements 

To compare the atomic fluorescence and atomic absorption of lead, the same equipment was used, 
but with a 100-mm long air-acetylene flame. The instrumental settings were: primary lamp current, 
6 mA; booster current, 300 mA; slit-width, 50 pm. The gas flow-rates and solution uptake rate 
were the same as for the fluorescence measurements. 

RESULTS AND DISCUSSION 

Atomic-jluorescence lines 

Spectral characteristics of lead lines which exhibit atomic fluorescence in the 
three flames studied are listed in Table II. All fluorescence lines correspond to the 

TABLE II.-RELATIVE EMISSION AND FLUORESCENCE INTENSITIES OF LEAD LINES 

Line,*e Oscillator Energy levels, 
nm strength eV 

Transition”*‘@ 
Relative Relative 

‘amp 
fluorescence 

emission intensity 
. . 
lntens’ty’ Air-H, H,,-O&r Air&H, 

21700 
261.37* 
261.42* 
280.20 
283.31 
363.96 
368.35 
405.78 

0.048 O-5.712 6pa aP,-6d 3 DIO 15 18 16 26 
019 0.969-5.712 6p2 aPp,-6d sD,o 
2.7 0.969-5.711 6p= aP,-6d 8 DIO 49 15 13 22 

;::2 1.320-5.744 O-4.375 6pa 6p= 8P&dsF8” 8P,,-7s sPl0 79 55 76 8 68 5 :: 
0.26 0.969-4.375 6p2 aPl-7s aPl0 47 42 33 35 
0.64 0.9694.334 6p= aP,-7s aPOO 65 19 25 11 
2.3 1.320-4375 6p2 sP,-7s aPl0 100 100 100 100 

* Lines unresolved in emission and fluorescence spectra. 

transition to the 6p2 3P level. As expected from atomic-absorption measurements, 
both resonance lines at 217.00 and 283.31 nm give relatively high fluorescence 
signals due to resonance fluorescence; in the case of the line at 283.31 nm a contri- 
bution from stepwise-line fluorescence cannot be excluded. The additional intense 
signals at 261.37 and 261.42, 280.20, 363.96, 368.35 and 405.78 nm must be mostly 
due to direct-line fluorescence; for example, for the lines at 405.78 and 363.96 nm, 
excitation by the 283.31 nm line to the 7s “PI0 state followed by radiative transition 
to the metastable 6p2 3P2 and 6p2 3P, states, respectively, seems to be the most prob- 
able. This was assumed because of the great energy difference between the ground 
state of the atom and the two other components of the triplet 6p2 3P state, and also 
because of the weak atomic absorption of these lines (see Table III). The fluorescence 
emission at 368.35 nm is the result of stepwise fluorescence, with the lower term of 
the fluorescence transition not being the ground state of the atom, i.e., excitation 
with the 283.31 nm line to the 7s “PI0 state followed by a radiationless transition to 
the 7s 3Poo state, and then fluorescence transition to the metastable 6pa “PI state. The 
energy which the excited atom must lose by a radiationless transition to the 7s “PO0 
state is very small. For the most intense fluorescence line at 405.78 nm and for the 
lines at 368.35 and 363.96 nm this mechanism was confirmed experimentally by filte- 
ring off both resonance lines with a glass filter. Contributions of only 5 and 34% of 
the resonance fluorescence were found for the 405.78 and 368.35 nm lines, respectively. 
The fluorescence emission at 363.96 nm is completely direct-line fluorescence. 



Atomic-fluorescence spectroscopy of lead 367 

TABLE III.-SEN~~TNITIE~ OF LBAD DETBRh%INATION BY ATOMIC-FLUO- 

RESCENCE AND ATOMIC-ABSORPTION SPECTROSCOPY IN VARIOUS FLAME3 

Line, 
nm Ha+--Ar 

Detection limit, ppm 

AFS 
Air-H* Air_CIHs 

(separated) 

405.78 002* 0.10 0.20 1st 
283.31 0.05 0.12 @I5 0.12 
363.96 0.05 0.15 040 15 
217.00 0.06 0.20 0.12 0.08 
368.35 0.07 0.30 1.5 12 
261.37 
261 a42 0.15 0.45 0.30 6 

280.20 0.30 0.80 1.0 >lOO 

* Signal to noise ratio = 2. 
t Vah~es obtained with the same instrument and the same spectral 

source. 

The same confirmation could be made for the unresolved 261.37 and 261.42 nm 
lines and the 280-20 nm line, by filtering off the radiation of the 217.00 nm resonance 
line. In the case of the 280.20 nm line, the upper energy level of which lies O-032 eV 
higher than the energy level of the 217.00 nm resonance line, thermally assisted 
direct-line fluorescence, postulated by Dagnall and co-workers for the explanation 
of some fluorescence transitions of antimonyI and bismuthZo must be assumed. 

Analytical working curves and detection Iimits 

In Fig. 4, the analytical working curves for the most sensitive lead line at 405.78 
nm in various flames are shown, and in Fig. 5 for all the lead fluorescence lines 
observed in the hydrogen-oxygen-argon flame. In Fig. 4 the 217.00 nm line, which 
exhibits the best detection limit in the separated air-acetylene flame, is also included. 
The dependence of the relative fluorescence intensity on the concentration of lead is 
linear over a range of up to three orders of magnitude. Despite the fact that there are a 
number of factors causing analytical curves to have shapes differing from the theoretical 
growth curves,p1 the shapes of the working curves for the resonance lines are in very 
good agreement with those derived by Hooymayers22 for the case when the source- 
line half-width is narrow compared to the absorption line half-width. 

From theoretical results22 it can be concluded that differences in the shapes and 
positions of the analytical curves for the same line excited in various flames by the 
same spectral source and with use of the same optical arrangement, are caused by 
differences in the ground-state atom concentration, fluorescence yield factor and the 
a-parameter. For the 405.78 nm line (see Fig. 4), the fluorescence signal obtained 
from the separated air-acetylene flame is higher than that from the air-hydrogen 
flame for all lead concentrations. This is evidently due to a higher efficiency of atom- 
ization in the hotter air-acetylene flame. The highest signal was obtained in the oxy- 
hydrogen flame diluted with argon, as might be expected,‘se23*24 owing to the higher 
fluorescence yield factor than for the air-hydrogen flame because of the quenching 
cross-section of argon being smaller than that of nitrogen. A 4.O-fold increase in the 
fluorescence signal was observed. For the other fluorescence lines, 3.1, 3.7, 2.5, 3.4, 
3-O and 5.O-fold increases, resulting from using the hydrogen-oxygen-argon flame in 
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place of the air-hydrogen flame were found for the 217*00,261.37 and 261*42,280.20, 
283.31, 363.96 and 368.35 nm lines, respectively. Since the noise of measurement for 
both 5ames is practically the same, the higher signal in the hydrogen-oxygen-argon 
flame results in lower detection limits. The use of the nitrogen sheath makes both air- 
hydrogen and hydrogen-oxygen-argon flames steadier and produces a further 
improvement (approximately 2-fold) in the detection limits. In the case of the 

I I I I I 
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Pb concentrotlon , ppm 
FIG. 4.-Analytical working curves for the Pb 405.78 nm line with various premixed 

flames. 
a-air-hydrogen a-air-acetylene (separated) 
O-hydrogen-oxygen-argon A-air-acetylene (separated, Pb 217GO nm) 

separated air-acetylene flame, the relatively high background, especially at longer 
wavelengths, causes a deterioration in the detection limits in most cases compared 
with the air-hydrogen flame. Therefore, the best signal-to-noise ratio in the separated 
air-acetylene flame was obtained for the line at 217.00 nm. 

A comparison of detection limits for atomic fluorescence with various flames and 
atomic absorption, using the same instrument and the same spectral source, is made 
in Table III. In atomic fluorescence, there are seven sensitive analytical lines giving 
detection limits below 1 ppm. In atomic absorption only, two sensitive (resonance) 
lines are available while the absorption of the other lines which exhibit atomic 
fluorescence is considerably weaker. When the hydrogen-oxygen-argon flame is 
used, five fluorescence lines give better detection limits than the most sensitive atomic 
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FIG. 5.-Analytical working curves for all fluorescence lines observed in the hydrogen- 
oxygen-argon flame. 

O-405.78 nm t368.35 nm 
O-283.31 nm @-217+0 nm 
Q-363.96 nm A-261.37 and 261.42 nm 

O-280*20 nm 

absorption line at 217.00 nm (0.08 ppm). The best detection limit of 0.02 ppm was 
obtained for the 405.78 nm line. 

Chemical interferences 

The effect of hydrochloric, sulphuric, phosphoric, nitric, perchloric and hydro- 
fluoric acids in concentrations of O-01, O-1 and 0*5M and of a lOO-fold excess of Na, 
K, Cu, Mg, Ca, Zn, Al, V, Bi, Cr, MO, W, Mn, Fe, Co and Ni on the fluorescence 
signal produced by a 5-ppm lead solution was investigated. In all the three flames 
studied, only 0.1 and 0*5&f hydrofluoric acid and molybdate caused a significant 
interference (>50% decrease in fluorescence signal from a 5-ppm lead solution). 
Among the other ions, copper and tungsten slightly decrease the fluorescence signal 
(< 10%) in the air-hydrogen flame, while aluminium shows the same effect in the 
hydrogen-oxygen-argon flame. The chemical interference of hydrofluoric acid was 
considerably lowered by the addition of EDTA (final concentration 0405n/i>. The 
effects of the interfering cations were eliminated in the same manner. Similar 
interferences from hydrofluoric acid and molybdate were found for lead determined 
by atomic absorption in a loo-mm air-acetylene flame, as would be expected. 
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Zusammenfassung-Das mit einer intensiven Hohlkathodenlampe 
angeregte Fluoreszenzspektrum von Blei wurde untersucht und der 
wahrscheinliche Mechanismus der Fluoreszenztiberg%nge angegeben. 
Es wird experimentell bestltigt, daB die intensivste Fluoreszenzlinie bei 
405,78 nm hauptsbhlich als Resonanzlluoreszenz zustande kommt. 
Verwendet wurden die vorgemischte Luft-Wasserstoff-Flame, die 
getrennte Luft-Acetylen-Flamme und die mit Argon verdiinnte 
Sauerstoff-Wasserstoff-Flamme. Die zuletzt genannte gibt mit der 
Linie bei 405,78 nm eine Nachweisgrenze von 0,02 ppm. 

RCsum&-On a etudie le spectre de fluorescence du plomb excite avec 
une lampe a cathode creuse de haute intensite et l’on suggere le mecan- 
isme probable des transitions de fluorescence. 11 est con&me 
experimentalement que la raie de fluorescence la plus intense ii 405,78 
nm est principalement due a la fluorescence de raie directe. On a 
utilid la flamme premelangee air-hydrogbne, la flamme &par&e air- 
ac&ylene et la flarmne oxy-hydrogene diluQ a l’argon la, demiere 
mention& dormant une limite de detection de 0,02 ppm avec la raie a 
405,78 nm . 
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Sumrna~-A highly selective, rapid one-step radiochemical separation 
procedure for palladium has been developed. It is based on the solvent 
extraction of palladium diethyldithiocarbamate from a 5M hydro- 
chloric acid solution with a substoichiometric amount of copper 
diethyldithiocarbamate in chloroform. The separation has been 
applied to the determination of traces of palladium by neutron- 
activation analysis, in platinum, the rocks W-l and PCC-1 and a 
biological material (kale). Amounts of palladium down to 10-Bg 
have been determined. 

NEUTRON-ACTIVATION analysis has been used to determine traces of palladium in 
rocks,1,2 ores,3 meteoritesa and various metals.‘-10 Most of the previously reported 
methods of separation of palladium involve either precipitation or solvent extraction 
of the dimethylglyoximate, and, owing to the incompleteness of the process, involve 
many successive separation steps and therefore are complicated and time consuming. 
By use of the substoichiometric principle, the chemical separation has been greatly 
simplified and, because of the very high selectivity of this separation, a procedure has 
been developed which we would expect to be applicable to almost any type of matrix. 

TABLE I. 

Stable 
palladium 

isotope 
Abundance 

% 

Cross- Product 
section, of (n, r) 
barn reaction Half-life 

Major 
radiations 

102 0.96 48 103 17 days EC, Rh X-ray 
106 2733 0.29 107m 21.3 set IT, Pd X-ray 
108 26.71 12 109 13.6 hr 
108 26.71 0.2 109m 4.7 min 

b,- Ag X-ray 
IT, Pd X-ray 

110 11.81 0.2 111 22 min B.- Y 
110 11.81 0,04 lllm 5.5 hr /I,- Pd X-ray 

EC = electron capture; IT = internal transition. 

The stable isotopes and the nuclear reactions resulting from thermal neutron 
irradiation of palladium are shown in Table I. The irradiation facilities available 
have thermal neutron fluxes of (l-6) x 10-l” n.mm-2.sec.-1 Under these conditions 
and from the data given in Table I, it can be shown that the most suitable isotope for 
the determination of palladium is palladium-109, which can be detected either by the 
beta or the gamma radiation and silver X-ray (22 keV) associated with the decay. 
It follows that under suitable conditions (irradiation in a flux of 102O n.mm-2.sec-1 
to saturation activity followed by radiochemical separation) it is theoretically possible 
to determine down to lO--lO g of palladium. 
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For a substoichiometric separation by solvent extraction it is necessary to have a 
chelating agent which forms a very strong, readily extractable complex with the metal 
concerned. Diethyldithiocarbamic acid is known to form a strong complex with 
palladium. Exchange data, for carbon tetrachloride as solvent, have been reported to 
give the following order of decreasing extractability of metal diethyldithiocarbamates :la 
Hg(II), Pd(II), Ag, Cu, Tl(III), Ni, Bi, Pb, Co(III), Cd, Tl(I), Zn, In, Sb(III), Fe(III), 
Te(IV) and Mn. However, the order varies somewhat with the solvent used and the 
content of the aqueous phase. In a previous paper13 the investigation of the extraction 
of palladium with a solution of copper diethyldithiocarbamate in chloroform was 
reported. This extractant was chosen because solutions of diethyldithiocarbamic 
acid and its sodium salt are not very stable, whereas a stock solution of the copper(I1) 
complex in chloroform ( 1w2M) keeps for months. The palladium complexes formed 
are more soluble in chloroform than carbon tetrachloride. 

It was shown that under substoichiometric conditions two reactions occur: 

Pd:;,+,, + Cu(DDC),(.,,, = Pd(DDC),(,,,,, + Cu:&,+,, (1) 

Pd(DDC),(.,,, + Pd& + 2Cl,,, = 2PdCUDDC)~,,, (2) 

where DDC is the diethyldithiocarbamate ion and the subscripts “aq” and “org” 
indicate an aqueous and an immiscible organic phase respectively. 

The extraction constant of the first complex, palladium diethyldithoicarbamate, 
into chloroform was found to be about lO’O, indicating that a substoichiometric 
determination using this complex is likely to be very selective. But at equilibrium 
the chloride complex (2) will be completely formed under substoichiometric condi- 
tions from solutions containing palladium chloride and hydrochloric acid only. 
However, the rates of the two reactions are affected by the hydrogen ion and chloride 
ion concentrations of the aqueous phase. Where both are high, e.g., in 5M hydro- 
chloric acid, palladium diethyldithiocarbamate is formed rapidly while the formation 
of palladium chloride diethyldithiocarbamate does not take place for several hours. 
Thus conditions can be chosen such that palladium diethyldithiocarbamate is formed 
on extraction with a substoichiometric amount of copper diethyldithiocarbamate. 

EXPERIMENTAL 

Reagents 

All reagents were prepared from analytical reagent grade chemicals. 
Copper diethyldithiocarbamate solution. Sodium diethyldithiocarbamate was recrystallized by 

dissolution in the minimum volume of ethanol and addition of a large excess of ether. After drying 
under vacuum, the crystals (0.45 g) were dissolved in distilled water, excess of copper sulphate 
solution was added and the resulting precipitate of copper diethyldithiocarbamate was extracted with 
several portions of chloroform. The extracts were combined and diluted to 100 ml with chloroform 
to give an approximately lo-*M stock solution. This was diluted further with chloroform as required 
to give an approximately 5 x lo-‘Msolution. The exact concentration was determined by measuring 
the absorbance at 436 nm and assuming the molar absorptivity to be the same in chloroform as in 
carbon tetrachloride (1.3 x 10S mole.l-1.mm-1).12 

Palfadium carrier solution. Prepared by dissolving finely divided palladium metal in aqua regia. 
The resulting solution was evaporated to dryness with hydrochloric acid, several times, to remove 
oxides of nitrogen. The Anal solution in hydrochloric acid was diluted to approximately lo-*M 
with distilled water. 

Palladium-103 solution. Irradiated palladium metal was dissolved as above. The lllAg (active 
decay product of IrlPd) was removed, before dilution, by the addition of inactive silver nitrate solution 
to the solution of palladium in hydrochloric acid, the resulting precipitate of silver chloride being 
centrifuged off. This procedure was repeated once and the final solution diluted to 10-aM with 
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distilled water as before. Because of the low specific activity of the palladium-103, this solution was 
used alone, i.e., without the addition of palladium carrier solution. 

Both the palladium carrier solution and the palladium-103 solution were standardized against 
3 x 10-‘&f EDTA by the back-titration method developed by MacNevin and Kriege.‘* 

Rudiotrucer solutions. Used for direct interference studies and prepared by irradiating the elements 
or their oxides in a flux of lOlo n.mm-?sec-l for 8 hr (Universities of Manchester and Liverpool 
Research Reactor). 

Apparatus 

Scintillation counter. The detector used was a 76 x 76 mm NaI(TI) well-type crystal. For activity 
measurements this was associated with a single-channel gamma-ray spectrometer. For experiments 
using palladium-103 as a tracer, counting was carried out in a 10-50 keV channel; for experiments 
with palladium-109 (test analyses) counting was carried out in a 10-30 keV channel, and for the direct 
interference studies a discriminator voltage setting corresponding to 10 keV was used. Gamma- 
spectra were recorded by means of a 4OO-channel pulse-height analyser. 

Chloroform solutions of palladium-103 and -109 had to be evaporated to dryness before counting, 
as the rhodium and silver X-rays used to detect these isotopes are strongly absorbed by solvents 
containing chlorine. 

Filterpaper. Dry Whatman No. 41 was used. 

Irradiation 

The teat samples were weighed (see Table IV), sealed in quartz ampoules and irradiated in a 
reactor simultaneously with an appropriate amount of palladium chloride standard. Times of irradia- 
tion were 12 hr or 7 days at thermal neutron fluxes of lOI or 6 x 1Or0 nmrn-*.sec-‘. For irradiations 
the Harwell DID0 and the Universities of Manchester and Liverpool Research Reactor were used. 

Development of method 

All preliminary experiments were carried out with about lo-*M palladium-103 and about 5 x 
lo-‘M copper diethyldithiocarbamate in chloroform. 

Extraction time. The time to reach the extraction equilibrium of palladium diethyldithiocarba- 
mate from 5M hydrochloric acid was investigated by extraction of palladium for different times from 
10 ml of 5 f 1M hydrochloric acid containing 1-O ml of palladium-103 solution, 5-O ml of copper 
diethyldithiocarbamate solution being used as the extractant. The organic phase was filtered, a 
3*O-ml aliquot was evaporated to dryness and the activity measured. From Fig. 1 where the activities 
of the organic phase are plotted us. time of shaking, it can be seen that extraction equilibrium is 
reached in under 1 min and that the extract is unaffected by up to 2 hr shaking. This shows that the 
chloride complex is not formed. 
chosen. 

For all further experiments an extraction time of about 5 min was 

FIG. I.-Extraction time of palladium from 5M hydrochloric acid with copper diethyl- 
dithiocarbamate (lo-‘M palladium-103; 5 x lo-‘M copper diethyldithiocarbamate). 
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Reproducibility. To test that under the conditions above, exactly equal amounts of palladium 
could be extracted from solutions of varvine Dalladium concentration. a series of solutions of 5 f 1M 
hydrochloric acid containing increasing &nounts of palladium-103 solution were extracted with 
5.0 ml of copper diethyldithiocarbamate solution for about 5 min. The activity of the extracts was 
measured as before and plotted against the amount of palladium originally present in the aqueous 
phase. From the graph obtained (Fig. 2) it can be seen that after the equivalence point was reached, 
very good substoichiometric reproducibility was achieved. 

II 1 Eqwalence pamt 

Labelled palladium saluhan, ml 

Fro. 2.-Substoichiometric reproducibility of the extraction of palladium from SMhydro- 
chloric acid with copper diethyldithiocarbamate (lOeZM palladium-103; 5 x lO-*M 

copper diethyldithiocarbamate). 

Selectivity 

Indirect interference studies. These were based on the detection of any depression of the palladium 
activity extracted as the diethyldithiocarbamate, caused by the presence of various species in the 
original aqueous solution. Palladium-103 solution was mixed with the appropriate amounts of foreign 
suecies (Table II) in 5 f 1M hvdrochloric acid and the extraction carried out as before. 
’ The species investigated in’this way included most of the metals in the oxidation states most 

likely to be present after normal dissolution procedures, and the more common non-metal anionic 
species that are stable in fairly concentrated hydrochloric acid solution. Where groups of metals were 
known to be chemically similar, e.g., lanthanides, alkali metals, alkaline earth metals, only a few 
members of the group were tested. 

Where possible the aqueous solution contained the foreign species in lOOO-fold molar excess over 
palladium. (This was based on the principle of the addition of mg amounts of palladium carrier to a 
matrix being analysed in gram quantitiei containing a high projortion of thi species.) When the 
species being examined was only sparingly soluble in hydrochloric acid, a saturated solution was used. 

From the results it can be seen that certain oxidizing substances significantly decrease the activitv 
extracted. This is due to oxidation of the reagent and 7s prevented, e&ept in ihe case of Se(N) and 
Se(VI) bv the addition of an excess of sodium StdDhite (5 ml of a freshlv DreDared saturated solution). 
The c&inued interference of selenium is due tb the-reduction of Sk&Vj and Se(M) to selenium 
metal by the sulphite. This in turn reduces Pd(II) to the metal. Sulphite itself will reduce Pd(II) 
but the reduction is normally so slow as to be unimportant. 

The only other interference with the extraction is that of Au(II1) which appears to form a more 
readily extractable diethyldithiocarbamate than palladium. 

Direct interference studies. The purpose of this investigation was to detect small quantities of 
highly radioactive species which might be extracted into the organic phase (possibly by some mecha- 
nism other than complexing with the diethyldithiocarbamate ion) without significantly depressing the 
palladium extraction. A labelled solution of the ion to be investigated was mixed with a non-active 
palladium carrier solution in 5 f 1M hydrochloric acid and the substoichiometric extraction carried 
out as before. All the platinum metals (except rhodium, which produces only a very short-lived 
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TABLE II. 

375 

Foreign ion 
added 

Ahnninium 
Antimony(II1) 
Antimony(V) 
Arsenic(II1) 
Arsenic(V) 
*Barium 
Beryllium 
Bismuth 
Borate 
Bromide 
Cadmium 
Calcium 
Cerium(II1) 
Cerium(IV) 
Perchlorate 
Chromium(II1) 
Cobalt(I1) 

Za$peH) 

*Germanium 
Gold(II1) 

(100 mg) 
Indium(II1) 
Iodide 
Iridium(IV) 

(10 mg) 
Iron(H) 
Iron(II1) 
Magnesium 
Manganese(I1) 
*Mercury(I) 
Mercury(H) 
Molybdenum(V1 
Nickel 
*Niobium(V) 
Nitrate 
05mium(1V) 

(50 mg) 

‘OsPd extracted, 
% (compared 

with standard) 

97.0 
97.7 

1.5 
97.3 
99.7 
98.6 

loo*0 
97.5 
98.5 
99.4 
97.8 

101.9 
101.0 

9i.d 
98.4 
99.4 
99.4 
98.4 

101.9 

0.7 
99.7 

101.2 

0 

- 
97-s 
25.5 

101.2 
97.0 

103.1 
99.0 
658 
98.8 
9&6 
4.0 

- 

i_Pd extracted, 
in the presence 

of excess 
NasSOs. % 

100.0 

101.5 

5.6 

103.0 

91.2 

99.5 

101.1 

948 

iorPd extracted, 
rssPd extracted, in the presence 

Foreign ion % (compared of excess 
added with standard) NasSGs, % 

Orthophosphate 98.8 
Platinum(W) 

(10 mp) 98.1 
Potassium 100.0 
Rhenium(VI1) - 101.0 
Rhodium(II1) 

(40 mg) 104.0 
Ruthenium(W) 

(10 mg) - 98.5 
Selenium(W) 66-6 25.9 
Selenium(IV) 

(1 mg) - 93.9 
Selenium(W) 5.6 53.5 
Selenium(W) 

(10 mp) 
*Silicate 9;o 

95.2 

*Silver 99.5 
Sodium 100.0 
Strontium 104.5 
Sulphate 101.5 
Sulphite 97.9 
Telhtrium(IV) 101.1 
Tellurium(VI) 75.4 102.9 
*Thallium(I) 101.2 
Thorium(W) 99.4 
Tin(I1) 103.3 
Tin(W) 96.9 
Titanium(W) 96.9 
l Ttmgsten(VI) 97.6 
Uranium(V1) 84.4 98.0 
Vanadium(V) 55.2 100.6 
Vanadium(W) 99.3 
Zinc lo:.: 
*Zirconium(W) 102.4 
l Iead(II) 101.0 
Hydrogen 

peroxide 1.6 99.0 
Ammonium 100.0 
Acetate 97.4 

1 mg (10m6 mole) of palladium present in all cases. 
10-s mole of foreign ion present unless otherwise stated. 
l Solution saturated with respect to this species. 

isotope on thermal neutron n-radiation) and those metals known to form fairly strong diethyldithio- 
carbamates were examined. 

The results (Table III) show that a small amount of activity may appear in the organic phase, 
because of incomplete separation of the phases by filtration. This can be removed by washing the 
organic phase with 5M hydrochloric acid. The only isotopes extracted to a significant extent are 
rsBAu and rr7Pt. Gold(III), as in the indirect interference studies, completely replaces palladium 
from the diethyldithiocarbamic acid. Platinum(IV) also appears to form a more readily extractable 
diethyldithiocarbamate than palladium, but the reaction is so much slower than that with palladium 
that even with excess of platinum not enough is extracted to depress the palladium extraction sign& 
cantly. 

These experiments show that the separation is very selective for palladium. The only elements 
which interfere in any way are gold, selenium and platinum. 

Elimination of interferences 

Gold. As gold is likely to be present in trace quantities in most matrices, often in similar quantities 
to palladium, and its nuclear characteristics result in a considerably higher specific activity than that of 
palladium under the same irradiation conditions, it will nearly always be necessary to remove gold 

2 
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TABLE III. 

Foreign ion 
added 

Labelling 
radioisotope 

Total 
activity 
added, 

CPS 

Activity of 
substoichiometric Radioactivie 

extract, ion extracted, 
CPS % 

Mercury(H) 
Cerium(IV) 
Silver * 
Cobalt(H) 
Thallium(I)* 
Iodine(-I) 
copper(n) 
Gold(YII1) 
Ruthenium(I\ 
osmium(Iv) 
Iridium(IV) 
Platinum(IV) 

2.0 g 
0.14 g 

0.6 g 

1.3 g 
0.6 g 
0.02 g 
0.01 g 
0.05 g 
0.01 g 
@log 

*“*Hg 
14%Ze 
IllA 

g 

s0G3 
*OPT1 
UlI 

B’CU 
ro8Au 
O’Ru 

l@SOs 
rO?r 
‘D’Pt 

7340 1.30 
3330 0.36 
1050 

13070 0.38 
10460 0.003 
18600 
29000 
23390 

7780 
5233 

72777 
800000 

0.30 

10.4 
1.0 

166.3 
1.4 
1.1 
1.0 

16000 

0.02 
0.01 
0.03 
o+-xl3 

3 x 10-S 
0.05 
0.003 
0.7 
0.02 
0.02 
0+014 
0.2 

1 mg of palladium present in all cases. 
* Solution saturated with respect to this species. 

before the substoichiometric separation is carried out. This is achieved quickly and simply by extract- 
ing the gold as gold(III) chloride from the solution in 5 f 1M hydrochloric acid, with diethyl 
ether. 

When 10 mg of gold (labelled with resAu) in 1.0 ml of palladium carrier solution in 5 f 1M 
hydrochloric acid, were extracted with three 50-ml portions of diethyl ether before the substoichio- 
metric extraction of palladium, a decontamination factor of about 2000 resulted. This decreased 
somewhat on lowering of the gold concentration and, for a solution containing 0.01 mg of gold, the 
decontamination factor was only about 200. In the test analyses, where the sample contained only 
trace quantities of gold, three ether extractions with no addition of carrier were found to be quite 
sufficient. A few more extractions may be needed for a matrix containing a high proportion of gold. 
For the platinum sample however, where a large quantity of carrier free roDAu is produced from the 
decay of the 30-min half-life looPt, the concentration of gold was too low for the ether extraction to 
give a large enough decontamination factor and so the addition of gold carrier was necessary. 

Selenium andplatinum. The reduction by selenium is insigniticant if it is present only in mg amounts, 
while the extraction of platinum is so slow that it will not extract significantly in a shaking time of 
5 min unless it is present in high concentrations. 

In the test analysis of the platinum sample it was found that a preliminary separation of palladium 
by dimethylglyoxime precipitation, reduced the platinum concentration sufficiently to prevent its 
interference. We would also expect this method to be suitable for high selenium content samples. 

Dissolution procedures 

The procedures detailed below were tested by adding 1.0 ml of palladium-103 solution to the non- 
irradiated matrix. After dissolution the palladium was extracted with a substoichiometric amount 
of copper diethyldithiocarbamate solution. No significant losses of palladium were observed. 

Rocks. To the test matrix in a 50-ml Teflon beaker, 1.0 ml of palladium carrier solution was 
added and the matrix dissolved in a mixture of hydrofluoric (10 ml), hydrochloric (2 ml) and nitric 
(10 ml) acids. After the silicon had been fumed off, four evaporations to dryness were carried out 
with 5-ml portions of hydrochloric acid, to remove oxides of nitrogen. The final residue was dissolved 
in 5 ml of concentrated hydrochloric acid. 

Biological material (kale). To the test matrix in a 150-ml beaker, 1.0 ml of palladium carrier 
solution was added. After dissolution in 5 ml of nitric acid, the solution was evaporated to dryness. 
This was repeated several times until all the carboniferous material had been oxidized. Four evapo- 
rationstodryness werecarried out with 5-ml portions of hydrochloric acid, to remove oxides of nitro- 
gen, before dissolution of the final residue in 5 ml of concentrated hydrochloric acid. 

Platinum. To the test matrix in a 150-ml beaker, 1.0 ml of palladium carrier solution and 1.0 ml 
of gold carrier solution (1 mg/ml) were added. The matrix was dissolved in 10 ml of aqua regia and 
the resulting solution diluted to about 100 ml with distilled water before addition of 2 ml of a 1% 
solution of dimethylglyoxime in ethanol. The solution was warmed and stirred. The palladium 
dimethylglyoxime formed was filtered off and washed first with dilute hydrochloric acid and then 
with distilled water. This precipitate was then dissolved off the paper by the addition of hot, con- 
centrated nitric acid. A further 1.0 ml of gold carrier solution was added, the resulting solution 
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evaporated to dryness, and the residue dissolved in 5 ml of hydrochloric acid. 
dryness were carried out with S-ml 

Four evaporations to 

the tinal residue dissolved in 5 ml F 
ortions of hydrochloric acid to remove oxides of nitrogen, and 

o concentrated hydrochloric acid. 

Extraction procedures 

The dissolved samples were diluted with 5 ml of distilled water and extracted with three 50-ml 
portions of dieth 1 ether for l-2 min. 

d 
The ether layers were discarded and the aqueous phase shaken 

with 20 ml of c oroform for 30 set (to remove any chloroform soluble substances). The separated 
aqueous phase was warmed to remove final traces of the organic solvents. After addition of 5 ml of 
freshly prepared, saturated sodium sulphite solution and 5 ml of concentrated hydrochloric acid, 
extraction was carried out with S-0 ml of copper ~ethyldit~~~te solution for about 5 min. 
The organic phase was washed with two lo-ml portions of 5&f hydrochloric acid (to remove traces of 
highly active aqueous phase), filtered, and a 3G-rnl ahquot evaporated to dryness and counted. This 
extraction was repeated once as a cheek. 

The irradiated palladium standard (weight of palladium y*) was dissolved in 5 ml of concentrated 
hydrochloric acid after the addition of 1-O ml of palladium carrier solution. Freshly prepared, 
saturated sodium sulphite solution (5 ml) was added to this solution and extraction with a substo- 
ichiometric amount of copper diethvldithiocarbamate solution carried out as for the test sampk 
Washing of the aqueous phase was omitted. The activities of equal aliquots of the organic ex&acts 
from the test (a) and standard (a.) samples were measured and the amount of palladium present in 
the test sample (y) calculated from the equation: 

RESULTS AND DXSCWSSION 

The results of the test sample analyses are summarized in Table IV. It can be 
seen that in a11 cases the reproducibility is very good. The mean values are slightly 

TABLE IV. 

Palladium Pahadium 
Sample standard sample Results of 
weight, activity, activity, Palladium found, Mean, other authors, 

Sample g cps CPS w PPm ppm PPm 

W-l * 1+359 870 3.4 3.9 x IO-* 3.9 x lo-* 
1‘0006 1320 4.8 3.6 x lo-’ 3.6 x lo-* 3.9 x lO-* 1‘9 x IO-’ 
o-5404 450 1.0 22 x 10-p 4.1 x lo-” (ref. 15) 
O-6672 1950 54 2-8 x IO-* 4.1 x lo-* l-4 x lo-” 

(ref. 16) 
PCC-1* 1+052 870 28 32 x lO-* 3.2 x 10-l 

1 moo33 1320 3-2 2.4 x lo-’ 2.4 x lo-’ 
05062 1130 1.7 1.5 x 10-8 2.9 x IO-’ 2.9 x lo-* 0.7 x 10-l 
05687 1130 1.9 1.7 x lo-’ 3.0 x lo-” (ref. 16) 
06948 1950 4.0 2.1 x 10-a 2.9 x 10-g 

Kate? l%IO31 450 1.3 2.8 x lo-* 28 x lo-* 
0.4919 1950 ;:; l-4 x lo-* 2.9 x lo-’ 26 x lo-’ 
0=4894 1950 1.1 x lo-’ 22 x 10-1 
0.4730 1950 25 1.3 x lo-’ 26 x lo-“” 

Ftsi 02615 240 5; @350 1.34 
0.2510 240 @296 1.18 1.29 213 
0.2541 

;: 
35.0 @373 1.46 (ref. 7) 

0.2514 28.2 0.300 1.20 

* Provided by U.S. Geological Survey, Washington D.C. U.S.A. 
t Provided by H. J. M. Bowen, The University, Reading, England. 
$ Sample Pt3 (Ref. 7) provided by D. F. C. Morris, Brunei University, London, England. 
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FIG. J.-Decay curves of palladium diethyldithiocarbamate extracts. 

higher than those obtained by other authors in the case of rocks15-17 and slightly 
lower for the platinum. ’ Variation of sample size indicated that there were no self- 
shielding effects in the rocks or the kale. The radiochemical purity of the palladium 
diethyldithiocarbamate extracts was confirmed both by decay measurements, Fig. 3, 
and by comparison of their gamma-ray spectra with that of the standard, Fig. 4. It 
can be seen from the spectra that the extracts from the platinum sample contained a 
very small amount of lQsAu, but as only the 22-keV peak was counted, this would 
have very little effect on the results. 

The standard rock W-l contains trace amounts of some 40 elements and large 
amounts of 6 other elements, the main constituents being SiO, and A&O,;” PCC-1 
contains trace amounts of 10 elements and large amounts of 6 other elements with 
the main constituents being SiO, and MgO. ls The platinum sample contains trace 
amounts of Se, Te, OS, Ir, Fe, Au, Ru, Co, As and Sb,iQ and the kale is a complicated 
organic matrix.20 The fact that satisfactory results were obtained with all these 
materials, including the platinum matrix which must be one of the most difficult 
materials to analyse for trace palladium, shows the versatility of the method. The 
results of the preliminary experiments, together with the radiochemical purity of 
the palladium extracts from the test analyses, clearly indicate as predicted, that 
this substoichiometric copper diethyldithiocarbamate extraction is highly selective 
for palladium. 
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CONCLUSION 

As has been shown before, metallic salts of die~yldi~oc~b~c acid are very 
suitable for substoic~omet~c separations by solvent extraction. Methods for 
arsenicsl and goldaa have been developed, and now palladium. Although a few 
extraction constants have been determined, insufficient are known for prediction of 
the conditions for the substoichiometric separation of many metals and, as our 
kinetic studies have shown, this is not the only factor involved, especially with the 
so-called inert metals such as palladium and platinum. 

Zusammenfassung-Ein hochselektives, schnelles, einstufiges radio- 
chemisches Abtrennverfahren fib Palladium wurde entwidkelt. Es be- 
ruht auf der Extraktion von Palladium-diathyldithiocarbamat aus 5M 
salzsaurer Losung mit einer unterst&hiometrischen Menge Kupferdia- 
~yldi~~~barnat in Chloroform. Das Abtrennverfahren wurde auf 
die strung von Palladium~~~ durch Neu~on~akti~e~g in 
Platin, den Gesteinen W-l und PCC-1 und einem bioiogi~hen Material 
(Kohl) angewandt. Bis herunter zu lO-* g P~ladium wurden bestimmt. 

R&urn&-On a elabore, pour le palladium, une technique de separation 
radiochimique hautement selective, rapide et en un stade. Elle est 
bas& sur l’extraction par solvant du diethyldithiocarbamate de 
palladium dune solution en acide chlorh 
substoechiometrique de i: 

drique 534 avec une quantite 
di&hyldithiocar amate de cuivre en chloro- 

forme. On a applique la separation a la determination de traces de 
palladium par analyse par activation de neutrons darts le platine, les 
roches W-l et PCC-1 et une substance biologique (thou vert). On a 
dose des quantites de palladium descendant jusqu’a lo-& g. 
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Stunmary-The e.m.f. values between a chloride electrode and a 
reference electrode were measured in aqueous NaCl solutions between 
lo-’ and 6 m, saturated KCI and IM KNOs bridges being used. The 
effect of the various liquid junctions is calculated and discussed. The 
consistency of the results is inspected, assuming either the MacInnes 
or the Guggenheim convention. The choice of different reference 
points for the standardization of the e.m.f.3 and for the activity 
coefficients is discussed. A comparison is made between the results 
obtained with an AglAgCl electrode of the second kind and a solid 
membrane chloride electrode. 

IN A RECENT paper’ the individual activities of Na+ and Cl- in pure aqueous solutions 
of sodium chloride were studied. The activity of Cl- was calculated on the basis of 
measurements made with a standard calomel electrode and a saturated potassium 
chloride bridge against an Ag/AgCl electrode of the second kind. The range of 
concentrations studied was from 10-s to 6 m. In the present paper the study has been 
extended by (a) lowering the concentrations of sodium chloride down to lo-cm; 
(b) use of a potassium nitrate bridge in addition to the chloride bridge, and (c) use of a 
solid membrane chloride electrode. The implications of these extensions and the 
results obtained are discussed. 

EXPERIMENTAL 
The experimental details have already been described previously.1 Additional particulars are as 

follows. In addition to the electrodes previously described, the Orion Analyzer Chloride Ion Activity 
Electrode Model 94-17 was employed. This electrode will be referred to as the solid membrane 
chloride electrode. In addition to the saturated potassium chloride bridge a 1M potassium nitrate 
bridge was employed. The bridges were connected with the test solutions through an asbestos fibre 
sealed in glass. The rate of diffusion is discussed below. 

RESULTS AND DISCUSSION 

The eflect of the liquid junctions 

A summary of the results obtained is given in Table I. The experimental e.m.f.‘s 
tabulated in columns b and c include the problematic liquid junction potentials (E,) 
between the bridge and the test solutions of sodium chloride. 

The calculation of E, for the sodium chloride junction with the saturated potassium 
chloride bridge (by using the Henderson equation) has already been discussed1 In a 
similar way the ~5, between sodium chloride and the 1M potassium nitrate solution 
has been calculated. The results are plotted in Fig. 1. 

It can be seen that the use of conductivities calculated for the real concentrations 
yields (in the case of the nitrate bridge) results significantly different from those 
obtained by using the limiting conductivities (unlike the case of the chloride bridge). 
In the following discussion E, will be taken from the values obtained from the conduc- 
tivities corresponding to the real concentrations. 

381 
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TABLEI.~ERIMENTAL e.m.f.‘s BETWEEN A SOLID MEMBRANE C~ORIDE 

ELECTRODEANDASATURATEDCALOMELELE~ODE 

Ecr-,mV 
NaCl 

AEj,mV 

mole/kg KC1 bridge KNOI, bridge experimental from Fig. 1 

u b C d e 

10-b 
2 x 10-b 
5 x 10-K 

lo-’ 
2 x 10-d 
3 x lo-’ 
5 x lo-’ 
7 x lo-’ 

10-a 
3 x 10-s 
7 x 10-a 

10-a 
3 x lo-’ 
8 x 10-l 

10-l 
2 x 10-r 
3 x 10-r 
5 x 10-r 

1 
2 

: 

- 
- 
- 

213.1 
199.1 
187.9 
177.1 
168.5 
157.5 
131.4 
111.4 
102.1 
76.3 
54.4 
49.4 
34.1 
25.3 
14.4 

-0.5 
-16.7 
-26.6 
-34.7 
-41.9 
-49.1 

259-o 
249.4 
234.0 
217.5 
2021 
191.8 
176.6 
170.9 
161.4 
134.2 
113.3 
104.2 
77.2 
54.4 
49.4 
33.4 
24.3 
13.1 

-2.0 
-17.9 
-28.2 
-36.2 
-43.7 
-50.8 

11.9 
105 
11.2 
10.0 

lT.1 
10.3 

;:; 

8.4 
7.5 

;:; 

z:; 

;:; 

5.9 

;:; 

5.8 

12.1 
11.2 
10.7 
10.0 
96 
9.1 

;:; 

6.5 
5.5 
4.8 
4.7 
4.5 
4.5 
4.6 
4.9 
5.3 
55 
5.6 

;:z 

I I I I I 
-5 -4 -3 

I 
-2 -I 0 I 

log %.tl' molol 

Fro. l.-Liquid junction potentials calculated with the Henderson equation. 
ad: for 1M KNOII bridge; c-d: for saturated KCl bridge; a and c using limiting 
conductivities; b and d using conductivities calculated for the respective concentrations. 
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The values of El plotted in Fig. 1 allow the calculation of the e.m.f. between the 
chloride bridge and the nitrate bridge (M,) for a junction obeying the Henderson 
equation. It is of interest to compare such calculated AE, values with the experi- 
mentally available AE,. For the reference solution of 0.lm sodium chloride, AE, has 
been determined in 47 experiments as 75 f O-3 mV. Employing this value and the 
difference between the e.m.f.‘s of columns b and c in Table I, the values listed in 
column dare obtained. Comparison with the Henderson equation values (column e) 
shows that the agreement is only fair, so that at least one of the bridges, and probably 
both, will contribute El’s not following exactly the Henderson equation. It should be 
noted that the use of limiting conductivities reduces the agreement considerably. 

When a saturated potassium chloride bridge is employed against a chloride- 
sensitive electrode, the leakage of potassium chloride into the test solution has to be 
considered. For test solutions containing a high chloride concentration such a 
leakage can be insignificant. For dilute chloride solutions it is necessary to allow for 
the contamination. Actually two effects of the contamination have to be considered : 
the first is simply the increase of the concentration of chloride; the second is the 
increase of the ionic strength of the solution, which affects the activity coefficient of the 
ions. The two effects can differ not only in magnitude but also in sense: in dilute 
solutions the two effects will in general oppose each other. 

The contamination can be studied by observing the change of e.m.f. with time. 
After a period in which the e.m.f. changes due to the step-change in the activity of the 
test solution,2 the e.m.f. assumes a steady final value when no appreciable contamin- 
ation occurs, while an approximately linear decrease (or increase) of e.m.f. with time is 
found when contamination does occur. Two such examples of contamination are 
presented in Fig. 2. 

The corrected e.m.f. (E,,,) can be easily evaluated from the experimental e.m.f. 
(E,,,) by using equation (1), which follows from the geometry of Fig. 2: 

(1) 

where the subscript ‘Tin” denotes the linear part of the curve. The &,, so obtained is 
plotted as open circles in Fig. 2. 

The slope of e.m.f. against time in the linear part of the curve is controlled mainly 
by three factors: the rate of leak of the bridge solution into the test solution; the 
volume of the test solution; and the initial concentrations of the bridge solution and 
the test solution. In the case illustrated in Fig. 2 (where the bridge is a saturated 
potassium chloride solution) the rate of leak is about 5 x 10-7mole of potassium 
chloride per hour, and the volume of the test solution is about 30 ml. Under these 
conditions no extrapolation is necessary for test solutions above 10-l m; extrapolation 
can yield results within our experimental precision for solutions down to lo+ m; 
between 10-s and 10B4 m the intercept is accurate only within i 1 mV; below 10-d m 
the extrapolation can give only qualitative estimates. These considerations apply to 
the results for the chloride bridge listed in column b of Table I. 

The next point of interest is how the leakage of a concentrated electrolyte affects 
the activity coefficients in the test solution, through the change in the ionic strength. 
Under the conditions described above, the molality of the sample has been found to 
increase by about 1.5 x lOas m/hr. Thus for a 10m4 m sample of sodium chloride 
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FIG. 2.-Change of e.m.f. with time for a chloride electrode soaked in O-1 m NaCl. 
Filled circles: experimental results; open circles: corrected by use of equation (1); 

a- in lo-’ m NaCl; b- in lo-& m NaCl. 

the y* would change after 1 hr of measurements from O-995 to O-994-an insignificant 
effect. For more concentrated test solutions the effect would be even smaller, as the 
relative change in ionic strength would be smaller. For more dilute test solutions the 
relative change in ionic strength will become more significant, but the actual effect on y* 
will be negligible, as in one hour y* can change only from 1400 (for an infinitely dilute 
solution with no leakage) to 0,995 (due to the leakage). These considerations support 
our assumption that the change in y* due to the change in ionic strength caused by the 
liquid junction may be safely neglected. 

Choice of the reference solution 

In order to obtain reproducible results with electrodes which have a standard poten- 
tial E” that is not constant, it is necessary to choose a reference solution and to assign 
to it a reference e.m.f. This has been stated briefly previous1y.l However there is a 
difference between the choice of a reference solution for a reference e.m.f., and the 
choice of a reference solution for a reference y. As a new approach will now be 
suggested, this point requires some elucidation. Theoretically the best reference 
solution would be a very dilute one, so that its activity coefficient would be close 
enough to unity, and the various conventions for the single-ion activities would yield 
the same activity coefficients within the experimental accuracy. For example, in the 
aqueous solutions of sodium chloride, ~*x~cr is O-965 at 10WSm, while y-+xcI has 
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the same value at the same concentration of potassium chloride. Thus at this concen- 

t-don Ycr(mnne8) = ?Cl-(Guggenheim) even though both coefficients still differ 
significantly from unity, since an error of f0.5 mV corresponds approximately to 
0.02 in y. For a sodium chloride solution of 1O-4 m, y* = 0995, so that this solution 
would be dilute enough for y to be assumed to be unity even within the experimental 
precision of f0.1 mV. Unfortunately the e.m.f.‘s obtained with the best available 
chloride and sodium electrodes are not Nemstian at 1O-4 m, as can be seen on plotting 
the results tabulated in Table I : at lo”” m the e.m.f.‘s (corrected for El) fall about 3 mV 
below the Nernst slope. Furthermore, measurements in such dilute solutions suffer 
from various experimental difficulties, especially the risk of contamination on prepar- 
ation and during the measurement. From practical considerations the O-1 m sodium 
chloride solution has been chosen as the reference solution. Such choice suffices for 
compiling a reproducible and unambiguous table of experimental e.m.f.‘s for a set of 
electrodes even with a reasonably unstable E”, but still leaves open the choice of a 
reference y for the comparison of the various conventions for ycl-. and yNa+. The 
objections to the choice of the 1O”‘m sodium chloride solutions have been stated above 
in connection with the reference solution for the e.m.f. One alternative approach is to 
use again the e.m.f. of the 0.1 m reference solution as the starting point for the calcula- 
tion of y. The great advantage of such an approach is that the e.m.f.‘s of the reference 
solution are completely reproducible since they are chosen arbitrarily, while the 
e.m.f.‘s of any other solution will in general be subject to some experimental error. 
However, this approach has at least one considerable disadvantage which did not 
apply to the choice of the 0.1 m solution as reference for the e.m.f. By assignment of the 
“correct” y to the 0.1 m concentration according to some assumption, the coefficients 
calculated for the vicinity of the 0.1 m concentration will appear also to be nearly 
“correct”, and the inconsistency of the assumption will become apparent (if at all) 
only at some distance from the 0.1 m concentration. On the other hand, when the 
very dilute solution is used as reference, the various y’s will all start near unity, and 
their divergence from the curve calculated with a wrong assumption will be marked in 
the interesting range of concentrations between lo+ and 6 m (compare Figs. 3 and 4 
with Fig. 5). Thus the method using the 0.1 m solution as reference is less sensitive 
than that using the very dilute solution. 

A compromise was attempted in our previous work,l the 10es m solution of sodium 
chloride being used as basis for calculations. At this concentration the behaviour of 
the electrodes appears still to be Nernstian, the experimental results are fairly re- 
producible, and the various conventions yield the same y, even though it is not unity. 
The results on the whole justified this approach, but the deviation of the y’s obtained 
for low concentrations was considerable, as was pointed out in the discussion of the 
results. 

It appears worthwhile to compare the results obtained by the two approaches. For 
brevity we shall refer to the choice of the lOma m solution for reference as “approach 
I”, while the choice of the 10-l m solution will be referred to as “approach II”. In 
practice, the difference between the two approaches is equivalent to a choice of two 
different standard potentials (E”) for the electrode, as can be seen from the following 
quantitative considerations. We employ an asterisk to mark the values corresponding 
to the reference solution of our choice. In the Nernstian range the relation between the 
e.m.f. (corrected for E,) of the first reference solution (E,‘), the standard potential 
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(E,“), the molality (mr*), and the activity coefficient taken from the literature using 
one of the single-ion conventions discussed (rr*), is: 

RT 
E,* = E,” - Tin m,* - I: In yr*. 

So Era is determined by the experimental El*, the known mr* and the chosen yr*. 
When approach II is tried, ErIo is obtained similarly from well defined values. 
Obviously E,” should equal EIIo had all our assumptions been correct. The fact is 
that E,” # EIIo, so that the interchange of the two approaches is not trivial. 

The following relations are easily deduced from equation (2) : 

RT m,* yI* 
E,” - EII” = El* - EIr* + F In 

mII* YU* 

and for any concentration 

lnYI=’ 
YII 

~~ VI - EIIo) = constant 

(3) 

It is thus evident that the y’s of one approach can be obtained from the y’s of the other 
approach merely by multiplication by the constant factor of exp[(E,” - EIIo)F/RTj. 

In our case the activity coefficients ycl- have first been calculated by approach II 
and the equation 

E=E’-Ej-- RT (In mcl- + In ycl-) 

where E is the experimental value of e.m.f. appearing in Table I, E, is taken from Fig. 
1, and E” is calculated from the reference solution of O-1 m sodium chloride with E = 

49.4 mV and the corresponding y’s taken from the literature; for the test of the 
MacInnes convention ycr- was taken as O-770, while for the Guggenheim convention 
it was taken as O*778.s,4 These reference y’s are shown by asterisks in Figs. 3 and 4. 

It should be noted that when approach II is adopted it is necessary to present the 
results in two separate figures, as &(cugsenheim) # &u,racInnes), so that the cal- 
culated y’s appearing in one figure differ from the corresponding y’s appearing in the 
second figure. On the contrary, when approach I is adopted, a single figure suffices 

($ Fig. 5), as $ouggetiiem) = ~I*caaa~~~~~~). 
In the results dealt with in this paper the scatter of e.m.f.‘s at 10ms m is small. The 

average value of 157.5 mV for the chloride bridge given in Table I compares well 
with the average of 157.6 mV obtained previously with the Ag/AgCl e1ectrode.l The 
average value of 161~4mV for the nitrate bridge is taken from 3 readings: 161.5, 
161.3 and 161.4, taken at intervals of one month. It appears therefore that the use of 
approach I is justified in this case. The y’s calculated by using this approach are 
presented in Fig. 5. 

The consistency of the results 

The y’s corresponding to the two conventions discussed are drawn in Figs. 3-5 as 
continuous curves, while the y’s calculated with the aid of equation (5) are shown as 
points. The 24 sets of points plotted are based on the 24 values tabulated in Table I; 
these are average values, representing over 100 experimental measurements. The 
scatter of the points is slight between the concentrations 1O-s and 6 m, thus supporting 
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log mNac,. molal 

Fro. 3.-Single-ion activity coefficients calculated assuming the Guggenheim convention 
and using @l m NaCl as standard. 

Curveinterpolated from literature values. Circles-for KNOt bridge. Triangles-for 
KC1 bridge. Open figures-without correction for Ej. Filled figures-corrected for Ej. 

the precision of the results, Below lo+ m the results obtained with the chloride 
bridge are considerably more scattered than those obtained with the nitrate bridge, as 
explained above. 

It can be seen that in all cases the inconsistency between the theoretical curve and 
the experimental results grows rapidly below 5 x lOA m; this appears to be the 
concentration at which the chloride electrode ceases to behave as an ideal ion-specific 
electrode. Thus a valid comparison between the fit of the points to the theoretical 
curves can be made only for concentrations above 10” m. In this range the MacIrmes 

log mNocl’ molol 

FIO. 4.-Single-ion activity coefficients calculated assuming the MacInnes convention 
and using 0.1 m NaCl as standard. 

Symbols as in Fig. 3. 
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O.-r- 

0.6- 

A 

0.4- 
AAAA 

I I I I I 
-4 -3 -2 -I 0 I 

lag mNoC, , molal 

FIO. S.-Single-ion activity coefficients lOTa m NaCl as standard. 
a-Guggenheim convention; b-MacImxs convention. Symbols as in Fig. 3. 

convention appears to give a better fit than the Guggenheim convention. To obtain a 
quantitative comparison the root mean square deviation from the theoretical curves 
has been calculated for the 16 concentrations between 10V3 and 6 m. The results are 
summarized in Table II. 

Since our experimental precision yields y’s accurate within 10.01, it can be seen 
from Table II that approach I favours significantly the MacInnes convention. When 
approach II is used the experiments with the chloride bridge favour the MacInnes 
convention, while those with the nitrate bridge slightly favour the Guggenheim con- 
vention, but the difference in RMS deviation is still within the experimental error, so 
that it is not significant. 

Similar calculations were carried out for the results without correction for Ej. 
The RMS deviations are well over O-1 (all favouring the MacInnes convention). The 
only exception is the RMS deviation for the nitrate bridge without correction for 
E, : for the Guggenheim convention it is O-16, in line with the results quoted above, 
but for the MacInnes convention it is only 0.03-a better fit than that of any previous 
results, as can also be seen in Figs. 3-5. Thus the conclusion could be reached, if not 
all the evidence was considered, that the neglect of E, gives more consistent results 
than allowance for E,. The consistency in this case is probably due to the discrepancy 

TABLEIL-ROOTMEAN SQUAREDEVIATIONFROMTHETHEORETKALY~~-OFTHE 
COE~ICIENTSCALCULATEDPROMTHEEXPERIMENTALe.m.f.'SCORRECTEDFOR E, 

RMS deviation for 
Guggenheim MacInnes 
convention convention 

Approach I KC1 bridge 0.13 0.04 
KNOs bridge 0.11 0.06 

Approach II KC1 bridge 
KNOs bridge 

0.10 O-05 
0.06 O-08 
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between the real E,‘s and those obtained with the Henderson equation, as remarked 
in the section dealing with the effects of E,. 

The following conclusions appear justified. When approach II produces a signifi- 
cantly better fit for one of the single-ion conventions, it is to be expected that approach 
I, had it been experimentally justified, would produce an even better fit for this conven- 
tion. On the other hand the absence of significant fit on the use of approach II does 
not necessarily indicate that approach I would also fail to yield a significant difference 
of fit between the conventions. Approach I appears thus to be preferable whenever 
the experimental conditions allow it. Only if the electrode is suspected of non- 
Nernstian behaviour or if the readings are not reproducible at the low concentration 
reference solution is it advisable to employ approach II. 

Finally, the effect of the use of different electrodes may be considered. The 
possibility of getting different results when using different makes of electrodes has 
already been pointed out. 6 As a concrete example the recent paper of Hansen et aZ.6 
illustrates how the use of 3 different chloride electrodes yields 3 different sets of 
results. According to the measurements reported, there is a considerable difference 
between the results obtained with an Ag/AgCl electrode of the second kind, and a 
solid membrane electrode, even though the final results are equivalent. This may be 
due to the fact that the method of measurement was different for each electrode. In 
our case comparison of column b in Table I of the present paper with Table I of 
reference1 shows that the results obtained with the solid membrane chloride electrode 
agree within the experimental error with those obtained with the Ag/AgCl electrode. 
In fact, the range of agreement extends from 10-G to 6 m sodium chloride, while the 
claim of the manufacturers’ is only up to 1 m. The response time of the solid membrane 
electrode is also comparable with that of the Ag/AgCl electrode, so that in all respects 
the two electrodes appear to be equivalent in pure aqueous sodium chloride 
solutions. 

Acknowledgement-Work performed under Grant No. NIDR 5 x 5121 of the National Institute of 
Health, U.S. Public Health Service. 

Zusammenfassung-Die EMK-Werte zwischen einer Chloridelektrode 
und einer Bezugselektrode wurden in warigen NaCl-Losungen 
zwischen 1O-5 tmd 6 m gemessen, wobei Brtlcken mit gesattigtem KC1 
und mit 1 M KNOt verwendet wurden. Der Effekt der verschiedenen 
Brtickenliisungen wird berechnet und diskutiert. Die Konsistenz der 
Eraebnisse wird untersucht, wenn man die Annahmen nach Macbmes 
od& nach Guggenheim verwendet. Die Wahl verschiedener Bezugs- 
mmkte fur die Standardisierunrr der EMK-Werte und Aktivitatskceffi- 
‘Zenten wird diskutiert. Die ETgebnisse mit einer Ag/AgCl-Elektrode 
zweiter Art und mit einer Chloridelektrode mit fester Membran werden 
verglichen. 

R&urn&On a mesure les valeurs de f.6.m. entre une electrode au 
chlorure et une electrode de reference en solutions aqueuses de NaCl 
entre 1O-5 et 6M, en utilisant des ponts de KC1 sature et de KNOIl 1 M. 
On calcule l’intluence des diverses jonctions liquides et en discute. 
On examine la consistance des rbultats en admettant, soit la conven- 
tion de Mac Innes, soit celle de Guggenheim. On discute du choix de 
differents points de reference pour l’etalonnage des f.6.m. et pour les 
coefficients d’activite. On effectue une comparaison entre les resultats 
obtenus avec une &e-&rode Ag/AgCl de deuxitme esp&ce et une 
electrode au chlorure a membrane solide. 
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Summary-n-(-)-trunk1,2-diaminocyc~ohexane-N, N, N’, N’-tetra- 
acetic acid [D( -)DCTA] was prepared stereospecifically in good yield 
by the condensation of the resolved diamine, D-(-_)-rrans-l,Z-diamino- 
cyclohexane, with sodium chloroacetate at 16”. followed by use of a 
strong cation-exchanger to obtain the free acid. Distinct differences 
were. noted in the infrared spectra of the optically active acid and the 
racemate. The molecular rotation of D(-_)DCTA showed strong 
dependence on the pH of the solution. D(-_)DCTA was used as a 
stereospecific chelometric reagent in the spectropolarimetricalIy 
monitored determination of lead. 

THE REAGENT trans-1,2-diaminocyclohexane-N,N,N’,N’-tetra-act acid (DCTA) was 
first prepared by Schwarzenbach and Ackermannl in their study on the effect of the 
positions of the nitrogen atoms on the thermodynamic stability of metal-ligand 
complexes for a series of diaminocyclohexanetetra-acetic acids. The complexes of 
DCTA with most metal ions are more stable than those of EDTA or l,Zpropylene- 
diaminetetra-acetic acid (PDTA).2 This greater stability (generally l-2 units in log K 
for most of the metal complexes) can be attributed to the fact that during chelation, 
the carbon chain between the nitrogen atoms in both EDTA and PDTA has to be 
rotated to bring the nitrogen atoms into the same plane for chelation between the 
nitrogen atoms and the metal ion to occur. The thermodynamically preferred chair 
con@uration of frans-DCTA, with the nitrogen atoms in equatorial positions, 
demands that very little reorientation of the nitrogen atoms is necessary for chelation 
to occur. 

Commercially available trans-DCTA is a racemic mixture of the two possible 
optical isomers, D(-) and L(+). Ferrone attempted the resolution of DCTA into 
its optical isomes, using (+)-phenylethylamine, (+)-camphor sulphonate, and 
(-)-quinine, but none of these attempts gave a crystalline diastereoisomer. He also 
tried to prepare the L-(+)-isomer of the acid by direct synthesis from ~--(+)-rr~r~~1,2- 

diaminocyclohexane [L(+)chxn] and sodium chloroacetate, following the general 
method used in the preparation of ethylenediaminetetra-acetic acid, but obtained only 
a viscous syrup which would not crystallize upon acidification.3 Dwyer and Garvan 
also failed in their attempt to resolve the racemic acid with (+)-cinchonine, but were 
successful in the resolution by using the (-)-cis-dinitrobis(ethylenediamine)cobalt(III) 
ion.’ This procedure is very long and tedious and the yield is extremely low. 

The work by Dwyer and Garvan showed that only two of the four possible isomers 
of the metal chelate were obtained,4 the (+)S,,[Co(-)DCTA]- and (-),&Co(+)- 
DCTAJ- isomers, proving that both optical isomers of trans-DCTA are completely 

3 391 
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stereospecific in their reaction with the cobalt(II1) ion. Models show that it is im- 
possible to obtain the isomers (+),,,[Co(+)DCTA]- and (-),,[Co(-)DCTA]- 
because of the fixed stereochemistry of the cyclohexane ring and its inability to 
accompany certain chirality, because of steric hindrances of the methylene groups of 
the ring and the acetato groups (see Fig. 1). Failure to racemize solutions of these 
optically active complexes at 100” with activated charcoal confirmed this conclusion 
experimentally. This conforms with Jaeger’s theory that one configuration of the 
complex is incompatible with one optical isomer of the ligand.5 

I_‘(- [WDF-)DCTA)]“- 

Ox- [M CD(-) DCTA,] “- 

FIG. l.-Stereospecificity of D(-)DCTA in forming L*.[M-(D(-)DCTA)]~- corn- 
plexes. 

o-(-)-truns-l,2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid [D(-)DCTA] 
was prepared by stereospecific condensation of the resolved diamine with concentrated 
sodium chloroacetate solution in a strongly basic medium, followed by the use of a 
strong cation-exchange resin to obtain the free acid. 

Spectropolarimetric titrimetry is a relatively new analytical technique first described 
by Kirschner and Bhatnagar .6 The optical rotation of the system is constantly 
monitored while the titration proceeds. An inflection in the change of the optical 
rotation indicates the end-point of the titration. Spectropolarimetric titrimetry has 
been applied to acid-base titrations, as well as to different metal systems.’ Recent 
work by Pearson et al. s*D~lo has shown the use of D-(-)-1,2-propylenediaminetetra- 
acetic acid as titrant for transition, heavy and lanthanide metals. The spectropolari- 
metric method offers several advantages over other chelometric methods, especially 
in choice of pH range for quantitative titration, because the pH range is not limited 
by the need to ensure a sharp indicator colour transition; the optically active ligand 
and stereospecifically formed complex serve as self-indicators. Since the observed 
rotation is essentially linear over large concentration ranges, the end-point is located 
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by graphical extrapolation. The large molecular rotation values of many of the 
complexes make the method very sensitive. 

In this work the synthesis and some properties of D-(-)-Puns-l,Zdiaminocyclo- 
hexane-N,N,N’,N’-tetra-acetic acid are described, together with its use as titrant for 
lead. 

EXPERIMENTAL 

Resolution of racemic trans-1,2,-diaminocyclohexane and isolation of D-( -_)-trans-1,2- diaminocyclo- 
hexane 

Technical grade racemic trans-1,2-diaminocyclohexane was distilled under reduced pressure, b.p. 
7%80”/16 mbar. Then 200 g of racemic diamine were added dropwise with mechanical stirring to a 
solution of r.-(+)-tartaric acid (350 g in 400 ml of water), the temperature being maintained below 
55”. This mixture was allowed to cool to about 5” and kept cold for an hour, after which it was 
filtered (sintered-glass Bilchner filter). The white crystals of the diastereoisomer, D-(-)-trf2rZ.F1,2- 
diaminocyclohexane L-(+)&&rate, were washed with 12Oml of ice water and sucked dry. The 
filtrate was set aside for later use in an attempt to isolate the L(+) isomer of the diamine. The crystals 
of the diastereoisomer were dissolved in the least amount of boiling water necessary (~325 ml), 
by adding the crystals in small portions to a beaker of hot water, with mechanical stirring to prevent 
burning of the product. A litre of absolute ethanol was added to the solution, which was then 
allowed to cool (with stirring) to about 5” during one hour, and then filtered. The specific rotation 
of a 1% solution of the diastereoisomer in water was determined to be +12-l” at 589 run and this 
value was compared with the literature value4 of + 12.0”. This measurement served as the criterion 
of purity. The yield was 90%. 

The diastereoisomer was suspended in water by stirring, and solid sodium hydroxide was added. 
The colour turned darker and the mixture separated into two layers. The upper layer was decanted 
off and distilled from solid potassium hydroxide under reduced pressure, b.p. 75-80”/16 mbar. 

Preparation of D-(-)-trans-1,2diaminocycIohexane-N,N,N acid 

A solution of 280 g (3 mole) of monochloroacetic acid in 150 ml of water was cooled to 10” 
and a cold solution ofsodium hydroxide, 240 g (6 mole) in 500 ml of water, was added dropwise 
with mechanical stirring, the temperature being kept below 16”. Then 58 g (0.5 mole) of the pre- 
viously resolved D-( -)1.2-diaminocvclohexane were slowly added through a dropping funnel, the 
temperature being kept below 16” d&ring the addition and-for six days &ore and %en”being raised 
to and kept at 19” for an additional six days, the solution being stirred throughout. The pH was 
adjusted to 3.5 with concentrated hydrochloric acid and the solution evaporated on a steam-bath in a 
current of air to a volume of 600 ml. The solid sodium chloride was removed by filtration (sintered- 
glass Biichner funnel). The filtrate was poured into 2 1. of vigorously stirred absolute ethanol and 
stirred overnight to allow crystallization. The crystals were suspended in 600 ml of glacial acetic 
acid and heated, with stirring, to 40” in order to dissolve the disodium salt of D(-)DCTA. The 
undissolved sodium chloride was filtered off and washed with 30ml of warm glacial acetic acid. 
The washings and filtrate were combined and added slowly to 3 1. of benzene and the mixture was 
stirred overnight. The viscous syrup deposited was crystallized by decanting off the benzene and 
pouring the viscous syrup into 2 1. of rapidly stirred acetone. This mixture was stirred for 1 hr and 
the crystals formed were allowed to settle out. The acetone was decanted off, 2 1. of fresh acetone 
were added, and the mixture was stirred overnight to dissolve traces of acetic acid. It was then 
filtered and the white solid was allowed to dry in air. The solid was dissolved in 1.5 1. of demineralized 
water and evaporated on a steam-bath to approximately 1 l., much of the acetic acid and acetone 
being thereby removed. The pale yellow solution was pumped onto a large heated ion-exchange 
column packed ,with Dowex 5OW-X8, a strong cation-exchange resin which had been previously 
washed with 8 1. of hot 6M hydrochloric acid, followed by 12 1. of demineralized water, to remove 
traces of the iron(III) generally present in the material and to convert the resin into the acid form. 
The column was washed with 2 1. of cold demineralized water and these first 2 1. of pale yellow eluate 
were discarded, as they contained traces of acetic acid and only negligible amounts of the optically 
active material. The column was then heated to 95-100” and the active acid was eluted with N44 1. 
of boiling demineralized water at a flow-rate of 10 l./hr until the eluate no longer showed optical 
activity. The eluate was reduced to about 400 ml by vacuum stripping and 600 ml of reagent grade 
acetoie were added. After cooling of the solution -overnight in ii i&-bath, white crystals fo&ned. 
They were collected on a medium porosity sintered-glass Biichner funnel and dried first in air and 
then overnight in a vacuum oven at 11 So/4 mbar. The yield was 33 %. 

The specific rotation at 589 was -53.4” for a 0.5% aqueous solution (literature value’ for the 
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anhydrous acid --53*0”). M.p. 236-238” (decomp.), literature value4 237”. Calculated forC,,H,&N,O,: 
C 48.55%; H 6.40%; N 8.09%; 0 36.96%; found C 48.8%; H 6.3%; N &2x; 0 36.7%. 

Visual chelometric titrations with standard lead solution (Tylenol Orange as indicator) showed 
loo*0 rtr o-IS% purity. 

Apparatus 
A Perk&Elmer Model 141 Photoelectric Polarimeter with a @l-m flow-through cell was used to 

monitor the titration. The titration vessel was constructed from a 125-ml Erlemneyer flask with one 
glass tube attached at the bottom centre and another about one-fifth up the side, and was connected 
to the flow-trout cell with Tygon tubmg. A magnetic stirrer both mixed the solution and pumped 
it through the polarimeter cell. A S-ml microburette with the tip immersed below the surf- of the 
liquid was used to deliver the titrant. 

Reagents 
With the exception of the solution of D(-)DCZA, all solutions were prepared from reagent 

grade chemicals. n(-)DCTA, prepared as above, and reagent grade potassium hydroxide were 
dissolved in demineralized water and this solution was standardized by visual titration against 
standard lead solution at pH = 4-7, with Xylenol Orange as indicator. All solutions were stored in 
polyethylene bottles. 

E&d of pH on the molecdar roiafion uf o(-)DCTA 

Dwyer and Garvan” reported that the molecular rotation of o-(--)-1,2-propy~enediaminetetra- 
acetic acid varied as the pH was changed. Pearson et al.* also studied this pH dependence and 
attributed it to the degree of protonation of the ligand. A similar investigation was made with 
D(-)DCTA at the 5 wavelengths available on the instrument and the results are shown in Figs. 2 
and 3. 

S~~tro~~~rimeiri~ tjtru#ion of lead 

An aliquot of lead solution was buffered to pH 4.7 with sodium acetate-acetic acid buffer and 
diluted with defeat water to 100 ml in the titration vessel. The how-trout pdarimeter 
cell was inserted in the instrument, and the digital read-out set at zero. The titrant was relativeiy 
concentrated in order to minimize dilution effects. After each incremental addition of titrant, the 
rotation was read when it had stabilized, and the titration graph was plotted, a dilution correction 
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FIG. 2,--The molecular rotation of D(-)DCTA VS. pH at 365 nm. p = @SO (KNO3. 
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FIG. 3.-Optical rotatory dispersion spectra of D(-)DCTA at various pH values, 
p = 0.50 (KNO,). 

being applied, and extrapolated to give the end-point. 
after the end-point are needed. 

Generally only five points before and five 

RESULTS AND DISCUSSION 

The change in the molecular rotation of D-(-)-DCTA with pH is due to successive 
dissociations of the ligand. The points of inflection of the curve occur at pH values 
near pK values for the racemic acid. 

The infrared spectra of both the racemic and the D-(-)-isomer of trans-DCTA 
in Nujol mull were recorded on a Beckmann IR-12 instrument and showed distinct 
differences, Figs. 4 and 5. The weak broad band at 2550 cm-l has been assigned to 
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FIG. 4.-Infrared spectrum of racemic mm-1,2-diaminocyclohexane-N,N,N’,N’-tctra- 
acetic acid. 



396 P. E. REINBOLD and K. H. PEAWON 

20 - 

0 1 I 1 I I I 
3600 3200 2800 2400 2000 1800 1600 

Wovenumber, cm-’ 

Fro. 5.-Infrared spectrum of D-(-~~i~~~diaminocrcIDhexane-N,N 

the protonated nitrogen; this would suggest that the structure of the optical isomer 
could allow a higher degree of protonation of one of the nitrogen atoms. The carbonyl 
stretching bands in the neighbourhood of 1585-1735 cm--l are not as sharp for the 
optically active DCTA as for the racemate; this suggests a greater degree of intra- 
molecular hydrogen bonding in the case of the optically active isomer. These con- 
clusions appear to be consistent with the solubility differences: the racemate is very 
insoluble in water, whereas the optically active isomer is very difficult to crystallize 
from an aqueous solution. Similar results have been reported by Dwer and 
Carvan in their studies of the infrared spectra of racemic and optically active 1,2- 
propylenediaminetetra-acetic acidSI - 

0 140 - 

7f 

L--o-* 

0 120 - 
l I875 ml 

0 100 - 

/ 
c . 

f 0080 - 
‘0 L 
0 
2 OObO- 

/ . 

i 
27 

0040- / 
. 

0020 

I/ I I 
I.0 2.0 

volume of o (-1 DCTA 

-I 

FIG. 6.-Spectropolarimetric titration of 2.0 mg of lead with D(-)DCTA at pH = 4-7 
and 365 nm. 
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A typical titration plot for lead is shown in Fig. 6, and the results are shown in 
Table I. They agreed within experimental error with those obtained spectropolari- 

TABLE I.--CONDITIONS AND RESULTS FOR THE SPECIROPOLARIML? TRIC TITRATION OF LEAD WITH D-(-_)- 

[D(-)D~TAI. M 
pH 4.7 buffer, 

ml Taken, mg 
Lead 

Found, w+ 

0.08395 25.00 20.20 20.25 f 0.03 
@05110 25.00 20.20 20.23 & 0.01 
O%U5230 1eOOt 2.020 2.036 f O-007 

* Average. of at least 3 determinations. 
t Total volume of the solution was 50 ml, and a smaller titration cell was employed. 

metrically with D-( -)-1 ,2-propylenediaminetetra-acetic acid and visually with EDTA. 
Although the molecular rotation of the lead-D(-)DCTA complex is somewhat 
greater than that of the lead-D-(-)PDTA complex at 365 nm, the sensitivity at this 
wavelength is not significantly greater. The wavelength of 365 nm was selected 
because it gave the greatest difference between the molecular rotations of the lead 
complex and the ligand. 
Acknowle@ement-This study was supported by The Robert A. Welch Foundation Fellowship 
Grant A-262. It is taken in part from the Ph.D. dissertation of P.E.R. 

Zusammenfassuog-D-(-)-trans-1,2-Diaminocyclohexan-N,N,N’,N’- 
tetraessigsliure (D( -)DCTA) wurde in guter Ausbeute stereospezi6sch 
durch Kondensation von optisch aktiven D-( -)-truns-l,2-Diamino- 
cyclohexan mit Natriumchloracetat bei 16” und Freisetzung der %iure 
mit Hilfe eines Kationenaustauschers erhalten. Zwischen den Infra- 
rotspektren der optisch aktiven Saure und denen des Racemats wurden 
deutliche Unterschiede gefunden. Die molars Rotation van D(-)- 
DCl’A ist stark vom pH der Lasung abhiingig. D(-)DCTA wurde als 
stereospezifisches chelometrisches Reagens bei der spektropolari- 
metrisch verfolgten Bestimmung von Blei verwendet. 

R&&-On a p&par& st&6osp&fiquement l’acide D-(-)-trans-1,2- 
diaminocyclohexane N,N,N’,N’-t&rac&ique (D(-)DCI’A) avec un 
bon rendement par condensation de la diamine d&oubh?e, D-(-)-truns- 
1,2-diaminocyclohexane, avec le chlorac&ate de sodium & 16”, suivie 
de i’emploi d’un &hangeur cationique fort pour obtenir l’acide libre. 
On a not6 des differences marquees dans les spectres i&a-rouges de 
l’acide optiquement actif et du racemate. Le pouvoir rotatoire mol&cu- 
laire du D(-)DCTA s’est r&616 Btre fortement dbpendant du pH de la 
solution. On a utiIis6 D(-)DmA comme reactif chblatom&rique 
st&&pt+cifique dans la determination contral&e spectropolarimCtrique- 
ment du plomb. 
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EDTA TITRATION OF CALCIUM AND MAGNESIUM 
WITH A CALCIUM-SELECTIVE ELECTRODE 

T. P. HADJIIOANNOU and D. S. PAPASTATHOPOULOS 
Laboratory of Analytical Chemistry, University of Athens, Athens, Greece 
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Summary-Direct semi-automatic and automatic derivative potentio- 
metric EDTA procedures for the determination of calcium and/or 
magnesium with a calcium-selective electrode are described. Calcium is 
titrated in the presence of magnesium at pH 12.0 and the total calcium 
and magnesium is determined at pH 9.7. Calcium in the range 1-8 mg 
and magnesium in the range O-7-5 mg am determined sexni-auto- 
matically with average errors of about 0.2 and 0.3% respectively 
and automatically with average errors of 0.4 and 0.7%. Titration 
times vary from a few seconds to a few minutes. 

THE RECENT development of a large number of ion-selective electrodes has resulted 
in a renewal of interest in analytical potentiometry. During the past three years, a 
considerable amount of work has been published which deals with the use of such 
electrodes, and in particular of a calcium-selective electrode.l-s1 Liquid-liquid 
membrane as well as solid-membrane calcium-selective electrodes are now com- 
mercially available, 4~17 the former being more widely used. The electrode responds 
to the activity of the ionized calcium in the sample, which depends on the ionic 
strength of the sample. Therefore, the working curve, E vs. [Caa+], should be pre- 
pared with standards which have practically the same composition as the samples. 
Even with such precautions, direct potentiometric techniques are unlikely to give an 
accuracy better than f 1.2 %, because the accuracy of measurements is seldom better 
than f0.15 mV and the maximum slope of the working curve is 29.6 mV per activity 
decade at 25”. Titration techniques yield more accurate results than those obtained 
by the direct method, because the titration curve is reproducible and the equivalence 
point can be easily located. In practice, some easily distinguishable point on the 
titration curve (e.g., a point of inflection or the mid-point of the section of maximum 
slope) is chosen as the “end-point” and it is assumed that the consumption of the 
titrant in going from this point to the equivalence point is small.l@ However, such 
titrations are time-consuming, requiring at least 20 min,21 because many points are 
required for each titration curve and each potential measurement is made 30-60 set 
after the addition of titrant.sJ6 

It is shown in the following presentation that the control unit of an automatic 
differential potentiometric titrator coupled with a recording electrometer and a 
constant-rate burette can be used for the automatic EDTA titration of calcium and/or 
magnesium with a calcium-selective electrode. It is not necessary to know the end- 
point potential, because the electronic circuit computes the second derivative voltage 
of the ordinary potentiometric curve, and this voltage is ideally suited to trigger a 
relay system which turns the burette off at the inflection point (end-point) of the 
titration.a8-8s It is also possible to determine calcium and/or magnesium semi- 
automatically by recording the potentiometric titration curve. The end-point is read 
from the plot after the titration is completed. Samples containing only calcium or 
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magnesium are titrated at pH 9.7. In samples containing calcium and magnesium, 
calcium is automatically titrated at pH 12-O in the presence of magnesium as magnesium 
hydroxide; total calcium and magnesium is determined at pH 9.7 and magnesium is 
calculated by difference. Titration times range from a few seconds to a few minutes. 

Apparatus 

EXPERIMENTAL 

A block diagram of the automatic titration system is shown in Fig. 1. The automatic titration 
controller (S-29691, E. H. Sargent Co.) of the Sargent-Malmstadt titrator was used. The control 
unit is coupled with a direct-reading, constant rate, motor-driven, automatic burette (Model C, 
S-11120-10, E. H. Sargent Co.), which provides a titrant delivery rate of 1 ml/n& (in the present 
work the delivery rate was + of the nominal because the available line voltage frequency was 50 Hz). 
The burette is plugged into the valve outlet on the back of the control unit. A special cell unit, 
shown in Fig. 2, was constructed. The unit consists of a beaker platform, a propeller-driven stirring 
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_.--.- 

burette controller 
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FIG. 1 .-Block diagram of automatic titration system. 

system, an indicator electrode (Orion calcium-activity electrode, Model 92-20). a reference electrode 
(Coleman saturated calomel electrode, No. 3-512) and a delivery tip. Bakelite rin of different 
diameters can be inserted in the platform to hold beakers of various sizes. Most o lgs the titrations 
were performed at room temperature, in a 50-ml beaker. 

For automatic titrations the voltage between the electrode pair is fed to the input of a multispeed 
pH-recording electrometer (Model EUW-301 M, Heath Co.) and the output signal from points 2 
and 4 of the chassis plug “U” is fed to the control unit. After the initial assembly and connection 
of the burette and the electrometer to the control unit, the usual operations consist of placement of 
sample vessel, pushing the automatic button on the control unit and reading the burette after the 
automatic termination of the titration. For semi-automatic titrations the control unit is not used 
and the burette is connected for actuation to the 110-V socket (second from bottom on side of 
recorder) of the recording electrometer. 

Reagents 

All solutions were prepared in demineralized water from reagent-grade materials. 
Bufer solution. Glycine (375 g) dissolved in about 700 ml of water, adjusted to pH 9.7 with 2M 

sodium hydroxide, and diluted to 1 litre. The solution is kept refrigerated when not in use. 
EDTA solution, OG6OOM. Standardized against standard zinc solution, which is prepared by 

dissolving reagent grade zinc (>99*9% Zn) in hydrochloric acid, Eriochrome Black T being used 
as indicator; stored in polyethylene bottles. 

Magnesium solution, O~OlOOOM. Prepared from MgSOI.7H,0 and standardized against the 
EDTA solution. 

Standard calcium solution, O*OlOOOM. Primary standard calcium carbonate is dried in an oven 
for 3-4 hr at 110” and 10lO!J g are dissolved in the least necessary amount of hydrochloric acid 
and diluted with water to 1 litre. When this solution was analysed gravimetrically or by titrating 
against the standard EDTA solution, after the addition of a known amount of standard zinc solution, 
with E&chrome Black T as indicator, the results obtained agreed within 0.2% with the theoretical 
value. 



(I) 

Titration of calcium and magnesium 401 

CIE 
DT\ 

\ 
/ SH 

PR 

/a 

/s 

3 u 
FIG. 2.-Left side-view (1) and front view (2) of the cell unit (scale 1: 6). 

MC-Motor chamber, M-motor (Citenco. type 7 FA/47 200-230~volt a.c., 50 HZ, 
1300 rpm), IR-insulation base plate of motor, P-protecting wire net, SH-stirring- 
rod holder with 2 ball-bearings, SCE-saturated calomel electrode, .%-slide bar, 
IP-iron plate, CIE-calcium ion electrode, DT-delivery tip (Sargent S-29704). 
EH-electrode holder (Orion Model 92-00-Ol), R-Rakelite ring, SR-stirring rod 

(Sargent S-76669-A), II-50-ml squat beaker, S-sliding platform. 

Procedure 

Preparation of cell unit and multispeed pH-recording electrometer. Place the stirrer slightly offset 
from centre and approximately 3 mm from the bottom of the beaker. Place the right-angled delivery 
tip immediately above the propeller and about 1 mm from the shaft of the stirrer, so that the delivery 
flow is directed at the shaft. Place the electrodes about 15 mm from the bottom and close to but 
not touching the sides of the titration beaker. 
tip of the burette to the delivery tip. 

Use small-diameter gum-rubber tubing to connect the 
Mount the complete assembly so that the beaker can be replaced 

without disturbing the electrode, burette and stirrer assembly. Adjust the scale of the electrometer 
to read from +50 mV to -150 mV, left to right. Set the chart speed at the desired value (usually 
0.15 Mjmin) and turn the function switch to “Standby”. 

Semi-automatic titration of calcium and/or magnesium. Take a 25-m] aliquot of the sample in a 
50-m] beaker and add 2 ml of buffer solution. Lock the burette “ON” by pressing its delivery push 
button and turning it by a one-fourth turn. Start the stirrer and after a few seconds turn the 
function switch to the “Record” position to obtain the titration curve for calcium plus magnesium. 
For the greatest accuracy calibrate the recorder for each titration, using the burette reading. Use 
this procedure when the sample contains only calcium or magnesium. Titrate calcium in another 
25-m] aliquot of the sample without buffer but with 0.25M sodium hydroxide added to bring the 
pH to 12.0. Calculate the magnesium content by difference from the volumes of EDTA used, sub- 
tract also the difference in the blanks. 

Automatic determination of calcium and/or magnesium. The procedure is the same as for the 
semi-automatic method except that at the beginning the function switch is turned to the “Measure” 
position and the titration is started by pushing the “automatic” button and is automatically termin- 
ated at the end-point. 

When not in use the calcium electrode is stored in a lo-*M calcium chloride solution. 

RESULTS AND DISCUSSION 

The calcium electrode responds rapidly to changes in calcium activity and with 
efficient stirring it can be used to follow the course of a complexometric titration of 
calcium and/or magnesium with continuous addition of titrant. The point of maximal 
rate of potential change is very close to the equivalence point. Thus at a delivery 
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rate of 0.05 mrnole of EDTA/min the end-point (mid-point of the section of maximum 
slope of the curve) is located beyond the equivalence point by about 0.02 ml of 
0*06&f EDTA. The electrode response to changes in magnesium activity is slower 
than for calcium and the equivalence point is overshot by O-05 ml of 0*06&f EDTA. 
The blank becomes larger, 0*07-0.10 ml, in automatic titrations. However, the 
precise definition of the end-point that the calcium electrode provides makes possible 
the accurate automatic titration of calcium and magnesium even with a blank of 
0.10 ml. 

The slope of the titration curve, the overall voltage change, and the blank, all 
depend on sample composition, buffer used, and on experimental conditions, e.g., 
titrant delivery rate and concentration, stirring rate, size of beaker, position of 
delivery tip and depth of electrode immersion. The slope and the overall voltage 
change decrease whereas the blank increases slightly with increasing ionic strength of 
the test solution. Thus for the titration of 4 mg of calcium the rate of potential change 
near the equivalence point decreased from about 9 to 3 mV/sec, when the ionic 
strength of the test solution was increased from 0.03 (pure calcium chloride solution) 
to O-4 (calcium chloride sample with added sodium chloride). The blank remained 
about the same for the semi-automatic method, but it increased for the automatic 
method by about 0.02 ml of @06M EDTA. Therefore, if the ionic strength of the 
test solution is high, for better accuracy with the automatic method the blank should 
be determined with standards closely approximating to the sample ionic composition. 
If the preparation of such standards is not easily feasible, the blank can be determined 
by analysing two portions of the sample differing slightly in magnitude, so that the 
ionic strength is about the same in both test solutions. For samples containing only 
calcium or magnesium the blank was determined by titrating standard calcium or 
magnesium solutions. 

When the ionic strength was increased by addition of sodium chloride, the voltage 
between the electrode pair shifted to more positive potentials, because of sodium 
interference.ls Therefore for high ionic strength the scale was adjusted to read from 
+lOO mV to -160 mV. A span of 100 mV, with full scale from 0 to -100 mV, was 
used in the semi-automatic method for magnesium. 

Ammonia/ammonium chloride, tris, ethylenediamine, and glycine buffers were 
tried. Partial complexing of calcium and/or magnesium, which results in errors in 
direct potentiometry, has no other effect except the shift of the titration curve. Such 
shifts were observed during precision studies, even for the same buffer and sample, 
but had no appreciable effect on the accuracy. Thus, while semi-automatic and 
automatic end-point potentials for replicates differed by up to 10 mV, the corresponding 
titrant volumes differed by less than 2%. The glycine buffer was chosen because it 
gave the greatest rate of potential change in the region of the equivalence point. 
The amount of buffer added should be such that the pH of the solution at the end- 
point is greater than 8. In the titration of calcium in presence of magnesium the 
amount of sodium hydroxide added is such that the pH of the solution at the end- 
point is greater than 11.2. 

The differentiation shows up the signal noise. To minimize noise and the number of 
false signals, the following precautions were taken: (1) the upper three-quarters of 
the electrode body were wrapped in aluminium foil, which then was grounded to a 
common outlet with the electrometer, the burette, the cell unit base and the control 
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unit; (2) the motor was shielded from the rest of the unit and grounded to a separate 
outlet; (3) a wire net was set in front of the cell unit; (4) the signal was overdamped 
by turning the damping control on the electrometer clockwise by at least a quarter- 
turn beyond the point where the pen stopped “jittering”; (5) a special electrode 
holder was used to avoid trapping of air bubbles on the porous disc; (6) efficient 
clockwise stirring at 1300 rpm was provided to accelerate the change of sample liquid 
in immediate contact with the electrode membrane, without drawing air into the 
solution. 

Occasionally during the titration of total calcium and magnesium the addition of 
titrant was stopped automatically before the equivalence point was reached, usually 
near a point corresponding to the calcium content of the sample. False early end- 
points can be easily detected from the potential value shown on the electrometer. If 

TABLE I.-TITRATION RESULTS FOR SAMPLES CONTAINING KNOWN AMOUNTS OF CALCIUM OR MAGNESIUM 

Taken, mg 

calcium Magnesium 

Found, mg Error % 

Semi- Semi- 
automatic Automatic automatic Automatic 

1.202 
2.004 
4.008 
6012 
8.016 

0.729 
1.216 
2.431 
3.647 
4.86 

1.207 I.185 
2.004 2+K? 
4016 4.004 
6.012 6.012 
8.008 8WO 

Av. 
Std. devn.. for 4 mg Ca (n = 6) 

0.733 0.723 
1.221 I.199 
2.424 2.455 
3.647 3.651 
4.84 4.88 

Av. 
Std. devn., for 2.4 mg Mg (n = 8) 

+0*4 
- 

$0.2 
- 

-0.1 
0.14 
0.38 

+05 
+0*4 
-0*3 

- 
-0.4 

0.32 
0.34 

-1.4 
+0*4 
-0.1 

- 
+0*3 

0.44 

-;.p 
-1.4 
+1.0 
+@I 
+04 

0.72 
1.10 

one should occur near the end-point, the titration must be finished semi-automatically 
by depressing the manual button on the control unit. This is necessary because the 
control unit has a built-in IO-set time delay circuit in the automatic control that over- 
rides the end-point signal. If desired, the IO-set delay interval may be over-ridden for 
titrations less than O-25 ml by releasing the delivery push button on the burette, 
actuating the automatic button, delaying for 10 set, then engaging the delivery push 
button. 

Hundreds of samples containing known concentrations of calcium and/or magnes- 
ium in different amounts and in different ratios, were titrated to check the proposed 
method. Some representative data are shown in Tables I-III. The average errors in 
semi-automatic and automatic titrations were about O-2 and 0.4% respectively for 
samples containing only calcium, O-3 and O-7 % for samples containing only magnesium 
(Table I) and O-3 (Table II) and 1.7% (Table III) for total hardness of synthetic 
samples containing only calcium and magnesium. The error for calcium and magnes- 
ium was larger in samples containing both these elements. The large error for 
magnesium in sample 6, Table III, actually amounts to less than O-02 ml of titrant. 
The relative standard deviations for the semi-automatic and automatic titration of 
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TABLE II.-!%&AUKWA~C TITRATION RESULTS FOR SAMPLES CONTAINING KNOWN AMOUNTS OF 
CALCIUM AND MAGNESIUM 

Taken, ppm Found, ppm 

Total 
Error % 

Total p 
hardness hardlleSS Total 

as hard- 
Calcium Magnesium CaCO, Calcium Magnesium $0, Calcium Magnesium ness 

198.8 61.1 148 197.7 62.0 749 -0.5 +1.5 +0*1 
158.5 49.1 598 159.2 48.5 597 +0*4 -1.2 -0.2 

99.4 30.5 314 99.3 306 374 -0.1 -to*3 - 
39.7 49.1 301 39.4 48.9 300 -0.8 -0.4 -0.3 
59.5 36.8 300 59.1 36.3 297 -0.7 -1.4 -1.0 
18.9 10.4 90 19.5 10.0 90 t3.2 -3.8 

Av. 1.0 1.4 ;3 

TABLE III.-A~~~MATIc TITRATION RESULTS FOR SAMPLES CONTAINING KNOWN AMOUNTS OF CALCIUM 
AND MAGNESIUM 

Taken, ppm Found, ppm 
Error % 

Total Total 
hardness hardness Total 

Calcium Magnesium CayO, Calcium Magnesium 
as hard- 

CaCO, Calcium Magnesium ness 

198.8 61.1 748 199.0 61.7 751 -to*1 +1-o +0*4 
158.5 49.1 598 157.2 48.4 592 -0.8 -1.4 -1.0 
99.4 30.5 374 99.9 31.2 318 -to.5 $2.3 +1*1 
39.7 49.1 301 39.7 48.8 300 - -0.6 -0.3 
59.5 36.8 300 59.2 35.5 294 -0.5 -3.5 -2.0 
18.9 10.4 90 19.1 11.5 95 t1.1 +10.6 $5.5 

Av. 0.5 3.2 1.7 

4 mg of calcium were 0.38 and 0.6% respectively, whereas for 2.4 mg of magnesium 
they were 0.34 and 1.1%. 

The first and third derivative curves were also used for the semi-automatic and 
automatic titrations respectively. They were obtained by differentiating the output 
signal from points 2 and 4 of the chassis plug “U” by a simple resistance-capacitance 
differentiator (Fig. 1. R = 0.5 MQ, C = O-47 pF). Results obtained were less 
accurate and precise than those obtained by using the titration curve or its second 
derivative curve. 

The semi-automatic method provides the best accuracy but it requires longer times 
than the automatic method. For greater accuracy, samples containing less than 
0.02 mmole of titrated ions or more than 0.2 mmole per 25 ml of solution should be 
titrated with more dilute or more concentrated solutions respectively. 

The regular voltage vs. volume curve for the titration of calcium, together with its 
recorded first derivative curve, are shown in Fig. 3. It can be seen that the first deriv- 
ative end-point (Fig. 3B) occurs slightly later than the ordinary titration curve end- 
point (Fig. 3A). 

To check the possibility of back-titration with the proposed method, calcium 
solutions were analysed indirectly, semi-automatically and automatically, by titrating 
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FIG. 3.-Recorded curves for the semi-automatic titration of calcium with EDTA. 
A-Ordinary titration curve. B--Fint derivative curve. 

excess of EDTA with standard calcium solution. Results obtained were as accurate 
but less precise than those obtained for the direct titration of calcium with EDTA. 

An attempt was made to improve the magnesium titration by substituting a 
1W3M magnesium chloride solution for the internal calcium chloride reference 
solution. The blank was slightly decreased, 0*03 ml compared with 0.05 ml, but the 
accuracy and precision remained the same, for both semi-automatic and automatic 
titrations. 
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Zusammenfassang-Direkte halb- und vollautomatische derivativ- 
potentiometrische Vexfahre.n zur Bestimmung von Calcium md/oder 
Magnesium mit EDTA und einer Calcium-selektiven Elektrode werden 
beschrieben. Calcium wird in Gegenwart van Magnesium bei pH 12,O 
titrierr und die Summe von Calcium und Macho bei pH 9,7. 
Calcium im Bereich l-8 mg und Magnesium im Bereich 0,7-S mg 
lassen sich halbautomatisch mit durchschnittlichen Fehlem von 
0.2 bzw. 0,3x, vollautomatisch mit durchschnittlichen FebIern 
von 0,4 bzw. 0,7x bestimmen. Die Titrationszeiten liegen bei einigen 
Sekunden bis einigen Minuten. 

R&am&--On d&it des techniques JZDTA potentiometriques d&iv&s 
directes, semi-automatiques et automatiques, pour le dosage du calcium 
etjou du magnesium aver une Bectrode s&xtive du calcium. On titre 
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le calcium en la presence de magn6sium a pH 12,0 et le total calcium et. 
magnesium est determine il pH 9,7. Ix calcium dam le domaine 
l-8 mg et le magnesium dans le domaine 0,7-5 mg sont determines 
semi-automatiquement avec des erreurs moyennes d’environ 0,2 et 
0,3 % respectivement et automatiquement avec des erreurs moyennes 
de 0,4 et 0,7x. Les temps de titrage varient de quelques secondes il 
quelques minutes. 
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Smomary-A neutron-activation method for the simultaneous deter- 
mination of cobalt, cop r, gallium, iron, tungsten and zinc in rocks 
is described. The me t/? od is based on anion-exchange segaration 
in hydrochloric acid media. Chemical yield is higher than 97 X for all 
elements, except for tungsten, where the recovery of the carrier is 
established by reactivation. The precision is about l-3 % for the iron 
determination and about 3 % for cobalt, copper, gallium and zinc. 

SINCE the pioneer work of Kraus and Nelson,l anion-exchange separation of metals 
in relatively concentrated hydrochloric acid media has been extensively used in 
analytical chemistry. In activation analysis, a large number of investigators have 
used this technique for radiochemical separations of a number of elements in various 
matrices. Applications to activation analysis of geological material, however, have 
been rather scarce.a-6 

The only previously published neutron-activation method for rocks based on 
anion-exchange in hydrochloric acid media as a single separation step, seems to be a 
work on the simultaneous determination of copper, gallium and zinc, carried out 
in the authors’ laboratory.4 The present investigation is an extension of this work, 
including the determination of cobalt, iron and tungsten in addition to the three 
elements mentioned above. Instead of alkaline fusion, as used in the previous paper, 
hydrofluoric acid is used for decomposition of the samples. In this way a somewhat 
simpler method is obtained, giving results of higher precision and accuracy. 

Although lengthy, the decomposition of the irradiated rock samples with hydro- 
fluoric acid was found to possess several advantages compared to decomposition 
with sodium hydroxide as previously used. 4 First the disadvantage of introducing a 
solution of high salt concentration onto the anion-exchange column is avoided. 
Secondly, as silicon is removed during the dissolution step, there is no risk of obtaining 
reduced flow-rates through the columns because of precipitation of silica on the resin. 

After dissolution of the evaporated sample in 9M hydrochloric acid, with boric 
acid as a complexing agent for the remaining fluorides, the resulting solution is added 
to the anion-exchange column. The individual elements are then eluted, after ap- 
propriate washing steps, with solutions of hydrochloric acid of gradually decreasing 
molarity (Co with 4M, Cu with 3M, Fe and Ga with 0*5M hydrochloric acid, and 
finally Zn with 1M ammonia). The recovery of each element has been studied by 
means of separate radioactive tracer experiments, six for each element. The results, 
which are given in Table I, show that the recoveries are better than 97% for the five 
elements studied, and that a reproducibility of the order of 1% can be obtained. If 
samples and standards are treated the same, a separate step for chemical yield deter- 
mination should be unneccessary. 

4 407 
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In the course of the experiments, activity from Is7W was observed in the elution 
fractions containing copper. Tracer experiments showed that 30-40 % of the tungsten 
was eluted together with copper, while the remaining activity was found on the 
column after the elution, probably because of hydrolysis. After the introduction of a 
re-activation step for chemical yield determination, this element was determined in 
the same fraction as copper. 

In most of the zinc fractions, the O-56-MeV y-ray of la2Sb was observed. It was 
shown by tracer experiments that antimony is quantitatively retained on the column 
until the elution step with 1M a~onia. In some samples, however, the fraction of 
antimony eluted even in this fraction was rather low. Fur~ermore, the complete 
exchange of radioactive and carrier atoms during the dissolution step is doubtful. 
The determination of this element was therefore omitted. 

EXPERIMENTAL 

Apparatus 

Counting equipment. A 4OO-channel gamma-spectrometer with a well-type 75 x 75 mm NaI 
07) crystal. 

Anion-exchange columns. Columns of 12 mm internal diameter Bled with Dowex l-X8 (100-200 
mesh, chloride form) to 85 j_ 5 mm height of resin bed. Before use, the columns are equilib~ted 
with 9M hydr~hloric acid. 

Reagents 

Standards. The standards used for cobalt, copper and zinc are solutions of the respective metals 
in dilute nitric acid. For gallium, a solution of the metal in dilute sulphnric acid is used. The tungsten 
standard used is a solution of tungstic oxide in dilute ammonia. The following concentrations have 
been found suitable: Co, 0.5 mgjml; Cu, 1.0 mglml; Ga, 0.2 mg/ml; W, 0.02 mgjml; Zn, 2.0 mg/ 
ml. About 100 mg of high purity iron metal is used as the iron standard. 

Carrier solutions. The following concentrations are used: Co, 10 mglml; Cu, 4 mglml; Fe, 
10 mg/ml; Ga, 1 mglml; W, 2 mgfml; Zn, 10 mg/ml. 

Treatment o~sam~les and stanahis for ~rr~iation 

Accurately weighed standard rock samples (about 100 mg) are wrapped in sheets of al~i~urn 
foil. A composite standard of Cu, Co, Ga and Zn is prepared by sealing 100 ~1 of each standard 
solution in a silica ampoule. In a second ampoule 100 ,ul of the W standard are sealed. The Fe 
standard is wrapped in aluminium foil. The irradiations are carried out for 20 hr at a thermal 
neutron flux of about 3 x lOlo n . mm-* , see-‘, ten samples in each irradiation, The samples are 
allowed to stand for 30 hr, for the decay of 66Mn and SaNa activity. 

Radiochemical separation procedure 

The irradiated rock powder is transferred to a 250-ml polypropylene beaker containing 5 ml of 
concentrated hydrofluoric acid, 5 ml of concentrated nitric acid and 500 ~1 of each of the carrier 
solutions. After evaporation of the solution to dryness on a water-bath, an additional 5 ml of concen- 
trated hydrofluoric acid are added, and the mixture is evaporated to dryness again. This step is 
repeated. The residue is dissolved in 10 ml of 9M hydrochloric acid + 1 ml of 2 ,% boric acid solution. 
The solution is allowed to stand for at least 2 hr. 

The irradiated standard solutions, after centrifugation of the ampoules at moderate speed, are 
transferred to a 50-ml volumetric flask. The iron metal standard is dissolved in a few ml of 9M 
hydrochloric acid and transferred to the same flask. The solution is diluted to the mark with 9M 
hydrochloric acid. Three aliquots of 5 ml each are transferred to separate 250-ml polypropylene 
beakers and treated as described above. 

The sample solutions and the corresponding standard solutions are passed through the columns 
at a flow-rate of approximately 0.5 ml/min. When the solution has reached the top of the resin bed, 
washing is performed with three 5-ml portions of 9M hydrochloric acid. Cobalt is eluted with three 
5-ml portions of 4M hydrochloric acid, copper and tungsten with four S-ml portions of hydrochloric 
acid, iron and gallium with four S-ml portions of 0+5M hydrochloric acid and zinc (and some antimony) 
with four 5-ml portions of 1M ammonia. 
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All the eluates are collected in lOO-ml polyethylene screwcap bottles for gamma-activity measure- 
ments. 

Activity measurements 

The gamma-ray measurements of 12.8~hr %u (051 MeV), 13*8&r “%%I (044 MeV) and 14.0&r 
‘*Ga (083 MeV) are started as soon as possible after the elution. In some samples, a minor correction 
for the contribution of the 0*48-MeV y-ray of l*vW to the O-51-MeV peak of %u has to be applied. 
The measurement of 24-hr l8’W (0.068 MeV) is postponed until 2 days after the elution, to reduce 
the %u activity of this fraction to a suitable level. Measurements of 53-y *OCo (l-33 MeV), 45-d 
s’Fe (1.29 MeV) and 245-d esZn (1.11 MeV) in the respective fractions are accomplished after one 
week. Peak area calculations are performed after the method of CovelLe 

The eluted fractions are essentially free of activities other than those already mentioned. In the 
cobalt fraction, activity of *;*Pa (from thorium) is observed in most samples. This activity, however, 
does not affect the measurement of the 1*33-MeV peak of %o. Traces of the major activities *“Na 
or lroLa due to incomplete washing could interfere in the measurements. The presence of these 
nuclides, as revealed by presence of the 2.75 MeV or 160 MeV y-rays respectively, has not been 
confirmed in any sample. 

In samples containing appreciable amounts of gold, difficulties might be encountered with 
interference from the 0*41-MeV y-ray of lssAu in the measurement of sOmZn. No such interference is 
indicated, however, in the present samples, In the zinc fractions, in addition to l**Sb-l**Sb, trace 
activities of seFe have been observed in a few samples. This interference is easily removed by spectrum 
stripping. 

The results presented for zinc have been obtained from the measurement of @lmZn. Results 
calculated from the ssZn measurements, however, are in good agreement with those from 6emZn. 

TAJSLEI.-CHEMICAL YIELD (%) OBTAINED FOR Co, Cu, Fe, Ga AND Zn 

Experiment 
no. Cl1 co Fe Ga Zn 

1 98.0 99.5 96.8 100.7 100.2 
2 99.3 99-4 97.4 95.9 100.6 
3 99.4 96.5 97.5 99.2 100.3 
4 99.7 98.4 97.3 100.6 97.6 
5 95.9 98.0 96.6 98.4 101.0 
6 98.8 96.6 98.2 97.7 99.9 

Average 98.5 f 1.3 98.1 f l-3 97.3 f 0.6 98.8 f 1.3 99.9 f 1.2 

Chemical yield determination for tungsten 

After measurement, the fractions containing tungsten are transferred to volwnetric flasks and 
diluted to 100 ml with water after addition of 0.5 ml of concentrated hydrofluoric acid. After thorough 
mixing and shaking, l*OOml of each fraction is sealed in a polyethylene ampoule. After 30min 
irradiation at a neutron flux of about 15 x 1Ol1 n . mrP. se-r1 and 2 days delay, the relative 
recovery of tungsten carrier in samples and standards is established by means of y-spectrometry, and 
corrections are applied to the calculated results. 

RESULTS AND DISCUSSION 

The results obtained for the elements in question in five different U.S. Geological 
Survey standard rocks are shown in Table II. Five replicate determinations of each 
element are reported in all cases except for tungsten. The precision is indicated for 
each element by the calculated relative standard deviation of a single value. 

In Table III, the mean values of the present work are compared with literature 
values obtained by neutron activation. For sample W-l, the “recommended values” 
from the recent compilation by Fleischer’ are included in the Table. Correspondingly, 
the mean values from the compilation of Flanagan* for the other four standard rocks 
have been included. In several cases, however, these mean values are not especially 
useful for the discussion of accuracy, because they have been calculated from all 
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data available, including those obtained by analytical techniques not especially 
suited for precision work in the trace concentration region. For a major element such 
as iron, however, these mean values should probably be good estimates of the “true” 
values. 

The results obtained for each element are discussed in detail below. 

Iron 

Neutron-activation analysis has not been extensively used for iron determination 
in rocks so far. This is mainly due to the fact that good conventional chemical methods 
are available, which differentiate between the oxidation states of iron. The few 
neutron-activation data available so far for the standard rocks do not appear to be 
very promising. By the present method, however, iron can be determined with a 
precision that can be considered as satisfactory for most purposes. The fact that the 
mean values, with the exception of G-2, are in agreement with the average values of 
Flanagan8 or the recommended value by Fleischer’ within 1% or less, indicates that 
the accuracy of the results is good. The present method for determining total iron, 
although too detailed for routine determination of this element alone, should still be 
very useful for obtaining iron data simultaneously with the determination of other 
elements included in the scheme. 

Copper, gallium and zinc 

By the present method, the precision for the determination of these elements has 
been improved to about 3 % from approximately 5 % obtained in the previous work.4 
The copper results from this work are slightly higher than the previous values, 
especially at low copper content. The present results are believed to be more accurate, 
because the 64Cu activity in the present case has been measured in a fraction essentially 
free from other activities, while in the previous work, ‘%u was eluted in the same 
fraction as T2Ga and b9Fe. Interference from the 64Zn(n, P)~~CU reaction has been 
estimated to be negligible. 

The gallium results from this work are about 5% lower on average. This is 
consistent with the fact that the gallium content of the standard solution used in the 
previous work, made from GazO, which is very difficult to dissolve completely, was 
found to be 6 % lower than that used in the present work, made from metallic gallium. 
The present results are also in better agreement with other literature data. 

The mean values for zinc in the two sets of data are in reasonable agreement, 
although the difference is as high as 10% in the cases of BCR-1 and GSP-1. 

Cobalt 

This element can be determined by purely instrumental activation analysis, using 
an NaI detector,g a Ge(Li) detector,lO or two NaI detectors coupled in coincidence.lz 
The radiochemical values from this work, however, show higher precision than those 
obtained by the instrumental methods. The agreement of the present set of data with 
the previous values is reasonably good, especially with the work of Gordon et aLI 

Tungsten 

The results obtained for tungsten in this work are not as precise, mainly because 
of the low content of tungsten in the samples. The result for W-l, although slightly 
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lower than previous literature data, is still in reasonable agreement with most of 
them.27*2* The values cited by Flanagan* for the other standard rocks are from a work 
by Chan and Riley,3l using a spectrophotometric method. These values are in con- 
siderable disagreement with those from the present work. Although a considerable 
number of elements can now be determined by some variant of instrumental activation 
analysis, it seems that the use of methods employing radiochemical separations is still 
justified, even for those elements which can be estimated instrumentally, if precise 
and accurate results are required. The main objection to such methods is that a large 
amount of time and work is often necessary. The present method, however, as well as 
similar methods based entirely on ion-exchange separations, should not be considered 
too unfavourable in this respect. A considerable number of samples can be handled 
simultaneously, and the column operations are well suited for automation. 

Zusammenfassung-Ein Neutronenaktivierungsverfahren zur gleich- 
zeitigen B&mmung van Kobalt, Kupfer, Gallium, Eisen, Wolfram 
und Zink in Gesteinen wird beschrieben. Das Verfahren beruht 
auf Trenmmg durch Anionenaustausch in salzsauren Medien. Die 
chemische Ausbeute ist bei allen Elementen hiiher als 97x, auder 
bei Wolfram; hier wird die Ausbeute an Trlger durch emeute 
Aktivierung ermittelt. Die Genauigkeit betrtigt etwa 1,3x bei der 
Eisenbestimmung und etwa 3 % bei Kobalt, Kupfer, Gallium und Zink. 

R6smn6-On d&it une methode par activation de neutrons pour la 
determination simultanee des cobalt, cuivre, gallium, fer, tungstene et 
zinc dans les roches. La m6thode est bas6e sur une separation par 
&change anionique en milieux acide chlorhydrique. Le rendement 
chimique est sup&ieur a 97 % pour tous les &ments, a l’exception du 
tungstene, ou la r&cup&ation de l’entrameur est etablie par reactivation. 
La pr6cision est d’environ 1.3% pour la d6termination du fer et 
d’environ 3 % pour les cobalt, cuivre, gallium et zinc. 
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CATALYTIC THERMOMETRIC TITRATIONS IN NON- 
AQUEOUS SOLVENTS BY COULOMETRICALLY 

GENERATED TITRANT 
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Smnmary-Chtaly-tic thermometric titrations have been deveIoped 
for tertiary amines and salts of organic acids in acetic and propionic 
anhydride with t&rant coulometricalIy generated at a mercury and/or 
platinum anode, hydroquinone being added to the solution titrated 
if the piano anode is used. The results obtained are compared with 
those obtaked by coulometric titration with the end-point detected 
either photometrically or potentiometricafly. 

IN A PRWIOUS communication we announced the principles of catalytic thermometric 
titration of bases by the coulometric generation of hydrogen ions in a mixture of 
acetic anhydride and acetic acid. l Mather and Anson determined small amounts 
of bases and were the first to give a coulometric method for the titration of bases in a 
mixture of acetic acid and acetic anhydride, for the generating hydrogen ions by 
processes at a mercury anode. The end-point was detected potentiometri~y, a 
slow and complicated procedure. 

In the present paper we describe the catalytic thermometric titration of bases 
with coulometric generation of the titrant and compare the results obtained with 
mercury and platinum generator anodes. When the platinum anode is used, hydro- 
quinone is added as anode depolarizer and source of hydrogen ionsa*3 in order to 
give a current efficiency of 100%. For the indicator reaction, use is made of the 
exothermic reaction between acetic or propionic anhydride and the water present, 
as well as of the addition reaction of acetic anhydride with the quinoid system, 
catalysed by hydrogen ions. Tbe amount of water in this indicator reaction is of 
decisive im~~ance for the shape of the titration curve in catalytic ~e~ometric 
titration. Figure 1 shows the titration curve for pyridine in a supporting electrolyte 
consisting of a mixture of acetic acid and acetic anhydride (1: 7) that was O-l&i in 
sodium perchlorate. For observation of the effect of water alone, hydrogen ions 
were generated (in the absence of hydroquinone) on a platinum anode with a current 
of 2-7 mA. The curves obtained show that with a lower water content in the sample 
there is a lower increment in temperature after the equivalence point, and that the 
sharpest slope of the curve is achieved if the water content is under O-4 %. 

Another possible indicator reaction is the addition of acetic anhydride to the 
quinoid system, also an exothermal process, which permits the dete~nation of very 
weak bases as well, since it is possible to avoid even traces of water in the system. 

Other organic solvents can also be used for anodic titrant generation. Thus we 
extended our studies to the system of mixtures of propionic anhydride and propionic 

415 
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6 

min 
Fro. I.-The effect of water in the indicator reaction on the shape of curves in catalytic 
thermometric titrations. The numbers on the curves represent the percentage of water 

added in the analysis. 

acid, which also gave us satisfactory results, Coulometric generation of base in the 
catholyte permits the determination of acids, if the titration is carried out in acetone. 
Vaughan and Swithenbank4 determined the titration end-point from the temperature 
increase when titrating different acids in acetone with butyltrimethylammonium 
hydroxide or by potassium hydroxide in methanol or isopropanol. Coulometric 
titration makes it possible to simplify this excellent method for the determination of 
acids by eliminating the addition of the titrant. We detected the titration end-point 
also on the basis of the endothermic effect appearing if the titration is done in a 
mixture of acetone and diacetone alcohol. 

Coulometric ti~ation simplifies the procedure and avoids errors due to volume 
change, difference in tem~rature between solutions, etc. 

Solvents and reagents 
EXPERIMENTAL 

All chemicals used were either of pro analysi purity, or pharmaceuticals. Preparation and stan- 
dardization of solutions have been described earlier.1~6 

For tbe preparation of solutions free of water and of acetic anhydride, use was made of acetic 
acid (C. Erba, s.g. lG51, Rp grade) and propionic acid (C. Erba, s.g. 0.993, min. 99 %, RF grade). 

Acetic anhydride and propionic anhydrlde were used without special purification. 
Sodium perchlorate was prepared from sodium hydroxide and perchloric acid and reerystalked 

several times. 
The indicators were 0.25 % solution of Crystal Violet in acetic acid, 0.25 % solution of Methyl 

Violet in acetic acid, and 0.1% solution of Malachite Green in acetic anhydride. 

Appllratus 

Hydra en ions were generated at a mercury anode (ea. 300 mm*) at a constant current density of 
p3: 3 or 9 u mmZ. or at a ulatinum electrode at a current of 0.9 or 2.7 mA. The plating anode con- 

sisted of a pla~n~ wi;e (16 mm long, diameter 0.5 mm) sealed into the bo&om of the titration 
vessel. The cells were isolated during the determination in order to prevent the influence of outside 
temperature changes. The solution to be analysed was separated from the catholyte by a sintered 
glass disc, porosity 4. 

The recorder of a Radiometer nolarot?rauh PO 3h was used to register the temperature indicated 
by the thermistor, or the change ii phot&&rent (in a large colori&ter8) resulting from the change 
iu absorbance of the titrated solution. The thermistor was connected according to the diagram in 
Fig. 2, which also shows the generator circuit. 
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PIG. 2.-Schematic diagram of coulometric catalytic thermometric titration. l--Source 
of d.c. (voltage stabilizer ST-K!, RR Zavodi NiQ. 2-10 kfJ semi-variable resistor. 
3-100 kCl semi-variable resistor. ~~~li~ter BL 2 with scale in 0.01~mA 
divisions. S--Magnetic stirrer. 6-Mercury anode. ‘I-Magnet. S-X.nsulator. 9-- 
Sintered-glass disc, porosity 4. l~o~orne~c titration cell. ll-Pla~~ Catbode. 
I2-Thermistor (5 kQ. 13-S kQ resistor. 14-10 kill rheostat. 15-Switch. I6-- 

2.6-V battery. 17-Recorder. 

Procedure 
A supporting electrolyte was prepared, consisting of O*IM sodium per&orate in 1:7 acetic 

acid-acetic anhydride mixture. For end-point detection by the catalytic thermometric method, a 
de&rite volume of a 10% solution of water in acetic acid was added, so that the water content in the 
indicator reaction system amounted to below 0.2%. A solution of the substance to be anaiysed was 
prepared in the supporting electrolyte, and 7-ml samples were taken. 
of sample solution were used. 

In photometric titrations 14 ml 
The electrolysis was made at a constant current of O-9 or 2.7 mA, and 

the sample weights were such that the time of electrolysis was about 10 min (with a precision of 
0.1 sec.). When hydrogen ions were generated at a platinum electrode, about 2 mg of hydroquinone 
per ml was also added. 

The left-hand cuvette of the adapted calorimeter was filled with pure solvent and ill~t~ 
with a yellow light-bulb; the right-band cuvette was filled with the solution to be analysed, plus one 
drop of @25x Crystal Violet solution. For caffeine, Malachite Green was used as indicator, and 
since catleine is a very weak base, the titration was done in acetic anbydride which was @liM in 
sodium perchlorate. 

RESULTS AND DISCUSSION 

The ti~ation end-point was dete~ned in three ways: potentiomet~c~Zy~ 
photomet~~lly~ and by catalytic thermometry. The end-point in catalytic thermo- 
metric titrations was determined from the graph of temperature against time, as 
illustrated in Fig. 3, curve A. If the amount of water in the indicator reaction is 
reduced from 2% to below 0.2% and the titration done in acetic anhydride, the 
detection of the end-point in cataIytic the~omet~c titrations of bases is greatly 
simpIi~ed because the indicator reaction becomes ins~n~eous. The reproducibi~~ 
is improved by a factor of almost 2. In addition, by reducing the amount of water or 
completely eliminating it in the indicator reaction, it is possible to determine even 
very weak bases. In dete~nation of the weak base caffeine the changes in temper- 
ature at the end-point are fairly small. For example, after about @04 cb has passed, 
after the equiv~ence point, the change in tem~rature amounts to only 0.~~*19’, 
yet it is possible to detect the end-point satisfactorily. The differential thermometric 
technique* is especially useful in this case. 

As can be seen from Table I, bases have successfully been determined in amounts 
of l-3 mg. For any particular substance the m~mum deviation of results from the 
mean for the three methods amounts to f 1%. The average deviation of individual 
measurements is f0*4%. The weak bases antipyrine (p& = 12.40 in water) and 
caffeine (plu, = 13.39) have successfully been determined. We have not been able to 
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min 

FIG. 3.---Catalytic thermometric titration cwws for (A) 16 ,umoIe of potassium acetate 
in acetic anhydride at constant current of 2.7 mA, (B) 6.7 pmole of benzoic acid in 

acetone at constant current of 1.5 mA. 

determine caffeine by catalytic thermometric titration when using a mercury generator 
electrode, since during the titration, or rather at the equivalence point, there is no 
jump in the temperature rise. This confirms that in catalytic thermometric titration 
of very weak bases the equivalence point can be determined only by the acetic an- 
hydride-hydroquinone indicator reaction, owing to the hindrance of water in the 
system titrated. The advantages of the platinum generator electrode are obvious. 

The photometric titration curve is given in Fig. 4. Its shape depends on the 
indicator, photocell and source of light used. At the titration end-point, with Crystal 
Violet as indicator, there will be a maximum in the absorbance, because as hydrogen 
ions are generated and neutralize the base, the violet colour changes first to pure blue, 
and then to green and yellow. This maximum indicates the end-point (Fig. 4, curve 1). 
If Malachite Green is used as indicator, the titration end-point is determined from the 
inflexion point (Fig. 4, curve 2) since the colour change is from green to yellow. 

mm 

FIG. 4.-Photometric titration curve for 38.7 pmole of pyridine in acetic anhydride 
in the presence of: I-Crystal Violet as indicator; II-Malachite Green as indicator. ‘ 
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Methyl Violet behaves similarly to Crystal Violet, except that the maximum is less 
pronounced. Taking as example the determination of pyridine by different methods, 
it can be concluded that the results are in good agreement (Table II). The maxima 
when Crystal Violet is used as indicator are sharper if the platinum generator electrode 
is used. 

Potentiometric titrations of bases with the coulometric generation of hydrogen 
ions were carried out according to Mather and Anson, and took a very long time 
(30-40 min) because of discontinuous titration around the equivalence point, 

In Table III comparative results are given of catalytic thermometric, potentio- 
metric and photometric titrations of some bases in a mixture of propionic anhydride 
and propionic acid (7: 1), which is O*IM in sodium perchlorate. 

Coulometric determinations of acids in acetone or mixtures of acetone and di- 
acetone alcohol as catholyte, with catalytic thermometric detection of the end-point 
by an exothermal or endothermal indicator reaction were carried out in a supporting 
electrolyte consisting of 0.5M sodium perchlorate solution in acetone. 

The acetone used as solvent should be dry. At higher water content in the acetone 
the temperature changes after the equivalence point are poor whereas at a low water 
content good titration curves are obtained, as illustrated in Fig. 3, curve B. The 
results are in good agreement with those obtained by other instrumental methods. 
Thus, for example, in six successive determinations of 0*8-mg samples of benzoic 
acid the average deviation amounted to 15 %. 

Acknowledgement-This work was supported partly by the Research Fund of the Autonomous 
Province of Vojvodina. 

Zusammenfassang-Katatytische thermometrische Titrationen ftb 
tertiiire Amine und Salze organischer S&nen wurden entwickelt. Sie 
werden in Essigslure- und Propions&rmanhydrid ausgefiihrt; der 
Titrant wird an einer Quecksilber- und/oder an einer Platinanode 
coulometrische erzeugt. Bei Verwendung der Platinanode wird der zu 
titrierenden Lijsung Hydrochinon zugesetzt. Die Ergebnisse wurden 
mit solchen verglichen, die durch coulometrische Titration mit photo- 
metrischer oder potentiometrischer Endpunktsanzeige erhalten wurden. 

R&m&--Gn a elaborc des titrages thermom&iques catalytiques pour 
les amines tertiaires et les sels d’acides organiques en anhydrides 
ac&ique et propionique avec l’agent de &rage engcndre coulom&ique- 
ment sur une anode de mercure etlou platine, de l’hy~oquinone &ant 
ajoutee ii Ia solution tit&e si l’on emploie I’anode de platine. Les 
resultats obtenus sent cornpa& avcc ceux obtenus par titrage coulo- 
mbtrique avec ie point de Bn de reaction detect6 soit photom~t~quement 
soit potentiom&iquement. 
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Laboratoire de la Ptiacie, H&pita1 Claude Bernard, Paris XIX&me, et Laboratoire de Chimie 
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R&mm&-I.,“amidum de sodium est dkompod par les composds k 
hydro&ne mobile avec dkgagement stoechiomkique d’ammoniac qui 
est do& par un acide titrb. La technique proposk a 6th appliquke B 
des rqtresentants de diverses families; lea rkwltats observ& sent 
interpr&% et I’intWt pratique de la m&hode discut6. 

ON I&SIGNE sous le nom de compos& & hydrog&ne mobile des molkcules dans les- 
quelles un ou plusieurs hydroghnes, peu ionisb ou non ionids a Mat statique, sont 
cependant Es ZI l’atome porteur (C, 0, N, S) par une liaison suflisamment polaris& 
pour permettre la formation d’une combinaison de type salin, par action des bases 
fortes : 

Les m&odes de d~te~nation des hydrog~nes mobiles font done appel le plus 
souvent ii I’utilisation de rgactifs basiques. Ainsi, les hydroxydes d’ammoniums 
quaternairesl*a ou les alcoolatesss*Jj (B- = OH- et B- = RO-) permettent-ils le 
dosage protomkique des acides carboxyliques, des phknols et des thiols. Ces pro&d& 
ne sont en r&it6 qu’une extension de la protomhtrie classique dont ils accroissent le 
domaine d’application. 

Les acidit& plus disc&es, correspondant par exemple au remplacement de 
I’hydrogkne dans l’ac&ylBne ou le diph~nylm~~ane, requitrent pour leur mise en 

6vidence d’autres pro&Es qui empruntent le plus souvent leurs r&a&ifs a la chimie 
organique prdparative. La m&ode la plus anciennement connue, due aux travaux 
de Tschugaeff et Zerevitinoff, utilise les organomagnksiens&-* et notamment l’iodure 
de m&hylmag&ium dont l’attaque par un composC AH s’accompagne d’un ddgage- 
ment de m&hane aiskment mesurable: 

AH + CHIMgI - CH, + AM@. 

Plus rkemment fes hyd~res complexes, et particu~~rement AlLiH&, ont &6 
proposCs comme r&ctifs titrants: ils sont d&omposCs par les composk de type AH 
avec tiMration stoechiomktrique d’une molkule d’hydroghne: 

4AH + AlLiH, -+ 4H, -t AlLiA,. 

Un des inconv&nients fondamentaux de ces mkthodes &side dans le caract&re 
nucICophiIe du rkactif alcalin qui se manifeste parfois prkfdrentiellement au caractbre 
basique; ainsi C&MgI r&i?le seulement 0,12 hydrog5ne mobile dans ~a~toph~none, 
le r&a&f magn&ien attaquant le carbonyle au niveau du carbone fonctionnel plut8t 
que d’elminer un proton du CH,. Cet inconvkknt disparait d’ailleurs dans Ie cas 
de la trimkthyl-2,4,6 ac&oph&one dont l’attaque nucl~ophile est empkhde par 

6 423 
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encombrement sterique et pour laquelle 1H est regulibrement substitue dans le CHS. 

COCHI 
I 

0 0 

(0,12 H mobile16) 

Semblablement, AlLiH4 a 

COCH. 
CK I ?H, 

C& 
(1 H mobilelK). 

tendance a s’additionner sur les c&ones plutot qu’a 
attaquer les hydrogenes des carbones cc. On pouvait done penser que des agents plus 
fortement basiques realiseraient avec plus d’efficacite la substitution au niveau des 
hydrogenes mobiles. 

C’est pourquoi nous avons repris l’etude de l’utilisation de l’amidure de sodium. 
Ce reactif, essay6 d&s 1899 par ShryverlO pour le dosage des phenols, fut repris en 
1943 par Palfray et Sabetay l1 et applique au dosage des alcools; les auteurs ne 
pousserent pas l’etude de ce pro&de qui ne pouvait selon eux Btre utilise “comme 
methode de dosage que dans quelques cas particuliers”. Plus recemment, Heilmann 
et Glenat ont vCrifi6, par la mesure de l’ammoniac evolue, la sodation d’alcools tertiaires 
acktyleniques a l’aide de l’amidure de sodium.12 

La reaction de l’amidure de sodium avec les composes AH peut &re schematiste 
comme il suit: 

AH + NaNHp -. ANa f NH1. 

Les principaux problbmes techniques se situent, sur le plan pratique, au niveau 
du solvant, du rtactif basique et de l’appreciation quantitative de l’ammoniac lib&e. 

(a) Le solvant choisi fut d’abord l’ether Cthylique desstkhe sur sodium : les resultats 
qu’il donne paraissent plus reguliers que ceux observes par Palfray avec le benzene. 
Toutefois, on peut reprocher a l’ether une polarite insuffisante et un point d’ebullition 
trop bas. Apres avoir essay6 divers solvants (T.H.F., dioxanne, pyridine, D.M.F., 
dim&hylaniline, diethylaniline), nous avons retenu la diethylaniline en raison de sa 
purification facile, de sa polarite basique et de son point d’ebullition eleve (Eb = 215”). 

(b) Camidure de sodium commercial conserve a set s’altere rapidement avec 
degagement d’ammoniac. Sa conservation sous huile de Vaseline minimise cet 
inconvenient: le reactif renferme toujours de l’ammoniac mais il est facile de l’&miner 
par un balayage d’azote et la decomposition spontanee en tours de dosage peut etre 
tenue pour negligeable. 

Signalons a titre indicatif que nous pratiquons actuellement des dosages avec un 
amidure commercial conserve en vase clos sous huile de Vaseline depuis 1962, date de 
nos premiers essais. 

(c) L.e dosage de l’ammoniac degagb peut Qtre realid t&s simplement B l’aide du 
montage d&it plus bas et qui comprend une enceinte a degagement sous agitation, 
balayee par un courant d’azote. L’ammoniac est entraine a travers un refrigerant 
ascendant et vient barboter dans une solution d’acide borique oti il est neutral% au 
fur et a mesure de son degagement par un acide titre (indicateur rouge de methyle + 
bleu de methylene). Cette modalite de dosage est simple, elle a fait ses preuves dans 
l’evaluation de l’azote total en analyse biochimique,lsJ* et elle permet de suivre 
directement le degagement d’ammoniac et d’apprecier facilement son terme. 
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On peut illustrer l’evolution de la reaction par deux types de courbes rep&em& 
ci-dessous. La courbe 1 mentionne les quantites d’acide titrant ajout6es en fonction 
du temps: apres la p&ode preliminaire de degagement de l’ammoniac qui souille le 
reactif, 1’8volution spontanee d’ammoniac devient pratiquement nulle, et la prise 
d’essai peut dtre introduite apr&s 15 minutes environ. 

On observe alors, apres un temps variable, le ddgagement gaxeux dQ A l’hydrogent 
mobile, la f%r de la r&action Ctant marqu& par le retour A un degagement nggligeable. 

La courbe 2 traduit les memes resultats en exprimant l’intensit6 du degagement 
gazeux par pkiodes de 5 minutes. 

PARTIE EXPERIMENTALE 

Solution d’acide sulfurique environ 0,5N &alon& sur carbonate acide de potassium. 
Solution tampon d’acide borique & 3 %, de pH 53 

Alcool butylique IIf 

I I 

1. mn 

Courbe 1. 

1, mn 

courbe 2. 
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Solution de rouge de mdthyle 8.0,1x dans l’alcool P 95”. 
Solution de bleu de m&hylkne 8,0,1x dans l’alcool a 95”. 
Amidure de sodium ConserVe sous huile de Vaseline. 
Di&hylaniline fratchement redistill&e apr&s de&cation sur baryte durant plusieurs jours. 

Appmei&ge (F&. 1) 

Une fiole h trois tubulures (3) est munie d’une adduction d’azote gazeux qui traverse au prktlable 
une fiole de Durand renfermant de l’acide sulfurique concentr& (1). 

Elle est surmontke par un r&frig&rant vertical (4) reli6 & un b&her (5) cantenant 50 cm* de la 
solution d’acide borique, 8 gouttes dc solution de rouge de mbthyle, et 4 gout&s de la solution de 
bleu de m&hyl&ne. 

I_.a burette renfermant l’acide sulfurique titrant est disposk au-dessus du b&her. 

FIG. 1 .-Appareillage. 

Mode op&&oire 

ApreS passage d’un courant d’azote dans l’appareil, on introduit, au temps 0, environ 1 g d’amidure 
de sodium sous 10 cm8 de diethylaniline. On met en route l’agitateur magnbtique et on neutralise 
l’ammoniac au fur et il mesure de son dkgagement en maintenant, par tiusions m&nag&es de I’acide 
titrant, l’indicateur g sa teinte rose initiale. Aprka 10 minutes environ, cette coloration se stabilise 
et, vers la minute 15, on introduit rapidement tiprise d’essai &al&e par double p&e ou par mesure 
il la pipette de p&&ion pour les liquida de densite comme. 

Le dkgagement d’ammoniac se traduit par un virage de l’indicateur du rose au vert: l’addition 
immediate d’acide sulfurique (retour B la teinte initiale) est pour&vie goutte B goutte jusqu’a stabilitb 
de la coloration. Lorsque le dbgagement est ache*, nous 6levons la temperature du bain dkau P 
70”: ce changement des conditions provoque fr6quemment un nouveau dbgagement d’ammoniac 
6valu6 comme prkkdemment. 

La courbe 3 illustre ce phknombne dans le cas de l’adtylac6tone qui prt%ente un hydroghne mobile 
ii froid et deux & chaud (solvant t=i di&hylaniline). 

La quantitd thkorique (ncms) d’acide sulfurique correspondant B un hydroghne mobile eat 
calcuk en fonction de la prise d’essai p et du poids mol&xlaire M du composts analy& et du titre 
t de l’acide sulfuxique titrant : 

L.e rapport entre la quantit6 d’acide r&llement utilisBe n et la quantitd thtkxique correspond au 
nombre d’hydrog&nes mobiles par mole. 

Les essais effectub avec l’acide benzoique et divers alcools montrent qu’on peut attendre de la 
m&hode une prtkision de l’ordre de 3 %. 

APPLICATION DE LA MI?I+HODE DANS DIVERSES FAMILLES CHIMIQUES 

Les r&ultats de cette &ude sont regroup& dans Ie tableau I. 
On y remarque certaines anomalies: ainsi, I’absence de Sac&on de l’acide benzo- 

ique dans l’&her et la mauvaise rbactivitk du rcfsorcinol et de l’hydroquinone dans ce 
solvant. 
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Acclylocalonc 
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; 

0 IO 20 30 40 SO 60 70 60 90 

t. "In 

courbe 3. 

D’une facon g&u5rale, la revtlation des hydrogenes mobiles se fait mieux dans la 
diCthylaniline : 

-l’acide benzolque, la pipkidine, le benzamide, l’urtk, le phtalimide, le fluorene, 
inactifs dans l’ether, manifestent dans la didthylaniline une ou plusieurs acidites 
vis-a-vis de l’amidure; 

-avec l’ac&ylac&one, les alcools ac&yl&iques, l’acide salicylique, le malonate 
d’ethyle, on met en evidence dans l’ether un hydrogbne mobile tandis que la determi- 
nation b chaud dans la diethylaniline en revele deux. 

L’un des avantages de la methode Q l’amidure reside dans la possibilite de mettre 
en evidence les hydrogenes mobiles des c&ones, l’amidure agissant pluti3t par sa 
basic34 que par son caractbre nucleophile, a l’inverse des magn&iensr6Je et de 
l’hydrure double d’aluminium lithium.‘7 

InttW de la technique propostfe 

La technique d&rite est susceptible de rendre des services dans plusieurs domaines 
distincts: 

(1) En tant que methode de dosage dun individu chimique connu: il parait 
possible d’adapter le mode optratoire d&it en vue notamment du controle des 
medicaments. 

(2) Dans l’elaboration des structures, l’utilisation des methodes physiques demeure 
dans la plupart des cas la modalite de travail la plus efficace. I1 peut nQnmoins &tre 
utile de disposer en outre de methodes chimiques simples. Citons, A titre d’exemple, 
la mise en evidence de la fonction alcool dans les alcools I, II, III, IV issus de la 
reduction alcoylante des diaryketones .l* Les composes de ce type dans lesquels R est 
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0 

TABLEAU 1. 

Solvant s01vant 
Compos& essay& 

Ether Dikthyl- 
Composes essay& 

Ether Dietbyi- 
ethylique aniline Wylique aniline 

Acides 
Benxoique 
Salicylique 

Phenols 
cc-Naphtol 
Rksorcinol 
Hydroquinone 

AlCdS 

Ethylique 
n Butyhque 
Butyliq~ III 
Cyclohexanoi 

Thiols 
Thioph&rol 
3uty~~pt~ 

Carbony1es 
A~toph~no~e 
A&one 
Ac&ylac&one 

Esters 
Ac&tylac&atc d’ethyk 
Malonate d’eth le 
Cyanacetate d 9% thyle 

Amines 
Aniline 
Diph~n~~e 
Pip&tie 
Morphohne 

0 
0,85 

1 
0,05 
0,lO 

Amides 

l,oo Ac&amide 
1,97* Benxamide 

Ac&nilide 
W&e 

0399 Thiouree 
1,14* U&hamX 
1,40+ Salicylamide 

Ben&e sulfonamide 

Imides 
0,98 
1,Ol 1,OI 
0.97 l*oO 

l,W 

1,04+ 
l,(@ 

I,01 1,03 
0,83 1,14 
1,07 1,oO; 1,90* 

Succiuhnide 
Phtalimide 

Derives nit&s 
Nitromethane 

Acktylkniques 
Hexyne 
Methyl pemynol 
E~~yl~clo~~oi 

Nitriles 

~~~~e~le 

Propionitrile 

1,Ol 1,w 
0,% 1.00; 1,82+ 

H&&cycles 

LO1 1,01* Carbaxole 

Carbures 
Fluorcne 

o,so* Diph~nylrn~~ 

0,67 1,00* 
#0 0,98 

0,93 
0,20 2,07* 

3,92 
* 

K& 
1:99* 

0,98’ 

0,91 0,89 
O,% 1.00; 2,00+ 

1,Oo; 1,93* 

1,28 2,011 
0,lO 

0,92 1,00* 

1,95* 

* Determination efktuee ii la tempkature de 70”. 
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une chalne azot6e ne prksentent pas en i&a-rouge de bande OH visible, en raison de 
la liaison hydrogene alcoolique-azote basique; de plus, le proton de l’oxhydryle y est 
souvent peu visible en RMN. Or, I’analyse chimique a montre pour tous ces composts 
la presence attendue d’hydrogene mobile, confirmant ainsi la structure proposee 
(rkmltats rassembles dans le tableau II). 

Me Et 
/ / 

R, = +X),-N R, = -(CH,),-N R, = +X-I&,-N 
\ \ 3 

Me Et 
IsoPr 

q 
/ 

R. = -K&),-N R, = -K&),-N &=-Bu 
\ 

Isoh 
Me 

/ 
R, = -CH,eH % = -_(CH,),-N 

\ 
Me 

TABLEAUX 

Compose essay& 

I Ra 
RI, 

II RI 

2 
R4 

2 
R: 

H mobile 

0.97 
1.02 

0,98 
l,M 
I,01 
l,OO 
099 
1,02 
099 

Compose essay6 

III Rx 

: 

$ 

IV Rt 
RI 
R4 

H mobile 

0,95 
1.05 
1,05 
1,Ol 

8:: 

099 
0,95 
0.98 

(3) Cette methode peut entin dormer des indications sur la reactivite de diverses 
molecules organiques vis-bvis des amidures alcalins. C’est un des domaines dont 
nous developpons actuellement l’etude. 

Summary--Sodium amide is decomposed by compounds containing 
active hydrogen, with stoichiometric release of ammonia, which can 
be determined by titration with acid. The proposed technique has 
been applied to representatives of various types of compound. 

Zusammenfamung-Natriumamid wird durch Verbindungen, die 
aktiven Wasserstoff enthalten, unter stochiometrischer Freisetzung 
von Ammoniak zersetzt. Der Ammoniak kann durch Titration mit 
SBure bestimmt werden. Das vorgeschlagene Verfahren wurde auf 
Repr&entanten verschiedener Verbindungsklassen angewandt. 
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SHORT COMMUNICATIONS 

Estimation of thiosemicarbazide with cbloramine-T 

(Received 23 April 1969. Revised 29 October 1969. Accepted 23 November 1969) 

THIO~EMIC~A~IDE is of importance in the characterization of aldehydes. ketones and polysacchar- 
ides and as a metalcomplexing agent. The methods for its estimation reported so far are based on its 
oxidation by alkali metal hypohalites, I,* lead tetra-acetate,* and by chloramine-T at 600,’ are limited 
to the estimation of small quantities,* and are slow. 

In the present investigations we examined the behaviour of certain oxidizing titrants towards 
thiosemicarbazide under various conditions. With dichromate, hexacyanoferrate(, vanadate(\r) 
and cerium(IV) oxidation occurred to a very limited extent even at high temperatures and in the 
presence of catalysts such as silver sulphate. However, the reaction between chloramine-T (CAT) 
and thiosemicarbazide (TSC) was found to proceed under certain experimental conditions with a mole 
ratio of 1:6, with a probable stoichiometric equation: 

NHJVHCSNH, + 6[CH8CIH,SOINCl]- + 6H,O+ 
~CHIC,H,SO&~HI + 6Cl- + CO* + Nt + NH,+ + H+ + SO,‘- (1) 

A direct titration of TSC at room temperature with chloramine-T with a visual or potentiometric 
end-point was not practicable, because the oxidation, though rapid, was not instantaneous, and a 
back-titration procedure was developed. The present method is rapid, with the added advantage 
that amounts of TSC up to 150 mg can be estimated. 

EXPERIMENTAL 

Reagents 

Thiosemicarbazide was purified by recrystallization. About 20 g of the purified material were 
accurately weighed and dissolved in a litre of solvent to give an approximately 0*025&f solution. 
Chloramine-T solution (No.lN) was standardized by the iodometric method. All other reagents 
were of accepted grades of purity. Standard buffer systems6 were used. 

Preliminary studies 

Known amounts of TSC solution were added to a known excessive volume of CAT in an iodine- 
flask. The reaction mixture was set aside for various intervals of time at room temperature, with 
occasional shaking. Then the excess of CAT left unconsumed was determined by back-titration. 
TSC and its oxidation products were found to have no action on the iodide used. 

A typical set of results for the extent of oxidation of TSC in 30 min by an excess of CAT is given 
in Table I. It is seen that oxidation is slow at pH < 1, faster in the pH range l-3 and slower again at 
pH >5. Oxidation is fastest at pH 4, and TSC is quantitatively oxidized even with only a 40% 
excess of CAT. With a 10-20x excess, however, the reaction is complete only after 2 hr. 

Detailed investigation of the TSC system has brought out the following facts. 
(i) At any pH up to 10, TSC forms a complex with CAT, which rapidly decomposes in acidic 

solutions with a quick change of colour from orangered to pale yellow and evolution of gaseous 
products. Thus the disappearance of the yellow colour and appearance of a white precipitate may 
be taken as a rough guide to the completion of oxidation of TSC with the required stoichiometry. 
The complex has a broad absorption band around 350 mp, but attempts to establish its structure 
were not successful. owing to its instability and the rapid evolution of gaseous products. 

(ii) At high pH (in presence of 2it4 sodium hydroxide) one mole of TSC consumes only about 10 
equivalents of the oxidant. This is attributed to the decrease in the potential of the CAT-sulphonam- 
ide system with increase in PH.” However, the procedure could not be standardized for the estim- 
ation of TSC. 

(iii) At low pH, presence of chloride (other than the very low concentration resulting from pro- 
gressive consumption of CAT) in higher concentrations, was found to affect the oxidation, a lower 

431 
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TABLE I.---NT OP OXIDATION OF THIO- 
SEMKARBAZIIDB WITH CHLORAMINE-T 

Medium 
mmole CAT used 
mmofe TX taken 

0*502N H*SO* 5.54 
~loo~~*so~ 5.70 

PHl 596 
PH2 5.96 
PH3 5% 
PH4 600 
PH5 5.96 

$K 
5.90 
5.80 

pH10 5-75 
pH 11-12 5.05 
pw >I2 4.90 

TSC taken 0*3289 mmole: CAT taken 
3.711 mmoles: time 30 min. 

amount of oxidant being used than expected from equation (1). 
of chloride up to 002M did not a&et the oxidation. 

In the pH range 3-5 the presence 

(ia) The I:6 stoichiometry holds only if the TSC is added to the CAT. 

Prepare a solution of TSC (-@025&Q or of a TSC complex in sodium acetate-acetic acid buffer 
of pH 4. Add an aliquot containing @02-1.5 mmole to a measured excessive (~5060%) volume of 
O-IN chloramine-T solution in an iotie-flask and set aside for about 30 min. shaking occasionally. 
Rinse down with 20 ml of water, add 10 ml of 20% potassium iodide solution and 10 ml of 6Mhydro- 
chloric acid and titrate with 0*2iW sodium thiosuiphate. Run a blank with CAT solution alone. The 

Table IL-ESTIMATION OF THKW?MfCARBA2XDE AND ITS COMPILES WITH CXLO~-T 

TSC taken, TSC recovered, TSC taken, TSC recovered, 
mg W mg mg 

401 4.02 50.1 50.2 
10.14 IO.09 60-l 60-O 
30.25 30.1 90.1 899 
40.1 39.9 11@2 110.1 

WTSC),SO,* WTSC)&QIR 

Taken, Found, Complex taken, Complex found, 
V mg mg W 

2.33 2.34 222 223 
5.83 5.84 488 4.86 

11.66 11.68 5-56 5.58 
13.45 13.42 9.78 982 
23.32 23.36 11.11 11.16 
37.6 377 16.65 16.73 
48.4 48.4 2445 24.51 

* Prepared by mixing TSC and &SO, solutions in the stoichiometric proportions, scratching 
the beaker with a glass rod to induce pr~ipi~tion, IZtering off, washing with water, and drying at 
40_SO”, The composition was checked by standard methods of analysis. 

t Prepared according to ref. 7. 
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number of g of TX (x) ln the experimental solution is given by 

x = 7593y(Y, - V,) 

where y is the normality of the thiosulphate, V, is the blank titration and V, the volume of thiosul- 
phate used to titrate the excess of CAT left over after oxidation of TX. 

RESULTS AND DISCUSSION 
There will, of course, be interference by any other species present that are oxidizable by CAT 

or which can oxidize iodide. In particular, thiocyanate and hydraxine (from which TX is made) 
will interfere by reducing CAT. The method is useful, however, for analysis of TSC complexes 
of metals. Zinc and nickel appear to catalyse the oxidation, which was complete within 5 min when 
zinc and nickel TSC complexes were analysed. 

Some typical results are given in Table II and include analyses of some TSC complexes. The 
values obtained are accurate within 0.5 %. 
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Snnunar~-A rapid and accurate method for the estimation of thio- 
semicarbaxlde in aqueous solution has been developed based on its 
oxidation with chloramine-T at room temperature. and pH 4. The 
effect of such variables as pH, mode of addition of reagents and con- 
centration of chloride ion on the extent of oxidation has been studied. 

von Thlosemicarbaxid in wii&iger bsung wurde entwickelt. 
beruht auf Oxidation mit Chloramin T bei Raumtemceratur und DH 4. 
Der Einflti des pH, des Verfahrens bei der Zugabe dir Reagentieh und 
der Konxentration von Chlorid auf den Oxidationsgrad wurde 
untersucht. 

R&xnaP--On a blabore une m6thode rapide et pr6cise pour l’estimation 
du thiosemicarbaxide en solution aqueuse, bas& sur son oxydation par 
la chloramine-T a temperature ordinaire et pH 4. On a 6tudi6 l’inlhtence 
de variables telles que le pH, le mode d’addition des reactifs et la 
concentration de I’ion chlorum sur le degr6 d’oxydation. 
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Kinetochromic spectrophotometry-III. 

Determination of fluoride by catalysis of the zirconiam-Methylthymol Blae reaction 

(Received 12 November 1969. Accepted 9 December 1969) 

THE majority of spectrophotometric methods for the determination of trace amounts of fluoride 
are indirect, and involve the bleaching action of the fluoride ion on soluble coloured complexes of 
zirconium with organic reagents such as Alimrin Red S’ or Eriochrome Cyanlne R.* Few direct 
calorimetric procedures for the determination of fluoride exist, but that based on the formation of a 
ternary complex between alixarin complexan, cerium and fluoride has been widely accepted and is 
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number of g of TX (x) ln the experimental solution is given by 

x = 7593y(Y, - V,) 

where y is the normality of the thiosulphate, V, is the blank titration and V, the volume of thiosul- 
phate used to titrate the excess of CAT left over after oxidation of TX. 

RESULTS AND DISCUSSION 
There will, of course, be interference by any other species present that are oxidizable by CAT 

or which can oxidize iodide. In particular, thiocyanate and hydraxine (from which TX is made) 
will interfere by reducing CAT. The method is useful, however, for analysis of TSC complexes 
of metals. Zinc and nickel appear to catalyse the oxidation, which was complete within 5 min when 
zinc and nickel TSC complexes were analysed. 

Some typical results are given in Table II and include analyses of some TSC complexes. The 
values obtained are accurate within 0.5 %. 
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Snnunar~-A rapid and accurate method for the estimation of thio- 
semicarbaxlde in aqueous solution has been developed based on its 
oxidation with chloramine-T at room temperature. and pH 4. The 
effect of such variables as pH, mode of addition of reagents and con- 
centration of chloride ion on the extent of oxidation has been studied. 

von Thlosemicarbaxid in wii&iger bsung wurde entwickelt. 
beruht auf Oxidation mit Chloramin T bei Raumtemceratur und DH 4. 
Der Einflti des pH, des Verfahrens bei der Zugabe dir Reagentieh und 
der Konxentration von Chlorid auf den Oxidationsgrad wurde 
untersucht. 

R&xnaP--On a blabore une m6thode rapide et pr6cise pour l’estimation 
du thiosemicarbaxide en solution aqueuse, bas& sur son oxydation par 
la chloramine-T a temperature ordinaire et pH 4. On a 6tudi6 l’inlhtence 
de variables telles que le pH, le mode d’addition des reactifs et la 
concentration de I’ion chlorum sur le degr6 d’oxydation. 
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434 Short communications 

highly selective and quite sensitive. 8 In the tist paper of this series a kinetochromic procedure. was 
described for determining fluoride ion, based on the reaction between zirconium and Xylenol Orange, 
which vielded an effective molar absorutivitv of 2-00 x 10” l.mole-l . mm-l for the fluoride ion.’ 
The aiplication of the catalysis, by se&al inions, of the reaction between zirconium and Methyl- 
thymol Blue (MTB) to the determination of small amounts of sulphate has also been reported.& 
The fluoride ion also accelerates this reaction to produce a similar kinetochromic effect. The reaction 
is much more sensitive for fluoride, however, and by the procedure described in this paper an effective 
molar absorptivity for fluoride of 3.23 x 10” l.mole-l.mm-l at 586 run may be obtained with a 
development time of 60 min. Sulphate does not interfere when present in less than equimolar quan- 
tities with fluoride, but arsenate and phosphate interfere seriously and must be removed by sample 
pretreatment. 

Reagents 
EXPERIMENTAL 

The Methylthymol Blue (MTB) reagent solution (5 x 10-PM) and zirconium stock solution 
(lo-*M) were prepared and kept as previously described. 5 A stock solution (lo-*M) of analytical 
grade sodium fluoride was prepared, stored in a polythene container, and diluted to 5 x lO+M as 
required. 

Preparation of calibration graph for fluoride 
Transfer 0, 1.0, 2.0, 3.0, 4.0 and 5.0~ml portions of 5 x 10~*M sodium fluoride solution to a 

series of six 50-ml volumetric flasks containing 10 ml of 5 x 10-W MTB solution and 7 ml of 
5M hydrochloric acid. At reference time zero add by pipette 10 ml of lo-*M zirconium solution to 
the first flask. After 30 set dilute the solution to 50 ml with distilled water. mix and leave to stand. 
Repeat for the other flasks at 2-min intervals. Allow the solution to stand ior 60 min. Measure the 
absorbance of each solution at 586 nm against a water blank, using 2-mm silica cells, and permit 
2 min to elapse between measurement of successive solutions. Develop a blank and standards 
(containing 3.0 and 5.0 ml of 5 x 10-s&f fluoride solution) with each group of samples. The cali- 
bration graph extends over the range 0*01-0.095 ppm of fluoride (0.50-4.75 @. The calibration 
graph must be established each day, owing to a slight but progressive decrease in sensitivity over the 
5-day period during which the 10e8M zirconium solution may be used. 

Reaction conditions 

RESULTS AND DISCUSSION 

The measurements of the absorbance produced by fluoride samples are made at 586 nm, the 
wavelength of maximal absorption of the zirconium-MTB complex.e As in the previous reactions,‘*& 
the age of the zirconium solution employed for the determination of fluoride has a pronounced 
effect on the reaction rate and sensitivity attainable. A 10-sM zirconium stock solution in 0.0125M 
hydrochloric acid which was allowed to age for 2-7 days was found to be most satisfactory. An 
aliquot of this solution was diluted to 10-SM and made 0*05M in hydrochloric acid. This solution 
could be used for up to five days. The MTB, hydrochloric acid and fluoride (or sample) solutions 
can be mixed in any order in the recommended procedure, but the zirconium solution must be added 
last and the solution should then be diluted to volume immediately. Provided that temperature 
variations are less than f3”, reproducible reaction rates and sensitivities are obtained with day-to-day 
operation of the method. 

Efict of hydrochloric acid, MTB and zirconium concentrations. Figure 1 shows the variation 
in net absorbance for 0.095 ppm fluoride with variation in hydrochloric acid concentration between 
0.3 and IelM, for different development times. The highest sensitivity compatible with a uniform 
calibration curve is obtained after a development time of 60 min using a solution 0.7M in hydro- 
chloric acid. 

The effect of MTB concentration and the ratio of MTB:Zr concentration on the net absorbance 
for fluoride was investigated for 0.7M hydrochloric acid solutions. As shown in Fig. 2a. for a 60-min 
development period, a concentration ratio of 1:2 produces the highest sensitivity. As shown in 
Fig. 26, the highest sensitivity after 60 min is obtained by using an MTB concentration of lO+M. 

Calibration graph and sensitivity 

Unlike the linear calibration graph obtained for the determination of sulphate, the catalytic 
action of fluoride on the zirconium-MTB system consistently produced a smooth curve. The effect 
of development time upon the shape of the calibration curve measured against a water blank at 
586 nm, is shown in Fig. 3. After 60 min the smoothest calibration curve is obtained for the range 
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Development time, mm 

FIG. I.-Effect of acidity on rate of development. 
Net difference in absorbance of catalysed and uncatalysed reactions with varying 
concentration of HCI in final solution. 2 x 10-W MTEt; 0.3, 05,0*6,0*7, 0.8, 0% 

l*lM HCI; 4.75 ,~g F-; 2-mm cells, 586 nm. 
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(a) 
FIG. 2a.-Effect of MTB:Zr ratio at various development times. 

Variation in net absorbance of catalysed and uncatalysed reactions for various 
MTB:Zr ratios, with development time. 0.7M HCI; lo-‘M MTB; 4.75pg F-. 
2-mm cells, 586nm. 1 x lo-‘, 1.5 x lo-‘, 2.0 x lo-‘, 2.5 x lo-‘, 3.0 x 1094 

ZrOCl,. Development times in min. 

0.25-4.75 ,ug of fluoride, with an effective molar absorptivity (4.75 ,og of fluoride) of 3.23 x l(r 1. 
mole-l.mm-l. Owing to the curvature of the calibration graph, an effective molar absorptivity of 
4.00 x 1W l.mole-l.mm-l is obtained over the range 25-4.75 rg of fluoride. 

Precision. The recommended procedure was used to determine 4.75 rg of fluoride repeatedly 
over a period of three months. The average net absorbance for 10 determinations after 60 mitt, in 
2-mm cells, was 0.323 and the standard deviation 0.007. 

Interference. The effect of diverse ions upon the kinetochromic action of fluoride on the zircon- 
ium-Xylenol Orange reaction, and of sulphate on the reaction between zirconium and MTB has 
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(b) 
FIG. 2b.-Effect of MTB concentration. 

Net difference in absorbance of catalysed and uncatalysed reactions for varying 
MTB concentrations at constant Zr:MTB ratio of 2:l. 4.75 ~cug F-, 2-mm cells, 586 nm. 
O+7M HCl; 8.0 x lo+, 1.0 x 1O-4, 1.1 x lo-*, 1.2 x IO-‘&f MTB; 1.6 x IO-‘, 
1.8 x IO-*, 2 x lo-*, 2.2 x lo-*, 2.4 x lO-*A# ZrOCll respectively. Development 

times in min. 

L I I I I J 
0 0% 19 285 3.0 4’15 

Fluoride, pg 

Fro. 3.-Etfect of development time on calibration curve. 
Variation in net absorbance of catalysed and uncatalysed reactions with fluoride 
concentration at different development times. Oq7M HCl; lo-*M MTB; 2 x lo-*AI 

ZrOCl,; 4.75 pg F-, 2-mm cells, 586 mu, development times in mm. 

aheady been investigated.4*6 Those ions which interfered in these procedures again showed similar 
affects. It was established that the presence of less than equimolar quantities of arsenate and phos- 
pbate ions, relative to the fluoride, caused serious additive interferences, but that sulphate could be 
tolerated when present in up to equimolar proportions with fluoride. 

Removal of interference. Pretreatment of the sample solution, containing fluoride and interfering 
cations, with a strongly acidic cation-exchange resin such as Amberlite R-120’ is effective in removing 
cationic interference from iron, manganese, thorium, vanadium, etc. 
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Froce&res for the prior removal from solution of phosphate as the insoluble silver salt have 
been given by Fennell and C&on,* while removal of sulphate interference has recently been described 
by Oliver@. 

CONCLUSION 
The procedure described in this paper can be used to determine 0.25-4.75 pg of fluoride ion in 

aqueous solution, after a development time of 60 tin, with an effective molar absorptivity of 3.23 x 
10’ l.mole-l.mm-l. The method is more sensitive and also more rauid than the comparable 
method based on the catalytic action of fluoride on the zirconium-Xylenol Orange systim.’ It 
suffers from the same serious interference from phosphate, arsenate, and to a lesser extent, sulphatt 
as that urocedure. but is much freer from cationic interference than the cerhu&IiIl or lanthanum 
ali~.~rnpl~ procedure, and has far greater sensitivity. 

Acknowk&ement-We are grateful to the Ministry of Technology for financial support in aid of 
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Summary-The determination of O&4*75 pg of fluoride ion by 
its catalytic action upon the slow reaction between Me~ylth~oi 
Blue and zirconhim in aqueous solution is described. Calibration 
curves obtained after 60 min under optimal conditions are smooth 
and yield an effective molar absorptivity of 3.23 X l(r l.mole-%nm-l 
at 586 nm. There is considerably less cationic interference than in 
the elizarin complexan-cerium(III) or lanthanum procedure, but 
more serious anionic interference is encountered when phosphate, 
arsenate and, to a lesser extent, sulphate ions are present in the sample 
solution. 

Z~~~~Die bang von 0,5-4,75 El& Fluorid dumb 
seine katalytische Wirkung auf die langsame Reaktion zwischen 
Methylthymolblau und %irkonium(Iv) in w88riger Lbsung wird 
beschrieben. Nach 6Omin unter optimalen Bedin 
Eichkurven sind stetig und entsprechen einem 

gen erhaltenc 
e l?n ekttven molaren 

ExtinktionskoetBzienten von 3,23 * 10” 1 mol-l mn+ bei 586 nm. Es 
gibt vie1 weniger Storungen durch Rationen als bei den Verfahren mit 
Alirarin-Complexan und Cer(II1) oder Lanthan. Dagegen gibt es 
Stbrungen, wenn Phosphat, Arsenat, und in geringerem Ma&, wentl 
Sulfat zugegen sind. 

R&u&--On decrit la d~te~nation de 0,5-4,5 68 d’ion flnorure par 
son action catalytique sur la reaction lente entre le Bleu de Methyf- 
thymol et Ie zirconium (IV) en soIution aqueuse. Les courbes 
d’ttalonnage obtenues apres 60 mn dans les conditions optimales sont 
r@uli&res et donnent un coefficient d’absorption moleiculaire r&e1 de 
3,23 x IO* l.mole-l.mm-l, a 586 run. 11 y a considerablement mains 
d’interferences cationlques que darts la technique Alirarine Complexan- 
c&him (III) ou lanthane, mais des interferences anioniques plus 
serieuses sont rencontrb lorsque des ions phosphate, arseniatt et, B 
un degrts moindre, sulfate, sont presents dam la sohrtion 6chantillon. 
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ANNOTATION 

Composition of the thorium(Iv)-ghydr~~quino~ne adduct compound 

(Received 11 November 1969. Accepted 19 December 1969) 

THE orange adduct, Th(C,H,,NO),C,H,NO, formed between thorium(W) and 8-hydroxyquinoline 
(HQ) has been used as the basis of gravimetric and bromometric determinations of thorium for 
several years. I** Surprisingly, however, the nature of this compound is not well understood, and 
there have been several conflicting studies regarding both its structure and composition. 

Recent carbon-14 and infrated evidence” has strongly indicated that the additional HQ molecule 
is co-ordinated, as a zwitterion, to the central thorium ion, and is not merely an unto-ordinated 
crystal-lattice corn nent as thought earlier. Similarly, in contrast to earlier work,4*6 more recent 
work has suggeste 8” that the stoichiometry of the orange adduct prepared by conventional precipitation 
is not strictly 5:l .*p7 Much of the analytical data supporting this recent claim, however, is not con- 
clusive since the purported HQ:Th ratio (N4*8:1) was established solely by the bromometric deter- 
mination of HQ in the precipitate; a determination of thorium was not made. In view of the difficulty 
in drying the adduct without partial loss of the thermally volatile molecule of HQ, it is possible that 
the results reflect the presence of water and/or the loss of some HQ. In a further rep~rt,~ an HQ:Th 
ratio of 4.8 :l was also reported for the adduct prepared by precipitation from homogeneous solution. 

In the present report, conclusive evidence is provided to show that the compound prepared by 
conventional precipitation is not the pure 5:l adduct; two independent analytical procedures, each 
unambiguous, were used. The results show that the composition of the adduct is very difficult to 
reproduce from one preparation to the next. 

The thermal reaction by which the tetrakis compound, Th(C,H,NO),, is prepared from the 
orange adduct has been reported many times, but there is considerable disagreement on the con- 
ditions required for the preparation .I,* A simple procedure for the preparation of the pure tetrakis 
compound is described in the present work. 

EXPERIMENTAL 

Stock solutions containing 1.4mg of Th/ml were prepared from thorium nitrate hexahydrate 
(analytical-reagent grade) and adjusted to about pH 1.5 with freshly boiled nitric acid. The purity 
of all other chemicals was as previously described.‘O 

The orange adduct was prepared as follows. A 25-ml portion of the thorium stock solution was 
diluted to 50 ml and the solution heated to 70”. A solution of HO (0.143 g dissolved in 0.5 ml of 
glacial acetic acid and diluted to 7 ml with water) was slowlv added, follows by a solution of am- 
monium acetate (2.0 g in 15 ml of water) added with stirring at a rate of 5 ml/r&. Dilute aqueous 
ammonia (l*OM) was then added (5 ml/min) until the DH was 6-7. The final volume was adiusted 
to about 90 ml &ith water and the m&ture~ allowed to digest for 1 hr at 70”. After filtratiok and 
washing with about 100 ml of hot water, the compound was dried in a stream of air for 3 hr and 
stored over phosphorus pentoxide. The compound was freshly prepared as required. 

The molar ratio was established in two ways. (i) The thorium was determined by ignitionli to 
ThOI at 900” and the HQ by bromometric titration,10 and the molar ratio calculated (Table I). In 
one preparation, the compound was dried at 50” in U~CIIO for 72 hr before analysis. (ii) The ratio 
of the sublimed HQ to the residual tetrakis compound obtained on thermal conversion was deter- 
mined. The conversion was effected 
200 mg of the adduct at 165-170” for 1 

uantitatively by heating (oil-bath) in vucuo (@13 mbar) 150- 
1 hr. The sublimed HQ was collected in the initial portion of a 

U-tube immersed in a bath of solid carbon dioxide. A tiny droplet of moisture was observed below 
the HQ deposit in the U-tube. The sublimed HQ and residual tetrakis compound were separately 
dissolved in 4M hydrochloric acid and determined bromometrically, and the ratio HQ:ThO, was 
calculated (Table II). For the sample sizes taken, the deficiency of HQ (relative to ThO, . HQ) 
amounted to 2-4mg, which is considerably more than the error expected in the bromometric ti- 
tration.lO 

The same thermal procedure was used to prepare the pure tetrakis compound. The HQ and 
thorium contents were determined as described above. Analysis gave the following results: Th, 
28.54 f 0.04% (4 results; theoretical, 28.69%); HQ as Q-, 71.37 f 0.05% (10 results; theoretical, 
71.31%); molar ratio Q-: Th, 4.02 f O-01. The precision quoted is the standard error. 
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TABLE I.-ANALYSIS OF THE ORANGE Th(IV)-HQ ADDUCT 

Th, % 
HQ,* % Molar ratio 
(as Q-1 HQ :Th 

24.131_ 72.62 4.84 
f0.05 f0.04 f0.01 
24.35t 73.54 4.86 

fO.05 &0*05 rto.01 
24.25 t 74.28 4.94 

fO.05 f0.06 fO*Ol 
24.457 73.73 4.88 

* HQ = 8-hydroxyquinoline. 
t For the first three preparations, each result is the average of two deter- 

minations. The precision measure is the overall deviation. 
T Compound dried in vacua at 50” for 72 hr. For Th(Q),uHQ, Th - 

24.33 % and HQ, expressed as Q- = 75.57 %. 

TABLE II.-MOLAR RATIO HQ:ThQ4 IN THE ORANGE ADDUCT 

HQ sublimed, ThQI residue, Molar ratio 

W m!? HQ:ThQ, 

36.6 213.9 o-953 
29.6 + 

I 
184.4 0.913 

24.8 155.3 0.889 
23.7 + 

1 
136.8 0.963 

21.3 123.2 0.962 

* Two determinations of the molar ratio were made on the material of a 
single preparation. 

DISCUSSION 

The data of Tables I and II, obtained by different analytical methods, show that the orange 
compound is deficient in HQ. Furthermore, the composition of the adduct varies (4.84:1 to 4.96:1) 
from one preparation to the next, even though the experimental conditions were not intentionally 
altered. 

Since thermal loss of the additional HQ molecule is reported to begin at about 80°,1**1s the samples 
were dried without heating to avoid any loss of the volatile species. Because of the mild drying 
conditions, the samples probably retained a small amount of moisture. The presence of moisture, 
however, would not affect the molar ratio of HQ:Th and HQ:ThQ,. 

The presence of water in the adduct was confirmed by the observation of moisture in the U-tube 
after the thermal reaction, and by infrared analysis. Under increasingly rigorous drying conditions, 
the integrated intensity of the broad absorption band centred at 3350 cm-l (e.g., spectrum B in 
reference 3) decreased, and became zero when the orange compound was dried fn vacua at 50” for 
72 hr (spectrum A, reference 3). To minimize the effect of differences in sample size, a ratio of the 
integrated intensity of the 3350 cm-’ and 1100 cm-l bands was made. Analysis of the anhydrous 
compound also yielded a value of HQ:Th significantly lower than 5:l (Table I), although in this 
instance, there was the possibility of partial volatilization of the additional HQ molecule. 

The variation in the results suggests that the composition is very sensitive to slight changes in the 
experimental conditions. This variation was obtained even though the amounts of thorium, HQ, 
ammonium acetate, aqueous ammonia, the rates of addition of each reagent, and the total volume 
of the final solution were kept reasonably constant in each preparation. In this regard, it is interesting 
that Cardwell et al.” observed that the composition of the compound is dependent on the rate at 
which the pH of the solution is adjusted. The results of the present study suggest that the sensitivity 
of the composition to such an experimental variable is even greater than previously thought, and 
that very carefully controlled experiments are required to attain reproducibility and perhaps, even a 
strict 5 : 1 stoichiometry. Variables such as the percent excess of HQ , method of pH adjustment, and 
temperature and time of digestion should be investigated. For example, in the present study, a 33 % 
excess of HQ was used; this amount may not be suthcient to suppress thorium hydrolysis entirely 
as the pH is raised to its final value. 

If it is assumed that the extent of hydrolysis is negligible and that the extra HQ molecule is co- 
ordinated to the central thorium ion and is monodentate, it is reasonable to suggest that the deficient 
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HQ is replaced by co-ordinated water. The average composition can then be written as Th(GH,NO),* 
@9GH,N0.0*IHI0. Simple calculation shows that the amount of bound water in the adduct 
would be about 02 mg/lOO mg. This concentration is too small for detection by infrared analysis 
and could not lead to the droplet size observed in the U-tube. Therefore, the bulk of the water 
present in the orange adduct taken for analysis must have been unbound moisture. 

In the past, erratic results have sometimes been reported iu the bromometric determination of 
thorium by means of 8-hydroxyquinoline. In gravimetric work, some workers have ignited the 
precipitated adduct to ThO*, or have thermally converted it to the tetrakis compound in order to 
obtain reproducible results. Clearly, the non-stoichiometry of the adduct and the thermal volatility 
of the additional HQ molecule detract greatly from the usefulness of the adduct as an analytical 
compound. A superior analytical compound is tetrakis(2-methyl-8_hydroxyquinohnato)thorium- 
(IV).16 This easily prepared compound is stoichiometric and thermally stable. 

Tetrakis(8-hydroxyquinolinato)thorium(IV) can be easily prepared in reasonably pure form by 
heating the orange adduct according to the procedure described earlier. The effect of varying the 
temperature, time and sample size was not investigated further. The main advantage in preparing 
the tetrakis compound in vacua is that its oxidative decomposition cannot occur as readily as in air. 

Acknowledgement-We thank the National Research Council of Canada for support of this work. 
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S--The orange compound formed between thorium(IV) and 
8-hydroxyquinoline by conventional precipitation is non-stoichiometric. 
The composition is very sensitive to experimental conditions; the 
average ratio of bound 8-hydroxyquinoline to thorium was found to 
be 4.9 : 1. The deficiency of 8-hydroxyquinoline is due either to partial 
hydrolysis of thorium, or to the presence of co-ordinated water. 
A simple procedure for the preparation of the pure tetrakis compound 
is described. 

Zusannnenfassun8-Die orange Verbindung, die man durch kon- 
ventionelle Fglhmg aus Thorium(IV) und 8-Hydroxychinolin erhiut, 
ist nicht stachiometrisch zusammengesetzt. Die Zusammensetzung 
haingt sehr empfindlich von den Versuchsbedingungen ab; das mittlere 
Verhiiltnis von gebundenem 8-Hydroxychinolin zu Thorium wurde 
als 4.9 : 1 gefunden. Der Abmangel an I-Hydroxychinolin ist entweder 
durch teilweise Hydrolyse von Thorium oder durch Vorhandensein 
koordinierten Wassers begritndet. Ein einfaches Verfahren zur 
Darstellung der reinen Tetrakis-Verbindung wird beschrieben. 

R&uuu&-Le compose orange form6 entre le thorium0 et la 8- 
hydroxyquinol6ine par precipitation classique n’est pas stoechio- 
metrique. La composition eat t&s sensible aux conditions exp&imen- 
tales; on a trouve que le rapport moyen de la (I-hydroxyquinol&ne 
li6e au thorium est de 4,9:1. Le deficit en 8-hydroxyquinoleine est dti 
soit a tme hydrolyse partielle du thorium, soit B la pr6sence d’eau de 
coordination. On d&tit une technique simple pour la preparation du 
compose t6trakis pur. 
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&amaary-The random titration error has been evaluated by single 
linear regression analysis of both linear branches of titration curvea. 
As a simplification the confidence interval of a titration is estimated 
by substttutin8 divergent linear confidence limits for the curved 
confidence limtts of both branches of the curve. The infiuence of the 
angle between both branches upon the contidence intervaI of a titration 
has also been evaluated. The procedure has been proved advantageous 
by applying it to several amperometric and photometric titrations 
of lead and by comparing the results with those obtained by the 
complementary approach of I.&mu and C&m&, and by the usual 
statistical treatment of end-points obtained by graphical extrapolation. 
The method allows a critical consideration of the experimental con- 
ditions with regard to the desired level of precision. 

THE WIDESPREAD development and application of linear titration curves e.g., photo- 
metric, amperometric, etc., has made it necessary to study the attainable precision 
and accuracy of end-point evaluation. 

The usual graphical procedure of linear end-point extrapolation based on linear 
segments of titration curve has been considered by many to be inadequate. Bouladl 
has proposed a simple calculation of the end-point which is taken as the intersection 
point of two straight lines, each being defined by two points before and beyond the 
equivalance point, respectively. Another simplified end-point evaluation has been 
developed by LyderserG for conductometric titrations. As the ratio of the slopes of 
two adjacent branches of the titration curve is constant for a given titration system, 
the first branch of the titration curve can be characterized by a single point and the 
other one is represented by a straight line calculated by the method of least squares. 
In a series of papers, Liteanu and his co-worker&’ have shown the advantage of 
using single linear regression analysis of both linear segments of the titration curve. 
The end-point is calculated as the intersection point of both regression lines,s*p and 
the slope difference is also useful for the purpose. 7 The elimination of points with a 
suspiciously large deviation has been also discussed.6 To evaluate an end-point 
confidence interval of a single titration (c$, ref. 6), parallel linear confidence limits are 
substituted for the curved borders of confidence belts along the regression lines. 
The importance of having a sufficient number of experimental points has also been 

* Part I--Tulanta, 1970, 17, 151. 
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stressed and the influence of the angle between both linear branches upon the con& 
dence interval of a titration has been demonstrated by three experimental titration 
curves.* 

One drawback to these contributions lies in the evident lack of ex~rimental data 
necessary to check the influence of various sources of random experimental error in 
instrumental titrimetry. It has been difficult, therefore, to judge the validity of the 
conclusions reached. 

In this paper a new simplifying approach to the evaluation of the confidence 
interval of a single titration is given. The results of a detailed study of random errors 
in a series of am~rome~c and photometric titrations, which is the subject of the 
next paper of this series,* are partially presented here to allow comparison of various 
approaches to the analysis of titration error and to illustrate the influence of the 
angle between both branches of the titration curve. 

DERIVATION OF EQUATIONS 
List c?f symbols 

Coefficients of estimated regression lines 

Analytical (molar) concentration 
SA,t - s&‘t’; auxiliary symbol, equation (19) 
s&t2 - sA1’t’X’; auxiliary symbol, equation (19) 
Numbers of pairs of experimental values xi, yi and xi, yt’ respectiveIy 
Estimates of standard deviation of the slope values Al and A,’ respectively 
Estimates of standard deviation characterizing the dist~bution ofyl values either side of the 
estimated regression line 
Statistical Student’s t-value taken from the Table for n - 2 or (n’ - 2) degrees of freedom 
and confidence level oz 
Measured volumes of titrant 
Consumption of titrant at end-point 
Confidence interval of the end-point 
Experimental values of the measured volume of titrant 
Chosen volume of the titration reagent 
Arithmetic means from the appropriate set of volume readings 
Values limiting the contidence interval of the end-point 
Quantities of determinand 
Experimental values for the quantity of determinand 
Actual value of the quantity of determinand corresponding to the value of xk 
Value of the quantity of determinand calculated for xk, using the regression line 
Confidence interval for yk about the value of j& 
Arithmetic means of all experimental values of yi or yl respectively 
Statistical confidence level 
Angle between linear branches of a titration curve 

Note-The unprimed symbols refer to the branch before the equivalence point, the primed 
symbols refer to the branch of the curve beyond the equivalence point. 

Statistical approaches to estimation of the conzdence interval of a single titration 

The random titration error is characterized by a confidence interval within which 
the end-point of a single titration can be found, at a certain probability level. The 
relation between the error in the measured values xi, yi, which are used for the end- 
point extrapolation, and the appropriate confidence interval, can be solved by single 
linear regression analysis on the assumption that for each of the fixed values xi 
there is a distribution of the variates yi which follows a normal Gaussian law. The 
variance of these dist~butions is constant and the average values of the dist~butions 
lie on the regression line. 

For every actual value of xk the corresponding confidence interval for y at a 
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confidence level cc is given by (c$ ref. 9) 

expressing the spread either side of the value & calculated from the expression for the 
estimated regression straight line9 A = A, + Alxk before the equivalence point. 

Similarly, the branch of the titration curve beyond the equivalence point can be 
characterized by the straight line yk = A,’ + Al’xk with the corresponding confidence 
interval 

Ayk = 2t’s,,’ f+ ?&’ 
(xk - 2’)’ * 

c3 

&bi - a2 

The values of Student’s t are found in the statistical tables for a chosen probability, 

(I - lr)lOO%, and for the degrees of freedom n - 2, n’ - 2, respectively. 
The estimates of standard deviations corresponding to the distribution of the 

y-values either side of both regression lines are given by the expressions 

J $JA. + AI% - YJ2 
%x = n-2 

The confidence intervals form confidence belts with curved borders along both 
extrapolation straight lines (curves l-4 in Fig 1). The geometrical interpretation of 
the confidence interval of a particular titration is also illustrated in Fig. 1. It would 
be possible to calculate its value as a difference between the outer intersects of the 
confidence limits, xer - xel. It is more convenient, however, to solve this problem 
by simplified models of confidence limits. 

Liteanu and C&m& have tried to find a suitable simplification by considering 
the confidence belts as limited by parallel straight lines at a distance of &rs, or 
ft3sWt from both regression straight lines y = A, + A,x, or y” = A,’ + A:x, 
respectively, which is a rather subjective choice. The solution of the regression lines 
yields the expression for the end-point 

(5) 

The range of the confidence interval of the end-point, Ax,, is limited by the con- 
fidence limits of xet and x~~,~ 

Ax, = Ix@, - xeA = 2 “yx + “‘Y=‘. 
IA,’ - AlI 

A certain drawback to the method of parallel confidence limits consists in neglecting 
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FIO. l.-Theoretical shape of confidence belts along extrapolated branches of a 
titration curve. 

AB denotes the contidence interval for an actual value yk either side of the calculated 
value j;,. 

the curvatures of the theoretical confidence belts (cj Fig. 1) which may be pronounced 
in the middle part of the branch and close to the equivalence point. 

This problem can be solved by another simplifying approach which will be 
presented here. The two confidence limits of the confidence belts are also assumed to 
be linear, but they are drawn through the mean point on the regression line, defined 
by 2,jj, where 

z = jr xiln (7) 

Y = $r _Yiln- (8) 

If it is assumed that the values of the only random variable y are normally distrib- 
uted for each x, the confidence intervals of the slope values are represented by 

(A, - fsA,; Al + %l) (9) 

(A,’ - t’SAl’; Al’ + f’SAl’) (10) 
where AI, AI’ are the estimates of regression coefficients, s_.,,, sA,’ are the estimates of 
standard deviations of the slope values of both regression straight lines, and the 
Student’s t, t’ values are chosen at the desired confidence level. 

The estimates of standard deviations of the slopes are defined as follows 

sAl = 
SYX 

J 
(11) 

- T12 
I 

%’ =Jgy (12) 

The inherent assumption of this model consists in defining borders of confidence 
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FU &-Mode1 of divergent Ihear confidence hits along the extrapolated branchw 
of a titration curve. 

The linear cotidence limits are given by: I-equation (13); Z-equation (14); 
3-equation (15); 4-equation (la). 

belts as straight lines with slopes given by the confidence limits of the slopes of both 
regressions lines. It can easily be shown that these limits are identical with the 
asymptotes of the hyperbolically shaped borders of the confidence belts on both 

Fig. 2 are branches of the tit&&on curves. Thus, tbe 
obtained 

y=A,-- rr&g + &“% + fsA,> 

y = A, -l- fsA,z + XC% - &) 

equations for the limits in 

(straight Ene No. 1) 

(straight line No. 2) 

y=A,‘- t’s,,‘Z’ f x(Aa’ + t’rAl’) (straight line No. 3) 

y = A,’ + t’s$’ C x(A; - t’.~~~‘) (straight line No. 4) 

03) 

04) 

(15) 

(16) 

The end-point of a titration to be evaluated can be calculated from equation (5) 
and is found within an interval defined by the intersect x,, of the straight line limits 
Nos. 1 and 3 and by the intersect x,, of the limits Nos. 2 and 4 (Fig. 2). 

By solving the appropriate equations we obtain 

Gr = 
A, + fs~,“-- A,’ - t’s,,Y 

Al - f’sal’ - Al i- fsn, 

Thus, the confidence interval of the titration is given by 

where 

(19) 

and 
x = SAxf - s&pf’ 

x, = S&CC - S&)f ‘2’. 

1x1 most practical cases, the values of A? in the denominator can be berated since 
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the value of the other term is greater by at least two orders of magnitude. Equation 
(19) can be simpli~ed to 

Ax, = 2 A 
I 

W, - 4,‘) 
* 1 

“?, , + 
1 (A, - Al’)* I 

Substituting from equation (5), we obtain the final form of the expression for Axe: 

Ax, = 2 ?4+(& - 2) + s*,‘t’(Z’ - xe) 

A,’ - Al 

Factors inpUencing the conjidence interval of a titration 

Besides the uncertainty in the measurement of variables, e.g., the readings of the 
titrant volume and the physi#che~~ quantity taken for indication of the end- 
point, other impost factors determine the level of the titration error, viz. the angle 
between both linear branches of the titration curve, the number of experimental 
points and their distribution upon the titration curve. 

The influence of the angle upon the confidence interval of the titration can be 
shown, if the slope value of the regression line before equivalence is calculated, using 
expressions for the tangent of y. 

In the case of parallel confidence limits we thus obtain 

Ax, = 2 
tsyx 4- tJsyx’ 

1 + (A;)” 
/AI’ - cotan ~1. 

For the divergent linear limits the following expression can be written: 

AX 
e 

= 2 [We - A,‘)(1 - Al’ tan Y) + &(l + (A1’)2) tan r](l - At’ tan r) . 
[1 + (A1’)2]a tan2 y 

c23j 

The symbols K and Kz were defined above [equation (19)]. 

TABLEI.--COMPARISONOFPRECISIONINSERIESOFAMPEROMETRICTXTRATIONS OF LEAD 

Statistical treatment of 

Confidence interval& 
10 end-points evaluated, 

bv 

Concentrations, M 

Lead EDTA 

Axe,@ graphical ’ linear 
Parallel 

IA,’ - All* k&s 
Divergent extrapolation regression 

limits Axe, ~1 

1.50 x 10-d 10-s 0.747 19-2 18.7 8.7 11*7 
0.75 x 10-e 5 x 10-a 0407 24-6 28.9 27.8 3@2 
0.60 x lo-* 4 x 10-S 0.332 26.7 27.5 31,o 299 
0.30 x IO-4 2 x 10-s 0.181 35.6 34.8 39.6 505 

* Expressed in galvanometer scale units per ~1 of titrant. 
t Mean of 5 values calculated. 

The dependence of the confidence interval of titration upon the angle y is illustrated 
by the data in Tables I and II and in Figs. 3 and 4. If the slope of the branches 
beyond the equivalence point is low, an approximation 1 Al' - A,] w - tan y can be 
accepted. The effect of the angle expressed as the slope difference IA,’ - A,/ can 
be seen in Figs. 3 and 4, which also allow comparison of the ranges of confidence 
intervals obtained by various approaches. Further, the horizontal short lines denote 
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r. @Q 

I70 160 t50 t45 

A’, - A, 

3 

FICA 3=-c6mparison of co4fdence intervals of amperometric titrations of lead, 
The cxx&dene intervals were evaluated from: 0, extrapolated end-points; e), 
caletdated end-points; At mean value of 5 individual vahw obtained by the approach 
of mwallel cunt?dence litits; A, mean vahw of 5 individual values obtained by the 

approach of divergent cxx&dence knits. 

Y” deg 

1 A?, - A,1 xIQ3 

FIG. 4.--Comparison of coafiden~ intervals of photometric titrations of lead. 
RID line represents the relationship according to equation f6), the dash& line according 

to equation (21). The legend for the points is the same as for Fig, 3. 
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TABLE II.-C~MPARI~~N 0F PRECISION IN SERIES OF PHOTOMETRIC TITIUT~ONS op LEN 

Statistical treatment of 
10 end-points evaluated, 

Confidence intervalsi 
Axe, PI 

bY 
linear 

Concentrations, M \A,’ - A,J* Parallel 
graphical 

Lead EDTA x 10s limits 
Divergent extrapolation regression 

limits Ax,, cl1 

1.50 x 10-s 10-S 4.35 8.2 7.2 7.7 8.0 
0.75 x 10-S 5 x 10-4 2.18 15.7 15.4 15.7 14.2 
0.30 x 10-b 2 x 10-d 0+344 27.5 25.1 22.6 23.8 
0.15 x 10-s 10-a 0.396 70.5 68.6 62.4 69.6 

* Expressed in units of absorbance per ,~l of titrant. 
t Mean of 5 calculated. 

the limits where an actual value of confidence interval is found with a 90 % probability. 
The calculation was based upon the 2ts estimates found by statistical treatment of 
the calculated end-points [equation (5)] of all titrations involved in one series. A 
double-sided confidence interval for the actual value of variance was taken into 
consideration. The X-square distribution was employed and it was assumed that 
there is an equal probability in both directions of a deviation exceeding the calculated 
value of the confidence interval. 

The values of the confidence intervals were calculated on the basis of data obtained 
by statistical treatment of a series of ten titrations which were evaluated either by 
graphical end-point extrapolation or by calculation using equation (5). The shift of 
estimates of Ax, towards the lower limits can be attributed to the shape of the (~)a 
distribution. These confidence intervals can be compared with the average values of 
five intervals which were calculated for every single titration by both procedures 
indicated above. The individual confidence intervals which were obtained by all 
treatments studied are mostly found within the limits indicated, despite the perceptible 
differences especially at higher levels of experimental error. In Fig. 4, where the 
values of the confidence intervals of photometric titrations of lead are shown, a 
theoretical curve is traced showing the dependence of the confidence interval upon the 
difference in the slope values of both branches. The full line is for the approach 
with parallel confidence limits [equation (22)] and the dashed line is for the case of 
divergent linear limits [equation (23)]. For the evaluation of these functions the 
mean values of all four series of titrations were taken, i.e., syx = 3.62 x 10d3; syX’ = 
2.26 x 10-3; sAt = 2.79 x 10-6; sAl’ = 2.68 x 10-6. There is no appreciable 
difference between both theoretical curves, and the results of all the studied ways of 
treating experimental data are distributed close to these curves. 

The range of the confidence interval depends also upon the number of experimental 
points employed for the computation of the regression lines. This factor can be 
seen from the general expressions for the confidence limits given by equations (1) 
and (2). The higher the numbers of experimental pairs n or n’, the lower are the values 
of the discriminants, and the confidence belts become narrower. Consequently, the 
range of the confidence interval of titration is also narrower. This factor can also be 
illustrated by equation (21) for the divergent limits, since a greater number of variates 
accounts for lower values of the estimated standard deviation of the slopes, sA1 and 

sA1'* The number of experimental pairs exerts an influence even upon the Student’s t 
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and t’ values which are decreasing rapidly with increasing degrees of freedom.* To 
obtain a sufficient precision, it is usually necessary to take 6 or 8 pairs of readings at 
least for each of the extrapolation straight lines.6 A greater number of experimental 
pairs does not lead to a more significant increase in precision. 

Equation (21) for Ax, in case of divergent confidence limits shows that the pre- 
cision is increased for such an arrangement, when the set of experimental pairs being 
represented by the mean values of R or R’, respectively, is situated sufficiently close 
to the equivalence point. This is counteracted by the requirement that the expressions 

I2 (Xi - X)Tl’* or [x (xi - R’)ql’*, respectively, should reach maximum values. An 
optimum arrangement satisfying both requirements is obtained for a case with 
gradually increasing density of experimental points on the linear part of the branch 
approaching the equivalence point. 

EXPERIMENTAL 

To study the random titration error lead was determined by two imear, instrumental methods, 
namely, photometric and amperometric titration with EDTA. Conditions were deliberately arranged 
so as to exaggerate the confidence intervals. 

Apparatus 

Pofarogruph. An LPSS model polarograph (Laboratory Instruments, Prague) was used in con- 
junction with a precise scale galvanometer. 

Spectrophotometer. A Zeiss Spekol spectrophotometer was modiied for spectrophotometric 
titrations. 

Burette. A home-made syringe burette of 3-500~1 capacity was used. It was calibrated by 
weighing water delivered under medicinal paraffin. For 25 deliveries of 100 ~1 the standard deviation 
was o-3 $. 

Procedures 

Amperometric titrations. The mercury dropping electrode was used as indicating electrode in 
combination with a mercury pool as reference electrode. The applied potential difference was chosen 
so that the mean value of the limiting current was proportional to the unmac&d lead ion concen- 
tration. The solution to be titrated (20 ml, ammonium tartrate buffer, pH = 8.5) was stirred and an 
inert atmosphere was maintained by passing a stream of nitrogen after each addition of titrant. 
The readings of the current oscillations were taken to evaluate the mean value (for details see ref. 8). 

Photometric titratiims. Xylenol Orange was used as indicator.1o The titrations were carried out 
in a volume of 20 ml and the absorbance at 550 nm was measured. A titration curve with lii 
branches was obtained. The range of the linear segments of the curve depends upon the amount of 
indicator added and upon the pH value, pH = 5 being optimum. 

In all titrations studied the experimental conditions were arranged so that the titration error 
was affected only by errors in the measured quantity and in measurement of the additions of the 
titrant. All other possible sources of error were carefully eliminated. All volumetric glassware was 
calibrated. The standard deviation for delivery from a lo-ml pipette was O*OOZ ml, for example. 

In all instrumental titrations 8-10 ma&mgs were taken on each branch of the titration curve, the 
sequence of the additions of titrant hemg even and identical within the series. In Fig. 5, one of 
the amperometric titration curves of 1.5 x lo-W-lead chloride with 10-W EDTA is shown. The 
shape of the theoretical confidence belts can be compared with the simplified shapes of confidence 
belts obtained by both the treatments discussed. All details of our experiments and of the approaches 
used for an independent study of errors of all variables involved are given in Part IIL8 

The end-points of all these titrations were evaluated by graphical extrapolation and by the ap- 
proach based upon single limar regression [equation (S)]. A programme for an electronic computer 
ODRA 3013 was developed to allow the rapid computation of the end-point and of its confidence 
interval by both procedurea discussed. 
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FIG. 5.-Evaluation of an amperometric titration of lead. 
A 25-ml portion of 1.5 x lo-%fPbC18 was titrated with lo-=~~TA. The confidence 
belts are limited by: f-theoretical borders resulting in single linear regression; 
Z--parallel linear &nits; Divergent linear limits. The confidence intervals of the 

end-points are shown below each titration curve. 

CONCLUSIONS 

The analysis of the results obtained revealed that the end-point calculation based 
upon single linear regression leads to somewhat more accurate results than the common 
procedure of graphical end-point extrapolation. 

The confidence intervals of tested instrumental titrations, calculated by both 
approaches, assuming either linear parallel confidence limits or linear divergent 
limits, are in good agreement with the results of the statistical treatment of the end- 
point data of each series. Under the experimental conditions studied both simplified 
approaches are capable of expressing the random spread of points on the linear 
branches of a titration curve. In these cases both linear simp~fications of confidence 
belt borders sufficiently approached the hyperbolically curved theoretical limits near 
the equivalence point. Considering linear divergent limits, the greater the absolute 
values of the differences IX - $1 and IX - 2’1, the better is the approach of the 
asymptotes to the curved limits. In our titrations, the y-values of the theoretical 
borders and of the asymptotes were approximately equal or deviated within 10% of 
the corresponding Ayk value. As can be seen from the data summarized in Tables I 
and II, the divergent confidence limits approach can yield results which are in even 
closer accord with the data obtained by the statistical treatment of the end-point 
values. 

From the practical point of view, both procedures for the evaluation of confidence 



End-point evaluation in instrumental titrimetry-X.I 453 

intervals can be used to anticipate the level of random titration error from the experi- 
mentai points of only one titration. In such a way, the optimum experimental 
conditions can be easily chosen to keep the titration error within desired limits. 

The approaches studied also offer the possibility of a quantitative evaluation of 
some factors influencing the precision of instrumental titration. Besides the obvious 
requirement of a satisfactory level of precision in the measurements of both variables, 
there is an important effect of the value of the angle between both branches of the 
titration curve, or more explicitly, of the extent of the change in physical quantity per 
unit of the titration reagent added, 

The study of the approach with divergent linear confidence limits pointed out the 
importance of the distribution of experimental points on the linear portions of both 
branches of the curve. For a higher precision to be obtained the density of readings 
should increase to a certain extent towards the equivalence point. 

The use of computers for the analysis of titration error by the approaches dis- 
cussed can eliminate the tedium of involved computations and offer further possibif- 
ities for a deeper study. Thus, a more reliable use of various methods of instrumental 
titrations could be achieved. 

Zusammenfassung-Der ztitilige Titrationsfehler wurde dur& ein- 
malige lineare Regressioasanalyse beider linearer Asste von Titratiaas- 
kurven ermittelt. Zur Vereinfachune wird der Vertrauensbereich 
einer Titration durch Einsetzen div&genter linearer Vertrauens- 
grenzen beider &e der Kurve abgeschgtzt. Auch der EinfluB des 
Winkels zwischen beiden &en auf den Vertrauensbereich einer 
Titration wurde ermittelt. Die Vorteile des Verfahrens wurden durch 
~wend~g auf mehrere amperometrisehe und photometrische 
Titrationen von Bfei nachgewiesen. Die Ergebnisse wurden mit solchen 
verglichen, die nach dem ~omp~ement~e~~en von Lit-u und 
C&m&s sowie durch die tibliche statistische Verarbeitung van graph- 
isch extrapolierten Endpunkten gewonnen wurden. Das Verfahren 
erlaubt eine kritische Betrachtung der experimentellen Bedingungen 
im Hinblick auf die gewIlnschte Genauigkeit. 

R&un&-Gn a &ah16 l’erreur de titrage fortuite par analyst de 
rbgression lin6aire simple des deux branches des courbes de tittage” 
Dans un but de simplification, I’intervalle de confiance d’un titrage 
esst estimb en substituant les limites de confiance lin6aires divergentes 
aux limites de confiance incur&es des deux branches de la courbe, On 
a aussi &ah& I’infiuence de L’angle entre ies deux branches sur 
I’intervaile de confiance d”un &rage. On B d&no&& que la technique 
est avantageuse en l’ap~i~qu~t B pfusieurs t&rages ~~~rn~~~q~ 
et photom~~qu~ du piomb et en comparant Ies r&sultats ;i ceux 
obtenus par f’approximation compl~mentaire de Liteanu et C&m&, 
et par le traitement statistique usuel des points de fin de dosage obtenus 
par extrapolation graphique. La mbthode permet une co&d&&on 
critique des conditions exp&imentales par rapport au niveau de 
pr&sion d&i&. 
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iron has been studied in’detail and conditions have been est&i&ed 
for their cumplete separation; the compkxea of ~~~~~a~~lpi- 
valoyimethane show the beat characteristics for this purpose. A range 
of liquid phases and cofumn conditions have been considered and 
Apiezon substrates have been shown to give optimal resolution. The 
technique has been extended to a preparative scale with up to @l-g 
chelate samples, and the &Iciency of the process demonstrated by the 
removal of 2 % proportions of two metal complexes from a sample of 
the third. Implications of the technique for the puritication of metals 
are discussed. 

THE APPLICATION of preparative gas chromatography to the purification of metals as 
their volatile derivatives offers great possibilities, for this technique has a high sepa- 
ratory efficiency. However, developments in this field have been restricted both by 
the lack of polarity and by the high reactivity of many inorganic compounds. 
Analytical gas ~~ornato~ap~~ separations of many ~-~keton~tes are now well 
documented: and although preparative separations have not yet been reported, the 
production of pure metal compounds by this method appears feasible. The /3- 
diketonates are most attractive in this respect as many of them have both high vol- 
atility and thermal stabilityVa th@y are formed by a wide range of metals, often by 
quantitative extraction of the metal ion with the @liketone,s*4 and unlike many other 
metal compounds, they require no special handling techniques. We now report the 
first preparative gas chromatographic separation of metal complexes of this type. 

Gas c~omato~p~c separations of metal @diketon@es have usually been 
studied by injection of small samples onto short columns of low liquid phase loading. 
The aims of the work described in this paper were first to devise an optimal set of 
conditions for the complete resolution of a mixture of metal &-diketonates on the 
analytical scale, and secondly to increase sample size and adapt column parameters 
to a preparative scafe with a view to purification of one complex by removal of others. 

The aluminium, chromium and iron derivatives of a wide range of @diketones 
were chosen for the initial examination. Several analytical separations of aluminium 
and chromium,6*6 and aluminium and iron trifluoroacetylacetonat_as7~* have previously 
been achieved, but a complete separation of the chromium and iron complexes of the 
same &diketone has not been rqorted. Sieve& claims a partial separation of the 
trifiuoroacetylacetone derivatives of these metals on a polyethylene wax substrate, 
but the peaks are ill-defined and base-line return is incomplete. The separation of 
complexes with very similiar volatilities is often made more di&ult by the existence 
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of asy~etri~al peaks and low column efhciencies, which are the result of undesirable 
column interactions. 

In the work described in this paper, particularly good separations and minimi- 
zation of undesirable column interactions were obtained with complexes of perlluoro- 
alkanoylpivaloylmethanes. Previously published studies of these complexes have 
been mainly concerned with rare earth complexes,10*11,12 and metal heptafluoro- 
butanoylpivaloylmethanates.15 

General nomenclature 

EXPERIMENTAL 

The following nomenclature is used for description of the &diketonates. The abbreviations 
refer to the enolate ion used in the formation of the metal complex. 

Pentane-2+dione (aoetylacetone), AA 
I,1 ,l -Tri~~ro~~~2,4~one (t~uoro~~l~tone), TFA 
2,2,6,6-Tet~~yihep~e-3,S~ione (dipiv~oy~et~), DPM 
1 ,l ,1 -T~fluoro-S,S-di~thyIh~~e-2,4~one (~~uoro~tylpivaloy~et~~e), TPM 
1,1,1,2,2-Pentafluoro-6,6-dimethylheptane-3,5-dione (~nt~uoroprop~oylpivaloylmeth~e), 

PPM 
1,l ,1,2,2,3,3-Heptatluoro-7,7-dimethyioctane-4,6-dione (heptatluorobutanoylpivaloyhnethane), 

HPM 

Acetylacetone was obtained commercially. Trifluoroacetylacetone was prepared by the Claisen 
condensation of ethyltrifluoroacetate and acetone with sodium methoxide; dipivaloylmethane 
and its fluorinated analogues by the condensation of the appropriate esters and ketones with sodium 
hydride. 

The aluminium, chromium and iron complexes were synthesized by the addition of the stoichio- 
metric quantity of the /I-diketone dissolved in ethanol, to an aqueous solution of the metal ion. The 
resultant solution was either buffered with sodium acetate or its pH was adjusted to cu. 7 by the 
addition of 4M ammonia solution. The precipitated metal chelate was filtered off, dried, and purified 
by sublimation under reduced pressure. 
after standing for a few days. 

The TPM complexes appeared initially as oils but solidified 

For the preparative gas chromatographic studies the complexes were prepared from “Specpure” 
chromium metal, iron sesquioxide and hydrated aluminium chloride (Johnson, Matthey and Co.). 
All possible precautions were taken to exclude the introduction of any foreign ions during these 
preparations. 

G& chromatography-analytical separations 

The Varian Aerograph Autoprep 700 fitted with a katharometer detector was used as a conven- 
tional analytical gas chromatograph. The injection port and detector block temperatures were 
maintained from 10 to 20” higher than that of the column, and a mixture of hydrogen and nitrogen 
(1: 3 v/v) was used as the carrier gas. Samples (O-SO ~1 of 5 or 10% w/v solutions of the chelates in 
chloroform) were introduced into the glass-lined injection port of the apparatus with a microsyringe. 
A Pye “series 104” chromato~ph equipped with a Rame ionization detector was also used, samples 
(O-10 ~1 of 1000 or 2000 ppm solutions of the chelates in chlorofo~) being introduced directly on to 
the column. 

Phase Separations Ltd. supplied the column packing materials and the Pye 104 columns were 
obtained pre-coiled. Before coating the cehte supports were treated successively with 4M hydro- 
chloric acid, water, 2M sodium hydroxide, water and methanol, and were then silaned with hexa- 
methyldisilazane in petroleum ether, and coated by standard methods. The only exceptions to this 
treatment were the Universal B supports which were used as obtained, already coated. 
for the coating of Teflon with a liquid phase was that given by Kirkland.‘% 

The procedure 

The following columns were used to obtain the analytical results. 
(1) O-46 m x 0.6 cm Cu, 5 % SE-30 on PhaseSep N (60-80 mesh) (Autoprep) 
(2) 1.8 m x O-6 cm Cu, 10% SE-30 on PhaseSep N (60-80 mesh) or Chromosorb G (60-80 mesh) 

(Autoprep) 
(3) 15 m x 0.6 cm glass, 10% SE-30 on PhaseSep N (60-80 mesh) (Pye 104) 
(4) 1.8 m x 0.6 cm Cu, 10% SE-30 on Teflon (Autoprep) 
(5) 1.8 m x 0.6 cm Cu, 10% Apiezon M on PhaseSep N (60-80 mesh) (Autoprep) 
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(6) 3.05 m x 06 cm Cu, 10% Apiezon L on Universal B (60-80 mesh) (Autoprep) 
(7) 1.8 m x @6 cm Cu, 10% Diethylene glycol adipate (DEGA) on Chromosorb G (60-80 mesh) 

(Autoprep) 
Gas chro~to~ap~y-preparative separations 

The Varian Aerograph Autoprep 700 was used as a preparative chromatograph combining 
automatic injection and collection systems, so that a single separation was continually repeated. 
The eluates were collected in liquid-air-cooled bottles supplied for the instrument. The column used 
was a 6.1 m x 95 mm aluminium tube packed with 15% Apiezon L on Universal B (44-60 mesh), 
supplied by Jones Chromatography and Co. 

Universal B is a support material manufactured by Phase Separations Ltd., which has character- 
istics similar to a flux-calcined diatomite but is extremely inert, showing almost complete suppression 

TABLE I.-MAJOR FBATURIS OF THB MASS SPECTRA OF THE ALUMINIUM, cmtomm 

AND lRON TRIFLUOROACJSYLPIVALOYLMI3THANATES 

de Ion 

612 ~Al~PM)~l+. (M)+* 
555 [AI(TPM)S - C(CH&]+ (M - 57)+ 
543 [AliTPM), - CF,]+ (M - 69)+ 
417 JAl(TPM),I+ (M - 195)+ 
367 [AKTPM), - CF,]+ ‘(; - ;;;I 
241 (TPM-Al-F)+ 
191 ;Fn;MyYF) - C&I+ @4)I 421): 
637 
580 [C:(TPM): ” C(CHs),]+* (M ” 57)+ 
442 [Cr(TPM),I+ (M - 195)‘. 
385 KXTPM), - C(CHAl+ (M - 252)f 
247 tCr(TPM)l+ 

:“M:I- 390)+ 641 IFeCrPMM+* 
584 tFecTPM), - CfCH&J+ (M 1: 57)+ 
446 IFet.TPM)el+ 

f; 12;: 389 ~e~~~ - C(CH&l+ 
377 I - CFs]+ (M - 264): 
251 lFe(TPM)l+ (M - 3QO)+ 

of the adsorptive effect. This support proved greatly superior to white supports such as Chromosorb 
W or PhaseSep N (Phase Separations Ltd.) and also the alkaline surface support Chromosorb G. 
Universal B as purchased was found to have characteristics superior to Phase&p N and Chromosorb 
G and W even after these had been subjected to successive acid and alkaline washes and hexamethyl- 
disilazane treatment. It is largely to the use of this support that may be attributed the considerable 
improvement in resolution on both analytical and preparative coh.unns. Pre-treatment of Universal B 
before coating did not produce better results than those obtained by using the ready-coated support as 
purchased. 

The sample solution for the preparative separation of equal quantities of the metal TPM compiexes 
was prepared by dissolving @4 g each of Al(IPM),, Cr(TPM), and Fe(TPM)s in 6 ml of chloroform. 

The sample solution for the separation of Cr(TPM), from 2% Al(l”PM), and 2% Fe(TPM), was 
prepared by dissolving CrffpM), (288 g), Al(TPM), (0.06 g) and Fe(TPM), (0% g) in 15 ml of 
chloroform. 

The gas chromatographic conditions used for each preparative separation were as follows: 
sample: O+ml injection 
column temperature: 160-162” 
injection temperature: 170” 
detector temperature: 170-175” 
collector temperature: 175-180” 
filament current : 145 mA 
attenuation: x2 
hydrogen/nitrogen flow-rate: 133 ml/mm (30 psig). 

Mass spectrometry 

An A.E.I. M.S.9 double focusing mass spectrometer with direct injection probe was used in the 
characterization of eluates by means of the metal-(TPM)3 and metal-(TPM)*+ ions. The major 
features of the mass spectra are given in Table I. 

2 
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Emission spectrographic analysis 

A Hi&r-Watts large quartz spectrograph, with a high frequency plasma torch as the emission 
s~urce,~b was used to analyse the eluates from the preparative column. Chloroform solutions of the 
chelates were aspirated directly into the plasma. 

RESULTS AND DISCUSSION 

Analytical separations 

The gas chromatographic behaviour of the aluminium, chromium and iron 
complexes of some fluorinated and unfluorinated /I-diketones was studied on the 
analytical scale for two main reasons; to discover which complexes were potentially 
suitable for preparative scale elution by virtue of volatility and stability, and to find 
the conditions for quantitative separation of all three metals (which necessitated 
investigation of the interactions that occurred between the complexes and the chro- 
matographic column). In general large samples of the complexes were injected into 
columns containing fairly high liquid phase loadings in order to approximate to 
preparative gas chromatographic conditions. 

@fluorinated Bdiketonates. The major limitation in the gas chromatography of 
unfluorinated /I-diketonates is their low volatility. Thus even if adequate separations 
could be obtained, the highcolumn temperatures would certainly lead to decomposition 
on preparative columns. This prediction was confirmed for a mixture of the alumin- 
ium, chromium and iron acetylacetonates. All were eluted unchanged at 160” from 
column (I), but at the temperature of ca. 200” needed for their elution from column 
(2) breakdown of both the aluminium and iron complexes was indicated. 

Almost complete separation was obtained for a mixture of the three metal di- 
pivaloylmethanates from column (1) at 170” but retention times were similar to those 
of the acetylacetonates and no elution of discrete peaks could be obtained on longer 
columns. 

Trzyuoroacetylacetonates. The considerable increase in volatility afforded by 
fluorinated /?-diketonates shows greater promise for preparative separations provided 
that adequate resolution can be achieved. Thus aluminium, chromium and iron 
trifluoroacetylacetonates were eluted individually from column (2) at 150” with 
retention times of 54, 10 and 104 min respectively. 

However, despite variation of chromatographic parameters, complete resolution 
of the chromium and iron peaks was not achieved. This failure was attributed in part 
to adsorption effects which have been discussed by Veening and HuberlB and by 
Uden and Jenkins.r7 These adverse characteristics appeared particularly severe for 
the trifluoroacetylacetonates but were greatly reduced for the perfluoroalkanoyl- 
pivaloylmethanates. 

Trz~uoroacetylpivaioyoylmethanates, pentafEuoropropanoylpivaloylmethanates and 
heptafluorobutanoylpivaloylmethanates. The chromatography of chelates of these 
ligands with aluminium, chromium and iron was evaluated in the hope that they 
would show a combination of the favourable characteristics of the chelates con- 
taining tertiary butyl groups and of the enhanced volatility of the fluorinated ,I% 
diketonates. 

Results obtained with silicone gum columns showed this hope to be partially 
realized. Improved separation was found between chromium and iron TPM com- 
plexes when compared with the trifluoroacetylacetonates but complete return to 
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baseline could not be obtained. The use of PTFE support material [column (4)] 
reduced column efficiency to such an extent that no separation at all was observed. 

It seemed possible that the PPM and HPM complexes might have shorter retention 
times and permit use of lower column temperatures, [Fe(TPM), and Cr(TPM), 
sublime at 58-62”/0-6 mbar; Fe(PPM),, Cr(PPM),, Fe(HPM), and Cr(HPM), 
sublime at 40-45”/0~6 mbar], but no reduction in retention time was found and 

TABLE II.--RETENTION TIMES OF THE ALUMINIIJM, CHROMIUM AND IRON #?-DU(ETONATES ON 
.WXONB GUM RUBBER SE-30 [COLUMN (3) AT 16o”c] 

Sample 
Ret. time, 

min Sample 
Ret. time, 

min Sample 
Ret. time, 

min 

Al(TF-4 34 Cr(TFA), 
Al(TPM), 11# Cr(TPM), 
Al(PPM& 13 Cr(PPM), 
ANHPM), 16* Cr(HPM)* 

1:: 
168 
21 

FeWA), 
Fe(TPM), 
Fe(PPM)* 
Fe(HPM)a 

TABLE III.--RETENTION TIMES OF THE ALUMINIUM, crmoMIuM AND IRON &DIKIZTONATES ON 
APIJXZON M [COLUMN (5) AT 159’C] 

Sample 
Ret. time, 

min Sample 
Ret. time, 

min Sample 
Ret. time, 

min 

AVFAh 3t Cr(TFA), 68 FeCTFA)a 76 
A.UPM)II 9 CrCTPM)* 144 WTPM), 2oa 
AW’PM), 8 Cr(PPM), 104 Fe(PPM), 12% 
Al(HPM), 8 Cr(HPM), 9% Fe(HPM), 114 

resolution of the chromium and iron chelates was poorer. The elution pattern 
remained constant with variation of liquid phase loading, column and injection 
temperatures and increased sample size. Retention data are given in Table II and 
show the decrease in separation with increasing fluoroalkyl chain length. 

A considerable change was noted with Apiezon columns. It appeared that inter- 
action with the chelates was much smaller than for the silicone gum rubber columns.ls 
Table III gives the retention data for an Apiezon column. 

The order of elution on the Apiezon column corresponded to ease of sublimation, 
and retention times were shorter than on the silicone gum column. The decrease in 
interaction with the liquid phase led to a marked improvement in the resolution of 
the chromium and iron peaks although the separation again deteriorated with in- 
creasing length of the fluorocarbon chain. Completely resolved peaks were obtained 
for the chromium and iron TPM complexes and it was found that further improvement 
in peak shape and reduction in retention time were attained by using a column of 
Apiezon L coated on Universal B support [column (6)]. 

It was concluded that preparative separations could best be performed with the 
TPM complexes on a column with a high loading of Apiezon L on Universal B. 

Preparative separations 

The effect of increasing the column dimensions and sample size was first in- 
vestigated. An increase in peak resolution was obtained when an analytical scale 
injection was made into the preparative column (6.1 m x 9.5 mm aluminium, 15 % 
Apiezon L on Universal B); 34 min now separated the peaks instead of the 2 min on 
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the 3451~1 column (6). The complexes could be eluted with reasonabie retention 
times from the 6-I-m column at temperatures as low as 160”. Figure 1 shows that 
separation was still good when larger sampIes were injected (04 ml), containing 
equal weights (33 mg) of each cotnptex, 

PIG. I _--C%mmatogram of the preparative separation of CrcfpM& from 2 % Al(TPM)a 
and2%Fe(TF’M),. I------- chromatogram of the separation &equal amounts (33 

mg) of each chelatef 
Sample: @1 g of tota chelate injected. Column: 6.1 m x 95 mm Al, 15 “/, Apiezon L 
on Universal B (44-60 mesh), Column temp. 162°C. Hydrogen/nitrogen flow-rate: 

133 ml/min. 

Au attempt was then made to separate the chromium TPM complex from 2 % w/w 
each of the aluminium and iron TPM complexes. A total of 0.1 g of mixed complexes 
was injected automati~~y in 0%ml portions with a syringe operated by au air 
piston, A small peak cor~p~nding to the a~u~n~urn complex was observed in 
addition to the main chromium-TFM peak (Fig_ 1) but the katharometer did not 
detect any iron complex. On comparing the chromatogram with that obtained in the 
earlier separation, it was assumed that either the iron had been efuted after the 
chromium peak but not detected, or it had been retained or decomposed on the co& 
umn, Since the analysis of the collected chromium chelate showed very low levels 
of iron impurity, the assumption that the iron chelate was not emerging from the 
column in any considerable quantity during the collection period seems justified. 
Furthermore these low levels suggest that any iron possibly present as an impurity 
in the support material was not being leached out to any measurable extent. 

No detectable quantity of iron complex could be trapped out between the end of 
the predicted position of the iron peak and the begirming of the next collection period. 
Nevertheless, as a general rule, a time lapse of some 5 tin was alfowed between the 
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end of the ~hro~urn peaks and the reactivation of the injection cycle, thus giving a 
total time lapse of about 25 min between c~o~urn collection periods. 

By successive automatic injection 1 g of chromium triiluoroacetylpivaloyl- 
methanate was collected in a bottle cooled in liquid air; this collection took place 
during the time between the crosses marked on the peak in Fig. 1. The aluminium, 
chromium and iron TPM complexes have melting points (60-80’) which are much 
lower than those of the corresponding complexes of most other @diketones. These 
complexes, once molten, can be extensively supercooled and resolidify very slowly. 

During the first few collection cycles the chromium complex was trapped out 
relatively poorly in the liquid-air cooled trap, remaining there as oil, recovery over 
the first five injections being about 45 %. Subsequently as solidification of the complex 
began, collection efficiency improved markedly, rising to over 80 % after 25 injections. 
Overall recovery for 1 g of collected complex was about 65%. Improved trapping 
techniques, perhaps employing initial seeding of the trap with crystals of the complex 
or using an absorbing medium, should improve overall efficiency considerably. There 
was no indication that more than a very small proportion of the chromium complex 
was lost by adsorption or decomposition on the column. 

Purity of the eluates. Chromium TPM complex which had been passed alone 
through the preparative column, and the chromium complex which had been separ- 
ated from the aluminium and iron impurities, were analysed by plasma torch emission 
spectrography. The Cr(TPM), passed alone through the column contained 0.055% 
Al(TPM)8 and Fe(TPM), 0.028 %. The Cr(TPM), separated from 2 % Al(TPM), and 
2 % Fe(TPM)a contained 0.09 1% Al(TPM)8 and 0.027 % Fe(TPM),. The impurity 
levels in the original sample of chromium trifluoroa~tylpiv~oylmeth~ate were also 
of this order. 

The separation of the chromium complex from the aluminium and iron complexes 
appears most successful, the added impurity levels being reduced to about those in 
the original sample. A similar separation of the alum&urn TPM complex from 2 % 
of impurities was attempted with the same preparative column, after the chromium 
TPM separations. The analysis of the aluminium complex showed that the iron had 
been effectively removed [less than 0.028% Fe(TPM)S remaining] and that most of 
the chromium had been eliminated 10.28% Cr(TPM)J. However, the level of the 
chromium impurity was higher than would have been expected from the well separated 
peaks on the chromatogram. As the column was purged in this case for 36 hr before 
purification of the aluminium complex, the probable explanation for the higher 
~~0~~ level in the eluate is that a portion of the chromium chelate remained 
adsorbed or had otherwise interacted with the column material during the chromium 
purification experiment and was not removed by purging. Passage of the aluminium 
complex through the column then produced a displacement of the adsorbed chromium 
species which was then eluted with the aluminium complex. We have commented on 
this type of behaviour previously17 for smaller samples where it is more pronounced 
for iron and aluminium chelates than for chromium chelates. However the much 
larger quantities of the chromium complex to which the column had been previously 
exposed in this experiment clearly made this behaviour more pronounced. A further 
separation, that of the iron trifluoroacetylpivaloylmethanate from 2% each of the 
aluminium and chromium complexes was then attempted on the same column after a 
further lengthy period of purging. The results in this case showed that higher levels 
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of the impurity chelates remained after separation even though resolution appeared 
good on the chromatogram. The further deterioration could be attributed once 
again to a build-up of both aluminium and chromium on the column. Better results 
could certainly be obtained in the latter experiments if fresh columns were used for the 
purification of each specific chelate. Considerable study must be made of this aspect 
of the technique in order to maintain high purities for the products. 

CONCLUSIONS 

The results demonstrate the feasibility of preparative scale separations of metal 
@liketonates, even for a pair of metals such as chromium and iron, having complexes 
with very similar volatilities. The choice of ligand is of major importance to ensure 
maximal resolution and adequate volatility, while all chromatographic parameters 
must be fully explored and optimized during preliminary analytical investigations. 
Adsorption of chelates, a problem which is unlikely to be completely eliminated, 
suggests that eluates of the highest purity may best be obtained from a column which 
is used only for the purification of that particular metal complex. 

The good purity levels obtained for the chromium complex suggest possibilities 
for the production of ultrapure metals by preparative gas chromatography. To 
produce significant amounts of pure metals however, considerable quantities of the 
complexes must be chromatographed as the proportion of metal in the complexes 
is low. It seems doubtful whether a batch process such as described here could be 
scaled up to separate sufficient quantities of complexes in a reasonable time, but 
studies now proceeding in the use of continuous gas chromatographic techniques 
may make commercial scale separations possible. 

Work has been done by Van Hemert et a1.18 and Moshier et all@ which shows 
that pure metals may readily be regenerated from fluorinated metal /?-diketonates by 
reduction with hydrogen gas at an elevated temperature. 

Born-Haber calculations might be used to predict the relative stabilities of the 
metal-fluorine bonds formation of which could affect recovery of metals in other 
preparative applications. 

Acknowledgements-The analyses of the eluates by the high-frequency plasma torch method were 
carried out in conjunction with Mr. S. Greenfield and the staff of the Analytical Research Department, 
Albright and Wilson Ltd., to whom the authors are indebted. The authors wish to thank Dr. J. R. 
Majer for his advice on mass spectrometry. One of us (C. R. J.) gratefully acknowledges the receipt 
of a maintenance grant from the United Kingdom Atomic Energy Authority, Aldermaston. 

Zusanunenfassung-Die analytische Gaschromatographie einer Anzahl 
fluorierter und nicht fluorierter /?-Diketonate von Aluminium, Chrom 
und Eisen wurde in ihren Einzelheiten untersucht und die Bedingungen 
ermittelt. unter denen man vollstandige Trennung erreicht. Die 
Komplexe von TriAuoracetylpivaloylmet&n haben i; dieser Hinsicht 
die besten Eieenschaften. Verschiedene fliissiae Phasen und Saulen- 
bedingungen &rden in Betracht gezogen; die l&e Auflosung ergaben 
Apiezon-Triiger. Das Verfahren wurde auf den praparativen Mat&tab 
mit Chelatproben bis zu 0,l g ausgedehnt. Die Wirksamkeit dieses 
Trennprozesses wurde durch Entfemung von 2 prozent-Anteilen 
zweier Metall-komplexe aus einer Probe des dritten demonstriert. 
Es werden Folgerungen fur die Reinigung von Metallen diskutiert, 
die sich aus dem Verfahren ergeben. 
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R&sum&On a etudie en d&ail la c~omato~phie en phase gazeuse 
analytique d’une gamme de &dicetonates fluor& et non fluores de 
l’aluminium, du chrome et du fer et on a etabli les conditions de leur 
separation complete; les complexes du ~uom~~lpiv~oy~~~e 
montrent les meilleures caracteristiques dans ee but. On a considem 
gamme de phases liquides et de conditions de colomre et l’on a montre 
que les substrats ii PA 
btendu la technique a ! 

iezon donnent la resolution optimale. On a 
6chelle preparative avec des echantillons de 

chelates jusqu’a 0,l g et l’efficacite de la technique a dte d6montr&e par 
l’ehmmation de deux complexes m6talliques dam la proportion de 
2% dun echantillon du troisieme. On discute des incidencea de la 
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te&nique sur la purification de metaux. 
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Wavelength. nm 

FIG. 1 .-Absorption spectra of O.lM Tiron solutions at various pH values. 
pH-(i) 4.9; (ii) 6.2; (iii) 7.1; (iv) 8-3; (u) 10.2; (vi) 12.2. 

and sodium hydroxide solutions, or for neodymium, the pH was adjusted to 12.0 f 05 with 0.1&f 
sodium hydroxide. Then the solution was transferred to a lo-ml volumetric flask and made up to 
volume with water. The absorbance for neodymium, holmium and erbium at pH 45-5 and for neo- 
dymium at pH 12 was measured at 578,450. 376 and 571 MI respectively. The concentration of the 
metal ions was obtained graphically from Beer’s law plots. Water was used as a reference unless 
otherwise. All the experiments were carried out at 20-25”. 

RESULTS AND DISCUSSION 

Absorption spectra of 0.1MTiron solutions at differing pH were measured between 
340 and 650 nm (Fig. 1). With increase of pH, a broad absorption band gradually 
appears which gives a maximum at about 430 nm. In alkaline medium of pH 12, 
there is a strong absorption band at wavelengths below about 500 nm. Absorption 
spectra of aqueous solutions containing neodymium, holmium or erbium and an 
excess of Tiron were recorded from 340 to 650 nm as a function of pH (Figs. 2-4). 
The absorbances at the absorption maxima for neodymium Tiron complexes are 4-l 
(at 578 nm), 4.0 (at 579 nm) and 8.6 (at 571 nm) times greater than that of the chloride 
and for holmium and erbium Tiron complexes at pH 5 the absorbances are about 9 
(at 450 nm) and 5 (at 376 nm) times greater than those of the corresponding chlorides. 
Holmium and erbium Tiron complexes in alkaline media were not examined, because 
the main absorption bands occurred below 500 nm. 

Figure 5 shows the variation of absorbance at the maxima of absorption bands 
for these metal complexes, as a function of PH. The absorption spectra for the neo- 
dymium complexes give almost identical patterns in the pH ranges 4.0-5-O (a-type), 
6.0-7-O (/?-type) and 11-5-12-5 (y-type). The absorbances for holmium and erbium 
Tiron complexes are almost constant over the pH range 4-5-5.0. 

Mole-ratio plots for the reaction at pH 4-5-5.0 gave the ratio of Tiron to lanthanide 
as 3:2. At pH 7 the same ratio (3:2) was found for Tiron:Nd, but in more alkaline 
media (pH 12) constant absorbance at 571 nm is not obtained until the mole-ratio of 
Tiron to neodymium is about 5. The absorption spectrum of the neodymium complex 
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at pH 12 changes in a complicated manner as a function of the mole-ratio of Tiron 
to ~eod~um. Eveu in alkaline media, no hydrolysis of the metal is observed when 
the mole-ratio Tiron:Nd = O-5. The spectrum at the moleratio Tiron:Nd = 3:2 
almost corresponds to that of the p-type shown in Fig. 2. For determination of these 
metal ions, a tenfold excess of Tiron was taken as the urns requirement, 

The absorption spectra of these Tiron complexes are stable with time, especially 
in acidic medium. Even in alkaline medium (pH 12) the absorption bands of the 
neodymi~ Tiron complex remained constant for 24 IX, though the absorbance 
slightly increased because of a change in the absorption band of the reagent. 

The systems follow Beer’s law up to 4 m&ml (Nd, pH 45, 578 nm), 2.5 mg/ml 
(Nd, pH 12, 571 run), 4 mg/ml (Ho, pH 4*8,450 nm), 5 mg/ml (Er, pH 4.8, 376 nm). 

Efects of diverse ions 
The effects of other rare earth ions on the deter~nation of neody~um, holmium 

and erbium were investigated. The results are shown in Table I. C&urn ions do not 
interfere in acidic medium when the procedure is carried out with ascorbic acid 
added. Europium ions give an inte~ereu~ for hol~um and erbium because the 
Tiron complexes have a broad absorption band below 550 nm. Ytterbium Tiron 
complexes (which have an absorption band below 430 nm) also give an interference for 
erbium. 

Composition of the chelates 
The continuous variation method was used to investigate the ratio in which 

Tiron combines with rare earths. The total concentration of neodymium and Tiron 
was maintained at 9.5 x lO-3M. The continuous variation plots at pH 4.5 (at 578 nm), 
7.0 (at 579 nm) and 12.0 fat 579 nm) are illustrated in Figs. 6-8. The peaks at mole- 
fractions ~d~~~~Nd~ -+ [Tiron]) of @40 and O-33, indicate, combining ratios of l-5 
and 2 Tiron molecules per neody~um ion. For hobo aud erbium at pH 4.8 the 
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TABLE I.-D ETERMINATION OF NEODYhUUM, HOLMIUM AND FXBIUM IN S YNTHEmcSAMPLEScONTAININc3 

DIVERSE METAL IONS 

Nd (pH 4.5, 578 Nd (pH 12.0, 571 
Metal ions n&* Metal ions nm)i 
added, mg Found, mg added, mg Found, mg 

La 18.96 13.7, La 758 6$ 
Ce 9.12 13.60 Ce 4.57 Interference 
Pr 18.16 13.85 Pr 9.03 6.5, 
Sm 13.71 13.70 Sm 6.86 6.5,, 
% 15.74 13.81 13.81 13.90 % 6.29 4.60 6.55 6.60 

Tb 16.05 13.90 Tb 6.42 6.60 

DY 7.94 13.7s DY 3.19 Ho 3.29 13.6,, Ho 8.12 ::;I 
Er 19.85 13.6,, Er 9.72 6.5: 
Tm 8.46 13.86 Tm 3.40 66, 

Yb l&81 13.7, Yb 7.53 Lu 13.42 13.76 Lu 13.42 ;:; 

Y 8.03 13.6@ Y 4.02 6.5: 

Ho (pH 5.0,450 
nm)§ 

Er (pH 5.0, 376 
m/l): 

Found, mg Found, mg 

La 18.96 
Ce 4.57 

Ed 22.59 13.50 
Sm 13.71 
Eu 9.20 
Gd 15.74 
Tb 16.05 
DY 7.97 
Er 19.85 
Tm 8.38 
Yb 7.53 
LU 13.42 
Y 8.03 

* Taken-l 3.75 mg. 
t Taken-6.75 mg. 
$ Taken-19.45 mg. 
8 Taken-1644 mg. 

16.34 
16.26 

Interference 16.00 
19.90 

Interference 
16.26 
16.2, 
16.55 
1 6.51 
16.60 
16.6, 
16.7, 
16.60 

La 
Ce 

Pr Nd 
Sm 
Eu 
Gd 
Tb 
DY 
Ho 
Tm 
Yb 
Lu 
Y 

18.96 
4.57 

22.59 13.50 
13.71 
9.20 

15.74 
16.05 
7.97 

1644 
8.38 
7.53 

13.42 
8.03 

19.40 
19.40 

19.55 19.76 
19.2, 

Interference 
19.36 
19.35 
19.30 
19.36 
19.50 

Interference 
19.40 
19.55 

combining ratio is also 1.5 :l. These Tiron complexes probably exist as binuclear 
complexes, Ln, (Tiron),. 

However, the results of the continuous variation plots for neodymium, especially 
in alkaline media, are not always accurate because the spectra vary with concentration 
of Tiron. Therefore, the method of continuous variation was used again with lower 
concentrations of neodymium and Tiron. The ultraviolet absorption spectra as a 
function of pH are given in Fig. 9. Although the absorption bands are not observed 
if the pH is below 5.0, the bands having a maximum in a range 310-325 nm appear 
with increasing pH. The total concentration of neodymium and Tiron was 3.03 x 
10-+&f and the absorbance was measured at 310 (pH 7.0) and 325 nm (pH 12-O), 
respectively. As shown in Figs. 7 and 8, the results correspond with those for the 
visible region. 
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FIG. 6.-Continuous variation plots for neodymium, holmium and erbium in weakly 
acidic media. 

(i) [Er] + [Tiron], 1.06 x IO-V4; pH 4.8; 376 nm 
(ii) [Ho] + [Tiron], 9.96 x 10-8M, pH 4.8; 450 nm 

(iii) [NdJ + [Tiron], 9.53 x IO-*M, pH 4.5; 578 nm. 

MOle fraction, [Nd] /([Nd] + [Tiron]) 

FIG. 7.-continuous variation plots for neodymium in neutral media. 
(i) [Nd] + piron], 3.03 X 10-6M, pH, 7.0; 31Onm 
I..\ r.7 *1 I l.T.___1 n e.7 ., .n_rr*. _TT *.n. c-nl ^- 
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FIG. IO.-Variation of absorption spectra of neodymium Tiron complexes at pH 12 as a 
function of mole ratio of Tiron to neodymium. 

Nd, 1.24 x lo-*M. 

All the results from the continuous variation and mole-ratio plots at pH 4.5 and 
7 show the combining ratio of 3 :2 Tiron : Ln. At pH 12, there is a discrepancy between 
the continuous variation and mole-ratio plots; the continuous variation method may 
not be suitable here because the spectrum of the neodymium complex at pH 12 is 
remarkably dependent upon the concentration of the reagent, as shown in Fig. 10. 
The complexity and enhancement of the y-type neodymium complex spectra may be 
explained by formation of higher order complexes, e.g., Tiron:Nd = 5, which may 
be deduced from the results of the mole-ratio method and from the fact that the co- 
ordination number of rare earths may be as high as nine or ten. 

Zusammenfassung-Die Absorptionsspektren der Tironkomplexe 
von Neodym, Holmium und Erbium in wii%ger Liisung wurden von 
340 bis 650 nm gemessen. Die Extinktionen bei der Wellenlange der 
starksten Absorptionsbande eines wldrigen Mediums mit den Tiron- 
komplexen von Neodym (pH 4,5), Neodym (pH 12,0), Holmium 
(pH 5,0) und Erbium (pH 5,0) waren urn die Faktoren 4 (bei 578 nm), 
9 (bei 571 nm), 9 (bei 450 nm) und 5 (bei 376 nm) griiBer als mit den 
entsprechenden Mengen der betreffenden Chloride. Die spektro- 
photometrische Bestimmung dieser Elemente wurde untersucht. Als 
Verbindungsverhaltnisse Tiron: seltene Erde wurden 3:2 und 2: 1 
gefunden. 

R&nn&On a mesure les spectres d’absorption des complexes Tiron 
des neodyme, holmium et erbium en solution aqueuse de 340 a 650 
nm. L’absorption, a la longueur d’onde de la bande d’absorption 
maximale, d’un milieu aqueux contenant les complexes Tiron de 
n&odyme (pH 4,5), n&odyme @H 12,0), holmium (pH 5,0) et erbium 
(pH 5,0) est environ 4 (a 578 nm), 9 (a 571 nm), 9 (ii 450 nm) et 5 
(a 376 nm) fois plus elevt%, respectivement, que pour les memes 
quantites des chlorures correspondants. On a Qtudie le dosage spectro- 
photomdtrique de ces elements. On a trouve que les rapports de 
combinaison du Tiron a la terre rare sont de 3 :2 et 2: 1. 
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Smmnary-The Unterzaucbcr method, used for the determination of 
oxygen in organic wmpcunds and coal, has been adapted to the 
determination of oxygen in wke. Modifications were made to the 
wnvemionai apparatus in order to elimiaate any contribution made 
by the coke moisture to the determined oxygen wntent. The carboa 
dioxide produced from the wmbustion of the oxygen in the wke was 
estimated by a sensitive wnduetimetric method. Evidence is presented 
which indicates that additional liberation of oxygen from the wke 
mineral matter does not make a significant contribution to the total 
oxygen determined under the prescribed experimental conditions. The 
error of the determination is approximately 0.1%. A comparison is 
made between results obtained for a series of cokes and &am by the 
dimct method and by an independent determination, based on neutron 
activation. 

THB oxvc+m content of coal is related to certain coal properties such as coking power, 
liability to spontaneous combustion and oxidation. It is also an indication of coal 
rank. Because of its importance, many attempts have been made to derive a suitable 
experimental technique for the de~~na~on of oxygen in coal. The methods 
proposed fall generally within two groups, based on oxidationl-a or reductior+* of 
the carbonaceous material. Within recent years the well known Scht&.e-Unter- 
zaucher7*8 method used for the determination of oxygen in organic compounds has 
been further developede*10 and methods based on this approach, i.e., the reduction 
of the volatile oxygen compounds by carbon either with or without the addition of a 
catalyst, have been used. A survey of the field is given by Crawford, Glover and 
Woodll who determined oxygen in coal by a procedure and apparatus similar to that 
described by Oita and Conway .l” This technique was further adapted for our pur- 
poses. 

The principal difficulty associated with the application of such methods to the 
&ter~na~on of oxygen in coal is that relating to the breakdown of the coal mineral 
matter at the temperature of pyrolysis and the inability of the method to assess the 
contribution to the total oxygen content made by the oxygen present in the mineral 
matter. 

In an attempt to surmount these difficulties, methods have been suggested which 
incorporate a process of demineralization, l2 but such techniques are generally tedious 
and may introduce further sources of error into the determination, by causing retention 
of halogens or water. 

The oxygen content of high-temperature cokes used in foundry and blast-furnace 
practice generally lies within the range O-2-1.0%. It bears a superficial relation to 
the oxygen content of the parent coal but is more closely associated with the conditions 
of carbonization, pa~cularly the temperature. 
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Some oxygen remains in the coke mineral matter after ~arboni~tion, but from 
generally available information it is considered that the contribution made by the 
coke mineral matter to the determined oxygen content is probably considerably 
smaller than that made by the mineral matter of coal to its oxygen content. This was 
investigated during the course of the work described in this paper. 

EXPERIMENTAL 

The elimination of moisture and adsorbedgases from the sample 
The results of previous work Is has shown that complete release of moisture from the analysis 

sample was not attained until temperatures of the order of 350” were reached in the drying of the coke. 
In order to remove moisture and adsorbed gases, including oxygen, from the sample and at the 
same time to prevent their re-adsorption, a method was devised to permit their removal without 
withdrawai of the sample from the apparatus. 

For this purpose, <he pyrolysis t&e of the conventional apparatus (E, Fig. 1) was extended to 
include a wide-bore tan D and an evacuation section F which would be heated to a temoerature of 
approximately 350” bi an electric heating tape. Provision was also made to apply v&turn and 
simultaneous heating to section F to remove adsorbed gases from the sample. After this pretreat- 
ment the sample was moved by means of a pusher and external magnet through tap D into the 
pyrolysis tube E. 

The effect of mineral matter upon the determined oxygen content 
The principal constituents of the mineral matter of coke are silicates, aluminates and ferruginous 

substances. The former substances are generally found in combination with alkalis or alkaline 
earths, and the iron is largely present as sulphide. It is possible that some of these substances could 
release oxygen on pyrolysis at high temperatures, but it is considered that the extent of such decom- 
position would be small at a pyrolysis temperature of 1050”, since the principal components of the 
mineral matter are dissociated to only a small extent at this temperature. Experiments were under- 
taken to con&m these observations. 

Laboratory cokes 1-3 were prepared by the carbonization of various proportions of float-and-sink 
Fractions of one coal. Cokes 4 and 5 incorvorated additional shale in the blend. and cokes 21-24 were 
prepared from a further coal or coalfsh&e blend. Samples 1-5, 21 and 22’were carbonized to a 
maximum temperature of 950” and cokes 23 and 24 were heated to 1100”. 
taken for each test, 

Approximately 100 g were 

The oxygen content of these cokes was determined, with a pyrolysis temperature of 1050”. and the 
results are presented in Table I. There was evidence that the amount of oxygen found increased as the 
mineral-matter content increased but such increases were not systematic (cJ the oxygen and mineral- 
matter contents of cokes 1 and 2,4 and 5 and 23 and 24). 

It is important to bear in mind the inherent variability of coal samples in assessing the significance 
of the differences in the determined oxygen contents of the various cokes. Furthermore, small differ- 
ences in carbonizing conditions result m the production of cokes which may be considered to be 
homogeneous for practical purposes, but by comparison with chemical compounds display a con- 
siderable degree of heterogeneity. It is therefore to be expected that there will be a greater inherent 
variation in results in the work considered in this paper than would be the case when substances of 
uniform quality are used. 

Further tests were und~t~en in which some samples of the same cokes were demineralized by 
treatment with hydrofluori~ and hydr~~ori~ acids, washed free from halogens as completely as 
possible and dried. The oxygen contents of the demineralized samples were determined, with the 
results shown in Table II. 

The oxygen content of four of the demineralized samples was found to be higher, by a mean value 
of O-08 % biygen, than that of the corresponding samples containing mineral-matte& The oxygen 
content of samnle 3 was 0.14% Iower than that of the corresuondint? mineral-contain& sample. 
Further experiments were made using a thermobalance to establish the Toss in weight of coie ash; of 
the shale used in the preparation of some of the samples, and of mixtures of graphite and shale 
where the reducing action of the carbon on the mineral matter could be studied. The average loss in 
weight between 830 and 1100” from four different samples of ash was @2 %, and from mixtures of PO % 
graphite and 10% shale was 0.6%. The implication of these results is that a 100 mg sample of coke, 
having an ash content of 10% (a reasonable value for the ash content of a high temperature coke), 
could lose approximately 0.06 % by weight by breakdown of mineral matter. This weight loss would 
not necessarily be entirely due to loss of oxygen. No measurable weight loss was observed when shale 
was heated under the same conditions. 
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TABLEI.-THE RELATION BETWEEN DETERMINED OXYGEN CONTENT AND MINERAL MATIZR FOR 
LABORATORY COKES 

Sample Blend composition 
Oxygen % Mineral 

matter 
1 2 Mean % d.b.t 

23 
24 

Coal A (Floats) 
Coal A (Floats and sinks) 
Coal A (Floats and sinks) 
Coal A (Floats, sinks and shale) 
Coal A (Floats, sinks and shale) 
Coal B 
Coal B and shale 
Coal B* 
Coal B and shale* 

0.79 @75 0.77 
0.85 0.84 0.84 
0.92 0.90 0.91 
1.01 1 a08 1.04 
1.25 1.20 1.22 
022 0.20 0.21 
0.30 0.28 0.29 
0.08 0.10 
O-16 0.16 

123 
1.49 
3.69 
6.00 

10.71 
355 

13.77 
3.38 

14.61 

* Carbonized at 1100”. 
t Dry basis. 

TABLEIL-THE EFFECT OF D JMINERALIZA~ON ON COKE OXYGEN CONTENT 

Sample 

:. 

: 
5 

Mean oxygen % d.m.m.f.t 
Before demineralization After demineralixation 

Mean Mean 

0.86 0.78 0.93 

0.94 1.10 Z:E 1.18 
1.36 1.39 

Ash %* 

0.08 - 

- - 
024 

* CJ Table 1. 
t Dry, mineral-matter-free basis. 

The general conclusions forthcoming from these experimental results strongly indicated that there 
was little breakdown of mineral matter under the experimental pyrolysis conditions. Any small 
release of oxygen attributable to this cause was less than the overall error claimed for the determina- 
tion. 

The dependence of the determined oxygen content upon pyrolysis temperature 

To establish whether complete release of oxygen from the carbon took place at or below 1050”. 
tests were carried out in which the sample was heated to this temperature without removal from the 
apparatus and the release of oxygen was measured at specific temperatures between 500 and 1000”. 
At each temperature the experiment was allowed to proceed (usually for about 20 min) until the 
amount of oxygen released was less than or equal to the blank value. 
then increased, within l-2 min, to the next highest level. 

The pyrolysis temperature was 

The results of these tests indicated that whilst the release of oxygen was not entirely complete at 
lOOO”, the quantity liberated between 900 and 1000” and between 1000” and 1050” was quite small. 
The data are summarized in Fig. 2. 

Higher pyrolysis temperatures were not considered to be feasible, because of the construction of 
the apparatus and the increased possibility of decomposition of the mineral matter. 

A comparison of direct and indirect oxygen determination on cokes and chars 

On the basis of the results of the preliminary experimental work the following technique was used 
to determine the oxygen content of several chars, laboratory cokes and commercial cokes, and the 
results were compared with corresponding values obtained by a neutron-activation method and with 
indirect estimates. Figure 1 shows the apparatus used. 

Up to 150 mg of sample, crushed to pass a 0.06-mm mesh test-sieve, were weighed into a small 
platinum boat and introduced via the joint L into the evacuation side Fof the pyrolysis tube. Oxygen- 
free nitrogen entered the apparatus via a rotameter A and purification train B containing copper wire 
at a temperature of 500” to remove the last traces of oxygen from the gas. The amount of residual 
oxygeninthecylinder gas appeared to be variable, and it was essential to carry out a periodic reduction 
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Temperature OC Temperature OC 
400 600 600 100 01 

a) Coke sample 4 - b)Coke sample 7(i)- 
demineralised demineralised 

Temperature *C Temperature OC 

c) Coke sample 7(i i)- d) 6OO’C cellulose char 
deminerolised 

FIG. 2.-Dependence of oxygen release on pyrolysis temperature. 
The vertical lines represent difference values and hence rates of release. 

of the resulting copper oxide by passing hydrogen throu h 
indicated by the analytical precision. 

B, the frequency of this operation being 
By manipulation o F 

passed over the sample for 30 min at a rate of 25 ml/mm. 
taps C and D the oxygen-free nitrogen was 
The nitrogen flow was then isolated from 

the sample and the temperature of F raised to about 350” by the surrounding heating tape; at the 
same time F was gradually evacuated to approximately 10 pbar. After 30 min the system was isolated 
from the vacuum, the heating tape removed and nitrogen allowed to leak into F. When the pressure 
was stable throughout the system the sample was moved by means of a pusher and magnet through the 
wide-bore tap D to a position just ahead of the furnace G containing the carbon-platinum catalyst at 
900 f 5”. 

The conductance cells were now brought into a stable condition,” the pyrolysis furnace was 
moved over the sample in E and the temperature raised rapidly at approximately lSO’/min to a final 
temperature of 1050”. 

The volatile products of pyrolysis were carried by the nitrogen stream through the reaction tube 
G where at a temperature of 900” the carbon-platinum reagent converted the oxygenated gases into 
carbon monoxide. Sulphur compounds were removed from the gas stream by copper gauze at 900” 
in furnace H. The sulphur-free gases then passed successively through soda-asbestos to remove 
acidic gases, Bromac (bromine absorbed on activated charcoal) to remove any unsaturated hydro- 
carbons and a further soda-asbestos absorber (M) which removed any liberated bromine. 

Carbon monoxide was finally oxidized to carbon dioxide by passage over iodine pentoxide at 118 
120” (furnace J) and the iodine released in this reaction was removed by copper gauze before the 
conductimetric estimation of carbon dioxide was made. The basis of the conductimetric method is 
described by Strouts et 01.‘~ 

The results of the first series of tests are presented in Table III, together with the results of oxygen 
determinations carried out on our behalf by the A.E.R.E., using neutron-activation analysis. These 
results included oxygen present as mineral oxygen and an approximate allowance for this oxygen was 
made by deducting 50 % of the ash content from the total oxygen content. The adjusted results are 
shown in columns 6.7 and 8 of Table III. For five of the samples, this adjustment amounted to 0.08 % 
or less. Where available,values of oxygen content estimated by difference are included for comparison 
with the determined values. 

The results for the two chars were about 0.5% higher by the activation method than by the 
chemical method, presumably because of partial retention of oxygen by these materials.ls 

There was better agreement between the values obtained for the five demineralized coke samples, 
the mean algebraic difference being O-1 1% of oxygen with no indication of bias for either method. 

In Table IV the results are given of further determinations which were carried out on samples of 
laboratory and commercial cokes. These samples were not demineralized. The experimental results 
expressed on the dry basis are compared with calculated values for oxygen. 

The discrepancy between the determined and “ditference” values of the oxygen content of the 
cokes varied between 0.89 y0 (Sample 12) and @08 % (Sample 17). The mean difference for samples 11, 
13,14,16,17 and 20 was 014%, four of the determined values being higher and two lower than the 
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TABLE III.-C~MPARJS~N OF THE OXYGEN CONTENTS OF CHARS AND DEMINERALIZED COKES DETERMINED 

BY TWO METHODS AND BY CALCULATION 

Sample 

Direct Oxygen by Neutron 
determination, % difference, activation, % Ash 

A B Mean % d.b. A B Mean % 

Cellulose 
Char A 5.76 5.59 5.68 6.03 6.50 5.99 6.24 0.97 

PVDC Char B 1.49 1.48 1.48 1.77 1.93 1.87 1.90 0.04 
Coke 6 1.11 1.19 1.15 - 1.04 1.05 1.04 0.08 
Coke 7 1.02 1.03 1.02 - 1.26 1.24 1.25 0.16 
Coke 8 1.18 1.18 1.18 1.37 1.18 1.14 1.16 0.11 
Coke 9 1.27 1.28 1.28 - 1.34 1.29 1.32 0.36 
Coke 10 1.42 1.52 1.47 - 1.34 1.32 1.33 0.12 

TABLE IV.-COMPARISON OF THE MEASURED AND CALCULATED OXYGEN CONTENTS OF COKES 

Sample 

Moisture 
% 

11 
12 
13 
14 

f i 
17 
18 

:z 

2.80 
3.70 
1.65 
0,98 
0.36 
0.90 
0.55 
1.16 
0.40 
I.40 

% Dry basis 

Mineral 
Ash C H N S Cl matter* 

Oxygen by 
difference 

6.01 89.13 0.68 I.54 1.25 0.08 6.84 1.73 
8.72 8439 0.83 l*SV 1.86 0.03 996 3.20 
6.08 89.38 0.83 1.26 1.43 000 7.03 1.50 
3.66 9294 058 1.46 0.73 0.01 4.15 0.86 

10.37 87.59 0.31 095 0.69 0.03 1091 0.21 
11.79 85.84 0.23 0.78 1.18 0.05 12.58 0.52 
11.42 86.41 0.28 0.70 1.46 0.02 1239 0.20 
1070 86.88 0.40 1.11 1.21 0.02 11.51 0.08 
11.76 86.21 0.26 1.02 1.53 0.04 12.78 -0.31 
1256 8471 0.81 0.83 0.97 000 13.21 044 

Oxygen 
determined 

A B Mean 
1.74 1.88 1.81 
2.30 2.32 2.31 
1.49 1.35 1.42 
0.71 074 072 
0.60 0.54 0.57 
0.75 0.67 0.71 
0.26 0.30 0.28 
051 0.55 0.53 
0.38 0.39 0.38 
0.67 0.74 0.70 

* Mineral matter (d. b.) = Ash + 2S/3. 

“difference” values. The causes for greater divergence between the derived and determined results for 
samples 12, 15, 18 and 19 are not apparent. 

The values of the “oxygen by difference” were obtained by subtracting the sum of the percentages 
of carbon, hydrogen, nitrogen, chlorine and mineral matter from 100. The total analytical error 
associated with all these determinations is approximately 0.5 %, and the calculated oxygen may be in 
error by this amount. Whilst an error of this magnitude may not be too serious with respect to the 
calculated oxygen content of coal (which is frequently reported as oxygen plus errors) it is of the 
same order of magnitude as the oxygen content of many high-temperature cokes. Correction of 
the calculated results to a mineral matter free basis would not be expected to produce a significantly 
more accurate value for the calculated oxygen content of coke. 

DISCUSSION 

An examination of the relationship between the determined hydrogen, oxygen and 
moisture contents (Table IV) indicates that both hydrogen and oxygen contents tended 
in general to increase with the moisture content of the coke. Although experience 
suggests that a fraction of the moisture was not eliminated by heating at 350”, never- 
theless the atomic ratio of hydrogen to oxygen was considerably greater than the 
stoichiometric ratio for water, suggesting that some of the hydrogen was originally 
in combination with the coke. 

It is interesting that the amount of oxygen released from coke appears to be a 
function of pyrolysis temperature between 500 and 1000” (Figs. 2u, 2b, 2~). There 
appeared to be a pronounced maximum rate of release of oxygen at 850”. For the 
cellulose char (Fig. 24 the maximum release occurred at a temperature of 650”. 
Apart from this maximum, there was a steady release of oxygen at temperatures 
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between 650 and 850”, but a lower rate between 500 and 650” and above 850”. These 
observations could be of interest in relation to the nature of the carbon-oxygen 
bonding in cokes and carbons and may be worthy of further study. 

The reduction in the amount of oxygen released above temperatures of 850-900” 
suggests that loss of oxygen from the coke substance was virtually complete at IOOO- 
1050”. 

The presence of mineral matter appeared in certain cases to make a small contri- 
bution to oxygen release, possibly due to the presence of carbonates, reformed by the 
action of moisture and carbon dioxide upon alkali or alkaline-earth oxides present 
in the mineral matter. On the other hand, the small amounts of additional oxygen 
detected in the presence of mineral matter may be accounted for on the basis of 
constituents of the mineral matter promoting catalytic liberation of oxygen from the 
coke. 

As already stated, it is considered that the quantity of additional oxygen liberated 
in the presence of mineral matter is not significant by comparison with the overall 
error of the determination and the advantages in accuracy to be gained by deminerali- 
zation of the coke are questionable. 

The standard deviation of the analyses by the direct method described was slightly 
less than 0.05 % (10 variates). The determined oxygen content was found to be related 
to the determined carbon content by the relationship 

0 = 43.58 - 044C (% d.m.m.f.) 

the use of which results in a better value for the oxygen content than the “difference 
value” which is quoted in our Tables. 

It does not appear to be essential with coke, as with coal, to remove the mineral 
matter from the sample prior to the determination of oxygen, but the coke must be 
crushed to pass a 0*06-mm mesh sieve. 

It was found to be essential to calibrate and service the apparatus periodically. 
After approximately twenty determinations the oxygen content of a reference sample, 
e.g., acetanilide, was determined, or a known amount of carbon dioxide was passed 
through the apparatus. With these precautions the precision of the determination 
can be maintained at better than 0.05 %. 

Acknowledgemenl-This work formed part of the programms of research of The British Coke 
Research Association. We are indebted to The Director for permission to publish this paper. 

Zusammenfassung-Das zur Bestimmung von Sauerstoff in organischen 
Verbindungen und Kohle verwendete Verfahren nach Unterzaucher 
wurde der Sauerstoffbestimmung in Koks angepa&. Die tibliche 
Apparatur wurde abge;indert, urn einen Beitrag der Feuchtigkeit 
des Kokses zum ermittelten Sauerstoffgehalt zu verhindem. Das durch 
die Verbremnmg des Sauerstoffs im Koks entstandene Kohlendioxid 
wurde durch eine empfindliche konduktometrische Methode bestimmt. 
Es wird gezeigt, d& zus&liche Freisetzung von Sauerstoff aus den 
Mineralbestandteilen des Kokses keinen wesentlichen Beitrae zum 
unter den Bedingungen der Vorschrift ermittelten Gesamt-Sau&toff- 
gehalt liefert. Der Fehler der Bestimmung betriigt etwa 0,l prozent. 
Die an einer Anzahl von Koksen und Kohlen mit der direkten Methode 
erhaltenen Ergebnisse werden verglichen mit denen einer auf Neutron- 
enaktivierung beruhenden indirekten Methode. 
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1: 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

15. 

R&m&La methode d’Unterz.aucher, utilis&. pour le dosage de 
l’oxygene dans les composes organiques et la houille, a et6 adapt&s au 
dosage de I’oxygene dam le coke. Des modifications ont et6 effectu&es 
sur l’appareil ordinaire afm d’eliminer toute contribution apportC 
par l’humidite du coke a la teneur en oxygene do& Le gaz carbonique 
produit par la combustion de I’oxygene dam le coke a et6 dose par une 
methode conductimetrique sensible. On apporte des preuves indiquant 
que la liberation supplementaire d’oxygene de la mat&e minerale 
du coke ne contribue pas de man&e signilicative a l’oxygene total 
determine selon les conditions exp&imentales prescrites. L’erreur du 
dosage est d’approximativement 0,1x. On effectue une comparaison 
entre les r&&tats obtenus pour une serie de cokes et de produits de 
carbonisation par la m&ode dir&e et par une determination ind& 
pendante, bask sur I’activation de neutrons. 
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years there has been ark &reasing interest in highly selective ion-ex- 
changers. l** The goal has been to achieve sharp separations of metal ions without the 
addition of complexing reagents to the eluent and to concentrate traces of metals 
from large volumes of very dilute solutions. 

The inherent lack of selectivity of the conventional strong acid cation-exchanger, 
with a sulphonate ion-exchanging group, makes it unsatisfactory for the separation of 
many mixtures of metals. Even metal ions which are otherwise quite different from 
each other in their chemical behaviour are often unresolved by the sulphonate 
resin, For example7 the ~~~bri~~ constant, K& for the ion-exchmge reaction 

&4P t_E =@Q-Li+ 

(the bars indicate the species in the resin] is 3.29 for Mp* 347 for zn”; 345 for 
Cus+* 3.93 for Ni*+ and 5X6 for Car++ on Dowex 5OW-X8.” Separation of these 
metals on this resin must therefore rely on chemical reagents which bind some of the 
metals as rapidly eluted neutral or anionic complexes, while the others are not bound 
and remain on the resin.’ 

If the ion-exchanging group on the resin is able to form covalent complexes with 
metals--which the sulphonate group cannot-then the resin will exhibit a greater 
selectivity among them, due to variations in the strengths of the complexes. One 
such group is the ~nod~~~te ion, -N(CH&OU-), The commercial ream 
Dowex A-1 {CheIex IO@] contains this exchange group- The a&&iv&y constants for 
this resin, relative to calcium [K$J are 4-9 for MrP+~ 252 for Co%*, 194 for Z$+, 
52 for Nix+ and 500 for CL@+.” A second selective group is the phosphonate ion, 
-PS&e-, which is the ion-ezzhanging group in Duobte C-63, Selectivities of this 
resin relative to nickel fK$j are 1~3 for Co a+, 2.9 for Mna+, 2&S for Zne+, and 53 
for Cur+.s Both types of resin are weak acids, which is to say that the ionic group 
has a strong preference for hydrogen ion. Thus in both cases control af the pH of the 
eluent is all that is necessary for sharp separations of many metals from each other. 

Many other chelating ion-exchangers have been studied.l The main limitation of 
these materials is that they arc based on a gel or microreticular copolymer matrix. 
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This means that the resin undergoes large changes in volume on conversion from one 
ionic form to another.’ Such volume changes can disrupt the uniform packing of 
the resin in a column. In addition, with low degrees of swelling the rate of ion- 
exchange reactions becomes slow, which is undesirable in chromatography. 

Over the past decade a new type of copolymer has been developed for use in ion- 
exchangers. It is called macroreticular, since it has a permanent macroscopic structure 
regardless of the ionic form. B,g~lo In particular, there is an extensive network of large 
pores, up to 50 nm in diameter or even larger, throughout the interior of the resin 
beads.lr This pore structure allows exchange reactions to proceed rapidly in any 
ionic form of the resin, even if the resin is placed in a non-polar solvent, such as 
hexane, which does not swell it. Several macroreticular strong acid cation-exchangers 
and strong and weak base anion-exchangers have become commercially available12 
and have found use in diverse analytical procedures.13*14*ls 

The results that have been published regarding the properties of chelating ion- 
exchangers, combined with the data on the macroreticular resins, suggested that the 
highly porous copolymer could serve as the basis of selective ion-exchangers with 
more satisfactory properties than the microporous materials. In this paper we report 
on some newly-prepared selective macroreticular cation-exchangers containing the 
iminodiacetate and the arsonatel% groups. Synthetic procedures, properties, and 
chromatographic behaviour are discussed. 

Starting materials and reagents 
EXPERIMENTAL 

XAD-1 macroreticular styrene-divinylbenzene copolymer was obtained from the Rohm and 
Haas Company, Philadelphia, Penn. The beads were washed with 2M hydrochloric acid, methanol 
and acetone, screened to 20-50 mesh, and dried under vacuum before use. All other chemicals were 
of the highest available purity, usually reagent grade. 

Synthetic procedures* 
Zminodiacetate resin. The XAD-1 was chloromethylated with chloromethyl methyl ether in the 

presence of anhydrous tin(W) chloride. I7 After washing and drying under vacuum, the chloro- 
methylated copolymer was refluxed with 1M sodium iodide in acetone to convert it into the iodo- 
methylated form. I8 The latter was heated for 10 days at 75” with diethyl iminodiacetate in acetonitrile, 
producing the diethyl iminodiacetate derivative of the copolymer. This was hydrolysed by heating 
with ethanolic sodium hydroxide to give the iminodiacetate resin.lO 

Arsenic acid resin. The XAD-1 was nitrated by heating with nitric-sulphuric acid mixture (4060) 
for 2 hr at 60”. After washing and drying, the nitrated resin was reduced by refluxing with tin(I1) 
chloride in hydrochloric acid for 2 hr, washed, and diazotized with nitrous acid at 0”. The beads were 
then washed with cold aqueous sodium carbonate solution and mixed with 0.5M aqueous sodium 
arsenite at 25” for 1 hr and at 60” for an additional hour to obtain the arsonic acid copolymer.*o 

Characterization of products 

Infrared spectra were obtained on a Beckman Model IR-IO Spectrophotometer; there were no 
noticable differences when the mineral oil mull and KBr pellet methods of sample preparation were 
used. 

Relative volumes in the different ionic forms were determined by packing a column with resin in the 
sodium form, converting it into the other forms, and observing the volume of the resin bed in each 
case. 

Hydrogen ion capacity was determined by the standard technique.p1 
Metal ion caoacities were determined by euuilibratine weighed samples (fully converted into the 

sodium form) with a measured amount of standard met2 ion>olution icopper@), zinc or calcium]. 
An aliquot of the supematant liquid was titrated with standard EDTA under appropriate conditions.** 
The results were checked by washing the sample free from the metal solution with demineralized water, 

* These are available in fuller detail from the senior author. 
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and treating the resin with IM hydrochloric acid to displace the absorbed metal ions, which were 
then titrated with EDTA. 

All capacities refer to the dry resin weight on a hydrogen-form basis. 

Chromatography 

A resin sample was equilibrated with buffer and packed into a chromatographic column, forming 
a bed about 100 mm long and 10 mm in diameter. Two ml of a mixture of metals (0.01 M in each) in 
this buffer were added to the column. Elution was carried out with buffer solutions of various pH 
values at a flow-rate of 2 ml/mm. Fractions were collected and analysed for relative metal ion 
concentrations with a Perkin-Elmer Model 290 Atomic Absorption Spectrophotometer under 
standard conditions for each metal.8s 

RESULTS AND DISCUSSION 
Syntheses 

The procedures described above are the optimum ones found in this work. Several 
other routes were studied in each case and were less satisfactory. The iminodiacetate 
resin could not be obtained from chloromethylated copolymer in as high capacity by 
reaction with disodium iminodiacetate, iminodiacetonitrile, or diethanolamine 
(procedures suggested in the literature for gel resinsl). The procedure chosen, using 
diethyliminodiacetate as the aminating reagent, gave somewhat better results with 
iodomethylated XAD-1 (95 % amination based on product nitrogen content) than 
with chloromethylated copolymer (70-80 % amination). 

The arsenic acid resin could not be obtained by reaction of chloro-iodomethylated 
copolymer with potassium arsenite or by refluxing XAD-1 with arsenic trichloride in 
the presence of aluminium trichloride catalyst, followed by hydrolysis (which was 
found to be a satisfactory procedure for preparation of a phosphonic acid resin, using 
phosphorus trichloride and aluminium trichloridela). It is possible that under milder 
conditions arsenic trichloride would be a satisfactory reagent for introducing arsenic 
into the copolymer. 

Several other new macroreticular resins were prepared, but were not thoroughly 
characterized. Among the ion-exchanging groups attached to the copolymer were 
triphenylbenzylphosphonium and triphenylbenzylarsonium anion-exchangers and 
phosphonate cation-exchanger, all with exchange capacities greater than 1 mequiv per 
g of dry resin. 

Properties of the resins 

The iminodiacetate resin had a hydrogen ion capacity of 3.2 mmole/g and a 
copper capacity of 1.6 mmole/g. These values are similar to the respective capacities 
2.9 and 15, published for Dowex A-l or Chelex 100 gel-type iminodiacetate resins.” 
The high capacity is desirable for efficient operation in chromatography and other 
applications. The absence of ester in the resin was indicated by the lack of infrared 
absorption at 5.7 ,um, absorption that was present prior to saponification of the 
diethyl iminodiacetate resin. 

The volume was measured of the iminodiacetate resin in various ionic forms. 
There was no change in volume on interconversion between the Na+, H+, Cue+, and 
K+ forms. Likewise, no volume change was observed when toluene or methanol was 
substituted for water in contact with the hydrogen or sodium forms. Dowex A-l, 
on the other hand, shows relative volumes of 0.45 for Hf, 0.55 for Z$+, 1.00 for Na+ 
and 1.06 for K+ forms in water, and l-00 in water, 0.70 in methanol, and 0.47 in 
acetone for the sodium form.’ These results suggest that the macroreticular chelating 
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resin will be useful under a wider variety of conditions than the microreticular gel 
Dowex A- 1. 

The arsonate resin had a hydrogen capacity of 3.0 mmole/g. The metal ion 
capactities were 1.3 mmole Cu2+/g, l-4 mmole Znw/g, and l-1 mmole Caa+/g at pH 11, 
and 0.8 mmole Cu*+/g at pH 3.5. Elemental analysis showed 6-4 % nitrogen and (by 
difference) 16 % oxygen in the final product. These results suggest the presence of 
other exchange groups in addition to the arsonate. A possible distribution of groups 
is l-3 mmole arsenate/g, 1-O mmole phenolate and O-5 mmole azo/g (due to side- 
reactions of the diazonium intermediate), 3.3 mmole nitro/g (due to incomplete 
reduction), and 0.2 mmole carboxylate/g (due to oxidation of the copolymer during 
nitration). While the various side-products do affect the ion-exchange capacity of the 
arsonate resin, they would not interfere (with the possible exception of the carboxylate, 
which is only a small fraction of the total capacity) with the determination of the 
metal ion selectivity of the arsonate group. 

The arsonate resin showed little volume change on conversion from one ionic 
form into another. Its exchange capacity is sufficient to allow use in various analytical 

0 C 

Zlueht volume, ml 

FIGS. 1 .-Chromatographic separations with the macroreticular iminodiacetate ion- 
exchange resin. 

Buffer solutions: A-pH 4.3, B-pH 3.1, C-pH 2.0, D-pH 1.2. 
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applications, as the chromatographic results given below suggest. Unlike the imino- 
diacetate resin, which was gray, the arsonate resin was brick red in colour. It is 
likely that further synthetic studies would produce an arsonate resin with higher 
exchange capacity, fewer impurities, and a lighter colour. 

Chromatography 

Several mixtures of representative metal ions were used to test the selectivity of 
the two new macroreticular resins. Typical chromatograms are shown in Figs. 1 and 2. 

The selectivity order for the macroreticular iminodiacetate resin is K+ < Mg* ( 
Gas+ < MS+ < Ni4+ < Co*+ < Zns+ < CuS+. Heringl determined the following 
order for a gel type iminodiacetate resin: Na+<MgBt<Cas+<Cow<Znw< 
NiB+ Q Cus+, while Rossets determined the selectivity of Dowex A-l as MgH < 
Mns+ < Co*+ < Znw < Niw Q Cu s. The elution order with the macroreticular 
chelating resin is therefore similar to that previously observed with the microreticular 
chelating resins. 

The arsonate resin showed the selectivity order Mgs+ < Gas+ < Mn*+ < Cow < 
Niw < Znw Q Cu2+. Persoz and Rossets reported the following order of aflinity for 

Eluent volume, ml 

Fm. 2.-Chromatographic separations with the macroreticular arsonate ion-exchange 
resin. 

Buffer solutions: A-pH 4.6, B-pH 3.5, C-pH 25, D-pH 1.5. 



488 R. F. HIRSCH, E. GANCHER and F. R. Russo 

Duolite C-63, the phosphonate resin: Mg*+ < Ca*+ < NP+ < Co2+ < Mn2+ < 
Zn2+ -c Cu2f. The shift in position of the nickel and manganese is most likely due 
to the difference in co-ordinating properties between the arsonate and phosphonate 
groups. 

The sharpness of the column separations would be improved if the ion-exchanger 
beads had been smaller and more uniformly sized. It is apparent, however, that sharp 
group separations can be carried out quickly with a short resin column and with 
suitable adjustments in the pH of the eluent. The eluent need not contain complexing 
agents, as is necessary with the strong acid cation-exchangers. The macroreticular 
resins should be useful under conditions in which the microreticular resins show 
unsatisfactory exchange rates and swelling behaviour. 

Acknowledgement-The authors gratefully acknowledge the assistance of the Ion Exchange Division, 
Rohm and Haas Company, which supplied the starting materials. 

Zusarmnenfassung-Zwei grab vemetzte chelatbildene Ionenaus- 
tauscher wurden dargestellt und charakterisiert. Einer enthalt die 
Iminodiacetatgruppe, der andere die Arsenatgruppe als ionenaus 
tauschaktive Funktion. Die grob vemetzten Harze zeigen iihnliche 
Auswahleigenschaften unter Metallionen wie die handelstiblichen fein 
vemetzten chelatbildenden Harze. Chromatographische Tremnmgen 
an den neuen Harzen sind schnell und scharf. 

R&nn&-Gn a prepare et caracterid deux khangeurs d’ions chelatants 
macroreticulaires. Le premier contient le groupe iminodiac6tate et le 
second contient le groupe arsonate comme point actif pour 1’Bchange 
d’ions. Les r&sines macroreticulaires montrent des selectivites parmi 
les ions mbtalliques similaires a celles des r&sines chelatantes micro- 
reticulaires commercialement accessibles. Les separations chromato- 
graphiques sur les nouvelles resines sont rapides et nettes. 
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Srratmarg_-The study of adsorptiun-desorption phenomena represe&s 
an important extension to the range of organic compounds that can 
be determined by electrochemicai methods. The present work has 
utilized this approach for the determination of a range of methyl- 
carbamate insecticides. The tensammetric behaviour of this class of 
compound at the mercury electrode has been investigated by a.c, 
pdarography and the optimum experimental conditions for their 
analytical determination have been derived. Cyclic voltammetry has 
also been used to study the electrode process and by using the peak 
obtained on the cathodic sweep it was possible to extend the limit of 
detection to the ppm level. 

A VNUIXY of methylcarbamates are used in agriculture as insecticides. Among the 
most common are Carbaryl (l-naphthyl methylcarbamate), Aldecarb (formerly 
temik) ~~-rne~y~-~-methyl~iopropion~~hyde U-me~yl~rbamoyl oxime) and 
Butacarb ~3,5-do-t-butylFheny~ ~-me~yl~barna~)~ of which Carbaryi has been the 
most extensively studied, 

The analytical methods available for the de~~~na~on of this class of compound 
are numerous. Carbaryl has been determined both by classical method+8 and a 
variety of spectrophotometric methods.s-g A number of thin-Iayer chromatography 
(TLC) methods’-lr have also been developed of which the method of Benson and 
Finocchiaro7sg appears to be the most widely used for the determination of Carbaryl 
in vegetable matter. Kovacsle introduced an infrared method the merits of which 
were later compared with an ultraviolet and an alkaline distillation method.13 Gas 
chromatographic (GLC)14-1g methods are also in evidence, based mainly on the 
conversion of the carbamate into the corresponding phenol. 

Subs~ti~y less work has been done on the de~~na~o~ of Aldecarb and 
Butacarb. Existing methods are confined to colo~rnetr~c~~ GLC= and ra&otraceP 
methods for Aldecarb, and a TLC/radiotracer det~~na~ou~ for Butacarb. No 
analytical method appears in the literature for the fourth me~yl~rbamate studied, 
Methiocarb (3,5-dime~yl-~thiome~ylphenyl ~-methy~carbamate). 

Very little investigation has been made into the electrochemical behaviour of 
methylcarbamates. Only Carbaryl has been determined by electrochemical tech- 
niques.aa*2a One methodw*2s is based on nitrosation of Carbaryl followed by oscillo- 
polarography, while the others6 involves the polarographic determination of the 
products resulting from nitration of the aromatic nucleus. 

The present work describes a method for the direct determination of methyl- 
carbamates, based on their adso~tio~~eso~~on phenomena. Both ax. polaro- 
graphic and cychc vohammetric techniques have been used. 

4% 
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EXPERIMENTAL 

Reagents 

Metbyloarbamates were obtained from the Ministry of Technology, Laboratory of the Govem- 
ment Chemist. The purity of each compound was checked by melting point determination, and 
where necessary they were purified by crystallization from methanol. 

A IO-*Mstock solution of each compound was prepared. The solutions of Aldeoarb and Carbaryl 
contained only 20% methanol, but because of low solubility those of Butacarb and Methiocarb 
were made with 100% methanol. Buffer solutions were prepared from analytical grade reagents. 

Apparatus 

Direct current polarograms were recorded on a Metrimpex polarograph type OH-102. A Kalousek 
cell with a separated saturated calomel electrode (SCE) was used. Capillary characteristics, measured 
at 0.0 V us. SCE in @lM potassium chloride were t = 4.41 SW, m = 1.88 mg/sec at h = 0.75 m. 

The a.c. peaks were measured with a Cambridge Univector and general-purpose polarograph 
with the Metrimpex polarograph as the current-output recorder. A Heyrovsky cell was used with a 
mercury pool as the anode. 

Cyclic voltammograms were obtained on a Chemtrix polarograph Model SSP-2 in the three- 
electrode mode. The working electrode was a hanging mercury drop electrode, Metrobrn fype E410. 
A silver wire and an SCE were. used as counter and reference electrodes respectively. 

Procedure 

A sample containing from 0.05 to 10 ,umole of the insecticide is added to 1 ml of buffer solution 
(0.5M boric acid/0.5M sodium hydroxide) in a lo-ml volumetric flask and diluted to volume with 
water/methanol so that the final solution contains 2% v/v methanol. As tbe methanol has an effect 
on the shape of the peak it is important that the methanol content in the final solution should not 
exceed this value. In the case of Butacarb, however, where solubility problems arise, it was found 
that 10% methanol could be tolerated without serious interference, assuming that 4 ml of buffer 
solution were used. 

For the analysis of insecticide residues it is suggested that the volume of the methanol extract 
after clean-up should be reduced to l-2 ml in a Kuderna evaporator.27 The lo-ml collection flask 
is removed and the residue evaporated to dryness in a stream of nitrogen gas. Then 1 ml of methanol 
is added to the residue and an aliquot or the whole of this solution is used for analysis. 

In the a.c. polarographic method the solution for analysis is transferred to a Heyrovskq cell, 
deoxygenated with nitrogen for 3 min, and the a.c. peak is measured from 0 V OS. the mercury pool 
anode. For cyclic voltammetry, peaks were recorded over the potential range from 0 to -2.0 V vs. 
SCE, a mercury drop size of 25.2 mma being used. 

RESULTS AND DISCUSSION 

None of the compounds studied shows conventional d.c. polarographic waves. 
However, on a.c. polarography all compounds showed current peaks at potentials 
in the region from - 1-O to - l-5 V. That these peaks were tensammetric in character 
was elucidated by the depression of the base line of the supporting electrolyte (Fig. I), 
and the absence of a d.c. polarographic wave. The electrocapillary curves (Fig. 2) 
for these compounds showed that they were adsorbed over a voltage region either 
side of the electrocapillary maximum where maximum adsorption occurred. At high 
negative potentials the capacitive current coincides with that of the supporting 
electrolyte since at these potentials the surfactant is not present at the mercury- 
solution interface. These sharp capacitive peaks would therefore appear to be due to a 
desorption process, and as such reflect periodic changes in the capacity of the double 
layer. Contributory evidence of the tensammetric character of these peaks is the 
rectilinear dependence of the peak potential on the log of the concentration of in- 
secticide. It is also worthy of note that small steps are observed in the d.c. curve 
for these compounds at potentials where tensammetric peaks occur. These adsorption 
steps are characteristically much smaller than conventional d.c. polarographic waves. 

The pH dependence of the tensammetric peaks for Aldecarb, Butacarb and 
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FK.I. I.--A.c. polarograms for: (I), 0; (2), 5 x 10-6MButacarb in 10% methanol at 
pH 8.98 (OQM boric acid/OQM sodium hydroxide); sensitivity 0.6 PA f.s.d. 

Carbaryl are shown in Fig. 3. The optimum pH was found to be 8*4 (aqueous 05M 
sodium dihydrogen phosphate]OSV sodium hydroxide buffer). The eRect of variation 
of buffer concentration indicated that maximum peak height for Aldecarb, Methio- 
carb and Carbaryl was obtained in @05M buffer. Owing to the su~a~~ac~~epro~r~es 
of the alcohols a maximum of 10 % methanol could be tolerated. A 1-2 % methanol 
solution was desirable, Because of the solubi~ity of Butacarb, 10% methanol 
solutions 0.2M in buffer were necessary. A rectilinear dependence of peak current 
US, concentration was obtained for all compounds and the results are summarized in 
Table I. The limit of detection for Aldecarb is IOdM as opposed to 10-6M for the 
other compounds. This can be attributed to the solubility, molecular size and ali- 
phatic nature of the compound. 

The relationship between base-line depression and concentration of the surface- 
active carbamate is shown in Fig. 4 for Carbaryl and Aldecarb. A rectilinear relation- 
ship occurs over a hmited concentration range, above which the form of a Langmuir 
isotherm is followed. This would appear to signify that the mercury surface is now 
completely covered with the adsorbed species. 
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2.50.2 0 
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-0.2 -0.4 -0.6 -0.6 -1.0 -1.2 -14 - 0.6 -1.8 

Potentiol, V vs. S.C.E. 

FIG. 2.-Electrocapillary curves for: (l), 0.05M boric acid/O*OSM sodium hydroxide 
buffer in 2 % methanol; (2), 5 x lOTI Aldecarb in O.OSM buffer/2% methanol; 
(3), IO-VU Methiocarb in 0*05&f buffer/2% methanol; (4). 5 x 10-6M Butacarb in 
0.2M buffer/lo% methanol; (5), 2 x 10-W Carbaryl in @05M buffer/2 % methanol. 

The effect of various cations (0.1M as chlorides) and various anions (0.1M as 
sodium salt) on the tensammetric peaks was investigated. In the case of cations the 
desorption potentials are increasingly negative in the sequence La3+ < Mg2f < Li+. 
The observed effect will to some effect depend on the displacement capability of the 
cation and the solubility of the species in solution. In the case of the anions NO,, 
NO,, ClO,-, C03z-, CN-, SOa2-, the effect on peak height and peak potential 

PH 

FIG. 3.-pH dependence of (1). 2 x 10-*&f Carbaryl, and (2), 5 x lO+M Aldecarb in 
0.05M buffer/2 % methanol; (3), 5 x 10wbM Butacarb in O&f buffer/l0 % methanol. 
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TABLE I.-CONCENTRATION DEPENDENCES FOR hETHYLcARBAMATLt3 

495 

Concentration of Current, PA 
methylcarbamate 

M a.c. polarography cyclic voltammetry 

B C M A B C M A 

2 x 10-e - - - - - - - 4 x 10-6 - - - - 0.40 - 0.40 z 
6 x 10-O - - - - 0.60 0.45 0.60 - 
8 x lo-@ - - - 0.87 0.60 0.75 
1 x 10-s 0.05 - 0.05 - 1.10 0.70 1.00 - 
2 x 10-c 0.07 0.05 0.09 - 2.00 1.30 2.40 - 
4 x IO-6 0.17 0.09 0.22 - 4.40 240 4.70 
6 x 1O-6 0.28 0.14 0.29 - 6.60 3.20 7.60 0.30 
8 x lo-& 0.37 0.18 0.41 - 9.00 4.40 9.20 040 
1 x 10-a 0.49 0,24 0.52 0.06 11.00 4.80 11.40 0.50 
2 x 10-d L.S. 0.50 L-S. 0.12 - - - 0.95 
4 x IO-4 - 10l - 0.28 - - - l-70 
6 x IO+ - 1.41 - 0.43 - - - 2.80 
8 x lo-’ - 1.73 - 0.59 - - - 3.75 
1 x 10-a - 2.07 - 0.71 - - - 4.40 

B-Butacarb; C-Carbaryl; M-Methiccarb; A-Aldecarb. L.S.-Liiited by solubility. 

follows no specific pattern. This is primarily because at negative potentials it is the 
cation that determines the capacity and structure of the double layer. However, an 
interesting observation is that the shifts in the desorption potentials caused by chang- 
ing the nature of the halide ion follow the same sequence as the salting-out coefficient 
for benzene in aqueous solutionas (Fig. 5). This phenomenon was first noticed by 
Gierst and Pecasse2Q in a study of the effect of anions on the adsorption-desorption of 
pyridine at the dropping mercury electrode. Only the effect of fluoride on the de- 
sorption potential for Butacarb is anomalous. 

Concentration, M 
4.-Base-line depression us. concentration for (l), Carbaryl and (2). Aldecarb in 
0.05M boric acid, O*OSM sodium hydroxide buffer @H 8.4), 2% methanol. 
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Methiocorb 

Corbpryl 

Aldecorb 

Butocorb 

I I 
0-i 0.2 

Salting-out coefficient for benzene 

I 
0.3 

FIG. S.-Relation between desorption potential of methykarbamates on mercury, and 
salting-out coefficient for benzene; solutions as used for measurement of eiectro- 

capillary curves; halide concentration, @lM. 

The extent of adsorption of the organic molecule is therefore not entirely governed 
by its own solubility. The solubility of the supporting electrolyte and any extraneous 
ions in solution must also be considered. This is an inherent drawback in the analytical 
utility of capacitive (tensammetric) peaks. The conditions under which the experiment 
is to be conducted must be clearly defined and closely adhered to. 

Cyclic voltammetry 

The cyclic voltammogram for Butacarb is shown in Fig. 6. A single cathodic- 
anodic peak is observed at the sweep rates used. The cathodic peak corresponds to 

FIG. 6.--Cyclic voltammogram of 5 x IO-+84 Butacarb in OSf boric acidfO.2M 
sodium hydroxide buffer, 10% methanol. Scan rate, 4 Vfsec. 
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tlw te~s~e~~ peak described ear&r caused by the d~o~~o~ of the surf- 
active carbamate ~m~und~ This peak was utiked for a~~~~~~ pTsesS The 
arxodic peak observed on the reverse scan is due to a~o~~o~ of the carbamate unto 
the &&rode surface, replacing tba? cations of the supporting ele&olyte, Methiocarb 
and Carbaryl show similar behaviour, Aldecarb shows in n&&ion the capacitive 
p&s corresponding to adsorption of the surfactant on thr; cathodic scan, and 
&sorption on the reverse scan, 

A rectilinear dependence of peak current against concentration was observed for 
&lx1 compounds (Table I>. Concentrations of the order of 5 x 1PsM (1 ppm) for 
Butacarb, Carbaql and Methicxxrb must be taken as the lower limit attainable with 
the apparatus used. The &B.% for Aldecarb is 5 x XV&K 

~~e~s~~-~~~ ~ut~~u~h~~ van Adsorptions- und De- 
sorptionserscheimm~en steflt eine wichtige Erweiterung der Auswahl 
von organischen Verbindungen dar, die mit elektrochemisehen Methoe 
den bestimmt werden konnen. Die vorliegende Arbeit bnutrte 
dieses Verfahren zur Bestimmung verschiedener Methylr;nrbamata 
Insektizide. Das tensttnetrische Verhalten dieser Verbindungsklasse 
an der Quecksilberelektrode wurde mit Wilfe der Wechselstrompolaro- 
graphic untersucht und die optimalen Versuchsbedingungen fur 
die analytische 3estimmun~ s&her St&stamen ermttteh. Zur 
Untcrsuc~ur~g des Elektrod&prozesses wurde such die ~yt.$is&o 
Vo~~~~ e&esem: mit Bige des Peaks. den man beim katho- 

me extension im~~ute au domaine d& ~rn~os~s~or~~~u~ qua 
I’cm peut ddterminer nar des methodes 6lectrochimiaues~ Le whent 
trat&I a utitiso o&to*s 

B 
preache pour la determin&ion d’un~ s&e 

d’insecticides m&hylcar amates. Le comportement tensamm&rique 
de cette ciasse de composQs ck l’electrode de mercure a et& 6tudi6 par 
polarographie en QQUCtWt ahernatif et l’on en a deduit les conditions 
experimentales optimal pour leur determination analytiqus. Qn a 
aussi utilise la voltametrirs cyclique pour 6tudier le processus B X’~$lec~ 
trade et en utilisant 1e pit obtenu sur le balayage cathodiqwe II a tst6 
possible d’btendre la hmfte de d&e&on au niveau de la ppm. 
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Smnmmy-The mecWsms of some reactions used in catalytic 
ana+& are discussed. The kncwvIedge of the mechanism of a catalytic 
reaction 8x5 he@ in tke deveiqxnent of new catalytic reactions and 
the C&C& of qtimai cond%ons, zmd to show tfie po.ssibiEties for 
fwtbx inrreases i?I stints. 

Tas wzxx~ intensk ~~v~~~~~~~~ of catafytic me&ods of aualysis is a resuh of 
their high sensitivity combined with relatively simple procedures. More than 250 
procedures are known for the determination of about 45 elements+ Some monographs 
have been published1-6 as well as the biennial reviews in Anulyticml Chemistry. 

Many different types of catalytic reaction have been used for analytical purposes. 
In the present paper an attempt is made to generalize the results of investigations on 
the mechanisms of catalytic reactions in the hope that it will help in the development 
of new, improved, analytical procedures. 

The homogeneous reactions used for the catalytic de~r~~ati~~s of ions can be 
classified according to whether the catalytic ions change their oxidation state or not_ 

REACTIONS ~A~A~~S~~ BY IONS THAT ~~A~~~ THEIR 
OXIDATfON STATE DUIilNG THE REACTION 

Most of the usefuf cata1yt.k methods are based on reactions in this group, which 
includes the most sensitive reactions (sensitivity is usually 0~1-10-4 ppm sometimes as 
low as 1 ppb) and hence those most frequently used. 

A catalytic cycle frequently observed is: 

Red -t_ M@+l)+ ---)L P + Mn+ (1) 

M”” + ox -+ Mfn+l,+ f- Q CJ) 

where Red and Ox are the reagents of the redox reaction, and P aud Q are the 
rea&on products. The rok of the oxidant Ox is simply to return the catalyst, the 
actual oxidant of Red, to its lower oxidation sta& equation (2). Typical examples 
are transition metal ions in different oxidation states, such as v~a~~rn, manganese, 
iron, copper, osmium, rhenium, or non-metal ions such as iodide and bromide. 

A reaction of this type should be suitable for analytical purposes if the following 
two conditions are also satisfied : 

(a) the oxidation potential Eu of the couple Mfn+l)+/Mn* under the reaction 
conditions is higher than the potential Eaa of the couple P/Red sad lower than the 
oxidation potential E,, of the couple Ox/Q, i.e., 

J%x > 4x > %a 

ft;) tie d&-d interaction of Red with Ox which is the~ody~~e~~~ ~erm&d js 
hindered ~e~~~~~ whereas the oxidation of M* by Ox proceeds readily. 

498 
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REACTIONS WITH ORGANIC SUBSTRATE S 

Reactions of this type usually involve the oxidation of an arylamine, phenol or 
dye-stuff. The oxidation of arylamines and phenols leads to the formation of coloured 
products, whereas the oxidation of dyestuffs most frequently involves decolorization. 
Thus the kinetics of such reactions are usually followed calorimetrically. 

These oxidations are usually slow, but are catalysed by metal ions. When tran- 
sition metal ions (and other one-electron oxidants) are used, the first step of arylamine 
or phenol oxidation is always homolytic:‘** 

RH + Mcn+l)+ + R’ + H+ + M”+ (3) 

where R’ represents an arylamine radical ArNH’ or an aryloxy radical ArO’. The 
low ionization energy of arylamines and phenols permits the ready removal of the 
electron.s The radicals are also stabilized by conjugation of the unpaired 2p, electron 
from nitrogen or oxygen with the n-electron system of the aromatic ring.lO Reactants 
with substituents which increase the electron density in the conjugated system are 
oxidized more easily, therefore, than the corresponding non-substituted or electro- 
philically substituted compounds. Thus, the homolytic oxidation of polyphenols, 
arylamines, aminophenols, alkyl- and alkoxy-substituted phenols and arylamines 
proceeds very readily.ll-l4 

The homolytic mechanism of the one-electron oxidation of these compounds by 
metal ions has been confirmed by kinetic data, initiation of polymerization processes, 
reduction of mercury(H) chloride, etc. 15-18 Direct evidence of the formation of free 
radicals has been provided by electron paramagnetic resonance.1s-24 

The large number of possible final reaction products arises because of the different 
ways in which the radical R’ can react further. These depend on its structure, reactivity 
and the reaction conditions,7~14*25-28 and especially on the localization of the un- 
paired electron. For example, the localization of the electron at the 2 and 4 positions 
in the I-naphthol radical results in the formation of three products when cr-naphthol 
is oxidized by iron(II1) chloride2g: 

OH 

If a favoured position is hindered by a bulky substituent (such as phenyl, naphthyl, 
etc) at this position, the number of products is reduced. Less bulky substituents, 
however, do not prevent reaction at this position. Thus the catalytic oxidation of 
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p-phenetidine by halates, with vanadium(V) as a catalyst, proceeds as followsso: 

+NH NH 

-+ HN 
O&H, 

OC,H, OGH, 

4 

(4) 

If the quinolide is stable it might form the final reaction product as in the oxidation 
of I-methyl-Z-naphthol (see ref. 14, p. 142). 

Reaction of the radical in which the unpaired electron is localized o- to the -0 
or -NH group leads to the formation of heterocyclic compounds such as (see ref. 
14, p. 149): 

az’ - al - a;\=: 

* 

Catechol gives (see ref. 14, p. 146): 

The formation of primary radicals from arylamines or phenols and their further 
reaction strongly depend on the acidity of the reaction medium. In acidic solutions 
the reactions usually lead to the formation of a smaller number of reaction products of 
relatively low molecular weight. There are many reasons for such a behaviour. 
Reaction (3) proceeds less easily in acidic solution, and the co-ordination of a metal 
ion with the free electron-pair of nitrogen or oxygen is more difficult in an acidic 
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solution because of the competition of the hydrogen ions for the electron pair so 
that the radical formation is again hindered. The high rate of radical formation in 
alkaline solution increases the concentration of R’ so that the number of products 
likely to be formed is increased. Alkaline media also stabilize some types of radicals 
such as semiquinones, formed during the oxidation of polyphenols. The symmetric 
radical ‘OPhO- is formed.31 

Acidity can also affect side-reactions such as hydrolyses, condensations, etc. 
Thus quinoneimines, formed during the oxidation of arylamines in neutral or alkaline 
solutions slowly hydrolyse to quinone and the amine. Further interaction gives mono- 
and diarylidoquinones as the final reaction products. Thus the oxidation of p- 
phenetidine shown by equation (4) in solutions of pH > 5 proceeds further:32 

O=Q=N~oC,H, HzO f-J + H,N-(----JoC.H6 

A~lidoquinones are not very suitable as final reaction products for analytical 
procedures based on photometric measurements, because of their low water solu- 
bility ; they form red-brown precipitates. This is yet another reason for avoiding 
alkaline reaction media for such reactions. Temperatures above 40-50” must be 
avoided because the rate of hydrolysis of quinoneimines according to equation (5) 
strongly increases on heating. 

The disadvantage of the formation of polymeric or complex heterocyclic products 
(water-insolubility) is largely overcome by using compounds containing hydrophilic 
groups (OH, COOH, SO,H etc). Thus sulphanilic acid, amino- and hydroxynaphthyl- 
sulphonic acids, aminocarboxylic acids, etc, have received great attention as reagents 
in catalytic analysis. 33-s8 Alternatively, the solubility of the coloured reaction 
products can be enhanced by using water-organic solvent mixtures. Ya~i~rs~i and 
Pbilipovsv used aqueous ethanol as solvent for the oxidation of 1-naphthylamine by 
potassium bromate, catalysed by molybdenum(V1). 

Yatsimirskii has shown that the sensitivity of a catalytic method depends on the 
sensitivity of the method used to monitor the reaction.s Thus, when a spectrophoto- 
metric method is used, the reactants should be chosen so as to give a reaction product 
of high molar absorptivity. Quinoneimines and a~lidoquinon~ are usually more 
intensely coloured than quinones, and their absorption bands fall in the spectral range 
where the sensitivity of the detectors is highest. These data, combined with those for 
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the solub~ity of the corresponding compounds, indicate that quinonei~n~ are the 
reaction products most suitable for high sensitivity analysis. 

Alternatively, the use of highly coloured products as indicator substances allows 
the reaction to be followed immediately after the start of the reaction, when the 
concentration x of the coloured reaction product is negligible compared to the initial 
reactant concentration C,. The kinetic equation then simplifies to 

dx 
--kc,, 
dt 

where t is the time and k is the rate constant. 
This equation gives a linear dependence between absorbance and time, which 

permits simple r~or~ng devices to be used and the time necessary for the analytical 
determinations to be shortened to Z-4 mm>**” 

When both o- and ppositions in a phenol or arylamine molecule are hindered by 
bulky substituents, stable radicals are formed. l@ These radicals have molar absorp 
tivities (in the visible part of the spectrum) of the order of 300-500 1. mole-’ mm--l 
which makes them suitable for catalytic analysis purposes. Their main advantage 
is that usually reactions forming such radicals lead only to one product. Although 
the radicals are not very soluble in aqueous solution, organic solvent-water mixtures 
can be used as a reaction medium. However, such reactions have not yet been 
used in catalytic analysis, although their chemistry has been studied in some detaiL1@ 

Nature of the catdyst-reactant interaction 

Most often, the first stage of the catalytic reaction is the substitution of water or 
another ligand attached to the metal ion, by the amine or phenol. In many instances 
this results in the formation of a charge-transfer complex. The catalyst, having free 
d-orbitals, acts as a strong Lewis acid and partially receives an electron from the 
highest energy nitrogen or oxygen orbital that is populated. The existence of such a 
complex was shown in the catalytic oxidation of p-phenetidine, discussed above.*s 
The positively charged complex formed between the catalyst and the amine has an 
absorption band with a maximum at 540 nm and a molar absorptivity of lOs-109 
1. mole-l mm-l. At temperatures below 5” the complex is comparatively stable but 
at higher temperatures an oxidation process takes place, which results in the formation 
of an arylamino radical: 

V(V) + HsN . CsH, . OCsH, -+ V(V) . . . H,N . CsH, . OCsH, 

-+ V(IV) + ‘NH. CsH, . OCsH, + H’- (7) 

The process proceeds further according to reaction scheme (4). 
The formation of such complexes makes it easier to understand, for example, why 

titanium(W) catalyses oxidation processes with oxygen-containing ligands but not 
with nitrogen-containing ones and why silver(I) preferentially catalyses oxidation 
reactions of nitrogen-containing reactants. Thus the arylamine or phenol chosen 
must be suitable for complexation with the catalyst. The pH of the medium must also 
be chosen so as not to decrease the degree of complexation with the catalyst. 

Copper(H) in alkaline solution catalyses the oxidation of arylamines and phenols 
but in slightly acidic solutions it catalyses only the arylamine oxidation. This can 
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be ascribed to the different stability of copper(I1) complexes with oxygen- and nitrogen- 
containing ligands. 

Complex formation between the catalyst and the reactant offers possibilities for 
the regulation of the selectivity of catalytic methods. The tendency of the amine or 
phenol to complex with metal ions can be modified if suitable substituents are intro- 
duced in the substrate molecule or if the acidity of the reaction medium is adjusted 
to a suitable value. 

Indirect catalytic oxidation 

In this process the catalyst takes part in a reaction which produces the actual 
oxidant of the other reactant. Thus copper, iron and titanium compounds catalyse 
the oxidation of many organic substances by hydrogen peroxide. Most frequently 
the role of the catalyst in these processes is to produce hydroxyl radicals from hydrogen 
peroxide, and these are the real oxidant. For example, Fenton’s reagent acts as follows : 

Fe2+ + H,O, + FeOH2+ + ‘OH (8) 

‘OH + RH+H,O + ‘R (9) 

Catalytic systems of this type are very useful for the oxidation of compounds with 
sterically hindered donor atoms or with donor atoms which do not tend to form 
complexes with the catalyst. In such instances small uncharged radicals with a high 
oxidation potential (such as ‘OH) can be produced by a catalytic reaction and used 
up for the oxidation of the substrate. 

Another example of this type is the accelerating action of phenols and hydroxy- 
carboxylic acids on the oxidation of arylamines catalysed by vanadium(V).30.4ti8 
The tendency of oxygen donor atoms to complex with vanadium(V) is greater than 
that of nitrogen, so that charge-transfer complex formation and hence the oxidation 
processes with phenols proceed more readily than with arylamines. The phenoxy 
radicals produced oxidize the arylamine very rapidly, and therefore increase the overall 
reaction rate. These reactions are examples of activated catalytic processes, which 
will be discussed in detail in Part II. 

The choice of a suitable oxidant for a catalytic oxidation is as important as the 
choice of the reductant, and is primarily governed by the two conditions stated in the 
introduction. Usually it is not difficult to find an oxidant with an oxidation potential 
higher than that of the reductant. The condition E,, > EM, however, restricts the 
number of possible oxidants especially when the oxidation potential of the couple 
M@+l)+/M+ is high. For example, there are only two oxidants used in the catalytic 
reactions of silver(I)-persulphate ions3 and cerium(IV)49 which can oxidize silver(I) 
to silver(I1) (EM0 = 2.00 V). Sometimes this restriction can be overcome by using a 
suitable complexing agent to lower the oxidation potential of thecouple M”‘+1)+/Mnf.33 
In such instances the complexes of the ligand with the form of the catalyst that 
participates in the rate-limiting reaction step must be labile. Examples of this type 
will be discussed in detail in Part II. 

The main difficulties in choosing a suitable oxidant arise from the second con- 
dition-the existence of kinetic obstacles to direct interaction between the reductant 
and the oxidant. Oxidants such as permanganate, cerium(IV), manganese(III), and 
cobalt(II1) which react readily with organic compounds are seldom used for catalytic 
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oxidation process with organic substances. When hydrogen peroxide is used as an 
oxidant, the greatest difficulty is the purification of the reagents from commonly 
occurring metals ions such as Cu 2f, Fe”, Mn2+, Co2+ which catalyse the oxidations 
by hydrogen peroxide even when present in very small amounts. However, these 
catalytic effects can become an advantage when such ions are to be determined: 
many sensitive analytical catalytic procedures have been developed for the deter- 
mination of these ions, using hydrogen peroxide as the oxidant.m-55 

Halates are very suitable as oxidants for catalytic oxidations of organic substrates. 
At 20-50” they usually react only very slowly with organic compounds in spite of 
their relatively high oxidation potential. However, under such conditions they can 
oxidize rapidly many metal ions, especially the lower oxidation states of molybdenum, 
tungsten, vanadium and osmium. 

Persulphate is another oxidant often used in catalytic analysis. It readily oxidizes 
silver(I) and copper(I) to higher oxidation states and thus is used in catalytic methods 
for the determination of these elements. However, the measurable rate of the un- 
catalysed oxidation is a serious disadvantage. This arises because persulphate 
dissociates in solution to give sulphate radicals: 

&OS” -+ 2S0, (10) 
which themselves oxidize the organic compound. Other authorsss consider that 
persulphate acts through the production of hydroxyl radicals: 

‘SO, + H,O + HSO, + ‘OH (11) 

REDOX REACTIONS WITH INORGANIC SUBSTRATES 

Inorganic reductants used in catalytic reactions are usually monodentate and 
charged, and, of course, are smaller than the organic molecules discussed above. 
Typical examples are I-, Cl-, S20sa-, AsO,- and NH,. 

Reactions in which more than one electron is transferred have been postulated as 
proceeding by one- or two-electron mechanisms, that is, by several one-electron steps 
or by a simultaneous transfer of two or even more electrons. The one-electron scheme 
has been supported by numerous experimental data not only for such reactions as 

AgOI) + Fe(II) - Ag(1) + Fe(II1) (12) 
Ag(1) + Fe(I1) -+ Ago + Fe(II1) 

but also for more complicated reations as, for example, the oxidation of sulphurous 
acid with iron(III), catalysed by copper : 

Fe(II1) + H,SO, -+ Fe(I1) + ‘HSO, + H+ 

Fe(I1) + ‘HS08 + H+ -+ Fe(II1) + H2S0, 1 
slow 

2’HSO, -+ H&O, (13) 

Fe(U) + ‘HSO, + Hz0 + Fe(I1) + SOd2- + 3H+ 

Cu(II) + ‘HSO, + H,O + Cu(1) + SOda- + 3H+ I 
fast 

Cu(1) + Fe(III) + Cu(II) + Fe(I1) 

In some inorganic redox reactions, as for instance those involving thallium (III), e.g., 

Hg” + Tl(III) -+ Hg(I1) + Tl(1) (14) 

5 
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a two-electron mechanism is thought to occur .s8 Ashurst and Higginson, however, 
have shown that the kinetic data for similar reaction with iron(H) strongly indicate a 
one-electron mechanism :sB 

Fe(H) + Tl(II1) 6~ Fe(II1) + Tl(II) 

TI(I1) + Fe(I1) -+ Tl(1) + Fe(II1) 

(1% 

As Basolo and Pearson emphasized “at the present time there is no good evidence 
that simultaneous, or near-simultaneous, transfer of more than one electron in a true 
electron-transfer reaction ever occurs”.6o 

In most instances the existence of a two-electron mechanism is connected with 
the transfer of an atom or a group of atoms from one reactant to the other, as, for 
example : 61 

0,SO” + OCl- --t 0$3oa*- + Cl- (16) 

It is of interest in this connection to quote the conclusions of Higginsons2 drawn 
after considering the mechanisms of many redox reactions: 

(a) species derived from transition elements react by a set of one-electron steps; 
(b) if both reacting species are derived from non-transition elements, two-electron 

reactions usually take place; 
(c) if one of the reagents is a transition-element ion and the other compound is 

derived from a non-transition element, the one-electron mechanism occurs more often; 
(d) if one of the reactants is a free radical, a one-electron reaction is to be expected. 
In connection with catalytic analysis it is of interest to note that the reactions with 

the participation of transition-element species usually proceed by one-electron 
mechanisms. It can be seen that even in the few examples of two-electron reactions 
[of type (c)] the main reason that they were included in this group is that it had been 
impossible to detect the intermediates which correspond to one-electron mechanisms 
with the techniques then available. For this reason the importance of the application 
in this field of new physical methods such as EPR and NMR can hardly be over- 
estimated. 

The one-electron mechanism of many redox reactions catalysed by transition- 
element ions often results in the production of unstable intermediates. Duke has 
suggested the term “reactates” for such species, 63 which includes free radicals (‘S04-, 
‘OH), atoms (Cl, 0) or species in unfamiliar oxidation states [Mn(V), Sn(III)]. Many 
examples are known of the formation of reactates in the course ofthe catalytic reactions. 
For example, the role of ‘SO, and ‘OH in redox reactions with S,Osa- and HzOa 
has already been discussed. 

The oxidation of hydrazine by iron(III), catalysed by copper(II),s4 proceeds 
through the formation of the radical ‘N,H,: 

NzH4 + Fe(II1) -@% ‘NBH, + Fe(I1) + Hf 

‘N2H, + Fe(II1) s’qw, N,H, + Fe(I1) + Hf 

‘NzH, + Cu(I1) -=+ N,H, + Cu(1) + Hf 

Cu(1) + Fe(II1) % Cu(I1) + Fe(I1) 

2 ‘NzH, + N,H, + 2NH3 + Nz 

(17) 
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The catalytic effect is thus due to the greater reactivity of copper(I1) in the oxidation 
of ‘NJ& compared with iron(U), which is possibly due to the stronger tendency of 
copper to complex with nitrogen-containing donors. The oxidation of iodide by 
dichromate, catalysed by iron(II), proceeds via the formation of Cr(V) and Cr(IV) 
as intermediates in the reduction of Cr(VI) and Cr(II1) (see ref. 4, p. 309). 

The catalysts of inorganic redo-x reactions act most often by a direct mechanism, 
by alternate oxidation-reduction processes with the oxidant and reductant. Thus in 
the oxidation of chloride by cerium(IV) the catalyst silver acts through the oxidation 
states Ag(1) and Ag(I1) .4e The oxidation of iodide by halates in the presence of 
vanadium compounds proceeds via the consecutive formation of V(W) and V(V).6s 
Another example of this type of mechanism is provided by the oxidation of arsenic(II1) 
with cerium(IV), catalysed by iodide or osmium(VII1). Thus, one of the most widely 
used catalytic reactions is consideredsa to proceed via 

I- + Cc(W) -+ Ce(II1) + I0 

I0 + As(III) + intermediate 

intermediate + Ce(IV) + Ce(II1) + As(V) + I- 

(18) 

An alternative is 

I0 + Ce(IV) + Ce(II1) + I+ 

I+ + As(III) + As(V) + I- 
(19) 

The catalytic action of osmium also involves its alternate reduction and oxidationB7 
An indirect catalytic mechanism does sometimes occur, probably, for example, 

in the oxidation of ammonia by hydrogen peroxide, catalysed by copper compounds.6s 
Copper(I1) cannot oxidize ammonia, but it reacts with peroxide to form hydroxyl 
radicals, which oxidize the ammonia. The oxidation of iodide by hydrogen peroxide, 
catalysed by iron compounds, is probably another example of this type.69 

In other instances, the catalyst is produced during the reaction as one of the 
reaction products, so that the process becomes autocatalytic, as in the oxidation of 
arsenite by iodate, catalysed by iodide:lO 

IO, + 3AsO,- + I- + 3As0, (20) 

Complex formation between the catalyst and the reagents during the reaction 
seems to be important in inorganic catalytic redox reactions although only in a few 
instances is there direct experimental evidence for intermediates of this type.71*7e At 
the same time, many considerations indicate the formation of such complexes. For 
example, the addition of ligands that form stable, inert complexes with the catalyst 
usually results in an inhibition of the catalysis (ref. 6, p. 95). In some instances 
kinetic data are available for the formation of such complexes.6s 

The oxidation of many inorganic species used in catalytic analysis, such as chloride 
or ammonia, needs oxidants with higher oxidation potentials than those used to 
oxidize arylamines and phenols. For this reason oxidants such as cerium(IV), 
permanganate, chromate, molybdate, iodine and bromine are often used in such 
reactions, as are hydrogen peroxide, halates and other oxidants also used for oxidizing 
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the organic compounds. For the same reason, the catalysts for these reactions are 
usually metal ions which in their highest oxidation state are strong oxidants [cobalt(III), 
nickel(III), silver(H), manganese(III), chromium(VI), osmium(VIII), vanadium(V), 
etc.]. Because of the higher oxidation potentials associated with the reagents and 
catalysts in this group of reactions, very often it is necessary to change the oxidation 
potential associated with either the catalyst or the oxidant by complex formation in 
order to fulfill the condition Eo, > EM > ERed, which makes possible the catalytic 
action of the metal ion. 

The sole use of inorganic reactants is analytically advantageous in that there are 
usually no side-reactions, or further reactions of the monitored reaction product. 
Even in reactions where dimerization of inorganic radicals is possible, together with 
further oxidation [see for instance reaction scheme (17)], the number of compounds 
formed is restricted. The absence of a number of products in the system makes 
possible the application of dz@rent methods to follow the reaction kinetics and this 
widens the limits of application of catalytic analysis. Amperometric methods are a 
good example. They have been applied to catalytic methods for the determination of 
sulphides and sulphur-containing compounds, chromium, molybdenum, germanium, 
etc., by the oxidation of iodide by hydrogen peroxide or of azide by iodine.‘“” 

Polarography has similarly been applied in catalytic analysis, based on electro- 
chemical reduction or oxidation processes with inorganic substances such as H+, 
H,O,, NOa-, Clot-, catalysed by metal ions.7*-81 

REACTIONS CATALYSED BY IONS NOT CHANGING THEIR OXIDATION 
STATE DURING THE COURSE OF THE REACTION 

Reactions of this type include the catalytic rearrangement, decomposition, 
substitution and hydrolysis of organic and inorganic compounds in the course of 
which the catalyst does not change its oxidation state. The catalytic action can be 
due to the polarizing effect of the catalyst on bonds in the molecule of a reactant, or 
to the ability of the catalyst to bring the reactants together or to orientate them in a 
way suitable for the reaction to proceed. 

This group of catalytic reactions has not been developed as an analytical tool to 
such an extent as the preceding one, but it is important because it deals with reactions 
which make possible the determination of ions with filled outer S-, p- or d-electron 
shells, such as APf, Ca2+, Zn2+, Cd% and Pb2+. 

The hydrolysis of amino-acid derivatives and phosphate esters is the most studied 
of this type of reaction. These reactions are catalysed by metal ions such as Cu2+, 
Zn2+, M$+ and Cd2+. The metal ion catalyst forms a chelate with the reactant. 
The positive charge of the metal ion affects the electron distribution in the ligand in 
such a way as to facilitate the attack of the hydroxide ion. For example, in the 
hydrolysis of alkyl- and aryl-esters of glycine, a2 the metal ion causes an electron 
shift from the carbon atom of the carbonyl group, thus facilitating attack by hydroxide : 

OH- - 
d 

5+ 

I+ 
.+ 
J- + CH,OH 

(21) 
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The decarboxylation of /?-keto acids was first used in catalytic analysis by Bontchev 
and his co-workers.83*84 For example the decarboxylation of oxaloacetic acid is 
catalysed by metal ions such as Zn2+, M@+, Mn2+ and Cu*+. In the presence of 
copper( the decarboxylation proceeds as follows : 

+ CO, + o~~cH* -_, CH,COCO,H + Cu*+ 
U” 

H%O’ ‘H,O 

(22) 
The catalyst forms chelates with both the substrate and the product, but the latter 

has a lower stability constant because of the change in inductive effect of the carboxyl 
group as it changes from the j% to the a-position. The substrate therefore displaces 
metal ion from the chelate with the product, and the cycle begins again. In such 
catalysed reactions any hindrance of chelate formation results in a decreased catalytic 
activity. Thus the presence of metal ions has no effect on the rate of decarboxylation 
of b-keto acids with a second carboxylic group too far from the keto group to form 
strong chelates, or on ketomonocarboxylic acids. 86 Hydrolytic reactions show the 
same dependence on the chelating ability of the substrate. Moreover, if the catalyst 
is already complexed by other ligands, so that the rate of substitution of these ligands 
by the substrate is very slow, or if stable inert complexes are formed with these 
ligands, the catalytic effect can decrease or even disappear. 

Finally, the nature of the complex formed influences the catalysis. It was found, 
for example, in the catalytic decarboxylation of dimethyloxaloacetic acid that the 
catalyst forms two different complexes with the acid, only one of which can undergo 
decarboxylation.8s 

The metal ion acts in the catalytic, hydrolytic and decarboxylation reactions 
mainly because of its positive charge. It might be expected, therefore, that the effect 
of the dipositively charged ions will be of the same order and hence their overall 
catalytic action will depend on their complexing abilities. Numerous examples 
provide evidence for the validity of this assumption. In the hydrolytic reaction (21) 
the order of catalytic activity is 

Cu(I1) > Co(I1) > Mn(I1) > Ca(II), Mg(I1) 

which is identical with the Irving-Williams order. The same reasons are responsible 
for the evident connection between the position of the metal-ion catalyst in Sidgwick’s 
classifications7 and the character of the donor atoms in the substrate molecule. Metal 
ions of the third group of this classification which bond to nitrogen more strongly 
than to oxygen are good catalysts for reactions of substrates with nitrogen donor 
atoms. In the hydrolysis of a Schiff’s base, for example: 

(23) 

CHO 
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copper(I1) and nickel(I1) are the best bivalent catalysts (ref. 85, p. 220). For the same 
reason mercury(II), lead(I1) and silver(I) are the most effective catalysts for the 
hydrolysis of thiol esters (ref. 85, p. 217). Similarly hydrolysis of substrates con- 
taining only oxygen donors is catalysed preferentially by metal ions of the first group 
of Sidgwick’s classification, which tend to form complexes with oxygen in preference 
to other donors. Thus the hydrolysis of salicyl phosphate: 

_o= ,“;o_ 
o@\ L 

b 
0 

&6- 

Cl -+=-O slow, 

is catalysed by UO, 2+ V02f, Zr02f, Fe3+ and Cu2+ whereas Ni2+, Cos+, Zn2+ and , 
Cd2+ have no influence on the process.s* 

From an analytical point of view there are two main shortcomings of catalysed 
hydrolytic and decarboxylation reactions, namely, the low sensitivity and selectivity 
of these reactions. A comparatively large concentration of the catalyst is usually 
necessary to increase the reaction rate by a measurable extent. Yatsimirskii and 
Tikhonova,ss*90 the first authors to use a hydrolytic reaction in catalytic analysis, 
were able to determine 10 pg/ml of cadmium and 1 pg/ml of lead (total amounts 
of 250 pg of Cd2+ and 25 ,ug of Pba+), using the hydrolysis of the ethyl ester of 
cysteine. It is evident that this sensitivity is far less than that of a large number of 
other catalytic methods. The sensitivity of the decarboxylation reactions is also low. 
The catalytic effect becomes measurable at catalyst concentrations greater than about 
10m3M, which is quite insufficient for trace analytical purposes. The sensitivity can 
be increased, however, by complexing the metal so as to increase the actual charge 
on the metal, as has been demonstrated 83*84 for the decarboxylation of oxaloacetic 
acid, which has been developed as a sensitive method for the determination of zinc.8P 
The use of suitable complexing agents can contribute also to the selectivity of these 
catalytic reactions as will be discussed in Part II. 

Catalytic substitutions of ligands in the co-ordination sphere of a metal ion are 
other examples of this group of reactions. They were first used in catalytic analysis 
by Asperger et al. for the determination of mercury.91-M These authors used the 
replacement of cyanide from hexacyanoferrate(I1) by a water molecule: 

[Fe(CN),]” + Hz0 $ [Fe(CN),H,0]3- + CN- (25) 
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The reaction is monitored byaddingnitrosobenxene,whichreadilyreplacesthewater 
molecule in the inner co-ordination sphere of the product to form Fe(CN)$hNO]“, 
a red-violet, soluble complex.ss 

The substitution of cyanide in hexacyanoferrate(II) by 2,2’-bipyridyl and l,lO- 
phenanthroline has also been used for the determination of mercury(I1) and silver(I).ss~n7 

The complete replacement of the cyanide ions in hexacyanoferrate(I1) by water 
molecules gives Fe(H80)ds, which is rapidly oxidized by atmospheric oxygen. The 
resulting iron(III) reacts with the unchanged hexacyanoferrate(I1) and a blue colloidal 
solution of Prussian Blue is formed. Besides mercury(U), silver(I) and gold(II1) also 
catalyse this reaction, which has been used for determination of these elements.s*-lOO 

The mechanism of these substitution processes and especially the role of the 
catalyst is at present not quite clear. It is worth noting, however, that the catalysts 
form stable complexes with the ligands whose substitution they catalyse. 

The fact that in the reactions of this group the catalyst remains in the same 
oxidation state does not exclude the participation of the catalyst in oxidation 
processes. Thus the oxidation of iodide by hydrogen peroxide in acidic solution is 
catalysed by thorium(IV), zirconium(IV), hafnium(IV), niobium(V) and tantalum(V) 
which do not change their oxidation state during the course of the reaction.s In 
moderately acidic solutions they are present in the form of the corresponding oxo- or 
hydroxo-ions (for example ZrOa +, ThOHS+). Yatsimirskii has suggestedlo that the 
catalytic effect of these ions is due to the formation of cyclic peroxides, e.g. 

H 
\ H 

O-O 
\ ‘0 

,H---+ I +0 (26) 
j& M __.___ OH, 

‘H 

The O-O bond is more labile in the complex, and it decomposes with the for- 
mation of free oxygen atoms, although it seems more probable that the reactates 
formed during the process are hydroxyl radicals, because the direct formation of 
oxygen atoms from the hydrogen peroxide molecule seems energetically less favour- 
able than that of ‘OH. The reactates then oxidize the iodide. The catalyst does not 
react directly with the substrate and does not change its oxidation state during the 
reaction. 

It is of interest to note that vanadium(V) and titanium(IV) oxo-ions, which are 
not among the catalysts for this reaction, catalyse the oxidation of thiosulphate by 
hydrogen peroxide as do Th(IV), Zr(IV), Nb(V), Ta(V) and Hf(IV).8 If the role of 
the catalyst in these two reactions is only to produce reactates from HzOe (or ‘OH) 
which then oxidize the substrate, the absence of a catalytic effect of V(V) and Ti(IV) 
in the first reaction is inexplicable. It seems possible, therefore, that the oxidation of 
the reductant occurs by interaction with a peroxide complex of the catalyst. When 
bond formation between the catalyst and the reductant is possible, and therefore a 
ternary complex can be formed, vanadium(V) and titanium(IV) catalyse the process 
(as for thiosulphate oxidation). If such a complex with the participation of the 
substrate cannot be formed p(V) and Ti(IV) do not form iodide complexes] the 
oxo-ions of both elements do not influence the reaction (as for iodide oxidation). 
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Zusammenfassung-Die Mechanismen einiger bei der katalytischen 
Analyse verwendeter Reaktionen werden diskutiert. Die Kenntnis des 
Mechanismus einer katalytischen Reaktion kann bei der Auffindung 
neuer katalytischer Reaktionen und der Auswahl der besten Versuchs- 
bedingungen von Nutzen sein. Femer kijnnen Moglichkeiten zu 
weiterer Steigerung der Emptindlichkeit erkannt werden. 

R&m&-On discute des mecanismes de quelques reactions utilisees en 
analyse catalytique. La connaissance du m&canisme dune reaction 
catalytique peut aider dans le developpement de nouvelles reactions 
catalytiques et le choix de conditions optimales, et montrer les pos- 
sibilitbs de nouveaux accroissements de sensibilite. 

REFERENCES 

1. Z. Arkosi, Ein Beitrag zur Mikrobestimmung einiger hochwertiger Schwermetallionen auf Grund 
ihrer katalytische Wirkung; Katalytische Analyse, Juris-Verlag, Ziirich, 1956. 

2. R. A. Geitz, Kinetic Analytical Methods, in Methods of Analysis of High Purity Substances, 
Kharkov, 1962. 

3. H. B. Mark, Jr., L. J. Papa and C. N. Reilley, Aduan. Anal. Chem. Znstr., 1963, 2,255. 
4. H. B. Mark and G. A. Rechnitz, Kinetics in Analytical Chemistry, Interscience, New York, 1968. 
5. K. B. Yatsmirskii (ed.) Methods for Analysis of Chemical Reagents, 1966, No. 13. Kinetic 

Methods of Analysis (in Russ.). IREA, Moscow, 1966. 
6. Zdem, Kinetic Methods of Analysis, 2nd Ed., Khimia, Moscow, 1967; 1st Ed., Pergamon, 

Oxford, 1965. 
7. R. G. R. Bacon, Chem. Znd. London, 1962, 19. 
8. E. T. Denisov and N. M. Emanuel’, Usp. Khim. 1960,29, 1409. 
9. Energies of Rupture of Chemical Bonds, Ionization Potentials, Electron Afinities (in RUSS.). 

Izdat. Akad. Nauk USSR, Moscow, 1962. 
10. M. V. Bazilevskii and Kh. S. Bagdasar’yan, Kinetics Catalysis, (USSR), 1964, 5, 215. 
11. R. G. Caldwell and J. L. Ihrig, J. Am. Chem. Sot., 1962,84,2878. 
12. D. S. Davies, H. L. Goldsmith, A. K. Gupta and G. R. Lester, J. Chem. Sot. 1956, 4926. 
13. G. Engelsma and E. Havinga, Tetrahedron, 1958,2,289. 
14. W. A. Waters, Mechanisms of Oxidation of Organic Compounds, Methuen, London, 1964. 
15. T. A. Cooper and W. A. Waters, J. Chem. Sot., 1964,153s. 
16. J. S. Littler and W. A. Waters, ibid., 1959, 1299. 
17. S. K. Saha and A. K. Chaudhuri, J. Indian Chem. SOL, 1965,42,735. 
18. R. I. Yadav and W. V. Bhagwat, ibid., 1964,41, 25. 
19. A. L. Bouchachenko, Stable Radicals (in Russ.). Izdat. Akad. Nauk USSR, Moscow, 1963. 
20. B. C. Gilbert and R. 0. C. Norman, J. Chem. Sot.(B), 1966,86. 
21. C. J. W. Gutch and W. A. Waters, ibid., 1965, 751. 
22. T. J. Stone and W. A. Waters, Proc. Chem. Sot., 1962,253. 
23. Zdem, J. Chem. Sot., 1964,213. 
24. J. R. Thomas, J. Am. Chem. Sot., 1964,86, 1446. 
25. R. Lundberg (ed.), Autooxidation and Autooxidants, Vol. I. Interscience, New York, 1961. 
26. R. G. R. Bacon and D. J. Munro, J. Chem. Sot., 1960, 1339. 
27. H. Musso, Angew. Chem., 1963,75,965. 
28. L. K. J. Tong and M. S. Glesmann, J. Am. Chem. Sot., 1957,79,583. 
29. J. D. Edwards and J. L. Cashaw, ibid., 1954,76,4141. 
30. P. R. Bontchev and B. G. Jeliazkowa, Mikrochim. Acta, 1967, 116. 
31. C. Walling, Free Radicals in Solution (in Russ.), p. 362. Inlitizdat, MOSCOW, 1960. 
32. P. R. Bontchev, Mikrochim. Acta 1962, 584. 
33. P. R. Bontchev, A. A. Alexiev and B. Dimitrova, Talanta, 1969, 16, 597. 
34. Z. Jarabin and P. Szarvas, Acta Univ. Debrecen, 1962,7, 185. 
35. S. U. Kreingol’d and E. A. Bozhevol’nov, Zavodsk. Lab., 1965,31, 784. 
36. R. Ralea and N. Jorga, Analele Stiint Univ. A. I. Cuza, Zasi, Sect. Z, 1956, 2, 211; Chem. 

Abstr., 1959, 53, 19688. 
37. K. B. Yatsimirskii and L. I. Budarin, Zzv. Vysshikh Uchebn. Zavedenii Khim. i Khim. Tekhnol., 

1963,5,220. 
38. K. B. Yatsimirskii and A. P. Filippov, Zh. Neorgan. Khim., 1964,9,2096. 
39. Zdem, Zh. Analit. Khim. 1965,20, 815. 
40. L. I. Budarin and K. E. Prick, Zavodsk. Lab., 1960,26, 1018. 
41. H. V. Malmstadt and T. P. Hadjiioannou, Anal. Chem., 1963,35,2157. 
42. P. R. Bontchev and B. G. Jeliazkowa, Mikrochim. Acta, 1967, 125. 



Catalytic reactions-I 513 

P. R. Bontchev, ibid., 1962,592. 
Zdern, Ukr. Khim. Zh., 1964,30, 1167. 
P. R. Bontchev and K. B. Yatsimitskii, Zh. Fiz. Khim., 1965,39, 1995. 
P. R. Bontchev and G. St. Nikolov, J. Znorg. Nucf. Chem., 1966,28,2609. 
P. R. Bontchev and A. A. Alexiev. Ukr. Khim. Zh.. 1966.32.1044. 
P. R. Bontchev and B. Evtimowa,.Mikrochim. A&, 1967,492. 
A. A. Alexiev and P. R. Bontchev, Z. Phys. Chem., 1969,242,333. 
I. F. Dolmanova and V. M. Peshkova, Zh. Analit. Khim., 196419,297. 
H. G&o and S. Suzuki, Nippon Kagaku Zusshi, 1950,71,7. 
S. U. Krelngol’d and E. A. Bozhevol’nov, see ref. 5, pp. 85, 88. 
S. U. Kreingol’d, E. A. Bozhevol’nov and L. G. Sinyaver, Zavodsk. Lab., 1965,31,508. 
V. M. Peshkova, I. F. Dolmanova and N. M. Semenova, Zh. Analit. Khim., 1963,18,1228. 
T. Shiokawa and S. Suzuki, Nippon Kagaku Zasshi, 1951,72, 12. 
D. A. House, Chem. Rev., 1962,62,185. 
W. C. E. Higginson, D. Sutton and P. Wright, J. Chem. Sot., 1953.1380. 
A. M. Armstrong and J. Halpem, Can. J. Chem., 1957,35,1020. 
K. G. Ashurst and W. C. E. Higginson, J. Chem. Sot., 1953,3044. 
F. Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, 2nd Ed., Wiley, New York, 
1967. 
II. Taube, Record Chem. Progr. Kresge-Hooker Sci. Lib., 1956,17,25. 
W. C. E. Higginson and J. W. Marshall, J. Chem. SOL, 1957,447. 
F. R. Duke, Mechanisms of Oxidation-Reduction Reactions in Treatise on Analytical Chemistry, 
eds. I. M. Kolthoff, P. J. Elving and E. B. Sandell, Part I, Vol. I, p, 637. Interscience, New 
York, 1959. 
J. W. Cahn and R. E. Powell, J. Am. Chem. Sot., 1954,76,2568. 
K. B. Yatsimirskii and V. E. Kalinina, Zzv. Vysshikn Uchebn. Zavedenii Khim. i Khim. Tekhnol.. 
1965,8, 378. 
P. A. Rodriguez and H. L. Pardue, Anal. Chem., 1969,41, 1369. 
R. L. Habig, H. L. Pardue and T. B. Worthington, ibid., 1967,39,600. 
V. G. Loshkareva, Tr. Urolsk. Polytekhn. Inst., 1956,57,61. 
K. B. Yatsimirskii and G. A. Karacheva, Zh. Neorgun. Khim., 19583,352. 
J. Bog&r and S. Sarosi, Anal. Chim. Acta, 1963,29,406. 
G. A. Bogdanov, Zh. Fiz. Khtm., 1951,25, 332. 
T. J. Lewis, D. H. Richards and D. A. Salter, J. Chem. Sot., 1963,2434. 
W. Jedrzejewski, Chem. Anal. Warsaw., 1960,5,207. 
W. Jedrzejewski and H. Gelowa, ibtd., 1962,7, 753. 
E. Michalski and A. Wtorkowska, ibid., 1962,7, 691, 783. 
E. Michalski and H. Gelowa, ibid., 1963,8,643. 
I. G. Shaftran, V. P. Rosenbaum and G. A. Steinberg, see ref. 5, p. 120. 
J. Heyrovskjr, Nature, 1935,135, 870. 
M. C. Johnson and R. J. Robinson, Anal. Chem., 1952,24,368. 
G. B. Jones, Anal. Chim. Actu, 1954,10, 584. 
G. S. Supin, see ref. 5, p_ 132. 
I-I. Kroll, J. Am. Chem. Sot., 1952,74,2036. 
P. R. Bontchev and V. Michaylova, J. Inorg. Nuci. Chem., 1967,29, 2945, 
M. Michaylova, B. Evtimowa and P. R. Bontchev, Mikroehim. Acta, 1968,922. 
Q. Fernando, Adoan. Inorg. Chem. Radiochem., 1965,7,234. 
J. V. Rund and R. A. Plane, J. Am. Chem. Sot., 1964,86,367. 
N. V. Sidgwick, J. Chem. Sot., 1941,433. 
R. Hofstetter, Y. Murakami, G. Mont and A. E. MartelI, J. Am. Chem. Sot. 1962,84, 3041. 
L. P. Tikhonova and K. B. Yatsimirskii, Zh. Neorgan. Khim., 1966,11,2259. 
K. B. Yatsimirskii and L. P. Tikhonova, ibid., 1965, 10, 2070. 

91. S. Asperger and J. Murati, Anal. Chem., 1954,26,543. 
92. 
93. 

S. Asperger and 0. Cuprahi, J. Chem. Sot., 1953, 1041. 

94. 
S. Asperger and P. Pavlovic, Anal. Chem., 1956,28, 1761. 

95. 
P. Pavlovic and S. Asperger, ibid., 1959, 31,939. 

96. 
J. Kraljic and M. Mate, Croat. Chem. Acta, 1956,28, 273. 
U. Kars and T. Pinter, ibid., 1958, 30, 141. 

97. J. Kraljic, Mikrochim. Aeta, 1960, 586. 
98. M. N. Orlova and K. B. Yatsimirskii, Zzu. Visshikh Uchebn. Zuoedenii Khim i Khim. Tekhnol., 

1960,3,630. 
99. T. Pinter and H. Dresner, Mikrochim. Acta, 1955,805. 

100. K. B. Ya~~kii and M. N. Orlova, Zh. Neorgan. Khim., 1960,5,2184. 
101. K. B, Yatsimirskii, Pure Appl. Chem., 1963,6,117. 



Talanttr. 1970, Vol. 17, ~9. 515 to 523. Pcrmmon Press. Printed In Northern Irehod 

ACID DISSOCIATION AND SPECTROPHOTOMETRIC BE- 
HAVIOUR OF 8-QUINOLINESELENOL IN WATER-DIOXAN 

MIXTURES 

NOBORU NAKAMJRA and EIICHI SEKILBO 

Department of Chemistry, Faculty of Science, Kobe University, Kobe, Japan 

(Received 26 August 1969. Accepted 21 January 1970) 

Smmar-The acid dissociation constants of 8-quinolineselenol, 
Squinolinol and 8-quinolinethiol in water-dioxan mixtures of varying 
solvent composition were determined potentiometrically or spectro- 
photometrically. The absorption spectra of 8-quinolmeselenol in the 
same solvents were also obtained. The acid dissociation phenomena, 
stability towards oxidation and the absorption spectra of the reagents 
are discussed in connection with the existing forms. It is verified that 
8-quinolineselenol exists as a zwitterion in water-dioxan mixtures of 
low or high dioxan content. 

IN RECENT years, 8-quinolinethiol and 8-quinolineselenol have become of interest as 
analytical reagents. l4 SQuniolineselenol appears to be a more selective chelating 
agent than 8-quinolinol and 8-quinolinethiol, probably because of the lower electro- 
negativity and larger size of the selenium atom. 

Therefore, a study of metal complexes of 8-quinolineselenol is of value, especially 
as only a few studies of 8-quinolineselenol complexes have been reported.a-* This 
paper deals with a comparative study of the acid dissociation and spectrophotometric 
behaviour of 8-quinolineselenol, 8-quinolinethiol and 8-quinolinol in water-dioxan 
mixtures. 

EXPERIMENTAL 
Reagents 

I-Quinolineselenol. The reagent was prepared by the modified method of Sekido, Fernando and 
Freiser.’ The neutral salt of 8quinolineselenol prepared from 8,8’-diquinolyldiselenide was dried 
under reduced pressure. This reagent was proved to be anhydrous and was stable for more than a 
week in vacua. 

The sodium salt of 8quinolinethiol. 8,8’-Diquinolyldisulphide was first synthesized by the 
method of Ediiger.6 The sodium salt was then prepared by the following procedures. Pure di- 
sulphide, 5.5 g, was dissolved in a mixture of 20 ml of concentrated hydrochloric acid and 6 ml of 
50% hypophos horous acid, and the solution was heated under reflux for about 2 hr. The solution 
was cooled an B filtered, and then a yellow precipitate was obtained by adding excess of saturated 
sodium hydroxide solution dropwise whilst a stream of nitrogen gas was passed through the solution. 
The pure sodium salt, obtained by recrystallization a few times from alcohol-ether, was dried in 
wcuo. The sodium salt prepared in this way was proved to contain 1-2 molecules of water of crystal- 
lization, and to be stable for several months under a nitrogen atomosphere. 

8-Quinolinof. The reagent was mgent grade and was further putied by recrystallization from 
alcohol, m.p. 735-745”. 

Dioxan. Commercial dioxan was treated with hydrochloric acid and metallic sodium and then 
distilled at 101~5-102~0”. Freshly distilled dioxan was further purified by freezing, and was used 
in a few days. 

Carbonatefree sodium hydroxide solutions were prepared by the usual method and the other 
reagents used were reagent grade where possible. 

Apparatus 

pH meter. Horiba Model P, with glass and calomel electrodea, standardized against aqueous 
buffers (pH 4.01 and 6.86). The relationship between the pH meter reading (E) and the hydrogen 
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ion concentration ([H+]) in water-dioxan mixtures is defined as the following according to Van 
Uitert and Haas,’ 

--log [H+] = B + log U, + log y i (1) 

where U, is a conversion factor at zero ionic strength, y * is the mean activity coefheient for the 
solvent composition and ionic concentration. The values of log U, and log y+ were taken from the 
data d Van Uitert and I~Taas,~ and Hamed and Owen,* respectively. Equation (1) was found to 
hold, with an error of O-05 pH units, in this experiment. 

Procedures 

Nitrogen gas was bubbled through the sample solutions during titration, and the temperature 
was controlled to 25.0 i O-1” by circulating water through double-walled titration and reference 
cells. Titrations were made on the sofutions which contain the reagents, perchloric acid and sodium 
perchlorate, The range of concentration was from 94 x IO-* to 1-O x IOFM for the reagents, and 
from 2.0 x IO-* to 20 x IO-*M for the acid, ionic strength varied from 0.001 to Q-1, and dioxan 
content ranged from 0 to 75 % v/v. 

Spectraphotometric measurements were also made under various conditions; (a) in solvents of 
varying dioxan content, (b) at varying time, (c) in a stream of nitrogen gas, (d) by adding hypophos- 
phorous acid as reducing agent. 

CALCULATION 

Acid dissociation of 8quinolinoI and its analogues takes place as follows 

k 
HsR+ - -% H* _t HR and H’R- 

k 
WR and H+R- e $+R- 

(2) 

(31 

where R is (X = 0, S or Se). The neutral and zwitterion forms are denoted by HR 

and H+R-, respectively, and k,, and kap are stoichiometric acid dissociation constants. The for- 
mation function of the species HR and H,R+ corresponding to equations (2) and (3) is given by 
3jerrum’s methodza as faflows 

where lir, is the average number of hydrogen ions bound to each reagent molecule. Since the difference 
between the numerical values of k,, and kag for the reagents is large, the first term of equation (4) is 
neghgible in the acidic region and thus rearrangement of equation (4) leads to equation (53, similarly 
the third term is negligible in the basic region and equation (6) is obtained: 

(5) 

&, is calculated by means of equation (7) 

Ish = IHRI, + [Hlo + [OH-I - WI - K-‘Hl, 
T, 

(7) 

TR is the total concentration of the reagent, [HRIO is the concentration of the reagent in the HR or 
H+R- form, and [H],, [OH],, [WI and [OH-] are the concentrations of perchloric acid titrated, 
sodium hydroxide added, free hydrogen ion and free hydroxide ion, respectively. In the case of 
8-quino~inethiol the [HR], term in the numerator of equation (7) can be omitted because the sodium 
salt is used. The values of [OH-I are calculated by employing the values of Km in water-dioxan 
mixtures, given by Hamed and Owen.8 

On the basis of values of k,, and k., obtained thus, the constants, K,, and Ka,, which are good 
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approximations to the ~~~~rnic constanta,7~* are determined according to the fo~ow~g 
equations, with the use of mean activity coefkients given for hydrochlo~c acid by Hamed and 
Owen8 

P& = Pk% (81 

pKa, = pk., + 2 log & ( ) 
where it is assumed that yH+ = yR- = ynIR+ = y * and yna = 1. Association of solutes which may 
be expected to take place in solvents of htgh dioxan content was ignored. 

RESULTS AND DISCUSSION 

Potentiometric studies 

Results. A number of titrations for 8-quinolinol, 8-quinolinethiol and S-quinoline- 
selenol were performed. In order to examine the accuracy of k,% calculated according 
to equations (5), (6) and (7), the formation curves were checked by comparing the 
experimental and theoretical values (Fig. 1). 

For Squinolinol the agreement is quite satisfactory, but for 8-quinolinethiol and 
&quinolineselenol good agreement was not always obtained, because of experimental 
error. The causes of error were proved to be oxidation of the reagents by air or 
dioxan and the glass electrode error. Therefore, much attention was paid, especially 

FIG. 1 .-Formation curves for S-quiuoiinol (-_e), 8-quinolinethiol (-+--, - _0- -) 
and 8-quino~~ieno1 (-w--, - -D- -) in 50% water-dioxan mixture. 

The plots (- -@ -, - -n- -) are erroneous data. 
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0 0.10 0.20 0.30 0.40 
Mole fraction of dioxan 

FIG. 2.-pK,, of the reagents and pK* of monoprotic acids and glycine. 
Reliability of pK.* is f0.07 for 8-quinolinol and 8quinolinethio1, and +O*l for 8- 

quinolineselenol. 

for 8-quinolineselenol, to titration procedure in order to minimize these errors. At 
first, titrations for 8-quinolineselenol were carried out under the same conditions as 
for 8-quinolinethiol, but the second equivalence point for 8-quinolineselenol did not 
coincide with that for 8-quinolinethiol. Disagreements of the formation functions 
corresponding to these titration curves are serious in the region Z& < 0.5 because of 
oxidation. Therefore the most reliable data for 8-quinolineselenol were obtained 
from the buffer region of the titration curve. To calculate the values of flh for strongly 
acidic solution, the method of Irving and RossottiQ was applied to equation (7) 
otherwise serious disagreement for formation functions was observed in the region 
--log [H+] < 3.5. The experimental results agreed with the theoretical ones. Only 
K&, for 8-quinolineselenol was determined spectrophotometrically. The acid dis- 
sociation constants (p&J obtained for these reagents are plotted as a function of 
dioxan content in Fig. 2. 

Discussion. Activity coefficients in mixed solvents are defined as 

log y = 1% ye + log y* (10) 

8-Ouinolmol 

8-Quinoline- 
thiol 
Glycine 

8-Quinoline- 
selenol 

Pmpionic acid 

Acetic pcid 

Formic acid 
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where log y, log y,, (= lim y) and log y* correspond to the total, primary and second- 

ary medium effect, restively. Then the following relationship would holdlo 

pE;, = pKs0 + 2 log yo (11) 

where K, and K,* are the acid dissociation constants in the mixed solvent and in pure 
water, respectively. In the water-dioxan system the plots of log y. vs. mole fraction 
of dioxan in the range na = 045 have been found to be linear in the case of a mono- 
protic acid. Consequently the plots of pK, VS. mole fraction of dioxan are linear. 
The values of plv, of acetic acid, propionic acid, formic acid and glycine, which are 
given by Harried and Owen,* are shown in Fig. 2. The former three acids are mono- 
protic. In the case of glycine the zwitterion form is predominate in aqueous medium. 

In Fig. 2, the pK+ values for %quinolinol, S-q~noline~ol and 8quino~n~lenol 
are compared with ply, for monoprotic acids and glycine. The values of pK% all 
increase with mole fraction of dioxan. A substantially linear relationship is obtained 
for 8-quinolinol, but for 8-quinolinethiol there is deviation from linearity when the 
mole fraction is small. 

In Fig. 2 the behaviour of the plot for Gquinolinol is similar to that for acetic acid, 
and the behaviour for 8-qinolineselenol is similar to that of glycine. This suggests that 
in the neutral form, 8-quinolinol behaves as a monoprotic acid, and that 8-quinoline- 
selenol as a zwitterion. For 8-quinolinethiol the behaviour is similar to that of 8- 
quinolineselenol in the region of low dioxan content but to that of 8-quinolinol in the 
region of high dioxan content. 

If Ka, and K,, are the acid dissociation constants for the neutral and zwitterion 
forms and Kt is the tautomeric constant, the following two equations hold: 

Kt = fzwitterion] _ &I, 
[Neutral] K ’ SC 

(12) 

(13) 

The values of pKBc and pK,n were evaluated from the results for pK&$ and Kti They 
are summarized in Table I. 

TABLE I.-&WLIJXRIUM CONSTANTS FOR &QUINOLlNOL, ~-Q~IN~L~ETH~~L AND 8QULNOUNE- 

SRLENOL IN WATER 

8-quinol~ol 0.04’ 9.74 9.32 9.72 
Squ~oi~e~iol 3.8t 8.36 8.26 7.68 
I(-quinolineselenol 17402 8.18 8.18 4.94 

* Reference 11. 
f Reference 12. 
$ Calculated value from the data of reference 3. 

The calculated values of pK,n are marked on the PK.* axis of Fig. 2. The black spot 
showing pK,, for 8-quinolinol is in the vicinity of the straight line of pK,, which 
suggests that 8-quinolinol behaves as the neutral form in water-dioxan mixtures. 

Supposing that equation (I 1) is applied in this case, and that the reagent behaves 
only as the neutral form, the plots of pK+ as, the mole fraction of dioxan are expected 
to be a straight line starting from the spot shown by values of pKsn in Table I, and 
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similarly for 8-quino~net~ol and 8q~nolineselenol. This is shown in Fig. 2. For 
8-quinolinet~ol, the plots of plu, differ greatly from the expected when the mole 
fraction of dioxan is small but not when the mole fraction is higher. It is considered 
that this occurs because of a shift of the tautomeric equilibrium from the zwitterion 
to the neutral form with increase of the mole fraction of dioxan. Therefore, 8- 
quinolinethiol is considered to occur predominantly as the neutral form in the solvents 
with dioxan content > 70x, but 8-quinolineselenol is considered to be almost all 
in the zwitterion form in 75 % water-dioxan mixture. This was also supported 
spectrophotometrically. 

Spectrophotometric studies 

Spectrophotomet~~ measurements in water and water-dioxan mixtures were 
carried out both in air and in an atmosphere of nitrogen. Absorption spectra of 
8-quinolinethiol, Fig. 3, are characterized by absorption maxima at 446, 316, 277 

Wavelength, nm 

FIG. 3.-Absorption spectra of 8quinolinethiol. 
[NaR] = 1.2 x 10-h&f, (H,PO$ or HCl added); pH = 4.2-5.1 Dioxan %: -0, 

’ * * f 30, - * - 50. 

and 252 nm in water. The first two absorption bands have been attributed to the 
zwitterion form and the latter to the neutral form.a When the proportion of dioxan 
increases, the intensities of the ftrst two bands decrease and those of the others increase 
(Fig. 3). The changes of the intensities for these bands suggest that the zwitterion 
form will be predominant in water and that the tautomeric equilibrium will be shifted 
towards the neutral form as the proportion of dioxan increases. 

The absorption spectra for 8-quinolineselenol which were obtained in air were 
similar to those for 8-quinolinethiol. This fact is in conflict with the conclusion, ob- 
tained from potentiometric data, that the zwitterion form is predominant in spite 
of increase in dioxan content. However, different spectra, Fig. 4, were obtained when 
the measurements were made in an inert atmosphere and as quickly as possible. If 
the sample solution was allowed to stand for a certain time with the cell closed but in 
air, the spectra obtained become similar to those for 8-quinolinethiol. In Fig. 5, 
variation of the spectra as a function of time is represented. It is observed that the 
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1.x)- 

Wavelength , nm 

FIG. 4.-Absorption spectra of 8-quinolineselenol. 

IO 

[HRI = 1.4 X 10-*&f, [HCl] = 6 x 10z*M. Dioxin %: - 0, . + . . 30, - . - 50, 
- - 70. 

Wavelength. nm 

FIG. L-Variation of the spectra of 8-quinolineselenol in 50% water-dioxan mixture 
as a function of time. 

[HR] = 1.2 x IO-W, [HClO,l = 5 x 10-SM. Time, &I: - 0, * * * * 10, - . - 30, 
-. . - 50. Dise.leinde - - . 

spectrum of 8-quinolineselenol approaches that of 8,8’-diquinolyldiselenide with time. 
The behaviour of the spectra for 8-quinolinethiol obtained under similar conditions 
was similar but the shifts were much slower. 

To eliminate oxidation, measurements were carried out in the presence of hypo- 
phosphorous acid, and stable spectra were then obtained. In Fig. 4 it is shown that the 
absorption bands at 278 and 460 nm shift towards the red but the intensities of the 

6 



522 NOBORU N- and Encn~ Sm 

bands change little with increase of dioxan content. The band at 260 nm shifts to red, 
and tends to overlap the band at 280 nm with increase of dioxan content. In other 
words the bands at 260, 278 and 460 nm undergo a blue shift as the solvent polarity 
is increased. 

In Table II, s~~ophotometric data obtained in this study or taken from the 
literature,13 are summarized. All of the absorption coefficients are “apparent values” 
calculated from the total concentration of the reagent. Comparison suggests that the 
corresponding absorption bands undergo a red shift with decrease in basicity of 
&and atoms. %Thiomethylquinoline has an absorption band at 251 nm which 
corresponds to the band at 252 nm of 8-q~nolinol. 8-Selenome~ylquinoline has a 
similar band at 252 nm. But the behaviour of the band at 260 nm for 8-quinoline- 
selenol is different from these. 

Tmw? II.--ABS~RFITON LIMA, nm, .~ND MOLAR ABWRPTNITY (l.rn~Ze-~. mm-l) 

&quinolinol Iquinolinethiol Oquinolineselenol 

a 6 rz & 1 & 

430 6.4 446 160 460 130 
304 263 316 82 32O(sh*) 
270 284 277 1.80 x 10s 278 1.60 x 108 
239 3.24 x lo* 252 144 x I08 260 1.50 x 108 

8-~Jenomethyi- 8,~-diquinolyl- 
8-~iome~ylquino~e quinolme disulphide 8,8’-~qu~olyldi~~~ide 

A & f E L E t E 

337 420 337 320 320 320 100 
31O(sh*) 310(sh*) 

251 2.20 x 10” 252 2.50 x 10s 244 246 3.20 x 10’ 
232 2.10 x 108 232(sh+) 24O(sh*) 

* Shoulder. 

Consequently, the absorption bands at 278 and 460 nm for 8-quinolineselenol can 
be attributed to the zwitterion form, which correspond to the bands at 277 and 446 nm 
for 8-quinolinethiol and to 270 and 430 nm for 8-quinolinol. But the band at 260 nm 
for 8”quinolineselenol cannot be attribu~d to the neutral form. This suggests that in 
ELquinolineselenol the zwitterion form is predominant in the solvent mixtures con- 
taining up to 70% dioxan. This conclusion agrees with the result obtained potentio- 
metrically. 

Acknowledgement-The authors acknowledge the invaluable assistance of Mr. Yoshiyuki Mido in 
this investigation. 

Zu~~~s~g-Die S~~~sso~ation~onst~ten von 8-Chinolin- 
selenoi, Niydroxychinolin und S-Chinolinthiol in Wasser-Dioxan- 
Gem&hen wechselnder Liisuogsmittelzusammense~zung wurden 
potentiometrisch oder spektrophotometrisch bestimmt. Die Absorp 
tionsspektren von &Chinolinselenol in den selben Lasungsmittel- 
gem&hen wurden ebenfalls gemessen. Die Dissoziationseigenschaften, 
die Stabilit& gegen Oxidation und die Absorptionsspektren der 
Reagentien werden in Verbindung mit den jeweils vorliegenden Formen 
diskutiert. Es v&d nachgewiesen, d& 8-Chinolin~lenol in Wasser- 
Dioxan-Gemischen rnit niedrigem oder hohem Dioxananteil als 
Zwitterion vorliegt. 
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R&m&-Qn a determine potentiometriquement ou spectrophoto- 
metriquement les constantes de dissociation acide des 8-selenol- 
quinoleine, I-hydroxyquinol6me et 8-thiolquinoleine dans des 
m6langes eau-dioxane de composition en solvant variable. On a aussi 
obtenu les spectres d’absorption de la 8-selenolquinoleine dans les 
m&mes solvants. On discute des phenomenes de dissociation acide, de 
la stabilite vis-a-vis de l’oxydation et des spectres d’absorption des 
reactifs en relation avec les formes existantes. 11 est v&if% que la 
8-selenolquinoleine esiste a l’etat de zwitterion dans les melanges eau- 
dioxane a basse ou haute teneur en dioxane. 
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THEORY OF ~IT~T~O~ CURVES-VII 

THE PROPERTIES OF DERIVATIVE TITRATION CURVES FOR STRONG 
ACID-STRONG BASE AND OTHER ISOVALENT ION-COMBINATION 

TITRATIONS 

THELMA MEITES and LOUIS MEITES 
Department of Chemistry, Clarkson College of Technology, Potsdam, 

New York 13676, U.S.A. 

(Receeived 27 October 1969. Accepfed 2 .Amw~ f970) 

Summary-This paper deals with isovalent ion-~mbination titrations 
based on reactions that can be represented by the equation hP+ + 
X*- + MX, where the activity of the product MX is invariant through- 
out a titration, and with the derivative titration curves obtained by 
plotting d~i]~d~~~us~for such titrations. It describes some of the 
ways in which such curves can be obtained; it compares and contrasts 
them both with potentiometric titration curves, which resemble them 
in shape, aud with segmented titration curves, from which they are 
derived; and it discusses their properties in detail. 

DERIVATIVE titrations are little known and rarely if ever performed, even though it is 
possible to envision circumstances in which they should have sign&ant advantages 
over other more familiar titration techniques. Mahnstadt and Robert9 performed 
some spectrophotometric titrations in which the reagent was added at a nearly, 
though not quite, constant rate from a conventions burette while the dynode voltage 
of a p~otomultip~er was amplified, inverted, and ~ffere~tiated with respect to time 
by a simple R-C network. Recording the output of this network against time would 
have given a true derivative titration curve had the rate of reagent addition been 
constant, but Malmstadt and Roberts chose instead to use a second-derivative 
autotitrator to terminate the addition of reagent at the inflection point of that curve. 
A similar approach was later adopted by De Leo and Stern? Zenchelsky and 
Segattos performed derivative thermometric titrations in which the temperature of the 
titration mixture was sensed by a thermistor connected as one arm of a d.c. Wheat- 
stone bridge; the out-of-balance voltage of this bridge was differentiate with respect 
to time by an R-C network, the output from which was filtered and recorded against 
time. Very heavy filtering had to be used to eliminate noise caused by stirring ir- 
regularizes, power dissipation in the thermistor,& and other ~gh-frequency phenom- 
ena, and severely distorted curves were obtained. Similar experiences were reported 
by Perchec and Gilot6 and Bark and Doran 

Recent advances in the art of signal processing should simplify the task of ob- 
taining reasonably faithful derivative titration curves. There is no detector employed 
in titrations for which the signal/noise ratio is worse than it is for a dropping electrode 
in an amperometric titration, and the very low frequency of the noise (i.e., the variation 
of instantaneous current during the drop-life) at a dropping electrode introduces a 
further compli~tion~ yet Kelley and Fisher? were able to obtain derivative polarograms 
soloing closely to theoretical expectations, by techniques that should be easy to 
adapt to the trivially different conditions arising in titrations. One obvious digital 
approach would be to compute successive values of AS/At, S being the signal provided 
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by the detector and t the elapsed time since the start of the titration, and plot them 
against t in a constant-rate titration. Signal smoothing or averaging would of course 
be advantageous. Another approach would be to equip the motor-driven burette (or 
other device used for reagent addition) with a transmitting potentiometer, or its 
equivalent, to furnish a signal proportional to the volume V of reagent added at any 
instant, thereby making it possible to compute ASlAV and plot it against I’, and 
further enabling anticipation circuitry to be added so that equilibration could be 
ensured for a reaction that becomes slow near the equivalence point. 

Derivative titrations are based on the apparatus and experimental techniques of 
segmented titration-curve procedures, and, like the latter, are therefore more versatile 
than potentiometric titrations. Thermometric, spectrophotometric, conductometric, 
fluorometric, and other kinds of detectors can all be used in familiar ways, and the 
problem of selecting an indicator electrode that will respond to the concentration of 
some suitable species does not arise. Moreover, although derivative titration curves 
have shapes strongly reminiscent of the shapes of potentiometric titration curves, they 
have very different properties. Like a potentiometric titration curve, a derivative 
titration curve has a point of maximum slope that almost coincides with the equiva- 
lence point when the equilibrium constant, K,, for the chemical reaction and the 
concentrations of the two reacting solutions are reasonably large. But the range of 
variation is much larger for the derivative than it is for the potential, and in addition 
the derivative undergoes a larger fraction of that variation in the immediate vicinity 
of the inflection point. For these reasons it is possible to locate the inflection point 
on a derivative titration curve even under conditions so unfavourable that none can be 
perceived on the corresponding potentiometric titration curve. 

Comparison of derivative titration curves with the segmented ones from which 
they are obtained indicates that neither has much, if any, advantage over the other 
for end-point location in the extreme situations that arise when Kt and the concen- 
trations of the reacting solutions are small. The segmented curve then has a wide 
region of curvature around the equivalence point, and end-point location consequently 
entails long extrapolations of the short linear portions. The discomfort and error 
thus produced will not differ materially from those caused by the fact that the deriv- 
ative curve for the same titration is approximately linear for some distance on either 
side of the inflection point, so that it will not be possible to attain greater accuracy in 
locating the inflection point, and by the additional fact that the inflection point differs 
appreciably from the equivalence point under these extreme conditions. All of these 
considerations will be illustrated by Figs. 1 and 3. 

It is when Kt and the concentrations of the solutions are moderately large that 
derivative curves will be superior to segmented ones for end-point location. Then, 
by appropriate selection of the experimental conditions, the derivative can be made 
to undergo a very large variation in the immediate vicinity of the equivalence point. 
This variation is so sudden and so sharp that it should permit far more precise and 
accurate end-point location than can be attained with segmented curves. It is of 
course well known that, other things being equal, sigmoid curves are superior for 
end-point location to segmented ones. 

The advantage of derivative titrimetry is even more pronounced in the fairly 
common situation in which the solution being titrated contains two substances that 
can react with the reagent. Consider, for example, the thermometric titration of a 
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mixture of z&(11) and strontium(II) with ethylenediaminetetra-acetate in a medium in 
which zinc is not appreciably complexed. The zinc will react with the reagent first 
because the formation constant of its chelonate is much higher than that of the strontium 
chelonate. But the two enthalpies of formation differ so little (cu. 25 %) that the end- 
point of the titration of zinc will be very difficult to locate with reasonable precision. 
On the corresponding derivative titration curve, however, the rate of change of 
temperature with respect to either time or volume of reagent would drop abruptly 
to a value only about 2 as large, as the last of the zinc was titrated: inspection of 
computed titration curves suggests that the accuracy and precision attainable in the 
determination of zinc in this mixture can be little, if at all, inferior to those that can 
be secured in work with pure solutions. 

Titration curves are also often employed for the evaluation of equilibrium and 
rate constants, and for these purposes derivative curves seem markedly superior to 
segmented ones. Equilibrium constants were first deduced from amperometric 
titration curves by Kolthoff and Laitinene and by Bobtelsky and Jordan,Q whose 
lead has been followed by many others; the ways in which they have been obtained 
from thermometric titration curves have been reviewed by TyrrelPO; any segmented- 
curve technique may be used in similar ways. In any case, the computation has to be 
based on the relatively small difference between the curve actually obtained and the 
one that would be obtained if the titration reaction were complete at every point, and 
precise results are therefore very difficult to obtain. Although the corresponding 
derivative curve really presents the same information, its shape is more sensitive to 
variations of the equilibrium constant. 

The use of constant-rate titrimetry in studies of homogeneous kinetics was intro- 
duced by Cover and Meitesll and Kozak and Fernando.ls Its applications to date 
include studies of the rate of the disproportionation of uranium(V)” and the rate of 
the reaction between diphenyl sulphide and brom.ine.14 One situation in which the 
superiority of derivative titration curves (which for purposes like this must portray 
the behaviour of the derivative with respect to time rather than volume of reagent) 
would be clearly evident would be that in which some side-reaction consuming the 
substance M^+ being titrated was induced by the main reaction. Other kinds of 
titrimetry would then reveal only that the end-point preceded the expected equivalence 
point; it would be easy to infer that the induced reaction was taking place, but its 
rate would not be at all easy to evaluate. Derivative titrimetry, on the other hand, 
would provide values of d[M”+]/dt that could be directly compared with those 
expected in the absence of the induced reaction, and the difference between these, 
and the manner in which it varied as the titration progressed, would be easy to 
interpret in mechanistic and kinetic ways. 

Whether the advantages of derivative titrations for all these purposes can be 
realized in practice is of course a question that will have to be settled experimentally. 
To provide a firm basis for such work we have undertaken a detailed investigation of 
their theory for the simplest case: that of an isovalent ion-combination titration.lc 
This has entailed a more extensive study of the properties of the third derivative of 
the titration curve than has been undertaken previously. 

We shall consider the general equation 

M”++X”=MX (1) 



omit~g charges hen~for~ for simplicity of notation” Assuming that a C,*.F 
solution of M is titrated with a CxF solution of X, we de&e the dilution parameter 
r and the titration ~ar~ete~~by the equations 

r===C OV ;sII x (2) 

f = V,cx~V,oC,s (3) 

where VM* is the volume of the solution of M being titrated and V, is the volume 
of the reagent added to it at the point under consideration. We assume that the 
~~ilibrium constant of the titration reaction 

& = l~~~]~] (4) 

is i~v~ia~t and is satisfy at every point. Similar defections and assumptions have 
been made and discussed in earlier papers in this series.B*lB 

The fund~ental ~t~ation-curve equation for a titration involving reaction (I) is 

We shall consider the derivative titration curve to be a plot of d[M]/df, which we 
shall henceforth denote by 0, against $ Descriptions of this plot are applicable, 
mutatis rn~~~~~~~~ to one of d[x]fdf againstf: 

~ifferen~a~on of equation (5) yields 

which is the fund~~~~~ equation of the derivative titration curve for an isovalent 
i~u-combina~on titration, Figures 1, 2, and 3 show how the curve is affected by 
variations of & r, and C&e, res~tjvely. To facilitate comparisons of these curves 
we have normalized them by plotting D/Do, rather than D itself, on the ordinate axis; 
D, is the value of D at f = 0. In any practical titration the value of [M] at this 
point would be indistinguishable from C ua, and the product &,(C,*)* would also be 
very much larger than unity, ahhough a few curves for which neither of these things 
is true are included in Figs, 1-3 to show de~nerate forms. When both are true, the 
value of 1>, is given by 

D 0 = -Cl + r)C,o V) 

which is useful in inte~re~ng most of the curves in these figures. It indicates, for 
example, that the decrease of B/r>, as I increases, which is shown by Fig. 2, is partly 
attributable to an increase of I),. The value of D at f = 3, u;hich we shall represent 
by the symbol D,, may be found by substjtu&ing IMf = I/Kt@ into equation (4), and 
is given by 

D 1 = -C&O/2(1 + r) (8) 

Differentiating equation (6) yields a description of the slope dD/df of the derivative 
curve : 
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f 
Fro. l.-Calculated derivative titration curves. 

CM’J = O*lM, r = 0.01 and Kt = (a) lOlo, (b) 10’. (c) 106, (d) lo’, (e) lo’, and (f, 10’. 

On introducing the expression for Kt[M12 obtained by rearranging equation (5), it 
can be shown that 

rKt[Mla + C,OK,[M] - r = C,OK,[M](l + r)/(l + rf). 

Since the right-hand side of this equation must evidently be positive for all values of 
f > 0, and since the same thing is true of both the denominator and the quantity 
within the second parentheses in the numerator on the right-hand side of equation 
(9), dD/df must be positive everywhere, as is intuitively apparent. 

At the equivalence point 

= (4r + c,oK;‘2)c,o/4(1 + r>s. (104 

On inspection of Fig. 2 it is clear that the choice of a small value of r is advantageous, 
because it maximizes the variation of D around the equivalence point in the same way 
that it decreases the necessity for applying a dilution correction in the parent segmented- 
curve technique. As a basis for estimating the relative precision of a derivative 
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FIG. 2.-Calculated derivative titration curves. 

CM0 = O*lM, Kt = 10’: and r = (a) 0, (b) 0.03, (c) 0.1, (d) 0.3, and (e) 1. 

titration we shall therefore rewrite equation (10~) in the approximate form 

= (C,O)V+2/4 . (lob) 

Benedetti-Pichlerl’ defined the relative precision of a potentiometric titration as the 
value of Af corresponding to a fixed uncertainty in the pH or indicator-electrode 
potential at the equivalence point. An exactly analogous definition seems inap- 
propriate here, since there is very little basis for estimating the absolute uncertainty 
that can be expected in measuring a derivative signal. We shall instead assume that 
the uncertainty in the value of the derivative at the equivalence point is &lo% of its 
value at f = 0, so that ADJD, = &O-l, and define the relative precision as the 
corresponding value of Af. This appears to us to be an extremely conservative as- 
sumption, but experimentation will be needed to obtain a more reliable one. 

Combination of equations (7) and (lob) with the assumption that again r will 
be made small, and the introduction of the description above of AD,/Do, gives 

Af = 3=O-4/CMoK;‘2. (11) 



Theory of titration curves 531 

Fro. 3.-CMculated derivative titration curves. 
r = 0.01, Kt = lOI’, and CM0 = (a) 1, (b) 10e6, (c) 5 x lOwe, (4 2 x lbr, (e) 1 x 104, 

(f> 5 x 10-‘,(g) 2 x lo-‘, and (h) 1.1 x 10-‘&f. 

As usual,18 it is the quantity (CEo)*& that governs the precision attainable in an 
isovalent ion-combination titration. The expected relative precision of a derivative 
titration is 0.4% even if (C,o>“ru, is as small as 10%; this figure compares very favour- 
ably with the precision expected in an ordinary segments-cue titration and is 
detiitely superior to the corresponding figure for a potentiome~c titration. 

Differentiating equation (9) yields a description of the second derivative of the 
derivative curve : 

-6(r&[M38 + CMo&[Ml - r)4WeFW93 + X&MaP 
daD + ll(Kt[M]2) - I]r* - [Kt[Mlz - lI(CHo)% + 8rCMoKt[Ml) -W.---C 
df" (1 + r>S(CMo)3K~[Kt[M12 + II5 

At the equivalence point 

= -3rC,0(2r + C~“~~‘z)~2(l + r)3 . 

(12) 

(13) 
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If r = 0, the second derivative vanishes at the equivalence point: like the corre- 
sponding potentiometric titration curve, the derivative titration curve has an inflection 
point that coincides with the equivalence point if there is no dilution during the 
titration. Moreover, when r = 0, equation (12) becomes 

= 6(C,“)sK,3[M]4(K,[M]z - l)/(K,[M12 + 1j5. 

The value of K,[M12 exceeds 1 everywhere up to the equivalence point, is equal to 1 
at the equivalence point, and is smaller than 1 everywhere beyond the equivalence 
point. Therefore, if r = 0, d”Dfdfz is positive at f = 0, remains positive until it 
vanishes at f = 1, and is negative for all values off exceeding 1: there is only one 
point of inflection on the titration curve. 

These things are also true if r is finite but very small. However, increasing r 
causes the terms in r2 and r within the braces in equation (12) to increase rapidly, and 
there is a certain critical value of r at which d”D/df 2 just becomes equal to zero when 
f = 0. If r exceeds this critical value, deD/dp is negative at f = 0, increases until it 
passes through zero at a point that corresponds to a point of minimum slope on the 
titration curve, attains positive values over a certain range of values off, then de- 
creases abruptly, passing through zero at a point that corresponds to a point of 
maximum slope on the titration curve, and finally remains negative for all values off 
beyond this second inflection point. The critical value oft is appro~mately l~(C~“)2~~ 
and is thus indisting~shable from zero in practical titrations. 

Decreasing either & or C Mo causes the value of d2D/df2 at f = 0 to become more 
negative when r is finite, and narrows the range of values off over which daD/df” is 
positive. There is a degenerate case in which the second derivative never does attain 
positive values, so that there is no inflection point on the titration curve. 

In connection with equation (13) it was stated above that the point of maximum 
slope coincides with the equivalence point if r = 0. In the light of the foregoing 
discussion, however, it can be seen that this is not true if r has any finite value, for 
then daD/dp is negative at f = 1; in any real derivative titration (as in any real 
potentiometric titratiorP) the point of maximum slope precedes the equivalence point. 

The locations of the inflection points, where the quantity within braces in equation 
(12) must vanish, are most conveniently described by equating this quantity to zero 
in the form 

+ UG[MlY + 5(&,[M12)2 + 1 l(&bf12) - 11 = 0. (15) 
This has the solution described by the equation 

CMoK;‘2 4K,1’7M] + (K,[M12 + l)a 
F_ 

K,[M12 - 1 (16) r 

from which the negative sign in the numerator of the general quadratic solution has 
been omitted because it can give rise only to negative or indeter~nate values of 
Cr,rrJK~‘2jr, which are physically meaningless. From equation (16) it is again apparent 
that any inflection point must precede the equivalence point, so that K’[M]2 at the 
inflection point will exceed 1, if r has any finite value. 
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It is appropriate to begin by considering the locations of the inflection points 
when CaaoKi’2/r is large, because this is the situation that is most important in practical 
titrations. The second inflection point, which is the point of maximum slope, will 
then occur just before the equivalence point, where Kt[Mla barely exceeds I.* Sub- 
stituting 

&[M]” = 1 + 6 (6 < 1) (17) 

into equation (16), replacing (1 + a)l’s by 1 + 6/2, we obtain 

CMoKt”2 -= 4[1 + 6/2] + (2 + S)s = 8 

6 S’ (18~) 
r 

Comparison of equations (5) and (17) provides a value for 6: 

B = C,OK,[M](l -f)/(l + rf). (W 

By combining equations (18a) and (18b), letting [M] = 1/K,1’2 and rf = r because the 
inllection point under discussion almost coincides with the equivalence point, we 
obtain 

1 -f = 8r(l + r)/(CMO)eKt. (19) 

Thus, for example, if r = 1 and Kt = 1014, as would be the case for the titration of 
C°F strong acid with C°F strong base in an aqueous medium of low ionic strength 
at 25”, the point of maximum slope will occur at (1 -f) = 1.6 x 10-1s/(Co)2; this 
is quite close enough to the equivalence point to justify the approximations embodied 
in equation (19) unless Co is very small. It is unexpected that this result should be 
exactly identical with that for the point of maximum slope on the potentiometric 
titration curve under the same conditions.le 

The location of the first inflection point when CMoKt’2/r is large can be obtained 
by noting that equation (16) becomes very nearly 

CMoK1’2 t - = &[M]* 
r 

if Kt[M12 is large. As will presently appear, when CMoKt’2/r is large the point of min- 
imum slope is close enough to the equivalence point to justify the approximation (1 + 
rf> = (1 + r), and is yet far enough away from the equivalence point to justify writing 
[M] = C,O(l -f>/(l + rf). Introducing these two simplifications into equation 
(20) and rearranging yields 

1 - f = (1 + r)/(rCM0Kl’2)1’2 (21) 
so that in the strong acid-strong base titration mentioned in the preceding paragraph, 
where r = 1 and Kt = 1014 and where the point of maximum slope occurs at (1 -f) = 
1.6 x 10-13/(Co)2, the point of minimum slope occurs at (1 -f) = 6.32 x lOa/ 
(COP. 

As the value of CM0 decreases, the values of (1 -f) at both of the inflection points 
increase, but that at the point of maximum slope increases much the more rapidly of 

* It is the ease with which situations important in practice can be described by simplifications 
like this that justifies the appearance of &[M]” in these equations. The superficially preferable 
course of solving equation (5) for [M] and differentiating with respect to f yields equations so 
complex that the useful simplifications are impossible to discern. 
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the two. The behaviour of these values in the typical case in which t = 1 is shown in 
Fig. 4. With equation (16) in mind, it is convenient to focus attention on the behaviour 
of KJM12 at the inflection points. As C,60K~/2/r decreases, the value of KJMla at 
the point of minimum slope, which is large when CMoK~“/r is large, decreases more 
and more; meanwhile the value of Kt[M12 at the point of maximum slope, which is 
barely above 1 when CMoKi12/r is large, increases. There is a minimum value of 
CairoKl’2/r at which an inflection point is possible. This minimum may be found by 
digerentiating equation (16) to obtain 

dg;“;;) = (K,[M12 - l)[2/(K;‘2(M]) + 2(K,[M12 + l)J 
t 

-tW;‘2M + &PV + 021 * c22j 
(K&V - II2 

On equating the numerator of the right-hand side of this equation to zero it is found 
that the minimum value of C~~Kt’~jr occurs at K,[MJ2 = 4. On substituting the 
latter value into equation (16), this minimum value of CMoK,“f2/r is found to be 11. 
By combining these results with equation (5), it can be shown that 

f = (22r - 3)/25 (23) 

at the point where the two inflection points coincide. This limiting value off is 
represented by the small circle in Fig. 4. It is especially curious, because similar 
functions derived from titration curves have heretofore seemed to be uniformly 

FICA 4,-Effects of log Cxo on the values of (1 -f> at Gz) the first and (8 the second 
infiection points of titration ~urws for which I = 1 and Kt = 10”‘. 
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monotonic, that the value of (1 -f) at the point of minimum slope should pass through 
a maximum as this limit is approached. 

All these considerations can be summarized as follows 
1. If r is zero or extremely small the curve has only one inflection point: this is a 

point of maximum slope, and it coincides with the equivalence point if r = 0. 
2. In a practical titration, in which r has a finite and appreciable value, there may 

be either two inflection points or none. There is no inflection point if C,OKi’“/r is 
equal to or less than 11; there are two inflection points if CMoKt1'2/r exceeds this 
value. The first inflection point is a point of minimum slope; if CMoKi'2/r is very 
large, as will be true in practical titrations, the value of Kt[M12 is large at this point, 
and its location is described by equation (21). The second inflection point is a point 
of maximum slope and must always precede the equivalence point; if CMoKt/2/r is 
large, the value of Kt[M12 is barely above 1 at this point, and its location is described 
by equation (19). As C!,°Ki'2/r decreases, the value of Kt[Mla at the first inflection 
point decreases while that at the second inflection point rises, and the ratio of the 
values of (1 -f) at the two inflection points approaches 1. When CMoKi'2/r becomes 
equal to 11, Kt[M12 becomes equal to 4 at each of the inflection points, and the 
corresponding values of (1 -f> become equal to (28 - 22r)/25 ; the inflection points 
coincide and therefore vanish. 

Zusammenfassung-Die A&it befaJ3t sich mit isovalenten Ionen- 
kombinations-Titrationen, die man durch die Gleichung Mn+ + 
X”- + MX darstellen kann. wenn sich die Aktivitlt des Produkts 
MX bei der ganzen Titration nicht &ndert, sowie mit den differenzierten 
Titrationskurven, die man durch Auftragen von d [M-]/df gegen f 
bei solchen Titrationen erhllt. Die Arbeit beschreibt einige Verfahren, 
wie man solche Kurven erhalten kann; sie zeigt Ahnlichkeiten und 
Unterschiede zu potentiometrischen Titrationskurven, die Sihnliche 
Form haben, und zu segmentierten Titrationskurven, von denen sie 
abgeleitet sind. Die Eigenschaften dieser Kurven werden bis ins 
Einzelne diskutiert. 

R&sum&& memoire traite des titrages par combmaison d’ions 
isovalents bases sur des reactions que l’on peut representer par l%qua- 
tion Mm+ + X”- + MX, ou l’activitb du produit MX est invariante 
tout a travers un titrage, et des courbes de titrage d&iv&s obtenues en 
portant d[M+]/df par rapport a f pour de tels titrages. 11 decrit 
quelques-unes des voies dans lesquelles de telles courbes peuvent &re 
obtenues; il les compare et les oppose tant aux courbes de titrages 
potentiometriques, qui leur ressemblent en allure, qu’aux courbes de 
titrage segment&s, desquelles elles sont d&iv&s; et il d&cute en 
detail de leurs propri&s. 

REFERENCES 

1. H. V. Malmstadt and C. B. Roberts, Anal. Chem., 1956, 28, 1408. 
2. A. B. De Leo and M. J. Stem, J. Pharm. Sci., 1965,54,911. 
3. S. T. Zenchelsky and P. R. Segatto, Anal. Chem., 1957,29,1856. 
4. L. Meites, T. Meites and J. N. Jaitly, J. Phys. Chem., 1969, 73, 3801. 
5. H. Perchec and B. Gilot, BUN. Sot. Chim. France, 1964, 619. 
6. L. S. Bark and K. Doran, unpublished results cited by L. S. Bark and S. M. Bark, Thermometric 

Titrimetry, p. 29. Pergamon, Oxford, 1969. 
7. M. T. Kelley and D. J. Fisher, Anal. Chem., 1958,30,929; 1959,31, 1475. 
8. I. M. Kolthoff and H. A. Laitinen, Rec. Trao. Chim., 1940,59,922. 
9. M. Bobtelsky and J. Jordan, J. Am. Chem. Sot., 1945,67, 1824. 

10. H. J. V. Tyrrell, Talanta, 1967, 14, 843; cf. also R. J. Raffa, M. J. Stem and L. Malspeis, Anal. 
Chem., 1968,40,70. 



11. R. E. Cover, Ph.D. The&s, Polytechnic Institute of Brooklyn, 1962; R. E. Cover and L. Meites, 
J.Phys. Chem., 1963,67, 1528,231l. 

12. G. S. Kozak and Q. Fernando, J. Phys. Chem., 1963,67, 811; G. S. Kozak. Q. Fernando and 
H. Freiser, Anal. Chem., 1964,%, 292. 

13. P. W. Carr and L. Meites. J. Electroanal. Chem.. 1966.12. 313. 
J. Janata and 0. Schmidt,‘ibid., . . ’ 14. 1966, 11, 224. 

15. L. Meites and J. A. Goldman, Anal. Chim. Acta, 1964,30, 18. 
16: Z&m, ibid., 1963, 29, 472. 
17. A. A. Benedetti-Pichler, The Essentials of Quantitative Analysis. Ronald Press, New York, 1956. 
18. L. Meites, Polarographic Techniques, 2nd Ed., pp. 470-474. Interscience, New York, 1965. 



Takma.1970,Vol. 17,pp.537to 540. PerswnonPma. PrMedinNortbem1reland 

SHORT COMMUNICATIONS 

Mass spectrometric analysis of carbon monoxidt+nitrogen mixtures 

(Received 12 December 1969. Accepted 14 January 1970) 

THE PRODUCIS of a hydrocarbon flame burning in oxygen will contain combustion gases consisting 
largely of carbon monoxide, carbon dioxide and water. Analysis of samples of such mixtures with a 
conventional single-focussing mass spectrometer such as the A.E.I. M.S.2 or the Atlas CH 4 presents 
no difIlculties. When, however, the oxidant is air, or the fuel contains nitrogen, or the samples 
withdrawn from the flame include some of the surrounding air, the analytical problem becomes more 
di%cult. The most abundant ions in the mass spectra of both nitrogen and carbon monoxide are the 
molecular-ions which are responsible for nearly all the ion current. Both these ions have an integral 
mass of 28, so when a mixture of nitrogen and carbon monoxide is admitted to the mass spectrometer 
the ion currents due to CO+ and N,+ ions mot be separated and are responsible for a single peak in 
the mass spectrum. When such a state of affairs is encountered with other pairs of compounds it is 
frequently still possible to carry out a satisfactory analysis by using the mass peaks which are due to 
fragment ions. Some of these may make up a substantial part of the total ion current and differ in 
their occurrence and abundance for pairs of compounds having the same integral mass. From the 
mass spectra of carbon monoxide and nitrogen which are shown in Table I, it can be seen that the 
fragment ions are of low abundance so that any analysis based on the measurement of their ion currents 
would be subject to considerable error. Such an analysis made for example from the lrC+ peak from 
carbon monoxtde and the l*N+ peak from nitrogen would have an error approximately 50 times that of 
a method based on the ion current due to the molecular ions. 

TABLE I.--RELATIVE PEAK HEIGHTS FROM MASS SPECXRA 

m/e 
44 
29 
g 

16 
14 
12 

co, CO NS 

100 
0.07 G2 o-77 
8.10 1.50 100 - 100 

4.08 044 To1 

?-0 
5.0 5.0 
1.0 - 

Relative sensitivities 

Carbon dioxide ($.$J = O-83 

Carbon monoxide (~.~ = O-77 

Nitrogen = O-87 

In fact, the masses of the molecule ions of carbon monoxide and nitrogen are not exactly the 
same; the precise mass of CO+ is 27.994914, that of N*+ is 28GO6148, and the difference is about 1 
part in 2500. 

The resolution of a single-focussing mass spectrometer operated under conditions of high sensi- 
tivity is only 1 part in 1000, so that CO+ and N,+ mass peaks cannot be resolved. Modem double- 
focussing mass spectrometers such as the A.E.I. M.S.9 have resolutions of the order of 1 part in 70000 
so that it is possible by using such an instrument to analyse mixtures of carbon monoxide and nitrogen 
directly by measuring the intensity of the ion currents at masses 27.994915 and 28GO6148. These 
instruments are, however, extremely costly and a method was therefore developed in which the normal 
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analytical routine of a single-focussing machine was modified to permit the analysis of mixtures of 
combustion products containing both carbon monoxide and nitrogen. 

In conventional methods of gas analysis it is convenient to convert the inert carbon monoxide into 
carbon dioxide which can be absorbed by alkaline solutions. A number of procedures for carrying 
out this conversion have been devised, involving oxidation of carbon monoxide to carbon dioxide 
with molecular oxygen or solid metal oxides at high temperatures. These procedures are not suffi- 
ciently simple or quantitative to be useful. Recently, however, a suitable oxidant has been proposed 
for the conversion of carbon monoxide into carbon dioxide at room temperature. It consists of a 
mixture of iodine pentoxide and sulphuric acid adsorbed upon pumice and is available commercially 
in the form of a fine powder under the name of Schiitze catalyst. 

The method described in this paper involves the recording of mass spectra of a sample containing 
both carbon monoxide and nitrogen before and after conversion with the oxidant. The intensity 
of the peak at mass 28 would be reduced by an amount directly proportional to the increase in the 
44-peak produced by the conversion of carbon monoxide into carbon dioxide. The amount of carbon 
monoxide in the sample could be calculated from either the decrease in mass-28 peak intensity or the 
increase in mass-44 peak intensity. 

EXPERIMENTAL 

Materials 

Schtitze catalyst was obtained from Kodak Ltd. All gases were obtained from the British Oxygen 
co. 

Apparatus 

The inlet system of an A.E.I. M.S.2 mass spectrometer was modified by attaching a small Pyrex 
glass chamber into which a porcelain boat filled with the oxidant could be introduced. The chamber 
could be pumped out and isolated from both the pumping system and the mass spectrometer inlet by 
means of taps. The sample volume could be connected to the mass spectrometer by opening a tap. 

Method 

A sample was introduced into the inlet reservoir of the mass spectrometer from the sample volume 
and its pressure was measured by means of a diaphragm micromanometer. The mass spectrum was 
then recorded and the reservoir pumped out. A second sample was then admitted from the sample 
volume and the reservoir connected to the chamber containing the catalyst. The pressure was meas- 
ured on the micromanometer and the mass spectrum again recorded. 

Calculation of results 

Let the pressure in the reservoir for the 6rst sample be P and the pressure after oxidation be P’, and 
p andp’ be the partial pressures of any component before and after oxidation. Let the sensitivities of 
the mass spectrometer for carbon monoxide, carbon dioxide and nitrogen be &JO, Sue, and Sxn. 
If H is the peak height before oxidation and H’ that recorded after oxidation, then, if no carbon 
dioxide is present initially, 

H114 
- = pbo, 
SOOtd 

=;.poo 

The partial pressure of carbon monoxide in the original sample may thus be derived from H’,d. If 
carbon dioxide is present in the original sample then this must be corrected for, i.e., 

P’WU - HuP’IPI 
pco = P&o, 

In either case the nitrogen concentration may be determined from the residual HIILB from 

ptT,’ = 
H’IB - 0081H’,l 

% 
An additional check may be made by calculating the nitrogen concentration from the residual HIB as 
given by 

[HsB - 0.081H44 - H’rrP/P’ + H,,P’/P] 
pNe = 

%I 
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In order to compensate for instrumental variations, it is common practice to use a standard 
substance, to express all sensitivities relative to the sensitivity for this substance, and to make a daily 
check on the sensitivity of the instrument for this one substance, thus avoiding a lengthy daily calibra- 
tion for all gases. A suitable calibrating substance for this work is argon, and sensitivities for the 
three gases, expressed as a fraction of the argon sensitivity, are shown in Table I. 

RESULTS AND DISCUSSION 

The method was tested in a number of ways to check whether the oxidation of carbon monoxide to 
carbon dioxide was complete under all the experimental conditions expected to be encountered. 

1. Mixtures of nitrogen and carbon monoxide were made in a gas mixing plant. The carbon 
monoxide content was varied from W81 y0 to 1200%. 

2. The total pressure of the gas mixture at the inlet system of the mass spectrometer and hence over 
the oxidant was varied from 1.3 to 130 mbar. 

3. The mixture of carbon monoxide and nitrogen was diluted with equal volumes of carbon 
dioxide to determine whether carbon dioxide had any effect on the oxidation. 

4. A mixture of argon and carbon monoxide was oxidized and checked for any residual carbon 
monoxide. 

5. Mixtures of carbon monoxide and nitrogen were oxidized at the gas inlet system of a gas 
chromatography apparatus to check both for complete oxidation and for the effect of varying the 
time of exposure of the gas to the oxidant. 

TABLE IL-ANALYTICAL RESULTS ON BLENDED GAS MIXTURES 

p, PI 
Ar 

Composition, % 

co N* CO* 

Blend 50.3 426 7.7 - 
Result 93.0 67.3 50.1 50.4 41.2 41.6 7.7 8.0 - 
Blend 47.2 33.0 19.8 - 
Result 101.7 73.5 48.0 48.3 32.1 32.6 19.9 19.1 - 
Blend 50.7 24.2 25.1 - 
Result 123.0 96.9 50.2 50.0 24.7 24.3 25.1 25.7 - 

Blend 43.9 23.7 33.4 
Result 70.0 52.5 45.2 45.7 25.7 25.9 29.9 29.3 1 

Blend 55.5 9.2 35.3 
Result 70.0 52.5 51.4 51.7 10.5 10.5 38.1 37.8 1 
Blend 50.7 24.2 25.1 - 
Result 53.0 39.3 50.4 51.0 24.6 24.9 25.0 24.1 - 
Result 27.7 21.0 50.2 50.5 24.7 25.0 25.1 25.3 - 
Result 12.2 8.1 50.5 50.1 24.8 24.8 24.7 25.1 - 
Result 1.4 1.1 50.5 50.2 24.2 24.6 25.3 26.2 - 
Blend 54.4 45.6 - - 
Result 111.0 83.8 52.0 52.4 48.0 47.6 - - 

Blend 10.0 22.8 25.8 41.4 
Result 97.2 74.3 8.7 8.9 24.5 24.9 23.7 23.2 43.7 

The results of carrying out these tests are summarized in Table II. It can be seen that the results 
are in fair agreement with the blend values. It is in fact very dilfrcult to make up a gas mixture of 
known composition merely by connecting reservoirs of the components at different pressures and 
allowing free diffusion. The blend values are therefore derived only from the gas pressures of the 
reservoirs and should not be considered as standard compositions, from which the results may deviate 
by a few per cent. 
different methods. 

A good test of the method is the agreement between the pairs of results obtained by 
A conservative estimate of the errors would be 2-3 %. The results are not affected 

by the pressure at which oxidation takes place and satisfactory results may be achieved at pressures of 
-1 mbar. The oxidation of carbon monoxide is complete and is unaffected by the addition of an 
excess of carbon dioxide. In a series of experiments in which small volumes of carbon monoxide were 
swept with a stream of nitrogen over a boat containing the Schiitze catalyst in the inlet system of a 
gas chromatography apparatus, the extent of oxidation was determined by measuring the peak area 
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obtained for the carbon dioxide peak. The time of exposure of the carbon monoxide to the oxidant 
was varied both bv altering the eas flow and admittine the samule at different times. The results 
obtained were in agreen& withyhose reported above &td the t&e of exposure could 
sutliciently brief to demonstrate incomplete oxidation of a carbon monoxide sample. 

Chemistry Department J. 
University of Birmingham 
P.O. Box No. 363 
Birmingham, 15 

not be made 

R. MAIER 

Summa~--A method for the analysis of gas mixtures containing 
both carbon monoxide and nitrogen, by using a single-focussing mass 
spectrometer, is described. It involves measurement of the mass 
spectrum of a gas sample before and after conversion of the carbon 
monoxide present into carbon dioxide by means of the Schiitze catalyst. 

2~ -Die Analyse von Ko~~ono~d und Stickstoff 
enthaltenden Gasgemischen unter Ve~~dung eines einfach fokus- 
sierenden Ma~s~ktrometers wird beschrieben. Das Massen- 
spektrum einer Gasprobe wird zweimal gemessen: einmal vor turd 
einmal nach der Umsetzung des vorhandenen Kohlenmonoxids zu 
kohlendioxid mit Hilfe von Schiitze-Katalysator. 

R&aun6-Gn d6crit une m&ode pour l’analyse de melanges de gaz 
contenant a la fois de l’oxyde de carbone et de l’azote en utilisant un 
spectrometre de masse a une seule focalisation. Elle comprend la 
mesure du spectre de masse d’un echantillon de gaz avant et apres 
conversion de l’oxyde de carbone present en gaz carbonique au moyen 
du catalyseur de Schtltze. 

Tnten$a, 1970, Vol. If, pi. 540 to 543. Pcrmtno~ Pmss. Prinwd in Northern Ireland 

Analytical applications of mked Iigand extraction equilibria 
Nickel-dlth~ne-plrenanfbrollne complex 

(Received 4 December 1969. Accepted 14 January 1970) 

THE POPULAR metal reagent dithizone (diphenylthiocarbazone) normally is not useful as a reagent for 
nickel because the complex forms very slowly and is less intensely coloured than most dithizonates. 
Recently, however, it was discovered1 that in the presence of pyridine or other nitrogen bases together 
with dithiine, a mixed l&and nickel complex of unusually high absorbance is formed relatively 
rapidly. This reaction is not only potentially useful as a highly sensitive method for nickel but should 
permit an independent evaluation of the ~~lib~~ extraction constant for nickel dithizonate. 
Although this had been previously reported’ to have the value of lo- %** with chloroform as solvent, a 
more recent publications cited 10-D*e as a more reliable value because a longer (10 day) equilibration 
period had been employed in order to overcome the slow rate of the nickel-dithizone reaction. 

The extraction constant of the mixed ligand complex, NiDz**phen, (where Dz is the dithizonate 
anion and phen is l,lO-phenanthroline) is defined as the equilibrium constant of the reaction 

NP+ + 2HDz0rs + phenDrs 
rex 
_ Nimphenom + 2H+ 

and may be evaluated by using the expression 

(1) 

where pm represents the fraction of the total aqueous nickel concentration that is in the uncomplexed 
hydrafed form, and the subscript org indicates a species in the organic phase. 
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This reaction can be seen to be the sum of (a) the extraction of nickel dithizonate 

Nix+ + 2HDz 
J&x 

oa _ NiD%rs + 2H+ 

and (b) the formation of the mixed ligand adduct in the organic phase 

=AD 
NiDzZors + phenorl _ NiDz,*phenorrr 

so that Kc, the mixed ligand extraction constant, can be seen to be the product of the extraction 
constant of nickel dithizonate, Kex, and the organic phase mixed-l&and adduct formation constant, 
Km. Hence, if KaD is kn~wn,~ Kex can be evaluated. 

It was therefore decided to determine K ex’ in order to evaluate Kex and to provide a rational basis 
on which to design a procedure for determining nickel by use of this reaction. 

EXPERIMENTAL 

Materials 

All materials were of analytical reagent grade. 

Extraction equilibration procedure 

A 204 portion of a chloroform solution containing the desired concentrations of dithizone and 
phenanthroline was added to a 60-ml screw-cap vial, followed by 20-ml of an aqueous solution that 
was 1.0 x 10-PM in nickel(H) and buffered to the desired pH with either formate or acetate but& at 
an ionic strength of 0.1, and the vial was then closed with a fitted polyethylene thimble before capping. 
The mixture was then shaken for 60 min (found to be suiliciently long for equilibration), allowed to 
stand several minutes for phase separation, and then aliquot of the phase having the lower nickel 
content was analysed in the manner below. The nickel content of the other phase was then obtained 
by difference. 

Procedure for determination of nickel (aqueous phase) 

Buffer the sample containing up to 15 rg of Ni in 5-10 ml solution with ammonium chloride- 
ammonia (pH 10). Add 15.0 ml of chloroform solution of dithizone (6 x 10-4M) and phenanthro- 
line (3 x lo-*M). Shake vigorously for 2 min. Let the phases settle, remove the upper (aqueous) 
layer with a pipette and aspirator. Add 20 ml of 0*2M sodium hydroxide and shake for 2 min. 
Deliver an aliquot of the chloroform phase through a dry filter paper into a IO-mm cuvette. Read the 
absorbance at 520 nm against a reagent blank prepared in the same way. 

Procedure for nickel (chloroform phase) 

Dilute an aliquot of the chloroform phase to 15.0 ml with chloroform, then proceed as for aqueous 
phase, starting at addition of sodium hydroxide. 

RESULTS AND DISCUSSION 

On the basis of preliminary studies it was found that although quantitative nickel extraction could 
be obtained from solutions having pH values as low as 3, this would require higher reagent concentra- 
tions and inconveniently long equ%ibration times. Therefore the procedure fmaily devehped employed 
an ammonium chloride-ammonia buffer at nH 10. This uH could be varied within at least +0.3 DH 
units without effect. The mixed ligand complex was stable enough towards alkali for 1-2Msodi;m 
hydroxide to be used without decomposition of the complex; however, shaking with O.ZMsodium 
hydroxide removed excess of dithizone with adequate efficiency. A calibration curve obtained by this 
procedure was found to be linear to better than 4 ppt and could be used on known nickel samples with 
an agreement of about 5 ppt (Table I). It is likely that the method could be extended to even lower 
levels of nickel, but it would probably be necessary to purify reagents before use, either by shakingwith 
portions of dithizone-phenanthroline solutions for reagents of pH under 8-9 or, as with ammonia, 
distilling before use. Without any special effort being made to purify reagents, the blanks observed 
in this study had absorbances corresponding to about 06-+8 pg of nickel. It should easily be possible 
to extend the method down to O-05-0.10 rg of nickel by using 100~mm cells. 

In the presence of phenantbroline, the rate of extraction of nickel (as a mixed ligand complex, of 
course) is much faster than with dithizone alone. In fact, the rate of extraction is related to processes 
involving mainly nickel phenanthroline complexes. s Nevertheless, the overall extraction is faster at 
higher pH values and equilibration can require as long as 30 min in the pH range 3-4. In evaluating 
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TABLE I.-ANALYSES OF NICKEL SAMPLES 

Absorbance Total nickel, ,ug Error 
at 520 nm Taken Found Abs., ~g Rel., ppt 

0.128 2.33 2.28 -0.05 22 

0.131 2.33 233 0.00 0.260 4.67 4.70 +0.03 : 
0.259 4.67 4.68 +0.01 2 
o-385 7.00 6.99 -0.01 1 
0.385 700 6.99 -0.01 1 

0.517 9.36 9.41 +0*05 0.516 9.36 9.39 +0.03 3” 
0.890 16.36 16.25 -0.11 7 
0.900 16.36 16.43 to.07 4 

Calibration curve from least squares: Afiao = (005453 f 
0~OO021)WNi + 0.0039 where R’& is the weight of nickel, in pg. 

extraction equilibria involving phenanthroline it is necessary to take into account the effect of metal- 
phenanthroline complex formation in the aqueous phase. 8*7 
px, in equation (1) from the expression 

This can readily be done by evaluating 

pNi = 11 + #Mphenl + BdphW + Bdphenl’Y (2) 
where /&, tL& and pll are the cumulative Nil+-phen formation constants, and [phen] is the phenanthro- 
line concentration in the aqueous phase, obtained by dividing the organic phase phenanthroline con- 
centration, [phenlors, by the phenanthroline distribution constant (Krar = 103.0)r. In Table II are 

TABLE II.-EQUILIBRIUM EXTRACTION OF BIS(DIPHEN~THIOCARBAZONATO)NICKEL(II)-PHENANTHRO- 
LINE INTO CHLOROFORM FROM WATER AT 25°C AND 0.1 IONIC STRENGTH 

PH log DN~ ---log [HW:r, -log [phenl& -log PNI log &xl 

4,75 1.50 3.21 
3.80 0.43 2.66 
4.25 0.66 3.17 
4.80 l-28 3.21 

4.21 

5:: 
4.21 

2.7 
3.3 
3.1 
2.7 

5.1 
5.4 
5.6 
5.0 

Mean T& 0.3 

* Initial concentration corrected for amount consumed in Ni reaction. 

listed values of psi for various equilibrium runs, calculated from log /& = 8.60, log p8 = 16.70, 
log /$, = 24-25,3 and values of log Kex’ from equation (1). With the average value 5.3 for log K’,, 
and the previously determined4 value 5.96 for log K*D, the extraction constant for nickel dithizonate, 
Kex = K’,, 1 Km, yields a value log Kex = -0.7 which is in fair agreement with log Kex = -0.2, ob- 
tained from direct measurement by McClellan and Sahel’ in a lo-day equilibration run. This not only 
confirms McClellan’s interpretation of the low value of the previously reported log K8= = -2.9 but 
emphasizes the importance of l,lO-phenanthroline in substantially accelerating the rate of nickel 
extraction in this system. 
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Sunnna~-The mixed ligand nickel-dithizone-phenanthroline com- 
plex provides a sensitive method for determination of nickel and also 
permits evaluation of the extraction constant for nickel dithizonate. 
The value log Ker = -0.7 was obtained, in agreement with a value of 
-0.2 obtained by others, and in contrast to an earlier value of -2.9. 
The addition of phenanthroline substantially increases the rate of 
extraction. 
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Zusammenfassnng-Der gemischte Komplex von Nickel mit Dithizon 
und Phenanthrolin bietet eine empfindliche Methode zur Bestimmung 
von Nickel und erlaubt such die Ermittlung der Extraktionskonstanten 
von Nickeldithizonat. Der Wert log Kex = -0,7 wurde erhalten; 
er stimmt i&rein mit dem von anderen Autoren erhaltenen Wert 
-0,2, nicht jedoch mit dem alteren Wert -2,9. Die Zugabe von 
Phenanthrolin erhbht die Extraktionsrate betriichtlich. 

R&ntn&Le complexe mixte nickel-dithizone-ph&uurthroline foumit 
une methode sensible pour le dosage du nickel et permet aussi l’evalu- 
ation de la constante d’extraction pour le dithizonate de nickel. On a 
obtenu la valeur log K, = -0,7, en accord avec une valeur -0,2 
obtenue par d’autres, mais en opposition avec une valeur plus ancienne 
de -2,9. L’addition de phenanthroline accroit nettement la vitesse 
#extraction. 
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Use of a iilter in atomic-fluorescence spectroscopy 

(Received 24 June 1969. Revised 12 January 1970. Accepted 22 January 1970) 

IN ATOMIC-FLUORESCENCE flame spectroscopy, the limit of detection (defined as the solution concen- 
tration producing a given signal:noise ratio, usually 2) may generally be improved by increasing (a) 
the intensity of the source of primary radiation, (b) the amount of sample reaching the tlame, or (c) 
the signal:noise ratio by reducing noise or increasing the signal by using an optical system with a 
higher light-gathering power. 

High-intensity light sources, mainly microwave-excited electrodeless discharge tubes, have been 
used to obtain very low limits of detection, particularly for zinc and cadmium.r Heated spray 
chamber burners**8 enable more sample to enter the flame, while separated flank@ and diffusion 
flamed have reduced flame noise, consequently increasing the signal:noise ratio. 

Attempts to increase the light-gathering power have incorporated lenses to focus radiation from the 
flame onto the monochromator slit,’ and the use of a concave mirror to collect radiation from the 
opposite side of the flame to the monochromator and focus this onto the slit.rs8 Although the use of a 
mirror increases the signal it also increases the noise so the limit of detection is often not improved. 
The light-gathering power of the conventional system is mainly limited by thef-number of the mono- 
chromator used to separate the signal from background radiation. 

This communication reports on the use of an interference filter, with auxiliary optics of low f- 
number to obtain a large light-gathering power, in place of the conventional monochromator in 
atomic-fluorescence spectroscopy. The light-gathering power of this system will effectively be limited 
by the f-number of the auxiliary optics. The use of a lilter in atomic-fluorescence spectroscopy has 
previously been suggested by JenkinsB and West. lo The filter is used to attenuate background radia- 
tion rather than to select a certain fluorescence wavelength. 

Most of the background radiation can be attributed to flame emission above 3mO nm, so the 
filter-photomultiplier combination should have a low response in this region to reduce noise and 
photomultiplier fatigue. By choosing a filter with a suitably wide bandpass below 300.0 nm and a 
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-0,2, nicht jedoch mit dem alteren Wert -2,9. Die Zugabe von 
Phenanthrolin erhbht die Extraktionsrate betriichtlich. 

R&ntn&Le complexe mixte nickel-dithizone-ph&uurthroline foumit 
une methode sensible pour le dosage du nickel et permet aussi l’evalu- 
ation de la constante d’extraction pour le dithizonate de nickel. On a 
obtenu la valeur log K, = -0,7, en accord avec une valeur -0,2 
obtenue par d’autres, mais en opposition avec une valeur plus ancienne 
de -2,9. L’addition de phenanthroline accroit nettement la vitesse 
#extraction. 
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Use of a iilter in atomic-fluorescence spectroscopy 

(Received 24 June 1969. Revised 12 January 1970. Accepted 22 January 1970) 

IN ATOMIC-FLUORESCENCE flame spectroscopy, the limit of detection (defined as the solution concen- 
tration producing a given signal:noise ratio, usually 2) may generally be improved by increasing (a) 
the intensity of the source of primary radiation, (b) the amount of sample reaching the tlame, or (c) 
the signal:noise ratio by reducing noise or increasing the signal by using an optical system with a 
higher light-gathering power. 

High-intensity light sources, mainly microwave-excited electrodeless discharge tubes, have been 
used to obtain very low limits of detection, particularly for zinc and cadmium.r Heated spray 
chamber burners**8 enable more sample to enter the flame, while separated flank@ and diffusion 
flamed have reduced flame noise, consequently increasing the signal:noise ratio. 

Attempts to increase the light-gathering power have incorporated lenses to focus radiation from the 
flame onto the monochromator slit,’ and the use of a concave mirror to collect radiation from the 
opposite side of the flame to the monochromator and focus this onto the slit.rs8 Although the use of a 
mirror increases the signal it also increases the noise so the limit of detection is often not improved. 
The light-gathering power of the conventional system is mainly limited by thef-number of the mono- 
chromator used to separate the signal from background radiation. 

This communication reports on the use of an interference filter, with auxiliary optics of low f- 
number to obtain a large light-gathering power, in place of the conventional monochromator in 
atomic-fluorescence spectroscopy. The light-gathering power of this system will effectively be limited 
by the f-number of the auxiliary optics. The use of a lilter in atomic-fluorescence spectroscopy has 
previously been suggested by JenkinsB and West. lo The filter is used to attenuate background radia- 
tion rather than to select a certain fluorescence wavelength. 

Most of the background radiation can be attributed to flame emission above 3mO nm, so the 
filter-photomultiplier combination should have a low response in this region to reduce noise and 
photomultiplier fatigue. By choosing a filter with a suitably wide bandpass below 300.0 nm and a 
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photomultiplier with suitable response characteristics in this region, it should be possible to use one 
filter-photomultiplier combination for the determination of several elements which have fluorescence 
wavelengths below 300-O nm. 

Because larger background scatter and flame noise signals result from the increase in light-gather- 
ing power, for a system incorporating a filter to show an advantage over conventional systems both 
signals must be limited. Background scatter has been reduced to a tolerable level by shielding the 
sources of primary radiation and using a light trap. The increase in flame noise has been limited by 
using a bandpass of the a.c. amplifier that rejects most of the flame-noise signal. 

Results obtained with the filter-photomultiplier combination are compared with those from 
another non-dispersive detecting system, incorporating a solar-blind photomultiplier, that has pre- 
viously been used in atomic-fluorescence spectroscopy analysis. l%ls Also, results from the non- 
dispersive systems are compared with those obtained from a conventional dispersive system incor- 
porating a monochromator. 

EXPERIMENTAL 

The arrangement of the apparatus is shown in Fig. 1. 

p$/fi- 
S 

FIG. l.-Arrangement of apparatus. C-condensing lenses, B-burner, L-lamp, 
G-stop, P-photomultiplier, F-filter, S-screening, T-light trap. 

Primary sources of radiation 

A Philips zinc vapour discharge lamp, operated from a variable transformer and a ballast leak 
transformer, was used for the investigation on zinc. A specially constructed mercury discharge tube 
(internal diameter 18.4 mm, length 0.20 m, argon gas pressure 2.7 mbar, weight of mercury 100 mg) 
was used for the determination of mercury. The lamp was operated on full-wave rectified, un- 
smoothed a.c. via a 100-ohm power resistor. The full-wave rectification unit was operated from a 
variable transformer supplied from a constant voltage source (Advance Volstat CV5 75OA). 

Aluminium screening, painted flat black, placed around the lamps, limited background scatter of 
radiation. A 50 x 20 mm hole in the screening allowed radiation from a selected region of the posi- 
tive column of the mercury discharge and from the whole length of the zinc discharge to illuminate the 
flame. A protrusion on the detecting system side of this hole prevented radiation from the lamps 
entering the detecting system directly. 

FIame 

An air-town-gas flame was supported on an Evans Electroselenium burner head (from an EEL 
flame photometer model 100) the gases and sample solution being mixed in a spray chamber from a 
Unican SP90 atomic-absorotion soectroohotometer. The holes in the burner head were aligned along 
the lens-filter axis. The &me p;oduc& by this burner had an approximate cross section of 20 T 
10 mm and a height of 0.10 m. All gases were regulated with needle valves and monitored by flow- 
meters. 

Detecting system 

The condensing lenses were of quartz, diameter 80 mm, focal length 80 mm. The photomultiplier 
(R.C.A. lP28) was housed in an altinium box with a hole cut to the size of the nhotocathode. The 
filter (Baird-Atomic Prominent Ultraviolet Line Filter A.l.) was placed in front of this hole and 
secured with a black rubber washer which prevented stray radiation from entering at the edges of the 
filter. The spectral response of the filter-photomultiplier combination is shown in Fig. 2, curve e. 
An Isotopes Development Ltd. E.H.T. unit 532/D provided power for the photomultiplier, the 
sienal from which was fed into a lock-in a.c. amulifier (Brookdeal Electronics Ltd. FL 355). The signal 
frzm the amplifier was then fed into a phase. shifter-meter unit (Brookdeal Electronics Ltd. MS ?20) 
the output from which was recorded on a Honeywell pen recorder. The 100 Hz reference signal for 
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the phase shifter was obtained by the full wave re&tication of the output of a 6.3-V transformer. A 
time constant of 1 set was used for all me~~ements. 

A light trap was constructed from a circular box, diameter O-30 m, length 0.40 m, open at one end 
and lined with black velvet. This was placed on the opposite side of the flame to the detecting system, 
with the open end facing the flame, thus reducing the amount of background scattered radiation 
entering the detecting system. 

Standard lOOO-ppm solutions of the elements were prepared by dissolving mercury(B) chloride in 
demineralized water, and zinc oxide in the minimum quantity of hydrochloric acid, and diluting with 
demineralized water. Less concentrated solutions were obtained by further dilution. 

A photomultiplier voltage of 1.00 kV was used, and the lamp placed as close to the flame as 
vossible (50 mm). The air flow-rate to the flame was fixed at 5.0 l.lmin and the fuel flow-rate for 
&imum’signal-noise ratio was 1.6 I./r& for both mercury and zinc. The aspiration rate of the 
solution was 3.1 ml/mm. 

The condensing lens system was placed @ 10 m from the center of the burner head and the aperture 
of the stop adjusted so that the lens system was just filled with radiation from the flame. The photo- 
multip~er-~ter position was adjusted by aspirating a zinc solution into the flame, irradiating with 
xinc resonance radiation and finding the position giving a maximum reading. The position of the 
burner head below the optical axis was adjusted until the signal resulting from scattering of primary 
radiation from the head was reduced to a tolerable level when the maximum gain of the amplilier was 
used. Approximately the middle third of the flame was focussed on to the photocathode. The fluores- 
cence signal from a l-ppm solution of both zinc and mercury remained essentially constant when the 
burner head was raised until the tips of the inner cones were just below the bottom of the front stop. 

Choice of lamp operating conditions 

The lamp currents were adjusted by means of a variable transformer to give a maximum fluores- 
cenee signal for a I-ppm solution of the respective elements. The zinc lamp showed a maximum 
fluorescence signal at between O-45 and 055 A and the mercury lamp at between O-1 5 and 0.30 A. 

Tests for scattering 

Demineralized water was aspirated at all times when rn~~rnen~ were not being taken. To 
verify that the recorded signal was a fluorescence signal and was not caused by scattering within the 
flame the following procedure was used: with the amplifier at maximum gain, a I-ppm mercury 
solution was aspirated and the flame irradiated with zinc 213.9-nm resonance radiation. No increase 
in signal above background resulted. A similar result was obtained with a I-ppm zinc solution and 
mercury 253.7~nm radiation, and a l-ppm lead solution with either mercury or zinc radiation. 

Measurements made using a morwchromator and solar-blind photomultiplier 

To make a meaningful comparison of the results obtained when using a filter with those when 
using a monochromator, the condensing lenses and filter were replaced by a Jarred-Ash 05-m grating 
monochromator incorporating an R.C.A. lP28 photomultiplier. The Same was placed 40 mm from 
the entrance slit with the tips of the inner cones of the flame approximately 10 mm below the bottom of 
the slit. Both entrance and exit slits were set at 2.00 mm. The other parameters remained unchanged. 

For measurements with a solar-blind photomultiplier, a Hamamatsu H.T.V. R.166 photom~ti- 
plier replaced the R.C.A. lF%?, the filter was removed and radiation from the flame was focussed 
directly onto the phot~thode, all other parameters ~i~ng unchanged. 

RESULTS AND DISCUSSION 

Table I lists the optimum lamp currents and limits of detection for zinc and mercury obtained with 
a monochromator, a filter-photomultiplier combination, or a solar-blind photomultiplier. Calibra- 
tion curves of fluorescence signal against concentration for each system are essentially the same as 

TABLE I.-LAMP CURRENTS AND LIMITS OF DETENTION FOR ZINC AND MERCURY 

Limit of detection, ppm 

Element Lamp current, A 

Zinc 0.50 
Mercury 0.30 

Monochromator 

o%W7 
0.02 

Filter 

0+0001 
O-002 

Solar-blind 

oGOOQ2 
0*00025 
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those obtained by Mansfield et al., *I being approximately linear from the limit of detection up to 
5 ppm for zinc and 1000 ppm for mercury. 

The limit of detection for zinc is improved by a factor of 700 by replacing the monochromator with 
a filter. This result is accounted for by the increased light-gathering power of the optical system, and 
a larger portion of the flame being focussed onto the photocathode. The optimum limit of detection 
of lo-’ ppm for zinc is an improvement on other recorded values obtained by using a Philips zinc 
vapour discharge lamp.“*11 

For mercury, the limit of detection with the present filter and photomultiplier is an order of mag- 
nitude lower than that obtained by using a monochromator. This smaller improvement (compared 
with that obtained for zinc) is accounted for by the increase in light-gathering power being partially 
offset by the approximately lo-fold decrease in response of the filter-photomultiplier combination at 
253.7 nm compared with that at 213.9 nm, Fig. 2, curve e. The optimum limit of detection of 2.5 x 
10-d ppm obtained with the solar blind photomultiplier is an improvement on the value of 0.08 ppm 
obtained by Browner et al.’ from an aqueous solution in an air-hydrogen flame, and on the value of 
0.1 ppm obtained by Mansfield et al. I1 from an aqueous solution in an oxy-hydrogen flame. 

3 
a 
E 

c 
.‘I 

.? 
.=_ 

E 
In 

200~0 250.0 300.0 

Wavelength, nm 

IiIG. 2.-Approximate spectral response characteristics for various photocathodes and 
filter-photocathode combinations. 

(a) S19; (b) S5; (c) Hamamatsu R166; 
(d) Baird-Atomic Prominent Ultraviolet Line Filter A.l. and S19 photocathode; 
(e) Baird-Atomic Prominent Ultraviolet Line Filter A. 1. and S5 photocathode; 

The spectral response characteristics of the filter-photomultiplier combination and the solar-blind 
photomultiplier are compared in Fig. 2, curves e and c. The combination shows an approximately 
5-fold amater sensitivity than the solar-blind photomultiplier at 213.9 nm, while the solar-blind 
photonkltiplier shows an approximately 5-fold greater sensitivity at 253.7 nm. Experimentally, the 
sensitivitv of the solar-blind nhotomultidier was found to be anproximatelv 5-fold treater at 213.9 . . 
and 253.7 nm compared with the curve eitimated from published’data, Fig. 2: curve C.-Consequently, 
the apparent signal from a given concentration of zinc was approximately the same with either system, 
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but that from a given ~n~tmtion ofmercury was approximately an order of magnitude greater when 
the solar-blind photorn~~~~~ was used. The flame-noise signat for the solar-blind ~hotom~tipIier 
was irpproximately twice that for the combination. 

Comparisons have been made with a single solar-blind photomuit~pl~er. M~ufacture~ state that 
it is extremely difficult to reproduce the solar-blind photocathode to an exact sensitivity, so that a 
S-fold variation in sensitivity compared with published figures is quite possible. The use of a photo- 
multi 

zp 
lier with an S19 response, Fig. 2, curve a, in place of the RCA. lP28 with an S5 response, 

Fig. , curve b, would enhance the sensitivity of the filter-photomultiplier combination in the short- 
wavelength region, Fig. 2, curve d, the rcaponse around 300.0 nm bein 

9 
little tiected. 

Because of differences in apparatus it is difficult to compare accurate y results of various recorded 
investigations. The most valid comparison of limits of detection obtained when a filter-photomulti- 
plier combination, a solar-blind photomultiplier or a monochromator is used, is that in which results 
are obtained under otherwise identical experimental conditions, as in the present investigation. 

The results of this investigation confirm that limits of detection can be improved by using a filter 
in pIace of a mon~~o~tor in ato~c-ffuo~~nce spectroscopy* With a suitable choice of filter 
and p~tomul~p~er the 2~~~~.~ run region can be covered with a single combination, giving 
comparable results to those from a solar-blind photomul~p~er. For other wavelength regions a 
alto-photom~tip~er combination should provide superior Ii&s of detection compared with a 
monochromator, providing background noise, from the flame or other source of ground-state atoms, 
is tow. In particular, the filter-photomultiplier combination should be most useful in conjunction 
with the carbon E1ament.l‘ 

Gneral Electric Company Ltd. 
Contrd Research Laboratories 
Hirst Research Centre 
Wembley, Engrand 

P. L). WARR 

Summary-A detecting system incorporating an interference filter 
is described for use in atomic-fluorescence spectroscopy analysis in 
the 2~~3#~0~ spectral region. Results obtained by using this 
system are compared with those from a detecting system incorporating 
either a monoc~mator or a solar-blind photomul~pl~r~ Improve- 
ments of appro~mately 7OO-fold and IO-foid respectively in the limits 
of detection for zinc and mercury result from replacing the mono- 
chromator with the fdter, while results with the Bter are similar to 
those from a solar-blind photomultiplier. Liits of detection of 
1O-6 ppm for zinc and 2.5 x JO+ ppm for mercury, both in aqueous 
solutions aspirated into an air-town-gas flame, are an improvement 
on other published results for these elements, obtained by atomic- 
fluorescence flame spectroscopy. 

Zusammenfassung-Ein Nachweissystem mit Interferenzfilter m 
Gebrauch bei der atotiuareszenzspektrometrischen Analyse im 
Spektralbereich 200-3OOnm wird beschrieben. Damit erhaltene 
Ergebnisse werden verglichen mit solchen, die mit anderen Nachweis- 
systemen, entweder mit ~on~hromator oder mit ~~ljchtbl~udem 
~hotomultipli~ erhalten wurden. Eei den Nachweisgrenzen von 
Zink und Quecksilbcr erzielt man Version um den Faktor 
700 bzw. IO, wenn man den Monochromator durch das Filter ersetzt; 
dagegen sind die Ergebnisse mit dem Filter 8hnlich wie mit dem 
tageslichtblinden Photomultiplier. Nachweisgrenzen van 1P ppm 
fiir Zink und 2,s x RPpprn ftir Quecksilber, jeweils in war&en 
Lijsungen in eine Luft-Stadtgas-Flamme gesaugt, bedleuten eine 
Verbesserung gegentiber anderen publizierten Ergebnissen, die durch 
Atomfluoreszenz-Flammenspektrometrie an diesen Elementen erhalten 
wurden. 

R6sumMn d6crit un syst&me d&ecteur comprenant un filtre inter- 
f&entiel pour emploi & analyse par spectro’scopie de fluorescence 
atomique dans la i%gion spectmle 2~,~~,0~. Les r&uItats 
obtenus en utilisant ce syst&me sent cornpar& & ceux d’un syst$me 
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d&cteur comprenant soit un mon~~omateur, soit un photomulti- 
plicateur aveugle & la hm&?re solaire. 11 r&u&e des ambliorations 
~appro~mativement 700 fois et 10 fois respectivement dans les limites 
de detection pour le zinc et le mercnre du remplacement du mono- 
chromateur par le titm, tandis que les &&tats avec le filtre sent 
semblables B crux d’un photomultiplicateur aveugle it la lumi&re 
solaire. Des limites de detection de lo-’ ppm pour le zinc et 2,5 x 
10-4ppm pour le mercure, tous deux en solutions aqueuses asp&s 
dam une tlamme air-gaz de ville, sont une amelioration par rapport & 
d’autres rbsultats publitSs pour ces &ments et obtenus par spectroscopic 
de iIamme de fluorescence atomique. 
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Thermometrk titration of sdphate 

(Received 21 October 1969. Accepted 14 January 1970) 

A VOL~~+&TRIC determination of sulphate with barium ions is often preferred to a gravimetric one 
despite difficulties with reliable detection of the end-point. Visual end-point detection is most vulner- 
able to interferences, because barium cations form only rather weak complexes with indicators. 
Frequently the colour change is not well defined and standardized titration conditions are usually 
required. However, the situation can be improved considerably by employing instrumental end-point 
detection. These methods were recently reviewed in connection with the determination of sulphur 
in organic samples.1 Application of a specific ion-sensitive electrode for this purpose was reported 
recently.* 

We have inv~tigat~ the possibility of the~ometric end-point detection and its appli~bility to 
practical sulphate determination. Thermometric titration of sulphate by barium ions was reported 
by Dean and Wattsa and later by Mayr and Fisch4 but with controversial results. Determination of 
sulphate by precipitation with barium ions is also mentioned in work on injection enthalpimetry.s 

Apparatus 

EXPERIMENTAL 

A modified a.c.-thermistor bridge by Richard3 with an LTC 23F thermistor was used to detect 
the temperature changes. The output of this bridge, which was used at a sensitivity of 5 V/deg was 
fed into a Servoscribe recorder; 50-ml or lOO-ml polytetrafluoroethylene (PTFE) beakers mounted 
in a block of polystyrene foam served as titration vessels. Efficient and constant mixing was provided 
by a vibrating paddle mounted on the glass body of the thermistor.’ The paddle was driven by a 
V-l vibrator (Advance Instruments Ltd.) at 50 Hz. A motorized Agla micrometer syringe was used 
in the early experiments but was later replaced by a Radiometer ABU-12 burette. The titrant and all 
other solutions were kept in a water thermostat in order to minimize the temperature drift. 
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Rarium perchlorate, l-&W aqueous solution, was standardized gravimetrically. Urganic snlphur 
componnds were ~~~n~~i~ standards and all other chemiccls were ~~~~-r~~t grade. 
Ristilled demineraliid water was used in ail experiments. 

RESULTS AND DISCUSSiON 

lqW of i?dmlol 

An ethanol (or acetone)-water medium is frequently used, particularly in sulphate titrations with 
visual indicators. It was found that the stoichiometry of the precipitation depends on the concentration 
of ethanol (Fig. 1). Adsorption of soluble sulphate on freshly precipitated barium sulphate was 

Waler, % v/v 

Fm. 1 ,-Effect of composition of ethanol/water mixture on the stoichiometry of the 
titration of I ml of O.lN sulphutic acid. 

sumtecl as a possible exphmatiora of negative errors observed in the earlier thermometric work.*** 
It is therefore conceivable that Go~~ntr~t~~~ of ethanol above XB% v/v eliminate this co-precipitation_ 
Other surface-active compounds such as thymol were found to have no e&t cm the stoichiometry of 
the reaction. It shonld be noted from Fig+ I that the results at concentrations af ethanol less than 
50% have much lower precision than those at above this level. 

Results of determinations of sulphate both in inorganic and organic samples (~olio~ng oxygen 
Bask combustion or fusion with sodium peroxide) are sununariz& in Table I. 
for a titration is as Follows. 

The general procedure 

The sample, containing l-25 mg of sulphate, is placed in a PTFE beaker and diluted to 30 mI 
with ethanol and water (together with 1 ml of a 10% solution of perchloric acid) in such proportions 
as to give a 70% ethanolic solution, After equilibration in a water-bath for approximately 10 min 
the beaker is fixed in the polystyrene block and the vibrator switched on. Depending on the size. of 
the sample, the burette speed, recorder chart speed and the bridge sensitivity are adjusted to give a 
suitable rate of deflection; typical chart speeds are 30 or 120 mm~min. From the rate of addition of 
titrant and chart speed the volume of barium perchlorate can be calculated and hence the amount of 
suIph3te present. 

For the given volume of titration mixture the temperature rise is app~xi~tcly @I” per ml of 
&IN sulphuric acid- The titration itself takes appro~a~ly l-3 min to complete. The minimum 
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TABLE I.-ANALYSIS OF SULPHUR COMPOUNDS 

Sample 

I-GO, 
I&SO, 
I-G% 
I&SO, 
HISOI 
Na$O( 
Sulphonal * 
Sulphonalt 
Benzyl * 

thiuronium 
chloride 

taken mg Theory 
S.% 

Mean found Rel. std devn.,%$ 

0.9807 
2.451 
4.902 
9.804 

24.50 
14.20 
lo-13 
10-13 
19-24 

32.7 
32.7 
32.7 
32.7 
32.7 

z 
28.1 
15.8 

31.8 
33.2 
33.0 
32.7 
32.2 

z.; 
27.0 
163 

3.6 
1.1 
l-6 
1.8 
71 

* After oxygen flask combustion. 
t Following fusion with l-2 g of sodium peroxide. 
5 Calculated from at least 7 determinations. 

amount of sulphate which can be determined by this method with reasonable accuracy is about 1 mg. 
Interferences from various inorganic compounds were also investigated both in equimolar amounts 

and in a slight excess. No interference was found from excess of iron(II1) chloride, copper(B) 
chloride, nickel choride or silver nitrate. Interferences from excess of sodium fluoride can be elimln- 
ated by addition of boric acid. Phosphate and arsenate do not interfere in equimolar concentrations 
but low results for sulphate were found if they were present in higher concentrations. When an 
inorganic compound was present which was precipitated on addition of the ethanol, low results were 
always obtained. 

CONCLUSIONS 

The proposed method is very rapid and suffers from only a few interferences. On the other hand- 
the accuracy is lower than in other instrumental methods. This might be due to the fact that the short 
titration time which is required for the semi-adiabatic arrangement is not long enough for barium 
sulphate to be formed exactly stoichiometrically, because of adsorption phenomena which occur 
during the precipitation. 

Acknowledgement-The authors express their gratitude to Mr. C. E. O’Brien for his help with oxygen, 
flask combustions. 
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Summa~-Direct thermometric titration of sulphate with a solution 
of barium perchlorate is proposed. The stoichiometry of the titration 
is shown to be critically dependent on the concentration of ethanol in 
the titration medium. The titration is rapid and suffers from only a 
few interferences. 

Zusammenfassung-Die direkte thermometrische Titration von 
Sulfat mit einer Losung von Bariumperchlorat wird vorgeschlagen. 
Es wird gezeigt, da13 die Stochiometrie der Titration emptindlich von 
der Athanolkonzentration im Titrationsmedium abhtingt. Die 
Titration geht schnell und unterliegt nur wenigen Strijungen 

Rt%rm~On propose un titrage thermometrique direct du sulfate avec 
une solution de perchlorate de baryum. On montre que la stoechio- 
metric du titrage depend de manibre essentielle de la concentration de 
l’ethanol dans le milieu de titrage. Le titrage est rapide et ne souffre 
que de seulement quelques interferences. 
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Di-n-bntyl ~b~oylph~~~te as aa extracta& of inorganic 
ions from by~~o~c acid solutions 

(Received 9 October 1969. Accepted 24 Jrznuary 1970) 

DI-n-BUTYL CARBAMOYLPHOSPHONATB (DBCP)* was found to extract readily the elements scandium, 
zirconium, hafnium, thorium, protactinium, uranium and neptunium from their solutions in nitric 
acid.’ 

This study comprises the measurement of the extracting ability of DBCP for 33 elements from their 
solutions in 0*5-12M hydrochloric acid. A @iM solution of DBCP in chloroform was used as 
the extractant. In most cases radioisotopes of the elements were used as tracers for the extraction 
experiments. Extraction coefficients of uranium(VI) and thorium were determined spectrophoto- 
metricaliy.s*a 

EXPERIMENTAL 

DBCP was synthesized in the Iaboratory’ and purified by ~st~~~tion from ethanol. It is a 

white crystalline solid (m-p. 175-176’) with the structure 

CH&H&H&H~O 

/-\ 
CH&H&H,.CHIIO CONHI 

The radioisotopes used were prepared as described earlier. 1 For the determination of the distri- 
bution ratio, D, 1 mg of the element was added to hydrochloric acid solutions of various concen- 
trations, except in the cases of neptunium, technetium and protactinium, where the behaviour of 
carier-free rroNp, OomTc and sssPa was studied. The distribution ratios were measured as in our 
earlier work.’ 

RESULTS AND DISCUSSION 

The obtained I) values for all the elements studied are compiled in Fig. 1 in a graph of fog D vs 
molarity of hy~~hlo~c acid. Elements showing D values less than lo-* are presented in a single 
group. An examination of Fig. 1 shows that the univalent and bivalent ions studied are non-extract- 
abfe in the whole range of acidity 05-12M hydrochloric acid, showing D values lower than lo-*. 
Of the trivalent ions, only indium and chromium show less than 1% extraction in the whole range of 
acidity, while all the others, including the lanthanides, show high extraction values in acidities 
greater than 6M hydrochloric acid. It is important to note here that among the trivalent ions, 
scandium was the onlv one extracted bv DBCP to an annreciable extent from nitric acid solutions. 
while, with the exception of cerium(IVj, lanthanides agextracted by DBCP only 5% or less from 
this medium.1 A striking difference is observed between the behaviour of niobium and tantalum, the 
former being much the more extractable (maximum for Nb 92% and for Ta 16x, both from 10M 
hydrochloric acid). 

The maximum extraction values of zirconium and hafnium are 96 % and 98 % respectively from 
12M hydrochloric acid. They present larger differences at the lower acidities. Among all the elements 
studied, thorium shows the highest extractability. It is extracted nearly quantitatively even from 

* Originally named by the authors as ~-(di-n-butylphosporo)urea, (N-DBPU). 
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FIG. 1 .-Log D values in O-l&f DBCP-HCl system [the values for As(III) and Ge(IV) 
correspond to the extraction by chloroform]. 

4M hydrochloric acid, while the extraction of carrier-free protactinium is very small up to this acid 
concentration. The extraction of uranium in the form of UOap+ is relatively high even at low acidities, 
with a maximum value of 87 % from the lOit4 acid. The distribution ratios of carrier-free neptunium 
(IV) and (VI) are very different at all acid concentrations studied, the former being always the more 
extractable [maximum extraction values are 98 % and 49 % for neptunium(IV) and (VI) respectively 
from 1OM hydrochloric acid]. 

Blank experiments with the pure solvent did not show any measurable extraction for any of the 
elements examined except for arsenic@) and germanium(IV) which are extracted to a high degree 
by chloroform. 

In summary, the extraction ability of DBCP is greater at high hydrochloric acid concentrations, 
a trend which was also observed for the extraction from nitric acid so1utions.t On the other hand 
fewer elements are extracted from nitric acid solutions, which means that the selectivity of this new 
extractant is lower when the extractions are carried out from hydrochloric acid solutions. There are 
reasons to believe that the phosphoroamide moiety in the structure of DBCP is important in the 
extraction and future work is planned for the study of the extraction mechanism and the structure of 
the solvates involved. 

Acknowledgements-The authors wish to express their thanks to Mr. S. C. Archimandritis and to 
Miss M. Foka for their valuable assistance in the present study. 
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Summary-The extraction of 33 elements by a O*lM solution of 
di-n-butyl carbamoylphosphonate in chloroform has been investigated 
as a function of hvdrochloric acid concentration. The results show 
that this new extra&ant readily extracts most of the elements in a high 
oxidation state, including the trivalent rare earths, from hydrochloric 
acid at concentrations greater than 6M. 
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~~ assang-Die Extraktion van 33 Elementen durch eine 
0,l M Li5sung van ~-n-bu~l~rb~oylphosphonat in Chloroform 
wurde in Ab~~~gkeit von der Salzs~~ekon~ntmtion untersucht. 
Die Ergebnisse xeigen, daR dieses neue Rxtraktionsmittel die meisten 
h~herwertigen Elemente extrahiert, einschieBlich der dreiwertigen 
seltenen Erdenen, wenn die Salz.s&rekonxentration hiiher als 6 Mist. 

R&mm~n a etudie l’extraction de 33 elements par une solution 0,lM 
de carbamoylphosphonate de di-n-butyle en chloroforme, en fonction 
de la concentration en acide chlorhydrique. Les r&.ultats montnmt 
que ce nouvel agent d’extraction extrait aisement la plupart des 
elements qui sont dam un &at d’oxydation eleve, y compris les terms 
rares trivalentes, de l’acide chlorhydrique a des concentrations plus 
grandes que 6M. 
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Determination of manganese(lf) in the presence of 
vanadium(V) and chromium(Vf) 

Since Lingane and KarpluB in 1946 introduced the det~ination of Mn(II) by t&ration with 
KMnOa in p~oph~Fhate solution, this method of analysis is frequently used. Roth Mn(II) and 
Mn(VII) are converted into Mn(In), which forms a very stabie complex with pyrophosphate. Since 
the intense red colour of the complex precludes the use of a colour indicator, the titration is generally 
performed ~tentiomet~~lly* The titration may be performed at pH l-8, but the potential break at 
the equivalence point is maximal at pH 6-7. Flexor, several components that interfere at low 
pH values do not do so at pH 6-7.p Vanadi~(~, however, if present in more than small amounts, 
interferes at pH 6-7. At lower pH this interference is eliminated,’ but other ditliculties then arise. 
C~o~~rn~, often present after oxidative attack on sampies containing chromium, interferes by 
oxidixing MIX(%) to Mn(III) in the solution used. 

We have found that amounts of vanadium up to 100 mg do not interfere at pH 6-7, but that 
larger amounts make the potential stabilization very slow, although the final result is still correct. 
The effect of chromium can be eliminated if the Cr(VI) is first reduced to Cr(III) by addition of 210 mg 
of sodium nitrite (for a maximum of 1 mmole of dichromate), followed by dilution to about 100 ml, 
adjustment to pH 1 with alkali or hydrochloric acid, heating at 40” for a few minutes, addition o 
500 mg of urea and heating near the boiling point for 30 min (to remove excess of nitrite and the gases 
evolved in that process), then addition of this solution to 300 ml of saturated sodium p~ophosp~te 
solution, adjustment topH 6-7, and, after an hour, titration ~tentiorn~~~~ly with permanganate. If 
larger amounts than 100 mg of vanadium are present, the titration is performed at 609 The increased 
temperature is necessary to give rapid potential equilibration. An alternative is to add most of the 
titrant at room temperature and the rest after heating the solution to 55--60°. The rest period of an 
hour when chromium is present is necessary because the formation of the chromium complex with 
p~ophosphate is slow, as noted by Scribner,* 
chromium from interfering. 

who first developed this method of preventing 

Relative errors ranged from 0.0% to -f-*3% for up to I200 mg of vanadium present (15 ex- 
periments), and from +0*2x to -i-O+% for SO mg of chromium (6 experiments). Experiments with 
100 mg of chromium gave errors of -t-+7%. 

I thank C. Slagt, Miss J. de Neef, and J. F. G. van der Grift for experimental help. 

Laboratory far Analytical Chemistry 
State University, Utrecht 
Croesestraui 77-A 
The ~ez~r~~ 
25 September 1969 
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KOMPLEXE DER ANTHRANIL-iV,N-DIESSIGSiiURE MIT 
METALLEN IN DER OXYDATIONSSTUFE +4--I 

ZIRKONIUM UND HAFNIUM 

C. DR&LESCU, SEPTIMIA POLICEC und T. SIMONESCU 
Academia Republicii Socialiste Roda, Baza de Cercetgri Stiinlifice, TinQoara, 

Blv. Mihai Viteazul24, Romania 

(Eingegungen am 31. Juli 1968. Reoidiert am 25. Octobre 1969. Angenommen am 
31. Januar 1970) 

Zusanun&assun8--Spektrophotometrische Untersuchungen zeigten, 
da8 Zirkonium und Hafnium mit Anthranil-N,%diessigs&ue (ANDA) 
in wiiDriger Lbsung Komplexe der Zusammemetztmgen Me : ANDA = 
1:l und 1:2 bilden. Die stufenweisen Bildungskonstanten bei H 1 
betragen ftt Zirkonimn kl = 20 f 5 und k, = 1,42 * lo’, fiir H BP. mum 
k, = 10 f 5 und kl = 1,22 * 106. 

DIE CHELATISIBRENDE Wirkung der Anthranil-NJV-diessigs&.rre (ANDA) auf eine 
Anzahl Metalle in der Oxydationsstuf +2, +3 und +4 wurde in friiheren Arbeiten 
behande1t.r Aufbauend auf die Spektrophotometrie farbloser Me-ANDA-Komplexe2 
werden in der vorliegenden Arbeit die Ergebnisse einer UV-Untersuchung der durch 
ANDA mit Zirkonyl- und Hafnylionen gebildeten Komplexe aufgezeigt. Durch 
Ermittlung der Zusammensetzung und Stabilitlt der gebildeten Komplexe sollen 
Bedingungen erarbeitet werden, unter denen die photometrische Bestimmung von 
Hafnium in Gegenwart von Zirkonium mbglich ist. 

Apparate 

EXPERIMENTELLER TEIL 

Die Absorptionskurven im UV-Bereich wurden mit dem automatischen Spektrophotometer 
Unicam SP 800 aufgenommen. Alie Absorptionsmessungen wurden mit einem VSU 1 C. Zeiss 
(Jena, DDR)-Spektrometer durchgefiihrt. Die Schichtdicken der verwendeten Ktivetten sind in der 
ZeichenerkHrung der betreffenden Abbildungen angegeben. Sofem keine anderen Angaben gemacht 
wurden, diente als Bezugsfltissigkeit bidestilliertes Wasser. Die pH-Werte der Lbsungen wurden mit 
einem pH-Meter Typ MV 11 Clamann und Grahnert (Dresden, DDR) bestimmt. 

Reagenzien 

Zur Herstellung der 5. IO-*M-Losung des Dinatriumsalzes der Anthranil-N,&liessigs&ure 
wurden 1,2654 g synthetisiertes ANDA* in 2 Aquivalentgramm Natrium hydroxid gel&t, wobei 
bidestilliertes Wasser bis zu 1 Litre hinzugeftigt wurde. Der Titer der stabilen Liisung wurde kom- 
plexometrisch bestimmt.a 

Zirkonylchlorkf. Die entsprechende Menge ZrOC11.8HI0 (Loba-Chemie Fischamend, Wien, p.a 
oder Johnson Matthey “Specpure”) wurde in lo-‘M Perchlorsliure gel&t. Das verwendete Zirkonyl- 
chlorid war nicht hafniumfrei. Die Bestimmung von Zirkonium wurde gravimetrisch durchgeftihrt. 

Hafniumchlorid. Die entsprechende Menge metallisches Hafnium ?$ectral rein” wurde in 
konzentrierter Salszliure p.a. unter Zusatz einiger Tropfen konzentrierten Fluorwasserstoffs p.a. 
gel&t. An&h&end wurde das Hydroxid mit Ammoniak gef8llt und bis zur negativen Reaktion 
auf Chlorid gewaschen. Die Auflosung des Hafniumhydroxid geschah in der kleinsten Menge warmer 
Salzsiiure turd die Erg&mung bis zur Marke mit lo-‘M Perchlors&tre. Zur Bestimnumg der Bildung- 
skoostanten wurde Hafniumoxidchlorid (Johnson Matthey “Specpure”, London) verwendet. 

Natriumperchforat (VEB Laborchemie Apolda, DDR). Zwecks Bestimmung der Bildrmgskon- 
stanten wurde eine 1M Natriumperchlorat-Losung in Wasser bzw. in lO-‘M Perchlorsiiure benutzt. 

Das bei siimtlichen Untersuchungen verwendete Liisungsmittel war eine lo-‘M Perchlorsiiure- 
losung. 
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ERGEBNISSE UND DISKUSSION 

Die Reaktionen, die zwischen Anthranildiessigsire und Zirkon- bzw. Hafnium- 
oxidchlorid stattfinden, treten durch Vergleich der Form der Absorptionskurven der 
Verbindung Zr-ANDA (Abb. lA, Kurven I bis 4) bzw. HEANDA (Abb. lB, 
Kurven I bis 4) mit denen der Reaktanten (Kurven R und Me) hervor. Die Ab- 
bildungen zeigen die starke Absorption des Liganden in diesem Spektralbereich 
sowie die Ahnlichkeit, die zwischen den Kurven der beiden Reaktionsprodukte ohne 
charakteristische Absorptionsbanden besteht. 

Urn den optimalen pH-Wert der Komplexbildungsreaktion zu finden, wurden die 
Absorptionskurven der Zr-, Hf-ANDA-Komplexe bei unterschiedlichen pH-Werten 
aufgetragen. Die Wahl der pH-Werte ist einerseits durch die Fiillungsmiiglichkeit des 
Liganden, andererseits durch die Hydrolyse des MeOa+-Ions begrenzt. Abbildung 2 
zeigt fur die Reaktion zwischen ZrG* und ANDA durch die Bildung des isosbestischen 
Punktes das Vorhandensein eines Gleichgewichts bei den pH-Werten zwischen 0,7 
und 2. Bei haheren pH-Werten (Kurve 4, pH = 3) liegt kein Gleichgewicht mehr vor. 
Der Hf-ANDA-Komplex verhalt sich ahnlich. Der optimale pH-Wert fiir beide 
Systeme betrZigt 1. Er wird mit Hilfe einer 10-l&f PerchlorsSiurelGsung erhalten. 

X, nm 

1A 

ABB. l.-Absorptionskurven des Systems Zr-ANDA (Diagramm A) und Hf-ANDA 
(Diagramm B) 

Konstante Ligandkonzentration: 1,2. 10-Jit4. Kationenkonzentration: 0 (Kurve R). 
1 . 10e4M (Kurve J), 2. lo-4M (2), 3. lo-‘M (3). 4. lOTaM (4),5. 1Oe4 M (5). 

Bezugsliisung: bidestilliertes Wasser. Schichtdicke 2 mm. 
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1B 

Die zeitliche Verfolgung der Bildung der Zr-, Hf-ANDA-Komplexe in Ab- 
hfingigkeit vom pH-Wert ergibt, dal3 die Reaktion bei pH-Werten zwischen 1 und 3 
praktisch augenblickhch stattfindet und die gebildeten Komplexe wenigstens 3 
Stunden stabil sind. 

Die Ionenstarke der Losungen wird mit Hilfe einer 1M NatriumperchloratlSsung 
bei einem Wert p = 0,25 konstant gehalten. 

Natur und Zusammensetzung der Zr-, Hf-ANDA-Komplexe 

Es werden die Absorptionskurven fur eine Reihe von Liisungen aufgenommen, in 
denen die Menge des Liganden konstant, die Menge des Metallions hingegen ver- 
Zinderlich ist. Ftir den Zr-ANDA-Komplex erhalt man Diagramm A, fur den 
Hf-ANDA-Komplex Diagramm B in Abb. 3. 

Die Bildung der isosbestischen Punkte zwischen der Kurve des reinen Liganden (I) 
und den Kurven der Komplexe bis zum Erreichen des VerbSiltnisses Me : ANDA = 
1: 2 (Kurve 4 in Diagramm A und 5 in B) weist auf das Bestehen eines Gleichgewichts 
zwischen dem Me-(ANDA),-Komplex und dem Ligandtiberschuh hin. Ebenfalls 
bringt die Unmoglichkeit, Gleichgewichte bei einem UberschuB an Metallionen zu 
erkennen (Kurven 7 bis 9), die Tatsache zum Ausdruck, daB die Zr-, Hf-ANDA- 
Systeme keine polynuklearen Komplexe bilden. 

Die beiden isosbestischen Punktpaare zeigen ftir die zwei Systeme Zr-(ANDA), und 
Hf-(ANDA)2 eine geringe Wellenlangenverschiebung. Die isosbestischen Punkte im 
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21” 

x - 

A, nm 

bB. 2.-Absorptionskurven des Zr-ANDA-Komplexes mit der Konzentration 

KurveIfiirpH6- 
2 . lo-‘M bei unterschiedlichen pH-Werten. 
0,7; Kurve 2, pH = 1; Kurve 3, pH = 2 und Kurve 4, pH = 3. 

Schichtdicke 20 mm. 

Bereich kleinerer Wellenllngen sind fur den Zr-ANDA-Komplex jzisO mit ungefzhr 
243,5 nm und fiir den Hf-ANDA-Komplex &,, mit ungefiihr 242,5 nm gleich. 
Beim jzisO des Zr(ANDA),-Komplex weist der Hf-(ANDA),-Komplex eigene Ab- 
sorption auf. Diese Tatsache macht bei dieser Wellenliinge die Bestimmung von 
Hafnium in Gegenwart von Zirkonium unter der Bedingung miiglich., daB das 
Verhgltnis Me : ANDA = 1: 2 eingehalten wird. 4 Die beiden anderen isosbestischen 
Punkte der betrachteten Systeme im Bereich groBerer Wellenllngen (ungefghr 300 nm 
ftir den Zr-(ANDA),-Komplex und 297 nm fur den Hf-(ANDA),-Komplex) bringen 
grundsiitzlich die spektrophotometrische Bestimmungsmiiglichkeit von Zirkonium in 
Gegenwart von Hafnium bei jlfsO des Hf-(ANDA),-Komplexes zum Ausdruck. 

Der spektrophotometrische Beweis fiir das Vorhandensein eines 1: 1 Komplexes, 
dessen Bildung wahrscheinlich ist, liil3t sich durch eine graphische Erweiterung von 
Abb. 3 fiihren. Da das registrierende Spektrophotometer zu gedrlingte Kurven 
liefert, wurden manuelle spektrophotometrische Messungen gemacht und die Kurven 
ftir den Zr-ANDA-Komplex in vergrofiertem Ma&tab in Abb. 3, AI und II ein- 
getragen. Auf diese Weise werden noch zwei weitere isosbestische Punkte bei ungefahr 
253 nm (Abb. 3AI) und 268 nm (Abb. 3AII) erhalten, die einem Gleichgewicht 
zwischen den Komponenten mit den Verfiltnissen Me: ANDA > 1:2 (Kurve mit 
dem Symbol A in Abb. 3AI, II) und dem MetallioniiberschuB (Kurve 0) entsprechen. 
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ABB. 3.-Absorptionskurven der Zr-ANDA-(Diagramm A) und HEANDA (B)- 
Verbindungen. 

Konstante Konzentration des Liganden: 2. 10-4M. Konzentration Me03+ fiir das 
Diagramm A: 0 (Kurve I); 0,4. lo-‘M (2); 0,6. lOwaM (3); 1 . 10-W (4); 1,2. 
lo-%%4 (5); 1,5 . lo-‘&f (6); 2. lo-‘M (7); 10. lo-‘M (8); 30. lo-‘M (9); fur das 
Diagramm B: 0 (Kurve I); 0,4. 10e4M (2); 0,6. 10-&M (3); 1 . 10-“M (4); 1,2. 
10-W (5); 1,5. 10-W (6); 2. 10-4M (7); 20. 10-4M (8); 30. lo-‘M(9). Schicht- 

dicke: 20mm. 
Fur Diagramm A I und II ist die Konzentration des Liganden konstant = 1,6 . lo-‘M 
und die des ZrOe+ Ions veranderlich: 4 . 10d6M (0); 8 . 10e6M (0); 1,2. lo-‘M (v); 

1,6. lO-“M (x); 2. lo-‘M (A); 6,4. 10-aM (0). Schichtdicke: 10 mm. 

Unter der Annahme, da13 sich Hafnium analog verhZilt, kann demnach gesagt 
werden : 

(a) In den zwei untersuchten Me-ANDA-Systemen liegen keine polynuklearen 
Komplexe vor; 

(b) die Komplexbildung findet nacheinander in zwei Schritten statt (Verbindung 1: 1 
und 1:2). 

Obwohl bekannt ist, daJ3 eine Anzahl spektrophotometrischer Methoden zur Bestim- 
mung der Komplexzusammensetzung nur bei der Bildung eines einzigen Komplexes 
giiltig ist, wurde gepriift, bis zu welchem Ausmal3 die Komplexzusammensetzung der 
untersuchten Systeme mit Hilfe dieser Methoden ermittelt werden kann. Auf diese 
Weise kamen zur Anwendung: 

Methode des isosbestischen Punktes nach AsmusS 

Im Falle der Zr-, Hf-ANDA-Komplexe (Abb. 4) zeigt die Uberschneidung der 
Tangenten fi.ir den Molenbruch 0,65 das Verhaltnis Zr, Hf: ANDA = 1:2, ohne 
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ANDA 

Me+ANDA 

ABB. 4.-Methode des isohestischen Punktes fiir den Hf-ANDA-Komplex, (Curve I) 
und den Zr-ANDA-Komplex (Kurve 2). 

L = Lis0 = 247,5 nm fiir Kurve 1 und 273 nm ftir Kurve 2. Konzentration der Prohen 
2. 10-aM. Schichtdicke: 20 mm. 

dabei den geringsten Hinweis auf das Vorliegen der betreffenden 1: 1-Komplexe zu 
geben. 

Methode der molaren VerhZiltnissee 

Im Falle der Zr-ANDA- und Hf-ANDA-Komplexe weist die Methode auf die 
Bildung einiger Me-ANDA-Verbindungen mit der Zusammensetzung 1: 2 hin. 

Demnach ergibt sich: Unter der Bedingung, da13 mehrere Komplexe vorhanden 
sind, die im selben Spektralbereich absorbieren, geben die erhaltenen Ergebnisse 
nicht den wirklichen Zustand der untersuchten Zr-, Hf-ANDA-Systeme wieder. 
Weiterhin ist anzunehmen, da13 der Bildungsgrad des Komplexes mit der Zusam- 
mensetzung 1: 1 geringer ist als derjenige mit der Zusammensetzung 1:2. 

Stabilitiit der 25, Hf-ANDA-Komplexe 

Urn die aufeinanderfolgenden Bildungskonstanten der beiden Systeme zu berech- 
nen, wurde die spektrophotometrische Methode nach Newman und Hume’ angewendet. 
Aus Abb. 3 ist ersichtlich, da13 bei der Wellenllnge der isosbestischen Punkte, die die 
Komplexe Me: ANDA = 1: 2 kennzeichnet, die Komplexe mit der Zusammensetzung 
1: 1 eine veranderliche Absorption aufweisen. Es ist demnach vorteilhaft, bei il = 
243 nm fiir den Zr-ANDA-Komplex bzw. bei L = 242 nm fiir den Hf-ANDA- 
Komplex oder bei angenaherten WellenlHngen zu arbeiten. Es wurde bei konstanter 
Ionenstarke in 2 - lo-lM Natrium perchlorat ISsung gearbeitet. 

Wenn das Verhaltnis der beiden aufeinanderfolgenden Konstanten k,lk, geniigend 
groh ist, kann man die Bildungskonstante kl in Gegenwart eines UberschuBes von 
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Metallionen (MJ gegentiber dem Liganden (X,) bestimmen. Ein Metallionen- 
tiberschuB ist aul3erdem wegen der Absorption des Liganden im gesamten Ab- 
sorptionsbereich beider Systeme vorteilhaft. 

Fur die Metallionenkonzentration 6 . 103M und die Ligandenkonzentration 
8 - 10-6M wurde der molare Extinktionskoefhzient aus der Beziehung El = A,“/& 

berechnet. (A,” = gemessene Absorption des ersten Komplexes; X0 = Liganden- 
konzentration). Fur den Hf-ANDA-Komplex wurde El = 4,25 x 10s berechnet. 
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ABB. 5.-Bestimmung der ersten Bildungskonstante des Zr-ANDA-Komplexes (A), 
bzw. des Hf-ANDA-Komplexes (B). 

Konstante Konzentration von MeOCl, lo-*M; veriinderliche Konzentration von 
ANDA im Bereich von 4 . 10-6M bis 24. 10-5M. ), = 243 nm (A) bzw. 242 mn (B). 

Bezugsldsung: MalX%ung ohne ANDA. Schichtdicke: 10 mm. 

Im Falle der weiter oben erwghnten Bedingungen wurde die Beziehung (Gleichung 
F19 von Newman und Hume.‘) 

angewendet. Es wurde weiterhin angenommen, da13 zwei Komplexe vorhanden sind, 
von denen einer absorbiert, da13 [MX,] = 0, und dal) E (der molare Extinktions- 
koefhzient des Metallions) gleich Null ist. Der Koeffizient q, mit welchem der Ligand 
an der Reaktion teilnimmt, wird fur diesen Fall gleich 1 gesetzt. Indem das linke 
Glied der Gleichung in Abhgngigkeit vom Ausdruck in der geschweiften Klammer 
graphisch dargestellt wird, werden die Geraden in Abb. 5 erhalten, und zwar A im 
Falle des Zr-ANDA-Komplexes und B im Falle des Hf-ANDA-Komplexes. Die mit 1 
gleiche Neigung bestltigt die gute Wahl des Wertes q. 

Aus dem Schnittpunkt mit der Abszisse wurde die erste Bildungskonstante k, = 
20 f 5 fur den Zr-ANDA-Komplex (bei J = 243 nm) und k1 = 10 &- 5 fur den 
Hf-ANDA-Komplex (bei A = 242 nm) erhalten. Wie die Konstanten erkennen 
lassen, bilden sich Verbindungen mit sehr geringer StabilitBt. Die Hafniumverbindung 
ist verhZiltnismIl3ig unstabiler als die Zirkonmmverbindung. 

Urn die zweite Bildungskonstante zu ermitteln, hgtten zwei Wege eingeschlagen 
werden kiinnen. Man hSitte den zweiten niedrigen Komplex berechnen kBnnen, 
wobei der vorhin bestimmte Wert fiir k, zu beachten gewesen wire, oder es hiitte das 
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Endglied in der Reihe der sukzessiven Komplexe berechnet werden kiinnen. Die 
let&e Alternative besitzt den Vorteil, nicht an die Fehler gebunden zu sein welche die 
Bestimmung der ersten Konstante begleiten. Sie fordert jedoch fur die Berecbnung 
von En, den molaren Extinktionskoetl-lzienten des Komplexes mit der maximalen 
Koordinationszahl, die Verwendung eines groBen Ligandtiberschusses. Da der 
Ligand im gesamten Wellenbereich, in dem die Komplexe absorbieren, ebenfalls stark 
absorbiert, ist dieser Weg nicht gangbar. Deshalb wurde zur Berechnung von k2 fur 

[(&+I) i$+ +$07 

3.00- 

2,96- 

"0 
; 2,92- 

$ 
a 

2,68- 

2,84- 

ABB. 6.-Bestimmung der zweiten Bildungskonstante des Zr-ANDA-Komplexes 
(Diagramm A) und des Hf-ANDA-Komplexes (Diagramm B). 

Konstante Konzentration von ANDA 6 . lo-*M = veraderliche Konzentration von 
MeOa+ im Bereich von 4 . 10-6M bis 24. 10-6M; 3. = 253 mn (A) und 250 nm (B). 

Bezug = MeBlGsung ohne MeO*+. Schichtdicke: 10 mm. 

beide Zr-, Hf-ANDA-Systeme eine modifizierte Form der Newman und Hume 
D9-Gleichung benutzt: 

Diese Gleichung entspricht den Eigenschaften der in Betracht gezogenen Systeme. 
Bei der Bestimmung der Bildungskonstante des zweiten Komplexes der beiden 
Systeme wurde bei der Wellenlange des isosbestischen Punktes der betreffenden 
Bquimolaren Komplexe oder bei I-Werten, die diesen sehr angenahert waren, 
gearbeitet. Im Falle des Zr-(ANDA),-Komplexes wurden die Bestimmungen bei 1 = 
253 nm und im Falle des Hf-(ANDA),-Komplexes bei I = 250 nm ausgeftihrt. Auch 
in diesem Fall wurde in einer 2 - lo-lM Natriumperchloratliisung gearbeitet. 

Tragt man aus obiger Gleichung A/M, gegen den Ausdruck in der geschweiften 
Klammer auf, so erhalt man Geraden. Diagramm A gilt fur den Zr-(ANDA),- 
Komplex und B fur den Hf-(ANDA),-Komplex. Aus der Neigung wurde die 
Konstante k2 = 1,42 * 105 fiir Zr-(ANDA), und k, = 1,22 - lo5 fur HE(ANDA), 
berechnet. Wie die GroSe der k,-Konstanten erkennen Ia&, bilden sich Me-(ANDA),- 
Komplexe von mittlerer StHrke. 
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Als globale Bildungskonstante erhalt man fiir das Zr-ANDA-System K = IcI x 
k, = 2,80 . lo6 und ffir das Hf-ANDA-System K = 1,2 . 10s. 

Smmaary-Spectrophotometric studies have shown that zirconium 
and hafnium form complexes with anthranil-N,N-diacetic acid (ANDA) 
in aqueous solution, with the compositions Me: ANDA 1: 1 and 1: 2. 
The conditional stepwise formation constants at pH 1 were found to be 
k1 = 20 f 5 and k, = I*42 x 10’ for zirconium, and kI = 10 f 5 
and kr = 1.22 x lo6 for hafnium. 

Rbtm~Des etudes spectrophotometriques ont montre que le 
zirconium et le hafnium forment des complexes avec l’acide anthranil- 
N,N-diac&ique (ANDA) en solution aqueuse, avec les compositions 
Me: ANDA 1: 1 et 1:2. On a trouve que les constantes de formation 
eta&e B pH 1 sont kI = 20 f 5 et k, = 1,42 x IOK pour le zirconium 
et kI = 10 f 5 et k, = 1,22 x lo6 pour le hafnium. 
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GLEICHZEITIGE SPEKTROPHOTOMETRISCHE 
BESTIMMUNG DES ZIRKONIUMS UND 

HAFNIUMS 

SEPTIMIA POLICEC, T. SIMONESCU und C. DR~GULESCU 

Academia R.S.R., Baza de Cercetari Stiinlifice, Timisoara, 
Mihai Viteazul 24, Romania 

(Eingegangen am. 4. M&z 1969. Angenommen am 31. Januar 1970) 

Zusammenfassung-Zirkonium kann in Gegenwart von Hafnium 
ultraviolettspektrophotometrisch hei den isoshestischen Wellenllngen 
218,2; 243,.5 oder 298,5 nm mit Anthranil-N,N-diessigsaure in 
verdtlnnter saurer Liisung hestimmt werden. Konzentrationen im 
Bereich 2-36 &ml (Zr) und 3-70 &ml (I-If) kbnnen hestimmt werden. 
Liegen heide Elemente vor, so k&men 2,5-80x Zr in Hf oder unge- 
kehrt mit einem Fehler von 34% hestimmt werden. 

ANTHRANIL-NJCDIESSIGS~~URE (ANDA) bildet mit den Ionen Zr02+ und Hf02+ 
Chelatkomplexe. Hieriiber wurde schon in einer frtiheren Arbeitl berichtet. Unter- 
suchungen iiber die Gleichgewichte mit Hilfe der Methode des isosbestischen Punktes 
zeigten eine kleine Verschiebung der Lage der isosbestischen Punkte der beiden 
Systeme Zr-(ANDA), und Hf-(ANDA)2. Diese Tatsache hi& sich zur Bestimmung 
von Zirconium in Gegenwart von Hafnium und umgekehrt ausnutzen. 

ERGEBNISSE UND DISKUSSION 

Die Absorptionskurven fiir die Komplexe Zr-ANDA und Hf-ANDA bei kon- 
stanter Ligandmenge, bei einem LigandiiberschuB und bei steigender Kationenmenge 
zeigt Abb. 1 Diagramm A und B in Citat 1. In beiden Fgllen bilden sich je drei isos- 
bestische Punkte. Sie liegen fur den Komplex Zr-ANDA bei ungefahr 218 nm, 
243,5 nm und 298 nm, fur den Komplex HEANDA aber bei ungeftir 216,5 nm, 
2425 nm und 297 nm. Diese isosbestischen Punkte bleiben bis zu einem Verhaltnis 
Me: ANDA = 1:2 bestehen. 

Nachher weisen die entsprechenden Punkte Extinktionen auf, die mit der an- 
wesenden Kationenmenge steigen. Somit mu8 eine Ligandmenge eingesetzt werden, 
die ein Verhaltnis Me:ANDA = 1:2 sichert. AuBerdem bedingt der mittlere Wert 
der Komplexstabilititskonstanten die Verwendung eines Ligandtiberschusses, damit 
eine vollstandige Komplexierung der Kationen erreicht wird. In den isosbestischen 
Punkten (siehe Abb. 1) haben alle Kurven von R (Eichkurve des reinen Liganden) bis 
zu Kurve 4 dieselbe Extinktion. Betrachtet man fur beide Systeme je zwei isosbestische 
Punkte aus demselben Wellenhingenbereich, so ergibt sich: 
(I) Bei 218 nm besitzt das System Zr-ANDA eine Extinktion, die konstant und 
gleich ist der des Liganden. Demgegentiber weist aber das System HEANDA eine 
progressiv kleinere Extinktion auf als der Ligand, abhangig von der Zunahme der 
Hf02+-Ionenmenge. 
(2) Bei 216,5 run ist die Extinktion des Systems HEANDA konstant und gleich der 
des Liganden. Hier steigt die Extinktion des Systems Zr-ANDA proportional mit der 
Zunahme der anwesenden Zr02+-Ionenmenge. 
(3) In analoger Weise kiinnte man bei 243,5 nm (isosbestischer Punkt fiir das System 

2 567 
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Zr-ANDA) Hf in Gegenwart von Zr und bei 242,5 nm (isosbestischer Punkt fur das 
System Hf-ANDA)Zr in Gegenwart von Hf- bestimmen. 
(4) Bei ungef%hr 297 nm wird man die anwesende Zirkoniummenge und bei ungef%hr 
298 nm die Hafniummenge bestimmen kiinnen. 

Ftir solche Bestimmungen kann man zwei Wege einschlagen, welche anschliehend 
beschrieben werden. 

Absorptionskurvenverfahren 

Hier gibt es zwei Varianten: Wasser als Bezugsfltissigkeit bzw. Blindprobe als 
Bezugsfltissigkeit. 

Wasser als Bezugsjliissigkeit. In diesem Fall sind die experimentellen Bestim- 
mungen analog denen aus Abb. 1. Fur jeden einzelnen isosbestischen Pm&t mtissen 
jedoch die Arbeitsbedingungen so gewahlt werden, da8 sie zu optimalen Werten der 
Extinktion ffihren. 

Als Beispiel ist in Abb. 1 Diagramm A das Gebiet urn den isosbestischen Punkt von 
218 nm fur den Zr-ANDA-Komplex und im Diagramm B das Gebiet urn den 
isosbestischen Punkt von 297 nm fur den Hf-ANDA-Komplex dargestellt. Den 
isosbestischen Punkten von 2435 nm (fur das System Zr-ANDA) und 2425 nm (fur 
das System HEANDA) entsprechen die Diagramme A beziehungsweise B aus der 
Abb. 1 (in Citat 1). 

48 - 

300 
x. nm x. nm 

ABB. l.-Absorptionskurven der Komplexe. 

325 

A: Zr-ANDA-Konstante Ligandkonzentration: 1,2 . IO-*M. ZrO*+-Konzentration: 
0 (Kurve R), IO-‘M (Kurve I), 2. 1O-pM. (2), 4. 10-94 (3), 5 . lO+M (4). Schicht- 
dicke: 1 mm. B: Hf-ANDA. Konstante Ligandkonzentration: 1,6. lO-aM. HfO*+- 
Konzentration: 0 (Kurve R), 2 . 1O-4M (Curve I), 3 . 10-4M (2), 4 . lo-* (3). 6 . 1O-4 

(4). Schichtdicke: 20 mm. Bezugslijsung ftir A und B = bidestilliertes Wasser. 

Der Extinktionswert bei den entsprechenden Wellenlangen wird aus der graphis- 
then Darstellung ermittelt. Abgelesen wird die Differenz zwischen der Extinktiol, der 
zu analysierenden Probe und der Eichprobe (Kurve R). Fur eine genauere Ablesung 
der Extinktion wurde ein Epidiaskop oder eine Handlupe verwendet. 
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hB. 2.-Eichkurven der Systeme. 
Zr-ANDA (Diagramm A) 

Kurve 
Nr. nm 

Ligand- 
konzentration, Schichtdicke, 

mM mm 

1 bidest. Wasser 216,5 192 1 
2 bidest. Wasser 242,5 196 2 
3 bidest. Wasser 297 196 20 
4 BlindlBsung 215,5 2 
5 2 
B 

Blindlijsung 242,5 
bidest. Wasser 297 5 

Auf diese Weise (Abb. 2) werden die Eichkurven fiir den Komplex Zr-ANDA 
(Diagramm A) in den drei isosbestischen Punkten des Systems Hf-ANDA: 216,5 nm 
(Kurve I), 242,5 nm (Kurve 2) und 297 nm (Kurve 3) und such die Eichkurven fur den 
Komplex Hf-ANDA (Diagramm B) in den drei isosbestischen Punkten des Systems 
Zr-ANDA: 2185 nm (Kurve I), 243 nm (Kurve 2) und 298 5 nm (Kurve 3) auf- 
gestellt. 

Die Absorptionskurven der Gemische (Zr + Hf)-ANDA haben dieselbe Form 
wie die Kurven I-4 aus Abb. 3. Auch in diesem Fall werden fur jedes Gebiet urn die 
Wellenllnge des isosbestischen Punktes die Bedingungen so festgelegt, da0 man 
optimale Werte fur die Extinktionen erhllt. Die aus einem Diagramm bei ;Z = 216,5 
nm abgelesene Extinktion bezogen auf die Eichkurve (R) entspricht dem Komplex 
Zr-ANDA und die bei A = 218 nm dem Komplex HEANDA. 

Ebenso entsprechen such die abgelesenen Extinktionen aus einem analogen 
Diagramm wie Abb. 3 bei il = 242,5 nm dem Komplex Zr-ANDA und bei il = 243,5 
nm dem Komplex Hf-ANDA. Fiir das Gebiet groI3erer Wellenlange (il = 297 nm, 
298 nm) wird jede einzelne Kurve des Gemisches Zr + Hf aufgestellt, bei 297 fur den 
Komplex Zr-ANDA, bei 298,5 nm, fiir den Komplex Hf-ANDA. Diese Messungen 
sind in Tabelle I fiir Zirkonium und in Tabelle II fur Hafnium wiedergegeben. Aus den 
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Hf-ANDA (Diagramm B) 

4- 

0” - 

Kurve 
Nr. Bezug nm 

Ligand- 
konzentration. 

mM 
Schichtdicke, 

mm 

I bide& Wasser 218,2 12 1 
2 bide& Wasser 243.5 1.2 2 
3 bidest. Wasser 29815 1;6 20 
4 BlindlGsung 217,5 2 

Blindliisung 243,5 2 
bidest. Wasser 243 1,03 

Kurven I, 3,4 und 6 (Diagramm A) und Kurven 2,5 und 6 (Diagramm B): Ordinate 
log ZJZ. Bie den anderen ist AA als Ordinate aufgetragen. 

ersten 7 Spalten, die sich auf die oben beschriebenen Methoden beziehen, folgt, da13 
der prozentuale Fehler im Durchschnitt nicht 3 % iiberschreitet. 

Eine andere Miiglichkeit Zirkonium in Gegenwart von Hafnium, aber nicht 
umgekehrt, zu bestimmen, entspringt aus einer besonderen Lage der Absorptions- 
kurven beider Systeme im Wellenkingengebiet von 272-276 nm. Werden die Bedin- 
gungen so festgelegt, daB die Extinktion einen optimalen Wert aufweist, so erhllt man 
die Diagramme aus Abb. 4, A fi.ir den Komplex Zr-ANDA, B fiir den Komplex 
Hf-ANDA und C fiir das Gemisch (Zr + Hf). 

Bei 272-276 nm weist der Komplex Hf-ANDA eine konstante Extinktion auf. 
Sie ist gleich der des Liganden (Kurve R) und unabhgngig von der anwesenden 
Hf02+-Menge. Der Komplex Zr-ANDA zeigt eine Extinktion, die proportional mit 
der Zr@+-Menge in dem Reaktionsmedium wgchst. Die Eichkurve fiir den Komplex 
Zr-ANDA bei ;1 = 272,5 nm ermijglicht die Bestimmung des Zirkonium (Tabelle I, 
Spalte B). Der durchschnittliche prozentuale Fehler betriigt ungefiihr 4 %. 
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x, nm 

ABB. 3.-Absorptionskurven des Systems (Zr + Hf)-ANDA. 
Konstante ANDA-Konzentration: 1,2 . 1O-8M. ZrO*+-Konzentration: 0 (Kurve R). 
1 . lo-%f (Curve I), 2. 10-*&f (2), 3 . lo-‘M(3), 4.10-94 (4). HfO*+-Konzen- 
tration: 0 @Curve R), 4 . 10-94 (Kurve I), 3 . 1094 (2), 2. lo-‘M (3), 1 . lo-% (4). 

Bezugsliisung: bidestilliertes Wasser. Schichtdicke: 2 mm. 

Blindprobe ah BezugsJiMgkeit. Mit denselben Probelosungen, die zur Auf- 
stellung der Diagramme aus Abb. 1 dienten, werden Absorptionskurven aufgenom- 
men. Hier wird jedoch als Bezugsfltissigkeit eine Blindprobe verwendet (Kurve R aus 
Abb. 1). Man erhalt so die Diagramme aus Abb. 5, A fur den Komplex Zr-ANDA und 
B fiir HEANDA. Auf diese Weise wird die Extinktion des Liganden kompensiert. 
Die Schnittpunkte der Kurven untereinander und mit der Nullinie stellen die isosbe- 
stischen Punkte in der neuen graphischen Darstellung dar. Da die Prinzipien dieselben 
sind, ist such die Arbeitsweise analog mit der aus dem Verfahren 1. 

Bei der Wellenlange des isosbestischen Punktes des Komplexes Zr-ANDA wird 
die Extinktion fur den Komplex HEANDA abgelesen und umgekehrt. Bei 215,2 nm 
und bei 242,5 nm wurden die Eichkurven 4 und 5 aus Abb. 2, A fiir Zr-ANDA 
aufgestellt. Die in Tabelle I, Spalte 10-13 wiedergegebenen Werte zeigen, da13 der 
prozentuale Fehler 3 % nicht tiberschreitet. Fur den Komplex HEANDA wurden die 
Eichkurven 4 und 5 aus Abb. 2B bei il = 2175 nm bzw. bei 243,5 nm aufgestellt. Die 
in Tabelle II Spalte 8-11 wiedergegebenen Werte zeigen, da13 bei den angegebenen 
Mengenverhaltnissen der durchschnittliche prozentuale Fehler 3 % betragt. Der 
isosbestische Punkt von 297-298 nm kann bei diesem Verfahren nicht ausgewertet 
werden, weil die Extinktionsdifferenzen zu klein sind. Die Anwendung einer Skalenaus- 
dehnung wtirde wahrscheinlich such hier eine Bestimmung ermiiglichen. Infolge 
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A, nm 

W 

275 300 

A. nm 

(Cl 

ABB. 4.-Absorptionskurven der Systeme: Zr-ANDA (Diagramm A), HEANDA 
(Diagramm B) und (Zr + Hf)-ANDA (Diagramm C). 

Konstante Ligandkonzentration = 1,2 . lo-*M. ZrCP+-Konzentration: 0 (Kurve R), 
1 - lO-pM (Kurve I), 2 * lo-5t4 (2), 4 * 10-&M (3), 5 * 10-4M (4). HfO*+-Konzen- 
t&ion: 0 (Kurve R), 5 . lo-‘M (Kurve 5), 4 * 10e4M (6), 2. lo-%I4 (7), 1 * lo-V4 (8). 
Den Kurven 9, IO, II, 12 und I, 2,3,4 liegt die gleiche ZrOB+-Konzentration zu Grunde. 
Die HfO*+-Konzentration entspricht der der Kurven 5, 6, 7 und 8. Bezugsldsung: 

bidestilliertes Wasser. Schichtdicke: 10 mm. 

der hohen Extinktion der LSsung in der Bezugsktivette und info&e des kleinen 
molaren Extinktionskoefhzienten der Systeme Zr- Hf-ANDA sind keine griiheren 
Absorptionswerte zu erzielen. Aus denselben Grtinden ist such die Aufstellung der 
Kurven im Gebiet kleinerer Wellenllngen als 225 nm an griil3ere Feher 
gebunden. 

MeJverfahren bei konstantem 3L 

Die gleichzeitige Bestimmung von Zirkonium und Hafnium kann such nur mit 
Hilfe eines nichtautomatischen Spektrophotometers durchgefiihrt werden. In diesem 
Falle sind aber nur Bestimmungen miiglich, bei denen der Extinktionswert positiv ist. 
So kann man bei ungefahr 243 nm Hafnium bestimmen. Bei 297 nm kann man 
dagegen Zirkonium in Gegenwart von Hafnium erfassen, da sich die Absorptionskur- 
ven der Komplexe Zr-ANDA im Interval1 zwischen diesen beiden Wellenlangen 
scheiden. Die Bestimniung des Zirkonium bei ungefshr 216 nm ist hier nicht moglich , 
weil die Messungen bei kleineren Wellenlgngen als 220 nm zu ungenau sind. 

Fur die mbglichen, obenangeftihrten Bestimmungen, zum Beispiel die Hf-Bestim- 
mungen bei ungefahr 243 nm, wird wie folgt verfahren. Die Extinktion der Blind- 
&sung (die alles, auBer der Kationenlijsung enthllt) wird (bezogen auf Wasser) im 
Interval1 von einigen nm urn den, fiir den Komplex Zr-ANDA bekannten isosbestis- 
then Punkt (aus Abb. l), ermittelt. Fur 2 bis 3 Proben, die den Komplex Zr-ANDA 
mit veranderlichen Zr-Mengen enthalten, wird die Extinktion bei denselben Wel- 
lenlangen gemessen. Ausgesucht wird die Wellenllnge, bei der die Extinktion aller 
Proben identisch und gleich der der Blindprobe ist. Bei dieser Wellenllnge nimmt man 
die Extinktion einer Eichserie fur den Komplex Hf-ANDA (Kurve 6 aus Abb. 3B) 
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-0,600 ’ ’ ’ ’ ’ ’ 1 _)1c I I I / I , , I I I I , 

r_Ld 250 275 300 

A, nm 

-0,400 

-0,600 
225 250 270 300 

A, nm 

ABB. 5.-Absorptionskurven der Komplexe Zr-ANDA (Diagramm A) und Hf- 
ANDA (Diagramm B). 

Konstante Ligandkonzentration = 0,4 * 10-*&f. ZrOa+-Konzentration: 0,4 * 10-W 
@Curve I), 1 * lO-‘LM (Z), 1,6 . lo-‘M (3). HfO*+-Konzentration: 0,4 * 10-W (Kurve 
4), 1 . lo-‘M (51, und 1,6. 10-94 (6). Bezugsli%ung: BlindlBsung. Schichtdicke 

5mm. 

auf. Die anschliefiend gemessene Extinktion fur ein Gemisch (Zr + Hf)-ANDA kann 
ausschlieBlich dem Komplex Hf-ANDA zugeschrieben werden. In Tabelle II zeigen 
die Spalten 12 und 13, daB bei Liisungen, in welchen -2,5 % Hafnium im Vergleich 
zu Zirkonium enthalten sind, ein prozentualer Fehler von ~5 ‘A auftritt. Fur griihere 
Zr-Gehalte liegt dieser aber bei I 3 %. Im Falle der Zr-Bestimmung bei der Wel- 
lenlange von ungef%hr 297 nm verfahrt man analog. Erhalten wird so die Eichkurve 6 
aus Abb. 3A. Beispiele fiir solche Bestimmungen sind in Tabelle I, Spalte 14, 
angegeben. Auch hier besteht die Miiglichkeit gegen die Blindprobenlosung zu 
photometrieren. In diesem Fall kann die Extinktion aus den Eichdiagrammen 
(erhalten durch Differenzbildung: Extinktion der Versuchsprobe minus Extinktion 
der Blindprobe, beide bezogen auf Wasser) direkt abgelesen werden. GriiBere 
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Fe&r, die bei der Messung sehr kleiner Extinktionen auftreten, machen das erste 
Verfahren vorteilhafter. 

Im folgenden wird die spektrophotometrische Bestimmung des Zirkoniums und 
Hafniums bei den WellenlHngen 1 N 216 bzw. 218 nm kurz beschrieben. 

Zur Aufstellung der Eichkurven fiir das ZrO *+-Ions werden vier Proben mit je 3 ml lo-% 
ANDA und 0,5-2,5 ml 5 . 10-8N ZrOCll, gel&t in lo-‘M Perchlorsiiure eingesetzt. Diese vier 
Kurven nebst der der Bezugsprobe R (Losung sarntlicher Komponenten atier ZrGClJ bilden 
Diagramm A. Verftirt man analog fur das Ion HfO*+, so erhiilt man Diagramm B. 

Aus Diagramm A wird bei 1 = 216,5 nm die Differenz der Absorptionen zwischen jeder der 
Absorptionskurven und der Kurve R abgelesen und mit diesen Werten die Eichkurve der ZIG”+-Ions 
aufgestellt. Aus Diagramm B wird bei 1 = 218 nm analog die Eichkurve ftir HfO*+ erhalten. 

SchlieDlich wird die Absorptionskurve einer Losung, welche dieselbe Ligandmenge (3 ml lo-‘M 
ANDA und ein Gemisch von ZrOB+ und HfO’+) enthalt, aufgenommen. Die Summe von Zirkonium 
und Hafnium darf jedoch 1,25 . 1O-6 Mol nicht tiberschreiten. In Diagramm C ist diese Absorptions- 
kurve mit Bezugskurve R enthalten. Die Differenz beider Extinktionen bei der WellenHnge 1 = 
216,5 nm entspricht dem Komplex Zr-ANDA. Die Konzentration des ZrO*+ hingegen wird aus der 
Eichkurve des Systems A entnommen. Die Extinktion bei der WellenHnge 3, = 218 mn entspricht 
dem Hf-ANDA-Komplex, die Konzentration des HfO *+ l%l% sich dann aus der Eichkurve des 
Systems B ermitteln. 

Smnma~-Zirconium may be determined in the presence of hafnium 
by ultraviolet spectrophotometry at the isosbestic wavelengths of 
218.2, 243.3 or 298.8 nm, with anthranil-N,N,-diacetic acid in dilute 
acid solution. Hafnium may be determined in the presence of zirconium 
from measurements at 216.5, 242.5 or 297 ~1. Concentrations in the 
range 2-36 pg/ml (Zr) and 3-70 pg/ml (I-If) may be determined, and in 
admixture, from 2.5 to 80% of Zr in Hf, and vice versa, with an error of 
3-4x. 

R&um&Gn peut determiner le zirconium en la presence de hafnium 
par spectropfiotometrie ultra-violet& aux longbeun d’ondes isos- 
bestiaues de 218.2. 243.5 ou 298.5nm. avec l’acide anthranil N.N- 
dia&ique en solution d’acide dilud. On peut determiner le hafnik en 
la presence de zirconium des mesures ii 216,5; 242,5 ou 297 run. On 
peut determiner des concentrations dans les domaines 2-36 @ml (Zr) 
et 3-70 rg/ml (IX), et en melange, de 2,5 180 ‘A de Zr dans Hf, et vice 
versa, avec une erreur de 34%. 

LITERATUR 

1. C. Driigulescu, S. Policec und T. Simonescu, Talantu, 1970, 17,557. 



Talanta. 1970, Vol. 17, pp. 577 to 582. Pergamott Press. Printed in Northern Ireland 

ANALYSIS BY PHASE TITRATION OF THREE- 
COMPONENT SYSTEMS CONTAINING TWO 

MUTUALLY IMMISCIBLE COMPONENTS 

S. K. SURI 
Chemistry Department, Indian Institute of Technology, 

New Delhi-29, India 

(.Received 19 May 1969. Revised 29 July 1969. Accepted 4 February 1970) 

Summary-A method, based on phase titration, for the analysis of 
ternary mixtures containing two mutually immiscible or partially 
miscible components is described. It can also be used for the deter- 
mination of tie-lines. The method is illustrated by its application to the 
system consisting of benzene, cyclohexane and nitromethane. 

THE PRINCIPLE of phase titrations has been used for many years to analyse binary 
solutions of components which are chemically similar but have different solubilities 
in water, by titrating the sample with water. 1 If the amount of water that was added 
is known, the composition of the binary system can be computed from the phase 
diagram. Siggia and Hanna2 extended the technique to compute the composition of 
one-phase ternary systems containing two mutually immiscible components. In their 
method, one of the components was estimated by chemical or physical means. A 
separate sample was then titrated with one of the mutually immiscible components, 
until a turbidity appeared. The composition of the sample was then computed from 
the ternary phase diagram. More recently Rogers and co-workers3 have done extensive 
work on phase titrations and have discussed the titration behaviour of ternary systems, 
on the basis of solubility relationships. 

In the present communication, a method based on the principle of phase separation 
titration is described, which can be used to analyse a ternary mixture containing two 
mutually immiscible or partially miscible components, without separate determination 
of any component. The method can also be used to determine the tie-lines in such 
ternary systems and has several advantages over other methods. The time for the total 
analysis is considerably shortened and the errors involved in chemical determination 
of the components are avoided. The method can be used for systems where chemical 
analysis for any of its components is difficult. 

Technique 

The ternary phase diagram is first determined. This can be done easily by phase 

separation titration.* In order to get sharp turbidimetric end-points and to improve 
the accuracy of the determination, various solutions of the mutual solvent with each 
of the mutually immiscible components, richer in the latter, are prepared by weight 
and titrated with the other mutually immiscible component until a permanent 
turbidity appears. Such turbidimetric end-points can usually be obtained within a 
drop of titrant2* The ternary mixture is then weighed to determine the weight of the 

* Dunnery and Atwood5 preferred the clarification end-point to the turbidimetric end-point, the 
former being equally sharp over a wide composition range. The visibility of the end-point can be 
improved by the addition of colour contrast indicators, e.g., iodine6 and furfural.’ 
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titrant added. The concentrations of the two sets of binary solutions are chosen so as 
to yield some overlapping points in the middle region of the curve on titration with the 
third component. This serves as an internal check on the determination and also 
illustrates the reproducibility of the technique.8 

Consider a three-component system containing A, B and C, where A and B are 
mutually immiscible and C is miscible with both A and B. If to 1 g of the ternary 
solution having the composition represented by any point, P, on the binodal curve 
(Fig. l), 1 ml (it is more practicable to add a known volume than a known weight) 

Fro. l.-Ternary liquid-liquid miscibility diagram illustrating the analysis of the 
ternary mixture, S, by phase titrations. 

of component C is added, the composition of the resultant solution can now be 
represented by Q, a point on the line connecting P, representing the original com- 
position and C, representing 100% C. On titration with B, the composition of 
this solution will move along the line QB and a permanent turbidity will appear 
when the composition reaches R, the point of intersection of the line QB with the 
binodal curve. The weight of component B required to produce permanent turbidity* 
thus depends upon the composition of the solution represented by P and R and is 
given by the expression: 

X J$f-, = rip 
X - (1 + WC) 

AR 

where W, is the weight of component C added per g of the solution with composition 
P; W, is the weight of titrant B required to titrate (1 + W,) g of solution from Q 
to R, i.e., to the turbidimetric end-point, and XAp and XAR are the weight fractions of 
component A at compositions P and R respectively. 

Once the binodal curve is determined, the amount of A or B required to produce a 

* Which non-con-solute component is selected as titrant depends upon the composition of the 
ternary to be titrated.’ 
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turbidimetric end-point for a mixture of 1 g of a ternary composition lying on the 
binodal curve, and 1 ml of component C, for various amounts of A initially present 
can be calculated. Two calibration curves can then be plotted indicating the amount of 
A or B required to titrate such solutions, as a function of the amount of A or B in the 
initial ternary solution at P. 

On addition of 1 ml of the component C to 1 g of a ternary composition lying on 
the binodal curve, if the composition of the resultant mixture lies outside ALMNB, 
the area defined by the tangents to the binodal curve, it will not yield any turbidimetric 
end-point on titration with either A or B. In such cases, for plotting the calibration 
curves the sample solution and component C are mixed in some other simple ratio such 
as 2 g/ml, 3 g/ml instead of 1 g/ml, and the amount of component C required to 
produce turbidity is calculated. 

Determination of tie-lines 

The composition of any ternary mixture lying on the binodal curve can be deter- 
mined by adding 1 ml of C per g of the ternary mixture and titrating with A or B. 
From the amount required, the initial composition of the ternary can be computed 
from the calibration curves. 

In order to determine the tie-lines, the composition of both the phases inequilibrium 
is computed as described above by running two sets of titrations for each phase, one 
with A and the other with B. 

Analysis of ternary mixtures 

To analyse a homogeneous mixture of A, B and C, having a composition repre- 
sented by any point, S, other than on the binodal curve, two samples of known 
weight of the ternary are titrated with each of components A and B to bring the 
composition of the ternary on to the binoaal curve. The solution is then weighed 
and the weight of A or B added is determined. The composition of this solution is 
then obtained as described above and hence the initial composition of the ternary is 
calculated. 

If the composition of the ternary mixture lies somewhere in the area CLMN, a 
known weight of A or B is added to a known weight of the ternary, enough to bring 
the composition into either of the titratable regions BNM or ANL. The solution 
thus obtained is titrated with the other mutually immiscible component to the tur- 
bidimetric end-point and hence the composition of the ternary is determined. The 
amount of A or B sufficient to bring the composition of unit weight of the ternary into 
the titratable region can be calculated from the position of L and N (Fig. 1). 

The method described is illustrated for the ternary system benzene, cyclohexane 
and nitromethane, the last two being partially miscible at ordinary temperatures. 

EXPERIMENTAL 
Procedure 

The solvents were purified by established methods. 0*1° Their densities measured at 30” and 40” 
(f0.01’) are given in Table I, along with the literature values for comparison.” 

The binodal curve was established at 40” as described earlier .8 The technique and apparatus used 
were similar to those of Dunnery and Atwood. 6 The solutions and the solvents were kept in a thermo- 
static cabin before use, the temperature of the cabin during titrations being kept constant to within 
0.1”. Enough solution was taken to give a titre of 10-20 ml. The results obtained are tabulated in 
Table II and are in good agreement with those obtained by Week and HuntlB at 25” and by Suri 
et aL8 at 20” and 30”. 
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TABLEI.-DENSITIES OF THE SOLVENTS USED 

Temp., Present 
“C work, g/ml 

Literature” 
glml 

Benzene 30 0.8685 0.8685 

;: 
0.8575 0.8577 

Cyclohexane 0.7694 0.7692 
40 0.7596 0.7594* 

Nitromethane 30 1.1250 1.1245 
40 1.1108 - 

* Value at 40.21”C. 

TABLEII.--COMPOSITION AT THE BINODAL CURVE FOR THE SYSTEM CBHB--CBH1%--CHINO2 
AT 40°C 

Cyclohexane, 
% w/w 

Nitromethane, 
% w/w 

Cyclohexane, 
% w/w 

Nitromethane, 
% w/w 

85.3 42.1 34.1 
77.8 50.7 25.2 

15.4 69.2 59.6 18.2 
19.3 62.5 65.3 15.4 
25.0 53.9 83.8 7.3 
35.0 42.1 93,4 5.1 

Since the addition of 1 ml of benzene to 1 g of the binodal curve ternary moved its composition 
outside the area ALMNB (Fig. 1) for most of the compositions, the two were mixed in the ratio 1 ml: 
3 g for the system under study. The compositions of the resultant mixtures for various P values 
(Fig. 2) were calculated and are represented by Q values. The Q values were then joined with the 
apices corresponding to 100% cyclohexane and nitromethane, and from the composition of R, where 
one of these lines intersected the bmodal curve, the amounts of cyclohexane or nitromethane required 
to produce a turbidimetric end-point were calculated. Two calibration curves were then drawn 

W-k 

0.2 0.4 0.6 O-6 CH3N02 

wt. fraction CH,NO, .- 

FIG. 2.-Determination of the amount of titrant required to construct the calibration 
curve for the ternary system benzeneecyclohexane-nitromethane at 40°C. 
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plotting the composition of the ternary at P vs. the amount of cyclohexane or nitromethane required 
to produce turbidity at the corresponding Q. 

Results 

Ten synthetic ternary mixtures were prepared by mixing different amounts of benzene, cyclo- 
hexane and nitromethane and were analysed by this method. The results obtained are compared with 
the actual values in Table III. 

TABLEIII.--COMPARLWN OF THE ACTUAL AND THE ESTIMATED COMPOSITION OF THE 

TERNARY MIXTURE C,HB + CBHiI + CH,NO* 

Sample 
Cyclohexane, % W/W Nitromethane, % w/w 

Present Estimated Present Estimated 
Titrant 

-_ 
1 72.0 71.8 6.3 6.5 Nitromethane 

; 
508 49.9 12.2 12.4 Nitromethane 
39.4 39.1 27.3 26.8 Cyclohexane 

39.6 26.4 Nitromethane 
4 6.0 6.13 79.1 80.6 Cyclohexane 
5 7.8 7.62 58.8 58.9 Cyclohexane 
6 27.6 27.6 45.0 44.7 Cyclohexane 

28.2 45.8 Nitromethane 
7 9.6 9.67 14.4 14,4 Cyclohexane 

10.1 14.8 Nitromethane 
8 34.8 34.9 10.1 10.2 Cyclohexane 

35.3 10.4 Nitromethane 
9 25.4 25.0 24.8 24.4 Cyclohexane 

25.2 25.7 Nitromethane 
10 0.0 0.2 38.5 38.1 Cyclohexane 

0.1 38.3 Nitromethane 

Samples 1 and 2 gave turbidimetric end-points with nitromethane, 4 and 5 with cyclohexane, 3 and 
6 with both and 7-10 with neither. Two sets of each of samples 7-10 were diluted with about the 
same weight (because the position of L and M lies at ho.5 weight-fraction) of nitromethane or 
cyclohexane and the resultant mixtures were titrated with cyclohexane or nitromethane respectively. 
The composition of the turbid solution obtained on titration with nitromethane or cyclohexane for 
all the samples was computed from the calibration curve by determining the amount of titrant 
required to titrate a mixture of O-333 ml of benzene and 1 g of this solution to the turbidimetric 
end-point. The composition of the unknown ternary was then calculated. 

DISCUSSION 

It can be seen from Table III that the agreement between the actual and the deter- 
mined values is satisfactory on the whole. The maximum difference is ~1.5 % when 
cyclohexane is used and ~4% when nitromethane is used as titrant, indicating that 
the latter is a poor titrant for phase titrations. A similar observation was made 
earlier by Rogers and co-workers is for nitromethane. The agreement between the 
actual value and the two sets of determined values for samples 3,6, and 7-10 is good. 

Although the method described above is extremely useful when it is difficult to 
determine any of the components chemically, it is subject to certain limitations. If the 
refractive indices of the two phases produced are nearly the same, an opalescence 
instead of a turbidity will be observed near the end-point. The end-point will be 
invisible if the refractive indices are the same (iso-optic area). In such cases, addition 
of few drops of one of the three pure components to an aliquot of the sample is 

expected to help in locating the end-point. Various other sources of error are in- 
adequate temperature control, evaporation losses during titration, errors involved in 
determining the phase diagram and lack of a sharp end-point in certain cases. 
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Zusammenfassung-Eine auf Phasentitration beruhende Methode xur 
Analyse temlrer Gemische wird beschrieben, die xwei nicht oder nur 
teilweise mischbare Komponenten enthalten. Sie kann such xur 
Ermitthmg von Konnoden dienen. Die Methode wird an ihrer 
Anwendung auf das System Benxol-Cyclohexan-Nitromethan erkltirt. 

R6snn&-On d&it une methode basee sur le titrage de phase pour 
l’analyse de melanges temaires contenant deux constituants mutuel- 
lement non miscibles ou partiellement miscibles. On peut aussi 
l’utiliser pour la dbtermination de lignes de jonction. La methode est 
illustree par son application au systeme consistant en benzene, cyclo- 
hexane et nitromethane. 
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Summary-A method for determining up to 0.15 % of vanadium in 
high-purity niobium and tantalum metals, cast iron, steel, non-ferrous 
alloys and silicates is described. The proposed method is based on the 
extraction of a red vanadium(V)-N-benxoyl-N-phenylhydroxylamine 
complex into chloroform from a sulphuric-hydrofluoric acid medium 
containing excess of ammonium persulphate as oxidant. The molar 
absorptivity of the complex is 428 l.mole-l.mm-l at 475 mn, the 
wavelength of maximum absorption. Interference from chromium(VI) 
and cerium(IV) is eliminated by reduction with iron( Common 
ions, including large amounts of titanium, zirconium, molybdenum 
and tungsten, do not interfere. 

NUMEROUS methods have been reported for the spectrophotometric determination 
of vanadium with N-benzoyl-N-phenylhydroxylamine (NBPHA).‘-‘s In these methods, 
vanadium(V), as a purple 1: 2 complex, is extracted into chloroform from a hydro- 
chloric acid medium. Ryan’ and Priyadarshini and Tandons have stated that extrac- 
tion of vanadium is quantitative under considerably different conditions of acid 
concentration, i.e., from 5-9M and from 2.8-4.3M hydrochloric acid, respectively. 
However, other investigators 6~13 have found that extraction is not quantitative because 
of partial reduction of vanadium in relatively concentrated hydrochloric acid solutions. 
Because similar problems (low and erratic results), associated with the use of hydro- 
chloric acid media, were encountered in this laboratory, an attempt was made to find a 
more suitable medium for extraction. Subsequently, it was established that the purple 
complex can be extracted readily from sulphuric acid (optimum concentration 3-O- 
3*5M)-sodium chloride (0.5>2M) media containing excess of ammonium persulphate 
as oxidant, and that it has a higher molar absorptivity (498 l.mole-l.mm-l at 525 mn) 
than has been reported previously.1-3 

In experiments testing the masking effect of fluoride on ions known to interfere 
with the extraction of the purple complex (e.g., titanium, zirconium),*JaJ4 a change 
in colour of the extract to a reddish hue and a subsequent decrease in the wavelength 
of maximum absorption were observed. These changes were found to be more pro- 
nounced with increasing fluoride concentration and indicated the formation of a 
different complex in the presence of fluoride. Because of the beneficial complexing 
effect of fluoride, it was considered that a method based on extraction of the red 
vanadium complex from a fluoride medium would be more selective than one based 
on extraction of the purple complex from a chloride medium. Consequently, the 
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conditions of formation and extraction of the red complex were investigated in the 
present work. The applicability of this extraction method to the determination of 
small amounts of vanadium in a variety of materials, including high-purity niobium 
and tantalum metals, is demonstrated. 

Apparatus 

EXPERIMENTAL 

Funnels forfiltering extract. Constructed from broken lo-ml pipettes by cutting the bulb in half. 

Reagents 

Standard vanadium solution. Dissolve 0.1785 g of vanadium pentoxide by heating in a 250-ml 
beaker with 40 ml of 12.5M sulnhuric acid and 5 ml of concentrated nitric acid. Bvanorate the 
resulting solution to fumes of suiphur trioxide, cool, and dilute to 500 ml with water. ‘Prepare a 
working solution (1 ml = 25 pg of vanadium) by appropriate dilution of this stock solution. (The 
vanadium pentoxide used was found to be pure by reduction and titration with permanganate.) 

NBPHA solution. Prepare a 0.1% w/v solution-in chloroform and store in a brown bottle. 
Zron(ZZ) ammonium sulphate hexahydrate, 10% solution, w/v. Dissolve 5 g of the reagent in water, 

add 1 ml of 12*5M sulphuric acid and dilute to 50 ml with water. 
Ammonium persulphate, 10 % solution, w/v. 

Prepare fresh as required. 

Sulphuric acid, 12.5M. 
Prepare fresh as required. 

H 
K 

drojkoric acid, 25M. 
C loroform (alcohol-free).s 

Calibration curve 

Add 8 ml of 12.5M sulphuric acid to each of seven 125~ml polypropylene separatory funnels 
(marked at 50 ml); then by burette, add to the last six funnels 1,2, 3,4, 5 and 6 ml, respectively, of 
standard 25 rg/ml vanadium solution. The tirst funnel contains the blank. Add to each funnel 8 ml 
of 25M hydrofluoric acid, 4 ml of 10 % iron(B) ammonium sulphate solution, dilute to approximately 
40 ml with water and mix. Then add 5 ml of 10% ammonium persulphate solution, dilute to the 
50-ml mark with water and mix thoroughly. Add 1Oml of 0.1% NBPHA chloroform solution, 
stopper and shake for 2 min. Allow several min for the layers to separate, then filter the chloroform 
extract throueh a wad of cotton-wool into a drv 25-ml volumetric flask. Re-extract the solution 
three more t&es using, in succession, 5,3 and 3 t&l of NBPHA solution and shaking for 2 min each 
time. Combine these extracts with the first, wash the funnel with a few ml of chloroform and dilute 
to volume with chloroform. Determine the absorbance of each solution against chloroform as the 
reference solution, using 20-mm cells, at a wavelength of 475 nm. Correct the absorbance value 
obtained for each vanadium-NBPHA extract by subtracting that obtained for the blank. Plot pg of 
vanadium vs. absorbance. 

Procedures 

In the following procedures a reagent blank is carried along with the samples. 
Niobium and tantalum metals. Transfer a suitable weight (0.1-05 g) of the powdered metal to a 

250-ml Teflon beaker, add 5 ml of water, 8 ml of 12*5M sulphuric acid solution and 2 ml of hydro- 
fluoric acid and cover the beaker with a Teflon cover. Add 4 ml of concentrated nitric acid, heat 
gently until all of the metal is in solution, then remove the cover and evaporate the solution to fumes 
of sulphur trioxide. After cooling, wash down the sides of the beaker with a small amount of water, 
add 1 ml of hydrofluoric acid and again evaporate to fumes to ensure complete removal of nitric acid. 
Cool, add 5 ml of water, allow to cool to room temperature and then, just before the extraction 
step, add 8 ml of 25M hydrofluoric acid solution (hydrofluoric acid volatilizes from the solution on 
prolonged standing at room temperature). Swirl the beaker to dissolve precipitated hydrates of 
niobium or tantalum, transfer the resulting solution to a 12%ml polypropylene separatory funnel and, 
after the addition of iron(I1) ammonium sulphate and ammonium persulphate solutions, proceed 
with the extraction and determination of vanadium as described above. 

SiIicate rocks. Decompose a suitable weight of sample (O-l-O-5 g) depending on the expected 
vanadium content, by the method described for niobium and tantalum metals, using 5 ml of hydro- 
fluoric acid instead of 2 ml (additional hydrofluoric and nitric acids may be required to obtain 
complete dissolution). After evaporating the resulting solution twice to fumes of sulphur trioxide, 
cool, add 5 ml of water and heat gently (if necessary) to clarify the solution. Add 8 ml of 25M 
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hydrofluoric acid solution (calcium, in large amounts, is insoluble in this acid mixture but this does 
not impair the extraction of vanadium), transfer the resulting solution to a separatory funnel and 
proceed with the extraction and subsequent determination of vanadium. 

Steel, cast iron and non-ferrous alloys (low chromium content). Decompose a O*l-O+g sample 
containing not more than approximately 10 mg of chromium, by the method described for niobium 
and tantalum metals and determine vanadium as described above. With samples of cast iron, remove 
graphitic carbon before the extraction step, by filtering (plastic funnel) the resulting sulphurio 
hydrofluoric acid solution into the separatory funnel. 

Steel and non-ferrous alloys (high chromium content). Transfer a @1-0*5-g sample to a Teflon 
beaker and add 5 ml of water, 5 ml of concentrated perchloric acid, 4 ml of concentrated nitric 
acid, 2 ml of hydrofluoric acid and 5 ml of concentrated hydrochloric acid (if necessary). Cover and 
heat gently until all of the sample is in solution (additional nitric and hydrochloric acids may be 
required to obtain complete dissolution). Remove the cover, wash down the sides of the beaker with 
a small amount of water and evaporate to fumes of perchloric acid. Cool, add approximately 20 ml 
of water (heat, if necessary, to dissolve salts), transfer the solution to a mercury cathode cell and 
dilute to approximately 200 ml with water. Electrolyse the resulting solution for 45 min at approxi- 
mately 10 A, then tilter the electrolyte into a MO-ml Pyrex beaker and evaporate to dryness. Wash 
down the sides of the beaker with a small amount of water, add 8 ml of 12*5M sulphuric acid solution 
and evaporate to fumes of sulphur trioxide. Cool, add 5 ml of water, allow to cool to room tem- 
perature and then transfer the resulting solution to a separatory funnel. Add 8 ml of 25M hydro- 
fluoric acid solution and proceed with the extraction and determination of vanadium. 

RESULTS 

Extraction and spectral characteristics of the red vanadium(V)-NBPHA complex 

Figure 1 shows the difference between the absorption spectrum of the red complex 
extracted from a sulphuric acid-fluoride medium and that of the purple complex 
extracted from a sulphuric acid-chloride medium. The molar absorptivity of the red 
complex is 428 l.mole-l.mm-l at 475 nm, the wavelength of maximum absorption. 

Extraction of the red complex (and also the purple complex) was found to be 
quantitative after four separate batch extractions with 0.1% NBPHA-chloroform 

Wavelength, m-n 

FIG. l.-Absorption spectra of vanadium Or)-NBPHA complexes. (a) Vanadium (V) 
(100 ,ug) extracted from 3*25&f sulphuric acid-l.OM sodium chloride medium. (6) 
Vanadium (V) (100 pg) extracted from 2M sulphuric acid-l*OM potassium fluoride (or 
hydrofluoric acid) medium. Spectra measured against a reagent blank in 20-mm cell. 
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solution when 2-min shaking periods were employed. The extracts were found to be 
stable for at least 24 hr. 

Factors inflt(encing formation and subsequent extraction of the red vanadium complex 

E$ect of oxidant. Potassium permanganate has been employed as oxidant in most 
methods involving the extraction of the purple vanadium(V)-NBPHA complex from a 
hydrochloric acid medium. However, the excess of permanganate must be destroyed 
before the extraction step because this reagent (and other strong oxidizing agents such 
as potassium dichromate and ceric sulphate) presumably oxidizes NBPHA, producing 
a yellow extract. l*s This destruction can be achieved by reduction with sodium nitrite 
and subsequent destruction of the excess of nitrite with urea,l** or (with only a 
small excess) by the addition of the hydrochloric acid needed to maintain the acidity 
required for extracti0n.r 

It has been found in this laboratory, and by other investigators,6J3 that extraction 
of the purple complex under these conditions yields low results because some vanadium 
is reduced in relatively concentrated hydrochloric acid media. In the present work, a 
similar effect (low and erratic results) occurred when potassium permanganate was 
used as oxidant, in initial tests involving the extraction of the purple and red complexes 
respectively from sulphuric acid media containing sodium chloride or potassium 
fluoride. It was considered that this effect could be associated with the absence of 
excess of oxidant; consequently, an attempt was made to find an oxidant which 
could be used in excess, in relatively concentrated sulphuric acid solutions, without 
producing a yellow extract with NBPHA. Ammonium persulphate was found to 
f&ill these conditions and subsequent tests performed in both sulphuric acid-sodium 
chloride and sulphuric acid-potassium fluoride media with an excess of this reagent 
yielded consistent and reproducible results. 

E$ct of sulphuric acid concentration. Although the red vanadium(V)-NBPHA 
complex can be extracted from hydrofluoric acid media alone (O-5-2*5M), extraction 
from sulphuric acid-potassium fluoride (or hydrofluoric acid) solutions was considered 
more suitable for analytical purposes (i.e., for dissolution procedures). Experiments 
showed (Table I) that in the presence of 2M potassium fluoride or hydrofluoric acid, 
the extraction of vanadium (as its red complex) is complete from solutions 1%5M 

TABLEI.-EFPECT OF SULPHURIC ACID CONCENTRATION ON 

THE EXTRACTION OF THE RED VANADIUM COMPLEX 

lHK&l, M 
Absorbance 

lKF1, ~4 lHF1, ~4 

0.5 0.083 0.672 
1.0 0.595 0.677 
1.5 0.667 0.677 
2.0 O-673 0.670 
2.5 0.669 0673 

;:; 0.674 0.674 O-673 0.672 
4.0 0.666 0.679 
4.5 0.676 O-679 
5.0 0.675 0.679 

Vanadium taken, 100 pg. 
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or 0%5M in sulphuric acid, respectively. An intermediate concentration of 2M was 
chosen for subsequent work. 

E$ct offluoride concentration. Tests carried out to determine the effect of fluoride 
concentration on the extraction of the red complex from solutions 2M in sulphuric 
acid showed that extraction is complete from solutions from 0.05 to at least 2M in 
potassium fluoride or 0.05-6.5M in hydrofluoric acid. Because potassium fluoride, in 
high concentrations, is insoluble in 2M sulphuric acid media and because tantalum 
forms an insoluble complex (potassium fluorotantalate) with this reagent, hydrofluoric 
acid was used in the proposed method. A concentration of 4M was found to be ade- 
quate for both extraction and masking purposes. 

E#ect of diverse ions 

Recently, Vita et al. l3 have shown that, depending on acidity, various ions 
[titanium(N), zirconium(W), hafnium(IV), niobium(V), tantalum(V), chromium(M), 
molybdenum(W), tungsten(VI), technetium(W), tin(W), antimony(II1) and anti- 
mony(V)] are completely or partially extracted (> 50 %) with an NBPHA-chloroform 
solution from hydrochloric acid media; other ions [manganese(II), iron(III), 
cobalt(II) and nickel(U)] are only slightly extracted (< 15 %). According to Shen- 
drikar,l’ titanium, zirconium, molybdenum and tungsten are the principal interferents 
in the determination of vanadium by extraction of its purple NBPHA complex from 
a hydrochloric acid medium. However, other ions mentioned above (niobium, 
tantalum, tin, manganese and chromium) have been found to interfere also.1-3 In the 
present work, involving extraction of vanadium from 2M sulphuric-4M hydro- 
fluoric acid media, tests were carried out with lO-mg amounts of all of the ions 
mentioned above (except hafnium and technetium) and various other ions [copper 
cadmium(II), zinc(II), arsenic(V), bismuth(II1) and cerium(IV)]. The results of these 
tests showed that none of the ions tested, except chromium and cerium, interfered in 
the extraction and subsequent determination of vanadium. Additional tests performed 
with 500-mg amounts of niobium, tantalum, molybdenum, tungsten, titanium and 
zirconium showed that only molybdenum and tungsten interfered at this level by 
inhibiting the extraction of vanadium. However, up to 50 mg of these ions (present 
separately) do not interfere in the proposed method, and up to 100 mg can be tolerated 
if five batch extractions are performed. In these tests (and some of the previous 
tests) changes in the absorption spectra, detected between 340 and 425 nm, of extracts 
from niobium, tantalum, molybdenum and tungsten solutions suggested that some 
co-extraction of these ions occurs. Analysis (approximate) of the extracts confirmed 
this and showed that the amounts co-extracted, at the 500-mg level, did not exceed 
approximately 3 mg. 

Interference from chromate and ceric ions is avoided in the proposed method by 
reduction of these ions to the tervalent state with iron(II).l Vanadium is also reduced 
by this reagent but is subsequently re-oxidized to the quinquevalent state with ammon- 
ium persulphate; chromium(II1) and cerium(III) are not m-oxidized under these 
conditions (except possibly when silver is present). 

Applications 

The proposed method was applied to the analysis of a series of synthetic niobium 
and tantalum samples in which the added vanadium was varied from 0.001 to O-10 %. 
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TABLE II.--RECOVERYO~'VANADIIJMBYTHRPROPOSEDMETHODFROM 
SYNTHETIC NIOBIUM AND TANTALUM SAhiPLEs 

Matrix 

Nb 

Ta 

Total V present, % V found, % 

0*0014 0*0014 
00054 0.0055 
0~0104 0.0106 
0.0254 0.0257 
0.0504 0.0510 
0.1004 0.1022 
0~0010 O*OOlO 
0*0050 0.0051 
0~0100 0~0100 
0.0250 0.0251 
0*0500 0.0502 
O*lOOO 0*1003 

Duplicate determinations of vanadium in the Nb and Ta metals 
by the proposed method gave average results of 0.0004% and none 
detected, respectively. 

TABLE III.-DETERMINATION OF VANADIUM IN N.B.S. STEEL, CAST IRON AND NON-FERROUS 
ALLOY SAMPLES 

6F Cast iron 0.4 Cr, 0.1 Ti, @5 Mn 
19G Acid open-hearth steel 0.4 Cr, 0.6 Mn 
30E Chromium-vanadium steel 0.9 Cr, 0.8 Mn 
32E Nickel-chromium steel 0.7 Cr, 1.2 Ni, 0.8 Mn 
36A Chromium-molybdenum steel 2.4 Cr, 0.9 MO, 0.4 Mn 

85B Ahuninium alloy 0.2 Cr, 4.0 Cu, 1.5 Mg, 
0.6 Mn 

87A Silicon-aluminium ahoy 
1OOA Manganese steel 
1OlE Chromium-nickel steel 

6.2 Si, 0.2 Ti, O-1 Cr 
1.7 Mn 

18.0 Cr, 9.5 Ni, 1.8 Mn 

106B Chromium-molybdenum- 
aluminium-steel 

111A Nickel-molybdenum steel 

1.2 Cr, 0.2 MO, 1.1 Al, 
0.5 Mn 
1.7 Ni, 0.2 MO, 0.2 Cr, 
0.7 Mn 

133 Chromium-molybdenum steel 
139 Chromium-nickel- 

molybdenum steel 
155 Chromium-tungsten steel 
159 Chromium-molybdenum- 

silver steel 
16OA Chromium-nickel- 

molybdenum steel 
161 Nickel-chromium 

casting alloy 

13.6 Cr, 0.6 MO, 0.8 Mn 
0.5 Cr, 0.6 Ni, 0.2 MO, 
0.9 Mn 
0.5 Cr, O-5 W, 1.2 Mn 
1-O Cr, 0.4 MO, @l Ag, 
0.8 Mn 

18.8 Cr, 14.1 Ni, 2.8 MO, 
1.6 Mn 

64.3 Ni, 16.9 Cr, 15.0 Fe, 
0.5 Co, 1.3 Mn 

Nominal composition, 
% 

Certified value and 
range y0 V 

0.032 (0.027-0.038) 
0.012 
0.149 (0.146-0.152) 
0.002 (0+01-0*004) 
O+IO6 (0~005-0+07) 

@006 

to.01 
0.003 
0.043 (0~038--0.045) 

0.003 (0002~005) 

0.002 

0.020 (0*014-0~025) 0.018* 
0002 0.0016 

0.014 (0~01@-0022) 
0.054 (0+46-0.06) 

0.052 

0.012 
0.053 

0.0502 

0.029 (0.023-0.034) 0.029* 

V found, 
% 

0.031 
0.012 
0.146 
oXtO 
0+041, 
00040* 
O-0069 

0.0080 
0*0019 
0.039*, 
0*039* 
0+030 

ow20 

* Mercury cathode separation of chromium. 
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The standard vanadium solution was added directly to the powdered metal samples. 
It was also applied to cast iron, steel, non-ferrous alloys and standard silicate rocks. 
The chemical compositions of six of these rocks (G-2-BCR-I), which were obtained 
from the United States Geological Survey, have not been fully established. The 
results of these analyses are given in Tables II, III and IV. 

TABLE IV.-DETERMINATION OF VAN.~IIJM IN U.S.G.S. STANDARD SLICATE ROCKS 

Sample 
vanadium, ppm 
Average value Average value 

Reported value and rans (Peck:) (Suhr$) This work 

G-l (granite) 
W-l (diabase) 
G-2 (granite) 
GSP-1 (granodiorite) 
AGV-1 (andesite) 
PCC-1 (peridotite) 
DTS-1 (dunite) 
BCR-1 (basalt) 

16 (l&21)+ 
y ii==;)* 

52 (38-67)t 
121 (70-171)t 
31.2 (21-55)t 
18.9 (6-52)t 

384 (120-7OO)‘f 

15 f 1 - 
276 f 7 - 

35 39 
1;: 125 53 

29 28 
11 

426 

16.0 
272,274 
35.5, 35.5 
52.5, 52.5 
121, 122 
22.0, 23.0 
6.0. 6.5 
420,424 

l Fleischer.l* 
t Flanagan.16 
$ Average values (spectrophotometric) by L. C. Peck (U.S. Geological Survey, Denver, Colorado 

reported by Fleischer and Flanagan. 
8 Average values (optical spectrography) by N. H. Suhr (Pennsylvania State University, Univer- 

sity Park, Pennsylvania) reported by Flanagan. 

DISCUSSION 

Table II shows that the results obtained for the synthetic niobium and tantalum 
samples agree favourably with the total calculated amount present. The results 
obtained (Table III) for National Bureau of Standards samples of cast iron, aluminium 
and nickel-chromium alloys and different types of steel are in excellent agreement with 
certificate values. Although not all of the results obtained (Table IV) for the silicate 
rocks agree with the values reported by Fleischer15 and Flanagan,ls they are in reason- 
ably good agreement with all of the average results obtained by Peck and Suhr. 
Flanagan’s values for samples G-2-BCR-1 are the result of the fhst compilation of data 
on these rocks and represent the arithmetic mean (of approximately 17-22 values) of 
widely varying values obtained by different investigators using various methods 
(optical spectrography, X-ray fluorescence, spectrophotometry). Because of the 
distribution of these data either above or below Flanagan’s reported values, his 
arithmetic mean values for PCC-1 and DTS-1 may be high, while that for BCR-1 may 
be low. For example, for DTS-1, 15 results out of 20 are in the range <5-18.9 ppm 
(mean value), while 10 out of 20 are 11 ppm and lower. Similarly, for PCC-1, 14 
results out of 20 are in the range 20-31.2 ppm (mean value). Conversely, for BCR-1, 
14 results out of 22 are 384 ppm and higher. 

Recently, Draii&AntonijeviC et al. I7 have suggested that the purple complex 
extracted from relatively concentrated hydrochloric acid media is a vanadium(V)- 
NBPHA complex with one co-ordinated chloride ion. Montequil* and Majumdar et 
al.19 have also isolated thecompounds [(C&,H,,O,N),VO,H.HCl]andVO(NBPHA),Cl, 
respectively. Consequently, it is reasonable to assume that the red complex 
extracted from fluoride media is a corresponding vanadium(V)-NBPHA-fluoride 
complex. The differences in the absorption spectra, i.e., absorption maxima and molar 
absorptivities, of the two complexes (Fig. 1) indicate strongly that chloride and fluoride 
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ions react in these systems by co-ordination, not by ion-association. It is probable 
that vanadium forms similar red fluoro-complexes with other substituted hydrox- 
ylamines because the purple complexes, extracted from hydrochloric acid media 
with chloroform solutions of these reagents, appear to resemble the vanadium- 
NBPHA-chloride complex; their absorption maxima and molar absorptivities do not 
differ very greatly.r+es 

In the initial work involving the extraction of the purple vanadium(V)-NBPHA 
complex from sulphuric acid-sodium chloride media, extractions were carried out at 
about 5-15” because it was observed that ammonium persulphate oxidizes chloride 
ion to chlorine at room temperature. A similar effect cannot occur with fluoride. 

In the proposed method, the amount of iron used is sufficient to reduce approxi- 
mately 10 mg of chromium(VI). A mercury cathode separation in perchloric acid 
medium is recommended for samples containing larger amounts of chromium, because 
of the insolubility of chromium(I1) salts in sulphuric acid alone and in the sulphurio 
hydrofluoric acid medium used for extraction. 

The method for niobium and tantalum metals is suitable, without modification, 
for the determination of small amounts of vanadium in titanium and zirconium 
metals. It has been employed to determine trace amounts of vanadium in cobalt and 
nickel arsenides, but, to obtain complete extraction, it was found necessary to in- 
crease the concentration of ammonium persulphate. It can also be applied to molyb- 
denum and tungsten metals, if not more than 100 mg of sample are taken and five 
batch extractions are performed. Tungsten forms the insoluble hydrated trioxide 
when the recommended dissolution procedure is employed. However, satisfactory 
solutions can be prepared by using less sulphuric acid and evaporating to near dryness, 
followed by dissolution of the tungsten trioxide residue in potassium hydroxide solution 
and addition of the requisite amounts of sulphuric (including that required to neutralize 
the excess of potassium hydroxide) and hydrofluoric acids. 

Priyadarshini and Tandon state that the colour system resulting from the extraction 
of the purple vanadium(V)-NBPHA complex from hydrochloric acid media obeys 
Beer’s law between the limits of O-7 and at least 12 ppm of vanadium (17.5-300 ,ug; 
25-ml volume; IO-mm cells). In the present method Beer’s law is obeyed for l-150 
rug of vanadium and the calibration curve passes through the origin. Larger amounts 
were not tested because of the high absorbance of the extract when 20-mm cells are 
used for measurement. Although the proposed method is slightly less sensitive than 
methods involving extraction of the purple complex, it is considerably more selective 
and reasonably specific as far as common ions are concerned. 

The method presented in this paper is suitable for samples containing up to O-15 % 
of vanadium, but material containing larger amounts can also be analysed if smaller 
samples or suitable aliquots (with the exception of niobium and tantalum metals) of a 
sulphuric acid solution of the sample are taken. 

Acknowledgements-The author expresses sincere appreciation to G. H. Faye for his critical review of 
this manuscript and to the following members of the Mines Branch staff for performing the analyses 
for diverse ions: H. H. Bart, R. S. Kobus, R. H. Donahoe and R. A. For-tin. 

Zusammenfassuag-Ein Verfahren xur Bestimmung von bis xu 0,15 % 
Vanadium in hochreinem metallischem Niob und Tantal, Gubeisen, 
Stahl, Nichteisenlegierungen und Silikaten wird beschrieben. Es beruht 
auf der Extraktion eines roten Komplexes von Vanadium(V) mit 



Determination of vanadium in refractory metals 591 

N-Benzoyl-N-phenylhydroxylamin in Chloroform aus einem schwefel- 
und fluhsauren Medium, das tiberschiissiges Ammonpersulfat als 
Oxidationsmittel enthiilt. Der molare Extinktionskoefhzient des 
Komplexes betrlgt bei 475 nm, dem Absorptionsmaximum, 
428 1 mol-1 111111-l. Die Stiirung durch Chrom(VI) und Cer(IV) wird 
durch Red&ion mit Eisen(II) beseitigt. H&utig vorkommende Ionen, 
such groI3e Mengen Titan, Zirkonium, Molybdan und Wolfram storen 
nicht. 

R&sum&On decrit une m&ode pour doser jusqu’a 0,15 per cent de 
vanadium dans les niobium et tantale mbtalliques de haute purete, la 
fonte, l’acier, des alliages non ferreux et des silicates. La methode 
propos6e est basQ sur l’extraction d’un complexe rouge vanadium(V)- 
N-benzoyl N-phen 
sulfuriqusacide 1 

lhydroxylamine en chloroforme d’un milieu acide 
uorhydrique contenant un ex& de persulfate 

d’ammonium comme oxydant. Le coefficient d’absorption mol&l- 
aire du complexe est 428 Lmole-‘mm-1 a 475 run, la longueur d’onde 
du maximum d’absotption. On elimine l’interf&ence du chrome(VI) et 
du &ium(IV) par reduction au fer(II). I_es ions communs, y compris 
de grandes quantitbs de titane, zirconium, molybdene et tungstene ne 
genent pas. 
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Summary---A method for calculatiug the relative sensitivity factors 
for the rare earth elements in geological material is outlined. A close 
correlation is found between the relative sensitivity factors calculated 
and isotopic mass and the first ionization potential for the elements. 
The points are grouped in the vicinity of a regression line, which may 
he used to determine the relative sensitivity factors for all the rare 
earth elements. 

THE SENSITIVITY factors of rare earth elements relative to rhenium given by Nicholls 
et ~1.~ vary between 14.0 and 28.0. The variation of these relative sensitivity factors 

has no straightforward relation to mass number. 
In the present work the relative sensitivity factors of the rare earth elements were 

studied in more detail in two standard rocks, W-l and ASK Larvikite, and two 
quaternary clays from Aserum and Rsdberg, Norway. The rare earth concentrations 
were also determined by neutron-activation analysis.8b The relative sensitivity 
factors for the lanthanide elements and yttrium are calculated on the basis of mass 
spectrometric and neutron-activation analysis. 

EXPERIMENTAL 

The mass spectrometer was a GEC/AEI MS 702 fitted with Norheck sample holders. The 
powdered samples were mixed with equal amounts of Riugsdortfwerke RWO graphite, pressed, and 
the electrodes evacuated to <I pbar. Working pressures in the analyzer region and in the source 
region were 53 pbar and 5.9 nbar respectively. The exposure conditions have been described by 
Taylor.’ The data used were similar to those applied by Nicholls et al.* The densities of each line 
were measured by a modified Joyce-Loebl recording microdensitometer. 

Rheuium s&i&s the criteria for an internal standard element listed by Taylor” and Nicholls 
er aLa A solution of rhenium (Johnson Matthey “Speopure” potassium perrhenate) was added to the 
powdered sample at ppm level. This method is satisfactory for the finegrained clay samples, though 
generally not for powdered rook samples. 

RESULTS 

The rare earth concentrations in W-l, ASK Larvikite, Aserum and Rsdberg clay, 
determined by neutron-activation analysis, arc listed in Table I. The data for W-l and 
ASK Larvikite represent average values (La, Ce, Nd, Sm, Eu, Tb and Lu) of 10 and 6 
replicate analyses respectively and (Gd, Dy, Ho and Tm) of 4 replicate analyses. The 
relative standard deviations for the concentrations of Nd, Tb, Ho, Yb and Lu are 
lO-30% and are larger for Gd. The data for &serum clay represent one analysis 
while the data for Rardberg clay represent the mean of two analyses. Duplicate 
analyses agreed within 10 % for La, Ce, Sm and Eu and within 15 % for Nd, Gd and 
Tb. 

l Contribution to the Numedal project1 
593 
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TABLE I.--CONCENTRATIONS @pm) OF RARE EARTH ELEMENTS IN W-l, ASK L~~vrtcrrx, A~ERUM 
AND RODBERG CLAYS 

Ionization 
ASK Aserum 

W-l’ Larvikite& 
Rodberg 

Isotopic 
Isotope abundance’, 

clays clay’ used6 % 
energy’ 

eV 

Y 248 40 89 100 6.38 
La 10.9 120 53 97 139 99.91 5.61 
Ce 27.4 229 143 190 140 88.48 560 
Nd 16.4 70 

1818 
18.1 143 12.17 5.51 

Sm 3.36 13.1 9.4 149 13.83 560 
Eu 1.1 5.5 144 1.75 153 52.18 
Gd 4.3 15 11 8.4 158 24.87 6.16 
Tb 0.7 1i.z 144 0.93 159 100 5.98 
Dy 4.4 7.0 161 18.88 6.8 
Ho 1.0 2.7 1.48 165 100 
Er 4.1 166 33.41 6.08 
Tm 0.7 0.97 0.56 169 100 
Yb 2.4 4.13 4.0 174 31.84 6.2 
Lu 0.4 060 0.6 175 97.41 
Re 187 62.93 7.87 

The literature data for the ionization energies for the rare earth elements vary. 
The relative sensitivity factors were determined from equation (1): 

Ca = content of element E in electrode analysed (in ppm). 
Cs = content of a second element S, the internal standard element (in ppm). 

Exp~ = exposure (in ncb) required to give a line of chosen density for a chosen isotope of 
element S on a photographic plate. 

Exp~ = exposure in the same units required to give a line of the same chosen density for a 
chosen isotope of element E on the same photographic plate. 

Is = isotopic abundance of the chosen isotope of S. 
Zn = isotopic abundance of the chosen isotope of E. 
R = the relative sensitivity factor, introduced as a measure of sensitivity of total recording 

procedure for line of element E used compared with sensitivity for line of element S 
used. 

In Table II the calculated R-factors are tabulated together with the data obtained 
by Nicholls ef al. 2 The R-factors for Eu are remarkably high. Interference with laEu 
results from 13’BaO+ with mass 153. 

Multiple carbon atoms interfere at line 169 and make it impossible to determine RTm 
by this method. The neutron-activation results for the Gd content in the standard 
rocks show great variations. R-factors based on these values were not calculated. 
The intensities of the mass spectral lines for Lu were too weak to give reliable cali- 
bration curves for this element. 

When the relative sensitivity factors calculated are plotted us. isotopic mass and US. 
the first ionization potential the points are grouped near a regression line, as illustrated 
in Figs. 1 and 2. The data for W-l and Aserum clay are the most complete. The 
values for europium are not incorporated in the calculations. 

The regression lines were calculated by least-squares, and a close correlation was 
found in both cases, as shown in Table III. 
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TAEZE IL-THE RELATWE SENSITIVITY FACTORS FOR THE RARE EARTH ELEMENTS 

Obtained by 
ASK Aserum RBdberg Nicholls 

W-l Larvikite clay clay et al.’ 

RT 8.7 7.0 14.0 

RL. 10.4 8.5 9.2 8.2 18-O 

Roe 7.6 9.0 7.7 8.1 

RNd 10.5 10.4 11.7 24.1 

Rsm 10.2 10.1 a.3 9.7 

REU 24.4 25.0 16.2 10.5 28.0 

&a 7.9 8.5 26-4 

&b 10.5 7.7 6-2 7.6 15.5 

RW 7.1 3-o 8.2 22.6 

RR0 4.8 3.5 4.4 15.5 

RICK 6.0 14.0 

&?b 6.2 4.7 5.25 
R Lll 16.4 

R Be 1.0 1.0 1.0 1.0 1.0 

Isotopic moss 

FIG. I.-Variation’of sensitivity factor with isotopic mass. 

- *W-l 
--- 0 &serum cloy 

Ionizotion energy 

FIG. 2.-Variation of sensitivity factor with ionization energy. 
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TABLE III.-THE REORESSION LINES Y = AX -I- B 

A 
Std. devn. Std. devn. Correlation 

B OfX of Y coefficient 

W-l 1 -414 188.9 4.1 x 10-Q 97.96 -0.8247 
2 -3.54 29.9 -1.2 x 10-e 2.44 -0~8818 

Aserum 1 -5.05 192.5 0 53.93 -0.8834 

clay 2 -2.91 24~9 0 2.35 -0.8097 

1. For the relative sensitivity factor us. isotopic mass. 
2. For relative sensitivity factor us. ionization energy. 

The relative sensitivity factors for all the lanthanide elements are determined 
from the regression line provided that the R-factors are on this line. 

Correction for interference of =‘BaO+ with f53Eu is made by using the intensity of 
line 154, which results from ls4Sm, lS4Gd and lssBaO+, combined with the isotopic 
abundan~s of the Ba, Sm and Gd isotopes.’ 

If the intensities of lines 153 and 154 were caused by monoisotopic elements, the 
concentrations of these elements in the sample, C,, and Cre4, would be: 

and 

EXPS c,,, = cfj x - 
1 

CPIM 
A+ 

x 100 R,,, 

where R,,, and R,,, are the relative sensitivity factors for isotopes with masses 153 and 
154. The R-factors are taken from the regression line. The intensity of line 153 
results from ls’BaO+ and 15eEu: 

&I = CW*so+ + &axu x (52.18/100) (4) 

and the intensity of line 154 results from Sm and Gd in addition to barium oxide: 

c,, = clssBaOf + cl+, x (22.71/100) + ci%& x (215/100) (5) 

The amount of interfering 19’BaO+ is calculated by using the isotopic abundance of Ba 
and the amount of lWBaOf [which is calculated from equation (5)]: 

c lavBa,,+ = %sBao+ x (11*32177*66) (6) 

The equations are combined in an expression for the europium concentration, c&a: 

&I = W1,s - [C,, - (C,, x 22.71 + Coa x 2*15)/100] x 11*32/77.60} 

x lOO/52-18 (7) 

To get better evidence for the relation between the relative sensitivity factors and 
isotopic mass, the polyisotopic lanthanides were studied. Solutions of Sm, Dy and 
Gd, were added to graphite, dried and analysed. The relative sensitivity factors 
calculated for the different isotopes of a particular element decreased as the isotopic 
mass increased. 
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DISCUSSION 

Yttrium is chemically similar to the lanthanide elements. The calculated sensitivity 
factor for yttrium is near those for dysprosium and hohnium. This indicates that the 
sensitivity factors are not primarily a function of isotopic mass. Either the ionization 
energy, or the ionization potential, is the dominating factor. However, the literature 
values for the ionisation energies of the lanthanides are unreliable. The dependence 
on ionization potential has been mentioned by Taylor.6 Elements with low ionization 
potentials give the highest sensitivity while elements with high ionization potentials 
give poorer sensitivity. The ionization energies increase from lanthanum to lutetium. 

The Saha-Langmuir equation in its modified form, when the ionization potential 
of the evaporating atoms exceeds the maximum electronic work function of the poly- 
crystalline surface, gives the total positive ion current I+ from the surface as9 

where 
I+ = eA* exp (e/kZ”)(+* + ry - I) 

A = Ano 2 F, exp GWXh - #J*) 

where e is the charge of the electron; A is a constant which includes the statistical 
weights, the reflection coefficients of the ions and neutral atoms and the transmission 
constant of the lens system of the ion source; n,, is the number of neutral particles 
incident per ems of the n-th fraction of the surface of area I;, and work function C& 
per set; c$* is the effective work function of the surface, its value lying between the 
maximum and minimum values of work function of the polycrystalline surface; k is 
the Boltzmann constant; T is the absolute temperature of the surface; I is the ioni- 
zation potential of evaporating atoms and p is a function of the electric field strength 
at the surface. 

From the constant A in the Saha-Langmuir equation it is evident that the ionization 
potential of an isotope is a function of its mass. Most of the parameters in the 
equation are unknown variables. Until these factors are known it is impossible to 
determine the ionization potentials with the desired accuracy. When the ionization 
energies are accurately determined they can be used to calculate the relative sensitivity 
factors for trace elements. 

Acknowledgements-Thanks are due to Dr. Olav H. J. Christie for his kind interest, his valuable advice 
and proposals and for reading the manuscript. 
qvist. 

I am also greatly indebted to Professor I. Th. Rosen- 

Zusammenfassung-Eine Methode zur Berechnung der relativen 
Empfindlichkeitsfaktoren der seltenen Erdelemente in geologischem 
Material wird skizziert. Es wird eine enge Beziehung zwischen den 
berechneten Empfindlichkeitsfaktoren und der Nuklidmasse und dem 
ersten Ionisationspotential der Elemente gefunden. Die Punkte 
gruppieren sich in der N&he einer Regressionslinie, die zur Ermitthmg 
der relativen Emptindlichkeitsfaktoren aller seltenen Erdelemente 
dienen kann. 

ResurnLOn indique une methode pour calculer les facteurs de 
sensibilite relatifs pour les elements des terres rams dans des mat&es 
geologiques. On trouve une relation etroite entre les facteurs de 
sensibilite relatifs calcules et la masse isotopique et le premier potentiel 
d’ionisation pour les elements. Ies points sont group& au voisinage 
d’une ligne de regression, que l’on peut utiliser pour determiner les 
facteurs de sensibilite relatifs pour tous les elements des terres rares. 
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Summary-Fluorides are determined by the back-titration of excess 
of samarium with EDTA to the canary yellow end-point of Methvl- 
thymol Blue. The fluoride is precipitaied and digesied in a solution 
buffered at DH 2-5-3.0 with monochloroacetate buffer. After diaestion. 
the pH is adjusted to 56-5.8 with pyridine and the excess of s&arium 
is back-titrated in the presence of the precipitate, for samples with 
small quantities of fluoride. The procedure was used to analyse simple 
fluorides, fluoroborates and some other fluoro-complexes. 

THE NEED to determine the total fluoride in fluoride-fluoroborate mixtures ranging 
from moderately concentrated to very dilute solutions required study of the system. 
Unsatisfactory analytical results were obtained with different procedures such as the 
titration with thorium nitrate,l the pyrolytic-cerium technique,2 the Winter and Willard 
distillation method,s and the gravimetric lanthanum fluoride method* because of boron 
complex interference. In addition, in the pyrolytic-cerium technique,2 the end-point 
colour change for the arsenazo-Cresol Red indicator, from pale red to yellow-orange, 
was quite inconclusive. Precipitation of the fluoride as calcium fluoride was not used, 
because of the gelatinous nature of the precipitate and difficulties previously ex- 
perienced with filtering. 

It was found possible to precipitate relatively small quantities of the very insoluble 
samarium fluoride as a granular easily filterable precipitate. Larger quantities of 
fluoride produced the expected gelatinous precipitate5 unless precipitated carefully 
and digested for periods of one or more hours. This precipitate was found to be 
essentially insoluble in low concentrations of EDTA. A back-titration procedure for 
small quantities of total fluoride was therefore developed; the fluoride is precipitated 
as samarium fluoride (SmF& and the excess of samarium ion is titrated with EDTA by 
using Methylthymol Blue as the indicator. The back-titration is performed in the 
presence of the precipitate unless the latter is large. Fluoroborates and fluorosilicates 
are analysed in the same manner. For fluorostannates, thioglycollic acid was used to 
complex the tin. 

EXPERIMENTAL 
Reagents 

EDTA solution, O*OlOikf. Standardized against standard yttrium solution. 
Methylthymol Blue indicator solution, 0.05 % w/v. 
Yttrium stock solution, lO+lO mg/mI. Dissolve 2.5398 g of yttrium oxide (YrOs, 99.9999% pure, 

ignited to constant weight) in 35 ml of hydrochloric acid (1 + 1) and dilute to 200 ml. For standard 
working solution, O-500 mg/ml, dilute 10.00 ml of the stock solution to 200.0 ml with 1M hydro- 
chloric acid. 

Samarium chloride stock solution. Dissolve approximately 10.5 g of samarium trichloride in 0.1 M 
hydrochloric acid and dilute to 250 ml with the same acid; 1 ml is equivalent to about 6 mg of fluoride. 
For lower amounts of fluoride, dilute the stock solution 20-fold with 0.2M hydrochloric acid. 
Standardize these solutions against the standard EDTA solution. Samarium oxide, ignited, and 
then dissolved in hydrochloric acid (1 + I), can be used in place of the Y,O, and SmCl,. 

Pyridine solution, 50% v/v. Prepared from analytical-grade pyridine and demineralized water. 
MonochIoroacetate buffer. Dissolve 47.2 g of monochloroacetic acid and 10 g of sodium hydroxide 

4 599 
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in water and dilute to nearly 500 ml. 
solid acid or alkali, as needed. 

If the pH is not between 2.5 and 3.0, adjust with a little of the 

Semimicro burettes, 5 and 10 ml, were used; stainless steel No. 24 hypodermic needles were used 
as tips for the EDTA titration. Platinum tips were used for measuring the acidic samarium solutions. 

Samples analysed by this procedure were received in solution, or as solids which dissolved in 
water or dilute hydrochloric acid. 

To the dissolved sample or an aliquot, slowly add an excess of standard samarium chloride 
solution, appro~~ly 1.5-2 times the expected stoichio~~ic amount. Adjust the pH to 25-3.0 
with @2M hydrochloric acid or 4M ammonia. Should the solution be strongly acidic, dilute 
sodium hydroxide solution may be used in the initial phase of the pH adjustment. Add 10 ml of the 
mon~hloroa~tic buffer. Digest on a sand-bath at appro~~tely 90” for 30 min or more, then cool 
to room temperature. The time for digestion will depend on the amount of precipitate. Adjust the 
pH to 56-5.8 with the pyridine solution, added dropwise as the desired pH is approached. Pyridine 
is used since rare earth fluo~des are slightly soluble in ~onium salt solutions. Add 1 ml of 
Methylthymol Blue indicator and back-titrate the excess of samarium with standard EDTA solution 
to the yellow end-point colour. 

Filtering is not n ecessary for samples ~n~i~ng low quantities of fluoride; the back-ovation is 
carried out in the presence of the precipitate. The precipitate from larger samples interferes with the 
visibility of the end-point colour change. Samples containing 20 mg or more fluoride should be 
diluted to a specific volume and aliquots taken for the precipitation and subsequent titration. Alter- 
natively, all the fluoride can be precipitated, and digested, then the precipitate be permitted to settle 
after diluting to volume; after this aliquots of the clear solution are taken for the back-titration. 

Indicator 
RESULTS AND DlSGUSSION 

For the samarium-EDTA titration, Methylthymol Blue yields a sharp cotour 
change from blue to canary yellow at the end point. Two or three drops (1 drop = 
@Ol ml) of O.OlM EDTA produces the colour change. This end-point is far superior 
to that for indicators such as arsenazo-Cresol Red or Eriochrome Black T. In the 
presence of the samarium fluoride precipitate, a short warning of the approaching 
end-point is indicated by a colour change from blue to gray, which is followed by the 
yellow. About two drops of O*OlM titrant are needed for each change in colour. 
When O.lM EDTA is used, the intermediate gray is not observed. The curve for 
spectrophotometric titration with samarium fluoride present did not indicate the 
change to gray; apparently this change is due to t&e light-s~ttering effect of the 
precipitate. 

The sp~~ophotometric titration showed sharp deflections in the titration curves 
for 0.1 and O.OlM EDTA but a gradual change for the titration with @OOlM EDTA. 
The last is not satisfactory for visual titrations because the end-point is not well 
defined. 

Traces of iron interfere with the titration, giving a change from blue to a reddish 
colour. The iron forms a more stable complex with the indicator than with EDTA. 

Range and reproducibility 

Visual titrations were carried out in the range from 1 to 6 mg of fluoride from sodium 
fluoride and sodium fluoroborate. Various mixtures totalling from 3 to 4 mg of 
fluoride were also titrated. At the I-mg fluoride level, based on 14 samples, the 
standard deviation was approximately 16yg and the average relative error was 
-3-O %. At the 2,4 and 6-mg quantities, based on 12 samples, the standard deviations 
and relative errors were approximately 17, 7 and 9 pug, and -9-O%, -O*l, %, and 
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-0.1, %, respectively. For 20 mixed samples the standard deviation was 9 ,ug and the 
relative error was -0.3, %. The individual results for this sample range are shown in 
Table I. Results for quantities in the range of 100-200 mg of fluoride are given later, 
in Table IV. 

TABLE I.-RANGE AND RRPRODUCIRILITY+ 

Number of 
titrations 

Sample, mg F, 
taken as 

NaF NaBF, Total 

6 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

0.994, 
1.989 
3,978 
5.967 
0.994, 
1,989 
3.978 
5.967 

0.9946 
1.989 
1,989 
2.984 
0.994, 

0.929, 
1.859 
3.719 
5.578 
1.859 2.854 
1.859 3.848 
0.929, 2.919 
0.929, 3.914 
2.790 3.785 

Time of 
digestion, F found, 

min mg 

30 0.958 
ix 3.970 1.959 

30 5.950 
60 0.969 
60 0.976 

z 3.974 5.982 

:: 0.904 1.849 
30 3.714 
30 5.556 
30 2.838 
:o” 2901 3.866 

30 3.898 
30 3.764 

Relative 
error, 

% 

-3.6 
-1.5 
-0.2 
-0.3 
-2.5 
-0.7 
-0.1 
+0.3 
-2.9 
-0.5 
-@I 
-0.3 
-0.6 
+0.5 
-0.6 
-0.4 
-0.6 

Std. 
devn., px 

34 
13 

7 
14 

5 
16 

8 
6 

2; 
7 
9 
8 
7 
6 

12 
11 

* O.OlM EDTA, visual titrations. 

The results for sodium fluoroborate and various ratios of sodium fluoride and 
sodium fluoroborate indicate that the precipitation of samarium trifluoride quantit- 
atively breaks up the fluoroborate complex. 

It is to be noted that the relative errors are generally negative. Since the EDTA was 
standardized directly against yttrium oxide this indicates that the negative values are 
due to slight solubility of the precipitate (assuming titration to the correct end-point). 
In some experiments in which the samples were permitted to stand after titration, the 
blue colour would begin to return in a half-hour or so, indicating some solubility of 
the precipitate in the slight excess of EDTA. Indirect standardization of the EDTA 
against l-2 mg of fluoride, precipitated as samarium fluoride, would reduce the 
relative error in this concentration range. 

Digestion time 
A 30minute digestion was used in obtaining most of the results included in the 

tables. In a brief study to determine the effect of time on completeness of precipita- 
tion and crystal growth with sodium fluoride and sodium fluoroborate, the difference 
for 30- and 60-min digestion periods was found to be insignificant. However, for some 
of the more stable complexes and precipitates, or larger samples, long digestion times 
were necessary. 

Delayed back-titration 
Samarium fluoride, precipitated from sodium fluoride samples, after digestion was 

left remaining in the buffered solution at pH 25-3-O for O-20 hr before titration. 
There was no significant change in the relative errors. 
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E#ect of pH 

A pH range of 25-3-O was found satisfactory for the precipitation of samarium 
fluoride from the solution containing fluorides and fluoro-complexes. There was 
little variation in error with pH changes from 25 to 35 for sodium fluoride, but the 
error is relatively large at pH 3.5 for the fluoroborate, Table II. The rapidly increasing 

TABLE IL.-EFFECT OF pH ON PRECIPITATION OF SmF, 

PH6 

1.75 
2.00 
2-25 
2.50 
2.75 
3.00 
3.25 
3.50 
4.00 
4.50 
5.00 
5.60 

NaF* NaBF,t 

F found, Error F found, Error 

“g 
m? % Rel. mg mg % Rel. 

3.811 -0.167 -4.2 3.781 + 0.062 +1.7 
3.830 -0.148 -3.7 3.740 +0.021 +0.6 
3.884 -0.094 -2.4 3.727 -0.008 +0.2 
3.974 -0~004 -0.1 3.714 -0.005 -0.1 
3.975 -0.003 -0.1 
3.977 -0wU -0.0 3.721 +0.002 +0*1 
3.965 -0.013 -0.3 
3.968 -0~010 -0.3 3.674 -0.045 -1.2 
4.004 $0.026 t-o.7 3.563 -0.156 -4,2 
4.089 +0.111 +2.8 3,537 -0.182 -4.9 
4.116 +0.138 +3.5 3.225 -0.494 -13.3 
4.154 +0.176 +4*4 3.105 -0.614 -16.5 

* 3.978 mg of F taken as NaF. 
t 3.719 mg of F taken as NaBF,. 

positive error associated with pH increase results from the hydrolysis of the samarium 
ion and its subsequent precipitation as the hydroxide. The negative error increased 
rapidly with an increase in acidity, Table II. For acid samples, the errors were more 
negative if the precipitate was permitted to stand before titration. This increasing error 
is thought to be due to the formation and possible loss of the weak hydrofluoric acid 
(K, = 7.2 x 1V) in the presence of the strong hydrochloric acid. In simple experi- 
ments to detect evolution of hydrogen fluoride, slight etching was found on the watch- 
glass covers. 

There was little error when the samarium fluoride was precipitated from sodium 
fluoroborate solution at pH 2-5-3.0, Table JI. However, for the more acidic solutions 
the error was positive, not negative as observed for the sodium fluoride solutions. As 
the acidity decreased the negative error increased very rapidly, which is in contrast to 
the pattern observed for the sodium fluoride solutions. The pH range 2-5-3.0 was 
found to be satisfactory for the digestion of other fluoro-compounds such as fluoro- 
silicate and fluorostannate. 

The samarium fluoride obtained from low concentrations of fluoride ion at the 
proper pH was a granular precipitate which could be filtered off easily. With higher 
concentrations and more rapid precipitation, the precipitate was colliodal in nature 
and required more digestion time. 

Additionaljuoride compounds 

The analytical results for some additional fluoro compounds and larger samples 
(treated solution aliquots) are summarized in Table III. Thioglycollic acid was used to 
complex the tin. 
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The analyses of a number of relatively large individual solid samples of different 
fluoro compounds are summarized in Table IV. Several of these compounds are 
highly deliquescent or unstable in the presence of moisture and were handled in a 
dry-box. 

When stable fluorides such as calcium and magnesium fluorides were dissolved in 
dilute hydrochloric acid low results were obtained. It was found that the addition of 
boric acid, which apparently formed the fluoroborate, prevented the loss of the 
fluoride as hydrogen fluoride. It was possible to dissolve calcium and magnesium 
fluorides in samarium solution at pH 2.5 but long digestion periods were required, of 
the order of 16-24 hr, and the results were slightly low. The use of fusion with sodium 
carbonate-potassium carbonate mixture (1: 1) resulted in fluoride values from 2 % 
to 5 % low. 

The low results but reasonably good precision for the compounds cobalt(II1) 
fluoride, iron(II1) fluoride, antimony fluorides, and silver fluoroborate indicated the 
compounds were not pure. This finding was confirmed when solutions with the 
stoichiometric ratio of fluoride ion to cation were prepared and permitted to stand 
before analysis. 

Arsenic(II1) did not cause interference, but with the fluooarsenate ion the need to 
use strong reducing agents made the analysis impossible. 

Stable organic fluorides can be analysed after hydrolysis in concentrated sodium 
hydroxide solution or decomposition by fusion with sodium. It was also found that 
fluorophosphate compounds required treatment with alcoholic potassium hydroxide.5 

Diverse ions 

The addition of elements that complex with EDTA only in a relatively basic 
solution, Mg, Ca, Sr and Ba, has no interference effect on the procedure. Elements such 
as Fe, Co, Ni, Cu, Pb and Zn that react with EDTA at pH 56 will interfere and so will 
those that form strong fluoride complexes, e.g., Fe, Al, Sn, Zr. Iron, cobalt and nickel 
were separated as the hydroxide. Tin was complexed with thioglycollic acid and 
prevented interference. However, sulphanilic acid did not release the fluoride from the 
aluminium fluoride complex. 

Bismuth, antimony and arsenic(II1) do not cause interference. However, more 
precise results were obtained when the heavy white precipitate from hydrolysis was 
removed by filtering. 

Most simple anions do not interfere, but phosphates and sulphates will interfere 
by complexing with the samarium. 

Ackrwwledgements-This research was supported in part by the Advanced Research Projects Agency 
and technically monitored by the Air Force Gffrce of Scientific Research, Contract No. AF46(638)- 
1175. 

Znsammenfassung-Flouride werden durch Rticktitration von iiber- 
schiissigem Samarium mit ROTA bis zum kanariengelben Endpunkt 
von Methylthymolblau bestimmt. Das Fluorid wird aus einer mit 
Monochloracetatpuffer auf pH 2.3-3.0 gepufferten L&sung gefallt und 
digeriert. Nach dem Digerieren wird der pH mit F’yridin auf 5,6-5,8 
gebracht und das tiberschiissige Samarium bei kleinen Fluoridmengen 
in Gegenwart des Niederschlags zurticktitriert. Die Vorschrift wurde 
xur Analyse von einfachen Fluoriden, Fluoroboraten und einigen 
anderen Fluorokomplexen verwendet. 
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Rksmn&-Gn dose les fluorures par le titrage en retour d’un excks de 
samarium avec I’EDTA jusqu’au point de virage jaune canari du bleu 
de methylthymol. Le fluorure est precipite et digere dans une solution 
tampon&e a pH 2,5-3.0 avec un tampon monochloradtate. Apres 
digestion, on ajuste le pH il. 5.65,8 avec la pyridine et l’ex&s de 
samarium est tit&. en retour en la prtkencc du prkcipite pour des 
echantillons avec de faibles quantitks de fluorure. La methode a et6 
utiliske pour analyse des fluorures simpks, des fluoborates et quelques 
autres fluorocomplexes. 
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INFLUENCE OF pH IN FLUORESCENCE AND 
PHOSPHORESCENCE SPECTROMETRIC 

ANALYSIS* 
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Summary-An account is given of the theory of the effect of pH 
changes on fluorescence and phosphorescence of organic species 
which exhibit acid-base properties, and of the practical applications 
of the effect. 

THE USE of fluorimetry and phosphorimetry in organic analytical and bioanalytical 
procedures has increased considerably in recent years.l Because many organic 
molecules have one or more prototropically dissociable groups, the pH of the solution 
in which luminescence is observed will influence the characteristics of the lumines- 
cence.2 In fact, both the frequency and the intensity of luminescence from organic 
acids and bases are pH-dependent. 

The frequency shift of molecular luminescence, observed when pH is varied, is 
due to the conversion of the organic acid into its conjugate base in both the ground 
and excited states, and the difference between the dissociation constants of the 
organic acid in the ground state and in the excited states from which luminescence 
originates. The relationship between the dissociation constants is given, approxi- 
mately, by the Forster equatioi?: 

pK-pK*=&@a-“d; (1) 

where pK and pK* are the logarithms of the reciprocals of the dissociation constants 
of the organic acid in its ground state and in the excited state from which luminescence 
originates (the lowest excited singlet state in the case of fluorescence and the lowest 
excited triplet state for phosphorescence), respectively; h is Plan&s constant, k is 
the Boltzmann constant; c is the velocity of light and 9, and f, are the frequencies 
(in cm-l) of the O-O vibronic band in the luminescence spectra of acid and its 
conjugate base (if both species are luminescent), respectively. 

pH DEPENDENCE OF FLUORESCENCE 

In analytical applications, fluorescence is most often observed in fluid solution 
(aqueous or non-aqueous solutions at room temperature), in which case the rates 
of association and dissociation in the lowest excited singlet state are usually greater 
than or comparable to the rate of fluorescence of the excited species (~10~ set-l). 
In this case, prototropic equilibrium is at least partially established within the lifetimes 
of the lowest excited singlet states of acid and conjugate base.4 Owing to the large 
difference in electronic dipole moment between a molecule in its ground and lowest 
excited singlet state, the pK* for the lowest excited singlet state is usually quite different 

* This research was carried out as part of a study on the phosphorimetric analysis of drugs in 
blood and urine supported by a U.S. Public Health Service Grant (GM-11373-07). 

607 



608 S. G. SCHULMAN and J. D. WINEFORDNER 

from the pK of the ground state. For phenols, aromatic amines and aromatic mer- 
captans, the lowest excited singlet state is several orders of magnitude more acidic 
than the ground state of the same molecule. For carboxylic acids, aromatic aldehydes 
and ketones and aromatic ring heteroatoms, the lowest excited singlet state is con- 
siderably more basic than the ground state .s As a result, the shifting of the frequency 
of fluorescence, due to conversion of the excited acid into excited conjugate base, 
generally occurs at a pH (or Hammett acidity function, II,,) very different from that 
at which the shifting of the absorption spectrum (due to conversion of the ground 
state acid into ground state conjugate base) occurs. Consequently, it is possible to 
excite a solution which has a pH such that only the acid or its conjugate base is 
present and therefore only one species can absorb the exciting radiation, and yet 
observe the fluorescence from both the excited acid and its conjugate base. Con- 
versely, it is possible to excite the solution with pH - pK so that the acid and its 
conjugate base are both excited and then observe fluorescence from only one excited 
species. On the other hand, if only one member of the conjugate excited pair is 
fluorescent, it would be possible to excite only the ground state of that species and 
yet observe no fluorescence, or only part of the maximum obtainable fluorescence 
intensity, owing to dissociation in the lowest excited singlet state to the non-fluorescent 
species. 

The relationship between fluorescence radiant flux and analyte concentration (for 
low analyte concentration) forms the basis of quantitative fluorimetry and is given by : 

PfAp = 2*3~,,~Pols,cb ; (2) 

where +rA, is the quantum yield of fluorescence at the emission wavelength ,I’(& is 
the spectral quantum yield at il’ times the emission monochromator spectral bandwidth 
i.e., quantum yield per wavelength interval times the wavelength interval measured), 
E* is the molar absorptivity at the absorption wavelength E. of the analyte, C is 
the analyte concentration and b is the pathlength of exciting radiation through the 
sample. PfAe and P,,A are, respectively, the radiant flux of fluorescence falling on the 
detector at 1’ and the radiant flux of exciting radiation incident upon the sample 
at an absorption wavelength of 1. It is assumed that excitation and emission mono- 
chromators are used to select small wavelength intervals at 1’ in luminescence. 
Ordinarily, the product &PoAcAb is not evaluated. Rather, the radiant flux of 
fluorescence of a sample (actually it is usually the signal due to the flux, but the 
instrumental signal is proportional to the flux reaching the spectrometric system) of 
known concentration is compared with that of the unknown, according to : 

P ful’ C -=L!; 
p Cl3 

(3) 
fsl’ 

where P,,,. and P,,, are the radiant fluxes of fluorescence and C, and C, are the 
analyte concentrations in unknown and standard samples, respectively. Equation (3) 
is, of course, valid only if qSfAeP,,AsAb is identical for unknown and standard samples- 
if the analyte is in the same chemical form in the unknown as in the standard sample. 
The latter condition may not be valid if the analyte has dissociable groups and the 
pH of the unknown and standard solutions are slightly different+zspecially if pH - 
PK. Such a situation may arise from simple errors in solution preparation or from 
absorption of atmospheric carbon dioxide but may be eliminated as a source of error 
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by making the solutions sufficiently acidic or basic so that only one species (the 
acid or conjugate base) absorbs. Control of instrumental variables can fix Pen and 
b while for a particular absorbing species at a given wavelength of excitation and 
temperature and in a given solvent &A is constant. For a fluorescing species not 
participating in chemical reactions in the electronically excited state, &, is a constant 
at the emission wavelength 1’ and in a given solvent at a given temperature. 

If the luminescing species contains dissociable groups and the pH of the solution 
is such that pH N pK*, then $rA, will show a pH dependence2 given by: 

%=(1_w)+W (1 + &,'[H+I) 

&~ (1 +;T,, +&,‘[H+]) 1 (4) 

where +‘& is the quantum yield of fluorescence of the excited acid at the emission 
wavelength A’ when pH < pK *, W is the fraction of excited acid molecules which 
enter into the equilibrium process in the lowest excited singlet state and is an ex- 
ponential function of [H+] [(l - W) is thus the fraction of excited acid molecules 

which fluoresce without dissociation], < and z are the rate constants for the uni- 
molecular and bimolecular protonation reactions in the excited state, respectively, 
rO and T,,’ are the mean radiative lifetimes of the excited acid and base, respectively 
and [H+] is the protonated solvent concentration (in strongly acidic or basic solutions 
[H+] may be replaced by the Hammett acidity function HJ. If the conjugate base is 
also fluorescent, the quantum yield of fluorescence r& at the emission wavelength 
A’ in the region pH N pK*, assuming the acid is excited, will show the pH dependence: 

where $‘;, is the quantum yield of fluorescence of the excited conjugate base when 
pH > pK* and all other symbols have the same meaning as in equation (4). If proto- 
tropic equilibrium is essentially complete within the lifetimes of the lowest excited 
singlet states of acid and conjugate base, then W -+ 1, and equations (4) and (5) 
reduce to: 

4 fl' 1 + &‘[H+] 
o= 
+ fl’ 1 + ;T,, + &‘[H+] 

and 

Substitution of equation (4) into equation (2), for an organic acid, yields: 

Pfp = P& (1 - w) + 
WC1 + &,[H+I) 

(1 +%,, + &‘[H+]) 1 

(6) 

(7) 

(8) 
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while for the excited conjugate base formed as a result of excitation of the acid 

(9) 

where PfAJ and PO,,, are the radiant fluxes of fluorescence of the excited acid and its 
conjugate base, respectively, at the emission wavelengths 1’ (however, the emission 
wavelengths, A’, need not be the same for the acid and base species), and P fr = 
2.3 &P,,~,Cb and Pf”;. = 2.3 &PoA E Cb A are the radiant fluxes of fluorescence of 
excited acid when pH Q pK* and excited base when pH > pK*, respectively. The 
pH dependence of the total radiant flux of fluorescence P,, at the analytical emission 
wavelength is finally given by the sum of equations (8) and (9): 

Ptp=P&(l - W)+ 
PA, W(1 + key’ [H+]) + P$ Wh,, 

-+ t . (10) 
(1 + h, + h,W+I) 

Alternatively, it can be shown that if the ground state of the basic species is excited, 
the radiant power of fluorescence is 

Ptl, = P$( 1 - V) + 
P&V(l + k~,‘[H+l) + P;‘7k~, 

(1 + kl, + &,’ [H+]) 
, (11) 

where V is similar to W but is the fraction of excited base molecules which enter 
into the equilibrium in the lowest excited singlet state and the cl contained in 
P$ and P$ is now that of the long wavelength band in the absorption spectrum of 
the basic species. 

The dependence of the radiant flux of fluorescence upon prototropic equilibrium 
in the lowest excited singlet states of acids and bases can be useful to the analytical 
chemist. It is possible, by careful adjustment of pH, to determine small amounts of 
certain substances in the presence of large amounts of interfering substances even 
though their fluorescence bands strongly overlap, provided that their pK* values are 
appreciably different. For example, in the bromination of 8-quinolinol, it is possible 
to determinG the unreacted 8-quinolinol (pK* = -6.5) in the presence of the large 
excess of 5-bromo-8-quinolinol (pK* = -7*8), by adjusting the Hammett acidity of 
the solution to Ho = -6 with perchloric acid so that the 8-quinolinol cation fluoresces 
while the 5-bromo derivative does not. This selectivity is not possible with absorption 
spectrophotometry and would not be possible with fluorimetry if it were not feasible 
to take advantage of the difference in pK* between these compounds. 

On the other hand, the pH dependence of the radiant flux of fluorescence can be a 
hindrance to the analytical chemist. Adjustment of the pH of the test and standard 
solutions so that only one species is absorbing the exciting radiation can leave the 
solutions in a pH region where the radiant flux of luminescence, at the wavelength at 
which fluorescence is observed, varies appreciably with pH. In this case, the radiant 
flux of fluorescence may also not be the maximum obtainable, so that some sensitivity 
may be lost. Even worse, if the standard and unknown solutions are at slightly 
different pH in the region pH N pK*, the analytical utility of equation (3) will be 
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invalid, owing to the differences in $r2 between the standard and unknown solutions. 
These problems are especially likely to occur in solutions of acids having small values 

of %r,, and bases having small values of k~a’, in solutions of high pH, in which case 
the region of strong pH dependence of Ptl. is spread over several pH units. Occasion- 
ally, this problem can be eliminated by the obvious method of making the solution 
sufficiently acidic or basic to be well removed from the pH N pK* region. If this is 
successful the solution will be in a region where PtA. is not strongly pH-dependent 
and routine analysis can be performed. However, because pK and pK* are often 
different by six or more units, the adjustment of pH to a region where only one 
species luminesces may leave the solution so strongly acidic or basic that side-reactions 
may occur (condensation, hydrolysis, rearrangement, etc), further complicating 
analysis. 

USE OF THE ISOEMISSIVE POINT FOR ANALYSIS TO MINIMIZE 
ERRORS DUE TO DISSOCIABLE PROTONS 

Analytical problems in fluorimetry, due to the different pH regions in which 
corresponding ground and excited state equilibria occur, can be minimized for certain 
acid-conjugate base pairs, provided that both are fluorescent, if an emission wave- 
length can be found such that Ptl, is independent of pH (or [H+]). Such a wavelength 
is analogous to an isosbestic point in the absorption spectrum of an acid-conjugate 
base pair, and will hereafter be referred to as an “isoemissive point”. Like an isos- 
bestic point, the existence of an isoemissive point is dependent on the presence of 
only two species derived from the same compound in equilibrium with one another 
at the pH of the solution. A further stipulation for the existence of an isoemissive 
point is derived from the invariance of the radiative power of fluorescence with [H+]. 
Differentiation of equation (10) with respect to [H+] yields 

apt, kro 
-z.z 

a[H+l (1 + &, + &,‘[H+]) 

(‘2 
aw 

’ 
Lo 

- ‘fA”) a [Hf] + (1 + ;2, + iTi [H+l) tpfio - ‘fl”> w 1 * (12) 
With the condition that at the isoemissive point aP,,./a[H+] = 0, we get 

or 
(13) 

+;;* = +$. (14) 

Thus the isoemissive point corresponds to that emission (luminescence) wavelength 
at which the fluorescence quantum yields of excited acid and conjugate base are equal, 
when only unimolecular deactivating processes are competing with fluorescence and 
the dissociation process for depopulation of the lowest excited singlet state. Anderson 
and Webers have observed the occurrence of an isoemissive point in the fluorescence 
study of the binding of reduced 3-acetylpyridine-adenine dinucleotide by lactic 
dehydrogenase and have used it to establish that the quantum yields of bound and 
unbound lactic dehydrogenase were identical i.e., binding did not result in preferential 
quenching of one form of the enzyme fluorescence. 
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The fluorescence spectra of Znaphthol and l-amino-2-naphthoE4-sulphonic acid 
at different pH values are shown in Figs. 1 and 2, respectively. These spectra were 
taken on an Aminco Bowman Spectrophotofhrorimeter, with a 150-W xenon lamp 
as the excitation source and an RCA lP28 muhiplier phototube as the detector. An 
isoemissive point is clearly discernible for 2-naphthol over the entire pH range while 
for l-amino-2-naph~ol-4-sulphonic acid an isoemissive point is present in the 
Hammett range from 0.94 to -1.18. Owing to the polyacidity of the latter compound, 
more than two species are present in prototropic equilibrium with one another over 
most of the acidity range, resulting in the absence of isoemissive points at higher 
and lower Hammett acidity vaIues. 

.I0 

I.250 1.625 2.000 2375 2.750 3.125 3.500 

Wavenumber, p’ 

FIG. 1 .--Fluorescence spectra of 2-naphthol at several acidities. 
u-2.30 x lo-‘A4 HCIO&; b-2.30 x lo-%f HCIO,; c-2.30 x IO-*&4 HClO, 

&--2.30 x IO-*A4 HCIOp; e-2.30 x W6MHC10,; _f-1.0~ IO-WNaOH. 

Wavenumber, e’ 
FIG. Z.--Fluorescence spectra of l~~ino-2-naphthol~-sulp~onic acid at several 

acidities. 
~--&115&f HCIO,; &-@345M HClO,; c--@69OM HClO,; d-1.15M HCIO& 

e--28&W HClO&. 
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Another possible use of the isoemissive point in analysis is to increase precision 
of measurement. If an isoemissive point is present, it is possible to use scale expansion 
techniques to enhance precision by setting the emission wavelength at the isoemissive 
point. By use of dual emission wavelengths-one wavelength set at the isoemissive 
point and one wavelength set at some other value-it should also be possible to 
increase the sensitivity of the measurement. 

THE pH DEPENDENCE OF PHOSPHORESCENCE 

Because of the differences in electronic repulsions in singlet and triplet states, the 
electronic dipole moment changes accompanying singlet-triplet transitions are 
usually much smaller than those accompanying singlet-singlet transitions. As a 
result, the pK* values of the lowest triplet states of organic acids and bases are 
usually much closer to the ground state values than are those of the lowest excited 
singlet states.’ From equation (l), it is evident that the frequency shift of the phos- 
phorescence emission of an organic acid or base with changing pH will be generally 
smaller than that for fluorescence from the same compound. 

Owing to the long lifetimes of excited triplet states, collisional deactivation in 
fluid solution competes seriously with phosphorescence as a mode of depopulation of 
excited triplet states. Consequently, phosphorescence is almost never observed in 
fluid solution (solvents at room temperature) and must be studied in rigid glasses 
(solvents at low temperature, e.g., 77K). In rigid media, the mobility of the solvated 
proton is very low so that proton exchange between an organic acid and the solvent 
does not occur appreciably within the lifetime of the excited triplet state. As a result, 
the excited species in phosphorescence generally corresponds to the ground state 
species which absorbed the exciting radiation. Thus if the pH of the solution is 
adjusted prior to freezing, to a region where only one ground state species is present, 
phosphorescence should be observed from only one species. 

The excited species (whether the neutral or dissociated form of an organic acid 
or the neutral or protonated form of an organic base, the phosphorescence of which 
is employed for analytical purposes) can frequently make a considerable difference 
in the intensity of phosphorescence, and hence in the sensitivity of the analysis. 
The radiant flux of phosphorescence P,, is given by 

where PoA, Q, C and b have the same significance as in equation (2), knt and kf are 
the probabilities of intersystem crossing from the lowest excited singlet state and that 
of fluorescence, respectively, 2 ki is the total probability of all other first-order and 

pseudo first-order processes deactivating the lowest excited singlet state, TV is the 
radiative lifetime of the lowest excited singlet state, and &, is the relative quantum 
yield of phosphorescence at the emission wavelength 1’ and is given by: 

+Pp = [k 
P 
& ki’] = kprp 

1 

(16) 

where k, is the probability of phosphorescence, zki’ is the total probability of all 
I 
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non-radiative first- and pseudo first-order processes deactivating the lowest excited 
triplet state and TV is the radiative lifetime of the lowest excited triplet state. 

In general, intense phosphoresence is favoured by large values of k,,, kp, 7t and 
7,,. All processes, other than intersystem crossing, in the lowest excited singlet state 
decrease the term kstq in equation (15) and thereby decrease the radiant flux of 
phosphorescence. Similarly, all processes other than phosphorescence from the 
lowest excited triplet state decrease 46pl and thus the intensity of phosphorescent. 
The values of ket, k,, q and rp for a phosphorescence are determined by the electronic 
structure of the molecule as well as its solvent cage and the presence of quenching 
species in solution. 

The inter-~lations~ps between kst, kp, T and TV determine the lumines~nce flux. f 

For example, aromatic molecules having non-bonded electron pairs on ring hetero- 
atoms (bases) often show the lowest frequency transition in their singlet-singlet 
absorption spectrum to be of ‘(n -+ r*) nature.8 The l(n -+ r*) transition is said 
to be “sy~et~~forbidden” [as is the +z +- rr*) transition] because of the poor 
overlap between the non-bonded orbital and the usually orthogonal ?r* orbital, As a 
result, 7f for an n+r* lowest excited singlet state is ~100 times greater than that for a 
WV* lowest excited singlet state in the same molecule. Also, the presence of a 
heteroatom may somewhat enhance spin-orbital coupling in the molecule and result 
in a greater value of k,, than would be encountered in the analogous purely carboxyclic 
molecule. Consequently, molecules showing low energy ‘(n - n*) absorptions usually 
phosphoresce well. If a highly phosphorescent molecule having a non-bonded electron 
pair is put into a polar solvent, the non-bonded pair may have some a-bond character 
induced in it by electrostatic interaction with the positive end of the solvent dipole. 
In this case, the MT* nature of the lowest excited singlet transition may be partially 
Iost so that 7f decreases and with it the intensity of phosphorescence. If the solution 
contains acidic species, the non-bonded pair may be completely converted into a 
u-bond by co-ordinate covalent bonding (e.g., protonation) in which case the lowest 
excited singlet state of the molecule wilI be ‘(V-V*) with an attendant lower value of 
TV and possibIy weaker phosphores~nce. Examples of the latter phenomena are 
represented by the fluorescence and phosphorescence of quinoline in polar solvents 
but only phosphorescence in non-polar ones D,lo and by the much stronger phosphores- 
cences of the neutral forms of quinoline and acridine than of the protonated forms.’ 

The quenching of the luminescence arising from electro~~lly excited states of 
aromatic molecules may be due to any of a number of processes occurring between 
the potential luminescer and the quenching species, e.g., resonance energy transfer 
and photochemical reaction. There are at least two distinct ways in which pH can 
affect quenching processes. First, the solvated proton (or hydroxide ion) can react 
with the phosphorescing species to form the conjugate acid (or base). The conjugate 
species may be weakly phosphorescent or non-phosphorescent by virtue of its own 
molecular electronic structure, i.e., the rate of internal conversion in the lowest 
singlet and/or triplet excited states of the acid may be very different from that in the 
conjugate base. Table I shows the limits of detection, as determined on the Aminco- 
Bowman SPF, of the three isomeric mononitrophenols by phosphorimetry, in both 
neutra1 and dissociated forms. The neutral form was studied in absolute ethanol 
cont~ning 1% v/v of 18M sulphuric acid, while the dissociated form was studied in 
absolute ethanol containing 1 *A v/v of saturated sodium hydroxide solution. The 
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tremendous difference in sensitivity between the neutral and dissociated forms of the 
paru isomer is apparent. It is also interesting that the limit of detection of the p- 

nitrophenolate anion is much lower than any of the other species, and that for the 
orrho isomer the limit of detection of the neutral species is actually somewhat lower 
than that for its conjugate base. 

TABLE I.-&m OF DET@ClTON FOR THE MONONITROPHENOLS AND THEIR ANIONS, BY PHOSPHORIMETRY 

p_Nitrophenol m-Nitrophenol o-Nitrophenol 

neutral anion neutral RlliOll neutral anion 

I.5 x lo-‘M 1.5 x lo-‘OM 5.2 x lo-‘M 6.7 x lo-“M 6.5 x 1O-eM 3.0 x IO-‘M 

The second way in which pH affects the quenching of phosphorescence derives 
from the fact that quenching is a highly specific process. It is possible for the lumines- 
cence from a given species to be quenched by some extraneous species and yet the 
luminescence from the conjugate base (or acid) to be unaffected by the quencher. 
For example oxygen has a greater tendency to quench some anionic species than their 
conjugate acids.ll 

For the most part, phosphorimetry has been confined to a few solvent media 
(EPA*, ethanol, alkyl halides) because of their ability to form clear glasses when 
frozen. Recently, the ability to use “snowed” solventsls has been demonstrated as a 
result of the development of a rotating sample tube.” Thus liquid alkanes are now 
potential phosphorimetric solvents. However, only the protic solvents (ethanol, EPA, 
etc) allow the advantage of being able to select the prototropic species, derived from 
the analyte, with the lowest limit of detection, by permitting the variation of pH. 
Because it is at present impossible to predict accurately, a priori, whether the phos- 
phorescence from a neutral species or from its charged conjugate acid or base will 
be more intense and will therefore yield lower limits of detection, it is prudent to keep 
in mind that the variation of the pH of the test solution in a protic solvent can be a 
powerful tool in the analytical application of phosphorescence.14 

Zusammenfassung-Die Theorie des pH-Einfiusses auf Fluoreszenz und 
Phosphoreszenz organ&her Spezies mit SBureBasen-Eigemhafteenschaften 
wird dargelegt und praktische Anwendungen davon angegeben. 

RtiUn donne un compte-rendu de la th&orie de l’influence des 
variations de pH sur la fluorescence et la phosphorescence d’esp&es 
organiques qui prbentent des prop&t& acids-base, et des applications 
pratiques de l’infiuence. 
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Smnmary-Iridium is determined in mineralixed matic rocks by atomic 
absorption after fireassay concentration into a gold bead. Inter- 
element interferences in the atomic-absorption determination are 
removed and Ir sensitivity is increased by buffering the solutions with 
a mixture of copper and sodium sulphates. Substantial amounts of 
Ag, Al, Au, Bi, Ca, Cd, Co, Cr, Fe, Ho, Hg, K, La, Mg, Mn, MO, Ni, 
Pb, Te, Ti, V, Y, Zn and platinum metals can be tolerated in the 
atomic-absorption determination. The sensitivity and detection 
limits are 3.2 and 0.25 ppm of Ir, respectively. 

A MAJOR advance in the atomic-absorption determination of iridium was made by 
Van Loon1 who found that the presence of at least 500 ppm of copper and 1000 ppm 
of sodium in solution minimizes interferences from base and noble metals. Some 
problems remained, however. For example, we found Van Loon’s procedure to be 
disturbed excessively by sulphate ion and appreciably by variation in the concentration 
of copper, sodium, and other metals. Furthermore, because no provision was made 
for the preconcentration of iridium, the procedure is directly applicable only to 
samples containing iridium as a major constituent. 

This paper presents a procedure for the atomic-absorption determination of 
iridium based on preconcentration of iridium in a gold bead resulting from fire-assay 
fusion and cupellation. It is directly applicable to mineralized mafic rocks containing 
at least 2.5 ppm of iridium. To minimize interference and maximize sensitivity, 
atomic-absorption measurements are made on solutions buffered with copper and 
sodium sulphates with copper and sodium concentrations maintained at approxi- 
mately O-7 % and 0.3 % respectively. The detection limit (twice the standard deviation) 
is 0.25 ppm Ir and the sensitivity 3.2 ppm Ir for 1 y0 absorption. 

Fire assay is not a generally recommended procedure for the concentration of 
iridium. For example, Beamish cites losses of as much as 5% in cupellation with 
silver as a collector, and severe losses to basic or subsilicate slags. We have observed 
no losses for mafic rocks when sufficient gold is used as a collector and the slag ranges 
from monosilicate (orthosilicate) to bisilicate (metasilicate) in composition. 

EXPERIMENTAL 

Reagents and apparatus 

Gold wire. For tie-assay, 99.999 % pure. 
Copper sulphate solution, 7 % w/v copper. Dissolve 27.5 g of copper sulphate pentahydrate in 

water and dilute to 100 ml. 
Mixed copper-sodium solution. Dissolve 13.75 g of copper sulphate pentahydrate and 464 g of 

sodium sulphate in 50 ml of hydrochloric acid and make up to 100 ml with water. 
Standard solutions of iridium. Pq are f rom ammonium hexachloroiridate a stock solution 

containing 1WO mg of iridium per ml in 2% v/v hydrochloric acid. Prepare other solutions by 
dilution with 2 % v/v hydrochloric acid. 

l Publication authorized by the Director, U.S. Geological Survey. 
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Cylindrical alumina crucibles, 2 ml capacity, for sodium peroxide fusions. Coors AD-999 alumina 
ceramic crucibles available from Coors Porcelain Company, Golden, Colorado. 

Synthetic standards. Two synthetic standards were prepared, using U.S.G.S. dunite DTS-1 as a 
base. Analyses cited by Flanagan* show it to contain negligible amounts of platinum metals. The 
tirst standard was made to contain 10 ppm each of Ir and Rh, and the second 10 ppm each of Ir, 
OS, Pd. Pt, Rh and Ru. Iridium contents were verified by activation analysis while Pd, Pt and Rh 
contents were verified by fire-assay/atomic-abso 
not ascertained. The standards are 

dp rp 

tion procedures.P~s The fate of OS and Ru was 
repared as 0110~s. To weighed samples of dunite 6ner than 

200 mesh in porcelain casseroles, ad water to form a slurry. Add the required amounts of standard 
solutions of the appropriate platinum metals and mix. Evaporate the solutions on a steam-bath, 
stirring the slurries frequently. Dry the residues in an oven at 110” and then heat in a furnace at 
450” for approximately 30 mm. Roll the samples in a ceramic jar mill with alumina balls for 3 hours. 
Mix and bottle. 

Instrument parameters and settings 

A Perkin-Elmer Intensitron hollow-cathode tube with a Perk&Elmer Model 303 instrument was 
used in the experiments. The conditions were as follows. 

Wavelength 263.97 mn 
Slit 0.3 mm 
Hollow-cathode current 30 mA 
Fuel, acetylene pressure 69 kN/m’ (10 psi) 

flow-meter setting 8.5 
Oxidizer, air pressure 190 kN/m* (28 psi) 

flow-meter setting 7.5 
Flame oxidizing 
Burner standard head 
Aspirator adjusted for uptake of ~3 ml/mitt 

Conditions for other instruments must be found by trial and error. 

Procedure 

The tire-assay fusion and cupellation procedures used here follow generally accepted practices as 
described by Bugbee. A bisilicate slag composition is to be preferred. For a 20-g sample of dunite, a 
flux consisting of 50 g of lead (II) oxide, 35 g of sodium carbonate, 15 g of silica, 19 g of sodium tetra- 
borate and 4 g of flour will yield both a satisfactory lead button and a bisilicate slag. The fusion is 
made in the presence of 50 mg of added gold for the quantitative collection of Ir, Pd, Pt, and Rh. 

Transfer the gold bead obtained on cupellation to a small beaker. Add 5 ml of aqua regia, cover 
and allow the mixture to react at room temperature for approximately 1 hr. Heat on a steam-bath 
for several hr more. Add 3 ml of water and a small amount of paper pulp, mix and tilter through a 
42.5~mm medium porosity filter paper. Wash the iridium residue with water. Reserve the filtrate 
for the determinatmn of Pd, Pt, and Rh. Ignite the residue in a 2-ml alumina crucible at 600” 
starting with a cold furnace. Add 100 & 10 mg of sodium peroxide by calibrated dipper and care- 
fully fuse the residue. Heat for 5 mm more, maintaining in the molten state. Cool. Add 1.5 ml of 
water, cover and allow to stand at room temperature for approximately 15 min. Warm the mixture 
until the melt disintegrates, and transfer the solution to a 25-ml beaker by several alternating washes 
with l-ml portions of concentrated hydrochloric acid, nitric acid and water. Add O-15 ml of sulphuric 
acid (1 + 1) by pi tte to convert sodium salts into sulphate and evaporate the solution on a steam- 
bath. Add 2 ml o F” hydrochloric acid (1 + 1). warm briefly to dissolve salts and transfer the solution 
to a lO-ml volumetric flask with water. Dilute to volume with water and mix. Transfer a 5-ml 
aliquot of the solution to another RI-ml volumetric flask, and reserve the remainder for the deter- 
mination of Pd, Pt and Rh. Add 1 ml of hydrochloric acid (1 + 1) and 1 ml of copper sulphate 
solution. Adjust to volume with water and mix. Prepare iridium standards and a blank, each 
containing 1 ml of mixed copper-sodium solution in a 5-ml volume. Determine iridium in all solutions 
by atomic absorption. 

Bufer ing agents 

RESULTS 

The interference of sulphate in Van Loon’s procedure has been noted in the 
introduction. For example, the absorbance of 200 ppm of iridium in a solution also 
containing 500 ppm of copper and 1000 ppm of sodium as chlorides increases approxi- 
mately 10 and 40% in the presence of 10 and 100 ppm of sulphate respectively. 
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Similarly, when the sulphates of sodium and copper are substituted, maintaining the 
same metal concentrations, the absorbance of 200 ppm of iridium increases approxi- 
mately 200 %. From these results a sulphate system would seem to be advantageous. 

The potential of various sulphates for minimizing interference of other noble 
metals was determined on test solutions containing 200 ppm of Ir and from 100 to 
500 ppm each of the various noble metals. Of the many salts tried, copper, sodium 
and cadmium sulphates individually or together in binary and ternary mixtures all 
showed excellent reduction of interference. While a given salt or salt mixture would 
prove superior in the reduction of interference of a specific noble metal, best results 
for all noble metals were obtained with a mixture of 7 parts of copper and 3 parts of 
sodium at a total metal concentration of 10000 ppm. These conditions were adopted, 

The greater effectiveness of the 7 : 3 copper-sodium mixture over that of sodium or 
copper alone in overcoming the depressive interference of 300 ppm of rhodium on 
200 ppm of iridium is illustrated in Fig. 1. It is also apparent that the copper-sodium 
sulphate system is insensitive to changes in total metal concentration as long as the 
final total metal concentration is in the range O-75-1.5 %. 

Figure 2 shows that a concentration of 500 ppm of rhodium produces a 5 % relative 
error in the determination of 200 ppm of iridium. The magnitude of this error is 
independent of the weight ratio of copper to sodium in the range 154. 

Efict of hydrochloric acid concentration 

The absorbance of iridium decreases approximately 4 % for each 10 % by volume 
increase of hydrochloric acid concentration. A 10 % v/v hydrochloric acid concentra- 
tion was adopted. 

0.001 0 0.2 0.4 0.6 0.0 I.0 I.2 I.4 

Total mrtol concmtmtion, w/v percenA 

FIG. 1 .-Effect of concentration of various sulphates on the absorbance of 200 ppm of 
Ir in the presence of 300 ppm of Rh in 10 % v/v hydrochloric acid. 
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FIG. Z.-Errors in the absorbance of 200 ppm of Ir caused by 500 ppm of Rh, as a 
function of copper-sodium ratio. 

Tolerances for other elements 

In atomic-absorption determination of 20 or 200 ppm of iridium, thecopper-sodium 
system tolerates separately (error less than 2 %) 1000 ppm each of Al, Bi, Ca, Cd, Co, 
Cr, Fe, Hg, Ho, K, La, Mg, Mn, MO, Ni, Pb, V, Y or Zn, 500 ppm each of Au, Pd, 
Pt, OS and Ru and 20 ppm of Ag, the maximum amount of each element tested. 
Rhodium should be restricted to 300 ppm. At the 20-ppm level of iridium 1000 ppm 
each of Te and Ti do not interfere, but only half these concentrations can be tolerated 
at 200 ppm of iridium. No interference was observed in the determination of 20 or 
200 ppm of iridium in solutions also containing mixtures of 200 ppm each of Au, Pd, 
Pt, OS, Rh and Ru. When the total procedure is considered, substantially larger 
amounts of these elements can be tolerated inasmuch as they are largely separated 
from iridium during the dissolution of the gold bead following cupellation. 

Standard curve 

A plot of net absorbance vs. iridium concentration at 264 nm yields a straight line 
up to a concentration of 200 ppm of iridium, the maximum tested. The sensitivity is 
3.2 ppm of Ir for 1% net absorption. The detection limit (at twice the standard 
deviation) is 0.25 ppm. 

The$re assay 

With 20-g samples of each of the prepared iridium-dunite standards, at least 95 % 
of the iridium was collected when 30 mg or more of gold were used as a carrier in the 
cupellation. With 10 mg of gold, iridium recoveries averaged only 87%. A 50-mg 
gold bead was adopted for the recommended procedure. It was also observed that a 
single fire-assay fusion sufficed for the quantitative recovery of Ir, Pd, Pt and Rh, 
with slags varying from monosilicate to bisilicate in composition. 

In the parting of the gold bead with aqua regia, iridium was invariably completely 
insoluble while gold, palladium and platinum were completely soluble. The fate of 
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rhodium depended on the amount of gold used. With 50 mg of gold approximately 
91% of the rhodium dissolved; with 30 mg of gold 73 % of the rhodium was soluble, 
and with 10 mg of gold only 40% of the rhodium dissolved. 

Test of total procedure 

Fifteen dunite standards containing 10 ppm each of Ir and Rh and fifteen con- 
taining 10 ppm each of all six platinum metals were taken through the total procedure. 
Inasmuch as the results obtained on each set did not differ significantly, all results were 
lumped together. The average recovery of iridium was found to be 98.2% with a 
standard deviation of 2-l%, assuming the iridium content of the samples to be exactly 
10 ppm. The overall average obtained on 8 samples by Paul Greenland of this 
laboratory by triple coincidence counting of lsaIr after neutron activation amounted 
to 10.2 ppm with a standard deviation of O-5 ppm. 

To exclude the possibility that the other platinum metals in the samples were 
necessary carriers for Ir during the fire assay, four 20-g samples of dunite containing 
10 ppm of iridium alone were also processed. No significant differences were found in 
the recovery of iridium from these and the previous samples. Finally there remained 
the question of how small an amount of iridium can be determined without loss in the 
procedure. Accordingly 20-g samples salted to contain from 50 to 200 pg of Ir were 
taken for analysis. Again no noticeable differences in recoveries were obtained. Thus 
the procedure should be applicable to samples containing as little as 2.5 ppm of Ir. 

Zusammenfassung-Iridium wird in mineralisierten Magnesium-Eisen- 
Gesteinen nach Schmelzanreicherung in der Goldperle durch Atom- 
absorption bestimmt. Durch Puffem der Losungen mit einer Mischung 
von Natrium- und Kupfersulfat werden gegenseitige Stiirungen der 
Elemente beseitigt und die Iridium-Empfindlichkeit erhiiht. Die 
Anwesenheit erheblicher Mengen Ag, Al, Au, Bi, Ca, Cd, Co, Cr, Fe, 
Ho, Hg, K, La, Mg, Mn, MO, Ni, Pb, Te, Ti, V, Y, Zn turd der Platin- 
metalle ist bei der Atomabsorptionsbestimmung zulhsig. Emptlnd- 
lichkeit und Nachweisgrenze betragen 3,2 bnv. 0,25 ppm Ir. 

R&sum&On dose l’iridium darts les roches “mat?ques” (d’origine 
ferromagnesienne) min&alis6es par absorption atomique apr&s 
concentration par voie s&he dans une perle d’or. Lea interf&ences 
inter-elements dans le dosage par absorption atomique sont eliminees 
et la sensibilitd pour Ir est accrue en tamponnant les solutions avec un 
melange de sulfates de cuivre et de sodium. Des quantites importantes 
de Ag, Al, Au, Bi, Ca, Cd, Co, Cr, Fe, Ho, Hg, K, La, Mg, Mn, MO, 
Ni, Pb, Te, Ti, V, Y, Zn et metaux du platine peuvent &re tolerees darts 
la determination par absorption atomique. Les limites de sensibilite et 
de detection sont de 3,2 et 0,25 ppm d’Ir, respectivement. 
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Smnmary-_Thc combiition of precipitation from homogeneous 
solution and Vonnegut’s droplet technique is employed in the study 
of nucleation from solution of bis(l,2-cyclohexanedionedioximato)- 
Ni(II), bis(l,2-cycloheptanedionedioximato)Ni(II), bis(l.Zcyclohex- 
anedionedioximato)Pd(II) and bis(l,2-cycloheptanedionedioximato)- 
Pd(II). Values of the kinetic constant, surface energy, critical radius 
and the number of molecules per critical nucleus are calculated and 
discussed in terms of the limitations of the classical theory of nucle- 
ation when applied to crystal nucleation from aqueous solutions of 
electrolytes. 

IN PREVIOUS COUlIUUUiCatiOUS l*a it was suggested that a combination of precipitation 
from homogeneous solutions and Vonnegut’s droplet technique4 could be used to 
study homogeneous nucleation from solution. This combination utilizes both the 
controlled build-up of supersaturation and the sequestering of motes within the 
system, the respective advantages offered by the two techniques. Consequently, 
the data required for investigation of the nucleation of compounds of interest, namely 
the rate of homogeneous nucleation as a function of the supersaturation attained by the 
system, can be obtained experimentally. 

The purpose of this communication is to report and discuss the results of nucleation 
studies on four analytically important metal chelates : bis( 1,2-cyclohexanedionediox- 
imato)nickel(II), bis( 1,2-cycloheptanedionedioximato)nickel(II), bis( 1,2-cyclohexane- 
dionedioximato)palladium(II) and bis( 1,2-cycloheptanedionedioximato)palladium(II). 

EXPERIMENTAL 

The reaction between a suitable a-diketone and hydroxylamine in the presence of the metal ion 
of interest was used to generate, in situ, the metal chelate under study. Aqueous solutions containing 
the reactants were dispersed in light mineral oil and then photomicrographs were taken to record 
the result of crystal nucleation within the droplets. 

Apparatus 

The dispersions were prepared with the aid of a microhomogenizer, then placed in cups (diameter 
32 mm, height 25 mm) made from Nessler tubes, and were then centrifuged. 

The droplets were examined with a polarizing microscope (crossed polarizers, 40 x magnification) 
provided with high intensity illumination from a 600-W projector lamp. 

The photographs were taken with a microscope camera at a shutter speed of 0.5 sec. The 35 -mm 
slides were projected onto a calibrated screen so that accurate drop diameter measurements could 
be made. 

Procedure 

A typical nucleation study involved three separate experiments: a droplet experiment, a kinetic 
experiment and a solubility determination. Immediately before a droplet experiment on a given 
system, two stock solutions were prepared for that system. The two stock solutions were mixed so 
as to yield the optimum solution conditions for the nucleation study (see Table I). After mixing, a 

* Present address: Chemistry Department, College of Agriculture and Mechanic Arts, Mayaguez, 
Puerto Rico. 
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small drop (0.01-0.02 ml) of the reaction solution was added to 6 ml of light mineral oil contained 
in a micro-homogenizer flask and stirred for 15 set at about 15000 ‘pm. The resulting dispersion 
was transferred to a Nessler cup and centrifuged for 15 sec. Then the main part of the dispersion 
was decanted. The part remaining in the cup was centrifuged again for 30 sec. Photomicrographs 
of the dispersion were taken at 30-see intervals. 

The kinetic experiment was carried out by mixing the stock solutions in the same proportions 
used for the droplet experiment and then determining the weight of precipitate formed per unit 
volume, as a function of time. 

In order to determine the solubility of the metal chelate, a medium containing all the components 
of the reaction solution, except the metal ion and the diketone (see Table I) was saturated with the 
chelate. After equilibration, organic matter in the solution was destroyed by wet-ashmg. The 
concentration of the metal ion in solution was determined by EDTA titration.6*6 

TABLE I.-I- SOLUTION CONDITIONS FOR THE NUCLEATION STUDIES 

System 

Ni(GH~N&)~* 
Ni(GHrlNIO&t 
Pd(C,H,N,W, 
Pd(C,Hr~N#& 

Added conditions : 
+ Urea (2M). 

M+‘, tW 

0.2 
0.1 
0.1 
0.03 

HCl, WI NHaOH * HCI, [iWj cw-Diketone, [M] 

0.03 1 0.4 
- 0.2 0.2 
1 0.7 0.2 
6 0.2 0.3 

t Phosphoric acid (0.3M) ammonium acetate (0.4M). 

RESULTS 

From the photomicrographs, the number and diameters of the droplets containing 
one crystal were recorded as a function of the lapsed time between mixing of the 
reagents and the appearance of a crystal within the droplet. An analysis of the data 
indicated that there was a correlation between the median crystallization time and the 
logarithm of the droplet diameter. Figure 1 shows the correlation. This was used to 

log drop diameter, p m 

FIG. I.-Median crystallization time vs. log drop diameter for the Ni(II) and W(H) 
chelates. a, Ni(C,H,N,O,),; b, N~((coI~lNIOB)s; c, Pd(C.HeNIOI),; d, Pd(C,H,r- 

I IP. 
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reduce the crystallization time of any droplet to that of a standard sized droplet. The 
results of these calculations are presented in Fig. 2 as plots of the relative frequency of 
crystallization of a standard droplet vs. crystallization time. 

The probability of crystallization within a standard droplet as a function of 
crystallization time was calculated from the plots shown in Fig. 2. The results are 
shown as the solid lines of Fig. 3. 

The dependence of the rate of nucleation, J, on the supersaturation, S, of the 
solute within the droplets was calculated from the slopes’ of the curves shown in Fig. 3, 

0 
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,o m- 
R 
b ---- Theoreticol 
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0” 
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b 

Reaction time, min 
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FIG. 2.-Relative frequency of crystallization vs. reaction time for the Ni(II) and 
Pd(II) chelates. 

Compound 
a NiG&NxWs 

Standard droplet diameter /urn 
20 

6 NiGH~~N~W, 35 
c Pd(CANsWs 15 
d PdGHx~NsWs 35 
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combined with the results of the kinetic experiments shown in Fig. 4. The results of 
these calculations are shown in Fig. 5. 

The kinetic constant, A, of the classical nucleation rate equations for each chelate 
studied was evaluated from the intercepts of the curves in Fig. 5. These are collected 
in Table II. Various other parameters of importance in classical nucleation theory 
were calculated9 from the values of J and S at the point of maximum crystallization 
frequency. Table II also shows these results for each of the chelates. 

DISCUSSION AND CONCLUSIONS 

A linear relationship between the median freezing temperature and the logarithm of 
the droplet diameter was observed by Biggll in his studies on the supercooling of water 
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droplets. To interpret his data, Bigg derived a relationship between freezing tempera- 
ture, droplet volume and duration of supercooling. Equation (l), analogous to Bigg’s 
equation, has been used to interpret the data found in the present studies. 

In (1 - P) = - 
s 

‘V&Y) dt 
0 

(1) 

where P = probability of crystallization, t = crystallization time, V = droplet 
volume, f(S) = some function of the supersaturation. 

Reaction time, min 

344 

I b 

2 
Reaction time, min 

3.03 

Fro. 3.-Probability of crystallization us. reaction time for the Ni(II) and Pd(II) 
chelates. 

Compound Standard droplet diameter .urn 
a Ni(C,H,N@& 20 
b Ni(GILN~Wx 35 
c Pd(C&N,W, 15 
d Pd(C,I-LN,W, 35 
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In order to apply equation (11, it was necessary to transform the relationships of 
Fig. 1 from 

f=mIogd+c (2) 
into 

lnV=af$b (3) 

where a = 5*9/m, and b = -~6*9c~~ + O-65), pn = slope from Fig. 1, c = intercept 
from Fig. 1, f = median crystallization time, d = droplet diameter. 

At any given time, t, during a droplet experiment there will be a certain droplet 
volume for which P = 0.5. From this and equations (1) and (31, it follows that 

f 
*fl5’) dt = 0.693 exp (-b) [exp (--a$) - 11. 

0 
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! 1 
0 20 40 

Reaction time, min 

FIG. 4.-Monomer concentration us. reaction time for the Ni(I1) and Pd(II) chelates 
a, Ni(C8HeN103~; b, Ni(C,IW%03~; c, Pd(C8HIN@I)~; d, PW1H11N1031. 
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FIG. K-Log J vs. (Log s)-* for the Ni(II) and Pd(II) chelates 
~1, Ni(C&N,03,; b, Ni(C?H11N103.; c, Pd(C,H&W,; d, Pd(C7H~~N~OI)~I 

Further, at any given time the value of 
J‘ 

‘j(s) dt is the same for all droplets. Conse- 

quently, equations (1) and (4) can be us; to calculate the value of P for droplets of 
any standard size, I’,. The results of such calculations are shown as broken lines on 
Fig. 3. Since (aP/&)V, is proportional to the crystallization frequency, equation (5) 
was used to calculate the frequency as a function of time. 

ap ( 1 -_ 
at 

= Kexp (-at) (1 - P) (5) 
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Compound 

Surface 
energy. Critical Molecules/ 

Solubility A erg - cwp radius nucieus 
M CM-~ * see-i #s (a) A (r*) (n+) 

WXWWnh 1.7 x lo-” 1 x 10’ 88 34 12 25 
Ni(C~H~~N*O~* 2.4 x lo-* 2 x 10% 49 29 30 
Pd(CsH~N&&). 2.3 x lo+ 1 x 10’9 2.5 x 10’ 36 

:4 
19 

Pd (C,HilNIOP) 3.5 x 1O-4 5 x 10’ 21 23 16 38 

* See Table I for solution conditions. The non-S.I. units previously used have been retained to 
facilitate comparison. In a short communication10 on the nucleation of Pd(C,H,N,O,),, the values 
given for S, u and r* were different from the present values. The values above are based on im- 
proved methods of analysis. 

where K = [aV,] [0*693 exp (--b)]. The results are shown as broken lines on Fig. 2. 
The discrepancy between the experimen~l and calculated curves of Figs. 2 and 3 is 
thought to be due to experimental error. 

The usual valuela*ls of the kinetic constant, A, computed by Turnbull and Vonne- 
gutl‘r for the homogeneous nucleation of crystals from melts, was used to calculate the 
various nucleation parameters shown in Table II. The experimental values of A, 
however, were found to differ by many orders of magnitude from lOso cm4. see-r (see 
Table II). This may be att~but~ partially to the large entropy changes which accom- 
parry crystallization of compounds of some structural complexity, i.e., the activation of 
the molecules for interface transfer must be accompanied by a large entropy decrease. 
As Dun~g16*lE points out, the entropy change which occurs during phase transfor- 
mations is neglected in the Becker-Dbring theory. Similar discrepancies between 
the theoretical and experimental values of A have been reporteds~ls~la and discussed15*16 
previously by other investigators. 

Another explanation for the discrepancy between the observed and calculated 
values of the kinetic constant can also be found in the classical theory. The validity of 
the functional relationships predicted by equation (6) when applied to nucleation of 
liquid drops from the vapour is being debated at the present time.17*18 

J = Aexp 
167r v2 03 

- 
3(kT)3 (2.303 log S)z (6) 

where k = Boltzmann’s constant, T = absolute temperature. With the added 
complication of the ionic nature of the species present in solutions of electrolytes and 
the significant solvation and entropy effects which are known to accompany nucleation 
in such solutions, it is doubtful if agreement between predicted and calculated values of 
A should be expected. 

Ack~~le~ge~en~-~e authors acknowledge the fhranciai assistance provided by the National 
Research Council of Canada and the Department of University Affairs, Province of Ontario, Canada. 

Zusammenfassum-Die Kombination der Fllhmg aus homogener 
L&tmg und der Tr~pfche~eth~e nach Vonnegut wurde bei der 
Untersuchung der Keimbildung aus Lijsungen von Bisf 1,2_cyclo- 
hexandiondioximato)Ni(II), Bis( 1 ,Z-cycloheptandiondioximato)-Ni(II), 
Bis(l,Z-cyclohexandiondioximato)Pd(II) und Bis(l,Z-cycloheptandion- 
dio~mato)Pd(I~ verwendet. Werte fiu die kinetische Konstante, die 
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Oberl%henenergie, fur den kritischen Radius und die An&l van 
Molektilen pro kritischem Keim werden berechnet turd diskutiert im 
Hinblick auf die Grenxen der klassischen Keimbildungstheorie bei der 
AnwendungaufKristallkeimbildung aus wiQ3rigen Elektrolytxlosungen. 

R&arm&On emploie la combiiison de la precipitation B partir dune 
solution homo&ne et de la technique de gouttelette de Vonnegut dans 
1’6tude de la nucleation Zt partir dune solution de bii(l,2_cyclohexane- 
dione dioxamato) Ni(Il), bis(l,2_cycloheptanedione dioxamato) Ni(II). 
bis(l,2cyclohexanedione dioxamato) W(H) et bis(l.2-cyclohepta 
dione dioxamato) W(R). On calcule les valeurs de la constante 
cin6tique. de l%nergie de surface, du rayon critique, et le nombre de 
molecules par noyau critique et en diite par rapport aux limitations 
de la th&nie classique d’amor~age lorsqu’on l’applique il l’amos9age 
du cristal & partir de solutions aqueuses d’electrolytes. 
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SHORT COMMUNICATIONS 

Determination of carbon monotide in metal carbonyl complexes-II 
Development of a volumetric tini& _ 

(Receiued 4 December 1969. Accepted 17 December 1%9) 

IN AN EARLIER paper’ a method was described for the determination of carbon monoxide in metal 
carbonyl complexes. Carbon monoxide is displaced from the complex by an oxidative technique and 
oxidixed by the Schtltxe reagent to carbon dioxide which is determined gravimetrically by absorption 
on soda asbestos in a conventional Pregl-type absorption tube. A modification is now described in 
which the carbon monoxide is estimated titrimetrically. This is more suitable for normal laboratory 
conditions and avoids the stringent analytical conditions required for an accurate gravimetric tinish. 
It also permits the use of a smaller sample size without loss in accuracy. 

The recommended titrimetric procedure utilii the method adopted by Unterzaucher* for the 
determination of oxygen in organic compounds. The carbon monoxide is displaced as before by an 
oxidative procedure and reacted with anhydro-iodic acid at 120”. Iodine, which is quantitatively 
released at this temperature, is absorbed in aqueous sodium hydroxide and estimated by the six-fold 
amplification technique of L&pert as modified by Fildes and Macdonald.’ 

EXPERIMENTAL 

Apparatus 

The apparatus described in the previous publication has been modified (see Fig. 1) to permit 
the use of anhydro-iodic acid at 120”. The decomposition and purification sections A-F as previously 
described are retained.’ The new oxidation tube G of 12 mm bore is @25 m long. It contains a lOO-mm 
section of anhydro-iodic acid H, held in place by 3-mm pads of glass-wool and heated to 120” by the 
furnace Z (H&h electrical furnace operated from a 36-V constant voltage transformer). A ball joint 
connects the oxidation tube to the absorption tube J of 12 mm bore. This 025-m long tube has in- 
dentations along about 0.15 m of its length and the end near the ball joint is heated by the 50-mm long 
ahuninium heating block K. A glass tube insert of 7 mm outside diameter and 70 mm length, held in 
the oxidation tube by a tightly fitting O-ring, ensures that iodine sublimes well into the absorption 
tube, avoiding loss through the ball joint. The gas flow may be checked by a flow-meter L connected 
to the exit end of the absorption tube. 

I I 
.I 

Pm. I 

Reagents 

The following reagents are necessary in addition to those previously listed. 
Anhydro-iodic acid. Prepared according to the method of Unterr.aucher.* It is essential that this 

reagent be prepared and stored in subdued light. The product must remain white at the operating 
temperature. 

Sodium hydroxide, SM and 1 M. 
Phosphoric acid, 3M. 
Bromine water. Saturated aqueous solution. 
Formic acid, 90%. Analytical reagent grade. 
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Method 

Assemble the apparatus and tube packings as described. Adjust the sample flask heating block to 
60-70”, the oxidation tube furnace to 120”, the absorption tube heating block K to about 120” and the 
nitrogen carrier-gas flow to 5-10 ml/mm. Allow the nitrogen carrier-g% to purge the apparatus for at 
least 12 hr and then activate the anhvdro-iodic acid bv decomnosine about 10 ma of sodium formate 
in the sample flask. Cool the cond&ser with tap water and&m&e the cold Trap in solid carbon 
dioxide and acetone. 

To charge the absorber draw 5M sodium hydroxide into the tube and allow the reagent to drain. 
Weigh the sample (3-5 mg) into the reaction vessel, add about 30-50 mg of pyridine hydrobromide 
perbromide and immediately connect the flask to the apparatus. Add 3 ml of dichloromethane from 
the dropping funnel B under nitrogen flow and continue the nitrogen flow at 5-10 ml/min while the 
flask is heated to 70” for about 20 min. Disconnect the absorption tube and rinse the contents into a 
250-ml conical flask with distilled water followed by 4 ml bf I M sodium hydroxide and further 
distilled water. Acidifv the resultine solution bv the addition of 2 ml of 3Mnhosnhoric acid. add 5 ml 
of bromine water, and set aside f& 5 min. Destroy the free bromine by-the dropwise addition of 
formic acid and after cooling the solution for 15 min in ice water add 2 ml of 4M sulphuric acid and a 
few crystals (about 50mg) of potassium iodide. Titrate the liberated iodine with 0*02M sodium 
thiosulphate. 

1 ml of 0~02M sodium thiosulphate = 0.2334 mg of CO. 

RESULTS AND DISCUSSION 

The results obtained for a range of compounds are given in Table I. These compounds, which 
were either available commercially or obtained from research projects, all give satisfactory analytical 
figures for carbon on combustion analysis. It is apparent that an acceptable order of accuracy has 
been retained with a 3-5-mg sample, which is smaller than that previously recommended. 

TABLEI.-DETERMWATIONOFCARBONMONOXIDE 
IN METAL CARBONYL COMPLEXES 

Sample* 
Carbon monoxide, % 

Theory Found 

MdCO),(P43&1, 
Mo(CO),nhen 
Mo(cOj,* 

WCOh 
W(CO)J.phenI, 
[CoWO),CFsI, 
wcww*M, 
WC%CWd&r~ 
WCWSWM, 

10.81 
28.87 
63.63 
47.73 
11.97 
5068 
7.41 
9.31 
6.85 

10.8 
28.9 
64.0 
48.3 
11.6 
50.7 

7.2 
8.5 
6.4 

* + = CsH6; phen = IJO-phenanthroline. 

The main difficulty with this modification concerns the quality and reactivity of the anhydro-iodic 
acid reagent. We find that the reagent functions satisfactorily provided it is prepared strictly in 
accordance with the conditions set down by Unterzaucher,4 and that the temperature of the reagent in 
the furnace is not allowed to rise above 120”. (Higher temperatures up to 135” were found to cause 
decomposition of this reagent, resulting in high blanks.) All of four batches prepared were active for 
the oxidation of carbon monoxide to carbon dioxide, and give blank values around 0*03-O-05 ml of 
0.02M sodium thiosulphate. In our experience, commercially available iodine pentoxide is quite 
unreliable for this oxidation, although it has been reported that iodine pentoxide is more active in 
oxidizing carbon monoxide than is anhydro-iodic acid.6 

Department of Chemistry A. D. CAMpBeLL 
University of Otago, Dunedin, New Zealand P. E. NELSON 

Summary-The method previously described for the determination of 
carbon monoxide in metal carbonyl complexes has been modiied to 
provide an accurate volumetric finish. 
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Zusammenfassung-Die friiher beschriebene Methode zur Bestimmung 
von Kohlenmonoxid in Metallcarbonylkomplexen wurde abgetidert 
und bietet jetzt einen genauen volumetrischen Abschl~. 

R&mm&La methode ant&ieurement d&rite pour le dosage de l’oxyde 
de carbone dans les complexes metal-carbonyle a 6te modiiQ pour 
foumir une fin de dosage volum&ique precise. 
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Contributions to the analytical chemistry of osmium and 
ruthenium-IX 

The dimereapto derivatives of asymmetric triazine as colour reagents for osrnIum* 

(Received 3 November 1969. Accepted 22 December 1969) 

SPE~~R~PH~TOMJXRI~ determinations of osmium have been based upon its colour reactions with both 
inorganic and organic reagents. Whereas the number of inorganic reagents used for this purpose is 
relatively limited, the number of organic reagents is great. Among them the derivatives of thiourea,’ 
thiosemicarbaxide*~* and thiosemicarbazone4-o hold a prominent place. 

Recently, by the substitution of selenium for the sulphur atom in the molecule of the organic re- 
agent,new derivatives, which give coloured compounds with osmium, were obtained.y*8 The sensitivity 
of these colour reactions does not differ too much from that of the reactions of the similar sulphur 
derivatives. 

Concomitantly with aliphatic mercapto derivatives some heterocyclic mercapto derivatives such as 
2-mercaptobenzimidazole8 and asymmetric mercaptotriazines have begun to be used for the spectro- 
photometric determination of osmium. 

In previous papers v~-~* the colour reactions of osmium with some mercapto derivatives of the 
asymmetric triaxine class were reported. They may be classified in the three groups shown in Table 
I, from which it can be seen that for each group of reagents the substituents in the positions 3 and 5 
of the triarine ring are the same, while the substituent in position 6 can be any radical. 

Table I summarixes the radicals attached in position 6 to the three main rings, and also shows 
2-methyl-3,5-dihydroxy-6-mercapto-l,2,4-triaxine in group C. 

The location of this compound in reagent group C is justified by the fact that it is derived from one 
of the tautomeric forms of C. 

The present paper reports the results of a study of the colour reaction of osmium with a new 
triazine derivative, namely 3,5-dimercaptod-(ethylcarboxyl)-1,2,4-triaxine (I):* which may be regar- 
ded as a member of a fourth group of C-substituted triaxine derivatives (II), the colour reactions of 
which with osmium are going to be studied. 

SH SH 

I ” HS’ \N’N 

1 II 

l Paper presented at the National Conference of Analytical Chemistry, Mamaia 1969 (Romania). 
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TABLB L-REAGENTS FQR OSMIUM 

Group A Group B Group C 

OH SH OH 

No. Rl R% R, 

H H 
CH. SCH, 
KH3, SCIHI, 
COOH SCIHO 
COOCaHs SCH,C,H& 
CH,COOH C*H, 
CH,COGC,H, (CH&CHs 
CHSCH,C,H, NKH3*0 

H 
SCH, 
XL& 
SCH&H=CHI 
SH 

OH 

EXPERIMENTAL 

Reagents 

Osmium solution, 2990 ppm. Prepared by dissolving osmium tetroxide in OQM sodium hydroxide, 
and standardized by Klobbie’s method.14 Test solutions of various concentrations were obtained by 
dilution with 0.2M sodium hydroxide. 

Reagent solution, 0.1%. Prepared in 0*2M sodium hydroxide. 
M&d ion solution. Aqueous solutions of commercially obtained RuCII, WC&, H,PtCl,, AuCl,, 

and UO,(NO&.6H,O. 

X =440nm 

t, min 

PrG. 1 .-Effect of sulphuric acid concentration on rate of colour development. 
I-lO-‘dM, II-1M; III-2M; IV-3M, V4M, VI-5M, 2 ml added per-25 ml 

total volume. 
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Procedures 

To 2S-ml graduated flasks osmium, reagent and sulphuric acid solutions were added in that order 
and the mixture was made up to the mark with distilled water. 

For study of the effect of reagent concentration the mixtures contained 150 pg of osmium, 2 ml of 
SM sulphuric acid and various amounts of 0.1% reagent solution. For study of the effect of acid 
concentration the solutions contained 150 /.q of osmium, 3 ml of 0+1x reagent solution and 2 ml 
of sulphuric acid of various concentrations. 

The absorption spectrum of the resulting coloured compound was measured against a blank 
solution on a sample containing 150 ,ug of osmium, 3 ml of 0.1% reagent solution and 2 ml of SM 
sulphuric acid, made up to 25 ml with distilled water. The absorption spectrum of the blank (the 
reagent under the conditions of the reaction) was measured against water. 

The effect of osmium concentration was studied by taking various amounts of osmium, 3 ml of 
0.1% reagent solution and 2 ml of SM sulphuric acid in 25 ml total volume. 

RESULTS AND DISCUSSION 

A volume of 3 ml of @lx reagent solution was found sufficient for complete reaction over the 
range of osmium concentration studied. 

The results of some of the experiments to determine the effect of acidity are shown in Fig. I, 
which shows that with rise in acid concentration in the sample, the rate of reaction and the intensity of 
colour both increase. The time needed for full colour development is reduced to less than 10 min 
when the concentration of the acid added is higher than 4M. The addition of acid more concentrated 
than 4M does not substantially change the maximum value of absorbance. It was therefore decided to 
add 2 ml of SM sulphuric acid per 25 ml total volume. 

Fro. 2.-Absorption spectra. 
A-Reagent us. water. 
B-Coloured compound us. blank. 

Absorption spectra 

Figure 2 shows the absorption spectrum of the reagent os. water under the conditions of the reac- 
tion (curve A), and of the resultant coloured compound against the blank (curve B). 

This plot shows that the sensitivity is maximal between about 440 and 550 nm. We selected 440 
mn as the wavelength for measurements. 

On comparing the colour reaction of osmium with this derivative and the previously studied 
reaction with the similar compound of group A,l” which contained the -OH group instead of the 
-SH group in position 5 of the triazine ring. it may be concluded that this change of group does not 
substantially change the position and the number of absorption bands. 

Beer’s law is obeyed over the range OS-18.0 ppm osmium at 440 mn and 0.7-18.0 ppm at 560 nm 
respectively, the corresponding absorbance for concentrations of 18.0 ppm being 0.97 and O-73. 
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Comparison of the sensitivity of this reaction and that of the reaction using the similar reagent of the 
triazine group A shows that the substitution of the SH group for the --OH group substantialiy 
increases the sensitivity, the lower concentration limit falling from 1.5 to 0.5 ppm. 

Znterferences 

The study of the effect of the ions UO, 1+, Pd*+, Pt’+, Rd+, Au*+ on the colour reaction of osmium 
with the reagent showed the following: the ions UO**+, Ru*+ and Au’+ do not form a similarly 
coloured complex but inhibit the determination; 
can be tolerated up to Gs:Pt ratios of 1:6. 

PdB+ interferes by forming a precipitate; Pt.+ 

The composition of the compound 

The method of continuous variations16 and the method of spectrophotometric titrationI both 
suggested that the ratio Ck:R is 1:2. 

Laboratory for Analytical Chemistry of the Chemical Faculty GR. POPA 
University of Bucharest, Romania c. LAzAR 

Chemical Pharmaceutical Research Institute, Bucharest c. cRLw@xu 

Strmtna~-The parameters of the reaction of osmium with 3,5- 
dimercapto-6-(ethylcarboxy)-1,2,4-triazine have been studied and the 
optimum conditions for the spectrophotometric determination of 
osmium over the range 0*5-18eOppm determined. The coloured 
product contains the components in the ratio 1:2 metal : ligand. 

Zusammenfassang-Die Parameter der Reaktion von Osmium mit 
3,5-Dimercapto-6-Sithylcarboxy-1,2,4-triazin wurden untersucht und 
die optimalen Bedingungen zur spektrophotometrischen Bestimmung 
von Osmium im Bereich 0.5-18.0 ppm ermittelt. Die farbige Verbin- 
dung enthalt die Komponenten im Verhiiltnis Metal1 : Ligand = 1 : 2. 

R&smn~n a 6tudi6 les param&res de la reaction de l’osmium avec 
la 3,5-dimercapto 6-(&hylcarboxy) 1,2,4-triazine et d&ermin6 les 
conditions optimales pour le dosage spectrophotom&rique de l’osmium 
darts le domaine 0,5-18,0 p.p.m. Le produit color6 renferme les 
composants dans le rapport 1: 2, m6tal:ligand. 

: : 
3. 
4. 
5. 

6. 
7. 

;: 
10. 

11. 
12. 
13. 
14. 
15. 
16. 
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Submicro determina tion of alaminium, bismuth and copper in organometallic 
compounds* 

(Received 14 Jumutry 1970. Accepted 22 January 1970) 

THE RANGE of OrganometalliC materids axxdysed on the submicro scale has now been extended to 
those containing ahuninium, bismuth and copper. 

For reasons discussed earlier,l photometric titration of the metals after digestion of organic materi- 
als was not pursued, suitable spectrophotometric procedures being available, but both open and 
closed tube digestion procedures were attempted. 

EXPERIMENTAL 

AlumiGtm. 
and 

From previous experience, it was considered that methods involving lake formation 
stabilizing agents*** would not be suitable, and the most promising alternative appeared to be 

extraction of the I-hydroxyquinoline (oxine) complex .O A single extraction from a solution at pH 
5-2 gave consistent results over the range 15-105 fog of metal provided that the shaking time during 
extraction was controlled. Particular attention had to be paid to cleanliness of apparatus to retain 
the required repeatability of results. Separatory funnels and cuvettes were washed successively with 
chloroform, distihed water, concentrated nitric acid, distilled water and acetone. 

Bismuth. The thiourea and iodide methods of Lisicki and Boltz‘ were examined. Volwnes of 
reagents and final solutions were halved and absorbances measured in 40-mm cells in order to approach 
the required sensitivity. The thiourea method was not successful; on the other hand, although 
sensitivity was not very high, the iodide method gave results of sufhcient consistency to warrant its 
adoption. To prevent hy~olysis and to bring the acid ~n~ntration up to that recommended for 
the tinal solution, 10 ml of 5N sulphuric acid were used to rinse out the digestion tubes into the 
volumetric flasks. 

Copper. Three extraction techniques were considered. Use of diethyldithiocarbamates was not 
very successful; 2,2diquinoly16 was too insensitive for present purposes but a modification of the 
technique described by Tuck and Osbomf using neocuproine, was successfully developed. It was 

found, however, that use of bis-cyclohexanone oxalyldihydraxone,7 which required no extraction, 
was not only simpler but more sensitive and repeatable when the buffer recommended by Somers and 
GarrawayB was used. 

Open-tube digestion with pemhloric/sulphuric acid mixture gave satisfactory results for the 
bismuth compounds but low and variable results for the copper and aluminium compounds, particu- 
larly the latter. Sealed-tube digestion with nitric/sulphuric acid mixture, however, gave satisfactory 
results for all the compounds. 

Recommended procedures 

Mineralization. Digest the samples, containingQ_20 pg ofmetal for bismuth or copper compounds 
or l-5-10+5 pg of ahuninium, in sealed tubes by the procedure described elsewhere.gJo 

Determination ofaluminiwn. Transfer the residue from the digestion tube into a SO-ml separatory 
funnel with about 10 ml of water. Add 5 ml of buffer solution (30 g of sodium acetate trihydrate in 
420 ml of water plus 60 ml of 0.SM acetic acid). By pipette add 10 ml of a O-25 % chloroform solution 
of oxine to the funnel, stopper and shake it for 3 min. Allow the layers to separate and allow the 
organic layer to flow into a 30-mm stoppered spectrophotometer cuvette through a plug of cotton 
wool in the stem of the funnel. Measure the absorbance at 395 nm against a reference blank solution 
taken through the whole procedure. Prepare a calibration curve by applying the colour development 
procedure to a standard ahnninium solution. 

Determination of bismuth. Transfer the residue from the digestion tube into a 25ml volumetric 
flask with 10 ml of 5N sulphuric acid. Add 10 ml of iodide-ascorbic acid reagent (140 g of potassium 
iodide and 10 g of ascorbic acid dissolved in water and diluted to 1 l&e). Dilute to the mark and 

* British Crown copyright, reproduced with the permission of the Controller, Her Britannic 
Majesty’s Stationery Office. 
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measure the absorbance at 337 nm in a 40-mm cuvette against a reference blank solution taken 
through the whole procedure. Prepare a calibration curve by applying the colour development 
procedure to portions of standardized” bismuth solution. 

Determination of copper. Transfer the residue from the digestion tube into a 25-ml volumetric 
flask with about 10 ml of water. Add, in quick succession, 0.2 ml of 10% ammonium citrate solution, 
one drop of 0.02 ‘A aqueous Neutral Red solution, 3M sodium hydroxide dropwise until the indicator 
changes colour, 5 ml of buffer solution (400 ml of 0.5M boric acid and 60 ml of 0*5&f sodium hydrox- 
ide) and, tinally, 1 ml of 0.2% bis-cyclohexanone oxalyldihydrazone solution in 50% ethanol. 
After 20 min, dilute to the mark and measure the absorbance at 595 mn in a 40-mm cuvette against a 
reference blank solution taken through the whole procedure. Prepare a calibration curve by applying 
the colour development procedure to a standard copper solution. 

RESULTS AND DISCUSSION 

The results of the analysis of a number of organometallic compounds by the recommended methods 
are summarized in Table I. Two of the 44 determinations done fell just outside the normally accepted 
limits, of kO.3 % absolute, for microanalysis of organic compounds. 

TABLE I.-ANALYSIS OF OROANOMBTALLIC comou~~s 

Metal, % 

Compound 
Range of 

weight, ,cg Calc. 
Found, 
mean* 

Range of errors, 
o/o absolute 

Al acetylacetonate 

Al N-benzoyl-N- 

phenylhydroxylamlnate 

Al oxinate 

Bi 7,8-benzoquinoline 

iodide 

Bi mercaptobenzo- 

thiazole 

Bi oxinate 

Cu acetylacetonate 

Cu N-benzoyl-N- 

phenylhydroxylaminate 

Cu pyridinethiocyanate 

Cu quinaldinate 

Cu salicylaldoximate 

78.3-95.9 8.31 8.3, -o.op to +0.1a 

908-103.2 4.06 3.99 -0.1, to +o.ol 

72-O-107.3 5.87 5*9* -0.0, to +0.1, 

39.9-778 23.30 23*2* -o*16 to -0.0, 

389-55.3 29.53 29*5B -o*31 to +0.3* 

504-70.7 31.69 31.6, 

522-85.8 24.27 24.2s 

597-77.9 13.02 13.00 

824-100.6 18.80 

706-775 14.92 

726-86.6 18.92 

-0.4 to +o*o* 
-0.2, to +0.2* 

--@la to +@2* 

-0.26 to +@le 

-0.2, to +0*2a 

-O*l* to -o*ol 

* Of 4 results. 

Although good results were obtained for the analysis of bismuth compounds after open-tube 
digestion with perchloric/sulphuric acid mixture, those for the copper compounds tended to be low 
(average recovery 98.6 %) whilst those for aluminium compounds were very low and erratic. Open- 
tube digestion is, however, manipulatively simpler and more rapid than the sealed-tube technique; 
attempts are being made to modify the procedure so far employed, so as to produce a generally 
applicable method. 

Department of Chemistry R BELCHER@ 
University of Birmingham 
P.O. Box 363, Birmirgham 15, U.K. 

Royal Aircraft Establishment 
Pamborough 
Hants., U.K. 

BARBARA CROSSLAM) 
T. R. F. W. FENNELL 
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Summarjr--Methods for the determination of alumlnium, bismuth or 
copper in samples of organometallic compounds weighing 40-110 pg 
have been develoned. Snectronhotometric determination followmg 
digestion with nit& and s~phuri~ acids in a sealed tubeismcommended~ 
all results obtained from the analysis of standard compounds being 
within &O-3% absolute error. Digestion in an open tube withyper- 
chloric and sulphuric acids gives satisfactory results for bismuth 
compounds but erratic and often low results for aluminium and copper 
compounds. 

Zusanunenfassun8-Zur Bestimmung von Aluminium, Wismut oder 
Kupfer in Proben metallorganischer Verbindungen, die 40-110 rg 
wiegen, wurden Verfahren entwickelt. Es wird empfohlen, an einen 
AufschluD mit Salpeter- und Schwefels&re im verschlossenen Rohr 
eine spektrophotometrische Bestimmung anzuschliel3en; alle Ergebnisse 
der Analyse von Standardverbindungen lagen innerhalb f0,3 prozent 
absolutem Fehler. AufschluB mit Perchlors&ue im offenen Rohr gibt 
bei Wismutverbindungen zufriedenstellende, bei Aluminium- und 
Kupferverbmdungen jedoch stark streuende und oft zu niedrige 
Ergebnisse. 

R&un&Gn a blabore des methodes pour la determination d’alumin- 
ium, bismuth ou cuivm dans des e&antillons de composes organo- 
metalliques pesant 40-110 pg. On recommande. la determination 
spectrophotometrique suivant la digestion avec les acides nitrique et 
sulfurique en tube scellb, tous les r&hats obtenus de l’analyse de 
composes &talons &ant d’erreur absolue comprise dans les limites 
&0,3 %. La digestion dans un tube ouvert avec les acides perchlorique 
et sulfurique donne des resultats satisfaisants pour les composes du 
bismuth mais des resultats variables et souvent faibles pour les com- 
poses de l’aluminium et du cuivxe. 
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Fiilhmg des Wismuts als Bis(triphenylselenoninm)-Pentacldorobismutat (III) 

(Eingegangen am 12 December 1969. Angenommen am 31 Januar 1970) 

INNERIULB verschiedener wasserlbslicher Komplexe (Gutbier und Mtillerl): [siCl,]-, [BiCl,]*-, 
[siCl,]*- und verschiedener mehrkemiger Ionen schreiben Remy und Pellens* dem Pentachloro- 
bismutat die gri%te Stabilitat zu. Mit aliphatisch substituierten Ammoniumsalzen wird das Wismut 
aus salzsauren Lbsungen als Tetrachlorokomplex gef%llt und kamr zu extraktiv-photometrischen 



Short communications 641 

Summarjr--Methods for the determination of alumlnium, bismuth or 
copper in samples of organometallic compounds weighing 40-110 pg 
have been develoned. Snectronhotometric determination followmg 
digestion with nit& and s~phuri~ acids in a sealed tubeismcommended~ 
all results obtained from the analysis of standard compounds being 
within &O-3% absolute error. Digestion in an open tube withyper- 
chloric and sulphuric acids gives satisfactory results for bismuth 
compounds but erratic and often low results for aluminium and copper 
compounds. 

Zusanunenfassun8-Zur Bestimmung von Aluminium, Wismut oder 
Kupfer in Proben metallorganischer Verbindungen, die 40-110 rg 
wiegen, wurden Verfahren entwickelt. Es wird empfohlen, an einen 
AufschluD mit Salpeter- und Schwefels&re im verschlossenen Rohr 
eine spektrophotometrische Bestimmung anzuschliel3en; alle Ergebnisse 
der Analyse von Standardverbindungen lagen innerhalb f0,3 prozent 
absolutem Fehler. AufschluB mit Perchlors&ue im offenen Rohr gibt 
bei Wismutverbindungen zufriedenstellende, bei Aluminium- und 
Kupferverbmdungen jedoch stark streuende und oft zu niedrige 
Ergebnisse. 

R&un&Gn a blabore des methodes pour la determination d’alumin- 
ium, bismuth ou cuivm dans des e&antillons de composes organo- 
metalliques pesant 40-110 pg. On recommande. la determination 
spectrophotometrique suivant la digestion avec les acides nitrique et 
sulfurique en tube scellb, tous les r&hats obtenus de l’analyse de 
composes &talons &ant d’erreur absolue comprise dans les limites 
&0,3 %. La digestion dans un tube ouvert avec les acides perchlorique 
et sulfurique donne des resultats satisfaisants pour les composes du 
bismuth mais des resultats variables et souvent faibles pour les com- 
poses de l’aluminium et du cuivxe. 
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Fiilhmg des Wismuts als Bis(triphenylselenoninm)-Pentacldorobismutat (III) 

(Eingegangen am 12 December 1969. Angenommen am 31 Januar 1970) 

INNERIULB verschiedener wasserlbslicher Komplexe (Gutbier und Mtillerl): [siCl,]-, [BiCl,]*-, 
[siCl,]*- und verschiedener mehrkemiger Ionen schreiben Remy und Pellens* dem Pentachloro- 
bismutat die gri%te Stabilitat zu. Mit aliphatisch substituierten Ammoniumsalzen wird das Wismut 
aus salzsauren Lbsungen als Tetrachlorokomplex gef%llt und kamr zu extraktiv-photometrischen 
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Bestimmungen* in dieser Form separiert werden ([HN(C,H,),] [SiCl,], &,&H&l, = 330 nm), 
Triphenylselenoniumionen scheiden jedoch das, eutspechend, extrahierbare Pentachloroanion ab. 
[(C,H,),Se],: [sit&,], &&CH,Cl, = 340 mn. 

Unter den Triphenylselenoniumsalzen anderer komplexer Halogenometallsauren (Tabelle I) weist 
die Mehrzahl in wt&igen Medien deutlich hervortretende Liislichkeiten auf. Aus 10%~ig Kalium- 
bzw. Natriumchlorid-halt&en Wsungen beginnt die Filllbarkeit des Kupfers, Kobalts, Zinks und 

TABELLEI I. 

Metal1 Verbindung Farbe Schmelzpunkt, “C 

Kupfer 

Kobalt 

Zink 

Cadmium 

Blei 
Mangan(III) 
Eisen(II1) 

Antimon(III) 
Wismut 

gelb 
schwarz-violett 
blau . . 

f%os 
farblos 
farblos 
farblos 
farblos 
grtin 
gelb 
dunkelbraun 
farblos 
farblos 
bla!3gelb 

214-216 (Zers.) 
197-199 
276-278 
259-260 
287-289 
261-263 
278-279 
248-249 
215-216 

- 

134-135 

278:80 
259-260 

Cadmiums erst bei Metallgehalten ab 2%. Leichter fallbar sind die entsprechenden Salze von 
Halogenosluren dreiwertiger Metalle. In Citrat-haltigen, schwach sauren Medien sind jedoch alle 
leicht komplex liislich atier [(C,H,),Se], lBiClJ und [(C,H,),Se], [BiBr,]. Im ammoniakalischen 
Bereich werden such diese durch Citrat leicht gel&t. 

Eiie von Burkhalter und Solarek4 ausgearbeitete Bestimmungsmethode fur Wismut als Tri- 
methylphenylammonium-Tetrajodobismutat(II1) [(CH,),(C,H,)N] [sir,] H*O bietet keine Trennungs- 
miiglichkeiten von Obergangsmetallionen, auDerdem stbrt die Anwesenheit anderer Halogenionen. 

Reagentien 
EXPERIMENTELLER TEIL 

Triphenylselenoniumchlorid, 20 %ig wiissrige Liisung. Sie wird unter gelegentlichem Umrtihren 
2-3 Stunden mit Aktivkohle auf dem Wasserbad erwiirmt. Die flltrierte, wasserhelle Losung ist 
mindestens 3 Monate haltbar. Zur F&hung des Wismuts verdtlnnt man sie mit 1M Salzs&tre im 
Verhaltnis 1: 1. 

Zitronensiiure bzw. Trinatriumcitrat. 
Ammoniumchlorid, 15 zig wiissrige Liisung. 
Waschliisung. Triphenylselenoniumchlorid (2g) und Zitronensilure (0,5 g) in 100 ml 0,2M Salz- 

s3iure. 
Salzstiure, 0,2M. 
Wismut-Standardliisung. Die erforderliche Menge Wismut p.a. (z.B. Baker 99.95 % bezw. 99,999 % 

Bi) wird mit konz. Salpeterslure gel&t. Man dampft bis zur begirmenden Trockne ein, und 
nimmt mit dem gewtinschten Volumen 0,7M Salpeterslure auf. 

Aus Wismutnitrat mit verd. Salpeterslure bereitete losungen werden komplexometrisch eingestellt, 
unter Gebrauch von Brenzkatechinviolett als Indikator. Dieses Verfahren setzt die Abwesenheit 
von Chloridionen voraus. 

Arbeitsoorschrift 

Die salpeter-, oder salzsaure Probeliisung, die 15-60 mg Wismut(III) enthalten mag, und deren 
Aciditlt zwischen 0,2 und lNliegt, wird im Becherglas von 400-600 ml Inhalt bei Aciditiiten <0,5N 
mit 4 g Citronensaure und beim Vorliegen solcher >O,SN, mit 5 g Trinatriumcitrat versetzt. Nach 
deren Aufliisung verdtinnt man mit Wasser unter Riihren auf etwa 150 ml und ftigt ebnfalls unter 
Riihren 20 ml Ammoniumchlorid-Liisung hinzu. 
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Die Ftillung des Wismuts erfolgt bei Raumtemperatur durch langsames Zutropfen von 15 ml 
0,5M salzsaurer Liisung des Triphenylselenoniumchlorids unter Umriiluen. Der anfringlich flockig- 
volumin&e Niederschlag wird gegen Ende der Reagenzzugabe feinkristallin. Man rtlhrt mehrmal, 
urn, und behil3t eine Stunde bei Raumtemperatur. Nach dieser Zeit ist die tlberstehende Losung klars 
der Niederschlag hat sich gut abgesetzt. 

Man filtriert nun den aufgewirbelten Niedemchlag durch einen bei 110’ zur Gewichtskonstanz 
getrockneten Filtertiegel der Frittendichte G4, und benutzt zum vollst&ndigen Uberfiien und 
Waschen 50 ml Waschlosung. Durch nur mZissig starkes Trockensaugenwird Rissbildung in der 
Niederschlags-schichte vermieden. Man w&cht zweimal mit je 5 ml 0,2M Salrsaure und saugt dann 
scharf ab. 

Der Niederschlag wird im (beliifteten) Trockenschrank bei 110” in 60 min bis zur Gewichts- 
konstanz getrocknet. Umrechmmgsfaktor fbr Wismut betragt 0.2077. Zur SIuberung der Fritten 
e&net sich raschlijsende ammoniakalische Citratliisung, nicht Chromschwefelsaure. 

Der mittlere Fehler fur die Bestimmung des Metalls aus reinen Liisungen liegt bei 0,3 %. 

Spezifitiit und Vorteile der Methode 

Unter genannten Arbeitsbedingungen wird Wismut bereits aus 5 x 10-a%-igen Liistmgen 
quantitativ abgeschieden. Dabei sind Schwankungen der Salzsaurekonzentration zwischen 0,1 turd 
1M tragbar. Citrat halt in noch schwacher sauren oder alkalischen Liisungen (nach Aufschhlssen mit 

TABELLE II. 

Wismut, mg 

gegeben gefunden 

Fehler 

% Fremdion, mg 

Verhiiltnis 

Fremdion : Bia+ 

29,0 
29,0 
30,o 
30,o 
20,o 
20,o 
48,4 
40,o 
29,0 
20.0 
29,0 
20,o 
40,o 
29,0 
38,7 
30,o 
19,36 
50.0 
20;o 
20,o 
20,o 
30,o 
39,0 
30,o 
20,o 
20,o 
40,o 
50.0 
29,0 
20,o 
39,0 
30,o 
4030 
1993, 
39,0 

2% 
28,8 
29,6 
29.8 
20,2 
20.1 
48;2,, 
40,2, 
28& 
19,81 
29,3 
19,86 
40,3 
28,8 
39.0 
29;s 
19,5 
49,7 
19,s~ 
20,lr 
20,16 
29,8, 
3899, 
30,26 
20,2 
20,2 
40,8 
49,7 
28,91 
20,01 
39,6 
30911 
39,s 
19,56 
39,l 

+1.2 
-0;7 
-1.3 
-017 
t-O,8 
+0,7 
-0.3 
+0;6 
-0,5 
-0,s 
+1 
-0.8 
+o;s 
-0,8 
+o,tI 
-0,7 
+ols 
-0,6 
-0,9 
+0,8 
+0.8 
-0;s 
-0,2 
+0,8 
+1 
+1 
+2 
-0,6 
-0,2 
+0,4 
+1,6 
+0,6 
-0,5 
+1,1 
+0,3 

Chlorid 1 Kmoo 
Nitrat 
Sulfat 
Phosphat 
Citrat 
Citrat 
Tartrat 
co’+ 

Ni’+ 

Mn’+ 

Ala+ 

Fe*+ 

Crs+ 

cu=+ 

MIIJJ 

Sb”+ 

Te(Iv) 
Th4+ 

Mo(VI) 

2900 
1500 
1500 
2000 
4000 
4000 

I:! 
200 
145 
200 

40 
290 
200 

E 
50 

100 
200 
100 

3000 
39 

150 
200 
20 
80 
50 

145 
20 
80 
60 
40 

100 
40 

350 
100 
50 

1: 
200 

80 
1 
5 

10 
5 

10 
1 

10 
5 

10 
20 

1 
5 

10 

1; 
1 
5 

10 
1 
2 
1 
5 
1 
2 
2 
1 
5 
1 
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Natriumhydroxid) Wismut in L&sung, ohne Storungen zu verursachen. Da die Anionen der Mmeral- 
sauren nicht St&en (Tabelle II), kljnnen diese nach schlie.Blichem Zusatz von Citrat mit Natrium- 
hydroxidlosung bis in den pH-BereichO,S-1 abgestumpft werden. Bemerkenswert gering ist hierbei der 
StoreinlluS von Phosphat, sowie Eisen(II1) und Chrom(III). Zink, Cadmium und Quecksilber(II) 
verursachen bei Verhitltnissen Bi*+:Fremdion = 1:l Uberbefunde, und man trennt dann das 

TABELLE III.-W~~MUTBES TIMMuNo IN rscHNLscrisN PR~DUKTEN 

Katalysator (Knappsack) Weichlot 

SiO, 5128% Pb 49,5 % 
MOO* 17,0% Sn 4091% 
Fe&* 790 % Sb 0,42 % 

::* 
1904% CU 0,03 % 

1930% Bi 998% 

BipOs gefunden 19305 % Wismut gefunden 939% 

Wismut durch Vorfi-illung mit Ammoniak von den Ionen Zn’+ und Cd*+ ab. GrliSere Mengen Ble 
tlber das Verhtitnis Bi: Pb = 1: 1 hinausgehend trennt man am gilnstigsten durch den AufschluB 
mit konz. Schwefels&ue ab. Das Verfahren eignet sich zur Analyse von Materialien mit Wismut- 
Gehalten ab etwa 5 % Bi (Tabelle III). 

Der Deutschen Forschungsgemeinschaft und dem Fonds der Chemischen Industrie danken wir 
filr die Unterstiitzung der Arbeit. 

Anorganisch-Chemisches Znstitut MAX ZDIGLER 
Der Universitiit LihER ?bEGELER 

G&tingen, Deutschland 

Zusammenfassung-Die Fllhmg des Wismuts als [(CsHs)$e],[BiC1,] 
ermiiglicht bei Gegenwart von Citrat die gravimetrische Bestimmung 
von 15-50 mg Wismut und deren Tremnmg von mittleren Mengen 
zwei- und dreiwertiger Ubergangsmetalle, sowie von Phosphat. Es 
wird der Aufbau verschiedener Triphenylselenonium Halogenokom- 
plexe solcher Metalle ausgewiesen. 

Summary-By precipitation as [(CeH&Se],[BiCl,] in the presence of 
citrate, 15-50 mg of bismuth can be determined gravimetrically, and 
separated from moderate amounts of bi- and tervalent metals and 
from phosphate. Such metals are characterized by the formation of the 
triphenylselenonium salts of their various halide complexes. 

R&urn&Par precipitation a l’etat de [(C,H,),Se],[siCl,] en la 
presence de citrate, on peut doser gravimetriquement 15-50 mg de 
bismuth et le &parer de qua&it& peu elevees de metaux di- et tri- 
valents et de phosphate. Tels metaux sout characteri& par la 
formation des sels de triph6nyls616nium de leurs divers complexes 
halog&&. 
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Two new spectrophotometric reagents for copper 

(Received 10 November 1969. Accepted 15 January 1970) 

IT HAS been known for many years that chromogens containing the methine or ferroin group may be 
transformed into reagents specific for copper(I) by alkyl, aryl, or amino substitution on the carbon 
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sauren nicht St&en (Tabelle II), kljnnen diese nach schlie.Blichem Zusatz von Citrat mit Natrium- 
hydroxidlosung bis in den pH-BereichO,S-1 abgestumpft werden. Bemerkenswert gering ist hierbei der 
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verursachen bei Verhitltnissen Bi*+:Fremdion = 1:l Uberbefunde, und man trennt dann das 

TABELLE III.-W~~MUTBES TIMMuNo IN rscHNLscrisN PR~DUKTEN 

Katalysator (Knappsack) Weichlot 

SiO, 5128% Pb 49,5 % 
MOO* 17,0% Sn 4091% 
Fe&* 790 % Sb 0,42 % 

::* 
1904% CU 0,03 % 

1930% Bi 998% 

BipOs gefunden 19305 % Wismut gefunden 939% 

Wismut durch Vorfi-illung mit Ammoniak von den Ionen Zn’+ und Cd*+ ab. GrliSere Mengen Ble 
tlber das Verhtitnis Bi: Pb = 1: 1 hinausgehend trennt man am gilnstigsten durch den AufschluB 
mit konz. Schwefels&ue ab. Das Verfahren eignet sich zur Analyse von Materialien mit Wismut- 
Gehalten ab etwa 5 % Bi (Tabelle III). 

Der Deutschen Forschungsgemeinschaft und dem Fonds der Chemischen Industrie danken wir 
filr die Unterstiitzung der Arbeit. 
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Zusammenfassung-Die Fllhmg des Wismuts als [(CsHs)$e],[BiC1,] 
ermiiglicht bei Gegenwart von Citrat die gravimetrische Bestimmung 
von 15-50 mg Wismut und deren Tremnmg von mittleren Mengen 
zwei- und dreiwertiger Ubergangsmetalle, sowie von Phosphat. Es 
wird der Aufbau verschiedener Triphenylselenonium Halogenokom- 
plexe solcher Metalle ausgewiesen. 

Summary-By precipitation as [(CeH&Se],[BiCl,] in the presence of 
citrate, 15-50 mg of bismuth can be determined gravimetrically, and 
separated from moderate amounts of bi- and tervalent metals and 
from phosphate. Such metals are characterized by the formation of the 
triphenylselenonium salts of their various halide complexes. 

R&urn&Par precipitation a l’etat de [(C,H,),Se],[siCl,] en la 
presence de citrate, on peut doser gravimetriquement 15-50 mg de 
bismuth et le &parer de qua&it& peu elevees de metaux di- et tri- 
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atoms immediately contiguous to the chelating nitrogen atoms.‘-’ This effect has been attributed to 
steric hindrance which prevents octahedral co-ordination around iron(H) but allows tetrahedral 
co-ordination around copper(I). l,* Two more compounds have been prepared which exhibit this 
uronertv: 6-methvl-2-nvridvlhvdrazidine and the hitherto unknown 3-(6methvl-2-pvridyl)-5,6- 
hiphenyl-1,2,4-tr&ine: her&&r referred to as MPH and MPTZ respectively. MPH- &a& with 
copper(I) to give a fairly stable yellow compound (E = 700 l.mole-l.mm-l; Im., 426 mn) and MPTZ 
reacts to form a stable red-orange compound (E = 955 l.mole-l.mm-l; &U 492 mn). 

EXPERIMENTAL 

Reagents 

Preparation of MPH. MPH has been previously reported by van der Burg,’ but in the present 
work, the method of Case’ was used with the following modifications: 97 % hydraxine and anhydrous 
isopropanol were employed in place of 95 % hydraxine and 95 % ethanol, and anhydrous magnesium 
sulphate was added to the reaction mixture. The crude product was recrystallixed three times from 
boiling isopropanol. White plates were obtained, in 82% yield, m.p. 115”, in agreement with that 
reported by van der Burg. Calculated for C,HloN,: C, 55.98%; H, 6.71%; N, 37.31%; found: C, 
558 %; H, 6.7 %; N, 37.0%. 

TABLE I.-D ETERMINATION OF COPPER IN IRON-CONTAINING JSOILER WATER 

Copper in 
sample, ppm 

By extraction of 
Cu(MPTZ),+ into 
isopentanol 

By Cu(MPH),+ in 
aqueous solution 

By extraction of 
Cu(MPH),+ into 
isopentanol 

0.17 
0.17 
0.17 
0.17 
O-17 
0.17 

? 
0.17 
t-J.17 
0.17 
0.17 
0.17 
0.17 

Copper added, Iron added, Copper found, 

PPm PPm PPm 

0 0 @34 
0.50 0” O-85 
1.00 1.34 
1.50 0 1.86 
0 1.00 0.34 
0 IO.0 0.35 
0 100.0 0.34 

0 0 0.17 
0.50 0 0.68 
Ia0 0 l-15 
1.50 0 1.69 
0 l+Kl 0.18 
0 10.0 0.17 
0 loo*0 0.18 

0 0 0.17 
0.50 0 0.67 
1.00 0 1.15 
1.50 0 1.65 
0 1.00 0.16 
0 10.0 0.18 
0 100.0 @17 

All analyses were performed in triplicate on the same sample of boiler etfluent. The sample was 
diluted 1 :l with standard copper and iron solutions or demineralixed water for the determinations 
with MPH. 

Preparation of MPTZ. The method of Cases was used with the following modifications: iso- 
propanol was used as the solvent for the MPH and a mixture of 1: 5 methanol-isopropanol was used 
as the solvent for the benxil. The crude yellow product was recrystallized three times from boiling 
benzene. Slightly yellow crystals were obtained, in 68 % yield, m.p. 179”. Calculated for C,rHr‘N,* 
H,O: C, 73.69%; H, 5.27%; N, 16.31%; found: C, 73.6%; H, 5.4%; N, 16.1%. 

MPH reagent solution, 0*02M. Dissolve @30 g of MPH in 50 ml of isopropanol and dilute to 
100 ml with copper-free water. 

MPTZ reagent solution, 0.OZM. Dissolve 0.65 g of MPTZ in 90 ml of boiling methanol. Cool to 
room temperature and dilute to 100 ml with methanol. 
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Phosphate buffer solution, pZ3 65, copper-free. Dissolve log each of potassium dihy~~n 
phos 

g 
hate and dipotassium hydrogen phosphate in water and dilute to 100 ml. Purify as below. 

P sphate bu$er solution, pH 10, copper-free. Dissolve 10 g of dipotassium hydrogen phosphate in 
50 ml of water, add 12.5 ml of 0+10&f sodium hydroxide, dilute to 100 ml, and purify as below. 

~ydroxyl~ni~m chloride solution lo%, copper-free. Purified as below. 
Sodium hydroxide solution, SM. 
Copper-free water. To 1 l&e of distilled water, add 1 ml of MPTZ reagent solution, 1 ml of 10 % 

hvdroxvlammonium chloride solution and 10 ml of nH 6.5 buffer solution. Extract with 50 ml of 
is’ope&nol. Discard the alcoholic phase. 

I 

Buffer and other aqueous solutions were purified by a similar procedure. 
Standard copper solutions, 1OOOppm. Prepared from electrolytic grade copper, and freed from 

nitrate by fuming with sulphuric acid. 

Procedures 

Preparation of sample. Both MPH and Cu(MPH)*+ are soluble in water. Cu(MPTZ)$+ is 
somewhat soluble in water, but MPTZ itself is not water-soluble over the pH range of colour 
development. The nitrates and perchlorates of both complexes are insoluble in water, and those of 
Cu(MPH),+ are extractable, whereas the extraction of Cu(MPTZ),+ is independent of presence of 
perchlorate. Thus, when copper is to be determined in aqueous solution with MPH the dissolution 
procedure must avoid perchloric acid and nitrate ions must be removed if nitric acid is used. When 
the solvent extraction procedures are used, it is best to dissolve samples in nitric acid/perchloric 
acid mixture. 

Colour development . Take a 100~ml aliquot of slightly acidic sample solution containing about 
O-2 mg of copper. Add 1 ml of 10% hy~oxyl~o~um chloride solution, and complete the deter- 
mination by one of the following. 

1. Add 1 ml of MPH reagent solution, 5 ml of pH 10 buffer solution, and dilute to a specific volume. 
Mix well and read the absorbance at 426 nm. 

2. Add 1 ml of MPH reagent solution, 1 ml of pH 10 buffer solution, transfer q~titatively to a 
separatory funnel and extract with two lo-ml portions of isopentanol. Combine the extracts in a 
2%ml volumetric flask and dilute to the mark with methanol. Mix well and read the absorbance at 
426 mn. 

3. Add 1 ml of MPTZ reagent solution, 1 ml of pH 6.5 buffer sohttion, transfer quantitatively to a 
separatory funnel and extract with 20 ml of isopentanol. Dilute the extract to 25 ml in a volumetric 
flask. Mix well and read the absorbance at 492 nm. 

Calibration curves are constructed from standard solutions treated in the same manner. 

RESULTS AND DISCUSSION 
Synthesis, The method of Cases was modified because it was found that water in the reaction 

mixture for the preparation of MPH seemed to favour the formation of a secondary product (which 
was not characterized). For this reason, anhydrous hydrazine was used, anhydrous isopropanol was 
employed as the solvent and anhydrous magnesium sulphate was added to the reaction mixture. 
MPH and MPTZ are easier to synthesize than some of the more sensitive reagents which have been 
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value, Ammonium ion, tris(hydroxymethyl)aminomethane, and 2-amino-2-methyl-l-propanol 
prevent or inhibit the colour development due to Cu(MPI-I),+, probably by formation of non-dii- 
sociated complex species with copper(I). 

One of the curious properties of MPH and MPTZ is that in contrast to many similar copper 
reagents, no coloured species are formed with cobalt(E). 1,4,6 Copper may be determined in the 
presence of 100 times as much iron, even without extraction. No other interferences have been found 
which cannot be eliminated by extraction. Of the ferroin-type reagents for copper in use at the present 
time, these two may be said to be among the simplest and least expensive to prepare and use, while 
giving reasonable sensitivity and maximum selectivity for copper. 

Huch Chemical Company LAWRENCE STOOKEY 

P.O. Box 907,713 South Duj- 
Ames, Iowa 50010, U.S.A. 

Summary-Two ferroin-type compounds are proposed as spectro- 
photometric reagents for copper(I) : &methyl-Zpyridylhydrazidine, 
which forms a yellow complex with il,., 426 nm and molar ab- 
sorptivity 700 l.mole-l.mm-1, and 3-(6-methyl-2-pyridyl)-5,6-diphenyl- 
1,2&riazine, which forms a red-orange complex with &,., 492 nm and 
molar absorptivity of 955 l.mole-r.mm-1. These reagents are specific 
for copper and the complexes can be extracted into isopentanol for 
increased sensitivity. 

RCmn&On propose deux composes de type ferrolne comme r&a&ifs 
spectrophotometriques pour le cuivre(I): la 6-methyl 2-pyridyl- 
hydrazidine, qui forme un complexe jaune avec LX 426 mn et un 
coefficient d’absorption moleculaire de 700 l.mole-r.mm-1, et la 3-(6 
m&hyl-2-pyridyl)-5,6-diph&ryl-l,2,4-triazine, qui forme un complexe 
rouee-oranee avec I,, 492 mm et un coefficient d’absorntion mole- -- 
c&&e de 9’55 l.mole-l.mm-l. Ces reactifs sont sp&iiqu& du cuivre 
et les complexes peuvent &re extraits en isopentanol pour une sen- 
sibilite accrue. 

Zusammenfassun8-Zwei Verbindungen vom Ferrointyp werden als 
spektrophotometrische Reagentien ftir Kupfer(I) vorgeschlagen: 6- 
Methyl-2-pyridylhydrazdin, das einen gelben Komplex mit ilms, 
426 nm und molarem Extinktionskoeffizienten 700 1. mol-r mm-r, 
sowie 3-(6-Methyl-2-pyridyl)-5,6-diphenyl-1,2,4-triazin das, einen 
orangeroten Komplex mit &x 492 run und molarem Extinktionsko- 
eflizienten 955 1. mol --lmm-l bildet. Diese Reagentien sind fiir 
Kupfer spezifisch; zur Erhiihung der Emptindlichkeit kiinnen die 
Komplexe in Isopentanol extrahiert werden. 
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solvent.10 In this work we have investigated the precipitation reactions of some cations [Cd(H), 
Hg(H), Sn(II), T](I) and Zn(II)] by sulphide ions in order to test the feasibility of their titration. 

In order to avoid the disadvantages connected with the weighing of titrants, the sulphide ions were 
produced in situ by reduction of thiocyanate at a platinum electrode according to the reaction 

SCN- + 2e- -+ CN- + S*- (1) 
the quantitative yield of which has been already checked.8s0 

The apparatus used was similar to that described elsewhere. I4 In this work a further vessel (anodic 
compartment) is joined to the main cell (cathodic compartment) by means of a sintered-glass disk. 

The quantity of solvent used in the cathodic vessel was about 50 g. The solvent mixture was 
the sodium thiocyanate-potassium thiocyanate eutectic prepared as described in a previous paperI 
The solvent in the cell was maintained under vacuum for about 1 hr at a temperature of 
443.0 % 0*2K. The solutes were introducedas pure saltsoraspelletsof sodium thiocyanate-potassium 
thiocyanate mixture containing a known weight of metal salts. The concentration of the solutions 
studied was always in the molality range 3 x lo-*-2 x 1O-8. 

In order to perform electrolysis, platinum electrodes 200 mm* in area were used. The current 
for the production of sulphide ions was supplied by a constant-current electronic generator and 
measured potentiometrically through the resistance drop across an AEG lOO-ohm precision resistor 
connected in series. The maximum current density was 15 pA/mnP. Greater current density was not 
used, in order to prevent sodium ion reduction.* 

The titration curves were determined amperometrically by recording the diffusion current of 
the cations by means of a three-electrode Amel model 557/SU polarograph and a Graphispot type 
GRVAM galvanometric recorder. The potentials were measured us. the glass reference electrode’+ 
standardized as described earlier.‘% 

Quantitative results have been obtained for cadmium, mercury and zinc ions, which gave well 
defined titration curves; typical plots for cadmium and zinc are presented in Fig. 1. 

I I I I 

20 40 60 

t min 

Fro. l.-Amperometric titration curves of Zn(II) (full points) at -1.0 V and Cd(H) 
(open circles) at -0.6 V us. Ag/Ag(I) (lm). 

After the equivalence point the plots of these curves have different slopes, depending on the 
diffusion potentials of the cations examined. These potentials can lie in the anodic or cathodic branch 
or in the null current range of the irreversible composite wave which is probably due to the sulphide- 
polysulphide system. The polysulphide ions, which according to Metzgere are probably present, may 
be formed after the equivalence point from the sulphide ions and sulphur produced by thermal 
decomposition of the solvent. 

The results obtained are summarized in Table I. 

TABLE I 

Number of Concentration ranee S*-Me0 
Cation 

CdOI) 
zn(W 
Hg(II) 

titrations 

5 

: 

(molality) mean r&b 

5 x 10-4-2 x 10-a 1.007 
3 x 10-4-2 x 10-s 0.982 
5 x 10-4-2 x 10-a 0.986 
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In all the titrations the error was always smaller than ~05 %. Obviously, this result demonstrates 
that the cyanide ion produced by reaction (1) does not interfere in the precipitation reactions. 

On the contrary very large (negative) titration errors have been always obtained for tin(H) and 
thallium(I) ions. 
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reagents, the chromogenic reactions of these new compounds with iron( copper(I), and cobalt(H) 
have been examined s~trophotomet~~ly. The results are reported in this brief co~uni~tion. 

Structures of the compounds studied (omitted here for brevity) can he found in the original papers 
by Case.lrat8 For simplicity the compounds (listed below) will be referred to by numeral. 

I CMethylpicolinimidic acid hydrazide 
II 6-Phenylpicollnimidic acid hydrazide 

III 3-Isoquinolin~boximidi~ acid hydrazide 
IV 3-(6-Methyl-2-pyridyl)-5,6-diphenyl-l,2,4-triazine 
V 3-(6-Phenvl-2-nvridvl)5.6-dinhenvl-l.2.4-triazine 

VI 3-(3-Isoq&nol&5,ii_hiphen~l-I ,2,4&iazine 
VII 3-(6-Methyl-2-p~idyl~-S,6-bis(2-pyridyl)-l,2,4-triazine 

VIII 3-(6-Phenyl-2-pyidyl)-5,6-bis(2-pyridyl)-l,2,4-triazine 
IX 3-(3-Isoquinolyl)-5,6-bis(2-pyridyl)-l,2,4-triazine 
X 3-(3-Isoquinolyl)-l,2,4-t~~ino[5,6-~[4,7]ph~anthroline 

XI 3-(2-Pyridyl)-5-phenyl-6-(2-pyridyl)-l,2,4-triazine 
XII 3-(4-Me~yl-2-p~dyl)-S-phenyl-6-(2-pyridyl)-l,2,4-triazine 

XIII 3-~4-Phenyl-2-p~dyl)-5-ph~yl-6-(2-p~idyl)-l,2,4-triazine 
XIV 2-( 1 -1soquinolyl) benzimidazole 
XV 2-(3-Isoouinolvl) benzimidazole 

XVI 2-~l-~o~uino~lj-3~-i~d~o[4,5-~1 quinoline 
XVII 2-(3-IsoauinolvlS-3Himldazo14.Shl auinoline 

XVIII 2-(1-Iso~uinol~l)-lH-imidazo~4;S-cj l$rkline 
XIX 2-(3-~~uinolyl)-l~-~id~oI4,S-c] pyridine 
XX 2-(l-IsoquinolyQ-S(6)-phenylbenzimidazole 

XXI 2-(3-Isoquinolyl)-S(6)-phenylbenzimidazole 
XXII 2,4-Di~ino-6-(l-is~uinolyl)-l,3,5-triazine 

XXIII 2,4-Diamino-6-(3-isoquinolyl)-1,3,S-triazine 
XXIV 2-Amino-4,6-bis( 1 -isoquinolyl)-1,3,5-triazine 
XXV 3,6-Bis(4methyl-2-p~idyl)-dihy~o-l,2,4,S-tetrazine 

XXVI 3,6-Bis(4-ethyl-2-pyridyl)-dihydro-l,2,4,S-tetrazine 
XXVII 3,6-Bis(4-phenyl-2-pyridyl)-dihydro-1,2,4,5-tetrazine 

XXVIII 3,6-Bis(4-methyl-2-p~dyl)-l,2,4,5-tetra~ne 
XXIX 3,6-Bis(4-ethyl-2-pyridyl)-l,2,4,S-tetrazine 
XXX 3,6-Bis(4-phenyl-2-pyridyl)-1,2,4,5-tetrazine 

XXXI 3,6-Bis(4-~thyl-2-p~dyl)4phenylpyrid~ne 
XXXII 3,6-Bis(4-phenyl-2-pyridyl)-4-pbenylpyridazine 

EXPERIMENTAL 

Preparative details and elemental analyses of the compounds studied were reported by Case.l.a,s 
The various standard solutions, pH buffers, reagents, and procedures used in this investigation 

are described in an earlier ~~~~tion of this series. a Mole ratio and wnditional formation 
constants (in ethanol-water mixtures) were determined spectrophotometrically by the method of 
continuous variations. 

RESULTS AND DISCUSSION 

All the compounds readily form coloured complexes except the difficultly soluble XXVII and 
XXX. As expected on the basis of their structures and the steric requirements for chelation, com- 
pounds I, II, IV and V do not form coloured complexes with either cobalt(B) or iron(H) but do with 
copper(I). The pH ranges for colour formation are generally broad. The iron(H) chelates form 
rapidly between pH 2 and 9, with maximum colour production at pH 5-8. The only exceptions are 
the iron(H) chelates of X, XXV and XXVI which exhibit maximum colour between pH 3 and 5, 
Formation of the copper(I) and cobalt(H) chelates occurs rapidly between pH 3 and 11. Maximum 
colour production results at pH S-8 for wpper and 5-l 1 for cobalt. 

Most of the chelates can be quantitatively extracted in the form of their chloride or acetate salts 
by a single equilibration with a small portion of isopentanol. The following are only partially 
extractable: iron(H) chelates of III and IX; copper(I) chelates of X, XXVIII, XXIX and XXX; and 
cobalt(H) chelates of VII, X, XXVIII and XXXI. 

Spectral characteristics are summarized in Table I. The wavelengths given are for maximum 
absorbance unless otherwise specified, and the molar absorptivity values (e) correspond to the 
wavelength cited. 
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TABLE I.-SPECTRAL CIMRA~TERISTICS OF THE METAL CHELATES 

651 

Iron Copper0 Cobalt(II) 
Chromogen 1, nm E, l.mole-l. mm-’ L, nm E, l.mole-‘. mm-’ 1, nm E, l.mole-l.mn-l 

- 
I 

II 
III 
IV 
V 

z 
VIII 

IX 
X 

XI 
XII 

XIII 
XIV 
xv 

XVI 
XVII 

XVIII 
XIX 
XX 

XXI 
XXII 

XXV 
XXVI 

XXVII 
XXVIII 

E 

t 
t 

456 

r 
556 
612 
612 
569 
605 
558 
564 
565 

E 
656 
425 * 
654 
472 
609 
453 

t 
572 
678 
542 

$ 
681 
675 

$ 
553 
563 

t 
t 

1.15 x 10’ 

: 
2.32 x 10L 

0.840 x 10’ 
950 

l-95 x lo” 
1.78 x 10’ 
2.31 x 10’ 
233 x 101 
2.44 x IO’ 

180 
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t Colours and spectra of chelate and chromogen are very similar. 
$ Chromogen not sufticiently soluble for testing. 

The most sensitive chromogens of the group for iron are the substituted 1,2,4-triazine derivatives 
VI, XI, XII and XIII. Yielding iron(H) chelates with high molar absorptivities and extractabilities, 
these chromogens compare favourably in analytical utility with such outstanding reagents as batho- 
phenanthroline,62,4,6-tripyridyl-sym-triazine~and3-(4-phenyl-2-pyridyl)-5,6-diphenyl-l,2,4-triazine.~ 

Compound XXXII forms the most intensely coloured copper(I) complex of those studied; 
however, its reactivity with cobalt(II) and iron seriously detracts from its possible analytical use. 
Less sensitivity but greater selectivity is afforded by the more stereo-selective chromogens IV and V. 
Popular use of any of these, however, is improbable because of the availability of equally selective 
but more sensitive copper chromogem+-e.g., bathocuproine.8 

The most sensitive cobalt chromogen of the group is the benzimidazole derivative XIV. Its 
analytical utility appears promising, although limited by the necessity of making absorbance measure- 
ments on the long wavelength side of an absorption band having its maximum in the ultraviolet. 
Measurement at shorter wavelengths or at the maximum is precluded by the intense absorption by 
excess of uncomplexed chromogen. 
another disadvantage. 

Absorbance interferences from copper, iron and nickel constitute 

The metal-ligand ratios and conditional formation constants of certain of the iron0 chelates are 
of interest with regard to structural features of the ligands. Pertinent data are given in Table II. An 
esneciallv interestine tindine is that both VII and VIII behave as bidentate rather than terdentate 
ligands i’n chelation”with i&II). Both possess multiple ferroin groupings with sutlicient versatility 
to act conceivably either as bi- or terdentate ligands. Since the latter mode should lead to greater 
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TABLE II.-MOLE RATIOS AND CONDITIONAL 
FORMATION CONSTANTS OF THE IRON@) 

CHELATES 

Chromogen Fe:L Log K* 

VII 
VIII 

1:3 63 
1:3 6.3 
1:3 13 
1:3 14 
1:3 93 
1:3 
1:3 ;:; 

1:3 10.4 
1:3 9.3 
1:2 15.2 

* Based upon measurements of 5 x 10-6M 
solutions of the complexes in 65% aqueous 
ethanol, O+OSM in ammonium acetate and 
002M in hydroxylamine hydrochloride. 

stability, it is surprising that these ligands co-ordinate preferentially in the bidentate mode. Ap- 
parently the terdentate mode is sterically discouraged by the bulky methyl (or phenyl) group adjacent 
to the nitrogen atom in the substituted pyridyl ring. Steric hindrance of this type was first observed by 
Stephen@ in a comparative study of some pyridyl substituted pyrazines. The most reasonable con- 
clusion is that co-ordination of VII or VIII to iron involves the nitrogen atom of the pyridyl ring at 
position 6 and the nitrogen in position 1 of the triazine ring. 

Another surprising observation is that both IX and X prefer a bidentate to a terdentate mode in 
chelation of iron( Similar to VII and VIII, these ligands have multiple ferroin groupings that 
should permit either bi- or terdentate co-ordination; but, unlike VII and VIII, no significant steric 
hindrance should be associated with the terdentate mode. The preferred bidentate action of the 
ligands, therefore, may be presumed to arise from differences in co-ordinating strengths or electron 
densities of the various nitrogen atoms. Since one of the nitrogen atoms in the triazine ring must be 
involved, it is more reasonable to conclude that it is the one in positions 1 or 2 rather than 4. If so, 
then the ligand has no other choice but to assume a bidentate mode, using either the nitrogen in the 
isoquinolyl or the pyridyl ring to complete the chelation. Which of these two is utilized is suggested 
by a comparison of the formation constants and spectral characteristics of the iron@) chelates of 
VII, VIII, IX and X. Although closely related, the properties of the chelates are grossly dissimilar. 
This suggests that the nitrogen of the isoquinolyl ring is involved in chelation with IX and X and that 
of the unsubstituted pyridyl ring in chelation with VII and VIII. 

Nothing unexpected is evident for the chelates of XI, XII, XIII, XIV, XV and XXIV. The results 
in Table II are consistent with the ligand structures. 
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Sunnnar~--The chromogenic reactions with iron(II), copper(I) and 
cobalt(U) of 32 recently synthesized pyridazines, triazines, tetrazines 
and certain other compounds containing the ferroin grouping have been 
examined spectrophotometrically. Some interesting examples were 
found of steric and donor-atom selectivities in chelation of iron by 
ligands containing several ferroin groups. Of the various chromogens 
studied, the pyridyl and isoquinolyl derivatives of phenyl or pyridyl 
substituted 1,2,4-triazine show the most promising analytical utility. 



Zusammenfassung-Die farbbildenden Reaktionen von 32 neu 
s~thetisie~en ~rid~nen, Triazinen, Tetrazinen und anderen die 
Ferroingruppe enthaltenden Verbindungen mit Eisen@;), Kupfer(I) 
und Kobalt(JJ) wurden spektrophotometrisch untersucht. Einige 
interessante Beispiele sterischer Sdektivitat und Auswahl des Dono;- 
atoms bei der Chelatbildung von Eisen mit mehrere Ferroingruppen 
enthaltenden Liganden wurden gefunden. Von den verschiedenen 
untersuchten FaFbreagentien versprechen die Fyridyl- und lsochinolyl- 
de&ate von phenyl- oder pyridylsubstituiertein l,Z&Triazin den 
griidten analytischen Nutzen. 
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R&+unu!-On a examine s~~ophotom~triquement les reactions 
chromogenes avec les fer(II), cuivre(I), et cobalt(R) de 32 pyridazines, 
triazines, tetrazines et certains autres composes contenant le groupe- 
ment ferrome, r&ernment synth&is& On a trouve quelques exemples 
interessants de s&ctivit& steriques et de domreurs d’atome dans la 
chelation du fer par des ligands contenant plusieurs groupes ferrome. 
Des divers chromog&nes &udi&s, les d&iv&r pyridyl et is~~nolyi de la 
1,2,4_triazine ph&nyl ou pyridyl substituee montrent l’utilite analytique 
la plus prometteuse. 
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Dete~ation of alumina in sintered ~~~ powder 
by activation with 14-MeV neutrons* 

(Received 27 November 1968. Revised 22 December 1969. Accepted 25 January 1970) 

S.A.P. (sit&red aluminium powder) is a sinter of alumina in an al~ini~ matrix. The alumina 
content varies from 4 to 14 %. The mechanical and physical properties, and the possible applications, 
depend largely on the dispersion of the alumina in the matrix. 

In this work, we describe the dete~ination of the homogeneity and content of the ahrmina in ex- 
truded S.A.P. bars. 

The conventional chemical determination of alumina in S.A.P. is not very suitable, as special 
apparatus is necessary and the operational time is very long. On the other hand, as neuron-~ivation 
analysis is very quick for the determination of oxygen in some materials, it is convenient to use it for 
the indirect evaluation of alumina in S.A.P. by determination of the oxygen content. 

The fast neutron reaction l”O(n, p)16N is widely used1-6 because there are easily operated small 
neutron generators which produce neutrons of 14-MeV energy. The cross-section of this reaction 
with 14-MeV neutrons is between 35 and 40 mbarn, which is suitable for our purpose. Furthermore 
there are very few interferences in the reaction and in the subsequent measurement of the induced IEN 
activity and only a short time is required to reach saturation activity. This reaction also gives the 
possibility of counting highly energetic beta-particles and gamma-radiation, because the laN decays 
with a half-life of 714 set by beta-emission of 10.4 MeV (26%) to the fundamental state of I*0 4.26 

* Work carried out at C.C.R. EWRATOM-ISPRA, during tenure of a fellowship of the 
Consejo National de Investigaciones Cientfficas y T&c&as de la Republica Argentina, 
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MeV (68%) in coincidence with O-14-MeV gamma-radiation and 3.28 MeV (5%) in coincidence 
with 7x2-MeV gamma-radiation. 
aluminium crystal mount. 

Both beta and gamma radiations are able to pass through a common 

This technique of oxygen analysis is specific with most samples but, if interferences are present, it 
is possible to eliminate them by an absorption screen for beta-radiation* and a high discrimination 
level for gamma-radiation .5-7 It is also possible to use a multichannel analyser. The principal 
interfering species to eliminate are fluorine, boron, sulphur, aluminium, magnesium, silver and others 
which give short-lived nuclides. Fluorine and boron are among the most dithcult to eliminate. 

Equipment and reagents 
EXPERIMENTAL 

Fast neutrons of 14MeV energy were produced by the T(d, n)4He reaction in the IMICAM-CISE 
150-kV generator.B 

Figure I shows a block diagram of the neutron generator, pneumatic system and counting 
equipment. 

FIG. I,--Installation scheme. 

Z-High voltage; Z-ion source; 3-accelerator tube; Gfocussing electrode; 5--t& 
tium target support; 6-pneumatic tube; 7-valve; 8-compressor; P-Hornyak 
crystal; IO-amplifiers; II-counting unit; 12-programmer; Z3-neutron counter; 
I4-vacuum pumps; Z-switch; R-rabbit. The upper diagram shows a detail of the 

target zone. 

The high voltage source (I) is a Cockroft-Walton system. The ion source (2), of radio frequency 
type, with an axial magnetic field, is situated in the generator pillow, Between the high voltage pillow 
and the accelerator tube (3), which is horizontal, there is only one intermediate electrode, used for the 
electrostatic focussing of the deuteron beam. An additional electrode (4), at the end of the tube, 
intercepts the external corona of the deuteron beam, and the ionic current eoliected gives i~o~tion 
on how good the focus is. 
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To prevent unnecessary use of the target, at the end of irradiation a switch (5) sends a signal which 
causes introduction of a screen s in the path of the deuteron beam, and reduces to zero, by a variable 
transformer, the voltage applied to the ion source. 

A titanium-t&urn target (0.062 Ci/mnP)is mountedon a support that has annularrefrigeration. It 
is used to obtain a neutron flux of lo6 n.mrr-z.sec-l by the T(d, n)‘He reaction. 

The fast-neutron flux was monitored continuously with a Homyak crystal0 at a fixed distance 
from the target, where the reading could be assumed proportional to the neutron production rate. 

Transfer of the sample to the flux zone and from there to the counter is via a pneumatic tube 
system (6), because of the short half-life of laN. This is done by reversing the air-flow by means of a 
reverse 5ow valve (7) which inverts the compressor flow (8). 

Arbitrary divkons 

FIG. 2.-Determination of the sensitivity. 
I--‘W activity which corresponds to 1 mg of oxygen; Z-background activity (b); 
3-minimum number of counts detectable; ne = 0.26 [l + d(l + 146)]; 4-sensitivity 

in mg. 

A programmer system (12) allows the automatic realization, by means of a switch signal, of the 
following steps: confirmation of correct sample positions, neutron counting during the irradiation 
time, and automatic interruption of neutron flux at the end of irradiation. The samples must be 
introduced in a reproducible way, behind the neutron source; the sample is situated in the centre 
of the head of a rabbit by means of an adjustable ring. 

The rabbit consists of a polyethylene plastic cylinder 0.20 m long with a diameter of 70 mm. 
Because of the high-gradient neutron 5ux in the neighbourhood of the source, there is a thin stainless- 
steel dismountable window in the head of the rabbit. A piston with a polyurethane coat compresses 
the sample against the window. A full length spring is axially located in the cylinder, in order to 
absorb the collision impact when the rabbit strikes the source. The rabbit head operates, via u switch 
Z, a red light to indicate correct positioning of the sample. The counting system consists of a 75 x 
75 mm NaI(Tl) crystal and is in optical contact with a “Dumond” multiplier phototube. 
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Pulses from the phototube are fed to a preamplifier and model AMZ linear amplifier with a 
discrimination threshold between O-2 and 4.2 V, and a model CT6 scaler and a unit measuring a 
prefixed time. All of these were constructed in the Electronic Laboratory of CCR Euratom Ispra. An 
Olivetti ST2 punch is also used. 

Procedure 

Irradiation. Individual samples were irradiated for 30 set and transferred to the NaI(Tl) detector 
by the pneumatic system in approximately 10 sec. The generator was operated at a deuteron beam 
current of 200 pA, and accelerating voltage of 125 kV and with a 4-Ci titanium-tritium target. 

The determination of the flux was not necessary because a chemically analysed reference S.A.P. 
standard and a nylon standard were used. 

Measured intervals 

FIG. 3.-Graphic construction for the evaluation of total IaN activity. 
I-Total activity of a pure ‘&N source (experimental); 2-total activity of lsN and 
another activity of tllr = 20sec; 3-total activity of a radioisotope of tllp = 5sec; 

4-total activity of a radioisotope of fllr = 10 sec. Values from reference (6). 

The samples and the standard were cylinders 10 mm long and 10 mm in diameter. Both solid 
samples were placed in the axis of the rabbit head. No containers were used; therefore no problems 
arose due to oxygen in the containers. 

Counting. An irradiation of 2 min and an immediate multichannel counting shows that the fast 
neutron reactions a7Al(n, p)a7Mg, B7Al(n, a)24Na, B7Al(n, y)28Al with the aluminium of the matrix are 
the principal interferences. A discrimination of 5.5 arbitrary divisions was used to eliminate them. 
To avoid the contribution of the oxygen activity from the rabbit materials or of the air in the vessel, 
the samples are removed from the counter by the operator and inserted by hand in a prefixed place 
above the crystal with a plastic guide. 

Measurement of the IeN was made by counting all the pulses with energy above 3 MeV for 10 
intervals of 2 set in 277 geometry. In these conditions the sensitivity of the method for oxygen 
determination is 0.2 mg. Figure 2 shows sensitivity vs. discrimination level. 

The accuracy of the oxygen determination depends on the determination of the ‘ON activity. 
Because the source has a short life and quickly arrives at background activity, the optimum counting 
time is necessarily short for determination of the integral activity of nitrogen-16. 

The total sample activity is determined by Girardi and Pauly’s graphical integral method. In the 
nomogram shown in Fig. 3 the accumulated activity value is plotted for each interval p = 2 sec. In 
this form a line parallel to the x axis is obtained. The extrapolated value gives the total number of 
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counts N produced from the beginning of counting. The plot of our measurements produces a 
horizontal line, meaning that only ‘ON is counted. In fact, the curves which belong to radioisotopes 
of different half-lie and which are also plotted do not give a horizontal line and can be easily discarded. 
Even mixtures with l*N give a line which is not horizontal. 

RESULTS 
The results were normalized to a 10’ neutron flux and for a IO-set count. When a nylon standard 

was used the effect of the self-absorption of the nitrogen-16 gamma rays of the samples was neglected. 
This correction was less than the error limits of the method for the range of samples and standards 
used. 

In Tables I and II are shown the results obtained with a known S.A.P. standard and a nylon 
standard with a content of 106 mg of oxygen. 

Weight No. of Mean A&O, Mean error, 
Sample g determinations % % A& 

FF23C 2.154 10 4.20 O-l* 

FF24T 2.132 10 4.7‘ 0.1, 
FF24C 2.131 10 4.31 0.18 

FF2OC 2.177 6 10.9 O=q 
FF2OT 2.192 6 10.1, 0.48 

Sample FF 23 T is taken as reference standard, containing 4-O % of Al,O%; 
T and C denote the top and bottom of a 2-m extruded bar. 

TABLE II.-Al,O* CONTENT OF S.A.P. MEASURED vs. NYLON STANDARD (106 mg 
OF OXYGEN) 

Weight No. of Mean AlaO, Mean error, 
Sample .!? determinations % % A& 

FF23T 2.030 22 3~6~ O*lo 

FF23C 2154 12 3.7, O.lfl 

FF24T 2-132 11 4.4 O‘l* 

FF24C 2.131 10 3.7, 0.16 
FF 20 c 2177 9 9.1, 0.3, 
FF2OT 2.192 15 9.55 0.32 

The results obtained show that at the higher levels of oxygen content in S.A.P. (2-7 %) the relative 
mean error of the method is approximately 5%. Chemical analysis gives a better precision but 
nevertheless is very complicated and slow. 

The difference between the results obtained with nylon or S.A.P. standards can be explained by 
their different neutron dispersion, 

The high flux gradient present in the irradiation geometry can be a source of error if the position of 
samples and comparison standard are not exactly reproduced, especially with thick samples. It is 
possible to overcome this error by the use of internal monitoring of the neutron flux. As an example, 
we used the ~~~~ of the matrix as an internal ffux monitor. By the reaction “Af(n, p)“Mg, 
aluminium is activated to *‘Mg of 8.9 min half-life. Gamma-rays of 0.84 and 1.02 MeV are emitted. 
The specific activity of *‘Mg, at zero time, is proportional to the incident neutron flux. Measurements 
of the 17Mg were made with 5 counts at intervals of 1 min, in the same geometrical conditions, the 
first of them 2 min after the end of irradiation. 

Now with the use of the internal flux monitoring standard we indeed obtain a better precision. 
For sample FF23C a mean value of 3.83 % of AlsO8 content was obtained, with a mean relative error 
of 2% for 12 determinations. In this case the precision is increased but so is the analysis time. For 
this reason the external standard method was used for the other samples. 
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Summa~-Fast neutrons of 14 MeV produced in the IMICAM CISE 
1%kV generator by the (d, t) reaction in a t~tium-tit~i~ target, 
were used in the indirect determination of AlpOII. The samples were 
irradiated for 30 set and the total rBN activity was determined, by 
counting for ten Z-set periods end graphically integrating. The 
standards were a known sin&red aluminium powder and nylon pieces 
of identical shape. The method is competitive with the chemical one, 
because of its quickness, sensitivity and precision. 

Z~~fa~~c~elle Neutronen von 14 MeV, die im IMICAM 
CISE 150 kV-Generator durch (d. t)-Reaktion in einem Tritium- 
Titan-Target erzeugt wurden, fan&n Anwendung bei der indirekten 
Bestimmung von A&O,, Die Proben wurden 30 set bestrahlt und die 
gesamte ‘W-Aktivitgt durch Z&hlen tiber zehn 2 set-Abschnitte und 
graphische Integration bestimmt. Als Standards dienten ein bakarmtes 
gcsintertes Ahuuinium-puiver und Nylonstticke von identischer Form. 
Das Analysenverfahren karm wegen seiner Geschwindigkeit, Emp- 
findlichkeit und Genauigkeit mit dem chemischen in Konkurrenz 
treten. 

RCsum&On a utiiise les electrons rapides de 14 MeV produits darts le 
g&&ateur de 150 kV IMICAM CISE par la reaction (d, t) dam une 
cible tritium-titane dans le dosage indirect de AlaOs. Les Bchantillons 
ont et6 irradies pendant 30 s et l’on a determine l’activite totale 16N, 
en comptant pendant dix p&odes de 2 s et en integrant. Les etalons 
etaient une poudre d’ahuninium fritte connue et des morceaux de 
nylon de meme forme. La methode est concurrentielle avec la methode 
chimique, & cause de ses rapiditb, sensibilite et precision. 
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Summary_-A review is presented of the uses of radioactive kryptonates 
in chemical analysis. 

A NEW GROUP of radioactive tracers became available to analytical chemists in 1957, 
as a result of the pioneering work of Chleck and his co-workers1-s on the preparation, 
properties and possible uses of radioactive kryptonates. From this work it would seem 
that radioactive krypton-85 can be incorporated into such a variety of materials that it 
can be considered a universal radioactive tracer. Subsequent theoretical and practical 
studies have shown that kryptonates have applications in several areas of science and 
technology, but this review is concerned solely with their applications to analysis.s-12 

DEFINITION AND CLASSIFICATION OF RADIOACTIVE KRYPTONATES 

The term “radioactive kryptonates” is used for substances into which atoms or 
ions of the radioactive nuclide krypton-85 are incorporated, regardless of the structure 
of the substance. The process of incorporating the krypton into the solid carrier is 
called krypton&ion. “Radioactive kryptonate” is the generic term for krypton 
carriers, regardless of the steric distribution of atoms or ions of the krypton in the 
kryptonate. 

Radioactive kryptonates of solid systems with an ionic, atomic, molecular or 
metal crystalline lattice, amorphous substances and mixed amorphous-crystalline 
systems have been prepared. Almost 200 chemical substances have been kryptonated 
and this number is steadily increasing.9*10*14-22 

We will use as a symbol for radioactive kryptonates A[85Kr], where A is the 
carrier substance. 

The possibilities of incorporating radioactive krypton atoms into the carrier 
substance are mainly dependent upon the lattice structure. Solid crystalline substances 
show many defects in the lattice, and it is the defects of the carrier which are the most 
advantageous sites for the hetero krypton atom. 

Thus, during formation of the radioactive kryptonate, the krypton-85 atoms can 
be incorporated into the carrier in the positions13.22*23 of lattice vacancies, where 
the krypton atoms will have a structural substitutional function; between planes of 
the structural elements of the lattice, with an interstitial function; of cavities in the 
crystalline lattice of the carrier’s clathrate structure; of other types of dislocation 
defects in the carrier lattice; of microbubbles in the carrier material. 

* For reprints of this Review see advertisement near end of this issue. 
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PREPARATION OF RADIOACTIVE KRYPTONATES 

For the preparation of radioactive kryptonates there are several methods known, 
which can be divided into two groups : kryptonation of the carrier during formation of 
the solid phase; kryptonation of the carrier in the solid phase. 

The carrier can be kryptonated during formation of the solid phase by crystal- 
lization of the carrier substance from a melt or solution in an atmosphere of radioactive 
krypton or by sublimation of the carrier substance in an atmosphere of radioactive 
krypton. 

Solid phase carriers can be kryptonated by bombardment of the solid carrier 
substance with accelerated radioactive krypton ions, or by diffusion of radioactive 
krypton into the solid carrier substance at high pressure and temperature. 

FIG. 1 .-Scheme of apparatus for sublimation kry@onation.*6 
I-Sublimation apparatus; 2-electrical heating; 3-aIuminium block; I-trans- 

former. 
(Reprinted by permission of the copyright holder, SVST, Bratislava.) 

The kryptonation technique employed depends mainly upon the character of the 
carrier and how the radioactive kryptonate is to be used. 

Kryptonation during the formation of the carrier’s solid phase is of value mainly 
for the preparation of radioactive kryptonates of the clathrate type. Chleck1s2 
prepared radioactive clathrates of hydroquinone with krypton by slow crystallization 
of hydroquinone from a melt in an atmosphere of krypton-85 at high pressures. The 
method of crystallization from a melt is more advantageous than that of crystal- 
lization from solution, because it does away with the need for filtration, washing 
and drying of the kryptonate. It has been modified for the preparation of radioactive 
hydroquinone kryptonates with high specific activityT4 

The condensation of the carrier substance during sublimation offers very favour- 
able conditions for incorporation of radioactive krypton atoms into the crystalline 
lattice of the carrier, mainly in those cases when the subliming carrier forms a clathrate 
type crystalline lattice,23*25 and the apparatus is very simple (Fig. 1). 

Solid state carrier kryptonation methods represent the most widespread procedure 
for the preparation of radioactive kryptonates. 
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I I 
5 6 

FIN. 2.-Apparatus for ion bombardment.6 
I-Thermocouple gauge; 2-forepump; 3-ditkion pump; 4-told trap; 

J-krypton; 6-=Kr; 7-ion gauge; 8-electron gun; 9-target. 
(Reprinted by permission of the copyright holder, Pergamon Press.) 

5 6 8 I 9 

FIG. 3.-Equipment for the preparation of radioactive kryptonates by ion bombard- 
ment according to c. Jech.l’ 

I-Anode, 2-cathode; 3, 4-active carbon; J-tube with metallic calcium; 
bglass wool; 7-platinum eye; 8,9-vacuum valves; lo-ground joint. 

(Reprinted by permission of the copyright holder, Academic Press.) 

The technique of kryptonation by bombardment of solid carriers is based on the 
generation of krypton-85 ions and their acceleration in an electrostatic field to 
different energies (5-160 keV). The beam of accelerated ions is focused towards the 
solid carrier target, connected with the negative electrode. Solid carriers with low 
vapour pressure are regularly kryptonated by this method. 

Figure 2 is a diagram of the apparatus for bombardment kryptonation of a 
target with s5Kr ions at a potential of about 10 kV.5 

The apparatus may also have an electromagnetic separator,26 which separates ions 
according to their specific charge and permits the focusing of krypton-85 ions on the 
solid target. 

Jech2’s2s worked out an instrumentally simple method for kryptonation with 
accelerated krypton ions. The kryptonated target is inserted between the electrodes of 
a Tesla transformer. The high-voltage high-frequency discharge ionizes the krypton 
and accelerates the krypton ions, which are then captured in the crystalline lattice of 
the target substance. The scheme of the apparatus is shown in Fig. 3. The adsorption 
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Atomic No 

FIG. I.-Saturation values (q) of Kr in different targets.B6 
0.1 ,uA . mm-*; 45 keV energy. 

(Reprinted by permission of the copyright holder, North-Holland Publishing Co.) 

properties of active carbon are utilized for the preparation of the vacuum in the 
bombardment apparatus and also for binding of the radioactive gas. The adsorption 
and release of the gas is carried out by changing the temperature of the active carbon. 

The sample is placed in the sample chamber. The apparatus is connected by the ground joint 10, 
the vacuum stop-cock 9 is opened and the ampoule with active carbon is immersed in liquid nitrogen. 
Air is adsorbed on the active carbon and the vacuum measured with the Tesla instrument. When a 
sulhcient vacuum has been attained, stop-cock 9 is closed and stop-cock 8 opened, so that krypton-85 
fills the anodic space. The anode I is formed by an aluminium plate fixed on a platinum wire, which 
is sealed in the glass vacuum apparatus in such a way that a little eye 7 sticks out. The krypton ions 
are accelerated by the high-frequency discharge of the Tesla instrument. One pole is attached to the 
eye forming the anode, the other-fitted with an ahuninium plate to give a bigger surface--forms the 
cathode 2, and is placed accurately under the sample. Discharge is made in short bursts (a few 
seconds) to prevent the glass and the sample from preheating. Then the ampoule 3 is immersed in 
liquid nitrogen and krypton-85 is adsorbed on the active carbon. Stop-cock 8 is closed and stop-cock 
9 opened, the pressure rises and the sample is taken out. Ampoule 3, filled with active carbon carrying 
the adsorbed krypton, is connected with a little tube filled with metallic calcium, 5, which serves for 
the capture of air residues from the gaseous krypton. The ground joint 10 allows the apparatus to be 
filled with krypton. 

When kryptonation is carried out by the method of ionic bombardment a krypton- 
85 saturation value is reached which is a periodic function of the atomic number of the 
kryptonated element (Fig. 4).26 

Solid carriers are often kryptonated by diffusion of the krypton into the solid 
substance at high pressure and temperature. Pressure bombs are used and a drawback 
of the method is that after kryptonation the residue of krypton-85 is lost, when the 
pressure bomb is opened. 

Losses of radioactive krypton are markedly lowered by use of microdiffusion 
techniques,2g*s0 which are advantageous for powder samples. This method is very 
important for the preparation of radioactive kryptonates utilized in analytical 
applications. 
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FIG. 5.-Filling of capillaries with radioactive krypton.** 
I-Vessel with mercury; 2-sample in capillary; 3-syringe. 

(Reprinted by permission of the copyright holder, Braun Verlag). 

Fro. 6.-Diffusion kryptonationxO 
I-Matrix sealing; 2-matrix; j-ground part of capillary; 4-rubber sealing; 

%-screw with opening; G-glass capillary; 7-movable mercury plug; d-gaseous *Xr; 

(Reprinted by permission oT%z$Fright holder, Braun Verlag). 

Rry-ptonation is carried out in thick~walled glass capillaries of 0.24 m length. The mouth of the 
capillary, with the sample, 2, is immersed in a beaker containing mercury, 1. With an injection 
syringe 3, air is exhausted and the whole capillary tilled with mercury (Fig. 5). The needle is taken 
out and the needle of another injection syringe, filled with krypton-85 is put in. By injection of 
krypton, mercury is pushed out from the capillary until only a 4-8 mm length is left at the mouth of 
the capillary. 

The capillary is mounted with a rubber seal and attached to a holder (Fig. 6). Then the capillary is 
attached to a nitrogen bomb through a copper spiral tube. The pressure is accurately set by an 
incorporated needle valve, and after the necessary kqtonation time the valve on the bomb is 
closed and the sealing screw between the bomb and the needle valve is released. Then the needle 
valve is opened, so that the pressure reaches atmospheric. The capillary is taken out, the mercury 
removed and the end of the capillary is cut off. 
with a ground joint. 

The radioactive kryptonate is put into a beaker fitted 

The amount of radioactive krypton incorporated into the carrier by diffusion 
techniques depends upon the pressure, time and temperature of kryptonation. 
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PROPERTIES OF RADIOACTIVE KRYPTONATES 

The kryptonate can be viewed either as a carrier of krypton-85 or as a chemical 
labelled with krypton-85 tracer. In chemical analysis the krypton-85 nuclide plays the 
role of a radioactive tracer. 

Krypton-85 has a half-life of 10.27 yr and decays almost entirely by O-672-MeV 
/?-emission. Krypton-85m has a half-life of 4.36 hr and the decay is associated with 
O-305-MeV y-radiation and O-830-MeV @-emission. Thus the nuclear characteristics 
of the isotope make it well suited for the uses described below. 

The general properties of the radioactive kryptonates are determined by the 
properties of the carrier and by the method and conditions of kryptonation. An 
important requirement in using radioactive kryptonates for chemical analysis is 
stability with respect to temperature, time and chemical composition of the medium 
in which the radioactive kryptonate is stored. 

The basis of the use of radioactive kryptonates in analytical chemistry is that 
during the chemical reaction, the crystalline lattice of the kryptonated carrier is 
destroyed, the carrier consumed and the radioactive krypton released. 

If the radioactive kryptonate is to function as an analytical reagent, the amount of 
krypton-85 released during the reaction must be proportional to the amount of the 
substance or component to be determined by analysis, i.e., krypton is homogeneously 
distributed throughout the carrier. If the kryptonate is to function as an titrimetric 
indicator, krypton-85 must be released at the equivalence point. 

Homogeneous distribution of krypton in the carrier substance can be expected in 
kryptonates prepared by kryptonation of the carrier during formation of the solid 
phase, viz., during crystallization and sublimation. Kryptonates prepared by these 
methods are sufficiently stable for analytical use at laboratory temperature. Chemical 
and kinetic properties of the carrier are only slightly influenced by changes of its 
lattice characteristics by the presence of the krypton-85 atom in the crystalline 
lattice. 

Radioactive kryptonates with a clathrate crystalline structure also have homoge- 
neous krypton distribution throughout the clathrate cage.31*32 Hydroquinone 
seems to be a very advantageous carrier component, because it has an open crystalline 
structure and cavities of favourable dimensions, and [C,H,(OH),],[B5Kr] has been 
found useful. 

The krypton in kryptonates prepared by diffusion technique and by bombardment 
with ions is distributed inhomogeneously. The krypton atoms are concentrated near 
to the surface, the depth of their penetration being about lo-lo2 ,um. Radioactive 
kryptonates prepared by diffusion techniques confirm dependences derived from the 
theory of diffusion phenomena, but according to Chleck* the release of krypton-the 
dekryptonation process-does not occur by a normal diffusion mechanism. For a 
certain carrier the amount of krypton released from the kryptonate is a function of 
temperature. During the bombardment of carrier with accelerated krypton ions, the 
surface layers of the lattice may be disturbed, depending on the energy of the ions. 

For analytical purposes the amount of krypton released during the analytical 
reaction can be determined by standard radiochemical measurement of the activity of 
the released gas or the residual kryptonate. 

Work with radioactive kryptonates needs a minimum of safety precautions, 
because noble gases do not enter into metabolic systems. Another advantage in 
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working with kryptonates is that krypton-85 is bound to a solid carrier, so work with 
it is easier and more convenient than with gaseous radioactive krypton. 

USES OF RADIOACTIVE KRYPTONATES IN CHEMICAL ANALYSIS 

Analytical methods which use radioactive kryptonates are typical examples of 
“radio-release” methods, i.e., a group of analytical methods based on the release and 
measurement of radioactive reaction products.8*11*33-3S 

Radio-release methods depend on the selective reaction of the non-radioactive 
component being determined or the auxiliary reagent (for example the titration 
solution) with the radioactive agent (in our case with the radioactive kryptonate). 
During reaction the radioactive component is released, mostly in gaseous form. The 
determination can be made, (i) with a calibration curve, (ii) by comparison with a 
standard, or (iii) by titration. 

The following are examples of the analytical uses of radioactive kryptonates. 

Analysis of gases 

Work with radioactive kryptonates has been directed mainly towards the deter- 
mination of gaseous components and traces of impurities in air. Methods have been 
developed for the determination of: ozone, oxygen, sulphur dioxide, fluorine, 
chlorine, chlorine trifluoride, nitrogen dioxide, nitric oxide, amines and hydrogen. 
Some of these methods are intended for the determination of these components in 
the atmosphere of other planets (e.g., Mars and Venus). These methods are also of 
great importance in industrial hygiene for the determination of components in the 
atmosphere of various hazardous work places. 

Oxygen.3 Krypton-85 is released from radioactive kryptonates during their 
oxidation, owing to the chemical destruction of the surface layers, the amount being 
proportional to the degree of oxidation and thus to the concentration of oxygen. The 
oxidation rate of a substance is generally a function of the temperature and oxygen 
concentration. Most substances are coated with an oxide film, or in the presence of 
oxygen an oxide film is quickly formed. This surface film prevents further oxidation. 
The oxidation rate becomes in practice independent of oxygen concentration and 
approaches a reaction of zero order. Because of this phenomenon, it was assumed 
from the start that carbon would be a suitable material for the determination of 
oxygen. Tests with kryptonated spectroscopically pure graphite rods at various 
temperatures, pressures and oxygen concentrations proved the applicability of this 
method. 

Figure 7 shows these dependences. It is obvious that as the oxygen concentration 
changes so the activity of the kryptonate decreases. In large concentrations of oxygen 
the activity decrease with time is not linear. 

The rate of activity decrease of pyrolytic graphite kryptonate as a function of the 
log of the oxygen concentration was found to be linear at constant temperature for 
various temperatures. The rate at 1050” is sufficient for the determination of oxygen 
in the range usually required (0.1 vol. % and total pressure 13-130 mbar, which 
corresponds to 0.01-0.13 mbar partial pressure of oxygen). The relation d(S/S,,)/dt, 
i.e., the rate of loss of kryptonate activity and decrease in oxygen concentration, is 
given by the equation 

W/So) - = K,[O,]l’2. 
dt 
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24 

Temperature 800 OC 
Pressure I atm 

Ttme, min 

Fro. ‘I.-Decrease in activity of pyrolytic graphic kry-ptonate at various OS concentra- 
tions.* 

(Reprinted by permission of the copyright holder, Pergamon Press). 

By use of the radioactive pyrolytic graphite kryptonate it proved possible to determine 
2.2 ppm of oxygen in argon. 

By the use of radioactive copper kryptonates, at different temperatures, oxygen 
can be determined in the concentration range 10-6-10s ppm. This kryptonate reacts 
faster with oxygen than the pyrolytic graphite kryptonate. 

The percentage loss of activity of the copper kryptonate is also linearly dependent 
on the log of the oxygen concentration over the range of 1O-2-1o4 ppm oxygen.3 The 
curves [equation (l)] for 250, 300 and 1050” were calculated from the Arrhenius 
temperature dependence, and, as with the curves for pyrolytic graphite the slope of 
log % O2 vs. log d(S/S,,)/dt is 0.5, indicating that the slow oxidation stage will be the 
dissociation of oxygen molecules, i.e., 

0 $4+20 

The temperature dependence of the oxidation process is given by 

d WSJ 
dt 

= .__~[0,]1/2 e-24WRF 

where the value of the coefficient K is 0.085 %/min.ppm1/2, when In [O,] = 0 (i.e., 
O2 = 1 ppm) and T = 773K. By means of this equation the loss of activity of the 
copper kryptonate at various oxygen concentrations and source temperatures can be 
predicted. 

The originators of the method, Chleck and co-workers,3 proposed copper 
kryptonate for the determination of the oxygen content in the atmosphere of Mars and 
other planets. Results of experiments showed that other components of the earth’s 
atmosphere (carbon dioxide and nitrogen) which may also occur in the atmosphere of 
Mars, do not interfere, nor does the density of the Mars atmosphere. The device 
monitors the activity of a kryptonate by means of a sodium iodide crystal connected to 
a photomultiplier, power-supply and read-out. 
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Hydrogen.6*sB--sB H d y rogen as reducing agent reacts with many oxidizing agents. 
Of the radioactive kryptonates of metal oxides investigated the best hydrogen sensor 
seems to be platinum(IV) oxide. Chleck and co-workerss7 have found that the 
kinetics of the process are described by 

W/So) - = -3.29. 10‘3[H]. e--7.1Sx10*/~ 
dt 

During the investigations the reaction vessel containing the radioactive kryptonate 
of platinum(IV) oxide was filled with gases of differing hydrogen content, at room 
temperature as well as at higher temperatures. For work at higher temperatures the 
kryptonate was preheated in an oven. During preheating the kryptonate becomes 
thermally stable at the oven temperature and lower temperatures. The activity of the 
kryptonate will decrease only when reaction takes place. By measurement of activity 
losses of the kryptonate, the rate of krypton-85 loss was determined. The work was 
carried out with milligrams of metal oxide kryptonates with specific activities l-5 
&i/mg. 

The log of the rate of activity loss of the kryptonate in %/min is directly pro- 
portional to the log of the concentration of hydrogen above the PtO,[s%r], when the 
measurements are made at room temperature in an atmosphere of nitrogen. With air 
as the diluting gas, no decrease of activity was detected, because the hydrogen was 
oxidized by oxygen on the surface of the oxide. During this oxidation the surface of 
the oxide is not disturbed and so no krypton is released. For measurement of the 
hydrogen concentration in its mixtures with oxygen (e.g., in air), this catalytic 
oxidation must be avoided. For this purpose various powdered materials are added to 
platinum(IV) oxide, the best seeming to be aluminium oxide powder. These powdered 
additives probably function by hydrogen diffusion through them to the surface of the 
kryptonate Pt0,[85Kr], where the reaction then takes place.36 The catalytic hydrogen 
oxidation will be prevented by the inability of oxygen to reach this surface. In this 
case, to ensure the same sensitivity as with PtOz[=Kr] alone, the temperature should 
be increased during the experiments. With a mixture of Pt0,[86Kr] and Al,4 at the 
maximum working temperature of 435” (given by the thermal stability of PtO,) 1% 
hydrogen can be determined within 0.5 set and 103% within 10 min. The higher the 
specific activity of the kryptonate used, the higher the sensitivity of the determination. 

The influence of other gases on the determination of hydrogen was also investi- 
gated. Small amounts of hydrogen sulphide, sulphur dioxide, hydrochloric and 
hydrofluoric acid and water, all present in the laboratory atmosphere, did not 
measurably interfere with the determination. Water vapour up to saturation, 
carbon dioxide up to 1% and sulphur dioxide up to 0.5% had no influence on the 
determination. Hydrogen sulphide did not interfere up to a concentration of 100 ppm; 
at higher concentrations it does not react with the mixture of kryptonated PtO,-A&O,, 
but it prevents the reaction of hydrogen. Methane reacted with the solid carrier only 
at high concentrations and temperatures. 

Chleck designed the prototype of the hydrogen analyser (Fig. S), the basic part of 
which consists of an end-window Geiger-Mtiller counter and a sensor element (a 
mixture of kry-ptonated PtO,-A&O, on a nichrome wire, fixed on a ceramic ring). 
The radiation detector is aimed directly at the kryptonate and the reaction of the 
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FIG. &-Prototype of hydrogen sensor?’ 
I-PtOX%.r] - AlSOI source on nichrome wire; 2-ceramic insulator; S--ceramic in- 
sulator; &brass conducting and support rods; J-Geiger tube; 6-source power 

supply; 7-ratemeter and recorder. 
(Reprinted by permission of the copyright holder, I.A.E.A., Vienna.) 

hydrogen with the kryptonate is shown by the activity loss. The counter is connected 
to a ratemeter, which in turn is coupled to a recorder. 

Ozone.3*24*594z Determination of ozone is required for monitoring of the atmos- 
phere of workplaces where it is used to bleach fats, oils, waxes, flour, starch, efc., for 
control of the sterilization of drinking water, and for atmospheric studies. 

In ozone determinations with the radioactive hydroquinone kryptonate the 
following reaction is used 

The log of the activity of the released krypton-85 is linearly proportional to the log of 
the ozone concentration over a concentration range of 10-10-10-6 g of ozone per litre 
of air. This sensitivity was achieved with a kryptonate the specific activity of which 
was about 100 mCi/g. Naturally, a higher specific activity proportionally increases 
the sensitivity value. 

The measuring arrangement is that the gas containing the substance to be deter- 
mined is carried through a dust filter to the reaction cell, where it comes into contact 
with the radioactive kryptonate. During the reaction with ozone the kryptonate 
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FIG. 9.-Vertical protile of atmospheric ozone.as 
(Reprinted by permission of the copyright holders, U.S. Atomic Energy Commission 

and Tracerlab Inc.) 

releases krypton-85, which is transported by the carrier gas to the measuring cell, 
where the radioactivity is measured by a Geiger-Miiller counter and recorded. 

To simulate conditions in the upper layers of the atmosphere, Chleck and ZiegleIql 
designed an apparatus in which the ozone was generated by an ultraviolet lamp; by 
lowering the pressure in the reaction cell it was possible to produce conditions which 
exist at the maximum height reached by weather balloons. 

The general requirements for analysers of air composition in the upper layers of 
the atmosphere are high sensitivity, low weight, small dimensions and low price. 
These requirements are met in an ozone analyser which consists of the radioactive 
kryptonate, a measuring cell with an end-window Geiger-Mtiller counter, and a little 
pump.41 The analyser, in a plastic case, is attached to the upper part of a normal 
weather radiosonde. The detected activity is recorded directly, and Fig. 9 shows the 
vertical profile of atmospheric ozone, measured by the analyser.3s 

Chleck and Cucchiara3 also investigated the possibility of determining ozone by 
means of radioactive copper kryptonate, since ozone reacts with it at markedly lower 
temperature than molecular oxygen does. Experiments were made at 200 and lOO”, 
when no reaction with oxygen was found, and it was shown that this kryptonate can 
be used at temperatures below 100”. 

Sulphur dioxide. 4o--45 Sulphur dioxide has been determined with the radioactive 
hydroquinone kryptonate. The determination is based on the mechanism of double 
release. In the first stage sulphur dioxide releases chlorine dioxide, which is a strong 
oxidizing agent. The chlorine dioxide oxidizes the radioactive kryptonate and gaseous 



670 J. T~LWESSY and 3. VARGA 

FIG. lo.-The flow diagram for the UDMH monitor.47 
l-Input; 2-NaClO, cell; 3-clathrate cell; 4-red dot or arrow; J-counting 

chamber; 6-flow-meter; 7-tee; 8-pump; g-tee; IO-exhaust; II-panel; 
12-flow control; I3-cracking oil; I4-panel. 

(Reprinted by permission of the copyright holder, Plenum Press.) 

krypton-85 is released. The following reactions are involved: 

SO, + 2NaClOs - 2C10, + Na,S02 (6) 
(this equation is an oversimplification since experimentally it was found that 1 
molecule of sulphur dioxide releases between 4 and 8 molecules of chlorine dioxide) 

ClO, + [C,H,(OH),],[86Kr] - ssKrf (7) 
The activity of the released krypton-85 is linearly dependent on the concentration of 
sulphur dioxide, which can be determined down to O-001 ppm. 

The only gases that should interfere with the operation of this analyser are those 
which can oxidize either sodium chlorite or the hydroquinone in the clathrate. The 
oxides of nitrogen and ozone are the only commonly occurring atmospheric gases that 
should cause any trouble. 

Fluorine.4s Fluorine can be determined by means of the radioactive hydroquinone 
kryptonate. In the apparatus described by Hommel and co-workersa a radioactive 
kryptonate with a specific activity of 450 mCi/g was used. The measuring cell con- 
tained an amount corresponding to about 50 mCi. One of these measuring cells has a 
lifetime of many months when traces of fluorine (less than 2 ppm) are measured. 
However, it is necessary to recalibrate the apparatus from time to time. 

Two types of apparatus for determination of atmospheric impurities (Fs, Cl,, 
ClF,, S02, N02, NO, RNH,, 03), of oxidizing or reducing nature, in concentrations 
of the order of ppm, have been developed in the research institute of Tracerlab. 
These are the nitrogen dioxide detectors which represents one of the simplest devices 
and the UDMH (unsymmetrical dimethylhydrazine) unit which is much more com- 
plicated. By these instruments gases which can react directly or indirectly (by chemical, 
catalytic or thermal reaction) with the radioactive kryptonate are measurable. 

The flow diagrams for the nitrogen dioxide and UDMH monitors are similar; that 
of the latter is shown in Fig. 10. The basic system contains a sampling pump, flow 
adjustment valve, counting chamber and radioactive kryptonate (clathrate). Chemical 
and catalytic cells are included when necessary (Fig. 10). The sample gas is pulled 
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through the system by the pump. As the gas of interest enters the instrument, it 
immediately comes into contact with the chemical and catalytic cells, if they are 
required, and then reacts with the radioactive kryptonate. The krypton-85 released 
enters a counting chamber of known volume where its concentration per unit volume 
is determined. This concentration can be related directly to the volume concentration 
of the gas of interest entering the system. 

Experience has shown that a multi-gas system has much poorer operational 
characteristics than the single-gas units. 

With this apparatus the most widely used rocket fuels and oxidizing agents can be 
analysed. The output from the apparatus is a simple electric signal, which can be used 
not only for the control of the measuring device and recorder but also for the starting 
of a control and safety warning device. 

A detection limit of O-5 ppm has been observed regularly on a routine basis, and 
for special situations O-1 ppm has been detected. The upper limit depends on the 
cell-life required and on the saturation characteristics of the Geiger tube. 

Analysis of solutions 

Radioactive kryptonates can also be used for the analysis of solutions by the 
direct reaction of the substances determined or reagents used with the radioactive 
kryptonate. A special position is held by titration methods, which will be treated 
separately. 

With methods described in this part of the review analytical results were gained by 
the use of calibration curves. Either the activity drop of the radioactive kryptonate or 
the radioactivity of the krypton-85 released can be measured. 

Water in organic solvents. s6-as~4Q Determination of water in organic solvents is 
based on the reaction 

2H,O + CaC,[ssKr] ---f Ca(OH), + &Hz + *6Krl (8) 

The total activity of the krypton-85 released is measured, and is directly proportional 
to the amount of water reacting with the radioactive kryptonate of calcium carbide 
added to the solution investigated. The method is applicable for the determination of 
0.25-2-O % Hz0 in methanol.4s 

Hydrochloric acid. The determination of acids is based on following their reaction 
with an appropriate kryptonate by tracing the rate of krypton-85 release. Thus 
aqueous solutions of 10-1-10-9M hydrochloric acid were analysed by the use of 
radioactive kryptonates of magnesium. 37**s~so At constant temperature and under 
constant reaction conditions rate of release of krypton is directly proportional to acid 
concentration. 

For the determination of the concentration 10-l-lPM hydrochloric acid, 
radioactive silver kryptonate has been used with success.s1 

Iron.“-s2 Rotariu, Hoskins and HattorP tried to determine iron(II1) in aqueous 
solution by the use of the radioactive kryptonate of hydroquinone. They assumed that 
it would be possible to determine iron in ppM concentrations, but at present the 
range is 2-20 ppm. 

In the method proposed, iron(III) was extracted into trifluorotoluene by thenoyl- 
trifluoroacetone (TTA) at pH 2-3 and the organic phase containing iron(II1) was 
transferred to a closed system. For 8 set gaseous hydrogen chloride was bubbled 
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through the solution and the surplus of gas was removed by nitrogen. One mg of 
radioactive hydroquinone was added to the solution, which was mixed for 15 min. 
The reactants were frozen out with a mixture of solid carbon dioxide and acetone and 
krypton-85 pumped into the ionization cell, where its activity was measured. Although 
it was possible to determine 2-20 ppm of iron in the trifluorotoluene-TTA solution, 
the results, after investigation of the distribution coefficient of iron(II1) between water 
and the organic solvent, showed that for quantitative extraction it would be necessary 
to repeat the extraction three or four times. 

IOO- 

3 

25- 

I I I 
25 50 100 

NK~c~~o,x 10-3 

FIG. 11 .-Calibration curve from determination of dichromateP’ 
(Reprinted by permission of the copyright holder, Elsevier). 

Dichromate.61 For the determination of dichromate ions the reaction with the 
radioactive silver kryptonate Ag[s5Kr] is used. 

Cr,O,z- + 6Ag[s5Kr] + 14H+ -+ 6Ag+ + 2Crs+ + 7H,O + sSKrf (9) 

Thus, dichromate in the concentration range from 0.0125 to O*lN was determined. 
Figure 11 shows the calibration curve. It has been shown that iron(III), chloride and 
nitrate interfere.” 

Vanadate.61 Vanadate ions can be determined by a procedure similar to that used 
for dichromate. The following reaction is carried out in the presence of fluoride: 

V(OH),+ + 2H+ + Ag[s5Kr] -+ V02+ + Ag+ + 3H,O + s5Krf (10) 

The sensitivity of Ag[sSKr] to V(OH),+ is great. A solution of the order of lo-‘N is 
still able to decrease measurably the radioactivity of Ag[s5Kr]. At the 10dSN level the 
reproducibility is &3 %. 

The comparison of both foregoing determinations shows that the vanadate reacts 
more sensitively than the dichromate with Ag[s5Kr], although the difference in normal 
potentials is greater for the dichromate. The probable cause of this is the different 
reaction medium: with dichromate a neutral solution is involved, with vanadate the 
medium is strongly acid. 

Oxygen. 54*65 The determination of small amounts of oxygen dissolved in water or 
other liquids is one of the most difficult analytical problems, but can be solved by 
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means of the radioactive thallium kryptonate. The determination is based on the 
reaction 

4Tlp5Kr] + 0% + 2H,O -+ 4Tl+ + 4OH- + @Xrt (11) 

The radioactive kryptonate of thallium is added to the solution to be analysed or the 
solution is passed through the thallium kryptonate. The oxygen present in the liquid 
reacts with the surface layer of thallium, and krypton-85 is released, the amount of 
which is proportional to the amount of oxygen dissolved in the liquid. 

The fall in radioactivity of the thallium kryptonate, measured in distilled water, is 
linear with the concentration of oxygen dissolved, down to 0.3 ppm. 

The analyser used for determination was calibrated with distilled water saturated 
with air. The oxygen concentration in pure water at atmospheric pressure and room 
temperature was determined. The linearity of the calibration curve was such that it 
was sufficient to calibrate the analyser with one standard solution. 

By this method oxygen concentration in potable water, water samples from lakes, 
rivers, sea-water, etc., can be determined. 

Radioactive kryptonates in titrimetric analysis 

Titrimetric analysis with radiometric end-point indication (so-called radiometric 
titration) has assumed greater importance recently, owing to the working out of new 
methods for separating titration components and to new titration procedures.ss-58 
Possibilities of further development are presented by radioactive kryptonates.36*37*5s 
This area is being intensively developed in our Institute.14-22*61-62 

Essence ofthe method. In the application of radioactive kryptonates to end-point 
indication, an auxiliary reaction of the radioactive kryptonate with an excess of titrant 
is used in which radioactive krypton is released. As the reaction product is a gas it is 
relatively easy to separate it from the other components of the reaction, which are in 
the solid (kryptonate indicator) and liquid (titrant and titrand) phases. 

Radioactive kryptonates can only be used as end-point indicators if the kryptonated 
solid material does not react with the solution being titrated. 

Substances reacting with the kryptonate indicator could interfere with the end- 
point by releasing krypton-85 prematurely. If this interfering reaction is slow, it will 
increase the background count but the end-point will be detectable. If the interfering 
reaction is so fast that it is impossible to determine the exact start of the krypton-85 
release during titration, either the interfering ion must be removed, or a different 
kryptonate must be used. 

Amongst the properties of radioactive kryptonates used as indicators dekrypto- 
nation of the proper kryptonate in different conditions is of great importance. 
Therefore, before application of a certain radioactive kryptonate as an indicator, 
investigation must be made of the radioactivity decrease of the kryptonate in air 
under laboratory conditions and the influence of the titration medium and of the 
titrant. 

The greater the stability of a given radioactive kryptonate in the air and in the 
titration medium and the easier the release of incorporated krypton-85, the better it is 
for titrimetric use. Table I lists radioactive kryptonates which have been used as 
indicators. 

2 
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TABLEI.-SOME RADIOACTIVE KRYPTONATED INDICATORS 

Radioactive 
kryptonate 

Relative 
SpWifiC 
activity Titrand Titrant 

Titration 

type References 

Mg[%.r]+ l -75M NaOH l-75&4 HCI neutralization 59 
O.lOMNaOH @lOMHCl 

Zn[%r]* O.OlMNaOH O.OlMHCl neutralization 59 
Zn[B6Kr]* F- 0.01 M precipitation 36, 59 

Th(NG& 
AgIO, [““Kr] * 1.7 x 10a$ Cap+, Sr*+, 10-W compkxometric 16,17 

Mg=+ EDTA 
Y,(C,0,),[86Kr]t 7.7 x 10e§ Fez+ IO-%M complexometric 16, 62 

EDTA 
AgI[%r]* 1.9 x 10sg Nip+ O*lM KCN 
Glass p”Kr]t 0.3-4OOf 

complexometric 18 
Cae+, Cd2+ 02M NaF 

0.3-400$ 
precipitation 19 

Glass[*%r]t Th*+ 02&f NaF precipitation 61 
Glass[%r]t 250$ H&SO&, I-ICI 0.1 M, 0.5M NaOH neutralization 20 

HNO, 
APWt 0*25-300: Baa+ lo-*?? KaCrrOv precipitation 15,51 

* Prepared by diffusion technique. 
t Prepared by bombardment with accelerated ions. 
4 Specific activity in cpm/g. 
$ Specific activity in cpm/mm*. 

Radiometric titrations using radioactive kryptonates as end-point indicators may 
be performed discontinuously or continuously. 

Discontinuous titration. During discontinuous titrations the radioactivity of the 
solid indicator or of the krypton released is measured after each addition of the titrant 
solution. The titration curve is plotted as count rate vs. volume of titrant. The 
radioactivity of the krypton released only can be measured if the radioactive krypto- 
nate has high specific activity. The following methods have been used to date. 

1. Solid radioactive kryptonate (AgIO, [*6Kr] ; Y&&O,), [86Kr] ; A@ [@jKr]) is 
added to the solution in the titration vessel. l4 The kryptonate forms a continuous 
layer at the bottom of the narrowed part of the titration vessel. Titration is begun 
5 min after addition of the radioactive kryptonate. During titration a steady flow of 
nitrogen is bubbled through the solution, which carries off the released krypton-85 
The activity of the radioactive kryptonate is measured regularly 2 min after each 
addition of titrant. From the measured activity a titration curve is plotted. Activity is 
expressed relative to the activity measured at the start of the titration. 

2. Two types of titration using a radioactive glass kryptonate (kryptonated cover 
glass) or a silver kryptonate (kryptonated silver plate) have been employed.15F20*61 

(a) The solution investigated and the radioactive silver or glass kryptonate are 
placed in the titration vessel, fitted with a bubbling tube. During titration, nitrogen is 
bubbled through, which carries off the released krypton-85 After each addition of 
titrant the radioactive kryptonate is left in the solution for 3 min and then removed 
and dried for a fixed time and its radioactivity measured under equal geometric 
conditions with an end-window counter. 

(b) The radioactivity of the silver or glass kryptonate is measured directly in the 
solution, by making use of a cylindrical beta-counter, fitted with a plexiglass ring. 
The radioactive kryptonate is placed in the ring. Three min after each addition of the 
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titrant solution the kryptonate activity is measured during 2 min, and then the titrant 
solution is added during 1 min. Continuous titration is also suitable for this method. 

Continuous titrations. The titrant solution is added continuously to the test solution 
and the released krypton-85 is carried off by nitrogen or other suitable carrier gas into 
a flow-through detector of radioactivity, joined to a ratemeter and recorder.ls 

Figure 12 shows the titration curve for the determination of nickel by continuous 
titration with O*lM potassium cyanide. 

V, ml 

FIO. 12.-Titration curve of nickel determination by continuous titration.‘8 
(Reprinted by permission of the copyright holder, Akademie Verlag). 

Radiocomplexometric titration 

Radioactive kryptonates are used with advantage as end-point indicators in 
complexometric titrations .16*17 The titration of cation M with complex-forming agent 
(titrant) C is considered in terms of the reaction 

M+C+MC (12) 

The end-point is determined by means of the solid radioactive kryptonate ABpKr]. 
After the termination of reaction (12) the complex-forming titrant reacts with the 
indicator and forms a soluble compound according to the reaction 

AB[s5Kr] + C -+ AC + B + ssKrf (13) 

whereby gaseous radioactive krypton is released. The equilibrium of reaction (12) is 
characterized by the stability constant of the MC complex and by the solubility 
product of the solid radioactive kryptonate AB[sSKr]. 

Titration can be carried out if the following conditions are satisfied. 
(a) If the formation constant for MC is much greater than that for AC. 
(b) If the ratio between the stability constant of AC and the solubility product of 

the kryptonate ABtE6Kr] allows the dissolution of the kryptonate by the complex- 
forming agent according to reaction (13). 

During titration to the end-point, reaction (12) takes place. The radioactivity of 
the kryptonate is constant. After the end-point is passed the excess of the complex- 
forming agent C reacts with component A and simultaneously dissolves the radioactive 
kryptonate AB[sSKr] and releases krypton-85 According to this, the radioactivity 
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AB LB5Kr] 

C, ml 

FIG. 13.-Theoretical titration curves of complexometric titration.60 
I-measurement of indicator activity; II-measurement of released “Kr activity. 

(Reprinted by permission of the copyright holder, Akadkmiai Kiad6). 

of the kryptonate proportionally decreases with the amount of the agent C added in 
excess (curve I, Fig. 13). As already mentioned, during titration the activity of the 
krypton released can also be measured (curve II, Fig. 13). 

On this principle radiocomplexometric titration can be realized by a suitable 
complex-forming agent, which reacts quantitatively with the ions of the element 
determined, and a suitable radioactive kryptonate. 

The theory of radiocomplexometric titration, the mechanism of indicator action 
during titration and the choice of suitable radioactive kryptonate as end-point 
indicator have been studied in detail.60 

Determination of calcium, strontium, magnesium. In the determination of calcium 
(and similarly of strontium and magnesium) the pH of the solution is adjusted to 
94-10~0 with O*lM sodium hydroxide. The radioactive kryptonate AgI0,[s5Kr] is 
added and discontinuous titration carried out with 10p2M EDTA. Up to the end- 
point the reaction is 

Ca2+ + Y4- + CaY2- (15) 

After the end-point, the reaction taking place is 

AgI0,[s5Kr] + Y4- -+ AgY3- + 10, + s5Krf (16) 

The reproducibility of the determination is good but there is a negative bias which 
suggests that krypton is released just before the equivalence point. This agrees with 
the results of Liebermann and co-workers63 who determined calcium by titration with 
a 0.05M EDTA solution and the solid indicator 110mAgI03. Probably this is caused by 
the relatively close values of the stability constants (log KCayz- = 10.7; log KAgyJ- = 
7.3), so that silver begins to react with the EDTA before complete complexation of 
calcium. 

Strontium and magnesium can also be determined by this method. For the 
determination of calcium and magnesium (e.g., in dolomite, glass, pharmaceutics, 
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V. ml 

FIG. 14.-Titration curve for titration of nickel with O.lM KCN, radioactive silver 
iodide kryptonate being used as end-point indicator.18 

(Reprinted by permission of the copyright holder, Akademie Verlag). 

water) two aliquots are used, one for the sum of calcium and magnesium determined, 
the other for titration of magnesium in the filtrate after calcium is precipitated as 
molybdate. 

Determination of iron. 62 Iron has been determined by the discontinuous method. 
The radioactive kryptonate Y2(C204)3[36K r is added to the solution tested, which is ] 

titrated with 10e2M EDTA. Up to the end-point the reaction is 

Fe3+ + EDTA + Fe(EDTA) (17) 

and after the end-point 

Y3(C30J3[35Kr] + 2EDTA -+ 2Y(EDTA) + 3C30d2- + 35Krf (18) 

As the log of the conditional stability constant of the iron/EDTA chelate, 9.1, and 
that of the yttrium/EDTA chelate, 17.8-18-1, are appreciably different, the accuracy of 
titration can be high enough. The system is buffered with sodium acetate (pH 5-O) and 
tartaric acid is added to keep iron in solution. The method is suitable for the determi- 
nation of iron in cement. 

The determination of iron and aluminium in one solution is possible by radio- 
chelatometric titration. First, iron(II1) is titrated at pH 5.0 with EDTA and the 

indicator Y2(C20,)3[aSKr]. Then the indicator is filtered off, the pH is adjusted to 9.0 
and aluminium is titrated with EDTA and the indicator AgI03[a6Kr]. 

Determination of nickeLla For the determination of nickel the radioactive 
kryptonate Ag[a5Kr] has been used as indicator and O*lM potassium cyanide as 
titrant. The titration was carried out in ammoniacal medium by the discontinuous and 
continuous methods. Up to the end-point the reaction is 

Ni2f + 4CN- + [Ni(C!N)J2- (19) 

After the end-point the reaction which takes place is 

AgI[a5Kr] + 2CN- --t [Ag(CN),]- + I- + a5Krf (20) 

the solid kryptonated indicator dissolves and its activity decreases with increasing 
volume of titrant added (Fig. 14). This increase is not always linear, especially with 
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kryptonates of low specific activity. According to the diffusion theory there exists a 
certain concentration gradient in the kryptonated substance. Probably this gradient 
will cause the non-linear decrease of the activity when the titrant is added, but in 
practice this is without importance, as it is the relative activity change of the indicator 
after the end-point that is involved. 

Precipitation titration 

The sensitivity limit of precipitation titrations is generally of the order of 1 mg 
depending on the solubility product of the precipitate formed during titration. In 
spite of this, precipitation reactions are often used in titration. Several types of 
radioactive kryptonates have been used as indicators in precipitation titrations. Use 
is made of the dissolution of the surface of a radioactive kryptonate of a metal, or of 
disturbance of the surface of the radioactive kryptonate of glass, or of redox reactions 
on the surface of the radioactive kryptonate, caused by the titrant after the end-point. 

Use of radioactive kryptonates of metals. At present only one radioactive metal 
kryptonate has been used in a precipitation titration. 

Fluorides have been determined by titration with thorium(N) with kryptonated 
zinc foil as the indicator.S6~37~6g After the equivalence point the excess of thorium ion is 
hydrolysed and the hydrogen ions formed react with Zn[s5Kr], releasing krypton-85 
Readily evaluated end-points were obtained for concentrations up to 10-4M and even 
2 pg of fluoride per ml could be determined. 

It is known that the end-point in this titration is not stoichiometric. Therefore a 
calibration curve of moles of fluoride vs. ml of standard thorium consumed was used. 
It was reproducible and gave satisfactory results over the range O*OOl-O*lM fluoride 
concentrations. 

Use of radioactive kryptonates of glass. The destruction of the glass surface to 
release krypton is complete and varies according to the action of atmospheric moisture, 
acids, bases, the composition of the glass etc. The loss is initially high but decreases to 
a stable value, as the surface particles become exhausted to such an extent that 
decomposition is stopped. The extraction with bases is 200 times as great as that with 
acids, so radioactive glass kryptonate can be used with advantage as indicator in the 
titration of acids with bases. Hydrofluoric acid readily attacks glass and this has been 
exploited in precipitation titrations where the precipitate is a sparingly soluble fluoride. 

Cadmium and calcium,le and thorium, 61 have been titrated with 0.2M sodium 
fluoride with radioactive fused silica kryptonate as indicator, at pH 6.0, pH 7.0 and in 
0.5M sulphuric acid respectively. The solubility products of calcium and cadmium 
fluoride are such that mg amounts can be determined. After the end-point hydro- 
fluoric acid strongly attacks the glass, with the consequent release of krypton-85 and 
decrease in the radioactivity of the glass. A calibration curve was used to determine 
the thorium concentration. 

Use of redox indicators. 15m Some radioactive kryptonates, as for instance 
Ag[ssKr], may be used as redox indicators. Their surface is decomposed by oxidizing 
agents after the end-point, with consequent release of krypton-85. For example, 
barium has been titrated with O*OOlN potassium dichromate with radioactive silver 
kryptonate as indicator. Up to the end-point the precipitation reaction is 

2Ba2+ + Cr20,2- + H,O + 2BaCr0, + 2H+ (21) 
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FIG. 15.-Titration curve for titration of Baa+ with 04lOlN K,Cr,O,, using radioactive 
silver kryptonate as indicator.16 

(Reprinted by permission of the copy-right holder, Akademie Verlag). 

and after the end-point, redox reaction (9) is going on. The activity decrease of the 
silver kryptonate is measured after each addition of the titrant. The titration curve for 
such a titration is illustrated on Fig. 15. 

Neutralization titration 

Radiometric neutralization titrations can now be realized with the advent of 
radioactive kryptonates. 

Use of radioactive kryptonates of metals. s9 Radioactive kryptonates of magnesium 
and zinc have been used as indicators in the titration of a strong base (1.75, O-1 and 
O-0144 sodium hydroxide) with a strong acid (hydrochloric acid of the same molarity). 
The krypton-85 released was determined after each addition of titrant. Figure 16 
shows the titration curves obtained during these titrations. 

Use of radioactive kryptonates of glass. 2o The radioactive kryptonate of glass is a 
suitable indicator in the titration of acids with strong bases. Here, after the equivalence 
point the excess of base decomposes the surface layers of glass, with the consequent 
release of radioactive krypton and decrease in the radioactivity of the glass. The 
end-point can be readily determined and coincides with the equivalence point. 

CONCLUSION 

This review presents a picture of the uses of radioactive kryptonates in chemical 
analysis. They can be used to determine substances of various character in gaseous 
and liquid samples by a relative method using calibration curves, by comparison with 
standards, or by titration methods. 

Although one of the most recent areas of nuclear analytical chemistry (belonging to 
the group of “radio-release” methods) is involved, the analyses already carried out 
show the wider possibilities which radioactive kryptonates offer in resolving various 
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FIG. 16.-Acid-base titration curves.sB 
G-l.75M NaOH, Mg-kryptonate; 2--0.10M NaOH, Mg-kryptonate; 3L-O.OlM 

NaOH, Zn-kryptonate; for all titrations-10 ml taken. 
(Reprinted by permission of the copyright holder, Baker Chemical Co.). 

problems of chemical analysis. Experimental studies showed that other radio-release 
methods, using agents labelled with radionuclides, can be advantageously changed to 
methods using radioactive kryptonates. The importance of analytical methods using 
radioactive kryptonates is underlined by the fact that leading firms pay great attention 
to the design and construction of analysers, working on the principles mentioned. 

Radioactive kryptonates, besides being of direct analytical application, are 
also helpful in resolving important problems of physical chemistry, closely related to 
analytical chemistry (study of kinetics and mechanism of chemical reactions, study of 
catalysis, adsorption and chemical reactivity, study of structural and surface changes 
and phase transformations, etc.) 9~10 which are, however beyond the scope of this paper. 
Future work in this field should be of theoretical interest and practical importance. 

Zusammenfassung-Es wird eine ubersicht iiber die Anwendungen von 
radioaktiven Kryptonaten in der chemischen Analyse gegeben. 

R&m&-On pr&ente une revue des emplois des kryptonates radioactifs 
en analyse chimique. 
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Summa~-A simple but versatile instrument with an electronic 
(non-servo) measuring circuit is described which is capable of making 
direct or differential measurements of the resistance or conductance of 
solutions over an absolute resistance range from 0.1 R to 1 lvffi, in 
six linear ranges. Linearity is better than 2% on all ranges, and repro- 
ducibility is better than 1%. Drift is less than 1% over 12 hr. Less 
than 0.01% change in resistance can be measured in the differential 
modes, permitting more sensitive measurements than can be made in 
direct conductance measurements. Applications of the instrument for 
monitoring ionexchange separations and conductometric titrations are 
illustrated. 

THERE are many advantages to the automatic, continuous recording of solution 
conductance or resistance. Kinetic studies become more convenient and applicable 
over a greater range of conditions than is possible manually, titrations are facilitated, 
and flowing streams can be continuously monitored. Several types of conductance- or 
resistance-recording instruments have been reported, l-O but all lack certain features 
of sensitivity, versatility or speed of response. Holm-Jensen1 has designed an elec- 
tronic measuring circuit suitable for conductometric titrations, but the circuit requires 
elaborate adjustments to achieve linearity even over a narrow range of conductances, 
and the sensitivity is insufficient for most solution chromatographic studies. All of 
the other instruments that have been reported2-e use a servo system in the measuring 
circuit, whereby any change in conductance in a bridge-type circuit activates a servo- 
driven potentiometer which restores the balance in the bridge and simultaneously 
gives recorder read-out. The sensitivity of such bridge circuits is inherently limited 
by the resistance of the servo slidewire. 2 Additional disadvantages of such servo- 
balancing systems are “hunting” and/or slow response time, these two characteristics 
being interdependent and requiring a compromise. s The above-mentioned limitations 
of servo-balanced measuring circuits were confirmed in this laboratory, with circuits 
similar to those of DeVerdier and Sjtiberg2 and James, Martin and Randall.4 

The previously reported instrumentsl-B lack versatility in that the available read- 
out is linear in either resistance or conductance, but not both, and most1*3*4*6-B only 
make direct measurements on a single cell. The designs by DeVerdier and Sjoberg2 
and Wickbold measure the difference in conductivity between two cells, but there 
is no provision for measuring the absolute conductance of either cell, and servo 
systems are used in the measuring circuits. This paper describes a simple but versatile 
instrument with an electronic measuring circuit for making direct or differential 
measurements of the resistance or conductance of solutions, over a large range of 
resistances or conductances. Either one or two conductance cells can be used, and a 
switch selects a read-out which is linear in each of the following functions: (a) direct 

resistance of cell 1 or 2 ; (b) direct conductance of cell 1 or 2 ; (c) differential resistance 
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between the two cells; (d> differential conductance between the two cells. The 
differential functions can be made extremely sensitive by null-balancing the signal 
from each of the two cells, and amplifying the difference signal by a factor of up to 
1000. Applications of the instr~ent for monito~ng ion-exchange eRuents and 
conductometric titrations are illustrated. 

Apparatus 
EXPERIMENTAL 

Conductance resistance instrument. Figure 1 shows a block diagram of the instrument in the 
differential conductance mode and Fig. 2 shows a complete schematic diagram of the inst~ent. The 
voltage source in Fig. 1 is a signal having a constant voltage (E) of about l-25 V rms and a frequency 
of either 60 Hz or 2 kHz (selectable by means of switch Sl in Fig. 2). The 2-kHz signal is used for 
solutions of high conductance where electrolysis could be significant, and is provided by the Hartley- 
type oscillator shown in Fig. 2. The 60-Hz signal is used for solutions of low conductance where 
capacitive reactance may be important, and is provided by the filament supply winding of power 
transformer T3 (Fig. 2). Potentiometer R5 allows the voltage of the &I-Hz and 2-kHz sources to be 
matched in an initial calibration so that the signal frequency can be switched at any time without 
significantly ~st~bing the measurement in process. 

Voltape ~ E 
source 

I 
I 

Cell I 

Cell 2 

ecorder 

FIG. I.--Block diagram of the instrument in the differential conductance mode. 

The signal voltage is applied to the cell measuring circuit consisting of cells 1 and 2 and a set of 
range resistors. The range resistors are symbolized in Fig. 1 as R1 and Rg, and their counterparts in 
Fig. 2 are the conductance range resistors selectable with switches S3C and S3D, respectively. The 
a.c. voltages er and es generated in the cell me~uring circuit are directly pro~rtiona1 to the conduc- 
tance of cells 1 and 2, respectively, which may be shown as follows. First consider what happens 
when only the conductance of cell 1 is being measured (function switch 52 is in position 2, which 
amounts to grounding the second input to the difference amplifier at terminal 52). It can be seen that 

If the range resistor RI is chosen to be much smaller than rl (in practice RI is made one-tenth the full- 
scale value of r,), then equation (1) reduces to 

E 
i,N--, 

rl 
0) 

and voltage e, is given by 
RR, e,=i,R,g-. 

rl 
(3) 

Since Rand Rr are constants, e, is directly proportional to l/rl, the conductance of cell 1. In the same 
way, when only the conductance of cell 2 is being measured (function switch S2 is in position 3), 

J-Z 
ea==isRe ---g, 
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and thus e, is directly proportional to l/r,, the conductance of cell 2. When function switch SI is in 
position 1, equations (3) and (4) are simultaneously valid, and if RI equals Rx, the differential 
amplifier generates a voltage (eO in Fig. 1) which is directly proportional to the difference in conduc- 
tivity between cells 1 and 2, namely 

1 1 
eO=kc-K , ( ) 

where k is a constant which depends on the gain of the difference amplifier, the source voltage, and 
the range resistance. 

To measure the difference in resistance of cells 1 and 2, function switch S2 is turned to position 4, 
which amounts to interchanging the position of each cell and its range resistor (i.e., interchange rl 
and RI, as well as rI and Rn). Again RI is made equal to Ra, but in this case the range resistors are 
chosen to be much larger than the cell resistances (in practice RI and Rs are made ten times the full- 
scale value of the cell resistances). Under these conditions equation (1) reduces to 

where I, is a constant current. 
follows : 

Voltage e, is now directly proportional to the resistance of cell 1, as 

e, = Z,r,. (7) 
Similarly, voltage e, is now directly proportional to the resistance of cell 2, as follows: 

eB = Z2r2. (8) 

Since R, is made equal to Rs, II equals ZB [equation (6)], and the differential ampltier generates a 
voltage (eO) which is directly proportional to the difference in resistance of cells 1 and 2, as follows: 

e, = k’(r, - rB), (9) 

where k’ is a constant which depends on the same factors as k. To measure the resistance of cell 1 
only, function switch S2 is left in position 4 and a jumper wire is inserted between terminals 2 and 4, 
thus shorting cell 2 out of the circuit. Similarly, the resistance of cell 1 alone is measured with function 
switch S2 in position 4 and a jumper wire between terminals 1 and 3. 

The differential amplifier in Figs. 1 and 2 is a cathode-coupled twin triode fed by a constant-current 
source to achieve a very high common-mode rejection ratio. The constant-current source is a tied 
bias pentode with a dynamic plate resistance of about 1.36 MR. The source current is adjusted in an 
initial calibration with a screwdriver-type potentiometer (RlO) in order to obtain an optimum 
rejection ratio, and once adjusted need not be changed. The single-ended output of the differential 
amplifier is fed into an RC coupled amplifier with a gain of about 10. 
tiometer R14 each time the instrument is calibrated. 

The gain is adjusted with poten- 

The amplifier circuit was designed to compensate for the non-linearity of the cell-measuring 
circuit. For example, in the conductance-measuring mode, reference to equations (1) and (2) would 
indicate that as the solution resistance (rI) decreases, the non-linearity should increase, causing the 
current to be up to 10 % low at full-scale. However, the operating point of the 12AT7 amplifier tube 
was chosen to take advantage of the increasing convexity of the 12AT7 characteristic curves as the 
grid voltage decreases (becomes more positive), thereby compensating almost exactly for the non- 
linearity of the resistance-divider network. 

The a.c. output of the amplifier is rectified with a voltage-doubler type detector having an RC 
output filter. The resistance portion of the filter is used as a voltage divider to provide full-scale 
outhuts of 10, 1, 0.1 and @61 V respectively. Thus, almost any s&o-recorder could be used to 
measure the outnut voltaee. A Heath Model EUW-20A recorder was used in this studv. 

An added feiture of tyh circuit shown in Fig. 2 is the drop counter, which is used’& impose a 
voltage pulse on the recorder chart each time an increment of solution “shorts” between terminals J5 
and J6. The actual solution contacts consisted of two platinum wires, separated by approximately 
3 mm, mounted horizontally and parallel to each other, and positioned immediately below the dis- 
charge point of the fraction collector (used in separations), or capillary flow restrictor (used in 
titrations). Approximately 40-mm lengths of thin platinum wire were used, with electrical connections 
made to insulated copper wire by twisting and taping, and these copper wires were connected to ter- 
minals J5 and J6. As each increment of solution fell, it momentarily made contact across the two 
platinum wires, thereby imposing a voltage signal on the detector output. To prevent the retention of 
any droplets on the platinum wires, a 6-mm tip on each wire was bent downward through 90”. Any 
liquid adhering to the platinum wires indicated that they were dirty; they were conveniently cleaned 
by heating in a flame. The size of the pulse could be adjusted with potentiometer R25, and the polarity 
of the pulse could be selected with toggle switch S5. 
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Legend Key for Figure 2 
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Tubes, V 

1 l/2 12AT7 

3” 
12AU7 
6BH6 

4 l/2 12AT7 

Diodes, D 

192 1N 34A 
3-6 lN438S, O-1 A, 600 PIV 

Resistors, R (all &-lo%, l/2 W unless 
noted otherwise) 

1 22K 
: 12 470 

4* 
1M 
10 

5 500 Pot Lin 
6 1K 
7-9,20,23 

:: 
13 
14 
1.5 

:; 
18 
19,22 

1OOK f 5% 
500 K Pot Lin 
47 K 
3.9 K 
1 M Pot Lin 

27KlW 
21, 24 10K f 5% 
25 10 K Pot Lin 

Pilot Lamp No. 47 filament lamp, 6.3 V, 
@35A, bayonet fitting 

Transformers, T 

1 Audio output transformer 
(Stancor TA-8U) 

2, 3 Power transformer, 150 V 
ac., 100 mA, and 6.3 V 
a.c., 1 A 

Resistors for Resistance Ranges (All 
fl%) 

(One set each for switches 3A and 3B) 

Switch Position Resistor 

1 100 
: 1K 

10K 
4 1OOK 
5 1M 

Resistors for Conductance Ranges (AN 
fl%) 

(One set each for switches 3C and 3D) 

Switch Position Resistor 

1 1 
2 10 
3 100 
4 1K 
5 10K 
6 1OOK 

Capacitors, C 

1, IO-15 50 mF, 450 V d.c. 
297 10 mF, 25 V dc. 
3 470 pF, f lo%, 500 V d.c. 
435 220 pF 
6 @l mF, & lo%, 4OOV d.c. 
8.9 022 mF, f lo%, 200 V d.c. 

Switches, S 

195 SPDT Toggle, l/2 A, 125 V 

2 4Pt;NS, Rotary 
4P6T NS, Rotary 
DP3T, Rotary, l/2 A, 125 V 

a.c. 

quipment for ion-exchange separation. The ion-exchange column consisted of a glass tube 
0.15 m long by 6 mm inside diameter, closed at the lower end by a coarse sintered-glass disk upon 
which the resin bed rested, and fitted at the top with a bowl 90 mm in diameter, to hold the eluent. 
A side-arm funnel, attached to the column and connected to a common outlet through a three-way 
stop-cock, provided a means of calibration or check on the response of the conductance monitor. 
A resin (H+-form) volume of 2.0 ml was used to give a bed height of about 68 mm. 

The conductance cells consisted of a flow-cell of fixed cell constant in the effluent stream, and a 
dip-type cell of variable cell constant dipping into eluent contained in the bowl at the top of the 
column. The flow-cell was fabricated by sealing two 25-gauge platinum wires about 20 mm in length 
through the centre of a 2 mm i.d. capillary tube, 25 mm in length, with the second wire 8 mm down- 
stream from the first. After platinizing, the flow cell had a cell constant of 0.61 mm-‘, measured by 
using a solution of known specific conductance. Ball joints were used to attach the flow cell to the 
column outlet. A pair of dip-type electrodes was fabricated by sealing a 25-gauge platinum wire in 
the end of each of two 150-mm lengths of glass tubing so that 3 mm protruded. A bead of glass 
about 3 mm in diameter was then sealed to the protruding wire, nearly covering all of the wire except 
for a small length of exposed wire between the glass bead and the end of the glass tubing. The 
exposed wire was barely discernible, but became clearly defined upon platinixing. The pair of elec- 
trodes was mounted in a two-holed cork stopper and the cell constant could be varied from about 05 
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to 0.7 mm-i by sliding one or the other of the electrodes up or down (coarse adjustment), or by 
twisting or rotating one or both electrodes (fine adjustment). 

For making differential measurements of solutions of higher resistance, thin sheets of platinum 
foil were used instead of platinum wires, and connecting wires were shielded. Dip-type cells with 
variable cell constants were prepared similar to the previously described cell, except that the platinum 
foil protruding from each piece of glass tubing was bent at right angles to the tubing, so that each foil 
was horizontal and parallel to the other, allowing the spacing between cell plates to be varied by 
sliding one or the other of the electrodes up or down. 

Equipment for conductometric titrations. The conductance instrument was used in the direct 
conductance mode (one cell only) for various conductometric titrations. A dip-type conductivity cell 
(similar to Industrial Instruments Model CEL-BBOS) with a cell constant of 0.140 nun’ was used. 
To automate the addition of titrant increments, a titrant delivery system similar to one described 
earlierlo was used, with minor modifications. Instead of addition of titrant in large increments from a 
siphon pipe, lo drop-sized increments from a capillary flow-restrictor were used. To mark the addition 
of each titrant increment on the recorder chart, the drop counter described above was used. 

Reagents 

The resin was Baker Analyzed Dowex 5OW-X8, 100-200 mesh. All other chemicals were reagent 
grade. The resin was cleaned as described previously.” 

Procedure 

Zon-exchange separation of lithium, sodium andpotassium. Two ml of the resin (in the hydrogen-ion 
form) were washed with 10 ml of O.lOOM hydrochloric acid. After about 5 ml of O*lOOM hydrochloric 
acid had passed, the cell constant of the dip-type cell immersed in the influent solution was precisely 
“nulled” against the effluent flow-cell of tied cell constant. This null-balance adjustment was made 
by first making a direct reading of the absolute conductance of the effluent stream (switch S2 in 
position 2, so that the conductance of only cell 1 was being read) and then, while making a direct 
reading of the conductance of the influent stream (switch S2 in position 3, so that the conductance of 
only cell 2, was being read), adjusting the cell constant of the dip-type cell in the infhtent until the 
influent conductance reading agreed exactly with the effluent reading. To null the cells more precisely, 
the instrument was switched to the differential conductance mode (switch S2 in position l), and the 
dip-type cell was fine-tuned to give a minimum differential reading at successively higher gains until a 
gain of 1000 was achieved. [In practice, the gain was increased in steps of 10, by first moving the posi- 
tive recorder lead from terminal 58 (the lOO-mV full-scale output) to terminal 57 (the 1-V full-scale 
output); the next factor of 10 gain was achieved by switching the module range to the next more 
sensitive range (e.g., from the 104+mho full-scale range to the 103-pmho full-scale range); a final 
factor of 10 gain was achieved by switching the Heath recorder range from 100 mV to 10 mV. After 
each increment of gain the dip-type cell was renulled more precisely.] 

A 0.70~ml sample that was 0.286M in lithium nitrate, 0.0286M in sodium chloride, and 0.0428M 
in potassium chloride was put on the column at a flow-rate of about 05 ml/min, and eluted with 250 
ml of O.lOOM hydrochloric acid at a flow-rate of 1 ml/min. The effluent conductance was monitored 
continuously with respect to the influent conductance, the difference being ampliiied by a factor of 
1000. To verify the composition of the effluent, 2-ml fractions were occasionally collected and 
analysed for lithium, sodium and potassium by flame spectrophotometry. 

Conductometric titration. Forty ml of 0.025M hydrochloric acid were titrated with @85&f sodium 
hydroxide, with a capillary flow-restrictor giving a flow-rate of 0.5 ml/min and a drop size of 0.040 ml. 
A nitrogen atmosphere was maintained to minimize carbon dioxide absorption during the course of 
the titration. 

RESULTS AND DISCUSSION 

Characteristics of instrument 

Table I shows the various resistance and conductance ranges of the instrument. 
The instrument is capable of making direct measurements of resistances from O-1 Q 
to 1 M!A in six ranges, with each range linear to within 2 % of full-scale. Reproduci- 
bility is within 1%. The resistance and conductance ranges listed in Table I cover the 
entire range of solution conductances normally encountered, from 30% sulphuric 
acid to high-grade distilled water, for an ordinary cell with a O~lOO-mm-l cell constant. 
Since conductance cells can be purchased or constructed with cell constants ranging 
from lOA to 10 mm-l, the range of the instrument could be extended, by proper 
choice of cells, to cover specific resistances ranging from 10e2 Q.mm to 10 GCLmm. 
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TABLE I.--RESISTANCE AND CONDUCTANCE RANGES 

Full-scale resistance., 52 10 100 1000 loo00 - - 
Resistance range, a O-10 o-loo O-1000 o-1oooo - 
Full-scale wnductance, pmho - 
Conductance range, pinko - &So z% 

loo T 
O-100 OYO o-l 

Resistance corresponding to 
full-scale conductance, L2 - 100 1000 Wcloo 1ooooo 1W 

It should be noted from Table I that intermediate ranges of resistance can be 
measured equally well in terms of either resistance or conductance, whereas 
low resistance (below 10 a) should be measured only on the resistance scale, and high 
resistances (above 10 k!A) should be measured only on the conductance scale. For 
resistances below 10 !A the conductance mode becomes non-linear because of excessive 
current drain on the source, whereas for resistances above about 10 kQ the resistance 
mode becomes non-linear because currents in the measuring circuit are too low. It 
was demonstrated that another conductance range of O-O.1 pmho corresponding to a 
full-scale resistance of 10 MQ could be added with no significant loss of linearity 
or response, but this was not included in the final design because of the severe shielding 
requirements that are necessary at such high resistances, and because the availability 
of cells with small cell-constants makes this range unnecessary. 

The sensitivity or detectability of the instrument may be arbitrarily defined as the 
resistance change necessary to cause a chart deflection of two divisions. Thus, in 
direct resistance or conductance measurements the sensitivity was about 2% of the 
full-scale resistance or conductance. In differential resistance or conductance measure- 
ments at a gain of 1000, however, it was found that a change of resistance of O-01 y0 
or less caused a deflection of 2 or more divisions from balance. For example, with 
decade resistance boxes in place of cells 1 and 2 and with about 10 ti carefully 
balanced against each other at a gain of 1000, a 1-Q change of the decades caused 
about 25 divisions deflection. Similarly, after null-balancing two resistances of 
about 100 kQ against each other, a 10-Q change caused about 3 divisions de- 
flection. In all cases linearity of the differential measurements was within 3 % without 
recalibrating. 

The accuracy of the instrument for measuring solution conductances was checked 
by comparing the conductance of five different concentrations of hydrochloric acid, 
ranging from 0.OSOM to 1-O x lo”‘M, using both an Industrial Instrument Model 
RC-16B2 conductivity bridge, accurate to f lx, and the instrument described here, 
with the same conductivity cell. In all cases the conductivities agreed within 3%. 
After a 30-n& warm-up the stability of the instrument was excellent, with a drift of 
less than 0.5 %/ hr and less than 1% drift over 12 hr. 

Ion-exchange separation 

Figure 3 shows an automatically recorded differential conductance curve for the 
elution of lithium, sodium and potassium ions from Dowex 5OW-X8 with 0.10M 
hydrochloric acid as eluent. Shortly after the sample was put on the column the con- 
ductivity changed sharply, necessitating a decrease in gain from 1000 to 40. This 
conductance change is due to the slight difference in anion composition and solute 
concentration between the sample solution and the 0*10&i hydrochloric acid eluent 
which had been used to balance the differential conductance monitor. When the 
eflluent volume had reached about 46 ml, after the sharp lithium peak had emerged, 

3 
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OO I# I 20 I I 40 II 60 * 11.1 80 I00 11 I20 11 140 11 160 1 11 180 1 200 * 1 220 II 

Effluent volume, mC 

FIG. 3.-Automatically recorded differential conductance elution curve for the separa- 
tion of lithium, sodium and potassium by ion-exchange. 

Chart speed, 2.5 mm/min; flow-rate, 1-O ml/min. 
* Except in initial region, where gain was changed as indicated. 

the three-way stop-cock below the column was used to switch the O*lOM hydro- 
chloric acid eluent in the side-arm funnel momentarily into the effluent conductance 
cell, in order to check on response of the instrument, base-line drift, or hold-up in 
the conductance cell. As can be seen from Fig. 3, the conductance returned im- 
mediately to the base-line level, indicating fast response and negligible drift or cell 
hold-up. The composition of each peak was verified by collecting occasional fractions 
and analysing with a flame spectrophotometer. 

The reproducibility of Fig. 3 was checked by repeating the elution three times, 
each peak volume being reproducible within f 3 ml, and all peak heights being repro- 
ducible to within 6%. No special precautions were taken to maintain constant 
temperature, except that all solutions were prepared the day before use in order 
to reach complete temperature equilibrium and the instrument and cells were shielded 
from draughts. The separation shown in Fig. 3 is not necessarily optimum, as the 
separation between lithium and sodium could be improved with a slightly longer 
column or slower flow-rate, but at the expense of a longer total elution time. 

The elution curve illustrates the value of differential conductance monitoring, 
because it would be impossible to locate the peak volumes in this separation with 
direct measurements of conductance, as the total change in conductance was less 
than 1% in each peak region. Thus, when this same elution was monitored with 
direct conductance measurements, a straight line resulted, with no observable changes 
in conductance in any of the peak regions. 

The drop counter provided by the instrument proved very useful when the differ- 
ential conductance instrument was used to monitor chromatographic effluents while 
fractions were collected. The drop counter registers a pulse on the conductance 
chart for each drop, thereby making it a simple matter to correlate precisely the 
collected fractions and recorded conductance. 

Conductontetric titrations 

Figure 4 illustrates the automatically recorded conductometric titration of 0*025&f 
hydrochloric acid with OS5M sodium hydroxide. As each drop was added the drop 
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Number of titront drops added 

I 

FIG. I.-Automatically recorded conductometric titration of 40 ml of @025M HCl with 
@85M NaOH. 

Drop size, 0.080 ml; flow-rate, 060 ml/min; recorder speed, 25 mm/min; cell constant, 
0.140 mm-‘. 

counter provided a sharp vertical pulse enabling the number of drops to be 
easily counted. The end-point was determined by extrapolation of the straight line 
portions before and after the end-point, with the location of the intersection indicating 
the drop within which the end-point occurred, and even the precise fraction of the 
drop needed to reach the end-point. la Thus, in Fig. 4, the end-point occurred after 
the addition of 15.0 drops. The average of seven such titrations had an error of 
+0.5 % with a relative standard deviation of 0.6%. Triplicate titrations of O*OlM 
potassium hydroxide with O*lOM hydrochloric acid had an error of +0*5x with a 
relative standard deviation of O-3 %. 
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Zusammeufassung-Ein einfaches, aber vielseitiges Instrument mit 
elektronischem MeOkreis (ohne Servo) wird beschrieben, das ditekte 
oder DitTere nzmessungen des Widerstandes oder der Leitfahigkeit von 
Li5sungen von 0.1 G bis 1 MG in se&s linearen Mel3bemichen ermog- 
licht. Die Lmearitlt ist in allen Eereichen besser als 2 % und die Repro- 
duzierbarkeit besser als 1 X Die Drift ist in 12 h kleiner als 1 X Im 
Differenzbetreib konnen kieinere WiderstandsHnderungen als ,Ol % 
gemessen werden; das erlaubt emptindlichere Messungen als bei der 
direkten Leitfahigkeitsmessung. Anwendungen des Instruments bei 
der oberwachung von Ionenaustauschtrennungen und kondukto- 
metrischen Titrationen werden beschrieben. 
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R&mrn&-On d&it un instrument simple mais universe1 avec un 
circuit Clectronique de mesure (non-servo) qui est capable de faire des 
mesures directes ou differentielles de la resistance ou de la conductance 
dans un domaine de resistance absolu allant de 0,l R ii 1 MD, en six 
gammes lineaires. La lindarite est meilleure que 2% dans toutes les 
gammes et la reproductibilite est meilleure que 1%. Le. decalage est 
inferieur a 1 ‘A sur 12 h. On peut mesurer un changement inferieur a 
0,01x dans la resistance dans les methodes differentielles, permettant 
des mesures plus sensibles que celles pue l’on peut faire dans les 
mesures de conductance dire&es. On dorme comme exemples des 
applications de l’instrument aux controles de separations par eChange 
d’ions et de titrages conductimttriques. 
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POTENTIOMETRISCHE KIESELSAUREBESTIMMUNG 
UNTER VERWENDUNG EINER TITANELEKTRODE-I 

DAS VERHALTEN DER TITANELEKTRODE 

GERHARD ACKERMANN 
Lehrstuhl ftir Analytische Chemie, Sektion Chemie, Bergakademie Freiberg, 92 F&berg, 

(sachen) D.D.R. 

und 

JOACHIM LANGE 
VEB Spezialglaswerk Einheit, 758 WeiSwasser, D.D.R. 

(Eingegangen am 5 September 1969. Angenommen am 9 Februar 1970) 

ZusannnenfassunR-Es wird die Empfbdlichkeit einer Titanelektrode 
gegentiber Fluoridionen in Anwesenheit von Fluorosilicationen unter- 
sucht. In 3MSalzslure, die etwas Eisen(III) enthalt, kann die Elektrode 
fiir die Indizierung einer Titration von Riesellure mit Fluorid ver- 
wendet werden. Da die Reaktionen ziemlich langsam verlaufen, ist die 
Anwendung eines potentiometrischen Titrators erforderlich. 

DIE MEISTEN volumetrischen Bestimmungsmethoden ftir Kieselsaure beruhen auf 
der Hydrolyse des Kaliumhexafluorosilicats. Der Umsetzung zwischen l&lichen 
KieselsHuren und Fluoridionen, d.h. der Bildungsreaktion des Hexafluorosilications, 
wurde bisher fur analytische Untersuchungen wenig Bedeutung beigemessen, da ftir 
die Indizierung der Reaktion 

SiOs2- + 6F- + 6H+ + [SiFJ2- + 3H,O (1) 

in dem zur quantitativen Umsetzung erforderlichen stark sauren Medium kein geeig- 
netes Indikatorsystem bekannt war. Im Rahmen der vorliegenden Arbeit wurde 
nach einer Elektrode gesucht, die es gestattet, die nach Ablauf der Reaktion (1) 
auftretenden freien Fluoridionen zu indizieren. 

Die Titanelektrode 

Bei der Suche nach geeigneten, in sauren LSsungen bestandigen Festelektroden 
wurde im Titan ein geeignetes Elektrodenmaterial gefunden, welches in Verbindung 
mit der ges.Kalomelelektrode (KE) den gewtinschten Forderungen hinsichtlich 
Empfindlichkeit gegentiber Fluoridionen bei gleichzeitiger Bestandigkeit gegentiber 
Hexafluorosilicondionen entsprach. 

Urn die zu bestimmenden Kieselsluremengen in saurem Medium in Liisung zu 
halten, erwies sich eine 3M salzsaure Losung, gesattigt mit Kaliumhexafluorosilicat 
und Kaliumchlorid (Grundliisung), als besonders geeignet. Fiir ihre Verwendung 
sprechen ferner folgende Argumente. 

1. Titan ist in salzsaurer, chloridgesattigter Liisung sehr korrosionsbestlindig.2 
2. Urn die Eignung der Titanelektrode fur die Umsetzung nach (1) zu prtifen, 

mu13 eine Modell-Lgsung geschaffen werden, die die Verhaltnisse w&end des 
gesamten Titrationsverlaufes und am Aquivalenzpunkt eindeutig wiedergibt. 
Das aber erfordert die Sattigung einer solchen Liisung mit Kaliumhexafluoro- 
silicat. 
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Die LGslichkeit des Kaliumhexafluorosilicats in 3M Salzslure geht nach 
SZittigung der L&sung mit Kaliumchlorid von 0,lM auf cu. 2.10-3M zurtick, 
was die Verschiebung des Gleichgewichts der Reaktion nach (1) fdrdert. Die 
Laslichkeit ist in diesem Medium allerdings stark temperaturabtingig. Des- 
halb ist fiir eine gute Reproduzierbarkeit eine hohe Temperaturkonstanz 
erforderlich. 

Temp.-Schlange 

Rtihrer 
Freir TitanaberflSche 

KE R /\ ,. 
Epoxidhorr-Verkleidung Steckbuchse 

I 

von der Seite 
Zel lenkopf von oben 

qesehen cl 

ABB. I.---Konstruktionszeichnung der MeDzelle und der Titamcheibenelektrode. 

In Abb. 1 ist der Aufbau der verwendeten MeDzelle dargestellt, gesondert dazu 
die in Epoxidharz vergossene Titanscheibenelektrode von 100 mms Oberflllche, her- 
gestellt aus technischem Titanrundmaterial. Das Epoxidharz wurde so abgedreht, 
da13 nur die 100 mms grohe Grundfllche des Titanzylinders mit der Liisung in Bertih- 
rung kommt. In der MeBzelle ist ferner eine Temperierschlange erkennbar, die in 
Verbindung mit einem Thermostaten die Liisung konstantauf 20°C hiilt. Als Ma% 
fliissigkeit fand eine 1M Kaliumfluoridlbsung Verwendung. Die Titanelektrode wurde 
vor jeder neuen Messung mechanisch poliert. Hierzu wurde die Oberfllche der 
Titanscheibe mit einer gummigebundenen Korundpolierscheibe solange bearbeitet, 
bis sie einen gleichmZil3igen matten metallischen Glanz aufwies. Diese Behandlung 
ist notwendig, urn fiir jede Messung frische und reproduzierbare Oberfliichenbedin- 
gimgen zu schaffen. 

Das Elektrodenpotential und seine Stabilisierung 

Beim Einsetzen der MeDkette Ti-KE in die Grundliisung stellt sich nach wenigen 
Sekunden ein Potential von -600 bis -700 mV ein, das such erhalten wird, wenn 
eine hexafluorosilicationen-freie Liisung mit einer Fluoridionenkonzentration von 
0,OlM verwendet wird. Nach StraumanisS entspricht dies dem Auflosungspotential 
des Titans. 

In einer an Hexafluorosilicat- und Fluorid-Ionen freieen 3M salzsauren Liisung, 
ges. mit Kaliumchlorid, steigt das Potential allmahlich zu positiveren Werten an, was 
auf die bekannte besondere Stabilitat des Titans in chloridhaltigen Liisungen 
zuriickzufilhren ist. Setzt man nach einigen Minuten derartigen Liisungen festes 
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Kaliumhexafluorosilicat zu, so sinkt das Potential rasch zu stark negativen Werten ab, 
weil sich das Titan aufliist. 

Da die Entstehung und Anwesenheit von Hexafluorosilicationen bei der Durch- 
fiihrung einer Titration nach (1) jedoch unumgLnglich ist, mu0 dafiir Sorge getragen 
werden, dal3 die Titanoberflgche wohl dem Angriff durch Hexafluorosilicationen 
widersteht, durch Fluoridionen jedoch meSbare Potentiallnderungen hervorgerufen 
werden. Dies gelingt durch Zusatz geringer Eisen(III)-chlorid-Mengen, deren 
Konzentration so bemessen sein mul3, da0 die Empfindlichkeit gegeniiber Fluorid- 
ionen gewahrt bleibt. 

Es wird hierbei die Tatsache ausgenutzt, da13 fiir die Aufrechterhaltung eines 
passiven Zustandes des Titans ein Oxydationsmittel geniigender Stirke und Kon- 
zentration zugegen sein mu13, wodurch das Korrosionspotential des Titans info@ 
Bildung schwerliislicher Deckschichten in den sogenannten oxidpassiven Bereich 
gehoben wird.*s5 

3oo /*-* I i . 2 200 

G 

100 

. 

01 ’ ’ ’ ’ ’ ’ ’ ’ ’ J 
0,oo I 0,005 0.0 I 

[Fe Cl 31 

ABB. 2.-Abhiingigkeit des Potentials der Titanelektrode in 3M Sal~ure, ge&Wigt 
mit Kaliumchlorid und Kaliumhexafluorosilicat, von der Eisen@IJ)-Konzentration, 

gemessen gegen ges. KJ3 

Abbildung 2 zeigt das Potential der Titanelektrode bei steigender Eisen(III)- 
chlorid-Konzentration in der Grundliisung. Das Potential strebt einem Grenzwert 
zu, in gleichem MaSe wie die Deckschichtenbildung voranschreitet. Das Potential- 
Zeit-Verhalten der Titanelektrode in der Grundlijsung in Gegenwart von 5.1O”‘M 
Eisen(III)-chlorid nach Zusatz von lo_sM Fluoridionen zeigt die Abb. 3. Der 
zeitabhgngige Potentialanstieg wird beim Auftreten freier Fluoridionen in der Grund- 
lasung solange unterbrochen, bis diese durch Reaktion mit der Titanoberfllche 
verbraucht sind. Der auf Fluoridzusatz einsetzende geringe Potentialriickgang bildet 
die Grundlage des entwickelten Verfahrens zur potentiometrischen Kieselsgure- 
bestimmung. 

Die Elektroden-Reaktion mit Fluorid 

Nach Straumanis und Ballas ist eine Titanoberfllche im oxidpassiven Zustand 
mit einer Schutzschicht aus Oxiden und Salzen des Titans bedeckt, die in SLure nicht 
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ABE. 3.-Potential-Zeit-Verhalten der Titanelektiode nach Zusatz van Fluoridionen. 

oder nur schwer liislich sind. In fluoridhaltigen sauren Medien jedoch l&en sich 
diese Schutzschichten je nach Konzentration mehr oder weniger rasch unter Bildung 
von Fluorokomplexen des 3- und Cwertigen Titans auf. Die dadurch freigelegte 
Metalloberflache wird dann sowohl durch die FluBsatire wie such durch die in der 
Lijsung enthaltene SalzsZiure angegriffen. Ftir den potentialbestimmenden Vorgang 
kann im vorliegenden Fall angenommen werden: 

Ti + Ti3+ + 3e-. (2) 

Es war nun notwendig zu erfahren, wie die Reaktionsgeschwindigkeit der Umset- 
zung zwischen Fluoridionen und der ElektrodenoberflZiche von der Eisen(III)- 
Konzentration abhiingt. Hierzu wurde als Ma0 die Potentiallnderung pro Zeiteinheit 
gewahlt. Abbildung 4 zeigt diese Geschwindigkeit in Abhangigkeit von der Fluorid- 
konzentration. Sie nimmt erwartungsgemti mit steigender Fluoridkonzentration zu 
und mit steigender Eisenkonzentration ab. Bei einer Eisen(III)-Konzentration von 
5.10Ai%f und einer Fluoridkonzentration von 10-sM ist aus dem Diagramm eine 
dem Reaktionsablauf proportionale Spannungslnderung von etwa 0,l mV/sec 
entnehmbar. 

Der Reaktionsablauf an der Titanoberflache ist aber such von der Salzsziure- 
konzentration abhangig, wie Abb. 5 zeigt. Bei konstanter Eisen(III)-Ionenkonzen- 
tration nimmt die Empfindlichkeit mit steigender H+-Konzentration zu. Orientierende 
Kieselsluretitrationen mit 1M Kaliumfluoridliisung haben jedoch ergeben, daB in 
3M salzsaure der potentiometrische Kurvenverlauf am gleichmll3igsten ausgebildet 
ist. 

DaB mit steigender Eisen(III)-Konzentration die Empfindlichkeit der Titan- 
elektrode in 3M Salzsaure gegentiber Fluoridionen abnimmt, zeigt die Potential- 
Zeit-Kurve in Abb. 6. Hier ist bei einer Konzentration von 5.10-SM Eisen(III)-chlorid 
nach Zusatz von 0,l ml 1M KaliumfluoridlGsung auf 100 ml Grundlbsung kein 
Potentialrtickgang mehr feststellbar. Die Elektrodenoberflache ist unter diesen 
Umstanden zu stark passiviert. 
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ABB. 4.-Potentialibderungsgeschwindigkeit bei verschiedenen Eisen(IIQ-Konzentra- 
tionen und Fluoridkonzentration. Die Kurven entsprechen nachstehenden Eisen(III)- 

chlorid-Konzentrationen: 
0 lo-‘M 
+ 5*10-‘M 

0 2.0 380 4.0 59 

ABB. 5.-Potentialbderungsgeschwindigkeit bei verschiedenen Salzsbrekonzentrationen. 

Der Blindwert 

Da die Umsetzung zwischen den Fluoridionen und der Titanoberflache zeitlich 
gehemmt ist (vgl. Abb. 3) und da zur komplexen Bindung der passivierend wirkenden 
Eisen(IIIpIonen ebenfalls Fluoridionen beni%igt werden, mul3 angenommen werden, 
da0 kieselslurefreie Lbsungen bei einer Titration ebenfalls MaBlGsung verbrauchen, 
deren GrbBen in ml im folgenden als Blindwert bezeichnet wird. Aus dem gleichen 
Grund mua ftir die Durchfiihrung einer Titration eine automatische Titriereinrichtung 
eingesetzt werden, die es ermaglicht, den ZufluB an Kaliumfluoridliisung umso 
langsamer zu gestalten, je mehr sich die Reaktion ihrem Endpunkt n2lhert. Andern- 
falls erfolgt eine Ubertitration, da man ja im allgemeinen den Endpunkt nicht kennt. 
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Aan 6.-Potential-Zeit-Verhalten in der Grundlijsung bei einer Eisen(III)-Konzen- 
tration von 5 * lo-*M. 

Ftlr den vorliegenden Zweck ist z.B. ein Geriit der Firma Radiometer, Kopenhagen, geeignett, 
das sich aus der automatischen Biirette ABU 1, dem Potentialmel3gerat PHM 28, dem Steuerglied 
TTT 11 und dem Schreiber SBR 2 zusammensetzt. Der Schreiber registriert die Potentialilnderung 
pro Zeit als Funktion des Kaliumiluorid-Verbrauches. Der Papiervorschub wurde entsprechend der 
oben erwllhnten Spannungs&ndenmg bei 10-*&f Kaliumfluorid und 5.10-W Eisen(III)-chlorid auf 
0.1 mV/sec eingestellt. Der ZulIuD an 1M KaliumiIuoridl&ung aus der automatischen Btlrette wird 
dann sofort gestoppt, wenn die Potentialiinderungsgeschwindigkeit groBer als 0.1 mV/sec geworden 
d.h. wenn der Umschlagspunkt erreicht ist. 

Zur Ermitthmg des Blindwertes wurden folgende apparative Einstellungen vorgenommen: 
Schreiber SBR 2 Papiervorschub 1,25 mm/min, Papiereichung -5 mV/mm; Titrator TTT 11 Down- 
scale, Prop. Band 0,l; Autobilrette ABU 1. 25 ml; PotentialmeBgerslt PHM 28 Skala -200 mV bis 
t-800 mV. 

/- 
/ / 

I I 
0 100 200 

Volumen Losung, ml 

ABB. 7.-Abhtigigkeit des Blindwertes vom Gesamtvolumen der Grundlosung. 

Als erstes wurde die Abhangigkeit des Blindwertes vom Gesamtvolumen der 
Grundlosung bei 20°C ermittelt. Bei einer Eisen(III)-Konzentration von 5.104M in 
der Grundlosung ergibt sich die in Abb. 7 dargestellte Abhiingigkeit. Mit einge- 
zeichnet ist der Kurvenverlauf bei einer Blindwertbestimmung. (Die Kurven des 
Schreibers SBR 2 werden von rechts nach links aufgezeichnet. Das Potential nimmt 



Potentiometrische Kieaels~urebestimmung unter Verwendung eincr Titanelektrode-I 699 

von unten nach oben ab. Im vorliegenden Fall lag das Anfangspotential gegen ges. 
KE bei + 210 mV. Die Titration wurde bei + 25 mV abgebrochen). 

Der Blindwert ist erwartungsgemail3 such von der Eisen(IJI)-Konzentration, der 
Salzsaurekonzentration und von der Temperatur abhlingig. Eine Erhilhung der 
Eisen(III)-Konzentration von lo_sM auf 10-lM 1lBt den Blindwert von ca. 1 ml 1M 
Kaliumfluorid auf ca. 4 ml ansteigen. Bei Steigerung der Salzs&trekonzentration von 
3M auf 6M sir&t der Blindwert urn ca. 0,5 ml ab. Ein Kelvin Temperaturerhiihung 
schliel3lich bewirkt eine Abnahme des Blindwertes von ca. 0,05 ml 1M Kaliumfluorid. 
Ftir 1OOml Grundlosung entspricht der Blindwert einer Konzentration von ca. 
0,8.10-e.A4 an Kaliumfluorid die notwendig ist, urn die Eisen(IQ)-Ionen komplex 
zu binden und das Potential endgliltig aus dem oxidpassiven Bereich herauszulosen. 

Die oben erw%hnte Mindestkonzentration von 10-8M Kahumfluorid (vgl. Abb. 3) 
bewirkt zwar eine vorilbergehende Unterbrechung des Kaliumtluorid-Zuflusses aus 
der automatischen Bilrette; die passivierende Wirkung des Systems ist aber noch zu 
groD, urn bei dieser Konzentration bereits eine restlose Zerstiirung der Passivschicht 
zu ermaglichen. Somit holt nach einer gewissen Z&t das Kontrollpotentiometer am 
Schreiber SBR 2 dieses geringftlgig in negative Richtung abgewanderte Potential 
wieder ein, die Titration wird fortgesetzt, wieder gestoppt, fortgesetzt usw. bis der 
oxidpassive Bereich s&lie&h durchschritten ist. Nur durch diese Automatik ist es 
iiberhaupt mcglich, sich an den Endpunkt heranzutasten. 

Versuchsauswertung im Hinblick auf die analytische Anwendung 

Fiir die analytische Verwendung des Elektrodensystems Titan-ges.KE zu 
potentiometrischen KieselsZiurebestimmungen ergeben sich aus den bisherigen 
Versuchsergebnissen folgende Erkenntnisse. 

1. Zur Einstellung eines positiven Potentials gegen die ges.KE in 3M Salzsiuire, 
geslittigt mit Kaliumchlorid und Kaliumhexafluorosilicat, ist die Anwesenheit 
geringer Eisen(III)-Mengen erforderlich, vorteilhaft 5.1o-“M. Bei hi)herer 
Konzentration wird die Empfindlichkeit gegen Fluoridionen zu gering; bei 
geringeren Gehalten ist die Potentialkonstanz nicht mehr gewlhrleistet und 
das Potential schwankt unregelm&Big. 

2. Fur die Einstellung eines relativ konstanten Potentials muI mit dem Titrations- 
beginn nach Einsetzen des Elektrodensystems in die Liisung eine gewisse Zeit, 
am besten 10 min, gewartet werden. 

3. Die Elektrodenoberlllche mu13 vor jeder neuen Messung mechanisch poliert, 
d.h. erneuert werden, sonst ergeben sich unreproduzierbare Potentialverhglt- 
nisse und die Ansprechempfindlichkeit auf Fluoridionen wird gestlirt. 

4. ZweckmZil3igerweise wird in salzsaurer, kaliumchloridhaltiger Lbsung gear- 
beitet, da hier das Titan eine besonders hohe Korrosionsbestlndigkeit aufweist, 
und aul3erdem Stlirungen durch schwerliisliche Niederschllge kaum zu erwarten 
sind. 

5. Zur Verringerung der Lbslichkeit des Kaliumhexafluorosilicats mtissen die 
Losungen mit Kaliumchlorid gesattigt werden. Einsatz von Kaliumchlorid ist 
gtinstiger als das Arbeiten mit organischen Liisungsmitteln, da bei letzteren 
notwendigenveise eine Verdiinnung der zu untersuchenden Silicatliisungen 
eintritt. Die Kaliumhexafluorosilicat-Konzentration muB aber niedrig gehalten 
werden, da die Titanelektrode ebenfalls auf Fluorosilicationen anspricht. 
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Es muI3 fur eine gute Temperaturkonstanz gesorgt werden, da eine starke Tem- 
peraturabhgngigkeit der LiSslichkeit des Kaliumhexafluorosilicats in der 
Grundli%ung besteht. 
Obwohl bei hiiheren Salzsaiurekonzentrationen die Empfindlichkeit gegen 
Fluoridionen zunimmt, empfiehlt sich ein Arbeiten in 3M Salzsaure, denn 
hiihere Salzsluregehalte bewirken wiederum stirkere Verdiinnung der Silicat- 
lbsungen, deren Ausgangskonzentration durch den alkalischen AufschluB 
begrenzt ist. 
Da die Titanelektrode nicht augenblicklich auf Fluoridionen anspricht, muI3 
gegen Ende der Titration aufierordentlich langsam titriert werden, wozu bei 
unbekannter Lage des Endpunktes, d.h. bei unbekanntem Kiesels&uregehalt, 
eine Titrierautomatik notwendig wird. 
Die Zeitabhangigkeit der Umsetzung zwischen Fluoridionen und der Titan- 
oberflache bedingt einen Blindverbratich an FluoridmaDlSsung, der bei Titra- 
tionen kieselsgurehaltiger LGsungen zu beriicksichtigen ist. 

Auf die Anwendung dieser Ergebnisse zur potentiometrischen Kieselsaurebestimmung 
wird im zweiten Teil der Arbeit eingegangen. 

Die Verfasser danken Herm Prof. Dr. habil. W. Forker, Direktor des Instituts fib Chemie an 
der Tee hnischen Hochschule Karl-Marx-Stadt, ftir seine ntltzlichen Ratschliige. 

Snnunary-The response of a titanium electrode to fluoride in the 
presence of fluosilicate has been investigated. In 3M hydrochloric 
acid containing a small amount of iron(III) the electrode can be used 
to follow potentiometrically the titration of silicate with fluoride. As 
the reactions and response are rather slow, an automatic potentio- 
metric titrator must be used. 

RCum&-Gn a etudid la r6ponse dune electrode de titane au fluorure 
en la pr6sence de fluosilicate. En acide chlorhydrique 3M contenant 
une petite quantite de fer(III), on peut utiliser l%lectrode pour suivre 
potentiometriquement le titrage du silicate avec le fluorure. Comme 
les reactions et la r6ponse sont assez lentes, il faut utiliser un appareil 
de titrage potentiometrique automatique. 
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POTENTIOMETRTSCHE KIESELSIiUREBESTIMMUNG 
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(Eingegangen am 23 December 1969. Angenommen am 11 Februar 1970) 

Zusammenfass~-Die Bedingungen fiir die automat&he potentio- 
metrische Titration von Kieselslure mit 1M Kaliumfluorid unter 
Verwendung einer Titanelektrode werden beschrieben. Die Wirkung 
einer Temperatureiinderung und anderer Faktoren wird diskutiert. 
Die Standardabweichung fiir die Bestimmung von Proben bis zu 240 mg 
betrlgt 1 mg Ahuninium, Eisen, Borat, Nitrat, Sulfat und Phosphat 
stiiren dabei. 

IM ERSTEN TEIL dieser ArbeiP wurde das Verhalten einer Titanelektrode in salzsaurer 
Liisung gegeniiber Fluoridionen bei gleichzeitiger Anwesenheit von Hexafluorosilicat- 
Ionen im Hinblick auf ihre Verwendung zur Indikation der Umsetzung von Silicat- 
und Fluoridionen nach 

SiOa2- + 6Ff + 6Hf + [SiFJ2- + 3H,O 

untersucht. Uber ihre Eignung bei der potentiometrischen KieselsHurebestimmung 
sol1 nachstehend berichtet werden. 

Titrationen van reinen Kieselsiiureliisungen 

Im Nickeltiegel werden 4 mal 1,000 g auf eine KomgriiBe von 0,06 mm gepulverter, mit konz. 
Salzsiiure eine Stunde am RtickfluBkiihler ausgekochter, dann bei 1150” gegliihter Quarzsand 
(SiO&ehalt >99,95%, ermittelt durch Abrauchen mit Flu&lure) mit je 8 g Kaliumhydroxid 
aufgeschlossen. Hierbei wird zuniichst das Kaliumhydroxid allein im Tiegel eingeschmolzen, dann 
erst die Sandeinwaage auf die erkaltete Schmelze gegeben und emeut aufgeschmolzen. Die vier 
wiederum erkalteten Schmelzen werden nach L&en in heiBem Wasser gemeinsam in einen XI&ml 
MeBkolben filtriert und so von ausgeschiedenem Nickelhydroxid befreit. Nach Abkiihlen, Au5dllen 
mit dest. Wasser und Durchmischen entspricht 1 ml dieser Liisung 8,0 mg SiO,. 

Diese K.ieaels&relijsung dient als Urtiterliisung. Aliquote Teile dieser Liisung (5 bis 25 ml) 
werden in den Titrierbecher gegeben, mit dest. Wasser auf 50 ml aufgefiillt und mit soviel ml konz. 
Salzslure versetzt, da13 die Liisung nach Auffiillen auf 100 ml 3M an freier Salz.s%ure ist (unter 
Beriicksichtigung der fiir die Neutralisation des Kaliumhydroxids notwendigen Salzsiiuremenge je 
nach aliquotem Teil24,S bis 26 ml Salzsiiure). 

Dann werden aus einer Mikrobtiette 0,5 ml 0,lM Eisen(III)-chlorid, gel&t in 1M Salzsiiure, 
zugesetzt und nach Abkiihlen auf Zimmertemperatur auf 100 ml f 2 ml mit dest. Wasser aufgefiillt 
(Marke am Tit&r&her). SchlieBlich werden mit einem Eichm@ cu. 25 g Kaliumchlorid und cu. 
0,5 g Kaliumhexafluorosilicat zugegeben, die MeDkette Titan-ges. Kaliumelektrode (KE) ein- 
gesetzt, Rtier und Thermostat eingeschaltet (20”) und nach 10 Minuten mit der automat&hen 
Titration unter Verwendung einer cu. 1M KaliumfIuoridli%ung entsprechend den Ausfiihnmgen im 
ersten Teil dieser Arbeit begonnen. 

Die Verwendung einer genau 1M Kaliumfluoridlijsung, deren Einstellung analy- 
tisch sehr aufwendig wird, ist nicht erforderlich, wenn die LGsung gegen bekannte 
KieselsZiuremengen faktorisiert wird. Wie bei der Titration von kieselsgurefreien 
Liisungen, d.h. bei der Ermittlung des Blindwertes, tastet sich der Titrator an den 

701 



702 GERHARD ACKERMANN und JOACHIM LANGE 

Endpunkt der Reaktion heran und schaltet den ZufluB an FluoridlGsung voriiber- 
gehend ab, wenn die Potentialanderungsgeschwindigkeit grBl3er als 0,l mV/sec wird. 

Als Beispiel zeigt die Abb. 1 Titrationskurven von 40 bis 300 mg SiOB pro 100 ml 
Grundliisung. Die Originallange des Papierstreifens, auf dem die Kurven aufgenom- 
men wurden, betrlgt 0,33 m, 10 mm entsprechen eine Potentialanderung von 50 mV. 
Die Originalbreite des Papierstreifens betragt 0,25 m, 10 mm entsprechen 1 ml Kalium- 
fluoridlbsung. (1 ml 1M Kaliumfluorid entspricht cu. 10 mg SiO,). Die Anfangs- 
potentiale liegen bei 200-250 mV, die Endpotentiale bei 5w-100 mV gegen ges. KE. 
Hier Verbrauch an IM wurde dann der Titrator ausgeschaltet. Trggt man den 

ABB. 1 .-Titrationskurven verschiedener SO,-Mengen, aufgenommen an aliquoten 
Teilen homogener Kieselsiiurelijsungen. 

Kaliumfluoridliisung fur verschiedene Kieselsilure-Mengen in ein Koordinatensystem 
ein, so erhalt man eine Gerade die nicht durch den Ursprung geht, sondern die 
Abszisse bei 0,9 ml schneidet. Dieser Abschnitt ist identisch mit dem frtiher dis- 
kutierten Blindwert. 

Die sehr guten Ergebnisse automatischer Kieselsiiurebestimmungen mit potentio- 
metrischer Indizierung an der Titanelektrode bei Verwendung aliquoter Teile einer 
homogenen AufschluUliisung lassen sich jedoch an Liisungen aus individuellen 
Aufschltlssen nicht bestitigen. Ursache hierfur ist das bekannte Polymerisations- 
bestreben der Kiesels%ure in saurer Liisung, wodurch es selbst unter peinlichster 
Einhaltung aller experimentellen Bedingungen nicht miiglich wird, exakt reproduzier- 
bare Kiesels&rresole zu erhalten. Welche Bedeutung beispielsweise die Standzeit 
eines sauren Kieselsguresols auf den Kaliumfluoridverbrauch hat, ergibt sich aus der 
Tatsache, daB mit zunehmender Wartezeit vor Titrationsbeginn such der Kalium- 
fluoridverbrauch zunimmt (Abb. 2). Hierbei wurden jeweils aliquote Teile der oben 
angefuhrten homogenen Kieselsaure-Urtiterlosung titriert. Die relativ geringe Liislich- 
keit der entstehenden Kieselsauresole begrenzt die GriiSe der Einwaage bei individu- 
ellen Sandproben mit max. 250 mg SiO,/lOO ml Grundlbsung. 

Zur Bereitung individueller Kieselsaure-Lbsungen wurde nachstehender Arbeits- 
gang eingehalten. 
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hIB. 2.-Abhangigkeit des Verbrauches an 1M Kaliumfluorid vom Alterungsxustand 
des Kiesels;iuresols. 

V, = Verbrauch xur Zeit i1 
V, = Verbrauch xur Zeit t, 

t, 3 tp 

Jeweils 0,210O g Quarxsan d (<0,06 mm) werden im Nickeltiegel mit 5 g Kaliumhydroxid-wie 
oben beschrieben-aufgeschlossen. Die Schmelxe wird mit he&m Wasser im Tiegel selbst ausgelaugt, 
anschliet3end in den Titrierbecher gesptilt turd mit Wasser auf 50 ml verdtinnt. Nach Abktihlen 
auf Zimmertemperatur wird die alkalische I&nmg unmittelbar vor Begimi der Titration mit 30 ml 
konx. Salxsaure in einem GuB unter kriiftigem Rtlhren versetxt. Man ftillt mit Wasser auf 100 ml auf, 
1lDt 15 Minuten bedeckt im siedenden Wasserbad stehen und ktlhlt dann unter flieDendem Wasser 
auf 20” ab. SchlieDlich werden aus einer Mikrobthette 0,5 ml 0,l M Eisen(III)chlorid-Uisung, cu. 25 
g Kaliumchlorid und cu. 0,5 g Kaliumhexatluorosilicat xugegeben, wonach die Liisung wie oben 
beschrieben titriert wird. 

Experimentelle Besonakrheiten, die den Kurvenverlauf bestimmen 

Unter Berticksichtigung der im ersten Teil dieser Arbeit gemachten Ausfiihrungen zum Blind- 
verbrauch an lMKaliumSuoridl6sung fiir kieselslurefreie Liisungen, setxt die Praxision der in Abb. 1 
gexeigten Kurven die exakte Einhaltung folgender Parameter voraus : 

Sattigung der Losung mit Kaliumhexatluorosilikat und Kaliumchlorid, Temperaturkonstanx von 
20 f 0,5”, Volumenkonstanx, Konstanx und Anpaasung der Titriergeschwindigkeit an die Um- 
setxungsgeschwindigkeit, Konstanx der Geometrie des Zellenaufbaues turd damit Konstanz der 
DiffusionsstromverhItnisse an der TitanoberRache, sowie hinreichende Reproduxierbarkeit der 
Titanoberllache durch mechanische Politur vor Beghm jeder Measung. Welchen Einflti dieae 
Parameter auf den Kurvenverlauf austiben, dartlber geben die folgenden Abbildungen Auskunft. 

In Abb. 3 ist eine Titrationskurve dargestellt, bel der die Gnmdli%ng xu Beginn der Titration 
wohl mit Kaliumchlorid, nicht aber mit Kaliumhexafluorosilicat gesiittigt war. Offensichtlich tritt 
dadurch unmittelbar nach Beginn der Titration eine vortibergehende Ubersslttigung der Lasung, d.h. 
erhbhte Hexafluorosllicat-Ionenkonrentration auf, die einen xeitweiligen Potentialriickgang aualost 
tmd die Titration solange unterbricht, bis sich die Hexafluorosilicat-Konzentration in der Grund- 
losung wieder stabilisiert hat. Unterbleibt die Sattigung der L&sung mit Kaliumhexafluorosilicat 
und Kaliumchlorid, so ergeben sich Kurven ohne ausgepragten Potentialsprung, die nicht verwertbar 
sind. 

Die starke Temperaturabh&ngigkeit des Verbrauchs an 1 M KaliumfluoridlC%sung von cu. 0,05 ml 
pro Grad Celsius ist in Abb. 4 dargestellt. Mit eingexeichnet sind 2 Kurven fiir je 165 mg SiO,. 
aufgenommen bei verschiedenen Temperaturen. Man erkermt, dat3 hohere Temperaturen einen 
starkeren Potentialrtickgang bei gleichzeitig geringerem Kaliumfluoridverbrauch hervorrufen. 

Da der Blindwert vom Gesamtvolumen der Grundliisung abh&ngt,* ist der Verbrauch von 1M 
Kaliumthroridliisung such bei Kieselsluretitrationen vom Volumen der zu titrierenden L&sung 



704 GERHARD ACKERUANN und JOA~ZIM LANGE 

-KF- WW&iWCh 

&ES, 3.--Automat&h-potentiometrische Titrationskurve van 200 mg SiGs anfgenom- 
men in emer Grundlosung ohne Kaliumhexafluoro silicat. 

f I 1 I - 
20 25 30 
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ABB. 4. -AbMngigkeit des Kaliumfluoridverbrauchs von der Temperatur. 
V, = Verbrauch an 1M Kalfumfluorid bei der Temperatur t 

V,, = Verbrauch an 1M Kaliumfiuorid bei 32°C. 

ab~~~g. Eine Vol~v~~~~e~~ van 10 ml bedingt einen ~e~erbrauch von ea. 0,s ml 1M 
Kahumtmorid. 

Besondere Aufmerksamkeit muFI der Geornetrie des Zellenaufbaues und der Konstanz der 
Diffusionsstromverhlltnisse gewidmet werden. So wird beispielsweise der EinhuR der Btmrrichtung 
in Abb. 5 offensichtlich. Im vorliegenden Falle befinden sich Zulaufoffnung und Elektrodenober- 
f&he in gleicher Hohe in der Mitte der Zelle. Whrend jedoch bei der oberen Kurve die zufhet3ende 
K~i~fluo~d-~sung von der Elektrodenabertlache weggeri%rt wurde (Verbmuch 12,63 ml& 
wurde sic bei der unteren Kurve auf die UberfWbe zngeriihrt. Rabei wurden nur 12,40 ml fur eine 
vorgegehene ~esefsZiure_Ko~z~tration van 110 mg SiUa pro 100 ml Grundhisung verbrauch& weil 
hier die lokale Fhtoridionenkonzentration der an die Titanobex%che anstrijmenden Llisungspartien 
zeitweilig gr;risOer ist als im ersten Fall. Die Rilhrgeschwindigkch selbst ist van untergeordneter 
Bedeutung, sofern nur der Bodenkiirper grtindlich aufgewirbelt wird. 
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ABB. 5.-Titrationskurvenverlauf und Riihrrichtung. 

DISICUSSION DES TITRATIONSKURVENVERLAUFES 

Neben der maBanalytische verwertbaren Umsetzung nach (1) miissen die nach- 
stehend aufgezeigten Reaktionen fti die Deutung des Titrationsverlaufes in Betracht 
gezogen werden. 

SiOas- + 6F- + 6H+ -+ [SiF& + 3HsO (1) 

SiOss- H’, (SiOs * xH,O), 

Fes+ + xF- ----f [FeF,](*@ 

K,[SiF,] + 2K+ + [SiF,]z- 

FeS+ + Ti3+ + H,O + Fea+ + TiOs+ + 2H+ 

Ti + 40H- + 4FeS+ + TiOZ + 2H,O + 4FeS+ 

4H+ + TiO, + xF- + [TiF,](p-E) + 2H,O 

Ti ---_, Tis+ + 3e 

2Ti + 6H+ ----f 2T?+ + 3H, 

(2) 
(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

Da die Stabilititskonstanten der Fluorokomplexe in der Grundliisung nicht bekannt 
sind, mtissen die Ergebnisse empirisch erkliirt werden. Im einzelnen 1tiBt sich fol- 
gendes ableiten. 

Reaktionen in der L&sung 

Polymerisation der Kiesel&ure unter Bildung von Kieselsiiuresolen unterschied- 
lither Aggregationszustinde nach (2) und dadurch Verringerung der Umsetzungsge- 
schwindigkeit der Ionenreaktion nach (1). 

Umsetzung der Fluoridionen mit dem Potentialstabilisator Eisen(III) nach (3) 
und dadurch Schwgchung der Oxydationskraft des Stabilisators. 

Temperaturabhiingigkeit der Loslichkeit des Kaliumhexafluorosilicats nach (4) 
und dadurch Veranderung der Konzentration freier Hexafluorosilicat-Ionen bei 
Temperaturtinderung. 

Umsetzung in Liisung gegangener Titan(III)-Ionen mit dem Potential-Stabilisator 
nach (5) und dadurch Verringerung der Stabilisierungswirkung des dreiwertigen 
Eisens. 

4 
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Reaktion an der Elektrodenober@che 

Deckschichtenbildung durch Umsetzung mit Hydroxid-Ionen selbst in stark 
saurer Losung nach (6) und dadurch Aufbau und fortschreitende Verstarkung einer 
Passivschicht. 

Auflosung der Schutzschicht durch Fluoridionen nach (7) und dadurch Verringer- 
ung der Passivierung. 

Aufliisung der freigelegten Oberfllche nach (8) als potentialbestimmender Vorgang 
und schliehlich Umsetzung mit Protonen nach (9) und dadurch Auflosung des Titans 
nach Abtragung der Schutzschicht. 

Hierbei verlaufen die Reaktionen nach (2), (6) und (7) nicht augenblicklich, 
sondern benijtigen eine gewisse Zeit. 

Unter Berticksichtigung dieser 9 Reaktionen kann nun der Kurvenverlauf bei 
einer automatisch-potentiometrischen Titration folgendermaoen gedeutet werden: 

Der mit Beginn der Titration einsetzende allmithliche Potentialriickgang kommt 
dadurch zustande, da13 wohl die Hauptmenge der Fluoridionen mit der Kiesels%ure 
nach (1) reagiert, ein Teil aber such nach (7) die Schutzschicht auf der Elektrode 
abbaut. Da die Reaktionsgeschwindigkeiten zwischen Fluorid- und Silicat-Ionen 
bzw. Fluoridionen und Titanoberflfiche von unterschiedlicher Grbhenordnung sind, 
h%ngt es von den experimentellen Bedingungen, insbesondere von den Diffusionsver- 
haltnissen ab, ob dieser erste Teil der Kurve stark geneigt ist oder flach verlluft, ob 
ein starker oder m&l3iger Potentialrtickgang erfolgt. 

MaBgebend fiir die Steigung in diesem Kurventeil sind weiterhin die zeitabhangigen 
Reaktionen der Kiesels%urepolymerisation sowie der Deckschichtenaufbau durch das 
Redoxsystem nach (2) und (6). 

Als Beweis hierftir kann die Zunahme an Fluoridionenverbrauch bei gealtertem 
KieselsZiuresol dienen. Die Umsetzungsgeschwindigkeit zwischen den durch Alterung 
wachsenden Teilchen des Kieselsluresols und den Fluoridionen wird langsamer, 
wghrend die Geschwindigkeit nach (7) nicht vergndert wird. Als Ergebnis dessen 
steigt der Kaliumfluoridverbrauch an. 

Der immer stiirker werdende Potentialriickgang in der NZihe des Endpunkts 
erklart sich aus der nunmehr verstarkt einsetzenden Umsetzung zwischen Fluoridionen 
und Eisen(II1) nach (3). Dadurch wird schliel3lich die Oxydationskraft derart 
geschwgcht, da13 das Potential aus dem oxidpassiven Bereich herauswandert und 
schliehlich Aufliisung gem. (7), (8) und (9) erfolgt. Die Kurve verIauft dann senk- 
recht, der Endpunkt ist erreicht. 

Mit dieser Deutung des Kurvenverlaufs verkntlpft ist die Deutung des schon 
erwghnten Blindwertes, d.h. des Kaliumfluoridverbrauchs der in kieselsaurefreien 
Liisungen beniitigt wird, urn ein eindeutiges Abtreiben des Potentials bis zum AuflS- 
sungspotential des Titans von ca. -600 mV gegen ges. KE auszultisen. Infolge der 
zeitabhangigen Reaktion nach (7) steigt der Blindwert mit steigender Titrationsge- 
schwindigkeit an. Nattirlich wird dieser Blindverbrauch nicht allein durch die 
Titrationsgeschwindigkeit und damit durch die Diffusionsgeschwindigkeit freier 
Fluoridionen an die Titanoberflliche bestimmt, sondern such durch Umsetzung dieser 
Ionen zu Eisenfluorokomplexen nach (3). 

In die Deutung des Titrationskurvenverlaufes fiigt sich die Abnahme des Kalium- 
tluoridverbrauchs mit steigender Temperatur gut ein, wenn man annimmt, da13 die 
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durch Temperatursteigerung ausgeliiste hBhere Konzentration an freien Hexafluoro- 
silicat-Ionen ebenfalls zur AufliIsung der Schutzschicht beitr&t. Zweifellos spielen 
hierbei such die Dissoziationsgleichgewichte der Hexafluorosilicat-Komplexe in 
saurer LBsung unter Abspaltung von Fluoridionen eine Rolle. 

Wird die Schutzschicht jedoch durch Hexafluorosilicat-Ionen angegriffen, dann 
kann ein Pquivalenter Fluoridanteil eingespart werden und der Verbrauch an Kalium- 
fluorid geht zuriick. Dieser durch Temperaturerhahung ausgeliiste Effekt ist infolge 
der Linearitlt der Kurve in Abb. 4 ganz sicher nicht auf VergriiBerung der Reaktions- 
geschwindigkeit zuriickzuftien, da dann ein logarithmischer Kurvenverlauf erwartet 
werden miil3te. 

Unter Beriicksichtigung des Blindwertes liil3t sich zeigen, daB die Umsetzung 
gem. (1) bei reinen KieselsBure-Lasungen stiichiometrisch verliiuft, d.h. sie entspricht 
dem atomaren Verh%ltnis Si:F = 1:6. 

KONZENTRATIONSBEREICH UND REPRODUZIERBARKEIT 

Der Konzentrationsbereich des entwickelten Verfahrens wird nach oben vor 
allem durch die Kieselsiiuresolkonzentration bestimmt, sowie apparativ durch das 
Volumen der automatischen Bilrette von 25 ml. Ein Nachfiillen der Biirette, d.h. 
Titrationen mit gr6l3eren Verbrauchen als maximal 25 ml, fiihrt apparativ bedingt zu 
einer Verminderung der Genauigkeit. Bei Verwendung einer 1M Kaliumfluorid- 
&sung ergibt sich so eine maximale Konzentration von 240 mg SiO,/lOO ml. 

Nach unten ist der Konzentrationsbereich durch die Ansprechempfindlichkeit der 
Titanelektrode, d.h. durch die Gr813e des Blindwertes begrenzt, der ca. 10 mg SiO,/ 
100 ml GrundlCisung entspricht. Das Verfahren bedarf wie bereits erw%hnt prinzipiell 
einer Eichung mit Lbsungen von bekanntem Kieselsiiure-Gehalt. uber die Repro- 
duzierbarkeit des Verfahrens bei Untersuchungen aliquoter Teile einer homogenen 
Kieselsiiurelbsung und Lijsungen aus individnellen Aufschliissen sowie iiber die 
Streubereiche der Einzelmessungen gibt die nachstehende Zusammenstellung Aus- 
kunft. 

Charakteristische Fehlergriitlen 

Wiederholstandardabweichung ftir den gepriiften Bereich von 40-200 mg SiOz und 
fiir 10 aliquote Teile einer homogenen Lasung: 

s, = &0,19 mg SiO, 
Vergleichsstreubereich hierftir : 

Ax, = 0,76 mg SiO, 

Wiederholstandardabweichung ftir 13 individuelle Aufschlilsse von je 210 mg Sand 

S, = &I,1 mgSi0, 
Vergleichsstreubereich hierfiir : 

Axi = 3,3 mg SiO, 

Stiirungen 

In der nachstehend gegebenen Zusammenstellung sind die iiberpriiften Ionen 
und ihre Stiireinfliisse wiedergegeben. 

Unter Beriicksichtigung, daB Eisen(II1) nicht iiber das fiir die Potentialkonstanz 
notwendige Ma13 vorhanden sein darf, sind es wie ersichtlich neben den Anionen, 
Nitrat, Sulfat und Phosphat vor allem die Fluorokomplexbildner wie Aluminium 
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und Bor, die das Verfahren erheblich storen. Sie lassen sich durch Abtrennung des 
Aluminium bzw. Bor nach bekannten chemischen bzw. physikalisch-chemischen 
Verfahren nicht beseitigen, da hierbei in jedem Fall der Polymerisationszusatand des 
Kiesels%uresols verZindert wird. Gleichzeitig zeichnen sich damit jedoch fur die 
gegeniiber Fluoridionen empfindliche Titanelektrode prinzipielle Einsatzmiiglich- 
keiten zur Indizierung von Fluorokomplexbildungen ab. 

TAWLLE I. ST~IWNFL~SSE 

Kation 
bzw. Anion 

Na+ 0,01-0,05 
ca’f 0,01-0,05 
Mg”c 0,01-0,05 
Ba*+ 0,01-0,05 
Znz+ 0,01-0,05 
Pb’+ 0,001-0,01 
Ti4+ 0,001-0,005 
Al’ + 0,005-0,015 
B’ + 0,005-0,015 
NO,- 0,145 
so,*- 0,02-0,25 
PO**- 0,02-0,25 

Konzentration, M 
Zunahme des Verbrauches 

an1MKf 

keine signi6kante 
Zunahme 

cu. 2.5 ml 
cu. 2,5 ml 
cu. 0,5 ml 
cu. 3,5 ml 
cu. 10 ml 
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Summary-The conditions for the automatic potentiometric titration 
of silica with 1M potassium fluoride, using a titanium electrode, are 
described. The effect of temperature and other factors on the blank 
value is reported. The standard deviation is 1 mg for samples up to 
240mg of SiOl. Aluminium, iron, borate, nitrate, sulphate and 
phosphate interfere. 

R&rm&On d&.xit les conditions pour le titrage potentiometrique 
automatique de la silice avec le fluorure de potassium 1M en utilisant 
une electrode de titane. On rapporte l’influence de la temperature et 
d’autres facteurs sur la valeur du temoin. L’ecart type est de 1 mg pour 
des echantillons allant jusqu’il240 mg de SiO,. L’aluminium, le fer, le 
borate, le nitrate, le sulfate et le phosphate gsnent. 
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Sammary-Sulphate formed by the oxygen-flask combustion of 
foodstuffs maybe determinedcolorimetrically with barium chloranilate, 
titrimetrically with barium perchlorate, or turbidimetrically with 
barium chloride. The difficulties encountered in each method, in- 
cluding interferences, have been investigated. The turbidimetric 
procedure is recommended if high precision is not required and due 
account is taken of interference from phosphate, iron, calcium and 
magnesium; the other two methods am unsuitable for routine work. 

IN RECENT years evidence has been presented that the protein values of most human 
diets are limited by their sulphur-containing amino-acid content.l*a Frequently the 
sulphur content of foods (often used as an index of the sulphur-containing amino- 
acids) has been calculated by the application of a factor to the nitrogen content. 
This is obviously unsatisfactory, especially for mixed diets. In most investigations 
where sulphur has been determined directly,2 a simple oxygen-flask combustiona** 
has been followed by a turbidimetric procedure. The effect of interferences from 
substances likely to occur in foods has not, however, previously been thoroughly 
investigated. 

Of the methods available for the combustion of foodstuffs before sulphur deter- 
minations the oxygen-flask method has undoubted advantages, being simple, in- 
expensive, quick and, with care, quantitative and reliable. One disadvantage is that 
the moisture content of the food must be low and many foodstuffs must be dried 
before combustion. 

Most spectrophotometric methods for the determination of sulphate depend on 
the displacement of a chromogenic molecule from an insoluble complex.s The barium 
chloranilate method is the most widely investigated as it is alleged to be relatively 
free from interferences from small quantities of many common anions.- Strict 
control of pH is essential, however, and several buffers have been suggested to replace 
the original phthalate buffer, which is frequently incapable of maintaining the desired 
pH after cation-exchange removal of interfering ions.%= The need to prepare the 
reagent in a suitable form13 and of suEcient purity to give a low blank,14 together 
with the relative insensitivity of the method when measurements are carried out in 
the visible region and at pH 4-6, has given rise to several comments and investi- 
gations.lG16 The molar absorptivity of the chloranilate ion is much greater at 280- 
350 nm than in the visible region.= 

Titration of sulphate usually involves precipitation with barium or lead.6 Barium 
perchlorate is generally preferred to barium chloride as titrant because it gives less 
co-precipitation error, in accord with the Paneth-Fajans rule.17*1S Of the many 
indicators proposed, Thorin has advantages,1e*20 particularly when screened with 
Methylene Blue. 21*22 The sensitivity has been extended by spectrophotometric 
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detection of the end-point. a3 Many cations interfere by co-precipitation or by forming 
coloured complexes and must be removed by ion-exchange. It is claimed that addition 
of excess of potassium bromide eliminates much of this interference.24 Phosphate is 
the only common anion that causes serious interference, and s~ndardization of the 
amount present,26 or prior removal with zinc oxide;lB magnesium carbonate,20*27 
magnesium oxide,23*28 or silver oxide2B have been suggested. 

Sulphate is commonly determined turbidimetrically after the addition of barium 
chloride to an acidified solution of the sulphate. Several stabilizing agents have 
been proposed, including gum acacia,so gelatinQ starch,@ dextran,= peptone, gum- 
ghatti%*” and glycerolsB Many other factors influence the precipitation, e.g., pH, 
temperature, whether the reagent is in solution or solid form, in large or small 
crystals.58*s7 Garrido3s has recently suggested the use of “Tween 80” as a stabilizing 
agent. Several workers claim that their methods are free from interference by more 
common ions, e.g., ammonium, sodium, potassium, calcium, aluminium, magnesium, 
chloride, nitrate, silicate and phosphate.~,~*# 

EXPERIMENTAL 

Apparatus 

Ion-exchange column. A 15-mm bore tube packed to a depth of 100 mm with Zeo-Garb 225 @I+- 
form) 100-200 mesh. The resin was obtained from the Na+-form by washing 200 g f&t with four 
500-r& portions of 2%f hydrochloric acid and then with distilled water until the washings reached 
pH6. - 

CentrifIe tubes, 50-ml. Graduated by means of a grade A lo-ml burette, and fitted with rubber 
caps. 

Oxygen flask. A SOO-ml iodine-flask was fitted with a B24 ground-glass stopper and a 25-mm 
platinum wire hook (0.6 mm thickness). A detachable platinum spiral made from 90-100 mm of the 
same wire was fitted with a saucer shaped base made of 0*025-mm thick platinum foil. 

Materids 

Barium ch~or~~i~te. Barium chloride solution (2 1.. 5 %) was slowly added, with stirring, to 
chloranilic acid solution (2 l., 0.1%). After one week the aged precipitate was separated {by centri- 
fuge), washed with water until the washings were free from chloride, and then with ethanol (three 
times) and diethyl ether (once) and finally dried in a desiccator. The commercial salt was unsuitable 
for analytical work. 

Magnesium oxide. Analytical grade reagent was washed with hot water and dried. 
Screened Thorin solution. Thorin solution (1 ml, @2’& and Methylene Blue solution (I=5 ml, 

O-0125 %) were added to isopropanol(lO0 ml). This mixture must be freshly prepared. 
Barium chZori&-Tweet 80 reagent. Tween 80 (2Oml, polyoxyethyl~e sorbitan mono-o&ate, 

Honeywill Atlas Ltd.) was dissolved in barium chloride solution (80 ml, 10%) with steady stirring, 
and stored for at least 24 hr before use. 

Combustionpaperfor oxygenflask. Of the papers tested, Whatman No. 541 had the lowest sulphur 
content (O-004 %). 

~peetrop~to~tric~ish. The method is based on that descriw by Bertolacini and Barney.? An 
aliquot of sulphate solution was diluted to 10 ml in a test-tube and shaken with about 0.3 g of ion- 
exchange resin. After 5 mm the solution was filtered (sintered-glass Hirsch funnel, porosity 4) and 
the funnel and resin washed with three 2-ml portions of water. The filtrate and washings were collected 
in a 50-ml graduated centrifuge tube and diluted to 16 ml; phthalate buffer (4 ml, pH 4,0), absolute 
ethanol (20 ml) and barium chloranilate (0.1 g) were added and the mixture was stirred for about 
3 min. The tube was capped and after at least 15 min, centrifuged (M.S.E Minor Model, setting 8) 
for at least 15 min. The absorbance was measured against a blank prepared from distilled water, 
buffer solution and ethanol. 

Calibration curves prepared with aliquots of @OlN sulphuric acid were concave (Table I) and 
differed for different batches of reagent. On variation of the quantity of barium chloranilate from 
@70 to @29 g the absorbance for 8.0 ml of O*OlN sulphuric acid remained practically constant, 
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TABLE I.-Epwcr OF SOME ANIONS ON THE CHLO RANILATR Ml3TIiOD 

Sulphate, AlliOll, Absorbance Change in absorbance 
luequiv pequiv @o-mm cell) caused by anion, % 

0 - 0*009 - 

2 - 0-090 - - 0.230 - 

z 
- 0.395 - 

0.593 - 
20 CO,: 213 0.085 - 
60 106 0.421 +7 
80 53 0.629 +6 
0 Cl- 225 0.131 - 

20 180 0.233 +160 
60 90 0603 +50 
80 45 0.697 +18 

2: 
NO,- 129 0.064 - 

103 0.213 +140 

: 
52 0.579 +45 
26 0.639 +7 

2: 
PO,s- 338 0.043 - 

270 0.238 +160 
40 203 0.417 +80 
60 135 0.587 -t-50 
80 68 0.708 +20 . 

udrmiig that the excess of reagent was adequate. The interference of several anions was investi- 
gated by addin 
results (Table I indicate interference by chloride nitrate and phosphate. 3 

measured quantities to standard sulphate solutions and following the procedure. The 

Titrimetricfinish. The method was baaed on that described by Fritz and Yamamumao A distinct 
end-point was obtained when aliquots of O*OlN sulphuric acid were diluted to 10 ml and titrated 
against @004N barium perchlorate after addition of isopropanol(30 ml) and screened Thorin solution 
(10 ml). No systematic error was found in titration of 5-100 muiv of sulphate, and the relative 
mean deviation was @2% (12 replicates, lOO+quiv). Phosphate was found to interfere seriously 
(> 10 % positive error) when present in more than about equivalent ratio. 

To remove phosphate, the sample was diluted to 10 ml, boiled gently with @3 f 0.01 g (or with 
0.03 f 0035 g) of magnesium oxide for 5 min, cooled in ice and kept at 0” for 30 min, then filtered 
into the ion-exchange column. The titer and column were washed with water (twice with 1 ml, once 
with 0.5 ml), the column being sucked dry each time. The filtrate and washings were transferred to a 
loO_mi conical flask with isopropanol (40 ml) and titrated with @OOW barium perchiorate, with 
10 ml of screened Thorin solution as indicator. Recoveries were low but could be somewhat improved 
by adding sodium hydroxide solution before the magnesium oxide (Table II). Teats on solution 

TABLE II.-RJ?COVBRY OF SULPHATE IN PERCHLQRATE METHOD APIXR 

TREATMl3NT FOR REMOVAL OF PHOSPHATE 

Sulphate, 
pquiv 

NaOH, 
pequiv 

Recovery, % 
0.30 g MgO 0.03 g MgO 

20 loo” 
200 
300 

80 1: 

E 
400 

83 

;; 
- 
83 
93 
96 
- 
97 

93 
100 
102 
99 
95 
99 

;; 
- 

Blanks for 100-400 pccg of NaOH amounted to 0.3-0.4 ml of @004N 
Ba(ClOJ, for O-3 g of MgO added, and 0.1-0.2 ml for @03 g of MgO. 
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containing known amounts of phosphate showed that phosphate removal was incomplete, even with 
sodium hydroxide added, and that sulphate was retained by the residue, especially if ammonia was 
used instead of sodium hydroxide. These observations were comirmed when solutions labelled with 
sulphur-35 and phosphorus-32 were treated according to the procedure and the activities of the resi- 
dues and filtrates were measured. 

With certain phosphate: sulphate ratios, the effect of unremoved phosphate fortuitously compen- 
sated almost exactly for the loss of sulphate by retention on the magnesium oxide, but the magnesium 
oxide method was found to be generally unreliable. 

i’krbidimetric method. An aliquot of sulphate solution (25-25 ,uequiv) plus concentrated hydro- 
chloric acid (1 ml) was diluted to about 40 ml in a 50-ml standard flask. Barium chloride-Tween 80 
reagent (5 ml) was added and the mixture diluted to the mark and mixed. After 1 hr the contents were 

08- 

06. 

o Batch A 

l Batch B 

Microequivalents of sulphate 

FIG. l.-Calibration curves for turbidimetric method; different Tween 80 samples. 

mixed again and the absorbance of the mixture measured against water in a 40-mm cell, a neutral 
density filter being used. A blank was prepared at the same time. There must be enough hydrochloric 
acid to dissolve the products of the oxygen-flask combustion, especially iron. The optimum period of 
standing was determined by transferring the mixture immediately to the 40-mm cell and measuring 
the absorbance at intervals and by testing samples kept for various times. The results showed that 
60-80 min is a suitable development period. 

Calibration curves were steeper if an Ilford 601 filter was used instead of the neutral density (ND) 
filter, and were linear over most of their length but concave at low sulphate concentrations (Fig. 1). 
A new calibration curve must be made when a fresh batch of Tween is used (Fig. 1). The relative 
mean deviation (10 replicates) was 56% at the IO-mequiv sulphate level and 1.1% at the 30-mequiv 
level (ND filter), the values for the 601 filter being 4.6 and 1.8 % respectively. Several elements present 
in foods give rise to ions likely to interfere. Measured quantities of aluminium, calcium, iron, 
magnesium, phosphate and nitrate were added to test solutions containing 10 pequiv of sulphate and 
tested: the results are presented in Table III. 

Procedure for food analysis 

If the food contains a high proportion of moisture (above 15-20”/.), dry it in a vacuum oven and 
powder it in a high-speed blender. Fit the platinum spiral to the stopper of the oxygen flask, heat it to 
redness and allow it to cool. Wrap the weighed sample in a Whatman No. 541 tilter paper “flag”’ 
and place this in the platinum spiral. 
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TABLE III.-1 NTERPERENCB BY COMMON ANIONS AND CATIONS IN THE 

TURBIDIMETRIC DETERMIN Al-ION OF 10 /hf+liV OF SULPHATB 

Ions added, Recovery of Ions added, Recovery of 
pequiv sulphate, % pequiv sulphate, 7; 

Al 20 
50 

Ca 20 

1; 

Fe@) 10 
20 
50 

100 

Mg 20 
50 

PO*‘- 10 
20 
50 

100 

NOI- 50 
100 

99 
99 

107 
105 
93 

lzl 
103 
103 

106 
97 

88 
98 

;; 

108 
102 

Mg 
Ca zz 

Fe(II1) 20 
Ca 20 

Fe(II1) 50 
PO,*- 50 

Mg 20 

z? :: 
Fe 20 

Ca 50 
Fe 
Mg :: 
NO,- 50 
PO,“- 50 

Ca 50 

$I) :: 
PO,‘- 50 

103 

100 

132 

113 

110 

101 

Mix O*lN sodium hydroxide (1 ml), lOO-vol hydrogen peroxide (3 drops) and water (4 ml) in the 
iodine-flask and carry out the combustion as usual .a When the flask is shaken to ensure absorption of 
combustion products the platinum spiral becomes detached, facilitating the dissolution of any residual 
ash. Leave the flask unopened for at least 15 min after combustion, then add concentrated hydro- 
chloric acid (1 ml) and heat the flask on a boiling water-bath for 15 min with the stopper loosely 
inserted and 5 mi of water in the wide neck of the flask. Take the flask from the water-bath and 
remove the stopper so that the water in the neck washes the stopper and neck of the flask. Cool the 
flask to room temperature and transfer the contents to a 50-ml graduated flask, washing with water 
to give a volume of about 40 ml. Continue as described under turbidimetric finish. 
at the same time and measure sample and blank against water. 

Prepare a blank 

RESULTS AND DISCUSSION 

The calibration curves obtained for the chloranilate method were in good agree- 
ment with earlier results6*7 and the sensitivity varied with batch of barium chloranilate 
as previously reported. s The interference of chloride and nitrate is greater than that 
of phosphate or carbonate. This may be a pH effect,11 however, arising from the 
use of the ion-exchange resin, and a more effective buffer coupled with the use of an 
ammonium-form resin may improve results. Sensitivity is the main problem, but 
measurement at 328 nm may give some improvement. 

For pure sulphate solutions, titration with barium perchlorate (screened Thorin 
as indicator) is satisfactory, but both anions and cations interfere. Magnesium 
carbonate, suggested for the removal of phosphate,20 contained impurities that gave 
rise to serious interference. Magnesium oxide23*28 could be obtained in a higher 
state of purity, but removal of phosphate was incomplete and sulphate ions were 
adsorbed. 

The turbidimetric method described lacks precision (in common with other 
barium sulphate turbidimetric procedures31B34*38) and some ions commonly present 
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TABLE ~.-%ILPHUR CONTENT OPFOODS (TuRBIDIMETRIC METHOD) 

Food 
Moisture 

Sample, Net 
Sulphur content m&g 

content, 

% w/w mx absorbance, 
On dry 

As weight Literature 

received (average) value 
- 

Wheat flour 

Ground 

W”hceole ground 

szy: 
(diastatic) 

Broad beans 
(Seville long pod) 

French beans 

Pea beans 

Peas 
(Kelvedon Wonder) 

Arachis nuts 

Coconut 
(desiccated) 

coffee 

(Brazil) 
coffee 

(Jamaica) 
Celery 

(stem) 
Horseradish 

Mustard seed 
(white) 

Onion powder 

Pepper 
(green, edible portion) 

Tarragon 

Oeaf) 
Milk (National Dried) 

Milk (skimmed, 
dried) 

%x ’ 
(dried) 

Sugar dried egg 

Beef (cooked, 
A.F.D.*) 

Chicken (cooked, 
A.F.D.*) 

Cod (raw, 
A.F.D.*) 

Herring (raw, 
A.F.D.*) 

11.8 

13.7 

10.9 

6.8 

9.9 

11.4 

135 

11.1 

5.21 

3.02 

5.27 

7.29 

0 

0 

7.14 

6.33 

0 

11.0 

2.63 

471 

5.9 

5.93 

2.37 

4.3 

0 

0 

51.4 
47.8 
56.0 
60.0 
38.0 
45.9 
50.1 
53.6 

z.2 
55.3 

38.4 
43.6 
56.6 
68.2 
54.4 
56.0 
50.2 
48.6 
480 
50.3 
40.7 
38.2 
43.2 
50.2 
41.9 
48.3 
45.9 
42.7 
544 
37.6 
43.5 
48.9 
44.9 
44.4 
48.2 
47.8 
53.0 
41.0 
29.4 
521 
37.5 
248 
36.8 
40.0 
53.0 
43.0 
57.3 
42.4 
468 
46.0 
46.8 

0030 
0.019 
0.020 
0.020 
0.020 
0.030 
0.174 
0.183 
0.041 
0.042 
0.120 

0.065 
0.055 
0.085 
0.122 
0080 
0.092 
0060 
0.025 
0.024 
0.028 
0.023 
0.028 
0.027 
0110 
0.090 
0.513 
0.561 
0.70 
0.90 
0.118 
0.142 
0.105 
0.082 
0.095 
0.136 
0.086 
0091 
0.119 
o-074 
0409 
0.285 
0095 
O-150 
0.284 
0409 
0409 
0.537 
060 
0.61 
O-356 
0.381 

1-o 
0.7 
0.6 
0.5 
0.9 
1.2 
4.2 
4.1 

::; 

2.7 
2.5 
1.8 
2.0 
2.4 
2.2 
2.4 
2.0 
1.0 
1.0 
1.1 
1.1 
1.4 
1.2 
2.9 
2.9 
7.3 

1i.i 
12.4 
4.3 
3.9 
2.4 
2.2 
2.5 
2.6 
2.7 
2,5 
3.9 

;:; 

8.0 
5.5 
5.2 
7.4 
7.0 
8.6 
7.9 

11.5 
10.6 
7.4 
7.6 

I.0 

0.6 

1.1 

4.5 

1.8 

2.9 

2.2 

2.6 

2.1 

1.0 

1.1 

1.4 

2.9 

7.7 

13.6 

4,4 

2.3 

2.9 

2.7 

41 

81 

5.7 

7.4 

8.6 

11.1 

7.5 

1.28 

0.89 

- 

4.56 

1.66 

1.6 

1.87 

2.32 

3.95 

0.76 

1.15 

1.15 

3.0 

8.4 

13.7 

7.04 

- 

- 

2.37 

3.16 

678 

4.5 

- 

7.5 

10.1 

5.25 

+ A.F.D. = Accelerated freeze-dried. 
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in foods cause positive interference (Table III). Tween 80 is a suitable stabilizing 
agent but different batches of reagent may give different results. The neutral density 
filter gives a lower sensitivity than the 601 filter but a more useful working range. 

Although all three methods were found satisfactory for pure organic compounds 
containing C, H, 0 and S, in the case of foodstuffs the inorganic ions remaining 
in solution after the oxygen-flask procedure give rise to interferences. If these inter- 
fering ions are to be removed, the chloranilate and perchlorate methods become 
laborious and unsuitable for routine work. If high precision is not required, however, 
the interference in the turbidimetric method is not generally serious and this technique 
may be used for routine analysis. 

The agreement of the experimental results on foods with the literature values 
(Table IV) is satisfactory in view of the uncertain history of certain samples cited 
in the literature and the inherent lack of precision of the method. Some high results, 
e.g., for dried egg, skimmed milk and herring may be due to the presence of interfering 
ions (phosphorus, calcium, iron and magnesium) in these foods, but the results for 
arachis nuts and onion powder are anomalous. 

Acknowledgement-We thank Dr. J. A. W. Dalziel and Dr. S. R. C. Hughes for helpful and stimulating 
discussions. 

Zussammenfassung-Durch Verbrennen von Nahrungsmitteln in 
Sauerstoff gebildetes Sulfat kann man kolorimetrisch mit Barium- 
chloranilat, titrimetrisch mit Bariumperchlorat und turbidimetrisch 
mit Barium&lot-id bestimmen. Die bei jedem Verfahren auftretenden 
Schwierigkeiten sowie die Striirungen wurden untersucht. Falls keine 
hohe G&auigkeit notwendig ist t&d die Stiirungen durch Phosphat, 
Eisen, Calcium und Magnesium angemessen berilcksichtigt werden, ist 
das turbidimetrische Verfahren zu empfehlen; die anderen beiden 
sind ftlr Routinezwecke ungeeignet. 

R&ume-Le sulfate form6 par la combustion d’aliments en fiole 
d’oxygene peut &re dose colorim&iquement au chloranilate de 
baryum, titrimetriquement par le perchlorate de baryum ou turbidi- 
m&riquement avec le chlorure de baryum. On a &die les difficult&s 
rencontr6e-s avec chaque methode, y compris les interf&ences. La 
technique turbidimetrique est recommand6e si une haute precision 
n’est pas necessaire et l’on tient compte des interferences du phosphate, 
du fer, du calcium et du magnesium; les deux autres methodes ne 
conviennent pas au travail de routine. 
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Summary-Five analytical procedures, gravimetric, spectrophoto- 
metric, radiometric, fluorometric and atomic-absorption, have been 
developed for the determination of macro to submicro amounts of 
palladium. The methods are based on the reaction of PdClt with 
naphtho[2,3-&2-selena-1,3-diazole. Analytical conditions such as the 
reaction time, concentration ranges, effect of pH and of 68 foreign 
ions, and solvent extraction were studied. Information relating to the 
structure and formula of palladium-piazselenol reaction products is 
included. 

ONLY a few organic compounds containing selenium have been reported as forming 
compounds with metals, and these have been reviewed by Livingstone.l Recently a 
number of these selenium donor-type IigandP and benzo [d]-2-selena-1,3-diazole* 
have been investigated, and interest has been generated because of the high selectivity 
of these reagents for palladium. The piazselenol benzo[d]-2-selena-1,3-diazole was 
first reported as a gravimetric reagent for palladium by Ziegler and Glemser.5 Recently, 
Bunting and Meloan employed this reagent for a selective, simple, indirect spectro- 
photometric determination of palladium. The superiority of 2,3-diaminonaphthalene 
as a selenium reagent ,6 the high molar absorptivity (4.10 x 10s 1. mole-l. mm-l at 
480 nm) and the favourable fluorescence properties7*s led to the investigation of 
naphtho [2,3-d]-2-selena-1,3-diazole (DanSe) as a possible reagent for palladium. 
Furthermore, the kinetics of the reaction and the properties of Da& have been 
studied.9 By use of radioactively labelled DanSe,*.lO a radiometric method for 
palladium is possible. 

The present paper is a detailed study of the determination of macro and submicro 
amounts of palladium with DanSe in the presence of foreign ions. 

Reagents 

EXPERIMENTAL 

A standard palladium(II) chloride solution was prepared by dissolving 1.1276 g of the reagent 
grade chemical in a litre of O*OlM hydrochloride acid and standardized by precipitation with nioxime. 
Other palladium solutions were prepared by dilution of this stock solution with O.OlM hydrochloric 
acid. 

A standard selenium solution was prepared by dissolving 8.1680 g of selenous acid in a litre of 
water and standardized with 2,3-diaminonaphthalene.6 

The procedure of Lott et al.’ was used to prepare DanSe from 2,3-diaminonaphthalene and sele- 
nous acid. Ethanolic solutions of DanSe (about lo-*M) were prepared by dissolving in volumetric 
flasks freshly prepared moist precipitates of DanSe with 95% ethanol. More dilute solutions were 
prepared by dilutron with 95 % ethanol. 

A selenium-75 solution, as selenous acid, was diluted to a specific activity of about 5.8 x 10’ cpm/ 
ml and O-2 ml was added to 2.4 ml of the standard selenium solution and diluted to prepare 100 ml of 
1.525 x 10-aM radioactive Dan!% solution. More dilute solutions were prepared by dilution with 
95 % ethanol. 

717 
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For the interference studies, reagent grade chemicals were used to make @OlMaqueous solutions 
except where otherwise specitied. 

Analytical procedures 

Prelimii experiments showed that two different precipitates were formed from the reaction of 
palladium(U) chloride with DanSe, depending on the molar ratio of palladium to DanSe. With 
Da&e in excess, a purple precipitate is formed. This reaction takes place in acidic solution and is 
relatively pH independent over the pH range l-6 (Fig. 1). 
to the interference of foreign metal ions. 

The reaction is rapid and highly insensitive 
Furthermore, the purple precipitate is stable and insoluble 

in organic solvents such as ethanol, acetone and diethyl ether. However when palladium is ir#excess, 
the purple precipitate that is first formed is gradually converted into a green precipitate. 

IO00 

z 
25 - 

I I I 
0 2 4 6 8 IO 12 

< 
I’ 

PH 

Fro. I.-Effect of pH on the formation of the purple Pd@anSe),Cl, complex. 

Gravimetric procedure. To 20-80 ml of solution 1 M in hydrochloric acid and containing from 5 
to 20 mg of palladium, 100-400 ml of 2 x 10-8M Da&e are added. After stirring, the reaction 
mixture is allowed to stand at room temperature. for 30 min and then filtered (medium-porosity 
sintered-glass crucible). The purple precipitate is washed first with 50 ml of acetone, then with 50 ml 
of water and finally with 30 ml of acetone. The precipitate is dried for 1 hr at 110”. The gravimetric 
factor for palladium is 01653. 

Spectrophotometricprocedure. A 4-ml aliquot containing up to 5 ppm of palladium and O*lM in 
hydrochloric acid is added to 4 ml of 1.525 x lo-*M ethanolic Da&e solution in a 15-ml centrifuge 
tube. After thorough mixing, the mixture is allowed to stand at room temperature for 30 min. Then 
the mixture is centrifuged at high speed for 3 min, and the supematant liquid decanted into a lo-mm 
quartz cell and the absorbance measured at 380 nm against a reagent blank. The decrease in the 
absorbance is a measure of the palladium concentration in the sample. To avoid instrumental errors 
associated with high absorbance measurements, the supematant liquid can be diluted before the 
absorbance measurements. Linear calibration curves are obtained over the range up to 5 ppm of 
palladium. 

Radiometric procedure. A radioactive piazselenol solution is added to the palladium sample. The 
experimental conditions are similar to those for the spectrophotometric pro&lure, except that stock 
l-525 x lo-*M radioactive ethanolic DanSe solution is used. After the 3-min centrifueation. 2 ml 
of the supematant liquid are accurately transferred into a 5-ml calibrated plastic tube and>ounted for 
3 min. The decrease in the radioactivity, relative to a reagent blank, is a measure of the palladium 
concentration and a linear calibration curve up to 5 uum of palladium is obtained. 

Atomic-absorption procedure. About 30 ml-of sample solution containing approximately 0.2 ppm 
of nalladium and adiusted to DH 2.5 are introduced into a 60-ml seuaratorv funnel. To this solution 
are’ added 5 ml of approximaiely 2 x 10-&M ethanolic DanSe sol&on (a ‘minimum 5-fold stoichio- 
metric excess). The reaction mixture is briefly shaken, then allowed to stand for 30 min. Exactly 5 ml 
of n-butyl acetate are added and the palladium-Dar&e reaction product is extracted by shaking for 
3 min. To remove droplets of water, the organic layer is filtered into the cuvette through a cotton 
plug in the stem of the skparatory funnel. The organ& layer is aspirated directly into the b<mer of the 
instrument and the absorption measured at 2448 nm. The calibration curve is linear over the range 
O-O.33 ppm of palladium. 
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Fluorometricprocedure. Two procedures were developed, one suitable for O-5 ppm of palladium 
and the other for O-l ppm. For the former the experimental conditions are similar to thespectrophoto- 
metric procedure except that the palladium solution is adjusted to pH 35-45 before addition of the 
Dar&e solution. After cemrifugation, the fluorescence intensity of the supematant solution is 
measured. A linear cahbration curve is obtained. For the ~n~tmtion range&l ppm, exactly 4 ml 
of 1.15 x 1WM ethanolic DanSe are added to a 44 palladium sample. After stirring, the mixture 
is allowed to stand for 20 min before the solution is transferred to the fluorometer cuvette. The 
fluorescence intensity is measured at an excitation wavelength of 375 mn and a fluorescence wave- 
length of 520 nm. The decrease in the fluorescence intensity relative to a reagent blank is a measure 
of the palladium content. A non-linear calibration curve is obtained (Fig. 2) in this rauge, probably 
because of dissociation of Pd@anSe)&l, at low concentrations. 

1 I I I 

0 O-2 0 4 0.6 0.6 I 

Concentration, ppm 

FICA 2.-A standard curve for the fluorometric devotion of Pd(IQ with Da&e. 

RESULTS 
Reaction of Dan% and palladium 

The reaction of ethanolic Da&e with palladium(I1) in acidic solution is greatly 
influenced by the anion of the palladium salt as well as the palladium(I1) concen- 
tration. In a strongly acidic hydrochloric acid solution, with excess of DanSe, a 
stable purple precipitate is formed q~ti~tively, but on addition of excess of pal- 
Iadium(I1) chloride to this reaction mixture, the purple precipitate is gradually 
converted into a stable green precipitate. Analysis of the purple precipitate conlirms 
the formula Pd(C,,$I~N$e),Cl, : calculated-C 37*33x, H l-87%, N S-71 % 
Cl 11.02%, Pd 16.53%; found-C 37*1x, H l-9%, N 5*4x, Cl 115x, Pd 16.5%. 

The green complex is also formed quanti~tively in acid medium when palla- 
dium(II) is in excess. The ratio of Pd(I1) to DanSe in the green complex was studied 
by atomic-absorption spectrophotometry. A Yoe-Jones plot suggested a molar ratio 
of 1: 1 in the green precipitate; elemental analysis, though not giving conclusive 
results, tended to confirm this. 

The anion of the palladium(I1) salt enters into formation of the palladium-DanSe 
precipitate. In a study of nineteen common anions with p~ladium~1) nitrate and 
ethanolic DanSe solution at pH 0 and 4, only bromide, chloride, and to a small 
extent fluoride, precipitated Pd-DanSe (Table I). These precipitates were purple. / 
yellowish-white precipitate formed with thiosulphate. 
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TABLE L-EFFECT OF ANIONS ON THE P REUPZTATION OF 
PALLADIUM wrrn Da&e 

Reaction* 
AX-lion 

PH 0 PH4 

NO,- 
H,PO,- 
CNS- i i 
sgolp- trace white ppte trace yellow ppte 
HFO*S- 
NO,- 
Citrate i’ i 
so*+ 
c,o,s- T : 
Tartrate 
CN- t : 
HCO,- 
Acetate 

i 
; 

ClO,- 
SO,‘- t T 

&- 
p=$e ppte purple ppte 
p”pLe PPte purple PP@ 

Bl- 
I- 

P=-i$!Jp PU$;F&k 

* 40 ml of 7.6 x 10+&f ethanolic DanSe and 2 ml of @OlM 
anion and 05 ml of 309 x 1O-aM Pd(NO& in HNO,. pH 
values were adjusted with HNO, or NaOH. 

7 No observable change or a trace amount of black, brown or 
purple precipitate observed after a day. 

Properties of Da&e and Pd@anSe)&l, 

Dried Da&e is hard to dissolve in ethanol but Dar& will readily dissolve while 
still damp immediately after preparation and purification. Concentrated ethanolic 
DanSe solutions are unstable, because of a tendency toward polymerization;@*7 
however, a 1.5 x 10-sM Dar&e stock solution could be stored for 2 days at room 
temperature without effect on the determination of palladium. A 15 x lOAM 
solution was stable for at least one month. Though strong light slowly causes the 
polymerization or decomposition of .ethanolic DanSe solutions, the only precaution 
taken was to store the stock Da&e solution in darkness. All work was performed 
in daylight, without deaeration of solutions or purifying of reagents. 

Although microgram quantities of palladium could be extracted by butyl acetate 
and 2-heptanone for the atomic-absorption measurement, no organic solvent was 
found that would dissolve large quantities of the purple complex. Ziegler and 
Glemser”’ also observed the insolubility of Pd-piazselenol precipitates in common 
solvents. From the atomic-absorption measurements, the solubihty of both the 
purple and green precipitates in e~anol-water mixture is estimated to be below 
5 x 10-‘&L Both precipitates are stable to air-drying at 110” and will not decompose 
below 300”. Both complexes give rise to almost identical infrared spectra (4000- 
200 cm-l) that are different from the infrared spectrum of DanSe. 

Although the absorbance and fluorescence spectra of DanSe have been reported,8** 
spectra of DanSe in ethanolic solution at various pH values have not. The absorbance 
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spectrum of the ethanol-water solution of DanSe at 380 nm was pH-independent 
from pH 0 to 12. The fluorescence at 520 nm was, however, sharply quenched by 
hydrogen ions below pH 3, but remained constant from pH 3 to 12. 

Optimum conditions for atomic-absorption spectrophotometry 

The optimum acetylene-air ratio and burner position were investigated and it 
was found that a fuel flow-rate of 3 l./min and air flow-rate of 21 l./min with a burner 
height setting at 45 mm below the incident beam gave optimum results. Other opti- 
mum instrumental settings were a gain of 5, slitwidth 0.3 mm and meter response 2 
or 5 (setting numbers refer to the Perkin-Elmer model 303 used for these experiments). 

E#ect of pH and time 

The formation of the purple Pd-DanSe precipitate is pa-dependent (Fig. 1). 
The effect of pH on the extraction of the palladium complex with n-butylacetate is 
shown in Fig. 3. As indicated, the palladium complex is best extracted between 
pH 2 and 3. 

To study the time required for the completion of the reaction, solutions of DanSe 
and palladium(I1) chloride were mixed in centrifuge tubes and allowed to stand for 
various times before centrifugation for 3 min. The supernatant liquid was decanted 
into a quartz cell for measurement at 380 nm. The reaction was found to reach 
completion in 6 min. However, in all analytical procedures, a 20-30 min reaction 
time was allowed. 

6- 

I I I I I I I 
0 2 4 6 8 IO 12 

PH 

FOG. J.-Effect of pH on the extraction of palladium with n-butylacetate. 

Interference studies 

DanSe is highly selective for palladium(I1) chloride. Of fifty metal ions studied 
in 1M hydrochloric acid, only palladium complexed with ethanolic DanSe to give a 
stable purple precipitate. Cerium(IV) gave a white decomposed product; silver gave 
silver chloride. Bunting and Meloan observed that mercury(H), titanium(W) and 
cadmium interfered in the indirect spectrophotometric determination of palladium 
with benzo [d]-Zselena- 1 ,Idiazole; no such interference was observed with DanSe 

5 
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under our reaction conditions. The primary interferences which prevented the 
precipitation of Pd@anSe),Cl, were from anions such as iodide, cyanide, thiocyanate 
and thiosulphate that form stable palladium complexes, and the ions cerium(IV), 
gold(II1) and nitrite which destroy DanSe. The additional interference noted in the 
spectrophotometric procedure is due to the natural colour of the diverse ions, since 
they are present at more than a 65-fold molar excess. In the fluorometric procedure, 
antimony(III), thorium, tin(N), iron(III), bismuth and beryllium interfered owing 
to hydrolysis, because of the necessity of using a pH above 3.5. In the presence of 
arsenic(II1) and osmium(VIII), lower results for palladium were observed in the 
spectrophotometric, fluorometric and radiometric procedures but not in the gravi- 
metric and atomic-absorption procedures. The interference of zirconium in the 
atomic-absorption procedure was probably due to the formation of an emulsion 
at the interface of the organic layer. Emulsions did not form with the other ions. 
The effect of foreign cations and anions is summarized in Table II. 

TABLE IL-FOREIGN ION EFFECT 

Pd 

Ion Da&e* 
Fluoro- 

Spectro- Radio- metric7 Atomic 
photometrics metrics Arbitrary absorption11 

Gravimetrict Absorbance CPm unifs % Absorption 

Pd(I1) 
Blank 

A&I) 
Al(II1) 
ASOII) 
AuOII) 
Ba(I1) 
Bi(II1) 
Be(I1) 
Ca(I1) 
(XIV) 
Cd(I1) 
Co(IL) 
Cr(II1) 
Cu(I1) 
Dy(III) 
Eu(II1) 
Fe(II1) 
Ga(III) 
WII) 
In(II1) 
Ir(II1) 
K(I) 
La(II1) 
Lu(II1) 
Mg(II) 
Mn(I1) 
Mo(V1) 
NaO) 
Ni(I1) 
Nd(II1) 
Os(VII1) 
Pto 

PurPF*PPte 

white ppte 
** 
** 
** 
** 
** 
** 
** 

white ppte 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 

purple we - 
white ppte 

$2 
z:: 
05 
:: 
:: 
++ ++ .I.* 

whitrppte 
$3 

0.36 982 
0.73 1597 
tt tt 

0.33 828 
0.61 1477 
0.80 937 
0.33 891 

047 980 
0.36 925 
0.33 861 
tt tt 

0.47 891 
044 891 
044 891 
044 982 
0.37 1150 

1.90 916 
0.33 982 
0.32 842 
0.31 921 
044 905 
0.36 980 
0.36 1016 
0.48 1074 
0.31 861 
0.31 882 
0.31 882 
0.36 982 
0.36 1012 

0.47 1513 
0.58 1090 

0.61 29.1 
1.13 
tt t’;” 

0.59 30.8 
1.06 27.6 
0.0 12.6 
0.57 29.1 

:tt 
29.0 
27.8 

0.66 21.2 

tt tt 
0.49 27.0 
0.56 29.1 
0.49 29.1 
0.53 27.0 
0.58 29.1 

0.0 28.2 
0.59 29.0 
0.47 29.1 
0.68 27.1 
0.49 23.2 
0.62 29.1 
0.49 23.0 
0.49 308 
0.66 27.2 
0.56 26.2 
0.61 26.2 
061 29.1 
0.56 28.4 

1.10 29.3 
0.0 23.8 
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TABLE II (Continued) 

Pd 

Ion Da&e* 
Fluoro- 

Spectro- Radio- metric7 Atomic 
photometric§ metric$ Arbitrary absorption11 

Gravimetrict Absorbance CPm units ‘A Absorption 

Pb(I1) 
Rh(II1) 
Ru(III) 
RbO) 
Re(IW 
Sm(II1) 
SnW 
Sr(II) 
Se(N) 
Sb(II1) 
Tb(II1) 
Ti(IV) 
ThcIv) 
TeO 
U%(n) 
Vgr) 
Zr(IV) 
Zn(I1) 
NO,- 
HIPOI- 
CNS- 
S*O,‘- 
HPOdP- 
NO*- 
Citrate 
so,*- 
C*O1”- 
Tartrate 
CN- 
HCOI- 
Acetate 
ClO,- 
sol*- 
F- 
Cl- 
Br- 
I- 

** 
** 
*t 
** 
** 
** 
*+ 
*+ 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 

less orange 
*+ 
++ 
** 
** 
** 
** 
** 
*t 
** 
** 
** 
** 
** 
** 

red soln 

:: ++ 
Z$ 
$: 

red soln 

0.31 904 
0.44 951 
0.72 830 
O-36 982 
0.35 951 

0.59 

o”:& 

0.61 
0.64 

0.36 904 0.66tt 
0.35 861 0.66 
0.36 828 061 
0.47tt 122777 tt 
0.32 885 0.68 
0.19 861 0.73 
0.31 1016 tt 
0.32 828 0.57 
040 1074 O-55 
0.43 894 o-11 
0.31 882 0.68 
O-35 891 0.68 
0.35 1005 0.71 
0.35 1005 0.71 
0.72 1560 1.08 
o-73 1562 1.03 
037 1005 0.78 
0.51 1375 1.08 
0,37 1005 0.64 
0.36 983 0.63 
0.42 1144 0.93 
0.37 980 0.67 
0.73 1560 1.08 
0.34 980 0.59 
0.34 980 0.63 
0.32 1206 060 
0.34 980 0.61 
0.34 885 064 
035 980 0.61 
0.32 845 0.69 
0.73 1580 0.98 

31.8 
23.2 
31.6 
29.1 
29.1 

27.0 
27.2 
29.1 
23.0tt 

29.0 
22.9 
28.6 
27.7 
36.2 
36.2 

9.6 
27-O 
29.1 
29.1 

2:; 

29.1 
22.3 
29.1 
26.2 
27.2 
26.2 

0.0 
26.7 
26.7 
27.2 
27.7 
27.5 
29.0 
27.2 

7.2 

* 2 ml of 2.5 x lo-“M ethanolic DanSe + 4 ml of 1MHCl + 1 ml of O*OlM diverse ion. 
t Same as * except @2 ml of stock 6.17 x lo-*M PdCl* was added. 
5 4 ml of 1.3 x 10-W ethanolic Dan,% + 2 ml of @OlM diverse ion and 4 ml of 8 ppm PdCl*, 

both in @IMHCI. 
$ 4 ml of 2.5 x 10-W radioactive ethanolic Da&e + 2 ml of O.OlM diverse ion and 4 ml of 

10 ppm PdCI*, both in 0-M HCl. 
‘I[ 3 ml of l-3 x 10-W ethanolic DanSe + 2 ml of O.OlM diverse ion and 4 ml of 2 ppm PdCI,, 

both at pH 4. 
11 5 ml of 4 x lo-‘it4 ethanolic DanSe + 20 ml of 2 ppm PdCI, in O.lMHCl + 2 ml of O~OlM 

diverse ion; extracted with 5 ml of butyl acetate. 
* * No observable change. 
tt Hydrolysis. 
$5 Less puxple ppte was formed or slower reaction. 
$$ Purple ppte of Pd-DanSe. 
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Analysis of samples 

A series of twelve solutions was prepared that contained equal volumes of 0.OlM 
solutions of four diverse ions taken as the sulphate, chloride or nitrate salts; foreign 
anions were added as their potassium or sodium salts. Each solution was adjusted 
to the appropriate pH with concentrated hydrochloric acid or sodium hydroxide. 
A known amount of palladium(I1) chloride was added, and then the sample was 
analysed for palladium by all five methods. The results are presented in Table III. 

TABLE III.-PALLADIUM DETERMINATION BY DIFFERENT METHODS 

Palladium added 

6.70 mg 2.OOppm 3+Oppm 0.6Oppm 0.167ppm 

Solution 
number 

Palladium found 
Spectro- Atomic 

Gravimetric* photometrict Radiometric§ FluorometricS absoIption7 

1 
2 
3 
4 

z 
7 
8 

1: 

:: 

6.70 mg 1.80ppm 
2.04 

3.02ppm 
3.27 

6.65 2.02 3.00 
** 3.25 

6.70 ** 3,25 
2.02 2.75 

6.74 2.01 3.20 
1.80 2.93 

6.61 1.90 2.70 
2.15 2.77 
2.20 2.81 

6.71 2.01 2.83 

0*56ppm 0.164ppm 
0.53 0.155 
0.53 0165 

** 0.163 
** 0.168 

0.56 0.168 
0.62 0.169 
0.60 0162 
0.53 0.171 
0.53 0.166 
0.55 0.161 
0.56 0.159 

Solution 
number Foreign ions 

1 Mn(II) Ca 
2 

&II) 
La zl 

3 UCMII) CuoI) Ga 
4 Fe(II1) Ni Al Lu 
5 VO DY K Ba 
6 

CMag 
Co(E) Hg(II) 

7 Rh(II1) Ir(III) k(III) 
8 Mo(VI) ReO TiO As(II1) 

1’0 
NOI- IWO,%- Citrate Na 
Tartrate HCO*- Acetate so,=- 

11 c,o*a- cloI1- Br- Cl- 
12 Sr In(II1) Te(IV) Be 

Each solution contains equal volumes of the four foreign ions initially at O*OlM. 

* 10.00 ml of 6.2920 x lo-*M PdCI, and 5 ml of stock foreign ion solution, both in 1M HCI. 
t 1 ml of stock foreign ion solution added to a total of 4.00 mi of 2.00 ppm in PdCIB in O.lM HCl. 
8 1 ml of stock foreign ion solution added to a total of 4.00 ml of 3.00 ppm of PdCl, in O.lM HCI. 
$ 1 ml of stock foreign ion solution added to a total of 4.00 ml of @60 ppm of PdC,, at pH 3.5. 
f 30.00 ml of 0.167 ppm PdCiz and 1 ml of stock foreign ion solution, both at pH 2.5. 
** Interference caused by natural coiour of foreign ion, or quenching or hydrolysis. 

DISCUSSION 

Palladium(I1) complexes with a d* electronic configuration commonly have square 
planar configurations and Pd-Se metal-to-metal bonding has long been recognized 
to exist in compounds such as PdSe, PdSe,, Pd,Se, and Pd,Se.ll As a general rule, 
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palladium(I1) compounds have great affinity for nitrogen (amines and nitro com- 
pounds), halogens, cyanide and heavy atoms such as phosphorus, arsenic, sulphur 
and selenium. CottoG explained that the strong bonding of heavy atoms is due to 
the formation of n-bonds formed by the overlap of the filled d,, dxy and d,, orbitals 
of palladium with empty d,, orbitals in the valence shells of the heavy atoms. Also, 
the delocalization of the metal electron density by r-bond formation between pal- 
ladium and selenium atoms was reported by Bark and Brandor? as a major factor 
in determining the stability of their PdCls-2-(2-pyridyl)benzo [blselenophene chelated 
complex. Further evidence for this r-bonding and hence the Pd-Se bonding is 
obtained by considering the inertness of the chlorine atoms in the two complexes 
towards boiling silver nitrate solution. Delocalization of the electron density cloud 
around the palladium atom should increase the polarity of the palladium-chlorine 
bond, and therefore its strength .2 Regarding the structure of the green complex, 
palladium(I1) chloride is known to react with ligands, L, such as amines, phosphines 
and sulphides to give complexes of the type [LPdCl,], and such complexes have 
bridging chlorine atoms.ls*14 

Because the c&configuration is generally less symmetrical than the truns-con- 
figuration, and because both complexes give rise to almost identical infrared spectra, 
the two complexes are therefore expected to have either both cis- or both trans- 
configurations. Ignoring the question of cis- and truns-configuration, the structure 
of the two complexes, Pd@anSe),Cl, (I) and Pd,(DanSe),Cl, (II), is believed to be: 

The reagent DanSe had been shown to be extremely selective for palladium in 
moderately concentrated hydrochloric acid solution. Out of 50 metal ions studied, 
only palladium appeared to complex with DanSe, as judged by the colour change 
and precipitate formation. Because of the very high selectivity of DanSe for palladium 
and the fact that two different coloured precipitates are formed in sequence, DanSe 
may be a very superior reagent for the spot-test identification of palladium. Since 
selenium is difficult to determine directly by atomic-absorption spectroscopy15 and 
since DanSe contains selenium, an indirect atomic-absorption procedure for the 
determination of selenium, utilizing the high selectivity of DanSe for palladium, is 
now being investigated. 
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Other advantages of DanSe as a palladium reagent are the simplicity of the 
analytical procedures and the diversity of the methods. Because the reaction is 
remarkably free from interference and very insensitive to pH changes as long as the 
solution is acidic, neither masking agents or buffers need be added. 

With the exception of the gravimetric, atomic-absorption and to some extent the 
fluorometric method, the limiting factor in the sensitivity of the palladium determina- 
tion is not due to the reagent itself, but is the degree of separation of the reagent 
from the Pd-DanSe precipitate. Very high-speed centrifugation offered only a 
slight improvement in sensitivity over conventional centrifugation. The Perkin- 
Elmer sampling boat atomizing system was also tested for the atomic-absorption 
determination, but a decrease rather than an enhancement in sensitivity was observed. 

Precision and accuracy 

The recovery of known amounts of palladium was satisfactory. Based on the 
results in Table III, obtained in the presence of a large excess of foreign ions, the 
gravimetric procedure shows a relative standard deviation of O-7 %, the spectrophoto- 
metric method 6-O%, the radiometric method 7-2x, the fluorometric method 8.7% 
and the atomic-absorption method 3.2%. 

Sensitivity and detection limit 

The criterion of Mandel and Stiehlerl‘j for the evaluation of the sensitivity (y) 
of different methods was adopted, i.e., 

y = dI/sr dC. 

The main advantage of this criterion is that it takes into account not only the repro- 
ducibility of the testing procedure, but also its ability to discern small changes in 
concentration or amount. In addition, the unit used is amount or concentration, C, 
and is independent of the scale, I, on which the measurement is expressed. Thus, a 
direct comparison of the sensitivity of one method with another is made possible. 
The least-squares method was used to obtain the slope of the linear calibration curve, 
dI/dC, and the standard deviation, sI, of points from the regression line. In the 
case of the fluorometric calibration curve (range O-l ppm Pd), the slope of the non- 
linear curve was measured at the mid-concentration range and the standard deviation 
was calculated from data in Table III. 

TABLE IV.--SENSITIVITY OF THE DIFFERENT ANALYTICAL METHODS FOR 

PALLADIUM 

Sensitivity, Detection limit,* 
Method PPm-’ PPm 

Gravimetric 
Spectrophotometric 1;5 

- 
0.172 

Radiometric 23.2 0.137 
Atomic absorption 164.4 0.019 
Fluorometric (O-5 ppm) 25.2 0.126 

(O-1 ppm) 33.5 0.095 

* Conservative estimate of the detection limit. Values obtained represent a 
confidence level of 95 %. 

The reciprocal of the sensitivity is directly indicative of the minimum concen- 
tration required to produce a discernible change in the signal intensity. To obtain a 
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conservative and objective evaluation for the detection limit (D.L.), the method of 

Skogerboe et aLI7 was used, i.e., 

D.L. = 
t(n - I,1 -cz) 

Y 
which takes into account the number of measurements (n) for the calibration curve 

and the confidence level, lOO(1 - a)%, required. The use of 3.18 for t to obtain 
the data in Table IV represents a confidence level of 95 % for six measurements. The 
pertinent sensitivity and detection limit data for the five analytical methods for the 
determination of palladium are presented in Table IV. 
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Zusammenfassnng-Ftinf analytische Verfahren, je ein gravimetrisches, 
spektrophotometrisches, radiometrisches, fluorometrisches und ein 
Atomabsorptionsverfahren wurden ftir die Bestimmung von Palladium 
in Makro-* bis Submikromengen entwickelt. Sie b&hen auf der 
Reaktion von PdCl. mit NanhthoI2.3-dl-2-selena-1.3-diazol. Die 
analytischen Bedingungen wie Reaktio&e~, Konxentrationsbereiche, 
EintIu8 von pH und 68 Fremdionen sowie Extraktion wurden unter- 
sucht. Angaben tiber Struktur und Formel des Reaktions-prod&es 
von Palladium und Piazselenol werden ebenfalls gemacht. 

R&ann&Gn a Blabore cinq techniques analytiques, gravim&rique, 
spectrophotometrique, radiom&rique, fluorimetrique et d’absorption 
atomique pour la determination des quantites macro et submicro de 
palladium. Les methodes sont bas& sur la reaction de WCI, avec le 
naphto (2,3-d)2-s&&a 1,3-diazole. On a etudie les conditions analyti- 
ques telles que le temps de reaction, les domaines de concentration, 
l’influence du pH et de 68 ions &rangers, et l’extraction par solvant. 
On presente 6galement des don&s relatives a la structure et la formule 
des produits de reaction palladium-piazselenol. 

REFERENCES 
1. S. E. Livingstone, Quart. Rev. (London), 1965, 19,386. 
2. L. S. Bark and D. Brandon. Talanta. 1967.14.759. 
3. L. R. M. Pitombo, Anal. Ckm. A&, 1969,46,158. 
4. T. G. Bunting and C. E. Meloan, Anal. Chem., 1968,40,435. 
5. M. Ziegler and 0. Glemser, 2. Anal. Chem., 1956, 153, 246. 
6. P. F. Lott, P. Cukor, G. Moriber and J. Solga, Anal. Chem., 1963, 35,1159. 
7. C. A. Parker and L. G. Harvey, AnaZyst, 1962,87,558. 
8. P. Cukor, J. Walzeyk and P. F. Lott, Anal. Chim. Acta, 1964, 30,473. 
9. P. Cukor and P. F. Lott, J. Phys. Chem., 1965,69,3232. 

10. J. Wiersma and P. F. Lott, Anal. Letters, 1968, 1,655. 
11. J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 10, p. 801. 

Longmans, London, 1947. 
12. F. A. Cotton and G. Wilkinson, AdvancedInorganic Chemistry, p. 853. Interscience, New York, 

1962. 
13. J. W. Mellor, op. cit., Vol. 15, p. 667. 
14. R. S. Nyholm, Quart. Rev. (London), 1949,3, 321. 
15. G. F. Kirkbright, M. Sargent and T. S. West, At. Absorption Newsletter, 1969, 8, 34. 
16. J. Mandel and R. D. Stiehler, J. Res. Natl. Bur. Std., 1954, 53, 155. 
17. R. K. Skogerboe, A. T. Heybey and G. H. Morrison, Anal. Chem., 1966,38,1821. 



Talanta, 1970. Vol. 17,&q% 729 to 737 Pernattmn Pmss. Printed in Northern Ireland 

HYDROCARBURES ET POLLUTION ATMOSPHJ&IQUE 

DENISE HALOT 
Laboratoire de Cbimie Analytique, Facultk de Mkdecine et de Pharmacie, 37-Tours, France 

(Recu le 18 dhernbre 1969. Accept& le 19 fhier 1970) 

RBsum&Apr&s avoir envisa& la provenance des hydrocarbures 
trouvb dans l’atmosph&e, nous 6tudions brievement leur toxicit&, 
puis nous dkcrivons les diverses mkthodes d’analyse des hydrocarbures 
aromatiques polycycliques, c’est-A-dire des hydrocarbures can&ig&nes. 

ON SAIT que la pollution atmosph&ique a trois origines principales: 
-1es foyers domestiques, 
-1es foyers et les tmissions industrielles, 
-1es gaz d’khappement des automobiles. 

NATURE ET PROVENANCE DES HYDROCARBURES TROUVfiS 
DANS L’ATMOSPHGRE 

Hydrocarbures aliphatiques et aromatiques 

L’atmosphtre des villes permet de dkeler des hydrocarbures aliphatiques et 
aromatiques 16gers & des concentrations variant de 0,l B 1 ppm. 

Ces hydrocarbures proviennent de l’&aporation des produits pbtroliers au niveau 
des r&ervoirs et des carburateurs des automobiles et de leur combustion incompl&te 
pendant le fonctionnement du moteur. On les appelle des “imbfles”. 

Hydrocarbures polyaromatiques 

Les poussikres atmosphCriques contiennent des goudrons provenant de la d&corn- 
position pyrog6nte de la houille, du bitume, des schistes, du p&role etc. Cm goudrons 
renferment, g c&k d’autres substances chimiques des hydrocarbures paraflkiques et 
surtout des hydrocarbures polyaromatiques, parmi lesquels des hydrocarbures 
canc&ig&nes. 

Ces hydrocarbures polynucltaires rencontrCs dans l’atmosph&re proviennent des 
foyers domestiques et industriels ,l et Cgalement des Cchappements de moteurs. A 
l’oppos6 de ce qui a lieu pour d’autres polluants comme l’anhydride sulfureux, ce 
sont les conditions de marche et non les produits d’alimentation qui jouent un rale 
p&pond&ant. Par un rkglage convenable des facteurs de combustion (en particulier 
de l’exds d’air), on peut diminuer considkrablement I’Cmission des polynuclkaires 
par un foyer. 

Les moteurs en rkgime normal Cmettent beaucoup moins de polyaromatiques que 
lors des dkmarrages et des ralentis.24 

TOXICIT DE CES DIFFBRENTS HYDROCARBURES 

Hydrocarbures aliphatiques et aromatiques 

11 ne faut pas oublier le r61e trts important des olkfines dans les rkactions photo- 
chimiques qui conduisent, lorsque les conditions climatiques sont favorables g la 
formation d’ozone et bgalement B l’apparition de vtsicules liquides qui constituent le 
“smog” oxydant de Californie.5 
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Dans nos regions, il est peu probable qu’on ait a craindre de tels phenomenes; 
toutefois, la prudence voudrait que l’on surveillat les teneurs en oxydants, en nitrate 
de peracetyle ou PAN et en hydrocarbures imbrtiles dans les villes oti se conjuguent 
un trafic automobile important, un ensoleillement intense et une inversion de temper- 
atures qui emprisonne les gaz d’echappement des automobiles dans les couches 
basses et moyennes de l’atmosphtre. 

Hydrocarbures aromatiques polynu&aires 

La source principale de toxicite des goudrons provient essentiellement de la 
presence des hydrocarbures aromatiques polynucltaires en raison de leur activite 
can&rig&e. Rappelons brievement l’historique de ce probleme biologique. 

En 1775 Pott constate, chez les ramoneurs, la frequence anormale du cancer du 
scrotum. En 1915 Yamagiwa et Ichikawa obtiennent le premier cancer experimental 
par application de goudron de houille sur l’oreille d’un lapin. L’tcole anglaise avec 
Cook et ses collaborateurs a fait beaucoup progress6 la question: ils con&&rent 
d’abord que les goudrons cancerigenes pouvaient &tre obtenus a partir de produits 
contenant uniquement du carbone et de l’hydrogene. Ceci amena a penser que les 
principes actifs se rattachaient au groupe chimique des hydrocarbures. 

Puis on decouvrit que les fractions actives presentaient un spectre de fluorescence 
typique comparable a celui de certains hydrocarbures polycycliques deja connus. 
11 s’agissait de trois bandes dans le violet, avec des maximums a 400, 418 et 440 nm 
environ. Ce test orienta les recherches vers des hydrocarbures aromatiques poly- 
cycliques.6 

Effectivement en 1930, Kennaway et Hieger demontrent l’activite candrigene 
du dibenzo[ah]anthracbne. En 1933, Cook et ses collaborateurs’ isolent le benzo- 
[alpyrene du goudron de houille et montrent son action hautement cancerigene. 
Depuis de nombreux chercheurs ont pu prouver le pouvoir cancerigene sur l’animal 
d’un grand nombre d’hydrocarbures polycycliques. En 1948 Pullmana~s expose sa 
theorie de l’activite canctrigene: un produit canctrigene doi; presenter une affinite 
pour la cellule vivante. Cette affinitt s’explique par l’existence de “regions actives” 
de la molecule, c’est-a-dire de regions 06 il se produit une accumulation d’electrons. 

Ainsi, le benzanthracene-1,2 n’est pas canctrigene. Par contre, on obtient des 
derives de plus en plus cancerigenes par substitution d’un radical methyl en 5, en 9 ou 
en 10. La region active, ou region K est celle de la double liaison 3-4 oh la concentra- 
tion electronique augmente d’autant plus que le substituant en est plus rapproche. 

Benzanthradne-1,2 

Actuellement, les seuls hydrocarbures can&rig&es couramment rencontres dans 
l’atmosphere sont: le benzo [alpyrbne, le benzo [e]fluoranthene, le benzo [klfluor- 
anthene et le dibenzo[a,h]anthracene10 ainsi que certains derives methyl&. 
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Benz0 [u]pyr&ne Fluoranthkne Benzo [klfluoranthkne 

Benzo[e]fluoranthkne Dibenzo[u,h]anthrac&ne 

Remarque: nous avons choisi la nomenclature du ‘Ring Index” adopt& par les “Chemical 
Abstracts”. 11 faut signaler que le benzo[u]pyr&ne est souvent appel6 benzo-3,4 pyr&ne dans I’ancienae 
numkrotation. 

MCTHODES D’ANALYSE DES HYDROCARBURES AROMATIQUES 
POLYCYCLIQUES 

Les principales methodes d’analyse des hydrocarbures aromatiques polycycliques 
vont &re pas&es en revue. Nous Ctudierons successivement les m&odes d’extraction, 
de separation et de dosage. 

I1 importe: 
-de doser les goudrons dam leur ensemble, 
-de doser les hydrocarbures can&rig&es. 

Mt!thodes d’extraction 

Nous prendrons ici le terme extraction au sens large et nous parlerons egalement 
des techniques de concentration. 

Extractionparjltration. Le pro&de habitue1 en pollution atmosphtrique consiste 
a faire passer par pompage un volume d6termin6 d’air sur un papier-filtre1”13 ou de 
la fibre de verre. 

Quel que soit le systeme utilid, il est important de verifier: 
-que les plus petites particules pouvant contenir des polycycliques sont arr&tCes; 

pour cela, il est bon de placer un deuxitme filtre en awl du filtre principal, 
-que les polynucleaires adsorb& par le filtre peuvent &tre remis ensuite quan- 

titativement en solution. 
Extraction par les solvants. (a) Avec I’appareil Soxhlet; on utilise l’appareil 

Soxb.let avec comme solvant le benzene ou le melange benzene-methanol. (b) Ex- 
traction liquide-liquide; l’echantillon a analyser est dissous dans un solvant convenable 
et on extrait les hydrocarbures polycycliques par un solvant non miscible au premier. 
(c) Extraction d contre-courant; l’extraction a contre-courant d’un melange de 
polycycliques a et6 Ctudite en se servant de l’ppareil de Craig.14 Les solvants 
consistaient en un melange de cyclohexane methanol a 90 % contenant 0,83 % d’acide 
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tetramethylurique. La separation est excellente mais la mtthode est laborieuse. 
(6) Sublimation; des essais d’extraction ont CtC effectues par sublimation. Les 
auteurs utilisent un tube chauffe permettant un gradient de temperature dtcroissant 
a partir de 250” et un vide variant de 1,3 a 33 mbar. 16-17 Par cette technique, seul 
le chrystne, pour l’instant, est recupei-6 inttgralement a partir d’un melange complexe. 
(e) Remarques; Monkmanls recommande d’eviter l’extraction au Soxhlet pour 
l’examen des poussibres atmospheriques: car il pourrait y avoir destruction par chauf- 
fage en presence d’air et de lumitre dune fraction des hydrocarbures polycycliques. 
Le solvant de choix est le cyclohexane :19*20 on agite 100 mg de poussitre dans 100 ml 
de cyclohexane pendant trois heures dans un erlenmeyer, puis on filtre sur verre fritte. 

La solution provenant de l’extraction des poussibres est Cvaporee a siccite et le 
residu est pest. I1 constitue l’extractible, on lui donne le nom de goudron. On 
reprend par l’tther de p&role pour pouvoir Climiner les acides, les phenols et les 
bases lorsque ceux-ci se trouvent en grande quantite. 

M&hodes de skparation 

Pour r&parer les hydrocarbures polyaromatiques entre eux on a recours essentielle- 
ment aux m&odes chromatographiques : chromatographie en phase liquide ou 
chromatographie en phase gazeuse. La chromatographie en phase gazeuse, servant 
de methode de separation mais Cgalement de methode de dosage, sera ttudiee en 
mCme temps que les procedes quantitatifs. Dans la chromatographie en phase 
liquide, il faut distinguer la chromatographie d’adsorption sur colonne ou sur 
couches minces, et la chromatographie de partage sur papier ou sur colonne. 

Chromatographie d’adsorption sur colonne. Elle se fait, en general, sur alumine 
activee ou sur silicagel. On Bue par le cyclohexane ou avec des melanges hexane- 
diethylether. 3~21-23 Le silicagel permet de &parer assez rapidement les hydrocarbures 
aromatiques des autres hydrocarbures partiniques, des cyclanes et des olefines. 
Par contre, seule l’alumine permet un fractionnement des aromatiques entre eux. 

Chromatographie sur couches minces. Elle permet des separations du mQme ordre 
que celles de la chromatographie sur colonne, mais elles sont beaucoup plus rapides. 
Le support est constitue par des plaques de verre recouvertes d’un melange platre- 
silicagel. 24 On utilise tgalement la poudre de cellulose adtylee. Kohler emploie un 
melange alumine-acCthylcellulose, il travaille en chromatographie a deux dimensions 
avec comme solvants: hexane/pentane/tolutne et m&hanol/Cthanol/eau.26 

Sawicki26 a compare l’efficacitt de trois methodes sur couches minces sur un 
couple particulitrement difficile a stparer: le benzo[a]pyrene et le benzo[k]fluor- 
anthbne. Ces corps sont separes sur cellulose acetylee avec tlution par le melange: 
tthanol/tolutne/eau (17/4/4). Par contre, ils ne sont pas stpares sur cellulose non 
acttylee en eluant par le melange dim&hylformamide/eau (l/l), ni sur alumine avec 
le melange pentane/Cther (19/l). 

Chromatographie de partage sur papier. En general on utilise le papier Whatman 
no 1 ou Arches 304 et comme solvant le melange dimethylformamide-ether de p&role. 
Ma1i2’ imprbgne le papier avec de l’huile blanche medicinale en le plongeant dans 
une solution d’huile dans l’tther de p&role, et en laissant ensuite Cvaporer l’tther. 11 
reussit ainsi trts bien la separation du melange benzo[a]pyrtne-benzo [klfluoranthene- 
perylene des autre hydrocarbures. La phase stationnaire est constituee par de l’huile 
de Vaseline et la phase mobile par du methanol. 
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Chromatographie de partage sur colonne. Phases stationnaires: glycols, poly- 
tthyleneglycols etc. Phase mobile: iso-octane. L’adjonction de trinitrobenzene sym. 
ameliore beaucoup la separation des differents constituants par suite de la formation 
de complexes entre les hydrocarbures et le derive nitrC.2* 

D&terminations qualitative5 et quantitatives 

11 faut distinguer : 
-1es controles de routine oti le but est d’obtenir des resultats rapides avec des 

moyens peu ontreux, 
-l’analyse approfondie oti l’on utilise les techniques les plus precises meme si 

elles sont trts longues. 
D&terminations qualitative& On examine directement les chromatogrammes en 

lumiere de Wood (A = 365 nm) et l’on mesure le Ri. 11 est possible egalement de 
mesurer la surface des spots2Q ce qui permet une evaluation tres approximative de la 
teneur. Certains hydrocarbures polycycliques sont fluorescents, d’autres le devien- 
nent B la temperature de l’azote liquide ou en solution dans l’acide sulfurique ou 
l’acide trifluoracetique. 

Dbterminations quantitatives. Les methodes les plus importantes sont: la spectro- 
photomttrie d’absorption dans l’ultra-violet, la fluorimetrie, la chromatographie en 
phase gazeuse, et les methodes biologiques. 

(a) Spectrophotombtrie &ns I’ultra-violet. Tous les hydrocarbures polyaromatiques 
absorbent dans l’ultra-violet, et la mesure de l’absorption dans l’ultra-violet reste la 
methode quantitative la plus sure pour doser un polycyclique dont la nature est bien 
determinee. 

Les maximums d’absorption et les coefficients d’extinction sont don&s dans la 
litterature.30s31 Mais il faut se servir de ces don&es avec circonspection si l’on ne 
connait pas les conditions exactes dans lesquelles elles ont tte etablies. 

Quels sont les inconvtnients de cette technique? Tout d’abord le rayonnement 
ultra-violet est actif sur les polycycliques : il modifie leur structure si bien que l’absorp- 
tion diminue avec le temps. 11 est done ntcessaire d’operer rapidement. Ce change- 
ment serait dCi a une reaction des hydrocarbures avec l’ozone.32 De plus, elle manque 
de stlectivid. Toutefois les travaux d’Haenni_’ ont montre que l’on peut Ctablir 
des limites suptrieures d’absorption ultra-violette a des longueurs d’onde convenable- 
ment choisies. Si ces limites ne sont pas dtpasdes, on est assure qu’aucun hydro- 
carbure canctrigene ne se trouve dans l’tchantillon analyse a une dose superieure A 

0,3 ppm. 
On a cherche a appliquer la spectrophotometrie ultra-violette A des solutions 

contenant plusieurs polynucleaires. 11 s’agit, selon un procede classique en spectro- 
photometric, de choisir des longueurs d’onde convenables, de determiner les co- 
efficients d’extinction respectifs et de resoudre un systbme den equations an inconnues. 
Ce procede si imparfait qu’il soit est t&s utile pour doser des substances difficiles 
a &parer par chromatographie. 31*384 La principale difficult6 vient du fait qu’en 
pollution atmospherique, il faut toujours redouter la presence de corps non identifies 
susceptibles de fausser le dosage. Korotkov a rtsolu avec succes le probleme du 
melange benzo [a]pyrtne-dibenzanthracbne.3B 

D’autre part, il a 6th montre42 que le pouvoir candrigene des poussitres atmos- 
pheriques est proportionnel a leur teneur en benzo[a]pyrene. Et il est admis que le 
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benzo[u]pyrene se trouve en proportion assez constante par rapport aux autres 
polycycliques. Ces deux faits ont amen5 les auteurs a porter leurs efforts sur la 
separation du benzo[u]pyr&ne par chromatographie et son dosage par mesure de 
l’absorption dans l’ultra-violet. - Toutefois, il faut signaler que, contrairement a 
l’opinion de Mme Htros et de M. Amy, le pouvoir cancerigbne des diverses poussieres 
atmosphtriques est seulement partiellement lie B leur teneur en benzo[a]pyrene. 
C’est ce qui a ttt demontre par Hueper et ses collaborateurs dune paiF. et par 
Epstein et ses collaborateurs d’autre part. 49 Dans ces conditions, il est difficile, a 
partir d’un dosage de benzo [alpyrbne, de deduire le pouvoir can&rig&e des poussieres 
atmospheriques. 

(b) Fluorimtftrie. La fluorimetrie tres employee presente un certain nombre 
d’avantages. 

-Tous les hydrocarbures can&rig&es sont fluorescents. 
-Elle est ext&mement sensible. 
Par contre elle presente quelques difficult&: 
-Elle est moins precise que la spectrophotometrie UV. 
-Les traces de substances &rang&es interviennent intenstment par absorption 

ou inhibition de la fluorescence. 11 est done indispensable qu’un ttalonnage prealable 
soit effectue dans des conditions operatoires strictement identiques. 

-La fluorescence depend de la nature du solvant. 
C’est pourquoi, il faut distinguer des methodes semi-quantitatives et des methodes 

precises. 
Les procedts semi-quantitatifs concernent surtout le benzo[a]pyrene, il est 

possible devaluer grossierement sa teneur sans separation prealable, g&e a une 
methode par dilution successive et surcharge. s”~sl On effectue les spectres de fluores- 
cence de dilutions successives de solutions de benzo[u]pyrene a doser jusqu’a dis- 
pa&ion presque totale des bandes ultimes de fluorescence (403 et 427 nm). Ceci a 
pour but d’eviter les inhibitions tventuelles dune part et les parties non lineaires de 
la courbe intensite de fluorescence-concentration. On ajoute alors des quantites 
connues de benzo [a]pyr&ne ce qui permet une evaluation approximative de la concen- 
tration cherchke. 

Ce procede a ete perfectionne par Mme HBros50*61 en l’appliquant aprts chromato- 
graphie.s2 La limite de sensibilite de la m&ode est de 10 ng dans une cuve de 1 cm3. 
Le benzo[k]fluoranthene interfere. 11 est possible de rtsoudre le problbme benzo[u]- 
pyr&ne-benzo [klfluoranthene de la maniere suivante:42 

-dans un premier temps, on determine la fluorescence du melange, 
-dans un deuxieme temps, on &mine la fluorescence du benzo[a]pyrene par 

action du brome et l’on mesure celle du benzo[k]fluoranthene qui n’est pas modifiee. 
En travaillant a -190”, il est possible d’ameliorer de beaucoup la sensibilitt et 

le grand nombre des bandes du spectre permet d’identifier le benzo[u]pyrtne avec 
une plus grande certitude. On peut deceler, dans ces conditions, 100 ng par mm3. 

Pour les melanges d’hydrocarbures autres que le benzopyrene, I’excitation par 
la raie de Wood il = 365 nm ou la raie A = 253,7 nm du mercure provoque l’appari- 
tion de la plupart des spectres de fluorescence. Pour n’en exciter qu’un seul, il faut 
profiter du fait que l’intensite de fluorescence est maximale ou minimale selon que 
la raie excitatrice se trouve a un maximum ou a un minimum d’absorption. 

Pour un corps don&, il faut done choisir une raie excitatrice a l’aide d’un 
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monochromateur, de mani&e qu’elle coincide avec un maximum d’absorption de cette 
substance et un minimum pour tous les autres corps. 11 faut Qalement disposer d’une 
source sufEsamment intense pour la dCtection par les phototubes. C’est ce qui a &C 
r&tlis~ avec les lampes au x&on. 

Une autre technique est celle des spectres d’activation. Les spectres d’activation 
reprksentent la variation d’intensitt d’une bande fluorescente mesurbe A longueur 
d’onde constante, en fonction de la lumibre excitatrice supposCe d’intensitk constante. 
Pour realiser un spectre #activation, il faut un appareillage plus compliqu6: 

-une source Bmettant dans un vaste domaine, 
-deux monochromateurs indbpendants, un pour la lumitre excitatrice, I’autre 

pour l’Cmission de fluorescence. 
11 est possible de combiner les deux m&odes pour analyser un mblange complexe : 

on enregistre successivement des spectres de fluorescence avec, comme longueurs 
d’onde excitatrices, celles qui correspondent A un maximum du spectre d’activation 
pour chaque substance recherchde. 11 est possible de faire apparaitre chaque spectre 
de fluorescence sbpardment presque sans interfkrences. 

Sawicki,bs van Duuren,H Dubois et Monkman” ont rbussi Zt doser, par fluori- 
mCtrie, des mblanges de polycycliques. Voici le principe pour le m6lange benzo[u]- 
pyr&nebenzo [klfluoranthbne: 

--A 308 nm il y a excitation de la fluorescence du benzofluoranth&ne uniquement, 
--A 381 nm il y a, a la fois, excitation de la fluorescence des deux composds. 
Pour terminer signalons des mtthodes qui utilisent la spectrophotom&rie dans 

l’ultra-violet et la spectrofluorim&ie. Ainsi il est possible de doser d’une part un 
certain nombre d’hydrocarbures par mesure de l’absorption dans l’ultra-violet et 
d’autre part le benzo [u]py&ne et le benzo[k]fluoranth&ne par fluorescence en solution 
dans l’hexane au moyen de deux longueurs d’onde excitatrices (308 nm et 384 nm). 

(c) Chromatographie en phase gazeuse. Elle est encore peu utilisbe, mais c’est une 
m&hode d’avenir. Elle prbsente un certain nombre de difficult&s: 

-multiplicitb des produits contenus dans les poussi&res, 
-points d’bbullition ClevCs des hydrocarbures can&rig&es (benzo [a]pyr&ne : 

496’). Si la chambre d’injection du chromatographe est A une temptrature trop 
dlevCe pour permettre la volatilisation des substances, on risque une decomposition 
ou une polymtrisation. De plus le choix des phases stationnaires se trouve restreint. 
Pour remCdier B ces inconvCnients on effectue un fractionnement prtliminaire par 
extractions successives des solutions de cyclohexane avec le melange m&hanol-eau 
et ensuite avec le nitromtthane.66 

Voici les conditions op&atoires : 
-colonne capillaire en verre de 35 m de longueur et 0,35 mm de diam&re int&ieur, 

chauffke A 200” (les parois internes sont enduites de caoutchouc au silicone), 
-tempCrature d’injection: 250”. 
Les dhterminations quantitatives sont faites par la m&hode de l’ttalon interne 

avec comme Ctalon le triphbnyl-1,3,5 benztne. L’efficacitC de la colonne mesurde 
pour le n-hexacosane est de 1oP plateaux theoriques. 

On utilise aussi la chromatographie ?A tempdrature programmte de 150 & 350”:’ 
les auteurs se servent d’un dispositif & deux colonnes et deux dCtecteurs ce qui permet 
d’annuler la derive de la ligne de base. La sensibilith est A peu p&s la mCme qu’en 
spectrophotomttrie UV, la m&thode est assez rapide, elle dure deux heures. Signalons 
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tgalement que, pour obtenir de meilleures separations on s’est servi a la fois de la 
chromatographie sur chouches minces et de la chromatographie en phase gazeuse. 

(6> iW&hodes bioio~~~es. Dans de nombreux cas, il n’est pas possible de se passer 
de l’analyse biologique bien qu’elle dure plusieurs mois parfois. On ne peut garantir, 
par exemple, qu’un echantillon n’est pas cancerigene, meme si Son est stir qu’il ne 
renferme ni benzo[a]pyr&ne, ni dibenzanthracene, ni methyl-cholanthrene. Pour 
avoir une certitude absolue il est necessaire de faire un essai sur l’animal. 

L’animal de choix est la souris, car le cancer apparait apres dew ou trois mois. 
Le pourcentage de souris contamin6es renseigne sur l’activite canckigene du produit. 

CONCLUSION 

Nous avons essay6 de donner une idee aussi juste que possible du probleme des 
hydrocarbures cancerigtnes en pollution atmospherique vu sous l’angle analytique. 

Les methodes quantitatives les plus utilisees actuellement sont la spectrophoto- 
m&e ultra-violette et la ~uorim~trie. 11 semble que, dam l’avenir, la chromatograp~e 
en phase gazeuse jouera un role t&s important a la fois en tant que m&ode de &par- 
ation et de dosage. 

Summary-A survey is given of the source of hydrocarbons found in 
the atmosphere, of their toxicity, and of the methods of analysis 
available for polycyclic aromatic hydrocarbons. 

Zusammenfassmg-Es handelt sich un eine Ubersicht ilber den 
Ursprung der in der Atmosph&re gefimdenen Kohlenwasserstoffe und 
ihre Toxizitat sowie tiber die 
aromatische Kohlenwasserstoffe. 

Analysenmethoden fiir polycyclische 
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Summary-An injection calorimeter used for analytical and thermo- 
chemical purposes is described. Amounts of sodium fluoride between 
6 and 8 mg are determined with an error of iO.04 mg. The calorimeter 
is also used in determining AH for the precipitation of lead chloro- 
fluoride from water solutions with an ionic strength of 1M. Ai?f = 
36.6 f O-3 kJ/mole. Quantitative analysis is made by flow micro- 
calorimeter with amounts of sodium fluoride between 40 and 400 ,og 
and an error of k4 pg. An ion-exchange system for separation of 
fluoride from phosphate, sulphate, nitrate and chloride is also described. 

CALORIMETRIC methods are of importance not only in thermodynamics but also in the 
field of analytical chemistry. Enthalpy titration methods have been shown to be of 
value in both these areas. With this technique a constant flow of reagent is added to 
the calorimetric vessel, or the reagent is rapidly injected into the vessel containing the 
sample solution.1-5 

In this paper results are reported from the enthalpimetric determination of fluoride 
in water solution. Both complexation and precipitation reactions could be considered.6 
In this work the precipitation reaction 

Pb$& + F&) + Cl,,, -+ PbFCI,,, (1) 
was used. This reaction is fast and is accompanied by a fairly large heat effect which 
makes it suitable for the analytical technique used here. 

EXPERIMENTAL 

Reagents 

Injection Calorimetry 

The sample solutions were made from sodium fluoride, phosphate, sulphate, chloride and nitrate, 
all of pro anafysi quality. The eluent in the anion-exchange was sodium hydroxide solution made 
from a carbon dioxide-free concentrated solution. The anion-exchange resin was regenerated with 
sodium hydroxide solution. The cation-exchange resin was regenerated with 3M hydrochloric acid. 
The precipitant was 4.9M lead(D) perchlorate, prepared from lead(II) oxide and 70% reagent grade 
perchloric acid. To lower the heat of solution of the reagent, the lead(D) perchlorate solution was 
diluted with 2 % w/v water. 

Ion-exchange procedure 

If a sample contains other anions it is not possible to measure the fluoride content directly since 
the presence of these anions influences the enthalpy of reaction. Therefore ion-exchange steps had to 
be included in the procedure. The ion-exchange arrangement, shown in Fig. 1, consisted of a glass 
column with 5 g of ion-exchange resin Dowex 1 x 8,200-400 mesh in OH form and a Teflon column 
containing 5 g of cationexchange resin Dowex 50 W x 8,20-50 mesh. In the analytical experiments 
with the injection calorimeter, samples containing 6-8 mg of fluoride and usually a 20-fold excess of 
chloride, nitrate, sulphate or phosphate were put on the anionexchange column. Flow-rate in the 
absorption step was 1 ml/mm. 

If the sample also contained carbonate this ion had to be removed before the ion-exchanae step. 
This was don; by blowing carbon dioxide-free nitrogen through the sample solution after its iH had 
been adjusted to 5.5. After the absorption the resin was washed with distilled water until the effluent 
was neutral. The fluoride was eluted by 02M sodium hydroxide at a flow-rate of 1.5 ml/min. The 
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N,--c 

1) 

/6 

LJ 
FIG. 1 .-Ion-exchange arrangement. 

l-Holder for sample solution, water, eluent and regeneration solution. 2-Anion-ex- 
change column with Dowex 1 x 8. 3-Ascarite orotection tube. 4-Discharge tube. 
5-Holder for water and regeneration solution. *G--Teflon cation-exchange column 

with Dowex 50 W x 8. 

first 60 ml of eattent did not contain any fluoride and were rejected. The following 100 ml contained 
all the fluoride, but no other anions, as was shown by spot tests8 performed on the next few drops 
eluted. The anion-exchange resin was regenerated with 4M sodium hydroxide and was washed with 
distilled water. 

The fluoride effluent was alkaline and could not be used directly in the calorimetric experiments. 
Neutralization with acid would give too high an ionic strength, which would interfere with the 
calorimetric measurements. The fluoride solution was therefore passed through the cation-exchanger. 
The hydrofluoric acid coming from the cation-exchanger was absorbed in 5 ml of solution that was 
0.117M in sodium acetate, 0033M in sodium hydroxide and 015M in sodium chloride, in a Teflon 
beaker. After evaporation to 6-7 ml the solution was cooled to room temperature. One ml of @915M 
acetic acid was added to the solution to give a pH of 4.4. This solution was diluted to 25 ml and 
added to the calorimetric cell. 
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Calorimeter 

The reaction cell consisted of a 25-ml Dewar vessel made of Pyrex glass, placed in a polyethylene 
cover (Fig. 2). The temperature changes were measured with a Veto 32 A 12 2000-R thermistor, 
connected to a Wheatstone bridee. The sienal from this was amnlified with a Hewlett-Packard Null 
Voltmeter 491 A, the output s&&l of whi& was connected to a skrvogor Re 511 recorder. The input 
signal to the amplifier was usually about 500 /.JV and was measured on the I-mV range. The reagent 
was delivered through a glass spiral which was housed in the sample solution to obtain the same initial 
temperature for both solutions. The tip of the spiral ended 3 mm above the surface of the solution. 
The volume of the spiral was 083 ml and it was tilled directly from a burette. By pressing air into the 
spiral the reagent was injected into the sample solution. The stirrer was made from Teflon attached 
to a glass shaft. Temperature was adjusted by means of a 50-Q manganin heater which also was used 
for the electrical calibration of the calorimeter. 

FIG. 2.-Calorimetric cell. 
l-Thermistor. 2-Glass spiral. 3-Polyethylene cover. 4-Teflon stirrer. 5--Dewar 
vessel. 6-Heater. ‘Isample solution. 8 -Tube to burette. 9-T&e to air syringe. 

Calorimetric procedure 
The temperature was adjusted with the heater to 25.0” and the calorimeter was allowed to equi- 

librate during 5 min, after which a linear voltage-time curve was obtained on the recorder. The 
reagent was then injected into the sample solution. After 1.5 min a steady state was established and 
the voltage again changed linearly with time. The distance between the two straight lines on the 
recorder chart was measured. In the analytical experiments the instrument was calibrated by measure- 
ments on known amounts of sodium fluoride, which had been passed through the cation-exchange 
step. 

Reagents 

Flow Microcalorimetry 

The sample solutions, with a pH of 4.6, were W5-4 mM in sodium fluoride, @06M in acetic 
acid-sodium acetate and 0.03M in sodium chloride. The reagent was 049M lead perchlorate. 

Calorimeter 

A commercial instrument, the LKB 10700-l was used.’ This calorimeter is a twin heat-leakage 
calorimeter utiliig semiconducting thermocouple plates for measurements of the heat flow. The 
mixing cell was made of a gold spiral and had an internal volume of 1 ml. The signal from the 
thermopiles was amplified with a Keithley 150 B Amplifier, with the input signal measured in the 
lOO-,uV range. The amplified signal was recorded in the 50-mV range on the Servogor RE 511 
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recorder. Two LRB 102000 Perspex pumps were used to pump the reagent and sample solutions 
through the reaction cell. At steady state the calorimetric signal is proportional to the heat effect 
from the reaction in the cell. Thus the baseline displacement measured on the recorder is, for a given 
flow-rate, proportional to the concentration of the flouride in the sample. 

Procedure 

A blank solution, without fluoride, and the reagent were tirst pumped into the calorimeter. The 
flow-rate was 27.8 ml/hr for the sample solution and 15 ml/hr for the reagent. After some minutes a 
steady potential was obtained and the signal from the amplifier was adjusted to zero. The blank 
solution was then replaced by the sample solution. After 3-7 min, depending on the amount of 
fluoride, the potential became stable. The sample was then replaced by the blank solution and the 
potential returned to zero, Fig. 3. 

I I I I I I 

0 2 4 6 0 IO 
min 

FIG. 3.-Responsetime curve for precipitation of lead chlorofluoride in the flow micro- 
calorimeter. The fluoride concentration is -25 mM. The arrow shows the deflection 

read off. 

Determination of the Enthalpy Change for the Precipitation Reaction 

In a separate series of experiments the enthalpy change of precipitation reaction (1) was determined. 
These experiments were made with the injection calorimeter. The performance of this calorimeter 
was tested by measurement of the enthalpy of neutralization of dilute hydrochloric acid by sodium 
hydroxide solution. 

In order to improve the precision of the recorder reading, SO-SO% of the amplified signal was 
balanced out by a known external voltage signal. To achieve this, the amplifier was switched over to a 
preset negative off-balance value at the same time as the reagent was injected into the calorimeter. 
The measurement range of the amplifier was 300 ,uV and the recorder range was 05 V. The cal- 
orimeter was calibrated electrically in these experiments. A precision resistance of 10.00 f 0005 R 
was connected in series with the heater. Electrical energy evolved in the heater was calculated from 
measurements of the current through the 10-a resistance for the known time of 5.000 f @002 sec. 

Reagents 

In the test experiments the sample solution was 0.004963M hydrochloric acid prepared from a 
01M pro analysi standard in an ampoule, and boiled-out distilled water. The reagent solution 
consisted of @3OM sodium hydroxide prepared from a carbon dioxide-free 1 Mpro analysi standard in 
an ampoule, and boiled-out distilled water. Both solutions were stored in bottles fitted with Ascarite 
protection tubes. In the precipitation reaction the sample solution consisted of 6-8 mg of sodium 
fluoride in a buffer solution of 0.06OM acetic acid-sodium acetate and @030 M sodium chloride. 
The reagent was 49M lead(X) perchlorate. The cation-exchange resin was Dowex 50 W x 8, which 
was kept in a Teflon column. 
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Calorimetric procedure 

In the test experiments O-83 ml of @3OM sodium hydroxide was reacted with 20-25 ml of the 
hydrochloric acid. One min after the injection a steady state was reached and the temperature-time 
curve became linear. After a neriod of about 3 min the svstem was calibrated electricallv bv the 
addition of 6.368 J. 

I , , , 

The enthalpy change for the precipitation is a function of pH because of the partial ionization of 
the hydrofluoric acid initially present. Therefore a correction must be applied for the enthalpy of 
dissociation of hydrofluoric acid. In order to avoid systematic errors difkent amounts of fluoride 
and ditferent pH*values were used in the experiments. -Some of the sample solutions were prepared 
by diluting different amounts of sodium fluoride to 25 ml in an acetate buffer solution and some were 
prepared by first passing the same amount of fluoride through a cation-exchange resin, The tlrst 
solutions had a pH of about 4.6 and the others about 4.4. 

The enthalpy of dilution of lead@) perchlorate was measured and was also found to depend on 
the PH. Therefore, injections of the reagent were made into blank solutions with pH between 4.35 
and 4.65 and an acetic acid-sodium acetate concentration of @06Mand sodium chloride concentration 
of 0.03M. As in the teat experiments, electrical calibrations were performed immediately after the 
reaction. In all the calorimetric experiments the injection was made at 25.0”. The temperature rise 
was about 0.05” both in the test experiments and in the precipitation reaction. 

Injection calorimetry 

RESULTS AND DISCUSSION 

Usually the quantity of fluoride in the sample was adjusted to between 6 and 8 mg 
of sodium fluoride. Under these conditions the calibration curve was a straight line. 
With below 5 mg the reaction became slower and the reproducibility was not as good. 
By regression analysis of the calibration values, it was calculated that the amount of 
sodium fluoride could be determined within fO*04 mg for an unknown sample run in 
duplicate (95 % confidence limit). The results in Table I from analysis of solutions 
which had passed through the ion-exchange process show that the fluoride passes 
quantitatively through the columns. 

NaF added, 
mg 

TABLE I. 

Other anion NaF talc. from 
@5M, ml calibration curve, mg Error, mg 

6.300 PO,8- 4 6.296 -OX@4 
6.800 Cl- 4 6.763 -0*037 
7000 NO*- 6 7.008 +0008 
7.250 Cl- 6 7.254 +0+04 
7.600 Cl- 6 7.597 -tHlO3 
7800 Cl- 4 7.843 +OGl3 
8+00 so,a- 4 8.015 f-o.015 

Flow calorimetry 

A linear relationship between the recorder signal and the guoride concentration 
was obtained. By regression analysis it was calculated that for a duplicate sample the 
fluoride concentration could be determined within &OS08 mM (95 % confidence limit). 
However, the line does not pass through the origin, which indicates that the blank 
experiments did not completely account for zero effects. In analytical experiments, 
however, where the instrument can be calibrated with known solutions, such dis- 
crepancies are of little importance. The precipitation of lead chlorofluoride is thus 
shown to be useful for the determination of very low concentrations of fluoride by flow 
calorimetry. The results from the regression analysis imply that amounts of between 
20 and 400 ,ug of sodium fluoride can be determined within f4 ,ug with a duplicate 
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sample. When the fluoride concentration was greater than 4 mM the amount of 
precipitate became so large that the increasing heat of friction caused irreproducible 
results. In some cases the flow was stopped by the precipitation. In the injection 
method the reagent had to be prepared to give a small heat dilution. This is not 
necessary in the flow calorimeter experiments because the heat of dilution can always 
be compensated electrically. The constancy of the heat of dilution can also be checked 
over a long period before the precipitation reaction is started, which is not possible in 
the injection method. 

Determination of AH 

Test experiments. The recorder signal (equal to the applied negative voltage and 
plus the value read on the recorder) was taken to be proportional to the heat, Q, = 
6.368 J, at the calibration and to Q, in the chemical experiments, respectively. Q, 
consists of the heat of dilution and heat of reaction between acid and base. The heat of 
solution was measured by injecting reagent into a blank solution of boiled-out 
distilled water. These values were subtracted from Qn and the remaining value was 
corrected to infinite dilution .Q*lo By dividing by the number of moles in the sample 
and changing the sign, the heat of ionization of water was obtained. The value from 13 
experiments (95 % confidence interval) was 55.79 f 0.06 kJ/mole. This value is in 
excellent agreement with values in the literature, lPQ showing that the calorimetric 
method is not impaired by any significant systematic errors. 

The values obtained were used in regression analysis and showed that when the 
calorimeter is being used as an analytical instrument it is possible to determine a 
strong acid to within f0.4 pmole (95 % confidence limits). 

Precipitation reaction. The quantity determined Qr, consists of three different heats. 

Qp = Ql + Q, + Q, (2) 
Q, = Heat of dilution of lead(I1) perchlorate 
Q, = Heat of dissociation of hydrofluoric acid 
Q3 = Heat of precipitation of lead chlorofluoride 

Q1 was calculated from values obtained when the reagent solution was injected into 
blank solutions. Q, was calculated from the relation: 

A&sa = heat of dissociation of 1 mole of hydrofluoric acid (13.3 kJ/mole).ll [HF] 
was calculated from : 

[HFl = W+l . F-l ef+ .f- ; 

K 
Kdiss = 10-3.17.1~ 

dim 

Q1 + Q, lies between 0.04 and 0.33 J and depends on the pH. The results are sum- 
marized in Table II. 

Each value given in Table II is the mean value for 4 determinations performed 
under identical conditions. The AH values derived all refer to the process 

at an ionic strength of 1M and at 25”. The mean AH-value (95 % confidence limit) is 
calculated to be 36.6 f 0.24 kJ/mole. 
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Fluoride, mole 

TABLE II. 

PI-I Q,. J AH, kJ/mole 

0.1471 4.61 5.402 36.7 
0.1568 4.61 5,772 365 
01680 4.62 6.167 36.3 
0.1471 4.41 5.435 36.9 
0.1568 4.40 5.830 36.7 
0.1680 4.38 6.196 36.5 

Acknowledgement-I wish to thank Dr Ingemar Wadsii for his valuable help during this work and the 
preparation of this report. I also wish to thank Dr K. J. Karrman and Ingvar Pettersson for their 
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Zusamrne&ssung-Ein Injektionskalorimeter ftir analytische und ther- 
mochemische Zwecke wird beschrieben. Natriumfluoridmengen zwis- 
then 6 und 8 mg werden mit einem Fehler von $=0,04 mg bestimmt. 
Das Kalorimeter wird such bei der Bestimmung von AH bei der 
Fiillung von BleichlortIuorid aus wi&i n Liisungen der Ionenstlrke 
1 M verwendet. AH = 36.6 & 0,3 kJ Mol. 8” Quantitative Analysen 
werden in einem Mikro- Durchtluljkalorimeter mit Natriumfluorid- 
mengen zwischen 40 und 400 pg und einem Fehler von &4 ,eg durchge 
fiihrt. Es wird such ein Ionenaustauschsystem beschrieben, mit dem 
man Fluorid von Phosphat, Sulfat, Nitrat und Chlorid abtrennen 
kann. 

R&tn&-Gn decrit un calorimetre a injection utilid dans des buts 
analytiques et thermochimiques. On dose des quantitb de fluorure de 
sodium-compris entre 6 et-8 mg avec une err&r de f0,04 mg. On 
utilise aussi le calorimkre dans la determination de AH Dour la 
precipitation du chlorofluorure de plomb a partir de solutions aque- 
uses aver une force ionique de 1M. AH = 36.6 & 0.3 kJ/mole. 
L’analyse quantitative est effect&e au moyen dun microcalorimetre a 
Ccoulement avec des quantitb de fluorure de sodium comprises entre 
40 et 400 rg et une erreur de +4 pg. On d&it aussi un systeme 
d%change d’ions pour la separation du fluorure des phosphate, sulfate., 
nitrate et chlorure. 
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ETUDE POLAROGRAPHIQUE ET PHYSICOCHIMIQUE 
DE N-OXYDES-II 

MECANISME DE REDUCTION ET PHENOMENES D’HYDRATATION 

DES ACETYL ET BENZOYL PYRIDINES N-OXYDES 

E. LAVIRON, R. GAVASSO et M. PAY* 
Laboratoire de Polarographie organique associe au CNRS, Fact&C des Sciences, Dijon, France 

(Regu le 19 jam)ier 1970. Acceph! Ie 25 fkvrier 1970) 

R&m&-Une etude polarographique des a&y1 et benzoyl pyridines 
N-oxydes fait apparaitre des anomalies identiques a celles deja sig- 
nal&s dam le cas des d&-k& formylks correspondants: lorsque le 
substituant est en position 2 ou 4, il y a reduction simultanke des 
fonctions carbonyles et Nsxydes; en position 3 la reduction a lieu 
normalement a tous les PH. Une etude par spectroscopic U.V. a permis 
de mettre en evidence une hydratation du carbonyle, mains intense 
toutefois que dans le cas des d&iv& formyles. 

Nous avons examine, dans l’article pr6ctdent de cette s&ie,l le comportement 
polarographique et spectroscopique des formylpyridines N-oxydes. Cette etude nous 
avait permis de mettre en evidence deux phtnomenes. (a) Un mkanisme de reduction 
anormal pour les derives 2 et 4, avec reduction simultanee des fonctions carbonyle 
et N-oxyde, le derive 3 se comportant normalement. (b) Une hydratation importante 
du carbonyle pour les trois isomeres. 

Le present travail, consacre aux acetylpyridines N-oxydes et aux benzoylpyridines 
N-oxydes, nous a permis de conclure egalement a une hydratation du carbonyle, ainsi 
qu’au meme type de reduction anormal pour les derives 2 et 4. 

ETUDE POLAROGRAPHIQUE 

Acktyl-3 et benzoyl-3 pyridines N-oxydes 

Comme dans le cas du formyl-3 pyridine N-oxyde, on observe deux types de 
vagues (Fig. 1 et 2): une vague A a 2F, correspondant a la reduction du carbonyle, 
et une vague B g 2F correspondant a la reduction du groupe N-oxyde. La vague A 

se scinde en milieu alcalin en deux vagues a 1F chacune. Dans le cas du derive 
benzoyle, on observe en milieu alcalin une vague Bl k des potentiels tres negatifs; 
cette vague est peutQtre due a la reduction de la fonction N-oxyde non protoni&. 
La reduction conduit done a l’alcool N-oxyde sur la vague A et a l’alcool simple sur 
la vague B. 

Ce mecanisme a et6 v&it% par Clectrolyse a potentiel control6 dans le cas du 
derive acetylt. Une tlectrolyse sur nappe de mercure sur la vague A conduit a 
l’hydroxytthylpyridine N-oxyde. Ce produit ne semble pas avoir et6 d&it jusqu’ici 
dans la litterature (voir partie experimentale). 

Part I-Z”uatu, 1969, 16,293. 

l Adresse permanente: Department of Chemistry, University of Cape Town, South Africa. 
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FIN. I.-Variation de El/, et du courant bite en fonction du pH pour l’acbtyl-3 
pyridine N-oxyde. 

0: vague A ou Al; 0: vague A,; A: vague B; 0: (a-hydroxy&hyl)-3 pyridine 
N-oxyde. 

/ 

-- El: 

H PH 

FIG. 2.-Variation de Ells et du courai; limite en fonction du pH pour le benzoyl-3 
pyridine N-oxyde. 

0 : vague A ou A, ; 0: vague Aa; A : vague B; B : vague B1. 
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Acktyl-2 et -4 et benzoyl-2 et -4 pyridines N-oxydes 

Les benzoyl-2 et -4 pyridines N-oxydes presentent une vague A 4F dans tout le 
domaine de pH, avec, pour le derive 2, une leggbre diminution de la hauteur pour des 
pH suptrieurs A 6 (Fig. 3). 

L’acCtyl-2 pyridine N-oxyde presente un comportement assez complexe. La hauteur 
totale du polarogramme correspond toujours a 4F sauf en milieu t&s alcalin. En 
milieu acide et a pH > 6 la vague A se scinde en deux vagues de hauteur egale A, 
et A,; vers pH 6 la vague Al se scinde elle-m&me (apparition d’une vague A,), et sa 
hauteur diminue en forme de courbe de dissociation (Fig. 4 et 5), a la suite sans doute 
d’un phenombne de recombinaison avec un proton. 

> 

_& 
w 

.I.5 

I 

0.5t 

I I I 

0 5 IO 

Ho. PH 

FIG. 3.-Variation de Ella et du courant limite en fonction du pH pour l’acbtyl-4 et les 
benzoyl-2 et -4 pyridines N-oxydes. 

0: benzoyl-2 pyridine N-oxyde; 0: benzoyl-4 pyridine N-oxyde; A: acktyl-4 
pyridine N-oxyde. 

L’acetyl4 pyridine N-oxyde presente une vague a 4F en milieu acide et neutre 
(la hauteur de vague plus grande que pour les derives benzoyles est due a une valeur 
plus grande du coefficient de diffusion); sa hauteur diminue vers pH 5 et correspond 
a un processus a 2F en milieu alcalin (Fig. 3). 

Ces resultats permettent de conclure que comme dans le cas des formylpyridines 
N-oxydes, il y a reduction simultanee des fonctions carbonyle et N-oxyde, du moins 
en milieu acide et neutre. Le cas de l’acetyl-2 pyridine N-oxyde, plus complexe 
et pour lequel il est peut6tre possible de distinguer les deux stades, sera examine 
ulterieurement. 
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I I I / 

0 5 IO 

H 0, PH 
FIG. 4.-Variation de Elln en fonction du pH pour l’a&yl-2 pyridine N-oxyde. 

0: vague AI; A : vague AS; Cl: vagues A, + AS; 0: vague Aa; !J: vagues 
Aa + Aa. 

Hoa PH 

FIG. L-Variation du courant limite en fonction du pH pour I’acktyl-2 pyridine N- 
oxyde. Memes symboles que pour la Fig. 4. 

En milieu alcalin le comportement devient plus compliquk, comme pour les 
formylpyridines N-oxydes. Une tlectrolyse A potentiel contrB16 de I’acCtyl-4 pyridine 
N-oxyde A pH 13, sur le palier de la vague A 2F, a permis d’isoler le di(pyridyl-4’,4”)- 
2,3 butanediol-2,3 en quantitt importante, et une trb faible quantitt d’hydroxyktbyl-4 
pyridine. Dans ces conditions, malgrC le processus apparent A 2F de la polarographie, 
le groupe N-oxyde est done rkduit. Les courbes donnant le nombre d’klectrons 
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participant a la rCaction au cows de 1’Clectrolyse sont d’ailleurs anormales. Au 
dbbut, la &action consomme 2F/Mole, puis aprks un certain temps 4F. Une Ctude 
d&aillCe du phknomtne sera reprise ulttrieurement. 

Comme on peut le remarquer, la hauteur des polarogrammes en milieu neutre est 
toujours normale, au contraire de ce que l’on observait dans le cas des d&iv& formyles 
correspondants. Ceci montre que l’hydratation dans ce milieu est n&ligeable. 

SPECTROSCOPIE U.V. ET HYDRATATION DU CARBONYLE 

Les 6quilibres entre le diverses formes hydra&s ou ionistes ont ttt don&s dans 
l’article prCcCdent.l 

Les spectres U.V. prbsentent le m&me type de bandes que pour les formylpyridines 
simple@ ou N-oxydesl (Fig. 6,7 et 8) : une bande K B des longueurs d’onde infkieures 

r 

15,000- 

CI 
10,000 - 

I- 

I 

, 

I 
I 

J_ 

OAC 

OBe 

5000 OH L- OF0 

K 

2200 

. Be 

OBC 

H* 

8 
AC 
Be 

% FO 
FO 

*AC 

OAC 

oF0 
HO 

B 

I 1 

2500 2800 

A, 8 

1 

*AC 

Fro. 6.-Position et inter&k du maximum des bandes K, B et R pour les ac&yl-2 
henzoyl-2 et formyl-2 pyridines N-oxydes. 

0 : milieu acide; 0 : milieu neutre; 0 : milieu alcalin. AC: a&yl; Be: henzoyl; 
Fo: formyl; H: pyridine N-oxyde non suhstitu6. 

d 240 nm; une bande B d’absorption benzCno?de dont le maximum est situ6 entre 
250 et 300 nm suivant le composC et le milieu; la bande R d’absorption du carbonyle. 
La bande B est plus intense et plus large pour les dtrivts benzoylCs que pour les 
d&iv& a&y& ou formyk; ceci est lik & la prt%ence du noyau benz6nique (con- 
jugaison, absorption propre du noyau benzknique). La bande R n’est visible que 
dans le cas des acttyl-2 et -3 pyridines N-oxydes; pour les autres composCs elle est 
sans doute plus ou moins masquCe par la bande B. 

Bunde B 

Milieu neulre. Pour l’acktyl-4 et la benzoyl4 pyridines N-oxydes, on observe 
une bande B unique, dont le maximum se situe vers 290 nm; cette bande correspond 
done B la bande B2 d’absorption du noyau sous l’influcnce du carbonyle que l’on 
observait pour la formyl-4 pyridine2 et le formyl-4 pyridine N-0xyde.l La bande Bl 
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Fro. 7.-Position et intensitt du maximum des bandes K, B et R pour les acktyl-3, 
benzoyl-3 et formyl-3 pyridines N-oxydes. Memes symboles que pour la Fig. 6. 
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FIG. 8.-Position et intensit6 du maximum des bandes K, B et R pour les achtyl-4, 
benzoyl-4 et formyl-4 pyridines N-oxydes. MiZmes symboles que pour la Fig. 6. 

correspondarW a l’absorption du noyau sous l’influence du groupement carbonyle 
hydrate n’existe pas. On en conclut que l’hydratation est pratiquement ntgligeable 
en milieu neutre pour les deux composts examines, ce qui confirme les resultats 
polarographiques. 

Pour les dtrivCs 2 et 3, la bande a une position normale (cf. derives formyles). 
Milieu acide. La bande B est tres diminuee pour tous les composes, conformement 

A ce que l’on observe normalement pour les N-oxydes de la pyridine.3 
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Milieu alcalin. On observe une evolution de la bande B. Pour les derives 4, la 
bande B2 situ&e vers 290 nm disparait progressivement quand le pH augmente, tandis 
qu’apparait une nouvelle bande BI vers 260 nm. On observait un comportement 
analogue pour la formyl-4 pyridine et le formyl-4 pyridine N-0xyde.l Cette evolution 
est attribuable a l’ionisation de I’hydrate et au deplacement de l’equilibre 
d’hydratation1*4 (voir reference 1 pour les Bquilibres). 

Pour les derives 2 et 3 la longueur d’onde du maximum ne varie pratiquement 
pas, mais on observe une variation de l’intensite, attribuable Cgalement a l’ionisation 
de I’hydrate. 

Une etude en fonction du temps nous a permis de constater que les a&y1 et les 
benzoylpyridines N-oxydes sont stables en milieu alcalin: par exemple une solution 
da&y1 4 pyridine N-oxyde dans la soude 10&f, abandonnee une heure et ramenee 
ensuite en milieu acide donne un spectre normal. 

Bande R du carbonyle 

La bande R des acttyl-2 et -3 pyridine N-oxydes apparait nettement en milieu 
neutre. Son intensitt, comme dans le cas des derives formylts, est tres importante 
pour une bande de carbonyle. L’intensite est d’ailleurs nettement plus forte que celle 
observee pour les derives formyles, ce qui est en accord avec une hydratation neglige- 
able en milieu neutre. 

En milieu acide et alcalin, l’intensite de la bande diminue et pour de fortes acidites 
ou de fortes basicites la bande disparait. Ceci montre que dans ces milieux il y a 
une forte hydratation du carbonyle. 

Dans le cas de l’acttyl-4 pyridine N-oxyde, I’hydratation en milieu acide ne peut 
&re directement mise en evidence, puisque la bande du carbonyle n’apparait pas. 
Cependant l’analogie avec les derives 2 et 4 permet de conclure a une hydratation 
extremement probable. 

Dans le cas des derives benzoyles, la bande du C=O n’apparait pas non plus, et 
il n’est pas possible d’ttudier l’hydratation en milieu acide. Mais Ctant donnt que 
ces composes presentent en milieu alcalin une hydratation analogue a celle des 
derives acCtylCs, il est t&s vraisemblable qu’ils sont egalement hydrates en milieu acide. 

Etude des pK 

Les valeurs des pK apparents, pK, (milieu acide) et pK,’ (milieu alcalin) figurent 
au tableau I. (Pour la definition des pK apparents, voir ref. 1 et 2.) 

Les valeurs de pKA sont du mQme ordre de grandeur que pour les formyl pyridines 
N-0xydes.l Ces valeurs dependent2 de la constante d’ionisation de la forme carbonyle 
libre et des constantes d’hydratation de la forme neutre et de la forme hydratee. 

TABLEAU I.-pK DES ACET~L ET DES BENZQYLPYRIDINES N-OXYDES 

Position du 
substituant pKA @A' 

2 -0,l 13,2 
COCH, 3 +0,2 13,7 

4 -0,6 14,2 
2 -0,8 13,9 

COCIHs 3 +0,3 14,3 
4 -0,2 14,2 
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L’ignorance des valeurs des constantes d’hydratation ne permet pas de proceder a 
une etude quantitative. Cependant on a montre prectdemment2 que le pKA doit 
ttre compris entre le pK de la forme carbonyle libre et celui de la forme hydratee 
(pK, et pK,, voir ref. 2); comme d’autre part la valeur de p de la loi de Hammett 
appliqu6e aux pK correspondant a la protonisation du N-oxyde n’est pas extremement 
BleveeS (p - 2), il est normal que les pKA soient peu differents de ceux des formyl- 
pyridines N-oxydes. 

Q 

H, 3 
! I ., H- 

0 5 IO 
PH 

16 

FIG. 9.-Graphique dormant le taux de carbonyle libre en fonction du pH pour les 
a&y1 et bemoylpyridines N-oxydes. 

0: acktyl-2; n : acktyl-3; q : acttyl-4; 0: benzoyl-2; 0: benzoyl-3; 
0 : benzoyl-4. 

Les valeurs de pK,’ sont en revanche nettement plus &levees que celles obtenues 
dans le cas des formylpyridines N-oxydes. On peut rendre compte de ce fait de la 
facon suivante. 

Si on suppose que la valeur de K, (constante d’ionisation de l’hydrate)l varie peu 
dune strie a l’autre, on peut facilement calculer, a partir des donnees du travail 
precCdent,l une formule qui permet de comparer les constantes dun d&rid a&y16 
ou benzoyle et celles du derive formyle dans la mdme position: 

iif 1 + K,,, = (1 + K,,,) > . 
AJ 

Les indices x &ant affectes aux constantes relatives aux acttyl et benzoylpyridines 
N-oxydes et les indices f a celles relatives aux derives formylts correspondants. 
L’hydratation &ant beaucoup moins forte pour les derives acttyk et benzoylb, 
K,,, est grand (K,,, > K&, d’oti la valeur plus faible de Ki,x(Ki,x < Ki,,), ce qui 
justifie le resultat trouve pour les pK (PK~,~ > pKi.3. Les valeurs des constantes du 
membre de droite de l’tquation preddente &ant connues, on peut en tirer une valeur 
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de I& qui permet de calculer le taux de carbonyle libre en milieu neutre. Le calcul 
donne pour tous les composts des valeurs comprises entre 99,5 et 100 %. Ces valeurs, 
bien que trb approximatives, &ant donne l’hypothese faite sur les valeurs de IL,, 
confirment les r&hats don&s plus haut en montrant que l’hydratation est tres 
faible en milieu neutre. 

Le graphique 9 qui donne le taux approximatif de carbonyle libre, resume les 
resultats obtenus. Ce taux a CtC dCterminC en prenant 1OO’A pour le milieu neutre, 
conformement aux resultats obtenus, et en suivant la variation de la bande R pour 
les acbtyl-2 et -3 pyridines N-oxydes, et de la bande B pour les autres derives. 

PARTIE EXPERIMENTALE 

Polarographie, spectroscopic U. V. et potentiel contr8U 
Les conditions experimentales sont les m&mes que celles utilisees dam le travail pr&dent.r En 

milieu trb al&in nous avons utilisd lors des mesures spectroscopiques, la fonction d’acidit6 H,.6 
L’ac&yl-4 pyridine N-oxyde a 6tt6 Clectrolys6 a pH 13, a - 1 ,l V (palier de la vague). Un abondant 

p&&pit6 blanc se forme rapidement; il est is016 par tiltration et a et6 identifie par son spectre I.R. 
comme &ant le di(pyridyl-4’,4”)-2,3 butane diol-2,3 (decomposition ~210”). Du filtrat on extrait par 
le chloroforme de faibles quantitb d’hydroxyethyl-4 pyridine, identifie par son spectre I.R. 

L’adtyl-3 pyridine N-oxyde a et6 dlectrolysd dans l’acide sulfurique 0,l N it - 1,O V (vague A). 
Aprb le fin de l%lectrolyse, la solution, neutralis& est Cvaporee a set, puis reprise par de l’alcool. 
Une deuxieme evaporation 1 set permet d’isoler un produit semi-solide brun; apres sechage a la 
clothe a vide et recristallisation dam un m&nge benzene-hexane, on obtient un solide blanc cristal- 
Ii&, F = 1 lo”, dont l’analyse correspond a la formule de l’alcool N-oxyde correspondant, I’(a- 
hydroxyethyl)-3 pyridine N-oxyde. 

Analyse: Calcult C: 60,40x H: 6,53x N: 10,07% 
Trouve C: 60,6x H: 6,7x N: 10,3x 

Synthbe des produits &udiPs 
Ont et6 p&pares d’apres les don&s de la litterature les acetyl-3 et 4 pyridines N-oxydes’ et le 

benzoyl-2 pyridine N-oxyde.8 
Pour l’acttyl-2 pyridine N-oxyde, on a employ& la meme methode que pour les isomeres 3 et 4, 

mais apr&s evaporation du chloroforme, on a chassb par distillation sous pression reduite l’ac&yl- 
pyridine qui n’avait par r&agi et le residu a 6te recristallid dans le pentane. L’analyse montre que 
l’acetyl-2 pyridine N-oxyde ainsi obtenu cristallise avec une demi-molecule d’eau. F = 32”. 

Le benzoyl3 pyridine N-oxyde a et6 mentionnt dans la littCrature,g mais sa preparation et ses 
caracteristiques n’on pas CtB signal&s. On a pro&de comme pour le benzoyl-2 pyridine N-oxyde, 
mais l’huile obtenue aprb evaporation du chloroforme a 6th distillQ sous pression rtduite. La 
benzoyl pyridine qui n’a pas r&i passe d’abord; le benzoyl-2 py-ridine N-oxyde passe ensuite vess 
185” sous 0,13 mbar; ce compose fond vet-s 27” et est plus ou moins hydrate. 

Le benzoyl-4 pyridine N-oxyde a et6 prepare comme le benzoyl-2 pyridine N-oxyde. F = 128- 
130”. 

Summary-The polarographic behaviour of the acetyl- and benzoyl 
pyridine N-oxides shows the same type of anomalies as those which 
have previously been mentioned in the case of the corresponding 
formyl pyridine N-oxides : when the substituent lies in the 2 or 4 
position, the N-oxide group and the carbonyl group are simultaneously 
reduced, the 3-isomers being normally reduced at all pH values. 
From the ultraviolet spectra, one concludes that the carbonyl group is 
hydrated, but not so strongly as in the case of the formyl pyridine 
N-oxides. 

Zusamrnenfass~Das polarographische Verhalten der Acetyl- und 
Benzoyl-pyridin-N-oxide zeigt dieselbe Art von Anomalien, wie sie 
frtlher bei den entsprechenden Formylpyridm-N-oxiden erwlhnt 
wurden: bei Substitution in 2- oder 4-Stelluna werden N-Oxidarunne. 
und Carbonylgruppe gleichzeitig reduziert, die3-Isomeren wer&n%ei 
allen DH-Werten normal reduziert. Aus den Ultraviolettsbektren kann 
man khliehen, dab die Carbonylgruppe hydratisiert ist, &er nicht so 
stark wie bei den Formylpyridin-N-oxiden. 
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SHORT COMMUNICATIONS 

Untersuclmngen an Reagenzien fii Niob und Tantal-VI 
Spektrophotometrische Bestimmung von Niob(V) nnd Tar&al(V) 

mit Dibromgallussiiure 

(Eingegangen am 15 December 1969. Angenommen am 31 Januur 1970) 

IN EINER frtlheren Mitteilur@ konnten wir zeigen, daB durch Substitution an einem organ&hen 
Grundk&per, welcher die analytisch-funktionelle Gruppe fiir Niob(V) und Tamal enthllt, die 
analytischen Eigenschaften der Komplexbildungsreaktionen beeintIu@t werden kiinnen. Als Ergebnis 
systematischer Untersuchungen wurde die Dibromgallusslure als neues Reagens fiir die photo- 
metrlsche Bestimmung der Erdsauren vorgeschlagen. 

Von Nachteil ist, da13 das System 
\ 

C-OH 
r-Elektronen 1 

C-OH 
/ 

wenig selektiv reagiert,*** deshalb war zu erwarten, daB such die Dibromgallusslure mit einer groljen 
Zahl von Elementen farbige Reaktionsprodukte liefert. Im einzelnen wurden in saurer Liisung mit 
folgenden Ionen Reaktionen beobachtet: AgO), As(V), AWW, WII), Cd(lI). WWh CoUJ.), 
COO, WW, Fe@I), @4U HgUIh WII), WV), MnO. MOW% NW% 0~0, WII), 
WV), RuO, Sbo3, WV. ‘NW, Wn), U(vI), V(m), V(N), V(v), WW, ZrWl. 

In der analytischen Praxis k&men jedoch die Stiirungen bei der Bestimmung der Erdsauren 
vielfach durch geeignete Trermungen (Ionenaustausch, Extraktion, Flllung) verringert werden. Die 
hier beschriebenen Methoden zur Bestimmung von Niob und Tantal sind unter Verwendung von 
Hilfskomplexbildnem ausgearbeitet, die unerwtlnschte Nebenreaktionen der Erdsauren ausschalten 
und die Selektivitat erhiihen. L&r die Bildungsreaktionen und die Zusammensetzung der entstehen- 
den Koordinationsverbindungen wurde bereits ausftihrlich berichtet.4*6 

Bestimmungsmethoden 

Der Einsatz der mitgeteilten Methoden richtet sich nach der jeweiligen analytischen Problematik 
(geforderte Genauigkeit und Empfindlichkeit, Gegenwart von Fremdelementen). Die angegebenen 
Bedingungen (MeDwellenlange, pH-Wert, Reagenzkonzentration und s-Wert*) ergeben eine maximale 
Emptindlichkeit der Verfahren. Bei der Tantalbestimmung wurde besonders der StGrung durch 
Niob(V) und bei der Niobbestimmung dem EiiuB von Tantal(V) Beachtung geschenkt. Daneben 
wurde versucht, die Komplexbildung von DibromgallussSiure mit Titan(IV), Wolfram( Vana- 
din(V)und MolybdPn(VI) auszuschalten, da diese Ionenebenfalls intensiv gef&rbteReaktionsprodukte 
liefern. Von den tlblichen anorganischen Ionen setzen Phosphat bzw. Sulfat in hohen Konzen- 
trationen die Extinktion herab. Neutralsalze wie NaCl, NaN08 usw. wirken dagegen farbvertiefend. 
Die Standardabweichungen der einzelnen Verfahren wurden in Abwesenheit von Storelementen nach 
einer Methode von Dean und Dixon6 bei n = 4 abgeschltzt. Als Storung sind Elementgehalte 
angegeben, welche die Extinktionen von Niob bzw. Tantal aul3erhalb der statistischen Schwankung 
beeintlussen. 

Allgemeiner Arbeitsgartg 

Die Probe wird mit Kaliumdisulfat aufgeschlossen, die Schmelze in einer Hilfskomplexbildner- 
losung in der Witrme gel&t und auf ein desniertes Volumen aufgefflt. Einen aliquoten Teil 
pipettiert man in einen 50-ml-MeDkolben, erhoht-falls niitig-die Konzentration an Hiiskom- 
plexbildner und bereitet die Losung nach einer der angegebenen Arbeitsvorschriften vor. Gemessen 
wird nach dem AufRillen auf 50 ml in Glas-bzw. Quarzktivetten geeigneter Schichtdicke gegen eine 

*r= 
Konzentration an Hilfskomplexbildner 

Konzentration an Nb bzw. Ta 
; Konzentration in Mel/l. 
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Blindprobe. Die Extinktionswerte sind bis zu einer Stunde konstant. Zur Auswertung diem eine 
Eichgerade, die unter gleichen Bedingungen aufgestellt wird. 

Liisungen 

Dibromgallussiiure,7 lO%ige wll3rige Losung. 

Ammoniumoxalat, 40 g/ 1. 

Ammoniumtartrat, 15 g/l. 

Natriumsulfit, lO%ige Losung (tlglich frisch bereiten) 

ADTA, O,IM 

Salzsiiure, 2M 

Ammoniak, 2M 

Niob 

Methode 1. Die vorbereitete Probeliisung mit Tartrat als Hilfskomplexbildner (s < 100) wird mit 
10 ml Reagens versetzt, sofort 25 ml 2M Salz.&iure zugegeben turd bei 440 nm gemessen. E = 540 
l.Mole-l.mm-l. Das Lambert-Beer’sche Gesetz ist von 0 bis 36 rg Nb/ml erftillt; Standardab- 
weichung 1,5 % (rel.) ftir 12 rg Nb/ml; Stiirungen (fur 0,6 mg Nb) > 1 mg Ta, >O,l mg Ti, >0,6 mg 
W, >0,5 mg V, >0,05 mg MO. 

Met/rode 2. Die vorbereitete Probeliisung mit Tartrat als Hilfskomplexbildner (s < 500) wird mit 
5 ml Reagens versetzt, nach 15 Minuten 10 ml Natriumsulfitliisung zugegeben, der pH-Wert auf 4,5 
eingestellt und nach 10 Minuten bei 380nm gemessen. E = 1,08 x 10’ l.Mole-l.mm-l. Das 
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Tantal 

Methode 1. Die vorbereitete Probelosung mit Oxalat als Hilfskomplexbildner (s < 800) wird mit 
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0,5 mg Ta) >0,03 mg Nb, >O,Ol mg Ti, >O,l mg W, >O,Ol mg V, >O,l mg MO. 
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Zusaamenfassung-Es werden Arbeitsvomchriften zur spektrophoto- 
metrischen Bestimmung von Nb(V) und Ta(v) mit Dibromgallusslure 
in Gegenwart verschiedener Hilfskomplexbildner mitgeteilt. Neben der 
Empt%rdlichkeit und Standardabweichung der einzelnen Verfahren wird 
der StiireinfluB von Nb(V), Tao, Ti(IV), Mo(VI), W(M) und V(V) 
angegeben. 
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Sununa~-Procedures are given for the spectrophotometric determi- 
nation of Nb(V) and Ta(V) with dibromogallic acid, in the presence of 
various masking reagents. The sensitivities and standard deviations 
for the procedures are given, and the interfering elements in each case 
are listed. 

R&m&-On donne des techniques pour le dosage spectrophoto- 
metrique de Nb(V) et Ta(V) avec l’acide dibromogallique, en la 
pr6sence de divers agents de dissimulation. On donne les sensibilitbs et 
les &arts types pour lcs techniques, et l’on &rum&m dans chaque cas les 
&ments g8nants. 
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Separation of rhenium from molybdenum, tungsten, vanadium, plathmm metals 
and other elements by reduction and solvent extraction 

(Received 27 August 1969. Revised 27 December 1969. Accepted 26 January 1970) 

THE SEPARATION of rhenium from molybdenum is often required’ for its determination in molybdenites, 
concentrates and flue dusts, and the increasing use of rhenium as a minor constituent in alloys% of 
potential importance in rocketry, defence and atomic energy calls for rapid and simple methods for its 
determination in the presence of major constituents which are usually transition elements. 

From acid solutions, separation from molybdenum is easily achieved by extracting either molyb- 
denuma-6 or rhenium’-0 into organic solvents, The latter method has the advantage of separating 
rhenium from the alkali salts arising in a fusion, and from the bulk of other elements. Sulphuric acid 
solution is preferable8 as many elements then accompany rhenium but little into the organic solvent. 
Isopentanol and isobutyl methyl ketone are two convenient solvents because of their high extractive 
power for rhenium, ready availability, low cost, quick separation of the phases and easy recovery of 
rhenium and the solvent. The former is preferable as it permits use of lower acidities. Small amounts 
of molybdenum, however, always accompany rhenium into the solvent and have to be removed by 
extraction as the xanthate,lO the oxinate” or the thiocyanate.* 

Sequestering, or lowering the oxidation state, might be expected to decrease the co-extraction of 
molybdenum and other elements; the acid concentration for optimum extraction of rhenium is still 
too high to permit their stable complexation, and decreasing the oxidation state remains the only 
alternative. However, the usually attainable stable lower oxidation state, Re(IV), is much less 
extracted’ than Re(VI1) at the same acidity. In sulphuric acid solution, hydrazine sulphate was found 
useful,8 reducing Mo(V1) but not Re(VI1). Many ions can bc removed from solution or prevented 
from being extracted, by reduction to a very low oxidation state by zinc amalgam. Under these 
conditions Re(VI1) is reduced to Re( -I)ls which is found to be extractable from sulphuric acid by 
isopentanol, and this forms the basis of the following simple and rapid method for its separation from 
other elements. 

EXPERIMENTAL 

Reagents 

Standard stock solutions were prepared by dissolving exact amounts of “Specpure” potassium 
perrhenate (Johnson Matthey, London) in known volumes of water, and diluting to yield lower 
concentrations. Solutions of the other elements were prepared from pharmacopoeia or analytical 
grade chemicals. Zinc amalgam, 2% w/w, was prepared” from zinc metal and pure mercury. 
Isopentanol and other solvents were used without purification. 

Synthetic samples, composed as shown in Table II, were made by dissolving a commonly available 
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compound of the element in 1M sulphuric acid. Tungstic acid precipitated but was not filtered off; 
it was transferred into the separating funnel along with the solution, and dissolved on reduction to 
W(II1) by the amalgam. 

Decomposition of natural samples 

Reverberatory j7ue dust. Fuse about 1 g with sodium peroxidearbonate mixture (3 : 2), leach 
with water and adjust to 1M in sulphuric acid. 

Molybdenite. Fuse 0.5 g with sodium peroxide, cool, leach with water and acidify to 1M in 
sulphuric acid, or dissolve 0.5 g in cont. nitric acid, evaporate to 2 ml, neutralise and adjust to 1M 
sulphuric acid. 

A cold 1M sulphuric acid solution containing less than 200 rg of Re(VI1) per ml and severa 
hundred mg of other elements was shaken with 15 ml of 2% zinc amalgam in a separating funnel for 
3 min, the pressure being gently released at short intervals through the stop-cock. The aqueous layer 
was auicklv covered with an equal volume of isopentanol and the amalgam run off and kept under 1M 
hyd&hlo;ic acid for further-use. The aqueous phase was made 32 in sulphuric acid by careful 
dropwise addition of the concentrated acid, with strong cooling, and then shaken with the solvent for 
3 min. The stem of the funnel was filled with solvent and the aqueous phase run off into another 
separating funnel containing an equal volume of the solvent, with which it was then shaken for 3 min. 
The end of the stem was immersed in the fresh solvent during the separation. After four such ex- 
tractions in which contact of the aqueous layer with atmospheric oxygen was avoided as far as 
possible, the combined extracts were filtered free from any black particles of the elements. The 
ihenium was stripped by shaking for 2 min each time with two portions of equal volumes of water, 
after neutralization of the extracted acid with ammonia and oxidation of the reduced states with 
hvdronen peroxide. The back-extracts were evaporated to a suitable volume (and the peroxide 
s~mult&edusly decomposed). The small amount of molybdenum, etc still accompanying rhenium was 
completely removed by the thiocyanate-pentyl acetates or the oxine-chIorofornQ1 method. The 
aqueous solution was then free from all the elements likely to interfere in the determination of rhenium. 

Microgram amounts of rhenium in the extract were determined calorimetrically by the tin(I1) 
chloride-thiocyanate method, I6 the complex being extracted with isopentanol. Standard methods1z*15 
were used to test for extraction of other elements. 

RESULTS AND DISCUSSION 

Mo(VI) is reduced to Mo(II1) in sulphuric and hydrochloric acid solutions by zinc amalgam. At 
2-8N acidity the extraction of Mo(II1) by rhenium-extracting solvents (isopentanol, tributyl phos- 
phate, isobutyl methyl ketone) is less than 1% from sulphuric and 2-10% from hydrochloric acid. 
Hence sulphuric acid is the preferred medium. The extent to which rhenium is reduced by zinc 
amalgam depends on its concentration and the acidity. r6 From 1M sulphuric acid and at <250 rg/ml 
it is reduced to Re( -I).r8*1T On the basis of the results in Table I, reduction in 1M sulphuric acid and 

TABLEI.--REDUCTION AND EXTRACTION OF RHENKJM AT 

DIFFERENT ACID CONCENTRATIONS 

[H$OJ for 
reduction, 

M 

1 
1 
1 
2 
3 
5 
5 
6* 

[HPSOJ for 
extraction, Extraction 

M of Re, % 

1 61 
2 67 
3 
2 
3 70 
3 74 
5 66 
3 8 

* Black particles, probably of Re(O), appeared. 

extraction from the 3M acid were chosen. Concentrations of rhenium up to 200 &ml give similar 
results but higher concentrations result in black particles, probably of Re(0). SO,*-, PO,*-, Cl-, F- 
(as sodium salts in gram amounts) do not affect (f 1%) the rhenium extraction. 
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By shaking with zinc amalgam in 1M sulphuric acid r3*18 Pb(II), Hg(II), Tl(III), As(V), Se(VI), 
Te(VI), Ag(I), Cu(II), AL@), Pt(IV and VI), Pd(II), Rh(III), Ir(III), Co(B), Ni(I1) and perhaps 
Ru(II1) and Os(VII1) are reduced to the elements and partly removed into the amalgam. Ce(IV), 
Ti(IV), V(V), W(VI), Cr(II1 and VI), Mn(VI1) and Os(VII1) are reduced wholly or partially to 
Ce(III), Ti(III), V(II), W(III), Cr(II), Mn(I1) and OS(?) respectively, which are not extracted by 
isopentanol from 3M sulphuric acid. Mo(VI), U(VI), Fe(II1) and Ru(II1) are reduced to Mo(III), 
U(III), Fe(H), Ru(?) and are extracted 0.7,0.3,20 and @04x respectively by isopentanol. Nitrate is 
reduced if in high concentration. Bi(II1) is not extracted. 

Except for small amounts of MO, U, Fe and Ru, all elements of any importance are separated 
from rhenium by the reduction and subsequent extraction. These remaining elements can be com- 
pletely separated from rhenium by thiocyanate-pentyl acetate” or the oxine-chloroform” extraction 
at a suitable pH. The rhenium in aqueous solution can be determined by any convenient method. 

The wide applicability of the method is shown (Table II) by the analysis of molybdenites, flue dusts 
and synthetic samples containing alloying elements, with satisfactory results. The separation is 
simple, requiring cheap reagents commonly available in all laboratories, and rapid, taking only 
20 min. 

TABLE II.-ANALYSIS OF SOME SAMPLES BY THE PROPOSED METHOD 

Composition of synthetic sample* 
Re 

Re found, 
Mo, V, W, added, I% 
mg mg mg I% 

500 - 

100 
200 100 

Os(I5:0&5) Pt(IcPd(I5) 
OS(~), ‘Ru(S>, I&, P&5) 
W(50), V(20), Cu(lO), ‘X(10), 
Ni(lO), Mn(l0). Cr(lO), Se(l0) 
W(lOO), V@O), (X20). ‘X20). 
Ni(20), Mn(20), Cr(20), Se(20) 
Reverberatory flue dust 
Reverberatory flue dust 
Molybdenite (Canada) 
Molybdenite (Norway) 

- 10.0 10.0 
- 50.0 49.0 
50 15.0 15.0 
24 50.0 49.0 

18.0 17.5 
40.0 38.0 
24.0 23.0 

60.0 58.0 

70.0 
25.0 
00020%t 
O-0036 %t 

69.5 
24.5 

0+018 % 
00039 % 

* Figures in brackets are the amount of the element, in mg. 
t Reported values. 

Under the same conditions, isobutyl methyl ketone extracts 70% Re and can also be used, but 
tributyl phosphate, isopentyl acetate and ether extract only 22, 16 and 2% Re respectively. 

Acknowledgements-The authors are thankful to the Council of Scientific and Industrial Research, 
New Delhi, for financial support, Prof. S. M. Mukherji for laboratory facilities, Prof. Dr. R. Neeb, 
Gutenberg University, Mainz, for the molybdenites, and the Indian Copper Corporation for the flue 
dusts. 
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Summa~-Reduction in 1M H$O, with liquid zinc amalgam and 
extraction with isopentanol from 3M H,SO,, separates rhenium from 
almost all the interfering elements of importance in rhenium deter- 
mination. The small amounts of MO, U, Fe and Ru still accompanying 
rhenium are removed by the thiocyanate-pentyl acetate or the oxine- 
chloroform extraction. The method is simple, rapid and of very wide 
applicability. It is particularly useful in the determination of rhenium 
in various alloys and tungsten-containing samples. 
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Zusammeufassung-Die Red&ion mit fltlssigem Zinkamalgam in 1 M 
Schwefelsaure und die Extraktion mit Isopentanol aus 3 M Schwefel- 
stiure trennt Rhenium von fast allen wichtigen Stbrelementen. Die 
kleinen Mengen MO, U, Fe und Ru, die das Rhenium noch begleiten, 
werden durch Thiocyanat-Pentylacetat- oder Oxin-chloroform- 
Extraktion entfemt. Das Verfahren ist einfach, schnell und sehr 
vielseitig anwendbar. Besonders ntltzlich ist es bei der Bestimmung von 
Rhenium in verschiedenen Legierungen und wolframhaltigen Proben. 

RCume--La r6duction en H,SO, IM avec l’amalgame de zinc liquide 
et l’extraction par l’isopentanol de HISOd 3M &parent le rhdnium de 
presque tous les elements penants qui sont d’importance dans la deter- 
mination du rh6nium. Les petites quantit6s de MO, U, Fe et Ru qui 
accompagnent encore le rhenium sont &nin&es par extraction au 
thiocyanateac6tate de pentyle ou oxine-chloroforme. La m6thode est 
simple, rapide et de tres large possibilit6 d’application. Elle est parti- 
culierement utile dans la d6termination du rhenium dans divers alliages 
et dam les echantillons contenant du tungstene. 
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Application of low-cost operational amplifiers to electrical detection in spark-source 

mass spectrometry* 

(Received 30 December 1969. Accepted 24 February 1970) 

SPARK SOURCE mass spectrometer signals consist of repetitive ion-current pulses. Pulse-width and 
recurrence rate follow exactly the spark duty-cycle parameters. Figures 1 and 2 show reproductions of 
oscilloscopic displays of typical signals for a single mass peak in which the time variation of the ion- 
current is indicated. Heights of the individual pulses vary by approximately one order of magnitude 
as is shown in Fig. 1, although the average height is dependent upon the intensity of the specitic 
spectral line focussed at the collector slit. Erratic fluctuation within pulses is common as is illustrated 

* Work was performed in the Ames Laboratory of the US Atomic Energy Commission. Con- 
tribution No. 2662. 
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FIG. I.-Photograph of oscilloscope traces of ion-current pulses. Spark pulse length 
3.2 /dsec and repetition rate 100 pulses/set. Oscilloscope sensitivity 2V/cm and sweep 
rate 50 msec/cm (cm-spacings are the large blocks). The height of the fourth pulse from 

the right exceeded the maximum amplifier output voltage of 125V. 

FIG. 2.-Photograph of oscilloscope trace of ion-current pulse. The pulse length 
1OOpsec and repetition rate 10 pulses/set. Oscilloscope sensitivity 10 mV/cm 

sweep 50 pse-c/cm. 

was 
and 

762 



Short communications 763 

in Fi 
f 
.2. A third feature of the signal is that the average ion -current intensity can vary by approxi- 

mate y an order of magnitude. 
Owing to these fluctuations, signals detected at the spectrometer slit must be continuously 

measured as a function of the total ion current. This is accomplished by measuring the ratio of the sig- 
nal at the main collector slit to the signal obtained from a beam monitor which is normally positioned 
in the field-free region between the electrostatic analyser and the magnetic analyser. Thus the 
detection system is required to handle two very erratic d.c. signals. Figure 3 is a schematic drawing of 
the original equipment used to measure this ratio. When a predetermined charge has accumulated 
on the monitor capacitor, the spark is shut off and the values of capacitor voltage are read from strip 
chart recordings of the vibrating reed electrometer (VRE) outputs. Although this system has been 
used with good accuracy,* it is difficult and time-consuming to use on a routine basis. 

electrometer 

FIG. 3.--Schematic drawing of the original circuit for electrical detection. 

An alternative to the capacitor system was assembled in which the input capacitors were replaced 
by resistors.* Input capacitances were adjusted to give time constants of about @2 sec. The VRE 
outputs were converted into frequencies and a ratio measurement was made with a ratio count meter. 
Again good accuracy was achieved and ease of data accumulation was considerably improved. 
However closer investigation of the actual operating conditions indicated two principal disadvantages: 
limited dynamic range and long amplifier time-constant. A long time-constant prevents observation 
of low-level non-homogeneities in a continuous measuring system since short-term variations will be 
averaged out. It also means that an error will be incorporated into the measurement, as illustrated in 
Fig. 4, which shows the voltage at the amplifier input rising very rapidly (ix., the initial voltage is 

SolId Ime=tmce of signol voltage of 
- a single bon current pulse with a 

shwt Input circuit tome constant 

Trace of output of amplifier with 
---- longer tcme constant than input 

circuit 

FIG. 4.-Illustration of possible source of systematic error for an amplifier with response 
time longer than the time-constant of the input signal voltage. 

determined by the size of the input capacitance and the coulombic charge in the initial portion of each 
pulse). The input voltage will fall according to the input circuit time-constant. As the time-constant 
for the input circuit becomes much smaller than the amplifier response-time, the area under the 
amplifier response curve will become less representative of the area under the input voltage curve. This 
is a source of potentially large systematic error. 
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’ Recently, commercial operational amplifiers have become readily available. They have many 
desirable features but of principal interest here is their broad frequency response (down to d.c.), 
high input impedance, low noise and drift, low cost and small dimensions. At the time this work was 
initiated, Fairchild ADO-26 operational amplifiers were chosen. Since then, Analog Devices 
Model 147C operational amplifiers have also been tested. Both models have been satisfactory. It is 
the specific advantage of applying such amplifiers in conjunction with other equipment to the detection 

output 

FIG. 5.-Operational amplifier circuit. 

of spark-source ion-currents that we wish to stress. A schematic diagram of the circuit is shown in 
Fig. 5. The circuitry can be constructed to allow a choice of various input-resistances, capacitances or 
amplifier gain settings with a small space requirement. Optimum parameter settings will be discussed 
after the input capability of the voltage-to-frequency converters has been considered. 

Voltage-to-frequency converter input capability 

The voltage-to-frequency converters (Hewlett Packard, Model DY-2211/B) were tested for 
accuracy with pulsed inputs in which the pulse height (O-10 V), width (l-150 ,usec), and rate (l- 
1000 Hz) were controlled. Output accuracy was within f0.5 % throughout all the ranges except for 
pulse heights greater than 5 V in which case the error rose to several per cent. This accuracy is 
retained when the maximum average input of 1.2 V-set is maintained. 

EXPERIMENTAL 

Choice of operational amplijier operating parameters 

Input capacitance and resistance of the amplmers should be easily altered since optimum conditions 
will change under different sparking conditions. Maximum useful input resistance is limited by 
amplifier input resistance, input leakage paths, and amplifier zero stability. It was observed experi- 
mentally that the maximum input voltage was determined by the input capacitance. Thus the minimum 
capacitance must be determined either experimentally or by calculation from signal parameters. 
Normally an oscilloscope is connected at the amplifier output to display pulse shapes and the maximum 
amplifier output voltage. Another important condition is maintenance of the RC time-constant of the 
input circuit at some maximum value which should not exceed approximately ) of the repetition 
period. This assures a maximum signal-to-noise ratio while minimizing the possibility of amplifier 
overload from step-charge accumulation of several large sequential pulses. Typical signal conditions 
and representative calculations are given below. 

Signal (after electron multiplier) = 5 x 1O-13 VF 

Concentration in sample PPm 
= unit sensitivity 

Maximum amplifier output voltage = 5V 
Minimum stray capacitance = 20 pF 

Maximum repetition rate of signal ~320 pulses/set 
Maximum allowed RC time-constant = 4 X &,, - 10m3 set 

Maximum resistance:= lows/2 x lo-” = 5 x 10’ ohm 
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Maximum concentration measurable, limited by overload considerations (assuming charges 
arrive simultaneously and with minimum stray capacitance in the input circuit) = 

2 x lo-“F x 5V 
5 x lo-‘* VF/ppm 

= 200 ppm. 

With a resistance of IO’ ohm and the same time-constant, the maximum concentration measurable 
would be 1000 ppm. 

The overall circuit may best be considered as one which measures charge on a capacitor as it is 
discharged rapidly through a resistor. As mentioned earlier, the voltage-to-frequency converter 
output is directly proportional to the area under this decay curve. This combination of equipment 
provides some specific advantages. (a) The error illustrated in Fig. 4 is now negligible since the am- 
plifier has sufficient speed of response to follow the input voltage pulse. (b) The output of the system 
can now reflect low-level sample inhomogeneities if this is desirable or these real variations can be 
averaged out by increasing the measuring period. (c) A good signal-to-noise ratio over a large 
dvnamic range is obtained. An exwrimentallv determined s&r&to-noise ratio of 1000 is obtained 
between the &al due to an imp&y present at 50 ppm and tee standard deviation of the noise level 
with the spark running. An upper concentration limit of 500 ppm has been used without the am- 
plifier overload voltage being exceeded (cJ maximum of 1000 ppm calculated above). This range of 
sensitivity can be achieved with the VRE only if ranging is employed. (cr) Changing of circuit 
parameters is convenient and fast though normally not required during a given experiment. 

It is generally recognized that capacity measurements can provide good accuracy when ratios of 
erratic low-level signals are measured. The work described here attempts to take advantage of this 
fact as well as permitting continuous monitoring of the signal. The system described provided good 
and variable time resolution for the observation of sample-inhomogeneities, retains the accuracy of 
capacity measurements, and uses convenient digital handling of data. If ion-counting is to be used at 
the collector (not feasible at the monitor), then a rapid analogue-to-digital conversion of the monitor 
signal would allow a more realistic short-term ratio measurement. 

Since the advantages of electrical detection in spark-source mass spectrometry are now becoming 
apparent,‘-o this work should be of interest to those laboratories considering upgrading photoplate 
mass spectrographs to allow electrical detection as well as photographic detection. The development 
of other systems which utilize logarithmic response amplifiers to provide good dynamic range 
capabilities presents a chance to compare advantages and disadvantages. 
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Summary-An electrical detection system for spark-source mass 
spectrometry has recently been developed. This brief addendum 
describes an improvement in the signal amplification and its conversion 
to digital output which has important implications in the future 
development of electrical detection 

Zusamtnenfassung-Ein elektrisches Nachweissystem ftir die Massen- 
spektrometrie mit Funkenquelle wurde ktirzlich entwickelt. Dieser 
kurze Zusatz beschreibt eine Verbesserune bei der Sipnalverstiirkunp: 
turd die Umsetzung des verstarkten Signals”in einen digTtalen Ausgang; 
die Verbesserungen haben wichtige Konsequenzen bei der zukiinftigen 
Entwickhmg des elektrischen Nachweises. 

RBsnm&On a dlabore r6cemment un systeme de detection electrique 
pour la spectrometrie de mass B source d’etincelle. Ce bref additif 
d&it tme amelioration dans l’amplification du signal et sa conversion 
en sortie digitale qui a d’importantes incidences sur le developpcment 
futur de la detection 6lectrique. 
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Determination of silicone fluid surfactants in polyuretbane/polyether 
blends by atomic-absorption spectroscopy 

(Received 21 October 1969. Revised 1 February 1970. Accepted 23 March 1970) 

SILICONE fluids are widely used as surfactants in foam manufacture, their function being to stabilize. 
the foaming action and the cell size. The concentration of fluid used is critical and for most polyur- 
ethane blends is within the range 04-1.0 g/100 g of polyurethane polyol. Consequently, for purposes 
of quality control, costing, etc, a quick and accurate method for the determination of the silicone fluid 
content is desirable. Previous methods for the determination of silicone fluids have involved the 
decomposition of the silicone to silicatel*e** which could then be estimated by conventional methods. 
Grantham and Hastings” have reported the determination of silicone resin by piperidine extraction but 
this method is lengthy and not considered suitable for many of the recently developed fluids. A 
method for the determination of some phenyl-substituted fluids by photoluminescence analysis has 
recently been described6 but luminescence yields and hence sensitivities are low. 

Atomic-absorption spectroscopy has recently been used for the determination of silicon in steels 
and similar materials.‘L With a pre-mixed nitrous oxide/acetylene flame, silicon concentrations of less 
than 1% could be rapidly determined. A fuel-rich flame was employed to suppress oxidation of the 
silicon to the non-absorbing oxide. 

The present work describes the application of atomic-absorption spectroscopy to the determination 
of the silicone fluid content of some mixtures used in the manufacture of rigid polyurethane foams. 
By aspirating solutions of these fluids into the flame, attempts were made to measure the absorption of 
any atomic silicon released from the silicone fluid, the silicon line at 251.6 nm being used. The 
highly organic nature of the fluid should act to suppress oxidation of the silicon in the flame and so 
increase the sensitivity. 

Two silicone fluid’s, A and B, have been investigated, together with their respective polyurethane 
blends. i.e.. bolvurethane blend (1) was used in coniunction with silicone A and wlvurethane blend (2) 
was used i;l’ c&junction with iiiicone B. Both iilicone fluids may be repre’senied by the general 
formula 

The blends were of the following composition 
PoZyether/poZyurethae blend (1). (Z.C.Z. Ltd.). Polyether/polyurethane resin, water, foam cell 

moditier, tertiary amine catalyst. Viscosity 0.20 N.sec/m* at 25”. 
PoZyether/polyurethane blend (2). (Z.C.Z. Ltd.). Polyether/polyurethane resin, water, triethanol- 

amine, tertiary amine catalyst. Viscosity 0.06 N.&m* at 25“. 
The optimum experimental and in&mental conditions have been established and calibration 

graphs both for the pure silicone fluids and for mixtures of the fluids with their respective polyurethane 
blends have been prepared and compared. 
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Apparattus 

EXPERIMENTAL 

Unicam SP 9OA Atomic Absorption Spectrophotometer, fitted with a 50-mm path-length nitrous 
oxide burner, and a high spectral-output hollow-cathode silicon lamp. 

Reagents 

Analytical grade reagents and distilled, demineralized water were used. 
Stock solutions were made of silicones A and B (20 g/l.) in ethanol-water (1: 1). 

Establishment of optimum conditions 

Although the silicone-polyol blends are fluid at room temperature, they must be diluted with a 
suitable solvent to ensure efficient nebulization into the flame. Therefore 1% w/w mixtures of 
silicones A and B in polyether blends (1) and (2) respectively, were diluted (5 g/50 ml) with the 
following solvents: water, 1% aqueous sodium chloride, I % aqueous ferric alum, ethanol-water 
(l:l), ethanol and acetone. These solutions were sprayed into the flame under the optimum in- 
strumental conditions described below. The results are given in Table I. 

TABLE I.-THE EEFECT OF SOLVENT ON l-HE AESORPnON BY SILICONE/PoLYETHER BLENDS (1% W/W) 

Solvent 
(blank set to zero) 

Absorbance 
Silicone A/polyether (1) 

(scale expansion x 2) 

Absorbance 
Silicone B/polyether (2) 

(scale expansion X 2) 

Water 0.210 0.211 0.200 0200 
1% Sodium chloride 0240 0.241 0.229 0.231 
1% Ferric alum 0230 0.230 0.220 0.221 
Ethanol-water (1: 1) O-200 0.202 0199 0198 
Ethanol 0.201 0.202 0.200 0.199 
Acetone (scale expansion x 1) 0011 0006 0008 0406 

The various instrumental parameters were then investigated, the ethanol-water solution of 
silicone A/polyether blend (1) being used as sample. The best conditions are shown, together with 
those recommended by Price and ROOS,~ in Table II. 

TABLE II.-OE~~MUM INSTRUMENTAL CONDITIONS POR THE DETERMINATION OF SILICONE FLUIDS 

Our work Price and Roos 

Wavelength, mm 251.6 251.6 
Slitwidth, nm 1.0 1.0 
Observation height, mm 10 10 
Nitrous oxide flow-rate, I./min at 207 kN/m* (30 psi) 5.0 
Acetylene flow-rate, l./min at 104 kN/ml (15 psi) 5.0 4*0?5 
Scale expansion x2 - 

Calibration graphs were prepared by taking O-10 ml of stock solution of silicone fluid in lOO-ml 
standard flasks, diluting to the mark with ethanol-water (1: l), mixing, and then measuring the atomic 
absorption under the conditions given in Table II, and were found to be linear for both fluids A and B. 
Linear plots were also obtained for the silicone/polyether blends: the standards were prepared by 
mixing O-0.2 g of pure silicone with 10 g of polyether blend and diluting 5 g of each prepared standard 
to 50ml in a graduated flask, with ethanol-water. Samples for analysis were similarly diluted 
(5 g to 50 ml). 

Choice of solvent 
DISCUSSION 

In agreement with the findings of Price and ROOS,~ sodium and iron were found to enhance the 
absorption by silicon in the flame. However, in all the purely aqueous solvents, the silicone B/poly- 
ether blend (2) solution was very turbid. Acetone as solvent gave a very high blank reading and an 
alarming increase in the height of the flame. Furthermore, with both the purely organic solvents, 
carbon deposited on the burner slit was troublesome and had to be removed at frequent intervals. 
Ethanol-water proved to be the most convenient solvent and since it gave clear solutions and ab- 
sorbance values only 10% below the maximum values obtained, it was used for further investigations. 
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The solution of silicone A containing iron(II1) became dark brown on standing for 15 min. Obviously, 
if the sample to be measured contains appreciable amounts of iron or sodium, then allowances should 
be made for these in preparing the calibration graphs. 

Choice of instrumental conditions 

The instrumental conditions used in the present work are similar to those recommended by Price 
and Roose except for the acetylene flow-rate which in our work is higher. Two advantages are gained 
here. First, the signal-to-noise ratio was greatest for the flow-rate range 4.8-50 l./min (N.B., 
these flow rates are uncorrected) and secondly, once the flame had been established for about 20 min, 
carbon build-up on the burner was much less troublesome than at flow-rates between 4 and 45 l./min. 
At the latter flow-rates, a hard, brittle carbon deposit rapidly built up at the burner slit and quickly 
restricted gas flow; however, at 5.0 I/min, a soft carbon deposit formed which became negligible after 
20 min. 

Effect of time 

For the reasons just given, the burner and lamp should be allowed to warm up for 20 min before 
any measurements are taken. The effect of time on the signal-to-noise ratio is shown in Fig. 1. 

Time from flame ignition, min 

FIG. l.-Effect of time on the signal-to-noise ratio for a solution containing @l g of 
silicone A in polyether (l), in ethanol-water (1: 1) as solvent (100 ml.). At position ‘X’, 

the recorder is on stand-by whilst any carbon deposit is removed. 

Examination of the capillary tube, nebulizer chamber and all tubes up to and including the burner 
head showed no appreciable deposit of the viscose polyol after a long series of experiments, though 
this was first expected. Carbon build-up was troublesome only during the initial warm-up period and 
thereafter diminished considerably. 

Sensitivity and detection limits 

The sensitivity for 1% absorption, viz. the concentration of solution having an absorbance of 
0*0044,’ was calculated from each of the calibration graphs. For silicone A both as a solution of the 
pure fluid and in the presence of the polyurethane blend, it was 20 ppm and for silicone B 23 ppm. 

The detection limit, defined as the concentration giving a reading equal to twice the standard 
deviation of a series of ten determinations at or near blank level, was 4Oppm for silicone A con- 
taining 10% of polyether blend (1). A scale expansion of x4 was used to determine the detection 
limits. 

Accuracy and reproducibility 

The accuracy of the method was checked on the basis of the silicon content of fluids A and B, 
determined gravimetricallyl and found to be 5.6 % for A and 5.3 % for B. These values are in agree- 
ment with those quoted by the manufacturers. Three random samples of each fluid, mixed with their 
respective polyether blends, were prepared by one of us and analysed by the other. The results are 
given in Table III. 
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TABLE III 

Silicone A/Blend (1) Silicone B/Blend (2) 

Si taken, g Si found, g Si taken, g Si found, g 

0.25 @25 035 0.35 
0.73 0.74 085 0.87 
1.25 1.27 1.75 1.77 

When 20 replicate dilutions of each stock silicone blend were measured under optimum conditions, 
all absorbance values obtained were within I.2 % of the mean. 

The calibration graphs for silicone alone and in the presence of polyether blend had the same 
slope. 

Department of Chemistry and Biology 
John Dalton Facultv of Technolopv 
Manchester PolyteEh& “’ 
Chester St., Manchester 1, U.K. 

G. DUNCAN*@ 
R. J. Hsaamo~ 

Summary-A method for the atom&absorption determination of 
silicone fluid surfactants present in some polyurethane/polyether blends 
is described. The silicone fluid in the pure state, or in the presence of 
polyurethane blend, is diluted with a solvent and sprayed into the 
nitrous oxide/acetylene flame. The effects of solvent, instrumental 
conditions, time and presence of the polyurethane blends were inves- 
tigated. Polyurethane/polyether blends do not interfere with the 
silicon absorption when the samples are dissolved in aqueous ethanol 
(1: 1) and sprayed into a fuel-rich flame. 

Zusammenfassuag-Ein Atomabsorptions-Verfahmn zur Bestimmung 
fltissiger eberilachenaktiver Substanzen auf Silikon-basis wird bes- 
chrieben, die in einigen Polyurethan-Polyather-Vemchnitten vorkom- 
men. Die Silikontltissigkeit wird allein oder in Gegenwart des Poly- 
urethanverschnitts mit einem Liisunesmittel verdtlmrt tmd in die 
Lachgas-Acetylen-FIamme gespriiht. Die Einfltlsse von Losungsmittel, 
Einstelluneen am Gerat. Zeit und Geaenwart der Polvurethanversch- 

Y 

nitte wurden untersucht. Polyurethan-?olyiither-Verschnitte stiiren die 
Silicium-Absorption nicht, wenn die Proben in w&3rigem Athanol (1: 1) 
gel&t und in eine fette Flamme gespriiht werden. 

R&tm&Gn d&it une methode pour la determination par absorption 
atomique d’agents surfactifs B liquide de silicone presents dans quelques 
melanges polyur&hannepoly&her. Le liquide de silicone a P&at pur 
ou en la presence de melange de polyurethanne est dilue par un solvant 
et pulv&ise dans la ilamme protoxyde d’azot+ac&ylene. On a etudie 
les influences du solvant, des conditions instrumentales, du temps et de 
la presence des melanges de polyurethanne. Les melanges polyur& 
thanne-polyether n’interferent pas avec l’absorption du silicium 
lorsque les echantillons sont dissous en ethanol aqueux (1 :l) et 
pulv&iseS dam une flamme riche en combustible. 
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Stability characteristics of aqueous chloramine-T 

(Received 19 February 1970. Accepted 20 March 1970) 

sollltiolw 

TIIB PRBSENT state of knowledge on the stability of chloramine-T has been critically reviewed by 
Bishoo and Jennines.’ Both the solid CH.C&SO,NClNa-3H.O and its aaueous solution ~DH 7.7 for 
O*OSh? solution) & quite stable in absence o? oiheireagents if t-hey are pro&cted from dir& sunlight, 
the titre decreasing by only 0.02% per month. 

Most of the earlier work on chloramine-T in analytical chemistry involved its use as an oxidant in 
sulphuric or hydrochloric acid media, but recently thiourea,P thioacetamide* and dimethylsulphoxide’ 
have been quantitatively oxidized in neutral, alkaline and weakly acidic media respectively by addition 
of excess of chloramine-T, the excess being determined iodometrically. It therefore became necessary 
to investigate the stability of aqueous chloramine-T solutions in various media. 

EXPERIMENTAL 

Chloramine-T of initial purity 985% was thrice recrystallized from conductivity water. An 
approximately @05M aqueous solution was prepared in triply distilled water and standardized iodo- 
metrically. The stability of aqueous chloramine-T solutions under different conditions was tested by 
comparing the titres before and after conditioning. The reproducibility in the titrations was generally 
f@l%. 

RESULTS AND DISCUSSION 

Results obtained for the very low pH media are presented in Table I. Solutions of chloramine-T 

TABLE I.-STABILITY OF AQUEQUS CHLORAMINE-T SOLUTION (-tbos&f) IN 

STRONGLY ACIJXC SOLUTIONS AT 2540°C 

Iodometric titre value,* 
ml of thiosulphate (& O-02), 

after 

Perchloric acid 

Sulphuric acid 

Hydrochloric acid 

5 min 2omin 

0.3M 21.75 21.75 
0*5M 21.75 21.75 
2.OM 21.75 21.75 

O.lM 21.75 21.75 
0*5M 21.75 21.75 
2,OM 21.75 21.75 

O.lM 21.75 21.75 
0.3M 21.75 21.75 
@5M 21.62 21.50 
l.OM 2160 21.45 
1.8M 21.06 20.32 

* Standard titre 21.75 ml. 

are quite stable for short periods (at least 20 min) in @2-2M sulphuric acid or perchloric acid. This 
result is in agreement with the observations made by Nair.s In hydrochloric acid up to 4*3M, 
chloramine-T is as stable as in sulphuric and perchloric acid media, but with higher hydrochloric acid 
concentrations, it decreases in stability probably because it oxidizes chloride to chlorine (tested 
for with starch-iodide paper and found to be evolved). 

Results for media of pH > 2.65 are presented in Table II. At pH 7.7 and above there was no 
deterioration in 1 hr in the strength of chloramine-T solution at room temperature. However, a 
slight but significant decrease in titre occurred at pH values between 2.65 and 5.65. The decrease in 
titre was rapid at first (during approximately 20 min) and then slowed down appreciably. Hence 
blank experiments must be made if chloramine-T is to be used in this pH range for indirect (back- 
titration) procedures. This loss in titre may be correlated mechanistically with Higuchi’s recent 
observation on the rate of formation of dichloramine-T on varying the pH of chloramine-T solutions. 
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TABLE ~.--sTALULlTY OF AQIJEOUS CHL~~AM~NE-T SOL~JT~ON (-0OSM) AT 
pH 2.65 AT 2%30°C 

Iodometric titre value,t 
ml of thiosulphate (f 0*02), 

after 

PH* 6osec 20 mm 6Omin 

2.65 21.75 2166 2166 
3.14 21.75 21.66 21.66 

E 21.75 21.75 2166 21.61 21.66 21.61 
4*00$ 21.71 21.52 21.52 
4.15 21.71 21.47 21.47 
4.45 21.61 21.23 21.23 
4.75 21.61 21.23 21.23 
5XtO 21.61 21.23 21.23 
5.65 21.66 21.48 21.48 
778 21.75 21.75 21.75 
9.187 21.75 21.75 21.75 
2M NaOH 21.75 21.75 21.75 

+ Sodium acetate-acetic buffer system used unless otherwise stated. 
t Standard titre 21.75 ml. 
# Potassium acid phthalate buffer. 
4 No buffer, pH of aqueous chloramine-T solution. 
T[ @OSM Borax buffer. 

The behaviour of the rate of decrease in titre is similar to that of the rate of disproportionation of 
monochloramine-T (CH,C,H,SO,NHCl) into p-tolueneaulphonamide and dichloramine-T’ 
(CH&H,SOINCl,) as a function of PH. This indicates that the kinetics of the side-reaction closely 
follow those of the disproportionation reaction, and the loss in oxidative titre may be ascribed to 
minor side-reactions accompanying the major disproportionation reaction. The formation of 
dichloramine-T is reported* to involve the formation and eventual combination of free radicals: 

. 
RNCI + Cl* - RNCl, 

where R = CH,C,H,SO,. 
The minor side-reactions occurring, namely, 

20 ---c Cl, 

ZRNCI- --c R-N-N-R 

dl dl 

would cause a small loss in oxidative titre as the product RtNICll will not oxidixe iodide. 
The rate of evolution of chlorine was evaluated from the relative intensities of the blue colour 

developed on starch-iodide paper. From sulphuric and perchloric acid media and media of pH > 7.7, 
there was no evolution of chlorine within 1 hr. However, in the pH range 2.65-5-65 the rate of 
evolution increased with increase in pH from 2.65, reaching a maximum at pH 4.7 and then decreasing 
again. In hydrochloric acid media, there was perceptible evolution of chlorine only when the acid 
concentration exceeded 0.5M. When chloramine-T solution was mixed with 4M hydrochloric acid, 
the starch-iodide paper tirst turned blue and then was rapidly bleached. Thii was ascribed to the 
oxidation of iodine to iodate by the large amount of chlorine evolved under these conditions. Hardy 
and Robson’ reported a slow loss of chlorine from alkaline N-chloro-N-methylbenzamide solutions as 
a result of unidentified non-reversible reactions. 

At higher temperatures (60-809, chloramine-T solutions are stable only in highly acid (in absence 
of large concentrations of chloride, e.g., in sulphuric acid) or alkaline conditions. We do not recom- 
mend the reagent for quantitative oxidations at higher temperatures in the pH range 2.0-5-65, as the 
blank values are very high and not reproducible. 

Department of Chemistry V. R. S. RAO 
Indian Institute of Technology D. VENKAPPAYYA 
Madras 36, India G. ARAVAMIJDAN 



Summary_-Aqueous chloramine-T solutions in strongly alkaline 
medium are quite stable even up to 60”. In O-2-2M sulphuric or 
perchloric acid at 25-30”, there is no loss in titre, but in hydrochloric 
acid solutions >O*SM, there is a loss in titre which increases with 
increase in hydrochloric acid concentration. This is ascribed to 
oxidation of chloride to chlorine. In the pH range 2.65-5.65 there is a 
small but reproducible loss in oxidative titre which is maximal at 
pH4.7. This is ascribed to sidereactions occurring during partial 
disproportionation of monochloramine-T to dichloramine-T and 
p-toluenesulphonamide. 

Zusammenfassan8-Wirige Chloramin-T-LSsungen sind in stark 
alkalischem Medium bis 60” stabil. In 0.2-2 M Schwefel- oder 
Uberchlorsaure bei 25-30” erfolgt kein Titerverlust ; in salzsauren 
LSsungen iiber 0,5 M fallt der Tzer mit steigender Salzsaurekonzen- 
tration ab. Dies wird einer Oxidation von Chlorid zu Chlor zuee- 
schrieben. Im pH-Bereich 2,65-5,65 f%llt der Oxidationstiter schwazh, 
aber reproduzierbar, am meisten bei pH 4,7. Dies wird Nebemeak- 
tionen zugeschrieben, die neben teilweisen Disproportionierung von 
Monochloramin-T zu Dichloramin-T und p-Toluosulfonamid her- 
laufen. 

Rbsmn&Les solutions aqueuses de chloramine-T en milieu forte- 
ment alcalin sont tout a fait stables m6me jusqu’a 60”. En acide 
sulfurique ou perchlorique 0,2-2 M 2125-30”, il n’y a pas de perte en 
titre, mais en solutions d’acide chlorhydrique >0,5 M, il y a une perte 
en titre qui croit avec l’augmentation de la concentration en acide 
chlorhydrique. Ceci est attribue a l’oxydation du chlorure en &lore. 
Dam le domaine de pH 2,65-5,65, il y a une perte petite mais re- 
productible dans le titre d’oxydation, qui est maximale a pH 4,7. Ceci 
est attribue a des reactions secondaires se produisant durant la dismu- 
tation partielle de la monochloramine-T en dichloramine-T et p- 
tol&nesulfamide. 
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Spectrophotometric determination of ruthenium(III) and iridium(W) with 
8-hydroxyquinoline N-oxide 

(Received 10 November 1969. Accepted 19 February 1970) 

ANALYTICAL applications and metal complexes of I-hydroxyquinoline N-oxide were reported 
earlier.1-1o During further investigations we have observed that platinum metal chloro-complexes 
heated with excess of oxine N-oxide at 100” for 30-60 ruin gave yellow to brown complexes, soluble in 
30% v/v ethanol and having molar composition 1: 1 and 1:2 (metal:ligand). We have found that 
oxine N-oxide can be used as a spectrophotometric reagent for determination of ruthenium(III) and 
iXidiUm(IV). 

EXPERIMENTAL 

Reagents 

Oxine N-oxide, prepared from oxine,’ was used as the fresh aqueous solution. Stock solutions of 
the metals were prepared by dissolving ruthenium trichloride, sodium hexachlororhodate(III), 
palladium(R) chloride, potassium hexachloro-osmate(IV), sodium hexachloroiridate(IV) and 
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chloroplatiaic acid in 1M hydrochloric acid, and standardized spectrophotometricallyll and gravi- 
metrically.l* 

A O~lMsodium chloride solution in 30% v/v aqueous ethanol was used as constant ionic strength 
medium. 

RESULTS 

Properties 
Heating a IO-fold excess of oxiae N-oxide with 1 ml of 0*004M platinum metal chloro-complex 

solution in a boiling water-bath for about 1 hr resulted in formation of the complex. The absorption 
spectra of the complexes thus obtained (and diluted to yield 25 ml of solution containing 30% v/v 
ethanol to make the solution homogeneous, sad adjusted to suitable pH) were measured against a 
reagent blank, and are showa in Figs. 1-6. From the spectra it was concluded that under the 
conditions used each platinum metal forms two complexes with oxiae N-oxide. 

For complete colour development the initial pH proved important, and should be 15-3.0 for 
ruthenium(W), 4G-6.0 for rhodiuar(III), 4.0-7-O for palladiua#I), 4.5-7.0 for osrnium(IV), 5.0-7-O 
for iridium(W) aad 4+-6-5 for platiaum(IV). The effect of pH on the absorbance of the complexes 
after formation is also given in Table I. 

The complexes were found to be extractable to various extents in a variety of organic solvents 
(Table II). 

The complex formation is slow at room temperature, but at 100” is complete in 30mia. To 
ensure complete formation the test solutions were all heated for 90 min. 
were stable for 24 hr at room temperature aad for 2 hr at 100” 

Once formed, the complexes 

For complete colour development, at least a 4: 1 1igaad:metal ratio was necessary. A lo-fold 
molar excess of reagent was therefore used, aad the measurements were made against a reagent blank. 

Procedures 
Ruthenium(ZZZ). To 1 ml of chlororutheaate(III) solution add excess of oxine N-oxide solution, 

adjust the pH to between l-5 aad 3.0, aad heat in a boiling water-bath for 60-90 min. Cool, adjust the 
pH to 3-5, and dilute to give a known volume containing 30 % v/v ethanol aad 2-20 ppm ruthenium. 
Measure the absorbance at 400 ma against a reagent blank. 

Zridium(ZV). Heat the solution containing iridium(W) and excess of oxine N-oxide at pH 40-7~0 
in a boiling water-bath for 1 hr, cool, adjust the pH to >13, dilute to give a kaowa volume containing 
30 % v/v ethanol and l-7 ppm iridium, and measure the absorbance at 400 ma against a reageat 
blank. 

The interferences in the spectrophotometric determination of ruthenium(III) aad iridium(IV) are 
reported in Table III. Chloroaurate(III) does not form a strongly coloured complex with the reagent. 

The metal: ligaad ratio in the complexes was determined by Vosburgh aad Cooper’s method:* and 
found to be 1: 1 and 1: 2 for all the platinum metals. 

The ruthenium(II1) aad rhodium(II1) complexes were found to be exchanged by IRA 410 
anion-exchanger but not by IRC 50 or IRA 120 cation-exchangers. The palladhm@), osrnlum(IV), 
iridium(n? and platinum(N) complexes were partially exchanged by IRA410(OH-) and the 
exchanged complexes were partially eluted with dilute hydrochloric acid (cu. 3il4). but there was no 
exchange by IRC 50. The species formed are therefore either anionic or neutral complexes. 

Tentative structures are shown below. 

I 
-(4-a) 

M’+ = Ru’+, as+, 0s4+, I++ sad Pt4+. 
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Fro. l.-Absorption spectra of Rh(II1) systems at different pH values. 

TABLB I.-fiPECTlUL CHARACTERLVfCS OF THE PLATINUM METAL COMPLIiXlB IN 30% v/v AQUEOUS 
ETHANOL 

Ion 
Wavelength, 

nm 

Molar 
absorptivity, 

pH range for 
constant 

l.mole-‘.mm-l absorbance 

Cont. range for 
Beer’s law, 

PPm 

Ruthenium(III) 400* 486 

Rhodium(III) 

Palladium(I1) 

Osmium(IV) 

Iridium(IV) 

Platinum(N) 

620$ 
422+ 
408r 
400; 
390* 
410* 
420. 
412$ 
400* 
420* 
4083 
398* 
430* 
4153 
408* 

158: 
146 
185 
253 
228 
280 
252 
279 
362 
312 

1670 
12 
70 
15 

34-5-o-f 1.8-20.0 
7.8-12.5 5 
50-7.8 
4.1-5.1 40-50~0 
6-l-8.0 
8.2-8.9 
75-8.2 3.5-35.0 
9.010.0 
36-5.2 50-65*0 
6.0-9.2 
96-10.2 
2.5-5.0 4048.0 
6.5-12.0 

>13 1.0-7.0 
2.3-6.1 20-200 
6 8-8.4 
9.1-10.0 

* Absorption maximum. 8 For the yellow solution. 
t For the green solution. $ Isosbestic point. 
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FIG. 3.-Absorption spectra of Ir(Iv) system at different pH values. 
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FIG. 5.-Absorption spectra of Ru(II1) system at different pH values. 
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FIG. 6.-Absorption spectra of Pd(I1) system at different pH values. 

TABLE II.-EXTRACTABILITY OF THE PLATINUM METAL COMPLEXES 

Solvent Ru(II1) RhczII) PdOI) WIV) WV) Pt(IV 

Benzene 0 0 3 2 3 3 

Toluene 0 0 3 Xylene 0 0” 3 : : ; 
Petroleum ether 0 2 1 1 2 

Butanol 3 1 3 3 3 
Isobutanol 2 1 3 

33 
4 3 

Pentanol 2 1 3 33 3 Isopentanol 2 1 3 3 3’ 
Cyclohexanol 4 2 3 4 4 4 

Chloroform 1 1 3 4 3 3 
Carbon tetrachloride 0 0 2 1 2 2 
o-Dichlorobenxene 2 3’ 4 3 3 
Chlorobenzene 1 4 

; 

Bromobenxene 1 3 4 2 3 ; 

2-Butanone 4 0 3 2 3 2 
Isobutyl methyl ketone 4 2 4 3 4 4 

Nitrobenzene 2 2 3 3 3 2 
Ethyl acetate 0 8 2 2 3 2 
Diethyl ether 0 1 2 2 
Tricresyl phosphate 0 2 3 3 2 

Key: 0: not extractable; 1: the organic layer is just coloured yellow; 2: the solubility in the 
organic phase is less than that in the aqueous phase; 3: solubility in the organic phase is more 
than that in the aqueous phase; 4: extraction of the complex into the organic phase is nearly 
quantitative. 
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TABLE m.--INTERFERENCE DUE TO FOFtEION IONS IN THE SPECTROPHOTOblETRIC Dl3TERMINA-IlON OF 

RUTHE~(III) (4 ppm) AND mmxuhi0 (1*2ppm) 

Ion and species 

Tolerance ppm, 
for 

Ru(IIJ) IrOW 
Ion and species 

Tolerance ppm, 
for 

Ru(II1) Ir(n3 

Ru(II1) as RuCI,,*- 

Rh(III) as RhC&S- 

Pd@) as PdC&*- 

os(Iv) as osc1,2- 

Ir(IV) as IrCI,‘- 

Pglv) as PtCl,‘- 

Ni(II) as NiS0,*7HI0 

Co(n) as CoSO,*7HsO 

Fe@) as FeCI, 

Cu(lI) as CuSOp.5H,0 

Cr(II1) as Cr(NO&9H,O 

- 

2.8 

2.0 

4.0 

0.5 

13.0 

24.0 

14.0 

4.0 

1.5 

200 

8.0 

9.0 

8.0 

15.0 

- 

50.0 

60.0 

16.0 

8.0 

2-o 

200 

Cl- as NaCl 2ooo 4ooo 

NO,- as NaNO, 2ooo 2ooo 

SOba- as NasSOI*lOHIO 2000 2000 

Boric acid loo0 1000 

Citric acid 300 300 

Tartaric acid 500 500 

Oxalic acid, dihydrate 100 1000 

Acetate as CH,COONa 1000 1000 

Au(II1) as AuCl,- 2.0 3.0 

&(I) as A~NOI 12.5 35-o 

ExldY 
x4.35xK13for Ru 
x3.65x163for Pd 1 

FIG. ‘I.-Plots of (E - e&a us. E for the 1: 1 complexes. at 420 run. 
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TABLEIV.-T&E STAB~~~YCONSTANTSOPTHEPLATINUMMETALCOMPLEXESWITH~-HM)ROXYQUINOLINB 

N-OZUDB 

Wave- Wave- 
length. 

Ion nm log 4 

length, 

log KI log BI Ion nm 1% G log KI log Be 

Ru(III) 400 11.48 540 16.88 

420 11.34 5.32 16.68 

440 11.43 5.42 16.84 

460 1140 5.45 16.85 

480 11.48 5.26 16.74 

540 11*40 5.35 16.75 

600 11.48 5.20 16.88 

Average 11.46 5.32 16.88 

Rh(III) 400 10.23 6.08 

420 10.26 5.93 

440 10.17 6.07 
460 10.23 6.13 

Average 10.22 6.05 

Pd(II) 390 10.40 6.92 

400 10.46 6.96 

410 10.45 6.93 

420 10.46 6.85 

Average 1044 6.92 

16.31 

16.49 

16.24 
1636 

OS(N) 400 11.11 5.51 16.62 

420 11.11 5.56 16.67 

430 11.13 5.61 16.74 

440 11.12 5.45 16.57 

Average 11.12 5.53 16.65 

Ir(IV) 400 12.57 

420 12.67 

440 12.57 

460 12.74 

480 12.58 

Average 12.62 

16.27 Pw) 400 12.85 

420 12.78 

17.32 440 12.82 

17.42 460 12.86 

17.38 Average 12.83 

17.31 

17.36 

5.28 17.85 

5.35 18.02 

5.28 17.85 

5.31 18.05 

5.26 17.84 

5.30 17.92 

4.06 16.82 

3.62 16.40 

3.88 16.70 

402 16.88 

3.94 16.77 

s (for OS, Ru) 

16 - IO - 

104/E 
(105/Efor Ir 1 

FIG. 8.-Plots of [(eO - a/u - (e, - E)B,]/Ea us. l/E for the mixture of 1: 1 and 1:2 
complexes, at 420 mn. 
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Determination of stability constants 

In the platinum metal-oxine N-oxide systems, besides the free metal ions, two coloured species 
ML,, (n = 1 or 2) are present (the number of chloride ions attached to the metal being ignored, as a 
constant excess of chloride is present, O*lM). The stability constants were therefore determined by the 
following methods.” 

The molar absorptivity E of a solution containing the complexes ML, (n = 0, 1,2) at equilibrium 
is given by 

e. + eha + e&a* = E 
1 + &a + Baa2 ’ 

where e, is the molar absorptivity of the species ML,, a is the equilibrium concentration of the free 
ligand, E is measured against a reagent blank, and Bn is the overall formation constant for the nth 
complex. The values of e1 and /I1 were calculated by assuming the formation of only a 1: 1 complex at 
low concentrations of free ligand; equation (1) can then be rearranged to 

E - e, 
- = /&. e, - & . E 

a 

so that plots of (E - e&a against E are straight lines with slope -/?r and intercept &. e,. Figure 7 
shows such plots at 420 nm and the values of /I1 obtained at different wavelengths are given in 
Table IV. 

The values of the second stability constants were then calculated by plotting the left-hand side of 
equation (3) [which can be readily derived from equation (l)] against l/E for values of a where both 

e. - E 
- e~EL%=8.-e../LlE Eaa $- 

1:l and 1:2 complexes coexist, e.g., at the isosbestic points, the resulting straight lines having 
slope -e, . PI and intercept &. Figure 8 shows such plots at 420 nm and the stability constants 
determined at different wavelengths are given in Table IV. 

Department of Chemistry 
The University 
Delhi-7, Indii 

R. D. GUPTA 
G. S. MANICU 
A. N. BHAT 
B. D. JAIN 

Summa~-The spectrophotometric characteristics and the stability 
constants of the yellow to brown 1:l and 1:2 complexes of platinum 
metals with oxine N-oxide (existing as chloro mixed-ligand complexes) 
have been investigated. Oxine N-oxide can be used as a spectro- 
photometric reagent for ruthenium(III) and iridium(W). 

Znsammenfassung_Die spektrophotometrischen Eigenschaften und 
die Stabilitatskonstanten der gelben bis braunen l:l-und 1:2Xom- 
plexe von Platinmetallen mit Gxin-N-oxid (gemischte Chloro-Ligand- 
Komplexe) wurden untersucht. Man kann Oxin-N-oxid als spektro- 
photometrisches Reagens fiir Ruthenium(III) und Iridium(W) 
verwenden. 

R&ann6-On a &die les caracteristiques spectrophotometriques et les 
constantes de stabilite des complexes jaune a brun 1:l et 1:2 des 
metaux du platine avec le N-oxyde d’oxine (existant a p&at de com- 
plexes chloro-ligand mixtes). Le N-oxyde d’oxine peut &tre utilise 
comme reactif- spectrophotometrique -pour le ru~h&nun(III) et 
l’iridium(IV). 
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LETTERS TO THE EDITOR 

Use of LiBO, flux for K-Ar dating 

SIR, 
Pm&d vacuum-fused lithium metaborate (LiBO,) has been tested as a flux in the vacuum melting 

of mineral samples for K-Ar dating and has been found to be completely compatible with typical 
argon extraction and analysis equipment. It has been tested with gold, molybdenum, and tungsten 
crucible material. The technique apparently produces no adverse gaseous products to interfere with 
gettering materials in the argon extraction train or with mass spectrometric measurements. 

There are several advantages in using a flux. (1) Melting of even highly refractory samples can be 
accomplished at a relatively low temperature (--WOO) with a greater assurance of complete melting 
and degassing of the sample. This might be useful in cases such as those reported by Webb and 
McDougall1 in which extreme heating was necessary to release all of the radiogenic argon. (2) 
Power requirements (in this case from a radiofrequency generator) are greatly reduced. In fact, low 
temperature fusions could easily be produced by resistance heating, eliminating the high costs and 
safety hazards involved in radiofrequency heating. (3) Previous experiments suggest that lower- 
temperature fusions result in lower contamination by atmospheric argon, arising from heating of 
crucibles and fusion chambers. (4) The use of a low-temperature flux might inhibit the volatilization 
of potassium, allowing potassium determination on the fused residue. 

The results of one such experiment with the Pennsylvania State University standard orthoclase 
Or-l * are shown in the Table. First, the sample was run by standard methods, wherein argon and 

Total atmospheric Radiogenic ‘OAr, 
Sample Experimental conditions argon, mole KsO, % mole/g 

Or-l 0.1-g sample in molybdenum 
(as received) and ahmdum crucibles, RF 

heated to 1400”. 2.6, f 0.4 x lo-*0 14.9, f o,o, 3.5, f 0.1~ x lo-10 
Or-1A 05-g sample in gold crucible 
(sieved to and 015-m silica teat-tube, 
+ 325mesh) with 35 g of vacuum-fused, 

crushed LiBO,; RF heated 
to 893”. 1.8, f 0.4 x lo-‘0 14.8, f 0.0, 3.50 f 0.1, x lo-‘0 

potassium determinations were made on separate portions of sample. In a second run, 0.5 g of 
orthoclase was placed in an open thick-walled gold crucible containing 3.5 g of LiBO,. This, in turn, 
was placed at the bottom of a silica teat-tube. After fusion and argon extraction, a potassium de- 
termination was made on all the material left in both containers (some of the potassium having been 
deposited on the walls of the teat-tube). Results for both the argon and potassium in this run are 
comparable to those obtained by the conventional methods. The low value of 14.8, % K,O obtained 
in the experiments reported here may or may not be due to slight potassium loss. 

Although much work remains to be done to prove the method for various types of samples, this 
experiment indicates that it may be possible to analyse the same portion of a sample for both potas- 
sium and argon. This would be most helpful in reducing errors arising from dividing samples, which, 
in some cases, may be very large.* 

* Chosen for this experiment because it is known to be a reliable potassium standard. Repetitive 
analyses have established its homogeneity at the 0-1-g sample level, and it varies by no more than 
O.O,% KsO. Or-l was washed through a 325-mesh sieve to prepare Or-1A. Then the original 
sample, the fines, and the 325mesh material were compared; they differed by no more than 0.4% 
K,O. While nothing was known of the argon content of Or-lA, it was hoped that it might be 
demonstrated to be a useful argon standard as well. The results indicate that, although it has a fairly 
young apparent age (16 x 1V y), it could, with further work, prove useful as an argon standard. 
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We are indebted to Dr. Oliver Preston, of the Intracast Division of Macronetics, Inc., of East 
Palo Alto, California, for assistance in the preparation of the vacuum-fused lithium metaborate used 
in these experiments. 
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4 March 1970 
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Oxidation state of selenium dissolved in pure sulphric acid 

Pure sulphuric acid, analytical reagent grade, always contains an ultramicro amount of selenium. 
The oxidation state of the selenium has not hitherto been established. The oxidation numbers of 
selenium are-II, 0, IV and VI. The existence of Se(-II) in pure sulphuric acid is highly unlikely, 
because H&le boils at -42” and has a very low oxidation potential. 

When 4-nitro-o-phenylenediamine is added to pure sulphuric acid, no S-nitropiaselenol is produced. 
This indicates that selenium does not exist as Se(N) in pure sulphuric acid. The oxidation state of 
selenium in pure sulphuric acid can be determined by comparing the results obtained when the 

Experiment 

(1) 0.053 rg of Se(O) in CS8 
(2) pure HISOh (1 ml) 
(3) pure H,SO* (1 ml) + Se(IV) (0.1 pg) 
(4) pure H,SO& (1 ml) + Se(V1) (0.1 rg) 
(5) HISOl (Se-free) (1 ml) + Se(IV) (0.05 pg) 

+ SeWI) (0.1 ,ugl 

Se found, ,ug 
No reduction Reduced with Ti(III) 

0.054 
0035 0.036 
0.133 
0040 0136 

0.080 0156 

previously described method1 for determination of selenium l_by oxidation of Se(O) to Se(IV) with 
bromine-bromide buffer and subsequent formation of 5-nitropiaselenol, which is determined by gas 
chromatography] is used with and without a preliminary reduction step with titanium(III). The 
results below show that when 0.053 pg of Se(O) is dissolved in carbon disulphide and the solution 
evaporated to dryness, recovery is quantitative when the 5nitropiaselenol method’ is used. Ex- 
periment 2 implies that pure sulphuric acid contains selenium only as Se(O). In experiment 3, @ 1 ,ug of 
Se@V) deliberately added was determined quantitatively by the 5-nitropiaselenol method, along with 
selenium originally present in the sulphuric acid. Experiment 4 reveals that Se(VI) can only be 
determined if it is tist reduced to Se(O). Experiment 5 indicates that the method with a preliminary 
reduction can be used to determine both Se(IV) and (VI). From these results, only elemental selenium 
exists in pure sulphuric acid. 

For determination of Se(VI) the sample (1 ml of cont. sulphuric acid) is heated at 40” on a 
water-bath with 5 ml of 0.03M titanium(III) chloride for 10-20 min. Then 3 ml of distilled water and 
1 +l ml of O.lM bromin+bromide bufferi are added and the solution is heated at 85” for 20 min, and is 
then processed by the method already described.l 

Department of Chemistry YASUAKI S~MOISHI 
Faculty of Science 
Okayama University 
Okayama, Japan 
17 February 1970 
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PRACTICAL ANALYSIS OF HIGH-PURITY CHEMICALS-I 

PREPARATION AND CHABACTERIZATION OF HIGH-PURITY EDTA 

A. J. BARNARD, JR., E. F. JOY, K. LITILB and J. D. BROOKS 
Research Analytical Servim, J. T. Baker Chemical Ccmpeny, 

Philli@~~~g, New Jersey 08865, U.S.A. 

(Recetved S Fihmy 1970. Accepted 2 March 1970) 

Sommary-Advanced laboratories have requiruneats for high-purity 
chemicals with lea, than u)o p 
and with broad analytical 

~~~o~~_(~~==&+g 
d 

feasible approaches to the practiad analysis of such chcmicala, both 
inorganic and organic, are delineated. Compounds umd in the study 
of lunar samples and in other advanced programmes are noted. 
EDTA, as the free acid, has been prqparcd by dissolution in water with 
base and precipitation by addition of acid. The product has been 
broadly chamct&&. Precision assay is achieved by weight titrimetry, 

&nt. Other t&s applied iuclu& cl&&al analys& ash, loss 0; 

chloride. Boron, silicon, and trace metals are d&rmmed 
drying, particulate matter, and tests for nitrilotriacct+ ag.u.ini~~ . . 

spectrography. Many of the procedures arc applicable to other high- 
purity organic chemicals. 

A “PURIFIED” chemical during the first half of the 19th century meant little more 
than that the product had been either recrystallized or redistilled, with no analytical 
assessment of quality. For reagent-grade chemicals analytical degnition has pro- 
gressed over the past one hundred years from feeble attempts at semiquantitative 
expression to the determination of up to 15 or more impurities.1 

High-purity chemicals with 500 ppm or less of total impurity, often called “ultra- 
pure” chemicals,’ constitute a present-day challenge. In recent years a number of 
such chemicals have been offered in laboratory-use quantities. The rule of cuaeui 
emptor has often prevailed because suppliers have commonly confirmed the quality 
of a lot, if at all, by a single technique (e.g., emission spectrography for inorganic 
compounds and gas chromatography for organic ones). High-purity chemicals, both 
inorganic and organic, with broad analytical definition of each lot, represent the 
direction of advance. Uses for such products include analytical reagents for exacting 
trace analysis and characterization of complex materials, such as lunar and geo- 
chemical samples, standards for various analytical methods, and reagents for ad- 
vanced materials research and diverse biochemical studies. 

Since knowledge of ptication processes is now extensive, the preparation of 
many high-purity chemicals presents less of a problem than their analysis and storage. 
In the development of an economically profitable line of broadly defined, high-purity 
chemicals not only must the preparation and storage be considered from the stand- 
point of cost, but also the strategies adopted for the analysis. Some analytical 
approaches to this practical analysis of high-purity chemicals are summarized in 
Table I and most have now been applied to over 50 such products, prepared in 
l-200 kg lots. 
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TABLB I.-&ME MEIFIODS FOR TEE PRACTICAL ANALYSIS OF IiIOH-PURITY CEJJ3MlCALS 

Major constituent and Minor and trace 
assessment of purity constituents Physical properties General tests 

Coulometry* 
Ditkential scanning 

calorimetry 
Elemental organic 

analysis 
High-resolution gas 

chromatography 
Phase solubiity 

il!ldpiS 

Precision gravimetry 
Precision weight 

titrimetry (instru- 
mental end-point 
detection) 

Activation analysis* 
Atomic-absorption 

photometry 
Emission spectrography 
Extraction-spectro- 

photometry 
Flame emission 

photometry 
Fluorometry 
Gas chromatography 
Mass spectrometry* 
Nuclear magnetic 

TesOIWlC@ 
Polarography 
spot teats 
Thin-layer chromato- 

km% 
Titrimetry (electrometric 

or photometric end- 
point detection) 

Turbidime 
u-k UV-visible-1 spectro- 

photometry 

Chemical microscopy 
Density 
Differential thermal 

analysis 
Electrical conductivity 

flow-level) 
Infrared spectra 
Melting point 
Refractive in&x 
Specific rotation 
W-visible spectra 

Ash 
Insoluble matter 
Loss on drying 
pH of solution 
Residue after 

evaporation 
Trace particulate 

matter 

* Not yet applied in our laboratories. 

Precision assay by gravimetry or weight titrimetry offers the same success that 
it has long had for the evaluation of primary standard materials. Weight titrations 
to a photometric end-point, based on the formation of a metal complex with EDTA 
have been applied successfully to precision assay (see below). Gas chromatography 
is applicable to many classes of organic compounds, even high-melting polycyclic 
hydrocarbons, and can detect as little as 0.01% of an impurity. Subtraction from 
100 thereby provides a “GC assay” value to 99.99 %. 

Differential scanning calorimetry @SC) is promising for the assessment of 
chemicals that undergo melting without significant decomposition.3 Computer 
processing4 of the enthalpy-temperature data has been found to reduce labour costs 
markedly. At mole purities above 99.99% the premelting zone from which the 
impurity value is derived becomes so small that the purity assigned becomes markedly 
dependent on the assumptions in the calculations. The practical upper limit of the 
DSC technique may therefore be about 99.95 %, although numerical values as high 
as 99.99 % have been secured for some zone-refined compounds. The DSC technique 
is “blind” to solid solution formation and therefore should not be used as a sole 
criterion of purity, especially for chemicals purified by zone refining since this 
process is less effective when solid solutions form.s In our laboratories, for example, 
for an aromatic hydrocarbon purified by multipass zone refining the DSC technique 
indicated a mole purity of 99*96%, but gas chromatography gave a single impurity 
peak corresponding to l-76 %.6 

Phase solubility analysis’ is of special value for the assessment of thermally 
unstable, non-ionic compounds, such as urea. 3 This technique requires little equip- 
ment and allows determination of as little as 0.05 % (by weight) of impurity. 
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For trace elements, survey emission spectrography has proved the most valuable 
single technique. By use of the recently introduced five-level standards with an internal 
standard,a over 40 elements can be evaluated routinely with favourable precision and 
accuracy. The limits of detection can be improved by preconcentration: organic 
compounds can be ashed; impurities in inorganic compounds can be collected by 
the 8-quinolinol-thionalide-tannic acid-indium system, especially if these reagents 
are used in a high-purity form; liquids such as volatile mineral acids can be evapo- 
rated. The limits of detection attained via these preconcentration techniques are 
listed in Table II for 10 key elements. Atomic absorption, especially with precon- 
centration, is valuable for particular elements. 

TABU II.--DBTBcIION LIMITS IN D.C.-ARC ~SPECIROI~RAPHY, pp?tt 

Element Ashing+ COlkCtiO~t Evaporation$ 

ca 
Cr A.1 
co 0.1 
CU 
Fe 
Pb 
WC 
Ni 
Na 
Zn 

o-01 
0.02 
0.2 
0.002 
0.1 
2 
2 

o-01 
om2 
0.01 
OQOl 
0402 
0.02 
04mO2 
0.02 

- 
0.2 

04001 
0401 
0401 
OQOO1 
0401 
O*Ool 
040005 
04301 
0401 
0901 

l SO-fold concur. 
t ;yhfoMEcn. uia use of 8quinolinoLthionalide+nnic acid system 

~10000-fold ckcn. by evaporation of an acid.” 

For inorganic compounds of high purity, the determination of anions and non- 
metal impurities has often been neglected. So-called “spectrographic grade” chemicals 
may contain signiscant anionic impurities. In our experience a costly metal carbonate 
of alleged 99*99+ % purity by emission spectrography was found by acid-base 
titrimetry to assay only 77.7 %; this discrepancy was traced to the presence of over 
20% of the metal nitrate. lo Conventional methods for the determination of anions1 
can be refined by optimizing conditions and by the use of purified reagents to give 
the detection limits shown in Table III. 

Thin-layer chromatography on flexible sheets coated with various adsorbents is 
valuable in the control of high-purity organic chemicals. A sample can be put on a 
variety of such sheets and developed rapidly with a number of solvents. Appearance 
of a spot other than that of the major component immediately indicates that an 
impurity is present. 

For organic liquids, low-level electrical conductivity measurements are valuable. 
Since literature values for a given compound can range over one or more orders of 
magnitude, the technique is best used only for the specification of minimum purity. 

The general tests summarized in Table III and commonly employed with labor- 
atory-use chemicals1 can be of value with high-purity chemicals. Evaluation of the 
residue on evaporation should be considered for any organic liquid purified by 
preparative gas chromatography to ensure that no substantial bleed of the high- 
boiling liquid stationary phase has occurred. Some suppliers have overlooked such 
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TAB= III.-DEIIWION LIMITS POR ANIONS AND FOR SOME ~NERAL mm 

Test 

Arsenic (ks)* 
Bromide (Br) in presence of 

chloridet 
Halide (as Cl)8 
Phosphate PW$ 
Sulphur compounds (as SO,)8 
Ash Wph-Ml 
Loss cm dryingll 
Particulate matter 11 

Sample size, Detection limit, 
g p.m 

5 @OS 

2 1 
5 1 
5 1 
8 03 
5 20 
5 10 

10 10 

* Evolution vd silver. diethyldi$iFbamate ph?tpmetry. 
i H&cc~te oxidation, brommatlon ofp-rosamlme, and photometry. 

$ # Heteropoly 
7 Ref. 1. 

iue photometry. 

11 Membrane filtration and gravimetry. 

contamination by limiting the final control to analytical gas chromatography. Any 
significant residue can be examined by infrared or other appropriate techniques. 
Similar remarks apply to materials purified by liquid adsorption chromatography, 
especially if large volumes of eluent have been used. 

High-purity mineral acids, including hydrochloric, hydrofluoric, nitric, perchloric, 
and sulphuric acids, are used for the dissolution of diverse materials, including lunar 
samples.ll*l* The introduction of high-purity acids with certificates of actual lot 
analysis is a significant development. Many trace elements can be determined by 
emission spectrography after evaporation of the acid under contamination-free 
conditions (see Table II).” The containers for such products (borosilicate glass, or 
fluorocarbon polymer for hydrofluoric and perchloric acids) are preleached with 
acid and the filled containers are stored in a cold room at 0” until shipped. In this 
way purity on delivery corresponds closely to purity on analysis. 

Phosphoric acid is a non-volatile acid and so not readily purified. Phosphorus 
pentoxide, however, can be sublimed to give high purity. The resulting product serves 
for the preparation of the high-purity phosphoric acid used to dissolve lunar and 
geochemical samples, especially for isotope abundance studies.” Mass spectrometric 
evaluation of this oxide by a number of laboratories indicates that a lead content 
of less than 1 ppM (parts per milliard) has been attained. Twelve trace metals have 
been determined in this oxide, following the technique of Kuzmin and co-workers14 
by neutralization of the derived phosphoric acid and extraction with high-purity 
8-quinolinol; the organic extract is evaporated, mineralized, and subjected to d.c.- 
arc spectrography. In this way all twelve of the metals were found to be present at 
less than O-1 ppm and ten of them at less than 20 PPM.~ 

Some high-purity analytical reagents have been prepared; 8-quinolinol has been 
purified to a total multivalent metal content of less than a few ppm and characterized 
by over 35 determinations and tests. This chelating agent has proved valuable as an 
analytical collector (with iridium) and as an extractant in trace metal analysis (see 
above). EDTA, as the free acid, has also been purified (see below). 
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Standards constitute an important application for high-purity chemicals. Note- 
worthy has been the large scale production of “ultrapure” calcium carbonate. Re- 
markably, the strontium content could be reduced to a few ppm. This product is 
suitable as a primary acid-base and chelometric standard, and has now been certified 
by the National Bureau of StandardP as a clinical standard for calcium 

HIGH-PURITY EDTA 

EDTA represents one of the most versatile organic compounds introduced during 
the past 30 years. As the free acid and simple salts, it finds tonnage application across 
the entire spectrum of the chemical, food, and pharmaceutical industries.1s*17 In 
the laboratory, EDTA finds extensive use as a chelating agenP and is usually employed 
in a purified or reagent grade. For the latter grade, specifications and associated 
procedures have been published by a number of group~.~*~“-*~ Additionally a number 
of analytical studies have made of determination of the nitrilotriacetate (NTA) 
content of the productm-W and of the trace metal content.a7-80 

Interest has developed in au EDTA product of highest purity and close analytical 
definition. On one hand there is interest in a high-assay product low in nitrilotri- 
acetate content, suitable for use as a chelometric standard, and allowing the simple, 
direct preparation of an EDTA solution of known concentration. On the other hand 
need exists for an EDTA product extremely low in multivalent metal content for 
use as a masking agent in analysis and in the crystallization of ultrapure salts, and 
as a reagent in enzyme and diverse biochemical studies. 

The preparation and analytical definition of high-purity EDTA, as the free acid, 
has been undertaken in the framework of the extensive programme described in the 
introduction to this paper. 

PREPARATION OF HIGH-PURITY EDTA 
The commercial production of EDTA and related compounds has long involved puri6cation 

based on the solubility of the sodium salts in water and the low solubility of the free acids. The 
solubllty of EDTA as the free acid has been reporteda* to be 0.050 g/l. in water and to incmase from 
@6 to 25 g/l. in O*Ol-l.OMhydrochloric acid. The conjoined use of an alcohol in the puritication may 
be of help in reducing the amounts of NTA and intermediatea present.** Such a oaches are utilized 
in producing EDTA to meet reagent-grade .speciScations. For the 

K l?r as the free acid, the reagent grade disodium salt dlhydrate is a feasl 
oduction o high-purlty EDTA, 
e starting material. The labora- 

tory procedure given below involves starting with 300 g of this salt, but has been successfully scaled 
up to the use of 10 kg. All operations must be conducted with meticulous attention to ssible 
comamination and all laboratory ware must either be thoroughly leached with Jo concentra 
chloric acid or be treated with a hot, strongly alkaline solution of EDTA. 

hydro- 
All dllutlons should be 

made with doubly distilled water. 

Proce&re for preparation of h&h-purity EDTA 

1. Dissolve 300 g of reagent grade disodium (ethylenedinitrilo)tetra-acetate dihydrate (Baker 
Analyzed’, Commodit 
Fit a 5-l. borosillcate & 

No. 8993 or equivalent) in 3.3 1 of water by shaking in a polyethylene bottle. 
ter flask with a Millipore tiltration assembly and Slter the solution through a 

025qm solvent-resistant membrane filter (Miipore No. UGWPO47UO). Transfer the ffltrate to a 
4-1. polyethylene beaker and add slowly reagent-grade hydrochloric acid (1 + 1, about 250 ml) until 
the pH is 15-2.0 (pH paper). Separate the precipitated EDTA, using a 5-I. borosilicate tilter flask 
with a 126mm porcelam Buchner funnel and a circle of hardened filter paper (Whatman No. 41H). 
Wash well with water. 

2. Place the product from the previous step in a 4-1. 
then enough reagent- 

lpolyethylenebeaker,add3~31.0fwaterand 

container to dissolve Jra 
de 50% sodium hydroxide so uuon (about 8Om.l) from a polyethylene 

e EDTA and to bring the solution to pH 45-5.5 (pH paper). To ensure that 
the minimum amount of base is wed, add it very slowly while stirring vigorously. 
EDTA with hydrochloric acid (1 + 1) and collect and wash as in step 1. 

Again precipitate 
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3. Repeat the operations of step 2 three more times. If the process must be interrupted for an 
extended period, finally wash the BDTA on the filter with acetone and then twice with ether, then dry 
in air or vacuum, and store under nitrogen or argon. 

4. Dissolve the product from the 6nal precipitation of s 
s in step 2. Using a membrane filter as described in step 1, 

3 with sodium hydroxide as described 
ter the solution and examine it under 

appropriate illumination to ensure that particulate matter is virtuahy absent. 
described in step 2. Allow the precipitate to settle with the beaker covered. 

Precipitate EDTA as 

5. Decant the supernatant liquid, transfer the precipitate to a 2-l. polyethylene beaker, and slurry 
with 1 litre of water free from particulate matter. Cover the beaker tightly with polyethylene foil and 
allow to stand overnight at room temperature. Collect the precipitate on a 126mm porcelain 
Buchner funnel fitted with a circle of Dacron filter material cut from an E & D Sparkler tilter No. 940, 
(Keeler Co., Wyomissmg, Pa.) or equivalent. Wash well with water. 

6. As in step 5, again slurry the collected wet precipitate with water, allow to stand for 30 min, 
collect the precrpitate on a Dacron filter, and wash well with water. Repeat this cycle four timea. 
After the final collection, wash the precipitate with water until the washings are chlorid&ree (silver 
nitrate teat), then twice with reagent-grade acetone, and twice with reagent-grade ether. 
resulting powder, taking care to protect it from contamination. 

Air-dry the 

bottle under nitrogen or argon. The yield is 175-180 g. 
Store the product in a polyethylene 

Remarks. In the production of high-purity chemicals, ahnost all products, inorganic or organic, 
are. routinely isolated and stored under a protective atmosphere of either nitrogen or argon. Whether 
this precaution is actually required for hrgh-purity EDTA has not been established. As for all high- 
purity materials any proposed transfer or subdivision of the tlnal analytically defined product must be 
considered carefully 111 order to ensure that the product will not be contaminated. 

CHARACTERIZATION OF HIGH-PURITY EDTA 

Adequate analytical deGnition of high-purity EDTA for diverse use involves 
establishment of the EDTA content through assay or elemental analysis or both, the 
application of various general and specific methods and tests, and the determination 
of key trace elements. All of the procedures developed can be described as both 
practical and economically feasible. Many of the approaches, moreover, are im- 
mediately applicable to many other high-purity organic chemicals. 

Assay 

The evaluation of a standard material by precision titrimetry is often based on a 
difference approach: in the simplest case, to a weighed amount of the standard a 
weighed amount of a reagent of unambiguous purity is added, that is either slightly 
greater or less than that required for complete reaction. This small difference is 
then measured by a conventional volume-based titration, often with a dilute solution 
of either the standard or the reagent as t&rant. The difference approach has now 
been applied to EDTA in the free acid form in two ways: its titration as an acid and 
as a chelating agent. 

Assay via acid-base titrimetry. A conventional potentiometric acid-base titration 
of EDTA has been performed by various workers, especially in fundamental studies. 
From the acidity constants of EDTA (1 x 10-a; 2.1 x 10-a; 6.9 x lo-‘; 7.4 x 
10-“)sx it is apparent that it can be titrated as either a diprotic or a triprotic acid. 

A weighed amount of EDTA is taken and brought beyond the third equivalence 
point by addition of sodium hydroxide solution from a weight-burette. The excess 
of base is titrated conventionally with dilute hydrochloric acid to a potentiometric 
end-point. The dilute hydrochloric acid is prepared by dilution of a stock solution 
standardized by precision silver chloride gravimetry.= Additionally this stock solution 
is used for the standardization of the sodium hydroxide solution via weight titrimetry. 

Assay via titration as a chelating agent. The difference approach can also be 
applied to precision chelometric titration of high-purity EDTA. A weighed amount 
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of calcium carbonate is reacted with a substoichiometric amount of EDTA. The 
small excess of calcium in the solution, buffered to pH 9.5, is titrated photometrically 
‘with a solution of a weighed amount of the same EDTA dissolved and diluted to 
known volume. Calmagite (3-hydroxy-4-[(6-hydroxy-~-tolyl)azo]-l-naphthalene- 
sulphonic acid)) serves as the indicator .= A phototitrator essentially of the design of 
Flaschka and Sawyers6 is employed. 

Ringboms7 has shown how mathematical analysis can be applied to the selection 
of conditions for a chelometric titration to a photometric end-point. Calculation 
indicates that the photometric titration of calcium with EDTA at about pH 9.5 
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F’m. l.-Typical photometric titration curve in precision assay of EDTA as chelating 
agent (see text). 

(log J&Y = 9.7, &a,, - 5.7) with Calmagite as the indicator (PC& = 3.2) 
should have an adequate “break point”. A typical titration curve is shown in Fig. 1. 

Elemental analysk 

As with many organic products, elemental analysis is applied as a preliminary, 
inexpensive method to ensure that no blunder had occur& during the preparation. 
Carbon and hydrogen are determined by a conventional micro-combustion technique 
and nitrogen by a micro-Kjeldahl procedure. 

Ash (subhated) 

The conventional determination of the ash (that is, the residue on ignition), 
often with sulphuric acid added, is a valuable proximate method; however, with 
materials of low ash content a large sample must be ignited to yield weighable amounts 
of ash. This limitation becomes most serious with high-purity chemicals because 
of the preparative cost. 

Loss on drying 

Experience gained over some years in the examination of reagent-grade EDTA 
indicates that 105” is a suitable temperature for determination of the loss on drying. 
Selection of this temperature is supported by differential thermal analysis and thermo- 
gravimetric studies by Wendlandt.~ 
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Nitrilotriacetate content 

For use as a chelometric titrant, EDTA must have a sticiently low nitrilotri- 
acetate content. The presence of this weaker chelating agent has an adverse effect 
on the colour change of the metal indicator in some titration# and may influence 
the titre of an EDTA solution toward different metals.sso” Indeed, as little as 1% 
NTA in EDTA can be determined by titration with different metals at suitable pH 

es values and with appropriate metal indicators. Potentiometric indication allows an 
NTA content as small as 0.5 % to be recognixed?s 

Daniel and IeBlan@s have reported that 1% or more NTA in EDTA can be 
detected both by infrared analysis and by spectrophotometric measurements of the 
chelates with various metals. However, none of these methods is as sensitive as the 
polarographic examination of the cadmium-NTA wave, which precedes that for 
the cadmium-EDTA wave. This method was introduced by Daniel and LeBlanc.= 
who reported that as little as 0.03 % w/w of NTA could be determined in EDTA. 
The method was modified and simplified by Farrow and Hill;” by use of a larger 
sample and a cathode-ray polarograph, NTA down to 0402% in EDTA was deter- 
mined by those workers. The polarographic approach has been adopted in the specifi- 
cations for reagent-grade EDTA. 1*1° The procedure given by Reagent Chemicals’ 
employs d.c. polarography and in our hands a limit of detection of 0.02% NTA has 
been established. 

Freeman and his associates have summarized in an informal reportas some experi- 
ments on the silylation of EDTA with bis(trimethylsilyl)acetamide and gas chromato- 
graphic examination of the reaction products; a peak attributed to nitrilotriacetic 
acid was resolved at a content of 1%. Such silylation has been briefly restudied by 
us with the aim of extension to smaller NTA contents. However, the complexity of 
the reaction mixture and the sire of the blank made quantification of the results 
impossible. 

Thin-layer chromatography 

It was hoped that thin-layer chromatography might be useful in the detection of 
trace organic impurities, especially NTA; however, no separations of EDTA and 
NTA were achieved with a variety of adsorbents and simple solvent systems. HeinerWO 
recently reported the resolution of these compounds on a silica gel plate, with a 
5 : 5 : 1: 1 mixture of dichloromethane+thanol-aqueous ammonia-water for develop- 
ment, and the copper(H)-PAN complex for visualization. In our laboratories, this 
separation was confirmed; no impurity spot was found with high-purity EDTA, but 
NTA could be detected only at a content of 1% or above. 

Particdate matter 

The particulate matter, that is, the insoluble matter, is evaluated by membrane 
filtration gravimetry after dissolution of the EDTA in aqueous ammonia. 

Arsenic 

Arsenic is determined by the silver diethyldithiocarbamate method of Va&& 

and gediv@ following destruction of organic matter, effected essentially by the 
general wet ashing procedure recommended by Middleton and Stuckey,” employing 
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96 % nitric acid but with the addition of a small amount of sulphuric acid to ensure 
that arsenic losses are negligible. The procedure is somewhat tedious, but allows 
the determination of arsenic down to 50 ppM. 

The recent findings of Dubois and co-workers& have resolved some of the problems 
initially encountered in the application of this photometric method to extremely low 
arsenic contents. These workers identitled difIiculties associated with the presence of 
silver(I) in excess of that required for the formation of the 1: 1 silver diethyldithio- 
carbamate complex. They also established that when the reagent is recrystalhxed 
from pyridine-water, the absorbance maximum is shifted to 525 nm from the longer 
wavelengths suggested by earlier workers. 

Chloride 

Since the preparation of high-purity EDTA involves the addition of hydrochloric 
acid, determination of the trace chloride content of the product is mandatory. A 
conventional silver chloride procedure with visual comparison of the turbidity with 
that of standards is applicable; however, it was found that hydrogen peroxide must 
be added to avoid the otherwise observable reduction of silver. 

Trace elements by emission spectrography 

Photometric methods have been devised for the determination of copperS7 and 
irona7eae in EDTA. Various trace metals have been determined polarographically, 
copper, lead, cadmium, and zinc after ashing of the sample, and iron directly.” 
The determination of ten or more trace elements in individual samples not only would 
be costly in development and working time but might require as much as 2-log 
of the expensive product for each element. Survey emission spectrography after 
ashing has been applied routinely to the determination of the trace element content 
of many high purity compounds. Ashing procedures have been reviewed critically 
by Koch and Koch-Dedic. uI The procedure employed in the present work involving 
moistening with sulphuric acid and this pre-ashing treatment appears sound and 
well founded. 

EXPERIMENTAL 
For all precision operations use only Class A volumetric ware at or near calibration temperature. 

All dilutions should be made with doubly distilled water. 

Reagents 
Hydrochkoric acid, 1M. Standardized gravimetrically with high-purity silver as describba by 

Strouts, Wilson and Pany-Jonca,” exercising all the care and precautions recited by those authors. 
Store the solution in a bottle. IIxprcss conomtratlon as mole/kg. 

Hydrochloric acid, -WM. weight of the 1 M acid (40 g) oia a weight-burette 
to a lOO-vohrmctric flask and dilute with water to the mark. Express the concentration in terms of g 
of 1M acid 

SoaVum R”“” ydroxiak, 1 M. Prepate a 1 -litre quantity of approximate1 
tiJ reagent-grade 50% sodium hydroxide solution and frcahly boiled ti 

1 M sodium hydroxide from 
cd water, Since not all of the 

solution is wed immediately, divide it between several 2504nl screw-cap polyethylene bottles. Screw 
each cap on fulIy, invert the bottle, and squeeze to verify that the cap makes an effective seal. Wrap 
the cap and bottle neck with pol . 
hydrochloric acid by precision wei 

yl chloride tape. Standardize the solution against the 1M 

$;” 
t titrimetry with potentiomctric indication, followmg the rccom- 

mendations of Strouts and co-wor em.- Express conomtration as mole/kg. 
Cakium carbonate. Use calcium carbonate of prlmary standard quality and take the assay value 

into account. Pmferably establish the assay by acid-base weight titrimctry against the 1M hydro- 
chloric acid. 
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H&purity uqueow ummoniu. Bubble high-purity ammonia gas from its cylinder first through 
an ammoniacal solution of EDTA and then through water and with good cooling absorb in water 
contained in a polyethylene bottle. Continue the operation, taking care to avoid suck-back, until 
saturation is approached (sp. gr. 0.900). 

Ammoniacal bu$er, pH 10. Mix 70 g of reagent grade ammonium chloride and 570 g of high- 
purity aqueous ammonia and dilute with water to 1000 ml. Store in a polyethylene bottle. 

Calmagite indicator powder. 
with a mortar and pestle. 

Grind O-20 g of Calmagite with 2-O g of sucrose to a fine powder, 

H&h-purity EDTA, 0.05M. Weigh 3.77 g of the EDTA under evaluation to the nearest 0.1 mg, 
dissolve it in about 175 ml of water with addition of high-purity aqueous ammonia, and dilute in a 
250~ml volumetric flask with water to the mark. 

Inert gases. Use high-purity nitrogen. Alternatively use carbon dioxide-free air scrubbed with 
sulphuric acid and then passed successively through a soda-lime tower and a smaller tower filled with 
Ascarite. 

Apparatus 

Modified titrutionfklsk. Take a 5oo-ml wide-mouth conical flask. At a point 80 mm from the 
bottom seal in a 6-mm outside. diameter right-angled tube. One end of the tube should extend through 
the flask wall to form a short side-arm and the other end nearly to the bottom of the flask, but well 
offcentre so that free movement of a magnetic stirring bar is possible and flow from a burette will 
not fall on the tube. (If a flask fitted with a standard taper ground-glass neck is used, the modified 
flask can be used to advantage in titrations where carbon dioxrde is evolved, by attaching an extension 
consisting of a full length standard taper inner joint.) 

Phototitrator. Use a phototitrator of the design of Plaschka and Sawye+ or equivalent. 

Procedures 
Assay of EDTA by acid-hue titration. Put 3.3-3.5 g of the EDTA, weighed approximately, into 

a lOO-mm long vial having a polyethylene “snap” cap, dry with the cap off at 105’ for 2 hr, and allow 
to cool to room temperature in a desiccator. Weigh the sample by diierence (to 0-l mg) into a 
modified 5004 titration fiask with the side-arm capped with either a closed length of plastic tubing 
or a rubber policeman. Transfer the sample by holdmg the vial upright in utility tongs held vertically, 
inverting the flask over the vial so that the vial mouth reaches to the bottom of the tlask, and then 
up-ending the vial and Sask together so that the vial contents fall to the flask bottom without dusting. 

Add about 250 ml of water, insert a magnetic stirring bar, and start the flow of either high-purity 
nitrogen or carbon dioxide-free air. Continue the magnetic stirring and flow of gas for about 15 min. 
Introduce a thin combination calomel-glass electrode pair connected to an expanded-male pH-meter. 
Continue the stirring and passage of gas during the titration. Slowly add the standardized 1M sodium 
hydroxide by means of a 604 weight-burette until pH 9-0-9-l is reached. Sii EDTA as the free 
acid is water-insoluble and dissolves only slowly as base is added, take care that all of the sample 
dissolves, especially any particles that may creep up the tlask walls. Record, to the nearest mg, 
the weight of the sodium hydroxide delivered. Now back&rate with the 4*5M hydrochloric acid 
delivered from a lo-ml burette (O-02-mL divisions) in exactly l-ml increments. Record the pH value 
attained after each addition from the start to below pH 7. 
of second differences in the pH values. 

Calculate the end-point volume by means 
Conduct the assay at least in triplicate. 

Assay of EDTA by chelo*metric titration. Weigh appr&imately 5.86 g of the EDTA into a tall- 
form weighing vial, dry with the cover off at 105” for 2 hr, and allow to cool in a desiccator. Weigh 
by difference a sample of the standard calcium carbonate (1-O g) to @Ol mg into a 1504 tall-form 
&aker containing amagnetic stirring bar. With 10 ml of wateriash down &e beaker walls and with 
stirring slurrv the carbonate. Cover the beaker with a watch-&ass and lit it momentarily to add 10 ml 
of rea&nt-gade hydrochloric acid. Complete the dissolutiok with stirring. Weigh by-difference the 
dried EDTA (5.85 9, to O-01 mg into the solution and stir briefly. Add dropwise high-purity aqueous 
ammonia until DH 7.0 is attained. Now add DH 10 ammoniacal buffer with stirring until oH 9.5 is 
just reached. Transfer the solution quantitatively to the sample cell of the phototi&tor a&d dilute 
with water to about 100 ml. Position the borosilicate glass stirrer in the cell and adjust the stirring rate 
so that air bubbles do not orcur. Use the 665~nm filter and adjust the galvanometer scale reading to 
zero for the dark-current and to 100 for the solution. Now add 0.050 g of Calmagite indicator 
pow&r and stir until dissolution is complete. Titrate with the 0.05M solution of the high-purity 
EDTA being evaluated, using a lO-ml burette with @02-ml divisions. 

Record the transmittance readings after each titrant addition. Plot on linear graph paper either 
absorbance values (taken from a transmittance-absorbance conversion table) or the logarithms of the 
scale readings against the volume of EDTA solution added. Alternatively plot on semilogarithmic 
paper the scale readings (log) against the volume of titrant (linear). Since the end-point region used 
covers only 2 or 3 ml in a total solution volume of over 100 ml, volume corrections are unnecessary. 
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The end-point corresponds to the intersection of the extrapolations of the inclined and second 
horixontal portions (see Fig. 1). 

Perform the assay at least in triplicate. 
Elemental analysis. Determine carbon and hydrogen by conventional microcombustion techniques 

and nitrogen by a micro-Kjeldahl procedure. Theoretical values for CloHlsNIOs are 41.01% C, 
5.52% H, and 9.59 % N. 

A& (sulphaed). 
for the determina 

Use a 5.0-g sample of the EDTA and the procedure given in Reugent Chemikai9 
tion of the residue after ignition. 

as low as OGO2 % can be determined. 
With this sample weight a sulphated ash content 

Loss on d’ying. Weigh a 4-g sample of the EDTA to the nearest 0.01 mg, dry for 2 hr at 105”. and 
reweigh after cooling in a desiccator. 

Nitrilotriacetate. Follow the procedure given in Reagent Chemicakl The limit of detection by 
this procedure is 0.02% NTA. The scan need not be conlined to the prescribed range, but can be 
extended over the entire possible range; no spurious wave should occur. 

Particulate matter. Slurry a l@O-g sample of EDTA with 180ml of water and add su5cient 
reagent-grade aqueous ammonia (2.3 ml) to e&t dissolution; both the water and aqueous ammonia 
used should be filtered through membrane filters just before use. The pH should be below 7.0. Then 
use the general gravlmetric procedure of the Millipom Corporation,4 * using a 25-mm diameter O-80- 
,%m membrane filter. 
particulate matter. 

Use of a 10-g sample allows the determination of less than 5 ppm by weight of 

Arsenic Weigh a 5-00-g sample of EDTA into a 500~ml iodine flask and add 20ml of doubly 
distilled water, 2 ml of reagent-grade sulphuric acid and 10 ml of 70% reagent-grade nitric acid. 
Place a small short-stem glass funnel in the mouth of the flask. Since the initial reaction can proceed 
vigorously, warm the flask on a steam-bath until reaction starts, remove promptly, and allow to stand 
until the reaction terminates. 

For the following operations use a hot-plate reliably adjusted to 300”, confinned, for example, by 
a surface spot-check thermometer. Evaporate to fumes, partially cool the flask to allow addition of 2 
ml of 90% reagent-grade nitric acid, and again evaporate to fumes. Repeat this addition of 2 ml of 
90% nitric acid four more times or until there is no darkening of the reaction mixture. Finally, to 
remove nitric acid, remove the small funnel from the flask mouth and twice add 1Oml of water, 
evaporating to fumes after each addition. 

Cool the solution and transfer it quantitatively with water to the amine generator flask (conven- 
tional design) and determine the arsenic content by the method of V& and Sedive~.~~ Read the 
absorbance at 525 nm, preferably using a 50-mm cell, against the silver diethyldithiocarbamate 
reagent solution. Run a reagent blank for the entire procedure and correct the absorbance. Read the 
result from a standard curve, but run a standard with each group of samples to check the validity of 
the curve. Use of a 5-g sample allows the det ermination of-an arsenic c&tent as low as 50 ppM. 

Chloride. Add 5.0 g of the EDTA to 35 ml of water and add sticient reaeent-arade aaueous 
ammonia (~3 ml) to &solve the sample. Now add sufficient reagent-grade nit& at& to b&g the 
pH to 3.5, stir, add 05 ml of reagent-grade 30% hydrogen peroxide, stir, and add 1 ml of O*lMsilver 
nitrate. After 5 min corn 
pared to include 3.5 ml p”” 

visually the turbidity developed with that of chloride standards pre- 
o 

acid added to pH 35. 
aqueous ammonia and 05 ml of 30 % hydrogen peroxide and with mtric 

Use of a 5-g sample allows determination of a chloride content as low as 5 ppm. 
A refinement of this procedure was also studied ln which su&ient nitric acid is added to precipitate 

EDTA as the free acid, the precipitate is separated by filtration, and washed with a small volume of 
dilute nitric acid. The combined filtrate and washings are used in the procedure as given. Since 
identical results were obtained, this retiement seems unnv. 

Trace elements by emission spectrography. Transfer 2.5 g of the EDTA to a porcelain evaporating 
dish, moisten with 2 ml of high-purity concentrated sulphuric acid, and pre-ash under contamination- 
free conditions in a pre-ashing chamber. lr Then add 25 mg of ultrapure or spectrographic grade 
lithium carbonate to the residue and ash in a muflle furnace. startme at room t emnerature. uro- 
gressively raising the temperature to 450”, and continuing at this temper&m overnight Tram& the 
cooled residue to a weighed polystyrene vial. Add suliicient lithium carbonate to give a total weight 
of 50 me and mix in a vibrator mill for 30 sec. Transfer 10 me of tbe mixture to the crater of a 
preform& high-purity gra hite electrode [3/16-m. (5-mm) neck, 3/?6-in. @-mm) deep crater], and use 
a t-in. (6mm) preformed L gh-purity graphite counter electrode. Excite with a direct current of 15 A 
for 120 set, maintaining a 4-mm gap throughout the burn. 
on an spectrum analysis plate. 

Record the 245-460 mu wavelength region 

Develop, fix, rinse, and dry the plates in a conventional manner. Read the lines in the 2450 to 
387.5 nm region as well as strontium at 407.8 mu, calcium at 422.7 nm, and barium at 455.4 mu, 
against commercial standards in lithium carbonate. 
sensitivity as a “less than” value. 

For key elements found absent, record the basic 
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The key elements routinely read are listed for one lot in Table IV. These values were obtained 
with three-level commercial standards augmented by a fourth standard prepamd by dilution of the 
lowest of those standards. The liits of detection for ten elements, employing SO-fold concentration 
by ashing as in the procedure above, are presented in Table II. If greater precision is desired, the 
recently introduced five-level spectrographic standards with indium as an internal standard can be 
used@ and line-pair ratios can be measured densitometrically. Internal-line standards of this im- 
proved type are being routinely appiied to other materials now under study in this laboratory. 

TARLR IV.-CRRTIFIRD VALUES POR ONB LOT OF rnox-x-PURI’IY EDTA* 

Aapay G&N@3 after 
drvine at 105°C for 2 hr 
P&e&ometric acid-base lO@q%t 

weight titration 
Chelometric weight titra- lOO*O.%$ 

tion with photometric 
indications 

Elemental analysis 
Carbon (theory 41.01”%) 
Hydrogen (theory 552 %) 

4;37; 4;37 
* 

Nnrogen (theory 959 %) 9:& 9:6; 
Ash (sulphated) o-003% 
Loss on drying at 105°C for 0.07 % 

2hr 
Nitrilotriacetate contents 0.02 % 
Particulate matter (after dis- OxlO3 % 

solution in aqueous 
ammonia) 

Non-metallic impurities @pm) 
AISUlk*+ to.05 
Bc=tt <@2 
Halide (as Cl) 30 
Silicontt 0.01 

Metallic impurities (ppm)ft 

lwmillium 0.03 
Antimony <l 

Metallic impurities @pm)tt (Confd.) 

Barium to*04 
Beryllium <o-o1 
Bismuth <@l 
Cadmium <@2 
Calcium 0.1 
chromium <Ol 
Cobalt to.1 
copper 0.02 
Gallium to.1 
Germanium <@2 
Geld to.2 
Indium tO.02 
Iron 0.1 

<0*2 
MaRnesium 
Ma;;ganese 
Molvbdenum 
Nickel 
Niobium 
Silver 
Sodium 
Strontium 
Tin 
Titanium 
Vanadium 
Zinc 

to.02 
0.01 

0.02 
to.1 
<o-2 

0.01 
25 
@l 

tD1 
0.02 

to.02 
<2 
<O-l 

+ Actual lot analysis, Lot UHC 331, ULTBEX@‘, (Ethylenedinitrilo)tetraacetate Acid, J. T. 
Baker Chem. Co., as packaged under argon in vials. The data support assignment of a lOO*O % 
EDTA value to the product as a chelometric standard. 

t Average value for 5 determinations: lml@, %9,, 100*06, lOt&% and 100-O,%. 
g Weighed amount of ULTBEX@ Calcium Carbonate, Lot UMO 450, assay 9999% C&O,; 

reacted with a substoichiometric weighed amount of the EDTA. The small excess of calcium 
in the solution, ammoniacaliy buffered to pH 95, titrated photometrically with a standard 
EDTA solution, with Calmagite as indicator. 

$ Average value for 3 determinations: lOO+O,, lwO,, and lmO,%. 
B By d.c.-polarographic amemment of the cadmium-NIA wave (-094 V vs. S.C.E.). 
l l By evolution and silver diethyldith photometry. 
tt By d.c.-arc spectrography. 

RESULTS AND DISCUSSION 

Values, obtained by the procedures detailed above, for one lot of high-purity 
EDTA are summarize d in Table IV. It will be seen that the agreement for replicates 
in the two assay procedures is excellent. The loss on drying, 0*07x, for this lot, is 
for the air-dried material. Obviously this content could be reduced by either vacuum- 
drying of the product or its heating at 105” for a suitable time; these operations 
would have to be conducted under contamination-free conditions. For the nitrilotri- 
acetate, the value assigned for the smallest clearly discernible wave-height in the 
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polarogram under’ the conditions of the procedure is 2 mm, and corresponds to 
@02x NTA. The lot described here showed a wave-height less than this and was 
conservatively assigned the value of 092% NTA. Sign&ant reduction of the halide 
eontent (3Oppm) by more persistent washing in the final step of preparation has 
been unsuccessful. Sodium at 25 ppm is the only metal impurity present significantly 
above the 1-ppm level. Most of the common metals are present, if at all, at concen- 
trations below the basic sensitivity for them of the spectrographic procedure adopted. 

The total amount of EDTA required for the conduct of the various procedures 
described is about 80 g.. Obviously the detection limits of certain of the procedures 
might be improved by use of larger samples. However, economic considerations 
speak against this since for a l-kg lot about 8 % is already consumed in the analytical 
characterization. Some improvement might be secured by using a single portion of 
the EDTA for more than one determination. However, our experience indicates 
that if such a portion is carried consecutively through several procedures contaminants 
accumulate and high blanks result, thereby off-setting any advantages gained. 

The question arises as to what else might be attempted in the way of further 
routine characterixation of high-purity EDTA. Gas chromatography after silylation 
has failed (see Nitrilotriucetute in the introduction). According to our results and 
those of Wendlandt,= the temperature of decomposition as measured by thermal 
analysis appears to have no simple relation to purity. 

Mercury is not reported in the spectrographic analysis since this element is 
probably largely volatilized in the ashing process.49 For this element highly selective 
photometric determination based on extraction with dithixone at pH 4-5 with EDTA 
present to mask any elements might be considered.” Silver is the only significant 
interference reported. In our hands, with various high-purity inorganic salts, the 
method has given satisfactory results for mercury contents of l-5 ppm. Conceivably 
this extraction-photometric method might be adapted for analysis of EDTA. 

For the detection and quantiftcation of trace elements spark-source mass spec- 
trometry might also be considered. 

One of the problems encountered in this work was how to dissolve the sample of 
EDTA for analysis. The free acid form of EDTA is relatively insoluble in water and 
only slightly soluble in many organic solvents, both common and exotic. Usually 
the free acid is dissolved in water by the addition of sodium or potassium hydroxide, 
and occasionally with aqueous ammonia. Sodium and potassium hydroxides are as 
yet not available with sufliciently low multivalent metal content, and reagent-grade 
aqueous ammonia supplied in glass bottles is high in silica content. Where a solution 
of the sodium salt is desired, high-purity sodium carbonate can be used. To a water 
slurry of EDTA an equimolar amount of anhydrous sodium carbonate is added in 
small portions with precautions to avoid loss by effervescence. To eliminate most of 
the carbon dioxide the mixture is stirred until reaction ceases and is then warmed 
briefly and aerated with nitrogen or filtered air for 20 min. The resulting solution 
has a pH of 444.5. If dissolution is still incomplete at the required EDTA concen- 
tration, additional sodium carbonate or hydroxide is added till pH 5-O is reached. 
When a solution of the ammonium salt is to be made, ammonia gas is either bubbled 
directly into a cooled EDTA slurry or is absorbed (with cooling) in water and the 
resulting solution used promptly (see under Reagents). These two approaches should 
be of interest for any application of EDTA where low multivalent metal content is 
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mandatory. Indeed these approaches should be considered whenever reagent-grade 
EDTA, as the free acid, is to be utilized in the laboratory. 

For a standard material, the rate of moisture pick-up on exposure to air should 
be small. For the lot described in Table IV, a portion of the powder was dried at 
105” for 2 hr and 3 g of this dried material, weighed to the nearest 0.01 mg, were 
loosely spread over an area of l-6 x lo-8 m* on the bottom of a weighing bottle. 
The open bottle was kept at 50 % relative humidity (saturated calcium nitrate solution) 
and room temperature. After 24 hr the weight had increased by less than 0.01% 
and then remained essentially constant over a 5-day period. 

Acknowle@emt--The authors are grateful to N. A. Kershner for assistance in the spectrographic 
work and thank Dr. R. M. Speights for helpful discussion and aid in the photometric assay. 

Zasamme&ssnng-Hochemwickelte Laboratorien benbtigen Che- 
mikalien hoher Retieit mit weniger als 500ppm Gesamt-Ver- 
unreinigungen (ultramine Chemikalien) mit ausfiihrlichen analytischen 
Angaben ftir jede Partie. Wirtschaftlich dumhftihrbare Methoden xur 
praktischen Analyse solcher Chemikalien, sowohl im anorganischen als 
such im or 

i$” 
‘schen Rereich, werden skizziert. Rei der Untersuchung 

van Mon proben und anderen hochemwickelten Untersuchungs- 
programmen verwendete Verbindungen werden erwiihnt. EDTA wurde 
durch L&en in wasser mit Base und Fallen mit S&ue als freie Saure 
hergestellt und ausftihrlich charakterisiert. Eine Prlixisionsgehalts- 
bestimmung wird dumb W&&ration, potentiometrlsch als dmibasige 
Saure und photometrisch als Chelatbildner erreicht. Andere Prtlfungen 
sind Elementaranalyse, Veraschung, Gewichtsverlust beim Trocknen 
und Staub sowie Proben auf Nitrilotriacetat, Amen und Chlorid. Ror, 
Siicium und Spumnmetalle werden durch Emissionsspektrographie 
b&immt. Viele der Verfahmn lassen sich auf andere organische 
Chemikalien hoher Reinneit anwenden. 

R&w&--Les laboratoires de niveau sup6rieur ont des exigences pour 
des produits chhniques de haute purete avec moins de 500p.p.m. 
d’impuretes totales (produits chimiques ultra-puts) et avec une large 
d6tinition analytique de chaque lot. On dehmlte quelques progres 
realisables economiquement vers l’analyse pratique de tels produits 
chimiques, tant inorganiques qu’organiques. Les composes utilises 
dans l’etude d’echantillons lunairw et darts d’autrm programmes 
avan& sont notes. L’EDTA, a P&at d’acide libre, a et6 prepare par 
dissolution dam l’eau avec une base et precipitation par addition 
d’acide. Le uroduit a et6 mossierement caract6rid. Le contr8le de 
precision est’r&lise par ti&n&rie pond&ale, potentiom&riquement 
en tant qu’acide triprotique et photom6triquement en tant qu’agent 
chelatant. D’autres essais apphqueS comprennent l’analyse &men- 
taire, les cendres, la perte au Sechage, la matiere particulaire, et des 
recherches de nitrilotriac&ate, d’arsenic et de chlorure. Le bore, le 
silicium et les metaux il. l’citat de traces sont d&ermines par spectro- 
graphie d’emission. Un grand nombre des techniques sont applicables 
a d’autres produits chimiques de haute pure& 
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EXTRACTION OF SOME METAL-XYLENOL ORANGE COMPLEXES 

INTO METHYLTRIOCTYLAMMONIUM CHLORIDE (ALIQUAT 336-S) 

RUJXK.F P&BIL and VLADI&R VESEL=~ 
Laboratory for Analytical Chemistry, J. Heyrovsk$ Polarographic Institute, Czechoslovak 

Academy of Sciences, Prague 1, JilskS 16, Czechoslovakia 

(Received 9 December 1969. Accepted 22 March 1970) 

Summary-The extraction of trac8s of metals forming intensely 
coloured complexes with Xylenol Orange in acidic medium (p HO-3) 
has been studied. For such extractions in the presence of sulphates, 
chlorides and nitrates, a solution of methyltrioct 

I 
lammonium chloride 

(Aliquat 336-S) in chloroform has been used. t is shown that it is 
possible to detect small amounts of gallium in indium and vice uersa, 
and titanium or zirconium in thorium. These xeactions should be 
capable of adaption to spectrophotometric determinations. The 
principle of the extraction of metals as their complexes with various 
metallochromic indicators is briefly discussed. 

AMONGST the many new reagents which have been synthesized for complexometric 
purposes during the last decade, Xylenol Orange (X0)l.s and Methylthymol Blue 
(MTB)8 have been popular because of their sensitive reactions and very sharp colour 
change. Both have also been used for the calorimetric determination of at least 
twenty metals (see Table I), the low selectivity being partly overcome by choice of 
proper conditions (PH, masking agents). The extraction of highly coloured ion- 
association, ternary or uncharged complexes has also proved very useful by allowing the 
development of sensitive and simple calorimetric procedures. We have assumed that 
similar extraction of intensely coloured complexes of X0, MTB and other compounds 
of this type would be a welcome contribution to analytical chemistry. 

All these complexes are anionic and all attempts to extract them directly with 
common organic solvents have failed. Recently Moore has found that methyl- 
trioctylammonium chloride (Aliquat 336-S) is able to extract some complexes of such 
aminopolycarboxylic acids as EDTA, DTPA and HEDTA.4*6 We can expect that 
complexes of X0 or MTB could also be extracted with a suitable solution of this 
amine or of other high molecular weight amines which are now on the market 
(Alamine, Hyamine, Arquad, Zephiramine, etc). 

Preliminary experiments were very promising. In some cases the extraction of 
X0-metal complexes proceeded smoothly under proper conditions @H and presence 
of suitable anion), in some cases the metal complexes were extracted not at all or only 
partly. For example, indium is extracted from acidic solution very easily in the 
presence of sulphate or chloride but gallium is not. Similarly, zirconium and hafnium 
are extracted, but thorium is not. Also the action of masking agents in some cases 
differs from that in aqueous solutions. The extracted Ti-X0-Ha02 complex does not 
react with ffuoride in chloroform-amine medium. Such selective extractions permit 
successive separation of trace metals and their calorimetric determination either in the 
aqueous or the organic phase. 
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TABLB I.-OPTIMAL CONDITIONS FOR C!OL4lRIMSTRI C DETTBMNATION OF MJ3TALS 
WITH x0 

validity of 
Beer’s law 

Metal Acidity /%I25 ml Reference 

Zr 0.2N HISO, 5-63 
0.5-l *OM HClO, - ; 

Ga pH 12-1.7 O-60 8 
pH 1.5-25 5-140 
PH2 1: 

In pH 3-4 5-80 
Bi @08+15NH,SO, 20-100 ::. 

@1-02MHC101 O-250 13 
@ 1N HNOt or HCIO, or 
HCI 10-80 14 

Th pH 27-3.3 2-80 
pzz!5: 15 

Tl @25+7M acetic acid 16 
Ti pH 3-4.5 17 
Ti + HIOI @04+06M HClO, 7-70 18 
Cr pH l-9-2.2 O-30 

pH3 - : 
Al pH 34 O-50 

pH 3.8 : 
pH 3.4 5-25 

Fe @04&06M HCIO,, HCl 5-50 ;: 

In this paper we discuss the general conditions for extractive separation of some 
metal-Xylenol Orange complexes into a chloroform solution of Aliquat 336-S and 
some examples of qualitative detection of traces of metals. Further applications are 
also discussed brieffy. 

EXPERIMENTAL 
Reagents 

Amine hydroddoride solution. Chloroform solutions (5 % w/w) of methyltrioctylammonium 
chloride (approx. @lM) were prepared by dissolution of 50 of Aliquat 336-S in 1 kg of chloroform. 
Aliquat 336-S (General Mills Inc., Kankskee, Illinois, U.S. d 
amine with 8-10 carbon atoms, with octylamine 

.) is R&H,NCl, where R is an aliphatic 

B Metal ion solurions. Solutions (5 x lOWaM an 
redominating @O-95”&. 
5 x 10-W) of metal salts were prepared by proper 

dissolution of the nitrates or chloridea (acid&d if necessary). 
XyZenol Orange, lo-*M solu~ion. 

Brno) in 100 ml of redistilled water. 
Prepamd daily by dissolution of 70 mg of the reagent (Lachema, 

Other reagents. These include @ 1N hydrochloric, nitric and sulphuric acids either alone or @lM 
in potassium chloride, potassium nitrate or sodium sulphate respectively. Buffer solutions of pH 3.0 
and 4.6 were prepared from acetic or chloroacetic acid and sodhun hydroxide. Solutions at pH 5-5.5 
were pmpared from acid solutions of metals by adding a 5 % solution of hexamine. 

Extraction of X0-complexes 
RESULTS 

Xylenol Orange as a complexometric indicator is used only in acidic solutions from 
pH 0 up to pH 5-505. Above this pH coloured forms of the indicator such as HsXo4-, 
HXO& and X06- are formed. Complex formation is strongly dependent on the pH 
of the solution. Generally speaking, the lower the pH, the more selective are the 
reactions of Xylenol Orange. For this reason we have studied the extraction from 
relatively acidic solutions (pH below 3), where only a few elements react with X0. 
Table I includes the values of optimal pH for calorimetric determination of elements 



Extractions with long&lain amines- 803 

with X0. Other elements which react at pH >4 (bivalent metals, rare earths, etc) are 
not included. These are also extracted into a chloroform solution of Aliquat. 

A great number of preliminary experiments, where the influence of pH and con- 
centration of anions (nitrate, chloride, sulphate)on complex formation and extraction 
was studied, led to the adoption of the following procedure. 

General procedure 
To a test-tube, a solution containing 50 pg of metal was added and acidified with 5 ml of acid 

(O~lNH,SOJ~lNNa,SO, or lMHCl/DlMKCl or ~lMHNO&lMKNO~ and diluted to 1Oml 
with redistilled water. After addition of 1 ml of @OOlM X0 the test-tube w& warmed for 5 min in a 
boiling water-bath. After cooling, the sohltions were extracted with 10 ml of the Aliquat solution in 
chloroform by vigorous shaking for 10 sec. After phase separation, the colour observed eventually 
gave rise to a precipitate at the interface. The observations were evaluated as follows: 

(a) Quantitative extra&m was indicated by a colourless or slightly yellow water phase and an 
intensely coloured organic phase. After addition of more X0 the water phase became intensely 
yellow and a second extract was colourless or slightly yellow (free X0). 

(b) In partial extractions, both phases were coloured (orange, red or violet). By repeated ex- 
traction with additional X0, the degree of extraction could be roughly e&mated. 

(c) Where no extra&on took place, even of tracea, the organic phase was yellow (free X0). 

Table II shows the behaviour of some elements in the presence and absence of 
some masking agents (bromide for Tl and Bi, ffuoride for Zr and Th). 

TABLZ II.-EXTRACITON OF XYLZNOL ORANGE CWPLECM WITH AUQUAT 

Medium 

Ion @lNHCl @lNH,SO, @lNH,SO, + @lMNa,SO, @lNHNO, + @ljkf~~O, 
+lO% KBr/ +lO%KBr +10% KBr/ 

OlGKCl @li&a$O, +lO%KBr lMNH,F* lMw+ 

Bi 
Ga 

Zr 
ficIl) 
Al 
Pb 
Ni 
Coo 
TiO + 

H,O, 
no 
MoO 
WO 
V(v) 

0 

P 
: 
0 
0 
0 
+x 
0 

: 
0 
0 

+ 
- 
+ 

p+ 

: 
0 

of - 
ii 
0 

+ 

of 
0 
+ 

0 

P 
+ 
0 
: 
PX 
0 

0 

: 

0 

0 
+ - 
: 
0 
0 
0 
0 
0 
0 
0 

P 

0 
- 

0 
_;; 
0 - 
ox 

: 

: 
0 

P 

0 

0 
0 - 
0 

00 
00 
0 
0 
0 
0 

* After extraction in the presence of KBr, the phases were left in contact, NH&F added, and the 
phases were shaken again. 

f Extraction into the organic phase. 
- No extraction. 
X Hydrolysis. 
PPartlyextracted. 
0 No reaction with Xylenol Orange. 
W Very feebly extracted. 
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These results are worth studying because quantitative extractions should allow the 
development of new calorimetric procedures for traces of these elements. With 
Xylenol Orange we are able to detect less than 1 &ml. Because of shortage of 
Aliquat in our laboratory we have worked out only a few simple qualitative procedures. 

Qualitative detection 

Detection of gallium in the presence of imiium. To a solution containing at least 10 prg of Ga add 
5 ml of O-1 NH,SG,/&lMNa,SO, and dilute to 10 ml with water. Warm the solution in a boiling 
water-bath, and add 1 ml of @OOlM X0. Allow to cool and shake vigorously for 10 set with 10 ml of 
Aliquat solution. An orange-red colour in the water phase indicates the presence of allium. 
intense red colour in the organic phase indicates the presence of indium. q% 

An 
This test is reha 

ratio In:Ga = 5000 (@02x Ga). 
le up to the 

The extraction can be repeated. Usually the chloroform extract is colourless. If we add to the 
separated aqueous phase 1 ml of 1M ammonium 5uoride and shake again with Aliquat, the Ga-X0 
complex is extracted (fluoride masks traces of Zr, I-If, Ti and simultaneously raises the pH), and can 
be stripped by adding 05 g of potassium bromide to the 

Detection of indium in the presence offallium. oc3 The pr 
ueous phase and shaking again. 
ure &a&id above can be used provided 

that the gallium is not in large excess.- To the cold solution containing at least 15 pg of In ‘aaa acid 
and water as above, then 1 ml of X0 and 10 ml of Aliauat reaeent. The red extract indicates the 
presence of indium,- the aqueous phase is an intense or&e. Odium can be detected up to ratio 
Ga:In = 250 (0.4% In). 

Detection of gallium in the presence of bismuth. To the solution containing at least 10 pg of Ga 
add 1 g of potassium bromide and proceed as described above. An orange-red colour in the water 
phase indicates the presence of gallium. The limit of detection is 0~ 1% Ga. 

In all these tests thallium, thorium and bivalent metals do not interfere. Iron does not interfere if 
it is iirst reduced with ascorbic acid. 

Detection of zirconium in the presence of thorium. Take a solution of zirconium and thorium 
sulphatcs ccnt&ing at least 10 pgof Zr, adjust the sulphuric acid concentration te @Slv, add 1 ml of 
@OOlM X0 and warm the soluuon in a boiia water-bath for 5 min. The solution becomes red- 
orange during warming. After cooliig extract”the solution with 5-10 ml of Aliquat reagent. An 
intensely red or red-violet chloroform phase indicates the presence of xirconium. The detection limit 
is 0.02 % Zr. 

In the resence of chloride and nitrate xirconium is hydrolysed during the procedure, but its pres- 
ence is m ~cated by the appearance of a red-violet ring at the interface. The sensitivity remains the *ds 
same. 

Detection of titanium in the presence of thorium. To the solution of titanium and thorium in @ 1N 
sulphuric acid (containing at least 6 ,ug of Ti) add l-2 drops of 30% hydrogen peroxide and 1 ml of 
@OOlMXO. Warm the solution in a boiling water-bath; the solution turns orange or intense red 
depending on the Ti concentration. Allow it to cool and extract with 5 ml of Aliquat reagent. An 
intensely red extract indicates the presence of titanium. The aqueous phase remains orange (Th). 
On addition of @5 ml of 1M ammonium fluoride, and shaking again, the orange colour of the 
aqueous phase disappears, but the colour of the organic phase does not change (Ii-XG-H,O,-Aliquat 
does not react with fluoride). The detection limit is @07 % Ti. 

If the solution contains more than 10 mg of thorium, then after addition of peroxide the thorium 
is precipitated, the extract becomes very cloudy and colour detection fails. 

DISCUSSION 

The experiments reported above are the first attempt to extract and successively 
separate the highly charged complexes of Xylenol Orange. Similar behaviour has 
been observed with Methylthymol Blue (useful as an indicator at pH l-l l), Glycine- 
thymol Blue (selective for copper), and many others. Such extractions are dependent 
not only on pH and the chemical composition of the solution to be extracted, but also 
on the amine used. Extractions proceed differently with different extractants, e.g., 
Aliquat, simple trioctylamine (Alamine) or tetradecyldimetbylbenzylammonium 
chloride (Zephiramine). In addition, various metals can be suitably extracted as 
anionic complexes (or as simple anions such as CrO,?-, Mn04-) and determined 
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directly with a specific reagent in the organic phase, with high sensitivity. Quantitative 
studies are now in progress. 

Acknowle~emext-The authors express their grateful appreciation to Mr. J. E. House (General Mills 
Inc.) for his interest and steady provision of chemicals. 
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ZasammwDie Extraktion van Metalls uren 
‘i 

wurde unter- 
sucht, die in saurem Medium (pH O-3) mit Xyenolorange mtensiv 
farbige Komplexe biiden. FUr sol&e Extraktionen wutde in Gegen- 
wart von Sulfaten, Chioriden und Nitraten eine L&sung von Methyi- 
triotylammoniumchlorid (Aiiquat 336-S) in Chloroform verwendet. 
Es wird gexeigt, da8 man kieine Mengen Gallium in Indium und 
umgekehrt sowie Titan oder Zirkonium in Thorium nachweisen kann. 
Man solhe diese Reaktionen fti spektrophotometrische Bestimmungen 
einrichten k6mien. Das Prinxip der Extraktion von Metailen ais 
Komplexe mit verschiedenen Metailfarbindikatoren wird kurx 
diskutiert. 

R&am&-On a Ctudie I’extraction de traces de m&aux formant des 
complexes intensement color6s avec 1’Orange XylCnol en milieu acide 
(pH O-3). Pour de telies extractions on a utiiist, en la presence de sul- 
fates, chiorures et nitrates, une solution de chlorure de mcthyltriocyty- 
lammonium (Aiiquat 336-S) en chloroforme. On montre qu’il est 
possible de ddtecter de petites quamites de gallium dans I’indium et 
vice uerzu, et le titane ou le zirconium dans le thorium. Ces &actions 
devraient pouvoir &tre adapt&s aux d&erminations spectrophoto- 
m&riques. On discute brievement du principe de l’extraction de 
m6taux B P&at de complexes avec divers indicateurs m&aiiochromes. 
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Smnmary-The formation constants of palladium with chloride ions 
have been determined by a new approach to the interpretation of the 
ultraviolet speotra. The interaction of PdCl,a- with stdphaguanidine 
(SG) has been interpreted and evaluated quantitatively. The formation 
constants of the mixed l&and complex Pd(SG),Cl,, were determined 
spectrophotometrically. The stability constants for the stepwise 
formation of the palladium chloride complexes are: log k, - 3.48; 
log k, = 2.79; log k, = 2.35; log kr = 1.1, and for the interaction 
of PdClf- with SG, log k, = 5.42; log k, = 4.38. 

SULPHAGUABIDINB (SG), well known as a drug, was found by the authors to be a 
reagent with distinct selectivity for palladium. In slightly acidic aqueous media it 
yields an insoluble crystalline complex of the composition Pd(SG)& SG belongs to 
a group of compounds having the general formula RYC(NH)NH, where Y = 
--CH,--, -S--, -G- or -NH-, and R = an alkyl, aryl or polymeric matrix, 
all of which have previously been found to possess some afsnity for platinum metals 
as well as for go1d.l This suggests the possibility of preparing selective ion-exchange 
resins by incorporating this type of ligand into a polymeric matrix. The present work 
will deal with the stability aspects of the palladium-SG complex, in order to yield an 
understanding of the processes that will take place in the polymeric matrix. 

Since a mixed complex is formed, Pd(SG),Cls, separate discussions are needed 
for its two constituent parts, namely the palladium chloride system and the inter- 
action of that system with SG. 

EXPERIMENTAL 
Methods 

AlI stability constants were determined spectrophotometrically on samples equilibrated for 2 days 
and haying a pH of 2 and an ionic strength of 1M (sodium perchlorate). 

PaNadam chloride system. A certain quantity, 5 ml, of 1.17 x 10-W ammonium tetrachloro- 
palladate(II) was measured into a series of SO-ml standard flasks. Enough sodium chloride 
solution was added to each fiasb for its tinal concentration to vary from lOA to l.OM. After 
pH and ionic strength adjustments the samples were diluted to SOml and equilibrated for 2 
days. The spectra of these samples, which are shown in Fig. 1, were taken on a Perkin-Elmer Spectro- 
photometer No. 350, in the region 2OMOO nm, with lo-mm silica cells. 

In order to obtain the numerical data for Q (the molar absorptivity of the [PdClf-] species) at 
278 11111, the absorbance must be measumd at a high free chloride concentration, namely 3M. But 
under these conditions, with the palladium concentration chosen, the absorbance signal saturates the 
recorder at wavelengths shorter than 223 mn. This measuremen 
and does not appear in Fig. 1. 

t was therefore carried out separately 

Sadpha_puanidine. Equal quantities, 1.67 mg, of SO were introduced into a series of 100~ml 
Stan&d f&&s. Different qtitities of per&l& acid were added to these samples so as to get a 
variation in DH from 0.2 to 670. The snectra of these solutions were recorded in the reeion 200-400 
nm and are ‘shown in Fig. 2. 

I Y 

Palladium chloride-SG system. For determination of kl, various amounts of SG were placed in a 
series of SO-ml standard flasks each of which contained 9.4 x IQ-W ammonium tetrachloro- 
pallada@ and @988 x 1W’M hydrochloric acid. The spectra of these solutions in the visible 
region (350-600 mn) were recorded and are shown in Fig. 3. Absorbance measurements for kI were 
takenat402nm. 

807 
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Fho. 1 .-Spectral changes during the reaction of palladium with chloride ions. 
Addedchlorideconcentration: (1) 0; (2) lVM, (3) 2 x lo_SM; (4) 5 x lO-V$ (5) 
9 x lO-‘M; (6) 1.5 x lo-‘M, (7) 2.5 x 1oJM; (8) 5 x lo-‘M, (9) lo-‘M; (10) 
2 x lo-‘M, (11) 4 x lo-‘M; (12) 6 x lo-‘M; (13) O.lM; (14) @14M; (15) @2M; 

(16) 0.3M; (17) l*OM. 

For the method of corrqond@ solutions, in order to determine the free l&and concentration 
[A], two sets of palladium chloride solutions M pmpared: CH’ = 5.63 x lO-‘M and CM* = 
3.75 x lo-‘M. A aeriea of SO-ml standard flaska wan reparod containing solution of concentration 
C,l and another series with concentration C,l. Toeac ofthefkkswereaddedamountaof1~126 x \ 
lO-% SG varying from 1 to 12 ml. and the volumes wem made up to 50 ml. Absorbanw meas- 
mmteweretakenat39OnminlO-mmailkacells. 

For the method of amtiruaou~ variaticn~ the l&and-to-n@al ratio was dekrmined by measuring 
absorbancxs at 390 nm for various mixtures with [metal] + pgand] = 2.21 x 10-*&f. 

RESULTS AND DISCUSSION 

Palladium chloride system 

M.any halide complexes of palladium are known, which have the general formula 
PdL&, where L may be dimethylsulphoxide, thiocyanate, trialkylphosphine deriv- 
atives, etc, and X is a halide.* The complex formed between SG and palladium chlo- 
ride also belongs to this general type. In such complexes two chloride ions of the 
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Fro. z.-Spectml changes of sulphaguanidilla with PH. 
H of~htiolls: (1)@2; (2) 1.03; (3) 1.22; (4) 1.40; (5) 1.64; (6) 1.80; (7) 2.01; (8) 

8 -09; (9) 2% (10) 2.35; (11) 248; (12) 2.62; (13) 2.95; (14) 342; (15) 3.70; (16) 
477; (17) 670. 
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Fb. 3.-Spectral changea during the addition of SG to a palladium chloride solution. 
Concentration of Pd: 75 x 10dm ratio SG/Pd: (1) 0; (2) 0.25; (3) 05; (4) O-75; 

(5) 1.0: (6) 1.25; (7) 1.5; (8) 1.75; (9) 2.0; (10) 2.5; (11) 3.0; (12) 35. 
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original PdCl,s- are apparently bound very strongly, while the other two can be 
easily substituted by other ligands. 

The stepwise formation of the chloro-complexes of palladium in solution has 
already been studied potentiometricallys and spectrophotometrically.“g The numeri- 
cal results obtained differ considerably, while the values obtained for k3 and k4 seem 
to be too high in most of them. The photometric determinations of the stability 
constants consisted of measurements taken at the weak d-d transition peak (400 mn). 
Measurements at this wavelength are not very accurate because all the palladium 
chloride species absorb in this region and there are only slight differences in their 
peak intensities. The ultraviolet spectra under conditions of stepwise formation 
of the chloro-complexes offer more detailed and accurate information. Figure I 
illustrates a well resolved spm consisting of three different absorption peaks and 
two isosbestic points. 

The peaks appearing in this spectrum can be de8nitely assigned to three species: 
IpdCls(HsO),] at 208 mu; [pdCl&I,O)-] at 208 and 236 mn, and a shoulder at 
278 nm; [pdCI,s-] at 223 and 278 nm. 

In Fig. 1 the [pdCl,s-] species is clearly seen to be formed at high chloride con- 
centrations, with its absorption maximum at 278 nm. Curves l-9 mainly represent 
the formation of the lower chloro-complexes, the [pdCl+] and PdCl, species. Curve 10 
is different in shape because at that chloride concentration the quantities of pdC&-] 
and pdCl,g-] begin to become more appreciable. Curve 11 represents the following 
concentrations of the various palladium species: PdCl,a- 31x, PdCls- 62 %, PdCl, 
7%. Beyond curve 11 there is a sharp rise in the concentration of PdClds- and a 
decrease in that of PdCls- and the formation of the well defined absorption peaks at 
223 and 278 mu is observed. No changes in the curve were found above 3M chloride 
concentration, which makes the existence of co-ordination numbers higher than 4 
very unlikely.4~6*1°*ls 

Determination of k8 and k& The formation constant of the fourth chloro-complex, 

can be determined from the data in Fig. 1. For the calculation of k4 the assumption 
is made that in the range of chloride concentrations between 4 x 10-aM and 3M the 
system contains only IpdC14s-J and [PdCls-1. This assumption is supported by the 
appearance of an isosbestic point at 261 nm, which indicates the existence of an isolated 
equilibrium between two species. The equation for the system at the 278 nm peak is 

A=&= s(IpdC14s-J + PdCls-1) = E4[pdC14s-J + &s[pdCls-1, (2) 
where A is the absorbance measured at 278 run, C, the total concentration of palla- 
dium, and E, ~g, e4 the molar absorptivities of the mixture, PdCl,- and PdCl,s 
respectively. 

Rearranging equation (2) and multiplying by C’, yields 

@aGd - sC&PdC14e-] + (es& - e&)[PdCls-] = 0. (3) 

By substitution of A, = s4CM (for the absorption measured at the maximal chloride 
concentration of 3M where the only species present is IpdCl,%J), and A = &Cma, 
we arrive at a straight-line correlation between the absorption measured at 278 nm 
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and the free chloride concentration i 

A = (A, - A)[Cl-lk, + ~&~, (4) 
A plot of A US. (A, - A)[Cl-] gives a straight line. Similar expressions were 

developed by Newman and Humer4~15 in their studies on the formation constants of 
the bismuth+hloride system. From the slope and the intercept of this line k4 and es 
can be calculated. The experimental results were treated by least-squares methods and 
gave the following values and standard deviations: 

k, = 12.3 f 08 

0.222 f 0.042 
%= c, x 10 

= 190 f 36 I.mole-lmm-l. 

For the calculation of k, the same approach as for k4 was used, and the measure- 
ment was also carried out at 278 MI. The chloride concentrations were lower and 
therefore the existence of the PdCl, species had to be taken into account. The basic 
equation has the form of equation (3) with the addition of the absorption of the PdCl, 
species : 

WM - A)PdW-1 + W, - A) WC&-l + (q& - AN’dC&J = 0. (5) 

Q and k4 are now known and if we substitute: 

[pdCJS] = k8 . k4 [PdCl,] [Cl-]* 

IpdCIs-] = k8 [PdCLJ [Cl-] 

into equation (5) and divide by [PdCLJ, the following equation is obtained: 

A = {(A, - A)k,[CI-]* + [E& - A][Cl-]}k, + q&. (6) 

The graphical correlation of the measured absorption VS. the term in the brackets 
yields a straight line the slope of which gives the value 224 for k,, and the intercept 
the value of Ed, which is negligibly small. 

Determination of k, and kp The kI and k2 equilibria exist in the regions of lower 
chloride concentration. In those regions the assumption that the total chloride 
concentration is equal to the free ligand concentration is not valid. It was therefore 
decided to use BjerrumW more general approach, which makes use of the formation 
function : 

fi = dlogoa 
N-dlog[A]= 

CA - Ml 
CM ’ 

where n’ = the average number of chloride ions bound to palladium, N = maximal 
co-ordination number, a,, = degree of formation of an individual complex lPdCc-*J, 
[A] = free chloride ion concentration, C, = total chloride concentration, C, = 
total palladium concentration. 

Equation (7) can be used for the graphical construction of the formation function. 
C, is known (1.17 x 10-W), and from the spectral data at 278 run a,, can be cal- 
culated, for the special case of [pdCJs-], as a function of chloride concentration, as 
follows : 
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The formation curve for the Pd-Cl system was constructed, and the following 
stepwise formation constants were calculated, to a first approximation, at the points 
n’=n- 4: 

1 
k - 

n = L%-IIS 

log kl = 3.48 

log kz = 2.79 

log ks = 2.00 

log k4 = 0.96 

These values agree fairly well with those obtained by Burger and Dyrssen,B 
who used different experimental methods ; k, and k,, in particular, are in fair agree- 
ment with those calculated by the foregoing method and with JBrgensen’s low value 
for k,. 

The ligand suphaguanidine 

The ultraviolet spectra of aqueous sulphaguanidine solutions in the pH range 
l-7 were recorded between 210 and 400 nm and are illustrated in Fig. 2. This spectrum 
demonstrates the existence of two species in equilibrium: 

SG + H+ + SGH+. (10) 

Above pH 3 the basic species SG with an absorption maximum at 258 nm is predom- 
inant. At higher acidities a protonated species is formed with a maximal absorption 
peak at 222 nm. Isosbestic points at 217 and 236 run support the simple equilib- 
rium shown in equation (IO). In solutions more acidic than pH 1 a higher protonated 
species of the type SGHss+ may form, as evidenced by the shift of the isosbestic point. 

The dissociation constant of the monoprotonated SG was found potentiometrically 
by Bell and Roblinl’ to be pK, = 2*75. In the present work, Fig. 2 was used to deter- 
mine this constant in the same manner as that adopted for the Pd-Cl system. Equa- 
tion (11) is analogous to equation (4) for the special case of the SG system in d&rent 
pH media. 

A = 2 {(A, - 4DH-II + eHA . %A, (11) 
w 

where A = the absorption measured at 258 nm, A0 = the maximum absorption of 
SG at 258 run, E BLa = the extinction coefficient of the protonated ligand at 258 mu, 
k, is the ionic product for water. 

The slope of the straight line obtained gives the value pk, = 2.32 f 0.02, which 
seems to be more accurate than the former value. 

The reaction between palladium chloride and sulphagumridine 

On addition of sulphaguanidine to a palladium chloride solution the yellow colour 
of the solution immediately became more intense. With palladium concentrations 
higher than 10-8M a yellow crystalline precipitate slowly formed, with composition 
IpdCls(SG),]. The ligand-to-metal ratio was determined experimentally by Job’s 
method, and the palladium-to-chloride ratio by elemental analysis. 



Interaction of palladium with sulphaguanidine 813 

Precipitation was carried out in acidic solution (pH 2) in order to avoid hydrolysis 
of the palladium ions. The acidity of the solution increased slightly during this 
process, because of displacement of protons from the protonated SG. 

The conditions of complex formation between palladium and SG were studied in 
solution below the limit of precipitation, by measuring the d-d transitions of the 
Pd-Cl system oocurring at 400 nm. 

Determination of formation constants. The numerical value of the first formation 
step, 

(12) 

can be determined by gradually adding small quantities of SG until a palladium: SG 
molar ratio of 1: 1 is reached. The spectra illustrated in Fig. 3 show the complex 
formation below the limit of precipitation, and indicate that at a wavelength of 402 nm 
there are no changes in absorption above the 1: 1 ligand-to-metal ratio. The species 
appearing in equation (12) were evaluated by making the following substitutions i 

A I = %Mo + M'dCMWl = q,Fr, - PdCls(SG)] + @dCls(SG)J 
= %,lMt - SGtI + EJSGJ (13)* 

where A, = the absorption measured at 402 run, E,, = the molar absorptivity of 
IpdCl,!+-] at 402 run, e1 = the molar absorptivity of IpdCls(SG)‘J at 402 nm, M,, = 
concentration of the chloro-complexes of palladium which did not react with the 
ligand, N = total palladium concentration, SG, = total ligand concentration, 
[SG] = free ligand concentration (i.e., not bound to palladium). 

e, can be determined experimentally from equation (13), and the concentration of 
the species [PdCl,(SG)] can now be expressed as a function of measurable quantities: 

[PdCl,(SG)] = Mt - fi = A;I--e;Mt (14) 
0 

M 0% - A, 
0= . 

81 - &o 

The free SG concentration can now also be expressed by measurable quantities: 

[SG] = [sGt - “: -_““IID 
1 0 

where D is a pH correction term for the @and and is equal to (1 + w+]/kJ 

(16) 

l Equation (13) is valid under the sped& conditions of SGt < Mt , when it can be assumed that 
all the SG is associated with palladium. 
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where G is a correction term for IpdCls] as a function of chloride concentration and 
is given by 

G 
1 

= k,k,[Cl-]s + k,[Cl-] 
-!- + 1 + k&l-] + k&&l-]*. (18) 

Substitution of equations (14), (16) and (17) into equation (12) yields 

4 - %Mt 
K1 = (&rMt - A,) (el 

(81 - %I 

- %)(S% + (eOMt - A,) ’ 
D.G (19) 

The experimental plot of equation (19) is a straight line and yields the numerical 
value (3.13 f 0.14) x lo5 for the first stability constant K,, the correction terms at 
pH 2 and chloride concentration 0.988 x lO_sM being D = 3.18 and G = 3.74. 

Since by spectrophotometric measurements at 402 nm only Kr could be deter- 
mined, it was decided to use Bjerrum’s general equation since it enables both Kr and Ks 
for the palladium-SG system to be determined. 

However, the general Bjerrum equation R = (CA - [A])/C, can be used only if 
there is an appreciable difference between the total ligand concentration C, and the 
free ligand concentration [A]. The free ligand concentration was determined by the 
method of corresponding solutions .ll This method is based on the assumption that if 
two solutions of different C, and C, show the same absorbance, the distributions of 
all complex species in both solutions are equal. According to Bjerrum the free ligand 
concentration can then be calculated by the formula 

CA= mlx[l~126 x 10s4m] 

FIG. 4.-Determination of [A] by the method of corresponding solutions. 
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FIG. L-Formation curve for the interaction of palladium chloride with SG. 

The free ligand concentrations for different C, and CM, as determined experimentally, 
are illustrated in Fig. 4. 

Once [A] is known, the formation curve can be constructed (Fig. 5) and the two 
stability constants calculated. 

The numerical values taken from the graph must still be corrected for the terms 
D and G. The stability constants obtained after all these corrections have been made 
are as follows: 

1 [PdCMSG)] 
K1 = [Al,., = [PdClJ[SG] = 2*6 ’ lo6 

D’dCWW 
[PdC&(SG)][SG] = 2’4 ’ ‘Op. 

The value of KI obtained by the Bjerrum method agrees well with that already ob- 
tained, so it was thought justifiable to proceed with the computation of & from 
Fig. 5. 

CONCLUSION 

The finding of relatively low stability constants for the palladium chloride-SG 
complexes leads us to the assumption that SG reacts as a monodentate ligand rather 
than by forming a chelate, although structurally this reagent could possibly also act 
as a bidentate ligand. Since two chloride ions are definitely bound to the palladium, 
chelate formation would require 6-co-ordinated palladium, which is very improbable; 
most palladium complexes are of the square planar type PdClsXs. 

8 

-g-Die Bildungskonstanten von Palladium-Chloro- 
komplexen wurden mit einem neuen Ansatz filr die Deutung der 
Ultraviolettspektren ermittelt. Die Reaktion von PdCI,a- mit Sulfa- 
guanidin (SC) wurde interpretiert und quantitativ ausgewertet. Die 
Bildungskonstanten des gemischten Komplexes Pd(SG)& wurden 
spektrophotometrisch bestimmt. Die Stabilitatskonstanten ftir die 
stufenweise Bildung der Palladium-Chlorokomplexe sind log k1 = 
3,48; log k, = 2,79; log kr = 2,35; log k, = 1,l und fiir die 
Reaktion von WC],*- mit SG log k, = $42; log ke = 4,38. 
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R&unn~n a d6termin6 les constantes de formation du palladium 
avec les ions chlorure par une nouvelle approche de l’interpr&ation 
des spectres dam l’ultra-violet. On a interpret6 et evalut quantitative 
ment l’interaction de PdClf- avec la sulfaguanidine (SG). Lea con- 
&antes de formation du complexe ligand mixte Pd(SG),Cl, ont et6 
d6terminees spectrophotomemquement. Les constames de stabilitd 
pour la formation par degr6s des complexes palladium chlorure 
sont: log k1 = 3,48; log ks = 2.79; log kl = 2,35; log k, = 1,l et, 
pour l’interaction de PdCI,*- avec SG, log kl = $42; log k, = 4,38. 
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COLORIMETRIC DETERMINATION OF TRACES OF 
SELENIUM, TELLURIUM, MANGANESE AND CERIUM 

P. P. NAIDU* and G. GOPALA RAO 
Department of Chemistry, Andhra University, Waltair, India 

(Received 13 October 1969. Revised 29 January 1970. Accepted 11 March 1970) 

Summary-Methods arc dcaxibed for the calorimetric determination 
of micro- and semi-micro quantities of selenium, tellurium, cerium and 
manganese. The test solution in 0*35-3M condensed phosphoric acid 
medium is oxidized with an excess of permanganate. The colour 
intensity of the unrea&d permangana teismeasumdat53Onm. 

THE coL.0 IUMETRIC determination of selenium, tellurium, manganese and cerium 
has generally been based on the complexation of these metals with suitable 
organic reagents, though manganese has also been determined by oxidizing it to 
manganese(III) or (VII), and cerium indirectly through the oxidative action of 
cerium(IV).14 Although various indirect titration procedures are known, involving 
oxidation of a lower oxidation state of these elements, followed by back-titration of 
the excess of oxidant, no-one has hitherto proposed to measure the excess colori- 
metrically. We have now developed such a method for the rapid and accurate deter- 
mination of micro to macro amounts of these elements-when they occur individually. 
Mixtures of them cannot be analysed by this method, of course. The method is ma& 
selective for these four elements by using a preliminary treatment which oxidizes 
other elements to their highest oxidation state. The method is based on oxidizing with 
permanganate [which is reduced to manganese(III)] in condensed phosphoric acid 
medium, and measuring the excess of permanganate, at 525 nm. 

This method of oxidation was originally developed by Lingane and Karplus” for 
titration of manganese(D). 

EXPERIMENTAL 
Reqents 

Potossiumpermavgonate. A QOliU solution is prepared and diluted to 0404iU. 
Manganese(ZZ) sulphote. A O.OlM solution is prepared and standardized,’ then diluted to 2.50 x 

1 0-'M. 
Sclenium(ZV). A O*OlM solution is prepared from sodium selenite and ~tandardii,~ then 

suitably diluted. 
Cerium(ZZZ). An approximately O.OSM solution is prepared by reducing cerium(lV) sulphate with 

the required quantity of oxalic acid. The solution is boiled thoroughly, and filtered if necessary. The 
solution is standardized by the persulphate method,@ and then suitably diluted. 

Tellurium(ZV). A @OlM solution is prepared from potassium tellurite and standardized,’ then 
suitably diluted. 

Condensed phosphoric acid. Orthophosphoric acid (100 ml) is heated in a 250-ml beaker with 
3-4 ml of nitric acid (1 + 1) until fumes of nitrogen dioxide are no longer evolved. The acid is stored 
in a brown bottle. 

Preliminary work 

It is best to measure the permanganate at 425 nm. 
at 530 mn can be used. 

A green filter with maximum transmission 

The rate of oxidation was found to be dependent on the permanganate concentration. When 
aliquots of standard test solution were treated in 50-ml standard flasks with l-8 ml of condensed 

* Present address: Airborne Mineral Surveys and Exploration, Central Laboratories, N.M.D.C. 
Buildings, Faridabad (Haryana State), India. 
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phosphoric acid, then diluted to about 30 ml with conductivity water, cooled, treated with different 
volumes of permanganate and diluted to the mark, the absorbance at 525 mu became constant after 3 
min if the permanganate was present in 50 % excess or more. 

Determination of manganese 

Two procedures are proposed for the determination of manganese; in one a calibration curve is 
used, and in the other it is determined directly. By the second procedure, traces (about 2 ,~g) of 
manganese can be determined within 10 min. 
necessary for the second procedure. 

An exactly known strength of permanganate solution is 

Procedure A. About 2-20 ml of test solution containing from 0.02 to 0.4 mg of manganese are 
taken in a 50-ml volumetric flask and treated with 2-8 ml of condensed phosphoric acid. The mixture 
is diluted to approximately 35 ml with water and allowed to cool to room temperature. 
ml of permanganate solution are then added and the solution is made up to the mark. 

Exactly 5.00 

must be added in the order given. 
The reagents 

The absorbance is then measured (gmenfilter or 525 run) against 
water or a solution containing the phosphoric acid at the same concentration. A calibration curve is 
prepared. Since manganese@I) obeys Beer’s law at the wavelength used, it does not affect the 
calibration apart from its effect on the slope. 

Procedure B. Three different-sized aliquots of sample solution are taken in 50-ml volumetric 
flasks, treated with 2-8 ml of condensed phosphoric acid and diluted to about 40 ml with water. An 
accurately measured vohune of permanganate (10 ml of OX@4~ will usually do) is added to each flask 
(the same volume to each). (The normality of the permanganate must be known.) Then the three 
solutions are made up to the mark and their absorbances measured at 525 nm after 2 min. 
drawn of sample volume us. absorbance and is extra olated to the abscissa. 

A graph is 

to the vohrme of sample containing manganese CR ) 
The intercept corresponds 

equivalent to the permanganate added, in the 
reduction of manganese(VIB to manganese(III). The concentration of manganese(II) can easily be 
calculated by simple proportion. 

where Vstands for volume (ml) and N for normality. The permanganate normality is calculated on the 
basis of a 5-electron reduction, in order to compensate for l/5 of the manganeee(III) being derived 
from reduction of the permanganate. 
by procedure B. 

The error of the method is f0.8 % by procedure A and f0.3 % 

Determination of selenium 

Procedure A for the determination of selenium is similar to the one given for manganese. 
Procedure B. Take three different volumes of sample in 25-ml volumetric flasks and add an excess 

of permanganate of known strength as for manganese, and measure the absorbances. In another 25-ml 
tlask add an excess of sample to the amount of 

*p” 
rmanganateused for theother tests, inorder toreduce 

all the manganese(VII) to manganese(III). Dt ute to the mark and measure the absorbance. Plot the 
absorbance of the first solutions us. volume of sample and read off the volume of sample corresponding 
to the absorbance of the manganese(II1) only. Calculate the result by simple proportion as before 
except that the permanganate normality is calculated for a 4-electron reduction. 

The error is &@7 “/. for method A and &to*4 % for method B. 

Determination of cerium and tellurium 

Procedure A can be applied for the determination of cerium or tellurium; procedure B (for 
selenium) is applicable to cerium but not to tellurium. 

Interferences 

Copper( cobalt@), nickel@), chromium(III), iron( vanadium(V), tungsten(VI), uranium- 
(VI), arsenic(V), antimony(V) and molybdenum(V1) do not interfere provided the test solution is 
used instead of water as a blank. Magnesium, aluminium and calcium also do not interfere. 

Applications 

To test the reliability of the method under practical conditions, and compare its performance with 
other methods, a variety of samples was analysed. 

In general, a suitable weight of sample was decomposed with an appropriate acid in a 500-ml 
Pyrex beaker covered with a watch-glass, and after dilution and thorough boiling to remove gaseous 
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reaction products, the resulting solutions were cooled and made up to volume in volumetric flasks. 
Whenever nitric acid was used to dissolve the sam les, 

s 
1 g of urea was added before final dilution to 

volume, to ensure complete absence of oxides o nitrogen. (Separate experiments were made to 
te has no action on urea under the experimental conditions.) Aliquots (5, 
solutions were taken in 504 volumetric Sasks and diluted to nearly 40 ml 

with conductivity water. Then 2-8 ml of condensed phosphoric acid were added and the samples were 
oxidized with a known excessive volume of permanganate of known concentration. The solutions 
were made up to the mark and the absorbance measured at 530 nm &men filter) against the sample 
solutions similarly treated but without addition of permanganate. Procedures A and B were applied 
for the determination of manganese and selenium, but only procedure A for cerium and tellurium. 
Results are presented in Tables I-III. 

Manganese rail steel, chromiun-molybdenum steel, chromium-vanadium steel, chromium-nickel 
steel, nickel-molybdenum-vanadium steel, and copper-nickel-chromium cast iron. Since aU these 
samples contained appreciable amounts of vanadium, an oxidixing attack was used in preparing the 
solutions to make sure that vanadium would tlnally be present in the quinquevalent state: l-g 
samples were dissolved in 10 ml of nitric acid (1 + 1) and 5 ml of hydrochloric acid. The solutions 
were then boiled down to a small volume with 20 ml of concentrated nitric acid to reoxidixe any 
vanadium reduced by the hydrochloric acid. The solutions were finally boiled with 5 ml of con- 
centrated sulphuric acid to expel all chloride ion. Before flnal dilution (to 500 ml), the chloride ion 
was tested for with silver nitrate. 

Cobalt-molyba!enum-tungsten steel and molybdenum-tungsten-chromium-vanadium steel. The 
sam les 

1 
(1 g) were decomposed by boiling with 5 ml of syrupy orthophosphoric acid and 10 ml of 

sulp uric acid (1 + 1). When the samplea were almost completely decomposed, they were boiled 
with 2 ml of nitric acid and finally diluted to 250 ml. 

Copper-manganese, ferrocerium, iron selenia2, cerium-uranium-bismuth, uranium-chromium- 
cerium, tellurium-tin, tellurium-Mtimony-lead, tellurium+antimon~pper-bimtuth auOys and refined 
seleniumpowder. Owing to non-availability of samples, synthetic mixtures were prepared by mixing 
the salts (as oxides and nitrates) in the correct compositions; l-g samples were decomposed with 
nitric acid and sulphuric acid. The ions to be determined were added as standard solutions to the 
solid samples before the decomposition. 

Monazite. A l-g sam 
1 sulphuric acid on a sand- 

le was digested in a porcelain evaporating dish with 15 ml of concentrated 
ath until most of the acid had evaporated. It was then cooled and leached 

with 1N sulphurlc acid, filtered and made up to 500 ml. 
Rocks, mbterals and ores.* The following general procedure was used for opening out. 
A 2-g sample was fused in a silica crucible with 4-5 g of fusion mixture (potassium and sodium 

carbonates, 1: 1). The cooled fused mass was treated with 20 ml of concentrated hydrochloric acid 
in a platinum dish and the resulting solution boiled down to a small volume on a water-bath. The 
process was repeated with another 5 ml of concentrated hydrochloric acid, but this time the solution 
was evaporated ahnost to ess. 

$” 
The mass was then leached with 1M hydrochloric acid and heated 

strongly with sulphuric aci 
tested for with silver nitrate.) 

until fumes of sulphur trioxide were evolved. (Residual chloride was 
The solution was diluted to 100 ml. 

Selenium dioxide, sodium selenite and sodium tellurite. A 0.5-g sample was dissolved in 1N 
sulphuric acid and diluted to 1 litre. 

Rure earth carbonates. A l-2-g sample was dried at 100” and decomposed with 2M sulphuric 
acid. The solution was boiled down to small volume, cooled, liltered and finally diluted to 500 ml. 

Mungaxese ore. About 1 g of powdered and dried sample was digested in a platinum dish on a 
sand-bath with 15 ml of hydrochloride acid. Silica was removed by boiling with 5-6 ml of hydro- 
fluoric acid. Then 10 ml of sulphuric acid (1 + 1) and 5 ml of concentmted nitric acid were added 
and the solution was evaporated until fumes of sulphur trioxide were evolved. The solution was 
cooled and diluted to 1 litre. 

Ferromanganese, manganese bronze andsilico-manganese spring steel. A l-g sample was dissolved 
in 25 ml of nitric acid (1 f 1) and 20 ml of sulphuric acid (1 + 1). The ferromanganese sample 
solution was diluted to 1 litm, the other two to 250 ml. 

Minerals. “Minerals” were prepared artificially by mixing the salts (sodium silicate, titanium 
dioxide, potassium alum, ferric alum, magnesium sulphate and calcium carbonate) in the correct 
composition, with standard manganous sulphate solutions added before starting the decomposition 

* An alternative procedure, for the decomposition of rocks, minerals and ores, was also used to 
avoid the use of hyd&hloric acid: 1 g of samble was dissolved in 10 ml of hydrofluoric acid and 2 ml 
of sul 

-J boll 
huric acid. The hydrofluoric acid treatment was repeated 2 or 3 times. The sohrtion was then 
down to a small vohune with 10 ml of sulphuric acid (1 + 1) and 2 ml of nitric acid to expel 

all hydrogen fluoride and 6ually diluted to 100 ml. 
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TABLB I.-STEBLS AND ALLOYS 

Sample and composition (“/,) Found, % 

Manganese rail steel 
Mn 1.38, C @617, Si 0.19, PO.02, S @02, Cu @12, 
NiO.15, CrO.18, V@Oll, Mo0+05 
Chromium-vanadium steel 
Mn @786, V 0.19, Cr 18.49, V @049, Co 0.078, Si @283, 
Sn 0.012, Cu 0.168, MO 0.038, C 0.069, S 0.012, P 0.017 
Chromium-nickel steel 
Mn 0597, Ni 899, Cr 18.49, V OXt49, Co @078, Cb 0062, 
Sn O-012, Cu O-168, C 0.069, Si 0483, S O-025, P 0.017 
Chromhun-molybdermm steel 
Mn @458, Cr 515, MO Q575, Ctr @076, Ni @083, 
V 0.01, C @094, Si @383, P 0.017, S 0.01 
Cobalt-molybdenum-tungsten steel 
Mn 022, V 2.03, Cr 4.14, Co 2.26, Ni 0.056, W 1.02, 
MO 5.52, S 0.01 
Moly~~tungsten-chromium-vanadium steel * 
Mu @155, V 1.68, Cr 334, W 2.56, MO 4.16, 
Cu O-132, P 0.076, Ni O-102, Si @098, C 0.062 
NickeLmolybden~vanadium steel 
Mn 0302, V 194, Cr 4.21, Cu @023, Ni 1.42, 
MO 624, C @094, P 0.12, Si 0.282, S GO02 
Ferromanganese 
Mn $047, C 6.83, Si 0.89, P 0.29, S @Ol 
Fe 10.56 
Copper-nickel-chromium-cast iron 
Mn l-01, Cu 664, Ni 15.89, Cr 2.17, V O-009, S O-072 
Ti O-021, Co O-08, Si 160, C 2.42, P 0.113, As 0.007 
Mangamw bronze 
Mn 1.28, Cu 57.40, Zn 37.97, Sn 0.97, Pb 0.27, 
Fe 081, Ni O-27, Si 0.05 
copper- 
Mn 4.96s 

alloy* 

Cerium-uranium-bismuth alloy* 
Ce l-92, U 4.68, Bi 2.16 
Uranium-chromiumxerium alloy* 
Ce 2.63, Cr 12.16, U 1.93 
Monazite 
Ce 24.14 
Iron selenide* 
Se 58.67, Fe &49, Te 0.47 
Tellurium-antimony-copper-bismuth* 
Te 24.18, Sb 22.42, Cu 6.93, Bi 2.18 
Ferrocerium alloy* 
Ce 24.16 
Tellurium-tin alloy* 
Te 26.92, Sn 32.16 

Ml 
1.38, 1.39, 1.38 

Mn 
@80,0*79,0*78 

Mn 
060,0~61,060 

Mn 
@46,046,046 

Mn 
0*21,0*21,0~22 

Mn 
0*16,0.16, @16 

Mn 
0~30,0~30,@30 

Mn 
80.1, 80.1 

Mn 
180, 1.04, 1.00 

Mn 
1.28, 1.27 

Mn 
4.96,4.93, 4.96 
Ce 
1.93, 1.92, 1.95 
Ce 
264, 2.63, 2.63 

go, 24.1.24.0 
Se 
58.9, 59.0, 59.0 
Te 
242,24*2,24*1 

z2,24*2 
Te 
26.9, 26.9 

* Artificial mixtures. 

process, and brought into solution by the. fusion method described. The compositions were taken 
from the Rock-fortttitg Minerals, Vol. I (W. A. Deer, R. A. Howie and J. Zussman). 

For the samples given in Tables I-III, the following general method was adopted for detectin 
and determming other reducing ions such as iron(n), arsenic(II% antimony(III), V~dium (IVY 
(other than these, no reducing ion will be present, as can be understood from the compositions and 
the mode of decomposition). 

An aliquot of the sample solution was treated with a known excess of cerium(IV) sulphate 
solution in 1N sulphuric acid containing l-2 drops of @01x osmium tetroxide solution and the 
umeacted cerium(IV) was back-titrated with standard iron(H) solution, with ferroin as indicator. 
The amount of ceriumf,IV) actually required (plus 2-4 drops excess) was added to the sample solutions 
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Sample and composition (as oxides, “/ Manganese found 

Granite G-2 
Stan&d rock sampIes (U.S.A.) 

Si 6920, Al 15.42, Fe 2.70, big 0.76, Ca 1.98, Na 4.05, 
K 446, Ti 0.47, P @13, Mn @04, Cl 0.01, P 0.13, S a01 
Granodiorite GSP-1 
Si 6722, Al 1535, Fe 4.20, Mg 099, Ca 2.07, Na 2.79, 
K 550, Ti 066, P O-28, Mn O-05, Cl 0.03, F O-39, S @03 
And&e AGV-1 
Si 59.00, Al 17.10, Fe 7.45. Mg 1.50, Ca 4.89, Na 423 
K 2.87, Ti 1@05, P @49, Mn O-10, Cl @02, F 0.04 
Periodotite PCGl 
Si40.55, AlQ31, Fe8.11, Mg43.35, CaW40, Na@OO, 
K@Ol, TiO*01, Mn@12, Cr0.42, Ni@30, Ba@Ol 
Dunite DTS-1 
Si 40.55, Al @31, Fe 860, Mg49.85, Ca @03, Na WO5, 
K @Ol, Mn @12, Cr Q65, Ni @30, Ba 0.02 
Basalt BCR-1 
Si *lo, Al 13.70, Fe 13.21, Mg 3.47, Ca 6.91, Na 3.26, 
K 1.69, Ti 2.25, P @35, Mn O-19, Cl O-01, F O-05, SO.04 

0~041,0+41 

0*050,0*050 

0.10, 0.10 

0.12, @12 

0.12, @12 

0*19,0+19 

Ahandine garnet 
Minerals (prepared arti@ially) 

Si 37.39, Ti 0.16, Al 2@72, Fe 37.23, Mn @86, Mg 3.85, 
Ca @41 
Red garnet 

0.86.086 

Si 36.59, Ti 1.68, Al 22.42, Fe 3220, Mn 1.42, Mg 5.41, 
Ca 054 
Garnet 

1.42, 1.42 

Si 36.96, Al 20.65, Fe 35.15, Mn 2.45, Mg 3.17, Ca 1.85 
Pinkahnandine garnet 
Si 3723, Al 2066, Fe 39.16, Mn 7.30, Mg 2.00, Ca 1.31 
Ahnan~qeamrtmepessartinet 
Si 36.38, Ti @27, Al 1942, Fe 23.62, Mn 18.42, 
Mg 0.82, Ca @56 

244.2~43 

7.33, 7.31 

18.4, 18.4 

Manganese ore 
Mn 54.86. Fe 1593 

Ores 

54.8, 54.8 

TABUSIII.--OTHBR PRODUCTS 

Sample and composition (%) 
Found by the present 

method, % 

Selenium dioxide, Se 76.86 
Sodium s&&e, Se 46.65 
Potassium tellurite, Te 43.68 
Laboratory cerium(IV) sulphate solution, 
CefJIH 10.14, Ce(IV) 89.73 
Cerium(IV) sulphata solution (Commercial) 
Cc(III) 1.16, Ce(IV) 9884 
Ram earth carbonates 
C&III), 24.35, C&V) 3.73 
Selenium powder* 
Se 99.65, Te 0.26, SiO,, CuO 0.0014, PbG O-012 
FesO, O-021, HgG 0.005, Sb,O, O-0033 

Se 769,769 
Se 46.5 
Te 43.7 
Ce(III) 10.2, 10.2, 10.2 

Ce@I) 1.17, 1*17,1*17 

Ce(III) 24.34 

Se 99.8 99.9, 99.9. 

l Arti6cial mixture. 
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before the addition of phosphoric acid and permanganate. Since the resulting cerium(III) concen- 
tration was known, a correction for it could be applied. When vanadium was present, the unreacted 
cerium(N) was titrated with arsenic(III), which has no action on vanadium(v). 
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set of six new standard 

ZuBVerfahren xur kolorimetrischen Restimmung von 
Mikro- und Halbmikromengen Selen, Teller, Cer und Mangan werden 
beschrieben. Die Probelbsung in 0.35-3M kondensierter Phosphor- 
slure tid mit einem UberschuD Permanganat oxidiert. Die Farbin- 
ten&it des nicht verbrauchten Permanganats wird bei 530 nm 
gemessen. 

R&mme-Gn a d&it des methodes pour le dosage colorim&rique 
de micro- et semi- microquantitb de selenium, tellurium, c&mm 
et manganese. La solution essai en milieu acide phosphorique condense 
0,35-3M est oxydee avec un exc6s de permanganate. On mesure 
l’intensit6 de coloration du permanganate non &agi a 530 mn. 
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Snnumw-The solvent extraction properties of the following sulphox- 
ides have been evaluated: dl-n-octyl sulphoxide (DOSO), his@- 
octylsulphinyl)methane (BOSM), biin-octylsulphinyBethane (BOSE) 
and p-tolyl sulphoxide (PTSO). By use of revemed-phase paper 
chromatography as a qualitative surveying technique, the interaction8 
of these sulphoxides with some fifty metal ions were investigated in 
8everal acid-l&and systems. All sulphoxides were studied in l-1OM 
hydrochloric and nitric acids; DOS0 and BOSM were also studied 
in perchloric acid and ammonium thiocyanate-perchloric acid mixtures. 
Observation8 are made concerning stdphoxide-metal interaction8 and 
the existence of several useful analytical separation systems is pointed 
out. The synthesis and characterization of BOSM and BOSE are 
described. 

ORGANIC sulphoxides contain the semi-polar sulphur-oxygen grouping >s-to, 
which is very effective in solvating metal ions and metal-ligand complexes. This 
ability is amply demonstrated by the simplest sulphoxide, dimethyl sulphoxide, which 
forms a large number of metal complexes. The higher molecular-weight sulphoxides, 
unlike the analogous organophosphorus compounds, have received scant attention as 
reagents for separations. The small amount of work that has been reported, however, 
has verified that such sulphoxides are excellent reagents for solvent extraction of metal 
ions in solution. The extraction of uranium from nitric and hydrochloric acids has 
been studied.1-8 Other investigations have been concerned with the extraction of 
thorium+6 gold,6 zirconium,7 mineral acids8~e and with fimdamental studies on the 
nature of sulphoxid+metal interactions. 8*8 Symmetrical alkyl sulphoxides have 
mainly been used, but there has been mention of methyl alkyl sulphoxides.lo~ll 

The purpose of the present work is to survey the analytical possibilities of separa- 
tions with higher molecular-weight sulphoxides, by using paper chromatography. 
Paper is impregnated with an appropriate sulphoxide, and approximately 50 different 
metal ions are studied, aqueous sotitions of di&rent acids at varying concentrations 
being used as eluents. Complexation by the sulphoxide (or solvation of a metal- 
ligand complex by the sulphoxide) is indicated when the Rf value is sig&cantly lower 
than that on unimpregnated paper. For conditions where complexation is indicated, 
it is expected that a metal ion will be extracted from aqueous solution into an organic 
solvent containing a dissolved sulphoxide. Obviously, chromatographic experiments 
on paper impregnated with a solid sulphoxide do not exactly duplicate the situation 
existing in solvent extraction, where the sulphoxide is dissolved in an organic solvent. 
At high acid concentrations, for example, some solid complexes might exhibit some 

* Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. Con- 
tribution No. 2521. 

t Present address: Research Laboratories, Rohm and Haas Company, Philadelphia, Pennsyl- 
vania. 
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solubility in the eluent, and this could be mistaken for decreased complex stability. 
Nevertheless, for all systems where solvent extraction was investigated extraction of 
metal ions does occur in approximately the same concentration range of acid @and 
that gives low RL values in paper chromatography. Paper chromatography has the 
advantage of permitting far more rapid survey of variables such as metal ion, acidic 
ligand, and acid ligand concentration, than would be feasible with solvent extraction. 

Apparatus 
EXPERIMENTAL 

Pyrex jars, 0.3 m high, and 0.4-m diameter plateglass covers were used for chromatographic 
tanks. Rectangular frames @23 m wide and @28 m high, constructed of 6-mm glass rod, were used 
to support the chromatographic paper. 

Reagents 
Di-n-octyl sulphoxide (DOSO). Pmpared by oxidizing di-n-octyl sulphide at room temperature 

with hvdroaen ueroxide added slowlv as a dilute solution in elacial acetic acid. After the Zhr re- 
action’w&, a’ large amount of wat’cr was added and the so&d sulphoxide was tlltered off, washed 
with water, air-dried, and recrystallimd from 95% ethanol. The m.p. (71%72-Y) and the infrared 
spectra (vs_c - 1049 cm-l) correspond to those mported in the literature.7 

pToly1 sul 
p” 

xti (PTSO). Commercial mated used without further purification; m.p. 93-95”. 
Bls(n-octysulphinyl)methane (BOSM). The corresponding sulphide was first prepared by re- 

fluxing octyl mercaptan with an excess of di-iodomethane in the presence of ethanolic potassium 
hydroxide. The product was purified by extracting several times tirst with aqueous ethanol and then 
with water. After drying over anh drous sodium sulphate, the sulphide, in glacial acetic acid, was 
oxidixed with a slight excess of a & ute solution of hydrogen peroxide in glacial acetic acid, added 
slowly; the mixture was allowed to react at room temperature overnight. A large amount of water 
was added to precipitate the sulphoxide, which was then filtered off, washed with water, and air- 
dried. The crude BOSM was recrystallii several times from ethanol until the sulphone peaks in the 
infrared spectrum of the compound were reduced to a low, constant level. 

The final product, a soft, waxy solid, melted in the range 112-I 14”. The mass spectra revealed a 
prominent peak at m/c - 336 which cormsponds to the molecular weight of the parent ion of the 
bis-sulphoxlde. A peak at m/e = 338,10x of the intensity of the m/e - 336 peak, is indicative of 
the pmence of two sulphur atoms in the parent ion. A peak was observed at m/e = 352 with 4% of 
the mtensity of the parent ion. This ion, which also appears to contain two sulphur atoms, corre- 
sponds to a species containing one sulphoxide group and one &phone group. A peak was also ob- 
served at m/c = 378 with an intensity of leas than 1% of that of the parent ion. The position of 
this peak corresponds to the molecular wei 

li? The infrared specWum of BOSM in c 
t of the bis-sulphone. 

oroform shows a very intense, broad band centred at 
1033 cm-l, indicative of the sulphoxide group. The exiskna of a small amount of &phone impurity 
was hnlicated by the pmsence of two weak peaks at 1136 and 1321 cm-l. 

The NMR spectrum of BOSM in deuterochloroform displayed a distorted triplet at 6 @88 and an 
intense singlet at 8 1.31 which are charac&istic of the n-octyl methylene and methyl protons. A 
triplet observed at 6 2.95 is attributable to the n-octyl methylene protons adjacent to the sulphoxide 
group. The isolated methylene protons were manifested as a sin et at 6 394 and a doublet centered 
at 3.93 (J = 20 Hz). c? The singlet is believed to correspond to the I con6guration of the bis-sulphoxide 
whereas the doublet is believed to arise from the non-equivalent methylene protons of the meso 
configuration. The proton integration gives a ratio of 6.0:23*0:38:1*9 for (CH&:[(CH,),],: 
(CH,SO)&ICH,SO. The ratio of meso to dl appears to be a roximatel unity. 

Analysis of the compound gave 10.0% oxygen and 17.3 p sulphur theoretical values 956% 7 r 
oxygen and 19.17% sulphur). The oxygensulphur ratio indicates that the sulphone impurity is 
considerably higher than that indicated by the mass spectrometry. 

B&(n-octy&ulphinyl)ethane (BOSE). The corrqonding sulphide was tit 
P n-octyl bromide with a 10% excess of 1,2-dimercaptoethane in the pmsence o 

repared by refluxing 
ethanolic potassium 

hydroxide. The product was purified by extracting several times with aqueous sodium hydroxide 
solution followed by extractions with water. The sulphide was dried over anh 

I and then oxidized with hydrogen peroxide by the procedure described for BO 
drous sodium sulphate 
M. A large amount of 

water was added to the acetic acid solution and the solid product which formed was filtered off, 
washed with water and air-dried. The crude bis-sulphoxide was purifkl by two fractional crystal- 
liitions from ethanol. The iinal product, a white solid in the form of light, platelike crystals, 
melted in the range 1325-1339. 
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The mass spectra revealed only a small peak at m/c = 350 corresponding to the molecular 
weight of the parent ion of the bis-sulphoxide. In the fragmentation pattern, however, several strong 
peaks were observed at m/e values corresponding to logical fragmentation ions of the bis-sulphoxide. 

The infrared sue&rum of BOSE in chloroform disolaved a strona absorotion neak centred at 
1021 cm-r indica&e of the presence of the sulphoxidi Goup. Two”weak &sorp&n peaks were 
observed at 1132 and 1318 cm-r suggesting the presence of a small amount of sulphone impurity. 

The NMR qectrum of BOSE in deuterochloroform showed essentially the same pattern for the 
n-octyl methylene and methyl protons as that described for BOSM. A distorted trip& centred at 6 
2.79 was interp&ed as arising from the n-octyl methylene proton adjacent to the sulphoxide group. 
A complex pattern centred at B 3.11 was attrtbuted to the isolated methylene groups. This is com- 
patible with the complicated splitting wrpected from the AA’BB’ system present in the expected 
mixture of diastereoisomers. The proton integration gives a ratio of 3.0:12.6:20:1*9 for CH,: 
(CH,),:CH,So:-CH,. 

Analysis of BOSE gave 18.3 % sulphur and 9.9 % oxygen (theoretical values of 18.40% sulphur and 
9.18 % oxygen), indicating some sulphone impurity. 

Di-n-octyl dphone. 
in glacial acetic acid. 

Di-n-octyl sulphoxide was oxidixed with a large excess of hydrogen peroxide 

air-dried. 
The product was precipitated by adding water and was 6ltered off, washed, and 

The i&ued spe&um of the compound in chloroform mvealed intense &phone also 
tion peaks at 1130 and 1318 cm-r. No sulphoxide absorption could be observed. The m.p., 76 $1 
corresponds to that reported in the literatuml 

Several metals were chromatographed on paper impregnated with di-n-octyl sulphone to determine 
whether, as assumed, sulphones posses little co-ordinating ability. The metals studied were chosen 
on the basis of being the ones most likely to be extracted by a neutral donor from the particular 
acids used as ehrents. Impmgnation of the paper with di-n-octyl sulphone had very little effect on the 
RI values, indicating that the presence of small amounts of sulphone hnpurities (such as in BOSE) 
should not e&t the solvent extraction behaviour of sulphoxides other than to act as inert diluents. 

Chromatography 
For chromatographic work@O5Msolutions of the sulphoxides in iqropanol or 80 % isopropanol- 

20% chloroform were used. Metal ions were used as O~Ol-O~OSM solutions of the perchlorates, 
where possible, or as the nitrates or chlorides. 
consisted of 

For studies involving thiocyanate, the eluting solution 
ammonium thiocyanate in 1M perchloric acid. 

Whatmsn No. 1 chromatographic paper (023 x a285 m sheets) was used for all chromato- 
graphic work. 

Proceakre. Tha chromatographic paper was fastened to the glass frames with either rubber 
cement or with Teflon clamps. 
impregnate the 

The frames were then dipped in the @OS&f solutions of sulphoxide to 

to drain off an B 
aper with the compound under investigation. The excess of solution was allowed 
the frames were suspended in a fume-chamber to permit all solvent to evaporate. 

Metals were then applied to the impregnated paper with Zmm disposable wooden applicator sticks. 
For most metals, comparison chromstograms were also run on untreated paper. 

After elution of the papers with the appropriate acid, they were sprayed with one of two colour- 
forming reagents to de@mine the location of the metal ions. Metals of the hydrogen sul 
were detected by spra@g with a 50% solution of ammonium polysulphide in me tg 

hide group 
anol. The 

remaining metals were detected by spraying with a 0.1% solution of Arsenaxo I in 90% methanol- 
water, followed by exposure to smmonia gas. 

Rf values were calculated for the geometrical centre of the spot as the point of reference. 

Hydrochloric acid systems 
RESULTS 

Papers impregnated with various sulphoxides were used to chromatograph 46 
different metal ions at hydrochloric acid concentrations ranging from 1 to 1OM. 
Results are summarized in Figs. l-4. A low Rt indicates that the metal ion or its 
chloride complex is complexed by the sulphoxide, which is held stationary by 
the paper. (A probable exception is barium, which has a low Rf because of the low 
solubility of barium chloride in concentrated hydrochloric acid). 

Comparison of Figs. 1 and 2 shows generally lower Rf values for DOS0 than for 
PTSO, indicating stronger complexation by DOSO. Apparently the electron- 
withdrawing tendencies of the aromatic rings weaken the polarity of the S-O group, 
through which co-ordination to the metal atom occurs. 
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FIQ. 1 .-The chromatographic behaviour of metal ions on paper impregnated with di-n- 
octyl sulphoxide, eluted with hydrochloric acid. 

Fro. 2.-The chromatographic behaviour of metal ions on papr impregnated with 
p-tolyl sulphide, eluted with hy~~lo~c acid. 
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FICX 3.-The chr~matographic behaviour of metal ions on paper impregnated with 
bis(n-octylsulphinyl)methane, eluted with hydrochloric acid. 

Ro. 4.-The chromatographic behaviour of metal ions on paper impregnated with 
bis@octylsulphinyl)ethane, eluted with hydrochloric acid. 
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It was thought that both S-0 groups in BOSM might co-ordinate with the metal 
ion, forming a (i-membered ring that would be a stronger complex than would be 
possible with DOSO. However, the Rt values for both BOSM and BOSE are in 
general higher than for DOS0 at comparable acidities, indicating that chelation 
probably does not occur. It is possible that steric effects make it impossible for a 
metal to co-ordinate several chloride ions and at the same time co-ordinate both 
s-o groups. 

% 
70 

F 
2 60 
K 

4 5 6 7 6 9 IO II 12 

MOLARITY HCL 

Fro. K-The degree of extraction of titanium(IV), zirconium, hafnium, and thorium 
into 0-M DOS0 in chloroform as a function of hydrochloric acid concentration. 

Figures l-4 and especially Fig. 1 suggest many separation possibilities. For 
example, the low Ri values for titanium(W), zirconium and hafnium with CllM 
hydrochloric acid indicate that these elements might be extracted by solutions of 
DOS0 in an organic solvent. Actual curves for extraction of these elements and of 
thorium by O*IM DOS0 in chloroform confirm this (Fig. 5). The data in this figure 
indicate that in 8-1lM hydrochloric acid zirconium and hafnium can easily be 
separated from thorium by batch extraction. The intermediate extraction of tita- 
nium(IV) will prevent its separation from the other metals by batch extraction. 
However, it was found that the addition of a drop of 30% hydrogen peroxide to the 
aqueous phase completely suppresses the extraction of titanium(W), apparently 
owing to the formation of a peroxy complex. The extraction of zirconium and haf- 
nium is not affected by the hydrogen peroxide. 

Before attempting actual separations it was first determined that zirconium and 
hafnium could be quantitatively back-extracted by 5M hydrochloric acid. Binary 
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mixtures of O*OlMmetal ions in IO+M hydrochloric acid were separated by extraction 
with O*lM DOS0 in chloroform. Hydrogen peroxide was added to prevent extraction 
of titanium(N). After back-extraction with 5M hydrochloric acid, the metal ions in 
the original and back-extracted aqueous phases were determined by titration with 
0.0144 EDTA. Table I summariz.es the results of these separations. 

TABLE I.-LIQUID-LIQUID BATCH FXTRMXJON SEPARATI~NE 

Experiment Metal 
Amount added, Amount found, 

mmole mmoll? Recovety, % 

1 

2 

3 

4+ 

I-WV 
Th(Iv) 
zr(Iv) 
Tiov) 
Zrov) 
Ti(IV) 

O-136 
0*140 
0.125 
O-140 
O-136 
0.173 
0.136 
o-173 

O-136 lOO*O 
o-139 99.4 
0.123 98.7 
0*140 lOO*O 
O-137 loo*7 
0.165 954 
0.134 98.6 
0.173 100-O 

* Separation performed in 9-M hydrochloric acid. 

Figure 1 indicates that in approximately 1M hydrochloric acid only tin(N) and 
antimony(Y) have low Ri values on DOSO-impregnated paper. In -3M hydro- 
chloric acid molybdenum(W) also has a low Rf. Thus it may be possible to separate 
these elements from all other elements studied. Still another possibility suggested by 
Fig. 1 is the separation of gallium from aluminum, indium, iron(II1) and other 
metal ions in 4-5M hydrochloric acid. 

Nitric acid systems 
Paper impregnated with various sulphoxides was used to chromatograph metal 

ions in nitric acid solutions ranging from 1 to 11M. Results are given in Figs. 6-9. 
Fewer metal ions have low Rf values than in hydrochloric acid, but complex formation 
by DOS0 is indicated for some metal ions including Ti(IV), Zr, Hf, Pd(II), Au(III), 
Sb(V), Bi, Th and U(YI). 

For most metal ions the Ri values indicate weaker complexation for PTSO, 
BOSM and BOSE than for DOSO. An interesting exception is the behavior of 
Fe(II1) and Ru(III) which are complexed by PTSO, but not by DOSO. This phenom- 
enon has been confirmed by solvent extraction and is being studied further. The 
rare earths are another exception. Little complexation is indicated for DOSO; there 
is some complexation for BOSM and rather strong complexation for BOSE in 
6-8M nitric acid. Yttrium and scandium are also complexed by BOSE. 

When the rare earths were chromatographed on papers containing various 
loadings of BOSE, a plot of log l/Ri ZW. log of relative BOSE loading gave a straight 
line of slope = I, indicating a 1: 1 combining ratio of BOSE : rare earth. The plot in 
Fig. 10 shows that retention of rare earths by BOSE on paper reaches a maximum 
near the middle of the rare earth series. The decrease in retention in the latter half 
of the series is surprising because the formation constants of the rare earth-nitrate 
complexes, wliich are assumed to be extracted, increase regularly from lanthanum 
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FIG. 6.-The chromatographic behaviour of metal ions on paper impregnated with di-n- 
octyl sulphoxide, eluted with nitric acid. 

FIG. 7.-The chromatographic behaviour of metal ions on paper impregiated with 
p-tolyl sulphoxide, eluted with nitric acid. 
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Fra. 8,Tbe chromatographic behaviour of metal ions on paper impregnated with 
bi~n~~~~ph~yl)me~, eluted with nitric acid. 

FIG. 9.-The c~o~to~ap~c bebavioos of m&al ions on paper impregnated with 
bis(n-octylsulphinyl)ethane, eluted with nitric acid. 
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Ro. lo.-Thechromatographicbehaviour of the lanthanide3 on paper impregnated with 
bis(n-octylsulphinyl)ethane, elutcd with nitric acid. 

to lutetium. Apparently, the steadily decreasing ionic radii of the lanthanides, 
coupled with the aforementioned steric effects, weaken the co-ordinating ability of the 
his-sulphoxides towards the higher rare earths. 

Thiocyanate systems 

Behaviour of metal ions on paper impregnated with DOS0 and BOSM, with 
aqueous perchloric acid-ammonium thiocyanate solutions, is summarixed in Figs. 11 
and 12. Again DOS0 retains most metal ions more strongly than BOSM. The 
following metal ions are strongly retained by DOS0 on paper over the entire range of 
thiocyanate concentrations studied: Ti(lV), Zr, Hf, MO(W), Sn(IV), Th and U(V1). 
The behaviour of zinc and cadmium is unusual. The possibility of separating them 
was confirmed by solvent extraction studies using 0-W DOS0 in 1,2dichloroethane. 
From 1M perchloric acid-0544 ammonium thiocyanate, zinc was 98.5 % extracted 
while cadmium was only 2.2% extracted. 

Perchloric acid systems 

Finally, the chromatographic behaviour of metal ions on DOSO-impregnated 
paper was studied as a function of aqueous perchloric acid concentration (Fig. 13). 
Very few metal ions show evidence of any co-ordination. The outstanding exception 
is uranium(W) which shows quite low Rt values over a broad range of perchloric 
acid concentrations. More detailed studies on the extraction of uranium will be the 
subject of a forthcoming paper. 

Low Ri values are also observed for Pd(Il) and Au(II1). For Au(II1) this behaviour 
is probably due to the chloride used to prepare the aqueous solution. In the case of 
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FIQ. 11 .-The chromatographic behaviour of metal ions on paper impregnated with 
di-n-octylsulphoxide, eluted with 1M HClO&H,SCN. 

Fro. 12.-‘l%e chromatographic behaviour of metal ions on paper impregnated with 
bis(n-octylsulphinyl)methane, eluted with 1 M HClO,-NH,SCN. 
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Pro. 13.-The chromatographic behaviour of metals ions on paper impregnated with 
dim-octyl sulphoxide, eluted with perchloric acid. 

Pd(II), there is a possibility that the low Rt value may be due to Pd f- S co-ordination 
with DOSO. This type of interaction is well documented for the analogous DMSO 
complex; PdCI&DMSO.la 

Acknowledgement-The assistance of Dr. Roy Ring in interpreting the NMR data is gratefully 
acknowledged. 

Zusamm&assung-Die Extralctionseigenschaften folgender Sulfoxide 
wurden ermittelt : Di-n-oktylsulfoxid (DOSO), Bis(n-oktyl-suMnyl)- 
methan (BOSM), Bis(n-oktylsulfhtyl)tithan (BOSE) und p-Tolylsul- 
foxid (PTSO). Mit Hilfe der Papierchromatographie mit umgekehrten 
Phasen zur qualitativen llbersicht wurden die Wechselwirkungen 
dieser Sulfoxide mit etwa 50 Metallionen in mehreren S&re-Ligand- 
Systemen untersucht. Alle Sulfoxide wurden in l-1OM Sal&hue und 
Salpeters&um untersucht; DOS0 und BOSM such in I)berchlorsiiure 
und Mischungen aus Ammoniumthiocyanat und tirchlor&ure. Es 
werden Beobachtungen iiber Wechselwirkungen xwischen Sulfoxid und 
Metal1 mitgeteilt turd auf verschiedene niitxliche Trennsysteme hinge- 
wiesen. Synthese und Charakterisierung von BOSM turd BOSE 
werden angegeben. 

R&mraw a evalue les proprietes de solvant d’extraction des 
sulfoxydes suivants : di-n-octyl sulfoxyde (DOSO), bis(n-octylsulfinyl) 
methane (BOSM), bis(n-octylsuhinyl)&hane (BOSE) etp-tolyl sulfoxyde 
(PTSO). Par l’emploi de la chromatographie sur papier a phases 
inversees comme technique qualitative d%tude, on a 6tudiQ les inter- 
actions de ces sulfoxydes avec quelques cinquante ions m6taUiques 
dam plusieurs systemes acide-ligand. Tous les sulfoxydes ont et6 
&udibs en acides chlorhydrique et nitrique l-lOM, DOS0 et BOSM 
ont aussi 6tb BtudiCs en acide perchlorique et dam des melanges 
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thiocyanate d’ammonium acide perchlorique. On effectue des obser- 
vations concernant les interactions suifoxyde metal et I’on fait reasortir 
l’existence de plusieurs systemes de separation analytique utiies 
On d&it la synth&se et la caracterisation de BOSM et BOSE. 
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t!4!4j-Uranium(VI) is 
f 

uantitatively extracted from aqueous 
perchlorate media into diocty sulphoxide in lJ4chloroethane. The 
SXtEiUCd pm contains four. nulphoxides for each uranium. Most 
othcrm tom are not appmcrably&racted. On columns contammg 
a solid support impregnated with dioctyl sulphox’d” in l$dichloro- 
ethane, uranium(VI) may be separated quantnatively from metal ions 
such as thorhun( ximonium(IV) and rare aarthso. 

IN A RECFNT report’ the evaluation of sulphoxides as solvent extraction reagents was 
described; reversed-phase paper chromatography was used as a qualitative tech- 
nique to investigate the interaction of several sulphoxides with a large number of 
metals in several acid systems. It was observed that uranium(V1) was strongly retained 
on paper impregnated with di-n-octyl sulphoxide (DOSO) and eluted with perchloric 
acid. The weak extraction of the 50 other metals studied [except of gold(II1) and 
palladium(II)] indicated that a nearly specific analytical separation of uranium(M) 
might be possible in this system. It was decided, therefore, to study the extraction of 
uranium(W) and other metals from perchloric acid solutions into DOS0 dissolved in 
an organic diluent. From the results of this study, it was hoped that an extraction 
system could be developed which would permit the analytical separation of uranium 
from most other metals. 

EXPERIMENTAL 

RcqF?xts 
Dioctyl sulphoxide (DOSO) was prepared as described earlier.’ 

Chronuttographic wlumn 
The support used wm XAD-2, a macroreticular polystyrene resin obtained from Rohm and Haas. 

It was ground and sieved to 60-80 mesh. Conventional glass chromatographic columns were filled 
with XAD-2 slurry in methanol. When the methanol level had 
bed, 05M DOS0 in l&dichlorcethane m 

p”” 
dro%? slowly through 

just to the top of the resin 
column and sorbed by the 

XAD-2 support. The interstitial DOS0 so ution was then displaced by aqueous 0.9M lithium 
perchlorate4lnlr perchloric acid. 

Column sqaratkm 
Samples added to the column contained approximately the same concentrations of perchlorate as 

the ehrents. Eluents were prezquilibrated with the organic phase. Plow-rates varied from 1 to 3 ml/ 
mm. 

Analytical methods 
Metal ions were determined by standard analytical procedures, mostly involving titration with 

EDTA. Uranium was determined spectrophotometricaliy with Amenaxo I.* 

* Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. Con- 
tribution No. 2783. 

t Present address: Research Department, Rohm and Haas, Philadelphia Pensylvania, U.S.A. 
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FUNDAMENTAL STUDIES 

First a number of organic solvents were evaluated as diluents for DOSO; @OlM 
solutions of uranium(W) in likf perchloric acid were extracted with 0-M DOS0 in 
various diluents. The results of these extractions are summarized in Table I. 

TABS I.-&I&WTIONOF U~~)FROM ~MH~O,IN~,O%%~DOSO(IN ORGANIC SOLVENT) 

P-Phase Systems 
Diluent Extraction, % 

3-Phase Systems 
D&lent Extraction, % 

Chlorobenime 
Chloroform 
n-O&m01 
nButano1 
IBMK 
n-Butyronitrile 
2-Octauone 
1,2-Dichloroethane 
Tributyl phosphate 
Nitrobemene 

Butyl acetate 
Diethyl ether 
Benzene 
Toluene 
Carbon tetrachloride 
Xylene 
Cyclohexane 
Methyl laurate 

70 
88 
95 
95 
97 
99 
99.5 
99-8 

The diluents in Table I are divided into two categories; two-phase systems and 
three-phase systems. In the three-phase systems, a viscous yellow liquid or flaky 
yellow solid (which apparently contained all the uranium) was formed between the 
aqueous phase and the diluent phase. Although the three-phase systems are character- 
ized by generally high extraction, they were considered to be unsuitable analytically. 
Of the two-phase systems, n-butyronitrile and 1,Zdichloroethane behaved well, and 
the latter was selected as the most satisfactory. Tributyl phosphate was not studied 
further because of its limited ability to dissolve DOSO. 

The effect of the concentration of DOS0 on the extraction of uranium(VI) was 
the subject of the next experiment; O.Olil4 solutions of uranium(V1) in 1M perchloric 
acid were extracted with 0.1-0.5M DOS0 in 1,2dichloroethane. The results of this 
study gave a linear log-log plot of distribution coefficient us. DOS0 concentration, 
with a slope of 3.97, conGrming that the combining ratio of DOS0 with uranium(VI) 
in perchlorate media is 4 : 1, indicating the formation of the species UO,@OSO)t+ 
in which DOS0 ligands have completely filled the inner co-ordination sphere of the 
uranyl ion. A practical consequence of the composition of the complex is that the 
distribution coefficient is a function of the fourth power of the DOS0 concentration. 
Thus if the latter is changed from O-1 to 0*5&f, the distribution ratio increases nearly 
500-fold. The concentration of DOS0 was fixed at 0.5Mfor further extraction studies. 

A few brief experiments were performed to determine how the uranium(W), 
once extracted, could best be recovered from the organic phase. Back-extraction 
with dilute sulphuric acid was found to be best. It was found that uranium(W) 
which had been extracted into 0*5&f DOS0 in 1 ,Zdichloroethane could be quantita- 
tively recovered by back-extracting three times with O*lM sulphuric acid or twice 
with 1M acid. 

The effect of perchlorate concentration on the extraction of uranium(VI) was 
next studied. The perchloric acid soiutions used ranged in concentration from O-05 to 
6eOM. The lithium perchlorate solutions used were 0.025M in perchloric acid and 
varied in perchlorate concentration from 0.05 to 4*22M, the concentration of a 
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ho. I.-The distribution ratio of uraniumgrl) extracted into 0%4 DOS0 in 1,2- 
dichloroethaneasafunctionoftheooncentrationofpetchloricacidorlithiumperchlorate 

in the aqueous phase. 

saturated solution of lithium perchlorate at 27’. The results of this study are presented 
in Fig. 1. 

The distribution ratios for the perchloric acid solutions, after an initially linear 
increase reach a limiting value.of 100 for l-2A4 acid and then decrease slightly. This 
behaviour at high perchloric acid concentrations is probably due to competitive 
extraction of the acid by DOSO. The linear portion of the curve has a slope of 2.0, 
contirming that the formula of the extractable complex is { [vOs@OSO)~s+][CIO,-Js}. 

The curve for the extraction of uranium(W) from lithium perchlorate at constant 
hydrogen ion concentration has a longer linear portion than the per~hloric acid 
curve and also a higher slope, 2.6. This curve also deviates from linearity and de- 
creases at higher concentrations of perchlorate, possibly owing to partitioning of 
lithium perchlorate. At all concentrations above 1M lithium perchlorate, however, 
the distribution ratio is greater than 1000, the magnitude necessary for quantitative 
(99.9 %) extraction of uranium(VI). 

A series of extractions was next performed to determine the effect of hydrogen ion 
concentration on the extraction of uranium(VI) from 1M perchlorate solutious. The 
solutions [O*OlM in uranium(VI)] contained lithium perchlorate and perchloric acid. 
The pH of each was measured before extraction. A plot of distribution ratio as a 
function of pH is presented in Fig. 2. 
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PH 

Fro. Z.-The distribution ratio of uranium(W) extracted into 03M DOS0 in 1,s 
dichloroethane from l*OM aqueous perchlorate mixtures, as a function of the pH of the 

aqueous phase. 

The distribution ratios for the extraction of uranium(VI) from 1M perchlorate 
approach a limiting value of about 1900 with decreasing hydrogen ion concentration. 
The decrease in extraction at low pH is again apparently the result of competitive 
extraction of perchloric acid. These data show that a quantitative extraction of 
uranium(W) is possible from 1M perchlorate solutions at pH 1 or higher. On this 
basis, it was decided to limit further extraction studies to a 1M lithium perchlorate 
medium that was 0.02544 in perchloric acid (pH l-65). 

A study was next made of the extraction of other metals (OeOlM solutions) under 
the conditions established for quantitative extraction of uranium(VI). The metal 
perchlorates were used when possible. Nitrates or chlorides were used only when it was 
known that the metals would not form complexes with these anions. For other metals, 
such as iron( palladium(H), gallium(III), where strong complexation by the 
chloride ion was expected, the chlorides were fumed to near dryness with concentrated 
perchloric acid and taken up in a solution of 1M lithium perchlorate. An exception to 
this procedure was tin(W); a considerable amount of hydrochloric acid was required 
to keep it in solution. 

The metal solutions were extracted for 5 min with 0.5M DOS0 in l,Zdichloro- 
ethane and the extent of extraction was quantitatively determined. Table II lists the 
metals studied, in order of decreasing extraction. An examination of the data in 
Table II reveals very few metals, in addition to uranium(M), which are strongly 
extracted. Palladium@) and gold(m) are two notable exceptions. These two metals 
are also strongly extracted by DOS0 on paper1 The behaviour of palladium(H) 
and gold(III) is an indication of strong sulphur-metal interaction in their complexes. 
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TABLE II.--THB RJLTRACTION OF METALS FROM l&t4 LITHIUM PE3tCHLORATdb~~~ 

PlUK!HLORIC ACID INTO @5MM)sc) IN 1,2-DEHLOROET’&WE 

Volume distribution Volume dimibution 
Metal -on, % ratio Metal Extmctiort, % ratio 

Pd(W -1OOO >5 x lo” WV) 2-9 o-030 
U(vI) 99.9 l-63 x l(r LU(l[Il) 2.0 o-020 
Au0 98.7 75.9 O-61 Oao6 

~~+ 
944 16.9 Eggi) 0.55 O-0056 
72.5 2.63 ww 0.39 om39 

z$j 
42.7 o-744 O-28 0.0028 
31.7 0.464 :$I) 0.24 O-0024 

c&T) 
28-9 0406 CrOn) O-19 00019 
15.6 0.185 ZQOI) o-13 oQo13 

FCQLI)S 12.7 o-145 Wnn 0.12 om12 

PW0 9.9 0.110 
Moo?) 9.3 o-103 

gJ$s SB$) 

:g 
8.0 0.087 Cu& Ni(II) 
5.7 

o”:z 
Mn(II), Gd@I) <@” 

<@0010 

:i$Eg) 
5.7 
5-5 O-058 ZZ,YtN I 

l In the presence of 0.lMHC1 kinetics arc slow and Dv = 530. 
t Reduced slowly to CWIQ. 
§ Hydrochloric add nquired to keep Sn(.IV) in solution. 
$ In the presence of O*lMHCl extraction = 35.6%. 

The decrease in the rate and magnitude of extraction of palladium(II) in the presence of 
dilute hydrochloric acid (footnote 1) shows that DOS0 must compete with chloride 
ions for co-ordination sites to form the extractable complex. This indicates that 
the composition of this complex is probably similar to that of u.ranium(V’I), i.e., 
Pd@OsOV+l [C&-l,. 

It should be pointed out that the strong extraction of uranium(VI) from per- 
chlorate solution is not a phenomenon unique to this system. The important step is 
the formation of the cation UO%(DOSO), w. Once this is accomplished, an anion is 
needed merely to give charge equivalence and yield an ion-pair that is readily solvated 
in the organic phase. The perchlorate ion is a fairly good counter-ion, but other 
anions could serve the purpose equally well or better. It might be expected that an 
organic anion, such as an aromatic sulphonate, would be a better counter-ion than 
perchlorate. This was demonstrated for the case of 2-naphthalene sulphonic acid. 
Qualitative experiments showed that the extraction by DOS0 of uranium(VI) in 
the presence of this anion was nearly quantitative. Gillet@ studied the extraction 
of a number of aromatic sulphonic acids by an analogous organic cation, tricapryl- 
ammonium chloride. 

Separations 

Examination of the data in Table II reveals the potential for separating uranium(VI) 
from a large number of other metal ions. Simple solvent extraction should separate 
uranium(W) quantitatively from the last dozen or so metal ions listed in Table II. 
However, if a column packed with a solid support impregnated with DOS0 in 
1,2&hloroethane is used, uranium(M) should be retained quantitatively from an 
aqueous perchlorate solution while all other metals listed [except palladium(II), 
gold(III) and probably mercury(II)] should pass through the column. 
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The sorption (and subsequent elution) of uranium on a 90 x 20 mm column 
containing 0.5M DOS0 (in 1,2-dichloroethane) on 60-80 mesh XAD-2 was lirst 
studied. When 0.05 mmole of uranium(V1) was sorbed on the column, no metal 
could be detected in the effluent during elution with 250 ml of 1M perchloric acid. 
Elution with 100 ml of 144 sulphuric acid gave 99.8 % recovery of the added uranium. 
Similarly, 1.87 pmole (0445 mg) of uranium(V1) sorbed on a 100 x 6 mm column 
were not eluted with 60 ml of 1M perchloric acid, but elution with 10 ml of 1M 
sulphuric acid gave 100.5 % recovery of the added uranium. The uranium may also 
be desorbed by elution with 10 ml of methanol. 

TABLEIIL-SEPARATION OF IJRANIUM~) FROM THORlUM(Iv) AND zIRUXWJM(IV) 

Metal Added, mm&e Found, mmole Recovery, % 

uw 00510 00508 99.5 
TWV) 0.234 0,233 99.8 
UO 0~0510 00510 100.8 
ZrfIv) 0.266 0.265 99.6 

Two experiments were performed in which moderate amounts of uranium(V1) 
were separated from thorium and zirconium. Mixtures containing O-05 mmole 
of uranium(V1) and 0.25 mmole of the other metal in 144 perchloric acid were sorbed 
on the large column. Zirconium and thorium were both eluted with 30 ml of 1M 
perchloric acid, and uranium(V1) was eluted as previously described. Table III gives 
the results of these analyses. 

The separation and recovery of small amounts of uranium(VI) from large amounts 
of other metal ions was next attempted. Samples of rare earth oxides weighing 
from 3 to 5 g were dissolved in perchloric acid. The acid concentration was adjusted 
to 1M and the solution passed through a 90 x 20 mm column containing 0*5M DOS0 
(in 1,2dichloroethane) on XAD-2. Known quantities of uranium(V1) were added 
to some samples. The uranium(VI) was then eluted from the column with 100 ml of 
1M sulphuric acid and determined spectrophotometrically with Arsenazo. The results 
are reasonably good (see Table IV). The “uranium” found in the blanks appears 
to stem at least partly from Arsenazo absorbance resulting from metal impurities 
in the sulphuric acid eluent. 

TABLE IV.D JZERMINATION OF TRACES OF URANIUM IN SALTS 

salt U added, ppm U found, ppm 

3.5 g Sm,OI 0 
3.5 g SmlOI 686 
3.5 g EUlOI 0 6 
3.5 g Eu,Ol 137 134 
5.0 g ThCI, 0 4.2 
5.0 g ThCl, 0 4.0 

Separation of possible traces of uranium from specially purified thorium chloride 
was next attempted. A 1M perchlorate solution containing a total of 5 g of thorium 
chloride was passed through a smaller (100 x 6 mm) column of 0*5&f DOS0 (in 
1,Zdichloroethane) on XAD-2, and the uranium was eluted from the column with 
methanol. Analysis of this effluent by the Arsenazo spectrophotometric method gave 
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an average uranium content of 4-l ppm in the solid thorium chloride sample, after 
subtraction of a column blank (no ThCll present) of l-2 ppm. That the substance 
measured in the thorium sample was actually uranium was proved by extracting a 
thorium sample 5 times with fresh DOS0 in 1,2dichloroethane, evaporating the 
solvent and analysing the solid DOS0 by neutron activation. Uranium was definitely 
identified from the gamma-ray energies of the fission products, and the uranium 
content of the thorium chloride was found to be 3.6 & l-8 ppm, which is in good agree- 
ment with the values reported in Table IV. 

Zwammedassung-Uranp-uranCVI) wird aus w&igen Perchloratmedien 
quantitativ in Dioktylsulfoxid in 1,2-Dichlorathan extrahiert ; die 
extrahierte Spexies enthiilt 4 Sulfoxidmolektile pro Uran. Die meisten 
anderen Metallionen werden nicht in merklichem Umfang mit extra- 
hiert. Auf Siiulen, die einen mit Dioktylsulfoxid in 1,2-Dichloriithan 
imptignierten festen Triiger enthalten, kann man Uran(IV) quantitativ 
von Metallionen wie Thorium(W), Zirkonium(IV) und dreiwertigen 
seltenen Erden trennen. 

RBsnm&Gn extrait quantitativement l’uranium(VI) de milieux 
perchlorate aqueux en dioctyl sulfoxyde dam le 1,2 dichlorethane. 
L’esp&ce extraite contient quatre sulfoxydes par uranium. La plupart 
des autres m&aux ne sont pas extraits de man&e appreciable. Sur 
des colonnes contenant un support solide impr@6 de dioctyl sulfoxyde 
en 1,2 dichlorethane, on peut &parer quantitativement l’uranium(VI) 
d’ions mbtalliques tels que thorium(IV), zirconium(W) et terms 
rams0.W. 
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F%mma~-A metbed is d@cribcd which comb&e the best features of 
the fkeassay proc&re with an atohbsorption technique. The 
pmcious-metal bead tesultit?g from the 5m-aasay concantration step ia 
disso;z kyds, the solution evaporated to drynws and tha r&duo 

* mcaswcd 
absorption measuremen 4 

uantity of cyani& solution. Tho atomic- 
t 0 this solution allows the detamua * tionofas 

little as 0917 ppm of silver, OlI8 
palladium in various precious-m 

m of gold, and/or O-08 ppm of 

of *1x. 
ctaKarhgmatcrialswith*prccision 

THE CLASSICAL tie-assay method provides an excellent way to extract and concentrate 
traces of precious metals from large samples of inhomogeneous materials. Its 
chief limitations are related to transferring quantitatively small amounts of precious 
metal (often ~0.05 mg) to an analytical balance and to separating the various 
components by chemical methods. 

A number of workers have reported methods for determining silver and gold in 
specitic ores by a direct chemical attack followed by atomic-absorption measure- 
ments.1-7 Such procedures may be suitable for routine analyses of relatively rich ores 
taken from particular mines, but both the sensitivity and accuracy of these direct 
methods suffer from the use of relatively small samples and from potentially in- 
complete extraction of silver and gold. Nonetheless, the sensitivities of the atomic- 
absorption technique for gold, silver, and palladium are sufliciently great to suggest 
that atomic absorption may be ideally suited to the analysis of the final bead of 
precious metals resulting from the tie-assay procedure. 

A typical tie-assay bead results from a complete decomposition of an assay ton 
(29.1666 g), or a fraction thereof, of sample and consists only of the silver, gold, and 
platinum metals. As will be shown below, such a bead can be decomposed in acids 
and concentrated into 5 ml of solution for atomic-absorption measurements. It was 
found that O-1 ppm of silver, O-3 ppm of gold or O-3 ppm of palladium can be measured 
by atomic absorption with a precision of f 1%. Thus, 05 ,ug of silver, from a 30-g 
sample (O-017 ppm or 04005 oz/ton) can be determined with good precision by 
combining atomic-absorption with fire assay. To achieve such remarkable sensitive 
and precise results, it is necessary to establish suitable means for dissolving the 
beads and for maintaining the noble metals in stable solution for atomic-absorption 
measurement. 

Various media have been recommended for the atomic-absorption measurement 
of gold, silver and palladium. These include 25% hydrochloric acid,+-’ dilute 
nitric acid,8 potassium cyanide solutioni and organic extracts.’ Concentrated hydro- 
chloric acid is unsatisfactory because of its significant attack on the steel aspirator. 

s45 
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Preliminary experimentation revealed that hydrochloric acid solutions must be 
avoided when analysing samples containing sign&ant quantities of gold, because of 
possible reduction of the gold in the steel capillary of the aspirator, resulting in 
clogging of the capillary and loss of a sign&ant fraction of the gold. In addition, the 
solubility of silver chloride in moderately concentrated hydrochloric acid is quite 
limited. Nitric acid solutions are deemed inadvisable, because of the probability of 
losing traces of silver by chloride contamination. Potassium or sodium cyanide 
solutions, in contrast, form extremely stable complex ions with all the metals of 
interest and, in addition, provide a high concentration of readily ionized alkali 
metal atoms in the flame to minimize ionization of gold, silver, and palladium atoms. 
Five ml of 2 % potassium cyanide solution will hold over 50 mg of silver or palladium 
and even larger amounts of gold as stable complexes. Thus relatively large quantities 
of silver, gold, or palladium can be concentrated into a small volume, permitting the 
determination of traces of the other individual precious metals. 

Decomposition of the sample 

EXPERIMENTAL 

Gold, silver, and/or palladium in ores and concentrates. A fire-assay fusion and, if necessary, a 
scarification are carried out, 
of silver, 15 p of gold or 1. P 

roduchrg a lead button which should contain a minimum of 05 B 

& 
ag of palladium. In the case of concentrates, the final bead resulthi 

from the cu ation step will usually contain more than 2 mg and sometimes in excess of 100 mg o f 
combined silver and gold. Silver is usually the preponderant element. 

If the sam 
F 

le charge contains less than 1 mg of combined silver and 
added to the usion flux for the quantitative collection of gold and/or 

old, a few mg of silver are 
& adium. Similarly, for the 

determination of silver, a few mg of gold are added to the flux, when the expected combined weight 
of silver plus gold is less than 1 mg. 

The bead is wei hed, 
d 

if one of the elements is determined “by difference”, transferred to a 50-ml 
beaker, and treat with 15 ml of hot 4M nitric acid. When there is no further reaction 5 ml of 
concentrated hydrochloric acid are added and the solution is heated until decomposition is complete. 
(If gold was added to collect the silver, the bead is attacked with 20 ml of hot uquu rcgia.) After 
dissolution, the cover is washed and removed and the solution evaporated to dryness at low tem- 
perature, preferably on a steam-bath. 

Gold and/or sihwr in copper. The sample is decomposed by heating strongly with concentrated 
sulphuric acid, with a mercury salt as catalyst. 
diluted with water. 

When decomposition is complete, the cold solution is 
A few drops of dilute hydrochloric acid or sodium chloride solution are added to 

precipitate the silver. After standing overnight, the solution ls filtered and the residue is washed with 
cold water and ignited in a scoriOer. Following scorlticatlon and cupellation, the bead is treated with 
nitric, then hydrochloric acid, as described above. 

Gold and silver in drill coks and other survey samples. Since such material is usually low in silver 
and gold, it is advisable to add silver to a portion of the sample for the collection of the gold, and gold 
to another portion for the collection of the silver. In the case Of extremely low-grade material, the 
purity of the gold or silver collector should be examined by running portions of it through the entire 
fusion, scarification, cupellation and atomic-absorption steps. 

Gold, silver and/or palladium in jeweller’s sweeps. The material may be nickel, chromium or 
copper-base containing varying amounts of gold, silver, palladium, and/or platinum. Decomposition 
can be achieved by assay fusion, scoriflcatlon and acid timposition or by a combination of those. 
The final bead, depending on its composition, is first attacked with nitric acid, followed by hydro- 
chloric acid (if silver is the preponderant element), or by aqua regia (if gold, palladium and platinum 
are the prepon&rant elements). In the case of samples with a silver to gold ratio of less than 3 : 1, it 
may be necessary to decant the solution, saturated with silver chloride, and attack the remaining 
metal by heating with fresh hydrochloric acid, with intermittent addition of nitric acid. 

If the silver content exceeds 25 mg, the silver chloride, after evaporation of the excess of acid and 
dilution, may be filtered off and weighed. If the silver chloride is discoloured by co-precipitated 
gold, palladlum or platinum, it should be. reprecipitated. This, it was found, can be done most 
expeditiously b 
tiltration and J 

treating the silver chloride in l-5 % v/v sulphuric acid with dnc metal,@ followed by 
ssolution of the silver sponge in nitric acid and precipitation of silver chloride with 

hydrochloric acid. 



Determination of silver, gold and palladium 847 

The filtrate from the silver chloride, or the solution containing silver, gold, and palladium, is 
evaporated to dryness. 

Gold, palladium, and silver in electronic scrap. Some samples can be dissolved directly in acids. 
However, the sample frequently is not homogeneous and may contain a large quantity of base metals 
which would complicate a direct determination of small amounts of precious metals. It is therefore 
advantageous to use preliminary fire-assay procedures until a bead is obtained which contains the 
three metals under discussion and possibly also platinum. In cases of extreme inhomogenity, it may 
be desirable to melt all of the material either directly or by matting, in order to obtain a satisfactory 
anal ‘cal sample. 

JlY e i?nal bead resulting from the cupellation step is dissolved by heating with concentrated hydro- 
chloric acid, with occasional addition of concentrated nitric acid. As the attack slows down, more 
nitric acid is added from time to time. If dissolution of the bead is incomplete, additional hydro- 
chloric acid is added. In extreme cases, the solution is decanted off and the undissolved sample is 
treated with fresh acids. All solutions are Anally combined. 

Silver alloys for palladium, and palladium sweeps with silver added as collector. The bead is dis- 
solved in nitric acid, without addition of hydrochloric acid, thus avoiding the handling of large 
quantities of silver chloride. The solution may contain undissolved gold, which can be disregarded. 

Atomic-absorption measurements of the solutions 

The solution resulting from one of the decomposition steps is evaporated to dryness in a 50-ml 
beaker on a steam-bath. An exactly measured volume of 2% w/v potassium cyanide solution is added 
to the cold dry salts and stirred until a clear solution is obtained. If dilution to more than 25 ml is 
contemplated, about 30 ml of cyanide solution are used to dissolve the salts, with a little heat if 
needed, and then the solution is washed into an appropriate volumetric flask with additional cyanide 
solution. 

Using the three-slot Boling burner with the Perkin-Elmer 303 Atomic Absorption Spectrophoto- 
meter, we find the wavelengths and concentration ranges indicated in the following table to be suitable. 

Element Concentration range, @ml Wavelength, nm 

Au 0.3-50 242.8 
IO-100 267.6 

Ag 0.1-10 328.1 
2-20 338.3 

Pd 0.3-30 247.6 
5-60 340.4 

In some cases, a single volume can be chosen to place the concentrations of all three elements in 
their optimum ranges for measurement. In other cases, it will be necessary to prepare a more oon- 
centrated solution for determiningtheminorconstituents, followed by dilution of aliquots with cyanide 
solution for determining the major constituents. 

Standard solutions are prepared by dissolving weighed quantities of silver, gold or palladium in 
nitric and/or hydrochloric acids, evaporating to dryness, dissolving in 2% w/v potassium cyanide 
solution and diluting to definite volumes with cyanide solution. Between 10 and 12 standard solutions 
are required to cover the useful concentration range of each element. These solutions have been 
found to be stable for periods of up to 6 months, when stored in pol 

Each absorbance measuxement of a sample is immediately follow J 
ethylene botties. 
by measurement of the closest 

standard. By running samples in duplicate and reading each portion twice, results are precise to 
witbin about 1% of the amount present. A recording attachment has 
for evaluation of the Bnts. A digital read-out Y 

raven to be extremely useful 

human error and minimi 
accessory essens the opportunities for 

zes the time re+red to calculate results. 

DISCUSSION 

To avoid mechanical losses during tie-assay steps, it is necessary that for the 
determination of gold the sample charge contain at least five times as much silver as 
gold. Similarly, for the determination of trace amounts of silver, it is necessary that 
the sample charge contain an excess of gold to avoid silver losses during jire-assaying. 
When required, the addition of 10 mg of silver or gold respectively is recommended 

6 
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Test No. 

Tlc~~e I.-Enwx OF co LLECToR IN FIRE ASSAY PRoCEDURE 

Eleme& 
determined Taken, rug Found, ,q collector 

: 

: 
5 
6 

3 
9 

10 
11 
12 
13 

23 
24 

ii 

f ;: 
29 
30 
31 
32 
33 

Ag 
4 
4 
4 
4s 
& 

ii 
4 
4 
% 
4 
4 
Au 
Au 
Au 
Au 
Au 
Au 
Au 
Au 
Au 
Au 
Au 
Pd 

200 
500 
500 

1000 
1000 

10 

70 
100 

500 
moo 
1000 
3000 
5000 

10 

-iO 
100 
200 
500 

:z 
5000 

1i.z 
85 

104 
182 
203 
482 

iz 
1009 
4670 
4985 
none 

18.: 
93 

101 
481 
496 
990 

1007 
2985 
5060 
none 

100.: 

2’0: 
493 

;zz 
5021 

- 
10 mg Au 
10 mg Au 

- 
10 mg Au 

- 
10 mg Au 

- 
10 mg Au 

- 
10 mg Au 

- 
50 mg Au 

- 
10 mg Ag 
10 mg Ag 

- 
10 mg Ag 

- 
10 mg Ag 

- 
10 mg Ag 
20 mg Ag 
50 mg Ag 

- 
10 mg Ag 
1Omg Ag 
10 mg Ag 
10 mg Ag 
10 mg Au 
10 mg Ag 
1Omg Au 
10 mg Ag 

for quantitative collection. Silver and gold serve equally well as collector for palla- 
dium. The necessity of adding a collector is demonstrated in Table I. The absence of 
a collector yields distinctly low silver values (Tests 1, 4, 6, 8, 10, 12), gold values 
(Tests 14, 17, 19, 21) and palladium values (Test 25). The presence of 10mg of 
collector ensures the quantitative recovery of silver (Tests 3, 5, 7, 9, 11, 13), gold 
(Tests 16, 18, 20, 22, 23, 24), and palladium (Tests 27 to 33). In these tests, the 
desired element was added in the form of a standard solution to the assay crucible 
containing an appropriate flux. The collector (silver or gold) was added to the assay 
crucible as metal. The final beads were dissolved in an appropriate acid, as described 
in the procedure, prior to atomic-absorption measurements in a cyanide medium. 
The standard solutions were examined by atomic absorption in the same cyanide 
medium, and the results indicated that the precision of the measurements were f 1%. 
Although only high-purity reagents were used which gave no positive silver tests by 
pure gre-assay methods, the high silver results in Tests 2 and 3 indicate that the flux 
contains parts per mill&d amounts of silver which are collected by the gold. 

Table II indicates that atomic-absorption measurements of gold, silver or pal- 
ladium are not dependent on the relative proportions of the metals, nor are they 
significantly affected by the presence of other platinum metals. 
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TABLE 11.-D amaMINATx0N OF GOLD, sILvm, AND PALLADIUM IN THE PREsJlNCR 
OFRACHOTHERANDOPOTWERPLATINUMMJJTALS 

Element 
determined 

Anlount Amount 
Other elements present 

aen, found, A,, 
% &? 

Ag, Pd, Pk Ru, fi, 

V’ % V w mg V 

AU 
Au 
AU 
Au 
Au 
Au 
Au 
Au 

Ag 
Ag 
Ag 
Ag 
Ag 
Ag 
Ag 
Ag 

Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 

2.5 

1z 

1: 
303 
604 
599 

2.5 
11.5 
21 

3:; 
303 
502 
497 

1z 
18 
52 

103 
298 
496 

- 10 5 - 10 5 2” _L _! 

- 10 
- 10 55 z r T 
- 10 5 5 5 
- 5 10 5 3 5 

- 50 320 2 - - 1 r T 

10 - 3 1 
:oo 1 5 ; 1 : 

5 1 1 

:; r ; 2 3 : : 
30 - 1 
50 - 2 : : !_ 

- - 30 - - - 

- ; 
z 

1 1 1 
5 1 1 
5 5 - : 

10 10 - : 2 : 
10 10 - 1 1 1 

5 5 - 1 1 1 
10 10 - - - - 

Table III gives some comparison of gold results obtained in our laboratory by 
(a) fire assay, followed by parting and weighing of gold bead and (b) fire assay, 
followed by acid dissolution and atomic absorption. 

TABLE III.-DETBRMINATION OF GOLD: COMPARISON OF CONVEN~ONAL PIRB-ASSAY/PARTING 
AND WEIGHING PROCEDURE WITH FIRE-ASSAY/ATOh4IC-ABSORPTION PROCRDURR 

Material 

Copper Cont. 1 
2 
3 
4 
: 

7 
Blister Copper 1 

2 
Zinc Cont. 1 

2 
Lead Cont. 1 

2 
Silicate 1 

2 

Weight of Au found 

sample, 
assay ton (29.16g) 

by weighing, 

V 

0.5 trace 
0.5 trace 
0.5 0.27 
0.5 0.14 
@5 0.5 0.84 0.34 

0.5 1.04 
1 0.15 
1 1.23 

0.5 0.06 
1 0.22 
1 0.10 
1 0.82 
1 0.09 
1 0.94 

Au found 
by atomic 

absorption, 

mg 

0.011 
0005 
0.285 
0.147 
0.83 0352 

1.048 
0.152 
1.21 
0.073 
0.233 
0.098 
0.83 
0.092 
0.93 
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Zltsamneafsssrslg-Ein Verfahren wird beschrieben, das die beaten 
Eigenschaften der Schmelzanreicherung mit einer Atomabsorptions- 
messung verbindet. Die Edelmetall-Perle aus dem Schmelxanreiche- 
rungs-Schritt wird in S&uen gel&t, die Liisung xur Trockne einge- 
dampft und der Riickstand in einer aemessenen Menae von Cvanid- 
K&g aufgenommen. Die Atomab&ptionsmessung-dieser Losung 
erlaubt die Bestimmung von immerhin 0,017 ppm Silber, 0,08 ppm 
Gold und/oder 0.08 ppm Palladium in verschiedenen edelmetall- 
fiihrenden Materialien mit einer Genauigkeit von + 1%. 

R&amr~n d&rit une methode qui combine les meilleurs caracteres 
de la technique par voie s&he avec une technique d’absorption atom- 
ique. La bille de metal p&ieux r&ha.nt du stade de concentration 
par voie s&he est dissoute dans des acides, la solution evapor6e a set 
et le r&idu dissous dans une quantite mesuree de solution de cyanure. 
La mesure d’absorption atomique de cette solution permet la d&ermin- 
ation de quantitC aussi faibles que 0,017 p.p.m. d’argent, 0,OS p.p.m. 
d’or, et/au 0,08p.p.m. de palladium dans divers produits contenant 
des metaux pr&ieux, avec une precision de f 1%. 
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S--An absoxptiometric method is described for sulphide ion, 
baaed on the green colour which is formed when sulphide ions are 
treated in ammoniacal solution with iron(III) and an exct56 of nitrilo- 
triacetic acid. The recommended procedure can be applied from 1200 
down to 8 ppm of sulphide and is interfered with seriously only by 
selenite from amongst seventeen other anions examined. The colour 
system is stabilized by an excess of sulphite. Suggestions are made 
about the nature of the colour body and its mechanism of production. 

ALTHOUGH the inorganic reactions of sulphide ions are probably better known than 
those of most ions, there are few methods available for the determination of small 
amounts of sulphide. The best known is probably the calorimetric method based on 
the reaction product formed between sulphide ions andp-amino-N,N-dimethylaniline 
in the presence of iron(II1) chloride .l According to Mecklenburg and RosenkrWz& 
as much as 3 hr development time is required for the complete formation of the blue 
colour with sulphide concentrations as low as 0.02 ppm. The temperature must also 
be controlled within 2” for precise results to be obtained. Generally this method has 
been applied to gas analysis. Several other anions, e.g., sulphite and hyposulphite, 
interfere. Numerous empirical recipes for this colour reaction have been desc?ribed, 
but need not be detailed here. 

Measurement of the absorbance of suspensions or sols of insoluble sulphides of 
various metals, e.g., of lead,s has been used from time to time, but generally such 
methods have not found favour because of the unstable nature of the systems. In 
other instances the sulphide has been converted into thiocyanate which is then deter- 
mined with iron(III). More recently a fluorimetric method has been described in 
which the sulphide ion is caused to react with the non-fluorescent palladium complex 
of &hydroxyquinoline-5sulphonic acid at pH 9.2, thus liberating the free ligand 
which fluoresces quite strongly at this PH.~ In this way, as little as O-2 ppm has been 
detected, but several ions interfere. 

In this contribution we describe a colour reaction between sulphide ion, iron(II1) 
and various complexing agents such as nitrilotriacetic acid and apply it to the deter- 
mination of small amounts of sulphide in aqueous solution. 

In the course of investigations several years ago,s of the masking action of deriva- 
tives of iminodiacetic acid on various colour formation and precipitation reactions of 
inorganic ions it was found that very intense green colours were formed upon mixing 
solutions of iron(II1) with iminodiacetic acid, methyliminodiacetic acid or nitrilotri- 
acetic acid, etc, and sulphide ions in the presence of ammonia. Other reagents of the 
same group, such as EDTA, tr~~-l,2-diaminocyclopentane~N,N,N’N’-tetra-acetic 
acid and trans-l,2-diaminocyclohexane-N,N,N’N’-tetra-acetic acid yielded transient 

* Present address: Chemistry Department, University of Mosul. Mosul, Iraq. 
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cherry red colours which rapidly faded to a light grey shade and subsequently developed 
a dark green colour. 

It is possible to differentiate the aminopolycarboxylic acids into two groups, viz. 
those which form relatively weak iron(II1) complexes and give green colours, and those 
which form relatively strong iron(III) complexes and give transient cherry red colours 
which eventually fade to green. It is also possible to devise a calorimetric method for 
the determination of iron(IIQS Since absorptiometric methods for iron(II1) abound, 
however, and since the sensitivity of the sulphide reaction for iron is not particularly 
high, we have not investigated this possibility further. We did, however, establish that 
an absorptiometric method could be devised for the determination of moderate 
concentrations of sulphide ion, based on this colour formation.5 The colour was not 
very stable at low sulphide concentrations, however, and lacked sufficient intensity to 
make it worthwhile as a practical procedure, so the method was not then investigated 
further. This paper describes a re-examination of the problem. 

Evolution of analytical procedure 

Preliminary absorption spectra obtained by mixing iron(III) ammonium sulphate 
solution with an excess of nitrilotriacetic acid (NTA), sulphide ion and ammonia and 
measuring quickly against a water blank showed that pronounced maxima were 
formed at 435 nm and 640 nm with a very slight maximum at 550 run. In the absence 
of sulphide, some absorption was shown at 435 nm, but very little at 640 nm. The 
sensitivity of detection was considerably greater at 640 nm than at 435 nm. Attempts 
were then made to find the optimal time for development of maximum absorbance. 
These experiments revealed that colour formation was instantaneous and that the 
colour of solutions not containing an excess of sulphide faded rapidly, whilst those 
containing an excess maintained a steady absorbance for at least 30 min. These 
observations provided valuable guidance subsequently, but further experiments were 
limited to those in which an excess of iron(III), NTA and ammonia was added with 
respect to sulphide. 

It was found that it was best to maintain the NTA in considerable excess over the 
ferric iron to obtain the maximum yield of colour. A composite solution containing 
iron(III) and a 5-fold molar ratio of NTA was therefore added as a single reagent. 
The order of addition of reagents was also found to be important in that most colour 
was generated when the test (sulphide) solution was treated first of all with ammonia 
and then with the composite solution. Maximum colour formation occurred when 
the mixture of all the reagents was diluted immediately to the mark and measured, 
rather than allowed to stand for a few minutes before dilution. This evidence and the 
obvious stability of the colour suggested that aerial oxidation of the coloured com- 
pound was responsible for the fading. The incorporation of hydroxyammonium 
chloride or ascorbic acid in the mixture to prevent such oxidation had a deleterious 
effect, however, owing to the reduction of iron(III) to iron(I1). At this point, the 
causes of colour instability were also thought to be due to coagulation of the green 
colour body, and it appeared that the system was behaving as a sol rather than as a 
true solution. Various surface-active agents and protective colloids were, therefore, 
incorporated in the colour system to try to stabilize it, e.g., Cetavlon, Triton X 100, 
Lissapol NX, polyethylene glycol, glycerine and gelatin. Only gelatin showed any 
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sensitization and stabilization effect, and that was only slight. The addition of various 
inorganic electrolytes was finally examined in an effort to provide some stabilization, 
viz. potassium chloride, potassium aluminium sulphate, disodium hydrogen ortho- 
phosphate, sodium selenite, sodium selenate and sodium sulphate. With the ex- 
ception of potassium chloride which was without any effect, and of sodium selenite 
which inhibited the colour formation if added tist to the sulphide solution, all 
showed some degree of sensitization, but it was most marked with sodium sulphate 
and sodium selenate. It was found that when the sodium sulphate (or selenate) was 
added to the ammoniacal sulphide solution before the iron(III)-NTA solution there 
was a gradual increase in colour for 1 min followed by a stable period of 3-4 min 
and a slow decrease in absorption on further standing. 

The slight enhancement and stabilization effect of sulphate was attributed to a 
protective action on the (suspected) colloidal colour body, and the subsequent fading 
to gradual oxidation of the green reaction product. It is known that sulphite does not 
readily reduce iron(II1) to iron(I1) except in the presence of catalysts such as thio- 
cyanate, yet it may be used to reduce dissolved oxygen in aqueous solutions (e.g., in 
polarography). Consequently, further experiments were performed with sodium 
sulphite in place of sodium sulphate. This had the desired effect of giving considerable 
sensitization of the colour reaction, stabilization and prevention of short-term fading 
of the green colour. Stable colours could now be maintained for up to 10 min and 
the maximal colour formation occurred within 2 min of mixing the solutions. This 
effect is shown in Table I for the determination of 600 lug of sulphide in a final volume 

TABLE I.-MAXIMAL COLOUR FORMATION IN THE Fe(IWNTA/S’- SYSIBM (600 ~g OF 
S--j- lmlo~ NH, SOLUTION -t- 2Omlo~2O%Na,SO, SOL~.~T~N+ 05ndOFFe(m)/ 

NTA DILUTED TO 50 ml) 

Standing time, min 2 12 15 
Absorbance (5-mm cell) o-:15 0.725 0*;25 0.725 0.715 

of 50 ml. Because of the protective action of sulphite all dilute standard sulphide test 
solutions were subsequently prepared in the presence of an excess of sodium sulphite 

(10 %). 
Figure 1 shows the absorption spectra obtained. The sulphide solutions used in (2) 

and (3) did not contain sodium sulphite. These curves were measured in lO-mm cells 
against distilled water between 2 and 12 min after preparation of the solutions. They 
show that the maximum absorption for sulphide now occurs at 635 nm in the presence 
of sulphite and that the blank absorption of the reagents is almost negligible at this 
wavelength. The difference between curves (3) and (2) shows the benefit of the pres- 
ence of excess of sulphate ions whilst that between curves (3) and (4) shows the 
superior sensitization by excess of sulphite. 

The best conditions for devising a method for the absorptiometric determination 
of sulphide ion having thus been established, a test was made of adherence to the 
Lambert-Beer law. It was found that in the presence of excess of sulphite ion, by the 
method recommended, Beer’s law was obeyed in the range 200-1200 pg of sulphide 
in a final volume of 50 ml. The extrapolation of the calibration curve showed a 
slight positive intercept on the concentration axis. The molar absorptivity at 635 nm 
for the sulphide ion corresponds to 540 I.mole-l.mm-l. When the standard sulphide 
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I I I I 
400 425 540 640 

nm 

FIG. I.-Absorption spectra of FeIII/NTA/S*- system. 
(1) Blank reaction : NapSO, + 1 ml of NH8 solution + 05 ml of Fe(III)/NTA solution, 
diluted to 50 ml; lo-mm cuvette; reference distilled water. (2) As (1) plus 600 ,ug of 
S*- and without Na,SOs. (3) As (2) plus 20 ml of 20% Na,SO, solution. (4) As (3) 
but with 600 /~g of S- prepared in 10 % Na$O, solution and with 20 ml of 20% Na,SO, 
solution in place of Na$O,. All spectra were measured on a &ng spectrometer 

within 5 minutes of preparation. 

test solution was prepared in the absence of sodium sulphite, but 20% sodium 
sulphite solution was still added in the procedure, the molar absorptivity fell to 
420 l.mole-l.mm-l. This difference is attributed to loss of sulphide ion by attack 
from dissolved oxygen when the test solution is not protected in this way. In the 
absence of excess of sulphite either in the standard solution or in the procedure 
[Curve (2)], the molar absorptivity was 210 l.mole-l.mm-l. 

E$ct of other ions on the anaiytical method 

The effect of cations was not examined in detail since it is known that many are 
not compatible in solution with sulphide ion. 

Of 17 anions examined, however, the following did not interfere in 100-fold molar 
excess relative to sulphide: SOs2-, Sod*-, SeOda-, NO,-, COss-, ClOs-, Cl-, Br, I-, 
CHsCOO-, PO,8- and OH-. The following ions, which interfered at lOGfold 
excess, could be tolerated at <lo-fold excess: oxalate, citrate, tartrate and chromate 
(negative error). Selenite completely inhibited the colour formation. 

The precision of the method was tested by *replicate analyses of O-4 ml of a 3 x 

10-2M sulphide solution by the recommended procedure. This yielded a mean 
absorbance of O-97, standard deviation 0.027. 

EXPERIMENTAL 

Reagents 

Stanaizrd su@hide solution, 1000 ppm. Dissolve and dilute to 100 ml @7490 g of analytical- 
reagent grade Na,SSH,O with freshly prepared 10% w/v sodium sulphite solution. This solution 
should be prepared fresh daily. 

1 ml = 1000/.4gS’-. 
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+!Wium sulphite solution, 20% w/v. 

Zron(ZZZ)/NTA composite solution. Dissolve 1.91 g of nitrilotriacetic acid in 25 ml of 1M sodium 
hydroxide with warming. 
of 1M sulphuric acid. 

Dissolve 1.92 g of iron(III) ammonium sulphate in water containing 1 drop 
Mix the two solutions and dilute to 100 ml in a volumetn’c flask. 

Calibration cuwe and procedure 

Transfer O-2-1.2~ml aliquots of the lOOO-ppm sulphide test solution (i.e., 2004200 c(g, to SO-ml 
standard flasks. Add 20 ml of 20% sodium sulphite solution, 1 ml of concentrated ammonia solution 
and 0.5 ml of the iron(III)/NTA reagent solution. Immediately dilute the contents of the flasks to 
50 ml and measure the absorbance of each solution 2-12 min from the time of preparation in S-mm 
cuvettes at 635 nm against a water blank. 

Use this procedure in the same way for unknown solutions containing 8-1000 ppm of sulphide, 
using sample volumes containing, 2004000 ,ug of sulphide. 

DISCUSSION 

The proposed method for sulphide can be applied down to 8 ppm if 25 ml of 
sample are available and up to 1OOOppm in a l-ml test sample. The sensitivity 
is not very high, but the selectivity is good. 

We have been able to reach no definite conclusions as to the exact nature of the 
green absorbing species. Application of the usual Job, mole-ratio and slope-ratio 
plots led to meaningless numerical results. It is also known’ that the complexones 
never act as direct chromogenic reagents. The action of protective colloids and, 
more particularly, electrolytes such as sodium sulphate, and sulphite, taken in 
conjunction with the non-stoichiometric reaction relationships and the obvious 
tendency for coagulation to occur, lead us to believe that we are dealing with a 
colloidal basic form of iron(II1) sulphide. The action of the NTA appears to be to 
form a protective complex of iron(II1) which hydrolyses progressively as shown in 

Fig. 2(u). An alternative mechanism is shown in Fig. 2(b). 
The former postulate seems the more probable since the progressive hydrolysis of 

polyaminocarboxylate complexes of iron(II1) in alkaline solution is known, whereas 
there appears normally to be little preferential affinity for sulphide ion relative to 

OH- 
- 

(0) 

(b) S’- 

OH- 

(b) 

0 

CH2C?0 
-0\ / \ 

JH2C- N -Fe-OH 

0 \ / 
CH2 C<O 

0 

(0) s2- I 
[FeWHI S ] + N-CH2CO0 ~H2coo’ 

CH2COO- 

FIG. 2.-Probable mechanisms for colour production in the Fe(III)/NTA/S*- system. 
(a) S- replacement of NTA in the partially hydrolysed Fe(III)/NTA complex. (b) OH- 

replacement of NTA in a ternary Fe(III)/NTA/S- complex. 
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hydroxyl ion in the absence of NTA. A nearly neutral colloid is suggested by the 
protective action of the electrolytes. 

Other derivatives of iminodiacetic acid7 also yield green colours, e.g., iminodi- 
acetic acid, methyliminodiacetic acid, UDA, DHEG, as do other complexing agents 
for iron, e.g., citrate, tartrate, but the most intense colour is obtained with NTA. 
This probably arises because of the speed of release of [Fe(III)OH]s+ from the NTA- 
complex being best suited to the formation of colloidal particles of basic ferric 
sulphide of the shape and size appropriate to maximum absorbance. 

The system approximates to the NTA complex of iron(III) acting as a hydrolytic 
reagent for the precipitation of a basic ferric sulphide from homogeneous solution. 

Acknowle&enzenr-We are grateful to the Universities of Baghdad and of Mosul for granting study 
leave and to the Gulbenkian Foundation for the award of a Fellowship to S. A. R. 

B-Ein absorptiometrisches Analysenverfahren ftlr 
Sulfidionen wird beschrieben. Es beruht auf der grtlnen Farbe, die 
entsteht, wemr man Sulfidionen in ammoniakalischer Ldsung mit 
Eisen(III) und einem Uberschul3 Nitrilotriessig behandelt. Das 
empfohlene Verfahren kann von 1200 bis herab zu 8 ppm Sulfid ver- 
we&et werden. Es wird unter 17 untersuchten anderen Ionen mu 
durch Selenit emstlich gesttirt. Das Farbsystem wird durch einen 
UberschuQ von Sulfit stabilisiert. Uber die Natur des Farbkiiroers 
und iiber seine Entstehungsweise werden Vermutungen angestellt.’ 

R&smn&Gn d&it une m6thode absorptiometrique pour I’ion sulfure, 
bas6e sur la coloration verte qui se forme lorsque les ions sulfure 
sont trait&r en solution ammoniacale par le fer (III) et un exc& d’acide 
nitrilotriac&ique. On peut appliqu& la technique mcommand6e de 
1200 a 8 u.am. de stdfure et elle n’est s&ieusement &nee aue DBT le 

s&rite %ini dix sept autres anions examin6s. d systeme &or6 
.F est stabi id par un exc& de sulfite. On pr6sente des suggestions sur 

la nature du corps oolork et son mkanisme de production. 
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COLUMN CHROMATOGRAPHIC SEPARATION 
OF GALLIUM, INDIUM AND THALLIUM* 
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Institute for Atomic R-h and wt of Chemistry, Iowa State University, 

Ames, Iowa 50010, U.S.A. 

(Receiueff 25 February 1970. Accepted 31 Afur 1970) 

Smnmary-Distribution ratios are given for the extraction of gallium- 
(III), indium(III) and thallium(III) from aqueous solutions of hydra. 
bromic acid into di-isopropyl ether and isobutyl methyl ketone. 
Rased on the results obtained, a scheme ls presented for the quantitative 
separation of these elements from each other by liquid-liquid partition 
chromatography. The effect of a number of other metal ions upon the 
separation is also studied. The separation method has been applied 
to the analysis of a series of lead-indium alloys. 

METHODS for separation of gallium(III), indium(II1) and thallium(II1) have been 
reviewed in a book by Korkisch. l Solvent extraction methods for these elements are 
predominately based on extraction from different concentrations of hydrochloric or 
hydrobromic acid. Irving and Rossotti” have reviewed the extraction of these elements 
by diethyl ether. Gallium is nearly quantitatively extracted from 5-7M hydrochloric 
acid into diethyl ether and is partially extracted from 4-5M hydrobromic acid. 
Indium is only slightly extracted from hydrochloric acid but is strongly extracted from 
4M hydrobromic acid. Thallium is nearly quantitatively extracted into diethyl ether 
from >lM hydrochloric or >lM hydrobromic acid. 

A practical difficulty with solvent extraction is that quantitative separations are 
obtained only when conditions are such that one element is completely extracted while 
the elements from which it is separated are not extracted at all. Greater flexibility 
is obtained through the use of column extraction chromatography, where only a 
significant di$rence in extractibility is needed for quantitative separation. 

In the present work conditions have been worked out for quantitative column 
chromatographic separation of tervalent gallium, indium and thallium. Aqueous 
solutions of these metal ions in hydrobromic acid are passed through a column 
containing isobutyl methyl ketone (IBMK) or d&isopropyl ether (IPE) on a solid 
granular support. Gallium comes through first; indium and thallium are then 
eluted successively with lower concentrations of hydrobromic acid. This separation 
method has also been used for the analysis of lead-indium alloys. 

EXPERIMENTAL 

Aldrich ‘Lpurissimum” grade IRMK and Fisher certified grade IPEi were used, and equilibrated 
with the appropriate aqueous solvent before use. 

All metal salts and inorganic acids were reagent grade and were used without further purification. 

+ Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. Con- 
tribution No. 2699. 

7 Present address: Research Laboratory, New Jersey Zinc Co., Pahnerton, Pennsylvania, U.S.A. 
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Inert support 

Amberlyst XAD-2, an inert cross-linked polystyrene polymer, was obtained from Rohm and Haas 
as 20-50-mesh beads. The beads were ground and sieved and 80-lOOmesh fraction was used. The 
inert support was washed with 6M hydrochloric acid and methanol, and air-dried before use. 

Sample solution 

Solutions of metal ions were prepared by mixing 5-ml portions of the appropriatemetal ion solutions 
and evaporating the sample solutions to near dryness. Then 2 ml of concentrated hydrobromic acid 
were added and the samples again taken to near dryness. The residue was then taken up in 5 ml of the 
appropriate eluent for transfer to the chromatographic column. 

Column preparation 

The column support was shuried in a portion of equilibrated organic solvent and allowed to 
remain in contact with the organic solvent for an hour to ensure complete saturation. The slurry 
was then transferred to the chromatographic column (a 150 x 1Omm column fitted with a coarse 
frit and a stop-cock), and a small plug of glass wool was used to prevent the top of the column from 
being disturbed during addition of the sample or eluent. Approximately 3 column-volumes of equili- 
brated acid were passed through the column to displace the interstitial organic solvent on the column. 
The organic phase was run down to the level of the column before the equilibrated acid was added. 

Distribution ratios 

Distribution ratios were obtained by shaking 20 ml of equilibrated organic phase with 20 ml of 
the equilibrated aqueous phase containing a known amount of solute. After equilibration in a 
separatory funnel, the phases were separated and the aqueous phase was analysed for metal ion 
content. 

Methods of adysis 

Most metal ions were determined by titration with EDTA by standard methods. Thallium(JJJ) 
cannot be titrated in a hydrobromic acid solution because of the stability of the thallium bromide 
complex. Therefore, 10 ml of nitric acid were added to the thallium fraction from the column. The 
sam 

P 
le was heated very mildly to accelerate the formation of bromine, which was carefully expelled 

by a temately heating and cooling. After expulsion of the bromine, the sample was evaporated to a 
volume of 3-5 ml, 10 ml of aqzuz regia were added, and the sample was again evaporated to 3-5 ml. 
The aqua regia oxidation was repeated. A known volume of EDTA in excess was added and the 
solution diluted to 150 ml with water. The excess of EDTA was then titrated with thorium at pH 
2.0-2.2, Xylenol Orange being used as indicator. 

Antimony@I) and arsenic(IIJ) were determined by titration with standard potassium bromate 
(Methyl Grange indicator). Antimony and arsenic were not evaporated with hydrobromic acid before 
extraction because of their tendency to volatilize. 

Mercury@) was determined by titration with thioglycerol, with the thio analogue of Michler’s 
ketone as indicator. 

Selenium(JV) was determined in a sulphuric acid solution by adding a lO-ml excess of O*OSN 
potassium permanganate; 5 ml of phosphoric acid were added to prevent the formation of man- 
ganese dioxide. After 30 min the residual 

fl 
otassium permanganate was determined by adding a slight 

excess of iron@) ammonium sulphate fo owed by a back-titration with potassium permanganate. 

RESULTS 

Two organic solvents, IPE and IBMK, were investigated as extractants. IPE 
is less soluble in the aqueous hydrobromic acid phase and is very easily volatilized 
prior to analysis of the aqueous phase. IBMK, however, is a more powerful extractant 
and is also sufBciently volatile. 

Distribution coefficients for gallium, indium and thallium at various concentrations 
of hydrobromic acid are given in Table I for IPE and in Table II for IBMK. These 
data reveal that gallium is only very slightly extracted by IPE over the entire con- 
centration range of hydrobromic acid studied. Indium is not extracted appreciably 
at hydrobromic acid concentration below 4M but is over 90% extracted from 5M 
hydrobromic acid. Thallium is essentially completely extracted from l-5M hydro- 
bromic acid by IPE. 
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Column separations were performed on a column packed with 80-100 mesh 
Amberlyst XAD-2 impregnated with IPE. The elution curve in Fig. 1 shows excellent 
results for sequential elution of gallium with 5M hydrobromic acid, indium with 1M 
hydrobromic acid, and thallium with 3M nitric acid followed by IPE. 

The data in Table II show significant differences in the extractability into MIBK of 
the elements studied. Accordingly, for separation on a column of XAD-2 impreg- 
nated with IBMK, 3M hydrobromic acid was selected for elution of gallium, 
0.25M hydrobromic acid for elution of indium, and thallium was eluted with 3iU 

MI OF EFFLUENT 

FIG. I.-Elution of 100,umole each of @iurn( indium@I) and thallium(III) 
from a 120 x 10 mm column of 80400 mesh Amberlyst XAD-2 impregnated with IPE. 

Amberlyst XAD-2 support equilibrated with di-isopropyl ether; flow-rate 14-15 
ml/mill. 

nitric acid and IPE as before. A typical elution curve is given in Fig. 2. Quantitative 
results for separations on both IPE and IBMK columns are summarized in Table III. 

The separation of gallium from indium on the IBMK column is also possible with 
2M hydrobromic acid (instead of 3M) provided the amount of indium is small. The 
effect of loading on indium elution is given in Table IV. 

Distribution ratios of a number of other metal ions were determined (Table V) 
in order to ascertain which might interfere in the column separations just described. 
Only selenium(N) and iron(II1) are strongly extracted by IPE from 5M hydrobromic 
acid. In the 3M hydrobromic acid-IBMK system, tin(W) and mercury(I1) are 
strongly extracted in addition to selenium(IV) and iron(II1). Copper(I1) and iron(II1) 
are reduced at least partially to their lower oxidation states. 

The elements most likely to interfere with the analytical separation scheme are 
tin(W), iron(III), copper(I1) and mercury(I1). The behaviour of these elements on 
the column was studied by determining the break-through volume and elution volume 
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MI OF EFFLUENT 

F5~.2.-Elution of 100,~mole each of gallium(III), indiumflIl), and thallium(m) 
from a 120 x 10 mm column of 80-100 mesh Amberlyst XAD-2 impregnated wlth 

MIBK. 
Amberlyst XAD-2 support equilibrated with isobutyl methyl ketone; flow-rate I-O- 

1.5 ml/min. 

TABLE ~II.-!%PARATIoN OF GALLIuM(III),IND~(III) AND THALLIuM(III). ELU~ONCONDITIONS 
ARE AS STATED IN PIG. 1 FOR IPE COLUMN AND IN PIQ. 2 FOR IBMK COLUMN 

column Sample composition, 
mmole of each element 

Rewvery, %* 

Ga In Tl 

;: 0.10 0.25 
IBMK O,lO 
IBMK 0.25 

l Average of 2 or 3 individual results. 

100-l 100.2 99.5 99.5 99.9 98.9 
100-O 99.7 99.4 
99.8 100.3 99.9 

TARLEIV.-EFFEcTOFC~L~~~NL~ADIN~ONTI~EEL~TIONOF 0*25MblOLB OFINDIUM~ 
FROMAMRERLYST w-2 IMPREGNATEDWITiI IBMK. COLUMN: 100 X 1oMM; FLOW 

RATR: l-15 ML/hnN 

Column 
loading, 
mmoIe Eluent, [HBrl 

Indium 
breakthrough, 

ml 

Indium 
elution, 

ml 

-0.25 z >120 - 
4.25 20-30 >120 
No*025 2M >120 
-0025 1M lo-20 60-70 
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TABLE V.-DISTRIIIII~ION RATIOS FOR BATCH EXTRACTION OF VARIOUS ELEMENTS FROM 
HYDROBROMIC ACID 

Element 

AhlID 

5M HBr-lPE 

0.08 

Distribution ratio 

3M HBr-lBMK 2M HBr-IBMK 1M HB-IBMK 

009 - - 

0.45 
006 
0.27 
0.03 

4 
2.5 
0.01 

to.01 
0.19 
0.33 

17.5 
to.01 
<O*Ol 
<O*Ol 
<o-o1 

0.05 
004 
0.09 

rco 

z 
0.02 
0.01 

25 
013 
004 
0.32 
0.05 
2.1 
0.01 

to.01 
<o-o1 

0.30 
12.1 

<O*Ol 
<O.Ol 

0.37 
1.0 
1.0 

;:; 

.-O 
0.02 

<a*01 
004 
0.01 

4.2 0.59 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- 

oG3 
- 

- 
0.70 
- 
- - 
- - 

- 
- 

- 
- 
3.2 2.7 

- 
- 

- 
- 
- - 
- - 
- - 
- - 

(Table VI). Only iron(III) would cause difficulty on the IPE column. Both iron(III) 
and tin(IV) are held up on the IBMK column from 3M hydrobromic acid, although 
elution is more rapid with 244 hydrobromic acid. 

TABLE VI.-THE BREAKTHROUGH VOLUME AMY ELUTION VOLUME FOR VARIOUS METAL IONS IN 

EIYDROBROMIC ACID. COLUMN: 120 X 10 MM; FLOW-RATE: l-1.5 ML/MII’I 

5M HBr-lPE 3M HBr-IBMK 2M HBr-IBMK 

Breakthrough, Elution, Breakthrough, Elution, Breakthrough, Elution, 
Element ml ml ml ml ml ml 

SdIv) O-5 25-30 30-35 80-90 15-20 60-70 
Fe0 O-5 >lOO 5-10 >lOO O-10 20-25 
ww O-5 20-25 O-5 3540 - 
H&E) O-5 20-25 5-10 25-30 5-10 2G5 

If iron(II1) may be present in samples to be analysed for indium(III), a preliminary 
separation from hydrochloric acid on an IPE-impregnated XAD-2 column might 
be advantageous. Iron(III), gallium and antimony(V) have been shown previouslya 
to be strongly held by such a column from 6 to 8M hydrochloric acid. Thallium(III) is 
strongly extracted by IPE from hydrochloric acid at these concentrations (D = 100 
in 6iU and 55 in 8M hydrochloric acid) and should also be strongly held. However, 
indium has a distribution coefficient less than O-01 in both 6 and 8M hydrochloric 
acid and passes readily through a column. In presence of 544 hydrobromic acid, 
indium is retained by the IPE column. This sequence should result in an extremely 
selective separation method for indium. 
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ANALYSIS OF LEAD-INDIUM ALLOYS 

The general method described earlier was applied to the separation of indium from 
lead-indium alloys. For this separation a rather high concentration of hydrobromic 
acid is advantageous in order to complex lead and prevent precipitation of lead 
bromide. In 4.4iU hydrobromic acid the distribution ratio for indium into IBMK is 
approximately 200 and that for lead is only O-06, which gives a separation factor of 
over 3000. A sample containing 0.1 mmole each of lead and indium in 4 ml of 4.4M 
hydrobromic acid was added to a 90 x 12 mm column of 60-80-mesh Amberlyst 
XAD-2 impregnated with IBMK and conditioned with 4.4iU hydrobromic acid. 
Lead was eluted from the column with 15 ml of 4.4A4 hydrobromic acid at a flow-rate 
of 2 ml/min, and indium was then eluted with 15 ml of 0-N hydrochloric acid. 
Titration of the separated lead and indium with EDTA gave quantitative recoveries 
within normal titration error. 

The method was then applied to the analysis of lead-indium alloys (5-20 mole % 
indium). The samples (600-800 mg) were dissolved in 15 ml of hydrobromic acid, and 
most of the acid was evaporated after dissolution. The residue was taken up in 4.4M 
hydrobromic acid, transferred to a 25-ml volumetric flask, and diluted to volume with 
the same solvent. Aliquots (5 ml) were then transferred to the 90 x 12 mm IBMK 
column for separation. Lead and indium were eluted with 4.4iU hydrobromic acid 
and O*lM hydrochloric acid respectively as before, and titrated. Results for analysis 
of different sections of an alloy containing approximately 10 mole % of indium are 
given in Table VII. Although the samples were not homogeneous, the precision and 
material balance in each case are good enough to indicate that the analyses are correct. 

TABLE m.-““ALYTICAL RESULTS FOR LEAD-INDIUM ALLOYS 

In(II1) Bb(W Material balance, 
Sample 
number 

pr-f Indium, % of total 
mmole 

pr-G 
mmole mole aA recQvere!d 

I, aliquot a o-0731 0.628 10-q 100.2 

I, aliquot b 0.0729 0.628 10.40 

II, aliquot a 0.0862 0.724 10.6, loo*2 

II, aliquot b 0.0860 0.723 10.6, 

III, aliquot a O-0941 0.747 11.1‘ 100.4 

III, aliquot b 0.0945 0.748 11.2, 

ZusanunWasnmg-VerteilungsverhiWdsse fiir die Extraktion van 
Gallium(III), Indium(III) und Thallium(III) aus ~will3rigen brom- 
wasserstoffsauren Lasungen in Diisopropyliither und Isobutylmethyl- 
keton werden angegeben. Auf Grund der erhaltenen Ergebnisse wird 
ein Schema ftir die 

*‘t 
uantitiv Tremmng dieser Elemente voneinander 

durch flilssig-fltlssig- erteilungschromatographie angegeben. Der 
EintluS einer Anxahl anderer Metallionen auf die Trennung wird 
ebenfalls untersucht. Das Trennverfahren wurde auf die Analyse 
einer Reihe von Blei-Indium-Legierungen angewandt. 

R&em&-On donne les rapports de partage pour l’extraction de gallium- 
(III), indium(II1) et thallium(III) de solutions aqueuses d’acide bromhy- 
drique en diisopropylether et isobutylm&hylc&one. On pr&sente 
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m schbma, bask sur les Awltats obtems, pour la s6paration quanti- 
tative de ces 616ments l’un de I’autre par chromatographie de partage 
liquide-liquide. On 6tudie aussi l’intluence d’un certain nombre 
d’autrca ions mttalliqucs sur la Separation. La m&l&e de s+ration 
a et6 appliquk. h I’analyse d’une Serie d’alliages plomb-indium. 
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SPECTROPHOTOMETRIC DETERMINATION 
OF NICKEL(I1) WITH MOLYBDOPHOSPHORIC ACID 

R. L. HBLLER* and J. C. GUYON@ 

Department of Chemistry, University of Missouri, Columbia, 
Missouri 65201, U.S.A. 

(Received 28 October 1969. Acccprcd 12 April 1970) 

Sunuaar~r--A sensitive spectrophotometric method for the determin- 
ation of nickel, based on the reduction of a complex formed between 
molybdophosphoric acid and Ni(II) at pH 4.3 has been developed. 
Excess of molybdophosphoric acid is eliminated by complexation 
with sodium citrate. The method is rapid and the sptem obeys 
Beer’s law up to 5 ppm of Ni(II). 
1 .mole-l.mm-*. 

The molar absorptivity 18 1.30 x IO* 
The technique compares favourably with existing 

ply;;;;tric methods for nickel in sensitivity and is reasonably 

A SENSITIVE calorimetric technique for the determination of traces of nickel has been 
developed. The method is rapid and the system obeys Beer’s law up to 5 ppm of 
nickel. The molar absorptivity is 1.30 x 1081.mole-1.mm-1 at a wavelength of 
695 nm. The limit of detection in lo-mm cells is approximately 0.1 ppm. 

The method is based upon reduction of a complex formed between nickel(I1) and 
excess of molybdophosphoric acid at pH 4.3. Since the excess of molybdophosphoric 
acid is also reducible under the conditions of analysis, it is rendered unreducible by 
complexation with citrate before reduction of the nickel-molybdophosphate by 
tin@) chloride. The reduced solutions are an intense blue with maximum absorbance 
at 695 11111. 

EXPERIMENTAL 

Reagents 

Demineralized distilled water was used throughout. 
Sodium molyba%ate dihydrate solution, O*lOOOM. 
Potassium dihydrogen phosphate solution, O*OSOOM. 
Molytiphosphate reagent mixture. Prepared by mixing 600 ml of the O*lOOOM sodium molybdate 

with 100 ml of the OOSOOMphosphate and diluting to 1 litre, to yield a solution containing molybdenum 
and phosphate in molar ratio 12: 1. 

Sodium citrate dihydrate solution, 5 % w/u. 
Stock nickel solutiott, 1OOOppm. Dissolve 4.95 g of reagent grade Ni(NO,),*6H,O in a I-litre 

volumetric flask and dilute to the mark. Prepare a lOO-ppm solution by appropriate dilution. 
YYn(lr) chloride solution. Prepare fresh daily by addition of 1.01 g of reagent grade SnCI,-HI0 

and 1.00 ml of concentrated hydrochloric to a loo-ml volumetric flask and dilution to the mark. 
Keep all reagents in polyethylene bottles to avoid contamination with silicate. 

Calibration curve 

Add 0~00,0~25,0*75,1~25,2*00,3GO, 4.00, and 5.00 ml of a standard lOO-ppm nickel solution to a 
series of 150~ml beakers. To each beaker add 5.0 ml of the molybdate-phosphate reagent and 50 ml 
of demineralized water and adjust the pH to 4-3 by dropwise addition of 1M hydrochloric acid. Start 
a timer and simultaneously deliver rapidly 20 ml of 5 % sodium citrate solution from a 2-ml hypo- 
dermic syringe. Exactly 5 set later add 1.0 ml of a 1% tin@) chloride solution by means of a I-ml 
syringe. Quantitatively transfer the solutions to 100~ml volumetric flasks, dilute to the mark, and 
mix well. After 10-30 min, measure the absorbance at 695 nm us. water. 
nickel. 

Plot absorbance us. ppm of 

+ Current address: Shell Oil Co., P.O. Box 100, Houston, Texas 77536. 
865 
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General procedure 

Dissolve the sample and treat the solution to remove any interfe ’ 
from most interfering substancea by ion-exchange. 7 The sample shoul 

ions. Nickel may be separated 
be neutral and diluted to about 

50 ml before addition of the reagents as outlined above. 

RESULTS 

Preliminary studies consisted of varying the concentrations of molybdate-phos- 
phate reagent, sodium citrate, tin(I1) chloride and hydrochloric acid until the blue 
hue of reduced molybdophosphoric acid was more enhanced in the presence of nickel 
than in its absence. 

The results were used in a systematic study and optimization of variables. Figure 1 
shows the absorption spectrum resulting from reduction of the molybdophosphoric 

I 1 
O 400 

I 
500 

I t I 

600 700 800 

Wavelength, nm 

Fro. k-Absorption spectrum of molybdophosphoric acid-nickel complex. 

acid nickel complex after elimination of the excess of molybdophosphoric acid with 
sodium citrate. There is a broad absorption peak with its centre at 695 nm. All sub- 
sequent measurements were made at this wavelength. 

E#ect of pH 

The effect of varying pH on the system was studied by mixing 340 ml of the 
molybdate-phosphate reagent and 240 ml of lOO-ppm nickel solution in a M-ml 
beaker, adding 50 ml of water and varying amounts of 1M hydrochloric acid, mixing 
and reading the pH; a stopwatch was then started and simultaneously 240 ml of 5 % 
sodium citrate solution were delivered from a 2-ml syringe; 5 set after addition of the 
citrate, 1.00 ml of the tin(I1) chloride solution was added from a 2ml hypodermic 
syringe. The mixture was quantitatively transferred to a NO-ml volumetric flask, 
diluted to the mark and mixed. After 30.0 min the absorbance at 695 nm was read. 
Figure 2 shows the typical pH-dependence of a heteropoly acid system. A pH of 4.3 

was chosen as optimum for maximum sensitivity and minimum pa-dependence. 

Choice of ad 

Sulphuric, acetic and nitric acids were also tried. Sulphuric acid resulted in a 
lower absorbance than that obtained with hydrochloric acid, probably because a 
molybdophosphoric acid-sulphate complex is formed under the experimental con- 
ditions.14 Acetic acid also gave lower absorbance. Though nitric acid gave slightly 
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0.6- 

.,’ 
- 

/ \ 
. 

\ . , 
Blank I 

- 300 400 -500 600 

PH 

FIG. 2.-E&t of PH. 

greater colour enhancement, hydrochloric acid was chosen because of its non- 
oxidizing nature. 

Effect of molybdate-phosphate concentration 

The procedure outlined under E@ct of pH was used except that the amount of 
molybdate-phosphate reagent was varied, 3 ml of nickel solution were used and the 
pH was adjusted to 4.3. A blank was run with each sample. Figure 3 shows the 
results. A volume of 5 ml of molybdate-phosphate mixture was chosen as optimum. 
Volumes greater than 6-O ml gave an increased absorbance in both sample and blank; 
this was attributed to lack of sufficient citrate to eliminate the excess of molybdophos- 
phoric acid. 

Malybdab-phosphate reagent, ml 

Fro. 3.-Effect of lnolybdate-phosphate colleentration. 
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Choice of reductant and e$ect of reductant concentration 

Citrate rapidly destroys the molybdate-phosphate-Ni(I1) complex so a fast 
reductant is necessary to complete the reduction before the reducible species is 
destroyed. Only tin(I1) chloride was found to meet this requirement. Figure 4 shows 
the effect of varying the reductant concentration. A volume of 2-O ml of the 1% 
tin(I1) chloride reductant was chosen as the most satisfactory. 

.-0-0 
Std.=O.30mg NiAOOmi 

I / 

--c .A! 
1 

0 3.0 4.0 50 

kO1 X w/v SnCl2, ml 

FIG. 4.-E&t of concentration of tin(H) chloride. 

E$ct of citrate concentration 

Figure 5 shows the results of varying the citrate concentration. At low citrate 
concentrations, the blanks and samples show high absorbance, the difference reflecting 
the lack of sufficient citrate to complex the excess of molybdophosphoric acid. A 
volume of 2.0 ml of citrate was chosen as optimum. 

E$ect of varying time between addition of citrate and tin(II) chloride 

The time between addition of citrate and tin(I1) was varied from 5 to 100 sec. 
Figure 6 shows the results. Apparently, citrate almost instantaneously destroys the 
excess of molybdophosphoric acid but destroys the molybdate-phosphate-Ni(I1) 
complex at a much slower rate. A time interval of 5 set was chosen as convenient. 

Eflect of colour development time 

Immediately following reduction, the solution exhibits its greatest absorbance. The 
absorbance decreases slightly for a period of 5 min, than remains constant until 30 
min after the reductant has been added; after this time it decreases slowly. All 
studies were made with a development time of lo-30 min; 20 min is optimum, being 
in the middle of the absorbance vs. plateau, but 30 min gives greater flexibility when a 
series of samples is run. 

Eflect of diverse ions 

Varying amounts of the diverse ions from 0 to 100 ppm were added to 3-ml 
portions of the lOO-ppm nickel standard and the effect on the absorbance was noted. 
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FIG. 5.-Effect of citrate concentration. 

Table I shows the permitted concentrations of the diverse ions studied. A 2-O % error 
in the determination of nickel was considered tolerable. Besides those ions listed in 
the table, vanadium, titanium, silicon, germanium and tungsten interfere seriously. 

E$ct of temperature 
The temperature of the water-bath used for storage of the samples during colour 

development was varied As expected, higher temperatures result in diminished 
absorbance because of increased dissociation of the reducible complex. Unless the 
room temperature can be controlled, a thermostat controlled to f 1” should be used. 

Chemistry of the system 
Visible evidence for an interaction between nickel(I1) and molybdophosphoric 

acid is manifested by a yellow colour produced on mixing the reagents, the intensity of 

Blank 
I. 

0 IO 20 30 40 50 60 70 60 90 Km 

Time, set 

FIO. 6.-Effect of varying time between addition of citrate and tin@.) chloride. 
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TABLB I.-EFFXT OF DIVERSS IONS 

Ion Added as 
permitted, 

PP” 

CO=+ 
Cl- 
so,a- 
Fe8+ 
cd’+ 
aI’+ 
Mg”+ 
Ala+ 
Mn”+ 
cua+ 
cld+ 

F$*- 
I&” 
SCN- 
Bl- 
NO.- 
so,s- 

(3mu-6H*0 
NaCl 
NalSOI 
FeCl,*6H,O 
WN03,~4H,O 

2g2* 
AhNO*)* 
MnClp 
Cu(N03,*3Ht0 
Cr(N0&9H,O 
KClO, 
NaISIO15H,0 
KIO* 
KSCN 
KBr 
NaNOI 
NasSO, 

loi 
100 
ppte. 
PPf 

13 

+ Forms citrate complex. 
t Complete interference. 

which is proportional to the nickel concentration. Further indication of interaction is 
given by a bathochromic shift in the ultraviolet spectral region, proportional to the 
nickel concentration. 

Mole-ratio studies gave contradictory results and failed to reveal the stoichiometry 
of the system. However, studies on the mole ratio of nickel phosphate indicated that 
more than one complex may exist, depending on the nickel concentration. 

This behaviour leads to the conclusion that a mixed heteropoly acid of molybdo- 
phosphoric acid and nickel(I1) is formed in the system. 

B-Ein empfindliches spektrophotometrischeches Ver- 
fahren xur Bestlmmung von Nickel wurde entwickelt; es beruht auf 
der Reduktion emes Komplexes aus Molybdophos ho&lure tmd Ni(II) 
bei pH 4,3. Ein oberschuI3 von Molybdophosp g orsliure wird durch 
Komplexbildung mit Natrhnncitrat entfemt. Das Verfahren geht 
schnell und das System erfUllt das Beersche ‘Be&x bis zur einer oberen 
Grenze von 5 p 

P 
m Ni(II). Cer molare BxtinktionskoetBzient betragt 

1,30 x 10’1 mo -l mm-l. Das Verfahren schneidet hn Vergleich mit 
bekannten photometrischen Besthnmungsmethoden fiir Nikkel gut ab; 
es ist empflndlich und hinreichend selektiv. 

R&mm&On a 6labor6 une methode spectrophotom&rique sensible 
hour le dosaee du nickel. basQ sur la reduction d’un comnlexe forme 
&re l’acide &olybdoph&phorique et Ni(II) a pH 4,3. L’e&s d’acide 
molybdophosphorique est elimme par complexation avec le citrate 
de sodium. La m&hode est rapide et le systeme ob6it b la loi de Beer 
jusqu’ il 5p.p.m. de Ni(II). Le coelBcient d’absorption molaire est 
de 1,30 x 10’ l.mole-l.mm-l. La technique est favorablement comp- 
arable, en sensibilit6, aux methodes photom&iques existant pour 
le nickel, et elle est raisonnablement s&ctive. 
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SHORT COMMUNICATIONS 

Pyridine-Zaldoxime and 6-methylpyridine-Saldoxime as gravimetric reagents for 

estimation of palladium(ll) and uranium(VI) 

(Received 8 October 1969. Revised 20 Februav 1970. Accepted 22 March 1970) 

PYRIDINE-2-ALDOXIME (I) has already been used as a spectrophotometric reagent for the estimation of 
iron(B),’ cobah(I goId( and palladium(II),4 and a8 a gravimetric reagent for cadmium(II),~ 
while its 6-methyl derivative (II) has been used a8 a spectrophotometric reagent for ir~n(II).~ With 
palladium(II), (I) ha8 been reported to form a precipitate,’ and complexes having the composition 

(I)R-H 
(II) R=CH, 

PdL,,’ PeHCl,’ PdL&IsO,’ PmNOIs and PdHL,~PdCl,.* We have confirmed that on the 
addition of ueous pyridine-2-aldoxime to palladium(II) chloride solution, a shining yellow pm- 
cipitate (P a is formed instantaneously and the precipitation is quantitative over the pH range 
3-O-11.0, whereas from nitrate solutions (I) quantitatively precipitate8 a yellow complex PdL,HNO, 
over the pH range @M-O. Both complexes can be used for the gravimetric estimation of palladium(H) 
in presence of large quantities Of Fe+, Co I+, Ni8+ and the noble metals except Au* and OS’+. With 
uranium(VI), (I) and (II) form yellow pmcipitatea having the compositions UO,(C,H&O), and 
UO,(C,H,N,O), mspectively, which can be used for the gravimetric estimation of uranium(VI) in 
presence of large quantities of thorium, lanthanum and cerium, even when these are present together. 
Pd(II) doea not form any insoluble compounds with (II) under the experimental condition8 used. 

EXPERIMENTAL 

Regents 

Pyria’ine-24kime. Recrystallii from water and used as 1% aqueous solution. 
6-Metirylyridine-22-. Used a8 1% acetone solution. 
Palladium(R) solution. The chloride or nitrate was dissolved in 1M hydrochloric or nitric acid 

respectively, and standard&d gravimetrically with dimethylglyoxime. 
Vru&m( VZ) solrrtion. UOs(NO,),*6H,O dissolved in water, and standard&d with oxine. 

Analytical grade reagents were used where possible. 

Determination of palladium(II) 

I+om paIlaakm(II) chloride soltiion. To 5Oml of aqueous palladium(I1) chloride solution 
containing l-20 mg of Pd, add 1% pyridine-2-aldoxime solution gradually with constant sth-ring till 
5 ml per 10 mg of Pd have been added. Adjust the pH to 4, keep the solution at room temperature 
(20-30“) for 15 min and filter off on a tared sintered-glass crucible, porosity-3. Wash the precipitate 
free from chloride with cold water, dry it at 120-130” and weigh as Pd(C,H,N,O),. 

From palladium(IIJ nitrate solution. Add reagent a8 before, to the 1M nitric acid solution of 
palladium, then digest at S(Mo” for ~15 min, cool to room temperature, and 6lter off a8 before. 
Transfer the precipitate from the beaker and wash it with 0*5M nitric acid till free from all ion8 except 
nitrate. Dry the precipitate at 130-140” and weigh as Pd(CoHSN,0)8.HN08. 

Determination of uranium( VZl 

Withpyridine-2-atixime. To 25 ml of many1 nitrate solution containing 6-50 mg of U, add I % 
reagent solution gradually with stirring till 4 ml per 10 mg of U have been added. 
4, digest the yellow precipitate at 50-60” for 

Adjust the pH to 
~15 min, then keep it at room temperature for -30 mjn 

to settle. Filter off on a porosity-3 sintered-glass crucible, and wash free from nitrate with cold water, 
dry at 120-130”, and weigh a8 UO,(C,HSN,O)S. 

873 
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With 6-methy@yridine-24abxime. Add 1% acetone solution of the reagent gradually with 
stirring till 4 ml per IO mg of U have been added. Leave for ~30 min for the precipitate to settle. 
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between 1iVHNOs and pH 6. 
lO+O, and 6-methylpyridme-2-aldoxime does so at pH 3-O-1@5. 

Paliadium(Il) 

Tenfold amounts of acetate, oxalate, sulphate, tartrate, phosphate, fluoride, perchlorate, nickel, 

“pp” 
(II), cobalt@), cadmium, zinc, bismuth, lead, antimon 

fod quantities of platlnum(IV), iridium(IV), ruthenium @J 
(III), iron(m), mercury(H), and four- 

) and rhodium0 do not interfere. 
Since palladium0 can be readily separated from other platinum metals higher amounts of other 
platinum metals were not tested. Gold@) and silver(I) even in minute quantities cause mterference 
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precipitated. If antimony is present, palladium should be precipitated from nitric act *dp medium in 
presence of tartaric acid. 
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With both reagents uranium can be successfully estimated in presence of IO-fold quantities of 
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terfere; the interference due to larger quantities can be removed by reduction to cerium(III). Tartrate 
~ar~~~~~~tie b complexing the uranium(VI), 

(Iv! g, and xtrcomum(IV) salts are hy 
hosphate precipitates urar.tium(VI) at.the pH 

and hence interfere. 
olysed under the condmons of the estmratum 

Properties of the complexes 
The complex obtained from palladium(I1) chloride is extractable into organic solvents such as 

chloroform. It does not give a positive test for chlorine after fusion with sodium and is not exchanged 
by either IRA 410(OH) or IRC 50(H), indicating that the complex is neutral. The complex from 
palladium(n) nitrate is insoluble in nitric acid and in water in presence of excess of nitrate ions, but is 
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partially extracted into higher alcohols, e.g. butanol, isopentanol, cyclohexanol. The uranium(VI) 
corn 

P 
lexes are not exchanged by either the IRA 4Ol(OH) or IRC 50(H) resins, do not give a positive 

test or nitrate ions, and thus are neutral. 
On the basis of these observations and by analogy with the copper0 complexes with pyridine-2- 

aldoxhne,’ the following structures are suggested : 
+ 

NO,- 

M=Pd; R=H 
M=UOs; R=HorCHs 



Short communications 873 

The nitrate content of the W@)-(I) complex precipitated from nitrate solutions was found to be 
17.1%; Pd(CJ&N,O),+INO, requires NO,- = 15-l%, supporting these conchisions. 

-I of Chemirtry 
Universffry of Delhi 
D&i-7, India 

NARAYAN KUMAR 
G. S. MANKU 
A. N. BHAT 
B. D. JAIN 

SlrmmPrg_Pyridin~2-aldoxime (I) has been found to be a sensitive 
reagent for the gravimetric determination of palladium@). From 
chloride medium, precipitation is complete at pH 3*0-11.0, and in 
solutioncontaining lNHN0, topH69. Thecompositionsof theprecipi- 
tates(dried at 13O”)correspond to PdL, and PdL&INO, (HL repreaent- 
ing the reagent) respectively. Pd(Il) can be estimated gravimetrically in 
presence of acetate, oxalate, tartrate, phosphate, fluoride borate, 
perchlorate, Cu@), Cd, Co(H), Fe(III), Ni, Zn, Pb, Bi, Sbo, PttIV, 
Ir(IV), Ru(III), Rh(J.II); 0sf.W) in quantities more than twice that of 
Pd(II), and Ago, Au(m) and Fe(TI) even in traces cause serious inter- 
ference. The yellow uranium(VI) complex with (I) is precipitated 
quantitatively over the pH range 3540.0 and, after washing and 
drying corresponds to the composition (C,H,N,O),UO, The uran- 
ium(W) complex with 6-methylpyridmaZ-aldoxime (II) is precipitated 
quantitatively over the pH range 3G-10.5, and after washing and drying 
at 120-130’ corresponds to UO,(C,H,N,O),. Both (I) and (IX) are 
suitable for the estimation of l-50 mg of uranium(W) in the presence 
of up to lo-fold quantities of Th(IV), La(m) and Ce(III) even when 
present together. Ce(IV) in quantities more than three times that of U 
must be reduced to CeQII). Tartrate, citrate, phosphate, Ti(IV) and 
Zr interfere, but acetate, oxalate, and borate do not. 

Zusamm&t~Pyridin-24doxim (I) hat sich als empkilichea 
Reagens zur gravimetrischen Be&immung von Palladium(H) her- 
ausgeatellt. Aus Chloxidmedium ist die F%lhmg bci pH 3,0-11,0 
quantitativ, aus Sal~~temWre bei lNHNO,pH 6,0. Die Zusammensat- 
zung &r (bei 130 getrockneten) Niederschlitge entspricht PdL, bxw. 
PdL&INO~ (HL bedeutet den Liganden). Pd(Il) kann in -wart 
von Acetat, Oxalat, Tartrat, Phosphat, FIuorid, Borat, Perchlorat, 
Cu(II). Cd, co@). Fe(m), Ni, Zn, Pb. Bi, SW. Pto, ko, 
Ru(lII) und Rh(IlI) gravimetrisch beatimmt werden; OS(N) in mehr 
als do lter Menge neben PdO sowie, such in Spuren, A&I& AuXiJ 
und e@) St&en wesentlicb. Der gelbe Uran(VI)- pp” 

9 ftilt quantitativ im pH-Bereich 3,5-140 aus und hat nach as&en und 
TrocknendieZ ~txung (C,H,N,O)&JO,. Der Uran(VI)- 
Komplex mit 6Methy~pyridin-2-aldoxim @) f&llt im pH-Rereich 3,0- 
1OJquan~itativaus und entspricht nach waschen undTrocknen bei 120- 
130” UO,(C,H,N,O),. (I) und (II) eignen sich zur Bestimmun von 
l-50 mg Uran(VI) in Gegenwart bis zu Wfacher Mengen T E (IV), 
La(lII) und C&II), such w sic gemeinsam auftretsen. Ist Ce(J.V) in 
mehralsdrsifachcrMengenebemUvorhandan,som~eszucs(III) 
reduziert werden. Tartrat, Citrat. Phosphat, Ti(IV) und Zr St&en, 
Acetat, OxaIat und Borat dagegen nicht. 

R&m&-On a trouv& que la pyritie 2-aldoxime (I) eat WI r&a&f 
sensible pour Is dosage gravim&rique du 
milieu chlorure, la prkipitation est P 

akdium (II). A partir d’un 

nitrique & lIVHNO,-pH 6,0. 
camp &e & pH 3,0-l 1,O et en acids 

Las compositions des pr&ipitcg (s&h&s 8 
1303 correspondent B PdL, et PdL,, NOJi @IL reprksentant le kctif) 
mspectivemat. On peut doser Pd(n) gravimki 
d’ac&ate, oxalate, tartrate, phosphate, fluorure, %o 

uement en prknce 

CuO, Cd, Coo, Fe@L), Ni, Zn. pb. Bi, Sb(III??&%%? 
Ru(lll), Rh(III); Os(lV) en 
Pdan), et Ago, Au0 et 

uantitks sup&eures B &ux fois’celb dd 
F & m&me B IMat de trace4 apportent une 



876 Short communications 

g8ne s&rieuse. Le complexe jaune d’uranium(VI) 
quantitativement dans lo domaine de 

aveo (I) est precipite 

se&age, correspond a la composition e 
H 3,5-10,O et, apr&s lavage et 
O,(C,H,N,O),. Le complexe 

d’uranium(VI) avec la 6-m&hylpyridine Zaldoxime (II) est prccipite 
quantitativemem dans le domaine de pH 3,0-10,5 et, apr&s lavage et 
s6chage a 120”-130”, correspond a UO,(C,H,N,O),. (I) et (II) con- 
viennent tous deux au dosage de l-50 mg d’uranium (VI) en la p&s- 
ence de 
fois su 

uantitds de Th(IV), La(III) et C&II) pouvant &re jusqu’a 10 
pz rleures, m&me lorsque ces 6lmentS sont pr6sents ensemble. 

Ce(IV) en quautites sup&ieums a trois cells de U doit &re r&it en 
WI). Les tartrate, citrate, phosphate, Ti(IV) et Zr interf&ent, mais 
non les a&ate, oxalate et borate. 
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Separation and determination of mixtmes containing pamhosalicylic 
acid and mamhopbenol 

(Receiued 13 Junluuy 1970. Accepted 10 March 1970) 

p-hINO8ALKXLIC ACID (PAS) decarboxylates to form m-aminophenol (MAP) as its major breakdown 
product. In order to study the stability of PAS and its salts in aqueous medium, a procedure has been 
developed for dete rmining both components, which is based on chromatographic separation on an 
ion-exchange resin, followed by non-aqueous titration of the individual components. 

The U.S.P. XVII method of analysisi is based on the diazotixation reaction, which does not 
distinguish between PAS and MAP. The MAP content is determined separately by calorimetric 
analysis. Several procedures have been proposed for determining PAS alone, as salts and as 
pharmaceutical preparations. These have been noted earlier.*-’ Non-aqueous titration procedures 
have been reviewed by Kucharsky and Safarik. 6 In our previous paper’ a specific method was reported 
for PAS, its salts and preparations, and a non-aqueous differentiating titration was suggested for 
PAS and MAP. 

Reagents 
EXPERIMENTAL 

p-Aminosalicylic acid and m-aminophenol were the best quality available from commercial 
sources. The m-aminophenol was further purified by recrystallization from hot water. 

Sodium methoxide (O*lM) in benzene-methanol and O*lM perchloric acid in glacial acetic acid 
were prepared and standardized as directed in U.S.P. XVII.’ 

Hydrochloric acid (2M) in 50% ethanol. 
Mercuric acetate solution, 6 %, in glacial acetic acid. 
All chemicals and solvents were reagent grade. 

Chromatography column 

A 50-ml burette (10 mm bore) was used as a chromatographic column. It was plugged at the base 
with glass-wool to support the Dowex 5OW-X8 (200-400 mesh) resin column, which was 30 mm in 
length and prepared as described earlier.” The column was conditioned with dimethylformami ‘de for 
24 hr before use. 
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A series of mixtures containing varying proportions of PAS and MAP, as listed in Table I, was 
prepared by weight from the 5ely powdered compounds. The PAS was added first to a 250~ml 
amber, wide-mouth, screw-cap powder jar. The MAP was then added, and the bottle capped and 
rotated end over end until a homogeneous mixture resulted (about 5 min). 

Each mixture was analysed for MAP and PAS content, the sample used containing 1 mequiv of 
MAP. The sample was dissolved in 20 ml of dimethylformamide and the solution was transferred 
quantitatively to the resin column with the aid of an additional 10 ml of diiethylformamide. The 
rate of flow through the column was controlled at 0.2 ml/mitt. The column was washed with three 
lO-ml portions of dimethylformamide. The eluate and washings were collected in a 50-ml volumetric 
flask and diluted to volume with dimethylformamide. An aliquot containing about 1 mequiv of PAS 
was transferred to a 150-ml beaker, dimethylformamlde was added to bring the volume to about 50 ml, 
1 drop of Thymol Blue indicator solution (1% in dimethylformamide) was added, and the solution, 
stirred magnetically and protected from carbon dioxide etc,’ was titrated with 0.1Msodium methoxide 
to the 8rst permanent blue colour. The PAS content of the mixture was determined. Results are 
recorded in Table I. 

TABLE ~.-ANALY~~~ OF MMTURES CONTAINING VARyIN PROPORTIONS OF 

PAS AND MAP 

Composition of mixture 

PAS, % MAP, % 

Found 
PAS, % MAP. % 

98.99 1.01 98.8 f O.OI 1.1, f @O* 
94.08 5.92 94.4 f O-1‘ 5*61 f O-1, 
89.04 10.96 88.5 f 0.2, 11.5 f 0.2, 
79.16 2084 77.0 f 0.1, 23.0 f 0.1, 
49.92 50-08 49.6 f 0*8s 50.4 f 0.8‘ 

The resin column was washed with three 20-ml portions of ethanol and the wash@ were dis- 
carded. A total of 30 ml of 2M in 50% hydrochloric and aqueous ethanol was passed through the 
column at a flow-rate of 0*2ml/min. The eluate, containing m-aminophenol hydrochloride, was 
evaporated to dryness at room temperature by passing a stream of clean air over the solution. Then 
5 ml of 50% aqueous ethanol were added and the solution was again evaporated to dryness; 
was repeated. 

this step 
Finally, the residue was dissolved in 20 ml of glacial acetic acid, 10 ml of 6 % mercuric 

acetate in glacial acetic acid were added,* followed by one drop of Methyl Violet indicator solution 
(1% in glacial acetic acid), and the mixture, stirred magnetically, was titrated with 0*1&f perchloric 
acid to the first permauent emerald green colour. The MAP content was determined. Results are 
shown in Table I. 

After each run the ion-exchange resin was regenerated by washing with water until the eluate pH 
was 7. Three lo-ml portions of ethanol were passed through the column, which was then washed with 
dimethylfo rmamlde and left filled with this solvent for 24 hr before reuse. Immediately before use 
the column was washed with a fresh lO-ml portion of dimethylformamide. The resin was used 5 
times before being discarded. 

DISCUSSION 
Separation of PAS from MAP is readily achieved because of the stronger basic properties of 

MAP. Dowex 5OW-X8, a sulphonic acid type ream, is a sutBciently strong acid to extract the MAP 
from the mixture. The PAS (p& = 3.25) is not retained by the column because of its strongly acidic 
nature. It appears in the eluate and is readily titrated in non-aqueous me&um with sodium me&oxide. 
The MAP is dir&aced from the resin with hvdrochloric acid in 50% aoueous ethanol. Ethanol is used 
as the solvent t; solubilixe the MAP hydr&hloride and to facilitate the evaporation of the solvent at 
room temperature. The MAP hydrochloride decomposed somewhat when heated for prolonged 
periods. By the proposed procedure no decomposition occurmd; the MAP hydrochloride was re- 
covered as a white crystalline powder. It was readily titratable in glacial acetic acid with perchloric 
acid. The presence of mercury@) acetate in the titration mixture was necessary for successful 
titration [undiiociated mercury(II) chloride is formed and the liberated acetate acts as a base]. 

Department of Pharmcy MARrrNI.BLAlcB 
University of Illinois JAMBS HUNT 

at the Medical Center 
Chicago, IlIinois 60612, U.S.A. 
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Summa~-A procedure is described for separating and determining 
paminosalicylic acid and m-aminophenol in mixtures. Separation is 
effected by passing a solution of the mixture in dimethylformamide 
through a column of strong cation-exchange resin. The eluate contain- 
ing the p-aminosalicylic acid is titrated wrth sodium methoxide. The 
m-aminophenol is eluted from the column with ethanolic HCl. The 
eluate is evaporated to dryness, the residue dissolved in acetic acid, and 
the solution titrated with perchloric acid. 

Zwarmn&aasun8-Em Verfahren xur Tremumg und Bestimmung von 
+4minosalicyls%ure turd m-Aminophenol in Gem&hen wlrd bes- 
chrieben. Die Trentmng erreicht man, wenn man eine L&sung des 
Gemisches in Dimethylformamt ‘d durch eine S&de mit starkem 
Kationenaustauschharx laufen lat. Das die +minosalicylsibrre 
entbaltende Eluat wird mit Natrium-methylat titriert. Das m- 
Aminophenol wird mit tithanolischer SalniIun von der siiule eluiert. 
Das Eluat wird xur Trockne eingedampft, der Rilckstand in Essig- 
slim-e aufgenommen und die L&mg mit &+rchlors&ue titriert. 

R&rma&Gn d&it une technique pour la 
%+ 

ration et le dosage de 
l’acide paminosalicylique et du m-aminoph 01 dam des melanges. 
On effectue la separation en passant une solution du melange en 
dimtthylformami de sur une colorme de r&sine tchangeuse de cations 
forte. L%luat contenant l’acide paminosalicvlioue est titre au m&h- 
oxyde de sodium. Le m-aminoph&rol est Clue & la colonne par HCl 
6tbanolique. L’6hzat est 6vapor6 a sac, le r6sidu dissous en acide 
ac&lque et la solution tit& B l’acide perchlorique. 

REFERENCES 
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The complexes of bismath(III) and nitrilotriacetic acid 

(Received 22 Jammy 1970. Accepted 3 April 1970) 

Nrmrumu~mc ACID [NTA, H,X, N(CH,COOH),] is one of the simplest amin 
acids which form stable complexes with metal cations. There is no full study of % 

lycarboxylic 
reaction of 

bismuth(HI) and NTA. Iyer, Bhat and Shankarl have studied the complex formation of bismuth with 
NTA and Tiron by potentiometry, but they do not give the stability constants. 

Reagents 
EXPERIMENTAL 

Bhuth per&orate solurion, l-00 x 10-*&f. Dissolve an accurately weighed amount of pure 
metallic bismuth (99.999 % purity) in the minimum quantity of nitric acid. Add 

* tip”“““” acid imd evaporate carefully to remove the nitric acid, and then dilute to volume with du 
of the solution thus prenared was l-30. 

led water. The pH 

Nitrilotriacetic a~dshution, 2.00 x lo-‘iU. Suspend a known weight of the acid (dried at 105”) in 
water and add sodium hydroxide to dissolve it completely. Dilute with water to volume. The pH of 
the solution of NTA was 5.20. Dilute precisely to 1.00 x lo-* and 2.00 x 10-alM for working 
solutions. 
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The complexes of bismath(III) and nitrilotriacetic acid 

(Received 22 Jammy 1970. Accepted 3 April 1970) 

Nrmrumu~mc ACID [NTA, H,X, N(CH,COOH),] is one of the simplest amin 
acids which form stable complexes with metal cations. There is no full study of % 

lycarboxylic 
reaction of 

bismuth(HI) and NTA. Iyer, Bhat and Shankarl have studied the complex formation of bismuth with 
NTA and Tiron by potentiometry, but they do not give the stability constants. 

Reagents 
EXPERIMENTAL 

Bhuth per&orate solurion, l-00 x 10-*&f. Dissolve an accurately weighed amount of pure 
metallic bismuth (99.999 % purity) in the minimum quantity of nitric acid. Add 

* tip”“““” acid imd evaporate carefully to remove the nitric acid, and then dilute to volume with du 
of the solution thus prenared was l-30. 

led water. The pH 

Nitrilotriacetic a~dshution, 2.00 x lo-‘iU. Suspend a known weight of the acid (dried at 105”) in 
water and add sodium hydroxide to dissolve it completely. Dilute with water to volume. The pH of 
the solution of NTA was 5.20. Dilute precisely to 1.00 x lo-* and 2.00 x 10-alM for working 
solutions. 
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Control of pH and ionic strength @ = 1) was achieved by addition of standard solutions of 
perchloric acid, sodium perchlorate and sodium hydroxide. 

The reagents used were pro analysi grade. 

RESULTS AND DISCUSSION 

Figure 1 shows the absorption spectra of solutions of biiuth perchlorate and NTA (in molar 
ratio 1:2) at different values of PH. Absorption maxima are observed at 190-195,222,243 and 
271 mn and reach their maximum intensity in 2M perchloric acid, 2M perchloric acid, pH l-3 and 
pH 4.5-7.5 media respectively. That at 222 mnis due to bismuth perchlorate, the others to biiuth- 
NTA complexes. Above pH 8 bismuth hydroxide precipitates. All further investigations used the 
absorption maxima at 243 and 271 MI. 

The continuous variation and mole-ratio methods prove that the maximaat243nmand271nm 
arc due to complex compounds with the composition Bi:NTA = 1: 1 and 1: 2 respectively (Figs. 2 
and 3). It is more difhcult to prove the existence and nature of the 1: 2 complex because at pH 6, the 

1, nm 

FIG. 1 .-Absorption spectra. 
Cm = 1.00 x lo-‘M. Cxra = 2+0 x lo-*M. pH: l--02; 2-_0.0; 3-0.2; 

4-1.0; 5-3.4; 6-44; 74.8; 84.1; 9-7.4; water blank. 

optimum value for formation of the 1: 2 complex, free bismuth hydrolyses. However, the mole ratio 
method (at constant concentration of NTA and pH --6), can be employed (curves 5 and 6, Fig. 3). 
An increase in the ratio Bi:NTA beyond @7+8 results in the partial hydrolysis of the 1: 1 complex so 
the method of continuous variations is not applicable to the 1: 2 complex. 

The formation of the 1: 1 and 1: 2 complex compounds can be seen in Fig. 4, which is a plot of 
the absorbance at 243 nm and 271 nm as a function of PH. It is seen that formation of the 1: 1 
complex begins at pH about -@2 (1*5-1*6M perchloric acid) and stops at pH 0.81.0. On further 
increase of the pH the absorbance at 243 mn begins to decrease but that at 271 nm begins to increase 
and reaches its maximum value at pH 58-6.2. Under these conditions the 1: 2 complex is formed, 
which at equivalent ratio of the two components is partially hydrolysed. Ifan excess of NTA is added, 
the hydrolysis begins at higher pH (curve 6, Fig. 4). 

The formation of the 1: 1 complex can be expressed by 

BP+ + H,X+ = BiH,_.X’-” + nH+; 

,og ISio4-nW-~l 
l?i*+l[Hs(+l 

= “PH + log K,, 

where K, is the equilibrium constant. The number of protons released can be established by plotting 
log [Bi(H,_,X)4-n]/[Bi*+][H,X+] us. PH. The data for the plot were taken from curve 2 of Fig. 4 and 
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H3 X 

IO 6 6 4 2 

0.7 
I 

Bi3’ 

FIG. 2.-Method of continuous variation. 
&a+ + Cxr* = 2.00 x lo-‘M, rl = 243 nm; pH: Z-0.2; 2-O-4 and 3-06. 

Fro. J.-Mole-ratio method. 
A: 1,3and5at243mn,2and4at222mnand6at271nm. pH: 1,2,3and4atl*O, 
5 and 6 at 6. &a+: I and 2-190 x lVW, Cxr~: 3 and #-l-W x lo-‘M, 5 and 

6-290 x lo-‘M; water blank. 

from Fig. 5. The values of n obtained were 3.7 (for Bi:NTA = 2:l) and 3.5 (Bi:NTA = 1.1). 
The fractional value of n is explained by the fact that in the pH ran used, bismuth reacts not omy 
with &X+, but also with H,X. Therefore, the formation of the 1: H” complex can be expressed by 

BP+ + H,X+ = BiX + 4H+ 

BP+ + H,X = BiX + 3H+. 
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PH 

Iz: 1.2 
FIG. 4.-Absorbance as function of pH. 

and 3-243 4,5 and nm; 6-271 nm; C,r+ = 1.00 x lo-‘M. &A: 1 and 

el%IO x lO-‘M, 2 and 5-2.00 x lo-‘M, 3 and 6-590 x lo-•M, water blank. 

d 
-I 

I I I 
0 I 2 

PH 

FIG. S.-Absorbance as function of pH. 
d=243mtl; Cr,ra+=2+0 X loAM, &A= 1.00 X lo-'M, water blank. 

The formation of the second complex can be expressed by 

BiX + H,,,X(m-*) = BiX*“- + mH+, 

and the value of m obtained from the slope of a plot of log lBii,l/[BiXl H-&,X] us. PH. Such a plot of 
thedataof~~5and6(Fig.4)atBi:NTAratiosof1:2and1:5gavevaluesformofl~Oandl~l. 

As can be seen from curves 1 and 4 (Fig. 4) the 1: 1 complex hydrolyses at pH 49-6 according to 

2BiX + 3H,O = BiXIa- + Bi(OH), + 3H+. 

At pH values above 6 the 1:2 complex begins to hydrolyse. Since the position of the absorption 
maximum does not change and a precipitate of bismuth hydroxide is formed, the hydrolysis may be 
expressed by 

BiXIs- + 3HI0 = Bi(OH). + 2HX*- + H+. 

The stability constant of the 1: 1 complex was calculated from the dependence of the absorbance at 
243nmonpH,forBi:NTAratios=1:1,1:2and2:1atconstantionicstrength~=l~O(cwesl 
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and 2 of Fig. 4 and Fig. 5). The maximum absorbance, corresponding to complete combination of 
all the bismuth as the 1: 1 complex, was obtained by adding a large excess of NTA at pH 1, and was 
found to be 0.800 in a IO-mm cell for l-00 x 
8GCl. lp l.mole-l.cm-l. 

IO-V4 bismuth, corresponding to a molar absorptivity of 
The stability constant for BiX was calculated at every @l pH unit (for 

the interval from -0.2 to 0.8) according to the equation: 

[BiX]axs- 

“lx = [Bi*+]CxTa ’ 
where [BiX] and [Bia+] are the equilibrium concentrations of BiX and free bismuth, Cxr& is the total 
free NTA concentration irrespective of species and axs- is the side-reaction coefficient for NTA: 

%A 

axr- = w-1 * 
The equilibrium concentration of the complex compound BiX was calculated from the absorbance 

and the molar absorptivity. The other equilibrium concentrations were calculated by difference from 
pi] and the initial total concentrations of reactants. 

The constants used for the calculation of axs- were log k,, = l-10, log k, = 1.98, log k, = 2.20 and 
log k8 = 8.96 at ionic strength ~1 = 1-O and 200.’ The value of /Isix was found to be 340 f 048 x 
10” (30 results; 95 % contidence limits). 

The stepwise formation constant K, of BiXIa- was calculated from 

K 

3 
= WV-l-ax,- 

MWNTA 
The values of K8 were calculated from curves 5 and 6 of Fig. 4, and found to be l-06 & 0.15 x 10’ 

(15 results; 95% confidence limits). The overall stability constant of the 1:2 complex is therefore 
360 f 0.62 x lo”@. 

The molar absorptivities of BiX is 8%). 10” l.mole-I. cm-l at 243 nm and of Six,*- 8*20.10* 
l.mole-l.cm-l at 271 run. 

ANALYTICAL APPLICATION 

The two complexes can be used for the determination of both bismuth and NTA but it is better to 
use BiX for photometric determination in the ultraviolet, because of the higher selectivity. The condi- 
tions for this determination are: 
1 x 10d to 2 x lo-%M 

3, = 243 nm, pH about 1, concentration of bismuth (or NTA) from 
The concentration of bismuth used for determination of NTA should not be 

higher than 2-3 times that of the NTA, and the concentration of the NTA for the determination of 
bismuth should be 10-s-lO-aM (all data refer to use of a IO-mm cell). 

No special study of interfering elements has been made but it is obvious that ions with a high 
absorbance in this region of the spectrum (e.g. NOI-, Fe *+, to a certain degree Pb*+ etc.) will interfere. 
BiX can also form the basis of the spectrophotometric titration of bismuth and NTA. 

Institute of Chemical Technology B. P. KARADAKov 
So&-56, Bukaria D. I. VENKOVA 

Summary-The reaction between bismuth(III) and nitrilotriacetic 
acid (NTA or H&l has been investigated by ultraviolet spectrophotom- 
etry. It has been established that bismuth(III) and NTA form two 
complexes with compositions bismuth(III): NTA = 1: 1 and 1:2. 
The absorption maxima are at 243 nm (1:1) and 271 nm (1:2), the 
molar absorptivities being 8GO x 10’ and 8.20 x l@ l.mole-l.cm-l 
respectively. The stability constants (at p = 1.0) are: log &x = 
1753 + @06 and log /IF~I- = 26.56 f 097. The possibility of the 
analytical application of BtX is brielly discussed. 

Zusarafassuug-Die Reaktion xwischen Wismut(II1) und Nitri- 
lotriessigsaure (NTA oder H,X) wurde ultraviolettspektrophoto- 
metrisch untersucht. Es wurde festgestellt, dab Wismut(III) und NTA 
xwei Komplexe mit den Zusammensetxungen Wismut(III):NTA = 
1: 1 und 1: 2 bllden. Die Absorptionsmaxima liegen bei 243 mn (1: 1) 
und 271 nm (1:2); die molaren Extinktionskoefhzienten betragen 
8,00. lOa bzw. 8,20. lV 1 mol-l mm-l. Die Stabilitiitskonstanten (bei 
,U = 1,O) betragen log fimr = 17,53 f 0,06 und log BP=,“- = 26,56 f 
0,07. Es wird kun diskutiert, ob BiX analytische Anwendung 6nden 
kann. 
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R&mm&Gn a &lit la reaction entre le bismuth(II1) et l’acide nitrilo- 
triac&ique (NTA ou H,X) par spectrophotometrie ultra-violette 
11 a 6t6 etabli que bismuth(III) et NTA forment deux complexes de 
compositions bismuth(III):NTA = 1 :l et 1:2. Les maximums 
d’absorption sent a 243 mn 1: 1) et 271 run (1:2), les coefficients 
d’absorption molaires &ant 8,00 x 1Oa et 8.20 x 10al.mole-l cm-l 
respectivement. Les constantes de stabilit6 (a p = LO) sent: log /I= 
= 17,53 & 0,06 et log Bmla- = 26,56 f 0,07. On discute bri&ement 
de la possibilite de l’application analytique de Bix. 

REFERENCES 
1. R. K. Iyer, T. R. Bhat and J. Shankar, Indian J. Chem., 1966,4,452. 
2. G. Anderegg, Helv. Chim. Acta, 1967,50, 2333. 
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Copper(I) sulphide-impregnated silicone rabber membranes as selective electrodes 
for copper@) ions 

(Received 10 February 1970. Accepted 24 March 1970) 

THE DEWLDPMENT of precipitate-impregnated membrane electrodes has been successful for anion- 
selective electrodes. Pungofl has developed selective membrane electrodes for chloride, bromide, 
iodide and sulphate ions, using silicone rubber as an inert matrix. Rechnitx* has summar&d the 
responses of Ptmgor’s electrodes toward anions. 

Chatterjee and Mitra* prepared clay membranes that responded to copper, molybdenum and 
cobalt ions. Mormxmni -Pelletier and BalIi& examined collodion and parafhn membranes, and 
Buchanan and Seago” reported on silicone rubber membranes for nickel and cobalt. However, these 
membrane electrodes for cations did not exhibit the d&red response, stability of potentials, analytical 
range, or selectivity for the ions concerned. 
commercially developed. 

Only the silver-selective electrode (pungor type) has been 

The present paper describes the development of precipitate-impregnated membranes as selective 
electrodes for copper(U), with copper(I) sulphide and silicone rubber as the precipitate and inert 
matrix respectively. 

EXPERIMENTAL 

Prqaration of coppc(Z) sulphide-impregnated silicone rubber membranes 

A fine powder of copper(I) sulphide was obtained by heating a mixture of copper powder and 
aulphur in the molar ratio of 2: 1 at 600” for 2 hr in an atmosphere of hydrogen sulphide and grinding 
the heated mixture to a particle size of less than 10 pm. The powder was mixed with about 25 % 
w/w of silicone rubber. A copper plate (10 x 15 x 1 mm) or the end 30 mm of a platinum wire 
(1 mm diameter) was coated with this mixture to a thickness of about @5 mm, and heated at 80” to po- 
lymerize the rubber. The membrane was then soaked in a 1O-aM solution of copper sulphate for 
a week. Other resins were also used as inert matrices. 

Preparation of pressed epoxy resin membranes 

The copper(I) sulphide powder was mixed with up to 10% by weight of epoxy resin. .The mixture 
was compacted under a pressure of 1.50 kg/mm* to form a tablet with a diameter of 15 mm. After 
heating at 90” for 12 hr. the tablet was soaked in a 10-aM solution of copper sulphate for a week. 

Figure 1 shows the cross-section of the membrane electrode. The end of the electrode was put into 
the teat solution and the potentials of the membrane were measured vs. S.C.E. as reference electrode at 
25.0 f @ 1”. In the case of the pressed epoxy resin membrane electrodes, the measuremen twasmade 
as shown in Fig. 2. 
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RESULTS AND DISCUSSION 
The internal electrode and solution commonly used in selective membrane electrodes as shown in 

Fig. 2 have been eliminated by attaching the membrane to the surface of a copper plate or platinum 
wlre which does not react with the impregnated powder (Pig. 1). This is because their use causes 
contamination and me&a&al weakness of the membrane. The present metbod of preparation 
makes it possible to produce selective electrodes which have arbitrary sire and form, and which 
contain the reference electrode within themselves. They can even contain various membranes which 
respond toward dilkrent ions. 

The potential response of copper(I) sulphide-impregnated silicone rubber membranes in a solution 
of copper sulphate is shown in Fig. 3. The activity was derived from the concentration by means of 
the ion activity coetEcients tabulated by Kielland.8 The slope was Nernstian in the concentration 

Fro. l.-Cross-section of copper(I) s~~~~~npregnated silicone rubber membrane 

A. Co 
eFper 

(I) sulphide4mpregnated silicone rubber membrane. B. Platinum wire. 
C. R erence electrode (S.C.E.). D. Plastic cover. E. Insulator. F. Test solution. 

G. pH meter. 

0 v 
G 

PIG. 2.-Cross-section of pressed epoxy resin membrane electrode. 
A. Pressed epoxy resin membrane. B. Internal solution (10-W copper sulphate). C. 
Plastic holder. D. Internal electrode (S.C.E.). E. Reference electrode (S.C.E.). F. 

Test solution. G. pH meter. 



FXG. 3.-Pot&a1 responses of silicone rubber membranes 
impregnated with (A) copper0 sulphide aad (B) copper@) 

sulphide. 

-log [SOW] 

Fro. 4.-PotantiaI rc.spoB of copper@ s~p~~-~m~~ 
epoxy resin membrazw ia the solutions of I-4) copper sulphate, 

(B) copper nitrate and (0 potassium cblcwide. 
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FIG. S.-Potential responses of pressed epoxy resin membranes. 
A. 10% epoxy resin. B. 5% epoxy resin. C. 2% epoxy resin. D. 1% epoxy resin. E. 

Copper(I) sulphide only. 

range 10_l-lO-eM. The electrode can be used to determine copper in the concentration range 
10-l-lO-rM. The response time of the measuring cell was a few set for lo-lMcopper(lI) and about 10 
min for a lO-‘M solution. The membrane had to be soaked in a lo-*M solution of copper for 
more than 5 days after its preparation. However, once the membrane was soaked, the potentials were 
stable and steady even if the membrane was exposed to air for more than two weeks. They were also 
stable after the membrane was soaked in the solution of copper sulphate for more than a month. 

When the fraction of silicone rubber in the membrane was more than 50 % by weight, the potentials 
were unstable and could not be measured. When it was decreased to less than SO’%, the time required 
for soaking in the solution of copper sulphate decmased and the potentials became more stable, and 
potential properties similar to those shown in Fig. 3 were obtained. However, the lower the fraction 
of silicone rubber in the membrane, the lower is the adhesive force. 

Co r(D) sulphide was used as precipitate in a silicone rubber membrane instead of copper(I) 
sulphi e and the potential responses of this membrane in the solution of copper sulphate are also *BP” 
shown in Fig. 3. The slope of the potential response was about 5 mV less than that in the case of 
copper(I) sulphide and the chemical or mechanical stability of the membrane was less satisfactory. 
This is because the copper(U) sulphide powder had been treated at a temperature below 130” (for 
fear of decomposition). 

Iny7uence of pH 

The potentials of copper(I) sulphide-impregnated silicone rubber membrane electrodes in 10-W 
copper did not change at pH values below 7, but decreased sharply when the pH increased above 7, 
when the precipitation of copper hydroxide occurred [the pH at which the precipitation begins 
depends on the concentration of copper@)]. 

Influence of other ions 

Potassium, sodium, calcium, magnesium, aluminium, cadmium, zinc, iron( nickel, cobalt(U), 
chromium(III), lead and ammonium ions at pH values below 7 and chloride, nitrate, sulphate, 
bromide, perchlorate and acetate ions did not interfere with the determination of copper, and their 
selectivity ratios for the copper@) ion were W or more. The selectivity ratios of iron(m) and iodide 
ions were 10’. Ammonium ions (at pH greater than 7), silver, and mercury(IQ interfered. The reason 
is that ammonium ions form stable complex ions with copper@) in basic solution, and that silver and 
mercury deposit on the membrane. The sulphide ion caused interference and the membrane can be 
used as a selective electrode for sulphide. 
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Efect of temperature 

Copper(J) sulphide-impregnated silicone rubber membrane electrodes could be safely used at 
temperatures between from 10” and 70” and the potentials of the membrane satisfied the Nemst 
equation within experimental error. 

Inert matrices 

Epoxy resin was examined as an inert matrix for a copper(I) sulphide-impregnated membrane. 
The fraction of epoxy resin in the membrane was varied from 10 to 70 % by weight and the potential 
mponsea &velwn the solutions of copper sulphate, copper nitrate and potassium chloride are 
shown in Fin. 4. Enoxv ream membrane electrodes resnonded toward anions and the slones in Fig. 4 
were almost’in+&t of the fraction‘ of epoxy r&in within the range used. Silver &Xide-lor 
barium sulphate-mrpregnated epoxy resin membranes also responded to anions. In the case of 
pressed epoxy resin membranes which contain up to 10% of epoxy resin, the lower the traction of 
epoxy resin, the smaller the slope of the potential response and the membrane responds to 

czzo when the fraction of resin is leas than 2% (Fig. 5), although the Nemst equation is not sat 
Polyvinyl chloride, polyvinyl acetate, polyurethane and phenolic resins were examiwd as inert 

matrices, and similar results were obtained. 
From these results, the membrane impregnated with copper(I) sulphide 

=x” 
nds to coppero+m 

only when the particles of copper(I) sulphide are in contact with each other om one surface of the 
membrane to the other. When the direct contact of the particles is broken, the potential of the ekc- 
trode is produced by processes which do not ensure ion-selectivity. 

IHr&rs Research Laborato~ 
Matwhika Electric Indktrial Co. Ltd. =A? 
Kkbna, Osaka, Japan 

~-Silicone rubber membranes impregnated with copper(I) 
sulphide have been developed as selective electrodes for copper0 ions. 
The internal electrode and solution were eliminated. The Nemst 
equation was satis6e-d in the concentration range from 10-r to lo-*M 
copper@) and the analytical range was from 10-i to lO_rM. The 
interference of other ions was examined. Other resins were compared 
with silicone rubber as inert matrices. 

=-9-Mit Kupfer(I) sulfid impr@nierte Silikongum- 
mimembranen wurden als flh- Kupfer(II)-Ionen selektive Ekktroden 
entwickelt. Die innem Elektrode und die L&ung wurden weggelassen. 
Die Nemstsche Gleichung wurde bei Konzentrationen von 10-l bis 
10-W Kupfer(II) erfWt; der analytische Bereich erstreckt sich von 
10-r bis lo-riW. Die Stbrung durch andere Ionen wurde gepruft. 
Andere Harm wurden als inerte Trtlger mit Silikongummi verglichen. 

RM a &bore des membranes en caoutchouc se silicone 
impn5gn6es de sulfure de cuivre(I) comme kkctrod~ skctives 
pour lss ions cuivre(II). On a CliminC lWctrode et la solution intemes. 
L’6quation de Nemst a 6tC satisfaite dans le domaine &concentrations 
10-l A MPM en cuivre(I1) et le domaine analytique va de 10-l A 
lO+M. On a examin l’interfkence d’autres ions. On a cornpark 
d’autres rksines avec le caoutchouc de silicone comme matrices 
inertes. 
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Some interferences in atomic-absorption spectrometry and extraction of 

iron and copper 

(Received 5 March 1970. Accepfed 1 April 1970) 

MUCH has been written on the application of solvent extractioa in atomic-absorption spectrometry to 
overcome interference from other metals. Takeuchi et al.’ have compared the effect of complexing 
agents on the atomic abao tioa of metals and found various effects. Sastri et al.* have demonstrated 

dez! that metal-oxygen-bon species contribute to the total amount of metal oxide ia flames and 
hence depopulate the atomic ground-state of the metal in flames. 

This paper dexribw the interferences of the co 
z! absorption detamination of iron; copper was test 

lexiag agent in extracted species, in the atomic 
for comparison. 

EXPERIMENTAL 
Apparatus 

A Nippoa Jam&Ash Model AA-IE atomic-absorption spectrophotometer was used with a 
Hitachi burner-nebulimr assembly, 75 x 05mm burner, HTV R-136 photomultiplier tube, and 
Yanagimoto Model RA-2511s recorder. The light sources were iron-chromium and copper 
hollow-cathode lamps. 

hstrument settiqs 

Iron. Wavelength 248.3 run: slit-width @lo mm: lamp current 10 mA: burner height adjusted 
so that optical pass is 2, 8 or 12 mm above burner top: 
l./min for air-acetylene game; 

flow-ratea, ah 6.0 l./min, acetylene 09-15 
nitrous oxide 6.0 l./min, acetylene4*0 l./min for nitrous ox&-acetylene 

flame: sample uptake 3.8 ml/min for isobutyl methyl ketone extracts. 
Copper. Wavelength 324.8 nm: slit-width 0.10 mm: lamp current 10 mA: llame parameters as 

for iron. 

Reagents 
Iron stanabrd solutfon. Dissolve 1 g of pure iron metal in a minimum excess of hydrochloric acid 

and oxidize with a few drops of nitric acid, boil out nitrogen oxides, and dilute to 1 litre. 
dilute standards just before use. 

Prepare 

Copper Stan&d solution. Dissolve 1 g of pure copper metal in a minimum excess of nitric acid, 
boil out nitrogen oxldee, and dilute to 1 litre. Prepare dilute standards just before use. 

84Zydroxyquinoline solution. A @5 % solution m isobutyl methyl ketone. 
Sodium diet~yldithiocarbamate solution, 2 %. 
Buffer solution. Acetate and borate but&r solutions for pH 5 and 

P 
H 9 respectively. 

All reagents used were of analytical-reagent grade. Isobutyl methy ketone (IBMK) was purified 
by distillation. 

Procedure 

Solvent extractioa methods were used to prepare the solutions of the iron(m) complexes. The 
following reagents were used to produce the corresponding complexes of iron(m): potassium thio- 
cyanate, 8-hydroxyquinoline, sodium diethyldithiocarbamate, hydrochloric acid. 

Each complex was extracted with two 20-ml portions of IRMK from 30 ml of buffered solution 
containing 250 pg of iron@) and the combined extracts were diluted to 50 ml with IRMK. 

RESULTS AND DISCUSSION 
The effects of complexiag agents on iron absorption are s ummarlzcd in Fig. 1. A marked deprea- 

sive effect was shown in an air-acetylene flame when thlocyanate was used as complexing agent, 
increasing with increasing concentration of thiocyanate in the aqueous phase. 

Flame coaditions were also an important parameter. The fuel-lean flame (for CO + HI stoichi- 
ometry) is seen to be effective for atomization of iron from its thiccyanate complexes. The incmamd 
depression of absorption in fuel-rich ilames may be derived first from incomplete dissociation and then 
from compound formation. Iron sulphide is a likely product from decomposition of the thiocyanate 
complex because the bond energy of CS (272 kJ/mole) is much lower than that of CN (865 kJ/mole) 
and a CN-band appears in the flame. The depressive e&ct was also observed when iron chloride 
complexes and free thiocyanic acid were separately extracted into IRMK and mixed before spraying. 
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Fro. 1 .--E&t of compkxing agents on iron absorption. 
(a) 2 mm above bumer top; (b) 8 mm abG&bumer top; (c) i2 mm above burner 
top; (1) chloride complex extracted from 6M HCl ; (2) diethyldithiocarbamate complex 
extracted at pH 9; (3) hydroxyquinoline compkx extracted at pH 5; (4) thiocyanate 
compkx from @ 1M SCN- @5M HCl ; (5) thiocyanate compkx from 2iU SCN- @5M 

HCl; (6) thiocyanate compkx from 5M SCN- @5M HCl. 

OL 

(b) 

Flow rote of acetylene, l/min 

FIO. 2.-EiTect of complexing agents on copper absorption. 
(a) 2 mm above burner top; (b) 8 mm above burner top; (c) 12 mm above burner 
top; (1) diethyldithiocarbamate complex extracted at pH 5; (2) pyridine-thiocyanate 

complex. 
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Chloride, diethyklithiocarbamate and 8-hydroxyquinoline complexes of iron behaved alike, 
but differently from thiocyanate, irrespective of flame conditions. The depressive e5ect of thio- 
cyanate was reduced if a nitrous oxide-acetylene flame was used. The effect of thiocyanate on copper 
absorption was investigated for comparison. Copper was extracted into IBMK as the pyridine- 
thiocyanate complex. A depressive effect was also observed for copper absorption, but similar 
absorption3 were found for both pyridine-thiocyanate and diethyhiithiocarbamate complexes, 
provided the measuremen ts were made for a fuel-lean tlame or in higher regions of the flame (Fig. 2). 
No interference was observed on addition of pyridine to the extracted diethyldit 
complex before spraying. The depression of copper absorption may also be due to the formation of 
sulphide in the flame. However, copper sulphide will dissociate during the passage of the. aerosol 
particles into the higher regions of the flame. Furthermore, copper has a higher atomic population in 
all regions of the flame,’ and thii may be the reason for no depressive effect occmring if measurements 
are made with the light-path well above the burner top. 

Department of Synthetic Chemistry MASMKI YANACHSAWA 
Faculty of Engineering tisriIKniARA 
Nqqoya Uniuersity MASAMI SUZUKI 
Chikusa-ku, Nagoya, Japan TSUOIO TAKEIXHI 

Summary_--The effect of complexing agents on the atomic-absorption 
spectrometrv of iron and copper extracts was investigated Thio- 
&mate complexes gave a ma&d depression of absor$ion by iron 
and coooer. esneciallv in fuel-rich flames. Chloride. diethvldithio- 
carbamse arrd’hydr~xyquinoline complexes of iron beha& alike, 
but differently from the thiocyanate complex. 

zusammentsaamg_-Der EinfluB von Komplexbildnem auf die Atom- 
absorptionsspektrometrie von Eisen- und Kupferextrakten wurde 
untersucht. Thiocyanatkomplexe gaben eine merkliche Verminderung 
der Absorption von Eisen und Kupfer, besonders in fetten Fhunmen. 
Chlorid-, Di&thyldithiocarbamat- und Hydroxychinolinkomplexe von 
Eisen verminderten sie ebenfalls, aber in anderem AusmaD als der 
Thiocyanatkomplex. 

R&u&-On a 6tudie l’intluence d’agents complexants sur la spectro- 
m&e d’absorption atomique d’extraits de fer et de cuivre. Les com- 
plexesdu thiocyanate donnent une d6pression marqu& de l’absorption 
par le fer et le cuivre, sp&alement dans des flammes riches en combust- 
ible. Les complexes chlorure, di6thylditbiocarbamat.e et hydroxy- 
quinol6me du fer se comportent de la meme facon, mais diff6remment 
du complexe thiocyanate. 
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ANNOTATION 

Mass spectrometric investigation of copper chelates with 
l-(2pyridylazo)-%napht.hol 

(Received 6 February 1970. Accepted 23 March 1970) 

IN A RECBNT investigation Betteridge and John’ (B & J) examined the mass spectra of several transition 
metal chelates in order to establish their stoichiometry. In the case of the copper chelate with l-(2- 
pyridylaxo)-2-naphthol (o-p-PAN) the stoichiometry was inferred to correspond to the 1:2 Cu(o- 
/?-PAN),cbelate. In an earlier solution study however, Betteridge, Fernando and Freiser’ proposed the 
extraction of the 1: 1 Cu(+PAN) (OH) chelate over the pH range from 4 to 10, rather-than the 
Cu(o-&PAN). chelate which would onlv be formed in a solution wntainine a verv laree uronortion of 
o-&PAN relative to OH-. Gm has found that wpper can be extracted 6 Cu(&%I%I)i!!where Z- 
is Br-, SCN- etc, over the pH range 4-10 and as Cu(o-B-PAN), over the pH range 8-10 from solutions 
in which the supporting anion is sulphate. 
no extraction below pH 8. 

Without certain supporting anions there would be virtually 

B & J were puxxled by the fact that the mass spectrum was like that expected for Cu(o+PAN), 
except that there were no peaks corresponding to species wntaining topper-65, and were unable to 
explain this peculiarity. Being interested in the application of this chelate for quantitative determi- 
nations of 

Yper 
at the ng and pg levels,**b 

abundance o this chelate in more detail. 
we investigated the stoichiometry as well as the isotopic 

Chelates 
EXPERIMENTAL 

The copper chelates were prepared from wmmercially obtained o-/I-PAN samples (recrystallized 
from methanol) in the following ways : 

Q analogously to the procedure given by B &J, i.e., recrystallization from the precipitate ob- 

(ii) 
tained by the reaction of copper(H) and o-B-PAN at pH 8; 
following the same procedure as described above, in this case however, extracting the aqueous 
phase with chloroform until wlourless, and combining the extracts; 

(iii) in order to investigate possible extraction of the Cu(o+?-PAN) (OH), solutions buffered at 
pH 4 and 9 were extracted by a procedure analogous to that described by Betteridge, Fernando and 
Freiser,’ but with a smaller PAN: cU’+ ratio of 7: 1 in order to obtain more evidence for the proposed 
Cu(o_B-PAN) (OH) extraction. 

Apparatus 

All measurements were made with an AEI MS 9 mass spectrometer fitted with an insertion lock 
and a direct evaporation probe. Samples were admitted by evaporating 10 ~1 of a solution of the 
chelate in chloroform (i, ii) or carbon tetrachloride (iii) on the tip of a quartx sample probe. 

The stoichiometry 
RESULTS AND DISCUSSION 

Whereas the mass spectrum of the chelating agent is identical with that reported by B & J,r the 
spectrum of the chelate shows some interesting discrepancies (a part of this spectrum is given in Fig. 1). 
In the specuum reported b B 
peaksatm/e=31landtn~= 

& J only two peaks were attributed to wpper-containing ions, oiz. the 
559, corresponding to the ions CuX+* and CuX,+ respectively. The 

spectrum recorded for the present work, however, shows at least nine copper-containing ions of 
reasonable abundance. Exact mass and isotopic abundance measurements showed the triplet at 
m/e = 622,624 and 6267 to wrres nd with the formula Cu,X,, yielding evidence for a 1: 1 stoichi- 
ometry. Likewise, the peaks at m e = 559 and m/e = 311 correspond with the formulae CuX, and p” 
CuX, indicating a 1:2 and 1: 1 stoichiometry for these ions. 

* X means o-/?-PAN 
t Henceforth, reference to isotopic clusters will be made by use of the lowest m/e value only. 
$180” is the lowest temperature at which the chelate evaporates. 

891 
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Frc. 1 .-Part of mass spectrum of copper chelate with PAN. T = 200°C. 

It should, however, be questioned whether these ions correspond to chelates originally present in 
the sample or to reactions in the mass spectrometer. Samples repared in dilferent ways (see ex- 
perimental) showed a constant intensity ratio of the at m e = 622 and m/e = 559 durin P 
evaporation at constant temperature. Moreover, t f 

the 
ratio appeared to be independent 0 the 

ion-source temperature in the region of 180-280’$. Consequently the presence of a mixture of 
C&X, and CuX, seems less plausible. A plot of the intensity ratio 622/559 US. the electron beam 
energy showed the ionization potential of Cu,X,+ to be lower than that of the CuX,+ ion; if we are 
dealing with a compound and not with a mixture, the CuXI+ ion is most probably formed by loss of 
copper from the C&X,+ molecular ion. Metastable peaks originating in either field-free region of the 
mass spectrometer were not found, however, for this reaction. 

In the work of B &J the CuX,+ ion is proposed to be the molecular ion, while the CuX+ ion at 
m/e = 311 should be exclusively the result of fragmentation. This would be indicated by the close 
resemblance of the intensity ratio CuX,+/CuX+ to the MeX,+/MeX+ ratios for other metal o-/?-PAN 
chelates, known from solution studies to have a 1:2 stoichiometry. However, apart from the fact 
that this ratio may vary considerably for a single component, depending on ion-source conditions, 
several other metal chelates, e.g., acetylacetonateaa and dibenzoylmethanateaT of a known 1:2 
stoichiometry in solution show very diierent MeX,+/MeX+ ratios, so that no reliance can he placed 
upon this ratio as an indication of stoichiometry. We have found metastable transitions from the 
t&XI+ and CuX,+ ions into the CuX+ ion, while furthermore the appearance potential of the CuX+ 
ion exceeds that of C&X*+ and CuXI+, but this does not rule out the possibility that the ion at m/e = 
31 I is partly a molecular ion. 

The spectra were examined for peaks due to the species CuXOH. The spectra obtained from 
solutions prepared at pH 4 by procedure (iii) had no peaks due to copper-containing species but those 
obtained from solutions prepared at pH 9 by the same procedure were analogous with spectra obtained 
by procedures (0 and (ii). It is possible indeed that in solution a chelate of the composition CuX+OH- 
is formed, which decomposes in the ion-source. However the presence of ions at m/e = 346,348 and 
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350, which correspond (according to exact mass and isotopic abundance measurements) with the 
composition CuX+Cl- makes this less plausible. The relative intensity of this ion was strongly de- 
pendent on the temperature (elevated temperatures probably cause decompos tion) and the sample. 
it is probably formed in solution by ion-p&r formation with-chloride ion impurities in the chelacmg 
agent and/or decomposition of the solvent (chloroform). In the recrystallixed sample [preparation (i), 
see experimental] its presence was negligible. All other copper-containing ions ln the mass spectrum 
can be easily understood by a comparison with the fragmentation of the pure chelatin agent. Because 
of the results noted above we concur with B & J, that the use of mass spectrometry 4 or the establish- 
ment of &late stoichiometry is limited; however, we do not agree with their stoichiometric con- 
clusions derived from the mass spectra of the copper chelate. 

Isotopic abwrdanee measurements 

-(30*:7’& B &J stated that copper in Cu(o-B-PAN), and related chelates behaved as though pf” 
has two stable isotopes of comparable abundance, viz. copper-63 (69@%) and Copper-65 

copper-63 were the only stable isotope. In our investigation, the isotopic abundance of copper as 
measured from all copper-containing molecular and fragment ions of sufficient intensity (S), showed 
the expected natural abundance. This was also the case with samples prepared in a way analog- 
oustothatdescribedbyB&J. 

As can be seen from Fig. 1 there are also peaks at m/e = 551 and m/e = 303. If the temperature 
is increased to WO-250”, the intensity of these ions is greatly enhanced with respect to that of the 
copper-containing ions. Exact mass measurements showed these peaks to correspond with the mono- 
isotopic manganese chelate. At higher temperatures (280-300”) intense peaks at m/e = 552,554 and 
556 appear (about J-10 times as intense as the copper ion at m/e = 559), which we attribute to the 
presence of iron and nickel. However, X-ray fluorescence analyses of the sample showed these metals 
only in vanishing by small quantities. We suppose these ions are the result of exchange reactions with 
hot metal surfaces in the ion-source, like the manganese-containing heater wires. A similar effect has 
zat~sewed by Holtxclaw et 01.~ in their investigation of l-methyl-3-alkyl-l,J-dione-copper(II) 

Co&ddering the (mm 
peaks* 

ecessary) excessively high temperature of 380” used by B Bt. J, we suppose the 
‘ven by the dotted lines in their Figs. 12 and 13, to be merely the result of other (mono- 

isotopic metal chelate ions, rather than copper-containing ions. P 
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Summary-The mass spectra of copper chelates of I-(2+vridvlaxo)- 
2-naphthol, HX, prep& by die&it methods, are dii. -Peaks 
due to Cu.X.+. CuX.+ and CuXCl+ have been uositivelv identified 
and all co&r&tai&g species have the expe&d isot&pic ratios. 
The significance of probe temperatum and impurities are discus4 and 
it is concluded that the spectra are more in accordance with the known 
chemical facts than those reported earlier by Betteridge and John. 

B-Die Massenspektren von verschieden herge- 
stellten Kupferchelaten mit l-@yridyhu&?-naphthol, HX, wet&n 
diskutiert. Die Peaks von Cu.X.+. CuX.+ und CuXCl+ wurden sicher 
identhixiert; alle Kupfer en&al&den Spexies haben die erwarteten 
Isotopenverhtitnisse. Die Bedeutung der Temperatur an der Eins- 
pritzstelle und von Verunreinigungen werden tikutiert und es wird 
der SchluB gexogen, da0 die Spektren mit den bekannten chemischen 
Tatsachen besser tiberehrstimmen als die frtlher von Bettridge und 
John mitgeteilten. 

R6sumwn discute les snectres de masse des ch6lates de cuivre 
du 1(2-pyridylaxo) Znaphtbl, HX, p&pa&s par di%rente-s method@. 
Les nits dits a CuX.+. CuX.+ et CuXCl+ ont et6 nositivement identi- 
fies, *et toutes les &p&&e co&nant du cuivre ont ies rapports isotopi- 
ques attendus. On discute l’importance de la temperature de 
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l’essai et des impuretbs et 1’011 conclut que les spectres sont 
& 

lus en 
accord avec les faits chimiques connus que le spectre rapport ant&- 
ieurement par Bet&ridge et John. 

REFERENCES 
1. D. Betteridge and D. John, Talanta, 1%8,15,1227. 
2. D. Betteridge, Q. Fernando and H. Freiser, Anal. Chem., 1963,35,294. 
3. A. Gal&, Talanta, 1%9,16,201. 
4. J. K. Terlouw, J. J. de Ridder, W. Heerma and G. Dijkstra, Z. anal. C&m., 1970, %9,296. 
5. J. K. Terlouw and J. J. de Ridder, ibid., 1970,250,166. 
6. C. G. Macdonald and J. S. Shannon, Australian J. Chem., 1966,19,1545. 
7. M. J. Lacey, C. G. Macdonald and J. S. Shannon, Org. Mass Spectr., 1968,1,115. 
8. H. F. Holtzclaw, Jr., R. L. Lintvedt, H. E. Baumgarten, R G. Parker, M. M. Bursey and P. F. 

Rogerson, J. Am. Chem. Sot., 1%9,91,3774. 



Talmta, 1970, Vol. 17, pp. 8% to 906. Pewamon Press. Printed in Northem Ireland 

TALANTA REVIEW* 

QUANTITATIVE ANALYSIS IN PHARMACY AND 
PHAR~MZEUTICAL CHEMISTRY BY NUCLEAR 

MAGNETIC RESONANCE SPECTROSCOPY 

Analytical DeparW&, Lilly ah Centm Ltd., Erl Wood Manor, 
windlc!&am, surrey 

(Rece~ued 16 March 1970. Accepted 17 April 1970) 

Summary-The applications of n.m.r. to the quantitative analysis of 
pharmaceutical formulations and products of interest to the pharmacist 
and pharmaceutioal analyst aru reviewed. Special attention is paid 
to the aaxracy of the mothod, the coefkiants of variation bcin 
(or calculated from data in the original paper) where posse -t 

quoted 
e. An 

&me&try knowledge of n.m.r. is assumed. 

SINCE the discovery of nuclear magnetic resonance (n.m.r.) Spectroscopy in l!&@* 
this spectroscopic technique has so gained in importance that, excluding those which 
quote n.m.r. data only as support to structural assignments, more than 250 papers a 
month are now appearing on the subject. Most of them, however, have not been 
concerned with the use of n.m.r. as a quantitative analytical tool. This may partly 
have been due to the relatively large quantity of sample required as compared with 
such analytical techniques as ultraviolet spectroscopy and gas-liquid chromatography 
(g.1.c.) and to the lack of n.m.r. facilities in less well equipped laboratories. 

Recent advances in instrumentation have now made available cheaper n.m.r. 
spectrometers and time-averaging computer accessories which extend the scope of 
n.m.r. to microgram quantities. Thus it seems an opportune time for a comprehensive 
review on the work related to pharmaceutical chemistry. The basic principles of 
n.m.r. are described in elementary texts on physical chemistry but the needs of the 
pharmacist and pharmaceutical analyst are best served by current brief summaries.- 

The use of n.m.r. depends on the measurement and interpretation of three param- 
eters. These are signal position (the chemical shift or “8” value), the splitting of that 
signal (the spin-spin coupling constants, J values, which reflect the number and 
nature of adjacent protons) and the signal intensity (expressed as a peak area or peak 
height). It is the signal intensity parameter which provides the quantitative measure 
of material in solution. A conventional proton n.m.r. experiment consists of a pre- 
liminary field sweep which establishes the proton 6 and J values. For the assignment 
of unknown peaks in new compounds, several extensive compilationss*7 can be 
consulted, and workers specially interested in nitrogen heterocyclics, alkaloids etc, 
will find of value the collected* proton n.m.r. shifts of 2306 proton groupings influenced 

l For reprints of this Review see Publisher’s announcement near end of issue. 
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by a nitrogen atom in the molecule. Once a peak, or group of peaks, in the n.m.r. 
spectrum has been related to structural features in the compounds examined, the 
peak areas can be accurately measured with the electronic integrator which is built in as 
standard equipment on all commercially-available analytical spectrometers. Provided 
that the compounds are chemically stable (and that suitably rapid sweep times and 
non-saturating observing field parameters are selected@) the integrated peak areas 
are directly proportional to the number of protons causing those peaks. For absolute 
quantitative measurements these peak areas can then be related to that of a standard 
solution of a single component in the same solvent and under the same instrumental 
conditions or against that of a quite separate standard entity which is added to the 
solution under test as an internal reference. In less common analytical practice, 
information is obtained from the ratio of spectral peak heights. In the absence of 
these standard reference techniques, the n.m.r. integration method yields only 
relative quantities of components from their relative peak areas. 

The armoury of the n.m.r. spectroscopist is augmented by time-averaging com- 
puters (CATS) and glass micro-cells which permit the analysis of sub-milligram 
quantities, e.g., for the determination of O-1 mg of barbiturate mixtures and for the 
analysis of O-05mg g.1.c. fractions from a commercial terpene fraction.lO Spectra 
may often be simplified by removing interfering OH and NH proton signals through 
addition of a few drops of heavy water (DzO) or gaseous acid vapour. Certain n.m.r. 
spectrometers can be modified to operate on nucleiother thanhydrogen(e.g., boron-l 1, 
carbon-13, fluorine-19, and phosphorus-31). Although much employed elsewhere6 
this has found only one application pertinent to the present review. Other techniques 
generally available include spectrum simplification by irradiation of the samples with 
a second radiofrequency (a spin-decoupling experiment) and variation of the ambient 
probe temperature, but these methods have not been applied in the quantitative 
analysis of pharmaceutical products. 

The most important considerations for the purpose of quantitative analysis by 
n.m.r. are the precision and accuracy of integration. Several authorss*ll*ls have 
discussed these with regard to instrument settings of field stability and strength, 
integral amplitude, time of scan and the concentration of the solution. Alexanderl’ 
concludes that the measured integral is within 1% of the theoretical value if 3-4 
mequiv of protons are available (Le., about 60 mg for a compound having a molecular 
weight of 200 with 10 protons per molecule). Spectrum integration against a suitable 
reference is also used0 for the measurement of the amount of hydrogen in organic 
compounds and can be at least as accurate as combustion analysis. It is disturbing to 
find, therefore, serious discrepancies noted” in an inter-laboratory collaborative 
n.m.r. study carried out on samples of caffeine, with hexamethylcyclotrisiloxane as 
internal reference standard. Six collaborators quantitatively analysed sealed aliquots 
supplied by an associate referee. Hence the variation in their results did not depend on 
initial sample preparation but only on instrumental and operator errors, and on sample 
stability. A relative standard deviation as high as 9.7 % was recorded for the caffeine 
content, but there were indications that decomposition or reaction between the com- 
ponents had occurred. A solution of rubbing alcohol was also studied by the col- 
laborators. In this case the stability of the sample was not in question and the results 
proved satisfactory, e.g., for the alcohol (61.2%) and water (34.6%) contents, 
coefficients of variation of 06-l-7 % were found. 
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ANALYSIS USING, AS REFERENCE, STANDARD SOLUTIONS OF 
ONE COMPONENT 

897 

In these examples the standard chosen is a solution containing a known weight 
of a single component from the mixture. The procedure is to calculate the integral 
response of the n.m.r. instrument to this standard solution and then to draw a cali- 
bration curve of integrated peak areas over the range of concentration which will 
be encountered in the unknown solutions. 

N.M.R. has proved14*ti a useful criterion for qualitative identification of eighteen 
barbiturates, deuterochloroform (CDCl,) or trifluoroacetic acid (TFA) being used as 

0 

0 A 0 B 
Integratian curve 

Normal spectrum I 1 I I 
8 6 4 2 0 

8 

Fro. 1 .-Accumulated spectrum of barbituric acids A and B. (Redrawn from Z. AMI. 
Chem., 1%7,22P,340 and printed by permission of the copyright holders.) 

solvents. RiickeP has used a CAT and a O-2-ml microcell for the quantitative analysis 
of only 0.1-1.5 mg of six barbiturates, with a quoted coefficient of variation of 10%. 
The CAT operates by dividing the spectral information into 1024 sections and feeding 
the signal amplitude data for each section into a memory channel of the computer. 
The effect of repetitive scanning is to augment weak signals, from small amounts of 
material, at the expense of interfering noise (the improvement factor in the ratio of 
signal to noise height being +z after 12 accumulated scans). To obtain a satisfactory 
spectrum from such small quantities of barbiturates Riicker found that the necessary 
condition was that the product of the number of protons integrated as the unknown 
and of the number of accumulated scans must exceed 600. As an example we can 
consider the analysis of a mixture of 5-ethyl-5-phenylbarbituric acid (A) and 5,5- 
diethylbarbituric acid (B). The peaks integrated are those due to the phenyl protons 
of A and the methylene protons of B as shown in Fig. 1. 

First, each component (10 mg) is dissolved in 2 ml of solvent and the spectrum of 
@2 ml of this solution accumulated 120-150 times until sufficient for integration. 
A constant (k) for the component and the instrument parameters is found from the 
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equation : 

k 
h 

=- 
c.n.a. (1) 

where h = integratbn height, c = concentration, n = number of protons causing 
the integrated peak(s) and a = number of spectra accumulated. 

Quantitative analysis of a mixture (O-2 mg/ml) of A and B follows simply from 
integration of a 250-scan accumulated spectrum (Fig. 1) and substitution in equation 
(1) of the integral heights for A and B (hA and hB) so obtained. 

Nine sedatives and hypnotics (including meclozine, methaqualone, glutethimide 
and ethinamate)givewell defined n.m.r. spectral’ and two ternary mixtures (containing 
a minimum of 3 % of each component) can be analysed with a coefficient of variation 
of 4’OA. A microcell (without CAT) was used in this work and analyses were made on 
10-15 mg quantities of the mixtures. To calibrate the integrator, each component 
was first made up as a solution (30-1500 mg/ml in CDCls) and the spectrum integrated 
to yield the relevant k values. These were then substituted into equation (1) for the 
calculation of mixture compositions. The author points out the advantages over 
other spectroscopic and chromatographic techniques, the n.m.r. method providing 
more specific qualitative identification and comparable quantitative accuracy. 

Historically, the first application of n.m.r. to pharmaceutical formulations was 
the analysis ls of aspirin, phenacetin and caffeine (AFC) tablets. The analysis is 
based on integration of the peaks given in Table I. 

TABLE I.--ApC TABLET ANALYW 

Component 

Aspirin 
Phenacetin 
Caffeine 

Peaks 
integrated 

-ocoCH,* 
-OCH1*CHI 
-N-C&* 

CoefEcient of 
variation, % 

::; 
4.5 

One analysis requires 60 mg of material with deuterochloroform (or ethanol-free 
chloroform) as solvent. Allowance is made in this procedure for overlap of phenacetin 
and caffeine peaks and for an interfering carbon-13 satellite band. Binders (starch 
or lactose) do not dissolve in the solvent and hence do not interfere. The integration 
calibration is carried out with a 50 mg/ml caffeine solution and all areas are referred 
to this standard measurement. The merits of this method over the United States 
National Formulary methods have been discussed.lasl* Two major advantages of 
the n.m.r. assay procedure are simplicity of sample preparation and rapid turnover 
(3 sample+). 

ANALYSIS BY IN SITU ADDITION OF AN INTERNAL STANDARD 

Addition of a reference standard directly to the solution being analysed is a 
procedure preferred to that described in the previous section because it eliminates 
possible variations of integral amplitude with a change in temperature, tube size or 
instrument behaviour between measurements made on standard and unknown. 
It is most important, however, that there should be no adverse interactions between 
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components in the sample and the reference. These could lead to chemical degradation 
or to a physical change in the peak positions, thus causing overlap of areas otherwise 
sufficiently separated for integration. 

For qualitative analysis by n.m.r., a standard very frequently used is tetramethyl- 
silane (TMS, 8 = OX@) which is a chemically inert material having a sharp, single 
n.m.r. peak well separated from “normal” C-H, G-H, S-H and N-H proton 
positions. The low boiling point of TMS (27’) militates against its ,use as a reference 
standard for quantitative studies and structurally similar and inert (but less volatile) 
materials have been investigated. Barczaao has calculated molecular weights accurate 
to within 3 % by n.m.r. integration of peaks from the unknown and relation of this to 
the integration of the single peak of the reference material hexamethylcyclotrisiloxane 
(6 = 0.15, m.p. 645”). The recently introduced’dl cyclosilane-d, (6 = -0.33, 
b.p. 208”) also seems very suitable as a non-volatile, inert standard. 

Tranquillizers and analgesics have been studied by n.m.r. methods. NevilkP 
reported the identification of the salts of procaine, larocaine and lidocaine. Turczan 
and KramSa have presented simple, rapid and specific quantitative analyses of 
meprobamate tablets and of carisoprodol and mebutamate. Meprobamate (80 mg/ 
ml) is measured by comparing the integration of the carbamate methylene group 
(H,N-CO-G-CH,*-) at 3.88 with the methylene signal (B = 3.3) of malonic 
acid, the standard added (80 mg/ml). Acetone (which need not be deuterated) is the 
solvent of choice. For seven synthetic meprobamate preparations a coefficient of 
variation of 1.3 % was found and the authors report no interference from other active 
ingredients which may be present in various meprobamate formulations (e.g., 
amphetamine salts, dexamethasone or aspirin). 

The fast analysis (30 min) of hypoglycaemic agents by n.m.rF4 compares well in 
accuracy with classical acidimetric and bromometric methods, without the necessity 
of preliminary, time-consuming separation. Glycodiazine (C), carbutamide (D) and 
tolbutamide (E) have easily interpreted n.m.r. spectra in trifluoroacetic acid; maleic 
acid (d = 6.62) serves as the reference standard for all of these. The spectra in the 
6-106 region are given in Fig. 2 together with the coefficients of variation for five 
measurements on 500-mg samples. The protons used for integration are those indi- 
cated as c, d, dl, e and er and the vinylic protons of maleic acid. 

It is also possible% to analyse a mixture of the three components by integration of 
the signals for the protons shown in Fig. 2 together with the aromatic methyl proton 
signal (6 = 2.50) of compound E. Twenty-one measurements made on synthetically 
prepared ternary mixtures of C, D and E with maleic acid gave coefficients of variation 
of 1.2 % (C) and 1.7 % (D and E). 

A similar method% can be applied to the methylxanthine stimulants theophylline 
(F), theobromine (G) and caffeine (H) in mixtures with sodium benzoate (I) and 
sodium salicylate (J). p-t-Butylbenzoic acid is a satisfactory reference compound, 
with a single, very intense absorption (6 = 1.40) for the nine protons of the t-butyl 
group. Each component in the mixture is detectable down to 3 %. N.M.R. integration 
has been carried out on twenty-seven synthetic mixtures (60-100 mg) of the five 
components and the standard (10-15 mg) in trifluoroacetic acid (0+0.6 ml). Coeffi- 
cients of variation for the methylxanthines and the sodium salts were 1.5% (F), 
2.9 % (G), 3.3 % (H), 1-l % (I) and 1.0% (I). Thus the n.m.r. method “brings one 
step nearer the goal of complete complex tablet analysis in one working process.“~ 
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Spectrum Compound 

C 

? 
Ma leic 

,I 
9 8 7 6 

8 

9 8 7 6 

e e’ 

PB 
9 8 7 6 

C 

$1 

Q-SO~NH-;~--OCH,C; 
H 

k) P 
CY 

Coefficient 
of variation 

I % 

2% 

2% 

Fra. 2.-N.M.R. spectra of hypoglycaemic preparations. (Redrawn from 2. Anal. 
Chem., 1%9,246,22 and printed by permission of the copyright holders.) 

A contaminant sometimes found in human and veterinary preparations is dimethyl- 
sulphoxide (DMSO) which can be quantitatively assayeda in the range 204-0~05 % 
by use of the sharp single peak in the n.m.r. spectrum. Integration of the spectrum is 
satisfactory for 204-2-O% concentration but below this level (i.e., 2-O-O-05%) the 
integrator is insufhciently sensitive and a measurement of peak heights is made. 
The reference compound chosen is methanol and the method allows the use of non- 
deuterated water or chloroform as solvent; their n.m.r. peaks do not interfere in 
the region of importance. If measurements are made at room temperature (23.3”) 
and equal volumes of solution and methanol standard are used, the calculation of 
DMSO content reduces to the simple expression . . 

% DMSO (v/v) = 87.83 x m;zn=;r=aa;;;;a. 

Coefficients of variation are not available for the integration method but the 
relative error quoted lies between O-1 and l-2 %. 

ANALYSIS BY PEAK HEIGHT OR PEAK POSITION MEASUREMENTS 
In cases where a satisfactory separation of peaks (or a sufficiently high concen- 

tration) for an accurate integration of peak areas cannot be achieved, it may be 
advantageous to work on the measurement of the peak heights (of readily assigned 
signals from each component but it should be noted that this is valid only when the 
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line widths, and multiplicities, are identical) or of peak positions (when a rapid 
proton exchange process occurs between the components, causing coalescence of 
their signals). 

During the manufacture of the muscle relaxant maolate, a second isomer is 
formed in low yield 

Maolate Cl 
-0 

! \&H~~H(oH&H~--OC~NH~ 
- 

Secondary Cl 
isomer -0 

/ \ -0-;H%-&H(OCONH&H,OH 
- 

Slomp et aZ.$’ have tested n.m.r. as a quantitative analytical method for this 
binary mixture. Considerable simplification can be brought about by moving -OH 
and -NH type protons from positions in which they will interfere with the integration 
of the remainder of the spectrum. This is accomplished by purging the solution (10 % 
in hexadeuteroacetone) with hydrochloric acid vapour, which causes a rapid exchange 
of the OH and NH protons and a shift in their 6 values. Unfortunately a small, 
broad interfering absorption due to OH or NH protons still remains and this has a 
highly unfavourable effect on the integral areas. The problem has been resolved by 
measurement of relative peak heights at B = 3.75 (mainly secondary isomer) and 
8 = 4.08 (wholly maolate) in the region where the starred protons of the two isomers 
absorb, the very broad NH or OH proton residue having little effect on peak height. 
Data from the n.m.r. spectra were processed by an IBM 1620 which computed 
composition and standard deviation thus saving 80% of operator calculating time. 
The method of assay is considered significant to a few tenths of 1% and the coefficient 
of variation for 15 assays is 1-2 %. 

Antihistamines can be analysed qualitatively by n.m.r.28 Koch et aZ.BD have used 
n.m.r. quantitatively to estimate the ratio of salt to free base in chloroform extracts 
of these amines from aqueous acidic solutions. Analyses were made by measuring the 
time-averaged n.m.r. shift of an iv-methyl group in base/salt mixture and comparing 

Isomer 

-j+ ~ 

0’94J 18 Q50 0.00 8 
I 1 L // 

‘I I 
1 I 0.50 000 

Cyclandelate 

FIG 3.Spectra of isomers of cyclandelate. (Redrawn from Pharm. Weekblad, 1966, 
101,93 and printed by permission of the copyright holders.) 
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this with its position in the pure free amine and amine salt components alone. The 

maximum shifts obtained between -N-CH, and -N-CHs were 10-100 I-Ix (e.g., 
36.6 Hz for diphenhydramine). Linear calibration curves were constructed for known 
mixtures by a least-squares analysis, with a standard deviation of 0*05-0*13 Hz. 
The n.m.r. technique is faster and requires less material than the alternative method 
of ultraviolet spectrometry followed by silver nitrate titration. 

The vasodilator cyclandelate consists of a mixture of 4 isomeric esters which can 
be separated into two diastereoisomeric pairs of optical antipodes. The ratio of these 
pairs determines the final properties of the commercial material and this can be 
measuredso with a coefficient of variation of 3% by n.m.r. from the peak heights. 
The spectra of the diastereoisomeric pairs (A, m.p. 84” and B, m.p. 55.5”) differ 
slightly (in their methyl proton regions only). They cannot be analysed by integration 
but quantitative determination of the isomeric ratio is possible from the relative peak 
heights of the methyl signals at 088 and O-948 (Fig. 3). A calibration graph for peak 
heights is first established for mixtures of known composition in deuterochloroform. 

As a final example in this section we refer to the problem of dimethylsulphoxide 
assay.26 When the quantities of DMSO are too small for accurate integration to be 
carried out (~2 %), peak height measurements are made. In this case the coefficient 
of variation (14-5.4x) is greater than the relative error stated for the integration 
method (0.1-1.2 %). A simple expedient would seem to be to use a CAT for spectrum 
accumulation until the peaks are of sufficient amplitude for normal integration 
processing. 

ANALYSIS WITHOUT A REFERENCE STANDARD 

When information from peak areas or peak heights is not referred to a standard 
compound in the manner previously described, only a relative measure of quantities 
in solution is obtained. 

The opium alkaloid thebaine is naturally accompanied by small quantities of 
cryptopine, and Riill sr*a2 has estimated the relative proportions of these by n.m.r., 
down to 2 % of cryptopine. This small quantity is not revealed by paper chromatog- 
raphy, infrared or visible spectrophotometry or by electrophoresis. Rtill found that 
the methoxyl signals in mixtures of the two alkaloids are not always su5ciently 
resolved but that an accurate integration could be achieved by considering the aromatic, 
olefhiic, methylenedioxy and metbine protons in the region 48-7.158 (Table II). 
No coelilcient of variation is available but a precision of 0.5% is stated for the 
cryptopine content. 

TASLX! ~.~PAJM ALKALOIDS 

Compound 

Thebaine 
Cryptopine 

Protons at 
4.8~57% 

: 

Protons at 
5.75-7.156 

2 
6 

Dietrichss has pointed out the deficiencies of calorimetry and ultraviolet spectro- 
photometry in the qualitative identification and quantitation of binary mixtures of 
six commercial soap and detergent bacteriostats. The requirements for quantitative 
analysis are met by an n.m.r. method aa based on the spectral integration of 10% 
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solutions of the materials (50 mg) in dimethylsulphoxide. For a mixture of hexachlo- 
rophene (K) and 3,4’,5-tribromosalicylanilide (L), the peaks integrated are those 
due to the methylene protons of K and the aryl protons of L (shown starred below). 

Hexachlorophene (IO CH,c Y-388 

3,4’,5-Tribromo- 
salicylanilide (L) NH 

I 
co 

All possible binary mixtures can be measured by n.m.r. integration. Coefficients 
of variation are not given but the authors estimate a precision and error of about 3 %. 
It is suggested that the method can also be extended to certain thme-component 
systems. Other detergent chemicals have been studied by n.m.r. There are np~rts~*~*~ 
of the quantitative analysis of ionic and non-ionic detergents (e.g., ethylene oxide/ 
alkylphenol condensates). In these, n.m.r. has yielded unique information regarding 
olefin distributions, ortbpara substitution ratios and average alkyl chain lengths and 
molecular weights. 

Very recently the n.m.r. method has been used in the analysis of pesticides. 
Organophosphorus materials frequently have simple spectra permitting facile 
qualitative analysis P’s88 The use of an n.m.r. spectrometer operating at high magnetic 
fields and frequencies (100 or 220 MHz instead of 60 MHz) often simplifies complex 
spectra. Keith et al. revise some of the assignments madess at 60 MHz for these 
pesticides, on the basis of a 100 MHz study. so A further 26 DDT-like pesticides are 
the subject of a papeP which includes the quantitative analysis of a technical DDT 
preparation (a mixture of the 24’ and 4,4’ isomers). The benxylic protons of these 
are well separated for integration. Typical results showed a fourfold excess of the 
4,4’ isomer. 

The systemic insecticide Systox consists of two isomers (M and N-see Fig. 4), 
in approximately equal quantities together with a small amount (l-5 %) of a dithio- 
nopyrophosphate (Q). Since they differ in toxicity a method was required which 
would yield the quantities of M and N (in the presence of Q). A combination of 
g.1.c. and n.m.r.41 is rapid, low in material requirement (100 mg) and non-degradative. 

Samples of Systox are made up as 20% solutions in carbon tetrachloride. The 
protons of M, N and Q fall conveniently into three regions (Fig. 4) according to the 
adjacent C, S or 0 atom and the integration is measured at 1.1-145, 2-3-3.1 and 
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E 9 
(Et O& -P-0-C2H9Et (Et012-P-S-&H,SEt 

N.M.R. spectrum 

FIG. 4.-Constituents and n.m.r. spectrum of Systox. (Redrawn from Anal. Chim. 
Acta, 1968,40,387 and printed by permission of the copyright holders.) 

3.8-4.36. ‘I’he weight of material taken and the ratio of the integrated areas give a 
relative measure of the composition. An independent determination of the Q content 
is made by the known g.1.c. method” and this leads directly to the weight of isomers 
M and N in technical Systox. Insticient data are given in the paper for a calculation 
of the coefficient of variation but the authors quote an error of 1.5 %. 

Mullefl previously employed phosphorus-31 magnetic resonance for investigating 
the rate law for the isomerism of M and N in Systox free from component Q. Although 
absorption peaks in phosphorus-31 resonance are much broader than in proton reso- 
nance, chemical shifts are frequently an order of magnitude greater. For M and N 
the phosphorus chemical shifts are 41.8 ppm apart and thus ideally separated for inte- 
gration (contrast l-2 ppm for the -CHs-Q- and -CH,S-- proton chemical 
shifts). Unfortunately, the dearth of phosphorus-31 n.m.r. equipment means that 
this attractive alternative nucleus is unlikely to find wide application in quantitative 
pharmaceutical analysis for many years. 

When the spectra are sufhciently resolved, the relative composition of certain 
stereoisomeric mixtures may be quantitatively analysed by integration of their n.m.r. 
spectra. Casy has found this method applicable for determining the cis/trunr ratio of 
some piperidinolsa and for the mixture of a- and p-propoxyphene carbinols.* In 
the latter a clear separation of peaks is noted for the secondary methyl doublets of 
the a- and fi-isomers (16 Hz for the free bases and 22 Hz for their hydrochlorides). 

ISOMERISM AND COMPLEXATION 

In the final section brief mention will be made of some of the potentialities of 
n.m.r. for the identification and analysis of certain isomers and of interactions difficult 
to study by other physical methods. It is hoped that the analyst will thus be encouraged 
to consider how n.m.r. may be of assistance in problems beyond the range of those 
discussed so far. 
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Mention has already been made of the quantitative analysis of diastereoisomeric 
pairs of optical isomers by n.m.r. and peak height measurement. In very fortuitous 
examples, it is also possible to resolve the peaks due to the optical isomers themselves. 
BurlingameCB found that the asymmetric carbinol PhCH(OH)CF, gives the expected 
doublet for the hydroxyl group proton in normal solvents but that this is split into a 
pair of doublets when an optically active naphthylethylamine is used as the solvent. 
This splitting is attributed to the (+) and (-) carbinols and was measured as 1.6 Hz 
at 60 MHz. A similar splitting (of 5 Hz) has also been noted4’ for propanol esters 
derived from R-0-methylmandelic acid. 

Many examples can be found in which separate n.m.r. signals are obtained from 
conformational isomers. These need not necessarily be ring structures, e.g., the 
straight-chain analgesic methadone hydrochloride shows two singlets in the n.m.r.@ 
for its N,i’V-diethylamino group. This has been explained by hydrogen bonding 
between the ketonic group and the basic centre which can cause two different quasi-ring 
conformations. 

CP 

Apart from pharmaceutical analysis the n.m.r. method has also found extensive 
use for the identification of geometrical isomers about an olefinic double bond (e.g., 
in the carotenoids*s) and in the quantitative measure of keto-enol tautomerism (as 
in acetylacetones0). To the pharmacologist n.m.r. has become an attractive tool for 
examination of the sites of complexation between drugs and protein materials. 
Jardetzky has shown that n.m.r. line-broadenir@ and signal decay times’ parameters 
offer otherwise unobtainable information about the sites of bonding of sulphonamides 
to egg albumin and of NAD to enzymes. 

There is no doubt that the types of n.m.r. approach described in this and previous 
sections will find increasing application in quantitative pharmaceutical practice when 
a single-step, rapid, accurate and non-destructive assay procedure is needed. 

Acknowledgement-1 wish to thank Dr. A. F. Cockerill and Dr. N. C. Franklin for their valuable 
advice in the preparation of this manuscript. 

-Die Anwendungen von N.M.R. auf die quanti- 
tative Analyse von pharmazeutischen Formulierungen und Prod&ten, 
die fiir den Pharmaxeuten und ph armaxeutischen Analytiker von 
Interesse sind, werden besprochen. Resondere Aufmerksamkeit wird 
der Richtigkeit der Methode gewidmet ; die Koetiemen der Varia- 
tion, die xitiert (oder von Daten im ursprtinglichen Referat kalkuliert) 
werden, waren miiglich. Elementare N.M.R.-Kemrtnisse werden 
vorausgesetxt. 

R&m&-On passe en revue les applications de la RMN a l’analyse 
quantitative de formulations pharmaceutiques et de produits int&essant 
le pharmacien et l’analyste en pharmacie. On porte une attention 
particuliere a l’exactitude de la methode, les coefficients de variation 
&ant foumis (ou calcuk% des don&s du memoire original) lorsque 
cela est possible. On admet une connaissance elementabe de la RMN. 
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THERMOMETRIC TITRATION STUDIES OF MIXED 
LIGAND COMPLEXES OF THORIUM 
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(Received 3 December 1969. Accepted 16 March 1970) 

Stmnnary-Mixed-ligand chelates consisting of two different multi- 
dentate ligands linked to a central thorium(IV) ion have heen prepared 
in aqueous solution and their heats of formation studied thermo- 
metrically. Pyrocatechol, tiron, chromotropic acid, potassium hydrogen 
phthalate, 8-hydroxyquinoline-Z-sulphonic acid, iminodiacetic acid, 
5-sulphosalicylic acid and salicylic acid were used as the secondary 
ligands, while ethylenediaminetetra-acetate and 1.2~diaminocyclohex- 
ane-N,N,N’,N’-tetra-acetate were used as primary ligands. AH values 
for the overall reactions are given, and where possible, the AH and AS 
values for the specik secondary ligand addition were calculated. The 
overall stability of the mixed-l&and chelates and the enhanced stability 
of EDTA mixed chelates relative to the analogous DCI’A chelates 
were found to he due to entropy rather than enthalpy effects. 

MIXED-LIGAND chelates of tborium(IV) were first prepared in solution and studied 
potentiometrically by Carey, Bogucki and MarteLl These bi-Iigand chelates are 
formed by the reaction of various bidentate secondary ligands with thorium(IV) 

chelates of multidentate primary ligands such as EDTA and DCTA (1,2diamino- 
cyclohexane-N,N,N’,N’-tetra-acetic acid). Since thorium(N) has a co-ordination 
number of eight* and EDTA is hexadentate, the metal ion in the simple 1: 1 Th-EDTA 
chelate has two unused co-ordinating sites available for hydrolysis, olation or 
polymerization reactions. Filling these two vacant sites by the addition of a bidentate 
secondary ligand results in the formation of a 1: 1: 1 mixed-ligand chelate which is 
found to be quite stable and more resistant towards hydrolysis than the simple EDTA 
chelate. Previously,l only free energy (log K) values were reported for such secondary 
ligand addition reactions. These data, though important, were of limited usefulness in 
explaining why mixed-ligand chelate formation occurs. The present paper provides 
AH and AS values for these systems in order to supply information concerning the 
energetics of mixed-ligand chelate formation. 

Usefulness of thermometric titration techniques as an easy, rapid and accurate 
method to obtain enthalpy values for metal chelate systems has been amply demon- 
strated in the literature.s-7 Jordan3 has described the theory and instrumentation of 
thermometric titrations. Using this method Jordan and Alleman* have obtained heats 
of formation for a number of transition metal-EDTA chelates by titration of EDTA 
with metal ions at constant pH. Raffa et aLb determined AH for the dissociation of 
ephedrinium and pseudoephedrinium ions by titration of the ligand with sodium 
hydroxide or hydrochloric acid, and Freeburg obtained heats of formation for 
bivalent metal-nitrilotriacetate chelates. Zenchelsky’ has reviewed the field of 
thermometric titrations. 

* Present addresses: George H. Carey-Dept. of Chemistry, Stonehill College, No. Easton, Mass. 
02356. George C. Kugler-ESB Research Center, 19 W. College Ave., Yardley, Pa. 19068. 
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EXPERIMENTAL 

Reagents 

Fischer “certified” thorium nitrate was used. Solutions were standardixed gravimetrically by 
evaporation and ignition to thorium dioxide. Tiron (disodium 1,2-dihydroxybenxene-3,5disulpho- 
nate) was obtained from the La Motte Chemical Products Co., Chestertown, Md., and was used 
without further purification after the establishment of its purity and standardiration of an aqueous 
solution by potentiometric titration. “Baker Analyzed” samples of the disodium salt of EDTA were 
used. The 5-sulphosalicylic acid (SSA), salicylic acid (SA), chromotropic acid salt (l,l-dihydroxy- 
naphthalene-3,6disodium sulphonate) (CS), pyrocatechol (1,2dihydroxybenxene) (PY), and 8- 
hydroxyquhroline&sulphonic acid (HQS) were purchased from the Eastman Kodak Co.; the 
iminodiacetic acid (IMDA) and DCTA were obtained through the courtesy of the Dow Chemical Co. 
The DCTA was converted into its disodium salt before use. The potassium hydrogen phthalate 
(KHP) was Fischer ‘%ertified.” 

Instrumentation 

The pH measurements and titrations were made with a Beckman Research pH Meter Model 1019, 
and recorded on a Sargent multi-range precision recorder. The pH meter was calibrated with various 
standard buffers. 

Procedure 

Thermometric measurements were made by recording the temperature changes in the reaction 
system, contained in an adiabatic reaction vessel (Dewar flask fitted with a cork stopper), using a 
thermistor sensing device which served as one arm of a Wheatstone bridge. The Dewar flask contained 
100 ml of a 4.0 x 1 0-*M solution of ligand and/or metal ion, with ionic strength kept constant at @lo 
by the addition of potassium nitrate. The solution was stirred by a constant speed magnetic stirrer, 
and a nitrogen atmosphere was maintained over the solution in order to exclude carbon dioxide and to 
avoid aerial oxidation. Sodium hydroxide solution, @5M, was supplied through a finely drawn 
capillary at the rate of 1 ml/min by a Sargent Automatic Constant Flow Rate Buret, Model C. All 
titrations were carried out at a nominal temperature of 25” in a constant temperature room, after the 
solutions had achieved thermal equilibrium with their surroundings. A diagram of the apparatus is 
shown in Fig. 1. The titrant concentration was about 100 times that of the titrand, so that the reaction 
was complete on addition of about 1 ml, and thus the volume change and consequent heat capacity 
change were kept to a minimum. 

Figure 2 shows a typical titration curve for a two-step titration. Portion ABC represents the 
temperature change of the system, due to two consecutive exothermic reactions. Portion CD 
represents the effect of excess of titrant, and the slope of this line is due to any non-isothermality 

Automatic 
conStont 
flow rate 
burette 

Constant r.p.m. 
mag. stirrer 

Recorder 

P, =PS = IO turn, wire wound, 10051 pot 
P2 = IO turn, wire wound/ 5 I& pot 
S,= DPDT switch 
M --O-3 V d.c. meter 
r = thermistor; A at 25OC g 2.2 ka 

FTZ IO’ Jz /OC at 25% 

FIG. 1 .-Thermometric titration apparatus. 



Thermometric titration studies of mixed ligand complexes of thorium 

PH 6- 

I- 

IO- 

9- 

B- 

5- 

4- 

3- 

2-- 

i ---A_ 
A- 

-. /” 
‘. / 

--. 

I I 

0 2 4 

Temperature 

Fro. 2.-Potentiometric titration (broken line) and thermometric titration of a 1: 1: 1 
Th(IV)-DCTA-CS mixed-l&and chelate system 4.0 x lo-*M in Th(IV), DCTA, and 
CS. p = 0.10, T= 25”C, and m = number of moles of base added per mole of metal 

ion. 

between the titrant and titrand, heats of dilution, heats of stirring, heat loss from the system to the 
surroundings, and any other constant thermal interchange exclusive of the heat of reaction. Ex- 
trapolation of this line back to the start of the titration cancels out these effects, provided the line is 
straight and of relatively small slope. A line parallel to this extrapolation is drawn through the tirst 
break-point of the titration curve, B, located if n ecessary at the intersection of the extrapolated lines 
AB and BC. The two parallel extrapolations are carried back to intersect with a vertical line at the 
point corresponding to the start of the titration. The vertical distances EF and FA then correspond to 
the temperature increase resulting from the second and first titration steps, respectively, and after 
correction for the small volume change can be translated into enthalpy changes by means of a 
calibration curve for a standard system. 

The thermometric apparatus was standardimd by utilizing a system of known enthalpy change 
(titration of hydrochloric acid vs. sodium hydroxide), and constructing a calibration curve of car- 
rected enthalpogram step height OS. joules liberated. A value of -56.51 Id/mole for the heat of 
neutralization of hydrochloric acid by sodium hydroxide at 25” and p = @lo was obtained by 
extrapolating the data of Hale et al.’ The enthalpogram step heights were plotted us. the calculated 
amount of heat liberated. This procedure yielded points exactly collinear, with a slope of 3.04, mm/J 
The calibration curve was checked periodically and was found not to vary over a period of six months. 
Substitution of a @lM potassium chloride medium for the @lOM potassium nitrate medium was 
found to have no effect on the calibration curve. 

For the mixed-&and chelate experiments, 100 ml of 4.0 x lO-‘M thorium, containing primsry 
ligand and secondary ligand, was placed in the adiabatic titration vessel after the ionic strength had 
been adjusted with potassium nitrate. Time was allowed for thermal e-quilibrium to be attained, and 
the solution was titrated with a concentrated solution of sodium hydroxide. 

RESULTS AND CALCULATIONS 

Deterntination of AHfor the deprotonation of the secondary ligands 

Before the AH due to the actual coupling of the secondary ligand onto the simple 
metal-primary ligand chelate (AHma could be calculated, values of AH for the 
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various deprotonation steps of the secondary ligand species (AHFn$) had to be known. 
Since the free ligands were dissolved in aqueous solution and trtrated with base, the 
actual AHExP value experimentally obtained from the thermometric titration was for 
the reaction : 

(a - b)HA + bA + bH+ + UOH- --t aA + aHBO (AH,,& (1) 

Consequently, in order to obtain the desired AH for the simple deprotonation 
reaction: 

HA+A+H+ (AH,,3 (2) 

the AHExp value had to be adjusted to account for the neutralization of the released 
hydrogen ions by the hydroxide, and also in some cases for the partial dissociation of 
the free l&and before the start of the titration. Hale et aZ.‘s* value of -56.51 kJ/mole 
was used for the heat of neutralization. Log K values which had been potentiometri- 
tally determined1 at 25” and ,u = 0.10 were used to calculate the degree of dissociation 
of the free ligand. 

Table I shows the thermodynamic values obtained for the free secondary ligands 
used in the present investigation. The inflection points in the thermometric curves are 
noted and the AHxxp and AHHnh values are listed for the stepwise deprotonation of 
the individual ligands. In the case of some ligands (Tiron, CS, PY, and SSA), no 
AHun* values are given for the loss of the second proton, since this dissociation occurs 
only to a small extent or not at all in aqueous solution titrations. The AG values for 
the same deprotonation reactions were calculated by using the appropriate ligand 
log K values and the relationship: AG = --RXln K. AS,,, values were obtained 
from the AH&, and the corresponding AGnnA values through use of the standard 
relationship AG = AH - XAS. 

Comparison of potentiometric and thermometric titration curves for the same 
mixed-&and chelate systems 

The potentiometric as well as the thermometric titration curves for the 1: 1: 1 
Th(IV)-DCTA-CS mixed-ligand chelate system [4*0 x 10-sM in thorium(W)] are 
shown in Fig. 2. An explanation for the potentiometric curve follows. The 1:l 
Th-DCTA chelate is completely formed at the start of the titration, and the buffer 
region up to m = 2.00 represents the titration of the two hydrogen ions freed from the 
chelated disodium salt of DCTA. The second buffer region from m = 2 to m = 4 is 
due to the attachment of the two hydroxyl groups on the chromotropic salt onto the 
1: 1 chelate to form the 1: 1: 1 mixed-ligand chelate. This buffer region terminates in a 
sharp inflection at m = 4 indicating that complete formation of the mixed-ligand 
chelate has occurred at this point. 

The thermometric curve for the same system may be similarly explained. Thus, 
the highly exothermic constant slope region from m = 0 to m = 2 is due to the heat 
liberated by the neutralization of the two hydrogen ions freed from the 1: 1 Th-DCTA 
chelate. At m = 2 the slope changes and we obtain another, slightly less, exothermic 
constant slope region from m = 2 to m = 4 due to the formation of the 1: 1: 1 
mixed-ligand chelate. The overall heat change observed in this region is due to three 
factors : the heat of formation of the mixed-ligand chelate, the heat of neutralization 
of the two hydrogen ions freed from the chromotropic salt, and the heat of depro- 
tonation when these two hydrogen ions are removed from the chromotropic salt. At 
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TAB= I, --THBRMODYNAMIC DATA FOR TED3 DEPlt~ONATlON OF pREB SECONDARY LIDANDs AC(X)~~O 

TOTHBREACI~ON~-,A+H+AT~~~~CA~~=~~(KN~~ 

Range* 
Values* of over which 
inflection WWaS A~~EXP 

kJ/mole 
AHH,,A 

kJ/mole 
AGH,,A 

kJ]mole 
A~H,,A 

Ligand points calculated pKt Jjmo1e.K 

Na&DTA 1 (w) 2(g) 

Na,DCTA l(w) 2(vw) 

TiiOll 

(HAI 
CS 
0-W) 
PY 
(I&A) 
HQS 
t&A) 
SSA 
&A) 
SA 
&A) 
IMDA 
(%A) 
KHP 
(I-IA) 

O-l 

1-2 

O-l 

l-2ll 

o-1 

O-l 

o-1 

O-2 

O-2 

O-l 
l-2 
o-1 
l-2 
O-l 

6.16 

10.26 

6.16 

1235 

7.61 

5.32 

9.19 

3.97 -77.5 

2.62 -95.5 

2.89 
13.6 
2.52 
9.30 
5.00 

-54.3 
+1*3 

-53.6 
-23.3 
-56.1 

-41.7 

-33.1 

-46.3 

-18.6 

-35.6 

-43.4 

-31.4 

+18*2 +35*2 

+13*6 

+25*1 

-l-38*5 
(+35-o): 

+25.5 

+35*2 

+7@6 

+43*5 

+30*4 

+52*5 

+70*9 

+15-o 

-108 
(-+l:p: 

+3*8 +16*5 -43 
+55.2 +77-8 -75 
+6*8 +14.4 -26 

-l-33*1 +53*1 -67 
+0.3 +28.6 -95 

+58*6 

-57 
(-56)§ 
-118 

(-y 

(-88)§ 
-109 

(-lli) 

+ Moles of base added per mole of ligand (=a). 
t p = 0.10 &NO& T = 25”C, reference 1. 
5 ,u = @lo (KNO,), T = 25*3”C, reference 9. 
$ ,U = @lo, T = BO”C, AHE& = +18*3 kJ/mole, AH 

J/mole.K, ASHA = -105 J/mole.K, reference 10. 
HA = + 16.7 kJ/mole, ASH,A = -13 

7 Enthalpogram is rounded between a = 1 and u = 2. At a = 2 there is no well defined end-point, 
and the curved region continues. 
g-good inflection 
w-weak inflection 

vw-very weak inflection 

m = 4, the curve reverts to that for addition of excess of reagent. In some instances 
there is a slight delay or curvature at this point, indicating minor hydrolysis. 

The other mixed ligand chelate systems (not shown) in the present study exhibit 
the same correspondence as seen in Fig. 2, between the thermometric and potentio- 
metric curves. The 1: 1: 1 Th-EDTA-secondary ligand chelate systems exhibit 
potentiometric curves having inflections at m = 2 and m = 4 for PY, CS Tiron and 
HQS; m = 3andm = 4forSAandIMDA: m = 4andm = 5forSSA; andm = 2 
and m = 3 for KHP. Mixed-ligand chelate formation occurs in the regions between 
these in&&ion points. 

Determination of AHfor the formation of the mixed ligand chelates 

The AH due to the actual coupling of the secondary ligand onto the simple 
metal-primary ligand chelate according to the reaction: 

ML+A-+MLA (A&LA) (3) 
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was sought. The actual reaction, however, has a heat output which is due, as ex- 
plained earlier, to three separate factors, and is represented by the equation: 

ML + H,A + nOH- --t MLA + nH,O (AHExP,). (4) 

Thus the AHxxr, includes: (a) the heat of neutralization; (b) the heat of depro- 
tonation; and (c) the heat of the actual mixed-l&and complex formation, AHm,. 
The heat of neutralization (a) is easily accounted for, but as stated above, not all the 
AHEn, values were obtainable. Thus in some cases only a value for the combination 

of (b) and (c) (AHr,r~+u~, ) could be obtained. This value is the result of the reaction: 

ML + H,A + MLA + nH+ WMLA+H,A>. (5) 

In the cases for which the AHn”A values could be obtained, AHMLA values were 
calculated. 

The thermodynamic results obtained from the thermometric titrations of the 
various mixed-ligand chelate systems are presented in Table II. The m-values between 
which mixed-ligand chelate formation occurs, and from which the thermometric data 
were taken, is noted for each system. The AHuxr, and AHMr,A++H,A values for each 
secondary ligand as well as the AHMLA values are listed. AGmA was calculated from 
the log K values reported previously’ for mixed ligand chelates. ASmA for mixed 
ligand chelate formation was obtained from AHmA and AGMr,A values. 

DISCUSSION 

Comparison of literature values and thermometric values for secondary ligand 
deprotonation 

Calorimetrically determined values of AH n,A and AS for the deprotonation of the 
free ligands EDTA and DCTA have been reported by Anderegg,s while those for 
HQS have been reported by Gutnikov and Freiser. lo These values compare favourably 
with those obtained thermometrically (see Table I). Agreement is good for all the 
ligands except disodium DCTA. This discrepancy is due to a kinetically slow step, 
indicated by a curved region on the enthalpogram. Adjustment of the thermometric 
value to compensate for the slow step would yield a value close to that reported by 
Anderegg. Thus, to apply thermometric titrations successfully to the determination of 
such values, one must carefully consider the speed of reaction vs. titrant addition 
rates, heat leak rates, and subsequent reactions. 

The agreement between the literature values and thermometric values for AH,,, 
shown in Table I demonstrates the validity of the thermometric method to obtain 
thermodynamic data of this type. 

The energetics of mixed-ligand chelate formation 

Table II reveals that the favourable AG for the formation of mixed ligand chelates 
results principally from favourable positive ASmA values. AHmA is seen to vary 
from favourable to unfavourable With apparently little effect upon AG. The large 
entropy value is primarily due to the release of hydrated water molecules from both 
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TABLE II.--THERMODYNAMIC DATA FOR THE FORMATION OF MIXED LIGAND CHELATES FROM THE ADDITION OF 

ONE MOLE OF SECONDARY WAND @&,A) To THE 1: 1 PRIMARY LIGAND CHELATE AT 25°C AND ,U = @lo 
W’W 

m values 
between 

which 
Secondary mixed 

Primary l&and EDTA Primary ligand DCTA 

ligand Egand A&m AH~A+H,A AH- AGXJ,A ~~~~ AHaxp A&LA+E,,A AHmu A%A AS- 
complex 

OCCllrS kJ/mole J/mole. K kJ/mole J1mole.K 

cs 2-4 -68.2 44.8 - -78.1 - -65.2 47.8 - -75.1 - 
Tiron 2-4 -97.2 15.8 - -76.6 - -84.6 28.4 - -72.4 - 
PY 2-4 -61.8 51.1 - -73.7 - -59.5 53.5 - -70.1 - 

:;A 
3-4 -20.7 35.8 -19.4 -61.1 140 -20.5 36.0 - - 

4-S -24.8 31.7 -53.1 -21.5 35.0 - X7 

HQS 2-4 -81.2 31.8 -G3 -39.9 111 -93.0 20.0 -18.5 -38.3 6 
IMDA 3-4 -13.4 43.2 + 10.0 -38.3 162 -19.9 36.6 +3-s -34.9 129 
KHP 2-3 -32.7 23.8 +23.5 - 17.7 138 -35.5 21.0 +20*7 -15.0 120 

m = moles of base ad&d per mole of metal ion present. 
l At 253°C. cc = @lo (KNOs), reference 11. 

the free ligand and the metal ion in the simple 1: 1 chelate upon mixed-l&and chelate 
formation. 

The inability to obtain explicit AHmA values for certain secondary ligand systems 
does not prevent a meaningful comparison between the A&LA++H,4 values of the 
EDTA and DCTA mixed ligand chelates of the same secondary ligands. This is so 
because the heat of deprotonation for a given secondary ligand is constant during 
mixed-ligand formation, even though in certain cases it may be indeterminable. Thus, 
for any given secondary ligand the effective heats of mixed-ligand addition for the 
EDTA system may be compared with those for the DCTA system. 

The EDTA mixed-ligand chelates were previously1 found to be more stable than 
the analogous DCTA mixed-ligand chelates, as is evidenced in the comparison of the 
AG MLA values for the various secondary ligand additions. The buffer region in which 
the mixed-ligand chelate is formed occurs at a higher pH with DCTA than with EDTA. 

This enhanced stability of the EDTA system cannot be accounted for by enthalpy 
effects, since the AHvalues for the two systems can be seen to show no definite trend in 
relation to each other; the AHmL++H,4 values involving the secondary ligands CS, 
PY, Tiron and SSA are more positive for the DCTA system, while the opposite is true 
for the ligands HQS, IMDA and KHP. Consequently, the greater stability of the 
EDTA mixed-ligand chelates must depend on entropy effects, which is evidenced by 
the more favourable positive A&, values. This effect is probably due to less 
saturation of the co-ordinating tendencies (less effective shielding of the charge) of the 
thorium(N) ion in the simple 1: 1 Th-EDTA chelate. This leads to greater hydration 

and subsequent release of a greater number of water molecules upon mixed-ligand 
chelate formation. 

Zusammenfassrmg-Chelate mit verschiedenen Liganden, die aus zwei 
verschieden, an ein Thorhun(Zentralion gebundenen mehr- 
zzihnigen Liganden bestehen, wurden in w%kiger Liisung hergestellt 
und ihre Bildungswknen thermometrisch untersucht. Brenzcatechin, 
Tiron, Chromotropsiiure, Kaliumhydrogznphthalat, IHydroxy- 
chinolin-5-sulfonskue, Iminoessigskue,~ 54ulfosalicylstiunz und Sali- 
cyMure wurden als Zweitliganden, Athylendiamintetraacetat und 
1,2-Diaminocyclohexan-N, N, N’, N’-tetraacetat als Erstliganden 
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eingesetxt. AH-Werte ftir die Bruttoreaktionen werden angegeben und, 
soweit moglich, AH- tind AS-Werte spexiell ftir den Eintritt des 
Zweitliganden berechnet. Die Bruttostabilittit der gemischten Chelate 
tmd die erhiihte Stabilitlt der gemischten Chelate mit EDTA, ver- 
glichen mit den analogen DCTA-Chelaten, beruht offenbar eher auf 
Entropie- als auf Enthalpieeffekten. 

R&n&-On a prepa& en solution aqueuse des chelates de ligands 
mixtes consistant en deux ligands differents B multicoordination lies B 
un ion thorium (IV) central, et l’on a &die thermometriquement leurs 
chaleurs de formation. Les pyrocatkhol, tiron, acide chromotropique, 
phtalate acide de potassium, acide I-hydroxquinol&ne S-sulfonique, 
acide iminoa&ique, acide 5-sulfosalicylique et acide salicylique ont 
et6 utilis6s comme ligands secondaims, tandis que l’ethylenediamine- 
t&a&ate et le 1,2-diaminocyclohexane N, N, N’, N’-t&rac&ate ont 
6t6 utilis6s comme ligands primaires. On donne les valeurs AH pour 
les reactions globales et, lorsque c’&ait possible, les valeurs AH et AS 
pour l’addition sp&itIque du ligand secondaire ont et& calcuRes. On a 
trouv6 que la stabilite d’ensemble des chklates de ligands mixtes et la 
stabilite accrue des chelates mixtes d’EDTA par rapport aux chelates 
analogues de DCTA sont dues a des influences d’entropie plutot que 
d’enthalpie. 
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VERWENDUNG VON ALKYLPHOSPHORSAUREN 
IN DER ANALYTISCHEN CHEMIE 

EXTRAKTION VON GALLIUM(II1) AUS LGSUNGEN 
SAUERSTOFFHALTIGER SAUREN MIT Lt)SUNGSMITTELGEMISCHEN 

I. S. LEWN und N. A. BALAKIREVA 
Institut fur physikalisch-chemische Grundlagen der Aufarbeitung van 

Mmeralstoffen, Novosibirsk, Derzhavina 18, U.S.S.R. 

(Eiqppgen am 14. M&z 1968. Revidiert am 27. Oktober 1969. 
Angenommen am 31. M&z 1970) 

Z~allium(III) kann durch kombination xweier 
Extraktionsmittel (M2EHPS mit TEtP, oder M2EHPS mtt Methyl- 
hexylketon) aus schwefel- oder bromwasserstoffsauren u)sungen 
von Aluminium abgetretmt werden, wobei Gallium in der organischen 
Phase verbleibt. Alle andere extrahierten Metallen werden mittels 
selektiver WaschlOsungen abgetremt. 

GALLIUM(ITI) kann durch Extraktion mit Pyroalkylphosphorsiiuren (PAPS) von 
den meisten Begleitstoffen au&r Aluminium abgetrennt werdenr Zur Gallium- 
bestimmung wird dann die organische Phase mit Oxalsaure extrahiert und Gallium 
mit Malachitgrtin photometrisch bestimmt,a wobei Ahuninium nicht stiirt. Bei der 
komplexometrischen Galliumbestimmung jedoch miissen Aluminium und Oxalsirure 
abwesend sein. In der folgenden Arbeit wird daher ein Verfahren zur gleichzeitigen 
Abtrennung des Galliums(II1) von Aluminium(IIl) und Begleitelementen beschrieben. 
Als Extraktionsmittel dient Mono-2-tithylhexylphosphorsiiure (M2EHPS)* sowie ein 
Gemisch von M2EHPS mit verschiedenen Antagonisten. 

Galliumbestimmungen im Milligrammbereich wurden komplexometrisch mit dem 
Indikator Xylenolorange4 und im Mikrogrammbereich photometrisch mit Malachit- 
grtins ausgeftihrt. 

Abtrennung von Ga(II1) und Al(II1) mit MonoalkylphosphorsiiUre 

Es wurde (Abb. I-3) die Abtrennung des Ga mit M2EHPS aus mineralsauren 
Lbsungen verschiedener Konzentration untersucht. Es zeigt sich, da13 durch Anderung 
der Sliurekonzentration in der wiil3rigen Phase eine getrennte Extraktion von Ga(II1) 
und Al(IIl) mittels M2EHPS unmiiglich ist. Auch das Zusammenwirken von Tri- 
alkylphosphaten S, wobei S such Alkohole oder Ketone sein kijnnen und Sguren 
(HX = Schwefel- oder Salpetersfure) im System Me(III)-M2EHPS-S-HX bewirkt 
keinen Trenneffekt (Abb. 4). 

Jedoch Itit sich Gallium(II1) von Alkoholen, Trialkylphosphaten und Ketonen 
aus Liisungen verschiedener Halogenwasserstoffkonzentration (Abb. 5) sehr gut 
extrahieren. In diesem System liegen die Trennfaktoren 

B QelAl = =&/DA.I 

+ Die extraktiveGalliumabtremmng mit Dialkylphosphorslbtren istwegen xu niedrigerVerteihmgs- 
koe&iemen unmoglich.” Monoalkylphosphorsiren sind nach einem bereits beschriebenen 
Verfahren zugiinglich.6 Zur Herstelhmg von Galliumh5sunge.n wurde Gallium hoher Reinheit 
in den entsprechenden Siluren aufgelbst. 

915 
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ABB. l.-VerteihmgslcoefEzienten von GaO und Al(III) in Abhtigiglceit von der 
H&O,-Konzentration in der w&igen Phase. 
Organische Phase: 1 ,SN M2EHPS in Heptan 

Kurve 1: Ga, l,lSmg/ml 
Kurve 2: Al, 4 mg/ml. 

ABB. 2.-Verteilungskoef6zienten von Ga(IIIJ und Al(III) in AbhQigkeit von der 
HBr-Konzentration in der wiiDrigen Phase. 

Organ&he Phase: 1,5N M2EHPS in Heptan 
Kurvel: Ga,lmg/ml 
Kurve 2: Al, 3 mg/ml. 
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ABE. 3.-Verteihmgskoetlizienten von Ga(III) und AMIII) in Abhiingigkeit van dw 
HCl-Konzentration in der wW@n Phase. 

Oreanische Phase: 1 SN M2EHPS in He~tan 
0 

Kurvel:.Ga, lmg/ml * 
Kurve 2: Al, 3 mg/ml. 

ABB. 4.-VerteihmgskoefEzienten von Ga(III) und Al(m) in Abh&ngigkeit van der 
H$O,-Konzentration in der wZU3rigcn Phase. 

co* = 1,77mg/ml; CM = 2,l mg/ml 
I. Org. Phase: M2EHPS (0.75N) und TBP (1.88N) in Heptan 

Kurve 1: Ga; Kurve2: Al 
II. Org. Phase: M2EHPS (0,75N) und 2EHA (3N) in Heptan 

Kurve 3: Ga; Kurve4: Al 
III. Org. Phase: MZEHPS (0,75N) und MHK (3,2N) in Heptan 

Kurve 5: Ga; Kurve 6: Al. 
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(D = entsprechende Verteihmgskoeffizienten) bei etwa 102. Im System Me(III)- 
M2EHPS-S-HX, wobei HX = HCl oder HBr, ist die Komponente S von groSer 
Wichtigkeit. 

Untersucht wurden die Systeme 

Ga(III>-M2EHPS-TBP-HBr (TBP = Tributylphosphat) 

Ga(III)-M2EHPS-2EHA-Hbr (2EHA = 2-Ethylhexylphosphat) 

Ga(III)-M2EHPS-MHK-HBr (MHK = Methylhexylketon) 

als Funktion der Bromwasserstoffs&rrekonzentration (Abb. 6). Es zeigt sich, da8 

2 
t 

ABE. 5,VerteihmgskoefEzienten von Ga(III) und AI(UI) in Abhiingigkeit von der 
HBr-Konzentration in der wiiDrigen Phase. 

cQs = 1,77 mglml; CD = 2,l mgjml 
I. Org. Phase: TBP (3,76iV) in Heptan 

Kurve 1: Ga; Kurve2: Al 
II. Org. Phase: 2EHA (6iV) in Heptan 

Kurve 3: Ga; Kurve4: Al 
III. Org. Phase: MHK (6,4N) in Heptan 

Kurve 5: Ga; Kurve 6: Al. 

in diesen Systemen M2EHPS die Rolle eines Antisynergentemuittels spielt. M2EHPS 
allein vermag Ga(II1) nur in geringem Umfang aus HBr-Liisungen zu extrahieren. 
Durch Erhohung der Aciditit (Zugabe von Schwefelsiiure) jedoch wird Do, merklich 
griiSer (Abb. 7), w&rend Al(II1) unter diesen Bedingungen kaum extrahiert wird. 

Abbildung 8 zeigt den gemeinsamen EinfluB von MZEHPS und TBP auf das 
Extraktionsverhalten von Ga(II1) und Al(II1). Die Verteilungskoethzienten ergeben 
fiir dieses System Trennfaktoren von 10s bis 105. 

Bei Verwendung ein Semisch von TBP + M2EHPS wird bereits durch ein- bis 
zweimalige Extraktion eine Ga/Al-Trennung erreicht. Aber wie aus Tabelle I zu 
ersehen ist, hat die Aluminium-konzentration in der warigen Phase einen EinfluB 
auf der Verteilungskoe%zient Do,. Diese Stoning kann durch Einstellung der zu 
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ABB. 6.-Verteilm@oe%Izienten van Ga(III) und Al(III) in Abh&ngigkeit van der 
HBr-Konzentration in der w%igen Phase. 

co. = 1,77 mg/ml; cm 5 2,l mglml 
I. Org. Phase: M2EHPS (0,75N) und TBP (1,88N) in Heptan 

Kurve 1: Ga; Kurve 2: Al 
II. Org. Phase: M2EHPS (0,75N) und 2EHA (3N) in Heptan 

Kurve 3: Ga; Kurve4: Al 
III. Org. Phase: M2EHPS (0,75N) und MHK (3,2N) in Heptan. 

Kurve 5: Ga; Kurve6: Al. 

extrahierenden Lijsung auf pH 4-5 behoben werden, wobei der pH so gewiihlt wird, 
dal3 die Ausftilung von Hydroxiden unterbleibt. 

DISKUSSION 

Im folgenden wird ein allgemeines Verfahren xur Abtrennung von Ga(III) aus 
Liisungen, die Beimengungen an Kupfer, Zink, Cadmium, Kobalt, Eisen u.a. 
enthalten, beschrieben. 

Fe(III) wird xuniichst xu Fe(U) reduziert und verbleibt bei der Extraktion mit 
M2EHPS in der w&igen Phase. Dabei geht TI(II1) in Tl(1) such ilber. Die Beg- 
leitelemente, die bei der Extraktion mit M2EHPS in geringem Umfang in der organis- 
then Phase nachxuweisen sind (Tabelle III), werden durch Waschen mit konxentrierter 
Perchlors&ue entfernt. 

Nach Abtrennung dieser schlecht extrahierbaren Elemente mit Perchlorslbrre 
l33t sich Ahuninium durch Zugabe des Schwefelsliure-Bromwasserstoffs&tre-Gemis- 
ches nur schwer wieder aus der organ&hen Phase extrahieren. Vermutlich verbleibt 
Al(II1) in Form von gemischten Ga-Al-Komplexen in der organischen Phase. Ftir 
diese Ann&me spricht die ungestijrte Al(III)-Abtrennung aus galliumfreien Liisungen. 
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ABB. 7.-VerteihmgskoefIizient van Ga(III) in Abhiingigkeit van der H,SO,-HBr- 
Konzentration in der wWigzn Phase. 

Organ&he Phase: MZEHPS bzw. TBP in Heptan 
%S = I,77 m&l; C~=WS = l,SN, CTB~ = 3,76N 

Kurve 1: M2EHPS, 3N H,SO, Kurve 4: TBP, 3NH,SO, 
Kmve 2: M2EHPS, 7N HISO, Kurve 5: TBP, 7NH$O, 
Kurve 3: M2EHPS, 12iVHsSOI Kurve 6: MZEHPS 

ABB. 8,VerteihmgskoefEzienten von Ga(III.) und Al(III) in Abhiiagigkeit von der 
H,SO,-HBr-Konzentration in der w%&igen Phase, 
Organ&he Phase: M2EHPS + TBP in Heptan. 

CQ* = 1,77 mg/ml, cu = 2,l mg/ml, cx,lwe = 0,75Nund CR, = 1,88N 
Kurve 1: Ga, 3NHsS01 Kurve 4: Al, 7N H&O, 
Kurve 2: Al, 3NH$O, Kurve 5: Ga, 12N H,SO, 
Kurve 3 : Ga, 7N H&SO, Kurve 6: Al, 12NH,SO, 
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TABELLE I.-EINFLUSS DES ~UMINIUMS AUF DER EXI’RAKTION VON GALLIUM MIT 
TBP UND MZEHPS 

[Gal 
In der w&k&en 

Phase, mgll. 
[All 
gll. 

[Gal 
in der w&&en 
Phase nach einer 

Extraktion, 
mgll. DC+?+ 

925 
925 

;z 
927 

93 
93 
94 
94 
95 

0 
6 

12 

: 
0 
6 

:: 
24 

6 

1:: 
162 
166 

2 
13 
28,4 
38,4 
43 

153 
11,7 
5,38 
4,71 
4,58 

45,5 
6,15 
2.29 
1;45 
1,20 

TABELLZ II.-TRENNUN~~ DBS GALLJUMS VON ~4~umaur.i DURCH EXTRAKTION MIT TBP UND 

MZEHPS 

Al:Ga 

Ga, gefunden 
im Reextrakt, 

gll. 

Al, gefunden 
bei W&chen, 

gll. 

24 1,42 
24 0,142 
25,6 1,42 
31,4 0,142 
25,6 0,07 
0,19 6,8 
0,98 5,68 
2 698 

1; 
2;: 
370 

0,03 
0,2 
093 

1944 
0,142 
1,45 
0,136 
0,08 
6,58 0,178 
5,39 0,102 
6,71 2,ll 

vo:v* = l-5:1, [MZEHPS] = 0,75N, WB] =1,88N. 

In Anwesenheit von Ga(III) werden 45-65 % Al ausgewaschen. Yedoch, wenn man 
die organische Phase vorlliufig mit Wasser auswascht, wird das al leicht durch Zugalee 
des SchwefelsCre = Bromwasser - stoffsiiure = Gemisches reextrahiert. 

Zusammen mit Gallium(II1) befinden sich In, TI(III), Sb(III), Bi, Sn(II), Sn(IV) 
U, Th, Zr, Hf, SC, Seltene Erden, Ti u.a. in dem M2EHPS-Extrakt. Davon sind Ti, 
Zr, Hf, SC mu schwer wieder aus der organischen Phase zu entfemen. Liegen in der 
galliumhaltigen L&sung In(III), Sb(III), Sn(I1) und Bi(II1) vor, dann konnen sie, wie 
Abb. 9 zeigt, durch zustitzliche Extraktion mit 2-Athylhexanol und Salz&lure aus der 
organischen Phase abgetrennt werden.6 

Isolierung von Ga(III) aus Llisungen vorgegebener Zusammensetzung 

Der in Abb. 9 gezeigte Trennungsgang wurde an einer Losung folgender Zusam- 
mensetzung geprtift : 

Konzentration 
Element (gll.) 

234 
1,42 

U3W. 

3 
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Extraktionsmittel MZEHPS 
Ga-halt&e HaSO,, HNO*. HCIO,-saure 
Losungen 

j. ’ 

1 Extraktion 1 

I 2-Athylhexanol + HCI 

X-1 

TBP+ H,SO,+ HBr 

-1J------ 

-1 I,,,,,,,:1 

HSO, 

CY v- 

ABE. 9.-Extraktionsschema zur Isolierung von Ga. 

Die Galliumkonzentration nach Ausfiihrung des Trennungsganges betrug 1,15 g/l., 
die der vorgegebenen Liisung 1,18 g/l. 

EXPERIMENTELLER TEIL 

Galliumhaltige Zwischenprodukte aus Tonerdebetrieben werden zunachst nach den fiblichen 
Verfahren aufgeschlossen. Dann stellt man mit Lauge in den schwach salpeter- oder perchlorsauren 
Losungen einen pH-Wert zwischen 4 und 5 ein und extrahiert mit dem l$fachen Volumen einer 
Msung von 2N M2HPS* in Heptan. Sollte die urspriingliche Losung Fe(III) en&then, dann wird 
zun&hst mit fester Ascorbin&ue reduziert. Die Vollstamligkeit der Reaktion wird durch das 
Ausbleiben der Eisen(HI)-thiocyanatreaktion auf Filterpapier geprtift. 

* M2HPS ist ein Gemisch aus 92-93% MZEHPS und 7-S’% DZEHPS. Dieses Extraktions- 
mittel entsteh@ bei. der Einwirkung von P,O, auf ROH nach P,O, + 2 ROH --c R*H,P,O, 
und nachfolgender sechsstiindiger Hydrolyse mit HCl (1: 1). 
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Me [Me] : [Gal 

Ni 
co 

cu 

i&II) 
Pb 

Hg 

Zn 

40 

ii 
40 
40 

: 
40 
16 
16 
I,19 
7,79 0,142 

20 1.42 
20 11142 
64 1,42 
64 0,142 

1,42 28,2 
0,142 282 
1.42 2892 
0,142 282 
1142 28,2 
0.142 282 
I;42 
0,142 
1,42 
0,142 
1.42 

28.2 
282 

11,3 
113 

5,s 
55 

1: 
45 

450 

1,39 
0,140 
1,42 
0,146 
1.37 
0,150 
1.15 
0j146 
I,44 
0,143 
1.40 
0.144 
1,39 
0.136 
1;41 
0,146 

V, : V, = 1.5 :I, [M2EHPS] = 2N, lulsungsmittel Heptan. 

Die Extraktion erfolgt unter Schtitteln (Schtitteldauer 1 Minute). Die organ&he Phase wird 
zweimal mit konzentrierter Perchlors&u-e und dann eimnal mit Wasser gewaschen, wobei die w&a- 
rigen Phasen jeweils verworfen werden. Zur Abtremnmg des Altiniums wird die organische Phase 
mit dem gleichen Volumen TBP versetzt und Ahuninium durch Ausschiitteln mit demselben Vohnnen 
einer L&ung, die 7N an Schwefels&rre umd 7N an Bromwasserstoffsiiure ist, entfemt. Zur Isolierung 
des Galliums wird die verbleibende organische Lbsung zweimal mit 4N Schwefeltiure extrahiert und 
Gallium dann in den vereinigten L&mngen komplexometrisch bestimmt. 

Dazu wird die gallliumhaltige Liisung mit Wasser auf60-70 ml gebracht, ein oberschup an 0,OlM 
Komplexonlosung zugegeben, auf 70” erhitzt und dann mit Ammoniak bis zur Rotftibung von 
Kongorot neutralisiert. Nach Zugabe des AcetatpuBers vom pH 5 wird die Losung mit wenigen 
Tropfen Xylenolorange versetzt und mit 0,OlM Zinknitratkisung bis zum Farbton rosa titriert. 

Die Galli ummenge errechnet sich nach 

Ga = 0,697( V, - VJ mg 

wobei V, (m1) das zugesetzte Komplexonvolumen und V, (ml) der Verbrauch an Zinknitrat bedeuten. 
Anwendung fand das Verfahren bei der Analyse von Zwischenprodukten, wie sie in Toner- 

debetrieben vorkommen. Diese Produkte enthalten nach anderen Bestimmungsmethoden~ ermittelte 
Galliumbeimengungen von 0,48x. Nach dem hier beschriebenen Verfahren wurde aus 10 Bestim- 
mungen ein Galliumgehalt von 0,49 f 0,02x ermittelt. 

SmmmuT-Gallium(III) can be separated from aluminium in sulphuric 
or hvdrobromic acid medium bv svneraic extraction with a combination 
of mono(%ethylhexyl)phospho& acia and tributyl phosphate., or of 
mono(2ethylhexyl)phosphoric acid with hexyl methyl ketone. All 
other metals extracted are removed by selective stripping reactions. 

R&wmkLe Gallium(II1) peut Qtre &pare de l’aluminium en milieu 
d’acide sulphurique ou hydrobromique par extraction synergique avec 
une combinaison d’acide mono(2-ethylhexyl) phosphorique et de 
phosphate de tributyl ou avec rme combinaison d’acide mono(2- 
ethylhexyl)phosphorique et de ketone d’hexyl methyl. Tous les 
autres metaux extraits sont preleves par reactions lamellisantes 
selectives. 
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Smnma~-Thorium was precipitated from homogeneous solution 
by exposing solutions of thorium and periodate in dilute perchloric 
acid to 253.7 nm radiation from a low-pressure mercury lamp. Period- 
ate is reduced photochemically to iodate which causes the formation 
of a dense precipitate of the basic iodate of thorium(IV). The precipit- 
ate was redissolved, the iodate reduced, the thorium precipitated 
first as the hydroxide, then as the oxalate and ignited to the dioxide 
for weighing. Thorium(IV) solutions containing S&200 mg of ThOI 
gave quantitative results with a standard deviation (s) of @2 mg. 
Separations from 25 mg each of iron, calcium, magnesium, 50 mg 
of yttrium and up to 500 mg of uranium(V1) were quantitative (s = 
0.25 mg). Separations from rare earths, except cerium, were accom- 
plished by using hexamethylenetetramine rather than ammonia for 
the precipitation of the hydroxide. Cerium(III) was similarly precip- 
itated and converted into CeO, for weighing. Quantitative results 
were obtained for 13-150 mg of CeQ, with a standard deviation of 
0.2 mg. Separations from 200 mg of uranium were quantitative. 
Other rare earths and yttrium interfered seriously. The precipitates 
of the basic cerium(IV) and thorium iodates obtained are more compact 
than those obtained by direct precipitation and can be handled easily. 
Attempts to duplicate Suzuki’s method for separating cerium from 
neodymium and yttrium were not successful. 

PRECIPITATION from homogeneous solution (PFHS) has been effected by a number of 
methods,l but until recently, photochemical oxidation or reduction had not been 
applied. Yen and Yang* produced non-quantitative precipitation of tantalum selenite 
from homogeneous solution by the photo-induced oxidation of oxalate by bromine in 
the presence of manganese(U) chloride. The tantalum was originally complexed by 
the oxalate and after oxidation of the oxalate, the tantalum precipitated as the 
selenite. Suzuki* reported a method for the photochemical separation of cerium from 
some other rare-earth elements by a photochemical method which involved the 
IO,--IOs- system. We did not become aware of his work until after the publication 
of our preliminary communication.4 

Thorium and some other elements are frequently precipitated as the iodates. Stine 
and Gordona introduced a PFHS method for thorium, based on the reduction of 
periodate by 2-hydroxyethyl acetate, resulting in the precipitation of thorium iodate. 
In order to achieve a separation from rare earths, a 253M nitric acid solution had 

* Present address: Department of Chemistry, University of Tabriz, Tabriz, Iran. 
t Leave of absence, Roorkee University, Roorkee, India. This paper was presented in part before 

the Division of Analytical Chemistry, 154th and 155th National Meetings, American Chemical 
Societ 

*B 
, 

in-Ar 
Chicago, Ill., 1967 and San Francisco, Calif., April 1968. Work supported by a Grant- 

from the Graduate School, Boston University and by the National Science Foundation 
Grant GP-7532, and taken in part from the Ph.D. Thesis of M. Das, Boston University, 1967. 
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to be used. Meyer and Spetera had used 7M nitric acid in the direct precipitation of 
thorium iodate, but Stine and Gordon recognized that such a high concentration of 
acid caused an intolerable loss of thorium which appeared to be partially compensated 
by co-precipitation of silica. On the other hand, too low a concentration of nitric 
acid allowed the co-precipitation of cerium. Inasmuch as Stine and Gordon’s method 
does not provide for a separation from cerium, a lower acid concentration was used. 
Meyer and Speter had to add a very large excess of the expensive iodate in order to 
decrease the solubility of thorium iodate. In all these methods, the thorium iodate 
precipitates as a mixture of different iodates. Consequently, it is necessary to convert 
the thorium into a weighable form such as ThOZ. However, direct ignition of the 
iodate to ThOz does not succeed, requiring the precipitate to be dissolved and thorium 
precipitated as the oxalate. Special modifications were used in the separation from 
rare earths and from uranium to decrease interferences. 

The work reported here applies the photochemical reduction of periodate to the 
in situ precipitation of thorium. Head and co-workers’** have demonstrated that 
metaperiodate is readily reduced to iodate by the action of ultraviolet radiation. 
Periodate shows an absorption maximum at 220 nm (E = 980 l.mole-l.mm-l) and 
an absorptivity of 180 l.mole-l.mm-l at 253~7 nm. Because of the high absorbance of 
the nitrate ion in the ultraviolet and the low absorbance of perchlorate, perchloric 
acid solutions have been used throughout this work. It has been found that for 
thorium the optimum perchloric acid concentration range is I-O-1*8M, the solubility 
of thorium iodate then being very low, requiring only a small excess of iodate. 

We modified the procedure involving the in situ generation of iodate from the 
photoreduction of periodate so that it could be applied to cerium. It is known9 that 
cerium(II1) in perchlorate solution is photochemically oxidized to the quadrivalent 
form, albeit with a low quantum yield. Furthermore, in dilute acidic solutions, 
periodate does not oxidize cerium(II1) to (IV). It was, therefore, of interest to see 
whether cerium(II1) perchlorate solutions in the presence of periodate would undergo 
photochemical oxidation-reduction with the formation of insoluble ceric iodates. 
Inasmuch as ceric periodate is only sparingly soluble, it would be preferable to start 
with the more soluble cerium(II1) periodate and, after irradiation, obtain the insoluble 
ceric iodate. 

Brinton and JameslO utilized the low solubility of cerium(IV) iodate in developing 
a method for the precipitation of cerium in dilute nitric acid solution. Willard and 
Yull oxidized cerium(II1) to (IV) with peroxydisulphate or bromate in 0.5M nitric 
acid in the presence of iodate and obtained a dense precipitate of ceric iodate by this 
PFHS method. Reprecipitation of the cerium was required, however, in order to 
accomplish satisfactory separations from equal amounts of rare earths. 

In order to avoid the precipitation of the cerium(IV) periodate, Suzuki,* who 
started with cerium(IV), added potassium periodate in small portions during the 
irradiation period. By starting with cerium(II1) and sodium periodate, we avoided 
the formation of cerium(IV) periodate, and the disadvantages of the low solubility of 
potassium periodate. Suzuki carried out the photochemical reduction in 0.7-0.8M 
sulphuric acid. He claimed excellent separations of cerium from neodymium and 
yttrium. We have made repeated attempts to duplicate his results, using his method, 
but have found that neodymium is co-precipitated to the extent of 5-8 % and yttrium 
to an even greater extent. 
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EXPERIMENTAL 
iYqffl@nt and reagents 

Lump. A helical-coil low-pressure mercury resonance lamp with a quartz envelope, Nester/Faust 
Co. Model NFUV-100, was used. Approximately 85-90x of the output is at 253.7 mn. An in- 
expensive Sylvania lamp, H 37-5 ICB/RS which IS used for street illumination, was mod&d by 
cutting an opening into the external glass envelope. It was used for some. of the work and gave 
equivalent results with one-half the irradiation times. 
dissipated with a slow stream of air. 

The larger heat generation from this lamp was 

Thorium percklorute. Reagent grade Th(N0&4H,O was repeatedly evaporated with a small 
excess of 60% perchloric acid. After dilution, the solution contained approximately 0.56 g of ThO, 
and 1 g of 60% perchloric acid per 100 ml. 
of Vogel’s method.” 

The thorium content was determined by the modification 
A volume of solution containing about 100 mg of ThOI was mixed with 225 ml 

of water and 5 ml of concentrated hydrochloric acid and heated to boiling. 
10% oxalic acid dihydrate solution were added slowly. 

With stirring, 55 ml of hot 
The hot solution was digested for 2 hr and then 

allowed to stand overnight at room temperature. The solutions were filtered through a medium 
ashless tilter paper; the precipitate was washed with 150-200 ml of wash solution, dried, ashed, and 
ignited at 700-800” in an electric muflle and weighed as ThOs. The wash solution consisted of 2.5 g 
of oxalic acid dlhydrate dissolved in 3.5 ml of concentrated hydrochloric acid diluted to 100 ml. 

Cerhm(ZZZ)percklorate solution. The calculated amount of Ce(C103,*6H10 was dissolved in 1% 
perchloric acid to make a 0*025M solution. The solution was standardized gravimetrically by 
nrecinitatinz cerium(IID oxalate: 25 ml of the nerchlorate solution were diluted to 75 ml. heated to 
boil&g, ana 25 ml of lb% oxalii acid solution’were added slowly with constant stirrhrg: The pre- 
cipitate was allowed to stand for 2 h, filtered off on ashless paper, washed with cold 2% oxalic acid 
solution, dried, ashed, and ignited to CeO, at 908”, following the recommendations of Brinton and 
James.*O 

Solutionsof rare earths, uranium, and yttrium. Appropriate amounts of the nitrates were dissolved 
and heated to fumes with a small excels of percl&ric~acid, or alternatively, the carbonates were 
treated with a small excess of dilute perchloric acid. The rare-earth and yttrium compounds were of 
at least 99.9 % purity, and were examined spectrographically for the presence of interfering elements. 
The solutions were analysed by precipitation of the rare earths or yttrium as the oxalates and ignition 
to the oxides by the standard procedures. Reagent grade many1 nitrate was used. Uranium was 
determined by the precipitation of ammonium diuranate and ignition to UIOB by standard procedures. 

All other reagents used were A.C.S. reagent grade. 

Proceahres 

Pkotockemicalprecipitation of thorium. The exposures were carried out by placing the solution to 
be photolysed in a 100 x 50mm crystallizing dish under the mercury lamp which was held in a 
honzontal position about 50 mm above the level of the solution. Altinium foil over the top of the 
lamp increased the available radiation by reflection and shielded the o rator from the direct radiation 
when the opaque fume-cupboard window was opened for inspection r 
goggles must be worn). 

protective ultraviolet-absorbing 

The solution consisted of an appropriate volume of the thorium perchlorate solution, 60 ml of 
water, 10 ml of 60 % perchloric acid-and 4 g of sodium periodate. 
to 8-210 mg of ThO.. 

The range of thorium was equivalent 
Photolvsis times of 4 hr were found to be adeouate. 

After it Gas cooled to room’ temperature, the solution was decanted’and the precipitate transferred 
to Schleicher and Schttll 589 Blue Label (high retention) tllter paper. The precipitate on the filter 
paper and that adhering to the crystallizing dish was dissolved in 100 ml of 1M hydrochloric acid. 
The iodate was reduced to iodide by the addition of solid sodium sulphite until the tri-iodide color 
was discharged. The solution was heated to 60-70” and filtered ammonia solution added until there 
was a slight excess. The resulting thorium hydroxide was filtered off on medium ashless filter paper 
and washed with water until the excess of ammonia was removed. The precipitate was dissolved 
with @5M hydrochloric acid. After dilution to 250 ml, the thorium was determined by the oxalate 
method given above. 

Hexamine precipitation of thorium hydroxide. The solution obtained from the dissolving of the 
thorium iodate was neutralized, after reduction of the iodate, with filtered ammonia solution until a 
slight turbidity appeared; a few drops of hydrochloric acid were then added to remove the turbidity. 
The solution (300 ml) was heated to 70-80” and a 10% hexamethvlenetetramine solution was added 
dropwise with stirring until a white turbidity a 
solution were added. The mixture was d&s teYea 

red, after which an additional 7 ml of the reagent 
for 1 hr at 70”. filtered. and the nrecinitate washed I I 

with water, then dissolved in the dilute hydrochloric acid and precipitated as the oxalate, as above. 
Determination of thorium in thefiltrates. In order to evaluate any thorium loss in these precipita- 

tions, the thorium in the filtrates was extracted with thenoyltrifluoroacetone in benzene in the presence 
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of calcium nitrate at a pH of about 2. The thorium was stripped with 2M nitric acid, and the nitric 
acid removed by evaporation after the addition of a few ml of perchloric acid. Thorium was deter- 
mined by adding 2 ml of concentrated hydrochloric acid and 0.1% thoron solution ([o-(2-hydroxy- 
3,6-disulpho-1-naphthyl)axolbenxene arsenic acid disodium salt) and measuring the absorbance at 
545 run. Aliquots of a standard thorium solution were similarly extracted to obtain a standard 
curve. The extraction was omitted in the case of the filtrate from the oxalate precipitation; instead, 
the oxalate was destroyed by careful evaporation with nitric acid followed by repeated evaporation 
with perchloric acid. 

Analysis of the thorium iodate precipitates. The photochemically prepared thorium iodate was 
filtered off on a sintered-glass crucible, washed with alcohol and dried at 25” for 3 hr. Thorium was 
determined by the oxalate method after the precipitate was dissolved in concentrated hydrochloric 
acid. Iodate was determined by dissolving the precipitate in 2M sulphuric acid, adding an excess of 
potassium iodide and titrating the tri-iodide with standard thiosulphate. The precipitate was also 
analysed s 

kzc* 
troscopically, and was shown to contain less than 0.05 % sodium. 

Photoc mrcalprecipitation of cerium. Samples containing an appropriate amount of cerium(II1) 
perchlorate, 3 ml of 60% perchloric acid and 4 g of sodium periodate in 75 ml total volume were 
irradiated as for thorium. The precipitate of the basic cerium(IV) iodate was allowed to stand for 30 
min, then the supematant liquid was decanted through No. 589 Blue Label filter paper. The pre- 
cipitate was washed 34 times by decantation and transferred to the filter paper with cold water, after 
which the tilter was punctured and the precipitate in the filter transferred into a beaker. The punctured 
filter was added and the mixture was heated with 6 g of solid oxalic acid until no more iodine was 
evolved. An additional 1 g of oxalic acid was added and the mixture heated for a further 5 min. 
About 50 ml of hot water were added, the precipitate was allowed to settle for several hours (usually 
overnight) and the precipitate of cerium(III) oxalate was filtered off on No. 589 Blue Label filter 
paper, washed with 2% aqueous oxalic acid solution, dried, ashed and ignited to CeOI at 800” to 
constant weight. The decomposition of the iodate, conversion to cerium(III) oxalate, and ignition 
essentially follows the precedure in Scott’s Standard Methodr.18 

Determination of lamp ejiciency. The lamp efficiency, and therefore the appropriate exposure 
times, were found by irradiating a solution containing 4 g of sodium periodate and 3 ml (for cerium 
analysis) or 10 ml (for thorium analysis) of 60% perchloric acid and aualysing it volumetrically for 
iodate by the method in Scott’s Standard Methoak .I4 Sutlicient iodate must be formed to provide a 
50 % excess. 

It was found that the amount of iodate produced with a 4-hr exposure suthced for precipitating up 
to 240 mg of thorium or 145 mg of cerium. Such exposures were therefore used in all runs, except for 
those using the Sylvania lamp, in which case a 2-hr exposure was su8icient. 

The quantum yield of the process was determined by irradiating uranyl oxalate solutions, using the 
same experimental geometry. A quantum yield of 0.37 was obtained for the periodate reduction in 
0.9M pcrchloric acid solution. 

RESULTS AND DISCUSSION 

Results for thorium are shown in Tables I-V and for cerium in Tables VI-IX. 

Thorium 

Acidity. With 3.6M perchloric acid the thorium loss was about 5.1 mg of ThO, 
out of 147 mg, as compared to 0.0 mg in solutions which were up to l%‘t4 in per- 
chloric acid. A maximum acidity of l&U perchloric acid was therefore chosen. 

Excess of iodute. The method of Meyer and Speters requires 15 g of potassium 
iodate in the 250 ml of solution in order to keep the solubility of the thorium iodate 
sufficiently low in the presence of 7M nitric acid. In perchloric acid, the solubility 
losses are low and only a small excess of iodate is required. The PFHS method of 
Stine and Gordon6 uses 2.5-3M nitric acid but still suffers a slight solubility loss 
requiring the use of 14 g of sodium periodate followed by the addition of 2 g of 
potassium iodate after the initial reduction, in order to ensure complete precipitation. 
In the photochemical method, only 4 g of sodium periodate are required. This 
presents an appreciable economy, in view of the high cost of periodates. 

Determination of thorium in the$ltrates. Table I shows the weight of ThOs in the 
filtrates from the three methods (as determined by the thoron method) and also in the 
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TABLE I.-THOIUUM IN THE FWRATE (140.0 mg OF ThOs TAKEN) 

Tho, in filtrate 
Method 

average, mg No. of detns., n Std. dew, s, 

Meyer and Spetera 1.45 0.11 
Stme and Gordon PPHB 0.14 d 0.06 
Photochemical PPIIS 0.04 4 0.02 
Oxalate pmcipitationt* 0.13 5 0.08 

filtrate of the oxalate precipitation. The photochemical PFHS method shows the 
lowest thorium loss. No thorium could be found in the filtrates of the thorium 
hydroxide precipitation, which is to be expected in view of its known very low 
solubility. 

Composition of theprecipitate. Chernikov and Uspenskayals gave the composition 
of the precipitate obtained by the method of Meyer and Speter as 4Th(IO&KIOs= 
18H,O, giving an IO,-:Th mole ratio of 4.25 : 1; Moeller and Frit$ found a ratio of 
4.02: 1 and based a volumetric method for thorium on this value. The precipitate 
produced by the photochemical method has an IO,-:Th ratio of 2*26:1. The pre- 
cipitate apparently consists mostly of basic thorium iodate, ThO(IO&, containing a 
small portion of the normal iodate. Inasmuch as the precipitation is used for separa- 
tion, this non-stoichiometric composition does no harm. The composition of the 
precipitate is not surprising in view of the low acid concentration used. 

Determination of thorium. Because of the non-stoichiometric composition of the 
thorium iodate precipitate, direct weighing of the precipitate was not attempted. In 
addition, the presence of non-volatile electrolytes made direct weighing or ignition to 
thorium dioxide impractical at this stage. Water-washing to remove the electrolytes 
would have resulted in excessive solubility losses. The precipitation as the hydroxide 
removes interfering electrolytes and makes the application of the oxalate precipitation 
possible. Although a PFHS of the oxalate could have been applied at this point, 
little would have been gained by doing so. Results for solutions containing known 

TAB= II.-DE~~RMINATION OF THORWM 

ThGP taken, mg Error in ThO, found,7 mg 

8.10. -0.1; 0.0; +0*2; +0*1 
15*05* +0.1; 0.0; 0.0; +0*2 
26.8” -0.3; -0-l; 0.0; +0.2 
39*5* -0.1; 0.0; 0.0; -0.1 
81.1 +0*2; 0.0; +0.2; 0.0 

122.7 +0.1; -0.4; -0.3; 0.0 
163.1 o-0; -0.2 
164.7 -0.4; +0*1; -0.1; -0.4 
206.1 +w2; +0*4 

* 12 hr digestion used. 
t S @20 mg, n = 32. A regression-line analysis yielded a 

straight line with no sign&ant differences in the slope 
and intercept from the expected values of l*OOO and 0.00, 
respectively (95 % probability). 

amounts of thorium in the absence of interfering ions are given in Table II. Table 
III shows the results obtained in the presence of possible interfering ions introduced 
as the perchlorate salts. It is seen that calcium, magnesium, iron, yttrium and uranium 
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TABIB m.-&PECT OF FOREIGN IONS ON DETERMINATION OF THORIUM 

Element added, mg 
Taken 

ThoP, mg 

Found, error 

ca 25 143.2 
Mg 25 143.2 

-0.3 \ 
-0.1 

Fe 7 143.2 0.0 
14 143.2 0.0 
28 143.2 -0.5 n = 10 

Y 25 143.2 -@3 ’ s=O%mg 
50 143.2 

U 25 142.7 +8.? 
50 142.7 +@2 

100 143.2 -0.1 / 

: 
24 142.8 +0*2 
25 142.7 +0*5 
50 142.7 +1*1 

Pr 25 142.7 +0.8 n = 11 
50 142.7 +2*0 s = 1.71 mg 

Mixture* 87 113.7 +1*3; +0*8 
174 113.7 +1*3; +2-o 
261 113.7 +2.6; +2.9 I 

* Approximately equal amounts of Sm, Eu, Gd, Dy, Er. 

do not interfere at the levels shown. The standard deviation in these cases does not 
differ significantly from that for the results in Table II. It is seen that some of the 
rare earths are apparently co-precipitated to a certain extent, giving up to 2.9 mg 
error for ThOs. The rare-earth interference is expected to be more serious in the photo- 
chemical method, in accordance with the findings of Moeller and Fritz,r” who 
pointed out that a high nitric acid concentration prevents such interference. In the 
photochemical method the concentration of free acid, as well as of iodate, was much 
lower than in the other methods. The increased co-precipitation of rare earths was 
overcome, however, by precipitating the thorium hydroxide by the hexamine pro- 
cedure of Ismail and Harwood .17 Table IV shows the results obtained by introducing 

TABLE IV.DETERMINATION OF THORIUM, RARJI EARTHS PRBSBNT, 
HEXAMINEPROCEDURE 

Element added, mg 
ThOz, “g 

Taken Found, error? 

Mixture* 87 112.1 -0.4; -0.4 
174 112.1 0.0; +0.1 
261 112.1 -0.1; 0.0 
435 109.3 -0.1 
610 109.3 0.0; +o-3 
870 109.3 -0.2 

* Approximately equal amounts of: Sm, Eu, Gd. Dy, Er. 
t n = 10; s = 0.23 mg. 

this modikation. It can be seen that the precision of the thorium determinations does 
not differ significantly whether these other metals or the rare earths are present or not. 

Although uranium co-precipitates to a slight extent during the photochemical 
precipitation (Table V), the uranium remains complexed by the oxalate and thus is 
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TABLE V.-DKIIWANATION OF THORIUM, URANIUM(VI) PRBPBNT 

931 

Uranium taken, mg 
Taken 

Tm, mg 
Found, error 

Method I 

Method II 

:: 
48.2 -0.1; -0.1 

-0.1; +0*1 
500 . . . 
750 -8.;: -8.; 

i 

n = 10 

1000 -0.4; -0.4 
s = 0.31 mg 

1500 -1.0; -1.1 
100 48.0 +1*1; +o* 
200 +2*3; +1*7 

z 
+2*5; +2*5 

4 

n-9 
+3-o; +3*4 

500 +3*3 
s = 2.5 mg 

Method I: Final precipitation of thorium from oxalate solution (usual method). 
Method II: Final precipitation of thorium as hydroxide; no oxalate present. 

separated from thorium in the final precipitation. Owing to the absorbance of the 
many1 ion, however, incomplete precipitation of thorium(IV) could result in the 
presence of very large amounts of uranyl ion because of the lower ultraviolet flux 
which would be available for the periodate reduction. 

Cerium must be removed prior to the determination because cerium(IV) iodate is 
similarly precipitated. 

No photochemical system can be truly concentration-homogeneous, as Fitz- 
geral8* pointed out, because of the decrease in the intensity of radiation with thick- 
ness of the solution; absorption of the photochemically effective radiation is required 
in order to have a photochemical change. Yet the described method is much closer 
to the gradual formation of the precipitate typical for PFHS than is direct addition 
of a reagent. 

Cerium 

Acidity. The original method of precipitating cerium(IV) iodate, by Brinton and 
James,lO made use of 8M nitric acid solution. Other rare-earth iodates are sufhciently 
soluble in this highly acidic solution to permit separations from cerium. Solubility 
errors due to the increased solubility of cerium(IV) iodate in this high concentration 
of nitric acid were decreased by keeping an extremely large excess of iodate in solution. 

TABLB VI.-DETERMNATION OF CERIUM, SULPHITJ! PRoCRDURR 

Ceoa taken, q Error in CeO, found, mgt 

12.7 -0.3, -0.2, -0.2, -0.2 
25.5 0.0, 0.0, +0*1, 0.0 
43.0 $0.2, +o-2, +0*1, 0.0 
666 0.0, -0.1, @O 
97.6 -0.3, -0.3, -0.3, -0.4 

104.6 -0.2, -0.1 
133.0 
148*1+ 

1;;’ i-r4, +0*4, +1*2, +0*9 
., . 

* Oxalate procedure. 
t n = 23 (excluding 1330-mg determinations); J = 0.20 mg. 
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The method described here makes use of only dilute acid solutions (O-13-O+OM 
perchloric acid) and requires only a modest excess of the iodate. This lower acidity 
causes a decrease in solubility errors due to cerium(IV) iodate (Table VIII), but at the 
expense of separations from rare earths and yttrium (Tables VII and IX). Willard and 

TAELZ VII.-DRTERMINATION OF CRRIUM,RARE EARTHS PRBSBNT 

Rare earth ad&d, mg 60% HCIOI, ml 
Ce% mg 

Taken Found, error 

GdKh 15 

z 
50 

100 

Dydh :8 
100 

Mb 30 
50 

100 
Ho& 

1; 
&O* 

;: 

WC, :8 
NdsG 60 

57.6 
57.6 
57.6 
57.6 
57.6 
57.6 

: 

: 
1 
1 
3 
1 

: 
1 
1 

: 
3 
3 
1 
2 
3 
4 
6 
8 

62.7 +9*1, +10*0 
62.7 +14*2, +14+8 
62.7 +22*6, +22*3 
74.2 +43.5 
74,2 +92*4 
62.7 +6.6 
74.2 +45.5 
74.2 +91*8 
62.7 +24.8, +26.0 
74.2 +47*7 
74.2 +95.0 
742 $42.2 
74.2 +85*3 
74.2 +101*4 
742 +200.4 
62.7 +11*3 
62.7 +15.7 
62.7 +33*3 

148.5 +56*3 
148.5 +57*6 
148.5 +53*0 
148.5 +45*5 
148.5 +41*7 
148.5 +21.9 

TABLE VIII.-&FECT OF ACIDITY ON THE RRCOVRRY OF CBRIUM 

(107*1hlg OF ckoI TAKRN) 

Perchloric acid, M Error in CeO, found, mg 

0.28 -0.1 
0.56 -3.6 
0.94 -7.4 

Yull found much less interference by other rare earths; nitric acid is apparently more 
effective in preventing the precipitation of rare earth iodates than is perchloric acid. 
However, because of the strong absorption of ultraviolet radiation by nitric acid, we 

could not use this acid. 

Composition of the precipitate. The composition of the precipitate shifts pro- 
gressively in favour of basic iodates as the acidity is lowered. Our analysis gave a 
ratio of 3.6 for the molar ratio of CeO(I0,)s:Ce(I0,)4. It is interesting to note that 
despite our use of perchloric acid, this composition of the precipitate corresponds 
exactly to that shown by Willard and Yu (Fig. 1 of Ref. 11) for 0.3M nitric acid. 
The amount of iodate found was 89 % of that in normal cerium(IV) iodate. Suzukia 
obtained a mixed iodate of cerium and potassium, but our precipitates contained no 
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TABLB DC.--Epwcr OF POREIGN IONS ON D ETERMINATION OP CSRIIJM 

Foreign speck present, mg 60% HClO,, ml 
cm, q$- 

Takell Found, error 

y,o, 
E 

1 

32 : 
64 

U,b, [as U(W)] 69.6 
139.2 
208.8 2 

WP 356 1 
712 

Fe& 287 : 
575 1 

CaO 
z 

1 
1 

74.2 44.9 
74.2 +63*9 
62.6 +7*1 
62.6 +8*3 

148.4 +0*1 
148.4 0.0 
148.4 +0*1 
74.2 0.0 
74.2 +0*6 
74.2 +1.0+ 
74.2 +1.6* 
74.2 i-2209 
74.2 +291*7 

+ Precipitates were brownish due to the contamination by Fe. 

more than traces of sodium or potassium. The presence of the basic iodate does not 
affect the analytical result inasmuch as it is at least as insoluble as the normal iodate 
and, in any case, the precipitate is converted into the dioxide for weighing. 

Determination of cerium. In our re-examination of the system, the cerium(IV) 
iodate was initially decomposed as given in our method for thorium, by adding 
sulphite, heating until all the iodine was volatilized, and then precipitating cerium(III) 
hydroxide with ammonia, followed by ignition to the dioxide. In view of the high 
results obtained for larger samples (Table M) we used oxalate to decompose the 
cerium(IV) iodate as discussed in the experimental section above. We attempted 
direct ignition of cerium(IV) iodate to CeO,, following the method of Willard and 
Yu,ll but found that the loss due to sputtering was significant. 

To compare the density of the precipitates obtained by the photochemical method 
and the direct addition method of Brinton and James,lO precipitates were allowed to 
settle for 24 hrs after transfer into graduated cylinders. The precipitate from mag- 
netically stirred photochemically reduced solution showed the least volume but even 
an unstirred solution gave a volume of the precipitate signiscantly less than that from 
the direct addition method. The volume ratios of precipitate were found to be 
approximately 1:2:4 for the same amounts of cerium precipitated by the photo- 
chemical method with stirring, without stirring, and by the direct addition method, 
respectively. Photomicrographs of the ceric iodate precipitates obtained by these 
methods showed that the particles obtained by the photochemical method were more 
compact and appeared less gelatinous than those obtained by the direct addition 
method of Brinton and James.lO It was apparent that the more dense particles should 
be more easily washed than the almost gelatinous aggregates obtained by direct 
precipitation. 

In view of the low acidity of the solution, it is not surprising that the rare earths 
and yttrium interfere seriously with the determination of cerium although separations 
from uranium (as uranyl ion) were accomplished. It was found that the initial iodate 
precipitate contained some uranium but that the oxalate precipitation step kept the 
uranyl ion in solution as the oxalato complex. Separation from much larger amounts 
of uranium necessitated modification of the procedure and will be reported elsewhere 
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together with data on the separation of thorium from uranium. Further, Table IX 
shows that cerium can be separated essentially quantitatively from magnesium and 
almost quantitatively from iron(III), although the precipitate appears to retain a 
small amount of iron which gives a brownish colour to the precipitate and causes 
slightly high results. Calcium is co-precipitated to a large extent, but not quantita- 
tively. Thorium, of course, behaves similarly to cerium and will be co-precipitated 
quantitatively. The results in Table VII suggest that the photochemical precipitation 
method should give quantitative results for neodymium and lanthanum; some 
preliminary results have been reported.s 

We were never able to reproduce the exceedingly good separations which Suzuki 
reported in Table 6 of his paper. a Samples containing 71.3 mg of cerium dioxide and 
15-2 and 30.4 mg of neodymium oxide were treated by Suzuki’s procedure and gave 
recoveries which were high by 4.2 and 6-2 mg, respectively. The presence of 100 mg 
of yttrium oxide in the cerium gave results which were 44.5 mg too high. 

The method of Willard and Yull is to be preferred if separation from other rare 
earths is desired, and the method reported here is to be preferred if it is desired to 
carry out the cerium precipitation at room temperature or if uranium is present, 
which seriously interferes with the non-photochemical precipitation pr0cedure.l’ 

Zasamm&assung-Thorium wurde aus homogener Lbsung gefallt, 
indem Losungen von Thorium und Perjodat in verdtbmter Uber- 
chlorsziure der 253,7mn-Strahl~geinerNiederdruck-Quecksilberlampe 
ausgesetzt wurden. Perjodat wird photochemisch zu Jodat reduziert; 
dieses ftihrt zur Bildung emes dichten Niederschlags von basischem 
Thorium(IV) jodat. Der Niederschlag wurde wieder gel&t, das Jodat 
reduziert, das Thorium zuerst als Hydroxid, dann als Oxalat gefallt, 
zum Oxid vergltiht und gewogen. Thorium(IV)-Li%ungen mit 8-200 
mg ThOI gaben quantitative Ergebnisse mit einer Standardabweichung 
(s) von 0,2 mg. Abtrennungen von je 25 mg Eisen, Calcium, Mag- 
nesium, 50 mg Yttrium und bis zu 500 mg Uran(VI) waren quantitativ 
(s = 0.25 me). Abtrennungen von seltenen Erden aul3er Cer wurden 
drreicht, we;;h zur l%lhmg ides Hydroxids Hexamethylentetramin statt 
Ammoniak verwendet wurde. Cer(II1) wurde iihnlich eef%llt und 
zur Wagung in CeO, iiberftihrt. Quantitative Erebnisse &rden fiir 
13-150 mg CeO, mit einer Standardabweichung von 0,2 mg erhalten. 
Abtrennungen von 200mg Uran waren quantitativ. Andere seltene 
Erden und Yttrium s&ten erheblich. Die Niederschlilge der basischen 
Jodate von Cer(IV) und Thorium sind kompakter als die, die man bei 
direkter F%lhmg erhiilt, und leichter zu handhaben. Versuche, das 
Verfahren von Suzuki zur Tremmng von Cer von Nwdym und 
Yttrium nachzuarbeiten, blieben ohne Erfolg. 

R&aun&-Qn a p&pit6 le thorium en solution homogene en exposant 
des solutions de thorium et de periodate en acide perchlorique dilu6 
a la radiation 253,7 run dune lampe a mercure a basse pression. Le 
periodate est r&duit photochimiquement en iodate qui provoque la 
formation d’un precipite dense de l’iodate basique de thorium(IV). 
Le precipite est redissous, l’iodate reduit, le thorium precipite d’abord 
51 l’etat d’hydroxyde, puis d’oxalate et calcine en dioxyde pour pesee. 
I-es solutions de thorium(IV) contenant 8-200 mg de ThO, ont don& 
des r&mats auantitatifs avec un &art type (s) de 0,2 me;. Des separa- 
tions de 25 mg & chacun des meta& fer, calcium, magnesium, de 
50 ma d’vttrium et iusau’l 500 me d’uranium(VI) ont et6 quantita- 
tivesP(r 1 0,25 mg).* L& &parati&s de ten& r&es, a l’exception 
du &ium, ont 6te r&4i&es en utilisant l’hexam6thylene t&amine 
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plutot que l’ammoniaque pour la ptipitation de l’hydroxyde. Le 
&ium(III) a ett6 p&pit6 de man&e semblable et converti en CeO, 
pour la pe&e. On a obtenu des r&hats quantitatifs pour 13-150 
mg de CeG, avec un &art type de 0,2 mg. Des separations de 200 mg 
d’uranium ont et& quantitative& Les autres terms rates et l’yttrium 
interferent serieusement. Les precipites d’iodates basiques de &ium 
(IV) et de thorium obtenus sont plus compacts 

% 
ue ceux obtenus 

par precipitation directe et peuvent &re manipul s aisement. Des 
essais pour reproduire la m&ode de Suzuki de separation du &ium 
du neodyme et de l’yttrium n’ont pas r6ussi. 
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Summary-Experimental conditions have been established which 
enable uranium to be determined coulometrically by the reduction 
of uranium(VI) to uranium(IV) at a latinum working electrode, 
by controlled- otential or 

Kas 
I! controlle -potential-limit techniques. 

The procedure been use.d successfully as a subsidiary method in 
the routine determination of uranium in pure uranyl nitrate solutions. 
The platinum electrode has several important practical advantages 
over the well established mercury-pool electrode for the coulometric 
determination of uranium. The consecutive determination of iron(III) 
and uranium(VI), or plutonium(N) and uranium(VI) can be carried 
out with the same working electrode in the same solution and the 
coulometric oxidation of uranium(N) to uranium(VI) is practicable. 
The rate of stirring of the cell liquor is much less critical in the case 
of the platinum electrode. Two main problems had to be overcome 
before a practical procedure could be achieved; hydrogen evolution 
during the uraniumo+V) reduction had to be eliminated so that 
100% current efficiency could be obtained for the desired reaction 
and electrode-surface poisoning phenomena had to be controlled 
so that reaction times could be kept reasonably short. It was found 
that selection of a hydrochloric acid base solution containing a small 
amount of bismuth0 enabled hydrogen evolution to be avoided: 
also electrode-surface poisoning with this base solution was not 
particularly serious and could be maintained at a satisfactorily low 
ieve by &casionally anodizing the electrode in dilute sulihuric 
acid. Bismuth(m) forms a comulex with chloride ions and its presence 
increases the hydrogen overvolta e at the working elect&de: no 

P visible deposit of bismuth metal orms on the electrode during the 
uranium reduction. Samples containing nitrate can be analysed pro- 
vided sulphamic acid is added to this hydrochoric acid base solution. 

‘I’I.IE DETERMINATION of uranium by controlled-potential coulometry, employing a 

mercury-pool working electrode at which uranium(W) is reduced to uranium(nr), 
is a well established technique. Analytical procedures have been described by 
Booman et al.,1 Goode et al.% and McColm et al? 

There are, however, two main disadvantages associated with the application of 
the mercury-pool electrode to coulometric analyses in general. One is that, for 
optimum performance, the experimental arrangements for mixing the contents of 
the working compartment of the coulometric cell are somewhat critical; both 
aqueous and mercury phases need to be efficiently stirred without producing detached 
droplets of one phase within the other. The other main disadvantage is that mercury 
dissolves under mildly oxidizing conditions: for example, it is impracticable to 
perform coulometric oxidations of uranium(IV), iron and plutonium(m) in the 
usual mineral-acid base electrolytes. 

These two disadvantages do not apply to the platinum-gauze working electrode, 

l Present address is Shell Research Ltd., Woodstock Agricultural Research Centre, Sittingbourne, 
Kent, England. 
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and it appeared that a useful improvement in coulometric technique would be accom- 
plished if the mercury pool could be replaced by a platinum electrode in the case of 
uranium determinations. Such a change of working electrode is not a straightforward 
matter, since difficulties due to hydrogen evolution and surface-poisoning effects arise 
at the platinum electrode at the potentials needed for the reduction of uranium(VI) to 
uranium(W). 

This paper describes how these difficulties were overcome and how a practical 
procedure for the coulometric determination of uranium at a platinum working 
electrode was achieved. 

Apparatus 
EXPERIMENTAL 

Coulometer. The constant-current potential-limit coulometer described by McCohn et al.” was 
used for this work. This instrument contains sixteen constant current sources providing currents of 
512, 256, 128, 64, 32 . . . O-16 mA. When the working electrode voltage reaches the set potential 
limit, the current is automatically halved until a pm-set maximum current is reached. Hence the 
conditions of controlled-potential coulometry are approximated to by a series of discrete controlling 
steps, rather than the continuous control normally used. 

Cell and electrodes. Figure 1 depicts the cell employed in the later stages of the investigational 
work and for the tlnal recommended procedure. The body of the cell was made from borosilicate 
glass. The ion-exchange membranes were sealed with picein wax into ground-in ledges made inside 
standard glass cone-and-socket joints. The working electrode consisted of a strip of platinum gauze 
about 30 mm wide and 300 mm long, formed into a cylinder two to three layers thick: it fitted loosely 
in the working compartment and when in position needed about 20 ml of liquid to cover it. The liquor 
in the working compartment was stirred by a compressed-air operated glass stirrer running in PTFE 
bearings. The reference electrode compartment contained an E.I.L. type RJ.23 “saturated calomel” 
element immersed in saturated potassium chloride solution. The dimensions and construction of 
the platinum auxiliary electrode were not critical. The purpose of the conducting bridge was to iso- 
late the auxiliary electrode reaction products from the working compartment. The total resistance 
of the cell was such that a potential dBerence between the working and auxiliary electrodes of 12 V 
would cause a current of about 0.6 A to flow. The working compartment liquor was de-aerated 
by passing nitrogen over its surface, with the stirrer in operation. 

The cells employed for the earlier work differed from the one described above mainly 
slower in operabon because of their inferior electrode area : solution volume ratios. 

in being 

Preliminary work 

Amount of uruniumper determination. The amount of uranium added in most of the trials was 
about 200 mg per determination. 
workers: 

This amount was rather larger than that normally taken by other 
it was selected to make it easier to obtain high precision of measurement and to decmase the 

“blank” and other corrections. The uranium was added as an aqueous uranyl chloride or uranyl 
nitrate solution of known concentration. Sulphamic acid was always added to the base electrolyte 
when the nitrate was employed. 

Use ofgoid electrodes. Because information already available indicated that it was probably im- 
practicable to use a platinum working electrode for the uraniumO_(IV) reduction, and because 
our preliminary experiments appeared to contlrm this, most of our early experimental work, aimed 
at replacing the mercury pool, was done with gold electrodes. 
be more satisfactory than platinum. 

It was hoped that gold would prove to 

gauze from a cyanide plating bath. 
These gold electrodes were prepared by gold-plating platinum 

Initially 1M sulphuric acid was employed as base electrolyte in the trial uranium determinations. 
Experiments showed that uranium(VI) could in fact be determined precisely by reduction to uranium- 
(IV) at a gold-plated working electrode, but that the time required for the determination of ilxed 
amounts of uranium under apparently identical conditions varied widely, in the worst cases becoming 
prohibitively long. 

The variation in time required per determina tion was explicable by assuming that the electrode 
surface became increasingly “poisoned” with use, so that its eifective area became less. In one 
particular instance it was shown that a molybdenum concentration less than @ 1% of that of the uranium 
was sufficient to produce a very marked effect, under the conditions described above. 

It was found that the gold surface could be cleaned by anodizing in dilute sulphuric acid, thus 
enabling the time of determination of uranium in fairly pure solutions to be kept near the minimum. 
In addition, trials with hydrochloric acid base electrolytes were made, and it became clear that the 
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Fxo. 1 .--Diagram of coulometer cell. 

electr~poisoning effects were substantially leas serious in hydrochloric acid than ln sulphuric acid. 
Application of the phatinum working electrode. The combined e&t of the anodizing pretreatment 

in dilute sulphuric acid and the use of 3M hydrochloric acid as base solution on the determination of 
uranium was so beneficial in the case of the gold electrode that it was decided to try the same procedure 
with a platinum working electrode. 

It was shown to be practicable to reduce uranium(W) to uranium(IV) quantitatively in either IA4 
or 334 hydrochloric acid, using a platinum electrode which had previously been anodized in 2M 
sulphuric acid, though the conditions for the avoidance of hydrogen evolution seemed more critical 
than with the gold cathode; also the minimum time required per determination was somewhat longer 
than with a gold electrode of the same apparent area. 

Despite these drawbacks, the work on platinum electrodes was continued because it had become 
evident by this time that the gold-plated electrode would be unsuitable for use in a routine proce- 
dure, owing to difficulties in preparation-and maintenance of the gold deposit. 

Ejbcts of foreign metal ions. The c&cts of foreign metals on the performance of a platinum 
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working electrode in the reduction of uranium(VI) were systematically investigated. Because it 
seemed possible that optimum performance in previous trials might have depended on the presence of 
some metal impurity, desirable effects such as the suppression of hydrogen evolution were looked for 
as well as undesirable electrode-poisoning phenomena. The investigation covered those metals known 
to be present as impurities in the plutonium/uranium oxides and nitrates received for analysis, and 
also those easily reducible metals which could be electro-deposited at potentials near those used for 
the uranium reduction. 

The fhst most important finding was the beneficial effect of copper. It was found that with the 
3M hydrochloric acid base solution the presence of l-2 mg of copper(I) 
potentials as negative as -0.30 V us. S.C.E. to be used for the uranium 

J_XX 20 ml could enable 
uctton (compared wrth 

-0=15 V withoct copper) without appreciable hydrogen evolution. CThe addition of-copper as 
copper(B) entailed a pre-reduction to a limit of +@lO V us. S.C.E. to produce copper(I)]. This effect 
enabled uranium reductions to be performed more rapidly and rendered electrode-poisoning troubles 
less important. At -0.30 V, the electrode was not quite negative enough to produce a visible deposit 
of copper metal. 

In addition, it was shown that comparatively large amounts of iron( nickel(B), cobalt(B), 
chromium(III), copper(I) and cadmium(H) had little or no electrode-poisoning effect on a uranium 
reduction in 32 hydrochloric acid. 

It was later found that the inhibition of hvdroeen evolution at the nlatinum working electrode, 
already observed with copper(I), was also shown iy lead, tin, antimo;y, arsenic and b&muth ions 
to varying extents. Metal ions which beghr to electro-deposit at potentials slightly more negative 
than the deslled working electrode potential promoted this inhibition most effectively, although no 
visible deposit was formed in use. 

In some cases this bene5cial action was more than outweighed by an electrode-poisoning effect 
which increased the time required for a uranium determination, and complications also arose when 
the metal ion had two or more oxidation states, especially when the redox systems behaved irreversibly. 

Selection ofbismuth(ZZZ) as uaifltiue. Of the metal ions studied, bismuth(III) appeared to be the 
most suitable to add to the base solution to improve the performance of the platinum electrode in the 
reduction of uranium. Bismuth was preferred to copper because of the absence of mterfering oxidation 
states, and because the uraniums?) reduction could proceed with the working electrode appreciably 
less negative in the presence of bismuth(III). As in the case of copper the addition of bismuth made 
electrode-poisoning effects less serious. 

Base electrolyte composition. Because of the promising performance of a hydrochloric acid base 
solution with bluth@I) added, in conjunction with the platinum electrode, the effects of varying 
the hydrochloric acid and bismuth concentrations were studied more closely. This work showed that 
neither concentration was very critical, but that 45M was probably the optimum concentration 
of hydrochloric acid. Halving or doubling the concentration of bismuth finally chosen made little 
difference to the e&ctiveness of the bismuth. 

CeN &s&n. A substantial effort was devoted to optimizing the design of the coulometer cell. 
Importance was attached to making the ratio of area of electrode to solution volume as large as 
practicable, to keep the time required per determination as short as possible: this would minimize 
mechanical losses of the cell liquor by spray and through membranes, and the undesirable effects of 
background currents. 

Before conditions for the reliable reduction of uranium(VI) were establiihed, it was found very 
worthwhile to make use of the highly-reversible iron(II)/iron(III) system to evaluate the performance 
of experimental designs of cell. 

Procedure for the coulometric determination of uranium in uranyl solutions 

Reagents. B&muth(ZZZ) solution, 0.01 M. Add 20 ml of concentrated hydrochloric acid to 28 g of 
sodium bismuthate. Warm to dissolve, then boil the solution to expel chlorine, cool, and dilute to 1 
litre with 45M hydrochloric acid. 

Hydrochloric a&i, 4*5M. 
Surphamk acid, 1 -SM. 
Sulphuric acid, 2M. 
Method. Add about 10 ml of 4.5M hydrochloric acid to the working compartment of the coulom- 

eter, followed by 1 ml of 1 -SM sulphamic acid and 1 ml of 0.01 M bismuth(m). Add the sample 
[not more than 5 ml in volume, containing 150-300 mg of uranium(VI) and less than 10 mmole of 
nitric acid], then dilute the cell contents to about 20ml with 4*5M hydrochloric acid, so that the 
electrode will just be covered by the solution. 

With the working electrode in position, deaerate by passing nitrogen over the surface of the solu- 
tion for 15 min while the solution is being stirred. 

Reduce the solution, to a potential limit of +0.15 V us. S.C.E., until the current falls below 
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2 mA. [Any iron and plutonium(W) present are reduced to iron(D) and plutonium(III) re- 
spectively: for “pure” uranyl solutions this step takes less than 30 set and less than 0.3 C are requhed.] 

Reduce the solution, to a potential limit of -0.20 V us. S.C.E., until the current falls below 2 
mA. Note the number of coulombs required. iThe total time required for the reduction of 200 mg of 
uranium(VI) to uranium(IV) is about 7 min: almost 95% of the nranium(VI) is reduced at the 
maximum available current of 512 mA and thereafter the current is halved about every 20 see until it 
drops below 2 mA.] 

Calculate the amount of uranium in the portion of sample added as follows:- 

mg of uranium 
in sample = G 

to zero current 

where G is the number of mg of uranium equivalent to 1 C (l-2335 for natural uranium). 
When the current falls below 2 mA, the reaction is normally only 0.05-0.1 C short of completion. 

The blank correction is experimentally determined and normally amounts to about O-2 C. 
Anodizing theplatinum work@ electrode. Cleaning the electrode surface by anodizing in sulphuric 

acid is essential. It is recommended that it should be carried out when the speed of a uranium(VI) 
reduction d ecreases to about one half that with a freshly anodized electrode, Le., after about eight 
determinations of uranium in “pure” uranyl nitrate solutions. 

For the anodizing process, the cell is filled with 2M sulphuric acid, care being taken to exclude 
chloride, and a current of about 05 A passed for 5-10 min with the platinum working electrode 
acting as anode, so that oxygen is evolved. The cell and electrode are then washed thoroughly with 
water followed by 45M hydrochloric acid before use.. 

New electrodes should be ignited at red heat for a few minutes before the anodizing process. 

DISCUSSION 
Variations on the final procedure 

Reoxidation of uranium(W) to obtain a confirmatory value. This may be usefully 
carried out in the case of pure uranium solution samples by first adding 1 ml of 1M 
iron(III) (a ferric alum solution is suitable) to the cell contents and then oxidizing the 
mixture to a potential limit of +0*65 V vs. S.C.E. 

When calculating the uranium content from the number of coulombs used in the 
oxidation step, allowance must be made for any iron found to be present in the sample 
in the pre-reduction step, the incompleteness of the uranium reduction step, and the 
oxidation step “blank.” These corrections should be comparatively small. 

Without the iron(II1) addition, the coulometric oxidation of uranium(IV) to (VI) 
does not proceed sr.dXciently rapidly. 

Successive &termination of plutonium and uranium in the same smnple. Although 
the basic method can be used satisfactorily for the successive determination of 
plutonium(IV) and uranium(VI), in practice it is the determination of “total’‘-i.e., 
all oxidation states-plutonium and “total” uranium that is usually required for fuel 
solutions. Since the plutonium may not be all in a single oxidation state in the sample 
received, all the plutonium must first be reduced to plutonium(III). Shults4 has dis- 
cussed this in detail. The plutonium(III) thus obtained is coulometrically oxidized to 
plutonium(IV) to obtain one estimate of the total plutonium. A confirmatory 
estimate is obtained on reduction back to plutonium(III), which must be done before 
the uranium can be determined. uranium is all present as uranium(VI) in fuel 
solutions normally encountered.] 

To make this sequence of events practicable it was found necessary to add 
sulphuric acid to the base electrolyte. This makes the formal potential of the plu- 
tonium(III)~plutonium(IV) more negative, owing to complexing of the plutonium(IV) 
by sulphate, and enables cycling between the plutonium oxidation states to be 
accomplished without attack of the working electrode during the oxidation step. 
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The recommended changes to the experimental conditions of the basic method, to enable pluto- 
nium and uranium to be determined successively, are as follows: 

Replace the 4*5M hydrochloric acid reagent recommended in the basic procedure by a mixture of 
equal volumes of 4iU hydrochloric acid and 2h4 sulphuric acid. 

Reduce to a potential limit of +@2O V vs. S.C.E. to convert all the plutonium into plutonium(III). 
Oxidize to a potential limit of +@80 V vs. S.C.E. to convert all the plutonium into plutonium(N). 
Repeat the reduction to +0*20 V to reconvert all the plutonium into plutoniua@I). 
Determine the uranium(VI) by reduction to a potential limit of -@20 V VS. S.C.E. as before. 

The eflects of bismuth(III) 

From the work on electrodeposition from extremely dilute solutions described by 
both Haissinsky6 and Rogers et al. 8*7, it is known that the deposition of sub-monatomic 
layers of metals on platinum and other “inert” metal cathodes can occur at potentials 
appreciably more positive than those predicted by the version of the Nernst equation 
applicable to an electrode entirely covered with the metal being deposited. The 
potential chosen for the uranium(W)-(IV) reduction is about 50 mV more positive 
than that required to deposit macro-amounts of bismuth metal, and it would seem 
that a similar sub-monatomic layer of bismuth could be formed on the platinum 
working electrode under the conditions selected for the uranium reduction. The 
platinum surface will be non-uniform to some extent at the microscopic and sub- 
microscopic levels, and it is likely that any bismuth which is deposited would first 
form a monatomic layer on the more reactive parts of the surface. It seems possible 
that this could provide the platinum electrode with protection against the occurrence 
of hydrogen evolution at its most vulnerable points by increasing the hydrogen 
overpotential at these locations. The same argument could of course be used to 
explain the inhibition of hydrogen evolution at the platinum electrode, caused by 
copper(I) and some of the other metal ions investigated. 

It was also observed that the addition of bismuth or copper ions made electrode- 
surface poisoning effects less serious. This beneficial effect could be due to the forma- 
tion of monatomic layers of bismuth or copper over some of the poisoned areas, thus 
increasing the usable surface area for the uranium(W) reduction. [Comparative 
reductions of iron(III) and uranium(W), made in the earlier work, indicated that it 
was possible for the same platinum surface to be apparently much more poisoned for 
the uranium(VI) reduction than for the iron(III) reduction. It seems feasible that a 
similar state of affairs might hold for the bismuth(II1) and uranium(W) reductions, 
enabling bismuth to be deposited on regions of the surface which were poisoned with 
respect to the uranium(VI) reduction.] 

It is worth mentioning that bismuth(m) would not have the same effect in 
coulometric uranium reductions made in chloride-free perchloric, nitric or sulphuric 
acid base electrolytes. Macro-amounts of bismuth metal would electrodeposit from 
these base electrolytes at too positive a potential, i.e., at about 0.OV vs. S.C.E., 
interfering with the uranium(W) reduction step. The usefulness of bismuth(III) in 
hydrochloric acid base electrolytes depends on the complexing of the bismuth(III) 
ion by chloride. This complexing shifts the potential at which macro-amounts of 
bismuth deposit, to the more negative values encountered in the procedure developed. 

Interferences 

A preliminary study indicated that appreciable amounts of phosphate, fluoride, 
molybdenum and mercury ions must be absent from the sample. Substantial amounts 
of iron, plutonium, nickel,cobalt,chromium(III),copper, cadmium, nitrate, sulphate, 
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perchlorate and sulphamate ions may be present in the sample without effect on the 
uranium(W) reduction in the final procedure. 

Perfomance 

Scrutiny of many past results from the analysis of uranium standard solutions 
showed that, for sample aliquots containing about 200 mg of uranium, the coefficient 
of variation applicable to a single determination is about O-1 % under “development” 
conditions and about 0.2% under routine analysis conditions, and results have less 
than O-1 % bias when the coulometer calibration is based on electrical measurements. 

The procedure developed has been used successfully as a subsidiary method in the 
routine determination of uranium in pure uranyl nitrate solutions for uranium- 
accounting purposes during the past four years: several hundred samples have been 
analysed. A simpliGed controlled-potential-limit coulometer was employed for this 
routine work. 

The amount of uranium taken and the cell design are important factors in deter- 
mining the performance of the method. Under the recommended experimental 
conditions the “blank” correction needed amounts to less than 0.2% of the total 
number of coulombs used. If it was desired to scale down the procedure to enable 
much smaller amounts of uranium to be determined without undue loss of perform- 
ance it would probably be necessary to decrease the cell volume while maintaining the 
electrode area : electrolyte volume ratio at the original value. 

Zusammenfassuug-Die experimentellen Bedmgungen xur coulo- 
metrischen Bestimmung van Uran wurden ermittelt; man reduxiert 
Uran(VI) xu Uran(IV) an emer Platin-Arbeitselektrode mit geregeher 
Spannun 
mit k 

oder geregelter Grenmapunmmg. Dieses Verfahren wurde 
Erfo g als ergiinxende Methode bei der Routinebestimmung von 

Uran in reinen Uranylnitratl&umgen verwendet. Die Platinelektrode 
hat mehrere wichtige praktische Vorteile gegentiber der wohlbekamrten 
Quecksilber-Sumpfelektode bei der coulometrischen Bestkmmmg von 
Uran. Die Bestimmungen von EisemIII) und Uran(VI) oder von 
Plutonium(IV) turd Uran(VI) nachemander k&men mit derselbeu 
Arbeitselektrode in derselben tisung ausgefiihrt werden; such die 
coulometrische Oxidation von Uran(IV) xu Uran(VI) ist mbglich. 
Die Rilhrgeschwindigkeit in der ZelliXlssigkeit ist bei der Platinelek- 
trode vie1 weniger kritisch. Zwei Hauptprobleme mu&en geliist 
werden, ehe ein praktisch verwertbares Verfahren xustande kam: die 
Wasserstoffentwickl~g w&end der Red&ion mu&e verhindert 
werden, damit die gemhte Reaktion auf 100 ‘A Stromausbeute kam; 
ferner mu&en Vergiftungserscheinungen der Blektrodenoberllache 
unter Kontrolle gebracht werden, sodal die Reaktionszeit hinreichend 
kurz gehalten werden konnte. Es xeigte sich, dab eine salzsaure 
Grundliisung mit ein wenig Wismut(III) die Wasserstoffentwicklung 
verhinderte; such die Vergiftung der Elektrodenoberlltihe war mit 
dieser Grundl&ung nicht erheblich und 1ieB sich gering halten, wenn 
die Elektrode gelegemlich in verdilmrter Schwefelsaure anodisch 
behandelt wurde. Wismut(III) bildet einen Komplex mit Chlorid; 
dessen Gegenwart erhtiht die Wasserstoffuberspanmmg an der Arbeits- 
elektrode. W&-end der Uranreduktion tindet keine sichtbare Wismut- 
abscheidung an der Elektrode statt. Nitrathaltige Losungen k&men 
analysiert werden, wenn der salxsauren Grundlijsung Amidosulfon- 
s&ire xugesetxt wird. 

R&rum- a dtabli les conditions exp&imentales qui permettent 
la d&erminationcoulom&iquedel’uraniumparr6ductiondel’uranium- 
(VI) en uranium(IV) sur une 6lectrode de travail en platine, par des 
techniques de potentiel contrllld ou de liite de potentiel contr816. La 
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technique a et6 utilis& avec SIX& comme m&ode subsidiaire dans le 
dosage de routine de l’uranium dans des solutions de nitrate d’uranyle 
pures. L’Blectrode de platine a plusieurs avantages pratiques importants 
sur 1’6lectrode de masse de mercure bien 6tablie pour le dosage coulo- 
mttrique de l’uranium. La determination consecutive des fer(II1) et 
uranium(VI), ou plutonium(IV) et uranium(VI) peut &re men& avec 
la m&me electrode de travail dans la m6me solution et l’oxydation 
coulometrique de l’uranium(IV) en uranium(VI) est r&lisable. La 
vitesse d’agitation de la liqueur de la cellule est beaucoup mains 
critique darts le CBS de l’6lectrode & platine. Deux probl&mes prmcipaux 
ont dQ &re surmontes avant qu’une technique pratique ne puisse &tre 
r&lisQ; le degagement d’hydrogene durant la reduction U(VI)-U(N) 
a dli &re 8imin6 de sorte qu’une efficacit6 de courant de 100% puisse 
i%re obtenue pour la &action d&sir&, et les ph&rom&es d’empoisomre- 
ment de la surface d’&&ode ont dii &tre control& de sorte que le 
temps de reaction puisse &tre maintenu raisonnablement court. On 
a trouv6 que la sdlection dune solution de base d’acide chlorhydrique 
contenant une petite quantite de bismuth(III) permet d’eviter le de- 
gagement d’hydrogene: egalement, l’empoisonnement de la surface 
d’electrode avec cette solution de base n’est pas particuli&ement 
serieux et peut &tre maintenu a un bas niveau satisfaisant en anodisant 
occasiomrellement l’&ctrode en acide sulfurique dilue. Le bismuth- 
(III) forme un complexe aver les ions chlorure et sa pr&ence accrolt 
la surtension de l’hydrogene a l’&ctrode de travail : il ne se forme pas 
de d@t visible de bismuth sur 1’6lectrode durant la r6duction de 
l’uranium. On peut analyser des 6chantillons contenant du nitrate, 
&ant entendu que l’on ajoute de I’acide sulfamique 51 cette solution de 
base d’acide chlorhydrique. 
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TITRATIONS OF TRACES OF COPPER 
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Sununarg-_Copper has been determined in the submicrogram range 
by means of a complexometric titration with triethylenetetramine 
(TRIEN), the end-point being detected by following the anodic wave 
of the chelating a 
of the presence o Fe 

nt at a rotating mercury electrode. The inlkence 
other metals has been investigated both from the 

theoretical and the experimental point of view. Because of its higher 
selectivity TRIEN is preferred to other reagents of the EDTA group. 
The results show that copper can be determined in the presence of 
large amounts of most other metals. 

IN A PRELIMINARY communication1 the principles of the amperometric complex- 
formation titration of metal ions with indication by means of the anodic wave of the 
excess of ligand, have been presented. The work of Campbell and Reilley,a who used 
a dropping mercury electrode, can be extended to a higher sensitivity by using a 
rotating mercury electrode as the indicator electrode. In the present paper the theoreti- 
cal background of this type of titration will be treated more thoroughly. The theory 
will be illustrated by the determination ofcopper(I1) with triethylentetramine (TFUEN). 

THEORETICAL 

Titration curves 

Considering the titration reaction 

M+L+ML 

we suppose that changes in volume will be negligible and define f = c&u as the 
titration parameter, which is a measure of the progress of the titration, having the 
valuef, = 1 at the equivalence point. 

The formula for the titration curve can be derived from 

DW’ 
& = [Ml' fL]' (1) 

cM = [Ml’ + [ML]’ (2) 

Concentrations are primed according to Ringbom,e so that all side-reactions are 
taken into account, Ku’ being the conditional constant. 

f 
CL [Ll’ + [ML]’ z-c 
CM WI’ + [ML]’ ’ 

In order to facilitate the handling of these formulae, we propose the use of relative 
concentrations, dimensionless numbers, defined as 

m - l”]’ ; I- IL]'; mjxY. 

CM CM CM 
945 
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The equations (l), (2) and (3) can now be written as 

ml 
Z, = Kx’cM = - 

m.1 

l=m+ml (5) 
f=I+ml. (6) 

2, is another dimensionless quantity in which the effects of the analytical concentra- 
tion of M and the conditional stability constant are combined. 

As the experimental part of this paper describes titrations with monitoring of the 
ligand L, it is useful to find f as a function of 1. The titration curve can easily be 
derived from (4), (5) and (6): 

f=l-!- zl=ft +f2. 

So for the graphical construction off as a function of I we have to add the linearf, = 1 
and the orthogonal hyperbola fi = (ZJ/l + Z,Z), illustrated in Fig. 1. 

.o !- 

FIG. I.-l--curve: 

f=fi+fi=I+$& for Z=lOO. 

It is obvious that the shape of the (J-&curve and the cf-[L])-curve will be 
identical. For the calculation of the titration error we will assume that the end-point 
of the titration will be found graphically by intersecting the tangents for 1 = 0 and 
1 = 1 (Fig. 1). As df/dZ =l + Zd(l + Zm6Z)2, these tangents are given by: 

f=g)r=(l+Z&+z$ 
0 

f= ($)~(I-- l)+fl, 



Titrations of traces of copper w7 

where& is the value offin the titration curve (7) for 2 = 1, or 

f=(l+(l~Z~+l)+l+l~Z~ 
I 

which for Z, 9 1 simpliGes to 

f-(1 +$-j+ 1-k. (9) 

The tangents (8) and (9) intersect in_&. It can easily be found that fs = 1 - l/Z,. 
The systematic titration error is therefore, 

A=-& (10) 

In earlier work* it has been suggested to take l/GM = m,_I = Z,,, as a measure of the 
sharpness. As l/Z, is directly related to the systematic titration error we propose to 
use this value as the measure of sharpness. If we accept a systematic error of 1% the 
value of 2, = K’cy has to be greater than 100. 

Titration of mixtures of metals 

The titration curve for the complexometric titration of two metals M and N has 
been derived in a previous paper. When the metal N is considered to be an interfering 
metal it is better to usef = cr,/clla instead off = cL/(cy + cN) as was done in the pre- 
vious paperP With introduction as before of the relative concentration n = [N]‘/c~, 
the titration curve will, in the new notation, change to 

f= l  I Zd CN ZNI 
1 +z,z+c,‘(l +&I) 

01) 

=f1 +fa +hP (12) 
As we consider the metal N as an interference in the titration of M the complex NL 
will be much weaker than ML. The titration curve will only have the required linear 
shape whenf,, is pseudolinear. If we accept a deviation from linearity of 1% we can 
consider f, to be pseudolinear if 

Z$ < lo-*. (13) 
We can then write (11) as 

f = (1 + &‘c& + *l. 
m 

The factor (1 + KN’cN) is the side-reaction coefficient of the @de-reaction of L caused 
by the presence of N. Taking into account this side-reaction coefficient Ix,(N) in Zy, 
equation (14) can be written as 

f=r+ zM'l' 
1 + Z,V (15) 

in which 2’ = (1 + KN’CN)~ = aL(N) I 
and 

ZY z]ld*=-. 
aL(N, 
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The new sharpness criterion will be 

Zj&’ = KM’% 

1 + &'CN 
> 100. (16) 

The largest value of 1’ in practical work will be I’ = 1. The largest value of I therefore 
will be 

I= 
1 

1 + KN’cN ’ 

Substitution in equation (13) leads to the condition for linearity 

ZNI = 1 ?cJrN < 10-a. (17) 

The presence of the interfering metal N causes a decrease in the slope of the titration 
curve after the equivalence point by a factor aL(N) and therefore a decrease in the 
sensitivity of the determination of M. In trace determinations of M we will often work 
near the limit of sensitivity of the indication system, in which case only a relatively 
small reduction of the slope can be tolerated. 

When a reduction of 50% in the slope is allowed, we get the condition 

&‘c~ < 1 (18) 

and when a decrease of sensitivity by a factor n can be allowed, the sensitivity con- 
dition becomes 

KN’cN < (n - 1). (19) 

Recapitulating, we may conclude that the titration of M in the presence of a metal N 
can be carried out when three conditions are fulfilled, a sharpness criterion, c$ equa- 
tion (16), a condition for linearity, cJ equation (17) and a sensitivity condition, 
mentioned in equation (19). 

Up to now we have supposed that the indication signal was perfectly linear in 1. 
In the titrations that will 
than 0.1. 

It can easily be shown 
ness condition to 

he described the linearity is limited to values of I smaller 

that drawing the tangent at I = 0.1 will change the sharp- 

Z, = Kna’caa 
1 + KN'CN 

> 2 x 10s (20) 

and the linearity condition to 

1 F$;c, < 10-r. (21) 

The sensitivity condition, I$ equation (19) remains unaltered. The conditions derived 
above for a sharp indication can only be applied under equilibrium conditions. At 
low concentrations the conditions for sharp end-points will sometimes be kinetically 
determined. As our knowledge of the complex-formation and the corresponding 
stability constants is still incomplete, predictions may sometimes fail. 
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Anodic indication of L 

The reaction at the indicator electrode used for the indication of the excess of 
ligand is the oxidation of mercury from the electrode according to the reaction 

HgO+L-2e+HgL 

The equation of the corresponding reversible polarographic wave at an ordinary 
DME is 

EL = E,, - 0.03 log I&L + 0.03 log CQ,, + 0.03 log +- + 0.03 log 
HHI 

The ligand will be present as a mixture of several protonated forms. In equation (21) 
it is assumed that all these forms have the same diffusion coefficient /&. The limiting 
current ia will be proportional to the sum of the concentrations of all these forms. 

The useful potential range for the indication can be found by comparing the wave 
of the free ligand [equation (22)] with the current-voltage curve for the anodic 
dissolution of mercury in the absence of the free ligand, which can be represented by 

J?& = E, - 0.03 log o(ug - 0.03 log f,, + 0.03 log i (23) 

where aHg is the side-reaction coefficient taking into account all side-reactions of 
mercury(II) with the exception of the reaction between mercury(I1) and L. 

Two possible current voltage curves are given in Fig. 2. The suitable potential 
range AE can be found by subtracting EL from EHB for a suitable value of i. We then 

get 
AE= EHg- EL = 0.03 log K&, - 0.03 log aL(H) - 0.03 log aHg 

+ 0.03 log ;;>; - + 0.03 log (id - i) 

AE = 0.03 log K& + 0.03 log + 0.03 log (ia - i). (24) 

FIG. 2.-Anodic dissolution wave of mercury in the presence and in the absence of 
the &and. 
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The result, as could be expected, is that the useful potential range is directly related to 
the conditional constant K& of the complex HgL. 

The main advantages of anodic amperometry for indication in complexometry 
are that the method can be used for the titration of nearly all metal ions giving stable 
complexes, independent of the cathodic behaviour, and the possibility of using a 
working potential more positive than the half-wave potential of the first reduction 
wave of oxygen. Reilley and Campbella have given a table of the potential ranges for 
anodic amperometry in several buffered media. 

A rotating mercury electrode has the advantage over a dropping electrode that 
currents are appreciably larger, that no capacity currents occur, and that there are no 
current fluctuations due to the growth and fall of the drop. These effects result in a 
lower limit of determination.. 

The useful potential range has been discussed above on the basis of reversibility 
of the reaction at the electrode. However, reactions reversible at the DME might be 
irreversible at a rotating mercury electrode. In general it can be stated that polaro- 
grams at the rotating mercury electrode are nat as well developed as at the DME. 
Moreover the shape of the polarograms depends on the condition of the mercury 
electrode. Especially when an acid solution is used, a diffusion plateau can hardly be 
observed. In these and a number of other cases a working potential has to be chosen 
in a rising part of the current-voltage curve of the free ligand. 

As part of the applied voltage is lost in the iR-drop, which is not constant, but 
rises after the end-point of the titration, the potential of the mercury anode shifts to 
more negative values, resulting in a deviation of the titration curve from linearity. 
The ascending part of the titration curve bends towards the&u&, as illustrated in 
Fig. 3. This is the reasonwhy the titrations at a rotating mercury electrode are generally 
not carried further than to about 10% beyond the end-point. 

i PA 

I 

-f 
I 

0 I.0 20 

FK. J.-Effect of ZR-drop on indication cumnt after the end-point. 

Chemicals 
EXPERIMENTAL 

Pro andpi chemicals were used. 
blank titration. 

Impurities in the butier solutions were determined by means of a 

ion-exchange. 
The water used was singly distilled and traces of copper still present were removed by 
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Apparatus 

Polarograms neceamq for the selection of the suitable potential of the indicator electrode were 
registered with the Metrohm polarograph E 261, using the rotating electrode as working electrode. 
The titrations were performed m a lo-ml compartment of an H-cell, comaining the rotatmg mercury 
electrode. The titrant was added from a Metrohm l-ml syrin 
the H-cell, separated from the first by a fiitted glass disc, was Je 

burette. The other compartment of 
ed with the same supporting electrolyte 

solution as was the titration compartment, and contained a calomel electrode. 
The amperometric titrations were carried out by means of a simple polarographic circuit with a 

Philips d.c. mlcroamme ter PM 2436 for current measurements. As this meter has a higher sensitivity 
than the polarograph it was preferred for the titrations of low concentrations. 

The rotating mercury electrode (750 rpm) consisted of a small piece of platinum wire (25 mm 
length; 0.75 mm diameter) sealed into glass. The platinum microelectrode is covered with mercury, 
either by direct electrolysis in a mercury(I) nitrate solution for 1 hr at a current of 10 mA, or by 
successive electrolyses in a solution of a gold(m) salt and a mercury(I) nitrate solution, both for 
1 hr at a current of 10 mA. The electrodes last for a few weeks, after which the mercury layer has to 
be renewed. 

RESULTS 

TRIEN was preferred for the determination of copper because of the high 
value of the stability constant of the complex and the relatively high selectivity com- 
pared with the polyaminopolycarboxylic acids. In general, titrations of copper 
in acid solution are preferred because of the higher selectivity. Determinations in 
alkaline solution in the presence of other metals will generally require masking. 
However the anodic wave of TRIEN in a t&buffer [tris(hydroxymethyl)methyl- 
amine] in alkaline solution at pH 9 is much better developed than in acid solution, so 
that a number of determinations have been carried out at this pH. 

For the determinations in acid solution a pH-value of 5 was chosen. At pH 5 

log GuL = 9.4. According to equation (18) the limit of determination would be 
somewhat less than lo_BM. 

In Table I some results are given for determinations of copper in O*OlM 
acetate buffer at pH 5. The results agree very well with the theoretical predictions. 

In Table II some results are given for determinations of 6 x 10-6M copper(I1) 
in the presence of other metals, and in Table III the corresponding results are given 
for 6 x 10-‘M copper(U). The buffer concentration was 0.OlM in all cases. 

The amounts of other metals present, mentioned in Tables II and III, are about 
the maximum allowable limits found experimentally. The interference of more than 
lOOO-fold amounts of metals such as nickel(U), zinc(I1) and cadmium(U) can be 
explained by means of equation (17) derived in the theoretical part. 

At pH 5, log K&L = 3.0, so when cNi = 6 X 10-sM as in the first experiment of 
Table II, the product Kk,& . cNi = 6 which is not in agreement with condition (18). 
In this experiment the decrease of the slope after the equivalence point was indeed more 
than 50 %. The maximum allowable amounts of zinc(II), cadmium(H) and cobalt(I1) 

TABLE I.-DETERMWATION OF Cu(II) WITH TRIEN IN 0*01&f ACJJTATB BUFFBR 
AT pH5, VoLUME5d 

cum Titrant 
Amount, kg Error Std. devn., % concentration 

Concentration Present Found % (no. of detns.) M 

6 x lo-’ I.90 1.91 0.5 1.3 (8) 
6 x lo-’ 0.190 0.188 1.3 (8) 
6 x lo-’ 0.019 0.021 20 (8) 10-a 
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TABLB II.-DE~~RMINA~~oN OF 1.9 ,ug OF Cu(I1) WITH lO+M TBIEN; 
VOLUMB 5 ml 

Amount of other metal 
relative to that of copper 

Ni 1000 
zn 1000 
&m 1000 1000 

Pb 10000 
Pb 1OOOOO 
& 1OOOOO 10000 

MmII) 
:= Ca 

Zn 100 

Pb 1000 Mg 10000 
Fe(III) 
Fe0 :zz 
Al 1000 Fe0 1000 + 

Error, % 

-1.7 
0.0 

-0.6 -1.2 

0.0 
+2*2 
-1.3 -1.0 

+0*6 
+2-2 
-0.6 

t-1.2 -1.2 
+2.2 

0.0 
-0.6 

Std. devn., % 
(no. of deuls.) 

1*3(8) 
l-3(8) 
1*0(8) O-7(8) 

0.6(8) 
0*7(8) 
1*3(8) 1.0(8) 

O-7(8) 
l-O(8) 
1*0(8) 

:::(‘:; 
l-O(8) 
@3(8) 
0*7(8) 

Buffer, masking 

5 acetate pH 
5 acetate pH 

acetate acetate pH 
pH 

6 6 

acetate pH 5 
acetate pH 5 
acetate pH 5 
acetate pH 6 
acetate pH 6 
acetate pH 6 

1O-aM NTA Tris pH 9, 
Tris pH 9, lo-*M NTA 
Tris pH 9 
Tris pH 9, citrate 
Tris pH 9, oxalate + NTA 
Tris pH 9, oxalate + NTA 

Tm~s III-DETERMINATION OF 0.19 ,~g OF Cu(I1) WITH IO-KM TRIEN: 
VOLUME 5ml 

Amount of other metal Std. devn., % 
relative to that of copper Error, % (no. of detns.) Buffer, masking 

ca 
Pb 
Mg 
Cd 
Mn 
Co 
Zn 
Zn 
Ni 
Ni 
Al 
Fe(m) 

1OOOOO 
1OOOOO 
100000 
1OOOOO 

:zz 
1000 

lzz 
1z 

1000 

-0.6 4.0(8) acetate pH 6 
+4*5 3*3(8) acetate pH 6 
+2*0 3*7(8) acetate pH 6 
-1.0 3.7(8) acetate pH 6 
-2.7 2*0(8) acetate pH 6 
-5.4 7*0(8) acetate pH 6 
-8.0 3*3(6) acetate pH 6 
-3.3 3*7(8) 

7*7(4) 
acetate pH 6 

+5.0 acetate pH 6 
-1.4 1*3(8) 

4.0(8) 
acetate pH 6 

+6.0 Tris pH 9, oxalate + NTA 
+8*0 2*7(8) Tris pH 9, oxalate + NTA 

TABLE IV.--TITRATION OF 1-P rg OF Cu(zr) (6 X lo-OM) WITH 10-‘&f 
TBIEN; VOLUMB 5 ml 

Interference Error, % 

O.OlM chloride -0.7 
1 M chloride +2.2 
@OlM bromide +2.6 

Std. 
devn. % 

0.7 
1.0 
o-7 

Buffer solution 

O*OlM acetate, pH 6 
0.8M Tris, pH 9 
O*OlM Tris, pH 9 

Note: The time required for all titrations mentioned above is only a few 
minutes for each. 

can be roughly explained in the same manner. The condition given by equation (20) is 
fulfilled in all experiments mentioned in Tables II and III. 

In some cases sample solutions may contain compounds forming complexes with 
mercury(II), resulting in a current during the whole titration. When such a current 
is small, titrations can be carried out when the interfering current is electrically 
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compensated. In this way it is possible to carry out the titrations of copper(I1) with 
TRIEN as mentioned above, even in the presence of large amounts of chloride and 
bromide. Table IV shows some results of such titrations. 

Zusammwg-Kupfer wurde im Submikrogrammbereich durch 
komplexometrische Titration mit Triiithylentetramin (TRIEN) bs 
stimmt. Der Endpunkt wurde durch Beobachtung der anodischen 
Stufe des Chelatbildners an einer rotierenden Quecksilberelektrode 
ermittelt. Der Einfluss anderer Metalle wurde vom theoretischen und 
experimentellen Standpunkt aus untersucht. Wegen seiner hoheren 
SelektivitZit ist TRIEN anderen Reagentien aus der EDTA-Gruppe 
vorxuxiehen. Die Ergebnisse xeigen, dass Kupfer in Gegenwart grosser 
Mengen der meisten anderen Metalle bestimmt werden kann. 

R&tm&-On a dod le cuivre dans le domaine du submicrogramme au 
moyen d’un titrage complexom&rique avec la tri&hylenet&ramine 
(TRIEN), le point de tin de dosage &ant detect& en suivant la vague 
anodique de l’agent chelatant sur une &&rode de mercure rotative. 
On a Btudie l’influence de la presence d’autres metaux, tant du point de 
vue theorique qu’experimental. A cause de sa plus haute dlectivite, 
on p&f&e le TRIEN aux autres reactifs du groupe EDTA. Les resultats 
montmnt que l’on peut doser le cuivre en la pr6sence de grandes 
quantites de la plupart des autres m6taux. 
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EXCHANGERS FOR THE DETERMINATION 
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Sunun~-The preparation and characteristics of ammonium molyb- 
dophosphate and potassium or ammonium hexacyanocubalt fen-ate 
supported in silica gel, and their application to the determination of 
l*Ts in natural waters are described. Use of columns of these materials 
gives better recovery of 187Cs from natural waters (in comparison with 
co-precipitation with ammonium rnolybdophosphate), requires less 
exchanger, so raising the y-counting efficiency of larCp, and permits 
elimination of other radionuclides by washiig with hydrofluoric acid. 

SINCE !&nit1 revealed the excellent ion-exchange properties of ammonium molyb- 
dophosphate, especially for potassium, rubidium, caesium, silver, mercury(I) 
and thallium(I), this exchanger has been used for the separation of alkali metals and 
especially for the radiochemical determination of “‘Cs in biological materials, natural 
waters, sea-water, etqa4 but recovery of caesium from sea-water was only 70-80 % in 
large-scale operations .4*6 If an appropriate column method is available, rs7Cs can 
be concentrated from large volumes of natural waters more effiqiently and conven- 
iently. Smit has proposed a column consisting of a physical mixture of the heteropoly 
acid salt and asbestos fib&’ or filter paper pulp,s and of coarse particles of the 
insoluble ammonium salt of 1Zmolybdophosphate (AMP),* because asbestos or 
filter paper pulp would reduce the bed capacity per unit volume. The difhculty was 
to prepare the coarse AMP since it was usually accompanied by a substantial pro- 
portion of very fine crystals. 

Prout, Russel and GrohlO have recently described potassium hexacyanocobalt 
ferrate (KCFC) as an inorganic exchanger and the material was employed by Bonilr to 
concentrate radiocaesium from biological and environmental samples such as milk, 
urine, sea-water and fresh water. Petrow and LevineH have recommended ammonium 
hexacyanocobalt ferrate (NCFC) as an improved exchange material for radiocae- 
sium, because the ammonium salt can obviate the interference by the decay of the 
potassium in KCFC, in the “Cs region of the y-spectrum. 

The lack of any satisfactory procedure for elution of the adsorbed caesium made 
it impossible to reduce the volume of the counting sample and to raise the counting 
efficiency for y-activity with an NaI crystal detector. Moreover, a large amount of 
exchanger had to be thrown away after only one use, since a simple regeneration 
procedure had not been found. A more convenient material for enrichment of rs7Cs 
from large volumes of natural waters would therefore be desirable. 

The present paper describes a simple method of preparing such materials, which 
will be called AMP-SiO*, KCFC-SiOs or NCFC-SiOs, and their successful applica- 
tion to natural waters, including sea-water. 

955 
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EXPERIMENTAL 

Radioacive nuc&ies. caesium-137 as caesium chIoride, and ~~~-l~, cobalt-60, ruthenium- 
106, strontium-90, zinc-65 and xirconium-95. 

Sficugel. Chromatographic grade (WAKOGEL C-100). 
Other chemicals. Caesium sulphate used as carrier was of guaranteed reagent-grade, and ammo- 

mum molybdate, ammonium monohydrogen phosphate, ammonium nitrate, nitric acid, sodium 
hexacyauoferrate, potassim hexacyanoferrate and cobalt(K) nitrate were of chemically pure 
reagent-grade. 

Apparatus 
Scintillation counter. Well-type, with 45 x 50 mm NaI(T1) crystal. 
G-M counter. Mica-window tube, 28 mg/mma, 11.7% counting efficiency for *%r(Y). 
y-Ray spectrometer. Low-background model with transistorized single-channel pulse-height 

analysei, high-speed scaler and printing scaler. 
Glass chronratogr hit columns Internal diameter 9.8, 12 and 17 mm, length 140 mm, with a 

coarse sin&red-glass %sc and a stop-cock at the bottom. 

Prepr~tion of AMP-SO, 
About 240 g of silica gel (42-60,60-80 and 80-100 mesh) were put into a solution of 100 g of 

ammonium molybdate and 6 g of ammonium monohydrogen phosphate in 400 ml of distilled water 
and stirred occasionally. After standing for about 2 hr the contents were heated in an electric air- 
bath at 105’ for a day. The dried material was transferred into a beaker containing a solution of 10 g 
of ammomum nitrate in 300 ml of 3M nitric acid and heated to about 80” on a hot water-bath (with 
occasional stirring) and digested at that temperature for 3 hr. then the mixture was filtered (coarse 
cotton cloth spread over a 2-1. beaker) and the residue was washed with distilled water to remove free 
AMP as thoroughiy as possible. The material was transferred on the cloth to a Buclmer funnel and 
covered with another piece of cloth, and was left under suction till almost dry. Finally, the dried 
material wss heated at about 105” for a day and was sieved into 42-60, 60-80 and SO-100 mesh 
fractions. 

Preparution of KCFC-SO, 
About 100 g of silica gel (42-60 and 60-80 mesh) were put into a beaker containing about 200 ml 

of 05M potasshrm hexacyanoferrate and stirred occasionally. After standing for about 2 hr the 

zr& 
atant liquid was decanted. The impregnated silica gel was then transferred (glass spoon) into 
er comaining about JO0 ml of 0.3M cobalt(II) nitrate solution, with continuous stirring. A 

dark green precipitate appeared immediately on the surface of the silica gel. The contents of the 
beaker were stood for about 2 hr with occasional stirring, then the supematant liquid and free KCFC 
were poured off and the remaining KCFGSiO% was washed with distilled water; this treatment was 
repeated until the supematant liquid became clear, Finally, the product was dried at 115” in an 
electric air-bath for about 20 hr until it changed colour to purple* The product was sieved (42-60 
and 60-80 mesh) and stored in polyethylene bottles. 

Preparation of NCFC-SO, 
About 100 g of silica gel (42-80 mesh) were put into a beaker containing about 200 ml of 05M 

sodium hexacyanoferrate solution, with occasional stirring. After standing for about 2 hr the 
supematant liquid was decanted. The impregnated silica gel was transferred (glass spoon) into a 
beaker containing about 5OOml of 0*3M cobalt nitrate in O*lM ~0~~ nitrate solution, with 
continuous stirring. The contents were then treated in the same way as KCFGSiO*. 

Ion-excwe column preparation 
The chromatographic tube was tilled with a water slurry of 10 g of water-washed 60-80 mesh 

exchange material. A piece of absorbent cotton was placed on top of the material so that the bed was 
not disturbed during sample addition. The cotton should be changed several times if a sample contains 
suspeuded matter. 

Procedure for the determination of lW3 in a iaqge volume of sample 
A vohnne of water sample to which had been added 70 pg (15 ,ug for KCFG or NCFC-SiO3 of 

Cs+ as carrier and about 1 ml of nitric acid per litre to keep strontium in solution, was passed through 
the colt at a flow-rate of 6-8 l&r under slight suction from a water-pump, and the efiluent was 
stored in a polyethylene bottle for strontium-90 measurement. 
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After all the sample had passed through the column, the cotton plug was removed and most of the 
exchanger was shed out of the column under air-pressure, then the rest was washed out with a 

$. small amount 0 &tilled water. The exchanger was collected in a 50-ml lyethylene centrifuge tube. 
The water was decanted and co. 30 ml of 46 % hydrofluoric acid were $ ad ed dropwise with occasional 
shaking. After complete dilution of the silica the tube was centrifuged for about 20 min at 3000 
‘pm. The supematant liquid was re’ected and the residue was washed with distilled water and 
centrifuged twice more. -iI The final rest ue was transferred with a small amount of ethyl alcohol into a 
shallow plastic dish having a cover (i.d. ca. 60 mm) and was dried under an infrared lamp; its y- 
activity was counted with a low-background y-my spectrometer. 

RESULTS AND DISCUSSION 

Characteristics of the exchange materials 

AMP-Si02. The amount of AMP on the silica gel was calculated from the phos- 
phorus content, determined spectrophotometrically as molybdenum blue after 
dissolution of the AMP in aqueous ammonia (1 + 9). The results obtained are 
shown in Table I. The increase in loading as the particle-size decreases is probably 
due to the increase in surface area. 

TAB= I.-cHARACll3RISTIcS OF THE EXCHANGE MATERIALS 

Material Mesh Exchange capacity, Max. flow-rate, 
W 

M supported, 
Size g of M/g of M-SiO% mequiv of Cs/g of M-SiO, l./hr 

42-60 0.113 0.069 (9.5 mg) 
AMI-SiO, 60-80 0.187 0.079 (10.8 mg) 

80-100 0.204 0.101 (13.8 mg) 

KCFGSiOI 42-60 0.025 0.014 (1.9 mg) 
60-80 0.029 0.019 (2.6 mg) 

NCFC-SiOn 60-80 0.028 0.018 (2.5 mg) 

9.0 
7.2 

z.5 
8.6 
8.1 

The exchange capacity for caesium was measured by passing 100 ml of sea-water, 
containing about 1.7 mequiv of caesium sulphate, ra7Cs tracer and 0.1 ml of nitric 
acid, at 1 drop/nun through a column containing 2 g of the material, dissolving the 
exchanger with 10 ml of 5M sodium hydroxide and heating, making up to standard 
volume and measuring the y-activity of an aliquot with a well-type scintillation 
counter. 

KCFC-Si02 or NCFC-Si02. The amount of KCFC or NCFC supported on 
silica gel (Table I) was calculated from the cobalt, iron and potassium or ammonium 
content of the materials, after removal of silica with hydrofluoric and sulphuric acids. 
Iron was determined as iron(III) oxide after extraction with IBMK-pentyl acetate 
solvent mixture, and cobalt as cobalt(III) oxide after precipitation of its l-nitroso- 
2 naphthol salt from the aqueous phase. Potassium was determined flame-photo- 
metrically and ammonium spectrophotometrically. 

The exchange capacity of the KCFC- or NCFC-SiOz for caesium was measured 
in the same way as for AMP-SOa. The exchanger was completely decomposed by 
hydrofluoric and sulphuric acid treatment and the residue dissolved with hydro- 
chloric acid. 

The exchange capacities of AMP-, KCFC- and NCFC-SiOa for caesium are 
considered large enough for caesium to be collected by them from large volumes 
(e.g., 80 or 100 1.) of sea-water, the caesium contents of which have been reported 
as 0.348 pg/Lir+16 This means that the operating capacity of 10 g of AMP-SiOs 
(60430 mesh) is about 19 times the total amount of caesium in 80 1. of sea-water 
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(to which 5.6 mg of Cs+ have been added as carrier) and that of 10 g of KCFC- 
or NCFC-SiOs (60-80 mesh) is at least 17 times the total amount of caesium in 100 1. 
of sea-water (to which 15 mg of Cs+ have been added as carrier). In the case of fresh 
water the situation will be more favourable since its caesium content is supposed to 
be comparable to or less than that of sea-water. 

The last column in Table I shows the maximum attainable flow-rate for columns 
containing 5 g of adsorbing material of different sixes. Exchanger of 60-80 mesh size 
is the most suitable for treatment of large volumes of sample because the exchange 
capacity for caesium is higher than that of 42-60 mesh material and the maximum 
attainable flow-rate is higher than that of 80-100 mesh material. 

0 2 4 6 6 IO 

Flow rate, L/hr 

Fm. l.-Relationship between the flow-rate and recovq of 1*7~. 
-0- 5 g of AMP-SiO, 
--O-- 2 g of AMRSiO, 
--O-- 1 g of AMP-SiO* 

Sample, 3 1. of sea-water; 12-mm diameter column. 

It was also con6rmed that ls7Cs is not adsorbed by silica gel itself from a water 

sample containing the specified amount of nitric acid. 

E$ect of_fiow-rate 

It was expected that the operating capacity of the exchanger would be related to 
the flow-rate of water sample. The results for 1,2, 3 and 5 g of 60-80 mesh exchange 
material are shown in Figs. 1 and 2. The maximum attainable flow-rates for 1,2,3 
and 5 g of the exchanger were about 15, I I,9 and 7.2 l&r respectively for AMP-SiOs, 
and 30,18,13 and 8.6 l&r for KCFC-Si02. Quantitative adsorption might be expec- 
ted if 5 g of either exchanger were used with a flow-rate less than 7 I./hr. 

E#ect of volume of sample 

Two exchanger columns (12 mm bore, 80 mm length, 5 g of 6&80 mesh exchanger), 
were connected vertically in series and sea-water containing caesium carrier and tracer 
was passed through them. After passage of each 20 1. of sample, a fresh lower column 
was substituted and the flow was continued until 100 1. of sample had passed through. 
Then the la7Cs adsorbed on each exchanger was measured as described above. The 
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rt 60 
t 

I 1 I t I I I I I I I I I , I I , , 

0 .2 4 6 6 IO 12 14 16 I 

Flow rote, l/hr 

FIG. 2.-Relationship between the flow-rate and the recoveq of l*Ts. 
-0- 5 e of KCFC-SiO, 
-O- 3 i of KCFC-SiO; 
-0- 2 g of KCFC-SiO, 
--O-- 1 g of KCFCXXOs 

Sample, 3 1. of sea-water; 12-mm diameter column. 

results are illustrated in Fig. 3. Adsorption was nearly quantitative for the first 
40 1. of sample and then decreased rapidly. Larger amounts of sample may be treated 
if a wider column is used with a larger amount of exchanger; e.g., 80-100 1. (60-80 
mesh) of sea-water and tap-water were treated with 10 g of exchanger in a 17 x 80 mm 
column and the yield was satisfactory at a flow-rate of about 10 l&r for AMP- 
SiOe, and also for KCFC-SiOs (Fig. 3). 

Elect of caesium carrier 

Although the caesium content of sea-water is reported to be O-3-0-8 pg/l., it was 
found that addition of caesium carrier enhanced the adsorption yield of is7Cs on 
the exchanger. The effect of caesium sulphate as carrier was therefore examined. 
The results are shown in Table II. For sea-water the effect of the carrier was not 
remarkable, but for tap-water it was very appreciable, e.g., the recovery of caesium 
by AMP-SiOs increased from 87.6 to 98.8% on addition of 0.07 ppm of caesium 
carrier. However, larger amounts of carrier decreased the adsorption of 13’Cs. 
Consequently, the amount of caesium carrier, especially in fresh water, is critically 
important. 

Other factors aflecting adsorption of 1s7Cs 

When sea-water is passed through AMP-SiOz, the yellow colour of the material 
fades gradually as AMP dissolves, but the addition of 1 ml of nitric acid per litre of 
water prevents this, the pH of the sample becoming about 2, the most favourable 
for formation of ammonium molybdophosphate. When the acidified sample is 
introduced into the column through an ordinary rubber tube, reduction of AMP 
occasionally occurs and the exchanger becomes dark blue. A polyethylene tube 
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I f 1 1 1 1 ’ ’ ’ ’ 11 
0 20 40 60 80 100 

Volume of water sampte, L. 

FIN. 3.-Relationship of the volume of sample and recovery of l*‘Cs. 
A: AMP-SiOP, 5 g; column 12-mm bore. 
B: KCFC-SiO,, 5 g; column 12-mm bore. 
C: KCFC-SiO,, 10 g; column 174~11 bore. 

Flow-rate 6 l&r. 

TABLJI II.--EFpEcT OF ADDITION OF CAESIUM CARRIER ON RJXOVERY OF “‘CS 

Exchanger 
(5i$ 

Cs added 
(as CGO,),* 

PP” 

Recovery of lsY!s, % 

Sea-water? Fresh water 

AMP-SiO% 0 97.3 87.6 
0.07 98.6 98.8 

KCFC-SiO* 0 98.9 86.7 
0.015 99.1 98.7 

* 40-l. samples; flow-rate 7 l./hr. 
t Sea-water contained OGOO5 ppm Cs originally. 

has no such effect and should therefore be used. The temperature of the sample 
water has no effect in the range 5-35”. 

Adsorption properties for other radionuclides 

As a check, recovery experiments for other radionuclides believed to exist in 
sea-water were carried out after addition of a known amount of each to 3 1. of sea- 
water which contained the amounts of caesium carrier and nitric acid mentioned above. 
The samples were processed with 5 g of exchanger at a flow-rate of 3 I&r. It was 
found that AMP-Si02 scarcely adsorbed other radionuclides except for radiozircon- 
ium-niobium, about 12% of the original amount being adsorbed, but KCFC-SiOa 
can concentrate not only la7Cs, but 34% of radiocerium, 29% of radiocobalt, 15% 
of radioruthenium-rhodium, 26 % of radiozinc and 24 % of radiozirconium-niobium 
as shown in Table III. However, it was thought that the degree of adsorption of these 
nuclides might decrease considerably when a large volume of sea-water was treated, 
and this was confirmed by the 3.5% adsorption of radiozirconium-niobium when 
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40 1. of doped sea-water were passed through the AMP-SiOs column. Table III 
shows that AMP-SiOs is more selective than KCFGSiOs for rs%Zs. Radiostrontium 
was not adsorbed at all. NCFGSiOs behaved similarly to KCFGSiOs. 

TABLR III.-RE~~ERY~F~ARI~~~~~~Nu~~~ 

Radionuclide 
Adsorbed by Remaining after HP treatment 

KCFC-S$O, (5 @ AMP-SiO, KCFC-SiO, 
0 % % 

99* 
0.2 
0.3 
0.4 

00.7 
12.1 
3.5 

100 
34 
29 
15 
0 

26 
24 
- 

95 
0 

0” 
0 
0 
0 
0 

100 
0 
0 
0 

x 
0 
0 

l Sample: 40 1. of sea-water. 

However, as it was impossible to match the chemical forms of the active species 
used in these experiments with those present in sea-water, the results given in Table 
III are not in themselves conclusive evidence of recovery of the radionuclides in a 
sample. Either way, these adsorbed radionuclides have to be removed from the 
exchanger before the activity measurement of 1s7Cs. After several tests it was found 
that the interfering nuclides adsorbed could be easily eliminated by dissolution of the 
silica in hydrofluoric acid, whereby the nuclides other than 1s7Cs went into solution 
while 1s7Cs was held on the AMP and KCFC or NCFC because these adsorbents are 
not readily attacked by hydrofluoric acid. As shown in Table III, during the treatment 
with hydrofluoric acid about 4 % of the caesium was lost from the solid phase (AMP- 
SiO,), but the other nuclides could be eliminated completely from the exchanger. 
The loss of 197Cs from KCFG or NCFGSiO* was negligible. Furthermore, this 
procedure reduces the volume of the counting sample, and the counting efficiency for 
Cs-137 is increased by about 20 %. 

E$ect of the potassium in KCFC 

According to Petrow et al., 18 the contribution of potassium-40 y-radiation in 
8 g of KCFC to the caesium region of the spectrum was equivalent to 10 pCi of 
“Cs. The counting system used by us is closely similar to theirs, but the amount 
of KCFC used is only about 250 mg, which should produce a response of about 
O-3 pCi of Cs-137 in the caesium region. However, the blank value for KCFC-SiOs 
was less than O-1 pCi, which was only about 0.5 ‘A of the total count, so the exchanger 
itself was regarded as without effect on the results. 

Determination of “‘Cs in surface sea-water 

Table IV shows the results of 13’Cs analyses, by the present method, of four surface 
water samples collected from the Japan Sea. Counting was done with a gamma- 
ray spectrometer for about 20 hr to obtain sufficient total counts to minimize the 
statistical counting error. These values are in satisfactory agreement with those deter- 
mined by Miyake et a1.l’ (who employed the ordinary co-precipitation method with 
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TABLB Dr.-C”-137 CONTBNT OF SLJRFACE WATER OF JAPAN SEA (AUOUST, 1967) 

Lat. Long. 
Cs-137, pCi/l.* 

St. No. N E a b C 

1: 41”02’ 38”06’ 132”lS 134”27’ 0.22 0.26 * & 0.01 0.01 0.22 0.23 f f 0.01 0.01 O-21 024 f f 0.04 0.04 

40°14 135”12 0.22 f 0.01 0.20 f 0.01 
39”31’ 138”ll’ 0.23 f 0.01 0.23 f 0.01 

* a Data obtained with AMP-SiOI method. 
b Data obtained with KCFC-SiO* method. 
c Data obtained by Miyake et ul. 

ammonium molybdophosphate) for surface water samples collected from the same 
station of the Japan Sea at the same time. 

CONCLUSION 

Caesium-137 can be separated almost quantitatively from large volumes of natural 
waters with AMP-SiOs and KCFC- or NCFC-SiOs chromatographic columns. 
AMP-SiOs is more easily prepared than coarse AMP crystals and more convenient 
to use than AMP-asbestos, because of its mechanical strength and homogeneity. 
In spite of their exchange capacity being smaller than that of ordinary AMP and 
KCFC, AMP-Si02 and KCFC-SiOs can catch ls7Cs quantitatively even at high 
flow-rate of sample. This fact seems to indicate a highly effective adsorption surface 
and a rapid ion-exchange process in the columns. 

The apparatus for the enrichment of ls7Cs is so simple that it is readily used on 
board ship, for freshly collected samples. 

Ac~acwfec!ge?ne~r-The authors wish to express their thanks to the statf members of the Maixuru 
Marine Observatory for their kind help in collection of sea-water samples, and to the staif members 
of the Geochemical Laboratory of the Meteorological Research Institute for the use of the instruments 
for the y-activity measurements. They are also indebted to the Ministry of Education for financial 
support for this research. 

Zusammenfassrmg-Darstellung und Eigenschaften von auf Silicagel 
aufgexogenem Ammoniummolybdophosphat und Kalium- oder 
Ammoniumhexacyanokobaltferrat sowie ihre Anwendung auf die 
Restimmung von r**Cs in nattlrlichen W&em werden beschrieben. 
S&den aus diesen Materialien geben bessere Ausbeuten an rsTCs aus 
nattirlichen Wiissem (verglichen mit der Mitfiilhmg mit Ammonium- 
molybdophosphat), erfordem weniger Austauscher, wodurch die 
y_Ziihlausbeute von r*‘Cs ansteigt, und ermiiglichen die Entfemung 
anderer Radionuklide durch Wachen mit Fl~siiure. 

R~uu16-Gn d&it la preparation et les caract6ristiques de molybdo- 
phosphate d’ammonium et d’hexacyanocobalt-ferrate de potassium 
ou d’ammonium supportb en gel de silice, et leur application au dosage 
de l*‘Cs dans les eaux naturelles. L’emploi de colonnes de ces produits 
donne une meilleure recuperation de rr7Cs d’eaux naturelles (par 
comparaison a la co-precipitation avec le molybdophosphate d’ammo- 
nium), n6cessite moins d’&changeur, 6levant ainsi l’efficacit6 du 
comptage 7 de lsrCs, et permet l’&mination d’autres radionucleides 
par lavage a l’acide fluorhydrique. 
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Summary-The atomiofluorescence characteristics of manganeseatoms 
in a premixed nitrogen-shielded air-acetylene flame are described. 
Excitation is obtained at 280 mn from a microwave-excited electrodeless 
discharge tube. A detection limit of 0.001 ppm for the determination 
of manganese by atomiofluorescence spectroscopy is obtained by 
measurement of the resonance fluorescence observed at this wave- 
length. In addition to several other weaker atomiofluorescence signals 
observed from manganese atoms in the flame, weak resonance fluo- 
rescence at 258 and 260 nm from manganese ions stimulated by ion 
line-emission from the source has been recorded. Linear calibration 
graphs for atomic-fluorescence measurement at 280~1 are obtained 
over the range 04lO25-10 ppm of manganese in aqueous solution. Of 26 
foreign anions and cations examined for interference at the lOOO-fold 
weight excess level only four produced interference. Large amounts 
of Si, Th and V interfere by scattering of the incident radiation, while 
Mg causes depression of the atomic fluorescence by a chemical effect. 

ATOMIC fluorescence has been observed for manganese at 2795 nm, a 150-W xenon 
arc source being used for excitation, in air-hydrogen, air-propane and hydrogen- 
oxygen-argon flames, with detection limits of O-15, O-3 and 1 ppm respectively.laa 
Ellis and Demer# reported a detection limit of ONM ppm at 2795 mu for the atomic 
fluorescence of manganese, and used a 450-W xenon arc source. In the general 
application of electrodeless discharge tubes and particular instrumental detection 
systems to the detection of atomic fluorescence for a range of elements, both Wine- 
fordner et aL4 and West and co-workers6 have observed the atomic fluorescence of 
manganese at 279.5 nm, the detection limits being O-006 and O-014 ppm in an argon- 
hydrogen diffusion flame4 and an air-hydrogen flames respectively. 

The detection and determination of manganese by flame emission spectroscopy 
(FES) and atomic-absorption spectroscopy (AAS) is well established. Recently, 
several very low detection limits have been obtained for manganese by FES: 0.1 
ppm in an oxy-acetylene flame, (Fassel and GolightlyS), 0.1 ppm in an air-acetylene 
flame and O-024 ppm in a premixed oxygen-enriched air-acetylene flame (Chapman 
and Dale7), and O-005 ppm in a premixed nitrous oxide-acetylene flame (Pickett 
and Koirtyohann*); all at 403.1 nm. Hobbs, Kirkbright and West9 have reported 
detection of manganese by FES in a nitrogen-shielded air-acetylene flame; the detec- 
tion limit obtained in the conventional air-acetylene flame at 403.3 nm was O-1 ppm, 
while with the shielded flame a detection limit of 0.01 ppm was obtained. Several 
workers have studied the determination of manganese by AAS. BeyerlO and Slavinll 
obtained detection limits (at 279.4 nm) of 0.05 and 0.005 ppm respectively. The 
manganese line at 403.3 nm is less sensitive and Alleni reports spectral interference 
at the manganese 403.3073 nm line from the gallium line at 403.2982 nm. Silicon 
appears to be the only major chemical interference, and the addition of lanthanum 

965 



966 L. EBDON, G. F. Knurnarorrr and T. S. WEST 

has been reported to suppress this. rs To the best of our knowledge no study of the 
atomic-fluorescence spectral characteristics of manganese has been reported, nor 
one of the analytical utility of manganese atomic fluorescence in an air-acetylene 
flame. This paper describes the preparation and properties of the microwave-excited 
electrodeless discharge tubes employed as sources, and the sensitive and selective 
determination of manganese by atomic-fluorescence spectroscopy in a nitrogen- 
shielded air-acetylene flame. A comparison has been made with flame emission spec- 
troscopy, the same detector system being used. 

EXPERIMENTAL 
Apparatus 

A Unicam 
AFS has been 

SP 9OOA flame spectrophotometer was employed. The use of this instrument for 
described elsewhere.’ The indirect cvclone nebulizer unit of this instrument was em- 

ployed without modification, The nebuliir sprai rate was 3 ml/mm at the pressures used. An 
EM1 96OlB photomultiplier was fitted in place of the standard EM1 9529B supplied with this in- 
strument, to obtain higher sensitivity in the ultraviolet region. 

The manganese electrodeless discharge tube was operated at 2450 MHz with a 200-W Microtron 
200 Mark II power generator and three-quarter wave Broida-type resonant cavity (Electromedical 
Supplies, Ltd., Wantage, Type 210L). The cavity was modified by the addition of a side-wall tuning 
stub. The tube output was modulated at 50 Hz as previously described.l’ 

A premized air-acetylene flame was used throughout this investigation. Nitrogen shielding 
was used to separate the secondary diffusion zone from the primary reaction zone, the burner being the 
type described by Hobbs, Kirkbnght and West. O The burner head was placed 50 mm in front of the 
monochromator entrant slit. The rim of the flame-shield device was raised so that the monochrom- 
ator did not view the primary zone. In fluorescence measurements the source was positioned at 
90” to the burner-monochromator axis and in the same horizontal plane, so that the distance between 
the electrodeless discharge tube and the centre of the flame was 50 mm. 

Reagents 

Maqanese stock solution. A lOOO-ppm stock solution was prepared by dissolving 36Og of 
crystalline manganeae(I1) chloride (analytical grade) in 1 litre of 0*5M hydrochloric acid. This 
solution was diluted as required immediately before use. 

Diverse ions. Solutions were prepared from analytical-reagent grade salts. 

ATOMIC FLUORESCENCE SPECTROSCOPY 

Preparation of electrodeless discharge tube 

The preparation of manganese electrodeless discharge tubes from manganese(H) 
iodide and manganese,4 manganese(U) iodide,ls manganese@) chloride6 and the 
element and chlorinel” has previously been reported. In this study these methods of 
preparation were examined in an attempt to produce the most stable and intense tubes 
which had good operating life times. The tubes were prepared by the general proce- 
dure described elsewhere.ls Argon-filled tubes were found to be more stable and to 
have a longer operating life time than those containing helium. The most satis- 
factory results were obtained for tubes which contained ca. 1 mg of manganese(H) 
chloride (analytical-reagent grade MnCls .4HsO dehydrated under vacuum) and 
an argon filler-gas pressure of 4 mbar. 

Operation and spectral characteristics of manganese discharge tube 

The electrodeless discharge tubes were operated in the three-quarter wave reso- 
nant cavity with a power input of 50 W. After an initial running-in period of between 
1 and 2 hr, only a 5-min warm-up period was required after initiation of the dis- 
charge. After this warm-up and under these operating conditions, the line-to-back- 
ground ratios at 279.4 nm and 403.1 nm were typically greater than lOO:l, while the 
short term output stability of the radiation at these wavelengths was f3%. The 
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discharge obtained exhibits the lines of the resonance spectrum of manganese. The 
tubes also emit the most intense lines of the Mn(I1) spectrum, i,e., from the 3d6 
4~1 a ?S” ion. The presence of these ionic lines does not appear to impair the analytical 
usefulness of the tubes for atomic-fluorescence work. The relative intensities of the 
most useful manganese lines obtained with these operating conditions are shown in 
Table I. 

Tm~e I.--AFs RELAmvE SwRce AND FLUORESCENCE INTENSlTIW AND DETECnON LIMITS 

Limit of 
Relative Relative detection for 

Wavelength, Transitiont intensities fll.lOrescenCe lxlanganese, 

?un spectrum* (refs. 18, 19) from source§ intensities§ PPm 

257.6 II 
2594 II 
2606 11 
2795 I 
279.8 1 
280.1 I 
293.3 II 
293.9 
294.9 :: 

3045 357.8 : 
3834 I 

a 7SQ - z7PQo 
a’& - z’PQo 
a ‘SQ - z ?PQo 

aQSbfr - y %iQQ 
a QSb~r - y Spsd 1 a %IQ - y"pah" 

a 6Sp - z 6P10 
a =SQ - z =P60 
a 9, - z =PQo 

a QD6jr - v 6P7~r0 
a6Dsln - x 6P7p7/10 
a6Ds,n - z~F,F,I,O 

34 
33 
32 

lOOi 

12 1.5 
8 12 
8 12 

lOO$ 0.001% 

4t. 90% 

3 90 
11 30 

I 50 67 
403.1 a8S61a - z6P,jp 
403.3 : a W6/, - z 8P6~,0 312$ 49$ @02$ 
403.4 I a ?T6jr - z BP,j,O 3011 

* Normal state of valence electrons: Mn(I) 3d6 4s’ *Sslr = 0; Mn(II) 3d6 4s’ ‘S, = 0. 
t Lowest state of Mn(l) is a %!& and of Mn(II) a IS,. 
$ Unresolved lines. 
8 Relative to 280-nm triplet, and uncorrected for response characteristics of photomultiplier. 
II Relative intensity at 403 nm with 280-nm source radiation filtered out. 

Atomic fluorescence measurements 

When IO-ppm manganese solutions were nebulized into the air-acetylene flame 
with the electrodeless discharge tube in operation, atomic-fluorescence signals were 
observed at each of the wavelengths shown in Table I. The most intense fluorescence 
was obtained from the 280- and 403~nm triplet lines which arise from transitions to 
the ground state. The individual lines of these triplets were unresolved with the 
spectral band-pass available. The use of an optical wide-band filter to prevent 
irradiation of the flame by the 280 nm radiation from the source revealed that the 
fluorescence emission signal at 403 nm orginated from both resonance fluorescence 
and some stepwise fluorescence from deactivation of the excited y 6Ps,20, y 6P5,20 and 
y 6P,,20 state atoms by radiationless transitions to the z 6Ps,zo, z 6P6/20 and z 6P,,zo excited 
states. The use of an optical filter to prevent irradiation of the flame by the 403- 
nm radiation from the source, revealed as expected that excitation at 403 nm did not 
contribute to the fluorescence radiation observed at 280 nm. 

The suitability of both fluorescence signals (280 and 403 nm) for the analytical 
determination of manganese was investigated. Lower flame background intensity, 
lower thermal emission intensity for manganese and freedom from spectral inter- 
feren& is observed at 280 nm, however, and all analytical AFS measurements were 
made at this wavelength. 
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The emission at 260 nm for the most intense lines of the Mn(II) spectrum has been 
observed to stimulate ionic resonance fluorescence from manganese in the 3d6 4~1, 
a ‘S, ionic state in the air-acetylene flame. Assuming that thermal equilibrium prevails 
in the air-acetylene flame, the calculated degree of ionization produced when a 
lO-ppm manganese solution is nebulized into a nitrogen-shielded air-acetylene flame 
at 2450 K is O-6 x lo-S%. Although the population of ions is low, the gf values 
(i.e., products of the statistical weights and oscillator strengths) and source inten- 
sities of the 257*6,259*4 and 260.6 Mn(I1) lines are high. The net result is a resonance 
ionic fluorescence signal of appreciable intensity. Although the gfvalues of the Mn(l1) 
lines at 293.3, 293.9 and 294.9 nm are high, the source intensities at these lines are 
low and they are not due to transitions to the ground state. For this reason, and 
because of the relatively high background at these wavelengths, only very weak ionic 
fluorescence was observed at these wavelengths. The fluorescence from manganese 
ions was suppressed at all the observed lines on addition of 1000 ppm of potassium as 
potassium chloride to the solutions nebulized. 

Optimum operating conditions 
The use of both conventional unshielded and nitrogen-shielded air-acetylene 

flames was investigated. At 280 nm the atomic-fluorescence signal intensity was repro- 
ducibly 30% greater in the shielded flame and the signal noise levels obtained were 
decreased by a factor of 2 on shielding. The nitrogen-shielded air-acetylene flame 
was chosen for all further measurements and a nitrogen flow-rate of 14 I./mm was 
employed. 

The most intense fluorescence at 280 nm was obtained with an air flow-rate of 6.5 
l./min and an acetylene flow-rate of l-1 l./min (the ranges investigated were 5-7-5 
and O-9-1.4 l./min respectively). De Waele and Harjadil’ have reported the relation of 
the optimum burner height to concentration of manganese in atomic-absorption 
spectroscopy. Although we found an optimum height of observation in the flame, 
it was not markedly dependent on concentration. With the optimum burner height 
the monochromator views the interconal region of the game between ca. 6 and 26 mm 
above the burner head. 

The effect of variation of the monochromator slit-width on the atomic-fluorescence 
signal-to-background noise ratio was investigated under otherwise optimumconditions. 
The optimum slit-width at 280 nm was O-4 mm; this corresponds to a spectral band- 
width of approximately l-6 nm. The use of a lens to focus radiation from the source 
into the flame did not improve the attainable detection limit for manganese. 

Calibration data and detection limits 
With the optimum operating conditions established, linear atomic-fluorescence 

calibration graphs were obtained at 280 nm over the range from 0.0025 to 10 ppm 
of manganese in aqueous solution. The fluorescence at 280 nm suffers self-absorption 
above 10 ppm and at above this concentration the calibration graphs curve towards 
the concentration axis. Linear atomic-fluorescence calibration graphs were obtained 
over the range 0.1 to 15 ppm of manganese in aqueous solution when fluorescence 
measurements were made at 403 nm. 

The detection limits obtained at each of the ten wavelengths for which atomic 
fluorescence was observed are shown in Table I. The detection limit was defined as 
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that concentration of manganese in aqueous solution which produced a signal equiv- 
alent to twice the standard deviation of the background noise measured near the limit 
of detection. 

Interference studies 
The effect, on the atomic fluorescence intensity produced at 280 nm by a O+ppm 

manganese solution, of the presence of a lOOO-fold excess by weight of a range of 
cations and anions has been examined. The results of this investigation are summar- 
ized in Table II. Of the 26 ions studied at this concentration only 4 produced serious 

TABLE II.-EFFECTS OF POREION IONS ON FLUORIMBI~UC DE%MINATION OF @5 ppm 
OF MANQANESE AT 280 Ilfn 

Effect on AFS signal Foreign ion (lOOO-fold weight excess) 

No interference Cra+, Fe”, Co’+, Nil+, Cu’+, Zn”+, Ala+, Moe+, Cd’+, 
Pb*+, PO,*-, SO,*-, NO,-, NH,+, Naf, Th’+* 

Negligible interference K+, Ca*+, Baa+, We+, Hg*+, Si’+*, Sn*+, Ta6+, Ga”+ 
(<3%) 

Interference Th4+(+4%), Si’+(+5%), V6+(+16%), V6+*(+8%), 
Mga+(-39%), Mg*+*(-11%) 

* 100-fold weight excess. 

interferences; three of the most refractory elements (thorium, silicon and vanadium) 
gave a positive interference by particulate scattering of incident radiation from the 
source. Two of these, thorium and silicon, gave negligible interferences when only 
a lOO-fold weight excess was employed. Magnesium seriously reduced the fluo- 
rescence signal even when only a lOO-fold weight excess was present. Magnesium 
similarly depressed the manganese atomic-absorption signal and apparently interferes 
by reducing the population of manganese atoms in the flame. The interference of 
silicon in the atomic-absorption spectrophotometry of manganese has previously 
been reported and the use of lanthanum as a releasing agent proposed.ls 

FLAME EMISSION SPECTROSCOPY 

Investigation of the detection of manganese by flame emission spectroscopy 
was made both in the conventional and nitrogen-shielded flames, and the optimum 
operating conditions established. The effect of variation of acetylene flow-rate 
between O-9 and 1.2 l./min on the emission intensity at 403 nm was investigated. The 
optimum acetylene flow-rate was found to be 1.07 l./min for both unshielded and 
shielded flames. The effect of varying the air-flow rate between 6.5 and 7.5 l./min was 
also investigated. For the unshielded flame an optimum air flow-rate of 7-O I./mm was 
used, while for the nitrogen-shielded Baame the optimum flow-rate was 7.5 I./mm. 
The optimum flow-rate for the nitrogen shielding gas for this latter tlame was found 
to be 14 l./min. 

With these optimum conditions, the optimum height of observation was found to 
be in the region 13-33 mm above the burner head for both flames. 

The optimum slit-widths and the detection limits at each wavelength are shown in 
Table III. The use of the most intense line emission, at 403 nm, gives rise to the 
lowest detection limit. 
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TABLE ~~.-!h?mARY OF DKECTION LIMITS BY FLAME EMISSION 

Wavelength*, 
?un 

Unshielded &me Shielded flame 

Limit of Limit of 
Slit width, detection, Slit width, detection, 

mm PPm mm PPm 

2795 
2798 0.175 0.08 0.19 0.05 
280.1 

354.78 
35480 0.13 

35695 
356.98 1-O 0.12 1.0 

403.1 
403.3 0.04 0.02 009 0.01 
403.4 

* All lines were unresolved. 

ATOMIC ABSORPTION 

Reference has already been made to the many studies of the atomic-absorption 
spectrophotometry (AAS) of manganese. A brief study of the AAS of manganese 
was made with the same apparatus as described here for fluorescence measurements, 
adapted as reported in an earlier paper from this laboratory.l* The limits of detection 
for an aqueous manganese solution were found to be O-1 and O-4 ppm at 279.5 and 
403.1 nm respectively. 

CONCLUSION 

This study indicates that manganese may be determined with extremely high 
sensitivity by atomic-fluorescence spectroscopy when a high-intensity source of 
radiation is used. The apparatus we have employed was originally designed for 
flame emission spectroscopy. Consequently, while this apparatus permits the sensitive 
detection of manganese by atomic-emission spectroscopy, the attainable sensitivities 
for manganese by atomic-absorption spectroscopy are poorer than those reported 
by other workers using instrumentation specifically designed for atomic-absorption 
work. The atomic-fluorescence detection limit obtainable is ca. one order of magnitude 
lower than the best attainable flame emission detection limit. Good selectivity is 

TABLE IV.DJSECTION LIMITS POR MANGANESE 

Wavelength, 
nm Atomic fluorescence 

Detection limits, ppm 

Atomic absorption Flame emission 

280 O*OOl 0.1 0.05 
403 0.02 0.4 0.01 

also available in the determination of manganese by atomic-fluorescence spectroscopy 
using the flame and nebulizer system described. Some physical scattering interference 
in the presence of high concentrations of elements which form refractory oxides 
in the air-acetylene flame has been observed, and chemical interference from magnes- 
ium has also been recorded. 

Acknowledgement-We are grateful to the Ministry of Technology for support of this work. 
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Z-Die Atomfluo mszenzeigenschaften van Mangan- 
atomen in einer vorgemischten Luft-Acetylen-Flamme mit Stick- 
stoffmantel werden beschrieben. Eine mit Mikrowellen erregte 
elektrodenlose Entladungsr&re dient zur Amegung bei 280nm. 
Messung der Resonanzlluoreszenz bei dieser WellenBnge ftihrt zu 
einer Nachweisgrenze von 0,001 ppm fur die atomfluomszenrspek- 
trometrische Bestimmung von Mangan. AuDer mehreren an&ren 
schw8cheren Atomiluoreszenrsignalen von Manganatomen in der 
Flamme wurde schwache Resonanztluoreszenz bei 258 und 26Omn 
an Manganatomen registriert, die durch Linienemission von Ionen aus 
der Lichtquelle angeregt wurde. Im Bereich 0,0025 bis 10 ppm 
Mangan in w&&r L&sung werden bei 280 run lineare Eichkurven 
bei der Atomfluoreszenzmessung gefunden. Unter den 26 bei lOOO- 
fachen Uberschul3 untersuchten fremden Anionen und Kationen 
St&ten nur vier. GroBe Mengen Si, Th und V storen durch Streuung 
der einfallenden Strahlung, w&rend Mg die Atomtluoreszenz durch 
einen chemischen Effekt vermindert. 

Rdporm--on d&it les ca.ract&istiques de fluorescence atomique 
d’atomes de manganese dans une tlamme air-acetylene prealablement 
m&nges et protegee a l’arote. On obtient l&citation a 28Onm il 
partir d’un tube a decharge sans &&rode excite aux micro-ondes. 
On obtient une limite de d&e&ion de 0,001 p.p.m. pour la determination 
du manganese par spectroscopic de fluorescence atomique en mesurant 
la fluorescence de r6sonance observ&e a cette longueur d’onde. En 
addition a plusieurs autres signaux de fluorescence atomique plus 
faibles observes a partir d’atomes de manganese dans la flamme, on a 
enregistre une faible fluorescence de resonance ii 258 et 260 run B partir 
d’ions manganese provoqu6s par emission de raie d’ion de la source. 
On obtient des graphiquee d’etalonnage lineaires pour la mesure de 
fluorescence atomique a280 nm dans le domaine 0,0025-10 p.pm. de 
manganese en solution aqueuse. Des 26 anions et cations &angers 
examines pour leur interf&ence en quantite 100 fois suptri~ quatre 
seulement apportent une- ne. 
inter-f&rent par dispersion f 

De grandes quantitC de Si, Th et V 
e la radiation incidente, tandis que Mg cause 

un abaissement de la fluorescence atomique par une influence chimique. 
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REDOXAUSTAUSCHER UND IHRE 
ANWENDUNGEN-XV 

REDUKTION VON EISEN(III) AN REDOXITBN UND ANSCHLIEBENDE 
OXYDIMETRISCHE BESTIMMUNG* 

BRUNO SANS~NI und WOLFGANG WIEGAND~ 
Institut fur Strahlenschutz der Gesellschaft ftir Strahlenforschung mbH., Radiochemisch- 

analytische Abteihmg 8042 Neuherberg bei Miinchen und Chemisches 
Institut der Universitiit Marburg/Lahn 

(Eingegangen am 4. Januar 1966. Angewmmen am 14. April 19705) 

ZusammWg-Als Beispiel ftlr die Red&ion von Kationen 
an Redoziten wird die quantitative Reduktion von 50 bis 200 mg 
Eisen(III) in schwefelsaurer Losung an einem Leukomethylenblau- 
und Ferrocen-Harz auf Polystyrolbasis beschrieben. Im Durchlauf 
wird Eisen(II) potentiometrisch mit 0,lN Cer(IV)-sulfatl&ung be- 
stimmt. Unter optimalen Bedingungen ergibt sich im Bereich von 
100 bis 200 mg Eisen eine Standardabweichung von f0,04 bis &0,14 
mg. Im Gegensatz zu Metallreduktioren stbren Cup+, Bis+, TiO*+, 
Sn’+, Ce4+ und AsOla- nicht. Die Methode wurde zur Direktbestim- 
mung von Eisen in Erzen, Martinschlacke und Spezialstiihlen ange- 
wendet . 

OXYDIMETRISCHEI Bestimmungen behaupten sich in der Makro- bis Halbmikroanalyse 
neben photometrischen Methoden, da sie zuverlassig sind und oft weniger durch 
Begleitelemente gestiirt werden. lea Die ihnen vorausgehende Reduktion des zu 
bestimmenden Stoffes erfolgt meist in einer S&le mit aufgeschichteten Metallkiirnern 
(Jones-Reduktor),8*4 gelegentlich fliissigen AmalgamerP und seltener durch geliiste 
Reduktionsmittel. Bekannteste Beispiele sind die Reduktionen von Eisen(III) oder 
Transuranen am Cadmiumbzw. Blei-Red&or ftir anschliefiende quantitative 
Bestimmungen oder Trennungen. 

Im Jahre 1952 haben SansonP und Cassidy’ unabfingig voneinander die von ihnen 
entwickelten Redoxaustauscher 7*s*Q als unlijsliche Jones-Reduktoren vorgeschlagen. 
Die erste analytische AnwendunglO beschrieb einen mit Anthrahydrochinon beladenen 
Anionenaustauscher, an dem von 50 bis 100 mg Eisen(II1) in schwefelsaurer Liisung 
96% als Eisen(II) im Durchlauf wiedergefunden wurden.lOB1l Spiiter verwendeten 
Erdey, Incztdy und MarkovitP am Anionenaustauscher gebundenes Chloro- 
stannat(I1) in 3M Salzs&tre bei erhijhter Temperatur. Inczedy13 arbeitete im Citrat- 
puffer bei pH 6 mit 0,025-l mg Eisen am Variaminblau-Kationenaustauscher. 

Wesentlich allgemeiner anwendbar sind jedoch unl&liche Redoxite mit kovalent 
eingebauten Redoxsystemen. Sie sind such fiir stark saure bis stark alkalische 
Medien geeignet und verunreinigen die Ltisung nicht mit eluierten Redox-Ionen. 

* XIV. Mitteilung R. Winkler, B. Sansoni, K. Starke, Chem.Zvesti, 1967,21,571. XII. Mitteil- 
ung B. Sansoni, R. Winkler, K. Starke, Angew. Chem. 1966, 78, 645. Vorgetragen GDCH-Fach- 
gruppe “Analytische Chemie,” Stuttgart 1960 (Referat Angew. Gem., 1961, 72, 569) sowie XX. 
IUPAC-Kong& Moskau 1965 (Abstracts E/F, S. 94). Herrn Prof. Dr. R. Klement, Mtinchen, 
zum 70. Geburtstag. 

t Jetzt: Mamxsmamr-AG, Rohrenwerk Witten, 581 Witten/Ruhr. 
4 Publication delayed at authors’ request. 
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Stijrungen durch ionenaustauschende Gruppen entfallen. Aus diesen Griinden hatten 
wir bereits im Jahre 1953 ein Polystyrolharz mit nachtriiglich chemisch eingebautem 
Leukomethylenblau eingesetzt. l”*ll Jedoch war die anschliehende oxydimetrische 
Titration mit Permanganat zu ungenau, l4 da etwas Leukomethylenblau ausblutete 
und die Erkennung des Farbumschlags des Permanganates storte. 

Im folgenden wird die quantitative Red&ion von Eisen(II1) zu Eisen(I1) an 
verbesserten Redoxiten beschrieben. Die anschliehende Eisenbestimmung erfolgt 
mit Cer(IV) und potentiometrischer Endpunktsanzeige. Im Verlauf der Arbeit 
werden die allgemeinen Arbeitsbedingungen analytischer Anwendungen von Redoxi- 
ten studiert und mit denen bei Ionenaustauschern verglichen. 

THEORETISCHER TEIL 

Ah Redoxite standen das Tonmineral Nontronitls sowie Polystyrolharze mit 
chemisch eingebautem Ferrocen,ls Leukomethylenblaulo*ll und Anilinohydrochinon17 
nach Sansoni und Sigmund zur Verftigung. Die beiden ersteren tibertragen nur 
Elektronen, die beiden letzteren zusiitzlich Protonen. Eisen(III) wird an den ge- 
nannten Redoxiten in schwefelsaurer Losung nach dem Schema 

reduziert. 

Fee++B+m+Fea+ oder 

2Fea+ + Fl+ q + 2FeB+ + 2H+ 

(1) 

(2) 

Die Gleichgewichtskonstante K fiir die Reduktion von Eisen(II1) am Redoxit in 
beliebigem Medium ergibt sich nach 

-AG=RT.InK=n+F.AE,./o (3) 

unter den iiblichen thermodynamischen Voraussetzungen fur 25” zu 

log K = & - A!&,, 
, 

bm. K = 1O’YO.O6Q1) * &o%. (4) 

Darin bedeutet AG die Anderung der Freien Energie wmend eines Formelumsatzes, 
n die Anzahl der tibertragenen Elektronen, F die Faradaykonstante und AE& 
[Volt] die Differenz der Realpotentiale Em,/, beider Teilreaktionen im jeweiligen 
Medium: 

A’%o, = ESO%,Fe~+,Fe”+ - Esow.etioxw (5) 

Die Red&ion sollte freiwillig ablaufen, wenn 

-AG=n*F.AE,%>O. (a) 

Em% kann aus Abb. 1 als Ordinatendifferenz entnommen werden. Dort sind die 
von Bock und Herrman@ gemessenen Realpotentiale des Fes+/Fes%ulfates ftir 
verschiedene Mineralsliuren in Abhiingigkeit von deren Konzentration und die 
.Realpotentiale der Redoxite in Abhiingigkeit von der SchwefelsWekonzentration 
aufgetragen. D*lD In erster Naherung wird dabei angenommen, daD die Potentiale der 
Redoxite unter reversiblen Bedingungen gemessen wurden und unabh%ngig von der 
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Art der verwendeten Mineraltiuren sind .lQ Da diese Bedingungen nicht streng 
erfiillt sind, sind hier nut halbquantitative Aussagen moglich. 

Danach l%Bt sich voraussehen, daS Eisen(II1) in Perchlorsiure an allen vier 
Redoxiten vollstindig, in Schwefelsiiure tmd Salz&iure nur an den drei Redox- 
Harzen glatt, an Nontronit teilweise, in Phosphor&ue such an den Harzen 
unvollstiindig und in der hier nicht eingetragenen FluSs%ure fast nicht mehr reduziert 

I- HC104 

X-Anilinohydrochinon-Redoxit 

Nomalitfit 

ABB. l.-Vergleich der Realpotentiale Ebox von Fe8+/Fe*+ und Redoxiten in ver- 
schiederlen Mmerals&lren bei 20,O”. 

- Realpotentiale des Eisensystemsl’ 
- - - - - Realpotentiale des Redoxites in Schwefelsihue.lT*l* 

Nach einem Potentialvergleich zwischen Redoxiten und elektrochemischer 
Spanmmgsreihe sollten an Nontronit aul3er Eisen(II1) mu Chrom(VI), Thallium(III), 
Selen(VI), Vanadin(V), Quecksilber(I1); am Ferrocen-Harz zus%zlich Amen(V), 
Molybdatosilikat und Molybd%n(VI); am Leukomethylenblau-Han unter Umstiin- 
den noch Uran(VI) reduziert werden. Diese NUnerung vemachllssigt allerdings 
Unterschiede zwischen Real- und Normalpotentialen. Bei Amen(V) lassen hahere 
Aktivienmgsenergien mu langsame Reaktionsgeschwindigkeiten voraussehen. 

Als Ergebnis der Betrachtung ist das Anilinohydrochinon-Harz wegen seines tiefen 
Redoxpotentiales zu unspezifisch. Der wesentlich selektivere Nontronit hingegen 
ist in 1N Schwefelsilure nicht mehr ausreichend stabil. Daher werden in vorliegender 
Arbeit die schnell reagierenden Leukomethylenblau- und Ferrocen-Harze (gelegentlich 
such das Anilinohydrochinon-Harz) verwendet. 

Gedte 
EXPERIMENTELLER TEIL 

&den. Es werden S&&n nach Abb. 2 mit den Abmessungen 240 x 12 bzw. 340 x 12 mm 
(Kapillarrohr innen 2-mm Durchmesser) verwendet. 

S&lenaggrrcgat. Jeweils 5 Siiulen stehen in einem Plexiglasge&ell nach Abb. 3 und werden dur ch 
ein gem Verteilerrohr mit SchUTh&hnen undans&tzen verbunden. 
4 dieser so erhaltenen Aggregate 

In g&her Weise werd en 
zusammengeschaltet. Damit k&men dann insgesamt 20 Siiul en 
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ABB. 2,Austauschers%ule mit aufsteigender FlUssigkeitsstr6mung.*‘lP* 
Dazu ein 100~ml Vorratsbecher mit 12,5 NS Schliff, Quarz- oder Polyacrylfaserwatte 

ist schrafliert. 

gleichzeitig, unter LuftabschluB und halbautomatisch tiber Nacht iiber eine gemeinsame Leitung 
gewaschen we&n. 

Waschwasser. Eine Redoxaustauscheranlage %*O liefert pro Regeneration etwa 2500 Liter 
sauetstoffarmes Leitftigkeitswasser mit ~40 ag 0,/l, w2 * 10-*!?l * nmrl, pH 6,6 - 6,8 (21 f 
1”). Bei Verwendmg van nur ausgekochtem und mit Inertgas gesptlltem oder such normalem 
Ionenaustauscherwasser wird ein entspmchender Anteil Reduktionskapaziti der zu waschenden 
Sziule verbraucht. Diese Arbeitsweise ist jedoch bei etwas geringeren Anspriichen durchaus 
moglich. Eine ausfilhtliche Beschreibung der Anlage wird in Mitteihmg XVIII dieser Reihe 
erfolgen. 

MeSgeriire. P&&ions-pH-Meter 35 (K&k); PtKalomelEinstabme5kette 480 NS (Ingold); 
justierbare Spritzpipetten 5 bis 15 f 0,002 ml (Jacobs, Kopenhagen); 10 ml-Kolbenbtlrette (Stroh- 
kin). Strahhmgsme@etit FH 90 und Szintillationszahlrohr FH 421 (Frieseke & Hiipfner). 

Redoxite. Die Redox-Harze werden aus Poly4-aminostyrol der KomgroBe 0,3-0,5 mm herge- 
stellt.@ Es beflnden sich jeweils 8 g Methylenblau-Harz in den 240~mm Saulen und 11 g Ferrocen- 
Harz bzw. 11 g Anilinochydrochinon-Han in den 340~mm Siiulen. Alle Redoxite werden vor der 
ersten Anwendung mehrmals reduziert und oxydiert. Das Leukomethylenblau-Ha war bereits 
etwa 150mal einem Redox-Cvclus unterworfen worden. Von der Svnthese der noch eebundene und 
unerwiinschte kationenausta&chende Gruppen sind in 1N Schwef&%ure ohne Wirl&ng. Einzelne 
wenige Chargen der selbst hergestellten Redox-Harze halten nach der Regeneration durch Anionen- 
austausch gelegenlich Spuren Dithionit fest. Diese mtissen dann durch kurzes Waschen mit schwach 
sauerstoffhaltigem Wasser oxydiert oder durch Blindbestimmungen beriicksichtigt werden. Meist 
eriibrigte sich dies jedoch. 

Ammoniu&alische Dithionitliiswg. 25 bis 50 g NalSIOI (gereinigt, Riedel-DeHaen, werden in 30 ml 
konz. Ammoniaklbsung sowie 500 ml Wasser gel&t. 
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ABB. 3.-Aggregat ftir 5 Si%ulen. 
Piexiglasgestell ftir gemeinsames Waschen nach Aufsetxen eines gemeinsamcn Ver- 

teilersttickes auf die 5 Siiulen. 

Schwefekaure Eisen(lII)-su~t~6saxgliisun9. Die erforderliche Mengc NH,Fe(SO,), * 12 HI0 @.a.) 
wird in 1N Schwefelsiiure gel&t, mit dieser S&u-e auf 2 Liter aufgefullt und komplexometrisch 
(Indikator Sulfosalicylsiiure) eingestellt.*l 

0,lN C&V)-surfaf&w in lNH,SO,, wird mit potentiometrischer Endpunktsanxeige~ bei 
40-50” gegen AstO, unter Zugabe van 2 Tropfen GsO,-Liisung eingestelh. 

Osmiumtetroxidlcbuq: 250 mg 0~0, werden in 100 ml Wasser gel&t. 
O,lNPe~un&%uxg wird gegen Natriumoxalat eingestellt. 
Markierte Ek@II)-liisung: 2 mCi einer fast tr8 

mit S ur Citronens&tre stabiiiert) mit Eisen(III)s tJe 
rfreien ~sEisen(III)-sulfat16sung (Harwell, 

& 
atliisung in 1N Schwefelsgure auf 100 ml 

aufge llt (Tr@er 15 mg Fe/ml). 

Regeneration 

Die Redoxite. werden mit Wasser vorgequollen, in die Sziulen geftillt und mit je 100 ml Dithionit- 
losung bei einer Durchlaufgeschwindigkeit van etwa 1,5 ml/min bis xum vollst%miigen Farbumschlag 
reduxiert. Dann wird das Saulenaggregat xusammengesetxt und tiber Nacht mit etwa 2 Liter Wasch- 
wasser pro Siiule bei etwa 2,2 ml/min (1 Tropfen/S set) sorgfaltig dithionitfrei gewaschen. Die 
letxten 100 ml Durchlauf d&fen 1 Tropfen 0,OlN Permanganatlbsung innerhalb einer Minute nicht 
entflrben. Andernfalls muI3 noch weiter gewaschen werden. 

Red&ion wn Eisen(IIIj 

Man versieht die regenerierten Siiulen mit 100~ml Schlitf-Vorratsbechem und befestigt am S&&n- 
auslauf jeweils einen dreifach durchbobrten Gummistopfen mit Ein- und Ausleitungsrohr ftir Inert- 
gas. In die mm Autfangen des Durchlaufes bestimmten 300~ml Erlemneyerkolben gibt man zuvor je 
25 ml konx. Schwefeltiure, 25 ml situp&se PhosphorsiIure (beide p.a.) und 50 ml Wasser. Dann 
werden sie an dem Gummis to 

5 
fen des Auslaufrohres der S%rlen befestigt und gemeinsam mit nach- 

gereinigstem Stickstoff (Linde gesptilt. Die xu reduxierende Eisen(Hf)-losung gibt man mit der 
Kolbenbtirette oder Spritxpipette in den unteren Teil des Vorratsbechers, ohne dessen Wand zu 
bertihren, l&IX die Liisung mit 2,2 ml/min durchlaufen und wlscht dreimal mit je 1,5 ml tutd dann 
insgesamt 250 ml Schwefelsiiure nach. Bei dieser Anordmmg bleibt die Luft weitgehend ausge- 
schlossen. 
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Eisenbestimmung. Auf die Erlemneyerkolben wird mm ein anderer Gummistopfen mit Fin- 
stabme@kette sowie Gasein- und ausleitungsrohr geaetzt und unter magnetischem Riihren mit Cer(IV)- 
sulfatlt&mg titriert. Gelegemlich ergaben unvollsttindig ausgewaschene Spuren Dithionit bei der 
Titration kleine Vorstufen, die vom Gesamtverbrauch abgezogen werden mussen. Demn Reriick- 
sichtigung bereitete jedoch im allgemeinen Seine Schwierigkeit. 

Optimale Reduktkmsbedingungen 

Da es sich um das erste Reispiel einer analytischen Anwendung van Redoxiten hande.lt, wurde der 
EintluJ3 verschiedener Faktoren auf die Red&ion von Eisen(III) n&her untersucht . 

I I 

50. too 150 

Durchlouf, ml 

ABB. 4.-Reduktionskurven fur Eisen(JII) am Leukomethylenblau-Redoxit. 
Red&ion van(u) 109,O mg turd(b) 117,3 mg FeQLI) in 6,70 ml 1N Schwefelsiiure 
mit 0.5 ml/min an 8,00 g Leukomethylenblau-Ham; Saulen 240 x 12 mmi, Waschen 

mit 250 ml 1N Schwefelsiiure. 

Stabilitiir der Redoxite 

Die verwendeten Redoxite sind ausreichend stabil. So wurden durch 55 g Ferrocen-Ham 13 
Liter 1N Schwefelsiurre innerhalb von 260 Stunden (etwa 0,8 ml/mm) filtriert, auf 300 ml eingeengt 
und neutmlisiert. Weder mit Thiocyanat noch mit a#-Dipyridyl oder Sulfosalicyl&re konnte 
Eisen nachgeweisen werden. Das vorher schon etwa 15Omal zu verschiedenartigen Reduktionen 
verwendete Leukomethylenblau-Ham gab selbst nach zwei Jahren Stehen unter 1N Schwefels&ure 
keine Farbstoffspuren ab. Indessen lie9 seine Reaktionsgeschwindigkeit nach etwa 300 Redox- 
Umwandhmgen merklich nach. Das Anihnohydrochinon-Ham ftibte die iiberstehende 1N schwefel- 
same J&sung nach einigen Wochen leicht braun. 

Reduktionwerlauf eon ELven(m) 

Der Verlauf der Red&ion von Eisen(JIJ) zu F!isen(II) und dessert Auswaschen in der S&ule ist 
den Reduktionskurven in Abb. 4 und 5 zu entnehmen. Etwa Hundert mg Eii(III) werden in wenig 
1N Schwefels&rre an 8 g Leukomethylenblau-Han reduziert, mit der gleichen S&me waschen und 
im Durchlauf Eisen(II) portionsweise mit Permanganat titriert. Nach Abb. 4 gelangt 8 
an Eisen(IJ) bereits in die ersten 80 ml Durchlauf. Zum vollstiindigen Auswaschen 

r Hauptanteil 

%en 
Ugen 150 ml. 

Zwei gleiche, hhrtereinander geschaltete S&den mit der doppelten Harzmenge rauchen kaum 
mehr Waschfhtssigkeit. Die Ubereimtimmung der zwei Reduktionskurven aus getrennten Versuchen 
in Abb. 4 reigt die gute Reproduzierbarkeit der Reduktion in der S&de. 

Das Ferrocen-Ham ermtQlicht noch etwas scharfere Elutionsbanden (Abb. 5, Kurve d). Hier 
bentuigt die doppelte EGenmenge in einex um 40% 1ib1gere-n Sthle mit 11 g Ham (Kurve c) etwa 40 
ml Waschlbsung mehr. In allen Fallen genfigen 250 ml vollauf. 

Durckbruckskwven fiir Gesamteisen 

Die entsprechenden Versuche mit radioaktiv markierter Eisen(JJI)-@sung ergaben nach Abb. 6 
im Durchlauf des Leukomethylenblau-, Ferrocen-, bzw. Anilinohydrochinon-Hanes nur mehr 
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analytisch vernachliissigbare Konzentrationen ran 0,03; 0,06; 0,6 ,ug Gesamteisen pro ml. Auch 
hier ist die Elutionsbande am Ferrocen-Harz schlrfer, hingegen 1tiDt sich das Leukomethylenblau- 
Ham etwas schneller eisenfrei waschen. 

Adsorption wn Eisenspuren 

In einem weiteren Versuch verblieben im ungtinstigsten Fall des Anilinohydrochinon-H 
nach Waschen mit 250 ml 1N Schwefels&ue nur etwa 0,07 pg Eisen auf der S&de. Damit ist nach- 
gewiesen, dal3 eine Ubertragnng des Verfahrens such in den MikromaBstab moglich ist. Unter 
vorliegenden l3edingungen sind Reste von ionenaustauschenden Gruppen am Redox-Harz ohne 

Durchlauf, ml 

ABE. 5.-Reduktionskurve-n ftlr Eisen(III) am Ferrocen-Redoxit. 
Reduktion van(c) 203,2 mg Fe0 an 11,0 g Ferrocen-Ham in 6,70 ml 1N Schwefel- 
sluue (S&de 340 x 12 mm), (4 101,6 mg Fe0 an 7,50 g Ham (Saule 240 x 12 mm) i 

jeweils 0,5 ml/mm. 

Wirkung. Die Konzentration der gebundenen Eiipuren steigt zum S&&nemie linear an. Das 
1st den Schl~ au, dal3 lfmgems Auswaschen noch weitgehende Elution erlaubt. Auch am oberen 
Quarzwattebauch, gefetteten Schliff sowie Auslaufrohr verblieben nur (0,09; &0,06; <0,02 rg 
Eisen. 

Darchlaufgeschwindigkeit 
Sie darf maximal fur das Leukomethylenblau-Han 0,5 ml/min und fiir das Ferrocen-Ham 0,8 

ml/n& betragen. Das weaentlich langsamer 
reaY 

‘erende Anilinohydrochinon-Han erlaubt nur 
Durchlaufgeschwindigkeiten von miter etwa 0,2 ml min. 

Eisenkonzentration 
Sie hat einen untergeordneten EinfluB. Jedoch ergaben bei 200 mg Fe an 11 g Ferrocen-Ham 

Volumina der aufgegebenen Eisen(IIIMosung von 90 ml an aufwkts zunehmende Mimuifehler. 

Nutzbare Re&ktionrkorpazit~t 
Sie betrii 

$ entsprechen 
fttr die angegebene Sllule mit 8 g Leukomethylenblau-Ham etwa 120 mg Eisen(III), 

0,23 mMol/g oder 85% ihrer Gesamt-Kapazitllt. Dieser Wert liegt im Vergleich zu 
6040% bei Ionenaustauschem** gtlnstig. 

Tempera&r 
&&rungen zwischen +lO und +25” - ohne sichtbaren EintluD. St%rkere Tempemturer- 

hohung l&t% jedoch bei langsamen Redoxreaktionen eine merkliche Erhbhung der Reaktionsge- 
schwindigkeit und damit Verbesserung des Saulenbetriebes erwarten. 
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9 

: 

WQO- - 

> 

D,OOO - - 

1,000 - - 

lOOO-- 

100 

t 
Rcdov :it 

Durchlauf. ml 

AmI. 6.-Durchbruchskurve fur Eisen(II + HI) einer mit slFe markierten EisenO- 

Leulcomethylenblau- (80 g), Ferrocen-Lg?$ und Anilinohydrochinon- (11 g) Red- 
oxite in 240 x 11 mm S&ulen; 6,70 ml 1N schwefelsum, radiOaktiV maIkierte 

Eisen(IIQ-sulfatl6sung (15 mg Fe/ml) jeweils mit 0,5 ml/min tiltriert ud mit 250 ml 

lNSchwefels%re gewaschen. 1Oa Impulse entsprechen 061 clg Eisen. 

pH- Wert und Liisungsmittel 

Die ftir die Re&ktion der Eisen@I)-Liisuug maGgebenden Redoxpotentiale glndem sich mit 
pH-Wert, Komplexbildung oder F%lhmg in der Losung. Das zeigt deutlich der Unterschied zwis- 
then verschiedenen Mineralsiiuren : 

Schwefelstiure. Unter Versuchsbedingungen lassen sich 100 mg Eisen(III) am Leukomethy- 
lenblau-Han in 0,5 bis 1ON oder 200 mg am FerroccnHarz in 0,5 bis 5N Schwefelsinrre quantitativ 
reduzieren und damit bestimmen. Hohere !%urekonzentrationen ftihrten im zweiten Fall zu ober- 
werten. 

. 

Sulzsiiure. Unter sonst gleichen Bedingungen gelingt hier die quantitative Bestimmung nur in dem 
schmalen Bereich von 1 bis 2N. Ober- und unterhalb treten starke Minusfehler auf. Oberhalb 
von 7 bis 8N wird such die cerimetrische Titration unmijglich, tiber 10N beginnt Chlorentwickhmg 
in der Siiule. Weitergehende Red&ion gelingt jedoch such hier in l&ngeren .%ulen. Salz&tre ist 
aber grunds&tzlich infolge der Bildung von Chloroferrat(HI)-Komplexen ungtmstiger als Schwefel- 
o&r Perchlon&ne. 

Phosphorsiiure. Unter analogen Bedingungen bewirkt 0,5 bis 15N Phosphorsiiure von 25 bis 51% 
ansteigende Minusfehler. Sie beruhen such hier auf zunehmender Bildung von Phosphatoferrat(HI)- 
Komplexen. In der S&.tle vortibergehend ausfallende weihe NiederschliQe-vermutlich Eisen- 
phosphat-l&en sich beii Waschen mit 1N Schwefelsibue wieder auf. 15N Phosphors&rue greift 
das Leukomethylenblau-Han an. Infolgedessen liefert hier die cerimetrische Bestimmung falsche 
Werte. 
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Kanalbildrmg 

Die in Ionenaustauschersilulen auftretenden KanUe sind meist zunachst nicht sichtbar. Sie 
k&men jedoch am Leukomethylenblau-Han info&e des starken Farbumschlages wiihrend der 
Ox dation van hellbraun nach blauschwarz mit dem Auge gut beobachtet werden. 

tie 
Die grtin (Misch- 

far ) gefilrbten Kaniile wandem der Front des oxydierten Harzes mehr oder weniger stark voraus. 
Bei den untersuchten FWm verringerte sich die storeride Kanalbildung eirmral mit steigender 

H+-Konzentration und zum anderen bei konstanter H+-Konzentration mit zunehmender Bildung von 
Ferrat(III)-Komplexen. So traten bei 0,OW Schwefelsiiure in der Ifbcrgangsschicht bis zu mehrere 
Zentimeter lange Bander auf, bei 1ON Phosphor&lure war die wandemde Front bis auf 1-2 mm 
scharf zusammengezogen. Die Kanalbildung lit& sich auuerdem herabsetzen durch Verwendung 
kleinerer Komgr@en des Redoxites, gleichmrioigere Packung und sorgfaltigere Justierung der 
Saule, Aufteilung eider tibezlangen Saule in mehrere kleine, femer langsamere Durchlaufgeschwin- 
digkeit und mijglicherweise Beschleuuigung der R-o&ion durch Temperaturerhiihung. 

Modellbestimmungen 

Unter den vorausgehend ermittelten optimalen Reduktionsbedingungen wurden 
oxydimetrische Modellbestimmungen reiner Eisen(III)-LSsungen ohne und mit 
Zusatz von Fremdelementen ausgeftihrt. 

Reine Eisen(III)-Lhungen 

Die potentiometrische Titration des in den Durchlauf gelangten Eisen(I1) mit 
0,lN Cer(IV)-sulfat ergab ftir reine Liisungen von Eisen(III)-sulfat in 1N Schwefel- 
saure ftlr jeweils II Bestimmungen folgende Standardabweichungen s und Variations- 
koefhzienten V (relative Standardabweichung) :% 

TABELLB I.-Czarhnnur SCHE BES~MWJNO RSINER EISEN(III)-L&UNGEN 

Redoxit 
Gegeben, 

“1g 

Eisen(II1) 
gefuuden, Bemerk- 

s, mg V% n ungen 

Leukomethylenblau-Han 

Ferrocen-Harz 

100,l *0,14 *to,14 
200,2 *to,25 *to,12 
101,6 f0,04 fW4 
194,5 ZtO,lO *0,05 
203,2 *0,09 Y!ZO,O4 

12 
4 
6 

2’: 

(a) 
(b) 
(a, b) 
(a, b) 

8 g Leukomethylenblau-Han (240 x 12 mm), 11 g Ferrocen-Harz (350 x 11 mm) i Eisen (III)- 
sulfat in 1N Schwefelsiiure (15,2 mg Fe/ml); 2,2 ml/mm; 250 ml 1N Schwefelslure; 20 - 23°C 
(a) 2 S&len hintereinander; (b) Dosierung der Eisenlosung mit Kolbenpipette. 

Die scheinbar hohere Prazision der Bestimmung am Ferrocen-Harz ist dadurch 
bedingt, daB die relativ konzentrierte Eisen(III)-Losung mit einer Kolbenpipette 
anstatt einer normalen 10 ml-Biirette vorgelegt wurde. Sie ist grundsltzlich such am 
Leukomethylenblau-Harz zu erreichen. Gelegentliche Korrekturen ft.3 Blind- 
bestimmungen an einzelnen Harz-Chargen sind bereits vorgenommen. Zwei Bestim- 
mungen von 100 mg Eisen(III) an 11 g Anilinohydrochinon-Harz ergaben bei 
entsprechend verringerter Durchlaufgeschwindigkeit Fehler von etwa + 0,2 %. 

Ein@ls von Fremdeiementen 

In llfbereinstimmung mit den Aussagen des theoretischen Teiles wird die Eisen- 
bestimmung (Tabelle II) nicht gestiirt durch Alkali- und Erdalkali-Ionen, Zink, 
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Mangan(II), Nickel(II), Kobalt(II), Aluminium, Seltene Erden, Chrom(III), Cad- 
mium, Thallium(I), Zirkon und Thorium sowie bemerkenswerterweise such Kupfer- 
(II), Wismut(III), Titan(IV), Zinn(IV), Cer(IV) und Amen(V). Die letztgenannten 6 
Elemente werden durch Metallreduktoren ebenfalls reduziert und stijren daher dort 
die oxydimetrische Bestimmung von Eisen. 

TABBUB II.-EI~EN(III)-B~xIMMuN o NEBEN NIGHT ST~RBNDEN BBOLEITELEMBNTBN 

Eisen, tug Fehler, y0 Fremdionenzusatz 

Gegeben Gefunden Ion Salz 

15&o ’ 150,3 . +0,2 
150,o 150,4 +0,3 
150,o 150,l +0,1 
150,o 150,3 -to,2 
150,o 149,9 -0,l 
150,o 150,6 +0,4 
150,o 149,8 -0,l 
100,l loo,2 $0.2 
150,o 150,5 +0,3 
150,o 150,l +0,1 
loo,1 loo,3 +0,2 
150,o 150,2 +0,1 
150,o 150,o O,O 
150,5 150,2 -0,l 
150,o 150,l so,1 
loo,1 100,o -0.1 
100,l 100,o -0,l 
11 g Ferrocen-Redo&, Sglule 340 x 10 mm: 
194,46 194,51 $0.03 

194.57 +0,06 
194,51 +0,03 

8 e Leukomethvlenblau-Redoxit. Saule 240 x 10 mm: 
Naf 750 mg Na,SO, 
Na+ 5000 mg Na,*SO, 
Mgs+ 150 mg MgSO, * 7 HI0 
Zn’+ 150 mg ZnSO, * 7 H,O 
MlP+ 750 mg MnSO, + H,O 
Co’+ 750 mg CoSO, * 7 H,O 
Nil+ 750 mg NiSO, - 7 H,O 
Cr’+ 750 mg KCr(SO,), * 12H,O 
crJ+ 750 mg KCr(SOJ, * 12H,O 
Ala+ 750 mg AK& + 6 HI0 
TiO’+ 750 mg TiO (SO,), 
Cdl+ 750 mg CdSO, - 8/3 H,O 
clP+ 750 mg CuSO, * 5 H,O 
BP+ 750 mg Bi(NOJ* * 5 HI0 
Sn’+ 
As(V) 

750 mg Sn(SO,), - 4 H,O 
750 mg Na,HAsOl 

G++ 750 mg Ce (SO,), .4 Ha0 

194,46 194,51 +0,03 
194,68 +0,08 
194,57 +0,06 

194,46 194,51 to,03 
194,62 +0,08 
194,51 +0,03 

O,O O,O - 

w w - 

0.0 w - 
OS0 o,o - 
w 090 - 

Na+ 
K+ 
NH,+ 
M&J’+ 
Li+ 
MU’+ 
Zn*+ 
Ni*+ 
Co’+ 
Ala+ 
CtP+ 
Cd*+ 
TicIv) 
Zr*+ 
Th4 + 
Tl+ 
Nd’+ 
I??+ 
Sm*+ 
YS+ 
AsOr) 
Bea+ 
c++ 

500 mg NaJO, * 10 HI0 

;k? :; $$$o, 
500 mg MgSO, * 7 HI0 
500 mg LiCl 
500 mg MnSO, * 7 HI0 
500 mg ZnSO, - 7 HI0 
500 mg NiSO, - 7 H,O 
500 mg CoSO, * 7 HI0 
500 mg Al,(SO,), * 18 HI0 
500 mg C&O, * 5 HI0 
500 mg CdSO, - 8/3 HI0 
500 mg Ti(SOJ, 
500 mg ZrO@JO,), 
500 mg Tl-4NOA 
500 mg Tl,SO, 
100 mg NdlOI 
100 mg Er,O, 
100 mg Sm,O, 
100 mg Y*O, 
250 mg NaJ-IAsO, 
250 mg Be(CH,COO), 
500 mg Cr,(SOJ, - aq 

(Versuchsbedingungen wie in Tabelle I.). 

Zusammen mit Eisen(II1) werden durch die Redoxite VanadinQ zu (III/IV), 
Molybd%n(VI) zu (V/VI), Spuren von Uran(V1) zu (IV) und Cer(IV) zu (III) reduziert. 
Mit Ausnahme des letzteren stiiren diese Begleitelemente die Bestimmung von 
Eisen(II1). 
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ANWENDUNGEN 

Analyse von Schlacke und E# 

Die untersuchten Stoffe, je eine Martinschlacke, ein Schwedenerz und ein Agglo- 
merat enthielten nach Werksangaben 13,4; 62,6; 61,0x Eisen. Die Red&ion am 
Zink-Red&or mit anschliehender Titration mit Permanganat ergab 13,7; 62,8; 
61,6 % Eisen. Reduktion an dem frtiher verwendeten, noch ausblutenden Leuko- 
methylenblau-Harz und Titration mit Permanganat14 fiihrten im Mittel von jeweils 3 
Bestimmungen zu 13,8; 63,l; 62,0x Eisen. 

Eisenbestimmung in Stahl 

Der als Beispiel gewahlte hochlegierte Stahl X 10 Cr, Ni, Nb 18/9 (AISI Nr. 347) 
enthiilt etwa 70% Eisen, ferner u.a. Chrom, Nickel und Niob. Die cerimetrische 
Bestimmung nach der Redoxaustauschermethode ftihrte zu folgendem Ergebnis: 

TABELLZ III.-Bss TIMMUNO DES EI~ENS IN STAHL 

Redoxit 

Leukomethylen- 
blau-Han 
(2 x 80 g) 

Ferrucen-Harz 
(11 g> 

Einwaage, Eisengehalt, mg Fehler y0 

“g theor. gefunden abs. l7?1. 

113,54 69,05 69930 +0,25 +0,4 
113.54 69,05 69225 +0,20 +0,3 

113,54 69,05 69,2, +0,20 +0,3 
113,54 69,05 69930 +0,25 +0,4 

Die gefundenen Eisenwerte liegen scheinbar urn 0,3 bis 0,4 % zu hoch. Da jedoch der 
theoretische Gehalt nach einer der iiblichen Restmethoden bestimmt worden war, 
entsprechen die nach vorliegender Direktmethode gefundenen Werte dem tatsiich- 
lichen Gehalt wahrscheinlich besser. 

Arbeitsvorschriji 

Man last 500-600 mg Metallspiine in 50 ml 6N Salas&ure tmter Zugabe von 10 Tropfen 30% igem 
H,OI und 10-20 Tropfen konz. Salpeter&ure bai Siedetemperatur. Ausgeschiedene Kieselsiiure 
und Kohlenstoff werden abtihriert. Das auf 10 bis I5 ml eigeen 
von etwa 15 g Natriumhydroxid @.a.> und 3 g Natriumperoxi P 

Filtrat wird damt in eine Lasung 

Minuten mit Siedestitbchen @kochrt. 
in 100 ml Wasser gegeben und 10 

Hierauf 6ltriert man das evtl. noch TiO,*xH,O enthaltende 
Eisen(EI)-hydroxid ab und wlsuht drehnal mit 20-30 ml 60”-he&m Wasser. Der Niederschlag 
wird vom Filter mit etwa 80-100 ml heiher 6N Saltsilure gel&t und diems mit 50 ml he&m Wasser 
nachgesptllt. Das auf 10-15 ml eingeengte Filtrat wird nochmals wie oben gef%lt und der Niederschlag 
gel&t. Man wiischt mit 50 ml he&m Wasser nach und engt mit 5 ml konz. Schwefetiure bis 
rum Auftreten von SO,-Nebehr ein. Dann fiIllt man auf 100 ml auf. Die etwa 1N schwefelsaure Ei- 
senlasung wird nun mit einer Spritzpi 

“up” 
tte entnommen und nach der allgemehxn Arbeitsvorschrift in 

zwei hintereinander geschalteten Sa en mit je 8,0 g Leukomethylanblau-baw. einer Siiule mit 11 g 
Ferrocen-Ham reduziert. Im Durchlauf wird Eisen(II) potentiometrisch mit 0,lN Car (IV)-sulfat 
titriert. 

DISKUSSION 

1. Elutionsstabile Redoxite erm6glichen oxydimetrische Bestimmungen von 
gel&ten Redoxsystemen. Im Gegensatz zu Metallreduktoren und den meisten 
Redox-Ionenaustauschern wird die Lijsung tatsiichlich nicht durch Ionen des Reagenz 
venmreinigt. Fiir das untersuchte Beispiel der Red&ion von Eisen(III) zu (II) in 

. . 
1N Schwefelsaure (E,,, = +0,68 V) eignen sich auf Grund von Realpotential, 
Reaktionsgeschwindigkeit, Stabilitlt sowie deutlich sichtbarem Farbumschlag vor 
allem das Leukomethylenblau- und Ferrocen-Harz (Esos6 = +0,42 bzw. + 0,47 v). 
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2. Nach Lage ihrer Redoxpotentiale sind die meisten bisher bekannten Redoxite 
(Abb. 27 in Citat 9) mildere und damit wesentlich selektivere Reduktionsmittel als 
Me~reduktoren. Im vorliegenden Fall wird die Reduktion von Eisen(II1) am 
Redoxit im Gegensatz zum Metalheduktor nicht durch Kupfer(II), Wismut(III), 
Titan(IV), Zinn(IV) und ArsenQ gestort. Ein Redoxit mit dem Redoxpotential des 
Nontromtes (J?&,/, = +0,65 V) sollte selektiv nur Eisen(II1) und Vanadin(V) neben 
allen anderen in Zitates (dort Abb. 27) atigefiihrten Redoxsystemen reduzieren. 

3. Ein Poten~vergleich zwischen Redoxiten und gel&ten Redoxsystemen der 
ele~~he~schen Spa~ung~eihe erlaubt qualitative Vorhersagen tiber storende 
Fremdionen und halbquantitative tiber den Grad der Reduzierbarkeit beliebiger 
Redoxsysteme in unterschiedlichem Medium. Beim betrachteten System Eisen 
(III/II) stimmten Vorhersage und Experiment durchweg gut ilberein. Das zeigt den 
We&‘*= der Messung von Realpotentialen &,? der Redoxite such dann, wenn sie 
wegen irreversibler Oxy~tion~nte~e, teilweise nicht streng reversibler Gleich- 
gewicht~instellung und etwas unte~c~e~i~hem Medium fiir thermodynamische 
Berechnungen nicht brauchbar sind. 

4. Geeignete Redoxite eroffnen wegen ihrer hoheren und gut abgestuften Redox- 
potentiale vielleicht die Moglichkeit, Transurane aus hoheren Oxydationsstufen in 
einem Schritt sofort in mittlere zu iiberftihren. Metallredukto~n reduzieren fast 
immer zur niedrigsten Stufe. 

5. Im untersuchten Beispiel wird die Reduktion von Eisen(II1) in der Reihenfolge 
Perchlor-, Schwefel-, Salz-, Phosphor-, Fltisliure sowie fiir jeweils eine dieser 
Mineralslbnen mit steigender H+-Konzentration schwieriger. Das ist durch Stabilisi- 
eruug van Fe(III) infolge Komplexbildung bzw. Verschiebung des Redoxgleich- 
gewichtes (2) durch steigende H*-Konzentration zu erkl&en. Die Selektivitit &r 
Redoxite l&l% sich somit such durch geeignete Komplexbildung und Einstellung des 
pH-Wertes der jeweiligen Aufgabe anpassen. 

6. Die allgemeinen Arbeitsbedingungen der analytischen Anwendung van Redox- 
austauschern entsprechen in vorliegendem Falle hinsichtlich Siiulenbetrieb, Gestalt 
der Durchbruchskurve, Austauschkapazitiit, optimaler KorngriiBe und Kanalbildung 
denen der Ion~aus~~her. &r&he D~~aufges~h~n~gkeit~ erfordem jedoch 
die Ve~endung etwas l&ngerer siiulen mit einer grogeren Austauschermenge. 
Allerdings reagierte das Redox-Harz vom Hydrochinon-Typ Iangsamer. 

7. Im Gegensatz zum Ionenaustausch erfordert die Regeneration der S&.t.len nur 
wenig mehr als die stachiometrische Menge an Red&ions-bzw. Oxydationsmitteln.ll 
Der beim Ionenaustausch erforderlichen hohen Konzentration an Regenerations- 
mittel entspricht hier ein ausreiGhend hohes bzw. niedriges Redox~tential. 

Das Auswaschen des Reduk~ons~ttels mul3 verst%dlicherweise im allgemeinen 
unter Ausschlub von Luftsauerstoff in Waschwasser und Apparatur erfolgen, wobei 
sich die mit aufsteigendem Fliissigkeitsstrom arbeitende Austauschersliule nach Abb. 
2 besonders bewrihrt hat.l” 

Organische Redox-Harze sind zwar gegen so starke Reduktionsmittel wie Dithionit 
au~ichend stabil, werden jedoch von starken ~y~tionsmitteln leicht irreversibel 
angegriffen.a’J*ss Demgegentiber sind rein anorganische Redoxaustauscher such gegen 
starke Oxydationsmittel vollst%ndig stabil.lsqaa 

8. Reste von ionenaustauschenden Gruppen stiiren h&mg die analytische Anwen- 
dung von Redoxaustauschern. Die coulometrisch und radiometrisch bestimmten 
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Kapazititen ftir derartige unerwtinschte, bei der Synthese verbleibende Gruppen, 
lagen bei den verwendeten Redox-Harzen in der GrtiDenordnung von nur 0,04 
mBq/g.B Bei der Reduktion von Eisen(II1) machte sich in 1NSchwefelsiiure jedoch 
keinerlei stiirender Kationenaustausch bemerkbai. Anionenaustauschende Rest- 
gruppen kbnnen dagegen w5hrend der Regeneration und des Waschens Spuren 
Regenerationsmittel, z.B. Dithionit-Anionen binden. Bei der spiiteren Elution wird 
dadurch die anschliehende oxydimetrische Titration gestort. Soferne man daher bei 
der Synthese von Redox-Harzen nicht vermeiden kann, da13 das Harzgertist un- 
erwtinschte positiv oder negativ geladene Gruppen enthiilt, kann man wie oben 
beschrieben, versuchen, Dithionitspuren durch Waschen mit schwach sauerstoff- 
haltigem Wasser rasch weg zu oxydieren oder man mul3wie bei Metallreduktoren- 
Blindbestimmungen ausftihren. 

Die Arbeit wurde im Jahre 1960 ausgeftlhrt. Fiir die Einarbeitung in radiochemische Arbeits- 
methoden danken wir herxlich Herm Prof. Dr. Dr. H. Graul, Dr. Schaumltiffel und Dipl. Chem. 
Steiner, Isotopenabteihmg der Strahlenklinik der Universitiit Marburg/Lahn, sowie fiir materielle 
Unterstiitzung dem Herrn Bundesminister filr wissenschaftliche Forschung, der Deutschen Fors- 
chungsgemeinschaft und Herm Dir. Dr. W. Hagge, Farbenfabriken Bayer, Leverkusen. 

Summary_-As an example of the reduction of cations on redox 
exchanaers. the reduction of 50-2OOme of ironcIII) on leucomethv- 
leneblug- and ferrocene-resin of a p&styrene . t$?, is describeh. 
The iron(H) was titrated potentiometrically with ceriumtIV). Under 
optimum conditions, the standard deviation was O*m14 mg. 
In contrast to their behaviour on metal reductors, there is no inter- 
ference from Cu*+, Bia+, TiO*+, Sn*+, C!e*+ and AsO,“-. The method 
has been used for the direct determination of iron in ores, slags and 
special steels. 

R&mme-Comme exemple de la r6duction de cations sur des echangeurs 
redox, on d&tit la reduction de 50-200mg de fer(I.ID sur une 
r&sine bleu de leucomethylene et ferro&ne d’un ty-pe polystyrene. Le 
fer(II) a 63 tit& potentiom&riquement au c&ium(IV). Dans les 
conditions optimales, &art type est de 0,04-0,14 mg. En contraste 
avec leur comportement sur des r&.mteurs m&alliques, il n’y a pas 
d’interf&ence de Cu*+, Bis+, TiOB+, Sn4+, G++ et AsO,*-. On a 
utilis6 la mtthode pour le dosage direct du fer dans les minerais. 
stories et aciers sp6ciaux. 
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REDOXAUSTAUSCHER UND IHRE 
ANWENDUNGEN-XVI 

ENTFERNUNG VON WASSERSTOFFPEROXID AUS WASSERIGER 

LGSUNG AN REDOX- UND IONENAUSTAUSCHERN* 

BRUNO SANSONI und ELIZABETH BAUER-SCHREIBER 
Institut ftir Strahlenschutz der Gesellschaft fur Strahlenforschung mbH.. 
Radiochemisch-analytische Abteilung, 8042 Neuherberg bei MUnchen tmd 

Chemisches Jnstitut der UniversitiIt Marburg/Lahn 

(Eingegangen am 6. Jattuar 1966. Angenommen am M. April 1970t) 

Zrsassung-Wasserstoffperoxid hiI% sich aus w8sseriger wsung 
durch Reduktion an einem mit Dithionit oder vor allem Sulfit belade- 
nem Anionenaustauscher (Lewatit M 600) sowie durch katalytische 
Zersetxung am OH-4nionenaustauscher halbkontinuierlich und 
automatisch entfemen. Dam werden einfache !Xulenanordnungen 
beschrieben, die sowohl den AusschluD st6render Labordi%mpfe 
als such einen quasi-Sliulenbetrieb bei durch Gasentwicklung stark 
aufgewirbelter Austauscherschicht ermtiglichen. 

WA~~~~T~FFP~R~~ID start die Weiterverarbeitung von Losungen in Strahlenchemie, 
Kemtechnik und Analytik.l Es bildet sich durch Enxymeinwirkung, hemmt aber 
das Wachstum anaerober Bakterien und kann den xur Bildung von Carcinomen 
ftihrenden krankhaften Giirungsstoffwechsel der Zelle ausliisen. Nicht xuletxt 
beruht die Strahlensch&iigung des Organismus teilweise mit aufintermediar gebildeten 
Peroxiden und OH--Radikalen.B 

Wasserstoffperoxid kann durch Red&ion, Oxydation, katalytische Zersetxung 
oder Abtrennung aus Liisungen entfernt werden.2 Im folgenden interessierte die 
Red&ion des Wasserstoffperoxides an Redoxaustauschern als Teilschritt der Entfer- 
nung von gel&tern Sauerstoff aus Wasser. Dabei wurde die katalytische Zersetzung 
an OH--Anionenaustauschem beobachtet. 

Daraus ergeben sich Anregungen fur die Entfemung radiolytisch gebildeter 
Peroxide im Ktihlwasserkreislauf von Atomreaktoren. Verschiedene Membranen der 
physiologischen Zelle haben den Charakter von Redoxaustauschem.8 OverbergeII 
hat Redoxite als unl8sliches Prophylaktikum ftir Strahlenschtiden im Organismus 
xur Reduktion von .OH--Radikalen und Peroxiden verwendet. 

Wasserstoffperoxid hat eine negative Bildungsenergie von - 134 kJ/Mol bei 25”. 
Seine Aktivierungsenergie von etwa 75 kJ/Mol hindert den Zerfall. Die kathodische 
Reduktion verl%uft in saurer LGsungC*e nach 

H,O, + 2H+ + 2e- + 2H,O E” = +1,77V, (1) 

* XV. Mitteihmg B. Sansoni W. Wiegand. Tahta, 1970, 17, 973. Vorgetragen Chemische 
Gesellschaft Marburg/Lahn (Januar 1960) und GDCH-Hauptversammhmg Aachen. 1961 
(Referat, Angew. Chem., 1961, 73,763). 

Herrn Dir. Dr. Walter Hagge, Leverkusen-Bayerwerk, mm 70. Geburtstag. 
t Publication delayed at authors’ request. 
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und in alkalischer’ nach 

HO,- + HsO + 2e- + 3OH- E” = +0,88 V. (2) 

Die katalytische Zersetzung 
HsO, --f I-Is0 + 80s (3) 

erfolgt besonders leicht in alkalischem Medium. Die Reaktionen (1) bis (3) verlaufen 
tiber Radikale.’ Wasserstoffperoxid ist in wlsseriger L&sung eine sehr schwache 
Saures mit K = 2,24 * lo-“. 

Ferrocen - Redoxit 
Leukomethylenblou-Redoxit 

Nophthohydrochinon-Redoxit 

- Leukoindlgodlsulfonat 
0 

AEIB. l.-Vergleich der Redoxpotentiale von HIOI/HIO und Redoxaustauschem. 
Normalpotentiale flir H,O,/H,O und geliiste Ionen, ‘** Realpotentiale fur Redox-Harxe 

in IN und ftir Nontronit in 0,OlN Schwefelsziure.*~ 

Nach Abb. 1 sollte Wasserstoffperoxid durch alle angegebenen Redoxaustauscher 
zu Wasser reduziert werden kiinnen. Ftir Anwendungen in salzfreier-L&sung geniigen 
einfache Redox-Ionenaustauscher. Ihr Gertist ist relativ best&dig. Anionen wie 
Dithionit, SulB, Thiosulfat, Phosphit vermeiden die bei verschiedenen Katione$ 
sowie Redoxiten beobachtete storende katalytische Zersetzung.l” Durch Oxydation 
gebildetes Sulfat ist indifferent und stijrt bei Elution durch salzhaltige LBsungen 
weniger als entsprechende Redox-Kationen. Die an den Reaktionen (1) bis (3) 
beteiligten Radikale k&men organische Redoxgruppen an Redoxiten irreversibel 
angreifen und diese unbrauchbar machen. 

EXPERIMENTELLE TEIL 

Geriite 

Die Reduktionsversuche wurden in Schliffs&_tlen (180 x 10 mm nach Abb. 2) unter Ausschl~ 
storender Laborluft ausgefuhrt. Die 300 ml-Erlemneyerkolben stehen auf einem in entsprezhender 
Hohe angebrachten Plexiglasstreifen. Die katalytische Zersetzung erfolgte in den Apparaturen nach 
Abb. 3 und 4. Sie erlauben bei nicht zu schneller Durchlaufgeschwindigkeit und etwas ubung such 
bei starker Gasentwiclchmg einen quasi-S&ulenbe.trieb. In der Anordmmg Abb. 3 entweichen die 
Gasblasen durch das Kapillarrohr. In Abb. 4 sol1 der schriig eintauchende Glasstab (l-2 mm Durch- 
messer) das Aufsteigen der Gasblasen erleichtem. In beiden P&hen dient das untere Drittel der 
S&&nftih~g als Sicherheit fiir etwa durchgebrochene Peroxidspuren. 
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ABB. 2.-SchliiWule mit AusschM starender Laborluft. 

Glasstab 
I-2mm B 

ABB. 3 und 4.-Apparaturen fiir quasi-Siiulenbetrieb bei starker Gasentwicklung. 
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Au&&em wurden verwendet: Fraktionsteller RadiRac (LKB) mit lo-ml Syphon, Polarograph 
Polarecord (Metrohm), Leifftigkeitsmesser CDM II mit 0,2-ml Durchfl~zelle(Radiometer). 

Die Redoxaustauscheranlage~*ll lieferte sauerstoffarmes Wachwasser mit rrO,2*10-7 G-1. mm-l 
< 40,~g 0,/l und pH 6,6-6,8 (bei 21 f 1”). Gegebenenfalls kann such ausg&kochtes und mit Ns 
gespijltes vollentsalztes Waschwasser venvendet werden. 

Redox-Zonenuustauscher 

Zonenaustuuscher. Stark saurer Lewatit SlOO und stark basischer Lewatit M 600 werden wie 
tiblich mit 4M Salmiiure in die H+-bzw. Cl--Form gebracht, sorgfiltig eisenfrei, anschlieBend neutral 
gewaschen, an der Luft getrocknet und gesiebt. Em Teil des Anionenaustauschers wird anschlieBend 
mit 2M Natriumlauge unter CO,-Ausschl~ in die OH--Form tlbergeftlhrt. 

Die Anionenaustauschkapazit~t von Cl--Lewatit M 600 ergab sich fiir die Siebfraktion 0,1-0,2 
mm zu 3,27 mEq Cl-/g Trockengewicht; O&O,75 mm zu 3,18; 0,75-1,00 mm zu 3.22; ungesiebt zu 
3,22 und ist damit innerhalb der Fehler 
keitsgehalt bei konstanter Luftfeuchti 

enmn befriedigend konstant. Dagegen nahm der Feushtig- 
8 it mit steigender KomgroBe etwas zu: KomgroBe 0,1-0,2 

mm 16,5x; 0,2-0,3 mm 21,2x; 0,3-0,4mm 22,7x; 0,4-0,5mm 23,5x 0,5_0,6mm 23,7x; 
0,6-0,75mm23,5%; 0,75-l,OOmm24,5%. 

S,O,*-Anionenaastauscher. Jeweils 7,00g lufttrockener Cl--Lewatit M 600 (O&O,75 mm) 
werden in der SHule nach Abb. 2 mit 200 ml ammoniakalischer Dithionitl(lsung bei etwa 1 Tropfen/ 
set (34ml/min) in die Dithionit-Form tlbergeftlhrt und mit etwa 300ml sauerstoffreiem Wasser 
dithionitfrei gewaschen. Dabei soll die obemte Harmchicht nicht mit Luft in Bertlhrung kommen. 
Andemfalls mu13 mit jeweils konstantem Kapazititsverlust gearbeitet werden. Die Sulfat-Form des 
Austauschem wird unmittelbar mit frischer Dithionitlosung regeneriert. 

SOI”--Anio nenuustuu&er. Entsprechend werden 7,00 g Cl--Lewatit M 600 (O&O,75 mm) mit 
etwa 100 ml Sulfitlosung in die &l&Form gebracht. Nach Oxydation wird das gebundene Sulfat 
ebenfalls mit lO%iger Natriumsultit-L&umg ausgetauscht. 

Reagenzien 

Ammoniakalische Dithionitkq. Jeweils kurz vor Gebrauch werden etwa 50 g Na,S,OI (gereinigt, 
Riedel-DeHaen in 1 Liter 1 M Arnmoniaklbsung (them. rein) gel&t. 

Su&itl&ung. 100 g NasSOs @.a.) in 1 Liter vollentsalztem Wasser. 
Wassersto&,peroxti&ung. 30 “/Qges HsO, (Perhydrol, p.a.) wird kurz vor Gebrauch verdthmt und 

mit 0,lN Thiosulfat jodometrisch eingestellt. 

Analytische Bestimmwrgen 

Ionenaustauschkapazitaten wurden volumetrisch,l* Redoxkapazitslten mit EisenO-sulfat11~1*~14 
Wasserstoffperoxid jodometrisch nach KolthotF6 und gelegentlich im Durchlauf such polarographisch 
bestimmt.16 

ERGEBNISSE 

Nach Vorversuchen mit einer grBl3eren Anzahl von Redox-Ionenaustauschem 
warden die mit Dithionit und Sulfit beladenen Anionenaustauscher eingehender 
untersucht. 

Reduktion am S20,2--Anionenaustauscher 

Der Dithionit-Anionenaustauscher ist nach Abb. 5 ausreichend stab& Sene 
Reduktionskapazitiit vertidert sich in der gut verschlossenen SlMe wilhrend 24 
Stunden kaum und sinkt nach 100 Stunden auf etwa die Hiilfte. 

In drei Versuchsreihen wurden zunehmende Vohtmina wtiserige 0,lN Wasserstoffperoxidl6sung 
an S,O,*-Lewatit M 600 in S&tlen nach Abb. 3 unter moglichst konstanten Bedingungen reduziert. 
Abbildung 6 enthSilt das Ergebnis der Einzclversuche als Dumhbruchskurve. Dabei wurde (a) die in 
der Saule entfemte und (b) im Durchhauf gefundene Wasserstoffperoxidmenge gegen die vorgegebene 
aufgetragen und jeweils als mEq H,O, auf das Trockengewicht Cs, des Austauschers bezogen. Der 
Siittigungswert von (a) ergibt eine Gesamt-Reduktionskapazitiit’” von 2,6-2,7 mEq H,O*/g, der 
Durchbruchspunkt von (b) eine nutzbare Durchbruchskapazit~tl’ von 2,5 mEq H,O,/g. Die Abs- 
zissendifferenz des Sattigungs- und Durchbruchspunktes entspricht einer ausgenutzten Gesamt- 
Kapazitat der Stiule von etwa 95%. Fiir Ionenaustauscher werden 60-80x angegeben.” Dieter 
hohe Wert deutet auf rasche und vollst&ndige Gleichgewichtseinstelhmg in j&m Siiulenabschnitt. 
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Zeit W 

ABB. S.-Stabilit%t von Stop*--Pemutit ES (5). 
Siiule 180 x 10 nuu; 10 g Cl--Pemutit ES (0,345 mm) in S,O,‘--Form; 2O-25°C; 

diffises Sounenlicht . 

H,Os gegeben [mEq/g Harz] 

ABB. 6.-Red&ion van Wassemtoffperoxid an SIOI*-Lewatit M 600. 
Siiulen 180 x 10 mm (Abb. 2) mit 7,00 g lufttrockeuer Haxzeiuwaage an Cl-Lewatit 

M 600; (O&O,75 mm); 1,l ml/min; 24-25°C; diffuses SoMenlicht. 

Die gefundene Gesamt-Reduktionskapazitit ist erheblich kleiner als die theoretisch 
fur den f.&rgang von S(II1) zu S(N) zu erwartende von etwa 9,s mEq/g. Das hat 
mehrere Grtinde. Erstens enthielt frisch der Originalflasche entnommenes Na&,O~ 
(gereinigt, Riedel-DeHaen) mu etwa 74 Gew.-% des theoretischen Gehaltes an 
Dithionit, daneben 11% Thiosulfat und 12% Sulftt. Zweitens sinkt der Reduktions- 
wert des am Austauscher gebundenen Dithionites infolge Oxydation der obersten 
Schichten durch den Luftsauerstoff in Apparatur und Waschwasser. Drittens ist im 
angewendeten schwach ammoniakalischen Medium die Beladung des Lewatit M 600 
nicht mehr ganz vollst&idig. So filhrte eine Beladung mit wassriger, also schwach 
saurer DithionitlBsung zu Gesamt-Redoxkapazitaten von 3,4-3,8 mEqFti+/g. 
Viertens entstehen aus 1 Mol SaOa+, 2 Mol SOs2- bzw. SOdz-. Das bedeutet 
notwendigerweise eine teilweise Elution von Sulfit- bzw. Sulfat. Der an der Luft 
aufgefangene Durchlauf einer wiisserigen Wasserstoffperoxidlosung enthielt je nach 
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Basizitit des Anionenaustauschers 18 bis 24 Equivalent- % der mit H,Oa ge- 
messenen Gesamt-Red~tionskap~t~t als Sulfat bzw. Schwefel&re. Damit erfolgt 
die Oxydation von Dithionit am Anionenaustauscher zwar sehr schnell, jedoch 
un%ersichtlich. 

In der ersten Versuchsreihe (0) van Abb. 6 wurde Cl-Gwatit M 600 zun%chst mit 2~Natronlauge 
in die OH-- und dann erst mit ammoniakalischer Dithionltlijsung in die SI04*--Form iibergeftihrt ; in 
der zweiten und dritten wurde direkt in die SsO,a--Form gebracht. Die ~~~~~ ist in 
Anbetracht der etwas erhahten Raumtemperatur sowie des diffusen Sormenlichtes (geringe kataly- 
tische Peroxidzersetzung an der c;laswandung) befriedigend. Das zeigt, daB such ein Ilberspringen 
der OH--Form vollst&ndige Regeneration ermGglicht. A&&em hat sich die Kaptitiit des 
Anionenaustauschers nach dreimaliger Oxydation-Red&Con nicht merklich verlndert. 

~e~~i~~ am ~U~~-Ani~~e~~~~~h~r 

Der Sulfit-Auionenaustauscher reagiert nach 

SO:--Iat. + HaOa =: SOZ--1at. + HBO. (4) 

Die Reaktion ist langsamer, aber einfacher und tibersichtlicher als bei Dithionit. 
Infolge konstant bleibender Anio~enladung wird die Lijsung g~nd~~lich mcht 
verunreinig. Sulfit erfordert tiberdies geringere Betriebskosten. 

wotif M 600 (0,6d-O;T6 mm) 

H,O, gegeben [mEq/g Hart] 

bg. 7.-Red&ion von Wasserstoffperoxid an SO,a--Lewatit M 600. 
7,@@g lufttrockene Harzeinwaage an Cl --Lewatit M 600; Korngri%e; ungesiebt; 

sonst wie fiir Abb. 6. 

Der Sit-A~onenaus~uscher ist gegen Autoxydation so stabil wie eine ent- 
sprechend verschlossen aufbewahrte wiisserige Sulfitliisung. Die Gesamt-Reduktions- 
kapazitat nimmt ~nerh~b von 44 Tagen nur urn 6% ab. Auch das Gertist des 
Anionenaustauschers ist ausreichend bestsindig. So blieb die Anionenaustauschkapa- 
zitiit von Lewatit M 600 nach 6 Redoxumwandlungen mit Stit bzw. 0,lN Wasser- 
stoffperoxid mit 3,18 bis 3,19 mEqCl- g konstant. Die unter gleichen Bedingungen 
wie beim Dithionit-Anionenaustauscher aus Einzelversuchen zusammengesetzte 
~urch&ruch~k~rve fiir etwa 1 M Wasse~toffpero~~~sung zeigt Abb. 7. Die Gesamt- 

Reduktionskapazitat betragt nach Kurve (a) etwa 240 mg H,Os pro Saule oder 
2,9 mEq HBOafg. Durchlauf erfolgt nach (b) ab 165 mg HaOz, entsprechend knapp 
70% der Gesamt-Reduktionskapazitat. Letzterer Wert entspricht durchaus denen 
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des Ionenaustauschers, liegt aber niedriger als beim Dithionit-Anionenaustauscher. 
Das ist eine Folge der langsameren Gxydation des Sates. 

Die gemessene Gesamt-Reduktionskapazit(ii stimmt gut mit dem aus der Anionen- 
austauschkapazitit berechneten Wert von 3,2 mEq HsOJg iiberein. Die geringe Dif- 
ferenz ist durch teilweise Autoxydation des festen bzw. im oberen Slulenteil 
gebundenen Sulfites durch Luftsauerstoff sowie geringe Peroxidverluste infolge 
Zerfalls an den Glaswgnden bedingt. 

Die Werte aus zwei Versuchsreihen (Abb. 7) streuen erheblich weniger als beim 
Dithionit-Anionenaustauscher (Abb. 6). Das ist durch den tibersichtlicheren Reak- 
tionsverlauf und die geringere Reaktionsgeschwindigkeit der Sulfitoxydation mit 
Luftsauerstoff zu erklliren. Auch hier kann die erschiipfte Sulfat-Form mit 5-10 %iger 
Natriumsulfitlijsung direkt regeneriert werden. 

Eine Erhijhung der Durchlaufgeschwindigkeit von 0,l auf 5 ml/min hat kaum 
EinfluB auf die mit einem H,Os-tierschuB bestimmte Gesamt-Reduktionskapaziuit. 
Ein schwacher Anstieg unterhalb von 0,5 ml/mm wird nur durch die bei Ungerer 
Wartezeit sptirbar werdende Selbstzersetzung des Wasserstoffperoxides an GefaS- 
wEnden und Harzoberf&che vorgetiuscht. Andererseits hangt die wirklich nutzbare 
Durchbruchskapazitiit stirker von der Durchlaufgeschwindigkeit ab. Es kann aber 
such hier die beim Ionenaustausch iibliche von 1 ml/min angewendet werden. 

Die KorngriiBe des Anionenaustauschers ist von 0,l bis 1,0 mm praktisch ohne 
EinfluB auf die wie vorher bestimmte Gesamt-Reduktionskapazitit. Streuungen sind 
wiedeium durch langsam beginnende Selbstzersetzung des Peroxides bed&t. 

Die Konzentrution der Wasserstoffperoxidliisung ist im Bereich von O,l-2,5M 
nach drei Versuchsreihen ohne EinfluB auf die in der SZiule reduzierte Peroxidmenge. 

Geringe Mengen an Stabilisatoren wie Diphosphat, Barbitursliure, Hamstoff, 
ferner Zusatz von 1% Phosphors&re sowie 0,04N Schwefels%ure, aber such 0,02M 
Natronlauge zeigten praktisch keinen EinfluB auf die Reduktion in der S&tie. 

Die storende Gasentwickhmg durch Selbstzersetzung des Wasserstoffperoxides 
beginnt oberhalb etwa 25” deutlich zu werden. Bei ~23-24” wurde nur gelegentlich 
schwache Gasentwicklung beobachtet. Sie stijrte den S%ulenbetrieb nicht wesentlich. 

Wasserstoffperoxid kann ohne Stiinmgen am Sulfit-Anionenaustauscher nur in 
dem pH-Bereich von etwa 4,5 bis 7 reduziert werden. Im st%rker sauren Gebiet 
wird Schwefeldioxid abgespalten, im stgrker alkalischen tritt Selbstzersetzung des 
Peroxides unter deutlicher Gasentwicklung ein. Ebenso storen Fremdsalzkonzentra- 
tionen ab etwa 0,OlN durch Elution von Sulfit. 

Abbildung 8 zeigt die Durchbruchskurve fiir die Reduktion von fast 2 Liter 
0,15M Wasserstoffperoxidlosung im kontinuierlichen Saulenbetrieb an etwa 100 g 
SuKt-Anionenaustauscher. Es trat w&end der Reduktion praktisch keine Gasent- 
wicklung in der S3iule auf. 

Red&ion und katalytische Zersetzung an Redoxiten 

Steigender Salzgehalt der Wasserstoffperoxidlosung bewirkt, von einigen Aus- 
nahmen abgesehen, zunehmende Elution des reduzierenden Ions vom Anionen- 
austauscher. In diesem Fall sind Redoxite mit elutionsstabil eingebauter Redox- 
Gruppe geeigneter. 

Als Beispiel wurde eine 0,3 %ige Wasserstoffperoxidliisung in 1M Natriumsulfat 
an einem Leukomethylenblau-Polystyrol-RedoxitlS quantitativ reduziert, ohne 
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daJ3 die L&sung verunreinigt wurde. Der gleiche Redoxit war friiher zur Prtifung 
seiner StabilitHt nach jeweils vorherigen Reduktionen mit Dithionit tiber hundert 
Male mit 0,l %iger wiisseriger Wasserstoffperoxidlosung oxydiert worden. Dabei 
nahm die Reduktionskapazimt urn weniger als 15 % ab. 

Durchlauf 0,151 M H,O,-L6sung [i] 

ABB. 8.-Kontinuierliche Entfemung van 0,lSlM Wasserstoffperoxid durch Reduktion 
an SO**-bwatit M 600. 

100 g Cl--Lewatit M 600 (O&O,75 mm; 22,6x Feuchtigkeit) in SOIs--Form iiberge- 
fiihrt; bei 20-23°C xnit durchschnittlich 3 ml/min filtriert. 

Verschiedene andere Polystyrol-Harze mit eingebauten Hydrochinon/Chinon- 
systemenlg*14 sowie Ferrocenla entwickelten aus Wasserstoffperoxid deutlich Sauer- 
stoff. Besonders stark katalysierte das FeS+/Fes+-haltige Tonmineral Nontronit die 
Peroxidzersetzung. 

St8rker konzentrierte Wasserstoffperoxidlosung oder lange Einwirkung such 
verdiinnterer L&sung greifen jedoch die meisten organischen Redoxite mehr oder 
weniger stark irreversibel an. 

Katalytische Zersetzung am OH--Anionenaustauscher 

Verdiinnte Wasserstoffperoxidlosungen zersetzen sich am festen OH--Anionen- 
austauscher katalytisch. s Dabei erwlrmt sich die Lbsung mehr oder weniger stark. 

Im Gegensatz zur entsprechenden Hydroxidliisung verunreinigt die Festbase die 
L&sung nicht. Die OH--1onen kijnnen in salzfreier Losung das Austauschergerilst 
nicht verlassen. Daher kann die Reaktion such in einem sehr groSen Liisungs- 
volumen an einer relativ sehr kleinen, aber hoch konzentrierten Menge OH--1onen 
ortsgebunden ablaufen. Normaler Sgulenbetrieb wird allerdings durch die starke 
Gasentwicklung unmoglich. 

Die Anordnungen Abb. 3 und 4 zeigen Moglichkeiten auf, den entwickelten 
Sauerstoff abzuleiten. Sie erlauben einen angentierten quasi-Stiulenbetrieb mit 
aufgewirbelter Schicht. Die Hauptmenge Peroxid soll bereits im oberen Siiulenteil 
zersetzt werden. Das untere Drittel bleibt als Reserve znr Entfernung gelegentlich 
durchbrechender Peroxidspuren verfiigbar. Ein solches Vordringen der Peroxidfront 
in der Saule ist am Ausbleichen der rotbraunen Farbe des OH-Lewatit M 600 oder, 
noch empfindlicher, durch beginnende Gasentwicklung zu erkennen. 
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Als Beispiel bringt Abb. 9 die Durchbruchskurve filr 1M Wasserstoffperoxid- 
l%mg. Der Versuch dauerte vier Wochen, zeitweise war der Durchlauf verlangsamt 
oder ganz unterbrochen. Die nutzbare Durchbruchskapazitiit dieser OH-Anionen- 
austauschersiiule betrug etwa 370,2 mEq H,Odg. Das entspricht formal dem 12% 
fachen derjenigen des Sultit-Anionenaustauschers. 

&nlich dem OH-Anionenaustauscher wirken such mit Fes+/Fea+ und ganz 
besonders mit MnO,-/MnO, belegte Ionenaustauscher. Dagegen blieb eine Beladung 

__-----mm- 

- 

Durchlauf I,01 M H,O,-L&sung 

ABB. 9.-Katalytische Zcrse.txung van 1,OlM Wasserstoffperoxid an OH--Lcwatit 
M 600 im quasi-S%ulenbetrieb. 

20 g Cl--Lewatit M 600 (O&O,75 mm, 22,6% FeuchtigtCeit) in OH--Form itbergefiihrt ; 
bei 2&23”C mit 1 mI/min, jedoch rnit Unterbrechunp, IYtriert. S&ule nach Abb. 4. 

mit Hf, Na+ oder Gus+ ohne sichtbare Wirkung. Zwn Beispiel fanden sich im Durch- 
lauf einer siiule mit 9 g Lewatit S 100 von aufgegebenen 53,9 mEq Wasserstoff- 
peroxid in der angegebenen Reihenfolge der Beladungen 53,7; 53,8 und 53,3 mEq 
wie&r. 

DISKUSSION 

Vorliegende Arbeit zeigt die Vorteile von einfachen Redox-Ionenaustauschern 
mit nur irreversibel oxydierbaren Anionen bei der Red&ion ungeladener Molektlle 
in salzfreier oder salzarmer Losung. Wlend Redoxite durch irreversibel Oxydation 
langsam zerstiirt werden, ist das Ionenaustrauschergeriist relativ stabil, einfach 
zugtiglich und leicht regenerierbar. Gtinstig sind Redoxsysteme, welche bei der 
Oxydation indifIerente Anionen wie Sulfat ergeben und bei geringftigiger Elution 
nicht St&en. 

Die Entfermmg von Wasserstoffperoxid durch Reduktion zu Wasser gelingt 
besonders rasch am Dithionit-Anionenaustauscher. Auch geringe Sauerstoffspuren 
werden noch erfaBt. Dithionit hat jedoch den Nachteil eines untibersichtlichen 
Reaktionsmechanismus, einer Verdoppelung der Anionenladung wiihrend der 
Oxydation und dadurch Elution von Stit oder Sulfat. Diese kann bei mu teilweiser 
Beladung des Anionenaustauschers von diesem selbst, sonst aber durch eine nach- 
geschaltete S&de mit OH--Anionenaustauscher entfernt werden. Fur andere Zwecke 
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start die Verunreinigung der L6sung durch Sulfat o&r Schwefelsaure jedoch hiiufig 
nicht. 

Demgegeniiber hat der schon von Austerwei120 zur Entfernung von gel&tern 
Luftsauerstoff erwtinte Sulfit-Anionenaustauscher den Vorteil eines einfacheren 
Mechanismus und konstanter Anionenladung. Die Losung wird nicht venmreinigt. 
Der Sulfit-Anionenaustauscher ist unter LuftabschluB sehr bestgndig. Die Grenzen 
seiner Anwendbarkeit (pH 4,5 bis 7) sind durch die Stabilitat von Sulfit einerseits und 
beginnende Selbstzersetzung des Peroxides andererseits bedingt. 

Besondere Bedeutung hat eine halbkontinuierliche und automatische Reduktion 
des Wasserstoffperoxides am Sulfit-Anionenaustauscher, wenn sie mit einer Vollent- 
salzung an Ionenaustauschern gekoppelt werden kann. Zum Schutz vor eventuellen 
Spurenverunreinigungen der behandelten Liisung wird man eine kleine OH--und 
H+-Ionenaustauschers%ule nachschalten. Eine wichtige mijgliche Anwendung wiire 
der einer Radiolyse ausgesetzte Ktihlwasserkreislauf entsprechender Atomreaktoren. 

Hohe Peroxidkonzentrationen erfordern beim Reduktionsverfahren hiiufige 
Regenerationen. Hier erreichte die halbkontinuierliche Zersetzung am OH--Anionen- 
austauscher den etwa 130-fachen Umsatz. Die L&sung darf allerdings keine Salz- 
spuren enthalten. Diese tauschen OH--1onen aus und blockieren dadurch den 
Katalysator. AuBerdem katalysieren Eisenspuren den oxydativen Angriff des 
Ionenaustauschergertistes ungewiihnlich stark.e 

Die Arbeit wurde im Jahre 1959 ausgeftibrt. Wir danken ftir materielle Untersttitxung vielmals dem 
Herm Bundesminister fib wissenschaftliche Forschung, der Deutschen Forschungsgemeinschaft sowie 
Herr-n Dir. Dr. W. Hagge von den Farbenfabriken Bayer in Leverkusen. 

Summary-Hydrogen peroxide can be removed semi-continuously 
from aqueous solution by reduction on an anion-exchange resin 
in the dithionite or sulphite form, or by catalytic decomposition 
on a resin in the OH--form. Simple column arrangements suitable 
for this purpose providing for exclusion of air, and for quasi-column 
operation when the resin is vigorously agitated by the evolution 
of considerable amounts of gas, are described. 

R&sun&-L’eau oxygen&e peut &re 6limin&e de maniere semi continue 
dune solution aqueuse par reduction sur une r&ire tchangeuse d’anions 
sous la forme dithionite ou sulfite, ou par decomposition catalytique 
sur une &me sous forme OH-. On d&r-it des dispositifs de colonne 
simples convenant a cette tin, prevoyant l’exclusion de l’air et l’op& 
ation pratique en colonne lorsque la resine est vigoureuse.ment agitee 
par le degagement de quantites considerables de gaz. 
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SHORT COMMUNICATIONS 

Apparatus for the determination of melting points, molecular weights, 
freezing points and purity, and for the study of melting 

(Received 10 June 1969. Revised 4 May 1970. Accepted 12 May 1970) 

AN APPARATUS for the rapid precise determination of molecular weights has been developed. It is 
based on the measurement of melting point lowering, because there are difficulties in obtaining 
accurate values for freezing points. *sl 
arise from processes 

Notice is taken of the conditions which at&t precision and 
occumnginthemel’ 

Y 
system. An equation is deduced for accurate calculation 

of the melting point, from an estimate o the time at which the melting point occurred, and the 
co-ordinates of two points in the melting region of the time-temperature record. 

EXPERIMENTAL 

The vessel was a lo-ml Pyrex glass bulb with two ground-glass necks, the one for filling and 
em 
to K 

tying having a ground-glass stopper, and the other containing a sealed-in thermistor armnged 
ave its tip immersed 5 mm into the liquid. The vessel contained 7 g of liquid and five glass 

balls 6 mm in diameter. The thermistor (FS 23), Standard Telephones and Cables Ltd.) had a 
resistance of 2000 ha at 20”, and tem ture coetiicient 132 n/K, and was made one of the ratio arms 
of a Wheatstone bridge, the p” out-o -balance current being amplified and recorded on the chart of 
a recording potentiometer adjusted to give full-scale deflection for the concentration range being used. 

The flask was aled with a known weight of solvent and immersed in a freezing-bath for 1 min. 
It was then placed in an insulated container mounted on the arm of a reciprocating machine and 
swung uniformly, 90 times a minute, through an arc of 120”. 

The temperatur+time trace of the pure solvent formed a base line from which subsequent melting- 
point lowerings could be measured. Some examples are shown in Fig. 1. 

Conditions to be observed in design 

Crystallization of the solvent should be rapid. 
Residual supercooling in the solid/liquid system or in the temperature measuring device is 
undesirable. 
Rapid heat exchange between solid and liquid is necessary so that equilibrium between the two 
phases can be established quickly. 
Melting should proceed through a series of equilibrium states, each state, for partially frozen 
solutions, being in accordance with the freezing point law. 
The tem 
measureZera 

-sensing device must detect small changes accurately. The temperature 
should be that of the solution in equilibrium with frozen solid. ._ _. .- 

6. At themeltingpotnt theconcentration of the solution in equilibrium with solid must be constant. 
7. The melting 

f!Z 
int 

8. A clearly de 
should be relatively indifferent to the rate of melting. 

ed melting point is desirable. 
9. The apparatus should be simple to use, and the time of measurement short. 

DISCUSSION 
Crystallization of the organic liquids used, of water and of molten naphthalene and diphenyl- 

amme was rapid and clearly de&xl, largely because of the presence of the glass balls. 
point was well defined on the recorder trace and by calculation could be measured 

The melting 

time required to remelt the partially frozen liquid was short, usually about 5 min. 
accurately. The 

The thermistor tip 
was small and hence the temperature response rapid. Efficiency of mixing was the main factor 
involved in satisfying the other conditions, and was achieved by means of the glass balls, the um- 
formity of the mechanical motion and the jerk at the end of each stroke. The uniformity of motion 
was most important. The efRciency was demonstrated by the smoothness of the trace for pure 
solvent and by the shape of that for a solution. The shape of the curve follows from the freezing 
point depression law, which may be ezpressed as 
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Temperature f-- 

FIG. 1 .-Examples of time-temperature curves; (a) pure solvent; (b) solution. 

where k = the cryoscopic constant, n = moles of solute, wO = weight of solvent at beginning of 
melting, T, = melting point of solvent, s = speed of melting, tI = time of melting to temperature TX. 

For any given trace for melting, the only variables are T and t and when plotted against each 
other they should give a concave curve. The shape of the trace in Fig. 1 (b) illustrates this. That all 
such traces were curved confirms the efficiency of mixing. 

The rate of heat exchange between the two phases was not only a function of mixing, but also of 
crystal size and the thermal properties of the two phases. Thus the heat exchange was least for pure 
solvents where the crystals were large, and greatest for the solvent cyclohexane, the latent heat of 
which was so low that melting was too rapid for a trace like Fig. 1 to be developed. 

Detemination of the melt@ point 
The melting point of solvents (TL) is that portion of the trace which gives a constant temperature 

over an interval of time. The melting point for solutions can be taken as that temperature where the 
amount of frozen solid becomes vanishingly small (ZY,). At this point, 

T& - TV = ATE =t 

where w is the weighed amount of solvent. 
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The expression used to calculate the melting point is 

ATIATOa 

ATs = AT,,(a + 1) - AT, 
(3) 

whereAT,=Tc-TlandAT,=TL- TO are two temperature differences on the trace, corre- 
sponding to times of melting I1 and Q a = (tl - t,,)/(r, - ra, and where te is the time at Te (see 
Fig. 1). 

From equations (1) and (2) we obtain 
ATew 

wo+stl=x’ 

andas 

then 
w,,AT, = kn = ATew, 

ATew ATew 
F + stx = m. (5) 

0 

Thus, 

If the rate of melting is the same throughout the melting process, and it is probable that this is so over a 
small temperature range and relatively short melting times, then the expression above is true whatever 
the temperature points chosen. Hence, 

AT,AT,a 
ATe = AT,,(a + 1) - AT, ’ 

Estimation of precision 

The precision of cryosopic results is usually expressed in terms of temperature as this is the unit of 
measurement. It was thought that concentmtion would be a more meaningful term. The cryoscopic 
constant k estimated from the slope of a plot of melting point depression VS. molal concentration m, 
may be used to estimate the concentration m’ corresponding to any given value of ATe, 

m’ = AT.Jk. 

The difIerences (m - m’) can than be used as a measure of precision. 
Results are shown in Table I. 

APPLICATIONS 

Molecular weights 

The precision with which the molecular weights of organic compounds can be measured by the 
apparatus can be seen from Table 1. The mean value of the standard deviations is &to402 mole/kg 
and the experimental value for a substance of molecular weight of 1000 in 1 -molal solution would be 
found to lie between 1004 and 9%. If, however, the solution were 0.1 molal, the value would lie 
between 1040 and 960. It follows that within the bounds of ideality. the more concentrated the 
solutions the smaller the error. The samples in Table I included solutions up to l-2 molal. 

For a molal solution of a substance of molecular weight 10000, the limits would be 9960 and 10040, 

8 
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TABLE I.-Rxsu~~s OF m AND THEIR PRRCISION 

Solvent Solutes 
No. of Std. devn., 
results mole/kg 

Water 

Benxene 

Dioxan 

Nitrobenxene 

Sucrose, glucose, urea, catechol, resorcinol, hydro- 72 *0~0035 
quinone, phenol, aniline, benxylamine 

Naphthalene, cr-naphthol, catechol, benxil, fats 65 &to*0016 
and oils 

Naphthalene, benxoic acid, 1,5-, 1,6-, 1,3-, 1,4-, 1,7-, 105 ~O+k321 
2,3-, 2,7-dihydroxynaphthalenes, methyl sali- 
cylate, nitrobenxene, pyrogallol, catechol, fats 
and oils 

Naphthalene, coumarin 20 f@OO15 

but it often becomes more dilhcult to make such a concentrated solution as the molecular weight rises, 
It would seem unwise to claim that it is possible to extrapolate the readings to high molecular weights. 
i.e., in excess of 10000, as is sometimes done. 

Purity 

Takhrg the mean standard deviation as 0002 mole/kg and assuming that twice this value is needed 
for detection, then the minimum amount of im 
soluble in any of the four solvents suitable, woul B 

urity that could be detected in organic materials 
be OXlOO mole % if a l-molal solution were used. 

Other uses 

It is possible to examine self-associated species in benzene and nitrobenxene* and weak complexes 
in an inert solvent.’ The number of particles present under certain experhnental conditions can be 
determined and this might be useful in the study of reaction mechanisms. 

The nature of the recorder traces enables a study to be made of the last stages of the melting of 
liquids and dilute solutions. Melting points can be determined and although it is not claimed that T. 
is the physical melting point, it is based on theory and reproducible to within rtO*OO5”. 

Department of Chemistry R.F. GREENWU~D 

The City University 
St. John Street, London E.C.I. 

Summary-An apparatus for the determination of the melting point 
of a partially frozen liquid is described. Thermal equilibrium is rapidly 
attained, largely because of the presence of glass balls in the experi- 
mental flask, and the method of agitation. The use of a thermistor and a 
recording potentiometer allows charting of the temperature changes 
with time. The melting point can be calculated from points on the 
trace. The apparatus has been used to study melting point depressions 
for solutions of hydrocarbons and phenols in benzene, nitrobenxene, 
water and dioxan. 

Zusammenfassnng-Em Geriit xur Bestimmung des Schmelxpunktes 
einer teilweise gefrorenen Fltlssigkeit wird beschrieben. Das thermische 
Gleichgewicht wird mit Hilfe eines Vorrats von Glaskugeln im Ver- 
suchskolben und eines besonderen Rtihrverfahren rasch erreicht. Ein 
Thermistor und ein Schreiber ermijglichen es, die xeitliche Anderung 
der Temperatur zu registrieren. De~Schmelxpunkt kann aus Punkten 
auf der Reaistriersour berechnet werden. Mit dem Gerltt sind 
Schmelxpur&ennied&ungen einiger Liisungen von Kohlenwasser- 
stoffen und Phenolen in Benxol, Nitrobenxol, Wasser und Dioxan 
untersucht worden. 

R&ua&On d&it un a . pp”il pour la determlpfltion du point de 
fusion d’un liouide narttel ement congele. L’&nhbre themuque cst 
rapidement at&n, &entiellement 51 &se de la pr6sence de b&s de 
verre dans la fiole d’ex&rhnentation et de la methode d’agitation. 
L’emploi d’un therm&& et d’un potentiom&re enregls&permet 
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l’emegistrement des variations de temperature en fonction du temps. 
Le point de fusion peut Btm calculC de points sur 1s trace. On a utihs6 
l’appareil pour 6tudier les depressions du point de fusion pour des 
solutions d’hydrocarbures et de phenols en be&me, nitrobenxene, 
eau et dioxane. 
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A silver electrode in the potentiometric titration of thiols*t 

(Received 26 Jury 1969. Revised 20 January 1970. Accepted 11 March 1970) 

Tus M~PEROMETRIC method of Bencsch et al? using silver as the titrant has been used extensively for 
measuring thiols. Kolthoff and co-workers* have made a critical study of the method and discussed 
the merits of several titrants. We had difBculty in locating the end-point in amperometric titrations, 
so we tried potentiometry. We have found that simply immersing a piece of silver wire in a solution 
of a thiol for a short time produces an electrode responsive to thiol concentration. Cecil and McPhee” 
had earlier used a silver-silver sulphide electrode prepared by an involved procedure and therestrictive 
conditions they reported may have discouraged extensive use of their method. 

Since the electrode follows the thiol level, any thiol reagent should be satisfactory as titrant, and 
the reagent forming the most stable compound should give the sharpest end-point. Mercury(H) 
salts, monosubstituted organo-mercuric salts and silver nitrate have been used successfully. 

The operating procedure was designed to accommodate the slow electrode response, and a simple 
treatment prior to each titration eliminated the reduction in electrode response that occurred with 
continued use. 

The response of the electrode would be expected to arise from 

RSH+RS-+H+; IRS-I=&+$ 

A@) + RS- e A@S(s) + e 

1 
E=E*-@o59log~ 

= E”’ + O-059 log [RSH] (at constant pH) 

The electrode potentials for three different levels of cysteine at pH 7.0, measured with two 
electrodes (the Rrst a silver wire immersed in the solution until a steady potential was attained, the 
second deliberately coated with a heavy silver sulphide layer) gave slopes of @054 and 0.057 V, 
co&rming the proposed mechanism, though the E” value-s were different. 

Preparation of electrode 

EXPERIMENTAL 

Coil 0.15 m of l -27-mm diameter silver wire for several turns round a 4-mm tube. The first time 
the electrode is used, immerse it briefly in ammonia solution (1 + 3), rinse with demineralized water, 
immerse it in dilute nitric acid (1 + 3) for 2 min and rinse with demineralized water. 

* This work was supported in part by a USPHS Grant No. IT1 DE175 and in part by the United 
States Atomic Energ yCommission, Contract No. W-7401-Eng-49 and has been assigned Report 
No UR-49-960. 

t Thiols are generally referred to as “sulfhydryls” in American and biochemical terminology. 
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l’emegistrement des variations de temperature en fonction du temps. 
Le point de fusion peut Btm calculC de points sur 1s trace. On a utihs6 
l’appareil pour 6tudier les depressions du point de fusion pour des 
solutions d’hydrocarbures et de phenols en be&me, nitrobenxene, 
eau et dioxane. 
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A silver electrode in the potentiometric titration of thiols*t 

(Received 26 Jury 1969. Revised 20 January 1970. Accepted 11 March 1970) 
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the merits of several titrants. We had difBculty in locating the end-point in amperometric titrations, 
so we tried potentiometry. We have found that simply immersing a piece of silver wire in a solution 
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The electrode must be cleaned after each titration; otherwise the potential change at the end-point 
decreases considerably. Immerse the electrode in ammonia solution (1 + 3) for 1 min (after titration 
of simple systems; 3-5min after protein titration) then wash with demineralixed water. If the 
electrode has not been used for a long time, immersion for about an hour is advisable. 

Titration amen&Q 

A saturated potassium chloride salt bridge is constructed from borosilicate glass 20 mm in 
diameter drawn down to a 4-mm tube with a porous piece of Carborundum sealed into its end. A 
silver&silver chloride reference electrode is placed in the salt bridge and the silver wire electrode is 
placed round the 4-mm tube. A microsyringe readable to @l ~1 and a multirange millivoltmeter 
complete the assembly. The burette and potentiometer can be coupled to a recorder for automatic 
plotting of the titration curve. 

T&rants 

Mercury(ZZ) chloride, OGO5M. Standardized against pure glutathione. 
p-Chkwomercuriphenyl su@onate (PCMPS) solution. Standardized with glutathione. 
Silver nitrate solution. Standardized by adding an excess of standard sodium chloride solution 

and measuring the excess by an instrumental method. 

Titration 

Ekcause of the slowness of electrode response, continuous titration is impossible. However, 
most of the potential change after addition of an increment of titrant occurs within 30 set, and 
>90 % within 60 set; no further change occurs after 2 min. A heavily coated sulphide electrode has 
an even slower response; if the reading at the end of 3 min is used as reference standard, S&60% 
of the increase occurs during the first minute, about 30% within the second minute and the rest 
during the third; longer intervals 

If successive equal additions Pa 
reduce further small changes. 

o titrant are made at equal time intervals, the end-point lies within 
the increment that gives the greatest potential change. Figure 1 shows two typical titration curves, 
one for a simple thiol, the other for a complex one. 

Only the portion of the titration curve near the end-point need be plotted. The end-point can 
usually be located within a 291 increment, though the electrode will respond to an addition of < 1~1. 

Titrations with all three titrants gave curves of the same shape, but with different sixes of potential 

T&ant added 

FIG. I.-Titration curves. A-cysteine; B-albumin. 
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break, and the conditions for titration differed. Mercury(H) chloride is satisfactory as a titrant at 
pH 45-95, PCMPS at pH 7-95, and silver nitrate only at pH 9.5 (performance at pH values outside 
the range 45-9.5 was not tested). 

Procedure 

Place 2 ml of 5% albumin solution and 4 ml of O*lM tris buffer, pH 7.0, in a lO-ml beaker with 
a small stirring bar. Immerse the electrode just to clear the stirring bar, and place the burette tip 
just below the surface of the liquid. Add the titrant in increments which decmase as the expected 
equivalence point is approached. When the potential definitely starts to rise, add increments of 
exactly OOO2 ml at Zmin intervals. 

RESULTS 
Titration of cysteine 

Although titrations of cysteine solutions gave very sharp end-points at the three pH values studied, 
only at pH 4.5 were the results consistent when an air atmosphere was used. At pH 7 and 9.5 the 
results were lower and somewhat erratic until the solutions were freed from oxygen and a nitrogen 
atmosphere was maintained during titration. Table I shows the results obtained with two different 
solutions. 

TBLZ I.-TITRATION OF CYSTEINB WITH 

MERCURIC CHUlRIDB 

Titre, ml 

PH 1 2 

4.5 0.1841 0.1940 
OlSOO o-1960 

7.0 0.1801 01960 
0.1822 0.1901 

95 O182O O1941 
0.1941 
0.1960 

Titration of albzunin 

Albumin solution kept in a refrigerator for a month showed no change in thiol content, and a 
nitrogen atmosphere was required only for titration at pH 9. Table II shows the results obtained with 
different titrants and, for comparison, the results obtained amperometrically. 

TABLE H.-TITRATION OF ALBUMIN 

Method Titrant No. of detns. SH, clmoklg 

Potentiometric 
Potentiometric 

I-Q& 21 8.32 f 0.09 
PCMPS 9 8.65 f 0.21 

Potentiometric AgNO, 10 8.18 f 0.09 
Amperometric HgCl, 4 8.26 f 0.16 

Since urea is commonly used to denature proteins, its effect on the titration of albumin was 
determined. It was necessary to purify reagent grade urea by passing its solution through a mixed-bed 
ion-exchange. resin. When a nitrogen atmosphere was used the same titre was obtained with or 
without urea present. In an air atmosphere at pH 7, the solution comaining urea gave a lower titre. 

DISCUSSION 
It was thought desirable to carry out titrations near pH 7 in order to maintain conditions as close 

to physiological ones as possible. Cecil and McPhees found that glutathione could only be titrated 
in the pH range l-8-22 and cysteine in the range 35-7.5 with silver nitrate and their sulphide electrode. 
In the present work, identical results were obtained with mercury(H) chloride at pH 4.5, 7-O and 9.5 
for simple thiols and albumin provided that a nitrogen atmosphere was maintained. 

Mercury(H) chloride is preferred as titrant because it gives the largest potential change at the 
end-point. 

The use of silver as titrant was of special interest. Some doubt has been cast upon the validity of 
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titration with silver in the amperometric methods:*’ in which positive errors were attributed to 
reactions with groups other than tbiol. Since the electrode used in the present study responds 
directly to the thiol level, it is apparent from the results in Table II that silver gives correct results. 

Department of Radiation BioIogy and Biophysics 
University of Rochester School of Medicine and Dentistry 
Rochester, New York 14620, U.S.A. 

T~pr Y. TOIUBARA 
hRYSA KOVAL 

Summary-A silver wire immersed in a thiol solution gives a potential 
responsive to the thiol concentration, and is a sensitive indicator 
electrode in the potentiometric titration of thiols with mercury(H) 
chloride, p-chloromercuryphenyl sulphonate, and silver nitrate at 
pH 4%95,7-9.5 and 95 respectively. Titrations of simple thiols such 
as cysteine or a protein such as albumin are equally successful, but 
the potential break was smaller for the protein. The end-point could 
be determined within an increment of titrant equal to 5 nmole of 
thiol. An inert atmosphere is needed for titration at pH > 7. 

Zusammenfassuug-Ein in eine Thiolliisung tauchender Silberdraht 
aibt em Potential. das ein Ma8 filr die Thiolkonzentration darstellt. 
ber Draht ist eine empfindliche Indikatorelektrode bei der potentio- 
metrischen Titration von Thiolen mit Quecksilber(H)chlorid, p- 
Chlormercuriphenylsulfonat und Silbernitrat bei pH 4,5-9,5: 7-9,5 
bnv. 9.5. Titrationen einfacher Thiole wie Cvstein oder elnes Proteins 
wie Albumin sind gleichermahen moglich; her Potentialsprung war 
iedoch beim Protein klemer. Der Endnunkt lien sich hmerhalb einer 
iugabe von Titrant feststellen, die $ nMol Thiol entspricht. Bei 
Titrationen bei pH > 7 benatigt man eine inerte Atmosphere. 

R&mm&Un fll d’argent immergd dans une solution de thiol donne 
un potentiel sensible B a concentration en thiol, et est une electrode 
indicatrice sensible dans le titrage potentiometrique des thiols par 
le chlorure de mercure(II), le p-chloromercuriphenyl sulfonate et 
le nitrate d’argent il pH 4.5-9.5, 7-9,5 et 9,5 respectivement. Les 
titrages de thiols simples tels que la cyst&me ou d’une proteine telle 
que l’albumine sont egalement couronnes de suc&, mais la cassure 
de potentiel est plus petite pour la proteine. Le point de tin de dosage 
peut &tre d&ermine avec un increment d’agent de titrage &gal ii 
5 nmole de thiol. Une atmosphere merte est necessaire pour le 
titrage a pH > 7. 

REFERENCES 
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2. I. M. Kolthoff, W. S. Shore, B. H. Tan and M. Matsuoka, Anal. Biochem., 1965,12,497. 
3. R. Cecil and J. R. McPhee, Biochem. J., 1955,59,234. 
4. A. C. Allison and R. Cecil, ibid., 1958,69,27. 

Talmta, 1970, Vol. 17, pp. 1006 to 1009. Perpamon Press. Printed in Northern Ireland 

Amperometric complex-formation titration of traces of alkaline earths 

(Received 17 February 1970. Accepted 17 April 1970) 

IN A PREVIOUS communication1 the principles of the amperometric complex-formation titration of 
metal ions with indication by following the anodic wave of the excess of ligand, have been presented. 
The work of Campbell and Reilley,* who used a dropping mercury electrode, could be extended to a 
higher sensitivity by using a rotating mercury electrode as the indicator electrode. The criterion for a 
sharp end-point of a complexometric titration curve appeared to be 
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where K’ is the conditional stability constant of the metal complex involved and c is the original 
concemration of the metal ion. When errors of 1% or slightly more are tolerable values of K’c of 
l(r or even 10” can be used. 

In the present paper the determination of the alkaline earth metals with EDTA, EGTA and 
DTPA as chelating agents* is described. A prediction of the limit of determination can easily be made 
by means of the sharpness criterion mentioned above. In Table I the conditional stability constants 

TABM I.--vALuBs OF log K&= AT pH 10 

Metal EDTA EGTA DTPA 

ca 
Mg 
Sr 
Ra 

of the various complexes are given for a pH-value of 19. The Table shows that the determination 
of the alkaline earths should be possible at the 10-5M-concentration level, when the appropriate 
chelatin agent is used, Le., any of the three for calcium, EDTA or DTPA for magnesium, DTPA or 
EGTA or strontium or barium. When errors of about 1% are admissible determinations at the B 
lO-a&f-level should be possible. 

As the titration cell is constructed for determinations in a volume of 10 ml the minimum amount 
of these metals that can be determined should be about 10 nmole, which corresponds to about 
@2-14 pg, depending on the metal. 

EXPERIMENTAL 

Apparatus 

The titration cell has a volume of 10 ml. It is connected by means of fritted glass discs on the one 
side with a saturated calomel electrode and on the other side with a compartment containing an 
auxiliary tungsten electrode. All three compartments of the titration cell are fIlled with the same 
supporting electrolyte solution. The rotating mercury electrode (600 rpm) used as the indicator 
electrode was described in the previous paper. The Reckmann Electroscan 30 supplied the voltage 
for the cell and also served for the measurement of the current. 
the titrant solution from a l-ml syringe microburette. 

Titrations were carried out by adding 

Selection of the potential 

The selection of the potential to be applied to the indicator electrode is very important. The most 
favourable potential depends on the concentration of the metal ion to be titrated and on the condition 
of the electrode. The correct selection of the potential can be made by recording polarograms with 
the indicator electrode of solutions containing the supporting electrolyte solution and small but 
different amounts of the titrant. 

Reagents 

Potassium nitrate (10 g) and ammonium nitrate (8 g) were dissolved in 1 litre of distilled water. 
The pH was adjusted to 10 by addition of potassium hydroxide to give a O*lM buffer solution. A 
O+OlM buffer solution was prepared in a similar way. 

Stock solutions of the alkaline-earth metals were prepared from the chemically pure nitrates or 
sulphates and were standardized complexometrically. 

Solutions of EDTA, DTPA, and EGTA were standardized against calcium carbonate. 

Procedure 

The sample, containing l-100 pg of the alkaline earth metal, is dissolved in 10 ml of 04OlM- 
0.1 M buffer solution. The solution is put in the titration cell and titrated with a lo-“-l O-aM solution 
of the appropriate complexing agent; the titration graph is recorded on the Electroscan. In order to 
avoid too large an i&drop across the cell, the titration is stopped when a 20% excess of the titrant 
has been added. The end-point is obtained as the point of intersection of the two straight parts of the 
curve. 

l EDTA = ethylenediaminetetra-acetic acid. 
EGTA = ethyleneglycol bis(&rnhroethyl ether)-iV,N,N’,N’-tetra-acetic acid. 
DTPA = diethylenetriaminepenta-acetic acid. 
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RESULTS 
In Table II some typical results are given for determinations in the NO-,q range, and in Table III 

for the l+g range. 
It can be seen from Table III that 1O-o&f solutionsof the alkaline earth metals can be titrated 

with fair accuracy. The time required for a titration is between 3 and 5 min. 

TABLE IL-D I~TBWINA~ONS OF ALKALWS EARTH MSTALS IN THE 

lOI%@ RANGE AT pH 10 

taken found 

487 Mg 47.7 
48-7 Mg 47.8 
59.3 Ca 58-8 
79.0 Ca 77.1 

128.8 Sr 128.4 
128.8 Sr 1270 
128.8 Sr 128.8 
2697 Ba 261.3 
202.4 Ba 201.3 

Error, Std. devn., % 
% (no. of detns.) 

1; 0.5 0.6 (4) (4) 

-O+I -2.2 :; g; . 
-0.3 200 
-1.4 2.2 (5) 
-3 5.2 1.6 (4) (5) 

-05 37 (S) 

Titrant 

EDTA 
DTPA 
EGTA 
DTPA 
EDTA 
EGTA 
DTPA 
EGTA 
DTPA 

TN= ~.-~ TION OF THE ALKALINE EARTH METALS 
IN THE 1 -,Ug RANGE AT PH 10 

Met& iug Errof, Std. de-m., % T&rant 
taken found % (5 variates) 

@365 Mg &371 +1.6 
t-J=; ES 0.374 +24 

0.416 $5 
0.790 ca 0.830 -t-7 
1.58 ca 160 -!-l-2 
1.29 Sr 1.29 - 
1.29 Sr l-37 +6 
2.02 Ba 2.04 
202 Ba 2.05 ::.5 

4.1 
2.3 

;:; 
1.3 
3.5 
20 

;:; 

DTPA 
EDTA 
EDTA 
EDTA 
EDTA 
EGTA 
DTPA 
EGTA 
DTPA 

Determittath of calcium in the presence of magnesium 
The investigations have been extended to incIude the determination of calcium with EGTA in the 

presence of magnesinm. The maximum admissible concentration of magnesium can be found from 
the sensitivity condition mentioned in the previous paper [equation (W)]:’ 

&Qf, < (x - 1) 

where n is the factor by which the sensitivity may be reduced. The determination of 1.5 x lo-@M 
calcium has been carried out in the presence of a lOO-fold and a lOOO-fold amount of magneshrm. A 
considerable decrease in the slope of the titration curve after the equivalence point and thus a con- 
siderable decrease in sensitivity was to be expected in these cases. The experimental results agree 
reasonably with the predictions, but as the decrease of linearity observed was smaher than predicted, 

TABLB N.-DETERMINATIONS OF CAL~M wrm EGTA IN THE 
PRESENCE OF MACmESIUM 

Calcium, fig Magnesium Error, Std. devn., % 

present found W % (no. of detns.) 

0.596 0.581 37.6 -2.5 58 (6) 
0,596 0.589 364 -1-2 49 (9) 



Short communications 1009 

the experiments turned out to be better than expected. An exact agreement could not be expected 
as the stability constants used in the calculations were determined under conditions other than the 
actual experimental conditions. The analytical results are given in Table IV. 

Although a great number of complexometric titrations of the alkaline earth metals have been 
described, the amperometric indication of the excess of ligand with a rotating mercury electrode 
would seem to offer improvements in sensitivity and speed. Only a few minutes are required for each 
titration. 

L&oratory for Analytical Chemistry G. DEN Bow 

University of Amsterdam F. Fna~sa 
Nieuwe Achtergracht 125 M. M. P. F. KRAMBR 
Amsterdam-C H. POPPE 

Summary-Alkaline earth metals were determined in microgram 
ouantities bv comulexometric titration with EDTA. EGTA and DTPA. 
?he~end@int w’s_ detected by following the anodic wave of the 
chelating agent at the rotating mercury electrode. All the alkaline 
earths can be titrated at the microgram level with reasonable accuracy, 
and calcium may be titrated with EGTA in the presence of a lOOO-fold 
excess of magnesium. 

R&m&-Gn a dose les m&aux alcalino-terreux en quantites de l’ordre 
du microgramme par titrage complexom&rique avec EDTA, EGTA et 
DTPA. Le point de fin de dosage est detect6 en suivant la vague 
anodique de l’agent chelatant sur lWctrode de mercure rotative. 
Tous les alcalino-terreux peuvent &e tids a Whelle du microgramme 
avec une precision raisonnable, et l’on peut titrer le calcium a I’EGTA 
en la presence d’un exc+s 1000 fois plus grand de magnesium. 

Zusamme&ssung-Erdalkalimetalle wurden in Mikrogrammengen 
durch komplexometrische Titration mit EDTA, EGTA und DTPA 
bestimmt. Der Endpunkt wurde durch Beobachtung der anodischen 
Stufe des Chelatbildners an der rotierenden Quecksilberelektrode 
ermittelt. Alle Erdalkalien lassen sich im Mikrogrammbereich 
ausreichend nau bestimmen; Calcium kann in Gegenwart eines 
lOOO-fachen &e rschusses von Magnesium mit EGTA titriert werden. 

REFERENCES 
1. F. Freese. H. J. J r and G. den Boef, Talanta, 1970,17,945. 

a?e 2. R. T. Campbell an C. N. Reilley, ibid., 1%2,9,153. 
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A microwave-excited emissive detector for gas chromatography 
Further studies with sulphur compomals 

(Receiued 19 March 1970. Accepted l’2 April 1970) 

Tms communication describes some improvements to a microwave-excited emissive detector for gas 
chromatographic detection of some sulphur compounds. The system previously described’ has been 
modified by restricting the volume occupied by the discharge, using a catalyst to aid the thermal 
degradation of the sulphur compounds, using all of the sample eluted from the gas chromatograph, 
and stabilizing the vacuum in the detector tube. 

These modifications have led to an overall improvement in this type of detection technique and 
have yielded superior detection limits, particularly for those sulphur compounds of relatively low 
volatility or high thermal stability. 
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du microgramme par titrage complexom&rique avec EDTA, EGTA et 
DTPA. Le point de fin de dosage est detect6 en suivant la vague 
anodique de l’agent chelatant sur lWctrode de mercure rotative. 
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REFERENCES 
1. F. Freese. H. J. J r and G. den Boef, Talanta, 1970,17,945. 
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A microwave-excited emissive detector for gas chromatography 
Further studies with sulphur compomals 

(Receiued 19 March 1970. Accepted l’2 April 1970) 

Tms communication describes some improvements to a microwave-excited emissive detector for gas 
chromatographic detection of some sulphur compounds. The system previously described’ has been 
modified by restricting the volume occupied by the discharge, using a catalyst to aid the thermal 
degradation of the sulphur compounds, using all of the sample eluted from the gas chromatograph, 
and stabilizing the vacuum in the detector tube. 

These modifications have led to an overall improvement in this type of detection technique and 
have yielded superior detection limits, particularly for those sulphur compounds of relatively low 
volatility or high thermal stability. 
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Restriction of the discharge 

EXPERIMENTAL 

The detector tube used (Fig. 1) was fabricated from 8 mm internal diameter transparent silica 
tubing with two constrictions, cu. 2 mm diameter, such that a bulb ca. 30 mm in length was formed. 
The bulb could be situated almost entirely within the microwave field of either a quarter-wave 
foreshortened radial line cavity or a quarter-wave Evenson type of cavity, thus maintaining the 
discharge within the bulb. Under these conditions the plasma was found to be quite stable. Stability 
was increased further by the use of a large (cu. 50 1.) ballast tank in the vacuum line, downstream 
from the detector, which smoothed out the previously observed fluctuations due to the exhaust 
action of the vacuum pump. 

FIQ. 1 .-Microwave cavity and detector tube. 
T--detector tube. 
C-quarter-wave foreshortened radial line resonant cavity. 

Use ofplatinum catalyst 

A difliculty frequently associated with low-pressure microwave-excited plasmas is the inability to 
supply sufficient energy to break down relatively stable compounds completely. It was found, 
however, that a loop of 0.35 mm diameter platinum wire placed m the bulb of the detector tube 
greatly increased the detection limit of the compounds thiophen, dimethyl sulphoxide and thio- 
glycollic acid. One probable reason for this action is that at the temperature of the discharge the 
platinum partially vaporizes (substantiated by the presence of platmum atomic emission at 265.9 and 
306.6 nm) and aids the fragmentation process. The use of the Evenson quarter-wave cavity also gives 
increased fragmentation in comparison to the quarter-wave foreshortened radial line cavity. 

The physical effects observed with the platinum loop in the bulb of the detector were a concen- 
tration of the discharge around the platinum loop, diminution of short-term background noise of 
the discharge by approximately one half and initiation of the discharge without the use of a “Teala” 
vacuum tester at an applied microwave power of 50 W. 

Use of total sample 

In the present arrangement all of the sample eluted from the column was utilized for microwave 
detection, by means of the gas chromatographic oven circuit shown in Fig. 2. The outlet from the 
sample side of the katharometer detector passes back inside the oven and a needle valve is incorporated 
in the line also within the oven. On the upstream side of this, a T-joint connects the microwave 
detector and the flow meter into the line. The pipework outside the oven is kept to the minimum 
consistent with the experimental layout, and is heated to approximately 200” with an electrically 
heated wire to prevent sample condensation. 

Maxhmun peak height was recorded when the sample was eluted from the gas chromatographic 
column in the shortest possible time, preferably in less than 90 sec. Long elution times caused the 
peak to become leas well-defined because any tailing or peak broadening in the gas chromatographic 
system was magnified in the microwave detection unit by the extra ptpework mvolved. However, 
there must be sufhcient resolution of the sample from air and water (which appear as trace impurities) 
and also from the solvent employed. It was found in our arrangement that a suitable retention time 
for the sample was between 30 and 80 set, whilst that of the solvent should exceed this by at least 
4Osec. 
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Fro. Z.-Experimental arrangement. 

G-carrier gas inlet; N-needle valves; P-pressure gauges (0-30psi); Z-GLC 
injection block; K-katharometer detector; C-GLC column; W-heating wire 
(at cc. 200”); D--detecting and recording system; M/Uf~iarowave system (see 
Fig. 1); V-vacuum gauge (O-50 mbar); B-ballast for vacuum pump; M-Bow- 

meter; T--on-off tap. 

&par&on and detection of samples 

The general apparatus used in the investigation was the same as that described previously1 with 
the exception of the monochromator, which was an Qptica CP4 grating instrument. 

The carrier gas flow through the column and reference arm of the katharometer detector was 
first optimized. The tap T to the flow-meter was then opened and the needle valve adjusted to register 
xe.ro flow through the flow-meter. In this way all of the sample eluting from the column passed 
through the needle valve and was accommodated by the pumping rate of the vacuum pump. Thus, 
the requisite carrier gas pressure was maintained upstream of the needle valve and maximum vacuum 
(approximately 4 mbar) downstream. Prior to any determination the tap T was closed in order to 
reduce the “dead” and unswept volumes of the apparatus. 

The optimixed experimental conditions for the detection of carbon disulphide and thiophen 
involved the use of a 06-m long 6-mm diameter Porapak “P” column, an oven temperature of 200”, 
benxyl alcohol as solvent and a helium carrier-gas flow-rate of 2 l&r (producing a pressure of cu. 
4 mbar in the detector tube). For the detection of dimethyl sulphoxide and thioglycollic acid a 
O&m, 3-mm diameter Porapak “Q” column was used and a helium carrier-gas flow-rate of 6 I& 
(producing a pressure. of co. 8 mbar in the detector tube). 

In all instances both the CS bandhead at 257.6 mn and the carbon atomic line at 247.9 nm were 
monitored, with a photomultiplier voltage of 950 V and monochromator entrance and exit slits of 
O-2 mm. Table I shows the relevant retention data obtained under these conditions. 

Table II summarizes the detection limits (for a signal to noise ratio of 2) obtained for the sulphur 
compounds in the quarter-wave foreshortened and quarter-wave Evenson cavities (Electra-Medical 

TABLJJ I.-FCETENTION DATA 

Retention time, set 
Porapak P 

(helium 2 l./hr) 
Porapak Q 

(helium 6 1 ./hr) 

Gas hold-up time 
Water 
Renxyl alcohol 
Carbon disulphide 
Thiophen 
Dimethyl sulphoxide 
Thioglycollic acid 

>150 >150 
47 
85 8 

>150 
>150 
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Supplies, Parts Nos. 211L and 214L respectively) with and without the presence 
detection limits are obtained from the 

of platinum. The 
maximum peak height as measured on a chart recorder and 

refer to a 1~1 sample injection. In this arrangement the detection limit is eventually set by the 
response time and characteristics of the read-out system. A better method of measurement would be 
peak integration, probably uiu photon counting, which would not be so dependent on the column 
characteristics and retention times. 

TABLB II.-DE~~YxoN LIMITS FOR SOME SULPHVR COMPOUNDS 

Detection limit, ng of sulphur* 
Wavelength Carbon Dimethyl 
of measure- disulphide Thiophen sulphoxide Thioglycollic acid 
ment, nm Catalyst 211Lt 214LS 211Lt 214LS 211Lt 214LS 211LT 214L: 

257.6 None 0.848 0.67# 30.0 (CS) Pt 0.15 0187 0.114 0.071 8.65 4.33 227 9\ 
247.9 None 1.96 T 
(atomic C) Pt 0.39 0.15 0.39 0.097 34.6 6.3 lT 

* l-p1 injection, measured at maximum peak height, detection limit taken as signal to noise ratio 
of 2:l. 

f Quarter-wave foreshortened radial line cavity. 
$ Quarter-wave cavity (Everson). 
8 Previous detection limit @2 ng of sulphur. 
# Previous detection limit 1000 ng of sulphur. 
7 Not detected at 1000 ng of sulphur. 

For carbon disulphide, placing platinum in the quarter-wave foreshortened cavity area produces 
an increase (cu. 5-fold) in peak height at both 247.9 and 257.6 mn, but a decrease (by about a quarter) 
at 257.6 nm for the quarter-wave Evenson cavity; this trend indicates breakdown to atomic species. 
In all other instances platinum enhances the breakdown (4-5.fold) of the material and the more 
efficient Evenson quarter-wave resonant cavity yields the most favourable detection limits. Pre- 
viouslyl thiophen could only be detected at the l-pg of sulphur level and dimethyl sulphoxide and 
thioglycollic acid could not even be detected at this level. 

CONCLUSIONS 

The oven circuit, described above, allows all of the sample eluted from the gas chromatograph 
to be passed into the gas discharge, which leads to a considerable improvement in the sensitivity 
achieved by the system. The use of the constricted detector tube restricts the plasma within the bulb 
of the tube and results in an intense plasma of increased stability which completely tills the entrance 
slit of the monochromator. Further plasma stability is achieved by using a ballast to smooth out 
small fluctuations in the pumping rate of the vacuum pump. Lastly, the inclusion of a platinum 
catalyst in the gas discharge area, and the use of the Evenson type of quarter-wave cavity results in a 
greater degree of sample degradation. 

In summary, for these sulphur compounds of high thermal stability (i.e., thiophen, dimethyl 
sulphoxide and thioglycollic acid) greatly improved limits of detection may be obtained by using 
these modifications. 

Acknowledgements-We are grateful to the Science Research Council for financial aid and for the 
provision of a research studentship to one of us (S. J. P.) under the Co-operative Award in Pure 
Science scheme. We also thank the Heavy Organic Chemicals Division of I.C.I. (Rillingham) for 
the loan of apparatus and the Central Research Fund of the University of London for the provision 
of part of the apparatus. 

Chemistry Department 
Imperial College 
London, S. W.7. 

R. M. DAONALL 
s. J. PaAlT 
T. S. WEST 

H.O.C. Division, I.C.I. Ltd. 
Billirgham, Teeside. U.K. 

D. R. DEANS 



1013 

Sv-Improvements in the design and operation of the micro- 
wave excited detector for gas chromatography have led to an increase 
in the sensitivity and a lowering of detection limits for sulphur com- 
pounds. 

Zusammenfamnn~Verbesserungen in Konstruktion und Betrieb des 
Miiowellenantegungsdetektors in der Gaschromatographie fiuhrten 
xu Empfindlichkeitserhohung und xur Senkung der Nachweisgrenxen 
fiir Schwefelverbindungen. 

R&urn&Des ameliorations dam la conception et le travail du d&c- 
teur il excitation microonde pour cbromatographie en phase vapeur ont 
men6 a un accroissement dans la sensibilit6 et un abaissement des 
limites de detection pour les composes du sot&. 

REFERENCE 
1. R. M. Dagnall, D. R. Deans, S. J. Pratt and T. S. West, Tu~u?&z, 1969,16,797. 
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Potentiometric determination of lead with DTPA in the presence of large 
amomb of aluminium 

(Received 6 October 1969. Accepted 2 April 1970) 

Momowxal has described a direct gravimetric procedure for the determination of lead in glasses 
by an electrolytic procedure which is very exact. The method proposed here uses diethylenetriamine- 
pen&acetic acid (DTPA) to determine lead in lead glasses which are high in aluminium and silicon, 
with ease, speed and accuracy. DTPA forms a relatively weak complex with altinium,* and hence 
can be used for this titration. Strafe&r* has used a silver-EDTA electrode for complexometrlc 
titration, and a silver-DTPA electrode was used in the present work. 

EXPERIMENTAL 
Reagents 

DTPA solution, 0.1M. Dissolve 395 g of DTPA in about a litre of water with addition of sodium 
hydroxide to adjust the pH to 85. Standardize by potentiometric titration with lead nitrate solution. 

Dilute to 0.05 or @OlM for use in titrations. 

Silver nitrate solution, @OW2M 

Borate buffer, 0*5&f. Dissolve 61.83 g of boric acid and 2@0 g of sodium hydroxide in 2 1. of 
water. The pH should be 90-9.5. 

Procedure 

Weigh @5000 g of lead glass or lead silicate into a platinum dish, add hydrofluoric and perchloric 
acids and when the sample has dissolved completely, or nearly so, heat to dryness. Then add 15 ml of 
water and 2 ml of concentrated nitric acid. Evaporate to dryness then add 15 ml of water and 2 ml of 
nitric acid. Boil the solution and add 3-4 drops of 30% hydrogen peroxide. 
min to remove excess of peroxide. 

Continue boiling for 15 

Dilute the solution to 100 ml and add 2 g of sodium tartrate. Then, using phenolphthalein as 
indicator, add sodium hydroxide until the colour changes. Buffer the solution to pH 9 f O-1 with the 
borate buffer, measured by pH-meter as the pH is critical. Add one drop of 0.0002&f silver nitrate, 
insert glass and silver electrodes, and titrate the solution with @OS&f DTPA until the potential break 
is reached. 

RESULTS 
Typical results showed 100.0 f @lx recovery of 9 mg of lead in the presence of S-50 mg of 

aluminium. Two glasses, one of composition SiO, 41.4%; Al,O, 17.9% and PbG 40.7% and the 
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Other SiG,257%; Al,0,20U1 %; B,O,, l&6% and PbO 356% were analysed, and gave Pbo 40.7% 
and 35-6 % respectively. 

Owens-IlIinois Technical Center 
1700 N. Westwood 
Toledo, Ohio 43607, U.S.A. 

Jam P. ~QS 

Stuuma~--Lead can be titrated accurately in the presence of altin- 
ium with diethylene~i~~nta-attic acid. with a silver electrode 
system for detection of the end-point. 
analysis of lead glasses. 

The method is very suitable for 

Zusanunenfassung-Blei kann in Gegenwart van Aluminium mit 
Di&thvlentriaminnentaessigsi genau titriert werden: ein Silber- 
elektr~~~tern-dent & Endp~ts~st~m~g. Die Methode ist 
zur Analyse von BleigRsern sehr gut geeignet. 

R&sum&-On peut titrer le plomb avee precision en la presence d’alum- 
inium au moyen d’acide diethylenetriaminopentac&ique, avec un 
systeme d’electrode d’argent pour la detection du point de flu de 
dosage. La methode convient t&s bien a l’analyse de verres au plomb. 

REFERENCES 
1. H. P. Mollenhower, J. Sot. Glass Teehml., 1950,34,254. 
2. R. Pfibil and J. Hor&?ek, Tafanta, 1969,16,750. 
3. F. Strafetda, Colleetioa Czech. Chem. Comm., 1965,30,2320. 

Talanta, 1970, Vol. 17, pp. 1014 to lOi8. Rrgamon Press. Primed in Northern InImtd 

Optimum physical and chemical ~~~0~ for the Methylene Bloc method of 
estimating gaseous sulphide in the environment 

(Receiued 24 June 1969. Revised 4 Fefmary 1970. Accepted 29 April 1970) 

Tm M3mmmz B~ua method for gaseous sulphide estimation is fairly simnle and straightforward, 
but despite its age* has not been v~s~~ti~ly studied, and numer&s v&ants existPII1@ 
the only fairlv detailed studv was made bv Gut&&son* in 1960. 

Perhaps 

Besides the absorption peak at aboug 670 mu, another peak at around 740 nm has been re- 
p~rted.*-~*~* Hardly anyone has used the latter peak for the sulphide estimation although it has been 
reported as the more sensitive of the two .I We now report an examination of this peak and of the 
optimum physical and chemical conditions for the determination. 

Chemical aspects 

EXPERIMENTAL 

The various methods in the literature are summa&e 
was studied in turn. 

d in Table I. The inthreuce of each reagent 

Ca&nium hydroxide suspmiott. An aqueous suspension of cadmium hydroxide in a bubbler 
was used to absorb gaseous sulphide, since it has been shown to be an efficient retainer of gaseous 
sulphide** even at comparatively high flow-rates of about 3 l./min. Zinc acetate has been used by 
others but there is no experimental evidence with regard to its ethciency at higher flow-rates. We 
have found it unnecessary to wash the cadmium hydroxide free from the sodium chloride (or sulphate) 
which is formed as a by- oduct.6 

% containing 2O&250 mg o 
For normal operation a volume of about 25 ml of suspension 

cadmium hydroxide is found to be satisfactory. 
Concentration of the dye. only the sulphuric acid concentration was found to have a significant 

influence on the optimum amount of p-ammodimethylaniline required. We tind that the absorbance 
(for up to 120 ,@ of sulphide) is maximal and constant at dye concentrations above 0.007% wiv 
in the final solution, for 1=5&f sulphuric acid medium. 
routine work. 

We therefore suggest 4 mg of dye per 50 ml for 
If smaller amounts of dye are used as in nos. 2,4 and 8 of Table I, and the sulphide 
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-~ 
Final Amount of Final Amount of Acidit 

Method volume, dye used, acidity, iron( of F eCL 
No. Reference ml mg/SO ml N mg/50ml N Remarka 

: 
3,; 

4 

5 
2 

Present 10 
work 

50 50 
100 500 

10 

250 
100 

50-100 50 

;:& 
7.2 1.0 

12.5 

3.4% 

l-2-2.5 4.0 

0.22 2.4 5.5 
i:; I:.: 0.55 

3.6 71.5 

0.55 1.2 
0.6 13.0 

0.32-066 3.0 10.0 14.7 

5.0 0 H&O, HISO, used used 
0 0.5 HI% HCIusedin used 

the dye 
SOlUtlOll 

225 Iron 
i3lDlllOtiUlXl 
sulphate 
and H,SO, 
used 

1.20 HCI used 
0.5 H&IO, and 

iron(III) 
ammonium 
sulphate 
used 

t-5 HISO, HISO, used used 

concentrations are relatively high, departure from Beer’s law is not surprising (c/ Johnson and 
Nishital”) although acid concentration also a&&s adherence to Beer’s law. 

Sulphuric acid concentration. It is well known that the absorbance of Methylene Blue is pH- 
dependent, but most studies have been confined to acid concentrations <0*7M. 

We have found that if the acid concentration is not changed between reaction and measurement. 
only the 675~run peak is observed for low acidity. With increasing acidity this peak grows and reaches 
a maximum at a sulphuricacid concentration of about 0*4M. At the same time the 749-nm peak appears 
and grows in intensity with sulphuric acid concentration up to about 1*4M, at which it becomes 
constant and about 20% more than the maximum of the 675-mn peak. 
nm peak gradually decreases. 

At higher acidity the 675- 

The absorbance at 675 nm is dependent on the sulphuric acid concentration both at the time of 
reaction and at the time of measurement, especially at the lower concentrations. When the reaction 
and measurement concentrations are both above l*OM, there is little variation of the absorbance at 
675 nm. On the other hand, the absorbance at 749 mn is entirely dependent on the acid concentration 
at measurement, if the reaction is performed in sulphuric acid >@7M. The absorbance at 749 nm 
also shows dependence on the acid concentration at reaction if this is <0_7M. There is no appreci- 
able increase in the absorbance at 749 mn if the sulphuric acid concentration at measurement is 
about 1*5M, and the absorbance is then about 20% higher than the maximum at 675 run. 

We propose that the absorbance at 749 nm or the sum of the intensities at both 675 and 749 nm be 
used to measure the sulphide concentration (the arithmetic sum of the two remains more steady 
than the separate values when the acid concentration is varied) and that for both reaction and meas- 
urement the sulphuric acid concentration be -1.5M. 

Repetition with hydrochloric in place of sulphuric acid yielded similar results with a slightly 
different value for the optimum concentration. 

Hofmann and HamnP have suggested that the 749~nm peak is due to the interaction of Methylene 
Blue with a chloroferrate(III) complex, for which an excess of iron(m) is necessary, but our obser- 
vations show that the 749-m peak is dependent mainly on the acid concentration. 

Beer’s law is very closely followed only at higher acid concentrations. If sutflcient dye is used, 
this may account for the deviations reported by earlier investigators, most of whom used low acid 
concentrations. 

We tind that too low an iron@) concentration lowers the absorbance. For t200 pg of sulphide, 
absorbance is maximal with 8 mg or more of iron( ml (if the iron concentration is reduced to 
2 mg/50 ml, the absorbance decreases 
solution needs only to be the 

by about 15 % at both peaks). The acidity of the iron(m) 
minimum needed to keep the solution ~lear,~’ whether the chloride or 

the sulphate is used. 



1016 Short communications 

Physical condition 

z.l~ls Temperature. Some workers have studied the effect of temperature on the absorbance of 
Methylene Blue, and some have reported that the temperature should be controlled within f2”. 

We find that at normal laboratory temperatures there is hardly any variation in the absorbance 
with temperature between 10” and 25”. However, when a dye solution containing sulphuric acid is 
used it is advisable to precool the solutions to around 10” so that on dilution the temperature does 
not exceed 25”. As discussed later, reaction at 10-15” minimizes gas-phase loss of hydrogen sulphide. 

Exposure to @ht. Some investigators *s6 have reported that exposure to light adversely affects the 
absorbance and have recommended shielding from diit light, but have not stated at which point 
of the procedure the effect occurs. 

We find that under normal lighting or in daylight there is no detectable effect on the Methylene 
Blue during or after the reaction, but that both zinc and cadmium sulphides undergo photodecom- 
position. This observation is substantiated by the work of JArman and Preacher.” The effect is 
less on the zinc sulphide, but we prefer to use the cadmium su’~~hrde suspension (ZOO-250 mg of 
hydroxide in 20-25 ml of water) because of its efficiency for sulphrde retention.” 

The sulphide sampler should be shielded from light during sampling and the sample should be 
kept in the dark until analysis, especially for sampling of low concentrations of hydrogen sulphide 

1 L B - 10 COUPLING 

FIG. 1 .-Bubbler for hydrogen sulphide sampling. 
Dimensions in mm. 
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over extended periods of time. During and after the reaction, protection from light is not necessary. 
Gas-phase Iosses of sulphide. On addition of the acidic dye solution to the mixture of cadmium 

hydroxide and sulphide, the hydrogen sulphide evolved immediately reacts with the dye in the presence 
of iron( If, however, the container has an appreciably larger volume than the liquid contents, 
some of the hydrogen sulphide escapes into the space above the liquid and may not react, thus leading 
to a neaative error.4*6 This loss can be minimized bv uerforming the reaction in a 50-ml standard 
flask, b:t there may be loss of material during transfer’frbm the sa&pling bubbler. We have therefore 
developed a special sampling bubbler (Fig. l), with a total volume of slightly leas than 50 ml. The 
bubbler is shielded from liaht during samnline and until the reaction is uerformed in it. 

The bubbler is markdat a Iecl co&p&ding to its capacity m&s the vohunes of dye and 
iron solutions to be added (we propose these to be 1 ml of 3 % w/v solution of iron(IB) chloride 
FeCl, or equivalent amount of FeNH,(SO&] in 05M hydrochloric acid and 10 ml of 0-@4% w/v 
solution of p-aminodimethylaniline in 75M sulphuric acid). 

About 20 ml of hydroxide suspension are used for sampling and are diluted to the reference 
mark with distilled water, the dye and the iron solutions are added in quick succession and the bubbler 
is closed with the link stopper and then shaken briskly. The link is the only gas space. 

Capture of hydrogen sulphide is quantitative in this bubbler for concentrations up to 200 lug/ma 
of air at bubbling rates below 3 I./mm. At higher bubbling rates there is a proportionate loss. 

Calibration curve 

Detailed procedures have been suggested for preparing standard sulphide solutions, and these are 
often lengthy and need care.’ It is possible to avoid this problem by determining the average degree of 
conversion of sulphide into Methylene Blue (by comparing the theoretical amount of the latter with 
that actually obtained from standards) and then using a standard solution of Methylene Blue and the 
recovery factor for calibration purposes. Of course, the purity of the Methylene Blue used must be 
known, especially its degree of hydration, which appears to be variable from source to source of the 
dyestuff. 

Acknowle~enmt-The authors express their grateful thanks to Dr. K. G. Vohra for his continued 
interest and encouragement. 
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Smmary--The sensitivity and reproducibility of the Methylene Blue 
method for gaseous sulphide estimation have been investigated with 
respect to physical conditions and the concentrations of the reagents, 
especially sulphuric acid. A new design of absorber is proposed to 
minimize gas-phase loss of the sulphide in the 6nal stage of the pro- 
cedure. 

Zunamme.nf -Die Emptidlichkeit turd Reproduxierbarkeit der 
Bestimmung von Sulfid in der Gasphase mit Methylenblau wurden im 
Hinblick auf die physikalischen Versuchsbedingungen und auf die 
Konzentration der Reagentien, spexiell der Schwefel&iure, untersucht. 
Ein neukonstruierter Absorber wird vorgeschlagen, um den Verlust 
von Sulfid in der Gasphase bei der Endstufe des Verfahrens mijglichst 
klein zu halten. 

R&son&-On a &die la sensibilite et la reproductibilite de la methode 
au bleu de m&hyl&ne pour le dosage du sulfum gazeux par rapport 
aux conditions physiques et aux concentrations des r&actifs, sp&ciale 
ment l’acide sulfurique. Une nouvelle conception de l’absorbeur est 
proposee pour minimiser la perte en phase gazeuse du sulfiue dans le 
stade final de la technique. 
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Determination of platbmm, palladlum and silver in geological materials and 

their concentrates by fire assay and emission spectrography 

(Received 19 November 1969. Accepted 19 May 1970) 

PLATINUM, palladium and silver are determined by 
arc. A measured volume of the assay-bead solution is 

fire-assay 
$ 

reconcentration and the gra bite 
evaporat to dryness on the surface o B two 

flat-top graphite electrodes and the dry residue excited according to the mod&d method of 
Zilberstem.’ 

EXPERIMENTAL 

Fire assay 

A mixture of 65 g of sodium carbonate, 17 g of potassium carbonate, 17 g of fused borax, 38 g 
of lead oxide and 13 g of starch is used as flux; 10&150 g of the mixture are placed in a 75O-ml 
flreclay crucible, then 50 or 150 g of sample are added and the contents thoroughly mixed; some flux 
is added to cover the mixture. The crucible is placed in the mullle of a fire assay furnace preheated 
to 850-950”, and the temperature is raised to 1000-l 100” over a period of 40-50 min. The crucible is 
then removed and the molten charge is poured into an iron mould and allowed to cool. The slag 
is csrefully 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 button is separated from its noble metal 
content by cupellation. 

Typical sample contents were gold from 1 to 3 g/ton and silver from 15 to 20 g/ton. 
of the beads ranged from 0.5 to 4 mg. 

The weights 

Dissolution of the bead, and spectrographic analysis 

The bead is transferred to a 25-ml crucible, @8 ml of nitric acid (spgr. 144) is added and the 
crucible covered with a watch-glass. The contents are heated slowly and carefully to prevent or to 
mlnimise the powdering of the insoluble residue. Palladium and silver am dissolved by the nitric acid 
and the remaining platinum metals and gold remah~ 
The nitric acid solution is transferred 

undissolved in the form of a black porous mass. 
quantitatively to another 2.5~ml crucible and evaporated to a 

moist residue, which is treated with 5 ml of distilled water and evaporated to moistness again, this 
water/evaporation step being repeated thrice more. Finally the residue is dissolved with 1 ml of 
distilled water, from which three aliquot portions of @l ml each are transferred by means of a 
micropipette to each of two hat-top graphite electrodes previously waterproofed with a @5 % petrol- 
eum ether solution of Apiezon grease “IV”. The electrodes are dried at 110”. then 0.5 ml of a I-ppm 
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The bead is transferred to a 25-ml crucible, @8 ml of nitric acid (spgr. 144) is added and the 
crucible covered with a watch-glass. The contents are heated slowly and carefully to prevent or to 
mlnimise the powdering of the insoluble residue. Palladium and silver am dissolved by the nitric acid 
and the remaining platinum metals and gold remah~ 
The nitric acid solution is transferred 

undissolved in the form of a black porous mass. 
quantitatively to another 2.5~ml crucible and evaporated to a 

moist residue, which is treated with 5 ml of distilled water and evaporated to moistness again, this 
water/evaporation step being repeated thrice more. Finally the residue is dissolved with 1 ml of 
distilled water, from which three aliquot portions of @l ml each are transferred by means of a 
micropipette to each of two hat-top graphite electrodes previously waterproofed with a @5 % petrol- 
eum ether solution of Apiezon grease “IV”. The electrodes are dried at 110”. then 0.5 ml of a I-ppm 
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solution of molybdenum and 1 drop of the mixed buffer (O-25 % sodium chloride and 05 % potassium 
chloride) are transferred to the same electrodes. The electrodes are kept in the drying room until 
placed in the arc stand. The a 

SF” 
tus and operating conditions are listed below. When silver is to 

be determined in ores, 05 ml o the nitric acid solution is diluted to volume in a 100~ml volumetric 
flask and this solution is used for analysis. 

Twelve drops of aqua rcgia arc added to the residue to dissolve platinum. The mixture is heated 
slightly to hasten dissolution. The solution is evaporated to dryness and 4 drops of h drochloric acid 
are added and the solution again evauorated to remove the mmaining nitric acid. % A ourfold evanor- 
ation with 5 ml of distilled cater is &in used. As the concentratl& of platinum in the sampl& is 
very low, the moist residue is mixed with 0.3 ml of distilled water and the entire solution is added to 
the two electrodes. Consequently only a single result for platinum is obtained. The analytical lines 
used are given in Table I. 

TABLE I.-hULYTIC.U LINES USED IN DETERMINATION OF 
PLATINUM, PALLADIUM AND SILWER 

Element 

Pt 
Pd 
&! 

Analytical line 
nm 

306.471 
324.270 
328.068 

Concentration range baaed 
on analytical curve, pg 

OOl-O*l 
0~005-0* 15 
000001-01 

The MO 317,035 nm lines was used as internal standard throughout.* 

Apparatus and spectrographic opctarir(p conaWons 

A quartz spectrograph BP-28 (USSR)], with a mean reciprocal linear dispersion of approximately 
1.6 nm/mm in the working range, was used with a three-lens system. The 

?e 
rating conditions were 

as follows: slit height 3.2 mm; analytical gap 2 mm; slitwidth 0.020 mm or Pd and Ag and 0.018 
mm for Pt; arc generator DR-6 (Fast Germany) or DG-2 (USSR); current 8 A; microphotometer, 
Carl Zeiss (Jena) type II, with a slitwidth of 0.015 mm; exposure 30 set; spectral plates 
ORWG-WU2; electrodes ERL type T3 (East Germany) and type C3 (USSR). 

The concentrations of the elements in the unknown samples are obtained from analytical curves 
established by plotting the ratio of the intensities of the analytical and internal standard lines minus the 
background intensities (ordinate) VS. log concentration (abscissa).a Transmittance measurements are 
made with a microphotometer. 

Prepration of standards 

Stock solutions of the elements, @l % w/v, are made by dissolving 
d? 

ladiumo chloride and 
hexachloroplatinic acid in 02M hydrochloric acid, and silver nitrate in tilled water. These stock 
solutions are then diluted with the solvent to give 100, 10, 1, @ 1 , 0.01 ppm of palladium and platinum, 
and 100, 10, 1, 0.1, 001, @OOl, 00001 ppm of silver. The l-ppm molybdenum solution is made by 
appropriate dilution of an ammonium molybdate solution in distilled water. 

The standards for determination of each element are made 

that of the palladium. For this reason @l 
ladium standard electrodes. 

RESULTS AND DISCUSSION 

The precision of the method is illustrated by the results obtained in 20 replicate determinations. 
The standard deviations were 10,4 and 11 ng for 79 ng of platinum, 55 n 
of silver respectively. To illustrate the accuracy of the method, aliquots o P 

of palladium and 81 ng 
palladium and platinum 

standards were added to 25 and 50 g of copper ore.; the material was dried at 110” and analysed 
according to the method described. 
for 1 rg of palladium. 

The recoveries were 8992% for 1 rg of platinum and 97-105x 

Rest results with regard to the intensity of the spectral lines were obtained when the acidity of the 
solutions was maintained at a pH of about 4. At a low pH (0.8) the sensitivity for platinum decreases 
to 0.1 pg, for palladium to 7 ng, and for silver to 0.5 ng. Excluding the influence of anion content on 
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sensitivity, it was found that when the solutions were at pH 4 there was little or no loss of residue 
during the arcing process, thus providing good sensitivity. 

It was found that a large excess of platinum and palladium does not influence the intensity of 
the silver line. Hence the method can be used for the determination of silver in platinum or palladium 
metal. When silver is 100 times greater in concentration than the other two metals. the intensity of 
the palladium line used is increased, while that of the platinum line is unchanged. When the silver is 
pmaent in greater excess than this, the sensitivity decreases to @l rg for platinum and long for 
palladium and the results are very erratic. This can beat be explained in terms of the maximum 
quantity of dry residue permitted on the surface of the electrodes. Silver enhances the intensity of 
the molybdenum line and may be used to increase the sensitivity for that element (1 ng) when it is 
to be deter&red. 

The determination of palladium is not influenced by an excess of platinum and therefore the 
method can be used for the determination of palladium in platinum metal. When the concentration 
of palladium is high, the Pd 306531 run line interferes with the Pt 306.471 mn line. The platinum 
265945 MI line could then be used, but this has not been investigated experimentally. Gold does not 
interfere. 

Faculty of Chemistry 
State University of So@ 
1 Anton Zvanov Avenue 
So& 26, Bulgaria 

E. G. KOLJWA 
S. H. ARPADJLW 

Summary-A method is described for the determination of platinum 
down to 10 ng, palladium to 5 ng and silver to 10 pg in 50 or 100 g of 
sample. Fire-assay techniques are used to preconcentrate these metals 
into a bead which is 6rst treated with nitric acid to dissolve palladium 
and silver and then with aqua regia to dissolve platinum. Both solu- 
tions are diluted and adjusted to pH 4, then analysed by optical 
emission spectrography of the residue from a measured volume 
evaporated on a pair of flat-top graphite electrodes. This method 
requires much less sample handling than most published methods for 
these elements. 

ZasammenfassantI-Em Verfahren zur Bestimmung von Platin bis 
herunter zu 10 ng, Palladium bis 5 ng turd Silber his 10 pg in 50 oder 
100 a Probe wird beschrieben. Zur Anreicherune &eser Metalle 
we&n sie in eine Perle geschmolzen; diese wird z&rst mit Salpeter- 
slure behandelt, urn Palladium und Silber zu l&en, dann mit Kisnigs- 
wasser zur Aufliisung von Platin. Beide Liisungen werden verdtimrt 
und auf pH 4 eingestellt; dann wird ein abgemessenes Volumen auf 
einem Paar flacher Graphitelektroden eingedampft und durch optische 
Emissionsspektrographie analysiert. Dieses Verfahren erfordert weit 
weniger Operationen mit der Probe als die me&en bekannten Analysen- 
methoden ftir diese Elemente. 

R&urn-n decrit une methode pour la determination du platine 
descendant jusqu’a 10 ng, du palladium jusqu’a 5 ng et de l’argent 
iusou’il 10 DP dam 50 ou 100 z d’6chantillon. Des techniaues oar 
“voie’ s&he sb;t utilisees pour la $concentration de ces m&&x d&s 
une perle qui est d’abord trait&e a l’acide nitrique pour dissoudre le 
palladium et l’argent puis a l’eau regale pour dissoudre le platine. 
Les deux solutions sent dilu&es et ajust&es a pH 4, puis analy&es par 
spectrographic d’emission optique du residu d’un volume mesure 
Qvapore sur une paire d’&ctrodes en graphite a partie sup6rleure 
plane, La m&hode n&mite beaucoup mains de manipulation 
d’6chantillon que la plupart des m&odes publiees pour ces elements. 
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Theoretical considerations on the estimation of sample matrix effects 
in analytical chemistry 

(Received 19 March 1970. Accepted 1 May 1970) 

SEVBRAL methods in analytical chemistry are used to determine concentration by means of a linear 
equation of the form 

R = kCx + Rvxso (1) 

where R is the reading of some instrument, Cx is the concentration of some substance X, k is a 
proportionality constant (for a given set of conditions), and R,,, represents R for a sample 
identical with that to be analysed except that Cx = 0. Thus RvxvO represents an effect caused by the 
matrix in which X is to be determined. Examples are photometric determination (where R can be 
absorbance or emission) and polarography (where R is the current). 

The assumption that in equation (1) R,, = 0 is usually either stated explicitly, assumed implic- 
itly, or ignored. It can, however, be unjustified and so affect considerably the results obtained through 
the use of equation (1). 

It should be noted that equation (1) states that R is directly proportional to Cx only for a given 
set of conditions. Thus a change of the concentration Cx effected through a change of the amount of 
the substance X (mx) is not equivalent to a change of concentration effected through a change in 
the volume (F’s) of the pure solvent used-unless the original sample consisted only of the pure 
solvent and the substance X. 

As an example we can consider a volume Vx of some.biological fluid, in which mx represents 
m moles of calcium. On doubling mx the term R - Rvx_o will be doubled. However on doubling 
V by the addition of pure solvent (say water) of volume Vs = Vx the term R - R,,, will not neces- 
sarily decmase by a factor of 2, as the dilution of the biological fluid can (and generally will) affect 
the value of both k and R,,,. Thus the methods based on equation (1) have to take into account 
the behaviour of both k and Rex_,, on the determination of mx. The implications of the argument 
above have already been considered in some detail in a study of the flame photometry of calcium 
in the presence of strongly interfering substances.‘*’ 

It has been shown that k can easily be obtained experimentally. The effect of Rvx_o, which is 
identified with a contribution due to interference, RI, is more difficult to assess. It has been suggested 
that some convenient ‘parameter out of the many parameters aikting R could be utilized for the 
detection and evaluation of RI. Such utilization of dilution as the changing parameter has been 
treated theoretically and experimentally, l** but it was shown that dilution is not an ideal parameter 
for this purpose. In photometry a promising parameter appears to be the wavelength A 
use of this parameter is discussed below. 

The possible 

Let us assume that the instrument (equipped with a monochromator precise within fO.05 nm)* 
is set initially to the wavelength suitable to the element concerned, e.g., for calcium to 422.7 mn., 
At this wavelength P the reading for the unknown mixture will be RMo, and we assume that it is 
due to the contribution Rx0 of the element to be determined, and the contribution RI0 of some 
interference. On altering il we shall get a new reading R&), composed similarly: 

&r(l) = Rx(A) + RI@). (2) 

At any 1 the value RX is assumed to be directly proportional to the quantity of the substance X, 
so that at any 1, according to equation (l), 

and 

Rx(l) = k(Gnx + RI@). (4) 

To obtain mx from equation (4) it is necessary to have some information on R&I) in addition to 
the experimentally obtainable RX(A) and k(il). The simplest assumption is that RI = 0. In such a 
case R&I) plotted against k(2) should give a straight line passing through the origin of the co- 
ordinates. A more direct indication, without the necessity of measuring the k’s, would be the shape 
of R&) plotted against A: with RI = 0 the tails should taper to zero on both sides of Lo. The next 
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simplest assumption is that Rr is a constant independent of il. The 
in such a simple case is discussed by Herrmann and Alkemade.’ 8 

cssibility of the evaluation of mx 
ollowing our previous argument, 

in this case a plot of Rx@) against k(A) would again yield a straight line, but the intercept would now 
be not zero but Rr. The plot of Rx(A) against il would show tails maintaining a constant value on 
both sides of A”. However both Rr = 0 and Rr = constant repmsent only special cases. In general 
Rr(il) willexist, and will not be constant. A more reasonable approximation appears to be that Rr(;1) 
can be “p”ed by a linear function, e.g., 

RI(A) = RtO + A(3. - P). (5) 

Such a situation is described in Fig. 1, assuming a Gaussian line for the element X. 
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Fro. 1.-R as a function of wavelength, assuming that Rx = RX + RI while 
RX = 5Oexp {-1(1- 422*7)*} and RI = 12.5 + lO(3, - 422.7). 

The numerical values presented in Fig. 1 were obtained from: 

Rx = 50 ,+ly-uS.?)' 
(6) 

and 
Rx = 125 + lO(J - 422.7) 0 

These values are in line with the Rx0 and RI0 obtained 
calcium obtained by Watanabe and Kendall .a P 

reviously,i and with the spectrum of 
It is probab e that a system of water, lanthanum 

chloride, calcium chloride and hydrochloric acid follows approximately the behaviour described in 
Fig. 1. 

It can be seen that the experimentally obtained behaviour of R&) can be used to evaluate R,(L) 
graphically from the limiting slope of the tails. Introduction of RI0 so obtained into equation (4), 
with Rx0 and P determined experimentally, yields mx directly. In this case the exact shape of Rx(A) 
is irrelevant-as long as it approaches zero asymptotically on both sides and not too far from P. 

If the linearity of the tails is less obvious, and RI(l) cannot be deduced directly from the graph, 
it can still be possible to utilize the experimental values of R&l) and k(A) to obtain RI0 and nzx. 
Theoretically, three experiments should be suflicient to obtain the constants mx, RI0 and A from 
equations (4) and (5). In our example, with Rx precise to within &lx, three measurements at r2’s 
not further than 0.3 nm from P would already yield mx with an error of only about 3 %. A greater 
accumcy could be obtained by conducting a larger number of experiments, and determining the con- 
stants by least squares. It should be noted that here again the form of Rx need not be Gaussian. 

Finally, an approximation can be used to avoid the laborious determination of k(A). If a Gaussian 
form is assumed for R&l), it is easily seen that k(1) must also have a Gaussian form with the same 
exponent. Thus equation (4) assumes the form: 

Rx = Pe-B’Y-Yo)‘mx + RI0 + A(1 - lo). (8) 
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Theoretically, five determinations of Rx(A) without any other measurements should sufhce to 
determine the constants ko, A, B, RI” and mx. In practice, at least ko would be determined experi- 
mentally, and a larger number of RX(~) would be available to obtain reasonable results. 

In the last method the function J$(lz> had to be introduced explicitly, to obtain k(A). The assump- 
tion that RX(~) is a Gaussian curve can easily be. wrong, as the exact function is determined by many 
unknown experimental factors. Possibly a Lorentxian shape would be a closer approximation, 
in which case instead of equation (8) one could use equation (9): 

Rm = 1 + B(a _ p)o + RI' + A(1 - LO). (9) 

Thus an independent study of R,(A) would be a prerequisite for the use of the last (approximate) 
method. 

The discussion above demonstrates how the method of the changing parameter introduced in 
reference (1) can be applied to photometry, with il used as the changhrg 

!a=eter’ Itcanbeseen that while the basic principle is the same as that applied in the case o ddutron,lg* the functrons 
Rx, RI and k me completely diKerent in the two cases. Similar analyses would have to be carried 
out in the case of any changing parameter applied to any analytical method based on equation 
(1). It would be of interest to teat experimentally the conclusions reached above-unfortunately 
commercial atomic absorption tlame photometers are unsuitable for such measurements. It would 
also be of interest to apply the method to other systems employing equation (1). 

Pol’r Department ADAM sHAlKAY 
Weiztnann Institute of Science 
Rehouot, Israel 

SollmnarJI--Methods are suggested for evaluating the magnitude of 
matrix effects on the results of analysis. 

Zusammea~Methoden xur Rerechnung der Gri#e des Ein- 
flumes der Matrix auf Analysenergebnisse werden vorgeschlagen. 

R&rum&&r suggere des m&odes pour &ahrer la grandeur des 
intluences de ‘gangue sur les r&ultats d’analyse. 
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ANNOTATION 

Behaviom of dilute solutions of mercury* 

(Received 10 February 1970. Accepted 3 1 March 1970) 

IN STUDIES on the separation of submicrogram quantities of mercury, many of the steps were followed 
by using the radioisotope *O*Hg. When vials containing the sample were left uncapped, it was noticed 
that activity was lost.’ This observation was somewhat surprismg in that solutions of ionic mercury 
are not ordinarily considered to lose appreciable amounts of the element by volatilization at room 
temperature. 

There is ample documentation of the movement of mercury in and out of solutions under a variety 
of conditions. Magos* has shown that rapid isotope exchange occurs when air containing mercury 
vapour is passed through a *oaHg-labelled mercury(II) acetate solution. Clarkson et al.‘*’ have 
demonstrated the ready movement of mercury from biological systems to air, both in vitro and in uiuo. 
In one experiment they showed that all the radioactivity in a serum sample appeared in an adjacent 
mercury pool within a short period of time in a closed Warburg flask. In another they showed that in 
a serum sample exposed to air or oxygen saturated with mercury vapour there was a continuous 
uptake of mercury, but in a similar experiment using a 95 % nitrogen-5 % carbon dioxide atmosphere 
saturated with mercury vapour there was barely significant uptake, if any. Magos et al.” reported 
that micro-organisms normally present in the laboratory and the laboratory water supply were capable 
of rapidly volatilizing mercury as the metallic vapour from solutions of mercury(H) salts in plasma, 
broth or urine. They also showed that mercury would volatilize from solutions of mercury(H) 
chloride after the addition of vitamin C. 

In previous reports on the loss of mercury the existence of reducing agents within the system 
permitted the postulation that reduction to metallic mercury occurred with subsequent volatilization. 
The present studies were undertaken in order to elucidate the mechanism by which mercury moved 
from dilute inorganic solutions to which no reducing substances were added. 

Materials 

EXPERIMENTAL 

All solutions were made with reagent grade chemicals and demineralized water. Carrier-free 
nosHg was added to the desired quantities of mercury(H) chloride solutions. 

Apparatus 

For initial studies Warburg flasks were used, but the ease with which separated solutions could 
mix led to the design of a container, in essence a modified Conway unit, in which the solutions should 
not accidentally mix and several different solutions could be placed in the same atmosphere to compete 
for the radioactivity from a single solution. An inverted plastic Petri dish (100 x 20 mm) was fitted 
into a groove cut into a lo-mm thick “Lucite” sheet. The groove was filled with stop-cock grease. 
The cups (<40 mm diameter) were made from commercially obtainable polyethylene stoppers. 

Procedure 

In the Warburg flask, 3 ml of mercury(H) chloride solution in 41,1M hydrochloric acid were 
placed in the main portion, and 1 ml of trapping solution was placed in the side-arm. In some 
experiments a drop of metallic mercury was covered with the trapping solution, and in others was left 
uncovered in a separate side-arm. In the special apparatus, equal volumes of original solution and 
trapping solution were used. The vial containing the trapping solution was placed in a polyethylene 
bag before insertion into the well of the radioactivity counter. 

In the competition experiments and for studying the effect of potassium permanganate on the 
escape of mercury, the multicup arrangement was used, with 3 ml of trapping solution in each cup, 
except for metallic mercury which was limited to 2 drops. Experiments were carried out at room 
temperature with no attempt at accurate temperature control. Gentle mixing was provided by placing 
the flasks on a gyratory platform shaker. 

* This work was supported in part by a USPHS Grant No. 1Tl DE175 and in part by the United 
States Atomic Energy Commission, Contract No. W-7401-Eng-49 and has been assigned Report No. 
URA9-1226. 
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RESULTS 
In the initial experiments an attempt was made, based on observations already reported in the 

literature,4 to determlne the conditions under which mercury would move. 
phere was varied and metallic mercury was introduced in several ways. 

Accordingly, the atmos- 
The results are summarized 

in Table I. There was insignificant movement of the isotope except when metallic mercury was in 
open contact with the atmosphere of the flask. The multicup unit was then used so that several 
ditIerent solutions could be used in competition under various conditions. The results summarixed in 
Table II show that only solutions containing some mercury salts absorb radioactivity. Experiment 3 
shows this etIect rather strikingly siaice a potassium nitrate solution without mercury has gained no 
radioactivity whereas a solution with mercury has gained a sizable fraction of the original activity. 

TABLE I.-MOVBMBNT OF MERCURY TO VARIOUS TRAPPING SOLUTIONS IN ONB DAY 

Activity 
remaining, 

CP” 

88100 
87600 

8032 

895:: 

Trapping solution 

O*lMHCl 
O.lMHCl 
0-W HCI, 0%4 KRr 
O*lM HCl, 0%&f Kl3r 
O.lMHCl, 0*2MKRr 
O.lM HCl, 0*2&f KRr 

Metallic 
mercury 

none 
none 
separate 
in trap 
separate 
in trap 

Atmosphere 

0, 
N, 
08 

? 
N: 

Activity 
in *p, 

CPm 

0 

8 
434 

6: 

ori * P from t 
solutions had an activity of 87400 cpm; when metallic mercury was used separated 

e trapping solution, all the activity was transferred to the mercury. 

TABL.E IL-EFFEUX OF VARIOUS COMPOUNDS ON MOVEMENT OF RADIOACTIVB MERCURY 

Experiment Dish Initial composition of liquid in dish 

Fraction of orieinal activitv. 
found in’ dish, ‘. 

% 

1 1 30 of Hg + *,,Hg rg 57.7 (1 54.7 (4 

: 10 lO~gofHginHCl+KRr of in HCl + 

day) 

ag Hg NH&I 18.2 18.0 22.2 17.8 

days) 

4 10 of Hg in NaOH pg 2.8 1.2 

1 30 of Hg + *,*Hg ,ug 104 (5 

2 O,egofHginHCl+KRr 

days) 

3 OpgofHginHCl+NH,Cl 8 
4 0 of Hg in NaOH ,eg 0 

1 30 of Hg + *OaHg ,ug 72 (4 
2 0 of Hg + NH,OH 

days) 
,eg 0 

3 0 of Hg + KNOIl pg 
4 10 of Hg + KNO, pg 1: 

4 1 30 ,eg of Hg + !‘O*Hg + KMnO, 
2 30 ,W of He in HCl 

loo*2 (3 days) 
0 

: 
lO~~ofH~inHCl+KRr 0 
10 ,+I of Hg in HCl + KNOl 0 

1 30 ,eg of Hg + s”*Hg + KMnO, 
2 2 drops of mercury 

9; (1 day) 

1 

: 

30 pug of Hg + IoaHg + KMnO, 
30 rg of Hg + *OsHg 

144 (1 day) 
17.2 

2 drops of mercury not measured 

1 
2 

30 pg of Hg + I”*Hg + KmnO, 
30 /~g of Hg + *O*Hg 

103 (3 days) 
99 
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Experiment 1 shows that some ditIerences occur in the ability of various salt solutions to absorb the 
radioactivity when equal amounts of mercury salts are present. The reasons for this were not pursued. 

Tabk II also summarizes the etfects of adding a small quantity of potassium permanganate to the 
solution initially containing all the radioactivity, or ( exp&ments 6 and 7) to one of the solutions 
initially comaining equal amounts of radioactivity. 

The presence of the strongly oxidizing potassium permanganate is shown to prevent movement of 
radioacuvity out of the solutmn even when liquid mercury is present elsewhere in the system. Other 
experiments (Table I) had shown that radioactive mercury moved rapidly to a metallic mercury trap. 
Experiments 6 and 7 (Table II) show that a solution containmg permanganate successfully competed 
with the liquid mercury drops for the radioactivity escaping to a saturated mercury atmosphere 
from a solution containing no oxidizing agent. 

DISCUSSION 
The published work on loss of mercury from solutions containin trace quantities has involved 

either biological solutlons or solutions containing a reducing agent. !I ere it seemed very likely that 
the mercury escaped as the metallic vapour. However, when movement occurmd from inorganic 
solutions contalnmg no added reducing agents, there was the possibility that a volatile corn und of 
mercury might be involved. 8” The experimental evidence does not support this possibility, an thermo- 
dynamic considerations indicate that the mechanism is reduction of mercury(Il) to mercury(I) which 
then diioportionates into mercury(II) and metallic mercury. 

Consider the volatilities of mercury and mercury(II) chloride. At 26”, the vapour pressure of mer- 

9 is 266 @ar,@ and the solubility m water at 20” is 0.02 &ml.’ The complete reduction of only 
1 O0 of a 10-“M mercury(II) chloride solution would saturate the solution with mercury, and the gas- 
phase mercury content would be 23 rig/ml. It is easy to see how a solution containing rg quantities 
of mercury could exchange its contents rapidly in a process involving metallic mercury. 

The vapour pressure of mercury(II) chloride at 26” is @ 1 @ar,O which is about 5 % that of metallic 
mercury. However, its partial ure 
phase would contain 2 x 1 OJress 

in a lo434 solution would be only 0.02 pbar, and the gas 
pg/ ml. Such small quantities make it unlikely that mercury(D) 

chloride vapour plays an apprecrable role in the movement of the mercury activity out of solution. 
This conclusion was experimentally veri5ed by showing that increasing the amount of mercury@) 
chloride in the initial solution reduced the amount of radioactivity escaping. 

The rapid escape of activity from solution when a mercury pool was present and the necessity 
of having mercury(Il) salts in the trapping solution show that an exchange process involving mercury 
vapour is involved. In order to account for the movement when no mercury vapour is deliberately 
supplied, we must postulate that a small amount of reducing material is introduced with the various 
reagents used. 
equilibrium.* 

A possible mechanism may be proposed, based on the mercury(I) disproportionation 

Hg%*+ + Hg’+ + Hg(l) E = 0.065 V 

At equilibrium the ratio [Hgs+]/[Hg,*+] is 6 x lo+, so further reduction of [Hgsf] would permit 
spontaneous disproportionation and the metallic mercury formed would easily escape from the 
solution. Such an extensive reduction of the lIIg’+] levels would not be necessary at room temperature 
because collisions of molecules could provide about a Mth of the 12 M/mole free energy change. 

The actual quantities of free mercury(II) and mercury(I) ions in solution are far less than the 
total amount of mercury@) salt in solution, as may be determined from the stability constants and 
solubilitv uroducts. The solutions used in this study were usually --0*lM chloride solutions. The 
predom&nt mercury(II) compkx is probably H ;I-, and its stability constant8 is 1.2 x 10”. 

If the mercurv0 in solutton is 10-DM and P e chloride is @lM. [Hz?+] = 8.3 x lo-“M. The ,- , 
solubility product of Hg,Cl, is given as 1.1 x lo-“; in a @lM chlori&solution mg,*+] = 1.1 x 
1O-1% It may be seen that only a small quantity of mercury(II) need be reduced to give a saturated 
solution of the mercury(I) ion, which then would remain at a constant level. Furthermore, with 
smaller quantities of mercuric salts in solution the quantity of mercury(II) ion would decmase 
whereas that of mercury(I) ion would remain constant. Thus, the disproportionation would be 
favoured by smaller amounts of the mercury@) salt in solution. The stability of dilute solutions of 
mercuric salts thus becomes a attestion of the quantity of mercurv in solution. 

The high oxidation potentid of the Hg(II#Ig(I) couple indic&s a high probability of reduction 
by ahnost any reducing substance. The extreme insolubility of mercury(I) chloride also indicates that 
a very small quantity of a reducing agent would provide a saturated solution (1.1 x lO_Wf). The 
introduction of such low levels of reducing substances through the reagents or even the demineralii 
water is almost inevitable but ditEcult to quantitate. However, the postulation is supported by the 
fact that small amounts of potassium permanganate (Table II) added to solutions containing 
radioactive mercury effectively prevent the loss of any radioactivity. 
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A crucial 
radioactivity 

experiment (Table II, No. 6) is that in which equal amounts of mercury(H) salts and of 
are contained in two solutions, but some potassium permanganate has been added to one. 

A saturated mercury vapour atmosphere is provided by placing 2 drops of liquid mercury in a third 
dish. Here it is shown that in one day there has been movement out of only one solution, and also 
substantial increase in activity in the other, which shows that oxidation of the mercury vapour by the 
permanganate has occurred. A contrasting experiment (No. 7) in which no mercury vapour is provided 
shows the much slower movement of the radioactivity in the absence of a saturated mercury atmos- 
phere. 

CONCLUSIONS 
Thermodynamic considerations show that the loss of mercury from a solution which contains 

the element in the mercury(I) form may occur readily through disproportionation and subsequent 
loss of metallic mercury. Because of the hiah oxidation notential of the mercurvO-mercurv(I) 
system almost any redu&ng substance can co&ert some me&y(H) into mercury($.‘ . ’ . ’ 

33ecause of the near impossibility of preventing introduction of small amounts of reducing sub- 
stances by the reagents, the more dilute mercury(II) solutions would be less stable and lose mercury 
more readily. The only practical method for stabilization would be to add a small excess of an oxidix- 
ing substance (such as permanganate) which has a higher oxidation potential than the mercmy@)- 
mercury(I) system. 

Department of Radiation Biotbgy T. Y. TO~~ARA 
and Biophysics c. P. SmxLDs 

University of Rochester School of LARYSA KOVAL 
Medicine and Dentistry 

Rochester, New York 14620, U.S.A. 

Summary-It is shown that loss of radioactivity from labelled mer- 
cury(H) solutions is due to reduction of some mercury(II) by reductants 
adventitiously introduced, followed by disproportionation of mer- 
cury(I) and loss of metallic mercury in the gas phase. The loss can be 
prevented by addition of a small excess of an oxidant such as perman- 
ganate. 

Zusammenfassnng-Es wird gezeigt, dal3 der Aktivitiitsverlust von 
markierten Quecksilber(II)-Losungen auf Reduktion von etwas 
Quecksilber(I1) durch xufallig eing&hleppte Reduktionsmittel beruht. 
Das Ouecksilber(I) disuronortioniert dann und metallisches Oueck- 
silber geht in die Gasph’ase~verloren. Der Verlust kam durch Zugabe 
eines kleinen Uberschusses eines Oxidationsmittels wie Permanganat 
verhindert werden. 

R&stun-n montre qu’une perte de radioactivite de solutions de 
mercure(I1) marque est due ii la reduction d’tme partie du mercure(I1) 
par des reducteurs introduits accidentellement, suivie par la dismu- 
tation du mercure(I) et la perte de mercure metallique dam la phase 
gazeuse. On peut pr&enir la perte par addition dun petit excb dun 
oxydant tel que le permanganate. 
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PROFESSOR L. ERDEY 

A FEW DAYS after celebrating his sixtieth birthday, Professor Laszlo Erdey died after 
a heart attack on the 21st of February 1970. 

L. Erdey was born on the 12th of February 1910, in the Hungarian town of 
Szeged. During his grammar school years he won the annual national contest for 
students in physics. He studied then at the P. Pazmdny (now L. E&v&) University 
of Budapest and graduated in 1933 in chemistry, physics and mathematics. Working 
as a demonstrator and assistant lecturer he obtained his Ph.D. from the same Uni- 
versity in 1938. In 1942 he joined the Municipal Chemical and Food Testing Institute 
of Budapest, and worked also as a part-time lecturer, later as a senior lecturer at the 
University. In 1949 he was appointed as Head of the Institute of General Chemistry 
at the Technical University of Budapest, became a full Professor in 1950 and held 
this post up to his death. He served as Dean of the Faculty of Chemical Engineering 
at the same University from 1950 to 1953. He was elected as a corresponding member 
of the Hungarian Academy of Sciences in 1951, and became a full member (Fellow) 
in 1955. He was a member of several Hungarian and International Chemical Societies. 
He was a member of the Analytical Committee of the International Union of Pure 
and Applied Chemistry and served on the Advisory Board of Talanta since the journal 
was started. He was also the Editor-in-Chief of the Journal of Thermal Analysis and 
Regional Editor of the Journal of Radioanalytical Chemistry. 

He was twice awarded (1951 and 1958) the Kossuth Prize, which is the highest 
award in Hungary for cultural and professional activities. Among other Hungarian 
distinctions he was awarded the Golden Degree of the Work Order on his sixtieth 
birthday by the Hungarian authorities. He was also awarded the Hanus medal of 
the Czechoslovak Chemical Society. 

With his research team in the Institute of General Chemistry at the Technical 
University of Budapest, which at one time had more than thirty graduate members, 
L. Erdey did research in almost all branches of analytical chemistry. First he dealt with 
ascorbinometric titrations, with redox and chemiluminescent indicators, gravimetric 
analysis and thermal analysis. He later worked also on electroanalytical methods 
including polarography, organic analysis, spectroscopy, gas chromatography, trace 
analysis and radiochemical analysis and published more than 500 papers; his textbook 
on Quantitative Analysis and Volumetric Analysis (now in their 10th Edition) are 
widely used by Hungarian-speaking chemists. His main work, Gravimetric Analysis, 
in three volumes, giving both a theoretical treatment of the subject and a critical 
survey of carefully selected and experimentally tested methods was published in 
Hungarian, German and English. 

His death means a great loss to his friends, younger and older students and co- 
workers and to analytical chemistry in general. 

GYULA SVEHLA 
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PROFESSOR LASZLO ERDEY 

ONE of the penalties of later middle age is the gradual loss of one’s friends. In 
time one learns to accept the inevitability with philosophy, but when a very special 
friend departs, particularly when it is unexpected, grief seems to have no bounds; 
the poignant memories flood in and there is not one road left to escape the torment of 
the spirit: 

“Give sorrow tears, 
The grief that does not speak, 
Whispers the o’erfraught heart.” 

But Laci Erdey would not have wanted us to mourn him for long and would rather 
that we remembered the many good times we all had together. I shall not speak of 
him as a scientist, nor of his massive contributions to his chosen field, for these are 
well known and, in any event, have been adequately covered in other obituaries. 
Instead I will pay tribute to Laci as a friend-the best of friends. 

I first met Laci in Lisbon, at the 1956 IUPAC Congress. He was with that other 
great Hungarian chemist, the late Professor Schulek. At this time I also met, for the 
tist time, R. Piibil and G. Schwarzenbach. All the forementioned, together with 
H. Flaschka, F. Feigl and C. L. Wilson took supper together. I sat next to Laci and 
this began our much too short friendship. 

He was kind, charming, modest, humorous and highly cultivated. He loved his 
country beyond measure and took great pride in its achievements. He taught others 
to think in a like vein and to admire Hungarian contributions to science, medicine 
art, literature and music. It was always a pleasure to hear him talk on Hungarian 
wines. Nevertheless, Laci was no chauvinist; he loved Hungary, but in a frame- 
work of European culture of which it is part, and like myself felt at home in any 
country in Europe. Perhaps this represents the most rational way of thinking; to 
feel part of what one regards as a great unified structure, yet to cherish and maintain 
the individual character of each of its component parts. 

Laci had had to take care of his health for some years after a bad heart attack in 
Moscow. Yet up to the moment of his death, he felt well and was full of ideas and 
plans for the future, never thinking that they would never be fulfilled. Perhaps the 
way of Laci’s going is to be envied; though one’s deepest sympathy goes out to his 
wife Anna, who bore the brunt and shock of sudden death. 

The time for mourning is now past, let us think of the many and varied pleasures 
he brought to us. I shall never forget him. 

Balatonfirred R. BELCHER 
31 August 1970 
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DEVELOPMENT AND PUBLICATION OF NEW 
GRAVIMETRIC METHODS OF ANALYSIS 

L. ERDEY~ and L. P~LOS 
Institute for General and Analytical Chemis 

Budapest, Budapest XI, GeWt t ;4, Hungary % 
Technical University of 

R. A. CHALW 
Department of Chemistry, University of Aberdeen, Aberdeen, Scotland 

(Received 23 January 1970. Accepted 18 May 1970) 

Summary-A review is made of the factors affecting the accuracy of 
gravimetric methods, and which need to be investigated in the develop- 
ment of new methods. Recommendations are made for writing up 
such investigations for publication. 

IN THB FIRST paper of this series, Kirkbright’ laid down a set of requirements for 
thorough investigation of any proposed new method of spectrophotometric deter- 
mination and that paper was thought to be timely in view of the large number of 
reagents being developed for calorimetric analysis and the growing need for some 
agreement as to the minimum of investigation necessary and on the format for 
expressing results. Although gravimetric analysis has often been regarded as obsole- 
scent, there are still as many papers published on it* as on radiochemical analysis, 
a field which is rapidly becoming prominent. This is mainly due to the need for 
elucidation of the theoretical fundamentals of gravimetric analysis (which had 
developed mainly empirically). Extensive research work is being done on the appli- 
cation of complexing agents to extend the possibilities for specific determination 
and separation of metal ions, and a certain reviviscence of the field has been brought 
about by the development of radiochemical analysis, especially activation analysis. 
Gravimetric methods have not lost their importance in spite of instrumentation and 
automation. It would be rather difficult to find an instrumental method which did 
not need the methods of classical chemical analysis to provide the composition of the 
standards used for calibrating the instrument. The fundamental operation in gravi- 
metric analysis is the quantitative precipitation of the component to be determined, 
in a form which is free from contaminants and easy to separate from the mother 
liquor, i.e., easy to filter off and wash. The precipitate must either itself be a stoich- 
iometric compound that is easy to weigh, i.e., involatile, non-hygroscopic, non- 
efflorescent, and inert to reaction with air, or easily convertible into such a compound 
by drying or ignition. However simple these requirements may seem, it is rather 
dif5cult to keep the error caused by dissolution losses, co- and post-precipitation etc. 
below 0*1x, which is in most cases required in practice. It is therefore the intention of 
this paper to lay down a standard set of requirements for development and publication 
of a gravimetric method, and to discuss the chemical background which makes 
these requirements necessary. 

THE PRECIPITATION PROCESS 

Nucleation and crystal growth 

The kinetics and thermodynamics of precipitation are important not only in 
analysis but also in metallurgy, the chemistry of solids and very pure substances, 
the physics of semiconductors, etc. Although considerable effort has been expended 
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on elucidating the fundamentals of the kinetics and thermodynamics ofprecipitation,3*4 
practically all of it has been devoted to the rather narrow field of precipitation of 
ionic compounds, although these form by far the minority of the compounds used 
in analytical practice, and even then, agreement has not finally been reached on such 
factors as the critical size of a nucleus for crystal growth. From the analyst’s point 
of view, the important features are that contamination by adsorption or occlusion 

oA Lobils 

Mainly homogeneous 
nucbation 

S* I- 
------ --I-_--_-_______ 

Supersnturotion 

limit 
Heterogeneous 

Metostable 
nucleation 

region 

S J’i ________I-_________Ic 

Number of particles /mL 

FIO. L-Number of particks precipitated, as a f-ion of supersaturation. 
from C&em. And. Warww, 1968, U, 969, by axon.) 

(Reprinted 

occurs to an extent that is largely governed by the surface area of the precipitate, 
so it is important to have a small number of crystal particles present, these being of 
relatively large size. Until the development of precipitation from homogeneous 
solution (PFHS) the basic rules for production of analytically suitable precipitates 
had not changed appreciably since von WeimarnP 

It is recognized that the number of precipitated particles and their size distribution 
are determined by the rate of nucleation and by the rate of growth of the nuclei 
(which can be defined as the rate of linear growth of a crystal plane). Nucleation 
occurs in supersaturated solution. The concentration interval between the equilib- 
rium solubility (solubility of large particles) and the critical supersaturation was 
termed by Ostwald the metastable zone. At the critical supersa~ration con~n~a~on 
crystal formation proceeds instantaneously and spontaneously. The metastable zone 
may greatly differ in width even for precipitates with the same solubility, and great 
difference may result in the morphology of precipitates, as shown in the case of barium 
sulphate and silver chloride. Nucleation can be homogeneous (i.e., the nuclei are 
the same compound as the precipitate) in which case the nuclei are formed by agglom- 
eration and dispersal of the constituents of the precipitate until, as a result of this 
statistical fluctuation between growth and decrease, a certain critical size is reached, 
and growth predominates; alternatively nucleation may occur at concentrations lower 
than the critical supersaturation concentration, and is then called heterogeneous and 
takes place on foreign surfaces such as those of impurities, vessel walls, or gas 
bubbles.. A plot of number of particles per unit volume, as a function of supersatura- 
tion, gives a break-point at ‘the critical su~rsatura~on concentration, and at higher 
concen&at.ions than this the number of particles produced rapidly increases, with a 
concomitant decrease in particle size (Fig. 1). A graphical representation gives 
a clear picture of the nature of nucleation.6 
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Kossel’s theory of crystal growth’ attempted to calculate the energy released when 
an ion, atom or molecule entered at different points of the lattice. Volmefl introduced 
the concept of a two-dimensional nucleus into Kossel’s theory, such an aggregate 
of atoms or ions being stable on the crystal surface only if bigger than a certain 
critical size. According to Frank* spiral growth proceeds at low supersaturations 
and a two-dimensional nucleus need not then be formed. 

It follows that nucleation must be minimized and growth maximized, if a pure 
and easily filterable precipitate is to be obtained, and this can be achieved by maintain- 
ing a low degree of supersaturation. Several attempts have been made to meet this 
requirement. Hahn and OttolO effected the precipitation from extremely dilute 
solution, by adding separate solutions of the ion to the precipitated and of the 
precipitant dropwise to boiling distilled water. The electrolyte concentration is 
much higher at the end of precipitation than at the beginning. In this way well- 
formed crystals can be obtained. In contrast, according to Njegovan andMarjanovic” 
precipitation is to be made from cool concentrated solution with a concentrated 
solution of the precipitant, and the suspension is to be warmed with hot water, 
during which process recrystallization probably proceeds, but an excessive length 
of time is required. According to the precision method of Winkler12 precipitation 
is best effected from boiling solution with a reagent solution added dropwise. By 
the use of a known, constant amount of ammonium salt, adsorption can be avoided 
or reduced. The deviation of the weight of precipitate from the theoretical value 
can be corrected for. According to the method of Willard and Tang,= precipitation 
from homogeneous solution, the reagent is generated uniformly dispersed through- 
out the solution of the ion to be precipitated, and so local supersaturation can be 
avoided. This can be achieved by generating the precipitating reagent in situ by a 
hydrolytic reaction (e.g., hydrolysis of sulphamic acid to produce sulphate), a con- 
densation (e.g., formation of dimethylglyoxime from biacetyl and hydroxylamine), 
a pH change which itself is brought about by a hydrolytic reaction (e.g., hydrolysis 
of urea to raise the pH to produce the appropriate 8-hydroxyquinoline species for 
precipitation of aluminium) etc, or the metal ion to be precipitated may be released 
from a stable complex in the presence of an excess of precipitant (e.g., peroxide oxi- 
dation of the bismuth-EDTA complex in the presence of phosphate), or the reaction 
may be carried out in the presence of an organic solvent (in the case of precipitation 
with an organic reagent) in sufEcient amount to keep the precipitate in solution, 
followed by slow removal of the solvent by evaporation. 

Whatever the method used, it will be affected by such variables as the concentration 
and temperature of the reagents, of addition or generation or precipitant, length or 
digestion of the precipitate with the mother liquor, and temperature during filtration. 
It should be noted that in precipitation from homogeneous solution, in order to avoid 
unduly prolonged reaction times it is often necessary to take a very large excess (up 
to lOOOo/o) of the generating reagent, and to quench the reaction by cooling when 
sufficient precipitant has been produced (a study of kinetic curves will show why). 

Solubility of precipitates 

Factors affecting the solubility of precipitates can be classified into two groups, 
according to whether they influence the properties of the solid phase or those of the 
solution. The precipitate structure, presence of polymorphous modifications and 
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of water of crystallization, particle size distribution, and aging have a remarkable 
influence on the solubility of precipitates. Of these factors, aging is the most impor- 
tant. By this term is meant those changes which occur in a precipitate on standing 
in contact with the mother liquor. These changes are discussed in detail in the standard 
textbooks (e.g., thoseby Laitinenl* and by Kolthoff ef aZ.ls) but two of them areof more 
practical importance than the others. If a species is precipitated in a metastable form 
and can be transformed into a more stable form with extensive rearrangement of the 
lattice, then substantial purification will occur in the process (e.g., calcium oxalate 
dihydrate and trihydrate are metastable with respect to the monohydrate and are con- 
verted into it on digestion). Many “hydroxide” precipitates are better described as 
hydrous oxides, and may undergo slow change in composition on aging. One practical 
consequence is that hydroxide precipitates left for a considerable length of time may 
become much more difficult (or even impossible) to redissolve in acid, thus making 
reprecipitation harder to achieve. 

At a certain temperature the mother liquor and precipitate will reach an equilib- 
rium characterized by constancy of the activity product : 

Ksp = aMm . aNn 

where Ksp is called the solubility product of the species M,N,. The solubility of M,N, 
increases as the activity of its ions in solution decreases (by protonation, hydrolysis, 
complex formation, oxidation etc.). It has been proposedfs that for direct comparison 
with stability constants it would be more logical to use an “insolubility product,” 
which would be the inverse of Kap. 

Because the object of quantitative analysis is to recover the whole of a particular 
species, an excess of precipitant must of necessity be used. It follows that the solubility 
of the precipitate will be decreased by this excess (the common-ion effect), but if the 
reagent can form charged complexes with the ion of interest, there may be a solubility 
increase if a very large excess of reagent is used (e.g., silver chloride is soluble in 
concentrated hydrochloric acid because of formation of AgCIs-). The wash liquid 
used may need to contain one of the component species of the precipitate to prevent 
loss by dissolution in washing, or to contain an electrolyte to prevent peptization of 
a flocculated colloid, and the salt used must be readily removable from the washed 
precipitate. Usually an ammonium salt is used, since it will be volatile on suitable 
heat-treatment of the precipitate. Use of a saturated solution of the precipitate is 
not to be recommended (positive errors could ensue from precipitation by the common 
ion excess in the mother liquor still in contact with the precipitate, or if the precipitate 
is left unduly wet with wash-liquid before ignition or drying, and negative errors 
if the residual wash-liquid is removed with water). 

Factors influencing the properties of the solution can be classified into two groups : 
those exerting the so-called inert-electrolyte effect because of changes in the ionic 
strength of the solution, and those causing reactions involving one of the ions of the 
precipitate, such as hydrolysis of cations, formation of complexes with common or 
foreign ions, protonation of strongly basic ligands and disproportionation of one of 
the ions. The extent of all these reactions may markedly depend on the pH, and 
calculation of their effect is described in the textbooks.14*1S*17 

A particularly insidious influence is exerted by the existence of inert complexes, 
especially heterobinuclear complexes. The ion to be determined may be initially 
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present in the form of a complex which is thermodynamically unstable relative to 
the change brought about by addition of precipitant, but kinetically so slow to react 
that it is effectively stabilized. Worse, it may be present along with a complex@ 
ligand with which it normally forms a labile complex, but which can act as a bridge 
between it and another ion to form an inert complex, e.g., copper(II)4trate-&rom- 
ium(III);18 the existence of such complexes is often unsuspected. The preliminary 
history of a solution is often of vital importance, particularly that of the “opening- 
out” process. 

Contamination of precipitates 

Contaminations may be classified into two groups: those due to co-precipitation 
and those caused by post-precipitation. In co-precipitation two types of contamin- 
ation can be distinguished: adsorption and occlusion. In the case of adsorption, 
the precipitate particles carry the contaminant on their surface. With colloidal 
precipitates the coagulated secondary particles may carry in their interior impurities 
bound by adsorption forces to the primary colloid particles. In occlusion the impu- 
rity is inside the primary precipitate particles, whether by mechanical trapping during 
crystal growth or by formation of solid solutions. The distribution of contaminant in 
a homogeneous solid solution can be characterized by the Berthelot-Nernst distribution 
coefficient, D, which describes the thermodynamic equilibrium :1Q*20 

[Al . [Al . [Bl in crystal = D [Bl in solution. 

A homogeneous distribution is obtained for the crystal as a whole and not only 
for the surface layer, if there is equilibrium between the solution and crystal. 

The heterogeneous distribution of a contaminant can be characterized by the 
ooefficient iz in the Doerner-Hoskins equationlQ 

1% [Z] ( ) [Bl*,ti, inltfal in solution = 1 log - ( 1 D%~I 
in solution. 

tinal 

According to this the composition of an elementary layer of the precipitate depends 
on the ratio of the concentrations of the two components in the solution. il and D 
differ in that the former is a kinetic constant while the latter is a thermodynamic 
equilibrium constant. 

Very often all forms of contamination are called occlusion, which can cause 
confusion, since the exact reason for contamination has to be known if it is to be 
eliminated. Contaminants bound to the precipitate by adsorption are much easier 
to remove by washing than those occluded. 

It is useful to tabulate the ways in which the purity of precipitates can be improved, 
and this has been done in Table I. It must be stressed, however, that there are many 
exceptions to these general guiding rules, and that investigation should always be 
made of the effect of variation of conditions. 

Collection and heat-treatment of precipitates 

Precipitates that are to be dried at temperatures up to about 250” are invariably 
collected in borosilicate sintered-glass crucibles. Those which are to be ignited are 
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TALIL.E I.--INFLUENCE OF CONDITIONS OF PEUCIPlTATION ON PURITY 

Condition 
Mixed 

crystals 

Form of impurity 
surface 

adsorption Inclusion 
post- 

precipitation 

Dilute solutions 0 + + 0 
Slow precipitation + 
Prolonged digestion 0,: :* 

1 

- 
High femperature - +t 0 
Agitation + + + 0 
Washing 
Reprecipitation 0,: 

++o 0 0 
++ ++ + 

Adjustment of pH 0 
Filtration soon after 8 0 8 . T+ 

precipitation 
PFHS + ++ ++ - 

l This would have no effect on gelatinous precipitates. 
t There are exceptions. Some crystalline precipitates are affected adversely, e.g., RaSO, and 

CaC;O,, but digestion improves the situation. 
8 Gelatinous and curdy precipitates; crystalline precipitates do not reach the required degree of 

purity by was&g alone. 
+ + Impurity reduced to negligible amounts, though not 

conditions may have to be used in conjunction. 
necessarily by this means alone; other 

+ Increased purit , but significant amounts still present. 
&ln 0 No @i&ant c ge. 

- Decrease in purity. 
This table was supplied by Prof. R. Relcher and is based on the one by M. L. Salutsky, in Z’reutisc 

on Anulyticul Chemistry, I. M. Kolthoff and P. J. Elvhrg eds., Part I, Vol. 1 p. 499, Interscience, New 
York, 1959. 

collected on filter-paper or in crucibles, fitted with fritted discs. The latter filters may 
be made of fused silica or of porcelain. Sometimes use is made of platinum filters 
fitted with platinum sponge. The use of asbestos (the original Gooch crucible) has 
largely disappeared. If fiits are used, it is essential that the crucibles should be 
conditioned by repeated heating with solutions of approximately the composition 
of those with which the crucible is to be used, until the crucible shows no further 
change in weight on treatment. This is particularly important for work on the 
micro scale. Because the surface area of the fritted discs is very large, the equilibrium 
amount of water vapour adsorbed on the surface is also large, and can vary if the 
humidity changes between weighings. While the effect may not be noticeable on the 
macro scale (it may amount to one or two hundred micrograms) it is a serious source 
of error in microanalysis, and microcrucibles should always be used along with a 
similar crucible as counterpoise. The counterpoise crucible must be given the same 
heating and cooling treatment as the sample crucibles in order to compensate as far 
as possible for variation in conditions. Whenever platinum crucibles are used it 
should be remembered that platinum is appreciably volatile at high temperatures, espe 
cially those above 1000°, and an empirically determined correction should be applied 
for loss, calculated on a temperature and time basis. When silica, glass or porcelain 
crucibles have been used, the possibility of induced electrostatic charges should not 
be overlooked,2l and if necessary a metal crucible can be used to provide a Faraday 
cage on the balance pan. 

The pore-size of the filter must be matched to the particle size of the precipitate. 
If it is too great there may be loss of material by passage through the filter; if it is 
too small the filter may clog and filtration be unduly slow. 
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Once obtained, collected, and washed with a suitable liquid, the precipitate is 
freed from water by drying or ignition. During this heat-treatment the precipitate 
may undergo physical or chemical changes which influence its weight and composition. 

Winkler= has drawn attention to the fact that crystalline precipitates can be dried 
to constant weight even at room temperature if they are not hygroscopic, do not 
tend to oxidize, do not react with carbon dioxide present in air and do not decompose 
in air, though naturally this may take a long time. Sometimes water is removed with 
alcohol etc. 

However, the last traces of water cannot always be removed from the precipitate 
by drying at room temperature. Barium sulphate, for example, may retain water at 
temperatures up to 600”. DuvalaB systematically studied the thermal behaviour of 
precipitates by automatically recording the dependence of precipitate weight on 

89*u temperature. Erdey and Paulik have developed the technique further by recording 
simultaneously the mass loss curve and its derivative, and the differential thermoan- 
alytical curve. These “derivatographic” curves provide useful information concern- 
ing the transformations of a precipitate during heat treatment. The optimum drying 
temperature and the temperature range over which the weight is constant can be 
determined by the method. However, if static heating conditions are to be used in the 
analysis and the precipitate is to be weighed in the open air at room temperature, 
it is essential to check the thermal behaviour of the precipitate under the conditions 
to be used, and the interaction of the ignition product with wet air at room temper- 
ature. For instance, the decomposition temperature of silicomolybdic anhydride 
has been reported from thermobalance measurements to be about 800”, but on static 
heating there is loss of molybdenum trioxide at temperatures above 600”; again, 
calcium oxalate can be converted into the anhydrous form and weighed as such at 
200”, but on exposure to laboratory air at room temperature it rapidly reverts to the 
monohydrate.as 

The advantages of desiccators have long been shown to be largely illusory,s’Jo” 
except for keeping dust out of crucibles and preventing accidental loss from draughts, 
sneezes, etc. Even if a good desiccant and design of desiccator can be found, imme- 
diately a dry object is removed into moist air it will begin to adsorb moisture on its 
surface, so there is no real point in keeping it dry in the first place, unless the material 
within it is markedly hygroscopic (e.g., dry flour or calcium oxide) but can be suffi- 
ciently protected from the atmosphere by a close-fitting lid for there to be no appreciable 
uptake of water by it during the period needed for weighing. If the final product 
to be weighed in a gravimetric analyses is hygroscopic the method is inferior. For 
rapid cooling a block of metal is adequate, and it is essential that the object to be 
weighed should be at the temperature of the balance.28 

Thermal methods can also be used to solve analytical problems directly, e.g., 
strontium, calcium and barium can be determined rapidly without separation, by 
means of the derivatogram of their oxalates .2s The method also permits determina- 
tion of polymorphous modifications when present together, which is rather difficult 
to do by other methods.80 

THE APPLICABILITY OF A METHOD 

As pointed out long ago by LundelLa an analytical method is not much use in 
isolation; it must be capable of application to a particular problem. The analysis 
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of a pure solution of a single substance is not usually much of a problem, certainly 
not in comparison with analysis of a complex mixture. It follows that any new 
method must be assessed for usefulness, and those species which will affect the results 
adversely must be delineated, and where possible, means suggested for equating 
their effect. It is also essential that the useful scale of operations should be defined, 
so that the method is used sensibly. Gravimetric analysis is useful only in certain 
contexts, and is meaningless in others. 

The sample weight to be taken, and the accuracy of weighing, are both determined 
by the composition of the material, the overall error that can be tolerated, and the 
desired speed of analysis. It is obviously faster to filter a small volume of liquid 
than a large, so scaling down of operations should hasten the analysis. Both weights 
and volumes must be reduced in similar proportions in order to keep concentrations 
about the same. The error of weighing a 5-mg precipitate on a ~crob~~~ with a 
standard deviation of 3 ,ug is about the same as that of weighing a NO-mg precipitate 
on an ordinary balance with a standard deviation of O-05 mg, but an attempt to 
collect 5 mg of precipitate from say 250 ml of mother liquor would be much more 
likely to produce an erroneous result than would collection of 100 mg from the 
same volume. At the other end of the scale, an attempt to increase accuracy by 
collection of 10 g of precipitate would be a set-def~ting exercise because of the 
unwieldy amount of precipitate and the very large volume of liquid to be filtered, 
coupled with the impossibility of washing the precipitate adequately. The scale of 
operations is therefore defined at one end by purely manipulative considerations, 
and at the other by the precision and accuracy sought. 

If an overall error of not more than 0.1% is aimed at, the error of the final weigh- 
ing must be smaller than this, and in conjunction with the known performance of 
the balance used will set the magnitude of the weight of precipitate to be collected, 
and hence the minimum size of sample to be taken. If a correction is to be applied 
for a reagent blank, due allowance must be made for the uncertainty in determining it. 

An important factor in assessing the statistical errors is the conversion factor 
from weight of product to weight of species sought. The higher the conversion 
factor, the less significant the statistical weighing error. For example, in determin- 
ation of copper by electrolytic deposition and weighing, the conversion factor is 
unity, whereas in determination of silicon as silicomolybdic anhydride, the product 
weighs about 60 times as much as the amount of silicon in it; a weighing error of 
O-1 mg represents an error of O-1 mg of copper and 16 ,og of silicon respectively. 

Gravime~c analysis is not at all suitable for trace analysis, and is generally 
applicable only to major components of a sample, Le., those present to the extent 
of at least 1 %, though it can be applied to minor components (0.1-l %) if an amplifi- 
cation reactioP is available or the conversion factor is very favourable or a larger 
relative error is tolerable. 

If carbon is to be determined in a steel by ignition to carbon dioxide in a stream 
of oxygen, followed by collection and weighing of the product to the nearest O-1 mg, 
then if a “factor weight” of sample is taken (i.e., 2.729 g, because CO* contains 
27.28 % of carbon) 1 mg of COz produced is equivalent to O-1 % of carbon in the 
steel. If there is not more than 0.2 % of carbon present there is no point in weighing 
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the sample more accurately than to the nearest 5 mg (2.73 f 0405 g) because the 
maximum error so caused would be <0401% of carbon, which is the limiting error 
imposed by the final weighing operation. On the other hand, if chloride in sodium 
chloride were to be determined as silver chloride it would be necessary to weigh both 
sample and product with a relative error of not more than O-05 % if an overall error 
of <O-l% were desired. 

Selectivity 

The value and app~~bi~ty of analytical methods, p~cularly of new gravimetric 
determinations, depend greatly on selectivity. An analytical reaction (in the case of 
precipitation) is selective if the reagent reacts only with the ion to be determined, 
or with few other ions. A reaction is called specific if it is characteristic for one ion 
only. By selecting suitable conditions, e.g., by adjusting the pH or other factors 
which affect complex stabilities, selectivity can be increased, and a reaction can be 
made specific for an ion. Several attempts have been madPees to interpret the spe- 
cific or selective nature of reactions, but these problems have yet not been finally 
settled. With knowledge of the stability constants concerned, the degree of specificty of 
a complex-formation reaction can be calculated.M 

Two quantities, the recovery factor R and the separation factor (Sri,,, are used 
for the quantitative description of the efficiency of a separation. In the separation 
of ion A from ion B the recovery factor .R& gives the fraction of A recovered in the 
precipitate at the end. A separation is good if the value of the recovery factor is 
between O-999 and 1400 (or 99.9 and lOO*O %) where QA is the quantity of A isolated 

QA l>R,= - 
(Q& 

> 0.999 

and (Q& is the original quantity, and if the accompanying ion is left quantitatively 
in the original phase. The selectivity of separation can be characterized by the sep- 
aration factor, &!&/A ?’ 

s QB~QA (Q& QB RB 

B1A = {QB)~I{Q~)~ = @Z . eA = RA 

In a good separation the amount of B going into the new phase, Qn, is less than 
0.1% of QA, the amount of A in this phase. It is rather difficult to meet these require- 
ments in separations based on precipitation, especially if the amount of B is great 
compared to that of A. Cbromatographic and extraction methods are more effective 
means for separation. 

Assessment of error and precision 

The generally accepted values of allowable errors have been given as follows:33 

Constituent, % Error, parts per 1000 
100 l-3 

10 10 
1 lo-20 

%04001 ;ki 

but these are the errors associated with routine analysis, which usually involves a 
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“go/no-go” type of inspection of material to see whether it fulfils a specification. 
For research work and particularly for evaluation of a new method, rather higher 
precision is to be expected. 

Some new analytical methods are preferred to older ones because of their simp~city , 
rapidity or other advantages, but preference should also take heed of the error 
involved, and this should be given besides the other features. 

Errors can be classified into two groups: 
Random errors are due to the uncontrollable small changes in experimental con- 

ditions and do not depend on the observer or analyst. 
Systematic errors are those caused by the imperfections of equipment used and 

by the limitations of the physico-chemical reaction serving as the basis of determin- 
ation. 

In gravimetric analysis systematic errors arise from imperfections in balances 
and weights, from solubility of precipitates, co-precipitation etc. As a result, the 
average of replicate analyses deviates from the true value, but since the deviation is 
usually of well defined direction and size, it can be eliminated by properly calculated 
corrections. Random errors cannot be eliminated in this way, however. They arise 
from such factors as variation in performance of a balance on repeated weighing 
of the same object, random variation of sample composition, small random fluctuations 
in treatment of individual analyses, efc. The distribution of such errors is assumed 
to be Gaussian, and the standard deviation is calculated to assess the magnitude of the 
random error. It is easier to compare results for different methods if the relative 
standard deviation is given. The nature and statistics of errors are discussed in 
standard texts (e.g., refs. 14 and 34). 

It is not enough, however, simply to calculate the error on the basis of the weight 
of the final product. It may happen that the reagents contain some of the species 
being determined, or that the precipitate contains foreign species. As pointed out by 
Berman, Semeniuk and Russell,% the usual practice is to take a standard solution 
of a substance, put it through the recommended procedure, and if the amount found 
is very close to the amount taken, to call the method satisfactory, whereas what 
should be done is to investigate separately the loss of precipitate to the filtrate, the 
extent of con~ination of the precipitate, the size of the blank, and any other 
sources of error, to ensure that there has not been a fortnitous compensation of errors. 
In their work on thorium determination they showed that silica collected by the 
precipitate just about cancelled out the amount of thorium lost. 

The question of blanks and corrections is rather complicated and depends mainly 
on the scale of working. In microanalysis, for example, it may prove necessary 
to apply a correction for dust or other pa~culate matter in the reagents. It is quite 
easy to accumulate 25 pg or so of foreign matter, and this would constitute an error of 
SO.1 % in a precipitate weight of 2.5 mg. Such an error is easily assessed by dissolving 
the precipitate off the filter (if an organometallic complex is weighed) with an organic 
solvent, and then drying and reweighing. Purely inorganic precipitates of ignition 
products can often be dissolved by suitable acids or fusions; silica in them can be 
determined by the Rerxelius method of removal with hy~offuo~~ and s~phu~c acids. 
Reagent blanks cannot be properly assessed by running a blank determination in 
the absence of sample. It is also unrealistic to try to assess the blank by direct deter- 
mination by other means (spectrophotometry, polarography etc.) of the amount 



Publication of new gravimetric methods 1153 

of determinand present in the reagents. The constituents of the apparatus used may 
be extracted to a greater or lesser extent during the analytical operations, and the 
history of the apparatus may affect the amount removed. 

The two methods most commonly used for assessing blanks are to apply the 
method to a standard material of accuruteZy known composition and to determine 
the difference between “taken” and “found,” or to apply the method to two different 
sample weights, one of which is a simple multiple of the other (usually a 2: 1 ratio 
is used) and to compare the value obtained for the smaller sample with that obtained 
from the difference between the two results. By “accurately” we mean with a pre- 
cision that will give an experimental error much smaller than the amount of blank 
sought, and the remarks of Berman et al. ss on “taken” and “found” must be heeded. 
(It is obvious that if the standard has been analysed by chemical means there already 
exists a method of adequate precision and accuracy!) 

Corrections for solubility of precipitates should be applied only if the solubility 
has been determined under the conditions used. A simple consideration of the kinetics 
shows that it is unlikely that wash-water will become saturated with precipitate during 
normal washing operations. Corrections for the ash of filter paper are usually 
negligible for all but micro or semi-micro work. 

Applications 

As pointed out earlier in this paper, a method is not useful unless an application 
can be found for it. It is the author’s duty to find applications and to test the per- 
formances of the method under real and simulated conditions, that is with samples 
that are likely to be met with in practice, or with samples synthesized by mixing 
known amounts of materials of known purity to provide mixtures of compositions 
similar to those of “genuine” samples. Attention must be paid to the method of 
bringing the sample into solution, and its possible chemical effects on the procedure 
being developed. 

PREPARATION OF A PAPER FOR PUBLICATION 

Useful guidance on the information necessary in a published paper on an analytical 
procedure will be found in the articles by Wilsons6*s7 and by Chalmers.ss*3@ The 
requirements for adequate development and description of a gravimetric procedure 
are dealt with at length in the earlier parts of this paper, and are summarized here 
for convenience and emphasis. The points listed are those that must be examined 
and reported on. Factorial design of the experimentation can save considerable 
effort and increase the amount of useful information obtained (see e.g., ref. 40.) A 
useful general survey of gravimetric methods has been given by Beamish and McBryde.41 

1. The precipitant. Solubility, stability of the solid reagent and its solutions, 
methods of preparation and physical characteristics (m.p. etc.) if a new reagent, 
should all be given. 

2. Method of precipitation. Details must be given of the permissible chemical 
composition of the solution before precipitation; the range of absolute amount and 
concentration of the species to be determined; the pH, temperature and volume of 
the sample solution before precipitation; the pH, volume, temperature and concen- 
tration of the reagent and the rate at which it is to be added (or alternatively details 
of the method of conducting PFHS); final pH of the solution, time and temperature 
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of digestion; temperature for filtration; type of filter; volume and number of 
washes; composition of the wash-liquid; temperature and duration of drying or 
ignition; special precautions. 

3. ~ezecti~ity. The effect of possible interfering elements and of species likely to be 
found in sample matrices must be investigated at realistic concentration levels, 
covering the full range of likely ratios of interfering species to determinand, and 
preferably with a 100 % safety margin (twice the maximum ratio expected in practice). 
Any masking agents used to improve selectivity should be tested over a wide range 
of concentration ratios relative to determinand. 

4. Accuracy and precision. Results of replicate tests and of tests for loss, recovery, 
contamination etc. should be statistically analysed and summarized. If possible 
statistical tests of comparison with other methods should be made. 

5. Applications. Procedures suitable for various matrices tested should at least 
be outlined, or suitable references given to standard procedures. Results for standard 
samples should be given. 

6. General. Tolerances on the various procedure parameters should be quoted 
and the evidence given on which they are based.%ss7 The value of the method should 
be realistically assessed against the background of other methods, speed, accuracy, 
cost, selectivity, simplicity, etc. 
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%sauunenfassuu8-Es wird eine Ubersicht tiber die Faktoren gegeben, 
die die Genauigkeit gravimetrischer Methoden beeintIus.sen, und die 
man bei der Entwickhmg neuer Verfahren untersuchen mu& Zur 
Veroffentlichung solcher Untersuchungen werden Empfehhmgen 
geegben* 

R&sum&Gn pro&de ii une revue des facteurs a%ctant l’exactitude 
de methodes gravim&riques, et qu’il est besoin d’btudier dans le 
developpement de nouveiles methodes. On fait des recommandations 
pour la redaction de telles etudes pour publication. 
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S--A neutron-activation method has been developed for the 
determination of the active constituents and contaminants in hydro- 
genation catalysts. The active constituents of palladium and nickel 
catalysts (Pd and Ni) and Zn and Co contaminants present in small 
amount were determined by a direct instrumental method. A 
NaI(Tl) scintillator and a Ge(L.i) semiconductor corrected to a multi- 
channel analyser were used for tbe measurements. A computer was 
used to evaluate the y-spectra. Contaminants present in small amount 
were also determined by means of a radiochemical separation method 
based on heterogeneous isotopic exchange on mercury(II) sulphide and 
zinc sulphide precipitates. 

THE PROBLEM of the determination of trace contaminants in hydrogenation catalysts 
arose in connection with caprolactam production. For the hydrogenation of phenol 
in the gaseous phase, nickel or palladium catalysts are used, on aluminium oxide, 
graphite or on a mixture of them, as carrier. 

Sulphur, selenium, tellurium, phosphorus, arsenic, antimony, bismuth, zinc, 
mercury, lead and their compounds are catalytic poisons.’ The activity of the catalyst 
decreases linearly or exponentially with increasing concentration of the poison, 
depending on the nature of the bond formed between the active ingredient of the 
catalyst and poison. Very small amounts of the poison-orders of magnitude smaller 
than necessary to form a monomolecular layer-may remarkably reduce the activity 
of the catalyst.2*8 

It therefore seems reasonable to use an analytical method of very high sensitivity, 
such as neutron-activation analysis, for determining contaminants which poison 
hydrogenation catalysts. In the present paper the determination of mercury and zinc 
will be dealt with. The active ingredients of the catalysts (Pd, Ni) have also been 
determined, since this is necessary in order to elucidate the mechanism of poisoning. 

The nuclear reactions to be taken into account for all components of the system 
are listed in Table I. The components include the active ingredients, the carrier used 
to give large surface area (alumina), and the contaminants. 

Samples activated with thermal neutrons were evaluated by y-spectrometry, by 
direct instrumental measurements with or without radiochemical separation. To 
separate the radioisotopes of the trace contaminants our method based on heterogen- 
eous isotopic exchange with sulphide precipitates4~5 has been used. 
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EXPERIMENTAL 

Apparatus 
Gamma spectroscopy. NaI(‘ll) scintillators, 35 mm and 60 mm diameter and 75 x 75 mm; 

measuring heads equipped with photomultiplier. Ge(Li) semiconductor detector, 125 ml. Multi- 
channel analysers, 256, 512 and 1024 channel, constructed in the Central Research Institute for 
Physics of the Hungarian Academy of Sciences (CRIP). 

For evaluation of the spectra by computer the data from the analyser were put on punched tape 
with a Facit printer. The computer (ICT-1905, using Algol language, developed in the GRIP) draws 
the spectrum on the basis of the data, and determines the amplitude, area, width at half-height, and 
position of the energy peaks as Gauss curves by simulation, and corrects the data for the background. 

Activation. Irradiations were made in the experimental atomic reactor of the CRIP: thermal 
neutron flux: 3.8 x 10’8 neutrons.cm-8.sec-1; fast neutron flux: 0.5 X 10’s neutrons.cm-B.sec-l 
in the channel used. Samples and standards were irradiated for 24 hr under similar conditions. 

t 
r.3 0 3- 

x 

Ii 
i-i 2-- 

c 3 

I 
01 05 I.0 

E ,.. MeV 

FIG. 1 .--y-Spectrum of palladium standard. 

Catalyst samples (5 x 5 mm cylinders of about 150 mg weight) were irradiated sealed in quartz 
ampoules. Samples were processed after 8-10 days cooling. 

Irrespective of the measuring procedure used, catalyst samples were dissolved in 2 ml of nitric 
acid (1 + 1) in a flask equipped with a reflux condenser, and then diluted to 50 ml with distilled water. 
Aliquots of the resulting stock solution were used for measurement. 

As standards Johnson Matthey’s palladium, nickel, cobalt, zinc and mercury compounds of 
spectral purity were used. 

RESULTS AND DISCUSSION 

Direct instrumental studies by scintillation detector 

Aliquots (1 ml) of the stock solutions of the activated catalyst samples and stand- 
ards prepared after 10 days cooling were transferred to quartz vessels, evaporated to 
dryness, and their y-spectra recorded. 

In the y-spectrum of the palladium standard (Fig. 1) peaks appear at 0.24, O-34, 
0.49 and O-6 MeV, originating from the radioactive isotopes of palladium and from 
daughter-isotope lllAg from lllPd. 

In the y-spectrum of unused palladium catalyst (Fig. 2) the photopeak of the radio- 
active isotope ssZn also appears at l-12 MeV, as a small amount of zinc was originally 
present in the catalyst. 

In the y-spectrum of used palladium catalyst appear the photopeaks characteristic 
of the radioisotopes of zinc and palladium (Fig. 3). On the spectrum obtained with 
greater amplification (Fig. 4) the 0.279-MeV photopeak of the mercury contaminant 
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E ,.. MeV 

FICI. 2.--y-Spectrum of unused palladium catalyst. 

!? 

3- c 

Y 

I 
0.5 I.0 I.5 

E 7” MeV 

FIG. 3.--y-Spectrum of used palladium catalyst. 

EY. MeV 

ho. 4.-_y-Spectrum of used palladium catalyst at higher amplification. 
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E,* 
td8V 

FIG. 5.--ySpcctrum of unused nickel catalyst. 

Fm. 6.--y-Spectrum of nickel standard. 

becomes perceptible, but it is not separated from the 0.24MeV photopeak of palla- 
dium. 

When scintillation detectors are used, only the palladium active ingredient and 
zinc contaminant of the catalyst can be determined from the y-spectra by a direct 
instrumental method. Before determination of palladium the spectrum of the @JZn 
standard was subtracted from the complex spectrum and the O-34-MeV photopeak of 
palladium evaluated. In determining palladium and zinc the spectra were evaluated 
by Covell’s method.6 

In the y-spectrum of unused nickel catalysts (Fig. 5) the photopeaks of S°Co 
appeared at 1.17 and 1.33 MeV, and were due to the original cobalt content of the 
catalyst; in addition there were the 051- and 0*81-MeV peaks of radioactive ssCo 
formed from nickel. In the spectrum of the nickel standard only the O-51- and 0*81- 
MeV photopeaks of s8Co appeared (Fig. 6) which indicated that the 8oNi(n, p)‘IOCo 
nuclear reaction did not proceed to an appreciable extent. 

In the y-spectra of used nickel catalyst obtained with different amplification 
(Figs. 7 and 8) appeared the peaks of ssCo and Yo. The photopeak of mercury 
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0.2 0.6 

E 
I’ 

MeV 

FIG. 7.--y-Spectrum of used nickel catalyst. 

0.1 D3 0.5 

E Y’ MeV 

FIG. S.--y-Spectrum of used nickel catalyst at higher amplification. 

merged in the high-intensity Compton range. On subtraction of the soCo standard 
spectrum from the complex spectrum the l-12-MeV peak of 86Zn appears (Fig. 9), by 
means of which small amounts of zinc can be determined, although with rather a large 
error. 

Palladium and zinc in palladium catalyst can be determined from the pspectra by a 
direct instrumental method using a scintillation detector. 

In the case of nickel catalysts nickel and cobalt can be determined by the method 
described. The results of the measurements (referred to 150 mg of catalyst, this being 
the weight of one grain) are presented in Table II. 

Direct instrumental measurements with a Ge(Li) semiconductor detector 

In the y-spectrum of the palladium catalyst photopeaks appear at O-24, O-31, 
0.34 and 1.12 MeV, which are characteristic of the daughter-isotope lllAg (formed 
from the radioisotopes of palladium) and of the =Zn radioisotope. The error 
of determination by computer-evaluation of the peak areas of the O-34MeV peak of 
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E,* M8V 

FIG. I).--y-spectrum of used nickel catalyst after subtraction of the y-spectrum of @*Co 
standard. 

TABLE II.--RESULTS OF STUDIES ON PALLADIUM AND NICKEL CATALYSTS (BY DIRECT INSTRUhfBNTAL 
MEASUREMENT) 

Palladium 
catalyst 

Measured Zn Measured Pd 

Average, Max. devn. from Average, Max. devn. from 
n&grain* themean, % mg~grain the mean, % 

Unused 
Used 

Nickel 
catalyst 

0.057 f8.8 0.059 f17 
0061 f8.1 0.060 f20 

Measured Ni Measured Co 

Average, Max. devn. from Max. devn. from 
mg~grain the mean, % 

Average, 
mg~grai~ * the mean, % 

Unused 48.9 fl.2 0.015 f7.0 
Used 46.9 311.6 0014 f5.0 

* Mean weight of a grain was 150 mg. 

palladium and l-12-MeV peak of zinc is S-10%, i.e., these elements can be deter- 
mined from the “/-spectra. 

In the y-spectrum of used palladium catalyst which contains a smail amount of 
mercury the O-279-MeV peak of aooHg radioisotope appeared separately only if a 
biased preamplifier was used in the measuring equipment. By use of this equipment 
photopeaks differing by 5 KeV can be resolved. The spectrum of the palladium 
standard was measured with this equipment after activation (Fig. 10) and after 5 days 
of cooling (Fig. 11). The figures show that the ra~oisotopes of p~ladium transform 
to IflAg, because the peaks of the latter appear. 

The mercury content of palladium catalyst can be determined without destruction 
only at concentrations higher than 100 ppm, with an error of f 10-15 %. 

In the y-spectra of nickel catalyst taken with a semiconductor detector the 051 
and O-81-MeV peaks of ssCo, the 1*17- and 1*33-MeV peaks of $OCo and the l-12-MeV 
peak of @Zn all appeared. In the case of used catalyst contaminated with mercury 

the O-279-MeV photopeak of 2WHg appeared in the high-intensity Compton region of 
these isotopes. Accordingly only the nickel, cobalt and zinc could be determined by 
evaluation by computer, with an error of &6-10x. 
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46 

E ,.. MeV 

Fro. IO.--y-Spectrum of an activated palladium standard, made by means of a Ge(Li) 
semiconductor detector. 

E Y' MeV 

Ro. 11 .+-Spectrum of palladium standard after 5 days cooling, made by means of a 
Ge(Li) semiconductor detector. 

It can be concluded from the results of direct instrumental studies on catalysts 
that it is advisable to use a radiochemical separation before determination of trace 
contaminants, in order to increase sensitivity and accuracy. This is justified, since we 
wish to determine other trace contaminants for which 8-10 days of cooling are not 
allowable. 

Studies involving radiochemical separation 

For the separation of the radioisotopes of trace contaminants the heterogeneous 
isotopic exchange on metal sulphide precipitates (developed by us3 was used. Isotopic 
exchange was performed on a thin layer (2-3 mm) of the precipitate by a flow tech- 
nique. The sulphide of an inactive isotope of the ion to be determined was used. as the 
solid phase in each case. 

Thus to retain radioactive mercury(I1) ions, inactive mercury(I1) sulphide was 
used. Isotopic exchange was carried out in strongly acid solution (1M nitric acid), as 
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TABLE III.-DETERMINATION OF HERCURY AND ZINC IN PALULMUM AND NKXEL CATALYSTS, 
AETER ISOTOPIC EXCHANGE 

Sample Hg 
Max. devn. 

zn 
Max. devn. 

Average, 
n&grain 

from the mean, Average, from the mean, 
% n&grain % 

Unused Pd catalyst 
Used Pd catalyst I 

II 
III 

Unused Ni catalyst 
Used Ni catalyst I 

II 

- 
0.057 
O*OlO 
@008 

0.167 
0137 

- 0.061 f4.0 
fl.5 0059 f5.0 
ZtlO 0061 rt5.0 
&30 *057 *5.0 

- 0.029 f13 
f2 0.030 f13 
*3 0030 fl3 

the selectivity of separation was found to be highest in this medium. Mercury(I1) 
sulphide precipitate completely retained mercury(II) ions in strongly acid medium, 
whereas the radioisotopes of zinc, cobalt, palladium, sodium, copper, antimony and 
arsenic were not retained at all. Radio-zinc ions were separated on zinc sulphide 
precipitate by isotope exchange. From 0-W nitric acid solution the degree of 
retention was 99 % for radio-zinc, 100 % for radio-mercury, 50 % for radio-palladium, 
7 % for cobalt and 0% for sodium. The retention of mercury was to be expected 
because of the well known precipitate exchange phenomenon. 

The retention of palladium and cobalt can be suppressed to l-2% by adding 
inactive cobalt or palladium ions to the solution before isotopic exchange. 

For the determination of mercury in palladium and nickel catalysts, 1 ml of the 
stock solution used for the direct instrumental measurements was diluted to 10 ml 
with 144 nitric acid, transferred to a burette and passed at the rate of about 1 ml/mm 
(by dropwise addition and suction) through about 300 mg of mercury(U) sulphide 
precipitate placed on the titer. The burette was rinsed with about 2 ml of 1M nitric 
acid and this also passed through the precipitate. The y-spectrum of the mercury (II) 
sulphide precipitate was recorded with the purpose of evaluation and checking the 
selectivity of the isotopic exchange. 

The mercury present in I-ml portions of the solutions of mercury standards 
irradiated under the same conditions as the samples, was retained on mercury(I1) 
sulphide as described above. The products served as a basis for quantitative eval- 
uation of the samples. The isotopic exchange on mercury(II) sulphide is so selective 
for the components of the samples studied that relative measurements can be made 
even with an energy-selective scaler. 

The zinc content of the catalysts was determined from the filtrate obtained after 
the isotopic exchange on mercury(I1) sulphide. The pH of the filtrate was adjusted to 2, 
then 10 mg of palladium were added in the case of palladium catalyst and 10 mg 

of cobalt in the case of nickel catalyst, and the solution was passed through about 
300 mg of zinc sulphide at a rate of 0.243 ml/min by suction. Zinc standard was 
treated similarly. By the method described the mercury and zinc contents were 
determined in palladium and nickel catalysts contaminated to different extents. The 
results of the determinations are presented in Table III. Heterogeneous isotopic 

exchange, used in the analysis of catalysts, is fast and selective besides having satis- 
factory accuracy. 
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Zusammenfassumg--Ein Neutronenaktivierungsverfahren zur Bestim- 
mung der aktiven Bestandteile und der Verunreinigungen in Hydrier- 
Katalysatoren wurde entwickelt. Die aktiven Bestandteile von 
Palladium- und Nickelkatalysatoren (Pd und Ni) sowie die in kleinen 
Mengen anwesenden Verunreinigungen Zn und Co wurden mit 
einem direkten instrumentellen Verfahren bestimmt. Ein NaJ(TI)- 
Szintillator und ein Ge(Li)-Halbleiter wurden in Verbindung mit 
einem Vielkanalanalysator ftir die Messungen verwendet. Zur Aus- 
wertung der Gammaspektren wurde ein Computer benutzt. In 
klemen Mengen anwesende Verunreinigungen wurden such mit Hilfe 
eines radiochemischen Abtrennverfahrens bestimmt, das auf hetero- 
genem Isotopenaustausch an Quecksilber(II)sulfid- und Zinksulfid- 
Niederschllgen beruht. 

R&u&-On a Blabore une methode par activation de neutrons pour la 
determination des constituants actifs et des contaminants dam les 
catalyseurs d’hydrogenation. Les constituants actifs des catalyseurs 
au palladium et au nickel (Pd et Ni) et les contaminants Zn et Co 
presents en petites quantitts ont bte determines par une methode 
instrumentale directe. Un scintillateur NaI (Tl) et un semi-conducteur 
Ge (Li) connectts a un analyseur multi-canaux ont et6 utilis6s pour les 
mesures. On a utilise une calculatrice pour Bvaleur les spectres y. Les 
contaminants presents en petite quantite ont aussi BtC determin6s au 
moyen dune methode de separation radiochimique bask sur l’echange 
isotopique heterogene sur des prCcipitCs de sulfure de mercure@) et de 
sulfure de zinc. 
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APPLICATION OF DISPLACEMENT REACTIONS IN 
FLAME PHOTOMETRY-I 

THE DETERMINATION OF PHOSPHATE BY A FLAME 
EMISSION METHOD 

E. SZEBI~NYI-GY~RY, P. J. SLEVIN, G. SVEHLA and L. ERDEY 
Chemistry Department, Queen’s University, Belfast 

(Received 15 JuIy 1970. Accepted 23 July 1970) 

Summary-Phosphate ions decrease the flame emission of calcium, but 
this effect can be partly offset by adding a second metal which partly 
displaces calcium from the non-excitable species. For the determina- 
tion of phosphate the sample solution is divided into four equal parts; 
to each of these, various amounts of calcium and barium ions are added 
such that the total (molar) concentration of the metals is constant. 
Plotting the intensity measured at 630 nm vs. the calcium content of 
the solution gives a straight line, the slope of which depends on the 
concentration of phosphate ions present. The method is suitable for 
rapid determination of phosphate. Accuracy and precision are within 
the usual limits characteristic of flame photometric methods. 

EMISSION FLAME PHOTOMETRIC methods are frequently applied in chemical laboratories. 
Their main advantages are simplicity of operation, speed and reasonable precision. 
The disadvantages, such as chemical and spectral interferences and a certain 
hazard in manipulation of gases, can easily be overcome by intelligent and careful 
work. Because the gases used in emission flame photometry offer relatively low 
energies for excitation, the range of elements which can be determined by flame 
photometry is rather limited. Though according to the literature: procedures for the 
determination of more than fifty elements are known, flame photometric determi- 
nations are in practice restricted to about ten of these, all metals. 

The few methods described for the determination of non-metallic elements fall into 
two categories. First, some of the non-metals can be determined by measuring the 
emission of the element or its compounds, e.g., boron can be determined by measuring 
the emission of the methyl ester of boric acid. On the other hand, some of these 
elements, mainly in the form of oxo-ions, suppress or enhance the emission of certain 
metal ions, and this action can, within limits, be proportional to the concentration of 
the particular ion, so that a quantitative determination can be made. This principle 
was applied by Dippel, Bricker and Furmana for the determination of phosphate by 
measuring the decrease in emission from calcium. The weakness of this method lies in 
the fact that the proportionality between the decrease in emission and the concentration 
of phosphate exists only over a limited concentration range. If the phosphate concen- 
tration exceeds a certain value, there is no measurable variation in the calcium 
emission. Another method suggested more recently for the flame photometric 
determination of phosphate, by Ratner and Schneider,s makes use of the fact that the 
depressive action does not occur at high flame temperatures. In a first measurement at 
higher temperature the amount of calcium is measured, this is followed by a measure- 
ment of the depressed signal at a lower temperature. From the two results the phosc 
phate content can be determined with an increased accuracy. 

1167 
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Our method makes use of displacement reactions which occur if phosphate, 
calcium and barium ions are present in one solution. If the phosphate concentration is 
kept constant, while the relative concentrations of calcium and barium are varied but 
their total (molar) concentration is kept constant, the measured calcium emission will 
increase in proportion to the calcium content; the slope of the emission 0s. concen- 
tration (of calcium) curve depends on the phosphate content of the sample. 

Instruments 
EXPERIMENTAL 

Measurements were made both with a simple filter agent and an i~~nt with a prism 
monochromator. The Zeiss Model 3 (Jena) flame photometer was used with the air-acetykne burner. 
The optimum gas pressures were adjusted according to the man~acturer’s recommendation. The 
calcium interference filter supplied with the instrument was used; this has a maximum transmission 
at 630 nm with a halfwldth of about 15 nm. The ain was adjusted to obtain a maxims reading of 
300 units of the swinging galvanometer (i.e., 30 O. of full-scale deflection). The Unicam SP 90 com- /g 
bined atomic-absorption and flame-emission spectrophotometer was used in its emission mode. The 
instrument was equipped with an AEI 10s potentiometer recorder and readings were made using the 
standard Meker acetylene-air burner. The following parameters were held constant : air flow-rate : 
5 l&in, burner height: 2Omm (measured on the scale}, slitwidth: O-1 run, damping: 4. The 
acetylene flow-rate was adjusted to give maximum signal in each case, and the gain was adjusted as 
required. 

Reagents 

Calcium cfdoride. 05iW~ Prepared by dissolving analytical-grade calcium carbonate in dilute 
hy~~hlo~c acid. 

Barium chloride, 03X Prepared from analytical-grade barium chloride dihydrate. 
Diammonium hydrogen phosphate, @lM. Prepared from analytical-grade reagent. 
Solutions used for the study of interferences were prepared from the purest available reagents. 

Metals were added in the form of chlorides; anionic interferences were studied both with the free 
acids and with their ammonium salts. 

Procedure 

From 05&f calcium chloride (CA) and 051M barium chloride (BA) make up four solutions: 

Solution A 20 parts of CA + 30 parts of BA 
Solution B 15 parts of CA + 35 parts of BA 
Solution C 10 parts of CA + 40 parts of BA 
Solution D 5 parts of CA + 45 parts of BA 

These solutions can then be stored indefinitely. 
Make up 100 ml of stock solution of the sample to contain 2-8 mmole (~~ mg) of hosphate, 

and 20 ml of concentrated hydrochloric acid. In each of four beakers, place 20 ml o P the stock 
solution and 5 ml of one of solutions A, B, C or D. Mix the solutions well and measure the flame 
emission intensities at 630 nm. In a second set of measurements replace the sample solution with 20 
ml of water, Plot the emission values us. calcium concentrations (10,20,30 and 40 mmole), draw the 
straight lines and calculate ho/h= values 85 shown in Fig. 4B. Determine the concentration of phosphate 
in the sample from a calibration curve, obtained in a similar way. 

Note. For 0$&0~8 mmole (20-80 mg) of phosphate use solutions prepared by ten-fold dilution of 
A, B, C and D, By variation of the total concentration of the alkapme earth metals, higher or lower 
amounts of phosphates can be determined. 

DISCUSSION 

Under the experimental conditions given, the emission of calcium is strongly 
depressed in the presence of phosphate, decreasing linearly with increase in the amount 
of phosphate present until the molar ratio of phosphate to calcium reaches the value 
0,&7; this corresponds to the formation of tricalcium ortbophosphate Ca#O&,4 If 
the amount of phosphate relative to calcium is higher than this, the emission becomes 
almost constant; the signal being only 15-20 % of that measured in the absence of 
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phosphate. This type of effect has been widely studied in the past fifteen years, and its 
explanation has also been attempted.6-8 

The depressive effect of phosphate on the calcium emission is due to a chemical 
reaction between calcium and phosphate ions. Since the signal is not completely 
suppressed, it is obvious that the reaction reaches an equilibrium; there remain free 
calcium atoms capable of emission. This equilibrium can be shifted by the addition of 
another metal, which shows similar behaviour to calcium in the presence of phosphate. 

30 

35 

40 

45 

50 

65 
60 
65 
70 

t J” 

cc. * mmole/ L 

Fro. l.-Emission for calcium in solutions containing phosphate and barium, such that 
total metal concentration is always O-10&4. Sufkient hydrochloric acid is present to 

prevent precipitation of the metal phosphates. 

The greater the amount of this second metal present, the more calcium will be dis- 
placed. If the total metal concentration is kept constant (that is, the metal-phosphate 
concentration ratio remains unchanged), the signal obtained from the emission of 
calcium is proportional to the amount of calcium present. This principle can be used 
for the deter~nation of alkaline earth metals$ and of lanthanumXo in the presence of 
interfering ions. 

The slope of the intensity u.r. calcium concentration plot varies with phosphate 
concentration; the higher the latter, the smaller the slope of the curve (Fig. 1). 
The slope depends solely on the concentration of phosphate, and with a suitable 
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calibration curve phosphate concentrations can be determined. The range of phosphate 
concentration can be narrowed or extended by varying the barium concentration, 
being extended by using an increased metal ion concentration, and vice versa. The 
set of curves, shown in Fig. 1, behaves like a half-open fan, which can be opened 
further or closed at will, over a considerable range. Figure 2 shows a set of similar 

08- 

0.6- 

P 0 c&-c& 
mmole/l 

60 

65 

70 

I I I J 
IO 20 30 40 

ha, mmole/C 

FIG. 2.-As Fig. 1, but total metal concentration = 0.15M 

curves with 0.15M total alkaline earth metal concentration. The useful range is in this 
case extended up to 0~07-0~075M phosphate. Figure 3 shows narrowing of the range 
to 04025M. As the difference between the slopes of the individual curves becomes 
larger, the precision of determination increases. 

The fact that the extension or contraction of the useful range is achieved by adding 
more or less barium (but not calcium) to the solution means that the flame photometer 
is always operated at the same sensitivity, which is an advantage for routine work. 

Evaluation of results 

Though the set of curves shown in Figs. 1-3 could be used as a chart from which 
results obtained with unknown samples could be evaluated, it is more practical to use a 
calibration curve produced from these results. A comprehensive studyU of the 
possible variables revealed that the best way to draw the calibration curve was to plot 
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FIG. 3.-As Fig. 1, but total metal concentration = O*OSM. 

the cotangents of the slope angles of the individual lines as a function of the’phos- 
phate concentration. If the relative emissions are plotted (Fig. 4A) the reciprocal value 
of the height of the line, corresponding to the maximum calcium concentration, gives 
the required value. If on the other hand, emission readings themselves are plotted 
against calcium concentration (without calculation of the relative emission values), as 
shown in Fig. 4B, the two heights, h, (which corresponds to the solutions which 
contain no phosphate) and h, (the value obtained with the unknown sample) are 
found, and their ratio then gives the required cotangent. Theoretically it would be 
sufficient to make two measurements only, that is to use two solutions with equal 
calcium concentrations, one containing no phosphate at all, the other containing the 
unknown amount, and to calculate the ratio of their emissions. By using four solu- 
tions however, as we suggest, four points on each line (plus the fifth point in the 
origin) are measured, giving an improved reliability to the results. 

Calibration curves, drawn from the graphs given in Figs. l-3, have a definite 
S-shape (Fig. 5). Mathematically these can be expressed as 

3 
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GQ% E: 0 

a 
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L 

Relatiw concentration cc,* mmole/l 

cot a = $ h 
cot a =L 

hx 

(A) @I 

E;Io. 4.-Measurement of the slope of the curves. 

where c is the phosphate concentration, y is the variable (cot E) plotted on the cali- 
bration curve and yO, b, C, and g are constants. For the middle curve, which corre- 
sponds to O.lM total metal concentration, these constants arey,, = 6.25; C, = 50; 
b = 0.075 and g = 0.5. Details of the mathematical analysis of this curve are de 
scribed elsewhere;ll they are of little interest for the practical analytical chemist. 

1 I 1 4 I J 
0 20 40 60 60 100 

C 
P04’ 

mmole/i. 

FIG. 5.-Calibration curyes for the dctition of phosphate at total metal cuncen- 
trations of 0*05,0.10 and @15Af. 
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The middle parts of the curves are nearly straight lines, and have similar slopes for 
the different total alkaline earth concentrations; thus the sensitivity of these deter- 
minations remains the same for all concentration ranges examined in this study. 

Experiments were made with solutions containing O-O~OlM phosphate when the 
total alkaline earth metal concentrations used were 5, 10 and 15 mM. The experi- 
mental conditions were the same as given above, but the gain of the instruments had 
to be readjusted appropriately. Results under such circumstances are also satis- 
factory. With04 mM phosphate and O-5,1 and 1.5 mM total alkaline earth metal, the 
results are not sufhciently reproducible, mainly because of limitations in the sensi- 
tivity of the radiation detector. 

Results, accuracy and precision 

A typical set of results, obtained with 100 and 10 mM total alkaline earth metal 
concentration, is shown in Table I. The coefficients of variations, obtained by measur- 
ing the same samples on 12 different working days (that is, after switching on the 
flame photometer, and readjusting the parameters), are shown in the last column. 
As can be seen, these decrease slightly with increase of phosphate concentration. An 
explanation of this, based on the application of the law of propagation of errors, has 
been attempted.ll 

TABLEI 

Concentration of Error Coefficient of 
phosphate, mM Found % variation y0 

(a) Total metal concentration: 100 mA4 

25.0 255 +22 f4.1 
30.0 30.8 +26 f3.7 
35.0 35.6 +1*7 *3*5 
40.0 40.8 +2*0 f3.2 
45.0 45.1 +@3 f3.0 
50.0 50.6 +1*2 f2.9 
55.0 56.4 +2.8 f2.8 
60.0 +1*3 f2.7 
650 g-88 +I.2 &2*6 
70.0 71.2 +1*7 f2*5 
75.0 75.9 +1.4 f2.3 
80.0 81.4 +1.8 f2.3 

(b) Total metal concentration: 10 mA4 

3.0 3.15 +5 - 
4.0 4.06 +1*5 - 

5.0 5.15 +3 k4.4 
60 608 +1*4 - 

7.0 7.12 j-1.7 - 

8.0 &lo +1*3 - 

These results indicate that the method can be applied for a rapid determination of 
phosphate. The total time required, excluding the switching-on and warming up time 
of the instrument is less than 10 mm, and even this is mainly used for dissolution and 
preparation of solutions. The method was applied for the rapid assay of fertilizers 
based on ammonium phosphate. 
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E$ct of foreign ions 
Small amounts (not exceeding a 1: 1 molar ratio) of antimony, copper, magnesium, 

manganese, nickel, potassium, sodium and acetate do not cause errors > &5 % in the 
final result. Ammonium ions, antimony and chloride can be tolerated in amounts 10 
times that of the phosphate. Sodium can also be tolerated in lo-fold amounts (relative 
to phosphate) if an instrument with a monochromator is used with a fairly narrow 
slitwidth. Medium interference (e.g., an error below 10 %) was found in the presence 
of zinc and mercury in amounts equimolar with the phosphate, and with N-fold 
amounts of manganese, potassium and sodium (with a filter instrument), Large 
errors were caused by the presence of equimolar or IO-fold amounts (relative to 
phosphate) of aluminium, chromium, cobalt, iron, strontium, tin and nitrate. A 
lo-fold amount of copper, magnesium, nickel or acetate causes large errors. Cobalt 
and iron cause negative errors, but all other ions cause positive ones. 

Acknowle&ements-The authors wish to thank Professor Cecil L. Wilson for his interest in this work 
and the Government of Northern Ireland for a research grant to P. J. S. 

Zusamtnenfassung-Phosphationen vermindern die Flammenemission 
von Calcium, aber dieser Effekt kann zum Teil aufgehoben werden, 
wenn man ein zweites Metal1 zusetzt, das Calcium zum Teil aus der 
nicht anregbaren Spezies verdriingt. Zur Bestimmung von Phosphat 
wird die ProbenlLisung in vier gleiche Teile geteilt; zu jedem Teil 
werden verschiedene Mengen Calcium und Bariumionen gegeben, in 
der Weise, daO die (molare) Gesamtkonzentration der Metalle kon- 
stant ist. Trlgt man die bei 630 nm gemessene Intensitiit gegen den 
Calciumaehalt der Probe auf. so erhiilt man eine Gerade, deren 
Steigung”von der Phosphationenkonzentration abhtigt. Die Methode 
e&net sich zur raschen Phosphatbestimmung. Genauigkeit und Richt- 
igkeit liegen im tiblichen Rahmen flammenphotometrischer Methoden. 

RBsum&Les ions phosphate abaissent l’emission de flamme du calcium, 
mais cette influence peut &tre partiellement compensee par l’addition 
dun second metal qui deplace partiellement le calcium de l’espece non 
excitable. Pour le dosage du phosphate, la solution echantillon est 
divis& en quatre parties egales; a chacune de celles-ci, on ajoute des 
quantitts diverses d’ions calcium et baryum, de sorte que la concen- 
tration totale (molaire) des metaux soit constante. Le trace de I’inten- 
site mesuree ii 630 nm par rapport a la teneur en calcium de la solution 
donne une ligne droite dont la pente depend de la concentration des 
ions phosphate presents. La precision et la justesse sont situ& dam 
les limites habituelles caracteristiques des methodes de photometric de 
flamme. 
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Smmuy-One of the most important problems of analytical gas 
c~~to~aphy, both in theory and in practice, is the following of 
parallel diffusion and mass-transfer processes, with the primary aim of 
determining the optimum resultant effect of factors influencing the 
HETP-value. Starting from the work of Costa Neto and collaborators, 
it is shown that the approximate equation developed by these authors 
can be deduced from the theory of gas chromatography. Subsequently, 
by means of the new approximation, the effect of individual factors is 
determined, and processes proceeding simultaneously are followed. 

GAS c~oMA~~~~ belongs to the group of muhistep operations carried out with 
continuous contact between two phases, and for want of an exact explicit solution 
differential equations are used to describe them. These equations cannot in practice 
be utilized for following the processes occurring, or for the examination of the factors 
affecting them, though in theory they presumably may describe the processes correctly. 
This is why the gas c~omato~ap~c process is studied and described with the aid of 
approximative methods which are much simpler, though less exact, than are differential 
equations. 

Among these methods the two best known are the so-called plate theory of Gluec- 
kaufl and the kinetic or rate theory linked with the name of van Deemter.8 

Since practical experience has shown that the deviation of the results exceeds the 
range of experimental errors in the investigation both of the factors in~uencing the 
HETP values and of the simultaneous diffusion and mass-transfer processes, the need 
arose for a new and closer approximation, comprising also van Deemter’s equation. 

After critical evaluation of pertinent literature, it was thought that the equation 
published by Costa Neto and co-workers3 is suitable for this purpose: 

where HETP is the column length (mm) equivalent to one theoretical plate, and A, B, 
C, D and E are constants which at constant temperature and under unchanged gas 
c~omatograp~c conditions are dependent only on the nature of the substance 
investigated, and u is the linear carrier-gas ff ow-rate (mm~s~). (It shouid be mentioned 
here that in our present work we do not wish to take part in the dispute that has flared 
up again recently concerning the definition, interpretation, etc, of the theoretical plate 
number or of the HETP value.) 

1175 
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THEORY 

Let us write, according to Glueckauf, the theoretical plate number of a substance 
in a given gas-chromatographic system : 

n=l~ “R 
2 

0 W 
(2) 

where II is the number of theoretical plates of the substance, tR is the retention time of 
the substance, w is the width of the chromatographicpeak of the substance (in the same 
units as tu). On the basis of the theoretical plate number and the column length, the 
column length corresponding to one theoretical plate, the so-called HETP-value,4 is 
obtained, since 

HETP = L/n (3) 

where L is the column length (mm). 
Equation (1) can be deduced with the aid of equation (3) from equation (2), by 

using the following relationships, proved already in one of our earlier works? 

tN = ml/u (4) 
and 

w=m2.(+b (5) 

where tN is the net retention time (set), ml is the slope of the linear eCptiOn (4) (mm), 
ma is the slope of the linear relationship (5) (mm), and b is the intercept with the 
ordinate (set). 

5 is the linear rate coefficient (set/mm) and is given by 

c=(u+fl -9 
UB (6) 

where F is a constant depending on the gas-chromatographic system and on the 
nature of the substance (mmjsec). 

Equation (2) can be written in the following form from consideration of equations 
(4) and (5): 

m& ’ 
n=16 - . 

La ) a5 + b 
(7) 

The substitution of (7) into (3) results in 

On substitution 
obtained : 

Expansion gives 

HETP=;(miI;b’. (8) 

of (6) into (8), and transformation, the following expression is 

!$+!%+e)s. (9) 
1 ml mlu 
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On introduction of the identities 

D_-L m,F2 ( ) -275 m, 

equation (10) becomes 

(11) 

(12) 

(13) 

(14) 

HETP=A+;+Cu+$+Eu” (16) 

which is identical with equation (l), so it can be considered as proved that equation (1) 
can be deduced from the theory of gas chromatography. 

In comparison with the well known equation of van Deemter, (1) and (16) contain 
two further constants (D and 8). In our opinion, it is due to these two constants that 
this equation gives a better approximation for description of the gas chromatographic 
process, which of necessity involves a whole series of complicated interactions and 
simultaneous processes. Although the interpretation of these two constants is not yet 
fully clear, it is already certain that the constant D, the dimension of which is acceler- 
ation of volumetric gas-flow, (mms/secs) permits a better following of the diffusion 
processes. 

The case is similar with the constant E, the dimension of which is reciprocal linear 
acceleration (se$/mm). This latter constant makes possible the better description of 
mass-transfer processes. Though the investigation and interpretation of both these 
constants necessitates further experimental work, it promises theoretical results of 
considerable importance. 

On the basis of equation (16), the upper and lower limits of the applicability of 
the gas-chromatographic process in terms of the carrier gas flow-rate can be more 
easily interpreted. At high linear gas flow-rates, the value of EUS becomes very large, 
and makes separation impossible. On the other hand, at very low linear velocities, 
when u is smaller than OGOl mm/set, the term D/z? becomes very large and 
prevents practical work. 

HETP,, is obtained by the differentiation of (16): 

(HETP)‘=-$+C--_$+~Eu= 
2Eu4+Cu=-Bu-220 

uy (17) 

Since (HETP)’ = 0 at the minimum, the numerator of the equation must be zero, 
i.e., 

2Eti+Ct?--Bu-2D=O. (18) 
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HETP 
/ 

P* mm/sac 

FIO. 1 .-The function corresponding to equation (16) for a general case, apportioned to 
the several constants. 

The solution of this fourth-degree equation gives the carrier gas flow-rate correspond- 
ing to HETP,,,. 

The general shape of the function corresponding to equation (16) is shown in 
Fig. 1, for a particular set of constants. 

TABLEI.-VALUES FOR II-BUTANE IN A SPIRAL COPPER COLUMN 3.0m L.oNG, 4*0mnl IN DIAM@.TEn, 
PACKED WITH 125% w/w OF SILICONE OIL DC-550 ON 60/80 MESH CHROMOSORB W SUPPORT, AT 

40.0 f O*l”C, IN NITROGEN AS CARRIER GAS 

u A BlU, CU, DIUS, EuB. HETP 
mm/see mm mm mm mm mm mm 

0.69 1.40 016 1.21 0.02 3.48 
069 0.70 0.33 0.30 0.07 2.08 

30 0.69 0.47 0.49 0.13 015 1.93 
40 0.69 0.35 0.66 008 0.26 2.03 
50 069 0.28 082 0.05 0.41 224 
60 0.69 0.23 098 0.03 0.59 2.52 
70 0.69 0.20 1.15 002 0.80 2.85 

:: 0.69 0.69 0.18 0.16 1.31 1.47 0.02 0015 1.04 1.32 3.23 3.65 
100 0.69 014 164 0,012 1.63 4.10 
110 069 0.13 1.80 0.010 1.97 4.59 
120 0.69 0.12 I.97 0008 2.34 5.12 
130 0.69 0.11 213 0007 2.75 5.68 
140 069 0.10 229 0006 3.19 6.27 
150 069 009 246 0005 3.66 690 
160 0.69 0 09 2.62 0 005 4.16 7.56 
170 0.69 0.08 2 78 0004 4.69 8.25 
180 0.69 0.08 2.95 0004 5-27 8.98 
190 0.69 0.07 3.11 0003 5.87 9.74 
200 0.69 0.07 3.28 0003 6.50 1054 

EXPERIMENTAL 

Carlo Erba Fractovap Model C, D and GD gas chromatographs were used with classical packed 
gas-chromatographic columns. The most important gas-chromatographic parameters are listed in 
connection with the examples given. 

Table I shows the applicability of equation (16) to the results obtained for n-butane. The new 
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TABLB II.-thNSTANTS OBTAINED WITH D-HBPTANE UNDER THE 
EXPERIMENTAL C!ONDlTlONS SUMMARIZ ED IN TABLE III 

HETP-value, mm 

4 
mm/set 

10 

38 
40 

zl: 

2 
!?O 

:‘po 

120 
130 
140 
150 
160 
170 
180 
190 

;z 
500 
750 

1200 

nitrogen 
as carrier 

1.04 

0.52 0.41 
0.39 

0.42 045 

0.51 0.57 

x:Yz 0.83 

0.92 
1.04 
1.15 
1.28 
1.42 
1.57 
I -72 
1.89 

::: 
1@9 
23.8 
41.6 

IUg0Il 

as carrier 

0.97 

047 0.35 
032 

032 0.33 

0.34 0.38 
0.42 
0.51 0.46 

0.56 
0.62 
@67 
074 
081 
0.88 
0.96 
1.03 

1.13 1.63 
5.6 

12.1 
21.1 

TAB= I~.-GA~-CHROMAWIWAPI~IC PAR AMETERS USED IN THE STUDY OF THE GAS- 
CHROhiA~RAPHIC BEHAVIOUR OF MEMBERS OF HOMOLOGOUS SERIES 

Gas chromatograph: Carlo Erba Fractovap Model D 
Detector: FID 
Sensitivity: 16 x 100 
Sample: 0.3 ~1 of model mixture introduced by means of a Hamilton syringe 
Column: spiral aiuminium tube, 240 m long, 2.0 mm in diameter 
Column packing: 10 % w/w of SE-30 on 60/80 mesh Chromosorb W 
Carrier gas: nitrogen at an inlet pressure of 100-300 kN/cm’ 
Auxiliary gases: 

hydrogen, inlet pressure 14.2 kN/m* 
oxygen, inlet pressure 14.9 kN/m* 

Column temperature: 100 f O.l”C 
Evaporator temperature: 210.0 f l.O”C 
Recorder: Speedomax G; 2.5 mV final amplitude, 1.0 set response 
Chart speed : 50.8 mm/mm 

approximation, equation (16), also makes it possible to study the factors affecting separation. As an 
example of our investigations in this respect, the effect of the nature of the carrier gas on the HETP- 
value is shown in Table IT. 

Equation (16) has also been used for study of the gas-chromatographic behaviour of members of a 
homologous series in terms of HETP-values; n-hexane, n-heptane and n-octane were used as model 
substances. Gas-chromatographic parameters used in the experimental series are summarized in 
Table III, and the constants obtained are in Table IV. 

The constants determined made possible the comparative investigation and the following of the 
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TABLEIV.-C~NSTANTS OBTAINED FOR IWYDR~~ARB~NS UNDER EWBRIMHKLU 
CONDITIONS SPECIFIED IN TABLE III, WR HETP MKWJRED IN mm 

Substance A B C D E 

n-C6 2.99 20.52 0.1145 43.86 1.365 x 10d 
n-c, 1.08 6.91 0.0530 13.76 0.811 x 10d 
n-C* 0.35 252 0.0210 6.56 0.470 x 10-a 

mi!!!i 

Diffusion processes 
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FIG. 2.-Cause of the diffusion processes in the case of n-octane with supports of various 
grain size. 

Moss transfer processes 
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FIG. 3.-Curves characteristic of mass-transfer processes in the case of n-octane. 

simultaneous diffusion and mass-transfer processes. Figure 2 shows the course of the diffusion 
processes, while Fig. 3 illustrates the curves characteristic of the mass-transport proses. Finally, 
the changes in HETP-value caused by column temperature are presented in Fig. 4. 

DISCUSSION 

The practical application of the equation discussed in the paper often meets 
difficulties, although the equation is theoretically correct. There are two reasons for 
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ho. 4.The effect of column-temperature on the HETP-value in the case of n-octane. 

this, The first is that the conversion of volumetric carrier-gas flow-rate into linear 
flow-rate poses certain difficulties. The second is the fact that the determination of the 
constants is reliable only when calculated from the weighted arithmetic mean values of 
an adequate number of parallel measurements. According to our experience, when 
the determination of the volumetric carrier-gas flow-rate is made from the average of 
11 parallel measurements, the factor necessary for the conversion into linear flow-rate 
is determined experimentally and then calculated, and the retention data are measured 
electronically (electronic timer), then very reliable data suitable for a variety of 
theoretical and practical investigations are obtained, which are worth the time and 
trouble spent for their determination. The few examples presented are intended 
rather for demonstration purposes and not to prove the applicability of the new 
approximation. Its merits will be verified by researchers using it. 

Acknowle&ement-We thank the firm Carlo Erba (Milan, Italy) for support materials and columns. 

Zusamme&ssuug-Eines der wichtigsten Probleme der analytischen 
Gaschromatographie in Theorie und Praxis ist die Verfolgung paralleler 
Diffusions- und Massentransportprozesse, wobei prim&r der optimale 
Effekt der verschiedenen Faktoren erzielt werden sol& die den HETP- 
Wert bestimmen. Ausgehend von den Arbeiten von Costa Neto tmd 
Mitarbeitem wird aezeiat. d& man die von diesen Autoren aufaestellte 
Naherungsgleichu@ &s der Theorie der Gaschromatographie 
ableiten kann. Jn der Folee werden mit Hilfe der neuen Niiherune die 
Eintlilsse individueller F&toren ermittelt und gleichzeitig ablaufgnde 
Prozesse verfolgt. 

R6sum~L’un des nroblemes les plus imnortants de la chromato- 
graphic en phase ga&se analytiquk, tant kn th6orie qu’en pratique, 
est de suivre les processus paralleles de diffusion et de transfert de 
masse, avec le but primordial de determiner l’influence r6sultante 
optimale de facteurs influant sur la valeur HETP. Partant du travail de 
Costa Neto et collaborateurs, on montre que l’equation approchb 
devclOuu& nar ces auteurs neut i%rL deduite de la theorie de la chro- 
mato&iph& en phase gaze-use. Par suite, au moyen de la nouvelle 
approximation, l’influence de facteurs individ.tels est diterminb, et 
les processus se developpant simultanement sont suivis. 
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RETENTION OF RADIONUCLIDES ON 
METAL SULPHIDE P~CIPITATES 
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Institute for General and Analytical Chemistry of the Technical University, 

Budapest, Hungary 
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Smnma~-The retention of various ~dionu~lides on metal s~p~de 
precipitates has been studied. The sulphide precipitates qu~ti~tiveIy 
retained the common radionuclides. The condition for 100°~ retention 
in a thin layer is small particle size (a few pm) in the precipitate. This 
can be ensured by pulverization of the dried precipitate of metal 
sulphide. *O*Hg*+ is retained by mercury sulphide and r5Zna* by zinc 
sulphide by isotopic exchange. The retention of foreign radioactive 
ions can be reduced or even eliminated by counter-carrier technique 
in cases where the retention is not due to chemical reaction, 
precipitate exchange. The isotopic exchange with mercury@) sulphide 
and zinc sulphide enables mercury and zinc ions to be separated 
rapidly and determined in the present of a number of interfering ions. 

IN CONNECTION with the determination of metal contaminants, especially of zinc and 
mercury in hydrogenation catalysts by destructive activation analysis, there arose the 
idea of a systematic study of the possib~ties of the separation and dete~ation of 
traces of metal ions by heterogeneous isotopic exchange, or, speaking more cautiously, 
by retention on metal sulphide precipitates. 

Heterogeneous isotopic exchange with precipitates has only recently been exten- 
sively used for quantitative separation or determination in the course of activation 
analysis. The isotopic exchange of solid silver sulphide with its ions in solution has 
been studied by Pesch~s~l by means of ll”Ag and s?I. The isotopic exchange 
between radio-silver and silver halides was first recommended for quantitative deter- 
mination by Langer .2 Sunderman and Meinke3 allowed a solution containing radio- 
active silver ions to react with silver chloride precipitated on a platinum wire. Rai, 
Nethaway and Wah14 have thoroughly studied the conditions under which laBa%, 
DDSr2f and 113Sn~ are quanti~~vely retained from aqueous solutions on barium 
sulphate, strontium carbonate, and tin(IV) or tin(U) sulphide precipitates respectively 
by (according to their assumption) isotopic exchange. Hamaguchi, Onuma, Watan- 
abe and Kuroda6 utilized the exchange reaction of strontium between the sulphate 
precipitate and salt solution for separating carrier-free 9oSr and goY. Qureshi, Shahid 
and Hasany used isotopic exchange with strontium sulphate or oxalate for the radio- 
chemical separation of @%r from aqueous solution. Qureshi and Shabbir’ applied 
isotopic exchange with antimony trioxide to the radiochemical separation of antimony. 
In the course of the determination of tin in nickel Csajka* adsorbed the radioactive 
126mSn isotope on tin dioxide precipitate after dissolving the activated sample. Girardi, 
Pietra and Sabbioni9 studied the retention of different radioactive ions on twelve 
precipitates of ionic character, mainly on oxides and phosphates, and on ion-exchange 
resins, with special regard to the radiochemi~ possibilities of separation. 

We have used the reaction 

ZnS + *Zn2+ ft *ZnS + Zn2+ 

t C@ntraI Research Institute for Physics, Budapest, Hungary. 

1183 



1184 0. Grhersr, 8. B&AI, M. CSAJKA and A. SWBADH,&ZY 

as model reaction for the investigation of the isotopic exchange of sulphide precipi- 
tates. The asterisk denotes radio-zinc. 

EXPERIMENTAL 
Isotopic exchange or retention was studied by flow technique, which permitted rapid work, and, as 

the inactive precipitate was in contact with only a small amount of active solution in unit time, the 
technique ensured a higher ratio of inactive to active material than that existing if the solution had 
been shaken with the precipitate until equilibration. Filter paper was placed on the perforated glass 
plate of the glass funnel shown in Fig. 1 and a known amount of the precipitate placed on the filter 

parfemied gloss plate 

FIG. 1 .-Filter for isotopic exchange. 

paper. The necesmry washing liquid and active solutions were poured on the precipitate, and the 
required rate of filtration was adjusted by suction. The degree of retention can be calculated from the 
original activity of the active solution poured on, and that of the filtrate (counts n,, and II respectively). 
The exchange yield is given by 

lOO(n, - n) 
Q = n, %. 

For determination of metal traces the activity of the precipitates is measured after the exchange 
and related to that of a standard. A retention of 99-100% has to be ensured on 350-400 mg of 
precipitate, since this constitutes a layer thickness small enough not to cause. an error due to self- 
absorption. 

In the experiments 1Oml of the active solution at the required pH were passed through the 
suitably pretreated precipitate by suction, followed by 5 ml of nitric acid solution at the same pH 
as the active solution. The filtrate was diluted to 20 ml in a volumetric flask. The activity n of n lo-ml 
aliquot was measured; tt,, was measured at the same dilution. For the activity measurements a 
measuring head equipped with a hollow NaI(Tl) scintillator and an N&108 energy-selective scaler 
produced by the Gamma Works (Hungary) were used, counting the total number of impulses under 
the corresponding photopeaks, in the differential mode. In this position the signal to noise ratio was 
so favourable that the counts measured for the filtrate exceeded the background even in the case of 99 % 
retention. Gamma-spectra were recorded on an NTA-256 channel analyser constructed in the 
Hungarian Academy of Sciences Central Research Institute for Physics. 

RESULTS 

Isotopic exchange on zinc sulphide: efect of the structure of the precipitate on 
the exchange yield 

The isotopic exchange was made with crystalline and amorphous zinc sulphide. 
Preparation of crystalline zinc @hide. ZnS04-7H20 (18 g) and (NH&SO, (5 g) 



FIG. 2.-Photomicrograph of crystalline zinc sulphide precipitates. 
ratus: Zeiss NF research microscope M-990. (a) Q = 4@8 %; (b) the 

precipitate after 10 min powdering, Q N 100%. 
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were dissolved in 200 ml of O*OlM sulphuric acid and the solution was heated to 60” 
and maintained at this temperature for 25 hr during which time gaseous hydrogen 
sulphide was passed through it with stirring. Then heating was stopped and gas passed 
for a further O-5 hr. The slurry was stored for four days in a stoppered flask, then 
filtered on a porosity 4 sintered-glass titer, and the precipitate washed first with O*OlM 
sulphuric acid saturated with hydrogen sulphide, then with carbon disulphide and 
benzene to dissolve any sulphur possibly precipitated, then dried at 110’ for 1 hr. The 
washing with carbon disulphide and benzene can be omitted, as, according to our 
experiments, sulphur precipitated on silica carrier does not bind active zinc ions. 

Preparation of amorphous zinc sulphide. ZnSO,*7H,O (8 g) was dissolved in 100 ml 
of water. The solution was heated to 60’ and 100 ml of freshly prepared ammonium 
sulphide solution were added with stirring. The precipitate was Gltered off after two 
days’ sedimentation, washed with distilled water and dried at 80” for 1 hr. 

Solutions containing radioactive zinc. For isotopic exchange, practically carrier- 
free ssZns+ solutions were prepared from a mZnCls solution with 7 mCi/ml specific 
activity, by dilution with O.OlM nitric acid in such a way that the activity of the solu- 
tions was 480 and 790 cpm/ml. 

Zinc sulphide precipitates were in each case treated with inactive zinc sulphate 
solution. Ten ml of 1M zinc sulphate were passed through the precipitate on the Alter. 
We wished to ensure the retention of active zinc ions by isotopic exchange instead of 
adsorption on the surface. According to preliminary experiments made with equal 
portions of crystalline zinc sulphide precipitate taken from the same lot, the values 
of Q agree within 1% in the case of equal flow-rates (0.5 ml/min), whereas if the precip 
itates are taken from different lots, Q varies between 95 and 100%. The deviations 
were even greater @O-100%) if the period of passage of gas and temperature of pre- 
cipitation were varied. 

To elucidate the reasons for the great differences in exchange yield the crystalline 
structure and morphology of some zinc sulphide precipitates were studied. The X-ray 
diffraction patterns of precipitates exhibiting different exchange properties were 
similar, i.e., there was no difference in their crystalline structure. Experimental 
lattice constants agreed well with literature values taken from A.S.T.M. cards (see 
Table I). Zinc sulphide crystallizes in the dihexagonal bipyramida1 class of the hexa- 
gonal system, and so do the precipitates prepared by us. On the other hand, micro- 
scopic studies have shown that thin layers of the precipitates have an exchange yield 
equal to or higher than 99 % only if they consist mainly of particles a few pm in size. 
Precipitates with poor exchange ability were found to consist of larger agglomerates 
of the small primary particles. The necessary particle size can be produced by powder- 
ing the precipitate in an agate mortar for about 10 min, e.g., see Fig. 2, in which the 
microscopic image of a poorly exchanging precipitate (a) and of one with good 
exchange properties (b) are shown; (b) was obtained from (a) by powdering. The 
exchange yield of crystalline zinc sulphide therefore can be made independent of the 
conditions of precipitation, by subsequent powdering. 

The exchange yields of amorphous zinc sulphide precipitates taken from different 
lots are the same, reaching 100 % in the case of 400-420 mg of precipitate at a flow- 
rate of 0.5 ml/mm. According to microscopic examination, amorphous zinc sulphide 
precipitates mainly consist of particles some pm in size, and the particle size distri- 
bution is more uniform than that of the crystalline modification. The amorphous 
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%UILE I.--x-RAY DSFFRACITON DATA FOR 
CRYSTALLINE ZMC SULPHIDB PRECXPITATIB 

6, r@n d, nm 
experimental Iiteratlsre 

0.311 0.312 
0.189 0.190 
0.162 0.163 

- 0331 

Apparatus: Mikrameta 2, X-ray tube: 
Cu, ~=0_15405mm; filrer: Ni; dia- 
meter of chamber: 57.4 mm; Y = 40 kV; 
2 = 20mA; exposw time: 2 hr; de- 
velopment temperature: 18”, development 

the 5 min. 

p&pita&z is, however, very difficult to filter off and the loss of precipitate during 
isotopic exchange is greater owing to the higher solubihty. 

By treatment of the active zinc precipitate with l@-20 ml of 2M inactive zinc 
sulphate that is O*OlM in nitric acid, part of the active nuclei can be transferred to the 
solution, which in our opinion supports the assumption that an isotopic exchange 
takes place on the zinc sulphide precipitate. By the flow technique, a maximum of 53 % 
redissolution could be reached, whereas by the batch technique the redissolution was 
55 % of this, after 5 hr of shaking. U~o~~ately, redissolution of active zinc ions 
can not be utilized for increasing the selectivity of analysis. 

Isotopic exchange with zinc @hide: e$ect of experimental conditions on tb 
exchange yield 

The effect of the #I, speeiftc activity and fiow-rate of the active solution on the 
exchange yield was studied. 

According to the experiments the isotopic exchange can be performed with solu- 
tions O*OlM or maximally 0.144 in nitric acid (see Table II). The precipitate is capable 

TAB~s&--E~~ OP ACID CON~BNTRA TloN ON THEISOTOP~C I?XCIfANGE WITFI Z%NC SULPFIDE 

weight ~~~fiC~ti~~ 

Acid concentration, IOSS, of precipitate, 
M Q% % cpmlg 

0.01 100 4.6 5300 
0.10 94.6 8.3 5390 
IGO 663 2% 5710 
200 5@9 3*4 4050 

of exchange at even higher acid concentrations-the specific activity of the precipitates 
is the same at varying acid concentrations- but owing to the high degree of dissolution 
precipitate particles containing active nuclei may also be dissolved. For studying the 
effect of pH nitric acid was selected, since the hydrogenation catalysts studied readily 
dissolve in it, and therefore nitric acid is present during separation by isotopic exchange 
following dissolution of the samples. 

As the zinc content of the samples is usually unknawn before analysis, it was 
important to study the relationship between the weight of precipitate required to give 
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100% exchange yield, and the specific activity and flow-rate of the solution of zinc 
ions. As reflected by the results in Table III, when the specific activity of the solution 
increases to l-7 times that of the original value, the weight of precipitate has also 
to be increased by a factor of at least l-7. 

A flow-rate of 0.5 ml/min was found to be the optimum for 100% exchange yield 
with 400 mg of precipitate; doubling the flow-rate reduces the efficiency of isotopic 
exchange. 

Retention of dyerent metal ions on sulphide precipitates 

Besides the isotopic exchange of =Zn the retention of 203Hg, ‘%u, 16As, lzsSb, 
24Na, 6sCo and lo3Pd on sulphide precipitates was studied (see Table IV). The specific 
activity of the practically carrier-free solutions was about 500 cpm/ml. The sulphides 
were precipitated with hydrogen sulphide from solutions containing hydrochloric 
acid.‘O 

TABLIJIII.-E~~~c~ OFTHESPEEK!A~WITY ON TIiS IsoToPIC EXCHANOE WITH ZINC 
suLPHIDE 

Specific activity 
of solution, 

cpm/ml 

480 
790 
790 
790 

Weight of 
precipitate, 

mg 

380 
380 
380 
660 

Q%, 

100 
64.3 
652 

100 

Time of passage 
of solution, min 

35 
3.5 
90 
35 

TABLED'.--RETENTION OF RADIONUCLIDES ON SULPHIDE PRECIPlTATES 

Concentration of Retention of active ions, % 
Precipitate HNQ , 

M QS+ ZnP+ a*+ Sb*+ A.$+ Pd*+ CO*+ Na+ 

HgS 100 - - - - 
ZnS & 100’ 100 0 3 z 
cus 1.0 100 - 
SoA 1 .O HCI 100 - 
As& 1.0 100 - 

* By precipitate exchange. 

As shown by the results in the table, sulphide precipitates practically completely 
retain their own cations. With mercury(I1) sulphide the existence of isotopic exchange 
could be proved experimentally in the same way as for zinc sulphide. 

The radionuclides listed in Table IV do not interfere with the determination of 
mercury(I1) ions by isotopic exchange with mercury(I1) sulphide. In the y-spectrum of 
the precipitate (see Fig. 3) only the photopeak of 203Hg appears. 

Zinc sulphide binds mercury(I1) ions by a chemical reaction-precipitate exchange: 

ZnSJ + Hg2+ = HgSJ + Zn2+ 

If no precipitate exchange takes place, the interfering effect of foreign radionuclides 
can be reduced by counter-carrier technique, i.e., by dilution with the inactive isotope. 
In this way the interference from l03pd and @%o in the determination of zinc can be 
eliminated, or reduced. The peak of 6sCo in the y-spectrum of the zinc sulphide 

4 
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203 
HP 

E Y’ MeV 

FKi. 3.4 amma-spectrum of HgS precipitate after isotopic exchange. The original 
solution contained *mHg, @%I, ‘QJ, ‘@As, rs%b, Yo, 1oaPd and *‘Na. 

E Y' MeV 

FIO. 4.-Gamma-spectrum of ZnS precipitate after isotopic exchange. The original 
solution contained B6Zn, lorPd, @Co and ‘*Na. 

precipitate taken after isotopic exchange (see Fig. 4) does not disturb the evaluation 
of the photopeak of %Zn. 

In the case of catalysts on aluminium oxide support 24Na is formed in great 
amount during activation, owing to the reaction “‘Al (n, a) Wa; however, 24Na is not 
retained on sulphide precipitates. Thus the method described ensured complete 
separation from %Na.ll 

Rcknow@$eents--We thank the late Professor Lgszl6 Erdey for enabling the work to be done, 
Senior Lectmer S. Gal for the X-ray diffraction work and Research Fellow L. Poles for preparing the 
photomicrographs. 

Zusammeufassun~Die Retention verschiedener Radionuklide an 
Metallsulfidniedenchliigen wurde untersucht. Die Sulfidnieder- 
schl8ge hielten die eingenen Radionuklide quantitativ fest. Bedingung 
fur 100% Retention in einer d&men Schicht ist eine kleine Teil- 
chengr68e (einigepm) im Niederschlag. Das 1HDt sich durch 
Pulverisieren des getrockneten Metallsulfidniederschlags erhalten. 
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‘“*Hg*+ wird an Quecksilbersuhid und rsZn*+ an Zinksulfid durch 
Isotopenaustausch festgehalten. Die Retention fremder radioaktiver 
Ionen kann mit Hilfe von inaktiven Tsotop verringert oder 
gar ausgeschlossen werden; in F&hen, wo die Retention nicht auf 
chemischer Reaktion Niedenchlaganstansch bericht. Der Isotop- 
enaustausch mit Quecksilber(I1) sulfid und Zinksulfid ermiiglicht die 
rasche Tremmng und die Bestimmung von Quecksilber- und 
Zinkionen in Gegenwart einer Anzahl storender Ionen. 

R&urn&On a etudi6 la retention de divers radionucleides sur des 
precipites de sulfures metalliques. L.es precipites de sulfures retiennent 
quantitativement les radionucleides communs. La condition pour 
une retention de 100 ‘A darts une couche mince est une uetite dimension 
de particule (quelques pm) dans le p&&pit& Ceci peut &re assure 
Dar Dulverisation du ureciuite s&he du sulfur-e metallioue. r”*Haa+ 
kst rktenu par le sulfure di mercure et 6sZn*+ par le $lfure de&c 
par &zhange isotopique. On peut r&mire ou m&me eliminer la retention 
d’ions radioactifs &rangers par une technique a contre-support 
dans les cas ou la retention n’est pas due a une reaction chimique, 
eChange de pr&cipit& LYchange isotopique avec le sulfure de 
mercure (II) et le sulfure de zinc rend possible la separation rapide 
des ions mercure et zinc et leur determination en la presence d’un 
certain nombre d’ions g&ants. 
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STUDIES ON THE MELTS OF ALKALI 
METAL ACETATES 

Z. HAIMX, T. ~~EISEL, K. SEYBOLD and L. ERDEY 
Lnstitute for General and Analytical Chemistry of the Teohnical University, 

Budapest, Hungary 

Summary-The density, viscosity, and electricai conductivity of 
alkali metal acetates were measured over the temperature interval 
between melting and decomposition. The apparent activation energies 
of the equivalent conductivities and viscosities were c&mated. It has 
been concluded from the results that alkali metal acetates% simihufy 
to alkali metal ~~pho~~s studied ear%r, exhibit properties 
quite unlike those of alkali metal halides. In the dependence of 
equivalent conductivity on the nature of the cation, the anoma1ou.s 
behaviour of lithium salts appears to be due to association prevailing 
in the melt phase. 

Fmv~ormx, the changes in properties of alkali metal acetates with increasing ternpera- 
ture have mainly been studied with special regard to phase equilibria, changes in 
crystalhne modification and mechanism of decomposition reactions.1-8 Relatively 
few data are available in connection with the temperature interval between melting 
and decomposition, ‘-lo although the investigation of the properties of the molten 
state is of interest from both a theoretical and a practical paint of view. 

After studying melts of alkali metal ~~~ne~~~F~o~~tes~l we started studies on 
molten alkali metal acetates in order to compare the behaviour of the two types of 
compound, and to obtain data characteristic of alkali metal acetate melts. 

EXPER’LMENTAL 
Lithium, sodium, potassium, rubidium and csesium acetates used in the experiments were either 

commercial products or made by ours&es. The compounds were puri&d by muhiple recrysti- 
&&ion from alcohol-dioxan mixture, and dried to remove water of crystal&&ion. The purity of the 
products was checked by elemental analysis and mehing point measurement. The temperature 
Ganges in which they for&d stable melts were determined-with a DTA instrument at a low*heating 
rate (lo/mm) and by a Faulik-Faulik-Erdey dcrivatograph (MOM, Hungary). To characterixe the 
molten state, the density, ek&rical conductivity and viscosity were measured as a function of the 
temperature. The methods have been described earlier.” 

RESULTS AND DISCUSSfON 

The results of DTA and derivatographic measurements are presented in Table I. 
The data show that all five compounds studied have stable melts, over a relatively 
wide temperature range depending on the cation, in which no weight or enthalpy 
change takes place; thus their transport phenomena can be studied easily. The 
temperature interval between mehing and decomposition increases with increasing 
atomic aumber of the cation. The data obtained by the two methods do not coincide 
perfectly, which is due partly to the dynamic nature of the measurements and partly to 
inaccuracies. This fact, however, did not affect our further experiments, since the 
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TABLE I 

Data obtained by RTA, 
Data obtained by derivatograph, “C 

Theo- 
“C from the from the retical 

from the DTA curve 
Acetate 

DTG curve TG curve change 
in 

change weight, 
Melting Decomposition Melting Decomposition Decomposition in % 

point starting max. point starting max. starting max. weight, 
% 

Li 280 
Na 332 
K 302 
Rb 241 
cs 197 

320 425 275 at m.p. 417 320 375 44.0 44.0 
380 488 340 375 470 350 475 313 35.2 
390 477 285 420 485 375 485 28.5 29.6 
380 474 228 380 485 340 480 22.0 20.1 
380 449 179 325 473 340 476 150 151 

rn~u~rn~ts were started below the melting point, and the tempe~~re was raised to 
the decomposition temperature at a rate of O+‘~min. The chemical changes proceeding 
at the decomposition temperature and accompanied by the formation of gaseous 
product were sensitively indicated by the measuring method used. Heating was 
stopped at this temperature. 

The density of the salt melts as a function of the temperature is shown in Fig. 1. 
These data were necessary for the conversion of specific conductiviti~ into equivalent 
conductivities. 

2.5 

Rb 

I.5 - 

Li 
F 

. 
I , I t I I I I , t I I 

200 300 400 420 

t, *c 

FXQ. l.-Temperature dependence of the density of alkali metal acetates. 

The temperature dependence of the equivalent conductivity of the salt melts studied 
is presented in Fig. 2. The impedance of the measuring cell containing platinum 
electrodes is only little affected (within the limits of error) by the capacitance of the 
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FIG. 2.-Temperate dependence of the equivalent electrical conductivity of aYk& 
metal acetates. 

i’b 

I%. J.-Temperature dependence of the apparent activation energy of conductivity of 
alkali metal acetates. 
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electrodes, according to our experience and the literature data,12*1s and therefore a 
constant-frequency I-kHz measuring bridge can be used. 

The apparent activation energy of conductivity was determined from the Arrhenius 
equation, from the slope of a plot of the logarithm of the conductivity US, l/T. It can 
be concluded from the measurements and figures that none of the melts studied be- 
haves ideally. The remarkable change of the activation energy with temperature is 
indicative of complex interactions (Fig. 3). The change of the equivalent conductivity 
of the salts with the nature of the cation seems unusual when compared with similar 
data measured for alkali metal halides. The equivalent conductivity of alkali metal 
halides near their melting point was found to decrease with increasing diameter of the 
cation for a series of salts of the same halide ion. The case is similar with the different 
halides, of one cation, the conductivity decreasing with increasing diameter of the 
anion.“* With alkali metal acetates, as indicated by the data in Table II, quite 
different tendencies were observed. The equivalent conductivities measured in the 
vicinity of the melting point increased with the atomic number of the cation up to 
potassium, then decreased again. The conductivities measured near the decomposition 
temperature showed a similar change with the atomic number with the difference that 
the equivalent conductivities of the potassium, rubidium and caesium salts were 
practically identical. At a medium temperature the tendencies are intermediary 
between those at the melting and decomposition temperatures. 

The trends were found to be similar in the case of alkali metal benzenesulphonates.ll 
The very low equivalent conductivity of the lithium salt, and also the relatively low 
conductivity of the sodium salt is presumably due to the existence of the dimeric 
structure above the melting point, owing to polarization by the cations. In other 
words, the cation-anion bond has a remarkably covalent nature even in the molten 
phase. The equivalent conductivities of the salts studied not only depend on the 
diameter of the cation but are also influenced by the associated structure prevailing 
in the molten phase. The nature of the bond, however, also depends on the anion. 

TABLE II 

Acetate 
Equivalent conductivity, CP’ . cma , mole-l 

at melting at decomposition at medium 
point, temperature, temperature, 

T metting T decomp T* 

Li 1.4 3-z 2.3 

Na 12.0 16-5 14.3 

K 13.4 24.6 18.8 

Rb 6.6 23.0 15-l 

c!? 4.9 24.6 14-6 
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FIG. 4.-Temperature dependence of B 

the viscosity of alkali metal acetates. G 
a 

4- 

2 ' I I I I 

180200 250 300 350 400 

t, *c 

L .i 
FIG. 5.-Temperature dependence of the 
apparent activation energy of viscosity of 

alkali metal acetates. 
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This statement is supported by the experimental fact (see Fig. 2) that the conductivity 
of solid lithium acetate does not change much on melting, whereas the conductivities of 
the other alkali metal acetates change more or less sharply at the melting point. 
Furthermore, the very high apparent activation energy of the conductivity of the 
lithium salt in comparison to those of other alkali metal acetates also indicates the 
high degree of order of the melt of lithium acetate. 

The tendencies observed in the change of the viscosities of the melts are in good 
agreement with the conductivities and the conclusions drawn from them. The tem- 
perature dependence of the viscosities of the melts of alkali metal acetates is shown in 
Fig. 4. The extremely high viscosity of the lithium acetate melt as compared to that of 
the other acetates studied, and also the high apparent activation energy of viscosity 
as determined on the basis of the Arrhenius equation is also evidence of the high 
degree of order of the melt. The temperature dependence of the activation energies of 
viscosity is shown in Fig. 5. The structure of melts in the ideal case can be character- 
ized by the Walden formula16 as follows: 

qn = constant 

The condition for ideal behaviour is the constancy of II. 
There was found no temperature interval over which this relationship was valid 

for the data measured by us. The investigation of the molten state of organic salts 
will be extended to other model compounds in future in order to find further 
relationships between the properties of the salt and the nature of the constituent 
ions. 

1. 
2. 

D. Vorlander, Ber., 1910, 43,312O. 
Reaktsiya i metodi issledovaniya organicheskikh soedinenii, pp. 129-265. Izdat. Khimiya. 
Moscow, 1964. 

3. W. Kronig, 2. Angew. Chem., 1924,37,667. 
4. R. J. Reed and M. B. Thomely, J. Chem. Sot., 1957,3714. 
5. A. B. Rubinstein and V. I. Yakerson, Dokl. Akad. Nauk SSSR, 1958,121,664. 
6. V. I. Yakerson, Zzv. Akad. Nauk. SSSR Otd. Khim. Nauk, 1967, 1003. 
7. A. Baskov, J. Russ. Phys. Chem. Ges., 1915, 37, 1535. 

RCnrn&On a mesure les densit& viscosite et conductivite electrique 
d’acetates de metaux alcalins dam l’intervalle de temp6rature compris 
entre la fusion et la decomposition. On a calcul6 les energies d’acti- 
vation apparentes des conductivitb Cquivalentes et des viscositts. 
On a conclu, des rtsultats, que les acetates de metaux alcalins, comme 
les benzenesulfonates de mttaux alcalins etudib anterieurement, 
pr6sentent des proprietb tout 21 fait differentes de celles des halog&ues 
de metaux alcalins. Dans la dependance de la conductivite 6quivalente 
par rapport ii la nature du cation, le comportement anormal des sels de 
lithium paralt dit a une association prevalant dam la phase fondue. 

Zusammenfassung-Dichte, Viskositiit und elektrische Leit filhigkeit 
von Alkalimetallacetaten wurden hn Temperaturbereich zwischen 
Schmelzen und Zersetzung gemessen. Die scheinbaren Aktivierung- 
senergien der Aquivalentleitfahigkeit und der Viskositiit wurden 
berechnet. Es wurde der Schluh gezogen, da9 die Acetate der Alkali- 
metalle, lhnlich wie die friiher untersuchten Benzolsulfonate, ganz 
andere Eigenschaften haben als die Halogenide. Bei der Abhanglgkeit 
der Aquivalentleitfahigkeit vom Kation scheint das anomale Verhalten 
der Lithiumsalze davon zu rtihren, dab in der geschmolzenen Phase 
iiberwiegend Assoziate vorliegen. 
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SPECTROCHEMICAL ANALYSIS OF HARD METALS 
BY A ROTATING DISC TECHNIQUE 

EFFECT OF IMPREGNATION AND COMPLEXING AGENTS 

T. KANTOR, L. ERD~Y and Zs. SZAE&AKOS 
Institute for General and Analytical Chemistry of the Technical 

University, Budapest, Hungary 

(Received 10 October 1969. Revised 19 May 1970. Accepted 25 June 1970) 

Summa~--A spectrographic method has been developed for the 
simultaneous determination of the constituents W, Co, Ti, Ta and Nb 
and wntaminan ts Fe, Ni, Cr, Mn, Mg and Ca in hard metals. The 
samples were dissolved in hydrofluoric acid and nitric acid and the 
solutions stabilized with citric acid. Graphite discs were waterproofed 
in order to ensure control of the introduction of solution into the 
source. For the five types of hard metal samples studied no inter- 
element effect was observed. Titanium has also been determined by 
means of a double-beam optical spectrometer. 

OF THE STANDARD methods for the analysis of hard metals only two will be cited here, 
in which ion-exchange columns are used for the separation of ions.l*a These methods 
are rather time-consuming, and of low accuracy (2-4x error). Furthermore, they 
do not permit the quantitative separation of tantalum and niobium. 

X-Ray fluorescence methods are commonly used for the simultaneous determina- 
tion of the constituents of hard metals, by the direct method,3 powder technique4 and 
solution technique. 6 Complex inter-element effects occur during X-ray fluorescence 
analysis and standards covering a limited concentration range are needed for each 
type of method. 

The inhomogeneity of hard metals is an obstacle to their direct spectrochemical 
analysis, so solution techniques are required for quantitative analysis. The technique 
recommended for the spectrographic determination of refractory transition metals was 
suitable for our work6 but had not yet been used in the analysis of hard metals. 

EXPERIMENTAL 

The hard metals analysed represented ten different categories which could be classified into five 
groups with certain exceptions. The constituents and their concentration ranges are given in Table I. 

TABLE I.-HARD METAL TYPES STULXED 

Type WC TiC 
Constituent % 

TaC co NbC 

I 60-65 25-30 - 3-6 - 
II 65-75 13-18 O-5 6-8 O-O.5 
III 70-80 5-10 ti 6-10 O-0.4 
IV SO-90 - O-3 4-7 O-0.3 
V 75-85 - - 18-22 - 

Preparation of sample solutions 

The basic materials (metal carbide and cobalt powder mixtures), used for making hard metal tips, 
were freed from paraffin with benzene in a Soxhlet extractor. Tips were broken up by chipping. From 
the samples so treated, 200 mg were dissolved in a platinum crucible with 10 ml of concentrated 
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hydrofluoric acid, with dropwise addition of nitric acid. It is necessary to remove or neutralize excess 
of acid after dissolution, in order to prevent corrosion of the instruments used. 
cence method cited,* boric acid was used to complex hydrogen fluoride. 

In the X-ray fluores- 
In the present case, however, 

it seemed better to remove free acid because of its possible thermal decomposition during excitation. 
Evaporation with sulphuric acid6 could not be used, as tungstic acid was precipitated. Therefore 
hydrogen fluoride was removed by adding 25 ml of citric acid solution (200 mg/m.l) and evaporating 
to low bulk on a steam-bath. The residue was diluted with water and the evaporation repeated, this 
step being carried out twice. The tlnal residue was diluted with 10 ml of copper sulphate solution 
(50 mg of Cu/ml) and then with water to 25 ml in a volumetric flask, and finally transferred to a 
plastic storage vessel. It has been reported0 that copper(I1) can form a complex with hydrogen 
fluoride, so any of the latter possibly retained in solution might be masked in this way. In addition, 
the copper served as internal standard and spectrochemical buffer.* 

Soiutions prepared as described contained 8 mg of sample, 20 mg of copper and 200 mg of citric 
acid per ml. The solutions remained unchanged for two days if the titanium content was > 10% and 
for longer periods if it was less. For studying the effect of citric acid on the excitation, solutions 
containing 100 mg of citric acid per ml were also prepared. 

Preparation of standard solutions 

Stock solutions were prepared from metals of spectroscopic purity as described for sample 
preparation. Standard solutions were prepared from the stock solutions by mixing. 
classification in Table I, five types of reference standards were prepared. 

According to the 
Contaminants were added in 

the form of their solutions in nitric acid (in hydrochloric acid in the case of chromium). 

Choice of the electrical parameters of excitation 

High-voltage spark excitation was used,6 and the solution consumption was 0.07 ml/min (averaged 
over 6 min). In the case of spectrometric determinations low-voltage spark excitation was used with a 
similar consumption of solution. 

Pretreatment of graphite discs 

In the residue methods the graphite supporting electrode is water-proofed. The ditTerences in the 
sire and structure of the electrodes and in chromatographic phenomena are less important in the 
case of the rotating disc technique than with the residue methods. 

These effects, however, cannot be neglected .O The pretreatment reduces these effects, but also 
reduces the amount of solution carried into the spark gap. This unfavourable effect can be eliminated 
by the use of an impregnating agent which decomposes on the surface of the disc during excitation 
allowing the disc to become absorbent again. The absorption of solution may be controlled by the 
spark discharge, and a thin layer of solution is formed .lo~ll 
nitrate in acetone) has been described previously. 

The impregnating solution used (cellulose 
r* Graphite discs were immersed in this solution (a 

1:4 solution of “Zapon” lacquer on acetone). The impregnated discs were placed on a glass sheet 
and dried by means of an infrared lamp. 

The effects of the variation in the concentration of citric acid and the impregnation of the discs 
are demonstrated by the excitation-time studies presented in Fig. 1, where log intensity is plotted us. 
time for alloy type II. The intensity of the lines decreases with increasing citric acid concentration 
for both impregnated and non-impregnated discs. Impregnation increases the line intensity in the 
case of low citric acid concentrations and reduces it at high citric acid concentrations. The thickness 
of the solution layer is presumably reduced both by increase in citric acid concentration and by 
impregnation of the discs. In the course of the present work these effects were utilized. Analyses 
were made under conditions corresponding to curves B. These curves are similar in shape, which 
indicates the absence of selective evaporation. The discs that had not been impregnated previously 
were rotated in the solution for 90 set before excitation was started, during which time saturation 
equilibrium could be established. With impregnated discs this operation is unimportant. Impregna- 
tion provides protection against corrosion and contamination of the shaft. 

Experimental conditions 

In the case of the rotating disc equipment a carbon shafPV1* and a plexi-glass solution container 
were used. The shaft of the motor was connected to the carbon shaft by a flexible steel drive. On the 
closed electrode stands a 6-mm diameter hole was made in an appropriate position for the flexible 
shaft. The graphite disc was 10 mm in diameter, and 3.2 mm thick and rotated at 10 rpm: 1 ml of 
solution was used. The penetration depth of the disc was 2 mm. 
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FIG. 1 .-Log intensity (Y) as. time. 
(a) 100 mg of citric acid/ml; without impregnation 
(A) 100 mg of citric acid/ml; with impregnated disc 
(b) 200 mg of citric acid/ml; without impregnation 
(B) 200 mg of citric acid/ml; with impregnated disc. 

Spectrographic method 

Source. RFT, HFO-1 high-voltage spark generator, 15 kV peak-voltage, 6 nF capacitance, @OS 
mH added self-inductance, 3-mm spark gap, 615~mm diameter hemispherical-end graphite counter- 
electrode; 30-set presparking, 120-set exposure. 

Spectrograph. Hilger and Watts, Type E478, quartz optics. Wavelength range 249-360nm. 
Slitwidth 0.02 mm. To ensure maximum illumination of the slit the source was placed at the focus 
(for ultraviolet light) of a quartz lens (Hilger and Watts, F 1509).1s (Distance of the source from the 
slit 0.38 m, distance of the lens from the source 56 mm.) With this method of illumination the exposure 
time necessary to obtain the same line blackening was about l/7 that with internal focusing. However, 
this method was unsuitable for spectrograms made by using a step wedge for calibration, so in 
thii case internal focusing was used. 

Photographic conditions. Gevaert, Scientia 34 B 50 emulsion, Kodak D 19 developer (4 min, 20”), 
mechanical agitation during development. 

Evaluation of results. A Radelkisz Spectator analogue computer,1B using the general P-trans- 
formation according to Kaiser, was employed. Background correction was applied only for the 
analytical lines of constituents and impurities. 

Spectrometric method 

Source. GEU-1 (USSR) low-voltage arc and spark generator with electronic control, 220 V, 
10 ,uF, no added self-inductance, 0.8 A (effective). Spark gap 2 mm; presparking and exposure time 
6Osec. 
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Spectrometer. FESZ-1 (USSR) double-beam spectrometer (visible range, photocell detectors, 
polychromatic reference light, measurement of integral intensity ratios). Entrance slit 0.04 mm; 
exit slit 0.06 mm; analytical line Ti 1498.2 nm (adjusted by hand). 
was reduced by a filter with 17 % transmission. 

The intensity of the reference light 

RESULTS 

Shape of the analytical curves 

The spectrographic analytical curves for all constituents and contaminants were 
linear and reference standards of all five types gave the same analytical curve. The 
analytical line pairs used and the corresponding concentration ranges are presented 
in Table II. Analytical curves were plotted as intensity ratio vs. concentration. 

TABLE II.-DATA CHARACTERISTIC OF THE EVALUATION AND ANALY~CAL PERFORMANCE 

Analytical 
line, 
nm 

Concentration 
range 

% 

Coeff. of 
variation* 

% 

Detection 
limit, 
Cd, % 

Ti I 498.175t 
Ti II 283.216 
Ti II 316,177 
Ti II 323.452 
W I 294.738 
Co I 306.182 
Ta 301.254 
Nb II 295088 
Fe II 259.957 
Ni I 305.082 
Cr II 284.325 
Mn I 279.4&2 
Mg II 279.553 
Ca II 317.933 

2-26t 2.2t (15) 
5-26 3.4 (15) 

0.5-5 3.2 (3) 
0.08-0.5 6.2 (0.2) 

50-85 2.9 (70) 
4-25 3.2 (10) 
l-6 5.4 (4) 

0.2-0.6 5.7 (0.4) 
0.03-0.5 4.3 (0.1) 
0.09-0.3 6.7 (0.2) 
0.02-0.2 7.4 (0.1) 
0.02-0.2 6.5 (0.1) 

0~004-0~02 6.3 (0.01) 
0.04-0.2 5.6 (01) 

- 
- 

0.038 
- 

0.31 
0.084 
0015 
0.044 
0.013 
0.083 
0.0023 
0017 

* The figure in brackets is the concentration of the element used for determination of 
the coefficient of variation. 

t Data for spectrometric method. Ah other data refer to the spectrographic method 
in which the CuI 303.610-nm reference line was used for the determination of all 
constituents and contaminants. 

Precision and sensitivity 

To study the precision of the method 20 parallel measurements were made and the 
coefficient of variation was calculated by means of the usual relationship;l’ the results 
are also given in Table II. 

To characterize sensitivity we wished to calculate the detection limit according to 
Kaiser’s criterion,ls but its interpretation and application are not consistent in the 
literature.lgw21 We tried to keep to Kaiser’s criterion, however, by using the relation- 
ship 

where cd is the limit of detection, a and b are the constants of Lomakin and Scheibe’s 
analytical function, and cnu the standard deviation of the “relative blank intensity” 
(blank intensity at the wavelength of the analytical line divided by the intensity of the 
reference line). The average relative blank intensity and the corresponding standard 
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deviation were determined from 20 spectrograms from a solution of type V (free of 
contaminants). The constant a is the slope of the analytical curve, and in the cases 
studied b was equal to unity. The cd V&.u% are given in Table II. 

DISCUSSION 

The greatest advantage of the method lies in its relative freedom from inter- 
element effects, which presumably is related to the linear nature of all the analytical 
curves. These properties can be accounted for by the non-selective evaporation of 
the constituents during excitation. This is partly due to the formation of a thin 
solution layer and partly to the similar volatilities of the fluorides of the constituents. 

Znsammenfassuna;-Eio spektrograpbisches Veffahren zur gleich- 
zeitigen Bestimmung der Hauptbestandteile W, Co, Ti, Ta und Nb und 
der Verunreinigungen Fe, Ni, Cr, Mn, Mg und Ca in Hartmetalleo 
wurde entwickelt. Die Proben wurden in Flu&&re und Salpeter- 
s&u-e gel&t nnd die Losungen mit Zitronens&re. stabilisiert. Die 
Gmphi~c~i~ wurden w~m~to~od gemacht, urn das Eiobriogeo 
der I.&sung in die Lichtquelle xu regelo. Bei den ftlnf untersuchten 
Typeo von Hartmetallprobeo wnrden keine gegeoseitigen Storungen 
der Elemeote beobachtet. Titan wurde such mit Hilfe eioes opt&hen 
Zweistrahl-Spektrometers bestimmt. 

R&ram&On a d&elopp& nne methode spectrographique pour la 
d~te~ation siniultan&e des ~nstitn~ts W, Co> Ti, Ta et Nb et des 
contamin~ts Fe, Ni, Cr, Mn, Mg et Ca darts les m&aux durs. 00 
dissout les echantilloos en acide fluorhydrique et acide nitrique et 
stabilise les solutions avec I’acide citrique. Des disques de graphite 
oot et6 rendus Stanches a l’eau a811 d’assurer le cootrcile de l’iotroductioo 
de la solution dans la source. Pour les cinq types d’echantillons de 
m&aux durs &.ui%s, on o’a pas observe d’infhtence inter-6ltmeots. On 
a aussi dose le titane au moyen d’un spectrom&re optique B double 
faisceau. 
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SHORT COMMUNICATIONS 

Selektive Besthmmg in verdilnnter Lhmg bellndllcher Shren von 
verscbledener Stiirke dumb oszlllometrlsche T&ration 

(Eingegaqen am 19. Mai. AngeMmmen am 3. Juni 1970) 

IN DBR L.mmm der let&n Jahren sind fUr die Bestimmung nebeneinander anwesender Slhrren von 
verschiedener St&rke Titrationen in nichtwil.&iger Lbsungen angegeben.l-q Bei diesen Methoden 
wird die Selektivitat durch Auswahl eines geeigneten Ltksungsmittels erreicht. 

Nach dem von uns ausgearbeiteten Verfahren ist eine Mdglichkeit gegeben dumb Auswahl ehter 
MaDlbsung von geeigneter Basensttike, Sgluren von verschiedener Stiirke in wirpriger L&sung 
nebeneinander zu bestimmen. Die Titration beruht auf folgender Reaktion: 

HA+B&A+BH 

K = 2 > 101.” 

wo Ka und KA die Protonienmgskonstanten der Basen B und A sind. 
Ist die Protonierungskonstante der Base B ungefghr 2O-mal gr@er als diejenige der Base A, so 

verllluft die Reaktion nraktisch auantitativ. 
Titriert man zwei ~erschiede~ starke !%uren, wo 

KAII) > KAIII) 

so verwendet man eine Base B, die eine Protonienmgskonstante 

KAU, > KB > Kacxr, 

hat. 

In diesem Falle ist die Siiure HA(H) mit der Ease B selektiv titrierbar. Im Gegensatx xur potentio- 
met&hen Titration ist die oszillometrische Titration ftir die Bestimmung des Endpunktes such in 
denen F&hen geeignet, wo das Verhtlltnis 

KB 

KAIII, 

kaum gr&Uer als 20 ist. Auf Grund dieses Prinzips haben wir die Titration elniger Siiuren durch- 
gefilhrt. (Siehe Tabelle 1). 

EXPERIMENTELLER TEIL 
Stammlhuqett. L&ungen (0,lM) von Trichloressigsiiure, Monochloressig&re, Ameisensimre, 

Gxalsibtre, MaleinsHure. Die Liisungen wurden durch Einwaage bereitet, ihr Titer wurde dumb 
potentiometrische Titration mit einer Natri&ydroxid MaBlosung ermittelt. 

MafHhmge~. Molam Lastmgen von Kalhundihydrogenphosphat, Natriumacetat. Natrium- 
formiat und 0,5M Losung von Natriumtluorid. Der Fluoridgehalt der NatriumiluoridliWmg wurde 
nach Erdey’ als PbClF gravimetrisch bestimmt; der Titer der tlbrigen MaWsungen wurde nach 
ionenaustausch an einem Kationenaustauscher in H+-Form mit Natriumhydroxid Mal3l6sung 
potentiometrisch bestimmt. 

Fiir die Herstelhmg der Lasungen wurden in jedem Falle Reagenzlen vonp.a. QuaWit verwendet. 

App(late und Instrument 

Oszillotitrator, Typ OK 302 der Firma Radelkis; Mehfrequenx cu. 140 MHz. 
pH-Meter, Typ OP 204 der Fhma Radelkis. 
Acryl-Burette., Typ XT 5220 “XLON”. 

Titration 

Eine Portion von 1 bis 10 ml der entsprechenden SIure wurde in einer MeBzelle auf 100 ml 
verdiinnt, da die Losung die obere Elektrode erreiche. Nach dem Einschalten und nach entspre- 
chender Einstellung des Apparats wurde der Lasung in 0,05 bis 0.1 ml Portionen, aus einer Mikro- 
btlrette-im Falle der Natriumfluoridl6sung aus der Acryl-Burette-die entsprechende MaLWsung 
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AnB. 1.-l. Titration von 10 ml 0,lM Trichloressigslure in 100 ml Volumen mit 
1M Kaliumdihydrogenphosphat. 

2. Titration von 10ml 0,lM Trichloressigsiiure in lOOmI Voiumen mit 1M Kali- 
umdihydrogenphosphat in Gegenwart von 10 ml 0,lM Monochloressigsslure. 

ABB. 2.-l. Titration von 2,5 ml 0,lM Oxalslure in 100 ml Volumen mit 0,5M 
Natriumtluorid. 

2. Titration von 2,5 ml 0,lM OxalsHure in 100 ml Volumen mit 0,5M Natriumtluorid 

3. 
in Gegenwart von 2,5 ml 0,lM Essigstiure 

Titration von 5,O ml 0,lM Maleinslure in 100 ml Volumen mit 0,5M Natriumtluorid. 
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zugeftigt. Nach dem Erreichen des Aquivalenzpunktes wurde ein etwa 50 bis 100 %-iger Uberschu8 
an Ma8liisung zugefiigt. Der Aquivalenzpunkt wurde graphisch ermittelt. 

ERGEBNISSE UND DISKUSSION 

Die Analysenergebnisse sind in Tabelle I zusammengestellt. 

TABELLE I.-TITRATIONSERGEBNISSE 

Bestimmte 
SlUre 

0,lM Lbsung, ml 
log &rt, genomm. gefund 

Begleitsiiure, 
0,lM 

Vohunen, Abwei- 
log KACII ml chung. % 

Titrationen mit Kaliumdihydrogenphosphat MaBliisung, log KB = 2,12 

CC1,COOH 0,89 10,oo 9,90 CHIC1 COOH 2,86 10.00 -1,o 
CCl&OOH 0,89 10,oo 9,96 - - -0,4 

Titrationen mit Natriumfluorid h4aBIiisung, log KB = 3,45 

CHJXOOH 2,86 2,00 1,98 - - -1,o 
CH&lCOOH 2,86 2,00 1,96 CHIICOOH 4.76 2,00 -2,0 
WOOHn) 1,19 2,so 252 COOHCOONa 4,21 2,50 +0,8 
WOOHa) I,19 2,50 2,52 COOHCOONa 4,21 2,50 +0.8 

CH,COOH 4,76 2,00 
CSHI(COOH)I 
Maleinsiiure 2,00 5,00 5,oo C,H&OOHCOONa 6,26 5,00 fO,O 

Titrationen mit Natriumacetat MaBliisung, log KB = 4,76 

HCOOH 3,75 1 ,oo 0,99 - - -l,o 
CC1,COOH 0,89 2,00 
CH&lCOOH 2,86 2,00 4,04 - - +1,0 

Da der Unterschied zwischen den Protonienmgskonstanten der titrierten und titrierenden Systeme 
nicht allzu bett%chtlich ist, wird sich die Leitfahigkeit in der Umgebung des Aquivalenzpunktes 
kaum oder gar nicht gindem. Dieser Abschnitt ist desto groper, je n&her die Protonierungskonstante 
der Basen-MaBlosung zur Protonierungskonstante der konjugierten Base der titrierten Siiure liegt. 
In diesem Falle kann man die zur Bestimmung des Aquivalenzpunktes notwendigen Kurven nur 
dann mit Sicherheit konstruieren, wenn wenigstens etwa 50 bis 100% oberschu8 an MaDlBsung 
verwendet wird. 

ml No - formiot 

AFIB. 3.-l. Potentiometrlsche Titration von 10 ml 0,lM Trichloressigsibtre in 100 ml 
Vohunen mit 1M Natriumformiat. 

2. Potentiometrische Titration von 1 ml 0,lM Trichloressigsilum in 100 ml Volumen 
mit 0,l h4 Natriumformiat. 
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I I I I I I I I I I 
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ml No -formiot 

hB. 4.-l. Oszillometrische Titration von 1Oml 0,lM Trichloressigsiiure in 1OOml 
Volumen mit 1 M Natriumformiat. 

2. Oszillometrische Titration von 1 ml 0,lM Trichloressigsibue in 100 ml Volumen 
mit 0,lM Natriumformiat. 

ES war festzustellen, daB die anwesende Begleitsiiure einer 2 bis 10 fachen Menge der zu bestim- 
menden Saure keine stlirende Wirkung verursacht, aber die Kurve wird weniger steil sein (Abb. 1, 
Kurve 1 und 2; Abb. 2, Kurve 1 turd 2). Versuche wurden such mit 100 father Menge der Begleit- 
silure durchgeftlhrt. Em ml 0,l M Trichloressigsliure wurde in Gegenwart von 100 ml 0,l M Essigsaure 
titriert, die 20% Mehrverbrauch an MaBlbsuug verursachte. 1st die Begleits%ure schwiicher als 
Essigsllum, so ist der Fehler selbstverstandlich geringer. 

Abbildung 2 zeigt die Titrationskurven zweiwertiger Sauren. Oxaltiure und Maleinsiiure sind 
mit Natriumtluorid MaBlbsung als einwertige Sauren titrierbar. Auch auf diese Sluren bezieht sich 
die Feststellung tiber die zwei einwertigen Stiuren verschiedener Stiirke. 

Vergleichende Titrationen mit der Trichloressigs&trelBsung wurden such potentiometrisch 
durchgeftihrt. Abbildung 3 zeigt die potentiometrischen Titrationskurven. Als MaQlosung wurde 
Natriumformiat verwendet. Dieselben Titrationen mit oszillometrischer Endpunktanzeige sind in 
Abb. 4 dargestellt. Die Kurven 1 zeigen die Titrationsergebnisse der lo-*M Trichloressigsiiurel6sung, 
die Kurven 2 sind Ergebnisse mit der lo-*M Losung. Wir benutzten sowohl 1M als such 0,lM 
Natriumformiat MaBliisungen. Aus den Abbildungen ist es ersichtlich, daB die potentiometrischen 
Kurven such in 10-*M Konzentration schwer auswertbar sind, hingegen die Kurven der oszillo- 
metrischen Titrationen sind in beiden Fallen gut auszuwerten. 

Zusammenfassend kann festgestellt werden, da13 im Falle richtiger Auswahl der Titrierbase, die 
Titrationen der Sliuren von verschiedener Stlrke durch oszillometrische Endpunktindiition selektiv 
durchzuftihren sind. 

Im Falle p > lo’, und 
KB 

- > lo’*8 
AI111 KAIII, 

im Konzentrationsbereich von 1 0-a-10-8M betragt der relative Fehler f 1,O %. 

Institut fiir Allgemeine und Analytische Chemie ZS. s 24B6-L&LOS 

Technische Universitiit, Budapest L. ERDEY 

Znsammenfassung-Zur selektiven Titration einer SBure in einem 
Sauregemisch aus zwei verschieden starken Siiuren verwendet man 
eine solche Basederen Protonierungskonstante zwisschen denen der 
beiden konjugierten Basen liegt (KA,I~ > Kv > KA(II,). Im Falle 
KA<I,/K~I~,A > 109 und KB/KA(II) > lo’.‘, im Konzentrationsbereich 
IO-a-lO-*M, betragt der relative Fehler ftlr die oscillometrische 
Titration f 1%. 
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Summary-The stronger of a pair of weak acids may be selectively 
titrated in aqueous solution when the conjugate base of a thiid acid 
of intermediate strength is used as titrant. Titrations of 10-*-IO-gM 
solutions can be followed by ~~fr~u~y o~ilio~~crn~~~~ 
with an error of about 1 %, when the strengths of the two acids differ 
by a factor of lo* or more, and of the acid and t&rant by lw* or more. 

R&mm&Gn p”“f titrer s&ctivement en solution aqueuse le plus fort 
dune paire d acides faibles lomque la base conjugu6e d’un troisieme 
acide de force interm&iiahe est utilis&e comme agent de titrago. On 
peut suivre les titrages de solutions 10-*-lO-BM par mesures oscillo- 
m6trique.s de haute f&quence avec une erreur d’environ 1%. lorsque 
les forms des deux acides diE&ent d’un facteur de lo” ou plus, et 
ceiles de l’acide et de l’agent de titrage de 101ps ou plus. 
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Talanta, 1970, Vol. 17. pp. 1209 to 1212. Perpunon Prw. Printed in Northern Ireland 

(Received 19 May 1970; Accepted 4 June 1970) 

Sorutnt and lithium tetraphenylborates are good precipitating agents used for the gravimetric deter- 
mination of potassium, rubidium, caesium, and Gove, and some other metal ions and organic 
bases containing oxygen and nitrogen,‘-* according to the equation 

[B(C&),l- -I- X+ = XP(WM.1 

In most cases sodium tetraphenylborate is used as reagent, this beiig more stable than the lithium 
salt. Precipitation with tetraphenylborate is widely used in analytical practice since it can be made 
selective by choosing the experimental conditions appropriately, so that some constituents can be 
determined in the presence of others relatively simply. Heavy alkali metal and ammouium ions all 
precipitate together when the reagent is added and they can be separated only by a long procedure.* 
As the determination of these ions in the presence of one another is often necessary, the development 
of methods for doing this may be of interest. 

Ammonium and alkali metal ions can be precipitated with tetraphenylborate in neutral, weakly 
acidic (acidified with mineral acids or acetic acid) and weakly alkalme solution. 
described in the literature*~**s~lO-l* th 

of the procedures 
e one given by Kohler* was used in the present work. Precipita- 

tion was effected at room temperature from solutions @l M in hydrochloric acid, under which 
wnditions Mg, Ca, Al, Fe(III), Co(H), Ni, Mn, Cu(II), Sob*- and PG&% ions did not interfere. 
Inthese&cums tances sodium tetraphenylborate is a selective and very good preci itant of alkah 
metal and ammonium ions. In solutions that are 0.1 M in mineral acid the precipnate F ormed consists 
of coarse crystals which settle quickly. The preoipitate is easy to filter off on a porosity.4 sintered- 
glass filter. As wash-liquid a saturated solution of the precipitate was used. 
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The infrared spectra of alkali metal and ammonium tetraphenylborate precipitates were taken 
(in KBr pellets) with a Zeiss UR 10 infrared spectrophotometer from 400 to 4000 cm-l. The spectra 
are presented in Fig. 1. The bands in the spectra were assigned, and the identity and purity of the 
precipitates checked by comparing the spectra with those found in the literature.la-l~ The spectra of 
the alkali metal tetraphenylborates are practically identical. The effect of the different electronega- 
tivities of the ions is very small, as is shown by the slightly different positions and intensity ratios of 
the corresponding bands. The spectrum of ammonium tetraphenylborate contains more bands than 
those of the alkali metal tetraphenylborates, since it contains the N-H bands from the ammonium 
ion. The wave-numbers of these bands are characteristic of ammonium tetraphenylborate, so ammon- 
ium ions can be determined in the presence of alkali metal ions without separation, by means of 
infrared spectrophotometry on the basis of these bands. 

The bands in the infrared spectra can be assigned as follows. 
Aromatic C-H stretching vibrations appear between 2970 and 3080 cm-l, the number of which 

is equal to the number of hydrogen atoms attached to the ring (five bands). Between 1980 and 
1880 cm-l appear the overtones and combination bands of the out-of-plane C-H deformation and 
G-C deformation vibrations, which are rather weak and not very characteristic. 

Aromatic C-C stretching vibrations occur between 1593 and 1400 cm-l, whereas the m-plane 
deformation vibrations of aromatic C-H groups lie between 1250 and 950 cm-l. 

The very strong and sharp bands between 900 and 700 cm-l are the out-of-plane C-H deform- 
ation vibraiions offive neighbouring hydrogen atoms. 

In the soectrum of ammonium tetrauhenvlborate the stretch& and bending vibrations of the 
NH,+ group appear at 3223 and 1405 cm- l. ’ These bands can no; be found in-the spectra of the 
alkali metal tetraphenylborates. The intensities of these bands depend only on the amount of ammon- 
ium tetraphenylborate, under tixed experimental conditions. It is favourable to use the band at 
1405 cm-l for determining ammonium ions, as the results obtained by measuring at 3223 cm-l 
are less accurate owing to the presence of a small but uncontrollable amount of adsorbed water, 
as O-H stretching vibrations also appear in this region. 

First the possibilities of the determination of ammonium ions in two-component systems were 
studied. Two-component calibration mixtures were prepared containing ammonium ions and 
potassium, rubidium or caesium ions, and then two-component precipitates were prepared from the 
mixtures. From each precipitate KBr pellets were pressed (3 mg of precipitate/l g of KBr) and the 
infrared spectra run at a low recording speed (50 cm-l/mm) from 1270 to 1500 cm-l; 3 parallel 
precipitations were made from each mixture and 3 spectra taken of each precipitate. The absorbance 
for the band at 1405 cm-l was calculated by the base-line technique. The relationship between the 
absorbance and concentration of ammonium tetraphenylborate was calculated by the method of 
least squares. The equations of the calibration lines and data concerning the reliability of calculation 
are presented in Table I. 

TABLE I.-DATA FOR CALIBRATION CURVES POR THE DETERMINATION OF AMMONIUM 
TETRAPHENYLBORATE 

Equation of the 
calibration curves s S* SD 

In the presence of K+ A = 0.027 + OGO83C 

In the presence of Rb+ A = 0.041 + 0.0081C 

In the presence of Cs+ A = 0.027 + 0.0083C 

In the presence of 
K+, Rb+, Cs+ A = 0.013 + OQO83C 

C = concentration of -BPh, in wt%. 

fO+lO6 *0*002 ~O+OOl 
&O*OlO &0*003 fOQOO2 
*oGO7 ~0~001 fOMO1 

L-0.012 &0*002 *oX@O1 

S = standard deviation of the points of the line. 
S, and St, = standard deviations of the slope and intercept respectively. 

Next the possibility of determining ammonium ions in the presence of all the alkali ions without 
separation was studied. In order to prepare the calibration series, O*lMstock solutions were used in 
amounts which ensured identical ratios of the alkali metal tetraphenylborates in the precipitates 
prepared from them. The calibration curve was prepared in a way similar to that used for two- 
component systems (see Table I). 
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TABLE II 
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In the presence of K+ In the presence of Rb+ 

NI&BPh,, 
nt% 

Standard 
deviation, 

wt% 
Error, 

% 
NH,BPh,, 

lVt% 

Standard 
deviation, 

ivtyo 
Error, 

% 

23.9 1.6 -1.4 21.7 0.9 +15 

32.0 @4 +2.2 29.4 1-o +25 

485 1.9 +1.4 45.5 1.5 -1.8 

65.3 1.1 $0.5 62.5 1.4 -1.7 

73.8 1.1 -1.5 71.4 0.3 -1.6 

In the presence of Cs+ In the presence of K+, Rb+, Cs+ 

NH,BPh,, Standard Standard 
deviation, Error, NI-W’h, deviation, Error, 

wt% wt% % wt% Wt% % 

19.9 4.1 +1.0 10.0 24 -3.0 

27.1 1.1 +2.8 25.0 1.9 -1.2 

42.7 1.2 +0*9 40.0 1.7 +1.8 

599 1.5 -1.8 57.1 1.0 +1.5 

691 0.8 +1*1 727 0.9 -2.8 

84.2 0.5 -1.3 

Finally measurements were made with solutions of known composition in order to estimate the 
error and standard deviation of the method. The results of these measurements are given in Table II. 

As shown by the calibration lines, standard deviations and errors, ammonium ions can be deter- 
mined in the presence of alkali metal ions without preliminary separation, by means of infrared 
spectrophotometry. The accuracy of the results approaches that of the results obtained by gravi- 
metric analysis involving separation. The method is especially suited to the determination of micro 
amounts and to routine analyses, owing to its rapidity and simplicity. 

Institute for General and Ana@icar Chemistry K. KISS-ER~SS 
Technical University, Budapest L. ERDEY 

Vegetable Oil Works, Budapest I. Bu& 

Summary-The infrared spectra of alkali metal and ammonium tetra- 
phenylborates have been studied and an infrared spectrophotometric 
method developed for the determination of ammonium ions in the 
form of the tetraphenylborate. The N-H deformation vibration band 
appearing at 1405 cm-i in the spectrum of ammonium tetraphenyl- 
borate has been utilized for quantitative evaluation; the tetraphenyl- 
berates of the alkali metals do not exhibit absorption at this frequency. 
Thus ammonium ions can be determined as the tetraphenylborate in 
the presence of alkali metal ions without preliminary separation. 

Znsammenfassnn~Die Infrarotspektren der Alkali- und Ammo- 
niumtetraphenyloborate wurden untersucht turd ein infrarotspektro- 
photometrisches Verfahren zur Bestimmung von Ammoniumionen 
in Form ihres Tetraphenyloborats entwickelt. Zur quantitativen 
Auswertung wurde die N-H-Deformationsschwingungsbande ver- 
wendet, die im Spektrum von Ammoniumtetraphenyloborat bei 
1405 cm-* erscheint ; die Alkali-Tetraphenyloborate absorbieren 
bei dieser Wellenzahl nicht. So k&men Ammoniumionen in Gegen- 
wart von Alkalimetallionen ohne Abtremnmg als Tetraphenyloborat 
bestimmt werden. 
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R&ant&-On a &die les spectres infra-rouges des tCtraph&rylborates 
de metaux alcalins et d’ammonium, et l’on a elabore une m&ode 
spectrophotom&rique i&a-rouge pour Ie dosage d’ions ammonium 
sous forme de t6~nh~~~mte. On a utilW la bande de vibration 
de deformation N-k apparaissant a 1405 can-l dans le spectre du 
t&aph6nyIborate d’ammoninm pour l’&ahtation quantitative; Ies 
tetraph6nylborates des metaux alcahns ne presentent pas d’absorption 
a cette frequence. Ainsi les ions ammonium peuvent Btre d6termin&s 
a I’ttat de tetraphenylborate en la pr&ence d’ions des metaux alcalins 
sans separation p&able. 
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Use of complex displacemeut reactions in photometric analysis 

(Received 19 May 1970. Accepted 2 June 1970) 

Tmr USH of compksx ~spl~ment reactions in photometric dete~ations is advantageous if no 
suitable photometric reagent is available for the direct declination of a metal ion, or where metat 
ions of sunilar behaviour are separated chromatographically and the eluate is monitored photometrr- 
tally by means of the same colour reaction. 

The principle of the method, if trace amounts of a metal ion M are to be determined, can be given 
as follows. Let us consider the case where two chelate-forming agents are used, the one as masking 
agent and the other as photometric reagent, both forming 1: 1 complexes with metal ions. 

To the sample solution containing the metal ion M is added excess of a reagent solution containing 
a stable stoichiometic complex BL and a photome~~ reagent Y. If the ~~lib~~ conditions are 
favourable, M replaces B in the complex and the liberated B-the amount of which is equivalent to 
that of the ion M originally present-forms a coloured compound with Y, which can be estimated 
photometrically. The reactions are: 

MfBL+ML+B (1) 

B+Y+BY (2) 

Charges are omitted for simplicity. 
To obtain a complete (>99 “/o) displacement reaction between M and BL. the equiIibrium constant 

of reaction (1) must be greater than 100. 
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R&ant&-On a &die les spectres infra-rouges des tCtraph&rylborates 
de metaux alcalins et d’ammonium, et l’on a elabore une m&ode 
spectrophotom&rique i&a-rouge pour Ie dosage d’ions ammonium 
sous forme de t6~nh~~~mte. On a utilW la bande de vibration 
de deformation N-k apparaissant a 1405 can-l dans le spectre du 
t&aph6nyIborate d’ammoninm pour l’&ahtation quantitative; Ies 
tetraph6nylborates des metaux alcahns ne presentent pas d’absorption 
a cette frequence. Ainsi les ions ammonium peuvent Btre d6termin&s 
a I’ttat de tetraphenylborate en la pr&ence d’ions des metaux alcalins 
sans separation p&able. 
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Use of complex displacemeut reactions in photometric analysis 

(Received 19 May 1970. Accepted 2 June 1970) 

Tmr USH of compksx ~spl~ment reactions in photometric dete~ations is advantageous if no 
suitable photometric reagent is available for the direct declination of a metal ion, or where metat 
ions of sunilar behaviour are separated chromatographically and the eluate is monitored photometrr- 
tally by means of the same colour reaction. 

The principle of the method, if trace amounts of a metal ion M are to be determined, can be given 
as follows. Let us consider the case where two chelate-forming agents are used, the one as masking 
agent and the other as photometric reagent, both forming 1: 1 complexes with metal ions. 

To the sample solution containing the metal ion M is added excess of a reagent solution containing 
a stable stoichiometic complex BL and a photome~~ reagent Y. If the ~~lib~~ conditions are 
favourable, M replaces B in the complex and the liberated B-the amount of which is equivalent to 
that of the ion M originally present-forms a coloured compound with Y, which can be estimated 
photometrically. The reactions are: 

MfBL+ML+B (1) 

B+Y+BY (2) 

Charges are omitted for simplicity. 
To obtain a complete (>99 “/o) displacement reaction between M and BL. the equiIibrium constant 

of reaction (1) must be greater than 100. 
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Km’ and Km,’ are the conditional stability constants of the camp’““” ML and BL respectively. 
The conditional stability constants defined and used by Ringbom can be expressed with the side 
reaction coeEicients : 

where ay, aB and aL are the side-reaction coethcients for the ions M, B and @and L respectively. 
KY5 and Km are the thermodynamic stability constants. By substitution we have: 

Kn.aB 
Kl = - 

KBL . Cry 
> 10’. 

In presence of the photometric reagent the main side-reaction of B is presumably reaction (2). Thus 

aB - (xg(Y) = 1 + w]KBY (7) 

Since MKBY > 1, the tirst term on the right-hand side can be omitted. 
In most cases the photometric reagent is a weak organic acid, and the protonation of the ligand Y 

must also be considered, by means of the side-reaction function arlxl : 

(8) 

where 

atrut = 1 + [H+Ikr + [H+l*&l&l + * * - (9) 

2 kfogr the protonation constants of the l&and Y. By use of equation (8). requirement (6) 
: 

KI - KBt;a;y;y,B, ty’l > lo*. (10) 

The second important requirement is that the displacement reaction between BL and Y 

BL+Yz+BY+L (11) 

should not take place to any appreciable extent (i.e., < 1%). 
reaction, K,, must be < 0.01: 

Thus the equilibrium constant for this 

K,=g < 10-a 

or 

KS = 
KBY. aan) 
KBz . aytH) < ‘O-” (13) 

There is also a third requirement which must be fulfilled for the quantitative photometric determi- 
nation to be made, namely the completeness of reaction (2), the formation of the coloured complex, 
i.e.. 

WI 
[B’l = KBy'[yI] > 10’. 

On comparing requirement (10) with requirement (14) it can be concluded that a photometric deter- 
mination based on a complex displacement reaction can be realized if the two metal ions chosen form 
with the masking agent L complexes of nearly the same strength, but only one of them (B) reacts with 
the photometric reagent (ax(y) - 1). 

By using the deduced requirements (IO). (13) and (14) the most favourable conditions for photo- 
metric determhtations can be found by calculation. 

Example 

The indirect photometric determination of erbium(III) can be made in a 10-lMammonium lactate 
butfer solution of pH 4 by using the copper(If)-ethylenediamhre tetra-acetate (CuEDTA) complex 
of stoichiometric composition and I-(2-pyridylazo)-2-naphthol (PAN) as indicator. 
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Log KO.UDT~ = 18.8; log KI,BDTA = 18.98? log KcaAN = 160;’ the formation constants of 
the erbium(III) lactate complexes are log B1 = 2.77, log /JI = 5.11, log /& = 6.70;4 those of the 
copper(I1) lactate complexes are log /11 = 3.02; log /?l = 4.84 ;6 the protonationconstant of lactate 
is log k = 3.76, those of PAN are log kl = 12.2; log ks = 1*9Z 

In the calculations requirements (IO), (13) and (14) must be considered. In a solution at pH 4 

q,,[a) = 1 + 10-4. loa.’ = 100.4 

aar(&) = 1 + lo-‘** . lOa*” + 10-*a4 . 105.” + 1O-**6 . 108.r = lo*.*6 

apAx = 1 + 104. lo”** + 10-O. 1014*’ = 108ea 

According to requirement (10) : 

log K~WIIDTA + log KC~PAN + log [PAN’] - log K OuEDTA - log %Irllacl - 1% aPANlEl > 2 

18.98 + 160 + log [PAN’] - 18.8 - 3.25 - 82 > 2 log [PAN] > -2.73 

The concentration of the PAN reagent must be at least 2 x 10-aM. 
The other two requirements can also be fulfilled by using 2 x 1O-ait4 reagent concentration. 

aeU~isCj = 1 + 10-l.’ . 1O**o4 + lo-***. 104*B4 = lOa*” 

log KoupAx = 16 - 2.53 - 8.2 = 5.27 

log mEDTA(E) = 8.2 (at pH 4)’ 

Requirement (13) : 

log &umDTA + log aPANIEl - log KCuPAN - 1% aIZDTAIH) > 2 

18.8 + 8.2 - 16 - 8.6 = 2.4 > 2 
and requirement (14) : 

log Kcupm + log [PAN’] > 2 

5.27 - 2.7 = 2.57 > 2. 

The photometric determination can be realized by using the conditions given. This has also heen 
proved by measurements.B 

Institute for General and Analytical Chemistry J. INCZBDY 
Technical University, Budapest, Hungary 

Summary-The theoretical requirements for the quantitative photo- 
metric determination of trace amounts of metal ions by use of complex 
displacement reactions are discussed and a calculation method using 
conditional equilibrium constants and side-reaction functions de- 
fmed and used by Ringbom is recommended. As an example, the 
requirements in the determination of erbium(II1) by using copper(II)- 
EDTA complex and PAN indicator in ammonium lactate buffer 
solutions are calculated. 

Zusammenfassnn8-Die theoretischen Anforderungen an die quanti- 
tative photometrische Bestimmung von Spuren von Metallionen mit 
Hilfe von Komplexverdrangungsreaktionen werden diskutiert und 
ein Berechnungsverfahren empfohlen, das die Gleichgewichtskon- 
stanten unter den betreffenden Bedingungen und Nebenreaktions- 
funktionen verwendet. Als Beispiel werden die Anforderungen an 
die Bestimmung von Erbium(II1) mit dem Kupfer(II)-EDTA-Komplex 
und PAN als Indikator in Ammoniumlactat-Pufferlosungen berechnet. 

R&un&On discute des exigences theOriques pour la determination 
photometrique quantitative de traces d’ions m&lliques par reactions 
de deplacement de complexe et I’on recommande une methode de 
calcul utilisant les constantes d’equilibre conditionnelles et les fonctions 
de reaction secondaire. A titre d’exemple, on calcule les exigences de 
la determination de l’erbium (III) en utilisant le complexe cuivre 
(II)-EDTA et l’indicateur PAN en solutions tampons de lactate 
d’ammonium. 
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Application of direct thermometric analysis in iodometry 

(Received 28 May 1970. Accepted 5 June 1970) 

Ionor.mrarc determinations are most often made indirectly, owing to the diiculties of end-point 
detection. Systems with a standard redox potential more positive than that of the iodine-iodide 
couple are allowed to react with excess of iodide and the resulting iodine is titrated with standard 
sodium thiosulphate solution. Similarly, systems with a redox potential less positive than that of the 
iodine-iodide system are preferably determined by oxidation with excess of iodine and back-titration 
with sodium thiosulphate. 

In the last decade thermometric titration has been used for several redox reactions1 Determina- 
tions were made in the usual way and order; e.g., copper(B) was determined by adding excess of 
potassium iodide and titrating with sodium thiosulphate, the temperature change due to the heat 
of reaction being measured and used to evaluate the amount of copper.* The large heat of dilution 
of sodium thiosulphate, however, renders the determination rather inaccurate. 

According to our considerations, two ways present themselves for the more accurate and simple 
performance of iodometric thermometric determinations. 

1. Application of a solution of iodide ions as the titrant. 
2. Compensation of the heat of dilution of sodium thiosulphate solution* by use of an exothermic 

process which does not affect the main reaction. 
The determination of chlorine in chlorine water was chosen as a model in which no side-reactions 

had to be considered. Direct determination was used for measurement,’ i.e., equal amounts of the 
reagent were added to solutions of equal heat capacities, and the temperature changes were found to 
be proportional to the concentration of the component to be determined. The amount of reagent 
added must, of course, be in excess of that required in the reaction. 

EXPERIMENTAL 

Reagents 

Saturated chlorine water. The chlorine content was frequently checked by iodometric titration.4 
Potassium iodide solution, 20% w/v (about 1.6M). 
AcidiJied potassium iodide solution. Potassium iodide solution (20x, 90 ml) and concentrated 

hydrochloric acid (10 ml). 
Sodium thiosdphate solution, 1N. 
Sodium thiosulphare solution containing glycerine. Sodium thiosulphate solution (lN, 65 ml) + 

glycerine (d,*O = 1.231; 35 ml). 

Apparatus 

Directhermom produced by MOM (Hungarian Optical Works). 

Procedure 

Preparation of the calibration graph. By pipette, 1, 2, 5, 10, 20 ml of chlorine water were trans- 
ferred to the plastic vessel of the Directhermom and diluted to 200 ml with distilled water. A magnetic 
stirrer was placed in the vessel and the latter put into the equipment. Next a 2-ml immersion pipette 
was filled with 20% potassium iodide solution, and mounted on the measuring head. The pipette 
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stirrer was placed in the vessel and the latter put into the equipment. Next a 2-ml immersion pipette 
was filled with 20% potassium iodide solution, and mounted on the measuring head. The pipette 
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and the thermistor were immersed in the solution. Stirring was started and 3 min allowed for thermal 
equililbrium to be set up. The galvanometer was then set to read to 100 scale units at sensitivity 1. 
The reagent was added first to the blank. In the case studied the galvanometer deflected to -30 scale 
units, indicating that the dilution of potassium iodide was an endothermic proce;ps. When the 
reagent was added to chlorine water the scale reading was positive, being as high as 500 scale units 
in the case of a sample containing 20 ml of chlorine water. The heat of dilution of potassium iodide 
was compensated by adding hydrochloric acid. If 1Oml of concentrated hydrochloric acid were 
added to 90 ml of 20% potassium iodide solution, and the resulting solution added to the chlorine 
water samples, the heat effect observed with the blank solution could be elhninated. The calibration 
line then started from the origin of the graph and was linear. 

To prepare an accurate calibration curve the amount of chlorine present at the time of reaction 
had to be de~ed~~g to the volatility of chlorine-by measuring the liberated iodine equi- 
valent to the chlorine present in the chlorine water. For this purpose the plastic vessels were removed 
from the equipment and their iodine contents titrated with dilute sodium thiosulphate solution (1 ml 
of which was equivalent to about 1 mg of chlorine+i.e., 4.03N) In presence of starch indicator. 
The scale reading was plotted as a function of mg of chlorine present in 200 ml of sample solution, 
and gave a linear graph. 

The immersion Dinette system of the Directhermom allows several determinations to he made 
successively on the k&e sakple. In the present case both the direct and indirect detetmlnations of 
chlorine can be made, i.e., after addition of potassium iodide the iodine formed can also he determined 
on the basis of its reaction with sodium thiosulphate. For the thermometric determination of the 
liberated iodine 1N sodium thiosulphate was used in 24nl immersion pipettes. The entwasfimt 

7 added to the blank solution. which alreadv contained 2 ml of ootassium iodide acidifi with hvdro- 
chloric a&i. Under these conditions a s&e reading of -60 ks obtained at sensitivity 1, o&g to 
the endothermic nature of the dilution of sodium thiosulphate. Starting from the well known fact 
that the dilution of 

% 
lycerine with water is an exothermic recess, a glycerine to thiosulphate solution 

ratio could be foun I? experimentally, at which no heat e ect was observed on adding the mixture to 
the blank, i.e., the heat of dilution was compensated. The composition of this thermoneutral mixture 
was 65 ml of 1N sodium thiosulphate + 35 ml of glycerine. The calibration line passed through the 
origin and was linear when thll thermoneutral mixture was used. 

Another series of measurements was made, for determination of chlorine in chlorine water, as 
follows. One immersion pipette contained potassium iodide acidified with hydrochloric acid, and 
another thiosulphate solution containing glycerine. After addition of potassium iodide to the test 

0 

___d_-x- 

-100 - mgCW200ml 

RG. l.-~te~ination of the chlorine content of chlorine water. 
u Reagent 20% potassium iodide solution. 
b Reagent thermoneutral potassium iodide solution. 
c Reagent sodium thiosulphate solution. 
d Reagent thermoneutral sodium thiosulphate solution. 
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solution the galvanometer deflection was read and the galvanometer was set to zero again. Next the 
thlosulphate solution was added and the temperature change read. 
dltference in the values given by the two reactions. 

The scale reading was equal to the 

Because the slope of the calibration curve ls much higher for the iodide-chlorine reaction than for 
the reaction of iodiw with thiosulphate (Fig. l), the direct determination with iodide is much the more 
advantageous. 

Determination of active chlorine in bleaching powder 
As an application of the method described, the active chlorine in commercial bleaching powder 

was determined. 
Procedure. Transfer a 0.1-0.2 g sample of bleaching powder to the plastic vessel of the Directher- 

mom in which 200 ml of distilled water have been placed previously. 
about 2 ml of thermoneutral potassium iodide solution. 

Fill the immersion pipette with 
After stirring for 3 min, add 3 drops of 10 % 

hydrochloric acid to neutralize the solution, switch on the galvanometer and set it to xero. Then add 
the thermoneutral potassium iodide solution and wait about 100 set for the galvanometer to reach 
maximum deflection. Use the chlorine water calibration graph. 

Results. For comparison purposes, the results obtained by the thermometric method described are 
given in Table I, along with those of the conventional iodometric method. The reason why the results 
of thermometric determinations are lower than those of the conventional iodometric method lies in 

TABLE&-Tnx CHLORINE CONTENT OF BLEAtXiINO 
POWDER 

By iodometric 
titration, % 

By Directhermom 
method, % 

30.9 30.4 rt 0.1 

30.0 29.5 f 0.1 

28.3 27.8 f 0.1 

26.8 26.3 zh 0.1 

25.2 24.8 f 0.1 

the non-instantaneous nature of the reaction; as the temperature of the reaction volume becomes 
higher than that of the surroundmgs, owing to the exothermlc reaction, the cooling effect of the 
environment which leads the galvanometer deilection being smaller than it should be. The reaction 
used for the calibration curve is faster, and this difference in rate accounts for the error. The error 
could be eliited if the calibration curve were prepared by titrating the iodine liberated by different 
weights of bleaching powder and plotting galvanometer deflection vs. amount of chlorine equivalent 
to the iodine liberated. 

Institute for General and Analytical Chemistry 
Technical University of Budapest 
Gel&t tt?r 4, Budapest 

P. MARIK-KORDA 
L. ERDBY 

Smmnary-Elementary chlorine was determined by a thermometric 
method using potassium iodide as reagent. The temperature rise 
corresponding to the heat of reaction was proportional to the chlorine 
content. Iodine formed in the reaction was also determined with sodium 
thiosulphate. The heat of the chlorine-iodide reaction is about five 
times that of the iodine-thiosulphate reaction. Direct determination 
with potassium iodide is simpler and more rapid than the indirect one. 

Znsammenfassung-Elementares Chlor wurde thermometrisch mit 
Kaliumjodid als Reagens bestimmt. Der der Reaktionsw&rme 
entsprechende Temperaturanstieg war xur Chlorkonxentration pro- 
portional. Das bei der Reaktion freigewordene Jod wurde such 
mit Natriumthiosulfat bestimmt. Die Wi%rmet&umg der Reaktion 
Chlor-Jodid ist etwa fiinfmal so grol3 wie die der Reaktion Jod- 
Thiosulfat. Die direkte Bestimmung mit Kalium-jodid ist einfacher 
und geht schneller als die indirekte. 
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R&sum&-Qn a determine le chlore Bementaire par une methode 
thermom&rique en utilisant l’iodure de potassium comme reactif. 
L’elevation de temperature correspondant a la chaleur de reaction 
est proportionnelle B la teneur en chlorure. L’iode form6 dans la 
reaction a aussi et6 dad par le thiosulfate de sodium. La chaleur de 
la reaction &lore-iodure est environ cinq fois celle de la reaction 
iode-thiosulfate. Le dosage direct par l’iodum de potassium est 
plus simple et plus rapide que le dosage indirect. 
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Determination of nickel and copper by precipitation from homogeneous solution as 
their salicylaldimine complexes 

(Received 28 May 1970. Accepted 11 June 1970) 

SALI~YLAL.D~ was first used for the determination of metal ions by Duke.’ The procedure 
recommended by him resulted in a voluminous, gel-like precipitate which was difficult to handle. The 
composition and thermal behaviour of the precipitate were studied by Pariaud and Labeillel and 
by Marin and Duval.* The precipitate was found to have a metal to ligand ratio of about 1: 2, but 
the composition was not reproducible and Duval* did not recommend the procedure as an analytical 
method. 

The purpose of the present work has been to produce a crystalline precipitate of well-defined 
composition by precipitation from homogeneous solution. The reagent was prepared in the solution 
by the reaction of salicylaldehyde and ammonia, the latter being formed in the solution slowly. The 
composition and thermal behaviour of the precipitate were studied as well as the pH dependence of its 
solubility. 

EXPERIMENTAL 

Reagents 

Copper and nickel @hate solutions. Prepared from analytical grade reagents by accurate 
weighing. The copper solution was standardized gravimetrically by precipitation of copper(I) 
thiocyanate and by electrogravimetry, and the nickel solution by the dimethylglyoxime method and 
by electrogravimetry. 

Ammonium carbonate solution, 20% w/v. Prepared from the analytical grade reagent. 
Urea solution, 20% w/v. Prepared from the analytical grade reagent. 
Salicylaldehyde solution, 4 % in alcohol. 

Procedure 

Two methods have been developed. As salicylaldimine reacts instantaneously with metal ions, 
the rate of precipitation is controlled in both cases by the rate of formation of the reagent. The two 
methods dilfer in the way that the ammonia needed is liberated. 

In one method ammonia was produced by hydrolysing a hot (95’) aqueous solution of urea. The 
ammonia produced reacted with the salicylaldehyde, and the product with the metal ion present. 

In the second method solutions of salicylaldehyde and ammonium carbonate were added to the 
solution of the metal ion to be determined. The solution of ammonium carbonate contains free 
ammonia in an amount depending on the pH. This free ammonia reacts with the salicylaldehyde. 
The rate of precipitation can be controlled by adjusting the pH to a suitable value. 
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by Marin and Duval.* The precipitate was found to have a metal to ligand ratio of about 1: 2, but 
the composition was not reproducible and Duval* did not recommend the procedure as an analytical 
method. 

The purpose of the present work has been to produce a crystalline precipitate of well-defined 
composition by precipitation from homogeneous solution. The reagent was prepared in the solution 
by the reaction of salicylaldehyde and ammonia, the latter being formed in the solution slowly. The 
composition and thermal behaviour of the precipitate were studied as well as the pH dependence of its 
solubility. 

EXPERIMENTAL 

Reagents 

Copper and nickel @hate solutions. Prepared from analytical grade reagents by accurate 
weighing. The copper solution was standardized gravimetrically by precipitation of copper(I) 
thiocyanate and by electrogravimetry, and the nickel solution by the dimethylglyoxime method and 
by electrogravimetry. 

Ammonium carbonate solution, 20% w/v. Prepared from the analytical grade reagent. 
Urea solution, 20% w/v. Prepared from the analytical grade reagent. 
Salicylaldehyde solution, 4 % in alcohol. 

Procedure 

Two methods have been developed. As salicylaldimine reacts instantaneously with metal ions, 
the rate of precipitation is controlled in both cases by the rate of formation of the reagent. The two 
methods dilfer in the way that the ammonia needed is liberated. 

In one method ammonia was produced by hydrolysing a hot (95’) aqueous solution of urea. The 
ammonia produced reacted with the salicylaldehyde, and the product with the metal ion present. 

In the second method solutions of salicylaldehyde and ammonium carbonate were added to the 
solution of the metal ion to be determined. The solution of ammonium carbonate contains free 
ammonia in an amount depending on the pH. This free ammonia reacts with the salicylaldehyde. 
The rate of precipitation can be controlled by adjusting the pH to a suitable value. 
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Met!& A. To the solution containing 2-10 mg of nickel or copper in a 400-ml beaker add 10 ml 
of 4% alcoholic salicyialdehyde solution and 50 ml of 20% aqueous urea solution. Then dilute to 
200-300 ml, and warm the solution on a steam-bath for 2-3 hr, during which time a nice crystalline 
precipitate is formed_ Co%ct the precipitate on a sin&red-ghtss Bter, porosity 3, in the cofd and 
wash it with cold water. Dry the precipitate at 110” for 2 hr. 

Method 3. To the solution containing 2-90 mg of nickel or copper in a MO-ml beaker add 10 ml 
of 4 % alcoholic saiicylaldehyde solution and 10 ml of 20% aqueous ammonium carbonate solution. 
In some minutes a crystalline precipitate forms. Wait for l-2 hr and then collect the prucipitate on a 
porosity-3 sintered-glass filter and wash it with distilled water. 

RESULTS 

The organic matter in the filtrates was decomposed with a mixture of hydrogen peroxide and 
sulphuric acid, then the solution was evaporated to dryness, the residue dissoived in water, and traces 
of nickel or copper were determined spectrophotometricahy. 
fiitrates was found to be smaller than 0.05 mg. 

The amount of nickel or copper in the 

The processes taking place in the course of the determination are accompanied by consumption 
of ammonia and liberation of acid, so it seemed to be of importance to study the ~H-dependence of 
the soiubihty of the precipitate. The foEowing reactions take phuz.e in the solution: 

NH,+ -I- Hz0 e NH, + HJO+ 

CHO a 0 
+ NH, _ + Hz0 

OH 

Q- 

“\,=,, 
+ Me*’ @ 0 0-N / Me 

r IO 
CH=N 

\H 
f 2H+ 

As shown by the equations, two protons are fibcrated in the reaction of salicyIaidimine with the metal 
ion. The Iiberated acid must be neutral&d in order to carry the reaction to completion. If a constant 
pH is to be maintained during the reaction (as the rate of reaction is controhed by the pH> the solution 
must have rather a high buEer capacity. Ammoniacal buffers have highest capacity at pH 9.2. The 
required buffer capacity could be ensured by increasing the concentrations of both ammonia and 
amm0ni~ salt. 

According to our experiments. to precipitate amounts of nickel or copper smaller than 100 mg at 
least 2 g of ammonium carbonate am necess8ly. If the amount of the ammonium salt is smaller the 
metal salicylaldehyde complex also preci#ates, 

The pH-dependence of the solubihty of the precipitates was studied. Portions (@5 g) of the dried 
r&keg or copper complex were weighed and transferred to a doub~e-~~~ vessel and 100 mf of water 
were added. The temperature of the solution was adjusted to SO f 1” by means of a VER W-8 
ultrathermostat, the suspension was agitated by a magnetic stirrer,, and after 2 hr aiiquots were with- 
drawn at 30-d intervals. The change in the absorbance of the solution was measured spectro- 
photometrically. When the concentration of the solution did not change further-after about 4-5 
hr of agitation-a St&n! ahquot of the solution was evaporated to dryness and the residue decomposed 
with a mixture of hydrogen peroxide and suiphuric acid. In the soiution so obtained, copper was 
determh& phot~~~y at 436nm with sodium ~ethyldit~~~ and nickel at 45Onm 
with ~ethy~g~yoxime. As shown in Fig 1, the copper saficyIaidimine complex has minimum 
solubiiity at pH 8-11 and the solubiiity of the nickel saiicylaidimine complex is lowest in the pH 
range M-l@5 In the methods described the pH was between 8 and 9. 

6 
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Fm. I.--Dependence of soiubility exponent @,) on pH: q copper complex; 
0 nicld complex. 

TABLE I 

Cu taken, 
W 

586 
11.72 
29.32 
58.60 

CoeGcient of variation, % 

Conventional method PFHS method 

1.0 

8:; 
;:: 
0.1 

o-1 0.03 

TABU II 

Ni taken, 
W 

7.81 
15.62 
39.05 
78.10 

Coefficient of variation, % 

Conventionai method PF%IS method 

;:“5 
0.5 
o-3 

8:: 
0.1 
0.05 

The accuraq of the precipitation from homogencxxzs m&urn as compared to that of the con- 
ventional method can be judged on the basis of Table I for copper and Table II for nickei. The 
c&Eickmt of variation was dctermkd from 6 parallel me~~~ments for different sample weights. 

Institute of General and Adytical Chew&~ L.ERLXW 
Technical University, Budnpcst, Hurlpary L. Pc5uIs 
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Summary-A method has been developed for the gravimetric deter- 
mination of copper and nickel as their salicylaldimme complexes, by 
precipitation from homogeneous solution. The complexes are crys- 
talline precipitates which are very easy to iilter off and wash. The 
accuracy of the determinations is higher than that of the conventional 
precipitation method. 

ZBEin Verfabren xur gravimetrischen Bestimmung 
von Kupfer und Nickel durch Fiilhmg aus homogener Losung als 
Komnlexe mit Salicvlaldimin wurde. entwickelt. Die KomDlexe sind 
krist&ne Niederscl&e, die sehr leicht xu fiitrieren turd au&was&en 
sind. Die Genauigkeit der Bestimmungen ist griX3er als bei der her- 
kiimmlichen FBlhmgsmethode. 

R&urn&On a blabore une methode pour le dosage gravim6trique du 
cuivre et du nickel sous forme de leurs complexes salicylaldimine, par 
precipitation a partir dune solution homog&te. Les complexes sont 
des pr6cipitCs cristailis& qui sont tr&s ai& a titter et laver. La p&is- 
ion des dosages est sup&ieure a ceile obtenue par la methode de pr&ipi- 
tation ordinaire. 

REFERENCES 
1. F. R. Duke, Ind. Eng. Chem., Anal. Ed., 194416,750. 
2. I. C. Periaud and P. Labeille. Bull. Sot. Chim. France. 1956.429. 
3. Y. Marin and C. Duval, A&. Chim. Acta, 1952,6,47. . 
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Application of chemiluminescent indicators in EDTA titrations 

(Received 16 June 1970. Accepted 22 June 1970) 

Two CrixMtLw indicators have so far been used for end-point detection in chelatometric 
titrations: luminol and lucigenine.l-a Both emit intense chemiluminescent light in alkaline medium, 
in the presence of oxidizing agents (e.g., hydrogen peroxide). The emission reaction is catalysed by 
heavy metal ions. The mechanism of chemihuninescence is, however, different for the two indicators. 

THEORETICAL 
In the chemiluminescence of luminol (3-aminophthalic hydraxide), hydroxyl or oxygen free 

radicals play an important role .l+- These free radicals are produced during the decomposition of 
hydrogen peroxide in alkaline medium in the presence of catalysts, e.g., heavy metal ions. From the 
lwninol molecule, which is capable of emission, an unstable peroxide ts formed in the presence of free 
radicals, and is transformed into inactive aminophthalic acid with emission of light. If the heavy 
metal ions necessary to induce emission are bound by a suitable complexing agent, luminol will not 
emit light. Luminol can be used as a chelatometric indicator. 

In the emission from lucigenine (N,N’dimethyldiacridylium nitrate) perhydroxyl ions play an 
important part. Perhydroxyl ions are formed during the decomposition of hydrogen peroxide in 
alkaline medium.’ In the presence of perhydroxyl ions but the absence of catalysts, lucigenine 
molecules emit a steady green light; under similar conditions, but in the presence of catalyst ions, a 
mom intense, irreversible emission can be observed for a shorter period of time. This is due to the 
fast decomposition of perhydroxyl ions in the presence of catalysts. If the heavy metal ions acting as 
catalyst are bound in the form of complexes the decomposition of perhydroxyl ion can be prohibited 
and the emission of the indicator stabilixed. 

Accordingly, if heavy metal ions are titrated with EDTA, the end-point of the titration is in- 
dicated by the disappearance of the light of luminol or by the appearance of the steady chemilumines- 
cence of lucigenine. When, in turn, EDTA solution is titrated with, e.g., copper(n), the first 
excess of titrant is indicated by the appearance of the chemiluminescent light of luminol, or by the 
disappearance of the luminescence from lumigenine. 
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On the basis of this observation a chelatometric method has been developed by Erdey and Buz6s’ 
for the direct determination of copper(H) and indiit determination of lead and mercury(H). In the 
present paper the direct chelatometric determination of cadmium, zinc and nickel will be dealt with. 

EXPERIMENTAL 

Reagents 

Copper m&hate sob&ion, OOlM. Dissolve 25 g of CuSO,.SH,O in 200 ml of distilled water, 
add 1 ml of 10% sulphuric acid, dilute to 1 litre and standardize electrogravimetrically.8 

EDTA solution, 0.01 M. 
Test solutions, OOlM. Solutions of cadmium, zinc and nickel were prepared and standardized 

gravimetrically.8 
Luminal solution, 0.01%. Warm (on a steam-bath) @l g of luminol in 500 ml of water containing 

5 ml of 1M sodium hydroxide until completely dissolved, then dilute to 1 litre. 
L+wine solurion, 05%. Dissolve 05 g of hrci@ne in 100 ml of water with mild warming, 

then filter the solution. Both indicator solutions can be stored indefinitely without decomposition. 
All the reagents used were of analytical purity. Demineralized distilled water was used to prepare 

standard and reagent solutions. 

Procedure 

Add excess of 0.01 M EDTA to an ho.01 M solution of the metal ion to be determined. Make the 
solution alkaline with 20 ml of 4M ammonia solution in the case of cadmium and nickel, and with 5 
ml of O~lMsodium hydroxide in that of zinc. Then heat the solutions to 90”, add 3 ml of huninol or 1 
ml of lucigenine solution and 1 ml of 3 % hydrogen peroxide solution and titrate with O*OlMcopper(H) 
sulphate in a dark room. 

In the presence of luminol the end-point is indicated by the appearance of an intense bluish 
chemihuninescence, whereas in the presence of lucigenine the green chemihmGnescence of the 
solution suddenly ceases. 

Data concerning the reproducibility and standard deviation of the method are presented in Table 
I. The results for titrations are averages of three parallel measurements and the relative standard 
deviation was calculated on the baais of six parallel titrations. 

Znstitate for General and Amn’ytical Chemistry L. BaDEY 
of tite Technical University 0. WERER 

Budbpest I. Buz.4.s 

Sunuaary-The chemiluminesce nt indicators lucigenine and luminol 
are readily applicable to end-point detection in the EDTA titration of 
cadmium, zinc and nickel ions. Back-titration with copper(H) gives 
reproducible results. 
the green chemihi 

The end-point is indicated by the disappearance of 
minexence of lucigenine, or by the appearance of the 

bluish luminescence of luminol. 

-Die Chemilumineszenzindikatoren Lucigenin und 
Luminol laasen sich gut zur Endpunktsbestimmung bei der EDTA- 
Titration von Cadmium, Zink und Nickel verwenden. Riicktitration 
mit Kupfer(II) gibt reproduzierbare Ergebnisse. Der Endpunkt wird 
durch das Verschwinden der grtinen Chemilumineszenz von Lucigenin 
oder durch das Auftreten der blHulichen Lumineszenz von Luminol 
angereigt. 

R&mn6-Les indicateurs chimioluminescents lucigenine et luminol sont 
ais6ment applicables a la detection du point de fin dosage darts le 
titrage a PEDTA des ions cadmium, zinc et nickel. Le titrage en 
retour avec le cuivre(II) donne des r&sultats reproductibles. Le point 
de fin de dosage est indique par la disparition de la chimiohrminescence 
verte de la lucigenine, ou par I’apparition de la luminescence bleulltre 
du luminol. 
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Combined derivmpbic and thenno-ps-Wimetric examination of th@ thermal 
d~rn~~~ of copper tetrwwtmk snipbate monohydrate 

(Receioed 28 Muy 197111 Accepted 17 June 1970) 

‘~KRMOMULYTKAL methods in general do not furnish unambiguous information on the course of 
decomposition processes if the thermal decomposition reaction is P complex one and more or less 
overlapping reactions occur with the release of two or more gaseous decomposition products, as 
happens in the decomposition of copper tetraee sulphate monohydrate during which water and 
ammonia escape in the temperature range between 20 and 400”. 
analytica methods, e.g., ~~to~phy~~~ 

In such csses even complex thermo- 
where the thermogravime&ic @Gj, derivative thermo- 

gravimetri~ (DTGI, differential thermai analysis @TA) and temperature change (T> curves of a 
single sam 
Although I 

le are simultaneously recorded, do not yield an exact picture of the gas-evolution processes. 
G and DTG curves make it possible to evaluate the whole weight-change quantitatively, 

they cannot furnish separate information on the partly overlapping processes such as the escape of 
water and ammonia. 

For investigation of such probkms we developed our comb&d derivatographic and thermo-gas- 
titrhne&ic methodP@ In Fig. 1 the auto~ti~l~y opting combined device is shown schematicaiiy. 
On the basis of an earjier prinCiFe z-l the device records the TG, DTG, DTA and T curves, 
of inert carrier gas streaming over the sample the evolving gaseous decomposition 

By means 

P 
rod&s (e.g., 

ammonia and water) are quantitatively transported into an aqueous absorbing solut an, the pH of 
which changes and so alters the potential diffemnm between the glass and calomel electrodes dipping 
into the solution, whereupon an amplifier coupled to the electrodes sets an automatic burette in 
operation. The burette feeds titrant to the absorbing solution until the original value of the potential 
differem between the electrodes has been restored. The slide contact of a ootentiometer moves 
along with the piston of the burette, and the galvanometer coupkzd to the pote&ometer records the 
~~~-ti~c iTGTf curve. The derivative &vice. movim? atone with the axis of the bur- 
ette, wo&s on the prin&ple df the derivatograph, and per&s reco&ng a the derivative of thermo- 
gas-titrimetric curve (DTGT) 

The thermal decomposition of copper tetra-ammine sulphate monohydrate has already been studied 
by several investigators. On the basis of dilatometric and thermogravimetric measurements Rencker,’ 
and Rencker and ValW concluded that it gradually decomposes between I25 and 400” with splitting 
off of ammonia and water. The residue is copper sulphate. Anous? found essentially the same- 
F&a,*+ on the basis of d~~t~ph~~ measuremen ts, reached similar con&&ons but &so made 
suggestions conoer&ng the splitting-off process of water and ammonia. 

EXPERXMENTAL 
The copper tetra-ammine stiphate monohydmte was prepared according to Berxelius,~O by adding 

ethanol to a concentrated ammoniacal solution of copper sulphate, filtering off, washing first with 
ammoniacal ethanol. then with ethanol and last with diethvl ether, The orecinitate was dissolved. the 
solution made alkali& in a dis~~ation apparatus, and & ammonia corm& and titrated, 

In the cow of the thermal ana@& “tie ammonia &eased was absorbed in hy~~h~o~ acid 
ahsorbin~ soIution at DH 36 The automatic titrator maintained this oW durine the whole nrocess bv 
additionvof hydrochl&c acid. After a test was completed, the &onia con&nts of the‘absorbini 
solution were checked by distillation from alkaline solution and titration. 
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by several investigators. On the basis of dilatometric and thermogravimetric measurements Rencker,’ 
and Rencker and ValW concluded that it gradually decomposes between I25 and 400” with splitting 
off of ammonia and water. The residue is copper sulphate. Anous? found essentially the same- 
F&a,*+ on the basis of d~~t~ph~~ measuremen ts, reached similar con&&ons but &so made 
suggestions conoer&ng the splitting-off process of water and ammonia. 

EXPERXMENTAL 
The copper tetra-ammine stiphate monohydmte was prepared according to Berxelius,~O by adding 

ethanol to a concentrated ammoniacal solution of copper sulphate, filtering off, washing first with 
ammoniacal ethanol. then with ethanol and last with diethvl ether, The orecinitate was dissolved. the 
solution made alkali& in a dis~~ation apparatus, and & ammonia corm& and titrated, 

In the cow of the thermal ana@& “tie ammonia &eased was absorbed in hy~~h~o~ acid 
ahsorbin~ soIution at DH 36 The automatic titrator maintained this oW durine the whole nrocess bv 
additionvof hydrochl&c acid. After a test was completed, the &onia con&nts of the‘absorbini 
solution were checked by distillation from alkaline solution and titration. 
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Fro. l.-Schem-_tic diagram of the combined ~~~to~phic and Theo-~-ti~- 
metric device. 

l-Sample, 2-mert substance, 3-furnace, 4-quartx bulbs, S-therm~uples, 
6-balance, 7-permanent magnet, S-coil, g-inlet of inert gas, IO-gas outlet, 
1 l-absorber, 12-electrodes, 13-exhaust, M-amplifier, l&motor of the automatic 
burette, l?-automatic burette, 17-potentiometer, 18-galvanometers, lP-photo- 

PW-= 

Because during the thermal decomposition a small amount of sulphur trioxide might have been 
released and absorbed in the absorbing solution, thus affecting the titration, suiphate was deterrnhred 
in the residual solution from the ammonia distillation. 

The sample weighed about 130 mg and was heated at a rate of lO”/min. The carrier gas was 
nitrogen, freed from oxygen by a catalytic reaction, and dried over phosphorus pentoxide. A plati- 
num crucible 16 mm in height and 14 mm in diameter was used. 

DISCUSSION 

The DTA curve showed that only endothermic reactions occurred, and was in accordance with the 
DTG curve, showing that apart from processes connected with weight change, no other transforma- 
tions (e.g., recrystallization) occurred in the sample. 

The TG curve shows decomposition processes taking place in three steps. The magnitude of the 
first step corresponds to a weight loss caused by the joint release of one mole of water and two moles 
of ammonia, aif quantities, hem and later, being related to one mole of compound. The second step 
indites the n&ease of a further mole of ammonia. The third step shows a greater loss of weight than 
that- ding to the last mole of ammonia. 

of- 
There must therefore be ioss of some other decompo- 

sition pr uct, m the temperature region 300-360”. 
The f&t step of the TGT curve indicates the release of two moles of ammonia, the second one the 

splitting off of one mole. The third step of the titration curve is smaller than would correspond to the 
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release af sue mole of ammonia. Assuming that the sample had the correct stoichiometry, and that 
all the ammonia was released, there are two possible explanations for this apparent discrepancy. 
Some acidic decomposition product could be released during the third step and neutral&e part of the 
ammonia, or part of the ammonia &eased couid be thermally decomposed and so not titrated. 

The DTGT curve shows the change in the rate of ~~~~t~on of &rant_ 
DTGT curve with the DTA and DTG curves, deviations can be not&d. 

On comparing the 
The DTA and DTG curves 

indicate by their double peak that between 90 and 210” two decomposition products, water and ammo- 
nia, wem Wased. The DTCJT curve shows ia the same temperature range only a single peak which 
means that this curve represents the rate of splittin 

The TGT and TG curvy represent the release o fi 
off of one component, ammonia, 
ammonia and ammonia + water respectiveIy, if 

formation of other gaseous decomposition products is excluded. It is worth noting that-from among 
the many possibiMes-Wre is only one way in which the two curves can be brought into agreement 
without inaction of the other expe&nent.& results, as is shown in Fig. 2. That is, we suppose 

Fro. 2.-Thermogram of the combined de~~to~p~c and the~o-~s-ti~~~~ 
examination of copper tetra-ammint sulphate monohy~~. 

that in the second period of thermal decomposition only ammonia was released and accorclmgly 
the TGT and TG curves were fully in accordam& On the basis of the two curves- by diierellce 
calculations-the curve representing the release of water can be constructed (see dotted line in Fig. 2). 

Examination of the thermal decomposition of copper tetra-ammine suiphate monohydrate under 
the experimental conditions dwxibzd above can lead to the following conclusions. 

During the 5rst decomposition stage, between 90 and 2&Y, one mole of water and two of ammonia 
are released. According to the curves in Fig. 2 demotion starts with the release of wster and only 
after ioss of part of the water does ammonia begin to split off. The two processes overlap to such a 
degree that the relative amounts of the two decomposition products cannot be determined solely from 
the TG and DTG curves. 
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The magnitude of the second decomposition step corresponds to the release of one mole of 
ammonia. During the third decomposition stage ammonia and a small quantity of sulphur trioxide 
are released, which is why the third step of the TG curve is bigger, while that of the titration curve is 
smaller, than is theoretically requlmd. This also explains tho 1% ditIerence in the results in columns 3 
and 4 of Table I. 

According to the amount of sulphate recovered from the absorbing solution, the titration curve 
should give only an ammonia content 1.1% less than the theoretical, but the difference according to 
columns 2 and 3 of Table I is 2.3%. Consequently the titration curve gives lower results than the 

TABLE I.-Trmnnmu C RESULTS OF AMMONIA DETiZRMNATION IN 

COPPER TETRA-AMMINE SULPHATE MONOHYDRATE AT DIFFERENT GTAGES 

IN THE MATION 

Ammonia content, % 

1 2 3 4 5 

27.4 25.3 26*1 1.1 
27.72 27.4 25.0 26.2 

29.6 25.2 264 

Mean 27.5 25.2 26.2 1.1 

1. Theoretical ammonia content. 
2. Ammonia content of the sample determined by titration. 
3. By continuous titration during thermal examination. 
4. Results obtained after distillation and titration of the ammonia 

contents of the absorption solution after completion of the thermal 
examination. 

5. Ammonia equivalent to sulphur trioxide liberated (which 
yielded 97, 10.1 and 8.7 mg of BaSO, in the respective determina- 
tions). 

theoretical for loss of 1 mole of ammonia because not only is part of the ammonia neutralized by the 
sulphur trioxide released, but part of the ammonia also decomposes. The ammonia decomposition 
starts under the given circumstances only at temperatures above 320”. as proved by the deviation of 
the TG and TGT curves over this temperature. The amount of ammonia decomposed (difference 
between cohnnns 2 and 4 of Table I) is 1.3 % relative to the sample weight, or 4.6% of the total 
ammonia, or about 20% of the ammonia released in the last step. These results are essentially in 
agreement with those obtained by Wendlandt and Southern” by a different method. 

Acknode~ement-&r thanks are due to M. Arnold for assistance in the experimental work and 
M. Csonka for preparing the diagrams. 

Institute for General and Adytical Chemistry J. PAULlK 
Technical University, Budapest F. PAuLIlL 

Sutntna~-The thermal decomposition of coppertetra-amminosulphato 
monohydrate has been investigated by a combined derivatographic and 
thermo-gas-titrimetric method. It has been found that decomposition 
starts with splitting off of the water of crystallization and only after 
part of this water has departed does stepwise release of ammonia begin. 
First two moles, then one and &tally again one mole of ammonia 
(per mole of compound) aro released. It has been established that a 
small amount of sulphur trioxidesplits off during the last decomposition 
step, and that about 20 % of the last ammonia to be released is thermally 
decomposed. 

Zusammeafassung_-Die thermische Zersetzung von Kupfertetrammiu- 
sulfat-Monohydrat wurde mit Hilfe eines kombinierten derivato- 
graphischen und thermo-gastitrimetrischen Verfahrens untersucht. Es 
zeigte sich, daB die Zersetzung mit dem Abspalten des Kristallwassers 
beginnt; erst wenn Teil dieses Wassers ausgetreten ist, beg&t die 
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stufenweise Freisetzung van Ammo&k. Zuerst we&n zwei Mol. 
dann eines und zuletzt nochmals ein Mol Ammoniak (nro Mol 
Ausgangsverbindung) frei. Es wurde nachgewiesen, da0 w&end des 
let&n Zerfallsschrittes eine kleine Menge Schwefeltrioxid absespalten 
wird und da0 etwa 20X des letzten freiwerdenden Mols Ammoniak 
thermisch rersetzt werden. 

R&u&-On a dtudi6 la d&omposition thermique du sulfate de 
cuivre t&rammine monohydratd par une m&ode combinke dbrivato- 
graphique et thermo-gaz-titrim&ri 
ition commence avec le d6part de 7 

ue. On a trouv6 que la dkompos- 
eau de cristallisation et le d6gage- 

ment graduel d’ammoniac ne commence qu’apr&s que soit partie une 
fraction de cette eau. D’abord deux moles, puis une et flnalement de 
nouveau une mole d’ammoniac (par mole de compos6) sont lib&es. 
On a dtabli qu’une petite quantrte d’anhydride sulfurique s’6limine 
durant le demier stade de d&composition et u’environ 20% de I’am- 

Ic maniac liw en demier est thermiquement d ompod. 
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ADVISORY BOARD OF TALANTA 

The Editorial Board and Publishers of Talunta take pleasure in welcoming the following new member 
to the Advisory Board of the journal. 

G. SVEHLA 

Also, they would like to record their sincere thanks for the help given by 

R. E. WAINERDI 

who retires from the Advisory Board. 

Dr. G. SVEHLA, Reader in Analytical Chemistry, 
Queen’s University, Belfast, was born in Hungary in 
1929. He graduated from the Technical University of 
Budapest in 1951 and took his Ph.D. in 1959. After 
working at the Technical University of Budapest and 
spending one year as Research Fellow in Aberdeen, 
Scotland, he joined Queen’s University in 1966. He 
is a Fellow of the Royal Institute of Chemistry and 
recently became co-editor of Wilson and Wilson’s 
Comprehensive Analytical Chemistry. His publications 
are on ascorbinometric titrations, catalytic analysis, 
flame photometry and on problems of error calcula- 
tion. With his research team in the Department of 
Analytical Chemistry at Queen’s University, Dr. 
Svehla works on the application of Landolt reactions 
in analytical chemistry, radiofrequency titrations in 
non-aqueous media, the use of displacement reactions 
in flame photometry and on polarography. 
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NOTICES 

IUPAC INTERNATIONAL CONGRESS ON ANALYTICAL CHEMISTRY 

KYOTO, JAPAN, 3-7 APRIL 1972 

To celebrate its 20th Jubilee, The Japan Society for Analytical Chemistry is planning-to hold an 
International Conference on Analytical Chemistry in 1972. The Congress will cover most areas of 
analytical chemistry, with special emphasis on trace analysis and the use of non-aqueous solvents. 
Further information can be obtained from the Organizing Committee, International Congress on 
Analytical Chemistry, Kyoto International Conference Hall, Takaraike, Sakyo-ku, Kyoto, Japan. 

6TH INTERNATIONAL SYMPOSIUM ON MICROTECHNIQUES 

This Symposium, under the auspices of IUPAC, is being organized by The Austrian Society for 
Microchemistry and Analytical Chemistry, and will be held in Graz, Austria, 7-11 September 1970. 
Further information may be obtained from Prof. Dr. G. Kainz, c/o Intercongress Reisedienst und 
Betremmgs Ges. m. b. H., Stadiongasse 6-8, A-1010 Vienna, Austria. 

2ND JOINT MEETING OF THE SOCIETY FOR ANALYTICAL 

CHEMISTRY WITH THE ANALYTICAL CHEMISTRY SECTION OF 

THE KONINKLIJKE NEDERLANDSE CHEMISCHE VERENIGING, 

APRIL, 1970 

A joint Meeting on “Accurate Methods of Analysis for Major Constituents”, is to be held at 
Imperial College of Science and Technology, London, 3-4 April 1970. 

The scientific programme will consist of invited and submitted papers. It is hoped that the subject 
matter of the papers presented will complement that of the first Joint Meeting held at Enschede in 
April, 1968, on Limits of Detection in Analysis and will reflect modem developments in the determin- 
ation of macro constituents. Those wishing to submit papers (in English) are invited to send as soon 
as possible an abstract (of about 200 words) to one of the Joint Secretaries of the Scientific Committee. 
(Dr. F. J. Bryant, Analytical Sciences Division, Building 551, A.E.R.E., Harwell, Didcot, Berks, 
England, or Dr. H. L. Kim, Gebouw Voor Analytische Scheikunde, Jaffalaan 9, Delft, Holland.) 
The closing date for submitted papers was 17 November 1969. 

3RD CONFERENCE ON ANALYTICAL CHEMISTRY, HUNGARY 

BUDAPEST, 24-29 AUGUST 1970 

This conference is organized by the Analytical Chemistry Section of the Hungarian Chemical 
Society under the sponsorship of IUPAC and the Hungarian Academy of Sciences. The topics are 
Separation methods in analytical chemistry, Organic analysis, and Thermal analysis. Further details 
may be obtained from the Hungarian Chemical Society, Budapest V, Szabadsag ter 17, Hungary. 

i 
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Louis Gordon 
Memorial Award 1968 
Mr. H. J. FRANCIS, JR. (U.S.A. Regional Editor) 
presents a specially bound 1968 volume of Talanta 
to Prof. H. FLASCHKA (on left), whose papers with 
Dr. J. GARRETT on “Substoichiometric Masking” 
(1968, 15, 589, 595) were adjudged the best-written, 
stylistically, of the year. The presentation was 
made in Pennsylvania on 22nd November 1969. 
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NOTICES 

SECOND CONFERENCE ON PARTICLE 

9-11 SEPTEMBER 1970 AT THE UNIVERSITY OF BRADFORD 

Papers arc invited dealing with original work on methods of particle size and surface area measure- 
ment, and their applications in practice. 

Abstracts (not more than 300 words) should be submitted by September 3Oth, 1969, to the 
Conference Secretary, Society for Analytical Chemistry, 9110 Savile Row, London, WIX IAF. The 
full texts of papers that are accepted wili be required by February lst, 1970. 

Further information can be obtained from the Conference Secretary. 

SYMPOSIUM ON NON-AQUEOUS ELECTROCHEMISTRY 

under the auspices of 

THE INTERNATIONAL UNION OF PURE AND APPLIED 
CHEMISTRY 

Paris, France, S-10 July 1970 

Topics: Solvation, Electroanalytical Methods in Non-Aqueous Solvents, Electrochemical 
Investigation of Ionic Equilibria (acid-base, redox, complexation, etc), Organic Electrode 
Reactions. 
Note: Studies encom~ssing these subjects in fused salts will be included in the coverage. 

The number of participants is restricted to ZOO: registration fee; $30. 
For further information apply to the Executive Chairman, Dr. J. Badoz-Lambling, Laboratoire 

de Chimie Analytique, ESPCI 10 rue Vauquelin, PARIS 5, France. 

INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 1971 

This Conference will be held under the auspices of The Society of Chemical Industry, Koninklijk 
Instituut van 

London, S.W.1, 

i 
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PAPERS RECEIVED 

Determination ef fluoride in oxides by means of the fluoride ionactivity electrode: M. A. PereRs and 
D. M. LADD. (22 June 1970) 

Chelatbidende Austauscberbane XI. Abtrennung des Be(H) vom Al(III) am Chelatustauscher auf der 
Basis von o-(%Hydroxy-phenylaxo)benxosgure: E. BLASIUS, K.-P. JANZEN and W. FALLOT. 
BIJR~HARDT. (17 July 1970) 

Polarogmphische Be(IlI)-Bestimmuug mlt o-(~H~xy-5-me~yl-~e~~o)beazos8i: E. BWSIUS. 
K.-P. JANZEN and W FALLOT-BURGHARDT. (17 July 1970) 

Rapid polarographic method for the microdetermination of organically-bound phosphorus: S. W. 
BISHARA and M. E. AI-I-IA. (22 JuQ 1970) 

Cation-exchange bebaviour of several elements in formic acid solutions: MOHSIN QURESHI and WAQIF 
HUSAIN. (22 Jufy 1970) 

Spectrophotometric studies on the complexes of vanadium(V) with some N9rylbydroxamic adds: J. P. 
SRUICLA and S. G. TANDON. (23 July 1970) 

A borax fusion technique for quantitative X-ray fluorescence analysis: J. H. H. G. VAN WILLI~XN, H. 
KRUIJXIOF and E. A. M. F. DAHMEN. (23 July 1970) 

Zur Elementaranalyse des Schwefels im Na nogramm-Bereich: ADOLP GR~ERT and GATHER T~LO 
(23 JuZy 1970) 

Spectrophotometric determination of cadmium in nuclear-grade Zircaloy-2 after selective extraction with 
a liquid anion-exchanger: G. GHERSINI and S. MARIOITINI. (30 Jub 1970) 

Photometric complex-formation titration of submicromolar amounts of metal-II: J. KRAGTEN. (30 
July 1970) 

Determination of nanogram amounts of niche1 by flameless atomic-absorption spectroscopy: S. DIPIERRO 
and G. TESSARI. (5 August 1970) 

Puriilcation and characterizing properties of the analytical reagent quhdmrb&sulphonic acid and its 
sodium salt: J. A. THOMSON and G. F. ATKINSON. (7 August 1970) 

Spectrophotometric investigations of lantbanon(IIl) complexes with oximidobenxotetronic acid: G. S. 
MANKU, A. N. BRAT and B. D. JAIN. (7 August 1970) 

Potentiometric titration of cerium and manganese at room temperature-I. Determbration of formal 
redox potential of Mn7+/Mns+, C3+/Ce*+ and Mn*+/Mnv+ in condensed phosphoric acid: P. P. 
NAIDU and G. G. F&IO. (14 August 1970) 

Potentiometric titration of cerium and manganese at room temperature-II. Analysis of steels, alloys 
ores, rocks and minerals: P. P. NAIDU and G. G. RAO. (14 August 1970) 

Detection and identlllcation of cannabis constituents by hnninescence spectrophotometry: A. BOWD, P. 
BYROM, J. B. HLJD~ON and J. H. TURNBULL. (14 August 1970) 

Potentiometric titrations with a mercury-mercury sulphide electrode: T. R. WILLIAMS, S. F%XARSKI 

and C. MANNING. (14 August 1970) 

Uranium(VI) complexes of oxine and its derivatives: A. CORSINI, J. ABRAHAM and M. THOMPSON. (14 
August 1970) 

Spectrophotometric determination of lanthanum, thorium and iron(m) with chromotropic acid axo dyes 
of the pyridine series: A. K. M-AR, and A. B. CHATTERJEE. (21 August 1970) 

Synergistic effects in the solvent extraction of zinc wltb salicylaldoxlme: A. P. RAO and S. P. DUBEY 
(21 August 1970) 

Determination of chloride by displacement of hydrogen cyanide from mercuric cyanide: M. K. BIUTTY 
and P. C. UDEN. (21 August 1970) 

i 



ii Papem Received 

Annlyticpl application of the urease method for determinatioa of biuret: P. Boz~~zm, E. BALAUNOVA 
and L. b2HEVA. (25 August 1970) 

The effect of orthophospbate on the gravimetric determioation of wrqpbospbate: P. B~~ALUIW, M. 
GEORWVA and L. ILCHEVA. (25 August 1970) 

Reh beads as ind&xtors in precipitation titrations: MOHSIN QURESHI, SAIJXJL ZAFAR QURESHI and 
NIGHAT ZF!HU. (25 August 1970) 

Spechpktometric determination of germanium with Cathechol Violet and cetyMrimetby~um 
bromide: C. L. L~ONG. (25 Aqpst 1970) 

c 
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PAPERS RECEIVED 

Design of olfactory detection reactions based on hcyanide formation: E. J. POZIOMEK. (11 June 1970) 

MasseaspektromeMscbeun- znr Elementaranalyse or@sckr Verb-I. EMam- 
systemzurAnalysevon~ in grosseo Temper&w- nnd D Nckbereichen: w. WALIscH 
and 0. JAENICKE. (12 June 1970) 

VomM Untersochmgen zur Elementarawlyse organkher Vexbinduugen-II. 
BeJtimslrms von Vehem~qtsprodokten in ThigexgaMrom dwcb Peakintegration: OITAKAR 
JAENICKE and W. WALISCH. (12 June 1970) 

Spectrophotometric determination of ruthenium with 3,4 &amhhwoic acid: G. H. AYRIB and J. A. 
hINO. (22 June 1970) 

The determination of zinc in copper by atomic-floorescence flame spectroscopy: P. D. WARR. (22 
June 1970) 

~h&ic detemimtion of alumhium and lead: D. R. HAWORTIX and E. A. LAMARCM. (22 June 
1970) 

De&xmhtion of noble metals by neutron-activation analysis: R. GIJBELS. (22 June 1970). 

E~~~&OII with lonpcbdn R&W-IV. Sepamtion and celorimetric determination of gold: JIM 
ADAM and RUDOL-P P~IBIL. (23 June 1970) 

Abe possibMth for separation and simoManeous d etwhation of N-unwbstituted- and N-substituted 
ni~imidw&s and criteria for dist@&bing betwee them: D. DUMANOVIC and S. PERICU&N. 
(23 June 1970) 

D&ermination of dimetridazole in reaction mixtures: D. DIJMANOVIC and S. PERKU~N. (23 June 1970) 

Infmred dewminatioII of barillm, strontium, sodium, and potassium sRlphates by the pellet tecbniqw: 
DAVID E. CHASAN and GXBRQE NORWITZ. (26 June 1970) 

Anion-exchange separations of metal ions in tbiocyanate media: JAMES S. FRITZ and EDWARD E. 

KAMNSKI. (29 June 1970) 

cbromatographic separation and colorimeth determination of gold: J. S. FRITZ and W. G. MILLEN. 

(9 July 1970) 

Spectrophotometric determination of EDTA: S. N. BHATTACIURYYA and K. P. KUNDU. (14 Jdy 1970). 

Gas chromatography of metal &elates with awrier gas containing &and vapour: TAITIRO FUJINAGA, 
TO~RU KUWAM~T~ and SHIOEO MURAL (14 Jdy 1970) 

Professor L. Erdey: GYULA SVEHLA. (15 July 1970) 

Application of displacement reactions in flame photometry-f. Determination of phospimte by a flame 
emission method: E. SZEBENY, P. J. SLMN. G. SVEHLA and L. ERDBY. (15 Jdy 1970) 

8 i 



ii Papers Received 

Application of diqkemnt reactiona in tbme photometry-II. Flame-photometric determination of 
alkaline earth metals in the presmce of Me&r& anions: P. J. SL.EVIN, E. GY~RY-SZEBENYI and 
G. ,%‘EHLA. (15 Jut)’ 1970) 

Identilkation of some polyatomic imganic aniow as their dipbywlonium salts by infrmed spec- 
tmcopy, and interpretation of the spectra: A. J. BOWD, D. THORBURN BURNS and R. GRZBKO- 
WIAK. (20 July 1970) 
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PUBLICATIONS RECEIVED 

Microanalysis by the Ring Oven Technique: HERBERT WEISZ. 2nd Ed. Pergamon, Oxford, 1970. 
Pp. ix + 170.60s. 58.00. 

The success of the ring oven and of the tit edition of this monograph is evidenced by the 
number of publications that have appeared since 1%1 on applications of the technique. Users 
of the method will welcome having all the applications brought together. 

Chemical Methods of Rock Analysis: PAUL G. JEFFERY. Pergamon, Oxford, 1970. Pp. xv + 509. 
As a practical guide to the chemical analysis of rocks, this book represents the fruits of many 

years experience by a well known worker in the field. Methods are given for the determination of 
over 50 elements, and there are useful chapters on sample preparation and decomposition, 
statistics, and various schemes of analysis. The work seems likely to become a standard text 
for rock analysts for many years to come. 

The Destruction of ONc Matter: T. T. GORSUCH. Pergamon, Oxford, 1970. Pp. viii + 152. 
This little book gives a most useful compilation of information on the fate of various elements 

during destruction of organic matter by various means, particular attention beii paid to the 
losses that may occur if an injudicious choice of conditions is made. The author is well known 
for his pioneering work in this field, during his tenure of the first Society for Analytical Chemistry 
research fellowship. As he points out, all too often little or no attention is paid to these matters, 
and they are glossed over-or not mentioned at all in many papers on trace analysis. This book 
will help to redress the balance and remove the excuse of ignorance. 

Comuumications in Soil Science and Plant Analysis: J. BEN-IDN JONES, JR., editor. Dekker, New 
York, 1970. $20.00 per annum (6 issues). 

A new journal intended to give rapid publication of papers on soil science and crop production. 

British Ceramic Abstracts: British Ceramic Research Association, Stoke on Trent, 1970. f10 per 
annum (6 issues); E2 per single issue. 

A new abstracts journal dealing with all aspects of ceramics from raw materials to finished 
products. 

Teoria y Prktica de la Cromatografia en Fase Gaseosa: L. GASC~. Publicaciones Cientificas de la 
Junta de Energia Nuclear, Madrid, 1970. Pp. XXIV + 549. 715 Pesetas. 

For those who read Spanish, this is a useful exposition of the theory and practice of gas 
chromatography, with documentation up to 1969. The main emphasis is perhaps on theory and 
instrumentation, but there is fair coverage of applications to industrial, organic, inorganic and 
physical chemistry. Thanks to the habit of taking over scientific terminology from one language 
to another, the text is fairly readily interpreted even by someone who does not speak Spanish. 

Quantitative Analytical Chemistry: Vol. I Introduction to Principles, Vol. II Short Introduction to 
Practice: H. A. FLASCHKA. A. J. BARNARD, JR. and P. E. STURR~CK, Barnes & Noble. New York. 
1969. Vol. I pp. xiii + 594, 52s. Vol. II pp. ix + 290,27s. 

The authors’ aims are to present the fundamentals of the subject so that students of limited 
background can gain a good grounding in quantitative analytical chemistry. Classical and in- 
strumental methods are dealt with. Small basic points, often skipped over in more advanced 
texts are dealt with clearly and simply. Worked or illustrative examples appear on nearly every 
oape. In the uractical directions the student is told what the procedure is all about, how to follow 
ihlprocedure and then how to deduce what went wrong. some may fmd it a bit pedantic but 
few, if honest, will not find some long-puzzling point explained, and the students for whom it is 
intended will offer thanks to the authors for their clarity. 

Analytical Chemistry in Space: edited RICHARD E. WAINERDI. Pergamon, Oxford, 1970. Pp. vii + 277 
27. 

One of the most exciting future projects for scientific research is the analysis of extraterrestrial 
material. The results of such analyses will provide new insights into problems connected with 
the origin of the solar system. This book describes progress in this fascinating new extension of 
analytical chemistry. Since many of the operations may be carried out by remote control in 
space or on other planets there is a concentration on instrumental techniques. The results of 

9 i 



ii Publications Received 

determinations using these techniques must be transmitted to earth by radio signals. Examples 
of these techniques which are described in the various chapters include mass spectrometry, neutron 
activation and neutron scattering. In addition to such descriptions, however, the book contains 
a considerable amount of material of cosmochemical interest with details of the structure and 
atmospheres of planets. This book will be of interest not only for the analytical chemist but also 
to students interested in astronomy and a&o-physics. 
Bernard Lovell. 

There is an excellent foreword by Sir 

Periodate Oxidation of Diol and Other Fmctional Groups. Analytical and Stnrtoral Applications: 
GLJWN DRYHURST. Pergamon, Oxford, 1970. Pp. xii + 191. 70s. $9.50. 

This book is a comprehensive review of one of the most valuable reactions enwuntered in 
carbohydrate chemistry, namely periodate oxidation. The material includes an account of pre- 
parative and analytical procedures and outlines the application of the method to structural 
chemistry. There are also details of anomalous periodate oxidations and of the use of the re- 
action in preparative organic chemistry. There is an extensive bibliography and the book will 
be of value to both analytical chemists and those involved in the study and practice of carbo- 
hydrate chemistry. 



LOUIS GORDON MEMORIAL AWARD 

THE Editorial Board and the Publisher of TALANTA have great pleasure in 
announcing that the Louis Gordon Memorial Award for 1969, for the best-written 
paper published that year in TALANTA, has been made to Dr. S. J. Lyle and Mr. 
V. C. Nair, of the University of Kent, for their paper on “Reversed-Phase Partition 
Chromatographic Separations with 2-Ethylhexyl Dihydrogen Phosphate and Di-2- 
Ethylhexyl Hydrogen Phosphate”, Tulunta, 1969, 16, 813. 

1 
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PAPERS RECEIVED 

Separation aad determination of mixturav co~~~g~~;n~i~l~ acid aad m-amiaopbeaok MARTIN 
1. BLAKE and JAW HUNT. (13 Jumav 1970) 

Etude ~~ro~~ique et pb~i~i~q~ de N-oxydes-n[; M&anisme de reduction et pl&mm&nes 
d’by~a~on des a&y1 et benzoyl pyridiaes N-oxydes: E. LAWRON, R. GAVASSO and M. PAY. (19 
.&ZZZ&7~ 1970) 

Anwendung der RSntgentiuoreszenx or Bestbnnmng der Konzeatration der Elemente Pbospbor bis 
Uran in Liisuag: B. MAGYAR. (12 February 1970) 

Absorptiometric determinatiou of sulpbide ion: S. A. RAHIM and T. S. WEST. (23 Rbruary 1970) 

Oxidation state of selenium dissolved in pure sulplmric acid: YASKJAKI SHIMOISHI. (23 Februmy 1970) 

Chromic tbiocyanate complexes in cbemlcal analysis--\r. Gravimetric, conductometric and poteutio- 
metric determination of AgO by Reineelce salt aaalogues: I. GXNEXXJ, AL. POPESCU and Cs. 
VERHIUI. (23 February 1970) 

St&es on the extraction and dete~~on of metal salts with methyl isobutyl ketone--KILL Extraction 
of thorium and uranium: No~lo I-m. (24 Februmy 1970) 

Studies on the extraction and determiuation of metal sallts with metby isobutyl ketone-XIV. 
Extractioa of gold: NORIO fCHmOSI?. (24 Febrmy 1970) 

Column c~ornat~~ separation of gallium, indbuu aud th~Ii~: J. S. FRITZ, IL T, FRAZEE and 
0. L. LATWESEN. (25 February 1970) 

Spectropbotometric aspects of m-mercaptoacetamidopbenol: Estimation of copper, rutbenlum, rhodium, 
palladium, iridium and cobalt: S. N. KAKKAR, H. SARWAN SWGH and NARINDGR SINGH POONIA. 
(27 Febrirory 1970) 

Grapimetric aspects of m-mercaptoacetamidopbenol: Estimation of ruthenium, rhodium, iridium and 
cobalt: S. N. KAKKAR, H. SARWAN SINGH and NARINDER SINGH POONIA. (27 February 1970) 

Manual and automated determination of traces of phosphorus by substoicbiometric iwtope dilution: 
AROLP ZEMAN, JURAJ LE&CO, J&f PWZA, Nrm GROTH-ANDERSEN and JAROM~R R&Wm. (2 
Mar& 1970) 

R-es on the formation of ferrocyauide-I. Cu@) and Zn(II) ferrocyanides: ATHX BELLOMO. 
(2 lMl?rch 1970) 

Researches on the formation of ferrocyaaides-IL AgO aad Pb@[) ferrocyanides: ATHOS BELLOMO. 
(2 March 1970) 

Properties and aaalytical a~l~~t~ns of the hetero~~oly~t~ of bodes, arsenic, silicon and 
germanium-I. Spectropbotometric examination of the heteropoly acids: A. HAL&Z and E. 
PUNGOR. (3 Mar& 1970) 

Proper&5 aad aaaiytiah a~M~~~ of the ~t~o~i~ly~t~ of ~~~, am&c, sifin and 
~ersnanium-II. Mutations of the ~tero~lv acids: A. HAL.& and E. PUNWR. 13 Mwcb 

Properties and analytical applications of the beteropolymolybdates of pbosphorns, arsenic, silicon and 
germanium-III. Examination of two- and three-component systems without separation: A. 
~&I&Z and E. PUNGOR. (3 .&rclrt 1970) 

Properties and analytical abortions of the hetero~l~l~t~ of aeon, arsenic, silicon and 
germanium--IV. Micr~ete~ation of phosphorus and silicon by -eat of the molyhdenmn 
content of the heteropoly acids: A. HAL&Z, K. POLYAK and E. PUNOOR. (3 March 1970) 

Spechophotometric detednation of traces of antimony: VERA STARA. (3 March 1970) 

Spectropbotometric determination of niobium by ferron: G. C. SHIVAHARE and M. K. MATHUR. (4 
March 1970) 

Precipitation of some acidioide element complex ions with bexammine cobalt(IlI). Determination of 
thorium: KAORU UENO and MKXIO %XHI. (4 Murch 1970) 

Intet%erences in atone-abso~tion speetrometry combined with extraction: MA.$AAIU YANAG~~WA, 

HKTOSSI KIHARA, MASAMI SUZUKI and TSUGIO TEICAUCHI. (5 March 1970) 



ii Papers received 

Use of LiBOt flux for K-Ar dating: JOAN C. EN~EL~ and C. 0. INGAMELLS. (9 March 1970) 

Silver complexes with chelating compounds-ILL Studies on pentaethylenehexamine chelates: KNIJT 
HENNING SCHR~ER. (11 March 1970) 

Silver complexes with chelating compoumls-IV. Studies on tetraethylenepentamine chelates: KNUT 
HENNING SCHRBDER. (11 March 1970) 

Molecular emission characteristics of various metal fluorides in a low-temperature hydrogen diffusion- 
Sante: R. M. DAONALL, B. FLEET, T. H. RISBY and D. R. DEANS. (11 March 1970) 

Recent development in substoichiometric analysis: JIR~ STAR+ and JARO~ RI%%%A. (11 March 1970) 

Spectrotitration of ethane-l-hydroxy-l,l-diphospltonic acid with thoriumdiaminocyclohexanetetra- 
acetate: S. J. Lmomr and R. A. LIBBY. (13 March 1970) 

Quantitative analysis in pharmacy and pharmau~ tical chemistry by nuclear magnetic resonance 
spectroscopy: D. M. RACKHAM. (16 March 1970) 

Atomic fluorescence characteristics and analytical determination of manganese in an air-acetylene 
flame: L. EBDON, G. F. KIRKBRIOHT and T. S. WEST. (16 March 1970) 

changing parameters in analytical chemistry: ADAM SHATUY. (19 March 1970) 

Fully automatic apparatus for stripping voltammetry. Application to the determination of triphenyltin 
compounds: M. D. BOOTH, M. J. D. BRAND and B. FLEET. (19 March 1970) 

A microwave excited emissive detector for gas chromatography. Further studies with sulphur compouuds: 
R. M. DAONALL, S. J. PRATT, T. S. Wwr and D. R. DEANS. (19 March 1970) 
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PAPERS RECEIVED 

Chelating properties of a-oximbtocarboxamid~1. a-Oxhninophenyl-acetamide isomers: DOMINICK 
A. Covmm and HAMED M. EL-FATATRY. (8 August 1969) 

Chelating properties of a-oximinocarboxyamides-II. Syn-a-oximinophenylacetamide : copper@) 
complexes: HAMED M. EL-FATATRY, CECILIO E. GFUCLU and D~MIMCK A. CO~IELLO. (8 August 
1969) 

Chelating properties of a-oxhnhtocarboxyamides-III. Effect of stmctmal featnres on the chelating 
tendencies of syn-a-oximinocarboxyamides: DOMINXX A. Covm~o and HAMED M. EL-FATATRY. 
(8 August 1969) 

Volmetric determination of mercnry(II) with tbioacetamide: BARBARA Cou~m and DAB G. BUSH. 
(10 November 1969) 

Analytical applications of mixed ligand extraction equilibria. Nickei-dithixone-phenanthroline 
complex: BEN S. FREI~ER and HENRY FREISER. (4 December 1969) 

Flllbmg des Wismuts als Bis(triphenylselenoni~)-pentachlorobismutat(IIl): Mti ZIEGLER and 
LUDER ZIEOLER. (12 December 1969) 

Untersnchnngen an Reagenxien fib Niob und Tantal-VI. Spektrophotometrische Besthmmmg von 
Niob(V) und TantalOr) mit Dibromgalhtssiinre: GERHARD ACKERMAN and SIEGFRIED KOCH. (15 
December 1969) 

Die Scbnellanalyse des Pwspats dnrch destillative Abtremmng Md alkalimetrische Besthmmmg seines 
Flnorgebaltes: Om S TEINHAUSER and PAUL VON FARGSTEIN. (15 December 1969) 

Versatile instnmtent for direct of differential a.c. resistance or conductance measnrements of sohttions: 
EUGENE D. OLDEN and ROBERT J. MARTIN. (22 December 1969) 

Potentiometrische Kieselsiinrebestimm~ unter Verwendmg einer Titanelektrode: G. ACKERMANN 
(23 December 1969) 

Em reversibler Indikator in der Bromatometrie. Die Bestbmmmg des As(m) nnd Sb(Dl): J.BooNAR. 
(29 December 1969) 

Extraction of radioxinc, radioiron and radiomanganese fram acidic alcohol and acetone solutions: A 
ALLEN. (29 December 1969) 

Macroreticnlar chelating ion-exchangers: R. F. HIRSCH, E. GANCHER and F. R. Russo. (29 
December 1969) 

Determination of Rehtecke Salt by oxidation with Chloramine-T: P. N. K. NAMB~~AN and C. G. R. 
NAIR. (29 December 1969) 

An analytical study of the vanadilrm(IV)-chrominm(VI) reaction: K. SRIRAMAN. (30 December 1969) 

Inauence of pH in ilnorescence and phosphorescence spectrometric analysis: S. G. SCHULMAN and 
J. D. WINE~RDNER. (31 December 1969) 

Extraction of tungsten with 8-hydroxyqninoline and some of its derivatives: HADY EWADH, N. P. 
RUDENKO, V. I. Kuz~~Tsov and L. S. GIJDYM. (31 December 1969) 

Enthalphnetric determination of fluoride: CARL E. JOHANSSO N. (7 &U4fZry 1970) 

Niederschlagsbild~g-I. Korngriisseverteihmg in einem Schnelbnischapparat erhaltenen Barimn- 
snlfatniederschtige: CANDIN LITEANU and HARALD LINGNER. (7 Jumq~ 1970) 

Niederschlagsbikhmg-II. Einilni3 ehtiger Faktoren anf die Komgrijsseverteihmg bei Bariumsnlfat- 
niederschhigen: C. LITEANU and HARALD LINGNER. (7 January 1970) 
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ii Papers Received 

Thermocbromatographie sur papier-KIWI. Consid&rations sur I’eflicacit6 de la separation en chroma- 
tographie B gradient de temp&ature: C. LITEANU and S. GOCAN. (7 January 1970) 

&de sur les electrodes-membranes polymere f plasMant--II. L’utilisation de l’&ctrode-membrane 
PVC et tricrdsylphosphate dans le titrage potentiom&rique dn HCl par NaOH: C. LITEM and 
ELENA HOP!RTEAN. (7 January 1970) 

L’utilisation des membranes pour l’indication du point d’equivaleuce-VI. La men&arm de papier- 
parchemin imp&&e de BaSO, pour des titrages acido-hasiques en mileau nonaqueux: C. LITEANIJ 
and MARIA MIXU. (7 January 1970) 

&%mino-7-bydroxy4methylcoumarin as a chelating reagent for uranyl(II): D. K. RAFXOGI, A. K. 
SRIVASTAVA, P. C. JAIN and B. R. AGARWAL. (9 January 1970) 

Determination of stability constant of COII@CXCS from tdtrasonic velocity measurements: %-IOBHAY 

LAXMI and SOM PRAKA~H SRIVASTAVA. (9 January 1970) 

Complex formation with triethylenetetraminehexa-acetic acid-III. Silver chelates: KNUT HENNING 
SCHRWER. (12 January 1970) 

Silver complexes with chelating compomuis-II. Studies on tetraethylenepentamine and pentaethylene- 
hexamine. Ligand protonations: KNUT HENNING SCHR(ZIDER. (12 January 1970) 
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ion: R. CORDOVA-ORELLANA and F. LUCENA-CONDE. (14 January 1970) 

Solvent extraction of 12molybdophosphoric acid with dibutylsulphoxide: M. N. S~TRI and S. V. J. 
Swm. (14 January 1970) 

Submicro determination of aluminium, bismuth or copper in organometallic compounds: R. BELCHER, 
BARBARA CRO~SLAND and T. S. F. W. FENNELL. (14 January 1970) 

Extraction with long-chain amines-&. Calorimetric determination of iron with a sulphonated derivative 
of ethylenediamine-N,N’+is(o-hydroxyphenylacetic acid): RUDOLF P~IBIL and J&f ADAM. (19 
January 1970) 

3,5,7,4’-Tetrahydroxytlavone (kaempferol) as a chromogenic reagent for gaBhun and indium: B. S. 
GARG and R. P. SINGH. (19 January 1970) 

Separation and gravimetric estimation of uranium(W) with pyridine-2aldoxime and Q-methylpyridme- 
Zaldoxime: NARAYAN KUMAR, G. S. MANKU, A. N. BHAT and B. D. JAIN. (20 January 1970) 

Complex compounds of bismuth@) with nitrilotriacetic acid: B. P. KARADAKOV and D. I. VENKOVA. 
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Reaktionsstufen-Coulometri~I. Theoretische Prhuipien: PETER GR~~NDLER and HEINZ HOLZAPPEL. 
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Reaktionsstufen-Coulometrie-II. Analytische Untersuchung von Stoffgemischen: PEER GRUNDLER 
and HEINZ HOLZAPFEL. (22 January 1970) 
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Iastramental Arm&& Mannal: GE~RQE G. GUILBAUT and LARRY G. HARIW. Dekker, New York, 
1970. Pp. 444, $7.75. 

Printed in offset litho, this book is described as a prelimhuuy edition, to be followed after a 
year of use and revision by a tinal version. Some 49 experiments, each described in sutlicient 
detail to ensure success in the hands of students, fall under the six main headings Optical methods, 
Electronics, Electrochemical methods, Separation methods, Radiochemistry and Miscellaneous. 
Useful up-to-date references are given and the inclusion of such experiments as those on atomic 
fluorescence, enzyme kinetics and ion-selective electrodes will make this volume interesting and 
instructive reading for tutors as well as for students. The discussion points raised after each 
descriptive section provide a good test of the student’s understanding of the work. 

Solvent Extraction of Metals: A. K. DE, S. M. KOPICAR and R. A. CHALMWS. Van Nostrand 
Reinhold, London, 1970. Pp. 259, 86.00. 

This very broad field has been efficiently surveyed and the results presented in a concise and 
readable form, tabulated according to the extracting l&and. 
the field of solvent extraction chemistry. 

The first chapter (40 pages) introduces 
The theory of extraction equilibria is covered briefly and 

attention is given to mom recent developments such as synergism, liquid ion-exchangers (e.g., alkyl 
amines) and liquid cation-exchangers (e.g., alkyl phosphoric acids). Each succeeding chapter 
contains a useful discussion on the reagent, its uses and chemistry, the relevant tables of detailed 
information and an extensive list of references. This is likely to prove a very valuable handbook, 
and a copy should be in every laboratory wncemed with separation chemistry. 

Advances In Chromato8raphy, Vol. 9: eds. T. CALVIN GIDDINM and ROY A. KELLER. Dekker, New 
York, 1970. Pp.xiv + 358. f8.18. 818.75. 

In introducing this volume the editors rightly lay stress on the importance of dealing with the 
problems of separating mixtures of totally unknown nature, rather than, as is normally the case in 
publications on chromatography, dealing with the purification of compounds of predetermined 
nature. Future volumes will be of greatly enhanced value if the scope is so widened. This remark 
in no way disparages the present very useful addition to the series of volumes on Aduunces in 
Chromatography which deals with reversed-phase extraction chromatography in inorganic 
chemistry, the determina tion of the optimum conditions to effect a separation by gas chromato- 
graphy, advances in the technology of lightly loaded glass-bead columns, radiochemical separations 
and analyses by gas chromatography and analysis of volatile flavour wmponents of foods. 

Allied Spectroscopy Reviews, Vol. 3: ed. EDWARD J. BRAME, JR. Dekker, New York, 1970. Pp. 
xii + 346. 88.7. $17.50. 

This latest addition to the series of books on applied spectroscopy is a miscellany of surveys on 
physical techniques in analytical chemistry. Some have a very restricted scope, as for example the 
study of the structure of nucleic acids by infrared spectroscopy; others have a more general 
appeal, as for example the description of the combination of the techniques of gas chromatography 
and mass spectrometry. Electronic spectra are discussed under the headings of recent advances in 
emission spectroscopy and the spectra of radical ions. A less familiar topic is a review of the 
applications of X-ray spectroscopy to clinical analysis. 

Complexones: N. M. DYATUIVA, V. YA. TYOMIUNA and I. D. KOWAKOVA, ed. R. P. LAWOVSKY, 

Khimiya, Moscow, 1970. Pp. 417. 
This monograph deals with an important class of organic compounds broadly applied in 

chemical analysis, chemical engineering and other branches of science and technology, i.e., with 
wmplexones. In the first part of the book the fundamental laws of complex formation are 
described and methods of investigation considered, as well as the main thermodynamic functions 
characteristic of equilibrium in aqueous solutions, and the kinetics of complex formation. 

i 
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The second part, the largest, deals with the properties of both well-known and new complex- 
ones, and the dependence of complex-forming properties on the str,uctures of these compounds is 
demonstrated. Carboxyalkyl amines are described, and the inlluence of the introduction of 
additional iminoacetic groups and of steric factors on the stability of complexes is explored. 
Attention is paid to complexones containing hetero-atoms, such as oxygen, nitrogen or sulphur, in 
their aliphatic or cyclic radicals, which considerably modify the properties of ligands. New 
complexones with hydroxy- and alkylphosphonic-groups have been extensively studied. Con- 
clusions are reached concerning their specific behaviour and the mechanism of complex formation. 
Both coloured and fluorescent complexones are described. Special attention is paid to poly- 
complexones, that is to polymeric ion-exchanges containing carboxyalkyl groups. Polycomplex- 
ones have been successfully applied in chemical analysis and chemical engineering. 

The third part of the monograph is a review of methods for the synthesis of complexones and 
their solid metal complexes. The application of complexones in different branches of science and 
technology is described in the fourth part. 

The application of complexones as titrants and masking agents in chemical analysis, for the 
separationof rare earths, forcleaningof instrument surfaces in heat-power engineering, for prevent- 
ing chlorosis of plants in agriculture-all these applications of complexones are reviewed in the 
book. In the appendix the reader will find valuable information on dissociation constants of 
a large number of complexones and the stability constants of their complexes with a number 
of cations. 

Atomie Absorption Spectroscopy: R. J. RWNOJDS, K. ALDOUS and K. C. THOMPSON. GrilBn, 
London, 1970. Pp. 201. f4.50. 

The authors are clearly AAS enthusiasts and try hard to convince the reader that this is rhe 
method. But why compare it with visual calorimetry to show its superiority? Why emphasize 
the simplicity of the technique when the problems of matrix effects and non-linear calibration 
curves (which are adequately discussed) often necessitate special precautions? The “excellent 
reproducibility” referred to does not seem to be born out by many of the recorder tracings illus- 
trating the text. The inclusion of a wealth of practical details-the tricks of the trade that make 
the methods succeed-probably justifies the authors’ claim that this book is for the operator, to 
save him time and trouble. A substantial chapter contains useful information for the determina- 
tions of the individual elements, similar to the (free) data sheets of some manufacturers. Short 
but interesting sections discuss Instrumentation, Further Techniques, and Theory. 

Undergradnate Instrumental Analysis: JAMES W. ROBINSON. Marcel Dekker, New York, 1970. 
Pp. 379. E5.50. $11.50. 

The title is somewhat misleading-the book is written as an introduction for students, to many 
of the modem instrumental methods of analysis, and ought to remain on the graduate’s book- 
shelf for further consultation. It is biased towards spectroscopic methods, and rather more to 
their use by the organic chemist. The tendency to become a critical catalogue of techniques and 
machines is partly balanced by a good introduction dealing with errors and sampling. Further 
chapters cover Spectroscopy, NMR, IR, UV, AAS, Spectrophotometry, Flame photometry, 
Emission Spectrography, X-rayspectroscopy,Chromatography,Thermal methods, Massspectrom- 
etry, and Electrochemistry, the last-mentioned being disproportionately brief and hardly 
matching the standard of the rest of the book. The clear explanations will make this text easily 
readable also by trainee technicians, at whom it is aimed, besides students. 

Actlvatlon Analysis: MIL~SLAV RAKOVIC. IIiffe, London, 1970. Pp. 339. 26.00. 

This is a useful guide to the method. All aspects of the theory and practice are dealt with 
briefly in the first two-thirds of the book. The last third is taken up with a summary of methods 
for elements, usefully grouped according to type. of sample e.g. iron, water, plastim~etc. Several 
important topics are treated too brietly and the references only go to 1964, with a few in 1965. 
Then, it was a very good book, but by now it has dated appreciably. 

The Application of X-Ray Fluorescence in Ceramic Analysis: Results of some Co-operative Studies on 
Al~osilicates and Magnesites: R. P. EARDLEY and G. J. OLIVER. British Ceramic Research 
Association, Stoke-on-Trent, 1970. Special Publication No. 69. Pp. 51. g1.50. 
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Analytical Chemistry of Zirconium and H&h: ANIL K. MUKHERJI. Pergamon, Oxford, 1970. 
Pp. xiii f 281. E4.50. S12.00. 

A comprehensive account of the litexatum up to 1967 on the analytical chemistry of these two 
elements, both by classical and by instrumental methods. The sections on the means of separating 
the two will be of interest to inorganic as we11 as analytical chemists. As is usual in this series, 
the details of procedures add to the general value of the work. 

An&&al Chemistry of Nickel: CLXDB L. LEWIS and WELLAND L. OTT. Pergamon, Oxford, 1970. 
Pp. ix 4 233. E5.50. S14.85. 

A companion volume to an earlier one entitled “Analysis of Niikel” which dealt with deter- 
mination of other elements in nickel metal, this book deals with the determination of nickel in 
various matrices, and gives a thorough survey of the classical and instrumental methods available. 
There is also a most useful general survey of the chemistry of nickel. 
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Tantalum, Gravimetric determination in presence of niobium 
Theory of titration curves, Derivative curves for strong acid-strong bask : : : 
Thermal analysis, Titrimetric determination of sulphate ...... 
Thiosemicarbazide, Determination with Chloramine T ...... 
Thorium(IV), Complex formation with Arsenazo III . 

. - -S-hydroxyquinoline adduct compound, Composition of : : 
...... 

Tin ores and concentrates, Titrimetric determination ....... 
Titrimetric analysis, see also Indicators 
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--, -, Tin in ores, Iodimetric determination . . . . 
- -, Spectrophotometric titrations, Di-Z-naphthylthiocarbazone as titrant . 
- -, Thermometric titration, Determination of sulphate . . . 
- Titration curves, Theory for derivative curves for strong acid-strong base titratio,is 
TuGten in rocks, Determination by neutron-activation analysis . . . 
---(I-- spectrophotometry with dithiol after ion-exchange separation . 

Uranium, Complex formation with Arsenazo(II1) . . . . . . . 

Voltammetry, Determination of chlorine with silicone-rubber based graphite electrode . 
--,--- methylcarbamate insecticides . . . . . , . . . 

Water in organic solvents, Spectrophotometric determination with betaine dyes _ . 

X-ray iluorescence, Determination of atmospheric iron particulates . . . . 

Zinc, Determination by effect on enzyme-catalysed reaction . . . , . 
- in rocks, Determination by neutron-activation analysis . . ‘ , . 
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NOTICE 

FOURTEENTH CONFERENCE ON ANALYTICAL CHEMISTRY IN 
NUCLEAR TECHNOLOGY 

Mountain View Hotel and Motor Lodge, Gatlinburg, Tennessee 37738, U.S.A. 
13-15 October 1970 

THE FOURTEENTH Conference on Analytical Chemistry in Nuclear Technology will be held in 
Gatlinburg, Tennessee, 13-15 October 1970, under the sponsorship of the Analytical Chemistry 
Division, Oak Ridge National Laboratory. 

Papers up to 25 minutes in length, that describe original, unpublished work related to the following 
topics are solicited by the Program Committee. 

1. Applications of Digital Computers in Analytical Chemistry. 
2. New Sensors and Detectors for use in Studies Related to Environmental Pollution. 
3. Problems Associated with the Purity of Reagents for use in Chemical Analysis. 
4. Sample Preparation and Dissolution-Vital Steps in Chemical Analysis. 
5. Papers on Topics of General Interest Related to Analytical Chemistry in Nuclear Technology. 

Those who wish to make contributions should submit an abstract of 200-500 words not later 
than 20 June 1970. The title,name of the author, an estimate of the time that will be required for the 
presentation, and in case of multiple authorship, an indication of the name of the speaker should 
accompany the abstract. 

Abstracts of papers and inquiries concerning the conference including request for programmes, 
should be directed to the Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tennessee 37830, 
Attention: L. J. Brady, Chairman. 

The registration fee, except for full-time students, is 810.00 per person. A registration fee of $5.00 
will be required for attendance of one day or any part thereof. 

Reservation for lodging should be made by direct communication with The Mountain View Hotel 
and Motor Lodge, Gatlinburg, Tennessee 37738, U.S.A. 



Notices 

TRADE MARKS 
Our attention has been drawn to the trade mark status of the word “Nimonic”, a trade mark of 

Henry Wiggin & Co. Ltd, referring to their nickel-chromium high-temperature alloys. The term 
should not be used as a generic term for such alloys (see Tulurzra, 1969, 16,438). 

Authors are asked to be particularly careful to indicate when trade marks are being used, by 
putting them in inverted commas and giving them a capital initial letter. 
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NOTICES 

SOCIETY FOR APPLIED SPECTROSCOPY 

The 10th National Meeting of the Society for Applied Spectroscopy (also the XXII 
Mid-America Symposium on Spectroscopy) will be held at Stouffer’s Riverfront Inn 
in St. Louis, Missouri, 18-22 October 1971. Original papers are invited for general 
sessions on spectroscopy (including X-ray, emission, atomic absorption, Same emission, 
atomic fluorescence, absorption, electron, resonance, mass and nuclear) and gas 
chromatography. Papers are also invited for symposia on use of computers and new 
frontiers in spectroscopy, literature and data retrieval, and spectroscopy in environ- 
mental control, biomedicine, space and oceanography. 

Titles and abstracts (on 215 x 280 mm paper and within an area of 150 x 250 
mm) should be sent to Dr. E. F. Kaelble, Monsanto Company, Inorganic Research De- 
partment, 800 North Lindbergh Blvd., St. Louis, Missouri 63166, U.S.A., by 15 
April 1971. 

. . . 
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PAPERS RECEIVED 

Kinetic studies of xenon trioxide as an ortldant-I. Determination of alcohols: R. H. KRUEC)ER, 
S. VAS and B. JA~ELSKI~. (27 April 1970) 

Determination of platinum and palladium in geological materials by neutron-activation analysis after 
h-assay pwoncentratio~~: J. J. ROWE and F. 0. SIMON. (12 My 1970) 

Combined derivatograpbic and thermo-gas-titrimetric examination of the thermal decomposition of 
copper t&a-ammine saipbate monohydrate: J. PAULIK and F. PAULIK. (28 May 1970) 

Appikation of direct tkmometric analysis la iodometry: P. MARIK-KORDA and L. ERDBY. (28 May 
1970) 

Determination of nickel and copper by precipitation from hnogeneous solution in the form of their 
complexes with salicyiadimine: L. E~RDEY and L. F%LOS. (28 May 1970) 

Calorimetric dehminatlon of pyrogallol and %$dimethoxyphenol with diphenylpicrylbydrazyl: 
GEORQE H. SCHENK and NANCY K. SWEIC~~WSICI. (1 June 1970) 

Contributions to the basic problems of compiexometry-XXIV. Determination of aiandnium in the 
prewnce of very large amounts of manganese: RUDOLF P~IBIL and VLADI&R VESEL~. (2 Jurre 1970) 

Fztractive spe&ophtometrk determination of micro and sob-micro amounts of iiooride: J. P. S. 
HAARUA and J. AC~TERDENBOS. (2 June 1970) 

The qoilibrium constant for extraction of mercmy(II)-o-o’dimethyldithlxone into toluene: J. AOTER- 
DENBOS, B. A. H. G. JijRg and R. A. VAN DER WELU. (2 June 1970) 

Retention of radionnclidee on metal soiphlde precipitates: 0. GIMESI, 8. B~YAI, M. CSAIKA and A. 
SWBAD&Y. (4 June 1970) 

EMwdwmical behavioar of isopropanoi at platinmn electrodes: A. REHIOUI and 0. JOHANSSON. 
(5 June 1970) 

Improved conditions for conductometric titrations of weak bases in acetic acid: VILIM J. VAJ~AND and 
TIEWR J. PASTOR. (9 June 1970) 

Cerbetric determination of dithionate: V. R. NAIR and C. G. R. NAIR. (10 June 1970) 
Cerimetrlc determination of polytbionates: V. R. N~JR and C. G. R. NAIR. (10 June 1970) 
QuugT$tive analysis of phospbolipids: S. C. RASTOCX, K. C. SR~VASTAVA and R. D. TIWAFU. (11 June 

Design of okhctory detection reactions based on isocya&le formation: E. J. POZIOMEK. (11 June 1970) 
Extra&ion of protactinium by amines Zrom soipburic acid soiutions: M. A. AWWAL and D. J. Cm. 

(15 June 1970) 
‘l%e error in abwrption measureme&, caused by the use of non-monochromatic light: J. AWERDENBOS 

and J. V~NK. (15 June 1970) 
An i&action furnace for the determination of cadmium in solutions and zinc-base metals by atomic- 

absorption spectroscopy: J. B. HEAD-E and DAYID RI.%?oN SMITH. (15 June 1970) 
Miawdetermhtion of natwally oamnhg kaempferoi: phtioic chloride as oxidizhg agent in alkaline 

medium: S. A. I. Rszvx and 0. C. SAXENA. (16 June 1970) 
Application of ckmUuminwcent indicators in chelatometry: L. -EY, 0. WBBER and I. Buti. 

(16 June 1970) 
Determination of the trace contaminants in hydrogenation catalysts by neutron-activation analysis: 

L. BRDEY, E. Sz~nb, 0. GIMBI and M. CASJKA. (16 June 1970) 
Studies on the melts- of alkali metal acetates: Z. Halos, T. Mm, K. SEYBOLLI and L. ERLWY. 

(16 1970) 
Dete&oation of the optimum resultant effect of factors iniloencing HETP-values. ‘Ibe following up 

of parallel diffusion and mass-transfer processes: J. TAKACS, L. M~ZOR, M. KUCSIZRA-PAPAY and 
T. KOZMA. (16 June 1970) 

Differential thermal aaaiysis of transitions in tbely-divided solids suspended la liquid media: D. A 
BLACKADDER and T. L. ROBERTS. (16 June 1970) 

A contributions to the ase of chehting agents in anodic stripping voltammetry: LUIMLA ZIEXXEROV~(, 
KAREL ST&K and JAN DOL&AL. (16 June 1970) 

. . . 111 
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PUBLICATIONS RECEIVED 

Dissociation Constants of Inorganic Acids and Bases in Aqueous Solution: D. D. PERRIN. Butterworths, 
London, 1969. Pp. 103.44s. 

This is the third volume of a series prepared at the request of the Commission on Electro- 
chemical Data of IUPAC (and is therefore published as part of Pure and Applied Chemistry, 
1969, Vol. 20). Over 200 compounds (including hydrolysable metal ions) are listed with as much 
information as is necessary to appreciate the usefulness of the data. The literature has been covered 
up to 1967. The author points out that this collection aims to cover only PK. and pK, values. 
and the reader is referred to Stability Constunts (Sillen and Martell) for other equilibrium constants 
Not only research workers in inorganic and physical chemistry, but also teachers of the latter in 
search of data for problems will iind this a valuable and useful handbook. 

Gas Chromatography: L. SZEPESY (English trans. ed. E. D. MOROAN). Iliffe, London, 1970. Pp. 
8 + 384. 100s. 

This is a further addition to the substantial number of texts dealing with gas chromatography. 
This example has a very complete introductory section outlining the theory of the technique and 
this is followed by an exhaustive description of the apparatus construction. There are sections 
describing the qualitative and quantitative applications of gas chromatography to analytical 
chemistry and an excellent account of the use of the method in process control. Some more 
unusual applications detailed here include those of elemental analysis and the determination of 
surface area. This is a text which can be recommended to third year undergraduates, research 
workers and the analytical chemist in industry. 

Pract$l+IV$ual of Gas Chromatography: ed. JEAN TRANCHAXW. Elsevier, London, 1969. Pp. 

This is the English translation of the second French Edition of the manual. It collects together 
a body of factual material concerned with the purely empirical aspects of gas chromatography. 
There are chapters dealing with both qualitative and quantitative analysis with the gas chromato- 
graph and a section describing other applications of the technique. There are over eight hundred 
references to the literature and the text is profusely illustrated. 

Enzymatic Methods of Analysis: GEORGE G. GUILBAULT. Pergamon Press, Oxford, 1970. Pp. 
xv + 347. 75s. 

This book introduces the reader to the subject of enzymes and the methods used for following 
the kinetics of enzyme reactions. Then follow chapters dealing with the determination of Enzymes, 
Substrates, Activators and Coenzymes, and Inhibitors. The last two chapters discuss the Im- 
mobilized Enzyme (which has simplified the production and marketing of enzymes) and the use 
of Automation in Enzymic Analysis. This is a field of rapidly growing interest to analysts, 
particularly since equipment designed for following the kinetics of reactions automatically is 
commercially available, and this book should provide a useful and readable guide for anyone 
interested in trace analysis. Printed by offset-litho, it is not as lengthy as its 347 pages would 
suggest, but the literature coverage up to 1968 is good. 
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PUBLICATIONS RECEIVED 

Acids and Bases-Their Quantitative Behaviour: R. P. BELL, 2nd Ed. Methuen, London, and Barnes 
&Noble, New York, 1969. Pp. Ill. 81.30. 

The tIrs.t edition of this book appeared in 1952, since which time the use of several new 
techniques has increased our knowledge of some aspects of the field, and created a considerable 
amount of renewed interest. This second edition is as brief and readable as its predecessor, but 
contains useful additions on the rates of very fast reactions such as proton exchange, and the uses 
of hydrogen isotopes for helping in the elucidation of some acid-base reactions. Other chapters 
cover the nature of acids and bases, acid-base equilibtia in water, acids and bases in non-aqueous 
solvents, interionic attraction in acid-base equilibria, acid-base strength and molecular structure, 
and alternative uses of the terms acid and base. This book should have a very wide readership, 
and ought to be read by all fInal-year students of chemistry. 

Advances in Chromato8rapby, Vol. 8: Ed. J. CALVIN GIDDIN~S and ROY A. KELLER, Marcel Dekker, 
New York, 1969. Pp. xvi + 400. 198s. 

This invaluable series continues to compress the vast literature in a highly heterogeneous field 
into a readable vohune. The topics are diverse. They include chapters on the principles of gel 
filtration, the thermodynamics of liquid-liquid chromatography, the selection of optimum solvents 
for countercurrent distribution, the separation of chloroplast pigments and a series of sections on 
gas c~mato~phy relating to the performance of various types of cohunns, ffow programming, 
analysis of vehicular exhaust emissions, and the study of reaction kinetics. 
date and the standard of book production high. 

The articles are up to 

Characterisrttion and hmlysis of Polymers by Gas ~o#iIato@aphy, Vol. 3: MALCOLM P. STWENS, 
Marcel Dekker, New York and London, 1969. Pp. xii f 198. 122s. 

This book is the third volume in a series devoted to Techniques and Methods of Polymer 
Evaluation; the earlier two were concerned with thermal analysis. Particular emphasis is placed 
in the current vohune on applications of gas-liquid chromatography to the identification of 
volatiIe components either in polymers as such or in chemically or thermally degraded polymers. 
Useful assistance is given in applying pyrolysis to the identitication of polymers by “tingerprint” 
type comparisons with known polymers. Topics covered include-the analysis of volatile materials 
in polymers, the characterisation of polymers by thermal and chemical degradation, and the study 
of monomeric purity. The bibliography is comprehensive and up to date. 

. . . 
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PAPERS RECEIVED 

Two new spectrophotometric reagents for copper: LAWRENCE STOOKEY. (10 November 1969) 

Extraction of vanadiumO?-N_benzoyl-N-pbe~~y~o~~~e complexes from sulphuric acid media 
containing chloride or fiuoride ions: ELXE M. DONALDSON. (17 November 1969) 

Complexation of nickel by o-(2-thiazoylazo)-l-chlorophenol: F. KAI and H. IZUMI. (19 November 
1969) 

Studies on nucleation from solution of some analytically important metal chelates: J. A. VELAZQUEZ 
and 0. E. HILEMAN, JR. (20 November 1969) 

Determination of vanadium in refractory metals, steel, cast iron, alloys and silicates by extraction of 
its NBPHA complex from sulpburic-hydrofluoric acid media: EUIE M. DONALDSON. (21 November 
1969) 

On the extraction of acids and neptunium from aqueous alcohol and acetone solutions: A. ALIAN, R 
SHABANA and A. HAGGAG. (26 November 1969) 

Arsenazo III and its analoguesW. The colour reactions of rare earths with a new reagent~rboxi- 
nitrazo: S. B. SAVVIN and T. V. PETROVA. (28 November 1969) 

Colour changes of chemical indicators-III. Colour specification and its accuracy: STANISLAV KOTRL+ 
and &REL VYT~AS. (3 December 1969) 

Determination of some methylcarbamate insecticides by a.c. polarography and cyclic voltammetry: 
M. D. Boom and B. FLEET. (3 December 1969) 

Determination of carbon monoxide in metal carbonyl complexes--II. Development of a volumetric 
finish: A. D. CAMPBELL and P. E. NELSON. (4 December 1969) 

Relative sensitivity of rare earth elements in spark-source mass spectrometry: ELEN ROALDSET. (8 
December 1969) 

Direct titrimetric microdetermination of thallium(I), indium and gallium-I. Microdetermbmtion of 
indimn-thallium(I) and indium-gallium without separation: 0. C. SAXENA. (9 December 1969) 

Extractions with long-chain amines-I. Extraction of some metal Xylenol Orange complexes into 
methyltrioctylammonium chloride (Aliquat 336-S): RUDOLF PKIBIL and VLADIMIR VESEL~. (9 
December 1969) 

Mass spectrometric analysis of carbon monoxidt+nitrogen mixtures: J. R. MAJER. (12 December 1969) 

Organic solvent effect on phosphomolybdic acid and its analytical application: TAITIRO FUJINAGA, 
Mursuo KOYAMA and TOSHITAKA HORI. (12 December 1969) 

Dosage protometrique des hydrogenes mobiles a l’aide de l’amidure de sodium: MARCEL MKCQUE, 
JEAN-MICHEL VIERFOND and ANNICK REYNET. (12 December 1969) 

Indirect determination of fluorides by the EDTA titration of samarium: H. F. COMBS and E. L. GROVE. 
(17 December 1969) 

Hydrocarbures et pollution atmospherique: DENISE HALOT. (18 December 1969) 

. . . 
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PROFESSOR L. ERDEY 

THIS month marks the 60th birthday of Professor L. ERDEY, Head of the Institute 
of General and Analytical Chemistry, Technical University of Budapest, and Member 
of the Hungarian Academy of Sciences. He was born in 1910 in Szeged, studied at 
the University of Budapest, and graduated in 1932. He obtained his Ph.D. in 1939. 
He became Professor and Head of his present Institute in 1949. From what was then 
a small Institute he has built a large teaching and research establishment, with at one 
time 36 members of staff. With this team he did research on several topics. First he 
dealt with ascorbinometric titrations, using Variamine Blue indicator. An extensive 
work on chemiluminescent indicators and titrations was followed by thermoanalytical 
investigations, works in emission spectroscopy, flame photometry, radiofrequency 
titrations, catalytic analysis, polarography and related electrochemical techniques, 
radiochemical and microanalytical methods. He published several hundred papers, 
and also textbooks on Qualitative and Quantitative Analysis. His main work 
Gravimetric Analysis has been published in Hungarian, English and German. During 
these creative years he served also as Dean of the Faculty of Chemical Engineering 
and as Honorary Secretary to the Chemical Sciences Division of the Hungarian 
Academy. He won the Kossuth prize (the highest award in Hungary for cultural 
activities) twice. He is the Editor-in-Chief of Journal of Thermal Analysis and is on 
the Editorial Board of several Hungarian Journals of Chemistry. Since its establish- 
ment he has served on the advisory board of Talanta. 

His colleagues, pupils and friends wish him many happy returns and every success 
in the forthcoming years. 

GYULA SVEHLA 

III 
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PAPERS RECEIVED 

2,1,3-Naphtho(2,3-c)-selenadiazole as a reagent for the determination of macro to sub-micro quantities 
of palladium: HERBERT K. Y. LAU and PETER F. J-OTT. (23 October 1969) 

Determination of Co, Cu, Fe, Ga, W and Zn in rocks by neutron-activation and anion exchange- 
separation: 0. JOHANSEN and E. STEINNES. (27 October 1969) 

Theory of titration curves-VII. The properties of derivative titration curves for strong acid-strong 
base and other isovalent ion-combination titrations: THELMA MEITE~ and LOUIS MERES. (27 
October 1969) 

Spectrophotometric determination of niobium by 8-hydrozyquinoline-5-sulphonic acid: G. C. 
SHIVAHARE and M. K. MATHUR. (28 October 1969) 

Spectrophotometric determination of nickel(B) with phosphomolybdic acid: R. L. HELLER and J. C. 
GUYON. (28 October 1969) 

Contributions to the analytical chemistry of osmium and ruthenium--M. The dimercapto derivatives of 
asymmetric triazine as colour reagents for osmium: GR. POPA, C. LAZIER and C. CRISTESCU. (3 
Nouember 1969) 

Studies on a new 2,2’-bipyridyl hexathiocyanato chromate(BJ): M. L. &AND. (3 November 1969) 
Molar absorptivity and stability of some complex compounds of the form BA,: I. PARALESCU. (3 

November 1969) 
Studies on extraction into nitrobenzenr+II. On the mechanism of the extraction of phosphomolybdic 

acid and traces of caesium: J. RAIS and P. SELUCK~. (5 November 1969) 
Stdphoxides as solvating reagents for the separation of metal ions: DAVID C. KENNEDY and J. S. FRITZ. 

(7 November 1969) 
Extraction chromatography of uranium with dioctylsulphoxide: J. S. FRITZ and DAVID C. KENNEDY. 

(7 November 1969) 
Spectrophotometric determination of ruthenium(III) and iridium(fV) and spectral characteristics of 

other noble metal complexes with I-hydroxyquinoline N-oxide: R. D. GUPTA, G. S. MANKU, A. 
N. BHAT and B. D. JAIN. (10 November 1969) 

Rapid ion-exchange determbtation of caesium-137 in natural waters with inorganic exchange materials 
supported on silica gel-B. Ammonium phosphomolybdate-silica gel: KIKUO TERADA, KNOSHI 
SAWADA and TOSH~YASU KIBA. (11 November 1969) 

Composition of the thorium(IV)-8-hydroxyquinoline adduct: A. CORSINI and J. ABRAHAM. (11 
November 1969) 

Kbtetochromic spectrophotometry-III. Determination of fluoride via catalysis of the zirconium- 
Methylthymol Blue reaction: R. V. HEMS, G. F. KIRKBRIGHT and T. S. WEST. (12 November 1969) 

Alizarin Red S as metallochromic indicator: UJINDER PAL SINGH. (17 November 1969) 
Determination of platinum, palladium and silver in geological materials and their concentrates by fire 

assay and emission spectrography: E. G. KOLEVA and S. H. ARPADJIAN. (19 November 1969) 

. . . 
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PUBLICATIONS RECEIVED 

llleDetermlnrblonofcluhoxylie Fimetkml Groups: R. D. TIWARI and J. P. SHARMA, Pergamon, 
oxford, 1970. Pp. vii + 132.609, $8.00. 

One of the most commonly encountered problems in the analysis of natural products is the 
determination of carboxylic acid functional groups. This monograph reviews the very large 
number of methods which have been devised for the solution of this problem. In addition to the 
many chemical procedures which have been reported in the literature there is an account of the 
application of physical methods to the determination of acidic groups. Derivatives of carboxylic 
acids such as acid chlorides, anhydrides, amides and esters may also be determined by many of 
these techniques and chapters are devoted to descriptions of the appropriate analytical methods. 
There is also a section dealing with the much more diSkcult problem of binary and multicomponent 
mixtures. 

‘Ibe lhdemhatiou of Organic Peroxides: 
Oxford, 1970. Pp. ix + 119. 5Os, $6.75. 

R. M. JOHNSON and I. W. SIDDIQI, Pergamon Press, 

The ever increasing industrial use of organic peroxides and hydroperoxides as initiators in 
polymerization processes makes the publication of a review of methods for their analysis par- 
ticularly welcome at the present time. Because of their reactive nature, peroxides are comparatively 
simple to detect and there are a large number of methods which rely upon this fact. The book 
devotes chapters to the more familiar chemical methods based on the release of iodine and 
the oxidation of iron (II) but the more recent work on chromatographic procedures is also 
included. There are sections dealing with other physical techniques such as spectrophotometry, 
polarography and gas chromatography. A particularly useful feature of the book is a chapter 
on the selection of the most appropriate method for any particular peroxide mixture. 

Ion Exchange in Analytical Chemist.ry: WILLUM REMAN III and HAROLD F. WALTON, Pergmon, 
Oxford, 1970. Pp. xiii + 295. 13Os, $17.50. 

The object of this volume in the well known Pergamon Monographs in Analytical Chemistry 
series is to give a broad survey of all aspects of ion-exchange methods, covering preparation. 
structure, properties, and a 

P the basic theorv in a form ca 
plications of all kinds of exchang&, and giving a use&8 a&ount of 
culated to be of most use to the analyst. From simole demineralixation 

to use of io&xchange membranes and studies on complex ion’s, there is something for everyone 
in this book. 

Activation Analysis: A Bibliography: Part I, Addendum l-Issued December 1969; Part 2, Revision 
l-Issued December 1969; edited G. J. LUTZ, R. J. BORENJ, R. S. MADDOCK and W. W. MEINKE 

NBS Technical Note 467. U.S. Department of Commerce, Washington D.C., 1970 Pp. 264. 
$8.50 per set, sold in sets only. 

Errors, Measorement and Results in Chemical Analysis: K. ECKXHLAGER, Van Nostrand-Reinhold, 
London, 1969. Pp. 155,6Os. 

This book should be close to the hand of all analytical chemists. It discusses the sources of 
error inherent in the most common methods and gives an account of the statistical procedures 
necessary for the evaluation of experimental results. The statistical methods are described 
in a down to earth way and are illustrated by exemplary treatments of analytical results. Methods 
for handling small numbers of results are given their due as are rapid graphical methods. Parts 
are uneven, e.g., errors in calorimetry due to stray light are not mentioned and the tiro who 
wished to compute a simple regression curve would be advised to consult one of the more formal 
works listed in the bibliography. Despite its blemishes, the range of coverage and its practical 
approach make it a most valuable book. 



iv Publications Received 

Chemistry of Complex Equilibria: M. T. BECK, Van Nostrand-Reinhold, London, 1970. Pp. 285, 
90s. 

The author provides an extensive and realistic review of complex equilibria. The methods 
available for the determination of equilibrium constants are outlined and critically evaluated. 
He considers that the formation of mononuclear complexes with one &and only is abnormal 
and consequently he gives a welcome emphasis to polynuclear complexes, protonation of chelates 
and mixed ligand complexes. He also discussed the factors which determine the value of the 
stability constant of a metal complex. The text contains many graphs and experimental data 
taken from original papers, which are used to exemplify an approach to a particular roblem and 
there are over 1000 references. Workers in the field will 6nd it very useful and it wii! be of value 
to those who wish to widen their background, since the style is clear and the coverage good. 



DR. RUDOLF PkIBIL 

DR. RUDOLF PHIL, who is the senior research chemist of the Polarographic Institute 
of the Czechoslovak Academy of Sciences, attains his 60th birthday this year. Dr. 
Pfibil was born on 23 July 1910, in Prague. He studied chemistry, mathematics and 
physics at Charles University in Prague, his interest being concentrated mostly on 
analytical chemistry. He received the degree of Doctor of Natural Sciences in 1933. 
He continued to work under Prof. 0. Ton&ek as an assistant in the Institute of 
Analytical Chemistry in the Faculty of Natural Sciences at Charles University until 
the second World War. When the University was closed by the Germans, Dr. Piibil 
worked in a chemical factory in Rybitvi as a research analyst. After the war Dr. 
P;ibil turned his attention to the rebuilding of the Institute of Analytical Chemistry 
at Charles University. 

In 1946 he made his “habilitation” in the field of analytical chemistry and 
continued as the assistant of Prof. 0. TomiEek. In 1948-1950 Dr. Piibil was head of 
the Institute of Inorganic and Forensic Chemistry in the Faculty of Natural Sciences 
at Charles University. At the same time he continued teaching in the Institute of 
Analytical Chemistry. In 1950 he left the University to act as head of the Division 
of Analytical Chemistry in the Institute for Pharmacy and Biochemistry, where he 
worked until 1955. From 1955 Dr. P&bil worked in the Czechoslovak Academy of 
Sciences as a research worker and in 1958 became head of the Laboratory of Analytical 
Chemistry. 

Influenced by his teacher Prof. 0. Tomlzek, Rudolf Piibil began his research 
activity in the field of potentiometry. After World War II he turned his interest to 
the application of complex-forming substances in analytical chemistry. In the series 
of papers written by G. Schwarzenbach and describing the properties of some poly- 
aminopolycarboxylic acids he recognized the role which these compounds may play 
in analytical methods. In 1947 he started a systematic study devoted to the application 
of EDTA in gravimetry, calorimetry, polarography, and solvent extraction. Since 
1953 he has studied chelometric titration with EDTA and classical chelometric in- 
dicators. He was mostly interested in the problem of increasing the selectivity of 
chelometric titrations, and successfully applied the masking properties of triethanol- 
amine, fluoride and various thio-compounds, in EDTA titrations. 

In 1956 Piibil published his first paper devoted to a new type of metallochromic 
indicator-on Xylenol Orange. These indicators of phthalein and sulphophthalein 
type were (and still are) very suitable for EDTA titrations and are now manufactured 
all over the world. Piibil’s paper influenced the other analysts to begin research 
work in this field and thus EDTA titrations became a new branch of modern volumetric 
analysis. 

In the sixties Piibil studied mostly the chelometric determination of rare earths, 
zirconium etc, and on the basis of his experience in chelometry developed a series of 
methods for the analysis of various industrial materials. Recently he has studied the 
possibility of the application of metallochromic indicators in spectrophotometry and 
in extraction calorimetry. 

Dr. Pr*ibil has published about 250 papers and 15 monographs. He was awarded 
the State Prize for chemistry in 1953 and in 1958 received the academic degree of 
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Doctor of Science. He has been a Regional Editor of Talanta since its inception in 
1958. As a lecturer or visiting professor he has visited many research institutions and 
universities in Europe, America and Asia. Due to his personal charm and social 
activity he has thus found a lot of friends throughout the world. All his friends, 
students and co-workers wish him much health and personal success. 

Long life to our Rudla! 
M . KOPANICA 
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ERRATUM 

In the paper by A. Townshend and A. Vaughan, Tulanta, 1970,17,289, in Table III, 
the amounts of zinc taken and found should be in rzg, not pg. 
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XXI& International Congress of Pure and Applied Chemistry, Prague, 1967. Congress Lectures 
Butterworths, London, 1969. pp. 273. %5.00. 

Three fields of chemistry received special attention at this Congress: Automation in Analytical 
chemistry, Toxicological chemistry, and Chemistry of nucleic acid components. The topics 
covered in the second section are of considerable interest to a very wide group of readers, including 
the many analytical chemists whose job it is to detect and determine traces of toxic compounds. 
The lectures are entitled Dangers de l’&e chimique, The fate of foreign compounds in man and 
animals, Exposure tests in industrial toxicology, Diagnosis of poisoning by products in the home, 
and Analysis of biological material in industrial toxicology. 

The tist section includes lectures on more familiar topics with a general discussion of Analyti- 
cal chemistry and automation, and more specific papers on Automation of analytical processes (in 
steel works), Controlled-potential electrolysis and the rates of homogeneous reactions, Automa- 
tion in functional group analysis, and Automation in the elucidation of the structure of organic 
compounds. The contents of the book also appear in Pure and Applied Chemistry, 1969, Vol. 18. 

Solute-solvent interactions: Eds. J. F. CQETZEE and CALVIN D. RITCHIE, Dekker, New York and 
London. 1969. DD. 653. 829.50. 

The iapidly IAcreasini interest in the nature of solutions and the thorough physicochemical 
study of their properties in connection with other branches of chemistry such as acid-base work, 
non-aqueous solutions, and reaction kinetics has prompted the publication of this book. The 
interest among analytical chemists in this field is obviously growing, too, and many will find a 
perusal of some of the chapters of this book worthwhile and stimulatinp. The first two chanters. ” 
bn Heats and entropies of ionization (a critical survey of published data for Briinsted acids in 
aqueous solution) and Medium effects and pH in non-aqueous solvents (dealing with the theory 
and problems of pH scales and pH measurement) serve as an introduction to the subsequent six 
chapters on Acidity functions, Interactions in dipolar aprotic solvents, T’he selective solvation of 
ions in mixed solvents, Solvent isotope effect on thermodynamics of non-reacting solutes, Solvent 
isotope effects for equilibrium and reactions, and Organoalkali compounds in ethers. This is a 
useful up-to-date reference book for the research worker. 

Introduction to the Chemical Analysis of Plastics: A. KRAUSE and A. LANGE, Iliffe, London, 1969. 
Pp. x + 225. 60s. 

This is essentially a laboratory handbook on the identification of plastics, plasticizers and fillers 
by simple chemical and physical tests. No theory is given and methods such as spectronhotometrv. 
pblarography and gas itiomatography are int&ti&ally omitted. A wide r&ge of’materials & 
covered and the volume, which kms within the limits stated, should be of value for identification 
and in the preparation of more co&plex methods of analysis. 

Pharmaceutical Chemistry, Vol. 2: Ed. L. G. CHAIN. Pp. xiv + 773 Dekker, New York and 
London, 1969. Pp. xiv + 773. E14; $29.50. 

This comprehensive book is the second of two volumes and deals with the theory and applica- 
tion of instrumental techniques in pharmaceutical analysis. Although directed mainly at the 
senior undergraduate and postgraduate student of pharmacy, it should serve as a valuable reference 
work for the practising pharmaceutical chemist himself. This volume contains chapters on the 
following topics: ultraviolet, visible and infrared spectrophotometry, Raman spectroscopy, 
fluorimetry, mass spectrometry, nuclear magnetic resonance, gas chromatography, polarography, 
atomic-absorption, X-ray and radiochemical methods, turbidimetry and nephelometry, optical 
crystallography, refractometry, polarimetry, potentiometric and amperometric titrations, current 
flow methods, coulometric methods and chronopotentiometry. Most chapters provide a compre- 
hensive list and some chapters include questions, problems and practical experiments to demon- 
strate certain applications. Each monograph is clearly written and well illustrated, containing 
many photographs and diagrams of modem analytical instruments. 

A Programmed Introduction to Gas-Liquid Chromatography: J. B. PATERSON. Heydon, London, 1969. 
pp. xv + 303. 45s. 

This book contains a great deal of very familiar data presented in a rather unusual form. The 
approach is that of an elementary textbook on physical chemistry dealing with the vapour-liquid 
equilibria. There is a fair amount of practical detail, some rather trivial in character and a series 
of questions and answers. The book is suitable for sixth-form students and first-year degree 
courses. 

iv 



Publications Received V 

Liquids and Liquid Mixtures, 2nd Ed. : J. S. ROWLINSON. Butterworths, London, 1969, pp. xv + 371. 
s6 10s. 

This is a revised second edition of a definitive work by the world authority on the subject. The 
scope of the book is largely unchanged, but all tables have been recalculated. The material 
includes the thermodynamic treatment of vapour-liquid equilibria for pure liquids and an in- 
terpretation of the phenomena associated with mixing in terms of inter-molecular forces. The 
book provides an excellent basis for an advanced course for graduate students. 

Outline of Industrial Organic Chemistry: ALFRED RIECHE. Butterworths, London, 1968. Pp. xix + 
572. 98s. 

This is a translation of the 3rd edition (1964) of “Grundiss der technischen organischen 
Chemie” originally based on lectures by the author at Jena University. The coverage is very wide 
and the text is supplemented by numerous tables of technical and economic data. The chemistry 
of coal, oil and natural gas, hydrocarbons and derivatives occupies one half of the book, the second 
half being divided in approximately equal parts between carbohydrates, fermentation chemistry, 
and fats and soaps (100 pp) synthetic organic chemistry and plastics (85 pp) and pharmaceuticals, 
dyestuffs and explosives (90 pp). This is both a useful reference work and an interesting history 
of the organic chemical industry. 

Electrochemistry at Solid Electrodes: RALPH N. ADAMS. Dekker, New York, 1969. Pp. 402. $18.75. 
The aim of this book is to discuss the use and application of solid electrodes, the approach 

being essentially that of the experimentalist. The first half covers the theoretical considerations, 
and the second has chapters on Investigation of electrode processes, Fabrication of electrode 
systems, and Applications to organic compounds. The large amount of valuable practical 
information in the second part reflects the author’s wide experience in this field. The book is 
aimed at graduates and research students, particularly those in the field of organic electrochemistry. 

Lipid Chromatographic Analysis, Vol. 2: Ed. Gumo V. MARINETII. Dekker, New York, 1969. 
Pp. xii + 596. $27.50. 

The various authors have produced a compilation of established and new techniques of value 
in the chromatographic analysis of steroids, sterols, bile acids, alcohols, prostaglandins, vitamins 
A and D, tocopherols and other compounds. One of the main advantages of the book is that 
minor, but important, manipulative and other practical points are explained. There is considerable 
and valuable critical appraisement of the various methods, and literature up to 1966 is well covered 
in addition to a few references to more recent literature. The literary style is uneven. There are 
numerous laboratory colloquialisms and several misprints. The book will serve as a valuable 
concise handbook on the subject. 

Molten Salts: Ed. GLEB MAMANTOV. Dekker, New York, 1969. Pp. xvi + 611. 816.75; E6. 
This collection of essays on the chemistry of molten salts gives a useful picture of current 

research and thinking in this field of chemistry, and may prove fruitful in catalysing analytical 
thought on the application of molten salt systems to analysis. 



SUMMARIES FOR CARD INDEXES 

Use of tetracyanoplatinate@) for the luminescent detection of metal 
ions: B. C. CAPELIN and G. INGRAM, Tdantu, 1970,17,187. (Depart- 
ment of Chemistry and Geology, Portsmouth Polytechnic, Ports- 
mouth, Hampshire, England.) 

Summary-The tetracyanoplatinate(n) (TCP) ion forms insoluble 
fluorescent compounds with many metal ions. This property has not 
hitherto been exploited for analytical use. The soluble sodium TCP 
salt has been applied as a reagent for metal ion detection. Fluorescent 
precipitates useful for detection of the metal ions were obtained with 
Y(m), Zr(N), AgO, Zn(II), Cd(n), Hg(I), HgO. Al(m), Pb(II), 
La(III) and Th(IV). Limits of detection ranged from 5 to 200 ppm. 
With ammonium acetate as a masking agent, selective detection of 10 
ppm of silver was achieved in the presence of the other metal ions. As 
little as 20 ppm of zirconium can be detected in the presence of 
hafnium, which yields a non-fluorescent precipitate. 

L’aatomatisatioa en aaalyse par activation neutronique et ses applications 
&la pmdnction industrielle: J. hm~uON, Tafanta, 1970,17,197. (Centre 
dkudes Nuclkaires de Grenoble, Rue des Martyrs, 38Grenoble. 
France.) 

Smnmary-Reasons are given for the applications of activation 
analysis being generally confined to laboratory use. Conditions are 
given for application of analytical methods to industrial process 
control, in particular for automatic determination of oxygen in steels. 

A study of some matrix effects ia the determiaation of berylliam by 
atomic-absorption spectroscopy in the nitrous oxide-acetykne flame: 
B. FLEET, K. V. LIBERTY and T. S. WEST, Tahta, 1970, 17, 203. 
(Chemistry Department, Imperial College, London, S.W. 7.) 

Summary-A study has been made of a number of interferences 
observed in the trace determination of beryllium by atomic-absorption 
in the nitrous oxide-acetylene flame. The major negative interference 
caused by the presence of excess of ahnninium salts may be overcome 
by the use of 8-hydroxyquinoline. Magnesium and silicon also 
depress the Be signal but most other metals cause. enhancement. In 
most instances the enhancements may be made uniform by the addition 
of potassium ions to the sample solution. 

ix 



X AHHOTaquE CTaTefl 

~C~O~b3OBAH~E T~TPA~~AHO~~AT~HATA(II) 
AJIIi OBHAPYKEHBff ElOHOB METAJIJIOB 

METOAOM JIIOMBHECVEHYBM: 
B. C. cAPJ3LIN and G. INGRAM, Tahta, X970, 17, 187. 

Pe8mm?-TeTpaq~a~onnamnaqII) HOH (Tan) o6pasyeT xepam- 
BOpEMhIe ijmyopecqapymqure coe,qmemrr c pnJ&ohl MOHOB 
MeTamoB. 3Toft xapaKTep~c~K0~ ~0 cnx nop He n0nbaoBamcb 
Am aHanmwiecmrx qeael. PawBopmfyro siaTpt5errym conb 
TyII npmemmi B KasecTBepeareHTa@ff o6HapymeHKsxKo~o~ 
nxeTaamoH. cPJrypecynpymqae OCWKH, mnonbsyeivne Am 
o6Hapyittems EIOHOB MeTannoB noayqeHar cY(III), Zr(IV),Ag(I), 
ZnfII), Cd(II), Hg(I), R&II), Al(III), Pb(II), La(II1) H Th(IV). 
YyBCTsElTenbHOCTbCOCTaBnRJIaFiAO 200Mr/JL C EICllOJlb~OBaHMeM 
a4eTaTa aMnformR B KaqecTBe MacKxpyromero areKTa nonyseao 
CezeKTmHoe oupe~en~e 10 mjncepe6paB II~HC~TCTBI~H ApyrEx 
MOHOBM~T~~IH~B. OnpeAenerio~o20 MF/JI ~~~KoH~KBH~K~~T~T- 
BIlM radjxim, ~0~0pblfl 06pa8yeT Hei$nyopecunpymu@? OCWOK. 

ABTOMATH3AQW-l HE~TPOHHOAKTI4BA~I4OHHOI”O 
AHAJIBBA YI EI’O FIPMMEHEHBE B 
lIPOMbIIUJIEHHOM IIPOB3BO~CTBE: 

J. PERDUON, Tulanta, 1970, 17, 197 

Peawm-Oficym~eHo np~MeHex~e aKT~ea~~oHHor0 aHamiaa, 
KOTOpbIfi B IlpaBElJIe IIClIOJIb80BaH TOnbKO B ~a6opaTop~~. 
HaHbI yCJ!OBHR @lJZ Hp%lMeHeHHR aHaHKTFITH9eCHKX MeTOAOB B 
pary~~pOBaH~~ K~OM~~~eHH~X IlpOQeCCOB, B PaCTHOCTH B 
aBTOMaTHYeCHOM OllpeAeJIeHUll KKCJlOpOAa B CTaJUIX. 

BSYYEHME HEKOTOPbIX MATPHYHbIX 
3cDrSEKTOB B O~P~~E~EH~~ BEPIlJIJIMII 

METOAOM ATOMHO-ABCOPB~~OHHO~ 
CIIEKTPOCKOIIkIH B IIJIAMEHH 3AKHCEI ASOTA 

54 AUETHJIEHA: 

B. FLEET, K. V. LIBERTY and T. S. WIT, Talanta, 1970, 17, 203. 

P03HIMe-~ayseH PfIA Me~a~~~X ~~~eKTOB 06HapymeHHbIX B 
OIIpe~eneKmi CneAoB Gepannm MeToAoM aToMHo-a6cop6~uoHHo~ 
cnewpocKonmi ~maMeHk~ 8aKmxi aaoTasiaqeTmeHa. FnaBHoe 
Me~a~~ee RetiCTBHe, Bbl3BaHO IlpHCyTCTBtleM H36bITKa COJlet 
aJIK)MMHER MOHCHO E186e¶b ~CKO~b3OBaH~eM 8-OKcE!XEHOnHHa. 
MarHnt EI KpeMHI& TaKme CHU?K~KIT CrwHanb 6ep~~~~~ HO 
~OJI~U.I%~HCTBO J&pyrMX MeTaJInOB IIOBPIIIaIOT BTOT CUrHaJIb. B 
6OmdIIMHCTBe CJIysaeB AO6aBneHEie K paCTBOpy MOHOB KaJUiH 
BUpaBHHBaeT eTI4 KOB~~eH~~. 



Summaries for card indexes xi 

Determination of microgram amounts of metals by chronometric 
analysis: A. PALL, G. SVEHLA and L. ERDEY, Tulunfa, 1970, 17,211. 
(Institute for General and Analytical Chemistry of the Technical 
University, Budapest, Hungary.) 

Snmmarg-_The reaction between peroxidisulphate and iodide, modified 
by the addition of thiosulphate to show the Landolt effect, has been 
used for the determination of copper and iron in the range l-100 
,q/ml, based on the catalytic effect of these ions. The procedure is 
rapid and simple, and the errors are less than 10%. The interference 
from iron in the determination of copper may be overcome by the 
addition of a masking reagent such as fluoride. 

Verwendung tiRig dissoziierter Komplexe bei spektralphotometrlschen 
Bestbmnungen-II. Reaktlonen von Arsenazo III mit Uranyl und 
Thorinm(IV): J. BoRAK, Z. SLOVAK und J. FISCHER, Tdanra, 1970, 
17, 215. (Institut fiir reine Chemikalien, Lachema Bmo, Tsche- 
choslowakei.) 

Summary-The reaction of uranyl ion with Arsenazo III in acid 
solution gives rise to the formation of two complexes of the type ML, 
the proportions of these two being dependent on the acidity. The 
molar absorptivities of the complexes at 565 mn are 5.3 x lOa and 
8.8 x 10s l.mole-l.mm-*. The formation constants have been deter- 
mined, and the apparent variation in the sensitivity of the reaction is 
explained. In acid solution thorium forms complexes with Arsenazo 
III of the types MsL, ML (two), and ML*, the last of which is analytic- 
ally useful, although partially dissociated. It predominates in strongly 
acid solution containing a large excess of reagent, and has a molar 
absorptivity at 658 mn of 12.8 x 1W l.mole-~.mm-l. 

2,4-Bis(4-nitrobenzazo)resorcinol-&vulphonic acid as a new acid-base 
indicator: J. JEN~K and F. RENQER, Tulantu, 1970, 17, 231. (Depart- 
ment of Analytical Chemistry, College of Chemical Technology, 
Pardubice, Slov. povstani 565, Czechoslovakia.) 

Summary-2,4-Bis(4-nitrobenzaxo)resorcinol-6-sulphonic acid is sug- 
gested as a new visual acid-base indicator, which because of its colour 
sharpness and other qualities is useful in titrations of weak acids. 
There are two colour transitions, one from yellow to red at pH 
68-S-2, the other from red to blue-violet at 10-5-13-O. The corre- 
sponding dissociation constants are p& 764, and pKp 11.64. 



xii AnRoTauHU cTaTeii 

Ol-IPEAEJIEHBE MkIKPOI’PAMMOBbIX 
KOJIW-IECTB META&TIOB METOAOM 
XPOHOMETPW-IECKOrO AHAJIMBA: 

A. PALL, G. SVBHLA and L. ERDBY, T&z&z, 1970,17,211. 

PeiuoMe-Peax-qwi nepoKcmEcyab#aTa c HOMEROOM, EweKeBa 
Ao6aBJIeH~eMTKocyw@aTawfHnoJrSnIeHEKe@@eKTaJIawOJIbTa, 
npamexieKa B onpeAexeBw4 YegE H mene8a B npeaenax l-100 
MlwlYJl Ka OCROBe KaTaJniTwxecKoro AetCTBSiR BTEX HOHOB. 
MeTog KBzKeTcsi ~~ICTP~IM A HeuIowxuM, a OUIH~KH MeBbme 
¶eM 10%. BJrHnRne xtesesa B onpeneneRax% MeAn E86erHYTO 
go6aBaexuieM MacKHpyIorqero areHTa, Ha IIpEMep @TopsQEoHa. 

IIPHMEHEHklE YMEPEHHO ~kiCCOI@IHPOBAHHbIX 
KOMIIJIEKCOB B AHAJIMBE Cl-IEKTPO@OTOMETP- 
W-IECKMM METOAOM-II. PEAKqHH APCEHA30 

III C YPAHMJIOM I,I TOPEIEM(N): 

J. BOR.k, Z. SLOVAK and J. FIm, Tulunta, 1970, 17,215. 

Pe8m~+B peaKwmr ypaHHmoKa c apceKa8o III B KHCJIOM 
paCTBOpe 06paSyrOTcK pa KOMIIJleKCa TnIla ML, OTHOIlleHEe 
KOTOpbIX BaBECUT OT KElCJIOTAOCTli paCTBOpa. &l$@epeHWia~- 
HbIe MOi'IFIpHbIe CBeTOUOr~O~eHER KOMIIneKCOB IIpE 666 KM 
PaBHbI 6,3 X lo* EI 8,8 X lo* JLMOJIb-'.MM-'. OIIpeneJIeHLd 
KOHCTaHTbI obpasoaarrsi~ I4 pa8ZRCHeHO Bli,lJ+HMOe Koae6aBEe 
YyBCTBElTeJIbHOCTH peaKvl¶H. B KHCJIOM pacTBope ~oppri'i obpaa- 
yeT KoMnneKcbI c apceHaso III Tsirxa MzL, ML (asa) H ML,; 
lI0CJre~HbU.l MO?KHO lIOJlbSOBaTbCJ3 B aHailU8e XOTR OH qaCTM¶HO 
~HCCO~KHpOBaH. 3TOT KOMIlJIeKC npeo6nwaeT B CMJIbHOKHCJiOM 
pacTBope B II~EC~TCTBHH 6oJIbnrero Ke6bITKa peareara, ero 
~~~@epexiqmranbBoe MoxfipBoe cBeTonomoqeBne paBK0, nps3 
668 HM, 123 X lo' JLMOJIb-'.MM-'. 

2,4-BMC(4-HLITPOBEH3A30)PE30P~~HOJ-6- 
CYJIbDOHOBAR IWCJIOTA B KAYECTBE HOBOI’O 

KBCJIOTHO-uEJIO=IHOI’O tiH@IKATOPA: 

J. JEN~K and F. RBNGER, Zlulanru,1970, 17, 231. 

PesWMe-2,4- &iC(‘i-HKTpO6eH8a8O)pe8OpIWiEOJI-6-CyJIbi$OHOBaH 
KElCJIOTa~pe~JIOlKeHaBKa~eCTBeHOBOrOBE8yaJIbHOrOKHCJIOTH~ 
IQeJIOqHOrO IIHAEIKaTOpa, KOTOpbIti IIBJIReTCfi IIOJIe8HbIM B 
THTPOB~KHHE cna6nx KHCXOT BcnencTBxe ero oc~pot nepeMeBbI 
qBeTaH~pyrHXXapaKTepECTHK. ~MeIOTCR~BeIIepeMeHbIqBeTa, 
oABa ~8 )KenToro B KpacHbIB npu pH 6,8-8,2, ~pyrHti-Iis 
KpaCHOrOBCEIHe-@EIOJIeTOBbIt IIpH 10,5-13,0. COOTBeTCTByIOUVie 
KoKcTaKTbI AEiccoqsIaqHH P~RH~I pK, 7,64 II pK, 11,64. 



Summaries for card indexes 
. . . 

x111 

Siiver(III) as an oxidative titrant. Determination of some sugars, 
carboxylic acids and inorganic ions: P. K. JALSWAL and K. L. YALYAVA, 
Talantu, 1970, 17, 236. (Chemical Laboratories, University of Alla- 
habad, Allahabad, India.) 

Sunuua~-GIilver(III) has been stabilized as its telhuato complex and 
used for the oxidation of sugars, organic acids, ferrocyanide, sulpbide, 
peroxide and thiosulphate, the excess of oxidant being measured by 
reducing it with an excess of amenite and then titrating the surplus 
arSenite with iodine. 

The vohmwtric determhation of nitrite with chloramine T: J. AGTERDEN- 
BOS, Tdmtu, 1970, 17, 238. (Laboratory of Analytical Chemistry, 
State University, Utrecht, The Netherlands.) 

Summary-Nitrite may be determined by oxidation with chloramine T, 
reaction of the excess of chloramine T with excess KI, and titration of 
Is formed, with thiosulphate. The reproducibility and some interfer- 
ences are discussed. 

Exchange reactions of ternary ion-assuchtion complexes directly in the 
organic phase: R. W. BUIXKE, Tuhtu, 1970, 17, 240. (Institute for 
Materials Research, National Bureau of Standards, Washington, D.C., 
U.S.A. 20234.) 

Snmmar~-The analytical implications of exchanging a highly coloured 
or fluorescent group R for a non-coloured or non-fluorescent one 
directly in the organic phase are discussed for ternary ion-association 
complexes of the type [ML,-]R+. 
trate the approach. 

Several examples are given to illus- 



XIV 

CEPE BPO(II1) B KA=IECTBE OKkICJIMTEJIbHOrO 
THTPOBAHHOI’O PACTBOPA. Ol-IPEaEJIEHBE 

HEKOTOPbIX CAXAPOB, KAPBOHOBbIX KMCJIOT 
&I HEOPrAHBYECKBX BOHOB: 

P. K. JAISWAL and K. L. YADAVA, T'luntu, 1970, 17,236. 

~%mmfe--~epe6po(III) cTa6swmszfposazio B Gopane ero TeJIJIy- 
paTo-KomneKca II ncnonb80BaHo .qns omfcnemm caxapoB, 
opramse CKHX KEICJIOT, @eppoqHamina, cynb@naa, nepemmi u 
miocynb$aTa. ~~B~~PTOK oKKcnnTenbHor0 pearema onpe~enaan 
el'0 BOCCTaHOBJleHEieM CKB6bITKOY apCeHHTaK OlTKTpOBblBaHHeM 
IIE~~~ITO=IHOFO apcemmac IIOAOM. 

TBTPBMETPINECKOE Ol-IPEAEJIEHBE HHTPHTA 
XJIOPAMMHOM T: 

J. AGTERDENBOS, Talanta, 1970, 17, 238. 

P~NoM~-HKT~HT onpeAensnK OKKcJleHKeM c xnopaMuKon T, 
peamposamem KE6bITKa xnopahnma T c E186bITK0~ KI EI TEITPO- 
BaAHeM o6paaymwerom I, C THOCyJIb@aTOM. 06Cy%AeHbI 
BOCnpOEiaBOAliMOCTb peayJIbTaTOB II HeKOTOpIJe MeIUaKXgHe 
AefiCTBEifi. 

PEAKqklkI OBMEHA TPOtlHkiX 
HOHOACCO~klA~kIOHHbIX KOMIIJIEKCOB 

HEI-IOCPEACTBEHHO B OPI’AHMYECKOm @A3E: 

R. W. BURKE, Talunta, 1970, 17,240. 

Pewme-PaccMoTpeHo afiamwwiecKoe maqemie 8aMemd CXJib- 
HOOKpaIIleHHOt+IyOpeCgKpyIOJ.get~py~gbIR~aHeOKpa~eHHyH, 
SfJlIl He@IyOpeCgHpyIOIgylO rpyggy HellOCpeACTBeHHO B Opl'aHH- 
secKoi f#aae gnz3 cnysaR ~poinx KoHoaccogKagnoKK~x 
KOMllJIeKCOB TIlIIa[ML,]R+. npHBeAeA0 WICJIO IlpKMepOB WH 
o6wnXieKK~ Bonpoca. 



Summaries for card indexes xv 

The stmctme of primary nickel ditbixonate: MICHAEL LAMG and 
P. A. ALSOP, Tdantu, 1970, 17, 242. (Department of Chemistry, 
University of Natal, Durban, and Department of Chemistry, University 
College of Rhodesia, Salisbury.) 

Summary-Primary nickel dithizonate is found to be isostructural with 
the palladium and platinum complexes, and the nickel dithixonate 
molecule is shown to contain nickel in an a 
configuration bonded to the organic ligan gP 

roximately square planar 

nitrogen atoms. 
through both sulphur and 

Determination of dicyclohexylamine in sodium cyclamate: J. W. 
ERSKINE and A. F. WILLLMS, Tuhca, 1970,17,244. (Research and 
Development Department,I.C.I.,NobelDivision, Stevenston, Ayrshire.) 

Summary-Dicyclohexylamine is determined in sodium cyclamate at 
levels of concentration down to the order of 1 ppm by measurement of 
the yellow colour of the chloroform extract of its Bromophenol Blue 
complex. 

Conlometrische Titration von Hypochloriten und Chloraten: PETER 
GR~LER and HEINZ HOLZAPFEL, Taluntu, 1970, 17, 246. (Sektion 
Chemie, Karl-Marx-Universit%, Liebigstrasse 18,701 Leipzig, D.D.R.) 

Summary-Hypochlorite was determined by dir& coulometric 
titration with iron(H) in an acetate buffered solution. Chlorate was 
titrated with tita&&(III) in 2M hydrochloric acid. Amperometric 
indication with one and two electrodes, respectively, was used. Mix- 
tures of hypochlorites and chlorates, e.g., in industrial electrolytes, may 
be analysed. 



xvi AHHOT~~UU cTaTea 

KPtiCTAifUIMYECKAH CTPYKTYPA HEPBHYHOI’O 
AMTMBOHATA HHKEJIH: 

MICHAEL LAING and P. A. ALSPO, Tulunfa, 1970,17,242. 

P05RN?---~epBF4IibIt gHTuoOHaT HuKeJIR RBJfReTcH ,EaOCTpyK- 
TypliHM C KOMllJfeKCaMU IElJ'l~a~U~ E IIJIaTuHbI, a HHKeJlb B 
MOJIeKyJIe AITU80HaTaHUKeJlR IIpECyTCTByeT B npM6suauTenbEo 
KBaJJpaTU¶eCKOff lIJIaliapEO8 KOH@iPypagUU CBRBaHHOfi C Opra- 
UngecKuM nurariAoM nepea aToMhI cepbx u aaoTa. 

OIIPEAEJIEHHE AM~MKJIOI’EKCMJIAMBHA B 
qMKJIAMATE HATPMH: 

J. W. ERSKINE and A. F. WILLIAMS, Tuhntu, 1970,17,244. 

P0BIoM~AUgEKnoreKcunaMnA onpeneneri B gnKnaMaTe KaTpuu 
~0 KosigenTpagua BefiuwKhI I qacTx aa hk131U0H UaMepeHueM 
5KeJITOl'O gBeTa XJIOpO@OpYOBO~O BKCTpaKTa el'0 KOMIIJleKCa c 
6poMo~eHOnOBbIMrOnyb~M. 

KYJIOHOMETPZNECKOE TBTPOBAHIlE 
I’BrIOXJIOPMTOB I4 XJIOPATOB: 

m GR~LER and HEINZ HOLZAPFEL, TnZantu,l970, 17,246. 

PeBIonr&--rulIOXJIOpUT OIipeAeiTfinH HeUOCpegCTBeHHblM KyJlOHO- 
MeTpUYeCKFfM TUTpOBaKHeM C H(eJIeaOM(II) B paCTBOpe, By@epn- 
POBaHHOM ageTaTHhIM 6yGepom. %'lOpaTTETpOBaJIU GTHTBHOM- 
(III) B~~?coJIHAoBK~~JI~T~. I4crr~obaoBaKoa3fneponreTpu~ecKoe 
HHAHgZlpOBaHUe C OaHUtd UJIU AB~MR NIeKTpOAaMH, COOTBeTCT- 
BeuHO. MeTOn nOaBOJIHeT zuIaJIuallpoBaTb OMem ~UIIOXJIO~HTOB 
HXJIOpaTOB,Ha IIpUMep npOMbIIJIJIeHHhle EJJIeKTpOJZUTbI. 



SUMMARIES FOR CARD INDEXES 

Komplexe der Anthranil-N,Ndiessigsiiure mit Metallen in der Oxy- 
dationsstufe +4-I. Zirkonium und Hafaium: C. DR~JGALESCU, 
SEP~MIA POLICEC and T. S~MONEXU, ZUzntu, 1970,17,557. (Academia 
Republicii Socialiste Romania, Baza de CercetzLri Stiintitice, Timisoara, 
Blv. Mihai Viteazul 24, Romania.) 

S~GSpectrophotometric studies have shown that zirconium 
and hafnium form complexes with anthranil-iV,N-diacetic acid (ANDA) 
in aqueous solution, with the compositions Me: ANDA 1: 1 and 1:2. 
The conditional stepwise formation constants at pH 1 were found to be 
kl = 20 f 5 and k, = 1.42 x 10’ for zirconium, and kl = 10 f 5 
and ks = 1.22 x lo6 for hafnium. 

Gleicbzeitige spektrophotometriscke Bestimmung des Zirkoniums und 
Hafniums: SEPTIMIA POLICE-C, T. SIMONESCU und C. D~~GULESCU, 
Taluntu, 1970,17,567. (Academia R.S.R., Baza de CercetEiri Stiinlifice, 
Timisoara, Mihai Viteazul24, Romania.) 

Summa~-Zirconium may be determined in the presence of hafnium 
by ultraviolet spectrophotometry at the isosbestic wavelengths of 
218.2, 243.3 or 298.5 nm, with anthranil-N,N,-diacetic acid in dilute 
acid solution. Hafnium may be determined in the presence of zirconium 
from measurements at 216.5, 242.5 or 297 run. Concentrations in the 
range 2-36 ,@nl (Zr)and 3-70 ,ug/ml (I-If) may be determined, and in 
admixture, from 2.5 to 80 ‘A of Zr in I-K, and oice versa, with an error 
of 3-4 %. 

Analysis by phase titration of three-component systems contaiaiag two 
mutually immiscible components: S. K. Sum, Tulux~u, 1970, 17, 577. 
(Chemistry Department, Indian Institute of Technology, New Delhi-29, 
India.) 

Summary_-A method, based on phase titration, for the analysis of 
ternary mixtures containing two mutually immiscible or partially 
miscible components is described. It can also be used for the deter- 
mination of tie-lines. The method is illustrated by its application to the 
system consisting of benzene, cyclohexane and nitromethane. 

iX 



AHHoraquu cTaTefi 

KOMHJIEKCM AHTPAHIIJI-iV,N-AEIYKCYCHO$i 
KElCJIOTbI C METAJIJIAMM B CTEI-IEHH 

OICHCJIEHHH +4-I. UIIPICOHEIn II rADHB$i: 

C. DF~GLJLESCU, SEPTIMJA POLICEC and T. SIMONIWU, i%~untu, 1970, 
17,557. 

Pe8mM~cneKTpo+OTOMeTpHgecKHe H8y4eHEH IIOKa23anH UT0 

~E~OKOAE~~ I¶ ra@EI¶ii o6paayroT KOMrrneKCbI c aBTp;LHKn-N,N- 
JUQ’KC~CHO~ KKCJIOTOt (AHAH) B BOAAOM pacTBope, cocTaBa 
Me: AHAK = 1: 1 H 1:2. 06yCnOBJIeAHbIe cTyneKsaTbIe KOHC- 
TaHTbI o6pa8OBaHKR IIpEI pH 1 paBHJ,I X1 = 20 f 6 II R* = 
1,42 X 10’ ~JIR qHpKOHIIR, EI RI = 10 f 6 H JC, = 1,22 X 10” 
Ann ra#HEs. 

OAHOBPEMEHHOE OIIPEAEJIEHHE IJklPKOHklrt kz 
I’A(DHHH CIIEKTPO~OTOMETPWIECKBM METOJJOM: 

SEPTIMU POLICEC, T. S~~orascu and D. DRAGIJLESCU, Tih~zu, 1970, 
17,567. 

Pewome-IJapKoHKB 0npeneneK B ~~HC~TCTBHB ra@iKfx MeTogord 
yJITpa+iOJIeTOBOti CIIeKTpO@OTOMeTpEE lIpE H8086eCTFieCKEX 
nJl&iHax BOJIH 218,2, 243,6 EJIH 208,6 KM, C aBTpaIi%in-N,N- 
pltry~cyc~oii KECJIOTO~ B paa6asneKKux pacTBopax KBCJIOT. 
ra@niti 0npenenKIoT B ~~KC~TCTBEE qKpK0~~fi HsMepeKuear 
CBeTOIIOIVIOJJJeHER Ifplcl 216,5, 242,6 EJIE 207, HM. MeTOA IlOW 
BonKeT onpeAenwcb 2-36 MKF/M~ Zr EI S-70 MKF/MJI Hf, aBcaaecK- 
2&i-+30 % Zr B Hf EI 06paTH0, c OIJIH~KO~~ pa~~oti 3-4 %. 

AHAJIM3 METOAOM @A30BOm TElTPAIJHM 
TPEXKOMIIOHEHTHbIX CHCTEM COAEPHCAUHX 

ABA HEPACTBOPHMbIX OAMH B APYI’OMY 
KOMIIOHEHTA: 

S. K. SURI, Talanta, 1970,17, 577. 

Pt%IOMe--OIIHCaH MeTO& OCHOBaH Ha @a5OBOti THTpaIJHEI, Z[JIR 
aKarw3a ~poi~nx cMeceti coAepHta4klx ABa HepacTBopKMbIx 
KJIU 4aCTKSHO paCTBOpHMbM OAHH B ApyrOMy KOMIlOHeHTa. 
MeTOA IlpEMeHIlM B OIXpeAeneHElH CBH&3J..IBalO~MX JIEIHMfi. M~TOA 
IUlJlIOTCpUpOBaH er0 I$pUMeHeHHeM B CECTeMe 6eHaos-VuKJro- 
TeKCaH-HETpOMeTaH. 



Summaries for card indexes 

Determination of vanadiam in refractory metals, steel, cast iron, alloys 
and silicates by extraction of an NBPHA complex from a sulphuric 
hydrofluoric acid medium: ELSIE M. DONALDSON, TuZanta, 1970, 17, 
583. (Mineral Sciences Division, Mines Branch, Department of Energy, 
Mines and Resources, Ottawa, Canada.) 

Summary-A method for determining up to 0.15% of vanadium in 
high-purity niobium and tantalum metals, cast iron, steel, non-ferrous 
alloys and silicates is described. The proposed method is based on the 
extraction of a red vanadium(V)-Wbenzoyl-PJ-phenylhydroxylamine 
complex into chloroform from a sulphuric-hydrofluoric acid medium 
containing excess of ammonium persulphate as oxidant. The molar 
absorptivity of the complex is 428 l.mole-l.mm-l at 475 run, the 
wavelength of maximum absorption. Interference from chromium(VlJ 
and cerium(IV) is eliminated by reduction with iron( Common 
ions, including large amounts 
and tungsten, do not interfere. 

of titanium, zirconium, molybdenum 

Relative sensitivity of rare earth elements in spark-source mass spectrom- 
etry: ELEN ROALDSET, Tulunfu, 1970, 17,593. (Institutt for Geologi, 
University of Oslo, Oslo, Norway.) 

Summary-A method for calculating the relative sensitivity factors 
for the rare earth elements in geological material is outlined. A close 
correlation is found between the relative sensitivity factors calculated 
and isotopic mass and the 6rst ionization potential for the elements. 
The points are grouped in the vicinity of a regression line, which may 
be used to determine the relative sensitivitv factors for all the rare 

Indirect determination of tluorides by the EDTA titration of samarim: 
H. F. COMBS and E. L. GROVE, Tuhru, 1970,17,599. (IIT Research 
Institute, Chicago, Blinois 60616, U.S.A.) 

Summary-Fluorides are determined by the back-titration of excess 
of samarium with EDTA to the canary yellow end-point of Methyl- 
thymol Blue. The fluoride is precipitated and digested in a solution 
buffered at pH 2.5-3-O with monochloroacetate buffer. After digestion, 
the pH is adjusted to 56-5-8 with pyridme and the excess of samarium 
is back-titrated in the presence of the precipitate, for samples with 
small quantities of fluoride. The procedure was used to analyse simple 
fluorides, fluoroborates and some other fluoro-complexes. 



xii 

OHPEAEJIEHBE BAHAJJW-2 B OrHEYlIOPHbIX 
METAJIJIAX, CTAJIH, YYI’YHE, CIIJIABAX I4 

CMJIHKATAX BSBJIE=IEHBEM B QOPME 
ECOMnJIEIECA C HBDI’A B3 CEPHO- 

cDTOPI4CTOBO~OPO~HOKI?cJIbIX CPEA: 

E~sre M. DONALDSON, Talanta, 1970, 17, 583. 

P03IoM&-OIIuCaH MeTon 0npeaeneHuH no 0,15% BaHantifi B 
B~IC~K~WCT~TH~M MeTannugecKoM Huo6ue u TaHTane,~ syryae, 
CTPJIU, qBeTHbIX CUJIaBaX u CuJluKaTaX. MeTog OcHoBan Ha 
UBBneqeHuu KpacHoro KoMnneKca Bariagus (V)c N-6eHaoun-N- 
@eHurrru~poKCunaMuHoM (HBDMA) XJIO~O@OPMOM tia pacTBopa 
CepHOiiu I$ITO~HCTOBO~O~O~HO~~ KuC~10~b1,co~ep~a~erou36h1TOK 
UepCyJIbGaTa aMMOHUH B KaYeCTBe OKuCJIuTeJlR. MonHpHoe 
CBeTOIIOrn0IqeHue KOMIfJleKCR paBH0 428 JI.MOJlb-l.MM-l IIpu 
475 HM, T.e. npu ~~UHM BOJIH MaKcuMyMa cBeTonorno~eHuH. 
Bnurwue XpOMa(VI) u IJepuH(IV) UCKJIIOYeHO BOCCTaHOBJIeHueM 

c menesoM(I1). 06bIKHOBeHHbIe UOHbI, BKJIIOqaR 6onbmue 
KOJluYeCTBa TuTaHa, qupKOHBR, MOJlubAeHa u BOJlb@paMa He 
MemaIoT onpeneneHus0. 

OTHOCBTEJIbHAR 9YBCTBHTEJIbHOCTb 
PEHK03EMEJIbHbIX BJIEMEHTOB B 

MA&-CnEKTPOMETPkWI C IKKPOBbIM 
BCTOYHHKOM: 

ELEN ROALDSET, Talanta, 1970,17, 593. 

~e8IoM~~pe~~O~eHMeTO~BbI~uC~eHu~OTHOCuTe~bHbIX~aKTO- 
pOB 'IyBCTBuTeJIbHOCTu AJIH peJfKO3eMeJIbHblX 3JleMeHTOB B 
reonoru9ecKoM MaTepuane. OBHapyHteHa cTporaR @y~Kqu0- 
HaJIbHaH CBH3b MeWAy BbFIuCJIeHHbIMH OTHOCuTeJlbHbIMu @aHTO- 
paMu UyBCTBuTeJlbHOCTu, MElCCbI u30TOIIOB, u IIepBblM IlOTeHq- 
UaJlOM UOHu3a~uu 3JIeMeHTOB. TosKu pacnono)KeHbI ~JIH~KO 
Jluliuu perpeCCuu, KOTOpOi MOmHO IlOJlb3OBaTbCfI JJJIH OIlpe- 
AeJIeHuH OTHOCuTeJIbHbIX (PaKTOpOB qyBCTBuTeJIbHOCTu ,lJJIfi BCeX 
peaKO3eMeJIbHbIX 3JIeMeHTOB. 

KOCBEHHOE OIIPEAEJIEHBE QTOPBAOB 
THTPOBAHBEM CAMAPHR C 3ATA: 

H. F. COMBS and E. L. GROW, Talanta, 1970,17, 599. 

Pe3IOMe--@TOpu~uOHbI OIIpeAeJIRIOT OTTuTpOBblBaHueM u36bITKa 
CaMapuH C 3ATA A0 CBeTJIO-?KeJITOrO KOAJJa TuTpOBaHuII C 
MeTuJITuMOJlOBbIM rony6uM. @TOpUg OCamnaIOT u AurepupyIOT 
B pacTBope 6y@$epupoBaHHoM npu pH 2,6-3,0 c MOHOXJ~O~- 
YKCYCH~IM Gy##epoM. nocne AurepupoBaHun pH II~UBOABT K 
5,6-6,s ~U~UAUHOM u U36bIToK caMapun TUTPUPYH)T B UPUCYTCT- 
BUU OCaJJKa B CJIysae He6ojrbBInx KOJIuYeCTB @TOpUAa. MeTog 
IIpuMeHBnU B aHanu3e IlpOCTUX @TOPEIAOB, 6OpO~TOpUAOB U 
HeKOTOpbIX ApyruX KOMIIJIeKCOB @TOpa. 
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Intluence of pH in fluorescence and phosphorescence spectrometric 
ansly&: S. G. SCHULMAN and J. D. WINEPORDNRR, Tufunfu, 1970, 17, 
607. (Department of Chemistry, University of Florida, Gainesville, 
Florida 32601, U.S.A.) 

Sannnary-An account is given of the theory of the effect of pH 
changes on fluorescence and phosphorescence of organic species 
which exhibit acid-base properties, and of the practical applications 
of the effect. 

Determination of iridium in ma6c rocks by atomic absorption: F. S. 
GRIMALDI and M. M. SCHNEPFE, Tahtu, 1970, 17, 617. (U.S. Geo- 
logical Survey, Washington, D.C., U.S.A.) 

Summary-Iridium is determined in mineralized mafic rocks by atomic 
absorption after tire-assay concentration into a gold bead. Inter- 
element interferences in the atomic-absorption determination are 
removed and Ir sensitivity is increased by buffering the solutions with 
a mixture of copper and sodium sulphates. Substantial amounts of 
Ag, Al, Au, Bi, Ca, Cd, Co, Cr, Fe, Ho, Hg, K, La, Mg, Mn, MO, Ni, 
Pb, Te, Ti, V, Y, Zn and platinum metals can be tolerated in the 
atomic-absorption determination. The sensitivity and detection 
limits are 3.2 and 0.25 ppm of Ir, respectively. 

Studies on nucleation from solution of some analytically important metal 
chelates: J. A. VELASQUEZ and 0. E. H~LEMAN JR, Tukzntu, 1970,17,623. 
(Department of Chemistry, McMaster University, Hamilton, Ontario, 
Canada.) 

Summary-The combination of precipitation from homogeneous 
solution and Vonnegut’s droplet technique is employed in the study 
of nucleation from solution of bis(l,2cyclohexanedionedioximato)- 
Ni(II), bis(l,2-cycloheptanedionedioximato)Ni(II), bis(l,2_cyclohex- 
anedionedioximato)Pd(II) and biil,2-cycloheptanedionedioximato)- 
W(B). Values of the kinetic constant, surface energy, critical radius 
and the number of molecules per critical nucleus are calculated and 
discussed in terms of the limitations of the classical theory of nucle- 
ation when applied to crystal nucleation from aqueous solutions of 
electrolytes. 



xiv AHHOTaquu CTaTet 

BJIIWIHBE pH B AHAJIBBE METOAAMM 
cDJIYOPECK(EHTHOm II QOCQOPECLJEHTHO~ 

CIIEKTPOMETPBB: 

S. G. SCHULMAN and J. D. WINEFORDNER, Talmta, 1970,17,607. 

Pe~IOive-O6cy~~eHa Teopm BJIUFIHUR nepeMeH pH Ha (myopec- 
qeHqmo M @oc@opecqeHqmo opramrecmx coe~memtt, o6nwa- 
IOJQuXHuCJIOTHO-~eJI09HbIMuXapaKTepuCTUKaMu,U IIpuMeHeHue 
BTOrO a@#eKTa B IlpaKTuKe. 

OIIPEJJEJTEHBE MPllflElR B MAcDWIECKklX 
I’OPHbIX IIOPOjJAX METOAOM ATOMHO- 

ABCOPBLJkIOHHO~ CIIEKTPOMETPBB: 

F. S. G RIMALDI and M. M. SCHNEPFE, Tulanta, 1970,17,617. 

PeiWMe--~pu@t Onpe~eJIeHBMuHepa~u~OBaHHbIXMa~u~eCKuX 
I'OpHbIX UOpOAaX MeTOJJOM aTOHOM aTOMHO-a6COp6qHOHHoiI 
CneKTpOMeTpuu nOCJIe KOHqeHTpupOBaHuH B IIepJIe BOJlOTa 
CyXuM IIyTeM. MeHWIeMeHTHbIe BJIURHMR B OnpeAeJIeHuu 
MeTOAOM aTOMHO-a6COp6quOHHOfi CIleKTpOMeTpuu UCKJIIO9eHbI u 
'IyBCTBUTeJlbHOCTb MeTOAa AJIFI 11. nOBbIIIIeHa 6y@#epupOBaHueM 
paCTBOpOB CMeCbH) CyJIb@aTOB Menu u HaTpEIR. 3HaWTeJIbHbIe 
KonuPecTBa Ag, Al, Au, Bi, Ca, Cd, Co, Cr, Fe, Ho, Hg, Ic, La, 
Mg, Mn, MO, Ni, Pb, Te, Ti, V, Y, Zn, II maTmomx rm%amoB 
MOIKHO TOJlepupOBaTb B OnpeAeJleHuu MeTOAOM aToMHo-a6cop6q- 
UOHHOti CneKTpOMeTpuu. 'qyBCTBuTeJIbHOCTb u npeAeJl o6Hapy- 
?KeHuFI paBHbl3,2 U 0,25 MKr/JI Ir,COOTBeTBCTBeHHO. 

I43YYEHklE HYKJIEAIjkIkI kI3 PACTBOPOB 
HEKOTOPbIX BAXHMX AJI$I AHAJIIJTWIECKO~ 

XIIMLIIJ XEJIATOB METAJIJIOB : 
J. A. VELAZQUEZ and 0. E. HUMAN, TuZuntu, 1970,17,623. 

P&lIoMe-&'knOJIbEtOBaHa KOM6uHaquR OCaHcAeHuH UL? rOMO- 
reHHOr0 paCTBOpa U MeTOAaKaneJlb BOHHeryTa AJIH UayseHurr 
HyKJleaquu ua PaCTBOpa 6uC(l,2-LmKJIOreKCaHAuOH-AUOKCU- 
MaTO)Ni(II) 6uC(l,2-~uKJIOrenTaH~uOH-JJuOKCuMaTO)Ni(~~), 6uc- 
(~,~-~~KJ~O~~KC~H~~OH-~~OKC~M~TO)P~(II) u 6uc(l,2-quKnoren- 
TaHAuOH-AuOKCuMaTO)Pd(II). BbIsucneHbI 8HaqeHuFI KuHeTuYeC- 
KOti KOHCTaHTbl, nOBepXHOCTHOfi eHepruu, KpuTu~eCKOrOpa~uJI 
u %fCJla MOJleKyJI El KpuTU'ieCKOM HApe II 06CyR(AeHbI B CBeTe 
0rpammeKut KnaccuqecKot Teopuu HyKneaquu, npu raeHemioZt 
B HyKJIeaquU KpuCTaJlJIOB u'd BOAHbIXpaCTBOpbIO NIeKTpOJIuTOB. 



Summaries for card indexes xv 

Determination of carbon monoxide in metal carbonyl complexes-II. 
Development of a volumetric finish: A. D. CAMPBELL and P. E. NELSON, 
Talantu, 1970,17,633. (Department of Chemistry, University of Otago, 
Dunedin, New Zealand.) 

Summary-The method previously described for the determination of 
carbon monoxide in metal carbonyl complexes has been modiied to 
provide an accurate volumetric fmish. 

Contributions to tbe analytical chemistry of osmium and ruthenium-IX. 
The dimercapto derivatives of asymmetric trhine as c4donr reagents for 
osmim: GR. POPA, C. LAzkand C. CIUSTESCU, Taluntu, 1970, 17, 
635. (Laboratory for Analytical Chemistry of the Chemical Faculty, 
University of Bucharest, Romania.) 

Summary--The parameters of the reaction of osmium with 3,5- 
dimercapto-6-(ethylcarboxy)-1,2+triazine have been studied and the 
optimum conditions for the spectrophotometric determination of 
osmium over the range 0*5-18eOppm determined. The coloured 
product contains the components in the ratio 1: 2, metal : l&and. 

Submicxo determination of aluminium, bismuth and copper in organo- 
metallic compounds: R. BELCHER, BARBARA C&~SLAND and T. R. F. W. 
FENNELL, Tduntu, 1970,17,639. (Department of Chemistry, Univer- 
sity of Birmingham, P.O. Box 363, Birmingham 15, U.K., and Royal 
Aircraft Establishment, Famborough, Hank, U.K.) 

Summary--Methods for the determination of alurninium, bismuth and 
copper in samples of organometallic compounds weighing 40410 yg 
have been developed. Spectrophotometric determination following 
digestion with nitric and sulphuric acidsin a sealed tubeisrecommended, 
all results obtained from the analysis of standard compounds being 
within &0.3’% absolute error. Digestion in an open tube with per- 
chloric and sulphuric acids gives satisfactory results for bismuth 
compounds but erratic and often low results for aluminium and copper 
compounds. 



xvi AHHOTaqHH CTaTeB 

OIIPEAEJIEHBE OICIlCH YI'JIEPOAA B 
METAJIJIOKAPBOHBJIHbIX KOMWIEI-KAX-II. 
PASPABOTKA BOJIYMETPWIECKOI'O METOAA 

IIBMEPEHHJJ: 

A.D. CAMPBELL~~~P.E.NELSON, Tulanta, 1970,17,633. 

P03KIMePaHbILIe OIIHCaHHbIi MeTOg OIIpeAeneHMR OKMCH yme- 
pO~aBMeTaJlJlOKap6OHKJIHblX KOMllJleKCaX El3MeHeH BKJHO9eHlleM 
T04HOTO BOJIyMeTpHqeCKOrO MeTOAaIJ3MepeHHJT. 

BECJIAfl B AHAJIBTWIECKYIO XUMEIIO OCMIUI EI: 
PYTEHBH-IX. ~IJMEPKAIITO~POkI3BO~HbIE 
ACkiMMETPBYECKOI'O TPklA3klHA B KAYECTBE 

IJBETHbIX PEAI'EHTOB flJI$I OCMHfi: 

GR. PoPA,~. LAZAR and C. CRISTESCU, Talanta,1970,17,635. 

PewMe-IJsyseHbI napaMeTpbI peaKqnK OCMHH c 3,5-AuMep- 
KaIlTO-6-(3TIUIKap60KCH)-1,2,4-TpKa3KHOM EI OIIpeAeJIeHbl OIITH- 
MaJIbHbIe yCJIOBIlR .I&JIH CHeKTpO~OTOMeTpIJ~eCKOl'O OlIpeAeJIeHHS 
OCMEIR B o6nacTH KOHqeHTpaQHi8 o&18,0 YaCTeti Ha MMJIJIHOH. 
GTHOIIIeHHe MeTaJIJIa II JIKraHAa B OKpaqeHHOM IIpOJJyKTe paBH0 
1:2. 

CYEMHKPOOIIPEJ(EJIEHBE AJIIOMHHBfl, BHCMYTA 
I4 MEfib B OPFAHOMETAJIJIMYECHBX COEAH- 

HEHMHX: 

R. BELCHER,BARBARACROSSLAND and T.R.F. W.FENNBLL, Tuhtu, 
1970,17,639. 

PeBIoM+Pa3pa6OTaHbI MeTOnbl OnpeneJIeHHH BJIIOMIIHHH, BEIC- 
MyTa HJIH Me,qn B o6paeqax opraHoMeTasfsni4ecKHx coenuHeH&k 
40-110 MKr. npeAJIOHteH0 CIIeKTpO@OTOMeTpHi4eCKOe OlIpegeJIe- 
HHe IlOCJIe ~HlYepKpOBaHHR a30THOti IlJIM CepHOti KHCJIOTaMll B 
3aIIafiHHOti Tpy6Ke. BCH pe5yJIbTaTbI IlOJIyseHHbIe B aHasIliae 
3TaJIOHOB HMeJIH OIIIH6Ky MeHbIIIe 9eM %0,3x a6c. ,l@repnpo- 
BaHEle B OTKpbITOiTpy6Ke CXJIOpHOi II CepHOfi KMCJIOTaMki AaeT 
yAOBneTBOpKTeJIbHbIe pe3yJIbTaTbI AJIH COeAIlHeHMfi BMCMyTa, HO 
omH6osHbIe II gacTo HKaKKe peaynbTaTbI ~JIH coegnHewB 
BJIIOMHHIIR II MeAH. 
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Fiilhmg des Wismuts als Bis(triphenylselenonhan)-Pe-ntachlorobismu- 
tat(III): MAX ZIEGLER und LODER ZIEGELER, Ta[antu, 1970,17, 641. 
(Anorganisch-ChemischesInstitut, der Universitiit,Giittingen,Deutsch- 
land.) 

S--By precipitation as [(CsHs)sSe],I’BiCls] in the presence of 
citrate, 15-50 mg of bismuth can be determined gravimetrically, and 
separated from moderate amounts of bi- and tervalent metals and 
from phosphate. Such metals can be identified by the formation of the 
triphenylselenonium salts of their various halide complexes. 

Two new spectrophotometric reagents for copper : LAWRENCE STOOKE?, 
Talunta, 1970,17, 644. (Hach Chemical Company, P.O. Box 907, 713 
South Duff, Ames, Iowa 50010, U.S.A.) 

Summary-Two ferroin-type compounds are proposed as spectro- 
photometric reagents for copper(I): 6-methyl-2_pyridylhydrazidine, 
which forms a yellow complex with &,., 426 nm and molar ab- 
sorptivity 700 l.mole-l.mn-1, and 3-(6-methyl-2-pyrid l)d,ddiphenyl- 
1,2,4-triazine, which forms a red-orange complex with & 8X 492 nm and 
molar absorptivity of 955 I.mole-l.mm-l. These reagents are specific 
for copper and the complexes can be extracted into isopentanol for 
increased sensitivity. 

Amperometrictitration of Cd(II),Hg(II) and Zn(II) inmolten alkali thio- 
cyanates with electrolytically generated sulphide ions: PAOLO Cesco~, 
FILIFTO PUCCIARELLI and MARIO FIORANI, Tuhtu, 1970, 17, 647. 
(Istituto Chimico dell’Universitil di Camerino, Camerino, Italy.) 

Summary-The feasibility of the titration of some cations in molten 
sodium thiocyanate-potassium thiocyanate mixture with electrolytically 
generated sulphide ions has been tested at 443 K. Quantitative data am 
given for the titration of cadmium, mercury and zinc ions. 
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OCA?K,?JEHklE BHCMYTA B QOPME 
BklC(TPH@EHkIJICEJIEHOH~~)-IIEHTA- 

XJIOPOBEICMYTATA(II1): 

MAXZIEGLER and LUDERZIEGELER, T&~tu,1970,17,641. 

&%MOM~l&EiO Ml' BKCMyTa OlIpeAeJIeHO BeCOBhIM MeTO~0l.l 
ocamAem%ev B @opnfe [(C,H,),Sel,[BiCl,] B II~HC~TCTBHM qaTpaTa, 
n OTneJIeHO OT yMepeHHbIX KOJlH¶eCTB &By- II TpeXBalIeHTHbIX 
MeTaJIJIOB H OT @OCfjjaTa. 3TH MeTaJIJIbI OTOmAeCTBJieHbI obpaao- 
BamieM conei TpK@eauncenenoKurr ax paamx ranonaKomneK- 
COB. 

;4BA HOBbIX CIIEKTPO@OTOMETPB=lECKMX 
PEAI’EHTA AJIFI MEAB: 

LAWRENCE~TOOKEY, Tduntu, 1970,17,&L 

Pesmz*rIpe~~omeHn ABa CoeAsmeHKfI Tnua djeppoma B 
KaseCTBe peal'eHTOB AJlH MeAH( 6-MeTEn-2-napUAElnrEHpa- 
SHAEIH, o6pasymmalf menTn@ Homnem c &as0 426 HM EI ~omip- 
HbIM CBeTOIIOI'JIOLlJeHUeM 700 JI.MOJIb-'.MM-I, EI S-(8-MeTliJI-2- 
nUpK~En)-6,6-AE~eHK~-l,2,4-TpaaalaII, HOTOpbIi o6paayeT KpaC- 
HO-OpaH?KeBblti KOMllJleKC C ilMAK0 492 HM EI MOJIlXpHbIM CBeTO- 
nornoIqeHHeM 956 JI.YOJIb-~.YM-l. PeareKTn JiBJUiH)TCII 
CIIeqE$i¶eCKKM AJIff MeAH, a KOMIIJEKCIJ Ht3BJIeKaeMbI HBOIIBH- 
TEIHOJIOMAJIFI IIOBbJUleHEIIl PyBCTBHTeJIbHOCTEI. 

AMIIEPOMETPBYECKOE TkiTPOBAHBE Cd, Hg(I1) 
II Zn B PACIIJIABJIEHHbIX TkiOIJBAHATAX 

ZqEJIOVHbIX METAJIJIOB C BJIEKTPOJIBTkWECKBM 
IIYTOM OBPA3OBAHHbIMki CYJIb@U@iOHAMB: 

PAOLO CBSOON, FILIPPO PUCCJARELLI and MARIO FIORANI, Tuluntu, 
1970,17, 647. 

PeNOM+HClIMTaHa B08MOHCHOCTb TEITpOBaBlfFf HeKOTOpbnr 
KaTUOHOB B paCnJIaBneHHOfi CMeCe TliOQlGlHaTOB HaTpHA EI 
KaJllfRlIpH 443” KCaneKTp0naTnseCK~MnyT0M 06paBOBaHHbIMH 
CyJIb@fAHOHaMH npHBeAeHn KOJlWIeCTBeHHble AaHHbIe AJIR 
TIlTpaqIlH KaJJMUR,pTyTKII IJKHKP. 



Summaries for card indexes 

New chromogens of the ferroin type--VI. Some derivatives of l- and 
3-cyanoisoquinoline and substituted %eyanopyridh~.~: ALFRED A. 
SCHILT, WAYNE E. DIJNBAR, BRUCE W. GANDRIJD and STEVEN E. 
WARREN, Tuhznta, 1970,17,649. (Department of Chemistry, Northern 
Illinois University, DeKalb, Illinois 60115, U.S.A.) 

Summary-The chromogenic reactions with iron(H), copper(I) and 
cobalt(I1) of 32 recently synthesized pyridazines, triazines, tetrazines 
and certain other compounds containing the ferroin grouping have been 
examined spectrophotometrically. Some interesting examples were 
found of steric and donor-atom selectivities in chelation of iron by 
ligands containing several ferroin groups. Of the various chromoge& 
studied, the pyridyl and isoquinolyl derivatives of phenyl or pyridyl 
substituted 1,2,4&a&e show the most promising analytical utility. 

Determination of almnina in sintered almnini~ powder by activation 
with 14-MeV neutrons: CARLOS E. E~PA~~OL and ANA MAti MARA- 
NSCHI, Talanta, 1970,17,653. (Facultad de Ingenierla, Universidad de 
Buenos Aires, Argentina.) 

S--Fast neutrons of 14 MeV produced in the IMICAM CISE 
150-kV generator by the (d, t) react& in a tritium-titanium target, 
were used in the indirect determination of Al.0.. The samples were 
irradiated for 30 see and the total IeN activity-was deter&ned, by 
counting for ten Zsec periods and graphically integrating. The 
standards were a known sintered aluminium powder and nylon pieces 
of identical shape. The method is competitive with the chemical one, 
because of its quickness, sensitivity and precision. 



xx AmoTaqun cTaTeti 

HOBbIE XPOMOI’EHbI TBIIA (DEPPOBHA-VI. 
HEKOTOPbIE rIPOkl3BOIIHbIE l- H 3- 

IJBAHOB30XBHOJIIJHA ki ‘3AMEIIJEHHbIX 
2-IJ~AHOIIllPEIJJEIHOB: 

ALFRED A. SCHILT, WAYNE E. DUNBAR, BRUCE W. GANDRUD and 
STBVEN E. WARREN, Z"hfa, 1970,17,649. 

PeWMe---llayseHbl CneKTpO$IOTOMeTpUYeCHHM MeTOAOM XpO- 
MoreHHbIe peaKuuu c meneaoM(II), MenbIo(I) u KO6anbTOM(II) 
32 HOBOCBTeaupOBaHH~X nUpu~aaMHOB, TpuaauHOB, TeTpaaUHOB 
U~eKoTopb~x~p~rUxcoe~U~eHUZtco~ep~ta~ux~eppouKrpynny. 
OBHapyHtew uHTepecHbIe npUMepbI cTepusecKo$i CeJIeKTuB- 
HOCTuHCeJIeKTuBHOCTuHaOCnOBeaToMa-~onopaBxeJraToo6paao- 
BaHHu c meneaoM JIUraHAOB coAepmaqUx HeCKOJlbKO cpeppona- 
rpynll. I&3 HCCJIeAOBaHHbIX XpOMOreHOB nUpunun- II UaOXUHO- 
nunnpouaBonn[HbIe +eHun- unu nupu~unaaMeqeHHor0 1,2,4- 
TpuaauHa 0KaaanUcb Kau6onee noneaKbIMu ~JIH npUMeKeHtis B 
aaanUae. 

OIIPEAEJIEHkiE OICkiCEl AJIIOMBHBH B 
CrIEKI.IIEMCR JIOPOIIIKOBBfiHOM AJIIOMBHElE 

AKTkIBAqLlEtl C 14-M3B HEBTPOHAMB: 

CAIUOS E. ESPAROL and ANA MARIA MAFUFIJSCHI, Talanta, 1970,!17, 
653. 

Pearom+BbIcTpbre HetiTpOAbI npOuSBejJeHHbIe B 150 KB reHe- 
paTope IMICAM CISE peaKwet (d,t) B IqUTe TPUTLIfI-TUTaHa 
UCnOJIbaOBaHbI EJIH KOCBeHHOrO OnpeAeJIeHUR AI,O,. 06pasqn 
o6nyueHbI B TeqeHue 30 ceK. u 0npeAeneHa o6rqaH laN aKTuB- 
HOCTb, CWiTaHueM B 10 nepuOAOB n0 2 CeK. U rpa@FIeCKUM 
UHTerpupoBaHuerd. SHaKOMbIe o6paaqu CneKIJIerOCH nOpOIUKO- 
BU~HOrOaJIIOMuHU~Uo6paa~unati~oHaTO~te(POpMbIcJlyHWIU 
B Ka'IeCTBe BTBJIOHOB. MeToa CpaBHbIM C XUMWieCKUM MeTOAOM 
n0 ero 6bICTpOTbI, YyBCTBHTeJIbHOCTu H TOqHOCTU. 



Talanta. 1970. Vol. 17, p. v. Pereamon Press. Printed in Northern Ireland 

NOTICE 

3RD ROMANIAN NATIONAL CONFERENCE 
ON ANALYTICAL CHEMISTRY 

The Chemistry Department of the Romanian National Council of Engineers and 
Technicians will sponsor the 3rd National Conference on Analytical Chemistry 
between 22 and 26 September 1971 in Brasov, Romania. 

The following sessions are planned. 

A. Electrometric methods 
B. Optical methods 
C. Separation methods. 

Further information on this meeting is available from the secretary; Dr. Constantin 
Luca, Consiliul National al Inginerilor qi Tehnicienilor, Conferinta de Chimie 
AnaliticB, Calea Victoriei 118, Bucuresti, Romania. 
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NOTICE 

ASSOCIATION OF OFFICIAL ANALYTICAL CHEMISTS 

The 1970 meeting will take place on 12-15 October 1970 at Marriott Motor Hotel, 
Twin Bridges, Washington, D.C. 20001, on the theme of methods of analysis of 
materials and products important to health and agriculture, i.e., drugs, pesticides, 
food, beverages, food additives, animal feeds, fertilizers etc. 

Further details can be obtained from L. G. ENSMINGER, Executive Secretary, 
AOAC, Box 540, Benjamin Franklin Station, Washington, D.C. 20044. 



Summaries for card indexes ix 

Catalytic thermometric titrations ia non-aqueous solvents by couh- 
metrically generated Want: VILIM J. VAIGAND, FERENC F. GAAL 
and SMILJANA S. BRUSIN, Talanru, 1970, 17, 415. (Institute of Chem- 
istry, Faculty of Science, University of Belgrade, Studentski trg 16, 
Yugoslavia.) 

Snnnnary-Catalytic thermometric titrations have been developed 
for tertiary amines and salts of organic acids in acetic and propionic 
anhydride with titrant coulometricahy generated at a mercury and/or 
platinum anode, hydroquinone being added to the solution titrated 
if the platinum anode is used. The results obtained are compared with 
those obtained by coulometric titration with the end-point detected 
either photometrically or potentiometrically. 

Dosage protomhrique des bydroghes mobiles B hide de I’amidure de 
sodima: MARCEL MI~CQV~, JEAN-MICHIZL VIERPOND and ANNKK 
Ram: TaZan@ 1970, 17, 423. (Laboratoire de la Pharmacie, 
Hopital Claude Bernard, Paris XIX&me, and Laboratoire de Chimie 
Organique de la Faculte de Pharmacie de Paris.) 

Smnmary-_Sodium amide is decomposed by compounds containing 
active hydrogen, with stoichiometric release of ammonia, which can 
be determined by titration with acid. The proposed technique haa 
been applied to representatives of various types of compound. 

Estimationoftbiosemiaubazidewithchloramine-T: D. S. MAHADEVAPPA 
and A. S. ANANDA Muanw; Tulanru, 1970, 17,431. (Department of 
Postgraduate Studies and Research in Chemistry, Manasa Gangotri, 
Mysored, India.) 

%--A rapid and accurate method for the estimation of thio- 
semicarbazide in aqueous solution has been developed based on its 
oxidation with chloramine-T at room temperature and pH 4. The 
effect of such variables as pH, mode of addition of reagents and con- 
centration of chloride ion on the extent of oxidation has been studied. 



SUMMARIES FOR CARD INDEXES 

Atomic-fluoresceme spectroscopy of lead: vh.ZLAV SYCHRA and 
JAROSLAV MATOUSEK, TaZuntu, 1970,17,363. (Department of Analytical 
Chemistry, Technical University, Prague 6, Czechoslovakia.) 

Summary-The fluorescence spectrum of lead excited with a high- 
intensity hollow-cathode lamp has been investigated and the probable 
mechanism of fluorescence transitions is suggested. It is con6rmed 
experimentally that the most intense fluorescence line at 405.78 nm is 
mostly due to direct-line fluorescence. The premixed air-hydrogen 
flame, the separated air-acetylene flame, and the oxy-hydrogen flame 
diluted with argon have been used, the last mentioned giving a detec- 
tion limit of O-02 ppm with the line at 405.78 nm. 

Substoicbiometric determination of traces of palladium by neutron- 
activation analysis: G. B. BRWXE and S. HUMPHRIES, Taluntu, 1970, 
17, 371. (Department of Chemistry, The University of Aston in 
Birmingham, Gosta Green, Birmimgham, 4, England.) 

Sammary_-A highly selective, rapid, one-step radiochemical separation 
procedure for palladium has been developed. It is baaed on the solvent 
extraction of palladium diethyldithiocarbamate from a 5M hydro- 
chloric acid solution with a substoichiometric amount of copper 
diethyldithiocarbamate in chloroform. The separation has been 
applied to the determination of traces of palladium by neutron- 
activation analysis, in platinum, the rocks W-l and PCC-1 and a 
biological material (kale). Amounts of palladium down to lo-* g 
have been determined. 

Further study of individual ion activities in pure aqueous sodium chloride: 
ADAM SHATKAY, Tulantu, 1970, 381. (Isotope Department, Weizmann 
Institute of Science, Rehovot, Israel.) 

Summary-The e.m.f. values between a chloride electrode and a 
reference electrode were measured in aqueous NaCl solutions between 
1O-6 and 6 m, saturated KC1 and 1M KNOIl bridges being used. The 
effect of the various liquid junctions is calculated and discussed. The 
consistency of the results is inspected, assuming either the MacInnes 
or the Guggenheim convention. The choice of different reference 
points for the standardization of the e.m.f.‘s and for the activity 
coefficients is discussed. A comparison is made between the results 
obtained with an Ag/AgCl electrode of the second kind and a solid 
membrane chloride electrode. 

Y 



AHHoTaquU CTaT@# 

OHPEAEJIEHBE CBklHqA METOAOM ATOMHO- 
WIYOPECqEHTHOf4 CIIEKTPOCKOIIBB: 

VACLAV SYCHRA and JAROSLAV MATOIJSEK, Tulunta 1970 17, 363. 

Pesmmv-klsyseH cnemp $jnyopecqeHqm cmqa, Boa6ymnefi 
BblCOKOuHTeHCUBHOti JIaMlIOti C IIOJEJM KaTOAOM U IIpeAJIOmeH 
BepOHTHbIii MeXaHuaM @yOpeCqeHTHbIX IIepeXOAOB. nOATBepW 
AeHO OllblTOM YTO Hati6onee ElHTeHCUBHaR @lyOpeCqeHTHaH 
~UHHR npu 405,78 HM FIBnReTCu ~JI~BH~IM o6paaoM B peaynbTaTe 
@'IyOpeC~eH~uu HelIOCpeACTBeHHOtt JIUHUU. IilCIIOJIbaOBaHbl 
ITpeABapuTeJIbHO CMeIllaHHOe IlJiaMR BOaAyXa U BOAOpOAa, 
0TAeneKKoe nnaMf3 BoaAyxa u aqeTUneHa u paa6aBneHKoe 
aprOHOM IlJlaMR KUCJIOpOAa-BOAOpOAa. nOCJIeAHee IlOaBOJlReT 
IIOJIyWiTb YyBCTBuTeJIbHOCTb 0,02 Mr/n C UCIlOJlbaOBaHueM 
JIUHUU npu 405,78 KM. 

CY BCTEXHOMETPFIECKOE OHPEAEJIEHBE 
CJIEAOB l-IAJIJIAJ(klR METOAOM 

HE~TPOHHOAKTkIBAIJI4OHHOI’O AHAJIki3A: 

G. B. BRISCOE and S. HUMPHRIES, Tahntu, 1970,17, 371. 

Peamm-PaapaboTaH BEJCOKOua6UpaTeJIbHbIi, BhIcTpblfi, omo- 
aTaIIHbJtip~uOXUMu4eCKUtiMeTO~BblJIeJIeHu~IIalIJI~uH. MeToH 
OCIiOBaH Ha ueBJle4eHUH ~ueTUJI~uTuOKap6aMUHaTa llaJIJlaAUH 
ua paCTBOpa 5 M COJlRHOti KUCJlOTbI C Cy6CTeXUOMeTpUseCKUM 
KOJlUVeCTBOM AUeTUJIAUTUOKap6aMUHaTa MeAU B XJIOpO+OpMe. 
MeTon l-lpUM.eH'ZH B OIlpeAt%3iUU CJle.iIOB UaJIJI~UfI MeTOAOM 
H&iTPOHHOaKTUBEl~UOHHOl'O ElHaJlUaa B IlJlaTUHbl, I'OpHblX IIOPO- 
gag W-l u PCC-1 u B 6UOJIOrUYeCKOM Ma-cepuane (KYAPRBO~~ 
KanycTe). OnpeAeneHbI CneAbInannaAus~olO-8r. 

AAJIbHEmIIIEE kl3YYEHLIE klHAIIBI4AYAJIbHbIX 
AKTUBHOCTE$i BO~.;pBpl?BRWiCTOM XJIOPllAE 

: 

ADAM SHATKAY, Tahtu, 1970,17,381. 

Pe8mm3-I4aMepemd Bemmmbl a.A.c. ntewy XJIOPUAHMM aneK- 
TpOAOM U eJIeKTpOJ&OM CpaBHeHUR B BOAHbIXpaCTBOpaXXJIOpUAa 
IiaTpURBo6JIacTuKOH~eHTpa~UU10-6A06 M, CUCIIOJIbaOBaHUeM 
MOCTOB ua KacbnqeHKoro EcCl u 1 M KNO,. BbviucneH u 06cyx-s 
AeH e@$eKT paaHbIX mUAKOCTHbIX MOCTOB. OCMOTpeHO IIOCTOH- 
HCTBO PeeyJIbTaTOB, IIpeAIIOJlaraFI KOHBeHlWO MaKUHHeCa UJIU 
FyrreHreiMa. 06cy?KAeH BH6op paanwabrx T09eK cpaBKeHUrr 
AJIJ3 CTaHAapTUaaIJUU a&C. U KOBf@U~UeHTOB PKTUBHOCTU. 
CpaBHeHbIpeaynbTaTbInOnyreHHneCUCnOnbaOBaHUeMaJIeKTpOAa 
Ag/AgCl BTOpOrO TUIIa U XJlOpUAOrO WIeKTpOAa C TBepAOt 
MeM6paHol. 



Summaries for card indexes vii 

Preparation of D(-)-trans-l,ze~~N~~~-t~ 
acetic add and its use as a spectropokimetric reagent for lead: P. E. 
REINBOLD and K. H. PEARSON, Tafur~fu, 1970, 17, 391. @epartmcnt 
of Chemistry, Texas A & M University, College Station, Texas 77843, 
U.S.A.) 

Summary-D-( -)-trans-1,2-diaminocyclohexanf+N, N, N’, N’-tetra- 
acetic acid [D( -)DCTA] was prepared stereospeciikally in good yield 
by the condensation of the resolved diamine, D-(-)-trans-1,2-diamino- 
cyclohexane, with sodium chloroacetate at 16”, followed by use of a 
strong cation-exchanger to obtain the free acid. Distinct differences 
were noted in the infrared spectra of the optically active acid and the 
racemate. The molecular rotation of D(-)DCTA showed strong 
dependence on the pH of the soluton. D(-)DCTA was used as a 
stereospecific chelometric reagent in the spectropolarimetrically 
monitored determination of lead. 

EDTA titration of caldmn and magnesium with a caldmmselective 
ekctrode: T. P. HADJIIOANNOU and D. S. P~~~~~~opov~os, Talmrta, 
1970, 17, 399. (Laboratory of Analytical Chemistry, University of 
Athens, Athens, Greece.) 

Slmamary_-Direct semi-automatic and automatic derivative potentio- 
metric EDTA procedures for the determination of calcium and/or 
magnesium with a calcium-selective electrode are described. Calchun is 
titrated in the presence. of magnesium at pH 12.0 and the total calcium 
and magnesium is determined at pH 9.7. Calcium in the range l-8 mg 
and magnesium in the range 0.7-5 mg are determined semi-auto- 
matically with average errors of about @2 and 0.3% respectively 
and automatically with average errors of O-4 and 0.7%. Titration 
times vary from a few seconds to a few minutes. 

Determination of Co, Cu, Fe, Ga, W and Zn in rocks by neutron 
activationandanionsxchangeseprurtion: 0. JOHANSEN~~~ E. STEINNES, 
Wanta, 1970,17,407. (Institutt for Atomenergi, Isotope Laboratories, 
Kjeller, Norway.) 

Smnmary-A neutron-activation method for the simultaneous deter- 
mination of cobalt, copper, gallium, iron, tungsten and zinc in rocks 
is described. The method is based on anion-exchange 
in hydrochloric acid media. 

segaration 
Chemical yield is higher than 97 X for all 

elements, except for tungsten, where the recovery of the carrier is. 
established by reactivation. The precision is about 1.3 % for the iron 
determination and about 3 % for cobalt, copper, gallium and zinc. 



. . . 
VIII AmoTaqaa craTei 

rIPBrOTOBJIEHBE D-(-)-tpmc-1,2- 
~klAMkIHOlJI4KJIOI’EICCAH-iV,N,ZV’,iV’-TETPAY~CYCHO~ 

ICBCJIOTbI I4 EE BCIIOJIb30BAHBE B ECAYECTBE 
CIIEKTPOIIOJIAPBMETPkVIECKOrO PEAI’EHTA 

AJIR CBBHLJA: 

P. E. REINBOLD and K. H. PEARSON, Taluntu, 1970,17,391. 

Pe3Iome--D-(-)-t~~HC-l,2-~uaMuHOquKnOreKCaH-~~,N,~',N'-TeT- 
payKcycHaH KuCJIOTa (D)-(JJIJTA) npuroToBneHa cTepeocneL&- 
UYecKu c xopomuM sb1xo~0M KoHneHcaquefi paapemeHHor0 
AuamuHa-D-(-)-tpaltc-1,2-auaMuHoquKnoreKcaHa-c xnopoaqeTa- 
TOM HaTpufi Ifpu 10", C IIOCJIeAyIonluM BbIAeJIeHueM YuCTOi 
KuCJlOTbI Ha CuJlbHOM KaTUOH006MeHHuKe. 06HapyHteHn Xapa- 
KTepuCTuYHbIe pa3HUIJu B uH@paKpaCHbIX ClTeKTpaX OlITuYeCKu 
aKTuBHoi KUCJIOT~I u paseMaTa. MOJleKyJIRpHafi pOTaqufI 
D(-)aqTA OKa3anaCb CUJIbHO 3aBuCuMOii OT pH paCTBOpa. 
D(-)ALJTA mnonbaoBana B KaYecTBe cTepeocnex@uYecKoro 
XeJlaTOMeTpuYeCKOrO peareHTa B CIleKTpOIlOJlapuMeTpuYeCKOM 
0npeAejIeHuu cBuHqa. 

TBTPALJMR IcAJIbqkffl I4 MAI’HB5I C 3ATA C 
BCIIOJIb30BAHMEM CEJIEKTUBHOI’O JJJIR 

KAJIbIJR 3JIEICTPOAA: 

T. P. HADRIOANNOU and D. S. PAPASTATHOPOUIUS, Tufan~a, 1970, 17, 
399. 

P03IOM0---OIIuCaHbI MeTOAbI HeIIOCpeACTBeHHOrO IIOJIyaBTOMaTu- 
YeCKOrO u aBTOMaTuYeCKOr0 AepuBaTuBHOrO IlOTeHl@iOMeTpU- 
¶eCKOrOTUTpOBaHuJIKaJIb~UHu/U~UMarHUri C~ATA,CUCIIOJI~- 
3OBaHU3M CeJIeKTuBHOrO AJIJI KaJlbqUR 3JleKTpOAa. Kasbqua 

TUT~~IOTBII~UC~TCTBUUM~~HUHII~U~H 12,0,aGy~~yKaJlbIJu~ 
u MarHun onpeAennaT npu pH 9,7. ICanbqul onpeAensIoT 
IlOJlyaBTOMaTUYeCKuM CllOCO6OM B IIpeAeJIaX l-8 Mr a MarHUii B 
IIpeAeJlaX 0,7-5 Ml. C CpeAHOfi OUlu6KOfi 0,2 U 0,3x, COOTBeTCT- 
BeHHO, a aBTOMaTuYeCKuM CIlOCO6OM C CpeAHOi OIIlu6KOti 0,4 
0,7%,COOTBeTCTBeHHO. npOAOJIH(UTeJIbHOCTb TUTpOBaHUH KOJIe- 
6aeTcH OTHeCKOJlbKO CeKyHAAO HeCKOJlbKO MuHyT. 

OIIPEAEJIEHBE Co, Cu, Fe, Ga, W EI Zn B 
I’OPHbIX l-IOPOAAX METOAAMLl HEmTPOHHOm 

AECTLlBAqklki II. BOHOOBMEHHOl-‘O 
PA3AEJIEHBR: 

0. JOHANSEN and E.S~~1~~~s,Tulanta,1970,17,407. 

P03IOMe---OIlUCaH MeTOH OAIiOBpeMeHHOrO HefiTpOHHO-aKTUBaq- 
uoHHor0 0npeAejreHus KOGaJIbTa, Menu, rannus, meneaa, 
BOJlb$paMa II qUHKa B rOpHblX IfOpOAaX. MeTon OCHOBaH Ha 
aHHOHOO6MeHHOM pa3AeJleHUu MeTaiWIOB B COJIRHOKUCJHJX Cpe- 
AaX. XUMuYeCKutiBbIXO~6oJIbILIeYeM97%~JIR BCeX3JIeMeHTOB 
3a UCKJIIOYeHUeM BOJIb+paMa. B 3TOM CJIyYae BOCCTaHOBJIeHUe 
HOCUTeJlfl OlIpeAeJIFlIOT PeaKTUBUpOBaHUeM. BOCIIpOu3BOAU- 
MocTb 0npeAeneHua 0~0~10 1,3x B cnysae menesa u 0~0~10 3% 
B CJlyYae KO6aJlbTa,MeAu,raJIJIUR M qlJHKa. 



X AHAOTUWH cTaTei8 

KATAJItiTWiECKBE TEPMOMETPWIECKBE 
TkITPAqMki B HEBOAHbIX PACTBOPBTEJIRX C 
BCIIOJIb30BAHBEM KYJIOHOMETPWIECKO$i 

I'EHEPAIJHM TMTPAHTA: 

1970,17,415. 

~05IoM~~~~p~6oT~H~MeTo~bI~pMoYeTp~~ecKoro TUT~OB~HUH 
TpeTwiHbrx aMuHOB U coseti 0praKmecKux KUCJIOT B aHruapUne 
YKCYCHOti U lIpOUuOHOBOti KUCJIOT, C uCIlOJlb8OBaHueM KyJlOHO- 
MeTpWieCKOii reIiepaqUu TuTpaHTa Ha pTYTHOM UjuJlu lIJlaTu- 
HOBOM PJieKTpOAe, C AO6aBJIeHIieM paCTBOpy ruApOXuHOHa B 
CJlj'Yae EICllOJlb8OB~EiH IIJIaTHHOBOl'O aHOAa. IIonyreHHbIe 
pe8J'JfbTaTbl CpaBHeHbI C pe8J'JlbTaTaMu KyJlOHOMeTpu=JeCKOrO 
THTpOBaHuR C IIpuMeHeHueM @OTOMeTpuVeCKOrO UJIU IlOTeHl&uO- 
MeTpuseCKOrO 06Hapy?KeHuH KOH~aTuTpOBaHuR. 

I-IPOTOHOMETPW-iECKOE OIIPEJJEJIEHME 
AKTklBHOI'O BOAOPOAA AMMAOM HATPRR: 

MARVEL MI~~QIIE, JBAN-MICHEL VIERFOND and ANNICK REYNET, 
Talanta, 1970,17,423. 

Peamare-AMEA HaTpUfl pa8JIaraeTCfI AeiCTBHeM COeAUHeHHft 
COAep%anX aKTKBHbIti BOAOpOA C CTeXKOMeTpWieCKIlM BbIAe- 
neassehd amruuaKa,K0~0pbIB~o~eT6bITbonpe~eneHTuTpoBaUuehf 
CKHCJIOTO#. flpeAJIO)KeHHbIikMeTOA UpHMeHeHHa Ilpe~CTaBUTeJIU 
paaHbxx KJIaCCOB coeJqiHeHu8. 

OnPEAEJIEHBE TBOCEMBKAPBA3BAA 
XJIOPAMHHOM T: 

D. S. MAIUDEVAPPA and A. S. ANANDA MURTHY, Talanta, 1970, 17, 
431. 

PeWOMe---Pa8pa6OTaH 6b1cTpb1B u Tow~arB MeTon 0npeAeneam 
TuocemKapBaau~a B B~AH~M pacTBope,ocHosaK na ero oKume- 
HUU XJlOpaMUHOM T IlpU KOMHaTHOti TeMUepaType II pH 4. 
~8y~eHOBJIURHUeIiaCTelIeHb OKUCJIeHUKpa8HbIX@aHTOpOB-pH, 
cnoco6a AO6aBaIeHUR peareHToB u KoAqeHTpaquu xnopU@ioHa. 



Summaries for card indexes xi 

Rinetochromic speetruphotometry-BI. Detenni~tion of llnoride by 
catalysis of the &umbun-MethyRt1yn1o1 Blue reaction: R. V. Hatus, 
G. F. KIRKBRIGm and T. S. WEST, Tukrnra, 1970,17,433. (Chemistry 
Department, Imperial College, London, S.W.7, England.) 

Summary-The determination of 054.75 pug of fluoride ion by 
its catalytic action upon the slow reaction between Methylthymol 
Blue and zirconiumfIV) in aqueous solution is described. Calibration 
curves obtained after 60 r& under optimal conditions are smooth, 
and vield an effective molar absorntivitv of 3.23 x 10’ I.mole-l. mi& 
at 5% mu. There is considerably le.& cationic interference than in 
the alizarin complexan-cerium(III) or lanthanum procedure, but 
more serious anionic interference is encountered when phosphate, 
arsenate and, to a lesser extent, sulphate ions are present in the sample 
solution. 

Composition of the thorim( adduct compomd: 
A. Coasmr and J. ABRAHAM, Talanta, 1970, 17, 439. (Department 
of Chemistry, McMaster University, Hamilton, Ontario, Canada.) 

Smnmary-The orange compound formed between thorium(N) and 
I-hydroxyquinoline by conventional precipitation is non-stoichiometric. 
The composition is very sensitive to experimental conditions; the 
average ratio of bound 8hydrox qtioline to thorium was found to 
be 4.9 : 1. &o The deficiency of 8-hy xyquinoline is due either to partial 
hydrolysis of thorium, or to the presence of co-o&rated water. 
A simple procedure for the preparation of the pure tetrakis compound 
is described. 



xii AnUoTaqUU cTaTeti 

KkiHETOXPOMHAR CIIEKTPO~OTOMETPII%-III. 
OI-IPEAEJIEHHE (DTOPLIHkIOHA HA OCHOBE 

KATAJIE13A PEAI-CqIIki ~HPKOHWi C 
METkiJITBMOJIOBbIM I’OJIYBBM: 

R. V. HEMS, G. F. IbtKBRIG~ and T. S. WEST, Taluntu, 1970,17,433. 

Pesmm~Onucario onpeneneme 0,54,75 mr $TopUAUoHa Ka 
0cKoBe ero KaTanUTmecKoro AeicTsUs Ka meAneaaym peaKqm0 
WipKOHUFI(~)CMeTUJITUMOJIOBbIM rony6m B BOAHOM paCTBOpe. 
B OIITUMaJIbHbIX ycnosU~x nocne 60 IUUH nonysamlcrr poBHbIe 
KanU6pasUoHme KpEJBbIe, AaBaR e@$eKTUBHOe MOJlRpHOe 
CBeTonornorqeHUe 3,23 X 10' n. MOJlb-I. MM-~ npu 58% HM. B 
eTOM MeTOAe BCTpeYaeTCH 'JHa=IUTeJlbHO MeHbIlIe BJIUnHUe KaTUO- 
HOB PeM BMeTOAaX OCHOBaHHbIXHapeaKIJUU aJWJapHH-KOMIlJIeK- 
CaHacuepUeM(IIT) umnanTa~oM, HO 6oneecepbeaHoeBnu~Hue 
ecmi B pacTBope npo6n U~HC~TCTB~H)T $oc#aT-, apceaaT- U-B 
MeHblJ.Iefi Mepe-CyJIb!$aTUOHbI. 

COCTAB AAAYECTA TOPLIH(IV) C 
8-OKCBXBHOatIHOM: 

A. CORSINX and J. ALWHAM, Tuluntu, 1970,17,439. 

PLWloMe---OpaHmeBbIt amyKT o6paaymqUicK Ua TOpSiR H 
8-OKCUXUHOJIUHa KOHBeHI&UOHaJlbHbIM OCa?KAeHUeM RBJlfieTCR 

HWTeXUOMeTPUWCKUM. COCTaB FImAyKTtl CUJlbHO WBUCUM OT 

OIIbITHbIX yCJlOBUtl; OlIpeAWIt?HO Cpe~HOeOTHOJlleHUeCBJWaHHOrO 
TOpUFI U 8-OKCuXUHOJmHa 4,Q:l. HeAOCTaToK 8-OKCUXUHOmHa 
BblaBaH nu60 ~aCTU4HbIM~U~pOJlU80MTOpUR,Jlu60UpUCyTCTBUeM 
KOOpAUHUpOBaHHOt BOAbI. OUUCaH HeCJlOWHblti MeTOA UpUl'O- 
TOBJIeHUR 4UCTOrO TeTpaKUC-aAAyKTa. 



SUMMARIES FOR CARD INDEXES 

NucIeation and crystal growth of copper(D) I-hydroxyquioolinate 
predpitated frem mixed solvents: TONY RIHS, MARLAND C. TI-IUasToN 
and LESTER C. HOU~ICK, Tulanta, 1970, 17, 123. (Department of 
Chemistry, University of Arkansas, Fayetteville, Arkansas 72701, 
U.S.A.) 

Summary_-The precipitation kinetics of copper(H) 8-hydroxy- 
quinolinate, formed in water-acetone mixtures, have been studied 
in a stop-flow apparatus by spectrophotometric techniques. Three 
factors are found to be important in improving the physical character- 
istics of crystals precipitated from mixed solvents. Supersaturation 
and growth rate can be controlled uniformly by slow rate of change 
in solvent composition; the presence of acetone significantly reduces 
the number of effective nuclei; thirdly, large amounts of organic 
solvent cause a change in the crystal form and its growth mechanism. 
At room temperature, copper(I1) &hydroxyquinolinate is precipitated 
as a dihydrate from water-acetone mixtures containing O-60 % acetone, 
and the crystal growth is limited by a diffusion-controlled process. 
Anhydrous copper I-hydroxyquinolinate is formed in 70 % acetone 
solutions by a surface-controlled reaction. 

Solvent extraction of Ga(IfI) and In@tQ from aqueous halide media by 
Adogen-364: SH. A. SHERIF, A. S. ABDEL-GAWAD and A. M. EL-W-, 
Tulantu, 1970, 17, 137. (National Research Centre, Dokki, Cairo, 
U.A.R.) 

Smnma~-Adogen-364 has been used for the extraction of gallium(IlI) 
and indium(II1) from halogen acid solutions, and the dependence of 
the extraction on chloride, bromide and iodide ion concentration 
studied. The separation of Ga(III), IniJII) and Al(II1) is reported 
and some conclusions have been drawn about the stoichiometry of the 
extracted species. 

Versatile spectrophotometric method for the determination of silicon: 
FRANKLIN A. DUCE and STANLEY S. YAMAMIJRA, 7’alanfu, 1970, 17, 
143. (Idaho Nuclear Corporation, Idaho Falls, Idaho 83401, U.S.A.) 

Summary_--A versatile spectrophotometric method is described for the 
determination of microgram levels of silicon, as molybdenum blue. It 
combines the desirable features of existing spectrophotometric methods 
with three pretreatment procedures, namely (a) the removal of cations 
with a cation-exchange resin in the H+-form, (b) the conversion of all 
silicon species into the reactive monomer with an alkaline treatment, 
and (c) the decomposition of silicon fluoride with boric acid in the 
presence of cation-exchange resin. These pretreatments coupled with 
the colour development provide five procedures which are applicable 
to a wide variety of samples including natural and industrial water and 
solutions of various nuclear reactor fuels and components. Provisions 
are included for the selective determination of total silicon. 

v 



AHHOT~~EH cTaTef4 

HYKJIEAIQUI H POCT KPHCTAJIJIOB 
8-OKCBXBHOJIHHATA MEaH OCAmflEHHbIX 

k13 CMEIIIAHHbIX PACTBOPkiTEJIEm: 

TONY RIHS, MARLAND C. THIJRST~N and LESTER C. HOWICK, Tulunta, 
1970, 17, 123. 

Peaxome-&nieTnKa 0camAeHKH %oKcKxinionKHaTa Me&II) B 
cMecRx BOA~I si aqeToKa KsyYeHa 

70% THOM 
aJJeTOHe KOHTpOJIJIEfpOBaHHOt IIOBepXHOCTbIO peaKnIfe& 

M3BJIEYEHLIE Ga(II1) kl In(II1) ki3 BOAHbIX 
I’AJIOklAHbIX PACTBOPOB C AAOrEHOM-364: 

SH. A. SHEFUF, A. S. ABDEL-GAWAD and A. M. EL-WAKIL, Talanta, 
1970, 17, 137. 

Pe3~Me-AAOreH-364KCnOnb3OB~AAns~aBneYeHK~rannKR(III) 
EI EIHAEIH(III) El8 paCTBOpOB raJIOHAHbIX KHCJIOT II H3yYeHa 
8aBHCHMOCTb 8KCTpaKqHH OT KOHlJeHTpaqHH XJlOpHA-, ~POMIIA- H 
HO,.iJIiAIIOHOB. npHBeAeHbl pe8yJIbTaTbI pa3AeneHHH Gct(III), 
In(III)trA1(III)si cAenmHn B~IBOAM 0 CTexokioMeTpHK KaBneYeH- 
HblxEIOHOB. 

MHOrOCTOPOHHbIm CIlEKTPO~OTOMETPWIECKki~ 
METOA OIIPEAEJIEHBH KPEMHBFI: 

FRANKLIN A. DUCE and STANLEY S. Y AMAMIJRA, Tulantu, 1970, 17, 
143. 

Pe3IOMI+&IHCaH MHOrOCTOpOHHbIt CIIeKTpO@OTOMeTpHYeCKEti 
MeTOg OUpeAeJIeHElR MHKpOrp3MMOBblX KOJIElYeCTB KpeMHElfl B 
@opMe MOJIES6AeHOBOrO rony6oro. MeTon 06%e#IHFIeT mena- 
TenbHbIeXapaKTepIlCTIlKElIlMelo~HXC~CcneKTpO~OTOMeTpKYeCKEX 
MeTO~OB,EIMeHHO(a)yK~OHeHEleHaTEIOHOBCKaTHOH006MeHHIIKOY 
B H+ @OpMe,(6)IIpeBp~eHKe BCeX KpeMHHebbIX COeAElHeHHii B 
PeaKTIlBHbIti MOHOMep 06pa6oTKoP C WeJIOYbD U (B)pa8nO?KeHEe 
@TopqaKpeMHnn c60p0B09 KHCJIOTO~~B npHcy~c~B~f5i KaTnoKo- 
06MeHHHKa. aTEl IlpeABapHTeJIbHble o6pa6oTKK BMeCTe C IlpOSlB- 
~~HI~~MOK~~CKMII~~~CT~B~~IH)TC~~~~IIIIT~U~O~~~~~,~~HM~HH- 
MbIXEapR~pa8Hoo6pa3HbIXo6pas~oB,BKJlIOYaIOIl@iXIIpEpO~HbIe 
HIIpOMbII.JIJleHH&JeBO~~EipaCTBOpbIpa8JI~YH~XTOIIJlHBIi~epHbIX 
PeaKTOpOB H EIX KOMlIOHeHTOB. CeJleKTUBHOe OIIpeAeJIeHEle 
o6rqero KpeMHElHTaKme IIpHHnTO BO BHIfMaHEIe. 



Summaries for card indexes vii 

End-point evaluation in instrumental tltrhnetry-I. Linear extrapolation 
of hyperhollc titration curves: J. WE&~L and S. Korru*,@ Tafanru, 
1970, 17, 151. (Department of Analytical Chemistry, College of 
Chemical Technology, Pardubice, Slov. povstanf 565, Czechoslovakia.) 

Summary-A method is described for the estimation of a systematic 
titration error which is introduced by linear extrapolation of hyperbolic 
titration curves in amperometric, photometric, and other instrumental 
titrations. It is assumed that the titration is based upon a single-step 
ion-association reaction mA + nB + A,,,B, and that the measured 
physical property falls within known minimum and maximum values. 
The procedure is suitable for end-point determination, even when the 
titration curves have extensive curvature, and for predicting the choice 
of optimum experimental conditions for a given titration. 

a-(Phenylazo)4nltrohenzy1 cyanide, a new acid-base indicator: LAsz~6 
l&&or. Talanru, 1970,17, 161. (Nitrokemia Works, Fiizfogyartelep, 
Hungary.) 

Smmnary-A new acid-base indicator, a-(phenylazo)4nitrobenzyl 
cyanide, is proposed. The indicator changes colour from yellow to 
violet in the presence of alkali owing to the formation of a nitronic acid 
structure. This indicator is applicable for the titration of weak acids in 
acetone and ethanol media or in a mixture of these organic solvents and 
water, with 0.1 M aqueous sodium hydroxide as titrant. The ab- 
sorption spectra have been recorded for the indicator in 25 %, 50 % 
and 75 ‘A aqueous ethanol and acetone. By means of the spectra the 
dissociation constants in these media have been determined. The pK 
value of a-(phenylazo)-4-nitrobenzyl cyanide is 12.10 in water, and is 
decreased considerably in acetone but only slightly in ethanol. This 
behaviour is similar to that of positively charged weak acids and 
irregular for a weak acid carrying no charge or a negative charge. 

Gas-&romatographlc detennlnatlon of ultramlcre amounts of seleninrn ln 
pure sulphuric acid: YASUAKI Sm~ors.m and Kyon TI~EI, Tulantu, 1970, 
17, 165. (Department of Chemistry, Faculty of Science, Okayama 
University, Okayama, Japan.) 

Snnnnary-_Ultramicro amounts of selenium in pure sulphuric acid are 
converted into selenous acid with a brominebromide redox buffer 
solution. The selenous acid reacts quantitatively with 4-nitro-o-phenyl- 
enediamine to form 5-nitropiaselenol which can be extracted into 
toluene. The extract is very sensitive to electron-capture detection in 
gas chromatography, and the sensitivity is higher than that of 5-chloro- 
or 4,5-dichloro-piaselenol. The calibration curve (peak heights) is 
linear up to @15 pg of selenium in 1 ml of toluene. Pure sulphuric acid, 
commercially available, contains 10-e N lo+% selenium. 



. . . 
Vlll LiHHOTElIQXIl CTaTCZt 

OIIPEAEJIEHBE KOHqA THTPOBAHMH B 
BHCTPYMEHTAJIbHOfl TBTPBMETPBB-I. JIMHEn- 

HAR 3KCTPAIIOJIfIqkiH I’H~EPBOJIWIECKBX 
THTPAUHOHHMX KPEIBbIX: 

J. ViWk4~ and S. KOTRL~, Tulantu, 1970,17,151. 

Pe3IOMe--OnHCaH MeTon onpeaeneanfl CElCTeMaTHqeCKOti 011m61m 
THTpaqMn, KoTopaH Bsenersa nwei%Hoti aKcTpanoJrfqnet rnnep- 
6ojIasecKnx THT~~EIOHHEJX KPHB~IX B aMnepoMeTpEsecKoi, 
(POTOMeTpIFIeCKOti H apylWX HHCTpyMeHTaJIbHblX THTpaJJEIHX. 
npEIAHT0, =ITO TIITpaIJPiH OCHOBaHa Ha EIOHOaCCO~Ha~EiOHHO~, 
npoTeKaloqei B OAHOM mare peaKqnH 

mA + nB f A,B, 

II 'IT0 n3MepeHHaR QkIan9ecKafz XapaKTepMcTElKa HaXOAElTCfI B 
AHana3OHe OrpaHFieHHOM 3HaKOMbIMEI MMHHMaJlbHbIMM EI MaKCII- 
MaJIbHbIMH BeJlWiEiHaMn. MeTOAOM MOH(H0 nOJlb30BaTbCII AJIR 
onpenenersiw KoKqa~sf~pO~awfn,Aame B cnysae cnnbKo3aKpw 
BJIeHHbIX THTpaHOHHbIX KpEfBblX II AJIH npeABapHTeJIbHOr0 
oT6opa OnTMMaJIbHbIX OnbITHbIX yCJlOBHlCt AJIJI AaHHOfi TEITpaqllH. 

c+(~EHEIJIA30)-4-H~TPOBEH3HJI~HAHII&-HOBbI~ 
KBCJIOTHO~EJIOYHbI~ ElHAkiKATOP: 

LAszti L~~GRADI, TuZunta, 1970, 17, 161. 

Pe3IOMe-cr-(~eHHJIa30)-4-HIITpO6eH3E'IIJHaH~A npeAJIO?KeH B 
Ka~eCTBeHOBOrOKIICJIOTHO-~eJIO=IHOrOHHAHKaTOpa. I'iHAMKaTOp 
E3MeHFIeT IJBeT Ii3 H(eJlTOr0 B @iOJleTOBblti B npMCyTCTBHH 
menow, BCJIeACTBEle 06pa3OBaHnn C~pyK~ypb~ Ha OCHOBe 
HHTpOHOBOfi KHCJIOTbI. ~THMElHAHKaTOpOMMO)f(eTnOJlb3OBaTbCH 
AJIH TElTpOBaHHR cna6bIx KHCJIOT B aqeTOHOBblX EI CnHpTOBMX 
cpenax mnm B craecnx aTnx 0praHnsecKnx pacTBopnTene& a 
BOAbl,C0,1MBOAHbIMpaCTBOpOM rIlApOOKEfCHHaTpLlFi B Ka¶eCTBe 
THTpOBaHHOrOpaCTBOpa. nOJIy'leHbI CneKTpbI CBeTOnOrJIOILJeHHfi 
HHAHKaTOpa B 25%, 50% II 75% BOAHOM paCTBOpe CnHpTa Pi 
aqepoaa. Ha OCHOBe 3TElX CneKTpOB BbFIHCJIeHbI KOHCTaHTbI 
AHCCO~Eia~PIH BaTEiXCpeA3X. p~C+(~eHEUIa30)-4-HHTpO6eH3ZUI- 
JIQAHAa COCTaBJIFIeT 12,10 B Bone, a CHH)f(aeTCFI 3HaPMTeJIbHO B 
aQeTOHe,HO TOJIbKO B He60JIbIIIOtiMepe B CIIEpTe. 3TO nOBeAHHe 
nOXOmenOBe~eH~H,nO~O~~TeJrbHO3ap~~eHH~XcJra6~xKMCJIOT, 
a HenpaBsinKo B cnysae cna6o8 KHCJI~T~I 6e3 sapflfia EI~IIJ 
OTpEIJaTeJIbIiO 3apHIKeHHOi cna6ot KHCJIOTbI. 

OIIPEAEJIEHME YJIbTPAMItKPOKOJIWIECTB 
CEJIEHA B WiCTOa CEPHOm KUCJIOTE METOAOM 

I’A30BOm XPOMATOI’PAQBB: 

YASUAKI SHIMOISHI and KYOJI T~EI, Tahtu, 1970, 17, 165. 

PeslOMe---YJlbTpaMIiHpOKOJlWIeCTBa CeJleHa B ¶llCTOZt CepHOti 
KHCJIOTe npeBpamamTcfi B CeJIeHUCTyKI KI~C~OT~ c HCnOJIb3OBa- 
HHeM OKHCJIEiTenbHO-BOCCTaHOBHTeJIbHOrO 6y@#epHoro paCTBOpa 
6poMa-6poMPiAa. CeneHncTafi KHcnoTa pearnpyeT KonsiYecT- 
BeHHO C 4-HEiTpO-0-@eHIWleHAIiaMIfHOM C 06paaOBaHIieM 5- 
HnTponKaceneKona, ~o~opb~ti aKcTparnpymT TOJI~OJIOM. ~KcT- 
paKT BeCbMa YyBCTBHTeXbHblti Ha 3JleKTpOHHO3aXBaTblBaIOIWt 
EeTeKTOp ra30BOrO XpOMaTOrpa$a, Ii er0 UyBCTBHTeJIbHOCTb 
6onbnre 9eM 5-xnop- EIJIH 4,5-AnxnopnnaceJreHona. KanxBpaq- 
ElOHHaH KpbIBa(BbICOTa nPiKOB)JIHHetiHaFI A0 0,15 MKr CeJIeHa B 
1 MJI TOJIyOJIa. %CTaR CepHaH KHCJIOTa (KOMMepqeCKaR) 
coAepwxT 1O-6 ~0 1O-6 oA ceneaa. 



Summaries for card indexes ix 

Stability constants of lanthanlde complexes with sallcylhydroxamlc acid: 
T. SESHADRI, TuZuntu, 1970,17, 168. (Regional Research Laboratory, 
Jorhat-6, Assam, India.) 

Summary-The stability constants of La, Pr, Nd, Sm, Eu, Gd, Dy, Er, 
Yb and Y complexes of salicylhydroxamic acid have been determined 
potentiometrically in 3 :l v/v acetonewater medium at 25 f @5” and 
at an ionic strength of O-1 with respect to sodium perchlorate. The 
stability constants are comparable with those of other lanthanide 
complexes with oxygen-donating ligands such as benzoylacetone and 
benzoylphenylhydroxylamine. 

Complexometrlc determination of molybdeman(Vl) : RUDOLP Pkm& and 
VLADIMIR VESEL-~, Tufuntu, 1970, 17, 170. (Laboratory of Analytical 
Chemistry, J. Heyrovskf Polarographic Institute, Czechoslovak 
Academy of Sciences, Prague 1, Jilsk& 16, Czechoslovakia.) 

SW-In acidic medium molybdenum(W) forms a stable complex 
on boiling with excess of DATA and hydroxylamine hydrochloride. 
Molybdenum can then be. determined by back-titration of the excess of 
DATA either with zinc chloride at pH 5-5.5 or with thorium nitrate at 
pH 345, Xylenol Orange being used as indicator in both cases. A 
simple method for the determina tion of molybdenum in the presence of 
moderate amounts of tungsten is also described. 

The dissociation constants of alizarin fluorine blue: C. K. L~nu, and M. 
A. LEONARD, Tuluntu, 1970, 17, 173. (Department of Inorganic and 
Analytical Chemistry, Queen’s University, Belfast, N. Ireland). 

Summary-Dissociation constants for the analytical reagent alizarin 
fluorine blue (3-aminomethylalizarin-jV,Wdiacetic acid) have been 
determined by potentiometric titration at ionic strength @l, and are 
k, = 1.28 f @30 x lo+; k, = 2-82 f O-24 x lo-*; ks = 3-72 -& 
O-19 x lo-“; ka = 6-39 * 0.12 x lo-‘*. 



AHIIOT~~IIH cTaTeti 

KOHCTAHTbI YCTO~%iBOCTU KOMIIJIEKCOB 
JIAHTAHklAOB C CAJItiIJI4JII’I4~POKCAMOBO~ 

KHCJIOTOB: 

T. SESHADRI, Tafanta, 1970, 17, 168. 

P~~IOM~--KOIICT~HT~I ~CTO~IIBOCTII KoMwIeKcoB La, Pr, Nd. 
Sm,Eu,Gd,Dy,Er,YbaY c canagHnrKnpoKcaMoBot KMCJIOTOti 
O~pe~e~eH~~OTeHgUOMeTpH~eCKHMMeTO~OMBpaCTBOpeageTOH- 
BoAa 3:l (go ob%eMy), II~II 26 f 0,5" H IIOHIIOZ~ CIIJW 0,l B 
OTHOIIIeHElU Ha IIepXJIOpaT HaTpUH. KOHCTaHTbI ~CTO&IHBOCTII 
CpaBHIIBaeMhI C KOHCTaEITaMH &pyI'I¶X KOMIIJIeKCOB JIaHTaHUAOB 
C KIICJIOpO~-IIOAaBaIOIgqHMII JIMraIi~aMH, KPK Ha IIpIIMep 6eHaou- 
JIageTOHOM II 6eII80H~~eIIIIJIrH~pOKCIIJIaMIIHOM. 

KOMl-IJIEKCOHOMETPI4YECKOE OIIPEAEJIEHBE 
MOJIkiBAEHA (VI): 

RUDOLF P~BIL and VLADIMfRVESBL+, i%htu,1970,17, 170. 

PCSIOM~-B KHCJIHX cpeAaxMonn6AeH(~)o6paByeTy~~0ltw~bIti 
KOMIIJIeKC IIpII KEIIIWIeHIIH CEa6hITKOM AUTA H XJIOpIICTOBOAO- 
POJ(H~IM r~~poKcIIJw.IKHoM. Mon6neH OnpegenHmT OTTBTPOBP- 
BaRHeMn86bITKa ALJTAc XJIO~HAOM~I~HK~II~II~H 5-5,511nKc 
HIiTpaTOMTOpHHUpElpH3-&6,II0JIbayHCbKCElHeHOJIOpaIIH(eBhlM 
B Ka¶eCTBe HHAKKaTopa B 06011x caysa~x. TaKme OIIHC~H 
HecnomHnti MeTon 0npeneneHnu MoaE6neHa B ~~KC~TCTBHH 
yMepeHHbIx KOJIHPeCTB BOJIb+paMa. 

KOHCTAHTbI JJkiCCOqtiAIJmki AJIB3APMH0TOPO- 
BOI’O I’OJIY BOI’O: 

C. K. LAIRD and M. A. LEONARD, Talanta, 1970,17, 173. 

PesIome-Onpe~eneKarKoHcTaKTn~accogKag~~aHa~uT~~ecKoro 
peareHTaannaapH~TopoBororony6oro(3-aMElKoMeTunaJIKaapMH- 
N,N-~~y~cycKoi KHCJIOTJJ) MeTOAOM IIOTeHgHOMeTpWIeCKO~ 
TIiTpagHII IIpm MOHIIOti CElJIe O,l; OAU COCTaBJIHIOT K1 = 1,28 f 
0,30 x 10-s; Kg = 2,82 f 0,24 X lo-'; K, = 3,72 f 0,19 x 
lo-"II K4 = 0,30 rt 0,12 X lo-'*, 



Summaries for card indexes xi 

Complexometrlc titration of total iron with o-mercaptobenzoic acid as 
indicator: L. M. BHANDARI, M. M. L. KHOSLA and S. P. BAO. T&mm, 
1970, 17, 176. (Defence Laboratory, Jodhpur, India.) 

Summary-The soluble deep blue complex of iron(H) with o-mer- 
captobenxoic acid in aqueous pyridine medium (pH 64-74) can be 
titrated with EDTA at room temperature with a sharp colour change 
from blue to light yellow. o-Mer&ptobenzoic acid forms a 2: 1 co& 
ulex with iron(11). aivinrc maximum absorntion at 600 run. Its stabilitv ___ 
Constant was found to I% log K = 7.7. W\th iron(II1). a transient bluk 
colour is first formed which soon becomes colourless and then on the 
addition of excess of reagent, the deep blue complex is formed on 
reduction of the iron( Iron can be titrated in the presence of 
copper, if the latter is masked with sodium thiosulphate. Cobalt and 
nickel interfere. Common anions such as chloride, tartrate, phosphate, 
oxalate, citrate and acetate give no interference. 

Hydrolysis of substituted I-acetoxyqolnoliaea: E. J. BILLO, R. P. 
GRAHAM@ and P. 0. CALWAY, Talanta, 1970,17,180. (Burke Chemical 
Laboratories, McMaster University, Hamilton, Ontario, Canada.) 

Summary-In the absence of metal ions, the hydrolysis of 2-methyl- 
8-acetoxyquinoline and of 5-chloro-8-acetoxyquinoline follow the 
same re.&iion paths as those of the parent es’te; 8-acetoxyquinoline, 
including an intramolecular catalvsis bv the auinoline nitroeen. Unlike 
the hy&olysis of the other e&m, that of the 2-methy~compound 
appears not to be catalysed by metal ions, and this is consistent with 
the view that catalysis by a metal ion involves the formation of a 
‘I-membered chelate structure. 

Acid dhociatlon and metal chelate formation equilibria of sonic halo- 
gem&d dipheaylthiocarbazones: ABDUL R. AL-SALIHY and HENRY 
FREISER, Talanta, 1970,17,182. (Department of Chemistry, University 
of Arizona, Tucson, Arizona 85721. 

Summary-The acid dissociation constants (K.) of di-p-fluoro-, 
di-p-chloro-, di-p-bromo-, di-piodo- and di-m-trifluoromethyl- 
phenylthiocarbazones and the equilibrium formation constants (Kf,) of 
their 1:l complexes with Co(B), Ni and Zn have been determined at 
25” in 50 % v/v aqueous dioxan at 0.10 M ionic strength. Each of the 
electron-withdrawing substituents gives a reduction in pKs roughly 
proportional to its Hammett u value, and log Kf, increases linearly 
with PK.. 



Xii AHHOT~EEI cTaTea 

KOMIIJIEKCOHOMETPBYECKOE TklTPOBAHME 
OEiIjErO 3fCEJIE3A C UCIIOJIb30BAHHEM 
0-MEPKAIITOEEH30~HO~ ICMCJIOTbI B 

ICA=IECTBE BHHBKATOPA: 

L.M.BIuNDARI,M.M.L.KHosLA~~I~S.P.RAO, Tuluntu, 1970,17,176. 

PesIonK!-'I'eMHocmHKti paCTBOpHMbIti KOMIIJIeKC meJIeaa(II) C 
o-MepKalITO6eH3O&IOti KHCJlOTOfi B BOAHOM paCTBOpe IIHpHAElHa 
(~H~,~~,~)MO~HOTJ~T~OB~T~C~~TA~~E~KOMH~THO~T~M~~~~- 
Type c UonyseHneM peaKoi nepeMeHbI qBeTana CxxKero B cna6o- 
%KeJITbI8. o-MepKanTo6eKaotiHa KnCnOTa o6paayeT KOMIIsIeKC 
2:1 C~eJIe8OM(II)CMaKCHMajIbHbIM CBeTO~OrJIOIQeHHeM IIpH600 
KM. OnpegeneKa ero KoKcTaHTa ~CT~~WBO~TM lg Ic = 7,7. 
meJIe3O(III) B DepBbIX o6paayeT lIpeXO~BIJJyl0 CllHyIO OKpaCKy, 
paCTBOp 3aTeM 06eCqBe%iBaeTCFI, a &&o6asneKKeM H36bITKa 
peareKTa 06paayeTcs TeMHOCHHHEt KOMnJleKC nocne BOCCTa- 
HoBneBKR wenesa(II1). Weneso MOHCHO TkiTpoB_aTb B II~IICYTCT- 
BEIH MeAX eCJIll IIOCJIeAHbIti HOH MaCKHpOBaA THOCyJIb~aTOM 
HaTIIH. KO6aJIbT H HIlKeJIb MeJIIaIOT OnpeAeJIeHHIO. O6MKHO- 
BeHHbIg aHElOHbI XJIOpIJfl, UHTpaT, TapTapaT, ipOC@aT, OKCaJIaT El 
aqeTaT He MemamT onpe~eneHzn0. 

rllAPOJII43 BAMEIQEHHMX 8-A~ETOIECkiXklHOJIH- 
HOB: 

E. J. BILLQ R. P. GRAHAM@ and P. G. CALWAY, Taluntu, 1970,17, 
180. 

Pes~om+B OTCYTCTBHE~ HOHOB MeTannoB ranponas 2-MeTsin-S- 
aJJeTOHCHX&lHOJIHHa H 6-XJlOp&a~eTOKCHXHHOJI~Ha CJleJ&HT CMep 
peaKqnH pOACTBeJiHOr0 3@%pa 8+UJeTOKCHXEIHOJIEIHa, BKJIIOQNi 
HHTpaMOJIeKyJIflpHbJti KaTaJlEI3 a3OTOM XEHOJlHHa. B OTJlHgHEl 
OT rIlnpOJlH6a JJpyrMX 3@ipOB rHApOJIEl3 2-MeT%iJlCOeAEIieHHH 
IIO-BEAHMOMy He KaTaJlIl3HpOBaH HOHaMEl MeTaJlnOB; 3TOT i$aKT 
BCOrJIaCHOCTHCB3r3IFI~OM¶TOKaTaJlH3 MOHOM MeTaJInaBKJIIoqaeT 
B ce6rr o6pasoBaHxe 7-WIeHHOtiXeJIaTHOti CTpyKTypbI. 

ICMCJIOTHAfl AkiCCO~HAqWI B PABHOBECHSI 
OBPA30BAHBH XEJIATOB METAJIJIOB HEKOTOPbIX 

l?AJIOI4&3AME~~HHbIX ABDEHBJITHOKAPBA30- 
HOB: 

ABDUL AL-SALIHY and HEMRY FREISER, Tuluntu,1970,17, 182. 

PeaIonre-OnpeAeJreHb KowraHw KE~CJIOTHO~ AnccoqnaqHn 
(Ka) AK-II-@Top-, AH-II-XnOp-, AH-n-6pOM-, AK-II-HOA- II AM-M- 
Tp~~TOpMeT~JI~eHHJlT~OKap6a3OHOB EI PaBHOBeCHbIe KOHCTaHTbI 
06pa3OBaHHH (&,)/x%x 1:l KOMnneKCOB c Co&C), Ni M Zn npx 
25” B 50% B~AH~M pacTBope AHoKcaHa (no o6xeMy) n K0~~0i 
GElJIll 0,10&f. KaHcAbIfi &I3 3JIeKTpOHHOyAaJIRlO~~X SaMeCTHTe- 
neck cHn%aeT pKa rpy6o nponopqHoHanbH0 3HarIeHEIK) a XaM- 
MeTTa; log Ki, yBeJIWiHB&eTCR JIHHeZtHO C pK,. 
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16 Derivatography: A Complex Method in Thermal Analyds 
by p. Paul&, J. Paulik and L. Erdey 

17 Potassium Dichromate as an Oxidimetric Reagent 
by G. Gop2la Rae 
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26 Characteristic Metal-Halogen Vibrational Frequencies 
of Complexes with Bivalent Metal Halides by R. H. Nut&l 

27 Amplification Reactions by R. Belcher 
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by A. K. Babko 

2g Determina tion of Antioxidants in Polymeric Materials 
by D. A. Wheeler 

30 A Critical Review of Atomic Absorption, Spectrochemical, 
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SUMMARIES FOR CARD INDEXES 

Comparative distribution coefficients and cation-exchange behaviour of 
the alkaline earth elements with various complexing agents: F. W. E. 
STRELOW and C. H. S. W. WEINERT, Talantu, 1970,17,1. (National 
Chemical Research Laboratory, P.O. Box 395, Pretoria, S. Africa.) 

Summary-Equilibrium distribution coefficients are presented for 
the alkaline earth metals Be(U), M&II), Ca(II), Sr(I1) and Ba(LI) 
with the complexing agents acetate, formate, lactate, citrate, tartrate, 
a-hydroxyisobutyrate, malonate, malate, acetylacetonate, EDTA, 
EGTA and DCTA, and the AG50W-X8 cation-exchange resin. 
Coefficients in HCl, HNOII, HCIOp and NH&l are included for the 
sake of completeness. The merits of the various complexing agents 
for the separation of adjacent element pairs are discussed and experi- 
mental elution curves are presented for selected separations. Separation 
factors for adjacent elements are calculated at eluting agent concen- 
trations corresponding to a distribution coefficient of 10 for the less 
strongly absorbed element and are presented together with the eluting 
agent concentrations to form a basis for comparison. 

Analytical applications of ternary complexes--Vm. An improved 
reagent system for the spectrophotometric determination of almninium: 
J. E. CHESTER, R. M. DAC~NALL and T. S. WEST, Talunta, 1970, 17, 
13. (Chemistry Department, Imperial College, London, S.W.7, 
U.K.) 

Summary-Aluminium ions form a ternary complex with Catechol 
Violet (CV) and cetyltrimethylammonium bromide (CTAB) in which an 
Ala+: CV:CTAB ratio of 1: 2: 5 is observed. The sensitivity of the 
binary complex between aluminium and Catechol Violet eBlbnm = 
1.50 x 10s 1. mole-l . mm-l is enhanced on ternary complex formation 
to Q.,,,*~ = 5.30 x lo* 1. mole-l . mm+. The colour is formed instan- 
taneously, stabilizes within 20 min, and may be used for the detection 
of aluminium in the range 0.27-54 pm in the presence of EDTA 
which prevents the interference of most ions. A benzoate extraction 
procedbre for aluminium is used to prevent interference from hundred- 
fold amounts of Cr(VI), Fe(II), Fe(III), Hg(II), Sb(III), Ti(IV) and 
acetate, but Be, Cr(III), rare earths, V(V), Zr and tartrate must be 
absent, as must high concentrations of phosphate and fluoride ions. 

vii 
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VI11 Ammaqm cTaTet 

CPABHkiTEJIbHbIE KOB~~B~BEHTbI 
PACIIPEAEJIEHBR II KATBOHOOEMEHHbIE 
XAPAKTEPBCTBKki IQEJI09H03EMEJIbHbIX 

3JIEMEHTOB C PA3HbIMkl 
KOMlIJIEKCOOBPA3YIOIQMMH AI’EHTAMW: 

F. W. E. STRELOW and C. H. S. W. WEINERT, Tuluntu, 1970,17, 1 

Pemim-IIpmeaexbI pamosecfme Koa+$iqnewm pacnpene- 
JIeHIlH nJIR IQeJI09HOBeMeJIbHbIX ZUIeMeHTOB Be(lI), Mg(II), 
Ca(II), Sr(II) ki Ba(I1) c KOM~i'IeKCOO6pa~yIOqKM~ areHTaMn 
aqeTaToM, (POpMHaTOM, JIaKTaToM, IJHTpaTOM, TapTapaTOM, 
~-OKC~~.806yTMpaTOM,Ma~OHaTOM,ManaTOM,aqeTnnaqeTOHaTOM, 
~ATA,~I’TAEIA~TA, HKaT~OHOO6MeHHO~cMoJIoBAG50W-X8. 
B Ka9eCTBe KOMIIJIeTHOCTEl TaKme BKJIIO9eHbI KO@$iqHeHThI B 
HCI, HNO*, HNClO., H NH&I, 06cymeHbI npeHMyqecTBa 
paanHrHbIx KoMnneKcoo6pa3yIowHx areHTOB AJIFI pa3geneHmH 
COCeAHbfX Ifap LUIeMeHTOB EI IIpElBeAeHbl BKClIepMMeHTaJIbHbIe 
KpHBbIeBJIIOHpOBaHPiR~JIROT06paHHbIxpa~~eJleHI&. BbIwuzneHbI 
(PaKTOpbI pa3~eJIeHKH COCeAHJJX 3JIeMeHTOB AJIFI KOHqeHTpaqHfl 
3JIlOpyIOIQerO meHTa OTBeCTByIOUHX KO3f#@IJHeHTy paCIIpe- 
AeneHHH 10 AJIFI MeHee CubHo a6cop6HposaHHoro aneMeHTa II 
IIpIfBeAeHbI BMeCTe C KOHIJeHTpaqHRMH EUIIoHpyIO~erO al?eHTa, C 
qeJIbI0 IIOCJIy?KHTb B KaYeCTBe OCHOBbIAnH CpaBHeHE¶H. 

IIPHMEHEHklE TPOtiHBX KOMIIJIEECCOB B 
AHAJIB3E-VIII. YJIYYLUEHHAR CElCTEMA 

PEAI’EHTOB I[JIR OIIPEDEJIEHBH AJIIOMMHBfI 
Cl-IEKTPOk;dTOMETPtitiECHtIM METOAOM: 

J.E. CHESTER,R.M.DAGNALL~II~T.S.WEST, Tufuntu, 1970,17,13. 

PeaKIM&---mOHJ,I BJIIOMIIHIIFI 06pasym TpOHOt KOMIIJIeKC C 
KaTeXMHOBblM +iOJleTOBblM(~~)H ~eT~JlTpHMeTHJlaMMOHUti6pO- 
MEIEOM (UTAB) B KOTOpOM OTHOIIIeHEle AP+:IC(D:IJTAB paBHo 
1:2:5. YyBCTBIlTenbHOCTb JJBOiHOrO KOMIIJIeKCa aJIH)MEiHMR El 
KaTeXlfHOBOrO $jHOJIeTOBOFO &.JISH~ = l&O X loa JLMOJIb-I.MM-' 
IIOBbIlIIaeTCH 06pa8OBaHZieM TpOtHOrO HOMIIJleKCa A0 .?s,~,,,~ = 
5,30 X lo3 LMOJIb-?MM-'. OKpaCKa IIOlIBJIHeTCFI Ml'HOBeHHO, 
cTa6HnH3HpyeTcH B TeqeHxe 20 MI~H II ee MOWHO nonbaoBaTbcfz 
nnfl o6HapyHeKurcI asIH)MEIHHfi B npenenax 0,27-54 Mr/n B 
IIpHCyTCTBElH BATA KOTOpbIi yKJIaHFIeT BJIHHHHe 6OJIbEIEiHCTBa 
HOHOB, 3KCTpaKIfMH aJIH)MHHEIH 6eHsOaTOM MClTOJIbSOBaHa EJIfi 
yKnoHeHElH BJIHRHE~R loo-KpaTHorO m6bIma Cr(VI), Fe(II), 
Fe(III), H&II), Sb(III), Ti(IV) II WeTaTa, HO Be, Cr(III), 
pe~KO3eMeJIbHk.E BJIeMeHTbI, v(v), Zr M TapTapaT HaA0 OTCyTC- 
BOBaTb, TaK ?Ko KaK H BbICOKHt? KOHIJeHTpaIJHH @OC@aT- H @TOP 
HAEIOHOB. 



Summaries for card indexes ix 

Performance characteristics of analytical method~l: A. L. WILSON, 
Tulutzta, 1970, 17, 21. (Water Research Association, Ferry Lane, 
Medmenham, Nr. Marlow Bucks, U.K.) 

summary--The ever-increasing volme of analytical literature makes it 
important to be able to compare ~~bi~ously the advantages and 
disadvantages of analytical methods. To this end, a set of consistent 
definitions and methods for determining quantitative performance- 
characteristics (e.g., precision, sensitivity, bias) is needed. The aim of 
this series of papers is to review the definition and determination of such 
parameters, and to suggest criteria for general use. This first paper 
discusses the general problem, considers those general aspects of 
analytical methods that are important, and establishes the performance- 
characteristics to be considered in detail, 

The ~~o~~~ra~~tics of aaalytical methods-II: A. L. 
WILSON, Talanta, 1970, 17, 31. (Water Research Association, Ferry 
Lane, Medmenham, Nr. Marlow, Bucks. U.K.) 

Summary-Statements on the errors of analytical results are an impor- 
tant aspect of characterizing the performance of analytical methods. 
The general nature of random and systematic errors is brieiiy discussed, 
and methods of n~e~~y defining the former are considered. It is 
suggested that the standard deviation of analytical results be used 
exclusively as the quantitative measure of precision within the context 
of performance-characteristics. Techniques for, and precautions to be 
observed in, estimating standard deviation are critically discussed. 
On this basis, general principles are proposed that should be observed 
whenever possible in experimental tests to estimate standard deviation. 

~A~~~yloyl-~~~~roxy~ as an analytical reageat. 
~te~tion of niobium and taatalum in the presence of each other: 
C. P. SAVAREAR and JOY JOSEPH, Tufantu, 1970, 17,45. (Department 
of Chemistry, University of Calicut, Kerala, India.) 

Summa~--N-Acetylsalicyloyl-N-phenylhydroxyhuuine is proposed 
for the separation of niobium(V) and tantalum(V) and their gravi- 
metric determination. Niobium is precipitated at pH 55-63 by the 
reagent and the complex is weighed directly_ Tantalum is precipitated 
from l-Z&f hydrochloric acid solutions and the complex is ignited to 
tantalum pentoxide. The method is fairly selective. In the presence 
of thiocyanate the reagent forms an extractable complex with niobium. 
The reaction forms the basis of a selective and sensitive spectrophoto- 
metric determination of niobium. 



Anmmqm craTea 

XAPAKTEPkiCTtiKM BbInOJIHEHIUI 
AHAJDNECKkiX METOAOB-I: 

A. L. WILSON, Talanta, 1970,17,21. 

Pewmw--PeaKo ysenmmamqtiic~ o6%eM aHanmwfecKoB 
JIATepaTypbl BbI3bIBaeT nOTpe6HOCTb CpaBHHBaTb OAliO3HaqHO 
npenMyqecTsa H HeBbIrOAAOCTH aHaJniTngecKax MeTOAOB. B 
3~01 KaqecTBe H~O KrdeTb nocnenoBaTenbHbIe ne&iHKqKkl H 
BfeTOAbI OIIpeAeneHEiH KOJIHqeCTBeHHbIX XapaKTepHCTKK BbIIIOJI- 
HeHEIR (Ha npHMep TO¶HOCTII, 9yBCTBEITeJlbHOCTII, CKJIOHHOCTEI). 
qeab a~oro p8qacTaTett caenaTb 0630~ Ae@iHrfqdi EI onpeHene- 
HHR 3TElX UapaMeTpOB Ii npenJIO?KUTb KpElTepHIl nJI$I o6qero 
npHMeHeHKH. ripeanemaJqas CTaTbH o6cymnaeT 06~14~x1 npo6- 
JleMy M BmHbIe o6qne BH]lbI afianMTM9eCKHX MeTOAOB, EI 0603- 
Ha=iaeT H3yraeMbIe nonpo6Ko XapaKTepUCTElKM BbIllOnHeHHH. 

XAPAKTEPBCTBKH BbIIIOJIHEHBfI 
AHAJIBTWIECKBX METOAOB-II: 

A. L. WILSON, Talanta, 1970,17,31. 

Pesmm--CooBqeme OIUH6OK aHaJIHTHUeCKHX pe3yJIbTaTOB 
npeacTasnrreT co6oi ~a%~blti BHE oxapaKTepaaosaHun aHanH- 
THUeCKKX MeTOAOB. KOPOTKO 06cymAeH 0611@ xapaKTep 
CJIyqatiHblX Ei CHCTeMaTHYeCKHX OIIIE6OK EI CpaBHeHbl MeTOAbI 
q~@poaoro 0rfpeAeneHKH 3~1lx onrK60~. IIpe~no~eno EICKJIH)YH- 
TeJIbHOe IlpliMeHeHHe CTaHAapTHOrO OTKJIOHeHMH aHaJlHTEl¶eCKMX 
pe3yJlbTaTOB B Ka9eCTBe KOJIH~eCTBeAHOfi MepbI TO=ZHOCTH B 
CYHCJIe XapaKTepKCTEiK BbInOnHeHHR. KpHTHseCKH o6cymeHn 
MeTOnbl OnpeAeneHHH CTaHAapTHOrO OTKJlOHeHHH H MepbI npeA- 
OCTO~O~HOCTEIB~TOM~~~~~~JI~HHH. Ha3~oPocHoBenpe~nomeHn 
o6wue npHIi~UnM KOTOpble HWO nO=lBTaTb--eCJIM O~CTOMT 
B03MO)fCHOCTb-B OnblTaX OnpeneaeHllH CTELHAapTHOrO OTKJIO- 
HeHEw. 

B KAYECTBE AHAJIBTWIECKOI’O PEAI’EHTA: 
OIIPEAEJIEHBE HBOBEIH I4 TAHTAJIA OAHOl?O B 

l-IPHCYTCTBBB APYl-‘OrO: 

C.P. SAVARLU~~~JOYJOSEPH, Talanta.1970,17,45. 

Pe3loM~~-A~eTHnCanurqHnoHJI-N-~eH~~rU~pOKCKn~KH npeA- 
zoH(eH gnfi pa3fleneHnn mo6m(V) k~ TamaJra(V) Ei IIX onpene- 
JIeHHR BeCOBbIM MeTO,l&OM. HK06KZt 0camAmT peareHToM npn 
pH 6,6-6,6 EI KOMnJIeKCnpFIMO B3BeIIIHBaIOT. TaHTanOCa?KAaIoT 
E¶31-2&f CO~RHOKHCJIbIX paCTBOpOB H KOMnJIeKC o63onnRaIoT A0 
IUiTHOKElCH TaHTana, MeTon IIBJlReTCR AOBOJI~AO nS6KpaTenb- 
H~IM. B npHCyTCTBHIl poAaH&iAa peareHT o6paayeT aKcTparnp- 
yeMbI& HOMnneKC C Hno6HeM. Ha 3TOt peaKaHH OCHOBaH 
CeJIeKTElBHbIi II qyBCTBHTeJIbHbIt CneKpO+OTOMeTpFIeCKKti MeTOn 
0npeAeneHns HHO~HII. 



Summaries for card indexes xi 

Determination of deuterimn in heavy water by secondary deuteron 
activation: R. PRETOIUUS and R. E. WAMERDI,@ Talanru, 1970, 17, 
51. (Activation Analysis Research Laboratory, Texas A 8~ M Univer- 
sity, College Station, Texas, U.S.A.) 

Snnuna~-The deuterium concentration of heavy water was deter- 
mined by utilizing recoiling deuterium nuclei from n-d collisions 
to induce the reaction r60(d,rQ7F. The internal ratio of 66-set 
fluorine-17 to 7.35-set nitrogen-16 activity, formed by the reaction 
rsO(n, p)lON, was found to vary linearly with deuterium concentration. 
When such an internal ratio of activities is measured, the neutron 
flux and sample weight need not be known. Deuterium was deter- 
mined over the range from 2.6 to 94.5 atom %, with a relative standard 
deviation of 2.8%. The effect of sample size was investigated and it 
was found that the relative amount of fluorine-17 activity formed 
became less as sample size decreased, due to the loss of recoiling 
deuterons from the sample. A simple relationship to account for this 
effect was obtained. 

Rapid spectrophotometric determination of boron in steel: OM P 
BHAROAVA and W. GRANT Hmes, Talantu, 1970, 17, 61. (Chemical 
and Metallurgical Laboratories, The Steel Company of Canada Ltd., 
Wilcox Street, Hamilton, Ontario, Canada.) 

Summary-A rapid spectrophotometric method is presented for the 
determination of boron in steel by use of the fluoborate+Methylene 
Blue complex. The method is in principle similar to that of Rosotte, 
but modifications simplify the operation, obviate contamination and 
avoid problems with emulsion formation. Up to 20% Cr, 10% Ni, 
and 1% each of V, MO and W present either individually or collectively 
do not interfere in the determination, making it applicable to ahoy 
steels. The determination limit of the method has been lowered from 5 
to 0.2 ppm boron. Samples are dissolved at room temperature in 
wlvthene bottles. solubilizine all forms of boron includine boron 
n&de, and avoiding loss of rzatively volatile boron cornpour&. The 
precision of the method is good. Six samples can be analysed in less 
than 2 hr. 



AHHOTaqElU CTaTei 

OIIPEAEJIEHBE AE%iTEPMfi B TSIXEJIOl4 BOAE 
METOAOM BTOPFIHOm AEmTEPOHHOm 

AKTBBALJklEI: 

R. PRETORIUS and R. E. WAINERDI@, Tafanta, 1970, 17, 51. 

Pesww-ICoriqewrpaqkifx netkreptifi B Tsmeaoi Bone 0npeaeneKa 
kICnOJlb3OBaHMeM XAep AeZtTepZiSI OTnaSEl K3 12 -d CpaSOB AJIH 
Kn~yqEipoBanm peaKqm ~BO(d, rr)l'F. OGHapymeHa nnHettHan 
3aBHCbIMOCTb KOHqeHTpaqHH AetiTepIlH OT BHyTpeHHOPO OTHO- 
IIIeHHR aKTIlBHOCTEl 66-CeK @TOP-17 B 7,&k?-CeK aaOT-16, o6paao- 
BaHHOipeaKqHe~l'O(n,~)"~. npEiEl3MepeHHElTaKOrOBHyTpeH- 
HOrO OTHOJJIeHIIfl aKTHBHOCTett He Han0 OnpeAeJIRTb nOTOK 
HeiTpoHoB HH Bet o6paaqa. AeiTepnti OnpeAeneH B npeAenax 
2,6AO94,5 aTOMHbIX %,C OTHOCHTeJIbHO~CTaH~apTHO~OJ.IIK6KOt 
2,8x. H3yqeHO BJIHHHIie BeCa o6paaqa K o6KapymeHo 9TO 
OTHOCHTeJIbHaFI aKTHBHOCTb (jTOpa-17 YMeHbIJIaeTCR C yMeHb- 
IIIeHHeM BeCa o6paaya B pe3yJIbTaTe IIOTep Ae8TepOHOB OTAa'IH 
H3 o6pasqa. 06HapyHteHO npOCTOe OTHOIIIeHHe AJIH 06'bRCHeHm 
3TOI'O 3@@eKTa. 

BbICTPOE CIIEKTPO~OTOMETPBYECKOE 
OHPEAEJIEHBE BOPA B CTAJIM: 

OM P. BHARGAVA and W. GRANT HINES, Talanta, 1970,17, 61. 

PeaIOMe-UpeAJIOHteH 6bICTpbIP CneKTpO~OTOMeTpPi~eCKIllt MeTOA 
OnpeAeJIeHHf? 6opa B CTaJILJ, IIOJIb3yEOQIitiCII KOMnJIeKCOM 
$TOpO6OpaTa C MeTHJIeHOBbIM CHHHM. B IIpUHJJEine MeTOR 
nOXOZNIt MeTOAy POaOTTa, HO MOAH$IHKaJJHM yIIpOJQaloT npO- 
qenypy, n36eHtamT 3arpmHeme II npo6neMn o6paaoBaHm 
3MyJIbCHk 80 20 % Cr, 10 % N:EI 1% v, MO I~JIE~ W He Mer.uaH)T 
OnpeAeZIeHHIO eCJIK npHCyTCTByIOT MHAHBllAyaJlbHO MJIH KOJlJleK- 
TIIBHO, aTm o6paaoM ~O~BOJIFIR npmeHeHKe MeToAa B aKamae 
JIerKpOBaHHbIX CTaJIHX. gyBCTBEiTeJIbHOCTb MeTOAa CHH?KeHa 
OT 6 A0 0,2 MKr/r 6opa. IIpo6b1 paCTBOpRIOT IIpU KOMHElTHOt 
TeMnepaType B nomaTmeKoBbrx cKmnKax, c pacT3opemiem 
Bcex@opM 6opa BKmoqan HHTPHA 6opa, a na6eman noTepK 
AOBOJIbHO JIeTyYHX COeAMHeHElt bopa. MeTOH AaeT XOpOIKyIO 
BOCnpOH3BOAHMOCTb, a nO3BOJlIIeT aHaJlH3HpOBaTb IIIeCTb rrpo6 B 
MeHbIIIe¶eM 2 9. 



Summaries for card indexes 
. . . 

XUl 

Anion-exchange separation and spectroplmtometric detemtination of 
molybdenum and tumgskn in silicate rocks: KAZWKI KAX~BUCHI 
and ROKURO KURODA, Tulmtu, 1970, 17, 67. (Laboratory for 
Analytical Chemistry, Faculty of Engineering, University of Chiba, 
Yayoi-cho, Chiba, Japan.) 

Summary-A combined ion-exchange spectrophotometric method has 
been developed for the determination of molybdenum and tungsten 
in silicate rocks. After the decomposition of samples with a mixture of 
sulphuric, nitric and hydrofluoric acids, traces of molybdenum 
and tungsten are separated from other elements by anion-exchange in 
acid sulphate media containing hydrogen peroxide. The adsorbed 
molybdenum and tungsten can easily be stripped from the column by 
elution with sodium hydroxid*sodium chloride solution. The adsorp- 
tion and desorption steps provide selective concentration of molyb- 
denum and tungsten, allowing the simultaneous spectrophotometric 
determination of the two metals with dithiol. Results on the quan- 
titative determination of molybdenum and tungsten in the U.S. 
Geological Survey standard samples are included. 

Use of 3-hydroxy-1,3diphenyltriazine in the spectrophotometric deter- 
mination of copper, palladium, iron, cobalt, nickel, and molybdenum: 
B. DAS and S. C. SHOME, ZMuntu, 1970, 17, 75. (Chemical Labora- 
tory, Presidency College, Calcutta, India.) 

S1munary_-3-Hydroxy-l,3-diphenyltriazine (HDFTA) forms brightly 
coloured complexes with copper, palladium, iron, cobalt and nickel 
ions, which are readily extractable in benzene. The deep yellow 
molybdenum complex is completely soluble in 60% ethanol. All the 
chelates have a definite absorption maximum between 398 and 422 nm, 
the reagent absorption being negligible above 415 run. The molar 
composition of the chelates is MLI, except for iron and cobalt which 
form ML complexes. Microquantities of these metals can be deter- 
mined spectrophotometrically with HDPTA. 



xiv AIIHOT~HH cTaTei 

AHMOHOOBMEHHOE PA3aEJIEHBE ki 
Ol-IPElIEJIEHBE CrIEKTPOQOTOMETPBYECKBM 

MEi’6jJOM MOJIJnBjJEHA I4 BOJIb@PAMA B 
CkUIMKATHbIX l’OPHbIX IIOPOAAX: 

KAZUAKI KAWABUCHI and ROKURO KURODA, Talanta, 1970, 17, 67. 

P03IOMC+--Pa'dpa6OTaH KOM6HHHpOBaHHblti PiOHOO6MeHHOCneKTpO- 
IjjOTOMeTpWIeCKHti MeTOn Fl;JIH OnpeAeJIeHEln MOJIH6AeHa H BOJIb- 
@paMa B crwnrKaTribrx ropribrx nopoaax. IIocne pa3nowernnr 
odpasnoa c cMecbr0 cepHoltf, aaoTHoi M @TO~OBOAO~~AH~~ 
KMCJIOT, CJfegbI MOJIEf6AeHa H BOJIb#paMa OTAeJIRIoT OT ApJ’IYfX 

WleMeHTOB aHHOHHbIM 06MeHOM B CepHOKHCnOti Cpege, COgep- 
ZKaIIret nepeKElCb BOAOpOAa. Agcop6rrpoBaHKbre aneMeHTbI 
MOJIH6AeH K BOJlb@paM JlerKO WIIOUpyIOTEKl KOJIOAKU paCTBOpOM 
I'IiApOOKIlCH HaTpEn% II XJIOpHga HaTpIIR. @aE%I ancop6nKK M 
Aecopbnan nOBBOnfiH)T CeJIeKTElBHOe KOHneHTpHpOBaHHe MOJIK6- 
AeHa Ei BOJIbapaMa H OAHOBpeMeHKOe ClIeKTpO~OTOMeTpWIeCKOe 
0npegeneHne BTHX MeTannoB c AHTH~JIOM. IIpnBeAeHn peaynb- 
TaTbI KOJIWieCTBeAHOrO aHaJIHaa MOJIH6AeHa H BOJIb+paMa B 
aTanonax U.S. Geological Survey. 

BCIIOJIb30BAHtiE 3-OWJI-1,3-J(HQEHHJITPMA3HHA 
AJIH CIIEKTPO~OTOMETPWIECKOI’O 

OIIPE,QEJIEHBfi MEnI& l-IAJIJIA~t.WI, 3fCEJIE3A, 
KO BAJIbTA, HklKEJIR II: MOJIEl BAEHA: 

B. DAS and S. C. SHOME, Talanta, 1970, 17, 75. 

PeaIoMe-S-OKCE-l,S-AH~eHEInrpKaaEH (OA@TA) o6paayeT 
npKOOKpalIIeHHble KOMnJleKCbI C MOHaMEl ME!AH, IIaJIJI~HfI, 

menesa, KO6aJlbTa M: HHKeJln, KOTOpbIe JIerKO HEiBJIeKalOTCR 
6eHaonoM. TeMHOmeJITbIi KOMnJleKC MOJIEi6AeHa nOJlHOCTbI0 
paCTBOpIiMbI8 B 60% CnKpTe. Bee KOMnJIeKCbI HMeIOT OnpeAe- 
aeHHaB MaKCHMyM CBeTonorJrOrneHrin B npenenax 398422 HM, 
He nprnnfMafi~0 BnsiManrfe nornornenrre peareHTaBbnne 415 HM. 
MoneKynn pHbIti COCTaB XenaToB ML8 EiCKJno=iafi Hleneao M 
K06aJIbT, KOTOpble o6paayroT KOMnJIeKCbI ML*. OA@TA 
IIOaBOnReT OnpeAeJlnTb MHKpOKOnH'IeCTBa FJTKX MeTaJIJlOB CneKT- 
pOi#OTOMeTpH=IeCKHM MeTOAOM. 



Summaries for card indexes xv 

A separation scheme for the analysis of multicomponent samples: JAMES 
S. Farrz and GARY L. LA-N, Talonta, 1970, 17, 81. (Institute for 
Atomic Research and Department of Chemistry, Iowa State University, 
Ames, Iowa 50010, U.S.A.) 

Summary-A sequential separation scheme has been devised for the 
quantitative analytical separation of 27 dilferent metal ions. Five 
different chromatographic and ion-exchange cohunns are used to 
separate the metal ions into groups. The metal ions of each group are 
eluted separately from each column by means of selective eluents. 
Following separation, the metal ions are determined by titrimetry, 
flame snectrometry or other appropriate analytical methods. The 
reliabiliiy of the proposed schemihas been demonstrated by extensive 
testing, including the analysis of U.S. National Bureau of Standards 
samples. The scheme can be used for macro or micro quantities. 

Metakxtraktionen mit aliphatischen Auroholen: EUOEN GAGLURDI 
and PETER T~~MMLER, Tulanfa, 1970, 17, 93. (Institut fiir Anorgan- 
ische und Analytische Chemie der Universitat Graz, kerreich.) 

Summa~-A number of metal ions may be extracted quantitatively 
from iodide-containine suluhuric acid solutions bv 2-ethvl-1-butanol. 
4-methyl-2-propanol, o’r I-butoxy-2-propanol, somg partidy extracted; 
and others not at all. There are many possibilities for separations, 
two of which-zinc~dmium and indium-gallium-are described, 
and have been tested in technical products. The determination of the 
composition of the extracted metal complexes is described with refer- 
ence to those of mercury, a conductimetric extraction titration being 
used. 

Spectrophotometric determioation of niobium(v) with n-propyl 3,4,5- 
trihydroxybeazoate: FADHIL JAW, Tulunfu, 1970, 17, 103. (Depart- 
ment of Chemistry and Food Technology, College of Agricutlme, 
University of Baghdad, Baghdad, Iraq.) 

Snnunary-The use of n-propyl 3,4,5+ihydroxybenzoate (RIB) for 
the spectrophotometric determination of niobium is investigated. 
PTl3 yields a yellowish-orange ML, chelate with Nb(V) at pH 
6-l. The formation constant at pH 61 is about lOlo. Beer’s law is 
obeyed over the range O-100 rg of Nb per ml. 



xvi AHnoTannu cTaTeti 

CXEMA PA3AEJIEHHH AJIFI AHAJIIJBA 
MHOI'OKOMIIOHEHTHbIX OBPA3qOB: 

JAMES S. FRITZ and GARY L. LATWESEN, Tuluuta, 1970,17, 81. 

Pesreme-PaspaBoTaHa nocnenoBaTen6HaH cxeMa paaHeneHuH 
~nnKonusecTBeHHoro~anuTusecKoropaa~eneHurr27pasnusH~x 
UOHOB MeTaJIJlOB. ECnOJIbaOBaHO nHTb paaJlWiHMX XpOMaTOr- 
pai&IHeCKuX u uOH006MeHHhIX KOJIOHOK HnH paaHeneHuH UOHOB 
MeTaJInOB B rpJ'nnM. &'iOHJ,I MeTaJIJIOB KaHQOti rpJWIbIaJIIOupO- 
BaHbI OTHeJIeHHO u3 KaWnOi KOJIOHKU C HCIlOJlb~OB~lXIEIeM 

CeJIeKTuBHbIX WIIOeHTOB. EOCJIe paaHeneHuH UOHbI MeTaJIJIOB 
OnpeHeJIeHbI TuTpuMeTpu~eCKuMH UJIU IIJIaMeHHO-+OTOMeTpuveC- 
KUMU MeTOHaMu UJIU ~pyruMu nO~XO~H~uMu aHaJlHTuHeCKuMu. 
npOYHOCTb npeHJIOJKeHHOu CXeMhI nOHTBepWeHa TJQaTeJIbHhIM 
UCnbITbIBaHueM, BKnroqaH aaanua o6paanoB U.S. National 
Bureau of Standards. CxeMa npuMeBuMa Ha MaKpo- unu 
MHKpOHIKaJle. 

3KCTPAKqEIR METAJIJIOB C AJIB@ATBYECKBMkl 
CIIILIPTAMU: 

EUGEN GAGLIARDI and PETER TWMLBR, Talantu, 1970,17, 93. 

PeBIOMe-FHH UOHOB MeTaJlJlOB MOmHO aKCTpalWpOBaTb KOJIU- 
=ieCTBeHHO US uO~u~COHep?Ka~uX paCTBOpOB CepHOt KuCnOTbI 
2-aTUB-l-6yTaHOnOM, &MeTUJl-2-npOnaHOJlOM UJIU l-~YTOKCU-2- 
npOnaHOnOM, HeKOTOpMe UOHbI eKCTparupOBaHbI VaCTuHHO, 
HeKoTopae coBceM Ke aKcTparupoBaHbr. AaHbI MHorue Boa- 
M~~A~CTH pasHeneHus, HBe ua HUX-~UHK-K~HMU~ u HHAU& 
rannuB--6wruuCnr,rTaHMHaTeXHuveCKUXnpOrr;yKTaX. GnUCaHO 
OnpeAe~eHueCOCTaBaaKCTparUpOBaHHbIXKOMU~eKCOBMeTa~~OB, 
CCFJJIaHCb Ha KOMnJIeKCbI pTYTU, C npuMeHeHUeM KOHHYKTO- 
MeTpUveCKOi eKCTpaKnuOHHOH TuTpanUu. 

CIIEKTPODOTOMETPWIECKOE OIIPEAEJIEHBE 
HtiOBllR(V) H-IIPOI-IZUI-3,4,5-TPHOKCkiBEH30ATOM: 

FADHIL JASIM, Tuluntu, 1970, 17, 103. 

PeBIOMt+kICCJIeHOBaHO npUMeHeHUe H-npOl.IuJI-2,&E;-TpuOKCu- 
6eHaOaTa (IITB) B CneKTpO@OTOMeTpUveCKOM OnpeHeJIeHuU 
HuO6uH. IITE HaeT meHToopaHiKeBti ML, KOMnJIeKC c Nb(v) 
npu pH 6,l. EOHCTaHTa 06paaoBaHufi npu pH 6,l pama 
npU6JIU3UTeJIbHO lOlo. 
o-100 MKr/MJINb. 

3aKoH Bepa novuTaeTcH B npenenax 



Summaries for card indexes xvii 

Determination of gadolinium in sodium borate g*: RENATA 

REIW and Ernm BIRON, Talantu, 1970, 17, 105. (Department of 
Inorganic and Analytical Chemistry, The Hebrew University of 
Jerusalem, Israel,) 

Snmmary-A method for the determination of gadolinium in sodium 
borate glasses is described which utilizes the 312~nm fluorescence. of 
gadolinium under 273-nm excitation. A linear dependence of fluores- 
cence on concentration is found for the concentration range l@-2tlO00 
ppm. Quenching of gadolinium fluorescence by samarium is examined. 

Polarographic determination of impurities in hi&h purity pbpborus: 
T. MIWA. T. KONO, R. ISOMURA and A. MIZUIKE. ZiiZuzta. 1970. 17. 
108. (F&u&y of Engineering, Nagoya University, C’hikusa-ku; 
Nagoya, Japan.) 

Smnmary-Square-wave and radio-frequency polarographic techniques 
in phosphoric acid-potassium chloride media are applied to the 
simultaneous det~m~tion of copper, lead and cadmium in high- 
purity red phosphorus down to a level of O+ ppm. In addition cu. 
091 ppm of cadmium is determined by R.F. polarography in potassium 
sulphate base electrolyte after cation-exchange separation. 

Submicro diction of cobalt, man- or uIckeI in 0~~1~ 
eompotmds: R. BELGHER@, BARBARA CR~~~LAND and T. R. F. W. 
Fam Talantu, 1970, 17, 112. (Department of Chemistty, The 
University, P.O. Box 363, Birmingham 15, U.K.) 

Summary-Methods for the determination of cobalt, manganese or 
nickel in samples of organometallic compounds weighing 30-IOO yg 
have been developed. Spectrophotometric determination following 
digestion with nitric and sulphuric acids in a sealed tube is recom- 
mended, all results obtained from the analysis of standard compounds 
being within &0+4x absolute error. Digestion in an open tube with 
perchloric and sulphuric acids gives slightly low results for cobalt 
and nickel compounds and is inappropriate for manganese compounds. 



. . . 
XVI&i AunoTaqna cTaTei 

OIIPEflEJIEHBE l-'AfiOJIHHMJj B HATPklmBOPATHbIX 
CTEKJIAX: 

RENETA RFXWELD and EHUD BIRON, Talanta,1970,17, 105. 

Pt%IOMt?--OlIE¶CaH MeTOn OIIpeAeneHtlfI raJ(OJlIlHHR B HaTptiP6o- 
paTHbIx cTeHzax, 0cHoBaH Ha $nyopecqeHqaH ranontiHnn npn 
312 HM c BOS6y?KAeHHeM np~ 273 HM. 06HapyweHa nHHeiHaR. 
3aBHCbIMOCTb (UIyOpeCJJeHIJIiH OT KOHIJeHTpaqHM B IIpeAeJIaX 
10-20000 rIacTeti Ba MIIJIJIIIOH. ElsyseBo norameHkie caMapneM 
QnyopecqeHqHK r~onsi~nfs. 

OnPEflEJIEHIJE IIPHMECEm B BbICOKOWiCTOTHOM 
§OC@OPE IIOJIHPOI'PA@BYECKBM METOAOM: 

T. kfIWA, T. KONO, R. ISO~IURA and A. kfIZUfKE, ~ukznta, 1970,17, 
108. 

Pe3IOMe-~OJl~pOrpa+4~eCK~e MeTOAbI KBaJ(paTHOti BOJIHbI I¶ 
paAHOYaCTOTbI IlCIIOJIb3OBafIbI B CpeAaX ~OC~OpHOi KHCJIOTbI H 
XJiOpUAa KaJlkIR AJIR OAHOBpeMeHHOrO OlIpeAeJIeAkIR MeAU, 
CBIlHqa JI KaAMEiR B BblCOKOVHCTOTHOM KpaCHOM @OC(lOpe A0 
KOHqeHTpaUHH O,l MKr/r. KpOMe TOrO MOmHO OlIpeAeJIRTb 
OKOJIO O,Ol MKr/r KaAMHFI MeTOAOM paAMO=iaCTOTHOt IIOJIRpO- 
rpa@in Ha +oKe cwb@aTa Kainin nocne BbIAeneBKfi KaTnoHo- 
06MeHHblM MeTOAOM. 

CYBMIWPOMETOA OIIPEflEJIEHBFI KOBAJIbTA, 
MAPI'AHIIA MJIH HEIKEJISI B 

METAJIJIOOPI'AHiFIECKIJX COEABHEHBHX: 

R. BELCHER@, BARFIARACROSSLAND~~~T.R.F.W.FENNELL, Talanta, 
1970,17,112. 

Pe3IOMe-Pa3pa6OTaHbI MeTOAbI OlIpeAeJreHtlH KOBaJIbTa, Map- 
raJIqa tinn HxKenH B 30-100 MKr npo6b1 MeTa31noopraHn9ecKBx 
coeA~HeHni%. IIpeAjroxteBo AmrepnpoBaHkie c a30TH08 n cepBot 
KHCJIOTaMH B 3aKpbITOit Tpy6Ke C IlOCJIeAyIoIQHM CIIeKTpO@OTO- 
MeTpINeCKHM 0npeAeneKneM; orun6Ka llOJIy=IeHHbIX Ha CTaH- 
AapTHbJX COeAElHeHElRX pe3yJIbTaTOB COCTaBJlUJla MeHbUIe qeM 
&0,4%a6c. &wepnpOBaHIIeM~OTKpbIT0ti Tpy6Ke c XJIO~HO& H 
CepHOti KIJCJlOTaMEl IlOJly4aIoTCR He3HaqHTeJIbHO HM3KvIe pe3yJIb- 
TaTJJ B CJlysae COeAIlHeHHt KO6aJlbTaH HHKeJlH,aMeTOA HellpI+ 
MeHllM B CJIyYae COeAHHeHHi MapraHqa. 



Summaries for card indexes Xix 

Spectrophotometric extractive titrations--W. Titrations with did& 
uaphthy1tbiocarbazone: A. GAL~K, Z’uZuntu, 1970, 17, 115. (Lachema, 
N.C., Kazn&jov, Czechoslovakia.) 

Summary-An investigation of the possibilities of the use of di-2- 
naphthylthiocarbazone as titrant in spectrophotometric extractive 
titrations has been undertaken. A selective procedure for successive 
titration of silver in an ammoniacal medium has been developed and 
applied to the analysis of germanium dioxide. It has been established 
that the consecutive titration of mercury and zinc in the microgram 
range is possible. Because of low selectivity of this titration, a separ- 
ation of mercury and zinc from other ions is necessary. 

Determination of atmospheric iron particulates by X-ray fluorescence 
spectroscopy: JAE Y. HWANG, Talunfu, 1970, 17, 118. (Applications 
Laboratory, Instrumentation Laboratory Inc., 113 Hartwell Avenue, 
Lexington, Mass. 02173, U.S.A.) 

Sammary-A method is described for the determination of atmospheric 
iron particulates by X-ray fluorescence spectroscopy. Samples are 
collected, with a low-volume air sampler, on organic membranes 
which are used directly for measurement by comparison with standards 
prepared by precipitation of hydrous iron(III) oxide on similar mem- 
branes. The method is simple and rapid, and offers a precision and 
error of about 6 % for the range IO-200 pg of iron. 



AHHoTaq&iH cTaTei 

3KCTPAIC~BOHHO-C~EKTPOQOTOMETPWIECKBE 
TIITPAL@iH--VII. THTPA~llkl C 
AM-2-BA@TBJITBOKAPBA3OHOM: 

A. GAL~K, Talanru, 1970, 17, 115. 

Pearow----ElayqeHa npnMeHHnfocTb ~~-2-Ha$TwrrHoKap6aaoHa B 

HaqecTBe THT~~H~HHO~~ pacTBopa ans ancTpaKqaoHHo-cnesTpo- 

@OTOMeTpWIeCKHX THTpaI@i. Pa3pa6OTaH CeJIeKTHBHbIt MeTOn 

nocxeAosaTenbnpr0 THT~OB~HHH cepe6pa B aw~awsoti cpene H 
npsiMeHeH B wanx3e ABYOKIICH repwuuis. IIocneAosaTenbHoe 
TIlTpOBaHEle MHKpOrpEiMMOBblX KOJIMYeCTB pTyTkI H UHHHa 

OKa33jIOCb OCy~eCTBHMbIM. BCJIeACTBEle HFi3HOti CeJIeKTMBAOCTH 

3TOi THTpaQnH HaA0 IlpOBeCTM OTAeJleHIle pTyTli II qliHK3 OT 

ApyrI4XliOHOB. 

OllPEflEJIEHklE =IACTklq lKEJIE3A B B03flYXE 
METOAOM PEHTI'EHOBCKOI'O cDJIYOPECLJEHTHOI'0 

JAE Y. HWANG, Talan~u, 1970,17, 118. 

P03PJMe---hEWaH MeTOA OIfpeAeneHPfFl gaCTElq meJIe3ElB BO3AyXe 

MeToAoM peHTreHOBCKOr0 +nyopecqeHTHoro aHami3a. IIpo6~ 
cO61ipa~1~ npu no~orqll npH6opa ~nrr nponycKanuR He6onbnrkix 
06’heMOB BO3AyXa Ha OpraHEl~eCKkiX MeMBpaHaX, KOTOpbIe 

CJlyxKFIT AnR IlpHMOrO Il3MepeHHFl B CpaBHeHElH C 3TallOHaMEI, 

IIplirOTOBJIeHHbIMH OCWKAeHEleM rHApOOKIlCH ?KeJIe33(III) Ii3 

noAo6HbIxMeM6paHaX. MeTOE HBJIHeTCfIHeCnOmHJdMM6IdCTpbIM, 
ero TOYHOCTb II orun6Ka p3BHbI 6 % B o6nacTa 10-200 MKr 
xene3a. 
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