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Summary-A non-linear least-squares computer program has been written for the refinement of the 
parameters involved in potentiometric acid-base titrations. The program ACBA (Acid-BAse titrations) 
is applicable under quite general conditions to solutions containing one or more acids or bases. The 
method of refinement used gives the program several advantages over the other programs described 
previously. 

Many papers have been published on the problem 
of determining the parameters involved in acid-base 
titrations (end-point, E”, junction potential, analytical 
concentrations of reagents, protonation constants of 
weak acids, etc.). ‘-” The first approach used was the 
linearization of the titration curves, and many graphi- 
cal methods have been proposed for the treatment 
of all types of acid-base titration.‘-16 In general the 
titration curves can be well interpreted by the use 
of computer programs which allow the calculation 
of the concentration of all the species in equilib- 
rium,‘7-21 as proposed by Anfalt et aLI Moreover, 
Anfalt et al.‘* have recently suggested that non-linear 
regression is.a promising approach to end-point lcca- 
tion, and some authors have already followed this 
suggestion.23-30 The problem of analysing mixtures 
of weak acids or bases has also been overcome by 
both graphical and numerical methods.31-35 

The first example of least-squares refinement of the 
parameters of an acid-base titration was given by 
Dyrssen et a1.,24 using the LETAGROP pro- 
gram. 36-39 This program, first set up for the refine- 
ment of formation constants, has been successively 
enlarged to deal with problems such as the refinement 
of the analytical concentrations.39 However, since this 
program is large, and used for analysing more compli- 
cated systems, it does not seem to us efficient for 
analysing acid-base titrations. 

To increase the possibilities of analysing potentio- 
metric curves in acid-base titrations, we have written 
a non-linear least-squares computer program able to 
refine any parameter of such a titration, even in the 
case of mixtures. Moreover, parameters common to 
several titrations and parameters which have different 
values from titration to titration can be simul- 
taneously refined with this program. 
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Aik: analytical concentration of the ith ligand at 
the kth point of the titration 

Ci,: initial concentration of the ith l&and 
Cit: concentration of the ith ligand in the titrant 

aik : free concentration of ith ligand 
H,: analytical proton concentration 
h,: free proton concentration 

C”, and CL as for the ligand(s) 
v,: 
t&: 

F: 
E,: 
KZ: 

initial volume 
titrant volume added 
dilution factor 
emf (mV) 
stepwise protonation constant 
overall protonation constant 
ionic product of water 
temperature (K) 

SYMBOLS 

EXPERIMENTAL 

All the products used were of analytical-grade purity. 
The solutions were prepared with twice-distilled water. 

Apparatus 

The potentiometric titrations were done with an Orion 
801-A pH-meter equipped with an EIL glass electrode and 
three different types of reference electrodes: (a) double- 
junction Ingold 303-90-N.% (b) single-junction Ingold 
303-N& (c) Orion 90-02-00. In the double-junction elec- 
trodes the outer sleve was filled with the ionic medium 
used in the titrations. 

Further details of the potentiometric measurements 
made in this laboratory are reported elsewhere.40-44 
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THE PROGRAM 

The relationships between the various parameters 
in acid-base titrations are 

A = a Ii! Bjh' = (C~F.b,Vo + CiU)/(U + V,) (1) 
j=O 

H = h + a i j/ljhj 
j=l 

= (C;F”I/, + CT,u)/(u + V,) 

E = E” + O.l9841Tlog(h) + jab 

(2) 

= E” + sL log(h) + j,h. (3) 

Equations (l)-(3) can be combined to obtain an expli- 
cit equation for the titration volume 

u = f(E; C”.CT,K,,K&Eo,si., j,) = f(E; p) (4) 

The parameters p are refined by the least-squares 
method.45 minimizing the error-squares sum 

u = Z(u‘~,p - t&* = W 

and at the optimum we have 

(5) 

lxJ/i5p, = 0 (6) 

where p. is the nth parameter to be refined. 
Defining the vectors e = (p; - pni (where p: is an 

estimate of the parameter p,), s = ls,./ and the matrix 
A = (6uJ6p,]. gives rise to the system of normal 
equations 

(A=A)e = As; Bx = c 
(ATA)-‘As = e; B-‘C = x 

(7) 
(8) 

The new parameters having been obtained, the cal- 
culations are repeated until the shifts are lower than 
a previously set tolerance. 

It was decided to minimize the error-squares sum 
for the added titrant volume (instead of E or ff) 
because (i) the derivatives 60/6p, can be obtained 
analytically and therefore the errors of numerical 
approximations are avoided, (ii) all the points have 
approximately equal weight. 

To overcome the difficulties of ill-conditioning in 
the equations (7) due to scale, the matrix B and the 
vector C are scaled.46 To overcome the difficulties 
of near singularities and indefiniteness of the scaled 
matrix B- ’ we analysed B’ into eigenvalues and their 
corresponding normalized eigen vectors and the ele- 
ment bjj of the inverse matrix can be obtained from 
the equation4’ 

blj = i &‘I$,v, (9) 
k= I 

(1 eigenvaluesy V eigenvectors). The method used in 
this work to solve normal equations has been success- 
fully adopted in solving other problems.zo*4**49 

* It is necessary to take into consideration the fact that 
not all the parameters in a titration can be refined simul- 
taneously, otherwise completely false results can be 
obtained.39 

The computer program ACBA, based on the 
method above, was written in FORTRAN IV and 
consists of the MAIN program and eight subroutines. 

MAIN Controls the work of the whole program 
and in particular: (i) divides the parameters to be 
refined into common parameters (parameters com- 
mon to all the titrations) and titration parameters 
(parameters relevant to a single titration); (ii) the 
shifts having been obtained, calculates new par- 
ameters; (iii) performs the convergence controls. 

DATI Reads all the data relative to the titrations. 
OUT Prints out the initial data and the results of 

the refinement. 
HH Calculates by iteration, from (3) h and the de- 

rivatives 6h/6E”, 6h/6j, and ah/&. 
DERIV Calculates the derivatives 6u/6p,. 
SHIFT Constructs the matrix of the coefficients 

B and the vector C; calculates the shifts after recalling 
the subroutines SCALE, JACOBI and MIAVA. 

SCALE Scales the matrix B and the vector C.46 
JACOBI Calculates the eigenvalues and the eigen- 

vectors by Jacobi’s method.” 
MIAVA Inverts the matrix B’ by using the equa- 

tion (9). 

RESULTS AND DISCUSSION 

The program ACBA has been checked for a great 
many cases, Its first version (which could refine only 
a few parameters, and could not treat mixtures) 
has already been extensively used in previous 
work,42‘25.51 mostly to determine titrimetrically the 
purity of acids and to calculate E”, j, and si, in order 
to calibrate and check the glass/calomel electrodes. 
In the present completed version all the possibilities 
of the program ACBA have been taken into consider- 
ation, that is, it has been used to refine different set 
of parameters* (up to nine common and two titration 
parameters) simultaneously in solutions containing 
one or more acids or bases. 

Table 1. Results of two titrations of mixtures of acids or 
bases at 25°C and I = O.lM (NaClO,) 

Taken Found Error 

Mixture I* 
HClO, (mM) 0.495 0.580 + 17.2% 
malonic acid (mM) 1.452 I.422 - 2.1% 
succinic acid (mM) 1.277 1.270 - 0.50,; 
phthalic acid (mM) 0.905 0.876 - 3.2% 
total acid (mM) 7.763 7.716 - 0.6% 

malonic acid PK, 2.623 2.66 + 0.02 + 0.04 
PK~ 5.250 5.26 f 0.02 + 0.01 

succinic acid PKI 4.018 4.01 f 0.01 - 0.01 
PK, 5.147 5.08 + 0.01 - 0.07 

phthalic acid PKI 2.745 2.67 + 0.01 - 0.08 
PKZ 4.920 5.06 f 0.01 + 0.14 

Mixture IIt 
pyridine (mh4) 1.543 1.549 + 0.47; 
2.2’-bipyridyl (mA4) 1.872 1 X65 - 0.4% 
total base (mM) 3.415 3.414 0.0% 

* Two titrations; titrant 0.25OOM NaOH. 
t One titration; titrant 0.0997M HClO*. 
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The refined results for two titrations of mixtures 

of acid or bases are reported in Table 1. In potentio- 
metric acid-base titrations it has been noted that 
taking as known only one of ihe concentrations (that 
of the titrant or that of the titrand) gave a remarkable 
improvement in the fit, even when the difference 
between the refined and the estimated concentration 
was not at first very significant. In fact even small 
errors in the analytical concentrations can notably 
influence some parameters, for example the junction 
potential or the ionic product of water. Cross- 
titrations of acids and bases with a single primary 
standard have been shown. by the use of the program 
ACBA, to be very efficient for the standardization of 
all reagents with acid-base characteristics used in the 
experiments on solution equilibria carried out in our 
laboratory. Without modifications this program has 
also been used to test the response of a copper- 
selective electrode (the calculated slope, at 25”. was 
29.1 + 0.2 mV/pCu). 

Generally (as may be seen in the examples reported 
in Table 1) the agreement between the known and 
calculated values is very good and, moreover, when 
E” is refined simultaneously with the other parameters, 
no calibration of the electrodes is necessary.* 

In conclusion, it can be said that the amount of 
information that can be drawn from an acid-base 
potentiometric titration with an appropriate calcula- 
tion method is far superior to that obtained by tra- 
ditional graphical methods. 

Some remarks must be made about the program: 
(i) the input and ordering of the data are structured 
in such a way that almost all kinds of acid-base 
potentiometric titrations can be analysed; (ii) the in- 
version of the matrix by the method described has 
allowed the convergence of the iterative process even 
in critical situations (many parameters to be refined, 
estimates of the parameters very approximate); (iii) 
the refinement is carried otit on the parameter values 
and not on the logarithms of the values, as is often 
the case, to bring all parameters on to a scale of com- 
parable magnitude (Gans and Vacca5’ have shown 
that the refinement is intrinsically ill-conditioned 
when the logarithms are refined); this can be done, 
not withstanding the enormous difference in the 
orders of magnitude of the various parameters, by 
scaling the matrix of the coefficients. 

All calculations were carried out by means of a 
CDC CYBER 7600 computer. The appendix gives the 
data input instructions, the program, and two 
examples. 
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APPENDIX 

DATA INPUT INSTRUCTIONS FOR ACBA 

I card Format (20A4): TITLE; descriptive title (job) 
(2) I card Format (312,12A5): NC,NL,NVAR, (PVAR (I), 
I = I.NVAR); 

NC: maximum number of iteration cycles to be per- 
formed 
NL: number of ligands 
NVAR: number of common parameters to be refined 
PVAR (I): symbols of common parameters to be 
refined 

COH: initial concn. of the strong acid (positive) or base 
(negative) 
CTH: concn. of the strong acid (positive) or base (nega- 
tive) in the titrant 
EO: standard potential 
KWL: log K, = -pK, 
JA: j, (coefficient of junction potential Ej = j,h) 

SL: s,. 
COL I. COL 2...: initial concentrations of ligands 
CTL I. CTL 2...: concentrations of the ligands in the 
titrant 
Kll, K12...K2l...K31...: log Kz (stepwise association 
constants) 

(3) NL cards Format (5FlO.O): ((KL(I,K), K = IS), 
I = I,NL): (only if NL > 0) 

KL(K,K): log K; 

(4) I card Format (2FlO.O): TEMP. KWL: temperature 
‘C. -pK, 

The following cards for each titration curue 
(5) I card Format (20A4): descriptive title (titration curve) 
(6) I card Format (2F10.0, 3F7.0, FlO.O, 2F7.0, 13): VX(l), 
VX(2). VG, 

VX(3), VX(5), FDILH, VIN, DV, NA; 
VX(l) = COH [see item (2)] 
VX(2) = CTH 
VO: initial volume 
VX(3) = EO 
VX(5) = JA 
FDILH: dilution factor for COH (to allow overall 
refinement of the original concn. of a solution which 
has been titrated at different.dilutions) 
VIN = V,; DV = u,; NA = N [see item (9)] 

(7) NL cards Format (2F10.0, 212, F1O.O): VX(J), 
VX(J + I), NNPO(L,K), 

NNPT(L,K), FDILLM(L,K); only if NL > 0 
VX(J) = COL (see item (2)) 
VX(J + I) = CTL 
NNPO: number of protons in the ligand (titrand) 
NNPT: number of protons in the ligand (titrant) 
FDILLM: dilution factor for COL [see item (6)] 

(8) 1 card Format (12, 12A5): NVART. @AR(K), K = I. 
NVART); 

NVART: number of titration parameters to be refined 
PVAR(K): symbols of parameters to be refined [see 
item (2)] 

(9) cards Format (5(2F7.0, 11): (VV(K), EE(K), INDEX(K), 
K = l,5); (if DV = 0) 

VV(K): titrant volume added (ml) 
EE(K): e.m.f. (mV); if EO = 0 EE(K) = pH 
INDEX(K): = 0 normal; = I indicates the end of a 
titration curve, GOT0 (5) 

(9) cards Format (-): (KE(K), K = 1, NA); without for- 
mat, but expressed as an integer. (if DV > 0) 

KE(K): e.m.f. = IO-‘KE or (if EO = 0) pH = 
IO-‘KE 
The titrant volume added is: u = V, + k.va k = 0 
. . . NA [see item (6)] for a titration curve with constant 
increment of titrant. 
When K = NA GOT0 (5) 

(10) 2 blank cards: end of all titration curves 
4 blank cards: for the termination of the run 
Concentrations: mole/l. 
Volumes : ml 
e.m.f.: mV 



Refinement of acid-base titration parameters 

PROGRAM 

PROGRAH ACBA~INPUT.OUTPUT,TAPES=~NPUl,lAPE6=OUlPUl~ 

THIS PROGRAM REFINES THE PARAMETERS Of ONE OR MORE ACID-EASE TITRATlONS 

CARMELO RICAN0 - SEMINAR10 MATEMATICO 
GIUSEPPE ARENA, ENRICO RILZARELLI, SILVIO SAMNARTANO - ISTITUTO DI 
CHIMICA GENERALE UNIVERSITATA DI CATANIA (1977) 

CAN VARY COMMON PARAMETERS UITHOUT VARYING THE TITRATION PARANETERS 
THE JOR STARTS OFF UY VARYING THE COMRON PARAMETERS 

70 CALL OATI~NC,NL,NVAR,SVQ,KVAR,KP,~.N~,X,VVO,FDILHN,FDILLM.NNPO, 
~~JNPT,NVT,IVT,LEV2rV,E,LAST,NP,NTP,NTIT,ALlO,J~,SVQT~ 

C 

c LEV=l REFINES THE PARARETERS TO BE VARIED SIMULTANEOUSLY 
IN ALL TITRATIONS 
CEV=2 REFINES THE PARAMETERS TO OE VARIGD IN EACH TITRATION 

C 

R2 
Rl 
54 

36 

z5 

37 
51 

ISDVIO 
NCGP=O 
LEV'l 
NCG-1 
:JCICP=NC'2 
:xcc=o 
MLFV--0 
LIl 
Kl-1 
IF(LEV.EQ.2) GOT0 35 
IF(ISDV.EQ.l) GOT0 52 
'J=NTP 
‘r"=NVAR 
SV?=SVQT 
QQ 30 K=l,NV 
IVAH(K)=KVAR(K) 
bOT0 51 
IF(NVT(L).EO.O) GOT0 83 
iic c-t1 
'I=NP(L) 
'IV=NVT(L) 
svz=svQ(L) 
QO 37 K=l,NV 
LVAP(K)=IVT(L,K) 
JAV=O 
JCO)'" 
JVd=0 
JSL'O 

l4EY13HIIES IHC ESTIVATES OF PARAMETERS TO BE REFI:JED 
DO 4 I=l,NV 
K=IVAR(I) 
If(NCC.GT.0) GOT0 10 
IF(K.LT.15) GOT0 92 
Ll=(K-10)IS 

C 

LZ.K-9-Ll*? 
XR(I)=KP(Ll.LZ) 
BH(LlrL2)=e(LlrL2) 
GOT0 4 

92 XM(I)=X(L,K) 
10 IF(K.NE.3) GOT0 20 

JEO=l 
GOT0 25 

20 IFtK.NE.5) GOT0 71 
JAV=l 
GOT0 25 

71 IF(K.NE.6) GOT0 4 
JSL=l 

25 JVH=l 
4 CONTINUE 

FIXES LIMITS AND TOLERANCES OF THE SHIFlS 
a6 DO 73 I=lrNV 

K=IVAR(I) 

79 

IF(K.LT.15) GOT0 79 
Ll=(K-10)/S 
~2=K-9-~1*5 
XL=KP(LlrL2) 
GOT0 9 
XL=ABS(X<L,K)) 
IF(K.EQ.3) GOTO 14 
IF(XL.GT.0.) GOT0 1 
LIM(I)=l.E-6 
GOT0 73 

14 LIM(I)=5. 
GOT0 73 

1 
2 
3 
4 
5 
6 
7 
a 
9 

10 
11 
12 
13 

14 
15 
16 
17 
ia 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3U 
31 
32 
33 
34 
35 
36 

37 
38 
39 
LO 
41 
42 
43 
44 
45 
46 

47 
46 
49 
so 
51 
52 
53 
54 

55 
56 
57 
5a 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 

70 
71 
72 
73 
74 

75 
76 
77 
78 
79 
80 
a1 
82 
a3 
a4 
a5 
86 
a7 
68 
a9 
90 
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1 

9 

73 

52 

16 

21 

IF(K.NE.5) iOT0 9 
LIM(II=ll.5*XL 
GOT0 73 
LIM(II=O.l*XL 
TOLL(I)=Il.onnl*XL 
NCC=YCC+l 
COH=X(L,l) 
CTN=X~L*Z> 
EO=X(L,3I 
KY=X(L,L) 
JA=X(L,S) 
SL=X(L,6)/ALlO 
wo=vvo(LI 
FDIL"=FDILHY(L) 
<2=LAST(L) 
DO 76 K=Kl,K' 

IF(EO.GT.O)GO TO 16 
PHO=-E(KI'AL10 
GO TO 21 
PHO=(E(KI-EO)/SL 

H=EXP(PHOI 
DHEO =-HISL 
D"JA=O. 
DHSL =-H*P"O/SL 
IF(JA.EP.0.) GOT0 89 

C CALCULATES H VALUE AND THE DERIVATIVES OF H UIT" RESPECT TO EO. J4r SL 

09 
CALL H"(JA,PHO,SL,",JAV,JFO,JSL,D"EO,DHJA,DtlSLI 
HQ=H*H 
SANlCO=O. 
SAN2CT*O. 
SDAHCO=iI. 
SDA"CT=O~ 

IF(NL.EP.0) GOT0 2L 
DO 29 J=l,NL 
I=J*2+5 
COL(JI=X(L,I) 
CTL(JI=X(L,I*lI 
NPO(JI=NNPO(L,J) 
NPT(J)=NNPl(L,JI 
FDILL(JI=FDILLM(L,J) 
Al=O. 
DAl=O. 
DAZ=O. 
AZ*l. 
NBL=NB(JI 
DO 30 I=l,NLIL 
G"=B(J,II'"**I 
DA1=DAl*I+I*tI"/" 
DA2=DA2+I*B"/H 

30 

Al=AlCI*B" 
A2=12*8" 
A.?Q=A2*A2 
AlM(JI=Al 

29 
24 

A2M(Jl=A2 
AM(JI'AlfA2 
DA"(JI-(DAl*A2-DA2'AI)IAZP 
SANlCO=SANlCO+(AM(J)-NPO(JII 
SAN2CT=SAN2CT*(AM(J)-NPltJII 
SDAHCO=SDAHCO*DA"(JI*COL~JI* 
SDA"CT=SDAHCT+DA"(J)'CTL(J) 
NUM=VO*(SANlCO+H-KU/"-COH*FD 
DENMKYIH-H-SANZCT*CTH 
DENP=DEN*DEN 
VC=NUM/DEN 
DV(KI=VC-V(K) 

l COL(JI*FDILL(J) 
l CTL(JI 
FDILLCJI 

IL") 

6 

IF(JVH.EP.0) GOT0 6 
DvH.(VO~~SDA"CO+1.4KUIHP)tDEN+~KU/"Q*l.+SDAHCT~~NUM~/DEN~ 
IF(ISDV.EP.1) GOT0 26 
IF(NCG.LE.NC.AND.NCG.GT.O) GOT0 60 
IF(EO.GT.O.IGO TO 97 
PH(KI=E(Kl 
GO TO 98 

97 PIi(KALOG(HI/ALlO 
98 IF(NL.ER.O)GO TO 26 

DO 18 J=lrNL 

18 L(K,JI=AM(JI 
GOT0 26 

60 IF (JU'LEV.NE.1) GO10 7 
DO 17 IK=l.NL 
NUL=NB(IK:) 
A2K(IK,NdL)~B(IKrNBL)~H'*NBL 
AlK(IK,NBL)=NBL*A2K(IK~NNLI 
IF(NEL.EP.1) GOT0 17 
DO 58 I=Z.NEL 
J*NtlL*l-I 
BH=B(IK,JI'H**J 
AlK(IK,J)=AlK(IKrJ*l~+J*"" 

58 A2K(IK,JI=A2K(IK,J*l)*B" 
17 CONTINUE 

c CALCULATES THF DERIVATIVES OF v 1411" RESPECT TO THE PARAMETERS 
C TO HE REFINED 

7 CALL DERIV~NV,IVAR,VO,FDIL",DEN,NUB,DENPIDHEO,M,DV",DHJA,D"SL~ 
&AM,NPO,FDILL,NPT,COL,ClL,AlK,A2~,A2K,AlM,KP,DER~ 
DO 33 I=l,NV 

Yl 

92 
93 
96 
95 
Y6 
97 
98 
39 

100 
101 
102 
103 
104 
105 
106 
1 117 
10s 
109 
110 

111 
112 
113 
114 
115 
116 
117 
116 
119 

120 
121 
122 
123 
12L 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
160 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
166 
169 
170 
171 
172 
173 
114 
175 
176 
177 
178 
179 
180 
1Rl 
182 
183 
1dA 
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33 D(K.I)=DER(Il 
26 CONTINUE 

If(LEV.ER.2) GOT0 39 
If (L.EQ.NTll) GOT0 15 
L=L+l 
Kl =K2*1 
GOT0 52 

CALCULATES STANDARD DEVIATIONS AND R(HANILTON) 
15 Kl=l 
39 sov2=0. 

DO A1 K=KlrK2 
41 SDVZ=SDVZ*DV(K)*DV(K) 

R=SPRT(SDV2/SV2) 
SDV%SPRT(SDVZ/(N-NV)) 

If(ISDV.EQ.l) GOT0 56 
If(NCG.EP.0) GOT0 80 
If(NCG*LEV*NCC.EP.l) YRITE(br1OS) SDV,R 

105 fORMAT(/* ST.DEV.f*E10.3,SX*R(HAMILlON~=*E 
CATA*/) 

C CALCULATES THE SHIFTS 
CALL SHIfT(NV,KlrK2,DV,D,SH,SIGX) 

C COMPARES THE SHIFTS UITH LIMITS AND TOLERANCE 
M=O 

DO 40 I=l,NV 
If(ABS(SH(I)).LE.TOLLO) GOT0 LO 
H=l 

lO.J,SX*NITH THE INPUT 0 

S 

MLEV=l 
If~SH~I~.LT.~-LIM~I~~~ SW(I)=-LIM(I) 
If(SH(I).GT.LIM(I>) SH(I)=LIR(I) 

40 CONTINUE 
If(M.EP.l.AND.NCC.LT.NCIEP) GOT0 91 
NClC=NCC 

NCC=NCICP 
If(NCIC.LT.NCICP) GOT0 91 

C If THE CYCLE DOES NOT CONVERGE, ASSIGNS TO THE PARANETERS THE VALUE Of 

C THE PREVIOUS CYCLE 

If(LEV.EP.2) GOT0 67 
DO 66 K*l,NV 
J=IVARo() 

If(J.LT.15) GOT0 11 
Ll=(J-10)/S 
LZ=J-9-Ll*S 
KPCLl,LZ)=XM(K) 
B(LlrLZ)=EM(Ll.LZ) 
GOT0 66 

11 DO 96 L=lrNTIT 
96 X(L,J)=XM(K) 
66 SIGT(J)=O. 

GOT0 8 
67 DO 68 K=lrNV 

J=IVAR(K) 

SIGP(L,J)=O. 
DEVS(L)=O. 
RL(L)=O. 

68 X(L,J)=XM(K) 
GOT0 83 

91 If(NCG.EP.l.OR.LEV.EG.2) GOT0 3 
If(SDV2.LE.SOV2N) GOT0 3 
DO 2 I=lrNV 

2 SH(I)=SH(I)IS. 
GIVES THE PARAMETERS AN INCREMENT EQUAL TO THE CALCULATED SHIFT 

3 DO 85 I=lrNV 
K=IVAR(I) 
XX=SH<I) 
If(K.LT.lS) GOT0 19 
Ll=(K-10)/S 

LZ=K-~-L~*S 
KP(LlrLZ)=KP(LlrL2)*XX 
XV=KP(Ll.LZ) 

65 SIGX(I)=SIGX(I)/(AL1O+YV) 
XV=ALOG(XV)IALlO 
GOT0 SO 

19 X(L,K)=X(L,K)*XX 
XV=X(L,K) 
If(LEV.EP.2) GOT0 88 
DO 77 J=lrNTIT 

77 X(J,K:)=XV 
88 IF(K.EP.A) GOT0 6S 
SO If(LEV.EP.l) GOT0 62 

XPP(L,K)=XV 
SIGP(L,K)‘SIGX(I) 
GOT0 85 

62 XPT(K)=XV 
SIGT(K)=SIGX<I) 

85 CONTINUE 
If(LEV.EP.2) GOT0 59 
If(JB.ER.0) GOT0 38 
DO 57 K=lrNL 
NBL=NE(K) 
BL’l.. 
DO 57 I=lrNBL 

185 
186 
187 
168 
189 
190 
191 
192 
193 
191 
19s 
196 
107 
1 VI 
199 
200 
201 
202 

203 
204 

20s 
206 
207 
208 
2OY 
210 

211 
212 
213 
214 
21s 
216 
217 
218 
219 

720 

221 
222 
223 
224 
22s 
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228 
229 
230 
231 
232 
233 
234 
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236 
237 
238 

239 
240 
241 
242 
243 
24c 
24s 
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248 
249 
250 
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252 
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2% 
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266 
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51 

59 

a3 

3% 
0 

a4 

22 

2a 
23 

56 

76 

12 

99 

a0 

BL=BL*KPCKrI) 
O(Krl)=EL 
GOT0 3a 
IF(N.Ea.1) GOTO a6 
ISOV=l 
GOT0 S2 
IF(L.EP.NtlT) GOT0 a4 

L-L*1 
Kl=KZ+l 

KZ=LiST(Li 
GOT0 35 
IF(M.EO.1) GOT0 al 

IF~NCIC.EG.l.ANB.NCG.GT.1) GOT0 28 
1sov=1 
GOT0 54 

LEVI1 
IF~NLEV.EP.O.OR.NCG.EG.NC) GOT0 211 
NCG=NCG+l 
GOT0 a2 
NCGP=NCIC 
NC=NCICP 

GO TO 23 
NCGP-NCG 
NCG-0 
GOT0 al 
1sov=o 
IF(LEVZ.EG.0) GOT0 22 
IF(LEV.EQ.1) GOT0 12 
DO 78 I=lrNV 
K=IVAR(I) 
SIGP(L,Kl=SIGP(L,K)+SDV 
fJEVSCL)=SDV 
RL(L)IR 
GOT0 83 
IF(NCG.EP.1) GOT0 99 
IF (AGS(SOV2-SDVZN) fSDVZ.LE.o.0001) GOT0 28 

SDV2W’SDV2 
IF(LFv2.Ea.o) G~TO 28 
LEV=Z 
GOT0 a1 
CALL OUT(NTIT,NVT,DEVS,RL,IVT,SZGP~~PPIN~GPINC~SDV,R,NVAR,KVAR, 

KSIGT.XPT,NL,LAST,NTP,V,DV,E,PH,Z) 

GOT0 70 
END 

SUOROUTINE OUT(NTIT,NVT,DFVS,RL,~VT~SIGP,XPP.NCGP,NC~SDV,R,NVAR, 
GKvAR~SIGT~XPT,NL,LAST,NTP,V,~V,E,PH,Z) 

C 
C THIS kOUTINE PRINTS OUT THE RESULTS 

113 

116 

23 
115 

64 

117 

107 

16 

121 

123 

124 

DO 64 L=l#NlIT 
N=NVl(L) 
IF(N.EQ.0) GOT0 64 
YRITE(6rll3) L,DfvS(L),RL(L) 
FORNAT(ff’ TtTRATIONfI3r5X*ST.DEV.=~E~O.3,SXIR(HLMILlON~=~ElO.3~ 
YR11E(6,1T6) 
FORMAT(/2aX*VALUE*l3XcST.DEv.*/) 

DO 23 I=lrN 
K=IVT(L,I) 
YRITE(6rllS) VAR(K)rXPP(L,K)rSIGPO 
FORNATC17X,A4rFl5.7,SX,El4.7) 
CONTINUE 
IF(NCGP.GE.NC) YRITE(6rll7) 
FORflATCf 4 MAXIMUM NO. OF ITERATIONS PERFORMED+) 

YRITE(6rl071 NCGPISDVIR 
FORNAT</* CYCLE N.+13,7X*ST.DEV.=fElO_3,SX*R(HAUILTON~=*ElO.3~ 
YRITE(6.116> 
DO 16 I=lrNVAR 
K=KVAR(I) 
SIGT(Kl-SIGTCK>‘SDV 
URITEC6,llS) VAR(K).XPT(K)rSIGT(K) 
URITE(6rl21) 
FORNAT(fllX*V*bX*DV+bX*E*6X*PH*) 
IFCNL.GT.0) URITEC6,123) LVARZrK,K=lrNL) 
FORNAT(lH*35X4~4XAl,Il~) 
YRITE(6,124) 
FORNAT(lH*/) 
L=l 
Ll81 
DO 14 K=l.NTP 
URITE<6.122> V(KlrDV(K)rPH(K) 

276 
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122 

125 

120 

10 
118 

14 

C 

FORMATCSX,F9.4,F7.4r8rrF7.5) 
IF(ECK).NE.PHCK))YRIlE~6~125)E(U) 
FORNATClN+ZOXF8.2) 

IFCK.CT.LO GOT0 10 
YRIlEC6r120) L 
FORNATClH+rI4) 
Ll=LASfCLT*l 

L=L+l 
IFCNL.Gl.0) YRITEC6rll8) CZCK,J),J=~INL) 
FORNATClH+r36X4F6.3) 
CONTINUE t-- - 

RETURN 
END 

SUBROUTINE SHIFT<NV,Kl,K2~DV.D,Stl,SIGX)-- 

C THIS ROUTINE CALCULATES THE MATRIX OF THE COEFFICIENTS IN ORDER TO 

C DETERMINE THE SHIFTS 

DO 22 I=lnNV 
CKCI)=O. 
DO 22 J=lrNV 

22 CCI.J)=O. 
DO 31 K=K1,K2 
DO 31 I=lrNV 
CKCIT=CKCI)-DVCW)+OCK,I) 

DO 31 J=lrNV 
31 C(I,J)=C(I,J)+D(K,I)~DCK,J) 

IFCNV.GT.1) GOT0 32 

SNCl)=CKCl)/CClrl) 
SIGX~l~=l./SQRT~CClrl~~ 
RETURN 

C RECALLS THE SUBROUTINES CONCERNING THE SHIFT CALCULATION 
32 CALL SCALECNV,C.CK.PAST,BAST) 

CALL JACOtTICNV,PAST,VAL,VEC) 
CALL NIAVACNV,VAL,VEC,GAST,XAST,DIAGT 

C CALCULATES SHIFTS AND RELATIVE STANDARD DEVIATIONS 
DO 15 I=lrNV 
SHCI~=XASTCI~/SPRTCC~Irl)~ 

15 SIGX~I~=SQRT~DIAG~I~/C~I~I~~ 
RETURN 

END _.._ . -- _ -- 
SUBROUTINE DATI(NCINL,NVAR,SVP,KVAR~KP~~~NN~X~VVO~FDILHM,FDILLN, 

SNNPO.NNPT,NVf,IVT,LEV2,V,E,LAST,NP~NTP~NTIT~ALlO~JG,SVOT~ 

C 
C THIS ROUTINE READS INPUT DATA 
C 

DIMENSION TITLE~20~,PVARCl2~rVAR~34~rKVAR~l2~rB~4r5~rNGC4~rVX~14~r 
SNNP0<20,4~,NNPT~20,4~.F01LLM~20,4~~XC20~14~~VV0~20~~F01LNNC20~, 
CNVT~2O~,IVT~20,6~rVVC5~rEE~5~,INDEX~5~~VC700~~E~700~~LAST~20~, 

BNPCZO)rSVPC2O)rKEC700) 
REAL KLC4,5),KPC4,5),KYL 
DATA VAR/3HCON,3NCTH,2HEO,3HKUL,2HJA,2HSL,4NCOLl~4HCTLl.4HCOL2,4HC 

GTLZ, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

83HK43rSHK44r3HK451 
ALl0=ALOGC10.) 
READC5,lOO) TITLE 

100 FORMATCZOA4> 
READ(5,101) NC.NL,NVAR,CPVARCI)rIflrNVIR) 

101 FORMATC312,12A5) 

C 
C NC=NO. OF CYCLES - NL=NO. OF LIGANDS 
C NVAR=NO. OF COMMON PARAMETERS TO GE REFINED 
C PVAR=SVMBOLS OF CONNON PARAMETERS TO GE REFINED 

C ~COH,CTH,EO,KWL,JA,SL,COLlltOLZICTLl,COL2,CTL2,COL3~CTL3,COL4,CTL4,Kll,Kl2, 431 
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 432 

C 433 
IFCNVAR.EQ.0) STOP 434 
WRITEC6rlOZ) TITLE 435 

102 

94 
20 
69 

103 

FORNATClWl,lOX2OA4/) 436 
JG=0 437 
LlCl 438 
DO 69 I=lrNVAR 439 
DO 94 K=l,34 440 
IFCPVARCIT.EQ.VARCK)) GOT0 20 441 
CONTINUE 442 
IFCK.GT.14) JB=l 443 
KVARCI)=K 444 
IFCNL.EP.0) GOT0 1 445 
READCSrlOS) CCKLCIrKT,K=l,5)rI=l~NLl 446 
FORNATCSF10.0) 447 

364 
365 
366 

367 
368 
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370 
371 
372 
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377 
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380 
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383 
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308 
389 
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399 

400 
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405 

406 
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419 
420 
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423 

424 
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c 

C 

C 
C 

KL= LOG(K) 
DO 2 I=l.NL 
DLIO. 
DO 3 Krl.5 
AKL”KLlI,KI 
I FlAKL.EP.0.) GOT0 2 
BL=BL+AKL 
KPlI,K)=EXPlALlO*AKL) 
HRI7El6rlOC) I,K,AKL 

104 FORHAll* LOG.K*ZIl,f=*,F8.3) 
3 GlIrK)=EXPlALlO*BL) 
2 NBlI)=K-1 

1 READlSrl03) TEMP,KUL 

vXl4)=EXPlALlO*KYL) 
~~161=0.086173*(273.15+1ENP)*AL10 

TEMP=TEMPERATURE - KYL’LOGCKY) - VX(4)=KY - vXl6)=SL 
YRtTEl6rllO) TEMP,VX(6)rKUL 

110 FORRAll/SX+TEMPERAlURE~*F9.3/SX~SL=~F9.3/SX*KUL-~F8.3~~ 
I=0 

Lao 
LEVZ=O 
sv41=0. 

75 READl5,lOO) TITLE 
READlSr112) VXll)rVXl2)rVO,VXl3lrVXorFDILnrVIW,DV,NA 

112 FORNATl2F10.0,3F7.O,FlO.OII)) 

Vxl1)=COH - VXl2)‘CTH - VOWOLUNE - VXl3)=EO - VX(S)=JA 
FDILH = DILUTION FACTOR FOR COH 

VIN = VOLUME OF THE FIRST POINT OF THE TITRATION 
DV = INCRENENT OF THE VOLURE FOR THE FOLLOWING POINTS 
NA = NUMGER OF POINTS IN THE lITRAtION 

IFlVO.EP.0.) GOT0 76 
svz=o. 

L=L*l 
URITEl6rlt9) LITITLE 

119 FORMAll/* TITRATION*I3rSX2OAC/) 

IFlFDILH.E4.O..AND.VXo.NE.O.) FDILH=l. 
YRITE16.109) VXll)rFDtLtl,VX(2:rVO,VXl3~,VXlS~ 

109 FORMATl6X’COH =+F11.8,CX*FDILH=+Ftl.8~3X*CTH =+F11.8,3X+VO=*F8.3, 
G3X+EO=+F8.3,3X*JA=+F8.3) 

1FlNL.EQ.O) GOT0 61 
DO 98 K=l,NL 
J=2+K*5 
READlSr210) VX(J)rVXlJ*l)rNNPOlL,K~,NNPT(L.K~,FDILLN~L,K~ 

210 F0RNA112F10.0,212,F10.0) 

VXlJ)=COL - VXlJ*l)=CTL 
NNPO = NUMBER OF PROTONS IN THE LIGAND (TITRATE) 
NNPT = NUMNER OF PROTONS IN THE LIGAND (TITRANT) 
FDILLM = DILUTION FACTOR FOR COL 

IFlFDILLMlL~K).E4.U..AND.VXlJ~.NE.O.) FDILLM(L.K>=l. 
98 ~RITE(6rlO8)KrVXlJ)rK,FDILLN~L,K~,K,VX(J+t~.K,NNPO~L.K~,K,NNPT~L,K~ 

108 FORMATl6X~COL~Ilr+=fFll.8,4X*FDIL~Il~~=~Fll.8,3X~CTL~~l,~-~Fll.8, 
&3X,*NPO+Il,*=*I2,3X*NPT*Il,*-•12) 

61 READt5.123) NVART,lPVARlK),K=l,NVART) 
123 FORMATlI2rl2AS) 

NVARTMNO. OF PARAMETERS TO NE REFINED 
PVAR=SVMBOLS OF PARAMETERS TO NE REFINED 

74 

97 
95 

4 

C 
C KE 
C IF 
C IS 
C 

DO 74 J=lrt4 

XlL,J)=VXlJ) 
VVOlL)=VO 
FDtLHMlL)‘FDILH 
NVTlL)=NVART 
IFlNVART.EQ.0) GOT0 4 
LEVZ=l 
DO 95 K=l,NVART 

DO 97 J=l,t4 
IFlPVARlK).EP.VARlJ)) GOT0 95 
CONTINUE 
IVTlL,K)‘J 
IFlDV.EQ.O.)GO TO 25 
READl5,‘>lKElK)rK=trNA) 

8 

7 

6 
5 

25 
114 

= EMF*lO (IF EO.GT.0) OR PH*lOOO (IF EO=O) 
(KE=IJ AND EO=O> OR lKE=9999 AND EO.GT.0) THE PAIR OF VALUES VIKE 

NEGLECTED 

DO 5 K=lrNA 
IFlVXlS).GT.O.) GO TO 8 
IFlKElK).EP.O) GO TO 6 
,r,+l _ _ 
ElI).KElK)*0.001 
GO TO 7 
IF(KElK).E4.9999) GO TO 6 
1=1+1 
Ell)=KElK)‘O.l 
VlI)=VIN 
SVZ=SVZ*VIN*VIN 
VIN=VIN*DV 
CONTINUE 
GO TO 72 
READl5,114) lVVlK),EElK)rINDEXlK)~K=t~~) 
FORMATl5(2F7.2,Il)) 

448 
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488 
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494 
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so0 
so1 
502 
so3 
so4 
SOS 

506 
507 
508 
509 

510 
511 
512 
513 
514 

51s 
516 
517 
518 
519 
520 
521 
s22 
523 
524 
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536 
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C 543 

c VV = VOLUME - EE = EMF (IF EO.GT.0) OR PH (IF EO = 0) 544 

C INDEX = 0 NORMAL - INDEX = 1 END OF TITRATION 545 

C 

71 

72 

111 

76 

120 

C 

DO 71 K=1,5 
IFCVVCK).EO.O..AND.EEo.EP.O.) GOT0 71 

1=1*1 
VCI)=VVCK) 
ECI)PEECK) 

SV2=SV2*VCI)*V(I) 
IFCINDEXCK).EP.1) GOT0 72 
CONTINUE 
GOT0 25 
N=I-L1*1 
URITEC6.111) N 
FORNAT(16X+NO. OF POINTS’ILI) 
Ll=I+l 
LAST(L)=1 
NPCL)=N 
SVPCL)=SVZ 
SVPT+SVPT*SV2 
GOT0 75 
NTP=I 
URITEC6rl20) NTP 
FORMATCI* TOTAL NO. OF POINTS*IL/) 
NTIT=L 
RETURN 

END 
SUBROUTINE HHCJAIPHO,SL~H#JAV#JEOIJSLIDHEOID~J~~DHSL) 

546 
547 
548 
549 
550 
551 

552 
553 
554 
555 
556 
557 
558 
559 
560 

561 
562 
563 
564 
565 
566 

567 
566 
569 

570 

571 
572 

C THIS ROUTINE CALCULATES THE DERIVATIVES OF H YITH RESPECT TO EO, JA, SL. 573 
C CALCULATES ALSO H-VALUE. 574 

575 

576 
577 
578 
579 

580 
581 

5a2 
583 
584 
5a5 
586 
587 
5aa 
589 

590 
591 
592 
593 
594 

595 
596 
597 

598 
599 
600 

601 
602 
603 
604 
605 
606 
607 
608 
609 
610 
611 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 
622 
623 
624 
625 
626 
627 
628 

C 
REAL JA 
PSI=PHO 

63 PHl=PSI-JA*H/SL 
H=EXPCPHl) 
IFCJAV.EQ.0) GOT0 5 
DHJA=-H*CH+JA*DHJA)ISL 

5 1FCJEO.EP.O) GOT0 75 
DHEO=-H*Cl.+JA*DHEO)ISL 

75 IFCJSL.EP.0) GOT0 3 
DHSL=H*CPSI+SL+JA*H)/CSLSL) 

3 IFCANSCPHO-PHO/Pli1.LT.O.OOOl~ RETURN 
PHO=PHl 

GOT0 63 
END 

_ --- -_- 
SUBROUTINE DERIVCNV,IVAR,V~FDILN,OEN,NUN~DENQ,OHEO,H,DVH, 

OOHJA~DHSL~AW~N~~~FDILL~NPT~C~L~CTL~A~K~A~N~A~K~A~N.KP,DER~ 
C 
C THIS ROUTINE CALCULATES THE DERIVATIVES OF V YITH RESPECT TO.TNE 
C PARAMETERS TO NE REFINED 
C 

DIMENSION IVAR~l2~rAM~4~rNP0~4~rFDILL~4)rNPTortOL~4~.CTLC4~ 
L,A~K(~,~),A~N(~).A~KC~D~~~A~N~~~,DER(~~~ 

41 

42 

43 

44 

45 

46 

47 

48 

49 

REAL KPCL,S)rNUN 
DO 33 IplrNV 
J’IVARCI) 
IFCJ.GT.14) GOT0 49 
GOTOC41,42.43~44r45.46,47.4a,47~4aA47r48.4?A48~ J 
DERV=-VO+FDILH/DEN 

GOT0 33 
DERV=-NUMlDENP 
GOT0 33 
DERV=DVH*DHEO 
GOT0 33 
DERV=-CVO+DEN+NUU)/CWDENQ) 
GOT0 33 
DERV*DVH+DWJA 
GOT0 33 
DERV=DVH+DHSL 
GOT0 33 
~l=tJ-5)/Z 
DERV=VO+CAMCLl )-NPOCLl) )*FOILLCLl)IDEN 
GOT0 33 
L~=(J-6112 
OERV=NUM*CAMCLl)-NPTo)IDENP 
GOT0 33 
Ll=CJ-10)/S 
LZ=J-9-L1*5 
DVA=CVO*COLCLl)*FDILLCLl~*DEN+tTLo+NUN~/DENG 
DERV-DVA.~A1K~LlrL2~~A2M~Ll~-A2K~Ll~L2~~AlM~Ll~~/~KP~Ll,L2~~A2NCLl 

S)++z) 
33 DERCI)=DERV 

RETURN 

END 

11 
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SUBROUTINE SCALE(N,a.BrOAST,BAST) 
C 
C THIS ROUTINE SCALES THE MATRIX 0 AN0 THE VECTOR 8 
C 

DIfiENSION 0~12,12~,aAS1~12,12~rBCST~12~,~~12~ 
DO 2 I=l,N 
aI=AES(a(IrI)) 
BAST~I~~n~I~/SQRT~aI~ 
OAST(I,I)=l. 
DO 3 K=l,N 
If(1.Ea.K) GOT0 3 
OASt~I,K~'a~IrK~/SaRr(PI'AOS~a~K,K~~~ 

3 CONTINUE 
2 CONTINUE 

RETURN 
END 

SUBROUTINE JACOBI(N,A,VAL.S) 
C 
C THIS ROUTINE CALCULATES EIGENVALUES AN0 EIGENVECTORS Of THE SCALED 
C RATRIX A 
C 

43 
42 

15 

20 
22 
24 

31 

35 

DIf4ENSION A(12,12).S(l21lZ)rVAL(1Z) 
DO 42 I=lrN 
DO 13 J=l.N 

scI,;~.o.- 
S(I,I)=l. 
FN=O. 
DO 1 1=2,N 
11=1-l 
00 2 J=lrIl 
FN=FN+A(I,J)*A(I,J) 
CONTINUE 
FN=SaRT(Z.*FN) 
UN=FN*l.&P 
PN=N 
FN=FN/PN 
IN=0 
DO 24 Ia=Z,N 
L=Ia-1 
DO 22 IP=lrL 
IF(ABS(A(IP,Ia)).LE.FN) GOT0 22 
IN=1 
V=-A(IP,IP) 
U=.S+(A(IPIIP)-A(IP,IP)) 
U=SIGN(l.rU)+CVISPRT(V+V*V+U*U~) 
DET=l .-hi+li 
SN=Y/SaRT~2.~~l.*SPRT(DET~~~ 
CN=SPRT(l.-SN*SN) 
DO 15 I=lrN 
BIP*A(IrIP)+CN-A(IrlP)cSN 
BIa=A~I,IP~+SN*A~Iria~~CN 
A(IrIP)=BIP 
A(I,IP)=BIa 
EIP=S(IrIP)*CN-S(IsIG)*SN 
BIa=S~I,IP~~SN*S~I,IG~~CN 
S(IrIP)'BIP 
s(I*IP)'aIP 
BIP*A(IP.IP)*CN-A(IPI1P)rSN 
RIa=A(xP,Ia)~sN*AcIaIIP)+CW 
BPa=A(IP,Ia)+CN-ACIP~I4l~*SN 
BPP=A(IP,IP)*SN+A(IQ,fP~*CN 
A(IP.IP)=BIP 
A(xa,Ia)=Bxa 
A(fP,Ia)=RPa 
A(ra,xP)=8aP 
DO 20 I=lrN 
A<IP,I)=A(I,IP) 
A~Ia,I)=A<I.Ia) 
CONTINUE 
CONTINUE 

IF(IN.Ea.1) GOT0 8 
IF(FN.GT.UN) GOT0 3 
N1 =N-1 
DO 30 K=l.Nl 
Lao 
BIGA=A<KrK) 
Kl=K+l 
00 31 J=Kl,N 
IF(BIGA.GE.A(J,J)) GOT0 31 
BIGA=A(J,J) 
L=J 
CONTINUE 
IF(L.Ea.0) GOT0 30 
A(L,L)=A(K,K) 
A(KrK)-BIGA 
DO 35 I=lrN 
sB=s(IIL) 
S(I,L)=S(IrK) 
S(I,K)=SB 

629 
630 
631 
632 
633 
634 
635 
636 
637 
638 
639 
640 
611 
642 
643 
614 

645 
616 
647 
648 
6LV 
650 
621 
652 
653 
656 
655 
636 
657 
658 
659 
660 
661 

662 
663 
666 
663 
666 
667 
661 
669 
670 
671 
672 
673 
67b 
675 
676 
677 
678 
679 
660 
601 
682 
683 
6ac 
665 
686 
687 
661 
6av 
690 
691 
692 
693 
694 
695 
696 
697 
698 
699 
700 
701 
702 
703 
704 
705 
706 
707 
708 
709 
710 
711 
712 
713 
714 
715 
716 
717 



30 

50 

C 

CONTINUE 
DO 50 I=lrN 

VAL(I)=A(Irl) 
RETURN 
END 

SUBROUTINE MXAVA(N,VAL,VEC,8AST,XASl,DIAG) 

C THIS ROUTINE CALCULATES THE SCALED SHIflS 

Refinement of acid-base titration parameters 13 

718 
719 

720 
721 
722 
723 
724 
725 
726 
727 
728 
729 
730 
731 
732 
733 

734 
735 
736 

737 
73a 
739 
740 
741 

C 

1 

3 

2 
4 

DIMENSION VAL(12)rVEC(12,12>.BAS1~12~,XAST(12~~01AG~12~ 

DO 1 IflrN 
If(ABS(VAL(I)).LE.l.E-6) VAL(I)=l. 
CONTINUE 
DO 4 I=lrN 
XAST(I)=O. 
DO 2 J=lrN 

s*o. 
DO 3 K=lrN 
S=S+VEC(I,K)*VEC(J,K)/ABS(VAL(K)) 

If (1.EP.J) DIAG(I)=S 
XAST~I~=XASTCI~+S.BASl~J~ 
CONTINUE 
RETURN 

END 

Example 1. Titration of a weak acid with a weak base. Titrand: 0.606OM acetic acid (15 ml + 95 
ml of 0.16M NaCIO,; dilution factor 0.13636). Titrant: 5.081 M pyridine (input value 5). Parameters 
to be refined (i) E” (EO), (ii) concentration of titrant (i.e. pyridine) (CTLZ). (iii) log K:’ for acetic 
acid (Kll). (iv) log KY for pyridine (K21). 

Input 

PVRIDINE-CH3COOH I=o.l5(NACL04) 
99 2 4E0 CTLZ Kll I(21 
4.60 
5.30 
25. -13.69 

PVRIDINE-CH3COOH I=o.lS(NACLOC) 
0. 0. 110. 4bO. 0. 
0.60597 0. 1 0 0.13636 
0. 5. 0 0 0. 

0. 

0.21 227.0 00.50 201.8 oo.ao 105.9 01.00 177.a 01.20 170.6 0 
1.50 161.4 01.80 153.6 02.09 147.1 02.45 140.3 02.80 134.8 0 
3.32 i 2a.2 03.90 122.2 04.40 117.9 04.a5 114.5 1 

PYRIDINE-CH3COOH I=O.lS(NACLOL) 

LOG.Kll* 4.600 
LOG.K21= 5.500 

TEMPERATURE= zs.noo 
sL= 59.159 
KWL= -13.bYO 

TITRATION 1 PYRlD.INE-CHSCOOW I=o.l5(NACL04) 
con = 0. fDILH= 0. CTH = 0. vo= 110.000 EO= 440.000 JA= 0. 
COLl- 0.60597000 fDlLl= 0.13636000 CTLl= 0. NPOl= 1 NPTl= 0 
COLZE 0. fDlLZ* 0. CTLEI s.cooooooo NPOZ= 0 NPTZ= 0 

NO. Of POINTS 14 

TOTAL NO. Of POINTS 14 

ST.DEV.= 0.414E 00 R(HAMILTON)= 0.133E 00 UITH THE INPUT DATA 

CYCLE N. 4 ST.DEV.= d.471E-02 R(liAMII TON)= 0.152E-02 

VALUE ST.DEV. 
EO 442.8560295 O.l3!5093E 00 

CTLZ 5.0778247 O.C476654E-01 
Kll 4.5174921 0.494S246E-02 
K21 5.2582256 0.292294SE-02 

V DV 
1 0.2100 0.0036 

O.SOOO 0.0037 
0.8000 0.0043 
1.0000-0.0011 
1.2000-0.0020 
1.5000-0.0054 
1 .aooo-0.0065 
2.0900-0.0026 
2.4500 0.0037 
2.8000 0.0078 
3.3200 0.0027 
3.9000 0.0010 
4.4000-0.0027 
4.8500-0.0020 

227:OO 
201.80 
185.90 
177.80 
170.60 
161.40 
153.60 
147.10 
140.30 
134.80 
12a.20 
122.20 
117.90 

114.50 

PH 21 22 
3.649 0.881 0.976 
4.075 0.735 0.938 
4.343 0.599 0.8YZ 
4.480 0.521 0.857 
4.602 0.451 0.819 
4.758 0.365 0.760 
4.889 0.296 0.700 
4.999 0.241) o.eos 
5.114 0.202 o.sa2 
5.207 0.170 0.529 

5.319 0.136 0.465 
5.420 0.111 0.4ol3 
5.493 0.096 0.3611 
5.550 0.085 0.338 
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Example 2. Titration of a mixture of weak bases with a strong acid. Titrand: 1.543mM pyri- 

dine + 1.872mM 2,2’-bipyridyl (input values 1 and 2). Titrant: 0.0997M HC104. Parameters to be 
refined (i) E” (EO), (ii) concentration of pyridine (COLI), (iii) concentration of 2,2’-bipyridyl (COLZ). 
In the output, Zi is equal to the average number of protons bound to the ligand i. 

PYRIDINE-Z.2-BIPYRIDYL I=O.lCNACLOA) 
99 2 3EO COLl COL2 
5.33 
4.461 

25. -13.75 
PYRIDINE-212-BIPVRIDYL Id.l(NACLOL) 

0. 0.0997 100. 420. -480. 0. 
0.001 0. 0 0 0. 
0.002 0. 0 0 0. 

0.05 8.60 00.15 38.30 00.25 53.00 00.35 63.00 00.45 71.00 0 
0.60 80.60 00.75 88.90 00.90 96.10 01.04 102.2 01.15 106.7 0 
1.30 113.0 01.50 120.5 01.65 126.4 01.80 132.1 02.00 139.2 0 
2.1s 144.9 02.30 150.5 02.46 156.9 02.65 164.4 02.81 171.6 0 
2.99 179.8 03.12 186.4 03.25 193.3 03.45 203.9 03.56 209.6 0 
3.70 216.1 03.85 221.9 04.00 227.2 04.15 231.8 04.40 238.0 1 

lhtput 

PYRIDINE-2.7-BIPYRlDYL I=O.lCNACLOL> 
LOG.Ull= 5.330 
LOG.KZl= 4.461 

TEMPERATURE’ 25.000 
sl_= 59.159 
KUL= -13.750 

TITRATION 1 PYRIDINL-2,2-BIPYRIOYL 
COH = 0. FoILId= 0. 
COLl= 0.00100000 FDILl= 1.00000000 
COL2l 0.00200000 FDILZB 1.00000000 

NO. OF POINTS 30 

TOTAL NO. Of POINTS 30 

S7.DEV.r 0.456E 00 RCHAMILrON)= 0.17SE 

I*O.lCNACL04) 

CTH = 0.09970000 vo= 100.000 EO- 420.000 JA=-Ca0.000 
CTLlB 0. NPOl= 0 NPTl= 0 
CTLZI 0. NPOZ= 0 NPTZ* 0 

00 UITH THE INPUT DATA 

CYCLE N. 6 Sr.DEV.= 0.24CE-02 RCHAMILTON)+ 0.935E-03 

EO 
COLl 
COL2 

DV 
1 0.0~00-0.0010 

0.1500-0.0017 
0.2500-0.0006 
0.3500-0.0011 
0.4500-0.0000 
0.6000-0.0011 
0.7500 0.0020 
0.9000 0.0017 
1.0400-0.0006 

1.1500-0.0036 
1.3000 0.002s 
1. SOOO-O.OOLO 
1.6500 0.0023 
1 .a000 0.0054 
2.0000-0.0029 
2.1500 0.0003 
2.3000-0.0016 
2.4600 0.0030 
2.6500-0.0030 
2.8100 0.0026 171.60 4.131 0.941 0.682 
2.9900-0.0026 179.80 3.992 0.956 0.747 

3.1200-0.0013 186.40 3.880 0.966 0;792 
3.2500-0.0002 193.30 3.763 0.974 0.833 
3.4500-0.0007 203.90 3.583 0.982 0.883 

3.5600 0.0023 209.60 3.486 0.986 0.904 
3.7000 0.0035 216.10 3.376 0.989 0.924 
3.8500-0.0032 221.90 3.277 0.991 0.939 

4.0000-0.0014 227.20 3.186 0.993 0.950 
4.1500 0.0018 231.80 3.107 0.994 0.958 
4.4000-0.0002 238.00 3.001 0.995 0.967 

VALUE 
415.9951820 

0.0015484 
0.0018658 

at60 6.;:6 
38.30 6.384 
53.00 6.136 

63.00 5.967 

71.00 5.832 
80.60 5.669 
88.90 5.529 
96.10 5.407 

102.20 5.304 

106.70 5.228 
113.00 5.122 
120.50 4.995 
126.40 4.895 
132.10 4.799 
139.20 4.679 
144.90 4.582 
150.50 4.488 
156.90 4.379 
164.40 4.252 

ST.DEW. 
0.7832945E-01 
0.383S969E-05 
0.282424aE-05 

I1 
0.027 0.k 
0.081 0.012 
0.135 0.021 
0.187 0.030 
0.240 0.041 
0.314 0.058 
0.387 0.079 
0.456 0.102 
0.515 0.125 
0.558 0.146 
0.618 0.179 
0.684 0.226 
0.731 0.269 
0.773 0.315 
0.818 0.377 

0.048 0.431 
0.874 0.485 
0.899 0.547 
0.923 0.618 
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DETERMINATION SPECTROPHOTOMETRIQUE 
CONSTANTES D’ACIDITE DE QUELQUES 

DES 

2,1,3-BENZOSELENADIAZOLES (PIAZSELENOLES) 

J. NEVE, M. HANOCQ et L. MOLLE 

Laboratoire de Chimie Analytique et de Toxicologic. lnstitut de Pharmacie. Universite Libre 
de Bruxelles, Campus Plaine, CP 205/t. B 1050 Bruxelles. Belgique 

(Recu le 3 I janvier 1978. Accept6 le 13 juin 1978) 

RCum&Aprb avoir etudit les spectres d’absorption darts l’ultraviolet et le visible du 2.1,3-benzoselena- 
diazole et de cinq de sea derives en fonction de l’acidite du milieu reactionnel, on a determine 
les valeurs de leurs constantes d’aciditt en faisant usage d’une mtthode numerique qui permet de 
corriger les effets de milieu. Les rbultats d’une etude spectroscopique infrarouge de ces mZmes derives 
ainsi que de leurs orthodiamines correspondantes ont tte correles aux pK, ainsi qu’a la somme des 
constantes de substitution IS,,, + up de Hammett. 

La determination quantitative du selenium fait le plus C’est afin de pallier cet inconvenient que nous utili- 
souvent appel a la reaction, en milieu acide, entre sons une mtthode numtrique originale. mise au point 
le dlCnium(IV) et une orthodiamine aromatique.‘-” rtcemment.‘4*‘s 
Dans ces conditions, il se forme un benzoselenadi- En outre, nous avons pu Ctablir une correlation 
azole, plus communement appelt piazstlenole, derive entre, d’une part, les pK, ainsi obtenus et les pK, 
soluble dans divers solvants organiques: des orthodiamines, determines lors d’un travail 

Parmi les orthodiamines, le 1,2-diaminobenzene et 
ses derives substitues (4-methyl, 4-chloro, 4-nitro et 
4,5-dichloro) ainsi que le 2,3-diaminonaphtalene sont 
les plus utilises. 

Les piazselenoles ainsi obtenus ant deja fait l’objet 
de plusieurs etudes. Certains chercheurs ont notam- 
ment montre qu’un acide’ fort ajoutt aux solutions 
aqueuses de ces composes provoque un deplacement 
spectral bathochrome accompagne parfois dun effet 
hyperchrome. 7-1o Approfondissant ce phtnomene, 
Sawicki et Cart-’ t-l3 mirent en evidence, en parti- 
culier pour les derives 2,1,3benzostltnadiazoles sub- 
stituts en 5. une protonation des deux azotes tertiaires 
de la molecule ainsi que des differences spectrales 
entre les formes basique, monoprotonee et dipro- 
tonte. 

Ces faits nous ont incites a prodder a la determina- 
tion prbcise, par spectrophotomttrie, des constantes 
d’acidite des principaux derives sel&ties du type 
piazs&nole. La protonation complete de ces derives 
a caractere basique trb faible a necessite l’usage de 
fortes aciditts (jusqu’a 96% d’acide sulfurique); dam 
ces conditions, en raison de I’effet de changement de 
solvant, il est normal de constater des deplacements 
spectraux, parfois importants, par rapport aux points 
isosbestiques, faussant toute mesure d’absorption, en 
particuher celle de l’esp&e proton&e, et rendant par 
conskquent incorrecte toute determination des pK,. 

antkieur, lb et, d’autre part, certains paramhres de 
leur spectre infrarouge. 

PARTIE EXPERIMENTALE 

Appareillage 

Spectrophotombtres Beckman Acta V avec cellules de 
quartz de I cm et Perkin-Elmer 177 avec cuvettes a 
fengtres en NaCl. 

R6actijy 

Dichloremithane (Merck P. A. ) dessicht sur tamis 
moleculaire Merck 3 A. 

Acide seltnieux (Baker Analyzed Reagent). 
La structure chimique des produits etudibs ainsi que la 

nomenclature utiliste, sont rassembles au tableau I. 

Synthbe et purification 

Les piazstlCnoles sont prepares par melange d’une solu- 
tion dans l’acide chlorhydrique 1N dune orthodiamine 
(purifib selon une technique d&rite pre&demmentL6) a 
un meme volume dune solution aqueuse contenant une 
quantite tquimoleculaire d’acide selenieux. Le precipite est 
recueilli et lave B I’aide d’acide chlorhydrique 0,Ol N, puis 
d’eau distill&e, et ensuite s&he sous vide, a temperature 
ordinaire. La purification est realisee par sublimation sous 
un vide d’environ 1 mm& a une temperature de 35 a 
I IO” selon le compose (tableau 2); un seul derive, sensible 
a la temperature, le naphtoselenadiazole, a ttt purifit par. 
precipitation par ajoute d’eau distill&e a sa soiution 
tthanolique sat&e. 

1.5 
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Tableau 1. Structure des derives etudits 

RS 

H 

CH3 

Cl 
ND2 

Cl 
- 

R, 

H 2,1.3-benzoselenadiazolee ou 
piazsCltnole PIS 

H J-CH,-PIS 
H 5-Cl-PIS 
H 5-NO*-PIS 
Cl 5,6-diCI-PIS 
- 2,1.3-naphtoselenadiazole ou 

S.6-benzo_PIS 

R, R5 

NH2 

NH2 

H 

CH3 

Cl 
ND2 

Cl 
- 

H l,2-diaminobenzene ou 
orthophenyltnediamine PD 

H CCH1-PD 
H CCI-PD 
H CNOz-PD 
Cl 4,5-diCl-PD 

- 2,3-diaminonaphtaltne ou 
4,5-benzo-PD 

Ces piazsbltnoles, conserves en chambre froide, en rtci- 
pients fermis, sont stables pendant plusieurs mois, a l’ex- 
ception du naphtoselenadiazole qui se degrade rapidement 
et ne peut, db lors. hre manipult que fralchement prepare. 

Les points de fusion determines a l’aide dun microscope 
g platine chauffante, figurent au tableau 2. 

Mode ophmoire 

Aprb avoir prepare des solutions d’acide sulfurique (5 
a 96% p/p), on en determine la densitt. La valeur corres- 
pondante de H, (Hammett) est interpolee B partir de ces 
rtsultats et des valeurs publikes.** 

D’autre part, 5 ml dune solution methanolique de 
piazsbknole (4. 10e4M) sont introduits dans un ballon 
jauge de 50 ml; le solvant est evapore a 30” et le rtsidu 
est dissous. soit dans de l’eau distik. soit dans Tune des 
solutions acides et on complete au volume avec le m&me 
liquide. En raison de l’instabilite du naphtostlenadiazole 
en milieu acide dilue db la moindre elevation de tempera- 
ture, les residus provenant de l’ivaporation sont dissous 
dans une quantite connue d’acide sulfutique g 44% (a cette 
aciditt, la redissolution ne nedssite pas de chauffage) et 
la solution est amenke a 50 ml a I’aide d’eau distilk. (La 
determination de la densitt des solutions d’acide sulfurique 
a 44%, dilukes dans les mBmes conditions, permet de con- 
naltre la concentration des solutions ainsi obtenues.) 

L’absorptian de chaque solution est mesuree a une lon- 
gueur d’onde adequate par rapport au reactif blanc. 

Toutes les determinations ont Ctt etfectukes a 25 + I’. 
Si Au et At repkentent respectivement les absorpzons 

des esp?ces mokculaire et ionique (Ai > Au) et si A corre- 
spond a un melange des deux espkes en equilibre. variable 
selon l’aciditt du milieu (H,), le pK,, est donnt par la rela- 
tion: 

A - A, 
pK, = H, + log A_ 

I 

RESULTATS ET DISCUSSION 

Etude spectroscopique ultraviolet/visible en fonction de 
I’aciditd 

L’incorporation de sCltnium a une orthodiamine 
entra*me I’apparition, dans le spectre d’une bande 
d’absorption trb intense situte a la limite de la zone 
visible et attribuable a deux absorptions du type 
IL+ tr*.r’ Le tableau 3 precise la localisation de cette 
bande pour les formes dibasique, monoprotonke et 
diprotonee, ainsi que la valeur des coefficients d’ab- 
sorption molaire (E) calcules aux maxima d’absorp- 
tion: y figurent en outre, la longueur d’onde des dif- 
ferents points isosbestiques observes pour Ies transi- 
tions correspondant aux deux ionisations, ainsi que 

Tableau 2. Proprihes physiques des derives s&nits 

Derive Coloration 

PIS Blanc 
5-CHs-PIS Blanc 

5-Cl-PIS Jaune pale 
5-NO2-PIS Jaune 

5.6diCl-PIS Jaune pile 
5,6-benzo-PIS Rouge 

Temperature de Points de 
sublimation, fusion, 

“C* ‘C 
Points de 

fusion, GC”.‘7 

35 73-74 7374 
55 69-JO,5 J2-J3,5 
60 120 118-121 
80 220-22 1.5 220-224 

I10 162-162.5 163164 
2OOt 2JOt 2JOt 

* Sous un vide de 1 mmHg 
t Avec decomposition. 
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Tableau 4. Constantes d’aciditt des piazselenoles (25°C) 
-_- -.-. -. 

PK~ PK., 

Derive A* pK,, nt sB I* pK,, nt 4 Observations 

PIS 341 - I,41 35 0.02 362 -8.10 14 0.02 Effet de milieu pour PK., et pK,, 
5-CHB-PIS 348,5 - I,07 13 0.03 370 - 7,55 14 0.02 Effet de milieu pour pK,, et pK,, 

5-Cl-PIS 350 -2,Ol I5 0.01 377.5 -8,66 I6 0.01 Effet de milieu pour pK,, et pK,, 
5-NOs-PIS 245 -2.78 37 0,03 - - - - EtTet de milieu pour pK,, 
5,6-diCl-PIS 363.5 - 2.57 I2 0.02 400 - 9,03 16 0.01 Effet de milieu pour pK,, et pK,, 

5.6~benzo-PIS 397.5 - 1.30 15 0,02 440 - 7.78 16 0.02 Effet de milieu pour pK,,, 

* Longueur d’onde (nm) a laquelle les mesures ont CtC effect&s. 
t Nombre d’essais. 
$ Deviation standard calculie a partir des antilogarithmes. 

la concentration d’acide nicessaire pour protoner 
totalement les differents derives. L’analyse de ce 
tableau met egalement en evidence l’effet classi- 

que “-’ 3~20 “donneur d’electrons” des substituants sur 
la localisation de la bande d’absorption principale; 
on constate aussi que les protonations successives des 
amines entrainent des deplacements bathochromes. 

Determination des constantes d’acidite’ 

Pour le piazstltnole et ses derives 5-methyl, 
5-chloro et 5,6dichloro, on dtdle un kger effet de 
milieu qui se manifeste par un dtplacement des traces 
spectraux au niveau d’un point isosbestique situ& 
selon les cas, entre 335 et 355 nm. 

Nous avons toutefois pu, et avec une excellente 
precision, obtenir les valeurs exactes des constantes 
d’aciditt en utilisant une methode numirique mise au 
point anterieurement, 14-r6 bake sur la resolution 
d’un systeme d’equations a deux inconnues (pK,, A,): 

A = A, + A, 10~~Ka-“o’ 
, + ]O(PK.CHO) . 

Dans cette relation, Au et Al representent respec- 
tivement, dans le cas de la determination du pK,,, 
les absorptions des esptces dibasique et monopro- 
ton&e et, dans le cas de la determination du pK,, 
des especes monoprotonee et diprotonke. Dans tous 
les cas, A est l’absorption du melange des deux 

esptces en Cquilibre, variable selon l’aciditt du milieu 
reactionnel. Ho est la valeur de la fonction d’aciditt 
de Hammett.“’ Les resultats figurent au tableau 4. 

La mtthode permet. en outre, de determiner l’aci- 
dite pour laquelle se manifeste le premier effet de sol- 
vant. 

L’effet de changement de milieu s’est manifest6 de 
facon plus intense pour le derive 5-nitro. L’analyse 
des traces de la figure I le demontre a sufisance: si 
les spectres correspondant a une aciditt comprise 
entre 0 et 32-38% p/p d’acide sulfurique passent par 
les differents points isosbestiques (tableau 3). il n’en 
est plus de mCme pour des aciditb supkrieures et l’en- 
semble des traces s’avbe alors incoherent. 

Seules les absorptions relevkes a la longueur d’onde 
choisie (245 nm) et correspondant uniquement aux 
traces spectraux passant par les points isosbestiques 
doivent etre prises en consideration dans l’algorithme. 
C’est pourquoi. au tours dune premiere strie de 
determinations, le nombre de points experimentaux 
a CtC forcement limit&; aussi la precision atteinte n’a-t- 
elle ttC que de l’ordre de 5%. Ce dernier fait nous 
a incite A introduire, malgre tout, des points experi- 
mentaux supplementaires correspondant a des aci- 
dites comprises entre 32-38x et 49.5% p/p: cette 
facon de faire a augmente sensiblement la precision 
du rtsultat final jusqu’a atteindre 1%. I1 semble done 
que. dans ce domaine d’acidite, l’effet de changement 
de milieu n’affecte pratiquement pas les mesures effec- 

Fig. 1. Etude spectrale du 5-NO,-PIS en fonction de l’aciditb du milieu reactionnel: (1) pH de dissolu- 
tion, (2) 32% p/p HzS04, (3) 47% p/p HsSD4, (4) 64% P/P HAG. 
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Tableau 5. Frtquences de vibration infrarouge (cm-‘) des orthodiamines aromatiques en solution dans le 
dichloremethane 

Stretching 
=C-H 

Derive aromatique 

PD 3065-3032 
QCHs-PD 3070-3014 
Ccl-PD 3030 

4NOs-PD 3070* 
4.5diCI-PD 30X2-3022* 

4,5-benzo-PD 3050*-3022’ 

Stretching 
CC 

cyclique 

1595-1501-1458 
1596-1517-1450 
1591-1503-1425 
1593’ 
1579-1497 
1605*-l586*- 
1518*-1476’ 

Stretching 
N-H 

asymttrique symetrique 

3425 3348 
3422 3346 
3430 3351 
3438 3358 
3436 3356 
3432 3352 

Bending 
N-H 

scissoring wagging 

1623 785 
1628 805 
1624 803 
I639* 780 
1628 785 
1642; 785 

Stretching 
C-N 

1278 
1287 
1280 
I300(?) 
1280 
1281 

l Frequences relevkes en pastilles de KBr. 

tutes a 245 nm, contrairement A ce que I’ttude spec- 
trale laissait supposer. 

Remarquons que, pour corriger les effets de change- 
ment de milieu, certains auteurs21*22 prtkonisent de 
dtplacer latbalement les spectres d’absorption de 
facon telle que tous passent par k(s) point(s) isos- 
bestique(s). Cette man&e de faire suppose done que 
I’effet de solvant ne se manifeste que par une simple 
translation laterale et affecte de la m&me man&e les 
mesures d’absorption quelle que soit la longueur 
d’onde. Nous venons de demontrer qu’il n’en est pas 
toujours ainsi et I’interCt de la mtthode que nous 
avons mise au point n’en est que plus evident. 

Notons encore que la seconde constante d’ionisa- 
tion du derive nitrt, a caractere basique beaucoup 
trop faible, n’a pu &tre determinee en milieu acide 
sulfurique. 

tribution des bandes caracttristiques a ete facilitke en 
consultant certains resultats partiels trouvts dans la 
litttrature.23*24 En outre, plusieurs bandes dues aux 
vibrations de deformation de la liaison C-H en 
dehors et dans le plan sont observkes dans la gamme 
de frequences classique, respectivement 650 a 1000 
cm-’ et 950 B 1225 cm-‘. D’autre part, l’attribution 
pour le derive nitre de la bande due au stretching 
C-N aux environs de 1280 cm-’ s’est averke difficile 
en raison d’une importante absorption dans cette 
region, due au radical -NO2 (stretching N=O symetri- 
que). II est evident ,que chaque orthodiamine est 
galement caracttriske par la presence de vibrations 
sptcifiques aux divers substituants. 

Enfin, les graphes de la fonction He en fonction 
du logarithme du pourcentage d’ionisation sont 
lineaires; les valeurs absolues des pentes de ces traces, 
proches de I’unite, indiquent que la fonction d’acidite 
choisie’s s’applique parfaitement a tous les derives 
ttudib. 

Etude spectroscopique infrdrouge 

La plupart des spectres ont et6 reievts sur des solu- 
tions dans le dichloremethane, seul solvant solubili- 
sant de facon satisfaisante a la fois les orthodiamines 
sous forme dibasique et les derives sC1eniCs correspon- 
dants. 

Le tableau 6 rassemble les principaux rtsultats 
experimentaux relatifs aux piazstlenoles ttudies. 
Comme I’ont constate Pozdyshev et al.,25 les stretch- 
ings =C-H sont Iegerement deplacts, par rapport a 
ceux des diamines libres correspondantes, vers les 
frequences plus &levees. Dans la zone d’absorption des 
liaisons C=C cychques, de meme que l’ont observe 
Bird et Cheeseman, on note la presence de deux 
bandes caracteristiques, I’une vers 1610 cm- 1, d’inten- 
site variable, et l’autre vers 1505 cm-‘, de forte inten- 
site. Une troisitme bande apparait aux environs de 
1470 cm-’ ; comme nous le montrerons ci-apres, elle 
pourrait itre attribuke H un stretching C=N. Cette 
bande est d’intensite moyenne pour quatre des 
derives, mais faible pour le naphtostltnadiazole et 
pour le nitropiazstlenole. 

Les principaux r&hats de l’etude spectrale relatiti En ce qui concerne ce dernier, cette bande apparait 
aux diamines aromatiques figurent au tableau 5. L’at- cependant nettement vers 1440 cm-’ sur les spectres 

Tableau 6. Frequences de vibration infrarouge (cm-‘) des piazselenoles en solution 
dans le dichloremtthane 

Stretching Stretching 
=C-H C=C Stretching Stretching 

Derive aromatique cyclique C=N cyclique(?) 

PIS 307&3040-3005 1605-1511 1480 I355 
5-CH,-PIS 30633040 1626-1509-1451 1490 1350 
5-Cl-PIS 3075-3040 1602-1501-1422 1467 1345 

5-NO,-PIS* 3100-3060-3017 1610-1507 1444 1360 
5,6-diCI-PIS 3090-3040 1590-1480-1425 1455 1349 

5,6-henzc-PIS 307&3036 1605-1531-1430 1482 1361 

* Frkquences relevkes en pastilles de KBr. 
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relevb sur une dispersion du produit dans le KBr; 
par contre, elle est difficilement mise en evidence dans 
le dichloremtthane, en raison de la faible solubilite 
de ce produit dans le solvant. La comparaison de 
la position des pits voisins dans le dichloremethane 
et le KBr nous a perrnis, par calcul, d’estimer la pos- 
ition dans le dichloremethane du pit recherchh 
Quant au derive naphtalenique, la valeur mention&e 
au tableau 6 est a prendre avec prudence, le pit cor- 
respondant Ctant de faible intensite dans les deux 
systemes. 

II est en outre interessant de signaler qu’une bande 
d’intensite moyenne, absente du spectre des orthodia- 
mines libres, apparait chez tous les piazselenoles 
Ctudies vers 1350 cm-‘; son attribution a un stretch- 
ing cyclique caracteristique devrait &tre confirmte. 

Tout comme pour les diamines, les vibrations car- 
acteristiques des substituants se retrouvent. 

Correlations entre les constantes d’acidite et les para- 

m&es spectraux 

La relationI entre les frequences v(N-H) (moyenne 
entre les frequences symetrique et asymetrique) des 
orthodiamines etudiees et leur pK,, est lineaire pour 
tous les dbivb, mais, lors de l’ttablissement de la 
relation entre v(N-H) et le pK,,, le compose dichlort 
et le diaminonaphtaltnique s’tcartent sensiblement de 
la droite. Une observation identique est faite lors de 
l’examen des relations de cette frequence avec les con- 
stantes d’acidite des derives stltnies. On peut, de plus, 
remarquer que le naphtoselenadiazole &carte du 
trace relatif au pK,,. I1 semble done que la frequence 
v(N-H) des diamines libres ne soit un parametre de 
choix que lors de l’etablissement de la correlation 
avec le pK,, des diamines. 

Par contre, si Ton fait usage de la frtquence situ&e 
dans la region 1440-1490 cm-‘, on obtient un trace 
rectiligne avec les valeurs des pK,, pour tous les 
piazseltnoles; cette constatation explique, en partie, 
la raison pour laquelle nous avons attribue cette vib- 
ration a la liaison C=N. 

Correlations entre /es constantes de substitution de 

Hammett et les parametres spectraux 

La relation entre la somme des constantes de sub- 

stitution de Hammett (a, + up)27 et les frequences 
v(N-H) des orthodiarnines et v(C=N) des derives 

selenits fournit des traces rectihgnes et les valeurs des 
car&s des coefficients de correlation sont proches de 
I’unite; tel n’est cependant pas le cas si I’on fait usage 
des valeurs u, et ep seules. 

Enfin, comme i’ont deja mentionnt d’autres 
auteurs,28 les frequences ultraviolettes correspondant 
aux maxima d’absorption peuvent aussi i%re relir5es 
aux constantes de substitution, mais la correlation 
dans ce cas est nettement moins satisfaisante. 
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Summary-The variation with increasing acidity of the ultraviolet/visible region absorption spectrum 
of 2,1,3-benzoselenadiazole and five of its derivatives has been studied and the ionization constants 
were determined by using a new computer method for the correction of the medium effect. An infrared 
spectroscopic study was also done on these derivatives and the corresponding substituted 1.2-diamino- 
benzenes. Positive correlations were found between some infrared frequencies and either the values 
of ‘the ionization constants or the sum of the Hammett substitution constants c, + op. 
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Summary-An apparatus and a procedure are described for the preconcentration of nanogram amounts 
of trace elements. Co-precipitation and pressure filtration confine the precipitate to a 1.27 mm diameter 
spot on a filter membrane. Trace elements in the l&lOOng range are collected reproducibly and 
detected with high sensitivity by X-ray fluorescence, by use of a milliprobe instrument. Advantages 
of the technique for quantitative applications are discussed. 

Preconcentration of trace elements prior to their 
determination by X-ray fluorescence affords several 
significant advantages for practical analyses. By pre- 
concentration and isolation of trace elements on filter 
paper, interferences from matrix elements have been 
eliminated, practical standardization procedures have 
been perfected, and elemental sensitivities of X-ray 
fluorescence measurements have been greatly im- 
proved. ‘*’ Several investigators have successfully pre- 
concentrated ng/ml levels of trace elements from large 
volumes of solution by use of filter papers loaded 
with ion-exchange resin. 3*4 Although this procedure 
has been used for semi-quantitative multielement trace 
analysis of water, several problems are encountered 
which complicate its application for accurate quanti- 
tative measurements. The primary problem of low 
collection efficiency of trace elements by these loaded 
papers in the presence of high and variable concen- 
trations of alkali and alkaline earth cations may pre- 
clude applications for sea-water analyses. Other prob- 
lems are that the capacity of the resin paper may 
be exceeded, and the exchanged trace element may 
be spread over a fairly large area. Sometimes the same 
sample is filtered through the same paper, or several 
filter papers may be used simultaneously. Neverthe- 
less, noteworthy enrichment factors, reasonable preci- 
sion and linear relationships between concentration 
and measured X-ray yields have been accomplished 
and practical applications have been made.3 

Trace elements have also been preconcentrated by 
precipitation or co-precipitation prior to collection on 
filter paper and analysis by X-ray fluorescence.5-s In 
these cases a few pg of various trace elements present 
either in relatively small volumes of solutions (125 
ml) or in high purity materials have been determined 
quantitatively. Other preconcentration steps can be 
used routinely prior to X-ray analysis. Extraction, 
evaporation, chelation, adsorption on activated car- 
bon and use of ion-exchange and silylated reagent 
columns are some of the techniques which can be 
used where applicable. 

Optimization of designs of X-ray spectrometers and 
improvements in other equipment are obviously im- 
portant for improving X-ray fluorescence sensitivities 
for various elements. Construction of specialized 
X-ray milliprobes will be discussed in a separate 
paper.9 X-Ray fluorescence detection limits also 
depend upon background radiation, matrix element 
effects, surface topography of samples and sample 
geometry. The detrimental effects of some of these 
have been circumvented by using sample collection 
on filters loaded with ion-exchange resin and com- 
posed of elements of low atomic weight. 

Confinement of the entire sample to an area equiv- 
alent to the size of the milliprobe X-ray beam pro- 
vides two major advantages. X-Ray fluorescence in- 
tensities from trace elements in the sample are in- 
creased, and the very small beam leads to limited 
scatter from the supporting filter. Since X-ray milli- 
probes have been designed and constructed for mic- 
roanalysis at this laboratory,” it was the objective 
during the present investigation to perfect a suitable 
sample-collection procedure providing enhanced 
X-ray fluorescence detection by means of preconcent- 
ration and restriction of sample size to beam dimen- 
sions. The present paper reports procedures suitable 
for the co-precipitation of ng quantities of trace tran- 
sition elements and the confinement of the precipitate 
to a 1.27 mm diameter spot on the filter membrane, 
and these together with the subsequent excitation of 
fluorescence of the elements by an X-ray milliprobe, 
provide a method for very sensitive trace analysis 
(“Coprex”). 

EXPERIMENTAL 

Filtration apparatus 

The concept described previously by Luke,’ of collecting 
a precipitate on filter paper for subsequent direct X-ray 
fluorescence determination, has been adopted in the 
present investigation. The new apparatus for pressure fil- 
tration shown in Fig. 1 has several advantages over pre- 
vious designs based on vacuum filtration.‘*” The precipi- 
tate resulting from treatment of 2 c(g of a co-precipitant 
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( I ) Top stoinless steel 
clomp 

(2) Modified Swinnex 
filter too 

(3) Top Teflon filler 
cop 

(4) 0.22~117 filter 

(5) IO~mTeflon filter 

(6) 5q flotronics Ag disc 

(7) Bottom Teflon filter 
housing 

(8) Bottom stainless 
steel clomp 

Fig. I. Teflon filtration unit. 

can be collected in an area of 1.27 mm diameter on filter 
paper. The Teflon filtration unit and corresponding stain- 
less-steel housing are shown in Fig. I. The bottom section 
(7) of the unit is loaded successively with a silver mem- 
brane to withstand pressure filtration. a Teflon membrane 
lo prevent fusion of the Flotronics membrane to the Milli- 
pore cellulose filter pad. and finally, a 0.45 jtm Millipore 
cellulose filter pad on which the precipitate is collected. 
The filtration unit is then assembled and clamped to pre- 
vent leakage. The solution to be filtered is poured 
into the top of a syringe which is attached by its Luroloc 
connector to the filtration unit. This assembly is held in 
the Crescor Lur Ram pressure apparatus (Creative Scien- 
tific Equipment Corp.. 2305 Cherry Industrial Circle, Long 
Beach. Cal.). The syringe plunger is inserted and pressure 
(not more than 2 atm) applied by the piston. 

All Teflon and stainless-steel parts were designed and 
machined at Bell Laboratories. 

Filter discs. The collection disc was a cellulose plain 
white HAWP 025-00, 0.45 pm porosity, 25 mm diameter 
Millipore filter. The Teflon filter disc was a Millipore 
LCWP 025-00 10 pm porosity type, 25 mm in diameter. 

Silver membrane. A Selas (FM-25) Flotronic silver mem- 
brane was used (10 pm porosity. 25 mm diameter) (Ember 
Products, 4 Taft Road. Totowa. New Jersey, 07512). 

Filrer unit cap. A Swinnex 25 mm [Fig. 1, (2)] filter 
holder. Millipore type SXOO-025-00, was altered to produce 
the filter unit top. 

Syringe. A 5‘ml gas-tight glass Luraloc syringe. model 
1005. with a Teflon Centre hub and a plunger fitted with 
a low friction Teflon tip (model 13713) (Hamilton Syringe 
Co.. 4960, Energy Way. P.O. Box 7500. Reno, Nevada 
90502). 

Reagrnts 
High-purity “Ultrex” perchloric acid (J. T. Baker 

Chemical) and “Suprapur” ammonia (EM Reagents Divi- 
sion. Brinkmann Instruments. Inc.. Westbury, NY 11590) 
were used. High purity ammonia was also obtained from 

a gas generator.” Aqueous sodium diethyldithiocarbamate 
solution (2%) was prepared from reagent grade material 
and filtered through a 0.22 pm porosity Millipore mem- 
brane. Standard solutions of Ti4+ (IO pg/ml) and of a mix- 
ture containing IO fig/ml each of Cu2+. Nil+, Fe3+, Co’+ 
and Cr3+, were prepared by diluting concentrated stock 
solutions with 10% nitric acid. 

Procedures 

Co-precipitation. An aliquot of the solution containing 
the mixture of cations (IO-150 ng each) is transferred into 
a 5-ml Teflon beaker, and 0.05 mi of high-purity perchloric 
acid 15ml of 70’4 DerchIoric acid + 3 ml of water). a 
solution containing 2 pg of Ti. and 2.5 ml of pure water 
are added in that order. The pH of the mixture is adjusted 
to 3.84.5 (pH-meter) by addition of high-purity gaseous 
ammonia. Two drops of the 2% sodium diethyldithiocarba- 
mate solution are added and mixed. Additional ammonia 
is then added to increase the pH to 8.0-8.2. After standing 
for 5 min the mixture is transferred into the syringe barrel 
after removal of the plunger. being rinsed in with 0.5 ml 
of distilled demineralized water. The solution is then fil- 
tered under pressure as described previously. 

X-Ray,fluorescmce measurements. The filter disc together 
with the precipitate collected in a microdot is dried at 
low temperature on a hot-plate in a laminar-flow “clean” 
hood, then centred in an unbacked aluminium holder 
(0.63~cm diameter opening) and inserted into the sample 
compartment of a specially designed X-ray milliprobe. The 
microdot is aligned directly below the primary X-ray beam 
aperture and IO-set or IOO-set counts are taken of the 
K, lines of the elements to be determined. 

RESULTS AND DISCUSSION 

Collection and confinement of trace elements to a 

microspot 

Collection of trace elements in a sample by co-pre- 
cipitation and precise confinement to a l.27-mm dia- 
meter spot has been accomplished by using the pres- 
sure-filtration apparatus shown in Fig. I. This pro- 
cedure circumvents some problems occurring during 
preconcentration of trace elements on chelating or 
ion-exchange resin paper when filtration of large 
volumes of solution causes collected trace elements 
to occupy relatively large areas of the filter.3 In these 
cases the collection area on the filter is usually larger 
than the aperture of the filtration apparatus and 
several times greater than the area of the primary 
X-ray beam. Sensitivity is thus lost because only a 
fraction of the collected sample is utilized for generat- 
ing fluorescence X-rays. 

A pressure filtration was adopted since vacuum 
techniques could not be used successfully for filtering 
even small volumes (I 5 ml) of solutions through fine 
porosity Millipore filters. The Teflon filter fixture and 
housing (Fig. I) can be connected to a suitable 
syringe, and the commercially available Lur Ram 
device was used to provide controlled pressure to the 
plunger of the syringe. Examination of various 
syringes indicated that a 5-ml glass, gas-tight Luraloc 
syringe with a Teflon centre hub was most efficient. 
The plunger of the syringe was fitted with a Teflon 
tip which formed a sliding seal with the interior of 
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Table 1. The pH-dependence of recovery of elements co-precipitated as 
diethyldithiocarbamates 

PH CU Ni 
X-Ray intensity, cps* 

co Fe Mn Cr Ti 

2.8 3410 4681 3923 3313 1072 1867 7935 
3.0 3623 4721 4024 3313 1517 1930 6962 
3.5 3627 4970 4189 3503 2022 1927 7142 
4.2 3594 4965 4117 3557 2139 1953 7542 

* 0.2 pg of each element, time of counting 10 sec. 

the wall syringe without causing sufficient friction to 
require more than 2 atm pressure. 

Samples are filtered and confined to a 1.27-mm dia- 
meter spot consistently, provided that the aperture 
in the top of the filter housing [Fig. 1, (311 is 1.27 
mm in diameter and that at the bottom is restricted 
to 1.00 mm [Fig. 1, (7)]. The efficiency and time of 
filtration are dependent on the porosity of the cellu- 
lose filter pad. The 0.45~pm type filter gave the opti- 
mum collection efficiency and filtration time. 

Co-precipitation of trace elements 

Microgram amounts of transition elements can be 
precipitated quantitatively in the pH range 4-9 as 
dithiocarbamates and hydroxides.’ Co-precipitation 
of ng amounts of transition elements from basic solu- 
tions containing diethyldithiocarbamate has been 
examined during the present study. The data reported 
in Table 1 were obtained by using Ti4+ to co-precipi- 
tate trace elements from several samples initially con- 
taining 25-150 ng of each trace element. The initial 
pH of each sample was adjusted to a selected value 
prior to addition of the precipitant solution. No 
attempt was made to control the final pH of the fil- 
tered mixture. 

The data in Table 1 show that a constant amount 
of trace element is recovered when the initial pH is 
between 3.5 and 4.2. The pH of each solution in- 
creases to approximately 5.2 upon addition of the 
diethyldithiocarbamate reagent. If the initial pH value 
is above 4.2 the collection efficiency for the diethyl- 
dithiocarbamates of certain elements is reduced. 
Reduced collection efficiency from solutions with pH 
below 3.5 probably results from the effect of rapid 
decomposition of the sodium salt of diethyldithiocar- 
bamate and the reduced stability of the metal chelate. 

The precipitation of trace elements as hydroxides 
is shown in Table 2. Adjustment of the pH to 7.2 
with ammonia gave results comparable to those 
obtained with sodium hydroxide at pH 9.0. At pH 
~9.0 recoveries were higher with sodium hydroxide 
than with ammonia, particularly for Mn, Co and Ni. 
Nevertheless, ammonia is the preferred reagent, since 
it is available in ultrahigh purity grades and can easily 
be generated in a pure state. 

For routine co-precipitation of trace elements the 
following general procedure was adopted. The initial 
pH of the sample solution is adjusted to 3.5-4.2 and 
the diethyldithiocarbamate reagent added. The final 
pH of the solution is then increased to 8.0 by addition 
of ammonia prior to pressure filtration. Thus, the 
advantage of precipitating the elements as either 
diethyldithiocarbamates or hydroxides is obtained. 

Eficiency and precision of co-precipitation 

The precision and magnitude of the recovery of Mn 
and Co by co-precipitation was examined by compar- 
ing X-ray counting of the collected precipitates with 
y-ray counting of the initial sample solution, collected 
precipitate and the filtrate. Mn, the most inefficiently 
precipitated of the transition elements of interest, was 
studied with Fe as the co-precipitant. Co was selected 
as representative of the elements previously found to 
be suitably co-precipitated with Ti. Recovery data for 
Mn and Co are reported in Table 3. With Fe as the 
co-precipitant for Mn, recoveries were independent 
of the initial quantity of Mn over the range IO-l& 
ng. In the presence of Ti, a less effective co-precipi- 
tant, a definite pattern of increasing recovery with 
increasing amounts of cobalt is seen. Corresponding 
recovery data for Mn and Co based on X-ray fluor- 
escence measurements were obtained and compared 

Table 2. X-Ray intensities of trace elements co-precipitated as hydroxides 

PH cu Ni 
X-Ray intensity, cps* 

co Fe Mn Cr 

Adjusted with NH, 
4-6 
7.2 
9.0 

Adjusted with NaOH 
4-6 

9 
11 

2977 4797 3928 3264 2081 1708 
2930 4465 3884 3237 1824 1769 
2811 3908 2447 3000 1647 1579 

2767 5040 3965 2841 2215 1527 
2881 4408 3814 3277 2167 1745 
2858 4573 3748 3247 2357 1589 

* 0.2 pg of each element, net counts for 10 set (corrected for blank). 
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Table 3. Recoveries of co-precipitated 
trace elements 

Sample added, ng Yield “/* II 

Mn IO 74 f 10 
50 83 * 7 

100 79 + 1 
co IO 44*2 

20 64+7 
50 72 f 3 

100 77 f 3 

* Percentage of y-ray activity of “Co 
and 54Mn in the collected precipitate 
compared to original activity of the 
sample solution. f relative standard de- 
viation (4 or 5 separate determinations). 

of X-ray intensity on concentration was linear for Mn 
and Co. The combination of extreme sensitivity, 
reproducible recoveries and good proportionality of 
X-ray intensity data with concentration are promising 
advantages of the method for quantitative appli- 
cations. Detailed investigation of blank problems, 
examination of other quantitative aspects and direct 
applications of the technique for quantitative analyses 
are reported in an accompanying paper.r4 
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Summary-Reliable standardization is a serious problem for most analytical methods. In spite of exten- 
sive work on interferences, the results are not suited for prediction of gross errors in any particular 
case. This paper is intended to show the power of sequential testing in practical atomic-absorption 
spectrometric analyses for the efficient detection of interferences causing changes in sensitivity; this 
test is carried out by comparing the sensitivity of the standard with the sensitivity for the sample, 
as determined by the difference between the signals for the spiked and unspiked samples. The simple 
computations can be carried out instantly and experimentation is terminated as soon as a conclusion 
can be drawn. The major advantage over the traditional tests lies in the smaller number of independent 
measurements, requiring less time and sample. Three separate cases are discussed: with the mean 
sensitivity of the standard known and the deviation expected to occur in one direction only (single-sided 
alternative hypothesis); with the standard deviation of the determination known and the deviation 
possibly occurring in both directions (double-sided alternative hypothesis); and with the mean and 
the standard deviation unknown but estimated during the test (sequential r-test). It is shown that 
assumptions about the normal distribution of the data do not impose serious restrictions in practical 
AAS work. 

modern methods of instrumental analysis rely 
on standardization for quantitation of results. The 
most important assumption in this respect is that the 
instrument response is independent of all physical and 
chemical parameters except the analyte concentration. 
As has been realized by all researchers involved in 
analytical chemistry this assumption is rarely met and 
for a good many of the analytical procedures in use 
just the opposite-the dependence of the signal on 
additional factors other than the analyte concentra- 
tion-seems to be true. 

The procedure outlined in this paper has proved 
to be of great value for rapidly deciding on the impor- 
tance of interferences; sequential testing of the differ- 
ence in sensitivities between the sample and the stan- 
dard provides a powerful tool in routine analysis. 
This method is exemplified for atomic-absorption 
spectrometry with flame and graphite-furnace atomi- 
zation, even though it appears to be equally helpful 
with a variety of other analytical methods. The fol- 
lowing discussion, however, will be confined to ato- 
mic-absorption spectrometric methods. 

From the very beginning of atomic-absorption 
spectrometry numerous sources of signal bias have 
been observed, which can be classified according to 
the suspected or proved mechanism of the effect.“’ 
Aimost all interferences are very sensitive to experi- 
mental parameters, and this fact has been widely used 
to reduce specific interferences: changing the instru- 

ment design can improve the instrument performance 
considerably. Even with such instruments available, 
however, the validity of the data produced has to be 
judged by the analyst and this can be a burdensome 
task if a reference method is not readily available. 
In graphite-furnace atomic-absorption spectrometry 
where spurious signals are frequently. observed from 
complex matrices, the situation is altogether more 
complicated.’ Even if the signal is produced by the 
analyte itself, deviations from the standard signal are 
commonplace: it was recently found that interactions 
between interferents take place in graphite-furnacek6 
as well as in flame’ atomization, which amount to a 
strong interrelationship between groups of interfer- 
ents and the signal. In spite of our detailed knowledge 
of interferences in the determination of some ele- 
ments, the data published to date do not allow a 
prediction of interferences for samples with varying 
composition; this situation calls for a decision 
between “interference present” or “interference 
absent” for every new sample analysed if certain vari- 
ations in the matrix composition are expected. 

This paper describes the use of different sequential 
testing procedures for objective decision-making on 
the basis of differences in sensitivity between the stan- 
dard signal and the analyte signal of the sample: 
single-sided and double-sided alternative hypothesis 
testing is described for determinations with known 
or unknown random error. 

25 
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EXPERIMENTAL Two standards containina 25 and 50oom of iron were 

Appurutu.s 

A Perkin- -Elmer 403 atomic-absorption spectrophoto- 
meter with deuterium background-correction: an HGA 
72 Hameless atomization device with argon as sheath gas 
(flow-rate 1.5 I./min); a Siemens Kompensograph III 
recorder. response time 250 or 500 msec for 95”,, of scale. 
For Hame determination a mixing chamber with a one-slot 
laminar burner head or a nitrous oxide burner head was 
used. 

As a result of this test it was decided that iron should 
be determined with the acetylene-nitrous oxide flame with 
the iron line at 248.8 nm. band-width 0.7 nm. 

Stock solutions. metal concentration 1000 ppm. were 
prepared according to the Perkin-Elmer handbook from 
analytical grade copper metal. lead nitrate and iron wire. 
These were dissolved in dilute nitric acid: dilutions of these 

prepared and an aliquot of ihe sample solution was spiked 
with an additional 25ppm of Fe. These three solutions 
plus the unspiked sample constituted one independent ex- 
perimental unit; these four solutions were run at random 
and further sets prepared and run, until a conclusion could 
be drawn; as depicted in Fig. 4 this required 6 or I I units, 
depending on the multiple of the standard deviation it was 
desired to detect. 

RESULTS AND DISCUSSION 

stock stolutions were prepared daily. All reagents were of 
analytical grade. unless otherwise stated. 

Sequential testing 

Dc~tcvxrimttiort of Cu irt smm. with I/W graphite ,furnace 
Comparative experiments with statistical inference 

Human blood serum was diluted tenfold with distilled 
are rather common for the testing of hypotheses in 

water: one portion of this dilution was spiked with copper 
chemical investigations;‘* most of them are per- 

stock solution so that it contained I ng/20 itl more copper 
formed with a predetermined number of experimental 

than the unspiked sample. The volume change was negli- units. As a direct consequence of such a rigid experi- 
gible. One determination of the unspiked and one deter- mental scheme two situations are likely to occur: the 
mination of the spiked sample together constituted one 
experimental unit. The sample volume was 20 /tl per injeo 

difference detected at a chosen level of significance 

tion (Oxford sampler). 
is very large and could have been found with much 

The heating cycle was 30 set drying at 98”. 60 set char- less experimental effort, or the difference just fails to 

ring at 1000”. 8 set atomization at 2200” and IO set at be significant and further results are needed before 
maximal temperature: an lntensitron hollow-cathode cop- a conclusion can be drawn. 
per lamp was used. The measurement wavelength was 
324.8 nm. band-width 0.7 nm. lamp current 20 mA: deuter- 

When-as is common in analytical chemistry-the 

ium background-compensation was used. Peak heights observations are obtained one after another, it is 

were measured. The mean sensitivity for the standard generally possible to adopt an alternative procedure 
(expressed in absorbance units per ng) was known to be 
0.074 _+ 0.010 ng- ‘. 

in which. as each result becomes available, a simple 
statistical test is applied to decide whether the results 

D~~tmui~ution qf Pb irl St. Louis dust obtained so far indicate a definite conclusion (i.e., ac- 

A 4G50 mg dust sample. dried at I lo’ overnight, was ceptance or rejection of a hypothesis), or whether 

heated with 2ml of cont. nitric acid and 2ml of cont. more observations are needed to make the experiment 
hydrofluoric acid (Suprapur) in a PTFE vessel at 160’ for 
3 hr under pressure; after cooling the solution was trans- 

conclusive.’ 3-1 5 Experimentation is terminated as 

ferred to a IOO-ml beaker containing approximately 30 ml 
soon as a conclusion can be drawn. Therefore, the 

of saturated boric acid solution at 80’. for about 30 min. number of experimental units required is generally 

After cooling it was transferred to a 50-ml standard flask smaller than in experiments of predetermined size. 
and made up to volume with distilled water. This pro- This is economicallv imoortant as it is nossible to 
cedure is virtually equivalent to those suggested else- 

- . 1 

where.‘-” The reagent blanks for the digestion solution 
arrive at a decision with a minimum of time and 

were negligible. The sample volume per injection was IO 
effort, and this might be of additional value with 

111 of a 2I-fold dilution of the samole solution with distilled limited sample sizes. Another important feature of 

water. sequential testing is the nossibilitv of obtaining the 
To perform the test. an aliquot of this dilution was 

spiked with an additional 2 ng of Pb per 10 ~1. In addition. 
result that no real difference is to be expected; this 

two standard solutions containing 2 and 4ng/lOyl were 
result cannot be provided by a testing scheme of pre- 

prepared. The standard deviation for a determination was determined size. 

found to be 0.009 absorbance unit. The signals for the Three separate cases are discussed in this paper. 
unspiked sample. the spiked sample and the two standards 
constituted one experimental unit for paired observations. (i) Testing for a difference in mean sensitivity, when 

An Intensitron hollow-cathode lamp was used. The the mean sensitivity of the standard is known; in this 
wavelength for lead was 283.3 nm, band-width 0.7 nm. case, the standard deviations of the sensitivities of the 
lamp current 10 mA, deuterium background-compensation. 
The heating cycle was 30 set drying at 98’. 60 set charring 

standard and of the sample have to be of equal size. 

at S&Y. 5 set atomization at 2ooo’ and IO set at maximal (ii) Testing for a difference in mean sensitivity with 

temperature. paired observations of sample and standard, when the 

Detemirtation of irort ir7 F/y Ash (NBS SRM 1633) 
standard deviations of both the mean and the sample 

The dissolution procedure was the same as for the St. 
sensitivity are known. 

Louis dust. To avoid dilution steps the iron line at 373.7 
(iii) Testing for a difference in mean sensitivities 

nm was used, band-width 0.2 nm, acetylene/air flame (lean) with paired observations of sample and standard, 

without background-compensation. The intansitron hol- when the standard deviations are unknown and may 
low-cathode lamp was run at 30mA lamp current. be different in sample and standard. 
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Fig. I. Single-sided alternative hypothesis for the detection of interferences in the determination of 
Cu in serum, by using the HGA 72. A-significant decrease in sensitivity: B-no decision: experimen- 

tation is continued: C-no real decrease in sensitivity. 

Comparison of a mean with a standard value-the 
single-sided alternative hypothesis 

To demonstrate the application of the proposed 
teat to case (i), the determination of copper in serum 
is chosen, because of previous experience with the 
determination of copper in other matrices (it has been 
found that the calibration graph for Cu exhibits prac- 
tically constant sensitivity even over long periods of 
time). 

To see whether Cu in serum can be determined 
with a standard calibration graph, the procedure is 
subjected to a sequential test. Since an increase in 
sensitivity relative to the standard is not expected 
(analytes in complex matrices tend to give lower sen- 
sitivities in graphite-furnace atomization) only a de- 
crease in sensitivity is tested for, the alternative hy- 
pothesis being that where pI is the mean for the 
sample, p0 the mean for the standard, pi c po. Before 
the experiments are carried out several variables have 
to be fixed which are needed to compute the limits 
of the inspection scheme. In the following, the quanti- 
ties are defined as follows: 6 is the minimum differ- 
ence considered significant, Q the risk of asserting a 
significant difference when none exists (error of the 
first kind), fi the risk of asserting no significant differ- 
ence when the mean value is really p1 = p. + 6 (error 
of the second kind), Q the standard deviation. 

During the experimentation three situations can be 
distinguished: (1) in which the alternative hypothesis 
is accepted; (2) in which there is no decision; (3) in 
which the null hypothesis is accepted. These are 
represented by the three zones A, B, and C respect- 
ively in Fig. I. The positions of the two lines To 
depend on the chosen level of /?. The straight lines 
in Fig. 1 are described by the following equations: 

To = ho + ns = -ba2/S + ns (1) 

7’i = h, + ns = ao2/6 + ns (2) 

where 

a = ln(l - B)/a (3) 

b = ln(1 - @//I (4) 

s = 612 (5) 

These quantities can be calculated before the experi- 
ments are started and laid down graphically, as in 
Fig. 1, or numerically. 

For this example we shall choose a = /3 = 0.05 and 
Q = S = 0.010 ng-‘. 

i 
= ln(l - O.OS)/O.OS = 2.94 
= ln(l - 0.05)/0.05 = 2.94 
= 612 = 0.005 

;1, = - ba2/6 = -2.94 x (0.01)2/0.01 = -0.029 
h, = a a2/6 = 2.94 x (0.01)2/O:01 = 0.029 
To = ho + ns = -0.029 + 0.005n 
T, = hl + ns = 0.029 + 0.005n. 

As the results of the experiments become available 
they are easily evaluated by simple subtractions; first 
the signal for the unspiked serum sample is subtracted 
from the signal for the spiked serum and this sensi- 
tivity is subtracted from the standard sensitivity. The 
score obtained in this way is accumulated until it falls 
outside the limits set by To and T, and the sought-for 
conclusion can be drawn. For the determination of 
Cu in serum this is illustrated in Table 1. Inspection 
of Fig. 1 reveals that the cumulative score crosses 
the value of To after seven or nine independent experi- 
mental units, depending on the chosen level of /?. 
Thus only this number of experiments is needed to 
show that there is no decrease in sensitivity. 

Even though the number of experimental units 
necessary to arrive at a decision cannot be stated be- 
forehand, it is-in this siniple case-possible to calcu- 
late an average number of experimental units. This 
average number ii is given in Fig. 2 as a function 
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Table I. Inspection scheme for interferences in the determination of Cu with 
the HGA 72 

1 2 3 4 5 6 7 8 9 

Serum* 125 131 125 123 133 125 II5 128 125 
Serum + 

I ng/20 jtl* 193 203 197 213 I98 190 203 203 200 
Sensitivityf 68 72 72 90 65 65 88 75 75 
Score8 +6 i-2 +2 -16 +9 +9 -14 -I -I 
Cumulative 

score +6 +8 +I0 -6 +3 +I2 -2 -3 -4 

* Signal (absorbance units) x 1000. 
t Absorbance units/pg of Cu. 
ti The score is calculated as (standard sensitivity - sensitivity): the standard 

sensitivity is 0.074 + 0.010 absorbance unit per ng (i.e., ngg ‘). 

of the mean sensitivity: it is evident that the average 
number required for a conclusion is maximal halfway 
between the maxima of the density functions. In any 
event the number of experiments for the sequential 
test is considerably smaller than for a test of predeter- 
mined size. 

In spite of the very good demonstrational features 
of this example. it must be realized that the underly- 
ing assumptions can rarely be taken for granted in 
practical AAS work. It is particularly important to 
take account of variations in the sensitivity of the 
standard due to experimental parameters that cannot 
be controlled satisfactorily. This situation is dealt 
with in the next section. 

Testing,for a d@v+ence in means among paired ohsewa- 
tions-the double-sided alternatil,e hypothesis 

This is test procedure (ii). In contrast to the pre- 
vious example there are no assumptions made about 
the sensitivity of the standard. 

The model used will be the determination of lead 
in an aerosol sample. Recent work6 has indicated that 
different interferents can cause positive and negative 
deviations of the lead signal in comparison with the 
signal of the standard. Therefore, we should test for 
deviations in both directions: this test is obtained by 
superimposing two single-sided tests. Some modifica- 
tions, however, are needed: if the null hypothesis (that 
there is no effect) is true. there will be two ways an 
error of the first kind can be made, for it can be 
wrongly assumed that an increase has occurred or 
that a decrease has occurred. The definitions of a and 
h have to be adjusted accordingly: 

a’ = ln(l - /?)/OSr (6) 

b’ = ln(l - 0.54//3 (7) 

The boundary lines are given by the formulae 

TO = h,, + ns T; = hb + ns’ (8 

Tl =h, +ns T; = h’, + ns’ (9) 

where 

ho = -h’ a2/6 = -h; (10) 

h, = a’ a’/6 = -h; (11) 

s=s/2= -s’ (12) 

Another adjustment is needed for the comparison of 
means among paired observations; it is related to the 
standard deviation of the procedure. From previous 
experience with the determination of lead it is known 
that the standard deviation of the signals is 0.009; 
the law of error propagation gives 0.013 for the stan- 
dard deviation of the sensitivity, calculated for pairs 
of determinations (each at a different concentration 
of Pb). Since in this test the score is dependent on 
two sensitivities, both of them varying independently, 
the law of error propagation has to be applied for 
a second time: this gives a total 0 of 0.018. 

IO 
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Fig. 2. Average number of experimental units necessary to 
draw a conclusion; the dotted line gives the number of 
experimental units required for an experiment of predeter- 

mined size.’ J 
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If cI = /I = 0.05 and u = 6 = 0.018 ng-’ are chosen 
the necessary values are calculated as follows: 

a’ = ln(l - /I)/O.S tl 
= hl(l - 0.05)/0.025 = 3.64 

b’ = ln(1 - OSa)//3 
= ln(1 - 0.025)/0.05 = 2.97 

s = -s’ = 0.009 
ho = --ho’ = -2.97 x (0.018)~/0.0l8 = -0.053 
h, = -h,’ = 3.64 x (0.018)*/0.018 = 0.065 
To = -0.053 + 0.009n 
Td = 0.053 - O.OO!h 
T = 0.065 + 0.009n 
T; = -0.065 - 0.009n. 

The graphical representation of this experiment is 
given in Fig. 3. Here again, it is advisable to prepare 
the test chart before starting the experiments: as the 
results become available they can be evaluated by a 
scheme similar to the one shown for copper (Table 1). 

In this case the conclusion that there is no real 
change in sensitivity can be drawn after the seventh 
comparison, when the cumulative score crosses the 
line Td and thus enters the region C. Consequently, 
the determination of lead in this dust sample is not 
seriously biased at the chosen levels of probability. 

Testing for a difference in means among paired observa- 
tions without prior knowledge of rhe standard deviation 

In the sequential tests discussed so far it was 
assumed that an accurately known value for the stan- 
dard deviation was available in advance. If the true 
value of u were different from the value assumed, then 
both risks ~1 and /I would be different from the values 
allowed for in the test. 

For the determination of iron in the fluoboric- 
boric acid matrix there is some evidenceI that silicon 
and aluminium might cause an interference with the 
iron signal when atomized in an air-acetylene flame. 
To check whether this effect or any other interference 

is of any significance for the determination of iron 
in environmental dust samples, we run a sequential 
t-testI to detect a change in sensitivity, of the magni- 
tude of one standard deviation; the test is planned 
so that if there is really no difference, that is if p = p,,, 
the chance would only be c1 = 0.05 that a difference 
would be found, and that if a change of mean to 
p = p,, - Da occurred, the chance would only be 
B = 0.05 that no difference would be found. 

After each pair of observations has been made, the 
deviation (x,.,,,,,,~ - xltUndilTd) is noted and the sum 

T = z (x.,,,,,u - x.t;,nd;,rd) (13) 

and the sum of squares 

s = ~(&,lnp,u - X.,;,“dnrd)* (14) 

of these deviations are calculated. The function of the 
observations which is used in the test is 

U = T/$. (15) 

This quantity U is calculated after each series of 
measurements and compared with tabulated values 
of U,, and U1. I3 It is notedI that the tabulated 
values are based on a test for an increase of the mean; 
in testing for a decrease the signs must be reversed 
or else-as done here-the convention adopted that 
a difference in the expected direction is always taken 
as positive. These tables also list the minimum 
number of experiments necessary to accept or reject 
the null hypothesis considering the largely indeter- 
minable values of the random error for very small 
numbers of experiments. 

In Fig. 4 U,, and U1 are depicted for a deviation 
equal to the standard deviation (D = 1) and a devi- 
ation equal to one half of the standard deviation 
(D = 0.5). The values of U found for the determina- 
tion of iron in Fly Ash (Table 2) permit the conclusive 
decision after the sixth or the eleventh experimental 
unit that p = p,, + Da, depending on the value of D. 

-0.16 - A 

Fig. 3. Double-sided alternative hypothesis of the detection of interferences in the determination of 
Pb in St. Louis dust, A-significant increase or decrease in sensitivity: B-no decision; experimentation 

is continued; C-no real difference from the sensitivity of the Pb standard. 
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-1: : y$b:-o.5 
Fig. 4. Sequential f-test for the detection of interferences in the determination of Fe in Fly Ash (SRM 
1633) without prior knowledge of the standard deviation. The values for fJr, and U, are taken from 

the appendix in ref. 13. 

Table 2. Inspection scheme for interferences in the determination of Fe in Fly Ash with the C,H,/air 
flame 

II 1 2 3 4 5 6 7 8 9 10 

Standard l* (25 ppm) 50 54 53 51 52 50 57 55 52 53 
Standard 2* (50 ppm) 106 106 107 105 105 106 105 104 100 104 
Fly Ash* 104 105 102 104 103 104 103 103 103 102 
Fly Ash + 25 ppm* 152 148 151 147 152 149 150 148 152 150 
Sensitivity of standardt 56 52 54 54 53 56 48 49 48 51 
Sensitivity in Fly Ash? 48 43 49 44 49 45 47 45 50 48 
(x,,lnpl~ - X,,.“darJ)t 8 9 5 10 4 11 1 4 -2 3 

Tt 8 17 22 32 36 47 48 52 50 53 
SY 64 145 170 270 286 407 408 424 428 437 
ut 1.0 1.41 1.68 1.95 2.13 2.33 2.38 2.53 2.42 2.54 

* Absorbance units x 1000. 
t Absorbance units/l000 ppm Fe. 
8 (Absorbance units/1000 ppm Fe)‘. 
$ Dimensionless. 

As predicted by the outcome of the test a direct 
determination of iron in Fly Ash gives low results 
(Table 3); a correct result is obtained by the method 
of standard additions or by the utilization of an acety- 
lene-nitrous oxide flame. A separate test for use of 
this flame leads to the decision that no difference in 
sensitivity between sample and standard is to be 
expected. 

CONCLUSIONS 

In considering the practical value of the proposed 
testing procedure some additional remarks are in 
order. Strictly speaking, a necessary assumption in 
applying these tests is that the results should be nor- 
mally distributed; however, moderate deviations from 
a normal distribution are generally acceptable.13 If 
a log-normal distribution is suspected-as frequently 

Table 3. Comparison of results for iron in Fly Ash (SRM 
1633) 

Met hod 
Results. 95”,, Confidence 

D 
” limit. O0 II 

AAS. C,H,/air 
(direct) 

AAS. C,H,/alr 
(standard addition) 

AAS. 
C,Hz/N,O 

EDXRF” 
INAA” 
lNAAL9 

4.9 0.2 6 

6.9 1.5* 8t 

6.0 0.4 6 
6.2 0.7 6 
6.37 
6.2 O.!$ 

ti 
4 

l Calculated after Larsen el al.” 
t Number of determinations constituting the standard 

addition curve. 
I No figure given, 
$ Standard deviation. 
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claimed for data in trace analysis-a logarithmic 
transformation will yield the desired normal distribu- 
tion: this was tried for all the data used here, but 
did not result in anything but minor deviations from 
the figures given. 

Another important aspect is that the statistical 
theory asks for “independent measurements”; in prac- 
tical terms this means that all major sources of vari- 
ation have to be included. For the determinations in 
the graphite furnace, for example, the preparation of 
one or two separate solutions proved to be sufficient, 
because the major variation in the data stems from 
the determination itself. In flame atomization the 
error of pipetting and dilution has to be considered 
as well; each measurement was done on a separate 
sample. 

If a significant difference in sensitivities is detected 
the determination cannot be carried out straightfor- 
wardly. An alternative is provided by the method of 
standard additions, if the inherent assumptions 4.7 are 
fulfilled and the confidence limits associated with this 
procedure” are considered to be narrow enough. 
Another possibility to get correct results is, of course, 
to change the experimental parameters sufficiently, as 
demonstrated by the use of the acetylene-nitrous 
oxide flame for the determination of iron in Fly Ash. 

Although all the examples given are for atomic- 
absorption spectrometric procedures, it should be 
emphasized that sequential testing is potentially use- 
ful for many, if not all, analytical methods involving 
standards for quantification of results. 
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ANALYTICAL APPLICATIONS OF CONDENSED 
PHOSPHORIC ACID-II* 

DETERMINATION OF ALUMINIUM, IRON AND TITANIUM IN BAUXITES 
AFTER DECOMPOSITION WITH CONDENSED PHOSPHORIC ACID 
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Summary-Bauxites can be decomposed by condensed phosphoric acid (CPA) very rapidly without 
the need for subsequent manipulations such as elimination of silica. digestion of fused products and 
filtration. It is best to heat the samples at about 700” prior to the decomposition, to prevent them 
from floating on the surface of the CPA. Under the proposed conditions (100 mg of sample, log 
of CPA, heating at 300” for 30 min), aluminium, iron and titanium are dissolved quantitatively. Iron 
is determined by photometry with l,lO-phenanthroline after solvent extraction with MIBK, while 
titanium is determined with N-benzoyl-N-phenylhydroxylamine (BPHA). The effect of phosphate on 
the determination of titanium is reduced to a minimum at a BPHA concentration of 0.3% and a 
hydrochloric acid concentration of 7.2M. Aluminium and iron are precipitated quantitatively as the 
oxinates at pH 5.5 in the presence of orthophosphoric acid or hydrolysed CPA, while the precipitation 
of titanium oxinate is completely suppressed by the addition of hydrogen peroxide. The total amount 
of aluminium and iron is obtained by determining the amount of oxine by bromination method. 
The amount of aluminium is obtained by subtracting the amount of iron from the sum of the two. 

One of the most difficult problems encountered in 
the analysis of such refractory oxide minerals as iron 
ores, chrome ores, bauxites, etc. is decomposition of 
the sample. Although many methodi14 have been 
proposed for the analysis of these materials, they are 
mainly concerned with the rapid determination of the 
elements of interest. 

Lucas and Ruprecht’ and Hofton and Baines6 have 
reported rapid and simple analytical methods for 
chrome ores, chrome-magnesite refractories, iron ores 
and bricks. The samples are dissolved in orthophos- 
phoric acid and the elements determined by atomic- 
absorption spectrometry. Yamauchi and Otaka’ and 
Tamnev et a/.’ have also used orthophosphoric acid 
for decomposing alumina etc. before determination 
of sodium and magnesium. 

Faster analysis may be expected if condensed phos- 
phoric acid (CPA) is used instead of orthophosphoric 
acid. CPA, however, has not been utilized for this 
purpose except for dissolution of iron ores.9 This, 
report is concerned with the decomposition of bauxite 
samples with CPA and the subsequent determination 
of aluminium, iron and titanium. 

EXPERIMENTAL 

Reagents 

Condensed phosphoric acid (CPA). Prepared as de-scribed 
previously,’ by heating orthophosphoric acid to the 
desired temperature. CPA prepared at 280” and 300” will 
be designated as “280”~CPA” and “300”~CPA”, respect- 
ively. 

* Part I: T. Mizoguchi and H. Ishii, Talanta, 1978,25,311. 

Diluted CPA solution (A). Ten g of 300”-CPA diluted 
to about 50 ml with water and boiled for 15 min. then 
cooled, and made up to 100 ml with water. 

Diluted CPA solution (B). Ten g of 300”~CPA diluted 
to about 50 ml with water containing 1 ml of concentrated 
hydrochloric acid and boiled for 15 min. then cooled and 
made up to 100 ml with water. 

The diluted CPA solutions (A) and (B) are l.lM in 
orthophosphoric acid. 

Standard iron(lli) solution, loo0 ppm. About 4.2 g of 
ferric alum dissolved in 500 ml of O.lM hydrochloric acid 
and standardized by addition of excess of EDTA and back- 
titration with zinc solution (Xylenol Orange as indi- 
cator).” 

Standard titanium(lV) solution, 1000 ppm. About 1 g of 
titanium tetrachloride dissolved in 21 ml of concentrated 
hydrochloric acid and diluted to 250 ml with water, then 
standardized as for the iron solution. 

Standard thiosulphate solution, O.lM. About 25 g of 
sodium thiosulphate pentahydrate dissolved in water (pre- 
viously boiled with 0.2 g of sodium carbonate decahydrate) 
and diluted to 1 litre with water, then standardized by 
iodometry, with potassium dichromate as primary stan- 
dard. 

Standard bromine so&ion, O.llN. About 3.1 g of potas- 
sium bromate and 20 g of potassium bromide dissolved 
in previously boiled and cooled water and diluted to 1 
litre with water, then standardized with the standard thio- 
sulphate solution. 

Oxine sokion, 3%. Three g of oxine dissolved in water 
containing IO ml of acetic acid, by heating if necessary, 
and diluted to 100 ml with water. 

l,lO-Phenanthroline solution, 0.2%. 

N-Benzoyl-N-phenylhydroxylamine (BPHA) solution, 
0.3% in benzene. This solution must be freshly prepared. 

Hydrogen peroxide-ammonia mixture. Ammonia solution 
(1 + 1) and 2% hydrogen peroxide are mixed in 7:l 
volume ratio. 

Unless otherwise stated, all chemicals used were analyti- 
cal-reagent grade. Distilled and demineralized water was 
used throughout. 

TM. 26 I--r 33 
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Samples 

Bauxite samples were supplied by the Department of 
Applied Chemistry, Faculty of Engineering, Tohoku Uni- 
versity. They were finely ground in a mortar, dried for 
2 hr at 10~110” and then used in the decomnosition ex- 
periments. 

Appurarus 

The apparatus used for the decomposition of samples 
was the same as described previously.’ 

Procedures 

Decomposition of hauxires with CPA and preparation of 

sample solurions. Weight about 0.1 g of the finely powdered 
sample in a quartz tube. Place the tube on a silica triangle 
and heat for 2 min at about 700’ with a Bunsen burner. 
cool to room temperature, add 10 g of 280@-CPA and sus- 
pend the tube in an electric furnace regulated at 300”. After 
30 min, remove the tube from the furnace and cool it to 
room temperature. 

Transfer the reaction mixture into a 100-ml beaker with 
water, diluting to about 50 ml, then add 1 ml of concen- 
trated hydrochloric acid and heat the solution to boiling. 
Boil gently for 15 min more, cool to room temperature 
and then transfer the solution into a IOO-ml standard flask. 
Dilute to the mark with water and use the solution for 
the determination of aluminium, iron and titanium. 

Dererminarion of the degree of decomposition of bauxires. 
Decompose the insoluble residues in the reaction mixture 
in the manner described previously.’ Determine the alu- 
minium and iron in the residue photometrically with 
oxine.” Determine the titanium in the residue photometri- 
cally with BPHA as described below. Carry out a blank 
determination on the reagents and correct the results. 
Determine the degree of decomposition by the procedure 
already described.’ S 

Titrimetric determination of aluminium with oxine. Take 
an aliquot of the sample solution, usually 10 ml, in a 
lOO-ml beaker, add 5 ml of 3% oxine solution and dilute 
to about 70 ml with water. Heat to about 70’ and add 
4.5 ml of hydrogen peroxide-ammonia mixture, the pH 
of the resulting solution being ca. 6.5. Keep at about 70 
for 10 min and then allow to stand for 15 min at room 
temperature. Filter off the precipitate on a Toyo filter 
paper No. 5B or equivalent and wash well with about 80 
ml of hot water. Dissolve the precipitate into a 200-ml 
Erlenmeyer flask by dropwise addition of 20 ml of hot 
hydrochloric acid (1 + 1) and wash with hydrochloric acid 
(1 + 20) until the filtrate is colourless. 

Add 20 ml of orthophosphoric acid to the solution and 
dilute to about 80 ml with water. Pass nitrogen through 
the solution for about 5 min to remove the dissolved 
oxygen, add 15 ml of O.llN bromine solution and stopper 
the flask. After 1 min. add 0.5 g of potassium iodide and 
titrate the liberated iodine with O.lM thiosulphate solution, 
using starch as indicator. 

If V, is the volume of O.lM thiosulphate consumed (ml), 
the aliquot taken for the determination contains 

O.lf(v, - K) 
- F mmole of aluminium 

12 

where V, is the volume of O.lM thiosulphate consumed 
by the O.llN bromine added, f is the factor of the O.lM 
thiosulphate and F is the amount of iron contained in 
the aliquot taken, in mmole. 

Photometric determination of iron with l,lO-phenanthro- 
line. Take an aliquot of the sample solution, containing 
20-200 pg of iron, in a 50-ml separatory funnel. Add 2 
ml of 1M sodium sulphate and 8 ml of concentrated hydro- 
chloric acid and dilute to about 20 ml with water. Add 
10 ml of methyl isobutyl ketone (MIBK) and extract the 
chloro-complex of iron by shaking for 1 min. Discard the 

aqueous layer and wash the organic layer by shaking for 
1 min with 15 ml of hydrochloric acid (3 + 4) together 
with 1 ml of 1M sodium sulphate. Discard the aqueous 
layer and strip the iron complex from the organic layer 
by shaking for 1 min with 10 ml of water. Collect the 
aqueous layer in a 50-ml standard flask and repeat the 
stripping once more. Add 1 ml of 10% hydroxylamine hy- 
drochloride and allow to stand for 20 min to reduce 
iron(II1). Add 2 ml of 1M sodium acetate and 5 ml of 
0.2% l,lO-phenanthroline solution and dilute to the mark 
with water. Measure the absorbance at 511 nm, in lo-mm 
glass cells, against a reagent blank. Construct a calibration 
curve by use of the standard iron solution. 

Photometric determination of titanium with BPHA. Take 
an aliquot of the sample solution. containing 5-50 pg of 
titanium, in a 50-ml separatory funnel. Add 18 ml of con- 
centrated hydrochloric acid and dilute to about 30 ml with 
water. Add 10 ml of 0.3% BPHA solution in benzene and 
extract the titanium complex by shaking for 3 min. Discard 
the aqueous layer and collect the organic layer in a 50-ml 
Erlenmeyer flask containing about 2 g of anhydrous 
sodium sulphate. Measure the absorbance at 380 nm, in 
lO-mm glass cells, against a reagent blank. Construct a 
calibration curve by using the standard titanium solution. 

RESULTS AND DISCUSSION 

The terms “precipitation or solvent extraction in 
the presence of CPA” will be used to describe the 
processes in which the CPA or diluted CPA solution 
has been used, even when most of the CPA has been 
hydrolysed by dilution. 

Decomposition of bauxites with CPA 

It has been shown that aluminium and iron are 
sufficiently soluble in CPA to give concentrations of 
at least 20 mg of the metal per 10 g of CPA, i.e., 

amounts adequate for titrimetry and gravimetry,g but 
the solubility of titanium in CPA has not been deter- 
mined. When 100 mg of titanium(N) oxide were 
heated with 10 g of 280”~CPA according to the 
recommended procedure, the concentration of titan- 
ium found in the reaction mixture was as high as 
14 mg/lO g of CPA. Therefore, it may be said that 
the CPA dissolution method is practicable, at least 
in respect of solubility, in the determination of alu- 
minium, iron and titanium in bauxites. 

The decomposition of five kinds of bauxite was 
tested under the optimum conditions proposed pre- 
viously for iron ores.’ For all except the Ramunia 
bauxite, part of the sample floated on the surface of 
the CPA and the decomposition was incomplete 
(Table 1, column 2). The reason may be that the 
sample is floated on steam generated on its surface. 
To solve this problem of floating, which was not 
observed in the decomposition of iron ores, the baux- 
ite samples were heated prior to the decomposition 
with CPA. The phenomenon of floating was com- 
pletely suppressed by this treatment, but a small 
amount of the sample remained undecomposed in the 
bottom of the tube even after 30 min, resulting in 
low recoveries of aluminium for some bauxites, e.g., 
Ranchi and Malaya (column 4). 
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Table 1. Effect of dehydration pretreatment on the decomposition of bauxites 

Without 
Pretreatment of sample pretreatment Dehydration* 

-M 
Preparation temp. of CPA, “C 300 280 300 280 
Decomposition temp. of sample, “C 290 300 290 300 

Bauxites 

Degree of decompn., % 
I \ 

Al Al Al AI Fe Ti 

Ranchi (India) 98. I 96.2 99.8 100.0 99.7 99.8 
Weipa (Australia) 96.5 99.3 99.9 100.0 99.7 94.3 
Sematan (Malaysia) 99.1 99.7 100.0 100.0 99.7 99.9 
Malay (Malaysia) 98.0 98.7 99.7 100.0 99.9 99.1 
Ramunia (Malaysia) 100.0 100.0 100.0 100.0 99.8 99.7 

Sample taken 100 mg, CPA added 10 g, heating time 30 min. 
* Heated for 2 min at about 700” with a Bunsen burner. 

When the bauxite sample is decomposed with CPA 
at a temperature higher than the preparation tem- 
perature of CPA, it is expected that a certain amount 
of water, depending on the temperature difference, 
may be expelled from the reaction mixture and cause 
convection in the tube. This convection may accel- 
erate the dissolution of the sample. The degree of 
decomposition was tested with 280”-CPA and a 
decomposition temperature of 300”. From the results 
shown in column 5, it is evident that irrespective of 
the kind of bauxite, 99.9% or more of the aluminium 
is recovered when the samples are heated prior to 
the decomposition. On the other hand, untreated 
bauxites float and give low degrees of decomposition 
(column 3). 

Effect of dehydration temperature of bauxites. Weipa 
bauxite was heated for 15 min at 300, 350, 400, 600 
and 800” and decomposed with CPA according to 
the recommended procedure. When the dehydration 
temperature was as low as 300”, a part of the sample 
floated on the CPA surface and the degree of decom- 
position was as low as 97.1%. On the other hand, 
when dehydrated at 350” or higher, the sample never 
floated and the degree of decomposition was as high 
as 99.9% or higher. The results of thermogravimetry 

I 1 I 4 I 1 1 

100 200 300 400 500 600 
Temp., DC 

Fig. 1. Thermogravimetric analysis curves for bauxite 
samples. Sample taken 35 mg, rate of heating lo”/min, 
standard material a-A1203. A, Ranchi bauxite; B, Weipa 

bauxite. 

also indicated that most of the water in the bauxites 
is removed at 250-350” (Fig. 1). It is evident that 
bauxites can be dehydrated simply by heating for 2 
min with a Bunsen burner, so this method is recom- 
mended. 

Effect of heating temperature and time. The degree 
of decomposition was tested for Weipa bauxite at 
various temperatures. From the results shown in 
Table 2, aluminium and iron are easily dissolved in 
CPA even at 220”, whereas the degree of extraction 
of titanium is considerably affected by heating tem- 
perature in the range 220-320”. Therefore, the decom- 
position must be continued for 90 min or longer at 
300” to obtain 99% recovery of titanium. 

A heating temperature of 300” and heating time 
of 30 min, however, are recommended, in view of the 
following considerations: (i) iron as well as aluminium 
is completely dissolved in CPA under these condi- 

Table 2. Effect of heating temperature and time on the 
decomposition of bauxites 

Heating Heating 
temp., time, Degree of decompn., % 

“C min Al Fe Ti 

220 30 99.8 98.9 66.2 
240 30 99.9 98.9 78.1 
260 30 100.0 99.8 85.2 
280 30 100.0 99.8 91.3 

( 10 95.2 85.5 
15 99.8 97.8 
20 99.9 98.6 89.7 
25 100.0 99.8 
30 100.0 99.7 94.3 

300 < 40 97.2 
50 97.9 
60 98.6 
75 98.5 
90 99.2 

\120 99.2 
320 30 100.0 99.8 97.4 

Weipa bauxite was decomposed with CPA according to 
the recommended procedure. The only difference was that 
the CPA was prepared at a temperature 20” lower than . 
the decomposition temperature used, i.e., the heating tem- 
perature. 
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tions, (ii) CPA may creep up the wall of the tube 
and solidify there, (iii) the degree of decomposition 
of titanium is as low as 94”/ when Weipa bauxite 
is decomposed by a generally accepted method.” 

A heating time of 30 min is far shorter than that 
in the JIS (Japanese Industrial Standard) method,‘* 
in which bauxites are dissolved with an acid mixture 
of hydrochloric acid, nitric acid and sulphuric acid 
by heating for several hours. 

Determination of aluminium with oxine 

Many chelatometric methods have been proposed 
for the determination of aluminium in siliceous 
materials’.4.1 3-l ’ and bauxites.1+4 These methods, 
however, require a separation, e.y., by solvent extrac- 
tion, to eliminate the influence of phosphate. Gravi- 
metry cannot be applied to sample solutions contain- 
ing CPA because metal ions such as aluminium(II1) 
and iron(II1) cannot be precipitated as hydroxides or 
phosphates by neutralization in the presence of CPA. 

On the other hand, precipitation of aluminium 
oxinate and determination of the oxine by bromina- 
tion can be performed with satisfactory accuracy even 
in the presence of CPA. The effect of orthophosphoric 
acid and CPA on the precipitation of aluminium 
oxinate is shown by the solid lines in Fig. 2. The 
minimum pH for quantitative precipitation of alu- 
minium oxinate is 5.5 in both the presence and 
absence of orthophosphoric acid. The precipitation 
starts at pH 3.4 in the absence of phosphoric acid, 
and 4.5 in its presence. Figure 2 also shows that alu- 

0 0 
loo,- 

80- 

20- 

I 

I 

0 ‘A- 4-e 1 

2 4 6 8 IO 
P” 

Fig. 2. Effect of pH on the precipitation of oxinates in 
the presence of CPA. Amount of oxine added 120 mg, 
s aluminium 100 pmole (without phosphoric acid), 
-O- aluminium 100 pmole, orthophosphoric acid 11 
mmole, -e aluminium 100 pmole, diluted CPA solution 
(A) 10 ml, .a--- aluminium 100 pmole, --O-- iron (III) 
100 Itmole, --cN-- manganese (II) 186 pmole, --0-- 
magnesium 104 pmole, --a-- calcium* 122 pmole. The 
last five systems contained 10 ml of diluted CPA solution 
(B). The pH value was adjusted by adding ammonia with- 
out hydrogen peroxide. Recoveries of elements were calcu- 
lated on the assumption that the theoretical forms of 
oxinates to be precipitated were AI(O Fe(Ox),, 
Mn(Ox)*, Mg(Ox), and Ca(Ox),. * Phosphate was pre- 

cipitated at pH above 6.3. 

2oc 

k! 

O8 2 4 6 IO 
P” 

Fig. 3. Effect of pH and amount of oxine added on the 
precipitation of aluminium in the presence of CPA. Alu- 
minium taken 100 pmole, diluted CPA solution (B) 10 ml, 
recovery of aluminium Q <98x, 8 9&99x, 0 99-101%. 
0 > 101%. The solid line roughly shows the boundary of 
a region where the recovery of aluminium exceeds 99%. 

minium is precipitated quantitatively at pH > 7 when 
diluted CPA solution (A) is added. On the other hand, 
when diluted CPA solution (B) is added, the precipi- 
tation behaviour of aluminium is identical with that 
observed in the presence of orthophosphoric acid. 
This probably means that almost all of the condensed 
phosphates are hydrolysed by boiling for 15 min with 
hydrochloric acid. This hydrolysis is necessary for the 
analysis of bauxites (see below). 

t The effect of pH and amount of oxine added was 
investigated in the presence of diluted CPA solution 
(B); the results are shown in Fig. 3. Oxine itself may 
be precipitated from a highly concentrated solution, 
and the excess of oxine should not be more than 
50-100 mg/70 ml. 

The precipitation behaviour of the oxinates of iron- 
(III), manganese(II), magnesium(I1) and calcium(I1) 
was also examined in the presence of CPA to see 
whether the method can be applied to samples such 
as silicate materials. From the results shown by dot- 
ted lines in Fig. 2 it is seen that iron and manganese 
oxinates are precipitated together with aluminium at 
the recommended pH value of 6.5. Manganese, mag- 
nesium and calcium occur in bauxites in only a very 
small amount, however. Accordingly, the aluminium 
content can be calculated by subtracting the amount 
of iron from the sum of aluminium and iron. The 
precipitation of titanium oxinate is completely sup- 
pressed by addition of hydrogen peroxide. 

The bromination of oxine is generally performed 
by adding l-2 ml excess of the reagent, with Indigo 
Carmine as indicator.16*” However, it is convenient 
to add 15 ml of O.llN bromine solution without addi- 
tion of indicator, because bauxites generally contain 
50-60x Al203 and 515% Fe203. The oxidation of 
iodide by ferric ions is prevented by adding ortho- 
phosphoric acid.16 It is desirable to deoxygenate the 
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Fig. 4. Effect of orthophosphoric acid and CPA on the 
solvent extraction of iron with MIBK. Iron(II1) taken 102 
pg, 0 orthophosphoGc acid, @ 300”~CPA* (added immedi- 
ately after the dilution with water), l 3W-CPA* [hydro- 
lysed in an analogous manner to the preparation of diluted 
CPA solution (A) and then added]. The concentration of 
phosphoric acid was varied at the first stage of extraction. 
The ensuing manipulation was the same as in the recom- 
mended procedure. *The concentration of CPA is 

expressed in terms of orthophosphoric acid. 

sample solution with nitrogen, to minimize interfer- 
ence effects of oxygen. 

Photometric determination of iron with l,lO-phenanth- 

roline 

The conditions proposed for the extraction of iron9 
were modified as described above because iron in 
amounts of about 0.1 mg can be extracted quantitat- 
ively into MIBK at hydrochloric acid concentrations 
above 4M, and the volume of sample solution taken 
never exceeded 5 ml. 

From the results shown in Fig. 4, it is seen that 
the extraction of iron is not affected at all by ortho- 
phosphoric acid up to a concentration of 2.2M, but 
the recovery is lowered when CPA is added immedi- 

0 0.4 0.6 1.2 ’ 1.6 
Concn. of orthopbsphoric acid, M 

Fig. 5. Effect of concentration of BPHA and orthophos- 
phoric acid on the solvent extraction of titanium. Titan- 
ium(N) taken 20.4 fig, concn. of hydrochloric acid 7.2M, 
concn. of BPHA in benzene Q O.l%, 8 0.2%, o 0.3%, 

0 0.5%. 

0’ I I I I 

4 6 8 IO 
Concn. of hydrochloric acid, M 

Fig. 6. Effect of the concentration of hydrochloric acid on 
the solvent extraction of titanium with BPHA. Titan- 
ium(IV) taken 20.4 pg, concn. of BPHA in benzene 0.3x, 
0 without phosphoric acid, o 11 mmole of orthophos- 

phoric acid, b 10 ml of diluted CPA solution (B). 

ately after the dilution with water. The interference 
from CPA, however, is diminished when the CPA 
solution is boiled for 15 min to hydrolyse the con- 
densed phosphates. 

Photometric determination of titanium with BPHA 

Tanaka and Takagi” and Ishii and Einagalg have 
proposed sensitive photometric determination 
methods for titanium with BPHA. Most metal ions 
do not interfere, but the interference of a large 
amount of phosphate has not been investigated. 

Figure 5 shows the effect of BPHA and orthophos- 
phoric acid concentration. It is seen that the absor- 
bance increases with increasing concentration of 
BPHA, the magnitude of the effect falling off above 
0.2% concentration. The increase in BPHA concen- 
tration is also effective in eliminating the interference 
from orthophosphoric acid. A BPHA concentration 
of 0.3% was decided on, since few interferences were 
observed even when the content of CPA in the sample 
solutions was as high as 1 g. 

The effect of the hydrochloric acid concentration 
was examined at two levels of orthophosphoric acid 
concentration, i.e., 0 and 11 mmole/30 ml. The results 
shown in Fig. 6 indicate that the maximum absor- 
bance is obtained in the hydrochloric acid concen- 
tration ranges of 6.59M and 6-8M, respectively. It 
is also clear that interference from 1 g of CPA is 
not observed at the recommended hydrochloric acid 
concentration of 7.2M. 

Determination of aluminium, iron and titanium in 
bauxites 

The content of aluminium was abnormally low in 
some cases. The results shown in Fig. 7 indicate that 
a constant value, in close agreement with that 
obtained by a standard method,” is obtained by boil- 
ing the reaction mixture for 10 min with hydrochloric 
acid. Therefore, the low recovery of aluminium may 
be attributed to the presence of condensed phos- 
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Table 3. Determination of aluminium, iron and titanium in bauxites 

Bauxites Methods 
Sample taken, Content, % 

Y Al,% Fe& TiOz 

Ranchi (India) 

Weipa (Australia) 

Sematan (Malaysia) 

Malay (Malaysia) 

Ramunia (Malaysia) 

JIS M836l*t 

CPA method 

JIS M8361 

CPA method 

JIS M8361 

CPA method 

JIS M836l 

CPA method 

JIS M8361 

CPA method 

2.0938 
2.0169 
0.1034 
0.1012 

2.0302 
2.0372 
0.1020 
0.1022 

2.0080 
2.0094 
0.1019 
0.1037 

2.0096 
2.0127 
0.1060 
0.1017 

2.0418 
2.0816 
0.1029 
0.1012 

54.9 7.26 
54.6 7.24 
54.7 7.23 
54.9 7.27 

59.9 5.17 
60.0 5.17 
60.0 5.09 
59.9 5.10 

57.0 7.90 
56.9 7.95 

56.7 7.89 
56.7 7.96 

53.8 10.34 
53.6 10.33 
53.8 10.40 
53.7 10.53 

55.6 7.15 
55.4 7.16 
55.6 7.15 
55.4 7.17 

8.36 
8.43 
8.35 
8.48 

2.22 
2.23 
2.24 
2.24 

1.89 
1.87 
1.86 
1.89 

0.62 
0.58 
0.56 
0.57 

0.65 
0.64 
0.62 
0.63 

* Samples decomposed with a mixture of sulphuric acid, nitric acid, hydrochloric acid and water 
(9:7:2:6 v/v). 

t Total of A120,. Fe203 and TiOl by gravimetry. iron by photometry with EDTA-H20,, 
titanium by photometry with H202. 

phates. The susceptibility of condensed phosphates to 
hydrolysis seems to vary from sample to sample, so 
a longer boiling time of 15 min has been adopted 
as a recommended condition. 

The methods described have been applied to the 
determination of aluminium, iron and titanium in 
several kinds of bauxite. The results are shown in 
Table 3 together with those obtained by the JIS 
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0 20 40 60 
Hydrolysis time, min 

Fig. 7. Effect of the hydrolysis of reaction mixture on the 
determination of aluminium. Semantan bauxite was 
decomposed with CPA according to the recommended 
procedure. The reaction mixture was transferred into a 
beaker and then boiled for the desired time with (0) or 
without (0) I ml of concentrated hydrochloric acid. The 

‘ensuing manipulation was the same as that described 
under Procedures. 

method. It is evident that in general the results for 
three elements are in acceptably close agreement and 
of high precision. When 6 samples of Sematan bauxite 
were analysed as above, the relative standard devi- 
ations were 0.1, 0.5 and 0.40/, for aluminium, iron and 
titanium, respectively. 

The decomposition of bauxites with CPA is rapid, 
free from tedious and time-consuming manipulations 
such as digestion of fused products, elimination of 
silica and filtration, and it is therefore suitable for 
analysis of large numbers of samples. In the present 
study, the decomposition of samples was performed 
at a constant temperature of 300” in specially made 
quartz tubes. The decomposition, however, can also 
be done in quartz or platinum crucibles placed on 
a sand-bath or in a muffle furnace. This decomposi- 
tion method may also be applicable to the determina- 
tion of alkali metals and silica in bauxites, for it is 
accomplished without addition of such metal salts as 
potassium pyrosulphate, sodium carbonate, lithium 
metaborate, etc., and this possibility is being studied. 
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Summary-Optimum operating conditions in a 2-kW inductively-coupled argon plasma source for 
the detection of the elements platinum, palladium, rhodium, ruthenium, iridium, osmium and gold 
have been established. Detection limits obtained for aqueous solutions introduced into the plasma 
by pneumatic nebulization range from 1.5 ppb (Rh) to 34 ppb (Ir). No interelement effects caused 
by chemical interference have been observed between the elements investigated or from a number 
of base metals; several spectral interferences were observed with the spectrometer employed. The effect 
of the presence of mineral acids on the nebulization of sample solutions is reported. 

The radiofrequency inductively-coupled plasma (ICP) 
provides a potentially sensitive and interference-free 
source for the determination of traces of metallic and 
non-metallic elements by optical emission spectro- 
metry (OES). With the exception of several isolated 
reports of detection limits by optical emission spec- 
trometry with the ICP source for some of the ele- 
ments of the platinum group metals, to the best of 
our knowledge no systematic studies of the deter- 
mination of the platinum metals by this technique 
have been reported. The determination of these ele- 
ments by ICP-OES is of considerable interest, par- 
ticularly as their determination by flame atomic- 
absorption spectrometry (AAS) may be subject to 
chemical interferences in the condensed phase, so that 
the use of releasing agents is frequently required.‘-’ 
This paper reports the results of a study of the deter- 
mination of Au, Ir, OS, Pd, Pt, Rh and Ru by 
ICP-OES in a 2.0-kW inductively-coupled plasma 
source operating at 27 MHz; optimum conditions for 
the detection of these elements have been established 
and a study of the interferences between the platinum 
group metals and the effect of some other elements 
and mineral acids has been undertaken. 

EXPERIMENTAL 

Apparatus 

The ICP source and spectrometer employed have been 
described previously;s the pneumatic nebulizer used for 
this work, however, was a glass concentric nebulizer (Mein- 
hard Associates, Model T-230-AZ). Argon plasma gas flow 
was not used, the plasma being supported entirely by the 
argon coolant and injector gas flow employed. 

Reagents 

Platinum and gold stock solutions of 1000 yg/ml in IM 
hydrochloric acid were obtained commercially (BDH Ltd., 
Poole, Dorset). A commercial lOOO-pg/ml stock solution 
of rhodium in 1 M hydrochloric acid was also employed 

(Alfa Products Inc., Beverley, Mass, U.S.A.). Palladium. 
osmium and iridium stock solutions (1000 &ml) were pre- 
pared in 1M hydrochloric acid from (NH.&Pd&, 
(NH&OsC&, and NasIrC1, respectively. The ruthenium 
stock solution (1000 pg/ml) was prepared in 1M hydro- 
chloric acid from Ru(DMSO),CI, (DMSO = dimethyl- 
sulphoxide). 

Copper, iron, nickel, sodium and zinc solutions were 
prepared in O.lM perchloric acid from analytical-reagent 
grade salts of the metals. All acids used were prepared 
by dilution of analytical-reagent grade concentrated acids. 

Procedure 

The emission spectrum between 200 and 450 nm was 
recorded for each element during nebulization of aqueous 
standard solutions. The most intense atomic (or ionic) lines 
of the elements observed in these spectra were examined 
further. Selection was then made of the line (or lines) of 
each element showing the highest signal: background ratio 
and best signal:noise ratios at a compromise viewing 
height (30 mm) above the work coil and with a forward 
power of 800 W, for use in further optimization studies. 
The optimum conditions of forward power, viewing height 
above the work coil and injector gas flow-rate to provide 
the lowest detection limits for each element were then 
determined. For the purposes of this work the detection 
limit was defined as that concentration of an aqueous solu- 
tion of the element required to produce an emission signal 
intensity at the atomic line employed equal to twice the 
peak-to-peak variation in the background noise. The 
values given in this paper are the average of five values 
obtained from separate nebulization of dilute aqueous 
solutions of each analyte element. 

The linearity of the calibration graphs obtained at the 
atomic lines selected for each element was checked over 
a wide concentration range. 

Interference effects were examined by nebulization of 
solutions prepared by mixing 5 ml of a lo-ppm solution 
of each analyte element with 5 ml of an aqueous solution 
of the interfering ion studied. The atomic line intensity 
for the analyte element in these mixtures was then com- 
pared with that obtained from a solution prepared from 
5 ml of 10 ppm analyte sol@ion diluted with 5 ml of dis- 
tilled water or dilute acid (depending on the interfering 
ion studied) in order to allow for any variation in nebulizer 
uptake rate or efficiency which might occur because of 
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the presence of acid in the stock solution of the interfering 
ion. 

RESULTS AND DISCUSSION 

Optimizatiort qf‘pk~smu operating conditions for the ele- 

ments studied 

The three principal plasma parameters to be inves- 
tigated in order to optimize conditions for detection 
of the platinum.metals studied were injector gas flow- 
rate, forward power to the work coil and the height 
above the work coil at which the analyte emission 
was monitored. The effect of variation in operating 
power and viewing height on the detection limits 
obtained at the preselected lines of the elements was 
examined for different argon injector gas flow-rates. 
The results of these experiments are illustrated for 
gold and platinum in Tables 1 and 2. These results, 
which are typical of those obtained for each of the 
elements studied, indicate that the best detection 
limits are obtained with a high injector gas flow-rate; 
the plasma background intensity also decreases. 
All further work was undertaken with an argon in- 
jector gas flow-rate of 1.3 I./min. The variation in 
detection limits with variation in forward power from 
600 to 1200 W and viewing heights between 5 and 
35 mm above the work coil for iridium, osmium, pal- 
ladium, rhodium and ruthenium are shown in Table 
3. Examination of the data in Tables 1, 2 and 3 shows 
that in general, as may be predicted from signal-to- 
background and signal-to-noise considerations, the 
use of higher power (1000 or I200 W) leads to degra- 

Table I. Variation in detection limits obtained for gold 
at 267.59 nm with forward power and height of observa- 

tion at different argon injector gas flow-rates 

Height of 
Argon observation Detection limits for Au 
injector above aqueous solutions. ppm 

flow-rate. work coil. Forward power. W 
l./rilill 1,111, 800 loo0 1200 

0.5 5 0.10 0.13 0.15 
10 0.05 0.13 0.09 
15 0.015 0.10 0.1 I 
20 0.012 0.07 0.09 
25 0.013 0.02 0.09 
30 0.013 0.02 0.025 
35 0.03 0.03 0.03 

1.0 5 0.05 0.21 0.21 
10 0.014 0.10 0.08 
15 0.009 0.08 0.07 
20 0.01 0.01 0.02 
25 0.01 0.01 0.01 
30 0.02 0.01 0.01 
35 0.02 0.02 0.015 

1.3 5 0.10 0.44 0.20 
10 0.04 0.17 0.18 
15 0.014 0.03 0.08 
20 0.01 0.01 0.03 
25 0.01 0.01 0.01 
30 0.015 0.008 0.01 
35 0.02 0.01 0.04 

Table 2. Variation in detection limits obtained for plati- 
num at 265.94 nm with forward power and height of obser- 

vation at different argon injector gas flow-rates 

Argon 
iniector 

Heights of 
observation 

above 
Detection limits for Pt 
aqueous solutions, ppm 

flow-rate, work coil, Forward power, W 
I./lnill mm 600 800 1000 

0.5 5 0.42 
IO 0.30 
15 0.06 
20 0.06 
25 0.045 
30 0.07 
35 0.07 

I.0 5 
10 
15 
20 

0.15 
0.09 
0.06 
0.04 
0.03 
0.03 
0.05 

25 
30 
35 

1.3 5 
10 
15 
20 
25 
30 
35 

0.42 
0.30 
0.06 
0.06 
0.04 
0.07 
0.06 

0.45 0.24 
0.25 0.24 
0.18 0.3 
0.34 0.37 
0.14 0.34 
0.08 0.45 
0.08 0.12 

0.54 0.94 
0.45 0.47 
0.13 0.35 
0.07 0.20 
0.03 0.07 
0.04 0.05 
0.04 0.10 

0.69 1.2 
0.66 0.78 
0.14 0.42 
0.06 0.22 
0.04 0.05 
0.03 0.05 
0.04 0.09 

dation in detection limits. Poorer detection limits are 
also obtained because of high plasma background 
emission when the analyte emission is viewed near 
to the core (i.e., low heights of observation) or high 
in the tail-flame, because of greater noise levels. Table 
4 summarizes the optimum operating conditions and 
detection limits established for the elements studied. 
The optimum conditions are similar for all of the 
platinum metals; where little difference in detection 
limit is observed with variation in forward power the 
detection limit is quoted at the power which would 
be the best compromise for simultaneous multiele- 
ment analysis. 

Effect offoreign ions and acids on platinum metal deter- 

mination 

In view of reports of mutual interference effects 
between the platinum metals in their determination 
by flame AAS, the first interference study undertaken 
was the examination of such effects in optical emis- 
sion spectrometry with the ICP system employed 
here. The effect of the presence of 1000 ppm of each 
of the other platinum metals on the determination 
of 10 ppm of analyte platinum metal in aqueous solu- 
tion was investigated for the seven elements studied. 
The results obtained are shown in Table 5. With two 
exceptions no significant mutual interference effects 
were observed. The effect of 1000 ppm of ruthenium 
on the signal obtained for 10 ppm of platinum, where 
a significant enhancement was observed, is attribu- 
table to the presence of a weak ruthenium line at 



Determination of platinum metals and gold 43 

Table 3. Variation in detection limits obtained for iridium, osmium, palladium, rho- 
dium and ruthenium with forward power and height of observation at argon injector 

gas flow-rate of 1.3 I./min 

Height of 
Element observation Detection limits for aqueous solutions, 

and above ppm 
wavelength, work coil, Forward power, W 

nm mm 600 800 loo0 1200 

Iridium. 
322.08 

Osmium, 
442.05 

Palladium, 
340.46 

Rhodium, 
369.24 

Ruthenium, 
372.80 

20 0.08 0.18 
25 0.03 0.034 
30 0.06 0.035 
35 0.08 0.05 

20 0.05 0.28 
25 0.03 0.08 
30 0.03 0.014 
35 0.03 0.024 

0.04 0.03 
0.01 0.01 
0.005 0.005 
0.004 0.0025 
0.003 0.002 
0.004 0.0035 

15 
20 
25 

:z 

0.025 0.022 
0.0025 0.01 
0.002 0.0017 
0.002 0.0014 
0.002 0.0016 

15 0.02 0.06 
20 0.004 0.02 
25 0.0027 0.002 
30 0.002 0.002 
35 0.002 0.002 

0.26 0.34 
0.18 0.33 
0.16 0.25 
0.14 0.25 

0.64 I.1 
0.10 0.37 
0.02 0.16 
0.03 0.035 

0.06 0.07 
0.03 0.03 
0.01 0.02 
0.004 0.01 
0.003 0.016 
0.004 0.02 

0.07 0.06 
0.03 0.035 
0.007 0.013 
0.002 0.022 
0.0014 0.003 

0.025 0.086 
0.03 0.066 
0.005 0.02 
0.003 0.014 
0.002 0.003 

265.96 rtm which interferes at the Pt 265.94 nm line 
used for Pt determination. No interference of ruth- 
enium with platinum was observed at this concen- 
tration when the Pt 299.79 nm line was used for deter- 
mination of platinum. Osmium suffers a similar inter- 
ference in the presence of 1000 ppm of ruthenium 
if the spectral band-pass is broad, owing to the spec- 
tral interference from the weak Ru 442.08 nm line 
at the OS 442.05 nm line employed for its determina- 
tion; the use of a narrower spectral band-pass may 
be successfully employed to resolve these lines and 
overcome this interference. 

In earlier work in the determination of the plati- 

num metals with a plasma jet source it was reported 
that interference was observed from iron, nickel and 
copper.’ The effect of these elements on the deter- 
mination of the platinum metals by ICP optical emis- 
sion spectrometry was therefore investigated. Solutions 
(10 ppm) of the seven elements of interest were there- 
fore prepared in the absence and presence of 
lOOO-ppm concentrations of each of the elements cop- 
per, iron, nickel and zinc. The emission intensities for 
these solutions were recorded at the preselected opti- 
mum wavelengths for each platinum metal under the 
established optimum operating conditions. The 
results obtained are shown in Table 6. With the 

Table 4. Optimum operating conditions for detection of the platinum metals by optical 
emission spectrometry with the ICP source 

Element 

Height of 
Wavelength, observation, Forward power, Detection 

?lm mm W limit, ppb 

Gold 267.59 25 800 10 
Iridium 322.08 25 800 34 
Osmium 442.05 30 800 14 
Palladium 340.46 35 800 2 
Platinum 265.94 30 800 . 30 
Rhodium 369.24 30 800 1.5 
Ruthenium 372.80 30 800 2 



44 G. F. KIRKBRIGHT and H. M. TINSLEY 

Table 5. EfIect of other platinum metals on emission signals obtained 
for IO-ppm aqueous solutions of analyte platinum metal 

Element 
and 

wavelength. 
11111 

Effect on signal of presence of 100 ppm of 
platinum metal 

- Pt Au Pd Rh Ru OS Ir 

$5.94, loo - 102 103 104 1.51 95 98 

;:7.59, 100 105 - 107 100 94 101 97 

EO.46, 100 99 IO0 - 97 103 98 IO5 

p3h69.23, 100 102 102 102 - 104 103 103 

p3Y2.80, 100 100 103 100 98 - 100 105 

$2.05, 100 97 97 99 97 104 - 101 

2;22.0*, 100 107 103 103 102 104 101 - 

exception of the large enhancement observed for 
osmium in the presence of nickel and copper no 
effects were observed resulting from chemical or spec- 
tral interference from the elements studied. The effect 
of copper and nickel on the osmium signal at 442.05 
nm results from spectral interference and was not 
observed when the OS 290.90 nm line was employed; 
the interference may be attributed to second-order 
diffraction of unassigned lines of Cu and Ni. as it 

is removed when a glass filter is placed between the 
source and spectrometer. Table 6 also shows the 
results obtained in experiments in which the effect 
of the presence of 1000 ppm of sodium, as sodium 
chloride, on the signals obtained for 10 ppm solutions 

of the platinum metals was investigated; no signifi- 
cant ionization or stray-light interference effects were 
observed. 

The sensitivity of the nebulizer-source system to 
variation in efficiency when dilute mineral acids were 
introduced was examined by using lO-ppm solutions 
of the platinum metals and 1, 5 and 10% v/v aqueous 
solutions of concentrated sulphuric, nitric and hydro- 
chloric acids. As shown in Table 7, the emission in- 
tensities obtained were depressed in each case to dif- 
fering extents as the acid concentration was increased. 
Somewhat greater depression of the analyte intensities 
was observed with sulphuric and nitric acids than 
with hydrochloric acid; these effects are attributable 

Table 6. Effect of selected foreign ions on the emission signals obtained for 
IO-ppm aqueous solutions of platinum metals 

Element and 
wavelength. 

Ill)1 

Effect on signal of presence of 1000 ppm of 
foreign ion 

- Na Fe(III) Ni cu Zn 

Gold 100 98 96 96 99 101 
(267.59) 

Platinum 100 99 102 95 96 100 
(265.94) 

Palladium 100 96 99 95 9s 98 
(340.46) 

Rhodium IO0 100 98 95 95 97 
(369.23) 

Ruthenium 100 95 93 91 92 97 
(372.80) 

Osmium 100 95 95 $100 9100 102 
(442.05) 

Iridium 100 99 96 90 91 91 
(322.08) 
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Table 7. Effect of mineral acids on aspiration of platinum metal solutions 

Element 

Pt 

Au 

Pd 

Rh 

Ru 

Ir 

OS 

Acid 

HzSO4 
HNO, 
HCl 

HzSO4 
HNO, 
HCI 

H2SO4 
HNO, 
HCl 

H,SO, 
HNO, 
HCl 

H,SO, 
HNO, 
HCI 

HzSO4 
HNO, 
HCI 

HISO, 
HNO, 
HCI 

Signal intensities recorded for IO-ppm 
platinum metal solutions 

Acid concentration 
0 I”’ 10 5% 10% 

100 92 87 82 
loo 
100 

;: 91 87 
93 90 

loo 89.5 84 80 
loo 90 86 87 
100 95 93 93 

100 89 85 79 
loo 90 90 88 
100 94 91 90 

100 94 88 84 
IO0 94 91 89 
loo 96 92 91 

100 87 83 73 
100 87 85 82 
100 91 88 87 

100 92 83 79 
100 94 90 88 
I00 94 92 91 

100 96 88 84 
100 97 98 92 
loo 96 99 98 

to variation in the uptake rate and efficiency of the compromise operating conditions permitting simul- 

nebuhzer system with change in the density and visco- taneous multielement analysis are easily established. 

sity of the solutions aspirated. Although the effects 
observed are relatively small, the acidity of samples 
and standards should be matched if high accuracy I. 
is to be preserved in analytical procedures. The vari- 
ation in sensitivity with acid nature and concentration 
may not, however, be totally due to physical para- 

: 
’ 

meters as the effect differs with the elements studied. 4, 

CONCLUSION 5. 
The present work has shown that the seven noble 

metals studied can be detected with high sensitivity, 6. 

freedom from mutual interference effects and interfer- 7. 
ences from some base metals by optical emission 
spectrometry with the inductively-coupled argon 

8, 

plasma source. Optimum conditions for the detection 9. 
of the platinum metals do not vary greatly, so that 
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SPECTROPHOTOMETRIC DETERMINATION OF MICRO AMOUNTS 
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Summary-Hydrazine and hydroxylamine alone or in the presence of each other are determined at 
concentrations of l-10 pg/25 ml with a relative precision of 3-0.8% by using iron(III) in the presence 
of Ferrozine. 

Hydrazine and its derivatives have found application in 
industry, agriculture and other fields, including the manu- 
facture of metal films, photographic chemicals, explosives, 
insecticides, and blowing agents for plastics. Hydroxyl- 
amine occurs in some biological processes and the reduc- 
tion of nitrate. Both of these chemicals are used as reduc- 
ing agents and as reagents for compounds containing car- 
bony1 functional groups. In addition, hydrazine and its 
analogues are irritants and are suspected to be carcinogens. 
Thus, their determination at micro levels is of interest. 

Microgram amounts of hydroxylamine and hydrazine 
are individually determined fairly easily by several spectro- 
photometric methods.‘-’ Mixtures of hydroxylamine and 
hydrazine have also been analysed chronopotentiometri- 
tally by Morris and Lingane,* gas chromatographically by 
Cain and Stevens,’ and, by measuring acetylation rates, 
by Malone and Biggers. ” However, no suitable spectro- 
photometric methods are described for the analysis of mix- 
tures of small amounts of these compounds. In this note, 
we present a method for the determination of hydroxyl- 
amine and hydrazine individually, as well as in mixtures, 
at microgram levels, by using the reaction of iron in 
the presence of the disodium salt of 3-(2-pyridyl)-5,6-bis(4- 
phenylsulphonic acid)-1,2,4-triazine, “Ferrozine”. 

Reagents 

EXPERLMENTAL . 

Fresh O.OlM solutions of Ferrozine were prepared from 
the pure reagent. An approximately O.OlM solution of 
iron(II1) was prepared either by dissolving 0.56 g of pure 
iron wire in 10 ml of 6M perchloric acid containing 10 
drops of nitric acid, or by dissolving ferric ammonium sul- 
ohate in dilute sulohuric acid, and diluting to 1 litre. A 
b.lM iron(II1) solution was prepared in thesame manner 
but with some difficulty. A 0.3M buffer of pH 3.2 was 
prepared by adding sodium hydroxide to a monochloro- 
acetic acid solution. Hydroxylamine solution (0.01 M) was 
prepared by dissolving 69.5 mg of hydroxylamine hydro- 
chloride in 100 ml of demineralized water and assayed by 
the iodometric method.i2 Suitable dilutions were made to 
obtain 10e3 or 10m4M solutions of hydroxylamine and 
hydrazine. Monomethylhydrazine solution, O.OlM, was 
prepared by diluting 0.53 ml of the anhydrous liquid to 
1 litre with demineralized water containing a few drops 

of concentrated sulphuric acid and was analysed by the 
iodometric method.” A O.OlM solution of unsymmetric 
dimethylhydrazine was prepared by diluting 0.76 ml of the 
anhydrous liquid to 1 litre with demineralized water con- 
taining a few drops of concentrated sulphuric acid and 
standardized by thhe modified Olson bromate-bromine 
method.13 

Test solutions for hydrazine and hydroxylamine deter- 
minations were prepared by taking suitable aliquots of 
standard 10m3 or 10m4M solutions, together with any 
other species to be investigated. 

Procedures 

Hydroxylamine alone was determined at room tempera- 
ture (25”) as follows. A suitable portion of O.OtXXM hyd- 
roxylamine, 3 ml of monochloroacetate buffer of pH 3.2, 
1 ml of O.OlM Ferrozine and 2 ml of O.OlM Fe(II1) were 
added to a standard flask, in that order, and the timing 
was started immediately after the addition of the Fe(II1) 
solution. The mixture was diluted to the mark, the reaction 
was allowed to proceed for 7 min and the absorbance was 
then recorded at 562 nm. Calibration graphs were prepared 
by plotting absorbance vs. concentration of hydroxylamine. 

Hydrazine alone was determined by placing a suitable 
portion of O.OOOlM hydrazine and 2 ml of O.OlM Fe(II1) 
in a beaker and adjusting the pH to 1.8-1.9. The solution 
was transferred to a 25ml standard flask, heated at 95’ 
for 25 min, then cooled to room temperature. Next 3 ml 
of pH-3.2 buffer and 1 ml of Ferrozine were added and 
the contents diluted to the mark. A few crystals of 
ammonium hydrogen fluoride were added and the absor- 
bance at 562 nm was measured. A blank determination 
was carried out in a similar manner but without the hydra- 
zine. 

Monomethylhydrazine and Lldimethylhydrazine alone 
were determined in a manner similar to that used for hyd- 
razine, except that heating was done at 85” for 40 min 
and 70” for 14 min respectively. 

Analysis ofmixtures. Mixtures containing hydroxylamine 
and hydrazine in I:5 ratio were analysed by using two 
aliquots. With one aliquot, the absorbance due to hydroxyl- 
amine was measured at room temperature after 7 min. In 
the presence of very large amounts of hydrazine it was 
desirable to extrapolate the absorbance to zero time from 
the measurements recorded after 7 min and also to use 
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Table I. Determination of hydroxylamine and hydrazines alone 

Substance Temperature, “C 

Apparent molar No. of 
absorptivity, electrons in 

1. mole.-’ cm-’ reduction 

Hydroxylamine 30 3.61 k 0.02 x lo4 1.31 
Hydrazine 95 8.51 + 0.05 x lo4 3.04 
1,1-Dimethylhydrazine 70 9.93 & 0.05 x lo4 3.55 
Monomethylhydrazine 80 9.34 + 0.06 x 10“ 3.34 

larger aliquots. A second aliquot was treated in the same 
manner as for hydrazine alone; the sample was heated for 
25 min at 95”, and the resulting absorbance corresponded 
to hydrazine plus hydroxylamine. Thus, the amount of 
hydrazine was found from the difference in absorbance, 
corrected for the blank: A,,, = A,,,,, - (AHy,, + Ahlank). 

When hydroxylamine was in large excess (1O:l ratio to 
hydrazine, or higher) the hydroxylamine was determined 
at room temperature as in the previous case. Hydrazine 
was determined after reaction of the hydroxylamine with 
iron(II1). separation of the unreacted hydrazine by ion- 
exchange resin, Bio-Rad 5OW-X-8, 100-200 mesh, and 
elution with O.lM sodium chloride and O.OlM sodium 
bicarbonate. The eluate was divided into two portions: one 
served as a blank and the other was treated in the same 
manner as for hydrazine alone. The amount of hydrazine 
could be obtained from the calibration curve obtained by 
following the same procedure. 

RESULTS AND DISCUS!SfON 

The reduction of Fe(II1) by hydroxylamine and hydra- 
zinc depends on the concentration of Fe(III), pH of the 
reaction mixture, time of reaction, temperature, and even 
order of reagent addition. In all determinations, the con- 
centration of iron(II1) is kept at 50-100 times that of hyd- 
roxylamine and hydrazine, and that of Ferrozine at least 
5-6 times that of the iron(II1). 

Reaction of hydroxylamine. hydrazine. monomethyl- 

hydrazine, and l,l-dimethylhydrazine with iron(I11) in the 
pH range 1.6-1.9 gives reproducible results. The plot of 
observed absorbance us. concentration gives a straight line 
with slope corresponding to the apparent molar absorp- 
tivity. The number of electrons involved in these reactions 
is obtained by dividing the apparent molar absorptivity 
by the molar absorptivity of the iron(Ferrozine 
complex, 2.8 +_ 104 I. mole- ‘cm-i. The results are sum- 
marized in Table 1. Fractional values suggest that iron(II1) 
reactions with hydrazines and hydroxylamines are 
complex. These reactions have been studied by Higginson 
and Wright, I4 Rosseinsky,‘s and Cahn and Powell.i6 Hyd- 
razine oxidation by iron(II1) apparently follows two major 
paths yielding varying amounts of NH: : 

2N,H, + 2e -+ 2NH: + N2 
N,H, + 4e--tNr + 4H+. 

Similarly, hydroxylamine is oxidized to nitrogen and 
nitrogen oxides. However, hydroxylamine reacts with 
iron(II1) at room temperature about 2800 times faster than 
hydrazine does. Thus, the reaction of hydroxylamine with 
iron(II1) at 30” is complete in 3 mitt, while hydrazine at 
room temperature reacts only to a very small extent and 
requires approximately 20 min for complete reaction, even 
at 95”. Thus, hydroxylamine can be easily determined in 
the presence of hydrazine at room temperature. Optimum 
pH for the formation of [Fe (Ferrozine)J- is in the range 
3.1-4.0, even though the complex is stable over a wider 
pH range. Beer’s law is followed in the concentration range 

Table 2. Analysis of hydroxylamine and hydrazine mixtures 

Mixture 
Amount, &25 ml 

Taken Found* 
Absorbance? 

AT, AT> AA 

Hydroxylamine 
Hydrazine 
Hydroxylamine 
Hydrazine 
Hydroxylamine 
Hydrazine 
Hydroxylamine 
Hydrazine 
Hydroxylamine 
(CHs)zNH-NH2 
Hydroxylamine 
(CH&N-NH2 
Hydroxylamine 
CHsNH-NH* 
Hydroxylamine 
CHINH-NHr 

5.95 6.00 + 0.04 
3.85 3.92 + 0.06 
3.95 3.95 + 0.05 
2.21 2.20 _+ 0.06 
2.65 2.70 + 0.05 
6.13 6.64 : 0.06 
3.80 3.89 +_ 0.04 
3.83 3.90 + 0.07 
3.30 3.31 + 0.05 
6.00 6.12 + 0.07 
6.60 6.72 + 0.06 
9.60 9.43 +_ 0.08 
2.97 2.90 f. 0.05 
5.97 6.10 + 0.08 
5.12 5.20 ; 0.06 
3.22 3.10 + 0.08 

0.218 0.786 0.418 

0.175 0.407 0.232 

0.120 0.819 0.699 

0.173 0.590 0.417 

0.148 0.556 0.408 

0.300 0.920 0.620 

0.129 0.672 0.498 

0.233 0.482 0.249 

l Based on five determinations. Hydroxylamine is obtained from the calibration 
curve, while hydrazines are calculated from the absorbance measurements at tem- 
peratures T, and Tz. 
Irg (NHrNHs) = (AT> - A,,) x 9.40 
/a3 C(CH&NNW = (A 
l(g (CHsNHNHs) = (AT~‘--:,;l)xxI:~ 

t Absorbances, AT, and AT>. reported are corrected for the blank corresponding 
to the temperature used. T, > T,. 
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from 4 to 40 x 10ebM for hydroxylamine and from 2 it can be determined by direct reaction with Ferrozine, 
to 20 x lo-‘M for hydrazine. and a correction applied to the determination proper. 

In mixtures where the hydrazine concentration is much 
greater than that of hydroxylamine, the absorbance change 
due to the hydrazine reaction becomes measurable even 
at room temperature, hence absorbance readings are taken 
for an additional 6 min or so beyond 7 min and are extra- 
polated to zero time to yield the value for hydroxylamine. 
The results for mixtures containing different amounts of 
hydroxylamine and hydrazine are presented in Table 2. 
The relative precision for the determination of hydroxyl- 
amine changes from 3 to 1% with increasing concentration, 
while that for hydrazine varies from 5 to 2%. 
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SYNERGIC EXTRACTION AND SPECTROPHOTOMETRIC 
DETERMINATION OF VANADIUM(V) AS TERNARY 

COMPLEXES WITH N-HYDROXY-N-N’-DIARYLBENZAMIDINES 
AND ANISALDEHYDE 

R. S. KHARSAN, K. S. PATEL and R. K. MWRA 
Department of Chemistry, Ravishankar University, Raipur (MP), India 

(Receioed 10 April 1978. Accepted 28 June 1978) 

Summary-N-Hydroxy-N,N’-diarylbenzamidines react with vanadium(V) in anisaldehyde medium to 
form 1:2: I (metal:hydroxyamidine:anisaldehyde) greenish-blue complexes over a wide pH range in 
chloroform solution. On the basis of the strong synergistic effect in formation of these ternary complexes 
an extraction-nhotometric method for micronram amounts of vanadium(V) has been developed and 
applied to standard steel samples. 

N-Hydroxy-N,N’-diarylbenzamidine, a monobasic and 
bidentate chelating agent, reacts with vanadium(V) in the 
presence of acidic substances, including carboxylic acids 
phenols etc., to form I : 1 adducts in chloroform solution.’ 
It also reacts with vanadium(V) in the presence of various 
aromatic aldehydes. e.g. benzaldehyde. cinnamaldehyde, 
anisaldehyde, to form I:1 greenish-blue adducts. This 
method may be compared with the established PBHA 
method.*-’ According to Shendrikar,’ Ti(IV). Zr. Mo(VI). 
W(V1). Ag+ and T13+ interfere seriously in the determina- 
tion of V(V), and Mnzc and Cr3+ are also found to inter- 
fere. Some authors’.’ have shown that the extraction is 
not quantitative because of partial reduction of V(V) in 
relatively concentrated hydrochloric acid solution. Most 
of these disadvantages have been overcome in the present 
method. The extraction is quantitative and Ti(IV), Zr. 
Mo(V1). Ag+. T13+. Mn*+ and Cr3+ do not interfere. The 
method provides a new and convenient solvent-extraction 
and photometric determination of vanadium(V) with 
various N-hydroxy-N,N’-diarylbenzamidines in the pres- 
ence of anisaldehyde. 

EXPERIMENTAL 

Reagents 
A stock solution of vanadium(V) was prepared by dis- 

solving ammonium metavanadate in doubly distilled water 
and standardized volumetrically by the permanganate 
method.’ 

Hydroxyamidines were prepared by condensation of 
equimolar quantities of N-aryl-p-toluimidoyl chloride 
and the corresponding N-arylhydroxylamine in ether 
medium.‘“*’ ’ The resulting hydrochloride was treated with 
dilute ammonia to liberate the free base which was crystal- 
lized from benzene-petroleum ether (2:l). All the com- 
pounds gave satisfactory C.H and N analysis. 

Procedure 
Transfer an aliquot of vanadium(V) solution containing 

100 pg of metal to a separatory funnel, dilute to 25 ml with 
distilled water and adjust the pH 2.0 with 2M hydrochloric 
acid or ammonium acetate. Add 10 ml of 0.06M reagent 
solution and 5 ml of 0.03M anisaldehyde solution (both 
in chloroform) and shake for 2min. Separate the chloro- 
form layer and dry over anhydrous sodium sulphate. Wash 
the aqueous phase with two 4-ml portions of chloroform. 
Transfer the extracts to a 25-ml standard flask and make 
up to volume with chloroform. Measure the absorbance 
at LX against chloroform as a blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of vanadium(V)-hydroxyamidine 
complexes in the absence and presence of anisaldehyde are 
shown in Fig. 1. The vanadium-hydroxyamidine com- 
plexes show a flat peak between 580 and 590nm with 
molar absorptivity of about 1.7 x lo3 1. mole- ’ cm - ‘. The 
absorbance of these complexes is unstable and gradually 
increases with time. In the presence of anisaldehyde a 
stable 1:l greenish-blue adduct is formed with I,,, in the 
region 61045nm. with molar absorptivity of about 
50-5.7 x 1031.mole-‘.cm- i. A strong synergistic effect 

I01 

Wavelength, nm 

Fig. 1. Absorption spectra. -0-7.85 x 10-‘M V + 0.002M 
HCPCMPTA + 0.02M anisaldehyde 0-7.85 x lo-‘M V 
+ 0.002M HPCMPTA + 0.02M anisaldehyde m-7.85 x 
lo-‘M V + 0.002M HTCMPTA + 0.02M anisaldehyde 
A-7.85 x 10-5M V + 0.002M HCPCMPTA CL0.002M 

HCPCMPTA 
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Table I. Spectral data for vanadium-hydroxyamidine-anisaldehyde complexes in chloroform 

Characteristics 

N-hydroxy-N- N-hydroxy-N- 
p-chlorophenyl phenyl-N’-(3- 
N-(3-chloro-4- chloro-4-methyl- 
methylphenyl)- phenyl)-p- 
p-toluamidine toluamidine 

N-hydroxy-N- 
p-tolyl-N’- 
(3-chloro-4- 

methylphenyl)- 
ptoluamidine 

Optimum pH range 
Optimum vanadium cont. 
range for Beer’s law, ppm 

Optimum vanadium cont. 
range (Ringbom plot), ppm 
I,,,, nm 
l , 1. mole-‘.cm-’ 
Relative std. devn. “/* 0 

0.5-3.5 l&4.5 0.8-4.0 

0.6-8.4 1 .O-8.6 I .2-9.0 

1.0-7.4 1.2-8.0 1.6-8.0 

615 610 610 
5.7 x lo3 5.3 x IO3 5.0 x IO3 

0.5 0.7 0.7 

* Twelve measurements for 4 ppm of vanadium. 

is observed, as shown by the hyper- and bathochromic 
shift on adduct formation. 

Of the various solvents tried, chloroform was found to 
be best as the reagents were highly soluble in it and the 
complexes were readily extracted. The pH was adjusted 
with 2M hydrochloric acid and ammonium acetate. The 
optimum pH ranges are listed in Table I. Generally a four- 
fold molar excess of hydroxyamidine and at least a 
200-fold excess of anisaldehyde are required for complete 
extraction of the vanadium(V). Variation in temperature 
from 20” to 35” does not affect the absorbance values. The 
extracts are stable for at least 30 hr at 27 4 2”. 

Nature of complexes 

The ratio of vanadium(V) to hydroxyamidine in the ter- 
nary complexes was determined by the mole-ratio’* and 
continuous-variation methods.13 The ratio of vanadium to 
anisaldehyde was determined by a curve-fitting methodI 
(plot of log absorbance us. log [anisaldehyde]). The results 
obtained show the formation of a 1:2:1 (metal:hydroxy- 
amidine:RCHO) complex. 

Effect of foreign ions 

The tolerance limits for foreign ions (in ppm) in the 
determination of 4 ppm of vanadium(V) with an error less 
than 2% are given in parentheses: chloride, bromide, 
iodide. nitrate, sulphate, triethanolamine, urea, thiourea, 

Table 2. Determination of vanadium in BCS* steels 

Certified . 
Found,? value, Std. 

Steel % % devn. 

64a Alloy 1.56 1.57 0.007 
241/l High-speed 1.55 1.57 0.008 
252 Low alloy 0.45 0.46 0.004 

*British Chemical Standards, Bureau of Analysed 
Samples, Ltd., Newham Hall, Middlesbrough, Yorks. 

t Mean of 6 results. 

borate, selenate. acetate, phthalate and alkali metals (1200); 
altl;ne;;;th metals (800); lanthanides (1000); Cuzf (200); 

+, Pb *+ Ni” Co’+, A13+, Cr3+ and Ag+ 
(500);‘Mn2+ (400); Mn(VIi) (300), U@+ (500); citrate and 
tartrate (600); T13+ (800); Nb(V) and Ta(V) (IOO), Ti(IV) 
(40); Zr(IV) (60); Mo(VI) (200); phosphate (800), arsenate 
(400). The interference due to iron(lI1) is eliminated by 
masking with trisodium phosphate. Tungstate interferes 
seriously. 

Determination of vanadium in steel samples 

The validity of method was tested with two vanadium- 
tungsten steels and a tungsten-free steel. The results 
obtained with N-hydroxy-N-p-chlorophenyl-N’-(3-chloro- 
4-methylphenyl)-p-toluamidine are shown in Table 2. 
The sample. containing about 3 mg of vanadium, was dis- 
solved in nitric acid (2 + 3). Tungsten, if present, was 
removed as the hydrated oxide before the determination 
of vanadium. 
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TIN(H) SULPHATE AS A NEW REDUCTIMETRIC TITRANT- 
DIRECT TITRATION OF THALLIUM(II1) WITH USE OF 

ION-PAIR AND REDOX INDICATORS 

S. R. SAGI and M. S. F’RASADA RAO 
Department of Chemistry, Andhra University, Waltair. India 

(Receiced 24 February 1978. Accepted 11 June 1978) 

Summary-The use of tin(I1) sulphate as a direct reductimetric titrant for thallium(II1) has been investi- 
gated, with potentiometric and visual detection of the end-point. Some azure dyes are used as redox 
indicators and Methylene Blue is used as both a redox and an ion-pair indicator. 

Several indirect but few direct reductimetric methods are 
known for thallium(II1). Some of the titrants used for direct 
reduction are titanium(III),’ hydrazine sulphate,’ thiosul- 
ohate. ascorbic acid.“v5 vanadium(IIIL6 chromium(H)’ 
Hnd hydroquinone.” Wetton and Hi&i&on9 have stuhikd 
the reaction between thallium(II1) and tin(H) and observed 
that the reaction is quite rapid in about 1.3M hydrochloric 
acid medium. Basiliska and Tylianowskal’vL’ have 
reported potentiometric and visual end-point detection in 
the direct estimation of thallium(II1) with tin(H) chloride 
in hydrochloric acid medium. The potentiometric method 
gave results up to about 1% lower than those obtained 
by the iodometric method and this was attributed, to occlu- 
sion of TICIs in the TIC1 precipitate formed. 

Tin(H) sulphate is known to be more stable than tin(H) 
chloride.” Qualitative experiments have shown the formal 
redox potentials of Sn(IV)/Sn(II) in sulphuric acid medium 
to be similar to those in hydrochloric acid medium. The 
difficulty involved in their exact determination has been 
reported by Bock and Greiner.’ 3 The formal redox poten- 
tial of the TI(III)/Tl(I) system is higher in sulphuric acid 
than in hydrochloric acid medium.” Therefore tin(I1) sul- 
phate in sulphuric acid medium should be a better reduc- 
tant with larger potential breaks at the equivalence point 
for the estimation of thallium(II1). We have now estab- 
lished suitable conditions for this titration. 

EXPERIMENTAL 

Reagents 
Thallium(II1) hydroxide was prepared as reported 

earlierI and dissolved in sulphuric acid. The solution was 
standardized by the iodometric method.16 

Stannous sulphate was prepared according to Carson” 
and used at an overall acidity of 1-2M sulphuric acid since 
lower acidity is not suitable. I8 The solution was standard- 
ized by the method of Donaldson and MoserI and stored 
under carbon dioxide. 

Aqueous solutions (0.1%) of Methylene Blue, Thionine, 
Toluidine Blue 0, Azure A, Azure C and New Methylene 
Blue were used. 

Pontentiom,etric titrations 
Measure the potential with a platinum wire indicator 

electrode and a standard calomel electrode: use a sodium 
sulphate agar bridge. Keep the titration solution in an at- 
mosphere of carbon dioxide. 

Titrations with visual end-point detection 
Methylene Blue as ion-pair indicator. In a 1%ml titration 

cell take 80 ml of 1M sulphuric acid, 5 ml of - 0.05M thal- 
lium(II1) (in 1M sulphuric acid) to which enough hydro- 

chloric acid is added for its concentration to be about 
O.lM at the end-point, and 2 drops of Methylene Blue 
solution. Fit the titration cell with a 3-holed rubber stop- 
per accommodating the burette tip and inlet and outlet 
tubes for carbon dioxide. Pass carbon dioxide through the 
solution for about 5 min. then titrate with stannous sul- 
phate. The end-point is shown by the sharp colour change 
from violet pink to blue. 

Methylene Blue as redox indicator. Place 50ml of con- 
centrated hydrochloric acid and 30ml of boiled-out dis- 
tilled water (cooled) in the 150-ml titration cell described 
above. Add 5 ml of - 0.05M thallium(II1) in sulphuric acid 
and 2 drops of Methylene Blue solution. Pass carbon diox- 
ide through the solution for about 5 min and titrate with 
tin(I1) sulphate, very slowly near the end-point, which is 
shown by the disappearance of the blue colour. 

RESIJLn AND DISCUSSION 

Stability of tin(l1) sulphate in 1 M sulphuric acid 

About 150 ml of tin(H) sulphate in 1 M sulphuric acid 
were left in the open in a 400-ml beaker; lO-ml portions 
were analysed for iin content by the method of Donald- 
son and Moser.lg The tin(H) was fairly rapidly oxidized, 
the concentration being O:G96M initi&y,-@a54M after 
4 hr and 0.0328M after 20 hr. After 48 hr the solution was 
turbid. When a similar solution was kept in an atmosphere 
of carbon dioxide, the concentration decreased by 0.8% 
in 7 days. 

From the results in Table 1, however. it is clear that 
negative errors are observed when there is precipitation 
of thallium(I) chloride. It is known that increase of chloride 
concentration increases the solubility of thallium(I) chlor- 
ide.20.21 Thus in solution containing higher concentrations 
of chloride precipitation of thallium(I) chloride is pre- 
vented, and it also does not occur at low chloride concen- 
tration if the thallium concentration is not too high 
(PK., = 3.7). Hence the low results reported by Basitiska 
and Tyylianowska” can be avoided if the chloride concen- 
tration is above or below a certain range, and the thallium 
concentration is kept below a certain limit. 

Potenriometric titrations 
It was found that the potential break at the end-point 

decreased if the sulphuric acid concentration was in- 
creased, being 560, 520, 490, 470 and 440 mV/O.OS ml for 
1, 2, 3, 4 and 6M sulphuric acid. An acid concentration 
below 1M is not suitable because the tin(I1) sulphate is 
hydrolysed. ‘* The optimum medium is l-2M sulphuric 
acid. Air should be removed from the solutions as tin(I1) 
is susceptible to oxidation by air. The maximum error 
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Table 1. Pontentiometric titration of thallium(II1) sulphate (0.343 mmole) with tin(H) sulphate 

Volume of tin(H) 
sulphate 

Theoretical, Experimental, Error, 
Experiment Conditions Remarks ml ml % 

1 1M H2S04 + No precipitate 
Cl-@4 mmole) 6.70 6.70 0.0 

2 1M HCI Precipitate 
(TICI) 6.70 6.64 -0.9 

3 3M HCl do. 6.70 6.63 - 1.0 
4 SM HCl No precipitate 

6.70 6.68 -0.3 
5 6M HCI do. 6.70 6.71 + 0.2 
6 8M HCI do. 6.70 6.69 -0.2 

found for titration of 0.14-0.72 mmole of thaIlium(II1) was 
0.2%. 

Iron(III), mercury(II), copper(I1) and nitrate interfere in 
the potentiometric titration. 

Hsual end-point detection 
Thallium(II1) is known to form a violet-pink product 

with Methylene Bluez2 in the presence of chloride. whereas 
thallium(I) does not. Thallium(II1) does not give the pink 
product in the absence of chloride. Therefore the effect 
of the chloride:thallium ratio and hydrochloric acid:sul- 
phuric acid ratio on the titration, with Methylene Blue 
as indicator, was investigated. The results are summarized 
in Table 2. 

Experiments 1-7 suggest that Methylene Blue does not 

function as an indicator unless the concentration of chlor- 
ide is at least four times that of the thallium, in agreement 
with the known formation of a violet-pink ion-pair 
between TlCl; and positively charged Methylene Blue.22 
Experiments 8-11 show that the indicator functions in the 
same way for sulphuric acid concentrations up to 3M. At 
higher concentrations of the acid the indicator ceases to 
function. 

Experiments 12-19 show that with IM hydrochloric 
acid, though the colour change is from violet pink to blue, 
there is a considerable error because of precipitation of 
TIC1 and strong adsorption of thallium(II1) on it. With 
increase in hydrochloric acid concentration the error 
becomes positive and the indicator action unsatisfactory, 
but with &8M hydrochloric acid the results are satisfac- 

Table 2. Effect of variation of the concentration of CI-, HCl and H2S04, on the titration of thallium(III) with tin(H) 
sulphate, with Methylene Blue as ion-pair and redox indicator 

Volume of SnSO, 
used, ml Colour 

Experi- TI(II1) : CI- change at 
ment ratio or [H,SO,J Theor- Experi- the end 
No. [HCl] M etical mental point Remarks Error, % 

1 2:l 
2 I:1 
3 I:2 
4 I:4 

5 1:6 
6 120 
7 O.l-O.ZM 
8 0.1-0.2M 
9 O.l-O.ZM 

10 O.l-0.2M 
11 O.I-0.2M 
12 l.OM 

13 2.OM 1.0 5.25 5.38 

14 3.OM 1.0 5.25 5.38 

15 4.OM 1.0 5.25 5.31 

16 5.OM 1.0 5.25 5.31 
17 6.OM 1.0 5.25 5.26 
18 7.OM 1.0 5.25 5.26 
19 8.OM 1.0 5.25 5.26 

1.0 4.23 - 
I.0 4.23 - 
1.0 4.23 - 
1.0 4.23 4.22 

1.0 4.23 4.22 
1.0 4.23 4.22 
1.0 4.23 4.22 
2.0 4.03 4.02 
3.0 4.03 4.02 
4.0 4.03 - 
5.0 4.03 - 
1.0 4.23 4.00 

- 
- 
- 

Violet 
pink to 

blue 
do. 
do. 
do. 
do. 
do. 
- 
- 

Violet 
pink to 

blue 
Blue to 
colour- 

less 

do. 

do. 

do. 
do. 
do. 
do. 

No pink product formed 
do. 
do. 

The pink colour changes to blue 
when all the Tl(II1) is 
reduced to Tl(1) 

do. 
do. 
do. 
do. 
do. 

No pink product is formed 
do. 

In the solution the pink colour dis- 
appears but persists on the TIC1 pre- 
cipitate formed, owing to adsorption. 
Pink product is formed locally and 
disappears during stirring; 
solution becomes turbid during 
titration, owing to TIC1 formation. 
No pink product. Solution becomes 
turbid during titration, owing to TIC1 
No pink product. Dye is reduced to 
colourless leuco form. No turbidity. 

do. 
do. . 
do. 
do. 

-0.2 

- 5.0 

i-2.7 

+2.7 

+ 1.2 

f1.2 
+0.2 
+0.2 
+0.2 
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tory, but the colour change at the end-point is now from 
blue to colourless because the Methylene Blue under these 
conditions is reduced to the leuco form by tin(H). 

Similar experiments with thionine. New Methylene Blue, 
Azure C. Azure A and Toluidine Blue 0 showed that these 
dyes also function as redox indicators in this titration. with 
a change from blue to colourless. but they do not 
function as ion-pair indicators. They are therefore used 
only in media that are 6-8M in hydrochloric acid. The 
results obtained for 0.1-1.1 mmole of thallium(III). by use 
of these indicators, were satisfactory, the maximum error 
being 0.4”,,. 

fnrurfircnces. Perchlorate interferes when Methylene 
Blue is used as an ion-pair indicator. Hg**. Hg$+. Fe3’ 
also interfere. but oxalate, acetate. Zn2+ and Cdl+ do not. 

The advantage of the method is that the hydrochloric 
acid concentration can range up to 8M. This is useful in 
the estimation of thallium in complexes with strong 
organic ligands, which can easily be brought into solution 
by addition of a large amount of hydrochloric acid. A 
further advantage over use of tin(H) chloride is that tin(H) 
sulphate is more stable and very large potential breaks 
are obtained for titrations in sulphuric acid medium. 

REFERENCES 

E. Zintl and G. Rienacker. 2. Anorg. Allgetn. Chem.. 
1926. 153, 276. 
A, Berka and A. I. Busev. ANal. Chim. Acta. 1962, 21, 
493. 
F. c:bta. Collectiorl C~ch. Chem. Commun.. 1934. 6. 
383; 1935. 7. 33. 

4. C. Dragulescu and S. Herescu, Bul. Stiint Tech. Inst. 
Politvh Timisoara. 1958, 3, 237; Chem. Zentr.. 1960, 
131. 8970. 

5. R. Bhatnagar, M. L. Bhatnagar and N. K. Mathur, 
J. Sci. Res. India. 1962, 21B, 44. 

6. S. I. Gusev and L. A. Ketova. 2%. Analit. Khim., 1961, 
16, 552. 

7. R. Majumdar and M. L. Bhatnagar, Anal. Chim. Acta. 
1961. 25, 203. 

8. E. KrejzovB. V. Simon and J. Z$ka, Chem. Listy, 1958, 
52, 936. 

9. E. A. M. Wetton and W. C. E. Higginson, J. Chem. 
Sot.. 1965. 5890. 

IO. H. Basiliska and D. Tylianowska, Chem. Anal. (War- 
saw), 1966. 11, 995. 

II. Idem, ibid., 1967, 12, 27. 
12. J. D. Donaldson and W. Moser, J. Chem. Sot., 1960, 

4000. 
13. R. Bock and G. Greiner, 2. Anorg. Allgem. Chem., 

1958, 295, 61. 
14. S. R. Sagi, G. S. Raju and K. V. Ramana. Talanta, 

1975. 22, 93. 
15. S. R. Sagi and K. V. Ramana, ibid., 1969, 16, 1217. 
16. J. Proszt. Z. Anal. Chem., 1928, 73, 401: I. M. Kolthoff 

and R. Belcher, Volumetric Analysis, Vol. III, p. 370. 
Interscience. New York, 1957. 

17. J. Carson, J. Am. Chem. SIX. 1926, 48, 906. 
18. T. Ito and M. Abe, Kagyo Kagaku Zasshi, 1960, 63, 

19. 
20. 

21. 
22. 

1699. 
J. D. Donaldson and W. Moser, Analyst, 1959, 84, IO. 
Kuo-Ha Hu and A. B. Scott, J. Am. Chem. Sot., 1955, 
77, 1380. 
S. C. Sen. Proc. Nat/. Acad. Sci. India, 1962, 28A, 437. 
P. P. Kish and E. E. Monich, Anal. Khim. Ekstr. Pror- 
sessy. 1970, 60. 



Thnrci. Vol. 26. pp 55 56. 
0 Pergamon Press. Ltd.. 1979. Printed in Great Britain 

ABSORPTION OF NITROGEN DIOXIDE IN ORGANIC SOLVENTS 
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Tokyo 106, Japan 

(Received 21 February 1978. Accepted 16 June 1978) 

Summary-The absorption of NO2 at low levels in nitrogen, by N,Ndimethylformamide (DMF) and 
dimethyl sulphoxide (DMSO), has been investigated. Parts-per-million levels of NO1 were collected 
with an efficiency of 90% in DMF and 65-70”/, in DMSO. The absorption efficiency in DMF depends 
on the gas flow-rate and the bubbling time, but in DMSO it is independent of time. 

Nitrogen dioxide is often scrubbed from air streams or 
preconcentrated for its quantitative determination in 
aqueous solution : aqueous alkali, aqueous sulphuric acid, 
and chelating agent solutions have been used.ld4 The 
Jacobs-Hochheiser procedure for the measurement of 
atmospheric levels of NOz involves the use of a gas 
bubbler filled with dilute sodium hydroxide. As half of the 
nitrogen dioxide passing through ihis solution is thought 
to be converted into nitrite, the U.S. Environmental Pro- 
tection Agency has adopted a factor of 0.35, taking into 
consideration also the absorption efficiency. The factor for 
this method when aqueous solutions are used has occa- 
sionally aroused controversy.’ The use of an organic sol- 
vent as the absorption solution would avoid this uncer- 
tainty. 

There are only a few reports in the literature of values 
for the solubilities of oxides of nitrogen in non-aqueous 
solvents. Garber and Wilson” indicated that NOz was 
absorbed in dimethyl sulphoxide (DMSO), and Arvia and 
co-workers’s reported that NO, produced by oxidation 
of nitrite was dissolved quantitatively in DMSO and in 
acetonitrile. 

The purpose of this study was to measure the efficiency 
of collection of NO2 in some organic solvents and to 
evaluate the possibility of determining atmospheric NOz 
after collection in an organic solvent. 

EXPERIMENTAL 

Reagents and apparatus 

All organic solvents, of guaranteed reagent grade, were 
dried and then distilled. All other chemicals used were of 
guaranteed reagent grade. 

Standard gas supply equipment (Stec Co., SGGU-14) 
was used to obtain ppm-levels of NO2 in nitrogen. Absor- 
bances were measured with a spectrophotometer (Hirama 
Rika Co., SPdB). Nitric oxide was determined with a che- 
miluminescence NO, analyser (Shimadzu Seisakusho Co., 
Model CLM-401). Kinoshita gas absorbing bottles (G-2 
fritted bubbler, 50ml) were used as absorption vessels. 

Procedure 

A known concentration of NO2 in nitrogen was passed 
through a needle valve and a rotameter to a fritted bubbler 
which contained 50ml of the organic solvent. Another 
bubbler, containing IOml of Sahzman’s absorption solu- 
tion, was placed in series and the amount of NO2 carried 
over and trapped in this solution was determined. The gas 
flow-rate was dependent on the suction provided by a 
pump. The two bubblers were located in a water-bath, con- 
trolled at 25 + 0.1”. The amounts of NO2 in the standards 
and carried over in the absorption experiments were all 
determined by Sahzman’s method,’ because many organic 

solvents containing nitrogen affect the NO, value as 
measured by the chemihtminesccnt method. 

RESULTS AND DlSCIJSSlON 

Preliminary experiments indicated that N,N-dimethyl- 
formamide (DMF) and dimethylsulphoxide (DMSO) were 
satisfactory solvents for NO, while pyridine, acetonitrile 
and hexamethylphosphoramide were poor solvents. 

The absorption efficiencies of NO2 in DMF and DMSO 
were measured for gas bubbling times appropriate for the 
concentrations and the method (Table I) and the reprodu- 
cibility was good. The effects of gas flow-rate and gas bub- 
bling time on the absorption efficiency were studied for 
ppm levels of NO2 (Fig 1). The efficiency remained con- 
stant over the range 2-7 ppm. Lower concentrations were 
difficult to prepare reproducibly. We may conclude that 
DMF is a reasonably good absorption medium for Nor: 
the efficiency found in these experiments is comparable 
with that for Saltzman’s absorption solution, which was 
found to be 91% at 300 ml/min flow-rate. The gas Row-rate 
does affect the solubihty, but the effect is smaller for DMF 

t*cDMF \lOOmt/min 
m-m200 mt/min 

\ 
l*-. -0 300 ml/min 

DMSO 

60 

I I I 
60 120 160 

Time, min 

Fig. I. Absorption efficiency as a function of bubbling 
time. 
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Table 1. Absorption efficiency of NO2 

Solvent 
Flow rate. 

ml/min 

Bubbling NO, Absorption 
time concentration, efficiency, 
min ppm % 

loo { 

40 2.65 91.7 
45 2.95 94.1 

:; 2.99 2.95 94.2 92.8 
DMF 200 { 30 2.99 92.6 

30 3.42 91.2 

1 
30 2.38 89.1 

300 30 3.43 89.5 
30 3.43 89.7 

( 
12 2.97 70.4 

100 12 2.97 70.6 
15 4.20 70.5 

{ 
6 5.72 67.1 

200 7 3.23 67.7 
1 3.23 67.8 
5 3.90 64.5 

300 5 3.90 64.6 
5 6.99 66.1 

DMSO 

than for DMSO. The collecting efficiency is independent 
of time with DMSO. but decreases with time in the initial 
stages of absorption in DMF. Because of the low recovery 
in DMSO. the Saltzman solution in the second bubbler 
was rapidly saturated and prolonged absorption measure- 
ments could not be carried out. 

Nitric oxide was examined by the same procedure and 
found not to be absorbed in DMF or DMSO. The water 
contents of the solvents, which were less than O.lT:,, had 
no influence on the efficiency. 

From the results. DMF and DMSG, especially DMF. 
are found to be good absorption media for NOz. If the 
absorbed NOI, which remains unchanged in the solvent, 
is determined directly in the DMF, a higher sensitivity 
is possible than when aqueous absorption solutions are 
used. An electrochemical determination of the NO, col- 
lected in organic solvents is under investigation. 

I. 
2. 

3. 
4. 

5. 
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FEASIBILITY OF HIGH-FREQUENCY FIELD-MODULATION 
FOR ZEEMAN-MODULATED 

ATOMIC-ABSORPTION SPECTROMETERS 
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(Receiwd 26 April 1978. Accrptrd 6 Junr 1978) 

Summary-Some advantages of alternating field modulation for Zeeman background-correction are 
discussed. A technique for applying such modulation to a conventional hollow-cathode lamp is exam- 
ined. The technioue is used to orovide a verv simple conversion of a Techtron AA3 spectrometer 
to Zeeman background-corrected operation. 

Existing designs of Zeeman-modulated (ZM) spectrometers 
show a number of technical disadvantages. These include 
the large and massive magnets usually needed to generate 
the required geld strengths, the sensitivity losses observed 
for lines which split to give an anomolous multiplet, and 
the need for (usually expensive) ultraviolet-transmitting 
polarizers, often in combination with a birefringent modu- 
lator. which are required to separate the n and CY components 
of a transverse multiplet. In addition, unwanted noise may 
reduce ZM spectrometer sensitivity: source- and atomizer- 
modulated instruments are subject to self-absorption noise 
and to schlieren noise respectively, for reasons discussed 
elsewhere. ’ 

All these problems may be overcome if the various mul- 
tiplet components are distinguished by ac. field modula- 
tion. such as has been demonstrated by Uchida and Hat- 
torL2 rather than by the currently favoured polarization 
methods. Alternating current field modulation is not very 
practicable with iron-cored magnets, however, since the 
resulting inductance of the magnet winding becomes suffi- 
ciently high to preclude modulation frequencies greater 
than a few Hz. Elimination of the core removes this limi- 
tation, and high-frequency a.c. field modulation then 
becomes viable. The price to be paid for elimination of 
the magnet core is a correspondingly increased current in 
the field coils. Hence ohmic power dissipation is also corre- 
spondingly increased. and heat removal by some means 
other than natural heat conduction through the windings 
becomes essential. 

EXPERIMENTAL 

In the present experiments a longitudinal field was 
generated at the cathode of a conventional hollow-cathode 
lamp, positioned at the centre of an annular field coil. The 
field strengths generated by the coil were measured by in- 
sertion of a 1 cm diameter search coil at the position nor- 
mally occupied by the lamp cathode, while the field coil 
was driven at the 50Hz mains frequency. Measurement 
of the a.c. voltage developed across the search coil permit- 
ted the field coil to be calibrated in terms of its drive 
current. 

Field coil design 

The field coil consisted of 600 turns of 22-gauge magnet 
wire, broken after 300 turns to permit the two 300-turn 
sections to be driven in series, in parallel, or from indepen- 
dent power supplies. The resistances of the two sections 
of the coil were 3.5 and 4.051; during use they carried 

* Permanent address: Trace Analysis Research Centre, 
Department of Chemistry, Dalhousie University, Halifax 
N.S., Canada. 

a maximum peak current of about 60A. The coil was 
wound on a tubular ghss former of 4 cm internal diameter, 
which will just accept a hollow-cathode lamp of the typ 
supplied, for example. by Varian-Techtron. The coil was 
wound over a 4cm length of the former to a depth of 
4cm (Fig. I), then tissue paper was glued to the outer 
layer of the coil with contact adhesive, and coated with 
epoxy resin to form a water jacket. The weight of the com- 
pleted coil was under 500g; its size and weight are there- 
fore sufficiently small to permit its ready incorporation 
into certain types of commercially available atomic- 
absorption spectrometers. 

The longitudinal field configuration given by this ar- 
rangement is convenient for two reasons. First, the electric 
and magnetic axes in the neighbourhood of the lamp cath- 
ode are almost coincident, and magnetic stability of a d.c. 
cathode plasma is therefore automatically conferred.’ The 
data of Fig. 2 illustrate this point: cathode emission 
remains almost unaffected by the longitudinal field 
(although the anode plasma was observed to become quite 
distorted). The second advantage is that the rr components 
of a longitudinal Zeeman multiplet are not observed. Thus 
if square-wave field modulation is used, atomic-absorption 
measurements are made at zero field, while the background 
correction is obtained on the u components of the multi- 
plet without recourse to polarizing optics. This is an ideal 
configuration since atomic absorption of the u components 

former out 
\ + 

2cm water 
in 

Fig. 1. Field coil and lamp. The plane containing the circu- 
lar coil winding lies perpendicular to the plane of the 

paper. 
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to 
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f L-C 240v ~_ _. 
fig.3 field doil 5oHz 

sect ions 

Fig. 4. 3.5 kW field-coil drive. 

can always be reduced (to zero if required) simply by in- 
creasing the magnetic field strength, without affecting the 
magnitude of the zero-field absorption signal, a situation 
which cannot be achieved by polarization selection of the 
r and u components of a transverse multiplet unless these 
take the form of a normal Zeeman triplet. 

Experimental operation of the field coil 

The technique was tested in practice on a Techtron AA3 
spectrometer, using an air-acetylene flame atomizer. The 
instrument was modified only by addition of the field coil 
and its power supply. The field coil was mounted at the 
end of the optical rail and the lamp inserted so as to 
occupy the customary position for conventional operation. 
The lamp power-supply output of the spectrometer was 
connected to the circuit shown in Fig. 3. The high-voltage 
section of this circuit converts the lamp supply output into 
a d.c. voltage, upon which a modulation of variable phase 
and amplitude can be superimposed (for reasons discussed 
later). This essentially d.c. voltage was used to drive the 
lamp: since the drive was dc.. only a noise signal was 
observed on the spectrometer when the lamp was turned 
on. 

The spectrometer lamp supply also modulated the drive 
circuits for the field coil (Fig. 3). The two coil segments 
were run in parallel for this purpose. to enable the power- 
supply output voltage to be kept below about 70V. The 
ZM atomic-absorption signal therefore appeared at the 
usual frequency (50Hz) to which the main amplifier was 
tuned. The current pulses to the coil were observed to 
follow a SO-Hz square wave. showing the inherently high- 
frequency response expected for the arrangement. The 
power supply shown in Fig. 3 was designed to use available 
components. These limited the maximum power which 
could be delivered to the coil to about I kW. At this maxi- 
mum power dissipation the peak field generated was about 
1.5 kG. 

The maximum power which the present coil could dissi- 
pate was established by connecting the two sections of the 
coil separately, one directly to the d.c. supply powering 
the drive circuit in Fig. 3. and the other to a second vari- 
able autotransformer (Fig. 4). In this way a sinusoidal 
50-Hz field could be obtained by simultaneously increasing 
the d.c. and a.c. voltages. and the resulting ZM signal again 
appeared at the response frequency of the spectrometer 
amplifier. Under these conditions. the maximum combined 

power dissipation of the two coils was found to be about 
3.5 kW, at which a peak field of 4 kG was generated. At 
this power dissipation the epoxy skin of the water jacket 
reached a temperature of about 50 alter I min of oper- 
ation with a cooling water flow-rate of 2 I./min. 

RESULTS 

Spectroscopic response 

To test the spectroscopic response of the system. ZM 
signals were measured for the Cu 3248 A line. This line 
was selected since the results of Grassam et aL4 have 
shown that measurable ZM signals can be expected at 
fields as low as 1 kG. It was found initially that the slight 
plasma perturbation indicated in Fig. 2 caused a small, 
unwanted amplitude-modulation of source intensity by the 
alternating magnetic field. This was o&et by applying cur- 
rent modulation to the lamp to generate a cancelling 
phase-inverted signal (see above). 

ZM detection limits for Cu with use of the coil-driving 
circuits of Figs. 3 and 4 were found to be 0.5 ppm in both 
cases at the minimum response time of the instrument. 
No attempt was made to improve this figure, since the 
AA3 is inherently unsuitable for high-sensitivity work 
under the present conditions (mainly owing to its use of 
a tuned rather than a phase-sensitive amplifier; for the 
same reason, optimization of magnetic field strength is 
rather critical with this particular instrument in order for 
a well-defined ZM signal to be observed). 

Conclusions 

It is felt that the present experiments have demonstrated 
both the feasibility of utilizing non-cored coils for the field 
generation in ZM spectrometers, and also’ the associated 
technical advantages thereby obtained. The coil size used 
for this work is considered to be a minimum, since in- 
creased power dissipation would be inconvenient (owing 
to the necessarily increased capacity of all electrical com- 
ponents, together with the simultaneously increased diffi- 
culty of avoiding local hot spots on the winding), while 
power dissipation could not be reduced below the range 
used here without severely reducing the signal magnitudes 
observed. Useful improvements in the field strength devel- 
oped could be obtained by increasing the coil size, to per- 
mit a greater number of turns of a heavier gauge of wire 
to be used. 
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SPECTROPHOTOMETRIC DETERMINATION OF VANADIUM AFTER 
EXTRACTION AS VANADIUM(II1) PICOLINATE 
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Summary- -Vanadium(V) is conveniently reduced by sodium dithionite to vanadium(Il1) which is 
extracted as its picolinate complex into chloroform. Vanadium is determined spectrophotometrically 
by measuring the absorbance of the complex at 385nm against a reagent blank. Beer’s law being 
obeyed over the range l-50 pg/ml. The method is one of the most selective, being free from interference 
by relatively high concentrations of almost all the important elements, titanium, chromium, manganese, 
iron. cobalt. nickel. zinc. copper. aluminium. molybdenum. tungsten and uranium, found in industrial 
alloys. Only bismuth interferes. The method is quite simple and rapid. It has been successfully applied 
for the analysis of vanadium in a variety of samples. 

In natural and industrial products, vanadium has to be 
determined at various concentrations in presence of one 
or more of the transition elements chromium, molyb- 
denum. tungsten. manganese, iron. cobalt. nickel. copper 
and occasionally titanium. niobium. platinum. palladium 
and zinc.’ Also, uranium and aluminium may be present. 
Not more than a few milligrams of some of these elements 
are tolerated even in the best of the existing methods. Iron 
interferes in a majority of them and is encountered in 
almost all samples. 

Reagents with suitably located nitrogen and oxygen 
donor atoms have been found to be important chelating 
agents for vanadium determination. Introduction of var- 
ious substituents into hydroxylamine, hydroxamic acid. 
and phenolic and other reagents has served only to im- 
prove the sensitivity and not the selectivity of their reaction 
with vanadium. Picolinic acid is found to give an extract- 
able yellow complex with vanadium(II1) in slightly acidic 
solution. Qualitative tests show that most of the transition 
elements do not form extractable coloured complexes 
under the conditions of vanadium extraction. Therefore. 
picolinic acid has been studied for the extractive spectro- 
photometric determination of vanadium. 

EXPERtMENTAL 

Reagents 
A vanadium stock solution (10 mg/ml) was prepared 

from sodium metavanadate. standardized by titration with 
iron(II),s and diluted to 100 and 10 pg/ml. Standard stock 
solutions of other elements (I-10 mg/ml) were prepared 
by dissolving suitable salts in water, dilute sulphuric or 
dilute hydrochloric acid. 

Chlorojorm. The fraction distilling at 60’ was used. 
Picolinic acid. An 8%, solution in water. neutralized with 

sodium hydroxide. 

Decomposition of samples 
Rurile. Open up the finely powdered sample (1.0 g) by 

fusing3 with 5 g of fusion mixture in a platinum crucible 
for nearly 30 min. After cooling, dissolve the melt in hot 
water. Filter off the insoluble residue on a Whatman No. 
41 paper and wash 4 or 5 times with 5 ml of hot water 
each time. Acidify the filtrate to litmus with dilute sul- 
phuric acid and boil to expel carbon dioxide. Filter off 
any precipitate formed and wash with two S-ml portions 
of hot water. Cool the filtrate and washings and make 
up to 50 ml in a standard flask. Use a suitable aliquot 
for determination of vanadium. 

High speed steel. As described earlier.4 

Procedure 
Transfer a nearly neutral sample solution containing 

0.025-1.25 mg of vanadium to a 150-ml separatory funnel. 
Add 4 ml of picolinic acid reagent and dilute to 20 ml 
with distilled water. Add 0.7-2.0 g of sodium dithionite, 
stopper the funnel and shake the contents gently for 1 
min. Extract the aqueous phase with two lO-ml portions 
and one 5-ml portion of chloroform, shaking each time 
for 1 min. filtering each extract through a small dry What- 
man No. 41 paper into a 25ml standard flask, using the 
second and third extracts to wash the paper, and make 
up to the mark with chloroform. Measure the absorbance 
of the yellow solution at 385 nm in l-cm silica cells against 
a similarly treated reagent blank. The absorbance remains 
constant for at least 1 hr. 

RESULTS AND DISCUSSION 

Vanadium(V) is reduced to vanadium(II1) by shaking a 
nearly neutral solution for about a minute with sodium 
dithionite? Vanadium(II1) forms a yellow complex with 
picolinic acid which can be extracted with chloroform. The 
absorption spectrum is shown in Fig. 1. The complex 
absorbs very strongly at wavelengths shorter than 300 nm 
and so does the reagent blank. The absorbance of the lat- 
ter, however, decreases rapidly to a constant low value 
at wavelengths longer than 310 nm but the complex shows 
an absorption maximum at 385 nm, which is chosen for 
measurements. 

The effect of various factors on the extraction is shown 
in Table 1. In these studies, 20 ml of aqueous phase con- 
taining 24 ppm of vanadium were extracted with 20 ml 
of chloroform and the absorbance was measured at 385 
nm after a single extraction. The effect of picolinic acid 
concentration was studied by using 1.0 g of sodium dith- 
ionite and 1 min of equilibration. Adjustment of pH was 
not required as addition of sodium dithionite (0.7-2.0 g) 
to a nearly neutral solution was sufficient to give the opti- 
mum pH value for maximum extraction. On the basis of 
these studies. the optimum conditions for maximum absor- 
bance are: 4-6 ml of neutralized 8Y0 picolinic acid solution, 
pH 4-4.5. 0.7-2.0 g of sodium dithionite, l-5 min of equi- 
libration with chloroform. Use of the lower end of these 
ranges gave the extraction results shown in Table 2. Use 
of chloroform gives the highest absorbance. All the other 
solvents tried, except dichloromethane. show much lower 
extraction of the complex. Carbon tetrachloride, methyl 
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Table 1. Etfect of various parameters on the extraction of V(II1) picolinate 
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Picolinic acid solution, ml 
Absorbance 

PH 
Absorbance* 

Dithionite, g 
Absorbance 

Equilibration time, min 
Absorbance 

1.1 
0.429 

0.1 
0.160 

0.5 
0.649 

0.5 1.0 2.0 4.0-6.0 8.0 
0.208 0.355 0.561 0.660 0.65 1 

1.5 2.0 2.6 3.6 4.0-4.5 5.1 
0.507 0.562 0.597 0.621 0.640 0.615 

0.5 0.7-2.0 
0.648 0.660 

l-5 
0.660 

* Slightly lower than maximum due to oxidation of vanadium(II1) during pH adjustment. 

Table 2. Extraction of vanadium(II1) 
picolinate by various solvents 

Solvent Absorbance 

Chloroform 0.660 
Dichloromethane 0.641 
Nitromethane 0.312 
Isoamyl alcohol 0.116 
n-Butyl alcohol 0.096 
Benzene 0.027 

Table 3. Effect of anions on vanadium(II1) picolinate ex- 
traction 

Salt added* 
Amount, 

9 Absorbance? 

None - 0.660 
Sodium chloride 3 0.683 
Sodium sulphate 2 0.683 
Sodium acetate 0.5 0.660 
Sodium tartrate 0.07 0.660 
Potassium citrate 0.02 0.660 
Thiourea 0.5 0.610 
Potassium oxalate 0.10 0.414 
Sulphosalicylic acid 0.50 0.405 
EDTA 0.10 0.000 
Potassium hydrogen fluoride 0.10 0.000 

* First four added before, rest after reduction. 
t After a single extraction with equal volume of solvent. 

0 
300 350 400 450 500 

X, nm 

Fig. 1. Absorption spectrum of V(II1) picolinate in chloro- 
form. A-V, 24 &ml, measured against reagent blank; 

B-reagent blank measured against chloroform. 

isobutyl ketone, isoamyl acetate, n-hexane, cyclohexane 
and 1,Zdichloroethane do not extract the complex at all. 
Three extractions with (10 + 10 + 5) ml of chloroform 
remove 99.8% of the vanadium from 20 ml of aqueous 
phase, a single extraction with an equal volume giving 90% 
removal. 

The colour is stable for at least an hour and obeys Beer’s 
law over the vanadium concentration range l-50 &ml. 
Vanadium(II1) is knowt? to form a 1:3 complex with 
picolinic acid. The composition of the complex extracted 
into chloroform is probably the same. 

Effect of dicerse ions 

The effect of various anions in the aqueous phase is 
shown in Table 3. The presence of chloride and sulphate 

Table 4. Behaviour of other ions under the proposed conditions 

Concentration 
Ion* my/20 ml Absorbance? 

Sr(II), Ba(I1) 100 0.006 
Cr(III,VI) 100 0.005 
As(V) 100 0.005 
Ca(I1) 100 0.003 
Nb(V) 54 0.002 
Re(VI1) 1 0.002 
Cd(II), U(V1) 50 0.002 
Pd(I1) 10 0.001 
Fe(II,IH), W(VI), Zn(II), Al(III) 100 0.000 
Cu(II), Mn(II), Pb(II), Be(H), Mg(II), Ce(IV) 100 0.000 
Mo(VI), Ni(II), Co(I1) 50 0.000 
PGIV) 0.000 
Ti(IV), Zr(IV), Th(IV), Sn(II), Sb(V) 0.000 

* Initial oxidation state in brackets. 
t No visible colour. 
I Sodium tartrate (70 mg) added to prevent hydrolysis. 
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Table 5. Analysis of samples by the proposed method 

Matrix* 

Sample composition 
V added, V found, 

K7 p(B 

Fe(l0) Ce(20) Ni(13) 
Al(30) Zn( IO) Cr( IO) 
Mo(20) W(l5) Mn(60) Zn(l0) 
W(50) 
Al(lO0) 
U(lS) Fe(l0) Cr(12) Ti(5) 
Ni(6) Pt(2) Pd(2)t 
Al(40) Zn(7) Cu(2.5) Fe(0.35)$ 
Fe(5) Ni(2.3) Cr(2) Mn(O.l)$ 
Rutile (V = 0.125”;,) # 
High-speed steel. super rapid extra 500 

400 
250 
550 
400 
660 
850 

1000 
100 
100 
- 

0.87’ 

400, 399 
250 

550, 548 
400 

660, 659 
848, 849 

1000,1002 
100, 99 

100 
0.122% 

0.85% 

* The number in brackets indicates mg of element in the aliquot taken for 
analysis. 

t Analogous to Palau. 
$ Analogous to Nichroloy (cast). 
3 Analogous to V-alloy. 

# By ferron method.“ 
’ Reported value. 

slightly increases the extraction of the complex. probably 
by salting-out. Acetate (0.5 g) has no effect on the extrac- 
tion, higher amounts decrease the absorbance. Complexing 
ions decrease the absorbance very much. Tartrate (70 mg) 
and citrate (20 mg) can be tolerated. Thiourea and oxalate 
lower the extraction considerably. EDTA and fluoride even 
in small amounts mask the vanadium completely. In pre- 
sence of phosphate, the colour fades continuously even 
after extraction. 

determination in the presence of large amounts of iron, 
chromium. nickel, cobalt, copper, manganese, molyb- 
denum, tungsten, titanium, zinc, aluminium, uranium, 
which are important interfering elements in many existing 
methods. Once the sample is prepared, the determination 
takes less than 10 min. It is sufficiently sensitive and should 
be useful in the analysis of many vanadium-containing 
alloys and other industrial products. 

In the reduction with dithionite the elements behave in 
the way already reported.“ However, the residual amounts 
of copper, aluminium, zinc, uranium, titanium. antimony 
and tin picolinates are not extracted. The hydrolysable ions 
of titanium. thorium, zirconium, tin, antimony and nio- 
bium cause emulsions, but addition of 70 mg of sodium 
tartrate (upper limit of its tolerance), before the dithionite 
reduction, prevents hydrolysis of the amounts shown in 
Table 4. 

The wide applicability and scope of the method is shown 
by the satisfactory analysis of a variety of samples (Table 5), 
without separation of the elements associated with vana- 
dium. Vanadium can be estimated in molybdenum, alu- 
minium, chromium and tungsten compounds. 

The extraction behaviour of different elements under 
conditions of the procedure is shown in Table 4. The toler- 
ance limits can be seen from the contribution to the absor- 
bance when the ions are present alone. Tungsten. iron, 
nickel. cobalt, chromium, molybdenum, zinc and alu- 
minium decrease the extraction of vanadium, probably by 
consuming reagent to form non-extractable complexes. 
This effect can be overcome by adding 2-3 times as much 
picolinic acid as prescribed in the procedure and, in the 
case of tungsten, also sodium tartrate to the just alkaline 
sample solution. Under these conditions. the tolerance 
limits (mg) for these elements in 20 ml of solution are 
tungsten(50). iron(l0). nickel (20kcobalt (50). chromium (20). 
molybdenum (50). zinc (10) and aluminium (100). 

Acknowledgemenrs-The authors are thankful to the 
Chemistry Department for facilities and to C.S.I.R., New, 
Delhi for the award of a Postdoctoral Fellowship to 
S. P. Arya. 

1. 

Applications 6. 
The proposed method is very selective for vanadium 
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A COLORIMETRIC METHOD FOR THE DETERMINATION OF NITRAZEPAM 
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Summary-A simple calorimetric method for the determination of nitrazepam is described. Nitrazepam 
dissolved in ethyl alcohol (95%) produces a yellow anion on addition of aqueous sodium hydroxide, 
and this is measured sDectroDhotometricallY. The method has been applied to pharmaceutical formula- 
tions containing nitraiepam.’ 

The object of this investigation was to develop a simple 
calorimetric method for the estimation of nitrazepam in 
pharmaceutical formulations. The B.P. method’ involves 
non-aqueous titration with perchloric acid. Colori- 
metric,z-4 gas chromatographic. s-’ differential pulse polar- 
ographics9 and fluorimetric” methods have been 
reported. 

This paper presents a new calorimetric method for deter- 
mining nitrazepam, based on measurement of the absor- 
bance of the deprotonated form. The method has been 
successfully applied to determination of the drug in phar- 
maceutical dosage forms containing nitrazepam and cer- 
tain other drugs in combination. 

Reagents 

EXPERIMENTAL 

Nitrazepam, checked for purity by the B.P. 1973 
method,’ and used as a 0.100% solution in ethanol (95%). 
Sodium hydroxide solution, 0.5%. Ethyl alcohol (95%) 
spectroscopic grade. 

Procedures 

Calibration curve. Prepare a series of solutions of the 
drug with concentrations ranging from 20 to IO0 ng/ml 
in ethanol (95%) by diluting I, 2, 3, 4 and 5-ml portions 
of the O.lOO”~ standard solution to 50 ml with ethanol 
(95%). Accurately measure out I ml (in duplicate) from 
each prepared solution into a series of IO-ml standard 
flasks. To each, add I ml of 0.5% sodium hydroxide solu- 
tion and after 10 min dilute to volume with distilled water. 
Measure the absorbances at 366 nm (A,,,) against a blank 
solution prepared with I ml of ethanol instead of drug 
solution. 

Drug assay. Weigh 50 mg of sample, dissolve it in eth- 
anol (95%) and make up to volume with ethanol in a 50-ml 
standard flask. Analyse a 3-ml portion of this solution by 
the procedure used for the calibration curve, with l-ml 
aliquots. 

Assay of tablets. Weigh 20 tablets and grind them to 
powder in a glass mortar. Accurately weigh a portion of 
the powder equivalent to about 3 mg of the drug and 
extract it with 25 ml of warm ethanol (45 + 2”). Filter 
with a porosity-4 sintered-glass filter, washing the residue 
with three 5-ml portions of warm ethanol. Cool the filtrate 
and washings to room temperature and make up to 
volume in a 50-m] standard flask with ethanol. Complete 
the determination as before with l-ml aliquots. 

RESULTS AND DISCUSSION 

In the presence of a strong base such as sodium hydrox- 
ide, nitrazepam undergoes deprotonation” to give a yel- 
low anion which has maximum absorbance at 366 nm (Fig. I). 

-ihe absorbance is not affected by the temperature of. 
reaction. The intensity of the colour produced becomes 
maximal and constant with I ml or more of O.Su/, sodium 
hydroxide under the conditions stated in the procedure. 
The time required for the complete analysis is about 30 
min. Recovery experiments with the bulk drug gave a 
mean recovery of 100.1x, standard deviation 0.6%. 

Effect of other pharmaceuticals 

Promaxine, chloropromazine hydrochloride, sodium 
phenobarbitone etc. were tested for interference in the 
method as they are likely to be given in combination with 
nitrazepam. Since no market products of this type were 
available, mixtures prepared in the laboratory were used. 
The results are shown in Table I. 

Recovery studies 
Known amounts of nitrazepam were added to the pre- 

viously analysed formulations and these mixtures were 
analysed by the proposed method. These results are also 
tabulated in Table I. 

The results obtained show that the procedure gives a 
convenient method for assay of nitrazepam, alone or in 

Wavekngth, nm 

Fig. 1. Absorption spectrum of nitrazepam in alkaline 
medium. 
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Table I. Recovery studies on S-mg portions of nitrazepam 

Additive (5 mg) 

Chlorpromazine hydrochloride 
Promazine 
Sodium phenobarbitone 
Meprobamate 
Chlorodiazepoxide 
Analgin 
Paracetamol 
Diazepam 
Phenacetin $ Analgin 
Phenylbutazone 
Chlorapheneramine maleate 
Cyclizine hydrochloride 
Dimenhydrinate 

Nitrazepam Recovery of added 
recovery, % nitrazepam (5 mg). % 

100.2 100.3 
99.9 101.0 

100.1 99.5 
100.0 100.1 
100.3 100.3 
100.1 100.1 
99.6 99.8 
99.7 99.9 

101.2 100.2 
100.7 100.0 
99.9 99.9 

101.0 99.8 
99.0 100.0 
99.8 101.0 
99.9 100.0 

The first two samples were CIPLA formulations (B.P. assay 98.0 and 98.6% 
recovery). Results are means of duplicates. 

presence of certain drugs and of excipients normally 
present in commercial dosage forms. The method will not 
work in the presence of other species giving rise to absorp- 
tion at the wavelength used. 

Acknowledgements-The authors are grateful to CIPLA 
Laboratories for supplying authentic and bulk samples of 
nitrazepam and a commercial formulation. 

REFERENCES 

I. British Pharmacopoeia, 1973, p. 320. Department of 
Health and Social Security. London. 

2. K. H. Beyer and W. Sadee, Arzneimittel-Forsch., 1969, 
19. 1929. 

3. H. Raber and J. Gruber, Sci. Phnrm., 1972, 40. 35. 
4. H. Sawada and K. Shinohara, Eisei Kagaku, 1970, 16, 

318. 
5. K. M. Jensen, J. Chromatog., 1975, 111, 389. 
6. H. Ehrsson and A. Tilly, Anal. Letters, 1973, 6, 197. 
7. P. Lafargue, P. Pont and J. Meunier, Ann. Pharm. 

Franc., 1970, 28. 477. 

8. P. Van Doorne, Pharm. Weekblad, 1975, 110, 149. 
9. S. Halvorsen and E. Jacobson, Anal. Chim. Acta, 1972, 

59. 127. 

10. J. Reider. Arzneimittel-Forsch., 1973, 23, 207. 

1 I. J. W. Barrett, W. F. Smyth and I. E. Davidson, J. 
Pharm. Pharmac., 1973. 25, 387. 



Td~nrn. Vol. 26. pp. 65 -66. 
0 Pergamon Press. Ltd.. 1979. Printed in Great Britain. 

SPECTROPHOTOMETRIC AND SPECTROFLUORIMETRIC INVESTIGATION 
OF AGGREGATION OF SOME ANTHRAQUINONE DERIVATIVES 

C. N. ZAHARIA and 0. L. HEARER 
Central Laboratory of Spectrofluorimetry, “St. S. Nicolau” Jnstitute of Virology, 285. 

SOS. Mihai Bravu, Bucharest, Romania 

C. TARXBXSANU-MIHAILA 

Polytechnic Institute, National Jnstitute of Chemistry 149. Calea Victoriei. 
Bucharest, Romania 

and 

MARGARETA GIURGEA 
Institute of Physics and Technology of Materials, Magurele Platform, Bucharest, Romania 

(Received 21 October 1977. Revised 19 May 1978. Accepted 6 June 1978) 

Summary--The behaviour of some anthraquinone derivatives in aqueous solution has been studied 
by absorption and fluorescence spectrophotometry. The results point to the presence of molecular 
aggregates in solution, also confirmed by polarographic determinations 

The aggregation of anthraquinone dyes in aqueous sol- 
ution has been the object of numerous studies. Among 
the investigational methods used we may mention polar- 
ography,‘,2 spectrophotometry3 and diffusion coefficient 
measurements4 The presence of aggregates with a mean 
degree of association ranging from 2 to 5 has been 
reported. 

The present note reports on the results of experimental 
studies on the aggregation of some anthraquinone deriva- 
tives, performed by spectrophotometric, spectrofluori- 
metric and polarographic methods. 

EXPERIMENTAL 

The compounds investigated, I-III, were synthesized 
and purified by the methods described in the literature. 

o * HN-C6H13 i N-C6HiiNH2 
Their purity was tested spectrofluorimetrically as well as 
by elemental analysis. Absorption determinations were car- 

Fig. 1. Absorption spectra of compound I in water at the 
concentrations 5 x lO-4M (curve 1) and IOe2M (curve 2). 

ried out with a Shimadzu QV 50 spectrophotometer. Spec- 
trofluorimetric measurements were performed in the same 
apparatus with a GF-16E accessory for fluorimetry, both 
90” and reflection geometry being used. All determinations 
were performed at room temperature. 

c12H25 

I i03No 

Polarographic measurements were made with an OH-104 
or 105 instrument (Hungary) by the square-wave tech- 
nique.‘.2 

RESULTS AND DISCUSSION 

As seen from Figs. 1-3 the absorption spectra of com- 
pounds I-III show a concentration dependencz in aqueous 
solution in the 10-4-10-‘M range. This is shown by a 

general hypsochromic and a slight bathochromic effect 
observed as the concentration is increased, a phenomenon 
that can be ascribed to molecular aggregation. 

Fig. 2. Absorption spectra of compound II in water at . 
theconcentrations x IO-“M(curve 1)and IO-‘M(curve2). 
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Fig. 3. Absorption spectra of compound 111 in water at 
the concentrations 10m4M. l-cm cell (curve 1); 10e3M. 
O.l-cm cell (curve 2): IO-‘M, 0.01~cm cell (curve 3): 3 x 

IO-‘M, 0.01~cm cell (curve 4). 

To elucidate the behaviour of compound 111 (the only 
fluorescent compound) fluorimetric measurements were 
performed with 90” geometry (Fig. 4). Such measurements 
were possible owing to the rather strong fluorescence emis- 
sion of this compound at 555 nm. In the 10-6-IO-4M 
concentration range there was a linear dependence between 
the logarithm of the fluorescence intensity (log I,) and the 
logarithm of the concentration (log c), with a constant 
fluorescence efficiency. This proves that no molecular inter- 
actions involving the fluorochromic centre occur within 
this concentration range. The inner filter effect prevented 
us from performing determinations at higher’ concen- 
trations with the same geometry. To avoid this effect. fluor- 
escence measurements at higher concentrations were per- 
formed with reflection geometry. Excitation measurements 
at three wavelengths (285. 400 and 475 nm) point to a 
non-linear dependence of log I, on log c: the curve has 
a maximum. This suggests the presence of molecular aggre- 
gates in the system. 

The measurements at the three wavelengths stated were 
processed by plotting log I, (as a percentage of the maxi- 
mum value) against log EC and shifting the curves along 
the ordinate until the linear ascending regions were super- 
imposed, I, then becoming independent of excitation radi- 
ation intensity. It can be observed that I, is dependent 
on concentration: it starts to decrease at 7 x 10s4M 
(Fig 5) for all three curves. This is evidence for the fluor- 

Fig. 4. The dependence of the logarithm of the relative 
fluorescence intensity and of the l,/(l-lO-Wd) ratio on log 
c, for compound III in aqueous solution: A,, = 400 nm, 
I,, = 560 nm. Geometry 90”; layer thickness l-cm; FI- 

inner filter effect. 

12 - 

10 - 

Fig. 5. The dependence of the logarithm of the relative 
fluorescence intensity of compound III in aqueous sol- 
ution, I,, = 560 nm, on log (cc) for I,, = 475 nm (0 0). 
I,, = 400 nm (after translation. 0 O), and I,, = 285 nm 

(after translation, x x). Reflection geometry. 

Fig. 6. The dependence of the logarithm of the difference 
between the limiting diffusion current for compound 111 
in buffer solution (0.025M aminoacetic acid and 0.075M 
NaCI, at pH 3) and that for the Cd’+ ion (-Alog id), 
and the dependence of the mean degree of aggregation 
(n). and molecular weight (log M) on the logarithm of the 

concentration (log c). 

escence decrease being due !o internal molecular inter- 
actions. 

The appearance of molecular aggregation was detected 
by Hillson and McKay’s polarographic method.’ As seen 
from Fig 6, aggregation starts at 10e4M in presence of 
the electrolyte contained in the buffer and increases con- 
siderably for concentrations up to 5 x IO-‘MM. It was 
not possible to determine the mean degree of aggregation 
for this concentration range. as the curve showed sharp 
increases. 

The conclusion is that all three dyestuffs undergo mol- 
ecular aggregation at concentrations above about IO-“M. 

Acknowledgemenr-Thanks are due to Dr. I. Voicu, Insti- 
tute for Atomic Physics, Bucharest) for his help with the 
polarographic determinations. 
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FORMS OF 3,4-DIHYDROXYPHENYLACETIC ACID 
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Summary-The pH-dependent “C chemical shifts indicate an approximately I : I ratio of the 
3-OH:4-OH tautomeric forms of singly dissociated 3,4-dihydroxyphenylacetic acid. It is found that 
the ‘% chemical-shift method is an effective technique for determining tautomeric forms from pK 

In recent years, there has been considerable interest in the 
potential use of nuclear magnetic resonance,‘~2 particularly 
carbon-13 nuclear magnetic resonance (“C NMR), for 
characterizing the behaviour of amino-acids as a function 
of PH.“+~ It is considered that t3C NMR spectroscopy 
should be useful for studying details of the state of ioniz- 
ation of catechol derivatives, because the spectral responses 
of the individual carbon atoms are well separated. 
Recently, the microscopic acid dissociation constants 
(micro-constants) and the distribution of various ionic 
forms of 3,4-dihydroxyphenylpropionic acid and DOPA as 
a function of pH have been reported.5 An attempt has 
been made to use the results to evaluate the 13C NMR 
data to tind the pK values and distribution of ionization 
states of several hydroxyphenyl compounds. On the basis 
of the pH-dependent r3C chemical shifts, the ratio of the 
3-OH and 4-OH tautomeric forms of 3,4dihydroxyphenyl- 
acetic. acid in basic solution has been calculated. 

EXPERIMENTAL 

Reagents and titration 

3,4-Dihydroxyphenylacetic acid, 3-hydroxyphenylacetic 
acid, 4-hydroxyphenylacetic acid. 3-methoxy-4-hydroxy- 
phenylacetic acid, and phenylacetic acid were dissolved in 
D20 to give concentrations of 0.5-0.8M. The NMR samplt 
was titrated directly with IOM potassium hydroxide solu- 
tion in DZO, under an atmosphere of CO*-free nitrogen. 
at 35 f 0.1’. The pD values were calculated according to 
the equation6 pD = pH + 0.4 where pH is the pH-meter 
reading. 

13C NMR 

Proton-decoupled 13C chemical shifts were measured at 
20 MHz on a Varian CFT-20 spectrometer operated in 
the pulsed Fourier transform mode. The probe tempera- 
ture was 35 + 2’. Dioxan (0.2%) was used as internal stan- 
dard and the chemical shifts were converted to a ppm scale 
relative to dioxan (by using a conversion factor of 67.4 
ppm). 

Calculation of pK 

The titration curves of 3.4dihydroxyphenylacetic acid 
and its related compounds were analysed in terms of the 

chemical shift and the proton association equilibria by 
using a model equation of the form 

6 0b*d = b,,,, + C [Ai 10”‘H-“K,r]/[~ + fo”‘u-rK,)1] (I) 
i= l.” 

where &6rd is the observed 13C chemical shift, 6,, is the 
minimum chemical shift in the protonated form of 
3,4-dihydroxyphenylacetic acid, and Ai and pKi are the 
chemical shift and the dissociation constants, respectively, 
for the ith protonation transition.’ 

Determination of dissociation constants 

The dissociation constants of compounds were calcu- 
lated according to the method of the complementary tristi- 
mulus calorimetry (CTS method) which was reported in 
the previous paper.’ 

Determination of micro-constants 

The acid dissociation equilibria of 3,4dihjdroxy- 
phenylacetic acid may be expressed as shown in Chart 1. 
The micro-constants were calculated by the method of 
Edsall et aL9 which was employed previously in the calcu- 
lation of micro-constants of 3,4-dihydroxyphenylpropionic 
acid and DOPA. In scheme I. the dissociation constant 
of 3-methoxy-4-hydroxyphenylacetic acid was expediently 
used as substitution value of k,, which corresponds to the 
dissociation of the p-phenol group. 

RESLLTS AVD DISCL’SSIOY 

The chemical shifts of the carbon atoms (designated C-l, 
C-3, and C-4) of 3,4dihydroxyphenylacetic acid and its 
related compounds were measured in Da0 solution at 
several pH values between 5 and 12. The relationship 
between pH and the chemical shifts of the compounds is 
shown in Fig. 1. The data were then fitted to equation 
(1). 

In Table 1, the total shifts for Co, C,, C-l, C-3, and 
C-4 carbon atoms caused by the ionization of the phenolic 
hvdroxv aroun are summarized and supplemented by the 
literature-values to for other hydroxyphenyl compounds. 
Comparison of the results for C-l, C-3, and C-4 of 4-hyd- 
roxyphenylacetic acid, 3-methoxy-4-hydroxyphenylacetic . 
acid, glycyl-r-tyrosylamide and glycyl-L-tyrosylglycine 
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Fig. 1. “C Chemical shift for 3.4dihydroxyphenylacetic acid and its related compounds as a function 
of pH. relative to dioxan as internal standard. 

- ub HO 0 CH,--COO- 

w UO@cH,-cOO- 

-.--a- HO 0 w,--COO- 0. 

Table 1. 13C NMR shifts for Co. C,. C-l, C-3, and C-4 in titration 

H%L 
HO-L ,c, WKOO‘ 

*c;c, 

Compound Co C, C-l c-3 c-4 

HO ?3 0 CH,--COO- 4.4 4.0 3.3 1.4 6.6 

H”@c”,--cOO- 4.2 4.1 0.3 10.8 3.3 

HO 0 0 w,--COO‘ 4.1 4.0 5.9 3.1 10.4 

tH:@cill--cOO- 4.2 4.1 6.9 3.4 10.9 

@CH,-coo- 4.0 4.2 

Glycyl-L-tyrosylamidet” 6.2 3.3 10.4 
Glycyl-L-tyrosylglycinelo 6.2 3.3 10.4 

Table 2. Dissociation constants of 3.4dihydroxyphenylacetic acid and its related compounds 

Compounds 
PKt PK2 PKl pK2 PKI pK2 

Carbon atom (D20. 35”) (H20. 35”) (HZO. 25”) 

HO “8 0 CH,--tOO‘ 
C-l 9.78 f 0.08 
c-3 9.78 + 0.06 11.49 + 0.18 9.45 + 0.02 11.88 + 0.05 9.61 5 0.04 12.03 j, 0.02 
c-4 9.80 + 0.04 11.53 f 0.11 

H”@cH,-coo- c-3 C-l 10.08 10.11 + + 0.06 0.07 9.92 k 0.01 9.95 * 0.03 
c-4 10.00 f 0.04 

no u 0 CH,--COO‘ 
C-l 9.99 + 0.06 
c-3 9.87 + 0.08 9.83 + 0.02 9.96 + 0.05 
c-4 9.95 f 0.09 

.Table 3. Microscopic acid dissociation constants and tautomeric constant of 3.4-dihydroxy- 
phenylacetic acid 

Compound pkt pk2 pk,, pk,, K Reference 

9.14* 9.16 11.59 11.57 0.96 (35”) 
9.87 9.90 11.86 11.84 0.94 (25”) 5 

[p = 0.1 (NaClO,)] 
* Dissociation constant of 3-methoxy-4-hydroxyphenylacetic acid (9.74 + 0.02). 
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K,K, = k, I,, ’ k2 Lz, 

K, = l$ = *I, ila 

Scheme I. Ionization equilibria of 3,4dihydroxyphenylactic acid. 
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shows that the 13C chemical shifts of these carbon atoms 
are not influenced by the side-chain. The “C chemical 
shifts of 3,4-dihydroxyphenylacetic acid are the means of 
the shifts for 3:hydroxyphenylacetic acid and rl-hydroxy- 
phenylacetic acid. This is considered to mean that the shifts 
for 3.4dihydroxyphenylacetic acid correspond to an ap- 
proximately 1: 1 ratio of the 3-OH and 4-OH singly dis- 
sociated forms.” As can be seen from Table 1, the C-3 
and C-4 shifts for 3-methoxy-4-hydroxyphenylacetic acid 
are practically the same as those for 4-hydroxyphenylacetic 
acid. If it is assumed that the C-3 shift for 3-methoxy-4- 
hydroxyphenylacetic acid is essentially the same as the C-3 
shift in dissociation of the 4-hvdroxy proton of 3,4-dihyd- 
roxyphenylacetic acid, two pl<’ valu&-could be calculated 
from equation (1). A similar argument can be considered 
for the C-4 shifts. 

The pK values are given in Table 2 together with the 
standard deviations. Estimates of the pK values from the 
shifts for different carbon atoms agree fairly well with the 
values obtained at 35’ in aqueous solution except for 
3.4dihydroxyphenylacetic acid for which the agreement is 
poorer. The tautomeric constant (K,) and the micro-con- 
stants defined in Scheme I were calculated for a tempera- 
ture of 35’ and aqueous solution and the values are listed 
in Table 3. The micro-constants values are increased by 
0.1-0.3 by a decrease of IO” in temperature. 

In Table 3. the micro-constants k,, k,,, k,, and klz 
previously obtained5 are seen to agree reasonably with 
those calculated from the *‘C chemical shifts of C-4 and 
C-3 in D,O solution of 3,4_dihydroxyphenylacetic acid. 
Thus the ’ Y chemical shifts must be monitoring the effect 
of the micro-constants of the catechol derivatives. 

The tautomeric constant was calculated to be 0.96 in 
aqueous solution and considered to be 1.04 in D20 solu- 

tion (C-3/C-4) and the 13C chemical shifts give an inter- 
mediate value. 

From these results. it is concluded that 3&dihydroxy- 
phenylacetic acid dissociates the first phenolic proton from 
either the 3- or the Cposition with about equal prob- 
ability; this agrees with the conclusion from the previous 
paper. ’ 
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ANALYTICAL PROPERTIES OF BIPYRIDYLGLYOXAL 
BIS(4-PHENYL-3-THIOSEMICARBAZONE) 
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(Received 16 May 1978. Accepted 21 June 1978) 

Summary-The synthesis and analytical properties of bipyridylglyoxal bis(4-phenyl-3-thiosemicarbazone) 
are described. The solubility. spectral characteristics and pK values are reported, as well as the absorp- 
tivity and stoichiometric ratio of metal chelates formed. 

Some phenylthiosemicarbazones have been studied as re- 
agents,ie6 but compounds with the bis(phenylthiosemi- 
carbazone) grouping have received very little attention. 
Ballschmiterr** studied some derived from biacetyl and 
glyoxal, varying the phenyl substituent. but photometric 
applications have been not reported; biacetyl bis(4- 
phenyl-3-thiosemicarbazone) has been proposed for the 
selective determination of copper.” 

In this paper, the physicochemical properties and ana- 
lytical possibilities of bipyridylglyoxal bis(4phenyl-3-thio- 
semicarbazone) (BGPT) are presented and compared with 
those of bipyridylglyoxal dithiosemicarbazone. 

-HN-C 
\\ 

S S 

BGPT 

EXPERIMENTAL 

Preparation of reagent 

Dissolve 2.12 g (0.01 mole) of bipyridylglyoxal and 3.34 g 
(0.02 mole) of 4-phenyl-3-thiosemicrbazide in 30 ml of 
ethanol and add 5 ml of concentrated hydrochloric acid. 
Reflux for 4 hr, and evaporate slowly until biphenylthio- 
semicarbazone precipitates. Filter off the yellow product. 
and recrystallize from ethanol-water (1 :l) (m.p. 217-219”; 
yield, 20%). Found: C 53.0%. H 4.3”/, N 19.3%. Calculated 
for Cz,H2,NsS2.2HCl: C 53.52%. H 4.11%. N 19.19%. 

Spectrophotometric study of reactions with metal ions. The 
reactions of 40 cations with BGPT were tested at different 
pH values. The most sensitive reactions were those of 
Co(H), Ni(II), Fe(H) and (HI). Cu(I1). Zn(II), Cd(H) and 
Mn(I1). A spectrophotometric study of the chelates formed 
has been made. The solutions were prepared in 25ml stan- 
dard flasks with I-5 ppm of metal ion, 5 ml of 0.1% solu- 
tion of BGPT in ethanol. 5 ml of buffer solution and IO 
ml of ethanol to prevent precipitation. and dilution with 
distilled water. The absorbance was measured at 350-700 
nm. against reagent blanks. The most important results 
are summarized in Table 2. 

RESULTS AND DlSClJSlON 

BGPT was prepared by a standard procedure involving 
the acid-catalysed reaction between the appropriate semi- 
carbazide and r-dicarbonyl compound in ethanol or 
aqueous ethanol medium.‘2*‘3 

Properties. Some physicochemical properties of BGPT The reagent show only two ionization steps. Since the 
are summarized in Table 1. Solutions of BGPT (0.1%) in molecule is symmetrical and the distance between the dis- 

ethanol and ethanol-water mixtures at different pH values 
were stable for more than a week. The absorption spectra 
of 9.0 x IOT6M BGPT in 2:3 ethanol-water solutions at 
various pH values are plotted in Fig. 1. showing batho- 
chromic shifts in acid and alkaline media. Values of pK 
were calculated from the variation of absorbance with 
pH, by the Stenstrom and Goldsmith” and Sommer” 
methods. The pK values shown in Table 1 are the arithme- 
tic mean of the values obtained from measurements at four 
different wavelengths. 

The NMR spectrum of BGPT in dimethylsulphoxide 
shows a peak at 2.05 ppm which indicates the presence 
of an -SH group in small proportion, in equilibrium with 
the thione group. 

Table 1. Physicochemical properties+ of bipyridylglyoxal bis(4-phenyl-3-thiosmi- 
carbazone) 

Solubility in water, g/1. 
Solubility in ethanol. g/l. 
Solubility in dimethylformamide, g/L 
Solubility in chloroform, g/l. 

Aromatic protons (NMR spectrum), ppm 
-NH- (NMR spectrum), ppm 
-SH (NMR spectrum), ppm 

-NH-frequency, em-’ 
>C=N- frequency, cm-’ 
>C=S frequency, cm-’ 

pK,=pK, (Stenstrom and Goldsmith method) 
pKJ=pK1 (Stenstrom and Goldsmith method) 
pK,=pK, (Sommer method) 
pK,=p& (Sommer method) 

0.1 
12.3 
28.2 
0.2 

7. I-9.0 
4.15 
2.05 

3200 w, 3090 w m 
1610 s, 1530 s 

1090 m. 1030 w, 1.000 w 

3.27 
II.62 
3.20 

f 1.68 
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Fig. 1. Absorption spectra of 9.0 x IO-‘M BGPT in 2:3 ethanol-water solution at various pH values. 

sociable protons is relatively long the values of the con- 
stants Ki and K2 and also K, and K4 would be expected 
to lie close together. and are not distinguishable by spec- 
trophotometry. The ionization steps are, therefore: 

The nitrogen atom in the pyridine ring can be pro- 
tonated, and the compound acts as a weak base; the value 
found resembles the corresponding constants of pyridine 
compounds.‘4 The fmal dissociation is due to loss of the 
proton of the -SH grot~p.~~ 

BGPT is unstable towards strong oxidizing agents, but 
stable in the presence of reducing substances. and it is 
not hydrolysed by acids, and can be used in acidic solu- 
tions. 

The reagent acts as a tetradentate ligand with convenient 
steric arrangement of its donor groups in the complexes 
formed with Zn(II), Cd(U) and Cu(I1) (1: 1 stoichiometric 
ratio) in a similar manner to other uicdithiosemicarba- 
zones. In the case of the complexes of Fe(H), Co(H) and 

Ni(II) the stoichiometric ratios (I:2 and 2:3, metal ion- 
BGPT) indicate that each half of the molecule behaves 
independently; these complexes are similar to the com- 
plexes of picolinaldehyde thiosemicarbazone and related 
compounds.i6*’ ’ 

The analytical possibilities of BGPT are superior to 
those of bipyridylglyoxal dithiosemicarbazone, owing to 
the higher molar absorptivities of the chelates and to the 
shill of the absorption peaks towards longer wavelengths; 
moreover, the BGPT chelates can be extracted more easily 
into benzene, toluene and chloroform. The introduction 
of the phenyl radical at the end of the thiosemicarbazide 
molecule is an excellent example of how group action in 
organic compounds can be modified to provide increased 
sensitivity. 
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380 
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2.86 x lo4 
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7.9 x lo3 

1:l. 1:3 

1:1, 1:2 
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1:l 
1:2 
2:3 

1:2 
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R&un&-La destruction par voie humide en micromatras du type Kjeldahl associee a une methode de 
dosage par colorimetrie spectrophotomdtrique avec emploi d’azomithine H, la combustion en bombe de 
Parr sous pression d’oxygene, l’attaque par le pcroxyde de sodium associ&s au dosage acidimetrique de 
I’acide mannitoborique ont et& Ctudiees pour le microdosage du bore dans les composes organiques et 
mineraux complementairement a la methode de combustion darts I’oxygene en fiole de Schiiniger, 
anterieurement mise en oeuvre, qui convient ma1 dam le cas des composes miniraux ; c’est la destruction 
en micromatras qui est gtneralement utili&e comme mithode complementaire. Des techniques de 
destruction analogues, associCs au dosage acidimetrique de l’acide mannitogermanique ou a une 
methode de colorimetrie spectrophotometrique avec emploi de phtnylfluorone, ont tti essay& pour le 
microdosage du germanium ainsi que le dosage gravimetrique de GeOz mais aucune nkt entierement 
satisfaisante, les unes manquent d’universaliti et les autres de precision. 

La methode de combustion dans Ibxyg6ne en fiole de 
Schoniger mise en oeuvre dans notre laboratoire pour la 
microanalyse elementaire des substances organiques bo- 
r&es’ est mise en defaut lorsqu’elle est appliquk a des 
composts tels que borures, boronitrures, carbures de bore 
et autres substances minerales en vue du dosage microanal- 
ytique du bore, m&me lorsqu’on ajoute au prelevement 
analytique des reactifs tels que carbonate ou perchlorate de 
potassium, peroxyde de sodium em. 

En vue de permettre ce dosage microanalytique du bore, 
dans lesdits composes, nous avons essay6 une autre 
methode comportant une attaque “micro-Lorenz” modified, 
en micromatras du type Kjeldahll associb a un mesurage 
final par colorimttrie spectrophotometrique avec emploi 
d’azomethine.3 En effet la solution obtenue apres attaque 
est trop acide pour permettre, comme dans notre precedent 
travail, un dosage p&is de I’acide mannitoborique.’ Les 
resultats obtenus dans le cas du carbure de bore restant 
cependant tres deficitaires, d’autres mtthodes comportant 
soit une combustion en bombe de Parr4 sous pression 
d’oxygene soit une attaque par le peroxyde de sodium dans 
une microbombe de Wiirzschmitts ont 6tt experiment&es, 
mais egalement sans succis, tout au moins pour le 
microdosage du bore dans cette substance; par contre elles 
sont utilisables dans le cas des substances organiques 
borees. La bombe speciale de Gradskova et Bondarev- 
skaya6 employee ailleurs pour mineraliser par le peroxyde 
de sodium 30 B 40 mg de compose organique silicie et bore 
n’a pas ett essay&e. 

Le dosage du germanium a anterieurement fait I’objet de 
plusieurs publications. ‘*s Nous avons essaye I’application 
au dosage microanalytique du germanium des mithodes 
que nous avions deja mises en oeuvre dans le cas du bore 
ainsi que la methode comportant une calcination en creuset 
du preltvement analytique et un dosage gravimetrique. 

PARTIE EXPERIMENTALE 

Attaque du type micro-lorenz modifih 

(a) Nthode applicable aux substances mimkales borhes d 
l’exception du carbure de bore. La masse du prelltvement 
analytique est reduite de quelques milligrammes a moins 
d’un milligramme en fonction de la teneur en bore. Le 
mode operatoire que nous avons anterieurement d&it 
pour le dosage microanalytique du titane dam les sub- 
stances minQales* doit Btre Iegerement modifie comme suit 
en vue de son application au cas du bore afin d’eviter une 
perte d’acide borique: les ebullitions sont t&s deuces et ne 
sont maintenues que pendant IO minutes; la quantiti d’eau 
oxygenee est doublQ (8 gouttes) et l’ebullition en prbwwe 
d’eau est supprim& 

(b) M&bode applicable aux substances organiques bo- 
ries. L’application du mode operatoire ci-dessus, donne 
lieu a I’obtention de resultats tres deficitaires lors de 
l’analyse de certaines substances organiques contenant par 
exemple le groupe 

-C=C- 

\/ 
BtoHto 

II convient de revenir au mode operatoire mis en oeuvre 
pour le microdosage du titane dans les substances orga- 
niques* en Ie modifiant comme suit: les ebullitions sont tres 
deuces et ne sont maintenues que pendant 10 minutes; la 
quantite d’eau oxygennb employee est Iegerement augmen- 
tee (4 a 5 gouttes). Une quatiibme addition est effect&e s’il 
reste encore des vagurs nitreuses. L’addition d’eau 
bouillante est supprimb. 
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Attaque en homhe sous pression d’oxygPne4 

Cette m&hode ttudibe en vue du microdosage du carbure 
de bore, pour lequel elle ne convient finalement pas, est 
cependant applicable aux substances organiques ; une 
bombe de Parr A oxygkne (AC SE) a une capaciti (22ml) 
suffisante B cette fin. L’emploi d’une bombe de 340 ml 
n’amtliore pas les r&hats de dosage du bore dans le 
carbure de bore. 

Les conditions exfirimentales sont les suivantes: un pr& 
ltvement de 0.5 ti 4 mg de substance &Ion la teneur en 
bore) est pest dans we cupule de platine d’environ IO mm 
de diametre, 2 mm de hauteur et 4-7 mm d’itpaisseur, garnie 
d-environ IO mg de petits copeaux de paraffine (F=52- 
54’). La substance est recouverte de IO d 20 mg de 
petits copeaux de paraffine et de IO ;i 20 mg d’hydroxyde de 
sodium solide qui peut etre sous forme d’amiante sodt 
(ascarite). La cupule est introduite dans la bombe et la 
pression d’oxygkne amen&e g 30 bars. L’allumage est 
effectue par l’intermtiiaire d’un fil de coton. AprZs 
combustion. la cupule et les eaux de rincage de la bombe 
sont plactes dans un Erlenmeyer rodb. La solution est 
neutralike par de l’acide sulfurique puis tra&e comme 
aprbs combustion en fiole de Schiiniger’ (I(tgbre acidific- 
ation, kbullition au reflux, dosage acidimitrique du com- 
plexe mannitoborique avec dttection du point iquivaient 
par pH-mttrie avec une Clectrode de verre). 

Attaque par le peroxyde de sodium en microbombe de 

Wiir-_schmitts 

Cette mtthode s’applique aux msmes produits que la 
pr&dente. Le mode op&atoire est classique (emploi de 2 B 
3 gouttes d’bthyline glycol pour l’amoreage mais de 
seulement 500 mg de peroxyde de sodium pour permettre le 
dosage ulttrieur de I’acide mannitoborique avec une 
pricision sutlisante). 

Aprts kbullition dans des b&hers de silice fondue pour 
dttruire I’eau oxyg%e, la solution est neutral&e puis 
trait& et dosee comme apris combustion en fiole de 
Schijniger. 

Dosage de I’acide borique par colorimitrie specrro- 

photomhtrique 

Le dosage colorim&trique de I’acide borique avec emploi 
d’azomethine H est applicable apr&s une attaque du type 
micro-Lorenz. L’azomLthine H est prkpari selon la mi- 
thode de Shanina er al.;3 le riiactif ainsi obtenu est stable 
pendant plusieurs ann&s. Ce r&a&f se trouve maintenant 
sur le marchC (Pierce, Box 117, Rockford, Illinois 61105, 
USA) mais le produit commercial n’a pas bC essayi: dans 
notre laboratoire. La solution obtenue aprbs attaque est 
transvasC quantitativement soit directement dans la fiole 
jaugbe de 100 ml oi sont ajoutbs les rbactifs n&cessaires I la 
colorim&ie soit dans une fiole interm&diaire d’oi sont 
elFectuC des pr&vements aliquotes.’ En effet afin que la loi 
de Lambert-Beer soit suffisamment suivie il est nicessaire 
que la concentration finale en bore soit infirieure g 1 pg/ml. 
Les reactifs et le mode op&ratoire sont ceux de Shanina et 
al. ;3 toutefois avant l’addition de solution tampon (pH 5,2) 
nous amenons le pH 21 3-3,8 par addition d’ammoniaque, 
en cont&lant sa valeur I la touche sur du papier indicateur. 
Les reactifs utilisb pour I’attaque ont peu dmfluence. II est 
toutefois prifkrable de tenir compte du “blanc de solution 
d’attaque”;* B cette fin, nous effectuons des attaques en 
I’absence de substance 21 analyser et introduisons une partie 
aliquote ou la totalitb des solutions ainsi obtenues dans les 
fioles de colorimtirie oli sont prtpar&es les “solutions 
&alons”2 (standard solution de Shanina et a!.3) contenant 
une quantitt cOnnue de bore (sous forme de solution titrde 
d’acide borique). Ainsi toutes les fioles de colorimbtrie 
contiennent les msmes quantites de riactifs trait&s de la 
mkme fapn. 

Shanina et a/.’ ainsi que CapelIe ont &udii I’influence 

de la prisence simultanie de divers autres Bltments sur ce 
dosage colorimttrique du bore. Au fur et g mesure que les 
problimes se sont presentis nous avons Btudid [‘influence 
des 6ldments dont la liste est rapport&e ci-aprbs, leur teneur 
&ant de I’ordre de grandeur de quelques dixiimes de 
milligrammes par I ou 2 mg de prCltvement analytique; 
c’est ainsi qu’il est apparu que As, Br, Ca, Cd, Cl,-I, kg, 
Mn. N Na, P. Rb, S, Sn ne einent oas tandis oue Bi. Ha. 
Nb. Ti. Se gbnent ie dosage &I bore: Seule i’&lit&natidn & 
I’iniluence ginante de Ti(IV) a & btudi&e. Pour tliminer 
cette influence, nous masquons Ti(IV) en le complexant 
par addition de IO ml de solution O,?M de sel disodique de 
l’acide ithyl&diaminet&raac&ique dans toutes les fioles 
de colorim&rie; en outre nous introduisons kgalement une 
solution de Ti(IV) dans les solution &talons de telle sorte 
que la concentration en titane y soit du mCme ordre de 
grandeur que dans les fioles contenant la solution $ doser. 
La concentration finale en titane doit rester infkrieure B 
I,5 pg/ml. 

Germanium 

Calcination et graoimhtrie 

La calcination en creuset de platine” (I’emploi de creuset 
de silice, dont la pesbe est moins p&&e, donne des risultats 
moins reproductibles) en pr6sence de 2 gouttes d’acide 
sulfurique 6N puis de 2 gouttes d’acide nitrique 15-16N 
(I’addition d’acide nitrique ttant &wtuellement r&p&e 2 
ou 3 fois jusqu’8 obtention d’un poids constant), permet de 
peser l’oxyde GeO,. La methode est simple; sa fiabiliti: est 
accrue lorsque I’acide sulfurique est introduit en premier 
lieu: le sulfate de germanium initialement formi se 
transforme en dioxyde vers 200”. Toutefois cette mithode 
n’est pas universelle et ne convient pas pour I’analyse de 
nombreuses substances (liquides volatils, substances con- 
tenant simultantment un eltment laissant kgalement un 
rbsidu de calcination). 

Combustion enfiole de Schijniger et dosage acidimktrique 

II est possible de doser le germanium dans les substances 
organiques en appliquant le mime principe et le mime 
mode opCratoire que pour le microdosage du bore:l le 
germanium est finalement dosi par titrage acidimktrique de 
I’acide mannitogermanique avec dktection pH-mQtrique, 
par ilectrode de verre, du point final de titrage. 

11 est toutefois prtfbrable, dans le cas du germanium, de 
gamir le fond de la fiole de SchGniger avec un liquide 
absorbeur I~g:gbrement basique (10 ml d’eau + quelques mil- 
ligrammes d’hydroxyde de sodium solide). Bien que 
Shanina et al.” recommandent I’emploi de spirales de silice 
nous continuons.8 placer I’bchantillon dans un support de 
platine comme Obtemperanskaya et al.” Lors de I’emploi 
du support de silice, d’ailleurs trop fragile pour une 
utilisation courante, les combustions sont, en effet, souvent 
incomplites (dbpbts de charbon). 

La masse atomique du germanium &ant environ 7 fois 
plus ilevie que celle du bore, le coefficient de calcul de la 
teneur en germanium B partir du volume de rtactif titrant 
et de la masse du prilevement analytique est Cgalement 7 
fois plus elevt que dans le cas du bore ainsi que les erreurs 
absolues pouvant entacher les resultats d’analyse; en 
contre-partie il n’est pas possible d’ilever la masse des 
prilbvements analytiques au-dell de 1,5 mg. 

Par ailleurs, le dosage acidimktrique du germanium sous 
forme d’acide tritirongermanique n’est pas plus pr&cis.‘3 
Quant au dosage complexom&:trique de Ge(IV) par le 
tiron’” sa prCision est ins&Sante. 

En outre, nous avons rencontrC: des difficult&s lors de la 
prtparation de la solution titree de dioxyde de germanium 
en vue dc I’ttalonnage de rkctif titrant (hydroxyde de 
sodium) ou de la prbparation de solutions &talons pour la 
colorimitrie. Certains lots de dioxyde de germanium se 
dissolvent facilement, B chaud, dans de I’ammoniaque 1N 
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(la solution ainsi obtenue est ensuite diluQ) d’autres ne se 
dissolvent pas. Lorsqu’un peu d’eau oxy&nnb ne gBne pas 
lors du dosage final du germanium en solution (par 
colorimitrie avec emploi de phtnyltluorone, par exemple) il 
est possible de dissoudre du germanium pur B 99,999x 
dans de I’eau oxyg6nb P 3% sous agitation pendant 
quelques heures (la solution ainsi obtenue est ensuite 
diluke). 

Attaque du type micro-Lorenz modiji$ 

Nous n’avons pas essay& plusieurs m6thodes de digestion 
par voie humide pass&es en revue par Belcher er a/.” car 
nous les avons jug&es trop compliqu&s. L’attaque du type 
micro-Lorenz modif&, mise en oeuvre dans notre labo- 
ratoire pour le microdosage colori&trique du germanium 
sous forme de germanomolybdate” nous a conduits i des 
risultats tr&s dkticitaires. Nous avons essay6 sans SUCC~S 

plusieurs variantes (modification durees d’ebullition, des 
quantitb d’acide, addition de reactifs tels que per- 
manganate de potassium, persulfate de potassium). Bien 
que la colorimttrie du germanomolybdate’6 mise en oeuvre 
ne soit gutre satisfaisante si I’on ne prend pas des 
prkautions particulitres, comme I’indiquent Kitson et 
Mellon” ou Chalmers et Sinclair,‘* elle ne peut itre rendue 
responsable des dificits observks. 

Attaque en bombe sous pression d’oxygcke et dosage 

acidimbtrique 

II est possible de doser le germanium dans les substances 
organiques en appliquant le mame mode optratoire que 
pour le microdosage du bore. La precision reste mauvaise 
comme dans le cas de la methode en fiole. 

Attaque par ie peroxyde de sodium en microbombe de 

Wiirzschmitt 

L’emploi du peroxyde de sodium diminuant la sensibiliti 
du dosage acidimktrique de I’acide mannitogermanique, il 
est n&cessaire de faire appel B une autre mCthode de dosage. 
Une mithode colorimitrique (mesure a 520 nm-attente de 
2 h) avec I’emploi de phenylfluorone, selon Obtemperan- 
skaya et al.,” est applicable aprts attaque en bombe de 

faGon classique (emploi de 3 g de peroxyde de sodium) sous 
r&serve d’effectuer les aerations ci-aprts: la solution 
obtenue aprbs attaque et lavage des bombes est port&e d 
tbullition jusqu’g ce que son volume soit rtduit ti une 
vingtaine de ml afin d’bliminer la majeure partie de I’eau 
oxyg&nnb; I’hydroxyde de sodium formi: est neutrali& avec 
IOml d’acide chlorhydrique 6N; la solution est filtrte; des 
parties aliquotes sont pr&lev&s de telle sorte que la 
concentration finale en germanium ne d&passe pas 
0.8 pg/ml; des attaques sans introduction de substance g 
analyser (“blanc de solution d’attaque”‘) sont effect&es; 
des prilevements aliquotes de “blanc de solution d’attaque” 
sont introduits, dans les fioles de colorimttrie oti sont 
priparies les solutions &alons* contenant une quantit6 
connue p de germanium introduit sous forme de solution 
tit&e. 

Ainsi toutes les fioles de colorimbtrie contiennent les 
m&mes quantitts de rtactifs trait&s de la mbme facon. La 
colorimttrie est effectu& sans recours B une courbe 
d’btalonnage: son usage est remplace par celui de solutions 
&talons dont on mesure I’absorbance d. La quantiti 
inconnue P de germanium (absorbance D) est calcul& ti 
partir de p par une simple r&gle de proportionnaliti d’apres 
la formule 

P=f 

Les risultats obtenus pour le dosage des substances 
organiques sont souvent di?ficitaires meme si on ajoute 
I goutte de pyridine (reactif recommandi pour la minbrali- 
sation en bombe du stltnium20) aux 2 gouttes d’&thyl&e 
glycol. Par contre des rbultats valables sont obtenus pour 
le dosage de composes mintraux contenant simultaniment 
U, Na, K ou quelques unitts pour cent de Cu, Ca ou Ba. 

RESULTATS 

Quelques resultats repr&sentatifs sont port&s dans les 
tableaux 1, 2, 3, 4. D’autres substances ont &ti: analysbes 
avec succb mais leur nombre est rest& limiti aux substances 

Tableau 1. Microdosage du bore dans les substances organiques 

Mkthode Compose 

Masse du 
prCl&ement, 

mg 

Teneur en bore, % 

Calculk Trouvie 

“Micro-Lore%? modit% Diphinylborinate d’aminotthyle 4,036 4,8 1 50 
(procW b) 4,944 4,9 

5,310 590 
5,521 498 

Anhydride p-tolylboronique 2,239 9,17 8,8 
2,475 9,2 
3,867 973 
1,837 879 
1,516 9J 
1,660 993 

Attaque en bombe sous Diphinylborinate d’aminoCthyle 3,868 4,81 530 
pression d’oxygkne 1,047 4,7 

1,086 437 

Anhydride pfolylboronique 0,939 9,17 8,7 
1,072 9J 
1,006 931 
1,270 9,2 

Attaque en bombe par le peroxyde Anhydride p-tolylboronique 4,275 9,17 9,2 
de sodium 3,705 899 

5,084 9,2 
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Tableau 2. Microdosage du bore darts le diborure de titane 

Methode 

Masse du Teneur en bore, yb 
preltvement. 

w Calcuke* TrouvQ 

“Micro-Lorenz” modifie (pro&de u) 0,978 31.1 299 
0,786 31.0 
0.820 30.2 
0.840 30.0 
0.670 29,9 
0,839 29.8 
0,745 309 
0,541 30,5 
0,781 30,o 
0,893 31,3 
0,708 29,7 
0,802 299 

*D’apris le fournisseur, ce produit n’est pas absolument pur. En tenant 
compte de la valeur minimale garantie par le fournisseur (30%) et du dosage du 
titane effectui dans notre laboratoire, on peut considerer que la teneur en bore 
est comprise entre 30.0 et 30.8”,,. 

Tableau 3. Microdosage du germanium dans les substances organiques 

Methode Compose 

Masse du 
priltvement 

w 

Teneur en germanium, % 

Calculte Trouvee 

Calcination et gravimetrie Tetraphenylgermane 2,848 19,05 19.0 
3,062 19,8 
2,771 19.1 
3,049 19.2 
2,625 18,9 

Triphenylallylgermane 4,994 21,05 20.9 

Triphenylisopropylgermane 3,238 20,92 21,o 

Combustion en hole a oxygene Triphinylisopropylgermane 2.446 20,92 21,3 
1,920 20.5 
2,006 20,2 
1,720 20,5 
1,800 21.1 
1,796 20,9 

Triphtnylgermane 2,320 23.81 23.8 
1,656 24.9 
2,909 23,8 
2,310 23,5 
2,964 23.5 
2,567 24.3 
1,772 23.5 

Attaque en bombe sous pression d’oxygene Triphenylisopropylgermane 1,957 20.92 21.2 
2,005 21.0 
3,060 21.5 
6,839 21,4 

Triphtnylgermane 4,650 23.8 1 23,7 
1,965 23,9 
2,430 23,2 
1,347 23.3 
1,511 24.5 
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Tableau 4. Microdosage du germanium dans les substances mintrales 

Mtthode Compost 

Masse du Teneur en germanium, y,; 
prlltvement, 

mg Caiculi+e Trouvt 

Attaque en bombi: par le peroxyde 
de sodium 

Compost de recherches A 
(contenant U, Ge, H, 0) 

4,972 to,19 IO,0 
4,872 IO,1 
4,838 IO,1 
4,505 10.3 
4,300 IO,1 
5,408 10,l 
4,288 10.1 

Composi de recherches B 
(contenant U, Ge, Na, H, 0) 

2,940 I-i,3 16.7 
3,015 I7,O 
3,040 16,8 

dont nous disposions. Les r&hats obtenus pour le carbure 
de bore, tous dkficitaires quelle que soit la methode mise en 
oeuvre, ne sont pas portts dans ces tableaux. 

DECUSSION ET CONCLUSIONS 

Bore 
Bien que les attaques en bombe sous pression d’oxygtne, 

en bombe par le peroxyde de sodium, par voie humide 
(m&hode “micro-Lore& modifiee) conviennent pour de 
nombreuses substances organiques, la combustion en fiole 
de Schaniger reste p&f&able car elle est plus simple et dans 
certains cas plus p&se (diminution de la sensibilite du 
titrage provoquC par le peroxyde de sodium). Le dosage 
des liquides est amtliork et simplifiC g&e g I’emploi de 
sachets de terphane” enveloppts dans du papier filtre sans 
cendres au lieu de capsules de gtlatine. 

L’attaque du type micro-Lorenz modifike, en micro- 
matras de Kjeldahl, associee au dosage par colorim&rie 
spectrophotomltrique avec emploi d’azom6thine H est 
recommandte pour de nombreuses substances min&ales (ti 
I’exception du carbure de bore) bien que ce procadi reste 
dblicat g mettre en oeuvre: un chauffage insutlisant conduit 
en effet g des rbultats errones par dtfaut (attaque 
incompl&e) de mCme qu’un chauffage trop prolong& (pertes 
d’acide borique). II convient de placer, comme tkmoins, sur 
la rampe de mintralisation deux substances-types qui sont 
trait&s comme les substances inconnues et qui permettent 
de contrbler d’aprls les r&ultats de dosage du bore que le 
chauffage a && correct. 

Germanium 

Aucune des mbhodes essay&s n’est entiirement satis- 
faisante. Pour le dosage des substances organiques ger- 
man&s la calcination en creuset avec dosage gravimttrique 
manque d’universalitt la combustion en fiole de Schaniger 
ou en bombe sous pression d’oxygkne associQ au dosage 
acidimdtrique de I’acide mannitogermanique manque de 
pr&cision, les attaques par voie humide par une mCthode du 
type micro-Lorenz modifike ou les attaques en bombe par 
le peroxyde de sodium ne conviennent pas. Pour le dosage 
de substances mintrales, I’attaque en bombe par le 
peroxyde de sodium associte B un dosage par colorimttrie 

spectrophotom&rique en presence de phCnyllluorone peut 
convenir. 

L’Ctude de I’universalitt des mkthodes est en outre gin&. 
par des difficult& d’approvisionnement en substances-types 
pures et stables. 
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Summary-A wet destruction in a Kjeldahl flask followed by spectrophotometric measurement with 
azomethine H as reagent, combustion in oxygen in a Parr bomb, and destruction by heating with sodium 
peroxide followed by acidimetric titration of the mannitol-boric acid complex have been tested for the 
microdetermination of boron in organic and inorganic compounds and compared with the Schiiniger- 
tlask method, which fails to give good results in the case of inorganic compounds; the wet-combustion 
method is the most useful. Similar techniques, combined with the acidimetric titration of the 
mannitol-germanic acid complex, or spectrophotometric measurement using ..phenylRuorone as a 
complexing reagent, or gravimetric determination as GeOZ, have been tested for the microdetermination 
of germanium, but none of them is entirely satisfactory, for reasons of lack of either universality or 
precision. 
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Summary-A critical study of the analytical methods available for the CS,N; ion is reported. A 
modification of the argentimetric method is proposed. An oxidative study gave evidence of various 
steps corresponding to incompletely oxidized intermediates. The absorption maximum of the 
1,2,3,4-thiatriazol-Qhiolate ion at 313nm, with molar absorptivity of 7.4 x 10-31.mole~‘.cm~’ is 
utilized to develop a new analytical method. The spectrophotometric procedure is rapid and free from 
interference by many ions. A value of 1.51 + 0.02 was found for pK of HCS2N, at an ionic strength 
of l.OOM and at 25”. The spectrum of CS,N; is changed by increasing acidity of the medium, due 
to the formation of HCS2N,; an isosbestic point is observed at 251 nm. 

The C&N; ion, formed by reaction of carbon disul- 
phide with aqueous sodium azide’ is characterized 
as a pseudohalide2T3 with the structure 

//” 
N3-C 

\ 
S-. 

Whereas at one time this ion was studied in relation 
to the catalytic role of carbon disulphide in the oxi- 
dation of azide ions by iodine,4*5 current studies are 
directed toward its complexing properties.6 Recent 
investigations indicate that it has an organic hetero- 
cyclic structure;7-9 thus the former name azidodithio- 
carbonate has been changed to 1,2,3,4-thiatriazol-5- 
thiolate ion. 

Although the preparation and storage of aqueous 
standard solutions of the sodium salt have been 
described,” a rapid method for determination of 
C&N; is not available. In this communication the 

spectral characteristics of the ion are utilized to 
develop a rapid, simple and sensitive method for its 
determination. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade unless otherwise 
specified, and distilled water was used throughout. Sodium 
azide” and carbon disulphide” were purified as described 
in the references cited. Standard solutions of NaCS,N, 
were prepared as described earlier.‘0,‘2 

Procedure 

Modified Volhard method. ” This procedure is suitable 
for O.lM solutions. A sample of 15-25ml is transferred 
to a 250-ml beaker. After addition of 40ml of water and 
2 ml of 6M nitric acid the sample is treated with a 
measured excess (at least 10ml) of silver nitrate solution. 
The mixture is kept in the dark for at least 90min. Then 

l&15 ml of nitrobenzene and 1 ml of 40% ferric alum solu- 
tion are added and the excess of silver is titrated with 
ammonium thiocyanate solution. 

Spectrophotometric determination. Beer’s law plots were 
prepared with solutions diluted from the O.lM standard 
solution. 

RESULTS AND DISCUSSION 

Silver nitrate methods 

The classical Volhard method has been used by 
Browne and Smith’j for the determination of C&N; 
ion, but long digestion with excess of silver and filtra- 
tion were required. Potentiometric measurements 
with a silver electrode show that the solubility 
product of AgC&N, 1s about 10-l’ mole’/l?, 
intermediate between those for AgCl and AgSCN. 
Thus the precipitate will react with thiocyanate dur- 
ing the back-titration unless filtration or the nitroben- 
zene modification is used. 

Oxidative titrations 

The oxidation of C&N; to (C&N& with iodine 
has been studied by Browne,13 Feigl14 and Solen- 
kiand;15 in spite of the apparently favourable stan- 
dard potential’” of f0.275 V for (CSJN,)&S2N;, 
the titration is not quantitative. Complex ions such 
as 12CS2N; or (C&N,); may be formed and will 
markedly alter the potential-systems. Other mild oxi- 

dants such as iron(II1) or ferricyanide are even 
less satisfactory. 

The use of strong oxidants leads to oxidation far 
beyond the disulphide (CS,N,),. Browne” suggested 
that species such as C&N,O- and CS,N,O; might 
be formed as intermediates by direct oxidation or dis- 
proportionation of the pseudo-halogen in alkaline 
medium. In the direct oxidation with permanganate 
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(in excess) in acid medium, the first step is formation 
of (CS2N& (I), which precipitates. 

/\ /\ 

[_~-s-s-~_[ 
(I) 

age of the ring structure with the possibility of con- 
tinuing oxidation. A 12-electron change would result 
from the overall reaction: 

CS,N; + 8H20-+ 
N, + 2SO:- + 15H+ + HCN + 12e- 

This precipitate reacts readily with excess of per- 
manganate and dissolves, probably because of intro- 
duction of oxygen atoms into (I). The products could 

be the sulphoxides (II) and (III), or an ionic product 
OC&N;. 

If hydrogen cyanide is not removed, it can undergo 
slow hydrolysis and an additional 2-electron oxi- 
dation may occur, resulting in an overall 14-electron 
process: 

HCN + 2H20 + NH: + COZ + H+ + 2e- 

Permanganate in alkaline medium is able to oxidize 
ammonia to.nitrogen, giving an additional 3-electron 

process. An overall 17-electron change is thus 
achieved : 

C&N; + 220H- -+ 
CO:- + 2SO:- + 3/2N2 + llH20 + 17e- 

After this step, excess of permanganate reacts very 
slowly. There would be an overall S-electron reaction 
if the ion (IV) (analogous to perchlorate or periodate) 
is formed, and an overall lo-electron reaction to give 
the sulphone (V): 

Table 1 summarizes the results from an extensive 
study with several strong oxidizing agents in excess, 
followed by back-titration. Reactions corresponding 
to 8, 10, 12 and 14-electron changes were found in 
agreement with some of the intermediates mentioned 
above, but not with the precision and reliability 
required for analytical purposes. Good results (for the 
17-electron reaction) were obtained only with alkaline 
permanganate (followed by acidification and back- 
titration), but the procedure is too cumbersome for 
the determination of the ion. 

Spectrophotometric method 

However, (IV) and (V) would be unstable unless stabi- 
lized by complex formation with “hard” type cations. 

Most probably there would be hydrolysis and cleav- 

Spectral characteristics. In aqueous solution the 
spectrum of the 1,2,3,4-thiatriazol-S-thiolate ion is 

characterized by a maximum at 313 nm and a 
shoulder at 22&240nm. Figure 1 shows the ultra- 

Table 1. Stoichiometry of the reaction of C&N; (O.OlM) with excess of strong oxidizing agents 

No. of 
electrons used 

Oxidizing agent in reaction* Remarks 

K&r@, 1.96 20-50% excess of titrant, in 2M HCI at 45”; addition of KI after 1 hr and back-titration 
0.017M of the released iodine with thiosulphate 

Chloramine-T 11.3 as above 
0.1M 

Br,(BrO;/Br-) 10.4 as above, at room temperature (2428”) 
0.2M 

CeW& 8.2 as above, at room temperature (2428”) 
O.lM 

Iz 14.5 20-50x excess of reagent in strongly alkaline medium (NaOH > lM), during 40 min; 
0.005M then acidification and excess of iodine titrated with thiosulphate 

KMnO, 12.1 50-100% excess of reagent in 3N sulphuric acid at 40”, for 5min; then KI added 
0.02M and the iodine formed titrated 

KMn04 17.0 at least 2000/, excess of reagent in strongly alkaline medium (NaOH > 1M) for 20 min 
0.02M at room temperature; then acidification, KI added and iodine titrated with thiosul- 

phate 

KMnO, 
O.lM 

17.3 2&500/, excess of reagent in strongly alkaline medium at 40” in presence of Ba*+ 
and after 20min back-titrated with sodium formate 

* From average results of at least 4 determinations. 



Determination of the pseudohalide CS2N; 83 

Fig. 1. Ultraviolet spectra of aqueous solutions of (a) 
NaC&N,, 7.6 x lo-‘A4; (b) CSI, 9.2 x 10-4A4; (c) 
(CSZN&, 7.6 x 10-5M; (d) NaSCN, 1.0 x 10-3M; (e) 

NaN,, 1.0 x 10m3M. 

violet spectrum together with those of azide, thio- 
cyanate, di(l,2,3,4-thiatriazol-5-yl)disulphide and car- 

bon disulphide. 
The molar absorptivity of C&N; in aqueous solu- 

tions at 313nm is (7.37 + 0.07) x 1031.mole-‘.cm-’ 
(95% confidence limits). 

Beer’s law is obeyed over the transmittance range 
15-65% and a Ringbom plot shows 3_20pg/ml to be 
the optimum range for determination of C&N;. The 
determination limit (90% transmittance) calculated 

from Beer’s law, is O.O72pg/ml. 
Bathochromic shifts are found when solvents less 

polar than water are used. Thus A,,, changes to 
321 nm in ethanol and 323 nm in acetonitrile, and the 
maximum absorbance increases 6% and 15% respect- 
ively, relative to aqueous medium. The observed shift 
in A,,,,, and the enhancement suggest an n + n* tran- 
sition,” although the molar absorptivity appears too 
high. Probably n: -+ n* and n + A* transitions occur 
simultaneously. The spectral pattern of C&N; in 
water is similar to that of carbon disulphide, but the 
molar absorptivity at 313 nm is 50 times as great. 
This leads to a spectrophotometric method for the 

determination of carbon disulphide in water after its 
conversion into C&N; by reaction with excess of 

azide.” 
Effect of foreign ions in neutral solution. The stock 

solution of sodium 1,2,3,4-thiatriazol-5-thiolate un- 
dergoes slow decomposition’ on standing, according 
to the equation: 

C&N; + SCN- + S + N2 

Thiocyanate or azide in 200-fold ratio does not interfere 
in the spectrophotometric determination. The C&N; 

concentration during the decomposition of the solu- 
tion can be determined after extraction of the sulphur 
suspension with carbon disulphide.” The solvent 
absorbs at 313 nm but is easily removed by bubbling 
nitrogen through the solution. 

The pseudo-halogen (CS,N,), is unstablelg and its 
spectrum resembles that of C&N;. Its molar absorp- 
tivity at 313 nm is about half that for CS,N;, but 
between twice and five times that of the CS2N; ion 
at 240 and 272 nm respectively. 

(C&N& reacts quantitatively with azide, yielding 
C&N; and nitrogen. 4*5 Since azide does not interfere 

at wavelengths longer than 260 nm, measurements of 
the absorbance of the sample at 272 and 313 nm, in 
the presence and absence of N;, make it possible 
to detect and to estimate the concentration of the 
di(l,2,3,4-thiatriazol-5-yl) disulphide in solutions of 

C&N;. 
Polarographic measurement of the anodic mercury 

dissolution wave provides an alternative way to 
distinguish and measure the concentration of both 

(CSZNA and C!$N;, because the presence of 

220 251 300 X ,nm 

Fig. 2. Ultraviolet spectra of 1.1 x 1O“M aqueous solutions 
of NaCS,N3 at several hydrogen-ion concentrations: (a) 
l.OM; (b) O.lOM; (c) O.OlOM; (d) O.OOiOM; ionic strength 

l.OOM (NaC104 + HCIO.,). 
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Table 2. Absorbance data for 1.72 x 10e4M NaCS,N, 
at several hydrogen-ion concentrations; p = i.OOM 

(NaCIO,), ,Z = 272 nm 

pH* A PH* A PH* A 

0.15 0.821 1.20 0.625 1.95 0.354 
0.36 0.818 1.35 0.573 2.22 0.270 
0.75 0.763 1.48 0.514 2.70 0.216 
0.95 0.708 1.72 0.419 2.96 0.204 
3.37 0.190 3.80 0.190 

* Expressed in terms of the hydrogen-ion concentration 
calculated from the perchloric acid added. 

(CS2N,)a in C&N; solutions introduces a cathodic 
component in the anodic wave for C&N;. 

NO; and NO; interfere if their respective concen- 

trations are 8 and 15 times that of CS2N;. 
The following ions do not interfere when present 

in concentration 100 times that of CS2N,: CNO-, 
CN-, Cl-, Br-, I-, IO;, S,O:-, S2-, CO:-, HCO;, 
H,POi, HPO:-, PO:-, CIO;, CIO;, IO;. 

Aluminium, alkali and alkaline earth metal ions do 
not interfere. 

EfSect ofpH. It was found that the C&N; spec- 
trum remains unchanged over the pH range 3-12. In 
acidic solutions the decomposition of the ion is mark- 

edly increased. lo At pH lower than 3, it begins to 

be protonated to produce HC&Na, a fairly strong 
acid.” Figure 2 shows the change in the spectrum 
with increase in acidity, expressed in formal pH 
values; the pure acid form exhibits a maximum at 
310 nm with molar absorptivity of 7.0 x lo3 

l.mole-‘.cm-’ and another maximum at 272nm, 
with molar absorptivity of 5.3 x IO3 l.mole- ’ .cm-‘. 

There is an isosbestic point at 251 nm. From measure- 
ments at 272 nm (Table 2) it is possible to calculate 
the ionization constant of HCS,N, by using the 
equation:*l 

plc = pH f log 
Ao - ACS~N; 
A 
HCSZN; - 43 ! 

where A, is the absorbance at 272 nm for the mixture 
of the two forms at a particular pH (referred to 
hydrogen-ion concentration and not activity) and 
A C&N; and AHCS~N, are the absorbances of the essen- 
tially basic and acid forms, respectively. A value of 
(3.1 + 0.1) x lo-‘mole/l. was obtained for the stoi- 
chiometric ionization constant at 25” and ionic 

strength 1.OM (sodium perchlorate). This value differs 
to some extent from those obtained at low ionic 
strength at 25, by Browne”’ and Hantzsch:23 
2.4 x lo-* and 2.14 x 10-2mole/l. respectively. 
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WITH IRON, COPPER, COBALT AND NICKEL 

A. A. SCHILT and N. MOHAMED 

Department of Chemistry. Northern Illinois University, DeKalb, Illinois 60115. U.S.A. 

and 

FRANCIS H. CASE 

Department of Chemistry, Temple University, Philadelphia. Pennsylvania 19122. U.S.A. 

(Received 8 June 1978. Acccptrd 19 July 1978) 

Summary-Fifteen new hydrazones with one or more ferroin groups were prepared, and their chelation 
and chromogenic properties with iron( copper(I), cobalt(I1) and nickel(l1) were investigated. Improved 
sensitivity in the spectrophotometric determination of cobalt, copper, and nickel is provided by several 
of the new compounds. Several others are capable of forming unusually stable and interesting binuclear 
iron complexes. 

Hydrazones with ferroin groups generally afford high 
sensitivity as chromogenic reagents for nickel and 
cobalt as well as for iron and copper ions.‘.’ Two 
outstanding examples are pyridine-2-carboxaldehyde- 
2-quinolylhydrazone7-9 and 2-benzoylpyridine-2-pyri- 

dylhydrazone. ‘O-l ’ Compounds of this type have not 
been extensively explored. We have undertaken a 
search for more sensitive or selective reagents from 
amongst them. 

A previous communication described the chromo- 
genic properties of some mono- and bishydrazones 
of benzil and 2,2’-pyridil.” Here we report the syn- 
thesis and metallochromic properties of the 2-pyri- 
dinyl and pyrazinyl hydrazones of a number of dia- 
zinyl and 2-pyridinylmethyl ketones and some substi- 
tuted glyoxal monoximes. Preparation of the ketones 
was described earlier together with results of a study 
of their oximes as ferroin-type reagents.13 

In addition to their chromogenic properties, several 
of the compounds to be described are of special inter- 
est in that they possess two ferroin chelation sites 
that could be utilized in chelating two metal ions 
simultaneously, giving rise thereby to polynuclear 
complexes. 

EXPERIMENTAL 

Reagents 

Preparation of hydrazones (1)-(X V). A mixture of 0.005 
mole each of ketone or ketone oxime and substituted hyd- 
razine dissolved in 25 ml of absolute ethanol was heated 
under reflux for 3 hr. After evaporation of the ethanol, the 
resulting hydrazone was recrystallized from the solvent 
indicated in Table 1 or 2. 

Reagrnt sohtions (0.01 M). Weighed amounts of the 
compounds to be tested were dissolved in appropriate 
volumes of ethanol. 

Standard solutions of metal ions. Weighed quantities of 
pure metal were dissolved in a slight excess of either hydro- 
chloric or nitric acid and diluted to a measured total 
weight with distilled water. 

Buffer solutions and iron-free hydroxylamine hydrochlo- 

ride solution were prepared as described previously.14 

Chelation studies 

The pH range over which colou-r formation occurred, 
wavelengths of maximum absorbance, molar absorptivities. 
and conformance to Beer’s law were determined for each 
metal ion and test compound combination. Procedures are 
described elsewhere.“’ Ligand:metal ratios for the iron(I1) 
chelates were determined by the mole-ratio method.” 

RESULTS AND DISCUSSION 

Except for minor differences the chromogenic reac- 
tions of compounds (IHXV) with the metal ions 
tested occurred over the pH range 2-l 1. Maximum 
colour development resulted between approximately 
pH 5 and 11. Colours of the iron(H) chelates proved 
pH-dependent, with colour changes occurring in the 
region of pH 5-6. Such behaviour undoubtedly 
accompanies ionization of the hydrogen atom of the 

hydrazone group. 
The newly synthesized compounds formed copper, 

cobalt, and nickel chelates having very high molar 
absorptivities as evidenced by the spectral data com- 
piled in Tables 3 and 4. None, however, is particularly 
outstanding as an iron chromogen in comparison 
with other ferroin-type chromogens. Several exhibit 
molar absorptivities for cobalt or nickel that are 
higher than any previously reported compounds cf 
the ferroin or hydrazone types. Thus, compound (V) 
should prove a more sensitive chromogenic reagent 
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Table 3. Absorption properties of iron chelates as a function of pH 

Ligand Colour 
pH 4.0 pH 7.0 
i,nril E, IO3 I.mk-’ .CIII-’ Colour AJIll E, lo31.tllolr-‘.oil~ 

I 

II 

III Yellow-green 
IV Green-brown 

V 

VI 
VII 
VIII 

IX 
X 

XI 

XII 

XIII 
XIV 

xv Red-brown 

Orange-brown 

Red-brown 

Yellow-green 

Orange 
Orange-brown 
Red 

Yellow-green 
Orange 

Orange-brown 

Red-brown 

Orange 
Red-brown 

563 6.5 
530 5.9 
553 7.0 
477 6.8 
615 4.1 
598 6.9 
569 7.0 
629 8.3 
481 20.4; 
529 10.0 
565 6.1 
551 1.9 
473 7.5 
620 5.1 
528 10.2 
469 7.7 
561 6.1 
529 6.2 
529 9.03 
454 8.02 
530 10.8” 
565 1.2 
530 7.7 
453 14.0” 
566 1.2 
531 7.5 
451 14.4” 

Green 603 7.1 

Yellow-green 592 6.2 

Yellow-green 
Green 

Yellow-green 

Orange 
Brown-green 
Green 

621 5.3 
615 8.0 
460 25 0; 
633 8:9 
491 18.0” 
529 9.2 
596 6.1 
593 6.7 

Yellow-green 620 5.6 
Orange 528 8.5 

Brown-green 

Green 

594 6.8 

Red 
Green 

568 8.3 
452 16.0” 
539 9.gh 
568 8.3 
448 18.0; 

Green 569 8.7 
451 18.6” 

’ Blank also absorbs appreciably at this wavelength. 
“Beer’s law not followed unless a large excess of ligand is present. 

for nickel and (IV) for cobalt than any ferroin-type because of close, overlapping absorption bands of at 
compounds yet described. least two of the four metals. However, many possibili- 

Examination of the spectra of the metal chelates ties are evident for simultaneous determinations to 
of any given compound of the group studied reveals be made of two or even three of these metal ions 
that simultaneous determinations of all four metals in the absence of the others. For example, compound 
(iron, copper, cobalt, and nickel) would be impractical (V) should prove satisfactory for the simultaneous 

Table 4. Absorption properties of copper. cobalt, and nickel chelates” 

Copper(I) Cobalt(I1) Nickel(I1) 
Ligand ColouP I.nnt E. IO3 1. rttole- ’ cfK1 ColouP I.nnt 6, 1031.mole-1.cm-1 Colourh i.nm e, 1031.molr-‘.crlr-’ 

I 0 483 18.9 0 499 26.0 Y 410 39.0 
II R 517 15.4 M 533 22.0 OR 501 3010 
III R 514 17.0 M 533 23.3 OR 501 36.5 
IV 0 491 21.0 R 509 36.0 Go 480 52.0 
V 0 498 32.0’ R 516 30.1 0 492 55.0 
VI Y 465 16.5’ Go 482 31.0 Go 454 30.4’ 
VII Y 478 19.0 0 492 25.1 Go 466 46.0’ 
VIII R 516 15.5 M 530 23.4 0 500 33.0 
IX R 521 13.0 M 538 24.0 0 499 36.6 
X Y 468 17.6 0 482 27.9 Y 456 18.0 
XI Go 476 21.0’ 0 500 23.8 Y 469 40.0 
XII Y 470 21.4 0 482 27.4 Y 460 18.0 
XIII Y d d Y d d Y d d 
XIV Y 470 24.0 0 483 33.1 Y 455 24.6 
xv Y 470 25.5 0 481 35.0 Y 460 23.0 

a Measured in the visible region for ethanol-water solutions buffered at pH 7 with ammonium acetate. 
“Colour key: Br = brown, Go = Gold, Gr = green, M = magenta, 0 = orange, R = red, and Y = yellow. 
’ Beer’s law not followed unless a large excess of chromogen is present. 
‘Spectra of metal chelate and of free ligand are very nearly the same. 
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determination of iron, cobalt, and nickel in the 
absence of copper. Likewise, compound (V) should 
be effective for the simultaneous determination of 
either cobalt and nickel or iron and copper. 

Compounds (It(XI) can exist as syn or anti stereo- 
isomers. Either form can act as a bidentate chelating 
agent; however, only the anti isomer is capable of 
terdentate chelation. Our mole-ratio studies indicate 
that at pH 4 or 7 all eleven compounds form iron 
chelates with ligand: iron ratios of 2.0-2.2. Thus all 
exist predominantly in the anti-isomer form. shown 
below: 

R, c\H. ,NHR, 

C=N 
/ 

R2 

The presence of some syn-isomer in the synthesized 
products is indicated by the fact that mole-ratio 
values slightly in excess of 2.0 were obtained. Very 
little curvature was evident in the mole-ratio plots. 
except in the immediate vicinity of the value 2.0, indi- 
cating that the iron(I1) chelates are strong and quanti- 
tatively formed. 

Compound (XIII) has a phenyl group in place of 
a pyridyl group, which should prevent it from acting 
as a terdentate ligand. The 3:l ligand:iron(II) ratio 
found in the mole-ratio studies confirms this. In fact 
the bidentate action of (XIII) towards hexacovalent 

iron(I1) appears to take place at the oxime ferroin 
group rather than the hydrazone moiety. Structural 
models indicate that the phenyl group can give rise 
to steric hindrance in chelation of iron by more than 
one ligand if the aza-nitrogen of the hydrazone group 
is utilized in co-ordination. 

Furthermore, it was found that there was consider- 
able curvature in the mole-ratio plots for (XIII) and 
iron(I1). especially at lower pH. This is consistent with 
the weak co-ordination expected for oxime nitrogen 
atoms.’ 3,1h 

Compounds (XII)(XV) can also exist as syn or anti 

isomers, but with greater complexities because both 
the oxime and the hydrazone moiety can have the 
anfi or syn configuration. The results for (XII), (XIV) 
and (XV) suggest that the anti configurations (shown 
below) predominate in each case. A more interesting 

I NOH 

R, c 
\ / 

NHR. 

C-N 
/ 

R, 

and certainly significant observation, however, is that 
mole-ratio values of 1.4-1.6 were obtained for (XII), 
(XIV) and (XV) at pH 7. Such values clearly indicate 
that these compounds are capable of simultaneously 
utilizing the terdentate function of the R,, R3 and 
hydrazone grouping and the bidentate ferroin func- 
tion of the R, and oxime group. Such a phenomenon 
can only occur if separate iron(I1) ions are chelated 

Table 5. Mole-ratio of iron(H) chelates as a function of pH 

Ligand/iron mole-ratio 
Ligand PH 4 PH 7 

XII 2.22 1.49 
XIII 3” 3,’ 
XIV 2.29h 1.61 
xv 2.25 I .44 

“Very weak complex required use of matching tech- 
nique.‘” 

‘Same numerical result obtained by varying ligand con- 
centration as when metal ion concentration was varied 
while the other reactant concentration was held constant. 

by the two different portions or regions of the same 
ligand. To satisfy this requirement as well as the octa- 
hedral co-ordination preferred by iron(I1). we there- 
fore propose the following model. Iron(I1) ions are 
first complexed by ligands (XII), (XIV) or (XV) acting 
as terdentate ligands to form FeL\‘-‘“r’, which 
at pH 7 may be uncharged or negatively charged 
depending on the extent of ionization of the hydra- 
zone and oxime hydrogen atoms. Additional iron 
ions can then be chelated by the FeL, species, each 
utilizing one of two available bidentate ferroin groups 
to form [Fe(FeL2)3](4-h”)f, where n is the number 
of ionized hydrazone and oxime hydrogen atoms per 
ligand. The 1igand:metal ion ratio for this binuclear 
complex is 6 :4, the same as that found for (XII), (XIV) 
and (XV) within experimental error. 

Clearly a neutral or negatively charged FeL\2-2”)f 
species should co-ordinate more readily than a posi- 
tively charged species to a positively charged iron(I1) 
ion. Decreasing the pH of the solution would 
be expected to discourage ionization of hydrogen 
atoms, thereby increasing the positive charge on 
FeL’,2 - 2n) + species and discouraging formation 
of [Fe(FeLJJt4-6”)+ species. This was confirmed by ex- 
periment. At pH 4 iron(I1) chelates with 1igand:metal 

ratios in the range 2.2-2.3 were found for (XII), (XIV) 
and (XV). Mole-ratio values greater than 2 are 
believed to result from the presence of some syn- 

isomer which can only act in a bidentate mode to 
give a mole-ratio value of 3. 

Further investigations are necessary to elucidate 
more fully the identity and structure of the binuclear 
complexes formed by (XII), (XIV) and (XV). Isolation 
and X-ray diffraction studies of their various metal 
chelates should prove most enlightening. 
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Summary-A new, simple, accurate and rapid method is described for the determination of total penicil- 
lins in pharmaceutical preparations. The method is based on desulphurization with potassium plumbite 
whereby one mole of lead sulphide is formed per mole of penicillin. The excess of lead ions is titrated 
with EDTA at pH 4.5, with use of the lead ion-selective electrode. Results are reproducible within 
+0.5X and comnare favourablv with those obtained by the procedures of the United States and 
&itish”Pharmacoboeias. _ 

Methods have been described for the analysis of peni- 
cillins based on spectrophotometric, fluorimetric, titri- 
metric, gravimetric and chromatographic pro- 
cedures. I*’ The spectrophotometric methods are 
mainly based on the reaction of the p-lactam ring 
with a suitable condensing agent to form chromo- 
gens.3p5 The infrared absorption of the p-lactam car- 
bony1 group at 1760cm-’ may also be used for the 
assay.6 Some of these methods suffer from the disad- 
vantages of poor selectivity, insufficient accuracy, and 
a time-consuming extraction step implicit in most of 
the procedures. 

Bromometric analysis of penicillins*~‘~* suffers from 
lack of stoichiometry due to nuclear bromination of 

the aromatic moiety of the substituent groups; e.g., 
while the penicillin G molecule consumes 7 atoms 
of bromine, that of penicillin 0 apparently consumes 
15.6 atoms.* The iodometric method, which is the 
method of assay of general applicability at the present 
time and the one recommended by both the British 
and United States Pharmacopoeias’.” for the deter- 
mination of total penicillins, also suffers from lack 
of stoichiometry, which fluctuates between 8 and 9 
equivalents of iodine per mole.* The concentration 

of the iodide ion in the iodine reagent, and the pH 
of the solution both significantly affect the stoichi- 
ometry of the reaction, which necessitates the deter- 
mination of the exact equivalence by analysing a pure 
standard sample under the same experimental condi- 
tions.’ 

Methods based on the reaction with metal ions 
have been reported. Penicillin G has been determined 
by extraction into nitrobenzene as an ion-pair 
complex with tris(l,lO-phenanthrolinekcadmium, fol- 
lowed by measurement of the cadmium in the nitro- 
benzene phase by atomic-absorption spectrometry.” 
Reaction with copper(H) followed by titration of the 

excess of copper with EDTA has been suggested.” 
Titration of penicillins with mercury(H), after alkaline 
or enzymatic hydrolysis, has also been suggested, the 

iodide ion-selective electrode being used.’ 3 These 
methods are not of general applicability and are ad- 
versely affected by the appreciable solubility of the 
metal-penicillin complexes. 

Recently, a penicillin-sensitive electrode has been 
developed in which the enzyme penicillinase is immo- 
bilized in a thin membrane of polyacrylamide gel 
moulded around, and in intimate contact with, a glass 
electrode.14 The increase in hydrogen-ion concen- 
tration due to the formation of penicilloic acid is 
sensed by the glass electrode and the potential re- 

sponse is recorded. However, several disadvantages 
militate against the effective use of this electrode in 
quantitative analysis. These are the non-Nernstian re- 
sponse of the electrode, the partial precipitation ‘of 
some penicillins at the pH required for the optimum 
enzyme activity, and the accumulation of part of the 
test sample in the membrane. 

The present investigation was undertaken with the 
aim of developing a new, simple, rapid and accurate 
method, free from many of the defects usually encoun- 
tered in other methods, for the analysis of total peni- 
cillins. The reaction of an alkaline plumbite solution 
with penicillins has been investigated in order to opti- 
mize the conditions required for their stoichiometric 
degradation to lead sulphide, followed by subsequent 
measurement of the excess of lead ions with the lead 
ion-selective electrode. 

Rrayrnts 
EXPERIMENTAL 

All the reagents used were analytical-reagent grade, and 
doubly distilled water was used throughout. Solutions of 
0.005M EDTA, 0.02M potassium plumbite (prepared by 
dissolving 6.624 g of lead nitrate in 1 litre of 0.2M potas- 
sium hydroxide) and acetate buffer of around pH 4.5 (pre- 
pared by mixing equal volumes of I M acetic acid and 1 M 
sodium acetate) were used. 

Apparatus 

A Radiometer PHM 22r pH-meter and an Orion lead 
ion-selective electrode (Model 94-82) were used in conjunc- 
tion with an Orion double-junction reference electrode 

91 
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(Model 90-02), with 10% potassium nitrate solution in the 
outer compartment. The data were plotted on Gran-plot 
paper, with 10% volume correction (Orion part no. 
90-00-90). 

Procedure 

Weigh out accurately l&25 mg of the finely powdered 
penicillin sample, and carefully transfer to the bottom of 
a Pyrex test-tube (10 x I cm). Add 3 pellets of potassium 
hydroxide (-0.24.3 g) and place the tube in a sand-bath 
at 250-300” for 5-8 min. Cool to room temperature, add 
5 ml of 0.02M potassium plumbite. shake. and mace in 
a boiling water-bath for 2 mm Transfer the contents quan- 
titatively into a 250-m] beaker. wash the tube out with 
portions of pH-4.5 acetate buffer solution, and make up 
to 50 ml with the buffer solution. Place the lead electrode 
and the double-junction reference electrode in the solution. 
While stirring, make from three to five l-ml additions of 
0.005M EDTA and after each addition record the potential 
when it attains a constant value (after ca. 20 set). Plot 
the results on Gran-plot paper and draw a straight line 
through the points to obtain the intercept on the horizon- 
tal axis, which indicates the equivalence-point volume. 
Carry out a blank experiment. 

For formulated penicillins, grind up 20 tablets, or mix 
the contents of 5 vials or capsules. Weigh out an amount 
of the powder equivalent to 2S30 mg of the penicillins, 
transfer it into a test-tube, and follow the procedure. 

Calculate the content of penicillin according to the equa- 
tion : 

Total penicillin (mg) = M( V - u + f) x MW 

where M is the molarity of the EDTA solution, V and 
v are the volumes (ml) of EDTA consumed in the blank 
and experiment, respectively,fis a correction factor (equiv- 
alent to 0.4 ml of 0.005M EDTA) due to the solubility 
of lead sulphide in 50 ml of the buffer solution, and MW 
is the molecular weight of the penicillin. 

RESULTS AND DISCUSSION 

Reaction of penicillins with alkali metal plumhite 

The thiazole nucleus is known to break down 
rapidly on treatment with dilute alkali, liberating sul- 
phide ions. The reaction is enhanced by the presence 
of the plumbite ion which precipitates as lead sul- 
phide.’ ’ However, penicillins which contain a thiazo- 
lidine ring react with dilute alkali to give organo-sul- 

phur degradation products.‘” Attempts to react ben- 
zylpenicillin with 0.2M plumbite solution, and to 
measure the free lead concentration after various time 
intervals with the lead ion-selective electrode, revealed 
that penicillins resist desulphurization to sulphide 
even when boiled for up to 2 hr. 

Reaction with potassium hydroxide solutions of 
various concentrations followed by addition of lead 
ions showed that with 60% potassium hydroxide solu- 
tion, the maximum attainable concentration at room 
temperature, only 25% of the penicillin’s thiazolidine 
sulphur is liberated in the form of lead sulphide. 
Reaction with solid potassium hydroxide was tried 
next. This salt melts in its water of hydration at 80” 
to give an 8.5% solution. The concentration of this 
solution increases with increase in temperature up to 
the dehydration point at 143”.” Potassium hydroxide 
is the alkali of choice as it has the advantage over 
sodium hydroxide that potassium sulphide is more 
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Fig. 1. Effect of temperature on the desulphurization of 
benzylpenicillin by reaction with solid potassium hydrox- 
ide and plumbite: Reaction with potassium hydroxide at: 
0, 280”; 0, 250”; 0, 200”. 0, 175”; n , 150”. q . 125” and 

n, 100”. 

stable than sodium sulphide at higher temperatures.’ ’ 
The effect of temperature on the decomposition of 

benzylpenicillin with solid potassium hydroxide fol- 
lowed by digestion with potassium plumbite, (with 
sulphide as the product) is shown in Fig. I. At 
250-280”, the reaction is fast enough to ensure quanti- 
tative formation of one mole of lead sulphide per 
mole of penicillin within only 5 min. This was demon- 
strated by: (i) gravimetric measurement of the precipi- 
tate, confirming the stoichiometric formation of one 
mole of lead sulphide per mole of penicillin; (ii) the 
absence in the infrared spectrum of the lead sulphide 
precipitate of any absorption bands typical of organic 
compounds; and (iii) the absence of sulphur in the 
organic extract of the reaction products. The time 
needed for decomposition at various temperatures is 
shown in Table I. 

Nature of the reaction products 

The reaction was investigated by identifying the 
decomposition products of benzylpenicillin. The reac- 
tion was carried out in a test-tube with side-arm 
attached to the gas-sampling unit of a Beckman gas- 
liquid chromatograph (Model G.C-M). The volatile 
products were swept in a stream of helium into a 
Chromosorb W-20% dioctyl sebacate column main- 
tained at 120”. The thermal-conductivity detector, 
operated at 350pA, gave only one peak, with reten- 
tion time corresponding to that of ammonia. The 
reaction residue was acidified with hydrochloric acid 
to pH 2, extracted with ether, which was then evapor- 
ated, and found to yield phenylacetic acid as con- 
firmed by elemental analysis, infrared spectrum and 
mixed melting point comparison with an authentic 
specimen. Carbon dioxide was also detected during 
the acidification. Thus, four breakdown products were 
identified: potassium sulphide. ammonia, carbon 
dioxide and phenylacetic acid. 
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Table 1. The time required for quantitative decomposition 
of benzylpenicillin to yield sulphide by reaction with solid 

potassium hydroxide and plumbite 

Temperature, “C Time 

80 2 days* 
100 8 hr* 
150 4 hr* 
175 70 min* 
200 17 min 
250 7 min 
280 4 min 

*Nitrogen gas was used for flushing throughout the 
reaction time to avoid slow aerial oxidation of sulphide. 

Measurement of the free lead concentration with the 
lead ion-selective electrode 

The use of lead in this reaction is necessary not 
only to precipitate the sulphide ions but also to 
ensure complete degradation of the penicillin-sulphur. 
This was substantiated by direct measurement of the 
sulphide ions, after reaction with alkali, with the sul- 
phide ion-selective electrode and by silver nitrate 
titration with use of the same electrode, when incom- 
plete desulphurization was revealed. The catalytic 
effect of lead ions on the decomposition of many sul- 
phur compounds to sulphide ions has been previously 
reported.“*‘* The indirect determination of the sul- 
phide ions by measurement of the excess of lead ions 
seemed to be the logical final step in the procedure. 

The pH of the reaction solution was adjusted to 
4.5 with the acetate buffer and the free lead was deter- 
mined by a potentiometric EDTA titration using the 
lead ion-selective electrode. The titration procedure 
was greatly simplified and the precision improved by 
the use of Gran plots; I9 three additions of titrant were 
sufficient for locating the equivalence point in the 
titration. The electrode exhibited a fast response to 
changes in free lead concentration,*’ but the slight 
solubility of lead sulphide in the acetate buffer, 
though not necessitating filtration prior to titration, 

did require the introduction of a correction factor. 
This factor was found experimentally to amount to 
2 mole of EDTA per 50ml of the acetate buffer 
solution. 

The determination of the excess of lead was also 
attempted, for comparison, by atomic-absorption 
spectrophotometry. The solution was treated with 
EDTA to prevent formation of basic lead carbonate, 
filtered, and diluted 100 times with dilute nitric acid 
to bring the final lead concentration within the linear 
range of the calibration curve (I-10 ppm). The solu- 
tion was then aspirated into an acetylene-air flame 
and the absorbance of the lead was measured at 217 
nm on a Unicam SP 1900 atomic-absorption spectro- 
photometer. The difference between the total amount 
of lead added and that remaining after reaction with 
the penicillins was calculated by using a standard 
curve prepared under similar conditions with the 
same background. Although the results obtained by 
this method were within 1.5% of those obtained by 
the electrode method, the latter is easier and less time- 
consuming. 

Analysis of pure penicillins 

Some pure penicillin samples, containing down to 
20 pole were analysed by the procedure described 
here and the results were compared with those 
obtained by applying the standard iodometric pro- 
cedure of the British Pharmacopoeia.” The results 
obtained by the two methods agreed within +O.S% 
(Table 2). These figures were further compared with 
the values for elemental analysis for sulphur by com- 
bustion in the oxygen flask and titration of the result- 
ing sulphate with barium perchlorate (Thorin indi- 
cator). ” The results by the proposed method and 
those by the elemental sulphur method agreed within 
+0.3x. Repeated determinations by the proposed 
method on 50 different weights of pure benzylpenicil- 
lin showed a relative standard deviation of 0.5%. 

Another approach to the analysis of penicillins was 
also attempted, in which the reactions between peni- 
cillins and standard solutions of lead(II), cadmium(II), 

Table 2. Determination of some pure penicillins by the proposed method and the iodometric method of the British 
Pharmacopoeia”’ 

B.P. method Proposed method 

Sample 
Recovery, Recovery, 

Taken, mg Found, my % Taken, my Found, mg % 

Benzylpenicillin, potassium 

Phenoxymethylpenicillin 

IO.00 
17.50 

9.00 
15.20 

Ampicillin, anhydrous 10.00 
13.30 

Benzathin penicillin G 

Procaine penicillin G 

12.00 
17.12 

19.90 
15.65 

9.74 
17.01 

8.78 
14.78 

9.69 
12.94 

11.74 
16.69 

19.54 
15.32 

97.4 
97.2 

97.6 
97.8 

96.9 
97.3 

97.8 
97.5 

98.2 
97.9 

22.40 21.70 
13.00 12.64 

9.12 8.96 
9.18 8.96 

14.87 14.33 
15.75 15.18 

14.84 14.47 
19.95 19.17 

14.92 14.67 
12.50 12.25 

96.9 
97.2 

98.2 
97.6 

96.4 
96.4 

97.5 
96.1 

98.3 
98.0 

TAL. 26.2-a 
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Table 3. Solubility of some metal-penicillin complexes 

Sample Cu-complex 
Solubility. y/l. 

Cd-complex Hg-complex Pb-complex 

Penicillin G. sodium 0.1650 0.0402 0.493 I 
Benzathin penicillin G 0.2602 0.0562 0.0704 0.0746 

Ampicillin 0.3553 0.2810 0.0200 0.2486 

copper(H) and mercury(H) were followed by using the proposed procedure, such excipients decompose dur- 
lead (Orion 94-82), cadmium (Orion 94-48), copper ing the reaction step with solid potassium hydroxide. 
(Orion 94-29) and iodide (Orion 94-53) ion-selective 
electrodes, respectively. The results obtained were un- Determination of total penicillins in some pharmaceuti- 

satisfactory, owing either to the solubility of some cal preparations 

metal-penicillin complexes, as verified by the solu- In order to assess the applicability of the present 
bility measurements (Table 3) or to the instability of procedure for pharmaceutical analysis, the possible 
some of these complexes. Furthermore, some of the interferences from some common excipients and 
excipients normally present in pharmaceutical prep- diluents used in the preparation of capsules, suspen- 
arations also react with these ions. However, in the sions and injections were investigated. Amounts of 

Table 4. Effect of some excipients on the determination of benzylpenicillin 

Excipient 

Weight taken, my Benzylpenicilljn found 

Excipient Benzylpenicillin Weight, my Recovery, % 

Magnesium stearate 5.43 11.82 11.50 97.3 
6.64 IO.55 10.24 97. I 

Talc powder 

Sodium citrate 

5.84 
4.46 

3.84 
6.72 

Polyvinylpyrrolidone 3.34 
5.63 

Tween-80 6.81 
I 6.17 

Lactose 5.16 
5.00 

Glucose 6.94 
5.18 

Carboxymethyl cellulose 6.60 
7.1 I 

13.14 12.75 
15.68 15.30 

10.18 
13.74 

11.64 
13.03 

10.90 
9.87 

16.43 
10.10 

9.91 
13.36 

11.34 
12.68 

IO.59 
9.67 

16.12 
9.84 

10.77 10.45 
9.75 9.51 

9.19 8.95 
9.34 9.07 

97.0 
97.6 

97.3 
97.2 

97.4 
97.3 

97.2 
98.0 

98.1 
97.4 

97.0 
97.5 

97.4 
97. I 

Table 5. Determination of total penicillins in some pharmaceutical preparations by the proposed method and the 
iodometric method of the British Pharmacopoeia” 

Sample Source Labelled active amount 
B.P. method Proposed method 
Found. my Found, rng 

Ampicillin El-Nile Pharm. 250 mg per capsule 
Co. (Egypt) 

“Prostaphlin” Bristol Lab. 250 mg per capsule 
Oxacillin. sodium N.Y. (U.S.A.) 

“Ospen” El-Nile Pharm. 600 mg per tablet 
Phenoxymethyl Co. (Egypt) 
penicillin 

“Dexacillin” Squibb & Sons 250 mg per capsule* 
Epicillin N.Y. (U.S.A.) 

Penicillin G. CID Pharm. Co. 600 mg per vial 
sodium (Egypt) 

* No official procedure is available for the analysis of this new product 

258 256 
255 252 

253 256 
252 254 

598 592 
594 593 

583 
580 

240 
237 

578 
580 
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magnesium stearate, talc, sodium citrate, carboxy- 
methylcellulose, Tween-80, polyvinylpyrrolidone. glu- 
cose and lactose far in excess of their normal levels 
in the pharmaceutical preparations were added to 
both a reagent blank and pure benzylpenicillin. No 
effect was noticed from any of these materials 
(Table 4). It is noteworthy that neither magnesium 
nor citrate ions have any effect on the accuracy of 
the procedure. The magnesium-EDTA reaction takes 
place only at a much higher pH than that used here 
for the reaction between lead and EDTA, and the 
citrate ion is decomposed by the alkali during the 
reaction step. 

Penicillins in some pharmaceutical preparations 
were determined by both the present method and the 
standard iodometric method of the British and 
United States Pharmacopoeias.‘.” The results given 
in Table 5 show agreement within + 1%. The accu- 
racy is quite satisfactory as the permissible recovery 
limits for the active ingredients, according to both 
Pharmacopoeias,9s1o range between 95 and 105%. 

The present procedure therefore offers, in addition 
to satisfactory accuracy, a convenient solution to a 
number of problems associated with the determina- 
tion of total penicillins in simple and complex formu- 
lations, especially those relating to stoichiometry, sim- 
plicity and rapidity. Analysis of a penicillin sample 
takes less than I5 min whereas the iodometric pro- 
cedure requires 60 min. The procedure has been used 

in quality control analysis at El-Nasr Pharmaceutical 
Chemicals Co. in parallel with the iodometric 
method, for the past two years. 

2. 

3. 
4. 
5. 

6. 
7. 

8. 
9. 

IO. 

II. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 
20. 
21. 
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Summary-A new flow-through cell is described for application of the dropping mercury electrode 
to the determination of serum proteins in an automated continuous-flow system. By using differential 
pulse polarography with short controlled drop times, it is possible to run a rapid automated system 
at sampling rates of up to 120 per hour with approximately f 1% precision and less than 3% carry-over. 
With the BrdiEka reagent, hexa-amminecobalt(II1) chloride, various serum proteins can be determined 
in the range S-5Opglml. The method therefore offers a rapid and sensitive automated procedure for 
determination of serum proteins. 

The polarographic determination of serum proteins 
has been studied extensive1y,‘-5 particularly in rela- 

tion to possible applications in cancer research.* F’re- 
vious studies3 have shown that the combination of 
pulse polarography with BrdiEka’s hexa-ammine- 
cobalt(II1) chloride reagent for the determination of 
serum proteins offers good sensitivity, while a new 
reagent, an Rh(III)-substituted ethylene&amine 
complex, has recently been found4 to give a highly 
sensitive determination of serum proteins and to be 
applicable5 to accurate determination of total serum 
protein. 

The widespread application of polarographic 
methods in clinical chemistry appears to have been 
delayed by the lack of reliable automated equipment 
for the rapid analysis of large numbers of samples. 
The automation of polarographic methods has been 
reviewed ?s examples of automated polarographic or 
voltammetric methods include d.c., a.c., pulse and 
anodic stripping procedures at both the dropping 
mercury electrode (DME) and stationary electrodes. 

Differential pulse polarography (dpp) with the 
DME does not seem to have been applied for rapid 
analysis in a continuous-flow automated system, how- 
ever. This paper describes a simple flow-through cell 
for use with dpp and a controlled drop-timer in a 
continuous-flow system, and its application to the 
automated analysis of serum proteins by means of 
the BrdZka reagent. Detection limits and character- 
istics of protein detection and determination by auto- 
mated dpp are reported. The system offers a sensitive 
method for automated protein analysis, which is com- 
petitive with conventional calorimetric methods in 
terms of speed of analysis and sensitivity. 

EXPERIMENTAL 

Reagents and solutions 

A O.lM stock solution of hexa-amminecobalt(II1) chlor- 
ide reagent (Merck Schuchardt) was made up in distilled 

water, and was diluted as required to cover the range from 
1 x 10w3ji4 to 6 x 10e3M at a chosen pH value. To study 
the effect of pH, the concentration of ammonia was varied, 
while the concentration of ammonium chloride was main- 
tained constant at 1M in the Co(II1) solution. 

Proteins used in this work were bovine albumin (Nutri- 
tional Biochemical Corporation, Fraction V), bovine y- 
globulin, Fraction II, and bovine glycoprotein, Fraction 
VI, both from Miles Laboratories, Inc. Stock solutions 
(1 me/ml) were prepared in distilled water, and appropriate 
dilutions were freshly made as required in the range 
20-200 pg/ml. 

Instrumentation 

A Princeton Applied Research Model 174 polarographic 
analyser equipped with a drop-timer Model 174/70 and 
a Mace Laboratory recorder FBQ 100 was used for polar- 
ographic analysis in the differential pulse or direct current 
operational modes. The controls were set as follows: cur- 
rent range SOOpA, modulation amplitude lOOmV, drop- 
time 1 set, fixed potential - 1.39 V, potential scan-rate 
5 mV/sec (when required), chart-speed 500 mm/hr. 

Polarographic waves were measured with a threeelec- 
trode system consisting of a platinum metal electrode, a 
saturated calomel reference electrode (SCE) and a drop- 
ping mercury electrode as the indicator electrode. Elec- 
trode characteristics were: m = 2.67mg/sec, t = 3.2sec at 
a mercury column height of 56.8 cm measured in 1M 
ammonia buffer at - 1.39 V. All measurements were made 
at room temperature. 

The DME was inserted in an air-tight flow-through cell 
shown in Fig. 1. This newly designed cell is quite different 
from previously reported flow-through cells9-‘5 for con- 
tinuous polarographic monitoring. The platinum auxiliary 
electrode was situated upstream from the DME, and 
allowed operation in the differential pulse mode with a 
three-electrode system and with accurately controlled 
drop-times. The third electrode, the SCE, was situated 
downstream from the cell in the waste solution as shown 
in the schematic flow diagram in Fig. 2. 

For automated pumping of reagents through the flow- 
cell, a Desaga multichannel peristaltic pump, Type No. 
131900, was used. Total solution flow-rates through the 
cell could be varied over the range l-20ml/min per chan- 
nel with this pump by use of a speed controller and pump 
tubes varying from 1.00 to 3.0mm in internal diameter. 

Procedure 

With the flow system shown in Fig. 2, the reagent and 
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Fig. 1. Flow-through cell constructed of glass. (a) Teflon 
sleeve; (b) DME: (c) Pt contact; (d) glass cell. 

wash solutions were pumped initially through the cell until 
a constant baseline and a suitable current range, for which 
the baseline noise was low, were established. In general, 
unless otherwise stated, a constant flow-rate of 15 ml/min 
was maintained. For most studiesthe reagent solution con- 
sisted of the complex, [Co(NH,),]CI,, at a concentration 
of 6 x IO-‘M, in 0.4M ammonium chloride and 2.OM 
ammonia, while the wash solution was distilled water. 
Deaeration of the solutions was found to be unnecessary, 
and air segmentation was used in the flow sytem. 

Protein sample solutions were then manually aspirated 
into the system, followed by a water wash after each 
sample. The sample-to-wash ratio was kept constant at 
1: I throughout, and sampling and wash times were accu- 
rately measured with a stop-watch. The sampling time 
depended on the hourly sampling rate required, and varied 
from 30 to 15 set for sampling rates in the range 60-120 
samples per hour. 

Current-response to protein concentrations was con- 
tinuously recorded on the 0.5 or 0.2mA current ranges, 
usually with IOOmV amplitude in the dpp mode and a 
1 set controlled drop-time. To study the response to differ- 
ent proteins, calibration curves were constructed for the 
protein concentration ranges lO-SOj4g/ml at a sampling 
rate of 60 per hour and a solution flow-rate of 15 ml/min. 
The flow-rate was later varied over the range 5-16 ml/min 
by using the pump speed regulator. 

waste IO.2.mllhin 

Fig. 2. Schematic diagram of flow system. (a) flow-through 
cell; (b) Pt auxiliary electrode; (c) SCE; (d) electrolyte sob- 
tion; (e) PAR model 174; (f) recorder; (g) debubbler; (h) 

mixing coil; (i) proportioning pump. 

RESULTS 

The polarographic flow-through cell, and its per- 
formance in continuous-flow analysis, were evaluated, 
and experimental factors which affect the height of 
the protein catalytic wave, including solution air-seg- 
mentation, flow-rate, reagent concentration, pH, sur- 
factants and choice of operational mode and modula- 
tion amplitude, were investigated. 

Cell construction 

The construction of the polarographic flow-through 
cell was found to be critical for operation in the differ- 
ential pulse mode. Air-tight fitting of the capillary to 
the cell with a Teflon sleeve was necessary in order 
to exclude air bubbles from the cell. Instead of using 
a mercury-pool as the auxiliary electrode, as sug- 
gested by others,10v’4 we used a platinum wire sealed 
into the cell just upstream from the DME. There was 
then no problem of accumulation of mercury and 
iun-off from the cell: the mercury drops did not ac- 
cumulate and were simply flushed out of the cell by 
the continuously flowing solution. The SCE was 
positioned downstream from the cell in the stirred 
waste solution. 

In order to choose a suitable value for fixed poten- 
tial measurements of protein concentrations, we made 
voltage scans on protein solutions aspirated con- 
tinuously through the flowing system shown in Fig. 2. 
A voltage scan for an albumin solution of 50pg/ml 
concentration was recorded from - 0.8 to - 1.8 V. The 
shape of the polarogram in the continuously flowing 
solution was similar to that reported previously’-3 
for static solutions. In the differential pulse mode, the 
Co(I1) maximum occurred at - 1.18 V and the double 
protein wave at - 1.39 and - 1.55 V, corresponding 
to the A and B protein waves3 For polarographic 
determination of proteins at fixed voltage, the voltage 
was set at - 1.39 V and the current was recorded for 
different concentrations of protein in the flowing solu- 
tion. 

The hold-up volume within the cell was adjusted 
by shifting the capillary through the Teflon sleeve. 
The minimum hold-up volume obtainable with this 
cell design without causing distortion of the mercury 
drops was approximately 0.5 ml. As discussed by 
Blaedel and Strohl” small hold-up volumes are pre- 
ferable if a rapid polarographic response is to be 
obtained for a flowing stream. 

Response times and sampling rates 

Rapid response of the detector is essential in con- 
tinuous-flow analysis. It is preferable that the re- 
sponse to a change in sample concentration should 
reach 100% of the steady-state signal within the 
chosen sampling time, but operation is often possible 
at less than lOOo/, of steady state. Table 1 shows 
results for the polarographic detector in continuous 
flow analysis with the solution flow-rate through the 
cell fixed at a constant value of 15 ml/min. Effects 
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Table 1. Evaluation of continuous-flow* polarographic detector as a function 
of sampling rate 

Sampling rate 
sampleslhr 

60 
90 

120 

L , PAt 

291 
214 
253 

Carry-over, 
RS4 %i % of steady state % 

0.92 98 nil 
1.00 93 0.9 
1.04 90 1.0 

* Flow-rate of 15 ml/min through cell. 
t Mean catalytic current at - 1.39 V for serum albumin at a concentration 

of 50 pg/ml. 
3 Relative standard deviation for 6 replicates of the serum albumin solution. 

of changes in solution flow-rate are discussed in a 
later section. 

Precision of the continuous-flow system was deter- 

For a sample solution containing 5O~g of protein 
per ml, and at a sampling rate of 60 per hour (i.e., 
30-set sampling time followed by a 30-set wash) the 
current reached 98% of the steady-state current dur- 
ing the available sampling time. Examples of the con- 
tinuous-flow read-out are shown in Fig. 3. 

At higher sampling rates, the current did not come 
so close to the steady-state value: some figures are 
given in Table 1. That the continuous-flow analysis 
system could be used at this high sampling rate was 
shown by the results of some tests on the carry-over 
and precisio?. 

Carry-over and precision 

The extent of carry-over from one sample to the 
next determines the accuracy and precision in con- 
tinuous-flow analysis systems. As shown in Fig. 3, 
carry-over was determined by consecutive measure- 
ments on samples containing 10, 50 and lO&ml con- 
centrations of albumin. The results given in Table 1 
showed carry-over to be negligible at 60 samples per 
hour and as little as 1% even at 120 samples per 
hour, indicating acceptable performance of the system 
at the high sampling rate. 

mined at three sampling rates by replicate measure- 
ments on solutions containing 50 pg of albumin per ml. 
An example of such a series of sample peaks i& also 
given in Fig. 3. A relative precision of 1% is obtainable 
at the high sampling rate. The system can therefore 
be operated with satisfactory precision and low carry- 
over at sampling rates ranging from 60 to 120 per 
hour. 

Calibrations in the dpp and d.c. modes 

Calibration curves were constructed for several dif- 
ferent proteins, with the continuous-flow system in 
both dpp and d.c. modes. A comparison of the sensi- 
tivities can be made from Fig. 4. 

In agreement with the results of dpp studies on 
static solutions,3 the dpp calibration curves for albu- 
min, y-globulin and glycoprotein were linear over the 
low concentration range studied here. Albumin, how- 
ever, gave a much greater response than the other 
proteins, in agreement with other d.c. polarographic 
studies;‘,’ this is attributed to the different number 
of disulphide groups in the proteins concerned. 

The sensitivity of the dpp method for albumin was 
almost ten times better than that of d.c. polarography. 
Furthermore, the d.c. mode was found to be virtually 

. D -L 

Fig. 3. (A) Calibration for bovine albumin by continuous-flow monitoring of current at a fixed potential 
of - 1.39 V for the concentration range of 1&5Opg/ml at a rate of 60 samples/hr .with 1: 1 sample-to- 
wash ratio. (B) Carry-over between sequential samples, 10, 50 and lO~g/ml, of bovine albumin. (C) 

Steady-state reading at SO&ml. (D) Replicates of bovine albumin, 50pg/ml. 

60 Yhr 
I:1 Yw 
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Protein concentrettons pg/mt. 

Fig. 4. Calibrations of (A) bovine albumin; (B) bovine 
y-globulin and (C) bovine glycoproteins, dpp mode at 
60 samples/hr. Co(II1) concentration was 6 x 10m3M; (D) 

calibration of bovine albumin, d.c. mode. 

useless as a continuous-flow detection method at the 

low protein concentrations shown in Fig. 4. Because 
of the current oscillations at the DME, a high noise 
level was observed both for the continuous baseline 
read-out and for the sample peaks, and poor peak 
resolution was obtained even at 60 samples per hour 
with the d.c. mode. As shown in Fig. 3, dpp operation 
gave a smooth current read-out for a l-set drop-time 
with adequate sensitivity for protein determinations 
in the range 5-SOpg/ml. 

An added advantage of the dpp mode is the 
effect of pulse amplitude. The sensitivity for proteins 
was improved by increasing pulse amplitude, and a 
linear relationship between sample peak height and 
amplitude was found over the range 5-lOOmV, again 
in agreement with PaleEek et ~1.~ All calibration 
measurements for proteins were therefore made with 
the pulse amplitude set at 1OOmV. Under these condi- 
tions, extremely high currents were recorded, particu- 
larly for albumin, which gave nearly 3OOpA for a 
50+g/ml solution. 

Effert offfow-rute 

BlaedeI and Strohl” have shown that variations 
in the rate of flow of solution through a polaro- 
graphic cell, up to 120 ml/min, have a large effect on 
the diffusion-controlled steady-state currents at the 
DME. However, no study of response times at the 
DME as a function of flow-rate, particularly for oper- 
ation in the dpp mode, has been reported. We found 
that the response time for current changes at the 
DME in the dpp mode showed marked improvement 
for flow-rates up to about I6mQ’min. Figure 5 shows 

centage of the steady-state reading) and totat flow- 
rate through the-polarographic cell in the range from 
about 5 to 30 ml/min. The current readings were 
taken with a fixed sampling time of 30sec, and were 
compared with steady-state current at the same flow- 
rate. As shown in Fig. 5, there was a marked increase 
in percentage of steady-state reading up to a flow-rate 
of about 15 ml/min, at which the current became 
nearly lOOP:, of the steady-state value. Hence, sam- 
pling rates can be markedly improved in an auto- 
mated polarographic system by use of total flow-rates 
up to 15 ml/min. The effect will also depend on flow 
oelocity, which is controlled by cell geometry and the 
internal diameter of transmission tubing. However, 
for the particular cell design described here, 
15 ml/min was chosen as the flow-rate giving opti- 
mum sampling rates. 

In most poiarographic determinations, purging of the 
solutions with nitrogen is necessary in order to efim- 
inate oxygen, In the dpp operational mode, however, 
we found that purging of reagent solutions and use 
of nitrogen for bubble segmentation in the flow sys- 
tem was unnecessary at the very negative working 
potential chosen. At - 1.39 V, the contribution from 
the oxygen reduction wave to the total+baseIine cur- 
rent was found to be negli~ble, and hence air segmen- 
tation was used in the flow system. 

The other important reagent factors controhing the 
peak height are known3 to be the Co(II1) reagent con- 
centration, the buffer pH and the presence of surfac- 
tants in the protein sample solutions. 

The effect of varying the Co(III) reagent concen- 
tration on the response to albumin is shown in Fig. 6. 
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Fig. 5. Effect of ffow-rate on response as percentage 
steadv-state reading at 60 samdes/hr. the relationship between the current peak (as a per- 1 I 
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Fig. 6. Effect of cobalt hexamminochloride concentration on 
the catalytic current of bovine albumin (50 pg/ml). 

For routine studies, a concentration of 6 x 10e3M 

was chosen. At these relatively high Co(II1) concen- 
trations, a sharp maximum of the first kind for cobalt 
was observed at - 1.18 V, which decreased as protein 
concentrations were increased. The cobalt maximum, 
however, did not appear to interfere with the protein 
determinations at - 1.39 V, and we made no further 
attempt to eliminate the maximum. PalelSek and 
Pechan3 recommended using a much lower Co(II1) 
concentration (6 x 10m4M) and small amounts of the 
surfactant Triton X-100 (2 x lo-‘%) in order to 
diminish the cobalt maximum, when they determined 
proteins at concentrations below 1 pg/ml. 

Table 2 shows the effect of Triton X-100 on glyco- 
protein (4Opg/ml) in static solution. In agreement 
with PaleEek and Pechan, we found that Triton X-100 
interfered with the protein double wave, causing a 
marked decrease in wave-height. We therefore did not 
add Triton X-100 to solutions in our continuous-flow 

system. 
The effect of pH was studied over the range 

Table 2. Effect of surfactant concen- 
tration on the BrdiEka catalytic wave* 

for glycoprotein 

Concentration of 
Triton X-100, 

&ml 

Catalytic 
current, 

PA 

10 1.3 
30 5.4 
50 1.6 
70 0.2 

* Concentration of Co(III) reagent: 
1.0 x 10-4A4. 

Concentration of glycoprotein: 40 
pg/ml. 

9.5-10.5 by varying the concentration of ammonia 

added to a fixed concentration of ammonium chloride 
(1M) in the Co(II1) reagent solution. We found that 

protein response increased linearly with increase in 

pH, with a slope of approximately 3OOpA per pH 
unit in the dpp mode. The Co(II1) reagent solutions 
were therefore prepared in ammoniacal buffer (1M) 

at pH 10.5 for the investigations described. 

DlSCUSSION 

Previous studies using dpp in flowing systems have 
been carried out by Cullen et a1.,9*‘o using the DME 
as the indicator electrode, by McDonald and Duke” 
using a tubular platinum electrode, and by Alexander 
and Qureshi” at a mercury-pool electrode. However, 
none of these studies was concerned with output 
characteristics in a rapidly sampled continuous-flow 
system. Other polarographic modes have been oper- 
ated at rates up to 60 samples/hr. The a.c. polar- 
ography work of Silvestri13 made possible the analy- 
sis of samples at a rate up to 60 per hour for pharma- 
ceutical applications. Lund and 0pheim14 have oper- 

ated a d.c. system at 60 samples per hour again for 
pharmaceutical analysis. 

This paper describes a simple cell for dpp which 
allows the use of the controlled drop-times required 
for dpp operation. The high sensitivity for the deter- 
mination of proteins is not surprising, since dpp is 
well known to discriminate against capacitance cur- 
rent and to give a higher sensitivity than either d.c. 
or a.c. polarography. This system also responds 
rapidly to changes in protein concentration, allowing 
sampling rates of up to 120 samples per hour to be 
achieved, dependent on total flow-rate past the elec- 
trode. 

Most of the results were obtained at a fixed solu- 
tion flow-rate of 15ml/min through the system, as 
shown in Fig. 2. However, Blaedel and Strohl” have 
shown that the diffusion current increases with flow- 
rate for an uncontrolled DME and d.c. polarography. 
In general, our results agreed with this for the dpp 
mode. Furthermore, we found that increasing the 
flow-rates up to about 16ml/min significantly im- 
proved the response of the DME at short controlled 
drop-times in the dpp modes, as shown in Fig. 6. 
This allowed us to achieve the high sampling rates 

mentioned above. 
However, there are two problems with the use of 

high flow-rates, viz. high consumption of reagents and 
unreliable drop formations. The former problem has 

been critically discussed in recent articles,16 and 
obviously the cost and availability of the required re- 
agents for a given system must be a determining fac- 
tor in design of the flow-manifold. Secondly, faulty 
drop formation is much more of a problem with the 
dpp than with the d.c. operational mode. With dpp, 
the response to a faulty drop is a rapid, negative devi- 
ation of baseline with a very slow recovery to the 
real diffusion current. The slow recovery is a conse- 
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quence of the slow time-constant of the dpp equip- reported5 for a catalytic rhodium(II1) complex re- 
ment used, which does not affect d.c. measurement. agent. 
For reliable operation of the continuous-flow system 
in the dpp mode, therefore, drop-formation must be 
exactly reproducible over the period of sampling or 
information will be lost. 

In the application to protein determination, the 
results obtained for individual proteins compared 
favourably with those measured manually by others 
using the same Co(lIl) hexa-ammine complex as re- 
agent. The response to individual proteins differed 

appreciably. with albumin giving the most sensitive 
response of the proteins studied. This agrees with the 
results of Kalous who. however, used much higher 
protein concentrations for manual d.c. polarographic 
measurements. The order of sensitivity for the series 
of proteins studied was: albumin > y-globulin > gly- 
coprotein, and linear calibrations were obtained for 
the concentration range ICrlOO~g/ml. In addition. 
the effects of pH and Co(II1) concentration were as 
expected from results obtained manually. The effect 
of pulse amplitude also agreed with the manual dpp 
results of Pale&k and Pechan.’ 

The automated dpp method using BrdiEka’s re- 
agent is therefore comparable in sensitivity to other 
automated methods for protein determination such 
as the Lowry calorimetric method” and the Ag,S 
selective electrode method,” but similarly suffers 
from the disadvantage that protein response varies 
with individual proteins. The automated biuret colori- 
metric method gives almost equal response with most 
proteins, and is at present the accepted standard 
method” for determination of total protein in 
samples such as blood serum. This method, however, 
lacks sensitivity, and in future it may be possible to 
develop applications of the continuous-flow polaro- 
graphic system described here to give both accurate 
and sensitive determinations of total serum protein, 
baaed on the polarographic method recently 
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R&wm&L’etude de I’influence de la complexation par divers ligands sur le transfert de cations mttalli- 
ques en osmose inverse a ett faite sur membranes de polyamides aromatiques. L’addition de complexant, 
malgre I’augmentation de volume du solute diffusant, peut permettre une nette amelioration du transfert 
des cations metalliques a travers une membrane d’osmose inverse. C’est la solubilite dans la membrane 
du complexe forme qui est le facteur preponderant pour l’amtlioration du transfert et cette solubilitt 
est like 21 la possibilitt de former des liaisons hydrogenes entre la membrane et le complexe. Par 
ailleurs, I’addition de composes solvatant fortement a la fois la membrane et le solute permet une 
amelioration du transfert qui augmente fortement avec la pression dans ces conditions. Ces rtsultats 
peuvent permettre d’espkrer la possibilite de separation de cations metalliques par complexation 
spkcifique de certains d’entre eux dans un melange. 

L’utilisation de l’osmose inverse pour la recuperation 
de cations metalliques commence actuellement a se 
developper.‘-’ ’ Cependant, cette technique est con- 
currende par des prockdts plus souples @change 
d’ions, precipitation, etc.) et par des techniques oti 
I’on a la possibilite d’agir chimiquement sur les 
phenomtnes de retention. 

Pour ameliorer la methode et agir chimiquement 
sur son rendement, on peut penser a l’emploi de com- 
plexants organiques plus ou moins spkifiques ou 
ayant plus ou moins d’affinite avec la membrane. 
Ainsi, on peut envisager le transfert prkferentiel dun 

. metal complex6 par rapport a un autre. I1 est done 
nkessaire de connaitre les mecanismes de transfert 
pour agir sur eux. 

Le mecanisme de transfert des solutes au travers 
d’une membrane est un sujet controverse. Cependant, 
la theorie la plus largement acceptee est le mecanisme 
de flux capillaire-solubilisation prtferentielle. Au 
phenomene physique de porosite s’ajoutent les 
phtnomtnes de solubilisation du solute dans la 
membrane,’ puis celle de sa diffusion sous I’effet d’un 
gradient de pression. Ce mtcanisme depend essentiel- 
lement des proprietts physicochimiques de la mem- 
brane et des solutes. 

Les parametres les plus importants sont: 
-la nature chimique de la membrane: selon l’ana- 

lyse de Matsuura et Sourirajan” pour une membrane 
donnie, le crittre chimique le plus important est 
“l’effet polaire”. La solubilisation du se1 dans la mem- 
brane depend de la possibilitt de liaisons hydrogtne 
du systeme solute-membrane.‘3-‘5 

-1es proprittes physico-chimiques de la mem- 
brane: la quantite de solvant present dans la mem- 
brane, la facon dont elle lui est like jouent un role 
important. La permeabilite des membranes plus ou 
moins hydratees a fait I’objet de nombreuses 

etudes.16-20 La structure, le taux d’hydratation de la 
membrane et son comportement sont Ctroitement 
lits.Ln-2” Le gonflement et le rttrtcissement de la 
membrane, s’apparentani a un phenomtne de 
“p1asm0lyse-turgescence”,2’ influent directement 
sur les coefficients de partage et les constantes de 
diffusion. 

-1es proprietes chimiques du sel: le comportement 
des espkces en solution depend de la dissociation, de 
la charge, de la nature et de la dimension des ions 
associes. Les esptces dissociees sont plus dithciles a 
solubiliser dans la membrane que celles non disso- 
cites.22*23 L’augmentation de la charge d’un cation 
tend a diminuer le coefficient de partage membrane- 
solvant.” Les cations fortement charges seront mieux 
retenus que ceux faiblement charges. La nature de 
I’ion associe au cation metallique influe Cgalement sur 
le taux de rejection; par exemple, un ion associe a 
un sulfate SOi- sera mieux retenu qu’avec un nitrate 
NO; .24 

--les proprietes physiques du sel: I’encombrement 
sterique est un facteur important dans le passage de 
type capillaire. A fonction chimique identique, le taux 
de rejet decroit avec le poids moltculaire.25 La con- 
figuration spatiale joue tgalement un role impor- 
tant.26-30 

Tous ces paramttres physico-chimiques agissent 
simultantment et sont interdtpendants. On pourra 
agir preferentiellement sur les uns ou les autres par 
des conditions experimentales et I’utilisation de 
solutes appropries. 

Nous nous proposons d’etudier ici I’influence de 
divers complexants sur le mecanisme de transfert a 
travers une membrane en fonction de leurs proprietes 
physico-chimiques (pouvoir donneur ou accepteur de 
liaisons hydrogene, proprietts hydrophyles ou hydro- 
phobes, affinitt pour la membrane, etc.). 
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Fig. I. Schema du pilote d’osmose inverse: A: regulation 
IPL de pH; B: agitateur; C: debitmttres; D: pompe; E: 

manometres; F: modules de membranes tubulaires. 

CONDITIONS EXPERIMENTALES 

Cette etude a ttC effectuee sur une unite comprenant 
deux modules a membranes de polyamides aromatiques 
Dupont de Nemours. Le debit peut varier de 200 a 700 
1./h; le pH eat suivi et regult par un systtme IPL Merlin 
Gerin (Fig. 1). 

Les solutions sont preparks avec 50 litres d’eau 
osmosee. La concentration en cations mttalliques est de 
lo-“M. Pour les dosages des mttaux, nous employons un 
spectrophotometre d’adsorption atomique Techtron 100. 
Les differents complexants ajoutes sont a une concen- 
tration constante tgale a 10-2iVf. 

La pression appliqute varie de 9 ii 28 bars, la conversion 
variant de 10 1 90%. L’eltvation de temperature due au 
passage darts la pompe et au circuit ferme est de quelques 
degrts. Des essais prbliminaires ont montre qu’elle n’avait 
qu’une influence ntgligeable sur les performances du 
systeme. 

RESULTATS EXPERIMENTAUX 

Pour chaque essai, nous suivons la concentration 
en cation mttallique dans la solution initiale, le reten- 
tat et le permeat. 

% 40 , 
,\+, 

50 60 70 80 90 

conv5niw:Y, % 

Fig. 2. Influence de l’ajout de triethanolamine 
[N(CHa-CHaOH),] sur le taux de rejet: .: Cu seul; ---: 
Tritthanolamine seule; -: Triethanolamine + Cuivre. 

Les resultats sont caracttrists par: 
-taux de conversion: 

Y = (Qp/Qi) X 100 

avec Q, = debit du permeat, 

Qi = debit initial; 

-taux de rejet : 

R 3 I-2 x100 
( I 

=l-SP 

avec C, = concentration en cation du permeat, 

Cr = concentration en cation de la solution 
initiale. 

SP = passage de sel. 

Des essais ont et6 faits avec le cuivre en presence 
de triethanolamine. Sur la figure 2, on observe que 
l’ajout de complexant diminue considerablement le 
taux de rejet. Le complexant seul traverse Cgalement 
la membrane. 

Nous avons effect& des essais analogues avec le 
cuivre et les complexants suivants: EDTA (Fig. 3); 
acide citrique (Figs. 4 et 5); acetylacetone (Fig. 6); 
glycine, acide formique et adtique (Tableau 1). 

Dans tous les cas, le passage du cuivre seul est 
independant du pH. Au contraire, la migration du 
complexe cuivrique est fortement influencee par le 
pH. Par contre, des essais sur des complexants tels 
la butylamine, la tttrdthylenepentamine n’ont 
montre qu’une influence negligeable sur le transfert 
des ions cuivriques. 

Nous avons aussi utilise d’autres cations mttalli- 
ques avec les mQmes complexants: les comportements 
du nickel et de l’argent sont t&s voisins de celui du 
cuivre. Par contre, Main presente un comportement 
oppose. En presence d’acetyladtone, son taux de rejet 
avoisine les lOOo/,. 

Nous n’avons observe aucun phenomtne de syner- 
gisme par l’addition d’un autre cation metallique (Ni, 
Sn). 

too ..----nw---_~ -____ _____________________,_ 

a 

Fig. 3. Influence de I’ajout de I’acide ethylene diamine tetra 
acktique [(HOOC-CH2),N-CH2CH2-N(CHr-COOH)r] 
pur le taux de rejet, a differents pH; . .: Cu seul; p: 
Cu + EDTA; x pH = 2,2; + pH = 4.4; 0 pH = 10,2. 
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Fig. 4. Variation du taux de rejet de I’acide citrique 
[C,HI(OH)(COOH), = H4L] en fonction de la conver- 
sion, pour differents pH: x : pH = 3; o: pH = 4,5; A: 

pH = 1. 

La determination des concentrations en sels, dans 

la solution initiale, le permeat et le rttentat, a permis 
d’effectuer un bilan mat&e a chaque essai. On a pu 

ainsi mettre en evidence une certaine adsorption du 
cation mttallique sur la membrane, au debut de 
chaque essai. 

D’autre part, on constate, avec l’ajout de complex- 

.__ 
I I 

eel I I I I I 
40 M M) 70 80 90 

Convergal : Y, Y. 

Fig. 5. Variation du taux de rejet du cuivre, en presence 
d’acide citrique, pour differents pH: A: pH = 3; v: 
pH = 3,2; 0: pH = 3,6; 0: pH = 3,8; x : pH = 4; A: 

pH = 4,5; .: pH = 5; +: pH = 6,5. 

ant, une augmentation du debit de solvant au travers 
oe la membrane, et ceci d’autant plus que le pH est 
faible. 

DISCUSSION 

Par I’ajout de complexants organiques, on peut agir 

sur le flux de solvant et/au sur le flux de sel. 

Flux de solvant 

En osmose inverse, le flux de solvant traversant une 
membrane est donnt par l’expression: 

J, = =(AP - Ax) = z4(AP - An) 

avec D = coefficient de diffusion du solvant dans 
la membrane; 

C = concentration moyenne du solvant dans 
la membrane; 

V = volume molaire partiel du solvant; 
Ax = Cpaisseur effective de la membrane; 
AP = difference de pression hydrostatique de 

part et d’autre de la membrane; 
An = difference de pression osmotique de part 

et d’autre de la membrane; 
A = permeabilite de la membrane au solvant. 

Tableau 1. Influence de l’ajout de glycine [NH*--CH,-- 
COOH], d’acide formique [HCOOH], d’acide acktique 

[CH&OOH] sur le rejet du cuivre, a differents pH 

Nature du solute pH Y = 50 Y=66 Y=75 

Cuivre seul - 99,1-99,5 99,599,3 99,2-99 

332 82 13 68 
Cuivre + 4,O 70 12 73 
acide formique 4.3 80 14 12 

’ 5,7 98 90 86 

Cuivre + 4,4 81 87 84 
glycine 776 93 90 88 

832 94 91 89 

Cuivre + 473 91 90 89 
acide acktique 5,o 94 92 92 

639 99.5 99,5 99 

Conversion : Y, % 

Fig. 6. Influence de l’ajout d’acktylacktone [CH&OCH2COCHS = HL] sur le taux de rejet, a differents 
pH: . . . . . Cu seul; -: Cu + acktyla&one; A: pH = 3; +: pH = 5; .: pH = 6,4; x : pH = 7. 
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log, L- 

Fig. 7. Diagramme de rtpartition des complexes cuivre- 
acetylacktone en fonction du log (ac&ylac&one total), ZI 

pH = 7, g force ionique variable. 

L’ajout du complexant entraine gknkralement une 
augmentation du flux d’eau, a pression et conversion 
donnees; l’addition d’un solvant soluble a la fois dans 
l’eau et dans la membrane augmente la solubilitt de 
l’eau dans la membrane (C dans la formule pred- 
dente). La membrane se comportant comme un sol- 
vant non aqueux, ceci s’accorde bien avec ce que 
I’on observe en general dans ces milieux. 

Flux de se/ 

Le flux de se1 traversant la membrane est donne 
par l’expression: 

J, = D$AC= B.AC 

avec D, = coefficient de diffusion du solute dans la 
membrane; 

K = coefficient de partage (ou de distribution) 
du solute entre la membrane et la solu- 
tion; 

Ax = Cpaisseur effective de la membrane; 
AC = difference de concentration de part et 

d’autre de la membrane; 
B = permtabilite du sel. 

Par l’ajout de complexants organiques, on peut 
modifier le coefficient de partage K. 

Injluence des liaisons hydrogenes entre membrane et 
produit difSusant 

Le transfert a travers la membrane est lit au coeffi- 
cient de partage du produit diffusant, done a sa solu- 
bilite dans celle-ci. Cette solubilite est trts fortement 
dependante de la possibilite de former des liaisons 
hydrogenes entre membrane et produit diffusant.13-I5 

La membrane que nous avons utiliske est en poly- 
amides aromatiques dont le pouvoir accepteur de liai- 
sons hydrogenes est marqut. De ce fait, les produits 
fortement donneurs de liaisons hydrogenes (acides 
carboxyliques, alcools, etc.) migrent beaucoup mieux 
que ceux avant un pouvoir accepteur (amines). 

Tableau 2. Rtpartition des complexes cuivre-EDTA en 
fonction du pH, B la concentration d’EDTA de lo-‘M 

PH cl?+ CuYH - CuY2 - 

2.25 4.10-s 8,5.10-4 l,5.10-4 
4.45 1.5.10-9 3.10-5 lo-’ 

10,20 - 1o-3 

Tableau 3. RCpartition des complexes cuivre-acide citrique 
en fonction du pH, B la concentration d’acide citrique de 

lo-*M. 

PH PK’ cuz+ CuHL- 

3 3,l 1,3.10-4 8,7.10+ 
3.6 2.5 3,8.10-4 6.2.10-4 
5 l,l 9,4.10-4 5,7.10-5 
5.7 - 0.4 1o-3 1,9.10-6 

Certains complexants ont leur passage facilite par 
leur caractere a la fois donneur et accepteur de liai- 
sons hydrogenes3 On peut penser que leur solubilite 
dans la membrane est augmentee par des associations 
en chaines. 

Injluence de la nature des complexes mPtalliques 

En ce qui concerne le transfert des complexes 
metalliques, il est important de connaitre leur nature 
et leur stochiomttrie. Pour cela, nous avons trace les 
diagrammes de repartition des complexes, pour un 
metal, en fonction de la concentration en ligand32*33 
(Fig. 7). 

Pour les complexes avec I’EDTA et l’acide citrique, 
par exemple, les repartitions des complexes aux pH 
utilises sont regroupkes dans les tableaux 2 et 3. 

On remarque ainsi (Figs. 3 et 5) que le maximum 
de transfert correspond a un maximum de concen- 
tration des complexes protones (CuYH- et Cu Cit 
H). Ici encore, le pouvoir donneur de liaisons hyd- 
rogenes du complexe formt est un facteur prtpon- 
d&rant pour faciliter le transfert; ce sont en effet les 

Tableau 4. Rtpartition des complexes cuivre-acktyla&tone 
en fonction du pH, k la concentration d’adtyladtone de 

lo-‘M 

PH cu2+ CUL CUL, 

3 5.10-4 5.10-4 1o-5 
5 3.9.10-6 2,5.10-4 7.4.10-4 
6,4 5.10-9 10-S lo-” 
7 10-g 2,5.10-* 10-3 

Tableau 5. RCpartition des complexes cuivre-acide a&i- 
que en fonction du pH, B la concentration d’acide adtique 

de lo-‘M 

PH cl?+ CUL CUL, CULT cuL:- 

4>3 9,7.10-4 2,6.10-5 3 3.10-’ 2 1.1O-9 
5 9,2.10-4 7,7.10-s 2’5.10-” 3:s.10+ 3’1 lo-’ ’ . 

$8’” 
7 9.10-4 9.10-5 7.10-n 8.10-Z 
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Tableau 6. Repartition des complexes cuivre-acide formi- 
que en fonction du pH, ti la concentration d’acide formique 

de IO-*A4 

PH cu2+ CuHCO, 

X.2 1,4.10-5 8,5.10-4 
4.0 3,6.10+ 6,4.10-“ 
4.3 2,2.10-4 7,8.1O-4 

complexes proton& qui ont le passage le plus impor- 
tant. 

Les repartitions des complexes pour l’acktylacetone, 
I’acide acktique et l’acide formique sont regroup&es 
dans les tableaux 4-6. 

Pour ces complexants, on observe un maximum de 
transfert correspondant a un domaine oti le cuivre 
n’est pas ou peu complex& On peut penser que dans 
la membrane les cations metalliques sont fortement 
solvates par le ligand LH, ce qui favorise leur solubi- 
litt dans la membrane, done leur transfert. Le car- 
acttre donneur de liaisons hydrogtnes est done ici 
un facteur preponderant par rapport aux facteurs 
ioniques et stCriques.22 

Pour le cas particulier de Main, en presence d’ack- 
tylacttone, la structure particuliere du complexe 
formC34 explique son comportement oppose. 

Cl 4p=“i 
cl+ /““’ 

Cl o-c\cH, 
En effet, la forme c&one du complexant que Ton 

observe ici est accepteuse de liaisons hydrogenes et 
ne favorise pas le transfert; par contre, I’accroissement 
du volume du solute par formation de complexe 
diminue la vitesse de diffusion et le transfert de Main 
est alors plus faible quand il est complex6 par l’act%yl- 
acetone. 

MPcanisme de transfer-t des complexes 

Pour interpreter les mtcanismes de transfert glo- 
baux, la permeabilitt partielle B des differentes 
espkes a Cte calculee. Soit la relation: 

J, = B(Ci - CJ 

avec J, = flux de sel par unite de surface de mem- 
brane; 

E = permeabilite du sel; 
Ci = concentration dans la solution initiale; 
C, = concentration dans le permtat. 

Tableau 7. Valeurs des permtabilitks partielles des dif- 
fkrents complexes de I’EDTA, pour diffkrentes conversions 

Y.% cll2+ CuYH - cuy2- 

50 0.2.10-4 41.10+ 25.10-4 
66 43.10-4 65.10+ 24.10-’ 
13 44.10-4 68.10-4 25.10+ 

I 

_#g<+, 

IO 20 30 40 50 60 m So 90 

Conversion: Y, % 

Fig. 8. Variation des permkabilitks partielles en fonction 
de la conversion-cas de I’acktylacktone. + : permkabilitk 
partielle du cuivre seul; . : permkabilitb B2 de I’espkce 

CuL, ; 0: permkabilitk B, de l&p&e (Cu2+, CuL). 

J, = C,.J, 

avec Q1 = Debit de permtat. 
On obtient ainsi: 

B = J, .ZSP/R 

avec SP = passage de sel. 
Nous avons essay6 d’atteindre les valeurs des per- 

meabilitb partielles de chaque espkce en posant la 
relation suivante: 

wt. B = B,(cuZ+) + Br(CuL) + 
&(CuL*) + . . . + B,(CuL,) 

Lea valeurs des permtabilitks partielles pour les 
complexes cuivre-EDTA sont condensees dans le tab- 
leau 7. On remarque qu’en presence de complexant, 
elles sont 100 a 200 fois supkrieures a celles trouvtes 
pour le cuivre seul. 

Tableau 8. Variation des perm6abilitC partielles en fonc- 
tion de la pression, pour trois conversions de deux 

espkes: CuL, et (CuL-Cu2+) 

Permtabilitt partielle, 104 m/h 

1,2 2,0 2,0 2,2 3.4 3,4 
CUL, I,4 1,8 1.9 3.0 3.2 3.7 

199 29 299 
2,l 4.0 3.6 7,0 6,2 13,2 

cu2 +-CUL 2,2 3,9 3,5 6,8 6,l 196 
2.1 3,2 6.0 142 

3,O 
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Adsorption de l’aou 

Fig. 9. Variation de la permkabihtk du se1 et de I’eau. et du taux de rejet du sel. en fonction de 
I’adsorption d’eau sur la membrane. 

L’importance de la configuration sterique et de l’en- 
combrement du se1 sur les performances sont con- 
nues:26-29 la grande taille du complexant n’est pas 
ici le facteur limitant. L’action du ligand influence 
essentiellement la valeur du coefficient de partage K. 
L’augmentation de la taille du se1 diminue la con- 
stante de diffusion, mais augmente surtout la solubi- 

lit6 dans la membrane, phenomtne que l’on observe 
egalement en extraction liquide-liquide, et c’est ce fac- 
teur que est preponderant. 

En calculant les permtabilites partielles, pour I’ad- 
tyladtone, dans I’hypothkse des trois especes Cu’+, 
CuL+ et CuLa, nous obtenons des systemes de 3 
equations a 3 inconnues. Le calcul des permtabilitb 
partielles, a une conversion et une pression don&es, 
conduit, dans cette hypothtse, a des rbultats aber- 
rants. 

Si l’on considere maintenant l’existence de deux 

seules especes en solution, on a la relation; 

B = Br(Cu’+, CuL) + B2(CuL,). 

Les differents systemes a deux inconnues condui- 

sent a des valeurs de permeabilitt partielles dont la 
variation en fonction de la conversion est portee sur 

la figure 8. 
Cette equation semble &re une bonne interpre- 

tation des phbnomtks. La premiere espbce ne serait 
pas un complexe simple, mais une solvatation 
preferentielle du cuivre par l’adtylacbtone dans la 
membrane. 

Par ailleurs, on peut remarquer que les courbes 
representatives de la permeabilite des especes Cu2+ 
et CuL, sont paralleles, alors que celle de l’esptce 
solvatee prtsente une pente beaucoup plus forte. Ceci 
semble montrer que Cu*+ et CuL, rtpondent au 
mZme mecanisme. Dans I’autre cas, un mecanisme 
different vient s’ajouter. 

Par ailleurs, on peut remarquer (Tableau 8) que 
le premier mecanisme est pratiquement independant 
de la pression, ce qui permet de penser qu’il s’agit 
d’un mecanisme essentiellement de type diffusionnel, 
alors que dans le second cas la forte influence de la 
pression laisse penser a la collaboration d’un autre 

type de mecanisme pouvant &tre dQ a une modifica- 
tion physico-chimique du solvant membranaire. 

Injluence de /a solvatation de la membrane 

L’influence de la plus ou moins forte hydratation 

de la membrane a BtC d&rite par de nombreux 
auteurs.16-20 

La variation de la permtabilite des solutes en fonc- 
tion de l’adsorption d’eau sur une membrane est 
represent&e sur la figure 9. Pour les faibles hydra- 
tations, l’adsorption des solutes en membrane est 
assez faible et pratiquement independante de l’adsorp- 
tion de I’eau; puis, a partir d’un certain point, on 
observe une augmentation rapide du transfert. Dans 
cette deuxieme partie, I’influence de la pression sur 
le transfert devient tres importante. Dans notre cas, 

le ligand ajoute solvate la membrane beaucoup mieux 
que I’eau, ce qui permet de le situer dans la deuxieme 
partie de la courbe. 

Le passage du cuivre en presence d’acttyladtone 
en milieu acide a des pH ou il n’est pas complexe peut 
done s’interprtter par une trts forte solvatation de 
la membrane, en m&me temps que des ions cuivriques. 

De m&me, l’influence de la pression sur ce passage 
est due a une forte solvatation qui donne un 
mecanisme de transfert correspondant a la deuxieme 
partie de la courbe d’hydratation (figure 9). 

En ce qui concerne I’acide formique et I’acide 
adtique, le mecanisme de transfert est du m&me type. 
On peut, par ailleurs, remarquer que cette forte solva- 
tation de la membrane se produit avec des complex- 
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ants fortement donneurs de liaisons hydrogknes. 11 ne 
s’agit plus de vkritables phtnomtnes de complexation, 
mais d’un effet de solvant. 

CONCLUSION 

De tous les facteurs pouvant influencer le transfert 
des cations mktalliques & travers une membrane d’os- 
mose inverse (effet stkrique, vitesse de diffusion, etc.) 
c’est la solubilitt dans la membrane et la forte solva- 
tation de celle-ci qui sont les facteurs p&pond&rants. 
L’addition de complexant ou de solvant ayant une 
grande affinitk pour la membrane peut ainsi aug- 
menter d’une facon notable le transfert des cations 
m6talliques. 

La complexation selective ou la diffkrence de struc- 
ture des complexes form&s des divers cations mttal- 
liques d’un mtlange peut ainsi permettre d’esptrer la 
sbparation de ces cations. 
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Summary-The influence of complexation by different ligands on the transfer of metallic cations in 
reverse osmosis has been studied by using membranes composed of aromatic polyamides. In spite 
of the large volume increase of the diffusing solute, the addition of a complexant can significantly 
improve the transfer of metallic cations through a reverse osmosis membrane. The most important 
factor in the improvement of the transfer is the solubility in the membrane of the complexes created. 
This solubility is linked to the possibility of creating hydrogen bonds between the membrane and 
the complex. Moreover, the addition of substances which strongly solvate both the membrane and 
the solute leads to an improvement of transfer which increases considerably with the increasing pressure. 
These results suggest the possibility of separating metal cations by specific complexation. 
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Summary-The Wollak method for the determination of thiosulfate has been investigated. The experi- 
mental procedure has been revised in order to eliminate several problems associated with the method. 

In a recent paper,’ it was demonstrated that the first 
titration in the Wollak procedure (which determines 
the sum of dithionite and thiosulphate in a mixture 
of oxy-sulphur compounds) was susceptible to error 
if a sample containing dithionite, thiosulphate and 
bisulphite produces a solution with pH <7 when 
added to an aqueous formaldehyde solution neutra- 
lized to Methyl Orange as originally suggested by 
W01lak.~ Under acidic conditions, thiosulphate reacts 
with formaldehyde. The rate of reaction is dependent 
on the pH, the formaldehyde concentration and the 
thiosulphate concentration. This problem can be 
eliminated by the addition of enough sodium hydrox- 
ide or carbonate to the aqueous formaldehyde to 
maintain the pH of the sample-formaldehyde solution 
above 7. 

The subject of this report is the determination of 
thiosulphate by the second titration in the Wollak 
procedure. Zocher and Saechtling’ concluded that 
this method was unsatisfactory, whereas Murooka4 
found the approach satisfactory. This titration was 
also studied by Latimer,’ who reported difficulty in 
detection of a suitable end-point in the iodine titra- 
tion and found that the thiosulphate determination 
could produce high results. This can occur when the 
initial oxidation takes place in a solution that is too 
acidic (> 1M H+), a situation that can develop if the 
thiosulphate content of a mixture is less than 10%. 
On the other hand, Danehy and Zubritsky6 have 
recently reported analyses of mixtures of oxy-sulphur 
compounds by the Wollak method and have found 
the procedure “unexceptionable”. 

Owing to the diversity of reports concerning the 
determination of thiosulphate, the Wollak procedure 
has now been reinvestigated. The experimental pro- 
cedure has been found to be totally unacceptable. 

The purpose of this report is to illustrate the nature 
of the problem encountered and to develop an experi- 
mental procedure by which an accurate determination 
of thiosulphate can be obtained in the presence of 
dithionite and bisulphite. 

111 

THEORY 

Thiosulphate. is determined in the presence of 
dithionite and bisulphite by adding the mixture to an 
acidified excess of iodine solution. The following reac- 
tions occur. 

S20:- + 312 + 4H20 ---* 2HSO; + 6HI (1) 

2S20:- + I2 + S4Oi- + 21- (2) 

HSO; + I2 + H20 -+ HSO; + 2HI (3) 

Excess of sulphite solution is then added to remove 
any unreacted iodine in accordance with equation (3) 
and (after the pH has been adjusted to between 8 
and 10) to convert the tetrathionate, S,Oz-, quanti- 
tatively into half the original ,amount of thiosulphate 
according to the reaction 

s40;- + so;- -s20:- + s,o:- (4) 

The unreacted sulphite is complexed by the addi- 
tion of formaldehyde and acetic acid. 

SO:- + CH20* CH,OHSO; (5) 

The thiosulphate produced by the reaction (4) is 
then titrated with standard iodine solution. 

EXPERIMENTAL 

Reagents 

Reagent-grade chemicals and distilled water were used 
throughout. Thiosulphate solutions were standardized with 
standard potassium iodate solution and used in turn to 
standardize the iodine solutions. The sulphite solution was 
prepared from the anhydrous salt without deaeration and 
was approximately 10% w/v (0.8M). Sodium acetate tri- 
hydrate and purified dithionite (J. T. Baker Co.) were used 
throughout the work. The sodium dithionite contained 
2.53% thiosulphate (determined as explained above). 

Procedure 

In theory, the Wollak method for the analysis of thiosul- 
phate is acceptable, but the experimental procedure has 
been found to be totally unacceptable for reasons which 
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will be enumerated in the discussion. A revised experimen- 
tal procedure is now described. 

Add 0.4 g of a thiosulphate-containing dithionite sample 
through a dry long-stemmed funnel to about 73 ml of 
iodine solution (made by mixing I5 ml of 0.5M iodine 
with 60 ml of water and dissolving at least 3 g, preferably 
4, of sodium acetate in it) in a lOO-ml standard flask, 
adding the sample slowly with constant swirling of the 
solution, during 3MiOsec (this should give a slight excess 
of iodine, 70 ml being enough for 0.4 g of dithionite). Rinse 
in any residue from the funnel with the rest of the iodine/ 
acetate solution. Remove the unreacted iodine by addition 
of 0.8M sodium sulphite solution and add 8-10 ml more 
sulphite solution immediately and rapidly. Neutralize the 
solution to phenolphthalein (pH 8-10) by dropwise addi- 
tion of IOM sodium hydroxide, let stand for 5 min, then 
add 4 ml of 37% formaldehvde and about 5 ml of 20% 
acetic acid. Dilu;k to the mark with water. Remove a 251 
or 50-ml aliquot. adjust the pH to 4 with 20:); acetic acid, 
and titrate with 0.005M iodine from a microburette, to 
a sharp end-point with starch. The end-point colour will 
be violet owing to the presence of formaldehyde. 

DISCUSSION 

Sodium acetate was originally added to the iodine 
solutions to control the pH and prevent the decom- 
position of dithionite by the hydriodic acid produced. 
The relationship between the sodium acetate concen- 
tration, pH and recovery of thiosulphate was studied 
by means of the following experiments. 

Mixtures of various oxy-sulphur compounds were 
prepared by adding known amounts of anhydrous 
sodium bisulphite and anhydrous sodium thiosul- 
phate to a previously analysed sample of sodium dith- 
ionite. The preweighed mixtures were added to excess 
of standard iodine solution containing various 
amounts of sodium acetate and the pH was recorded. 

The effect of pH on the initial iodine oxidation of 
thiosulphate was determined by adding 0.1-0.3 g of 
anhydrous thiosulphate to buffered iodine solutions 
(iodine in excess) containing appropriate amounts of 
hydrochloric acid, acetic acid-acetate buffer or 
sodium acetate to give a total volume of 50 ml of 
0.05 or O.lM iodine. The effects of pH on the recovery 
of thiosulphate in mixtures of oxy-sulphur com- 
pounds were determined by adding known amounts 
of analysed sodium dithionite and sodium dithionite- 
thiosulphate mixtures to excess of iodine in solutions 
containing various amounts of sodium acetate. In 
both studies, the thiosulphate was then determined 
by the revised method. 

The decomposition of dithionite appears to pro- 
duce sulphide.‘,’ and since formation of sulphur 
also occurs at low pH, it was decided that several 
sulphide reactions should be investigated as a possible 
explanatidn for the formation of sulphur and the posi- 
tive errors found for thiosulphate at low pH. Since 
the reaction of sulphide with various constituents 
might be competitive with the oxidation of sulphide 
by iodine, the study was made under the most favour- 
able conditions, i.e., with excess of sulphide and in 
the absence of iodine. Excess of ultrapure sodium sul- 
phide from an unopened bottle was added to a known 

amount of sodium tetrathionate (99% pure) dissolved 
in various acid solutions of differing pH. The reaction 
was allowed to proceed for 5 min and excess of cad- 
mium chloride was then added. The cadmium sul- 
phide was filtered off and washed and the filtrate 
titrated with 0.05M iodine. A correction was applied 
for the oxidizable impurity in the tetrathionate. The 
experiment was repeated with sodium sulphite in 
place of the tetrathionate. In this case, formaldehyde 
was added before titrating with iodine. 

A pH-dependent reaction of formaldehyde bisul- 
phite with iodine was investigated as a possible cause 
of the fading end-point previously reported by Lati- 
mer.’ Known amounts of anhydrous sodium bisul- 
phite were added to aqueous solutions containing 4 
ml of 37% formaldehyde solution in lOO-ml volu- 
metric flasks. The solutions were diluted to the mark, 
25-ml aliquots were withdrawn, starch indicator was 
added and the aliquots were buffered at various pH 
values between 4 and 7, then titrated with 0.005M 
iodine. Acidified formaldehyde was also titrated to 
obtain a blank. 

The Wollak method 

The determination of thiosulphate by the Wollak 
method has been found to be unacceptable for the 
following reasons. The major problem arises in titra- 
tion of the final solution. When a 0.2-g sample of 
sodium dithionite was analysed for thiosulphate by 
the method suggested by Wollak’ and recently by 
Danehy and Zubritsky,6 the end-point was found to 
occur on the addition of a few drops of 0.05M iodine. 
If 0.005M iodine was used, then the end-point was 
not detectable because of dilution of the iodine in 
the large volume of solution,8 combined with the 
presence of formaldehyde which hinders the detection 
of the starch-iodine end-point. In addition, the 1 g 
of sodium acetate originally added to prevent the acid 
decomposition of dithionite is insufficient in samples 
containing relatively large amounts of dithionite. The 
revised experimental procedure eliminates these prob- 
lems, including the fading end-point previously 
reported.’ 

Table 1 shows the pH to be expected when mix- 
tures of oxidizable sulphur compounds are added to 
various iodine-sodium acetate solutions. The hydro- 
gen ion is generated in the iodine oxidation of bisul- 
phite and dithionite. 

The initial step of the Wollak titration (either the 
original or the revised method), is equivalent to a 
titration of the thiosulphate with iodine under con- 
ditions of acidity determined by the composition of 
both the sample and the oxidizing solution. The effect 
of pH on the recovery of thiosulphate is illustrated 
in Fig. 1 and tabulated in Table 2. The low recovery 
at higher pH is attributable to the partial oxidation 
of thiosulphate to sulphate.8 Although the literature 
indicates quantitative recovery of thiosulphate by use 
of excess of iodine (concentration not reported) with 
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Table 1. pH of various mixtures* of sulphur oxy-anions 
after oxidation in sodium acetate/i0dine solutions 

Na2S20,l., Na2S20 3, NaHSO3, pH 

89.9 2.5 6.9 1.97 1.02 3.92 
85.1 7.6 6.5 - -  1.10 3.99 
68.6 24.9 6.0 3.54 1.21 4.29 
68.6 6.0 24.9 2.30 1.11 4.08 
49.8 44.8 5.0 4.23 1.54 4.62 
49.8 5.0 44.8 2.87 1.13 4.19 
10.0 79.7 10.0 5.12 4.62 5.36 
10.0 10.0 79.9 3.93 1.39 4.43 
- -  50.0 50.0 4.68 3.65 4.93 
- -  100.0 - -  6.99 7.06 7.26 
- -  - -  100.0 3.83 1.32 4.40 

*The mixtures were prepared by adding known 
amounts of anhydrous Na2S203 and NaHSO3 to an ana- 
lysed sample of sodium dithionite containing 89.9% 
Na2S204.2.53~ Na2S203, 6.88~ NaHSO3, and calculat- 
ing the final composition. The remainder consists of a 
small amount of formate and chloride impurity. 

A--0.2 g of sample in 75 ml of 0.05M 12 containing 1.0 g 
of sodium acetate. 

B---0.4g of sample in 75 ml of 0.1M I2 containing 1.0g 
of sodium acetate. 

C ~ 0 . 4 g  of sample in 75 ml of 0.1M I2 containing 3.0g 
of sodium acetate. 

pH as low as - 0 . 5 ,  9 Fig. 1 shows that  high thiosul- 
phate  recovery can occur at pH ~ 1. This may be 
the result of using different iodine concentrat ions.  

Analysis of a sample of sodium dithionite  gave the 
same behaviour  as when th iosulphate  was oxidized 
by acidic iodine, i.e., high th iosulphate  recovery from 
solutions of low pH. The results are tabulated in 
Table 3. The high s tandard  deviat ion at low pH is 

• indicative of the unreliability of the analysis when in- 
sufficient sodium acetate is present. Positive errors 
for th iosulphate  are invariably accompanied by the 
format ion of sulphur  dur ing the initial oxidation. The 
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Fig. 1. The effect of pH on the recovery of thiosulphate 
(~o) in buffered solutions containing (a) O 0.05M 12, (b) 

• 0.1M 12. 

Table 2. The effect of pH on the recovery (~o) of thiosul- 
phate in the Wollak procedure 

pH 0.05M I2 0.1M 12 

0.5 103.7 (n = 2, S = 0•3)* 105.2 (n = 4, S = 1.0) 
1.10 100.9 (n = 2'S = 0.3) 100.4 (n = 2, S = 0.3) 
3.35 100.2 (n = 2'S = 0.6) 99•9 (n = 2, S = 0.6) 
4•76 99.8 (n = 3, S = 0.4) 99.7 (n = 3, S = 0.4) 
7.26 98.6 (n = 5, S = 1.0) 98.2. In = 3, S = 0.4) 

* n = number of 0.1-g samples (3 titrations per sample); 
S = standard deviation. 

amount  of sulphur  appears to be propor t ional  to the 
excess of thiosulphate  found, though  this has not been 
confirmed• 

Some of the potential  causes of the high thiosul- 
phate  results and sulphur  formation were briefly 
examined. 

(i) The intensity of the yellow colour that  appears 
on addit ion of excess of sulphite during the removal  
of the excess of iodine was found to be pH-dependent ,  
being most intense at low pH (0-2) and increasing 
with iodine and/or  bisulphite concentrat ion.  How- 
ever, the addi t ion of sulphite to di thionite  samples 
did not affect the recovery of thiosulphate.  Also, sul- 
phite added to excess of sulphide in iodine medium 
at pH 0.8 did not produce any thiosulphate.  Neither  
the yellow complex nor  sulphite under acidic condi- 
tions appears to be a direct factor. Latimer has shown 
that  a su lphur-su lphi te  reaction cannot  account  
quantitat ively for increases in the amount  of thiosul- 

phate  found. 
(ii) Tetrathionate ,  the only reactive oxidant tha t  is 

formed by oxidation with iodine, was investigated. 
The reaction between excess of sulphide and tetra- 
th ionate  

S 2- + 5 4 0 ~ -  ~ S + 2S20 2- (6) 

was studied in the absence of iodine and found to 
result in 1.3, 6.4 and 93~o conversion into thiosulphate  
at pH values of 0.8, 1.0, 4.8 respectively. Al though 
increasing pH favours the reaction of te t ra th ionate  

Table 3. The effect of pH of the initial iodine oxidation 
in the Wollak procedure on the recovery (Yo) of thiosul- 

phate in sodium dithionite 

CH3COONa, 
# pH* Na2S20 3, ~ S'[', ~o n§ 

0 0.80 4.35 0.37 6 
1.0 1.01 3.20 0•40 17 
1.5 1.27 2.74 0.16 5 
2.0 1.69 2.67 0.19 8 
3.0 4.00 2.53 0•11 6 
4.0 4.36 2.52 0.054 5 

* Average pH recorded after the oxidation of a known 
mass (0.4 g) of sodium dithionite in 75 ml of 0.1M I2 con- 
taining the amount of sodium acetate shown. 

f S = standard deviation." 
~n = number of samples analysed (revised Wollak 

method), two titrations per sample• 
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Table 4. The effect of pH and a standard addition of thiosulphate on the determination of thiosulphate in sodium 
dithionite 

.S20: -’ 
CHsCOONa, .S,0:-*, s@-*, s,o: -. in 5&O:-, 

9 9 B PHI % % .R, % 

0 0.4029 0.02244 0.82 9.44 4.40 1.03 
I 0.3998 0.02254 1.04 8.56 3.40 0.65 
2 0.4025 0.02306 1.68 1.84 2.56 0.12 
3 0.4030 0.02264 3.96 1.62 2.43 0.05 1 

. 4 0.402 1 0.02242 4.39 1.54 2.40 0.029 

* Average masses of anhydrous sodium thiosulphate and sodium dithionite (4 samples). 
t pH of approximately 75ml of O.lM I2 containing the stated amount of sodium acetate after both the SrO:- 

and S,Oi- had been added. 
$ S = standard deviation for analysis of four samples, two titrations per sample. 

and formation of sulphur, the high thiosulphate 
results that occur at low pH cannot be explained by 
this reaction. 

Acid decomposition of tetrathionate in excess of 
iodine was examined. After oxidation of a 0.4-g 
sample of sodium dithionite in excess of O.lM iodine 
(pH -4), concentrated hydrochloric acid was added 
until the pH was 0.8. No sulphur formed and the 
amount of thiosulphate found (2.48%) was similar to 
that found by oxidation at pH -4. 

Although high thiosulphate results correlate with 
oxidation at low pH, hydrolysis of tetrathionate at 
high pH 

2&O:- + 60H- + 3&O:- + 2SO:- + 3H20 
(7) 

and hydrolysis of trithionate produced upon addition 
of excess of sulphite (reaction 5) have been reported 
as possible sources of thiosulphate. However, the 
analytical procedure was found to tolerate large vari- 
ations in both time of standing and the pH of the 
sulphite solutions. Tetrathionate was judged not to 
be a cause of the high thiosulphate results. 

(iii) The acid decomposition of thiosulphate, which 
occurs competitively with oxidation, has been pro- 
posed as an explanation of the high thiosulphate 
results at low PH.~ 

In order to examine this possibility, a sample of 
dithionite, containing approximately 2.5% thiosul- 
phate, was analysed in the presence of an additional 
5% of thiosulphate. The results are shown in Table 4. 
If acid decomposition is the explanation for increased 
thiosulphate recovery, then it might be expected that 
still more thiosulphate would be found by the reac- 
tion at low pH when more thiosulphate is present. 
Comparison of the recovery of dithionite (Table 3) 
and dithionite with additional thiosulphate present 
(Table 4) is illustrated in Fig. 2. No significant differ- 
ence is observed. The thiosulphate concentration in 
itself does not appear to be the major contributing 
factor. In addition, when the amount of thiosulphate 
was increased threefold from that reported in Table 2, 
no significant variation in the recovery of thiosul- 
phate was detected. 

Thiosulphate recovery increases with decreasing 
pH whereas sulphite oxidation with iodine was found 

Fig. 2. The recovery of thiosulphate (%) in (a) 0 a sample of sodium dithionite; (b) 0 
of sodium dithionite containing an additional twofold amount of thiosulphate. 

a sample 
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Table 5. The effect of pH on the total iodine consumed 
by a sample (0.4 g) of dithionite* 

CH&OONa, y PH 12, mmole 

0 0.92 6.38 
1 1.15 6.41 
2 1.80 6.43 
3 3.94 6.44 
4 4.38 6.45 

* Three samples of 0.4000 g of sodium dithionite were 
oxidized with 75 ml of O.lM I, at each pH and the average 
iodine consumed was determined by titrating the unreacted 
iodine with standard thiosulphate. 

to be independent of pH, giving the same recovery 
at pH 0.25 as at pH 5.15. Consequently, the results 
of Table 5 show that increasing acidity allows some 
acid decomposition of dithionite to occur competi- 
tively with iodine oxidation. Stoichiometrically, the 
acid decomposition products of dithionite require less 
iodine at low pH. 

The fading end-point previously reported is the 
result of a pH-dependent reaction between iodine and 
formaldehyde bisulphite. The rate of end-point fading 
in titration of a bisulphite (x 10m3M) solution con- 
taining excess of formaldehyde (4 ml of 37% HCHO in 
1OOml) with 0.005M iodine increases with increasing 
pH. The end-point fades rapidly at pH >6 and the 
precision of analyses is poor if the pH approaches 
this value. Good reproducible analyses can be per- 
formed if the pH is adjusted to 4.0 before the titration. 

1. W. P. Kilroy, Talanta, 1978, 25, 359. 
R. Wollak. 2. Ann/. Chem.. 1930. 80. 1. 2. 

3. 
4. 

5. 
6. 

7. 
8. 

9. 

H. Zocher.and H. Saechtling, ibid., i9j9, 117, 392. 
T. Murooka, Bull. Inst. Phys. Chem. Reseurcll (Tokyo), 
1943. 22, 18. 
G. Latimer, Tulonru, 1966, 13, 321. 
3. P. Danehy and C. W. Zubritsky III, Anal. Chem., 
1974, 46, 391. 
H. Bassett and R. Durrant, J. Chem. SOC., 1927, 1408. 
I. M. Kolthoff and R. Belcher, I/olumetric Anulysis, Vol. 
III, Interscience, New York, 1957. 
G. Latimer, Tulunfu. 1967, 14, 984. 

Conclusion 

The Wollak titration of thiosulphate has been 
modified. The new experimental procedure eliminates 
the numerous problems cited and allows correct 
analysis for thiosulphate in the presence of large 
amounts of other sulphur compounds that can be oxi- 
dized with iodine. Several reactions have been exam- 
ined in order to explain the high thiosulphate results 
that occur when the pH of the iodine solution is too 
low, but it is difficult to decide which, if any, is the 
main cause of the error, though some can be ruled 
out. 

The third titration in the Wollak procedure has 
also been investigated. When thiosulphate, bisulphite 
and dithionite are simultaneously oxidized by iodine, 
sufficient sodium acetate must be added (minimum 

PH -4) in order to minimize acidic decomposition 
of dithionite, which would compete with the iodine 
oxidation and cause error to arise. 
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Summary-An apparatus has been built with which the intensity of a light-beam passing at grazing 
incidence over a platinum electrode can be monitored. The absorption of light which occurs during 
the electrolysis of dilute aqueous metal ion solutions has been studied as a function of a number 
of parameters including wavelength, potential difference and concentration. The theories of metal depo- 
sition and processes occurring at the electrode surface and in the diffusion layer have been examined 
and a mechanism for the production of the absorbing species in terms of increase in pH of the catholyte 
is proposed. The analytical potential of the technique is discussed. 

The combination of optical techniques such as inter- 
nal reflection spectroscopy, ellipsometry, transmission 
spectroscopy, specular reflection spectroscopy, with 
electrochemical methods such as chronoampero- 
metry, chronopotentiometry and linear sweep volt- 
ammetry provides powerful methods for the elucida- 
tion of the mechanism of electrode reactions, identifi- 
cation of intermediates, and nature of adsorbed 

species and the determination of diffusion coefficients 
and rate constants.1-3 

From the analytical point of view, those methods 
in which the concentration of an electroactive species 
rather than the nature of the electrode surface is 

. monitored during electrolysis, are of interest. These 
spectroelectrochemical methods are based on the use 
of an optically transparent electrode (OTE). Two 

types of electrodes are in common use, namely, (1) 
thin-film electrodes made by coating a transparent 
substrate with metals (platinum, gold, silver, mer- 
cury)4-6 or doped oxides (tin oxide or indium 
oxide)7-9 and (2) minigrid electrodes usually made by 

etching rectangular holes in fine metal foils (usually 
gold). lo The methods of monitoring the electroactive 
species at these electrodes are (1) normal transmission 
spectroscopy (NTS), where the absorbance of a light- 
beam passing at right angles through the electrode 
surface is monitored and (2) internal reflection spec- 
troscopy (IRS). The basis of IRS is the fact that when 
a light-beam undergoes total internal reflection at a 
phase boundary, the light-beam actually penetrates 
the rarer medium.” Thus, when a beam of light tra- 
verses a thin-layer OTE, every time an internal reflec- 
tion occurs at the film-solution interface, the light- 
beam passes into the solution for a few nm, where 

* Present address: Department of Chemistry, University 
of Technology, Loughborough, U.K. 

t Present address: Macaulay Institute for Soil Research, 
Craigiebuckler, Aberdeen, Scotland. 

it may be absorbed by species close to the electrode 
surface. The complete (though somewhat complex) 
theory for the three-phase case (Le., glass, film, solu- 
tion) has been given by Hansen.‘~‘* 

Normal transmission spectroscopy at thin-film 
OTEs was first described by Kuwana et aI.13*14,The 

scope of the method is shown in two recent 
reviews.2*15 NTS at minigrid OTEs is described 

by Murray et al. lo These spectroelectrochemical 
methods have also been used in conjunction with 
thin-layer cells. These are narrow cells (typically 
lo-‘mm) with a small electrolyte volume (a few ~1) 
so electrolysis becomes exhaustive after a few hundred 
msec. The theory and applications of these types of 
cells have been reviewed.163’i The use of this type 

of cell with gold minigrid electrodes is described by 
Murray’s and with platinum film electrodes by 
Reilley.4 

The combination of IRS and thin film OTEs was 
first reported by Kuwana et aLI The scope of the 
technique is shown in a slightly later publication.” 
The technique has been extensively applied in the 
determination of reaction mechanisms, see for 
example Grant and Kuwana.2’ So far there have been 
no applications of these spectroelectrochemical tech- 
niques in quantitative analysis, possibly because of 
the inherent lack of sensitivity of the methods due 
to the very short path-length containing the absorb- 
ing species in the solution which the light-beam 
actually traverses. 

In this paper, a spectroelectrochemical method is 
described in which a narrow light-beam is passed at 
grazing incidence across the surface of a smooth plati- 
num electrode. The absorbance is monitored as dilute 
aqueous metal ion solutions are electrolysed. Prelimi- 
nary results describing the absorbance phenomena 
observed have already been reported.22 Here detailed 
results and discussion are presented to determine the 
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Fig. I. Schematic diagram of apparatus. A, Power supply 
for deuterium lamp. B, Power supply for tungsten lamp. 
C, Lamp housing. D, Cell, E, Potentiostatic waveform 
source. F. Monochromator. G, PMT. H, EHT supply for 

PMT, I, Chart recorder. 

nature of the electrode process observed and to assess 
the analytical potential of the method. 

EXPERIMENTAL 

Apparatus 

Spectrophotometer. A simple ultraviolet/visible apparatus 
(see Fig. 1) was built from the following components: a 
deuterium lamp (Cathodeon type C70-ZV-S) with Unicam 
SP500 lamp supply, a tungsten filament lamp run from 
a regulated power supply (APT Electronic Industries type 
TCU 550). a monochromator (Optika CE4), a photo- 
multiplier (EMI type 6256B) with power supply (Branden- 
burg type 475R3, a chart recorder (Smith’s Industries 
Servoscribe type REI 1.20). 

Cell assembly. This is shown in Fig. 2. A 2-cm silica 
cell was used, containing two polished platinum plate elec- 
trodes. The cell was fitted with an inlet for oxygen-free 
nitrogen, an outlet for removal of solutions by suction and 
an agar/KCI salt bridge to a saturated calomel reference 
electrode (SCE). The cell assembly was mounted on verti- 
cal and horizontal racking movements, in turn mounted 
on an optical bar (Ealing Tri-rack). Fixed horizontal slits 
were mounted on either side of the cell. Vertical movement 
of the cell ensured that the light-beam was of a suitable 
height (approx. 0.5 mm) whereas lateral movement ensured 
that light passed only over the electrode surface. 

Potential source. A potentiostatic waveform source was 
used (Chemtrix type 804). This provided ramp or step func- 
tions in either a two-or three-electrode mode of operation. 

Reagents 

Stock 1X metal ion solutions were prepared by dissolv- 
ing the appropriate amount of the analytical-reagent grade 

salt (usually chloride or sulphate) in lOOmI of distilled 
water. A stock (0.3 M) background electrolyte solution was 
prepared by dissoiving the appropriate amount of analyti- 
cal grade potassium sulphate in 1 litre of distilled water. 
Working solutions of typically 1Oppm metal in 0.03 M 
potassium sulphate were prepared daily by dilution. 

Procedure 

The function generator was preset so that when it was 
switched on a constant potential was applied to the elec- 
trode in the light-path (the working electrode) so that this 
electrode became the cathode. A 5-ml aliquot of the work- 
ing solution, the bulk of which was continuously deaerated 
with oxygen-free nitrogen, was transferred to the cell and 
deaerated further for 60sec. The solution was kept under 
a nitrogen blanket throughout. The gain of the system was 
adjusted so that at the required wavelength a setting of 
0% absorption was obtained on the chart recorder, with 
lOOy{, absorption being obtained when the light-beam was 
interrupted by a piece of opaque material. The chart 
recorder was started and the function generator switched 
on to its preset value, then the absorption signal was 
recorded until a maximum was reached (typically 30sec). 
The solution was removed from the cell by suction and 
the working electrode cleaned by application of a high 
positive potential while the electrode was rinsed witti back- 
ground electrolyte solution. Potentials of up to 5.0 V with 
respect to the counter-electrode were used. The electrodes 
were finally rinsed with distilled water. 

RESULTS 

By use of the procedure above, the variation of 
absorbance with a number of experimental par- 
ameters was investigated for several metal ion solu- 

tions. 

Potential difference 

For those metals which gave rise to an absorbance 
signal, the results obtained were essentially similar. 

The results for cobalt are shown in Fig. 3, and the 
results for the other metals in Table 1. 

Wavelength 

The absorption spectra obtained are shown in Fig. 
4 and the wavelengths of the absorption maxima are 
given in Table 1. These spectra are corrected for the 

absorbance obtained with the background electrolyte 
alone. This spectrum is shown in Fig. 5. 

Concentration 

At a suitable potential and wavelength the analyti: 

Glass capillaries 

Screw clip - 
PVC tubing 

2-cm silica cell 

Pt electrodes 
with poroffin 

backed 
wax 

Fig. 2. Cell and electrode assembly 
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Fig. 3 Variation of absorbance with (a) potential difference, 
curve 1, 10 ppm cobalt at 225 nm; curve 2, blank solution: 
(b) wavelength (10 ppm and 1.4 V): (c) concentration 

(210 nm, and 2.0 V). 
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cal growth curve for each metal was obtained. The 
linear region of the calibration curve and the sensi- 
tivity (concentration for’ 1% absorption) are given in 
Table 1. 

Distance from the electrode surface and time 

The variation of the absorbance with time as the 
electrode was moved progressively out of the light- 
beam is shown in Fig. 6. The solution used was 
1Oppm cobalt. This type of relationship was shown 
by all the metals. 

Pretreatment of the electrode 

It is well known that a platinum electrode is not 
electrochemically inert23 and various potential 
regions corresponding to hydrogen adsorption and 
desorption, oxide formation and oxide reduction can 
be identified.24 It is apparent that the conditions used 
to clean the electrode surface by anodic stripping in 
the procedure would have left the electrode surface 
coated with a layer of platinum oxide. 

The effect of the pretreatment on the absorbance 
for 20 ppm zinc (at 205 nm) and for the background 
electrolyte alone (at 198 nm) is shown in Table 2. The 
effect of the nature of the electrode surface at the 
start of the electrolysis is shown in Fig. 7a, b, for 
20 ppm cadmium and 0.03 M potassium sulphate. In 
these experiments the first stage of the procedure was 
modified so that a linearly decreasing potential (with 
respect to the SCE) was applied to the working elec- 
trode. The potential sweep-rate used was 50 mV/sec. 

Initial pH of the solution 

The effect of increasing the sulphuric acid concen- 
tration of the solution was studied for 1Oppm cad- 
mium and 0.03M potassium sulphate. The results are 
shown in Table 3. All the absorbances were measured 
at a potential of -0.2 V us. the SCE. 

It is known that during electrolysis at inert elec- 
trodes the solution near the cathode becomes alkaline 
when hydrogen is evolved.25 The effect has been sub- 
jected to theoretical analysis.26-2* To follow any 
changes in pH near the working electrode a 10m30/, 
solution of phenolphthalein in 0.03M potassium sul- 
phate was used. The absorbance at 552nm was fol- 
lowed, this being the absorbance maximum of the 
alkaline form of the indicator. The absorbance as a 
function of potential (linear sweep-rate SOmV/sec) is 
shown in Fig. 7c for an oxidized and a reduced elec- 
trode surface. 

Spectra of metal ions in alkaline solution 

The absorption spectra of the metal ion solutions 
in 0.03M potassium sulphate were recorded (Perkin- 

Table 1. Summary of results 

Plateau region of Linear range of A,,, at 
absorbance vs. potential calibration 

A,,, in 
Sensitivity, electrode 1O-3 M 

Metal variation, V curve, ppm ppm surface, nm KOH, nm 

Cd - O-15 0.09 215 215 
co 1.4-2.0 O-15 0.11 210 212 
G’r 1.41.8 O-8 0.05 215 205 

F$I, 1.6-2.0 - O-15 0.10 - 235 270 237 - 
Fe(III) O-10 0.09 270, 364 260, 360 

Mn 1.9-2.0 Cl2 0.08 210 215 
Ni 1.6-2.0 G20 0.16 298 210 
Pb - 20-H) 0.35 270 234 
Zn 091.8 (X12 0.08 207 207 
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Fig. 4. Absorption spectra of electrogenerated species. All 10 ppm except Fe(H), 5 ppm. 

Elmer model 402 ultraviolet/visible spectrophot- 
ometer) immediately after the solution was made 
10e3M with respect to potassium hydroxide. The 
spectra are shown in Fig. 8. The absorbance maxima 
are given in Table 1. 

DISCUSSION 

The results show that undoubtedly the absorbance 

phenomena observed are due to a reaction or reac- 
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Fig. 5. Absorption spectrum of electrogenerated species 
from blank solution, 0.03M K,SO,. 

tions at the electrode surface and that the absorbing 
product or products then diffuse away from the elec- 
trode. 

Although the absorbances for the metal ion solu- 
tions were found to be independent of the intensity 
of the incident light-beam, this does not indicate 

whether the attenuation of the light-beam was by true 
absorption or Rayleigh scattering (i.e., by particles 
small in comparison with the wavelength of the inci- 

I 
0 IO 20 30 40 50 60 70 

Time, set 

Fig. 6. Variation of absorbance with time for various dis- 
tances from the electrode surface. (a) 0.05, 0.09, 0.15 and 
0.20 mm. (b) 0.80 mm. (c) 1.40 mm. (d) 1.80 mm. (e) 2.20 

mm. 
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Table 2. Effect of pretreatment 

Zinc solution Blank solution 
Max. absorbance at Max. absorbance at 

Pretreatment cycle, 205 nm and Pretreatment cycle, 200nm and 
V -1.4v V - 1.4v 

+2.0, -2.0 0.025 0.0 0.190 
+3.0, -3.0 0.029 +l.O 0.036 
+3.5, -3.5 0.029 + 2.0 0.053 
+4.0, -4.0 0.141 +3.0 0.080 
+4.0 z-1 +4.0 0.152 
+ 5.0 21 + 5.0 0.167 

+5.0, -0.5 0.165 
+5.0, -1.0 0.104 
+5.0, - 1.5 0.035 
+5.0, -2.0 0.028 

dent light). Both of these phenomena give rise to 
values of log &/tit (where &, is the incident radiant 
tlux and 4, is the transmitted radiant flux) that are 
independent of &. The theory for the scattering of 
light was developed by Debyez9 who defined the tur- 
bidity of a solution, t, in terms such that 4,/& 
= exp (-?I), where I is the path-length in the scat- 

tering medium, 4,, is the incident radiant flux and 

4, is the transmitted radiant flux, and deduced that, 

tom- 

60- 

60- 

40- 

2Q- 

I I I I I I I 
0.2 0.1 0 -0.1 -0.2 -0.3-0.4 -0.5 -0.6 -07 -0.6 -0 9 -10 

Potential vt.SCE, V 

0.2 01 0 -01 -02-0.3-0.4-05 -06-07 -06-0.9 -10 
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Potential vr.SCE, V 

Fig. 7. Variation of % absorption with potential (us. SCE) 
for (a) blank solution at 198 run, (b) 20 ppm Cd*+ at 
215 nm, (c) 0.001% phenolphthalein at 552 nm, Continuous 

line; oxidized surface, Broken line; oxide-free surface. 

at high dilution, T = Kc/14, where K is a constant, 
c is the concentration and 1 is the wavelength; thus 

In (&/4,) = Kcl/L4. The Beer-Lambert law for 

absorption predicts that In (&/+,) = kcl, and thus the 
absorbance, defined as log (&/r$,) will be independent 
of the incident radiant flux whether the light beam 
is attenuated by true absorption or Rayleigh scatter- 
ing. The problem of distinguishing between these two 

phenomena has been discussed as long ago as 1946 
by Heller and Vassy,30 who proposed distinguishing 
between them on the basis of the value of the wave- 

length exponent, n, in the equation k = Kim”, where 
k is the absorption coefficient. They deduced that for 
true absorption n may vary between 0 and f z, 

whereas for scattering, n may vary between 0 and 
4. Furthermore, for true absorption n changes rapidly 
with wavelength, whereas for scattering n changes 

only very slightly over spectral ranges of up to 
100 nm. The values of n for the spectrum obtained 
with a IO-ppm cadmium solution (uncorrected for the 
absorption obtained with the background electrolyte 
alone) were found by plotting log (absorbance) 
against log 1, assuming the absorbance to be propor- 
tional to the absorption coefficient. The values 
obtained varied from -23 at 195 nm through 0 at 

’ 201 nm to + 23 at 275 nm. These values do not rule 
‘out the possibility of colloidal material being pro- 
‘duced at the electrode, as it is known that colloidal 
solutions can absorb light according to the Beer- 

Lambert law.31 
It was originally suggested that the absorbing 

species might be an intermediate in the process of 
deposition of the metal onto the platinum surface.32 
There are two problems associated with this theory, 
the first of which is thermodynamic. 

The accessible potential range in the system is 
governed by the potential at which hydrogen gas is 
evolved from the working electrode, obscuring the 
light-beam. The sum of the IR drop and oxygen evo- 
lution overvoltage was calculated from the potential 

difference at which hydrogen was observably evolved, 
and this, in turn, was used to calculate the deposition 
potential for 10e4 M solutions of the metal ions 
studied. These values are given in Table 4. It can 



122 J. F. TYSON and T. S. WEST 

Table 3. Variation of absorbance with pH 

Sulphuric acid Initial potential, 
cont., M V vs. SCE 

Cd 
Final potential, absorbance, Blank absorbance 

V us. SCE at 220nm at 195nm 

none added 
1o-5 
10+ 
10-3 
lo-* 
lO-5 
lO-4 

5 x 10-a 
1o-3 

+0.2 
+0.2 
+0.2 
+0.2 
+ 0.2 
+ 0.6 
+0.6 
+0.6 
+0.6 

-0.2 
- 0.2 
-0.2 
-0.2 
-0.2 
-0.2 
- 0.2 
-0.2 
-0.2 

0.46 
0.36 
0.00 
0.00 
0.00 
0.41 
0.34 
0.05 
0.00 

be seen that a number of metals (Ni, Co, Cd, Fe, been extensively studied experimentally, initially by 
Cr, Zn, Mn) would not be deposited within the ac- t,he use of the twin-electrode thin-layer cell developed 
cessible potential range. However, it has long (if not by Schmidt et al. (see for example ref. 36) and more 
widely) been known that monolayer or submonolayer recently by the combination of spectroscopic tech- 
amounts of metals are deposited at “underpoten- niques which monitor the nature of the electrode sur- 
tials”,33 i.e., at potentials more anodic than those cal- face (such as ellipsometry and specular reflection 
culated here. The reason for this is that the full Nernst spectroscopy) and electrochemical methods (see for 
equation includes a term to account for the activity example ref. 37). Experimental methods and results 
of the deposit, through energy changes at the elec- have recently been reviewed,3sv3g and it appears that 
trode-deposit interface.. 34*35 The phenomenon has underpotentials of between 0.3 and 0.6 V are observed 
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Fig. 8. Absorption spectra of metal ion solutions low3 M in KOH. Co, Cd, 
10 ppm: Fe(U). Cr. 5 ppm. Pb 20 ppm. 
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Table 4. Decomposition potentials 

Ion discharged E”, V Edecnmpr V 

H+ (pH6) 0.00 2.20 
Ag+ 0.80 1.16 
Hg2+ 0.85 1.21 
CU2+ 0.34 1.62 
Fe3+ -0.04 1.96 
Pb* + -0.13 2.09 
Sn2+ -0.14 2.10 
Ni2+ - 0.25 2.21 
co2+ - 0.28 2.24 
Cd*+ - 0.40 2.36 
Fe’+ -0.44 2.40 
Cr3+ -0.74 2.76 
Zn2+ -0.76 2.72 
Mn2+ - 1.18 3.24 

for electrode materials such as gold, silver and plati- 
num. If the potentials calculated in Table 4 were too 
large by 0.6V, then up to a monolayer of the metals 
could be deposited within the accessible potential 
range. 

The second problem with this theory is mechanis- 
tic, namely, at what stage in the reduction process 
absorbing entities are produced at large distances (in 
terms of the double-layer thickness) from the cathode 
surface or with sufficient lifetimes and in sufficient 
amounts to diffuse away from the electrode surface 
and interact measurably with the light-beam. 

Despite the vast amount that has been written 
about the deposition of metals from aqueous solu- 
tions, it is difficult to discover the mechanism in- 
volved as opposed to an analysis of the process from 
a kinetic viewpoint. At present authors appear to 
favour a mechanism the initial steps of which are 
based on the mechanism of hydrogen evolution 
(which has been well characterized4’) namely, that 
after transport to the electrified interface, vibration 
of the ion within the surrounding water molecules 
(solvation sheath) produces a condition under which 
an electron can be transferred from the Fermi level 
(modified by the application of a cathodic potential) 
in the electrode to the ion by a process of quantum 
mechanical tunne11ing.41 

The next stage in the process is not clearly defined. 
According to Bockris and Damjanovic42 the partially 
neutralized hydrated entity is adsorbed onto the elec- 
trode surface (they refer to this entity as an adion), 
which then undergoes a two-dimensional random- 
walk process accompanied by successive diminution 
in hydration and successive increase in the number 
of electrode metal atoms which co-ordinate the par- 
ticle under consideration, until the ion is eventually 
incorporated into the electrode crystal lattice. It is 
not clear how or when the second electron is trans- 
ferred. Bockris has more recently considered the 
problem4j and considers that there is good experi- 
mental evidence that mechanisms involving univalent 
intermediates prevail. This presumably means that the 
second electron is transferred to a species in solution 

and that there is the possibility of a homogeneous 
redox reaction (disproportionation) occurring which 
would produce neutral hydrated species as well as 
the original doubly-charged hydrated species. 

Recently, the mechanism of charge transfer in the 
hydrogen evolution reaction has been the subject of 
some discussion following Walker’s presentation of 
evidence for the involvement of hydrated electrons 
as precursors in this reaction.44 The status of solvated 
electrons in aqueous electrochemical reactions has 
been examined closely and the pros45 and cons46 
debated with some vigour, and it is apparent that 
the question is not yet resolved. If the absorbing 
species were produced from the reaction between hyd- 
rated ions and hydrated electrons then it would be 
expected that spectra would be similar to those 
observed when metal ions react with hydrated elec- 
trons produced by radiolysis (the usual and original 
method of production). Such a study was made by 
Baxendale et a1.47 who recorded the ultraviolet/visible 
spectra of species generated when metal ions (includ- 
ing Cu2+, Cd’+, Ni2+, Co’+, Zn’+, Pb2+, Ag+) 
reacted with hydrated electrons produced by a 2-psec 
pulse of 4-MeV electrons from a linear accelerator. 
They found that all the spectra of the transient species 
produced were similar with an absorbance maximum 
at around 310nm. 

None of these mechanisms for the production of 
the absorbing species as an intermediate in the 
electrodeposition reaction accounts for the involve- 
ment of the electrode surface observed here and the 
considerable effect that the nature of the surface has 
on the magnitude of the signals. As was indicated 
earlier, the surface of the platinum could be either 
oxidized or reduced (oxide-free). The anodic film on 
platinum has been extensively studied by a wide var- 
iety of experimental techniques including spectroelec- 
trochemical methods’ and the literature has been 
comprehensively reviewed.4s-50 Although there is still 
some doubt over the nature of the film (which in any 
case varies with the potential) it may be considered 
that, under the conditions employed here, the surface 
of the oxidized electrode would be covered with plati- 
num oxide phases rather than adsorbed oxygen 
species. What is of greater interest is the mechanism 
of reduction of this oxide layer and the products of 
the reduction, i.e., what happens to the surface when 
a cathodic potential is applied. Despite the many dif- 
ferent formulations of the oxide phases, it appears 
to be generally accepted that in acid solution the final 
stage in the reduction is 

PtOH+H++e-+Pt+H,O 

(see for example refs. 49, 51). 

The results of the experiments with phenolphthalein 
solution indicate that in the potential region in which 
the surface oxide is reduced, i.e., between 0.0 and 

-0.2 V us. SCE, (see Fig. 7) the solution near the 
electrode becomes alkaline when an oxidized elec- 
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trode surface is used. If a reduced electrode surface 
is used then no hydroxide ion is produced in this 
potential region. It is proposed that the absorbance 
obtained with the background electrolyte alone is due 
to OH-. Confirmation was obtained by comparing 
the absorption spectrum (Fig. 5) with that of a solu- 
tion of potassium hydroxide. What also emerges from 
Fig. 7 is that at more negative potentials (from about 
-0.5 to -0.6 V) there is another process producing 
OH- near the electrode. Hydrogen evolution did not 
obscure the light-beam until the potential was greater 
than -0.8 V. It is suggested that this is the first stage 
in the reduction of water to hydrogen, which is 
adsorbed by the platinum electrode and thus does 
not obscure the light-beam, and hydroxyl ion. 

It is clear from the results that the absorption of 
light observed when the metal ion solutions are elec- 
trolysed is connected directly with the production of 
an alkaline layer next to the cathode surface. This 
is shown by Fig. 7 and from the fact that when the 
solution is made increasingly acid, thus reducing the 
thickness of the alkaline layer, the observed absor- 
bance decreases and eventually disappears altogether 
(Table 3). The absorption spectra obtained on adding 
potassium hydroxide to the metal ion solutions (Fig. 
8) are very similar to those obtained at the electrode 
surface (Fig. 4). Thus it is concluded that the absor- 
bance is due to the production of hydroxo-complexes 
adjacent to the cathode, following the production of 
hydroxyl ions. The overall mechanism proposed is: 

1. Reduction of the surface oxide layer to give OH- 
in solution near the cathode. 

2. OH- diffuses into the solution under the concen- 
tration gradient. 

3. Metal ions in the solution react rapidly to form 
the hydroxo-complexes which give rise to the absor- 
bances measured. 

4. As the surface oxide is removed the production of 
OH- decreases and eventually ceases. 

5. Correspondingly, the absorbance decreases as the 
hydroxo-complexes dissociate, and diffuse out of the 
light-path. 

That this increase in alkalinity of the catholyte has 
not been reported more often in the literature is attri- 
buted to the fact that most electrochemical studies 
are made in fairly acid or fairly alkaline solutions. 
In niither of these solutions would the phenomenon 
be observed. 

Analytical applications 

In effect, the technique developed is a solution spec- 
trophotometric method using electrogenerated hy- 
droxyl ions as a general spectrophotometric reagent. 
Hydroxide ion has not found use as a spectrophoto- 
metric reagent for two reasons; first the absorption 
of the resulting metal hydroxo-complex lies in the 
ultraviolet and secondly, and more important, with 
many metals an insoluble hydroxide precipitates, 
which would give rise to extremely poor precision. 

However, under the conditions employed here, the 
formation of the complex is controlled by the dyna- 
mic conditions in the diffusion layer next to the cath- 
ode and good reproducibility is obtained. The values 
for the molar absorptivities of the hydroxo-complexes 
are similar to those for the metal complexes of other 
general calorimetric reagents such as 8-hydroxy- 
quinoline and diethyldithiocarbamate. The method is 
applicable only to those metals which form absorbing 
hydroxo-complexes, but is not restricted to those 
reducible in the potential range accessible and has 
the advantages that addition of external reagents, 
waiting for the colour to develop, erc. are not necess- 
ary. Control of the potential of the working electrode 
controls the pH in the diffusion layer to a certain 
extent but is unlikely to offer much in the way of 
introducing selectivity to the method. It would seem 
feasible to apply the method to the detection of metal 
ions following separation, for example by chroma- 
tography. Recently the ultraviolet monitoring of 
metal chloride complexes has been suggested as a 
method of detection in chromatography.52 Use of a 
suitably designed cell and electrogenerated hydroxide 
would offer advantages of selectivity and sensitivity 
over the use of chloride. 
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CATALYTIC EFFECT OF COPPER ON THE 
HEXACYANOFERRATE(III)-CYANIDE REDOX REACTION-I 
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Summary-A kinetic study of the hexacyanoferrate(III)-cyanide redox reaction has been made in con- 
nection with development of a new catalytic method for copper. The reaction kinetics change with 
time from first- to second-order dependence with respect to hexacyanoferrate(II1). The reaction is nearly 
inverse first-order with respect to hexacyanoferrate(I1) and first-order with respect to cyanide. The 
reaction shows a strong positive primary salt effect, but a very small increase in the reaction rate 
with temperature is found. A parallel reaction proceeds with a first-order dependence with respect 
to hydroxide. A tentative mechanism is proposed for the first reaction, involving the formation of 
cyanogen radicals. The second reaction corresponds to the well-known decomposition of hexacyanofer- 
rate(II1) in alkaline medium. The catalysed reaction exhibits similar kinetics with respect to hexacyano- 
ferrate(I1) and (III) but is zero-order with respect to cyanide and hydroxide and first-order with respect 
to catalyst. The proposed mechanism involves two consecutive interactions of the hexacyanoferrate(II1) 
with copper(I) and with copper(I1) cyanide complexes respectively, followed by a 2-electron oxidation 
of a co-ordinatively bridging cyanide group. 

Kinetic methods of analysis have undergone wide 
development in the last few years. Those based on 
catalytic reactions are especially sensitive and there- 
fore applied to inorganic trace analysis. Most of the 
published papers deal only with the strictly analytical 
applications, but knowledge of the kinetics and mech- 
anisms of the uncatalysed and catalysed reactions can 
be very useful for optimizing the experimental condi- 
tions to achieve the lowest detection limit. 

Hexacyanoferrate(II1) has useful oxidizing proper- 
ties in both acidic and alkaline media because the 
standard potential of the Fe(CN)i-/Fe(CN)i- redox 
system is practically unaffected by change in pH: 

Fe(CN)i- + e + Fe(CN)i- E,, = 0.36V 

On the other hand, cyanide can be oxidized to 
cyanogen or to cyanate, depending on the pH, as can 
be deduced from the potentials:’ 

)(CN),+H+ +e + HcN Eo = 0.37V 

CNO- +2H+ +2e + CN-+HIO E,, = 0.14V 

The redox reaction between hexacyanoferrate(II1) and 
cyanide in alkaline medium is thermodynamically fav- 
ourable, but this reaction is s10w.~~ The only kinetic 
investigation of this reaction is due to Adamson,’ 
who found an apparent reaction order between first 
and second, a retarding effect by hexacyanoferrate(II), 
a dependence between first- and second-order on total 

* Present address : Departamento de Quimica Analitica, 
Facultad de Ciencias, Granada, Spain. 

cyanide concentration and a small, possibly negative, 
temperature coefficient. 

We have found that the reaction is strongly cata- 
lysed by copper and a previous communication was 
published containing the first kinetic results.5 

In this paper a kinetic, study of the hexacyanofer- 
rate(III)-cyanide redox reaction with and without 
added copper is reported, and a tentative mechanism 
for the reactions is proposed. Part 11” will describe 
the analytical application of the catalysed reaction. 

EXPERIMENTAL 

Reagents 

Solutions of hexacyanoferrate(II1) and hexacyanoferrate- 
(II) were made from the required amounts of K,Fe(CN), 
and KdFe(CN)c. 3HrO. Solutions of sodium cyanide were 
standardized by the Liebig-Deniges method. Sodium 
hydroxide solutions were standardized against potassium 
hydrogen phthalate. Copper solutions were prepared 
from Cu(NOs)r . 3Hz0 and standardized iodometrically. 
To adjust the ionic strength, sodium chloride (solid or con- 
centrated solution) was used. Analytical-reagent grade 
chemicals were used throughout. 

Apparatus and procedure 

The reaction rate was followed spectrophotometrically 
by measuring the change in absorbance of the hexacyano- 
ferrate(II1) solutions at 422 nm, by using a Beckman 
DB-GT spectrophotometer with a coupled Beckman 
recorder. At this wavelength the other species in solution 
do not interfere. Solutions were prepared in a 50-ml stan- 
dard flask by adding the required amounts of sodium 
cyanide solution, copper solution for the catalysed-reaction 
and analytical studies, sodium chloride to adjust the ionic 
strength, sodium hydroxide solution, and potassium hexa-’ 
cyanoferrate(I1) solution. All the solutions were previously 
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heated to working temperature in a thermostat. The result- 
ing solution was diluted to nearly 40 ml and kept in the 
thermostatic bath for 30 min. Then 5 ml of potassium 
hexacyanoferrate(II1) solution were added with stirring and 
the volume was quickly adjusted to 50 ml. The solution 
was transferred to the spectrophotometric cell and the 
kinetic curve was recorded with zero time taken as the 
moment at which the hexacyanoferrate(II1) solution was 
added. 

The temperature in the cell was kept constant within 
40.2” during each experiment. 

RESULTS AND DlSCUSSlON 

The uncatalysed reaction 

Stoichiometry. Different excesses of Fe(CN)z- ,rela- 
tive to NaCN were added and the equilibrium amounts 
of Fe(CN),j- remaining were determined spectropho- 
tometrically. The hexacyanoferrate(II1) and cyanide 
consumed were found to be in 2: 1 molar ratio. There- 
fore the stoichiometry of the reaction will be, in agree- 
ment with other workers: 

2Fe(CN);- + CN- + 20H- - 

2Fe(CN):- + CNO- + Hz0 (1) 

Effect of hexacyanoferrate(lII) concentration. A plot 
of the logarithm of the initial rate (first 2-3 min) us. 

log [Fe(CN)i-] is linear, showing a first-order depen- 
dence on the hexacyanoferrate(II1) concentration in 
the absence of hexacyanoferrate(I1). However, plots 
of log A us. time (Fig. 1) show that the dependence 
is first-order only at the start of the reaction [the 
plots are not straight lines but the initial slopes are 
independent of hexacyanoferrate(IJ1) concentration 
and have the same value as that obtained by the 
initial-rate method, as can be seen in Table 11. It 
was also found that after an initial period of about 

*I 

10 20 io io 50 
1. min 

Fig. 1. Plots of logarithm of absorbance against time. 
NaCN, l.OM; NaOH, O.lM; I, 2.0; Z 25°C. Curve (I), 
R,Fe(CN), 1.0 x 10_4M; (2). 3.0 x 10_4MM; (3), 

5.0 x 10_4M; (Sk 7.0 x 10_4M; (5). 10 x 10-4M. 

Table 1. Values of the experimental pseudo first-order con- 
stant for different initial hexacyanoferrate(II1) 

concentrations 

[Fe(CN):-1, M x lo4 k,,,, ruin-’ x lo2 

1 4.9 
3 5.6 
5 4.6 
7 4.8 

10 4.5 

(NaCN, LOM; NaOH, O.lM; ‘I, 2.0; 7; 25°C) 

20 min the second-order plots of l/A against time 

were straight lines (Fig. 2). The slopes of the straight 
lines decrease as the hexacyahoferrate(II1) initial con- 
centration increases, showing an inhibiting effect 
which could be due to hexacyanoferrate(II1) itself, the 
hexacyanoferrate(I1) produced or perhaps both 
species simultaneously. 

Effect of hexacyanofmate(l1) concentration. Hexa- 
cyanoferrate(I1) shows an inhibiting effect in both the 
initial rate and the pseudo second-order constant. A 
plot of initial rates against Fe(CN)z-]- ’ gives a line 
that is straight at high Fe(CN)t- concentrations, with 
a positive intercept, showing a reaction with a nearly 
first-order inverse dependence on hexacyanoferrate(I1) 
concentration (Fig. 3) and a .parallel reaction with 
kinetics not influenced by this species. From the 
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t, min 

Fig. 2. Plots of reciprocal of absorbance against time. 
NaCN, l.OM; NaOH, O.lM; I, 2.0; 7, 25°C. Curve (l), 
RsFe(CN)6 1.0 x lo-*M; (9 3.0 x lo-‘M; (3), 

5.0 x 10-4M; (4), 7.0 x 10-4M; (S), 10 x lo-*M. 
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I I 

2 L 6 8 10 
[Fc(CN)$MJ40-* 

Fig. 3. Plot of initial rate against the reciprocal of hexa- 
cyanoferrate(I1) concentration. K,Fe(CN),, 5 x 10m4M; 

NaCN, l.OM; NaOH, O.lM; I, 2.0; ‘I; 25°C. 

curvature of the line at low Fe(CN)g- concentrations 
some additional inhibiting effect of Fe(CN)z- can be 
deduced. The most adequate representation of the 
experimental pseudo second-order constant is a plot 
of kexp against ([Fe(CN)i-] + @?e(CNz-I)-’ which 
also includes the possible inhibiting effect of the 
Fe(CN)a-. A straight line with positive intercept is 
obtained, which confirms the existence of two parallel 
paths for the reaction. 

Effect of cyanide concentration. Plots of initial 
rates or experimental pseudo second-order constants 
against cyanide concentration give straight lines with 
positive intercepts. This again suggests that the 
Fe(CN)i- is involved in two parallel reactions, one 
first-order and the other zero-order with respect to 
cyanide concentration. 

Effect of sodium hydroxide concentration. A straight 
line with a low slope and a large intercept was ob- 
tained on plotting initial rates or k,,, against [OH-]. 
The intercepts in the plots of kcrp us. ([Fe(CI@-] + 
[Fe(CN)i-1))’ and vs. [CN-] are of the same order 
while that for kexp vs. [OH-] is about ten times as 
great. This suggests that the results obtained can be 
described by an equation of the type: 

kCCN-1 
k-P = [Fe(CN); -1 + [Fe(CN)z-] + ‘[OH1 - (2) 

Since kexp seems to be a pseudo second-order rate 
constant, the differential rate equation can be written 
as: 

- dCFe(;l‘l)S -’ = k,,,[F~CN)~--J2 

k[CN-][Fe(CN)~-]2 

= [Fe(CN)z-] + [Fe(CN)z-] 

+ k’[OH-][Fe(CN)~-]2 (3) 

Effect of ionic strength. A positive primary salt effect 
was found for the reaction. Plotting log kerp us. I* 
according to the Brensted-Bjerrum equation” gave 

a slope of about +3, which suggests that the acti- 
vated-complex formation step is a reaction between 
two ions with charges of the same sign and absolute 
values 1 and 3. 

Eflect of temperature. The reaction rate increases 
very slightly with temperature over the range from 
12 to 50”. From an Arrhenius plot of log kelp us. 
l/r an activation energy of cu. 0.6 kcal/mole was 
obtained. This value is anomalously low for reactions 
in solution, and suggests an exothermic reaction pre- 
ceding the rate-determining step. This experimental 
value is therefore probably an apparent activation 
energy which is lower than the true one. The acti- 
vation enthalpy and entropy obtained are close to 
zero and - 59 cal .mole- ’ .deg- ’ respectively. 

Mechanism of reaction. According to equation (3) 
hexacyanoferrate(II1) is involved (with a pseudo 
second-order dependence) in two parallel reactions: 
one of them is first-order with respect to CN-, nega- 
tive order to Fe(CN)i- and Fe(CN)z-, and zero- 
order to OH-, while the other is first-order with 
respect to OH- and independent of the CN- and 
Fe(CN)z- concentrations. 

The first reaction probably takes place by inter- 
action of hexacyanoferrate(II1) and cyanide ions 
through a mechanism which essentially consists of the 
following steps: 

Fe(CN)g- + CN- e Fe(CN)Z- + CN’ (4) 
. 

Fe(CN)z- + CN’ k, Fe(CN)z- + CN+ (5) 

CN+ + 20H- = CNO- + HZ0 (6) 
If reaction (5) is sufficiently faster than the reverse 

of reaction (4) the actual concentration of cyanogen 
radical will be small. If the steady-state treatment is 
applied to this species, the following equation can be 
deduced : 

d[Fe(CN)z-] 
a= - 

dt 
2k,,k,[CN-] [Fe(CN)iJ2 

= k_JFe(CN)z-] + k,[Fe(CN)~-] 

From the experimental data it can be deduced that 
k_, z k, and therefore the rate equation can be 
simplified to: 

2k,[CN-][Fe(CN)i-]2 

’ = [Fe(CN):-] + [Fe(CN);-] 
(8) 

and the pseudo second-order constant will be: 

Zk,[CN -1 

[Fe(CN)i-] + [Fe(CN)z-] 
(9) 

However, in the initial stages and in the absence of 
Fe(CN)z-, since [Fe(CN)z-] + [Fe(CN)z-1, the rate 
will assume the form v = 2k, [CN-] [Fe(CN)i-1, an 
equation with a first-order dependence on Fe(CN)i- 
and where the pseudo first-order constant is k, = 2k, 
[CN-1, in good agreement with the experimental 
results. 
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Table 2. Values of the calculated and experimental pseudo second-order rate constants (I. mole-*.min-‘) for 
different conditions 

(1) (2) (3) (4) 

‘FeM(C;)$l~. CFc(CN)LYI~, [OH-I, 
kc.,, k,,,, M x 10” k,,, k,.,, 

W-1. 
kc.,, kc,, M kc;,, km,, 

1.0 114; 187 1.0 17* 15 0.2 9 11 0.02 32 32 
3.0 48 56 2.0 10* 10 0.4 14 15 0.04 33 33 
5.0 33 34 4.0 :: 6 0.6 20 22 0.1 34 37 
7.0 25 27 5.0 5 0.8 27 26 0.2 36 44 

10.0 19 17 8.0 4* 5 1.0 33 39 0.4 40 51 
1.2 39 40 0.6 45 61 
1.4 45 49 0.8 49 69 
1.6 51 53 
1.8 57 60 

* Calculated from the equilibrium state. 
(1) Effect of hexacyanoferrate(II1) concentration. K,Fe(CN),, 10m4M: NaCN, l.OM; NaOH, O.lM; I, 2.0; r 25°C. 
(2) Effect of hexacyanoferrate(I1) concentration. K,Fe(CN)6, 5.0 x 10e4M; NaCN. l.OM: NaOH, O.lM, 2.0; x 25°C. 
(3) Effect of cyanide concentration. K,Fe(CN)6, 5.0 x IOm4M; K,Fc(CN),, 10m4M; NaOH, O.lM; I, 2.0; r 25°C. 
(4) Effect of hydroxide concentration. KsFe(CN),, 5.0 x 10m4M; K,Fe(CN),, 10e4M: NaCN, l.OM; I, 2.0; ?: 25°C. 

If the OH- effect [equation (2)] is included, the 
experimental rate will have the form: 

2k,[CN-] [Fe(CN)i-1’ 

“W = [Fe(CN)i-] + [Fe(CN)i-] 

+ k’[OH-] [Fe(CN)i-1’ (10) 

and the pseudo second-order rate constant will be 

2k,[CN -1 
kexP = [F~(CN);-] + [Fe(CN)z-] + k’CoH-l (11) 

From the slope and intercept of the plot of korp us. 
([Fe(CN)z-] + [Fe(CN)z-])-I, k, = ik = 9.2 x 10m3 
l.mole-‘.min-’ and k’ = 21 12.mo1e-2.min-’ were 

obtained. The k’ value obtained from the slope of 
the straight line plot of kexp us. [OH-] is larger than 
this, and this effect is ascribed to copper present as 
impurity in the sodium hydroxide. The pseudo 
second-order rate constant was calculated from these 
results, and gave good agreement with the experimen- 
tal values, provided that [Fe(CN)z-] B [Fe(CN)z-] 
(Table 2). Disagreement was observed between the 
kc;,,, and k,,,, values at low [Fe(CN)z-]/[Fe(CN)z-] 
ratio, probably because the reaction (5) is too slow 
in these conditions and the steady-state treatment 
cannot be applied. The equilibrium state must then 
be applied to reaction (4), the rate equation then 
being 

2k,[CN-][Fe(CN)~-]2 
v= 

CWCN):-I 
(12) 

or, including the [OH-] effect, 

ZkJCN-][Fe(CN)J,-I2 
“,,p = 

CFe(CN)i-I 
+ k’[OH-)[Fe(CN);-]2 (13) 

From this, the pseudo second-order rate constant 
will be: 

k _ 2k,CCN-I 
..x,, - CFe(CN);f-I + k'COH-1 (14) 

The values calculated from this equation agree with 
the experimental ones obtained at low [Fe(CN)z-]/ 
[Fe(CN)z-] ratio (Table 2). 

At high sodium hydroxide concentration the 
experimental values were somewhat higher than cal- 
culated, this difference being proportional to the 
alkali concentration. This effect is probably due to 
the copper impurity already mentioned. 

According to the proposed mechanism the reaction 
is first-order with respect to hexacyanoferrate(III), 
although a second-order dependence is found experi- 
mentally for most of the reaction time. Many other 
oxidation reactions with Fe(CN)z- are known in 
which complex mechanisms can show apparent 
second-order kinetics.7-‘0 According to Bridgart er 
al.” the linearity found by plotting [Fe(CN)i-] us. 
time does not necessarily imply second-order kinetics 
and the experimental value obtained for the propor- 

tionality constant from the slope is not a true rate 
constant but a parameter which they express by k”. 

The second reaction consists, apparently, of an in- 
ternal electron transfer from the co-ordinated cyanide 
to the iron(II1) in hexacyanoferrate(II1). This reaction 
can be identified with the well-known decomposition 
of hexacyanoferrate(II1) solutions in alkaline medium. 
In this reaction both the stoichiometry and mechan- 
ism are probably complex. The behaviour of Fe(CN)i- 
in alkaline solutions is strongly affected by light and 
the products of this reaction are not well identified. 
According to Schwarz and Tedei’ ferric hydroxide 
and cyanide are the primary products, the cyanide 
being subsequently oxidized to cyanogen by the un- 
reacted hexacyanoferrate (III). The possibility of for- 
mation of aquo-complexes is also considered. Alich 
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et aL4 suppose that, in strongly alkaline solution, the 
OH- ion is involved in the reduction of hexacyano- 
ferrate(II1) by cyanide through an intermediate aquo- 
complex. According to these considerations we can 
postulate that the hydrolytic decomposition of 
Fe(CN)a- is only an initiation step which induces a 
later redox reaction. 

The catalysed reaction 

The stoichiometry was found to be the same as 
that for the uncatalysed reaction, and so was the effect 
of the hexacyanoferrate(II1) and hexacyanoferrate(I1) 
concentrations. The kinetics of the catalysed reaction 
proved to be independent of the cyanide concen- 
tration for both the initial rate and pseudo second- 
order constant (Table 3). The sodium hydroxide con- 
centration had no effect on either the initial-rate or 
pseudo second-order constant (Table 4), which sug- 
gests that only the Fe(CN)i--CN- reaction is cata- 
lysed by copper, and that copper does not affect the 
alkaline decomposition of hexacyanoferrate(II1). 

There is again a strong positive primary salt effect, 
showing that the activated complex is formed between 
two ions with charges of the same sign. 

The effect of temperature is greater than for the 
uncatalysed reaction. From the Arrhenius plot an 
activation energy of 1.6 kcal/mole was deduced. This 
is larger than that for the uncatalysed reaction prob- 
ably because of the anomalously iow value of the 
latter. The enthalpy and entropy of activation were 
calculated to be 1.0 kcal/mole and -55 cal .mole-’ . 
deg- i. 

Eflect of copper concentration. The initial reaction 
rate and pseudo second-order rate constant increase 
proportionally to the total copper concentration, 
showing a first-order dependence on the catalyst. The 
proportionality constant decreases for relatively high 
concentrations of copper. This is probably due to the 
inhibiting effect of the larger concentration of hexa- 
cyanoferrate(I1) produced. 

Mechanism of reaction. Copper(I1) is readily 
reduced by the cyanide in the reaction medium and 
the copper(I) forms stable cyanide complexes. Infor- 
mation about which Cu(1) complex species predomi- 
nates in cyanide medium is rather scarce. A value 
of 55 is reported by Baxendale and Wescott12 for 

Table 3. Values of the initial rates and pseudo second- 
order constants for different sodium cyanide concen- 

trations 

CCN-I, II’ x 106, 
M mole.l-‘.min-l 

k:,,,, 
I.mole-‘.min-’ 

0.2 9 71 
0.6 8 73 
1.0 9 72 
1.4 8 74 
1.8 8 80 

(K,FI$CN)~, 5.0 x 10e4M; K,Fe(CN),, 10-4M; NaOH, 
O.lM; Cu(NO,),, 4.0 x 10-6M; I, 2.0; T, 25°C) 

Table 4. Values of the initial rates and pseudo second- 
order constants for different sodium hydroxide concen- 

trations 

co:-1 0’ x IO6 
mole.I-‘.min-’ 

k, 
l.mole-‘.min-’ 

0.04 11 69 
0.20 11 67 
0.40 11 69 
0.60 10 69 
0.80 11 70 

(K,Fe(CN)s, 5.0 x 10e4M; K4Fe(CN),, 10w4M; NaCN, 
l.OM; Cu(NO,),, 4.0 x lO+‘M; I, 2.0; T, 25°C) 

the equilibrium constant between the 1:3 and 1:4 
copper(I)cyan complexes. From this result we 
deduce that the Cu(CN):- ion predominates under 
our experimental conditions. More recently Parkash 
and Zyka i3 found, by potentiometric titration, that 
Cu(CN):- is formed in the reaction between Cu2+ 
and CN- when the CN- :Cu’+ ratio is 5:l. The 
equilibrium Cu(I1) species is essentially the Cu(CN):- 
complex, according to several authors.i4-*’ 

The catalytic effect of copper on the hexacyanofer- 
rate(IIIbcyanide redox reaction must evidently take 
place through the Cu(1) e Cu(I1) catalytic cycle, prob- 
ably by an initial interaction of hexacyanoferrate(III) 
and the Cu(1) cyanide complex followed by a rapid 
oxidatiov of cyanide by copper(I1). 

A mechanism can be proposed which agrees with 
the experimental orders found for hexacyanoferrate 
(III), hexacyanoferrate(I1) and copper and the zero 
orders for cyanide and hydroxide ion. The first step 
consists of a non-equilibrium interaction between 
Fe(CN)i- and Cu(CN)j- : 

Fe(CN)i- + Cu(CN):- + Fe(CN)z- + Cu(CN):- 

(15) 

As is well known, the Cu(II) cyanide complex is 
unstable and readily decomposes. The mechanism of 
this reaction has not been well explained but there 
is no doubt that cyanide is oxidized to cyanogen. 1 2-* 5 
However, in the copper-catalysed hexacyanoferrate 
(IIIj-cyanide reaction, cyanate was virtually the only 
product of cyanide oxidation. According to this stoi- 
chiometry it is not probable that the catalytic oxi- 
dation of cyanide occurs simply through the decom- 
position of the copper cyanide complex. The 
second-order dependence on hexacyanoferrate(II1) 
can be explained by postulating a second step in 
which both Fe(CN)a- and Cu(CN):- interact to form 
a binuclear CN--bridged Fe(III~u(I1) cyanide 
complex: 

Fe(CN)i - + Cu(CN):- -% 

[(CN)6FeCNCu(CN)3]S- (16) 

The bridging cyanide ion must be oxidized to 
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cyanate by a rapid transfer of two electrons, one each 
to the Fe(W) and Cu(I1) central atoms respectively: 

[(CN),FeCNCu(CN),]’ - + 20H - z 
I Fe(CN);- + Cu(CN);- + CNO- + Hz0 

(17) 

Such an oxidation of cyanide could consist of either 
a single two-electron step or two consecutive one- 
electron steps involving the formation of a transient 
cyanogen radical. To complete the catalytic cycle the 
copper(I) cyanide complex reaches its initial state: 

Cu(CN)$- + CN- = Cu(CN):- (18) 

If reaction (16) is faster than the reverse of reaction 
(15) the steady-state treatment can be applied to the 
Cu(CN):- species and, from this, the following rate 
equation can be obtained: 

a’ = - d[Fe(CN)i-] 

dt 

2k:&[Cu(CN):-][Fe(CN)i-]* 

= k’_,[Fe(CN):-] + &[Fe(CN);-] (19) 

From the fact that kf,, is a linear function of 
l/([Fe(CN)z- + [Fe(CN)z-1) it can be deduced that 
E, = & and the rate equation takes the simpler form: 

l,c = 2k:CCu(CN):-lCFe(CN)~-lz. 
[Fe(CN)Z-] + [Fe(CN)i-] 

(20) 

. In the initial stages we can affirm: 

[Fe(CN)z-I 4 CFe(CN)Z-] 

and equation (20) becomes: 

uc = 2k:[Cu(CN):-][Fe(CN)i-] (21) 

On the other hand, when the reaction is far enough 
advanced [or in the presence of a large excess of 
hexacyanoferrate(II)] : 

CFe(CN)?l + CFe(CN)~-I 

and finally the rate equation will be: 

%CWCN):-1 CFetCNj2_,z 
“’ = [Fe(CN);f-] 

(22) 

From the slope (k’) of the plot of k’,,, us. copper 
concentration, a value for k: = 7.5 x 10’ 1 .mole- ‘. 
min-’ was obtained. Values of the calculated and 

Table 5. Values of the calculated and experimental pseudo 
second-order rate. constants (I.mole-‘.min-’ x 10e2) for 

different copper concentrations 

2.0 6 I 
4.0 12 14 
6.0 18 18 
8.0 24 23 

(K,Fe(CN),, 5.0 x 10e4M; NaCN, l.OM; NaOH O.lM; 
I, 2.0; T, 25°C) 

experimental pseudo second-order constants are in 
good agreement and are presented in Table 5. 
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SHORT COMMUNICATIONS 

VANADIUM(II1) AS AN ANALYTICAL REAGENT: 
THE TITRIMETRIC DETERMINATION OF IRON, COPPER, 

THALLIUM, MOLYBDENUM, URANIUM, VANADIUM, 
CHROMIUM AND MANGANESE 

S. K. MANDAL 
Regional Research Laboratory, Bhubaneswar 751013, India 

(Received 12 May 1978. Accepted 26 August 1978) 

Summary-Vanadium(II1) solutions can be used in direct titrations of iron(III), copper( thallium(III), 
molybdenum(V1). uranium(VI), vanadium(V), chromium(V1) and manganese(VI1) in milligram amounts. 
The titrations are done at 70-80” for iron(III), copper( thallium(III), molybdenum(V1) and at room 
temperature for vanadium(V), chromium(V1) and manganese(VI1). Uranium(W) is titrated at 70-80” 
in presence of iron(H). The vanadium(II1) solution is prepared by reduction of vanadium(V) to va- 
nadium(IV) with sulphur dioxide, followed by addition of phosphoric acid and reduction with iodide, 
and is reasonably stable. 

Vanadium(II1) is a powerful reducing agent with a formal 
potential of +0.359 + 0.002 V vs. S.C.E. in dilute sulphuric 
acid.’ However, vanadium(II1) has seldom been used as 
a titrant mainly because the reactions are not sufficiently 
fast and the solutions are generally unstable. However, a 
reasonably stable vanadium(II1) solution in sulphuric- 
phosphoric acid medium is easily prepared and quantitat- 
ively reduces a number of oxidizing agents rapidly. The 
present paper reports the preparation of the reagent and 
the titrimetric determination of iron(III), copper(I1). thal- 

. lium(III), molybdenum(W), uranium(VI), vanadium(V), 
chromium(W) and manganese(VI1). 

EXPERIMENTAL 

Reagents 

Vanadium(lll) solution. Ammonium metavanadate 
(11.7 g) was dissolved in 1 litre of 1M sulphuric acid and 
reduced to vanadium(IV) with sulphurous acid. The excess 
of SO2 was boiled off. Then 44.5 ml of syrupy phosphoric 
acid (sg. 1.71) were added, followed by 13g of hydriodic 
acid or 17g of potassium iodide. The solution was boiled 
to remove iodine and to reduce the volume to less than 
1 litre, then cooled and diluted to 1 litre. The solution 
was standardized against standard potassium dichromate 
solution, with barium diphenylaminesulphonate as indi- 
cator. Aqueous solutions of copper sulphate, thallium sul- 
phate, uranyl acetate, sodium molybdate, ammonium 
vanadate and potassium dichromate were prepared and 
standardized by the usual methods.’ 

Procedures 

Iron. A portion of iron(II1) solution containing 
0.631-1.262 mg of Fe was diluted to 50 ml with distilled 
water, heated to 7&80” and titrated with vanadium(II1) 
solution to a colourless or faint-green end-point in the 
presence of thiosalicylic acid as indicator. 

Copper. A portion of standard copper sulphate solution 
containing 0.622-1.244 mg of Cu was transferred to a coni- 
cal flask, 8ml of IOM hydrochloric acid and 3g of potas- 

sium chloride were added, the solution was diluted to 
20ml. heated to 7&80” and titrated with vanadium(II1) 
solution to a violet end-point in the presence of two drops 
of mixed indicator (0.02% phenosafranine and 0.05% Meth- 
ylene Blue in water). 

Molybdenum. A portion of an aqueous solution of 
sodium molybdate containing 0.978-1.966mg of Mo was 
added to 20ml of 6M hydrochloric acid in a conical flask, 
along with two drops of 0.02’d aqueous phenosafranine 
solution as indicator. It was heated to 7&80” and titrated 
with vanadium(II1) solution to the violet end-point. 

Thallium. A portion of standard thallium(I) solution was 
placed in the titration vessel and saturated bromine water 
was added dropwise until the solution became faintly yel- 
low. After 5 mitt, 3 or 4 drops of a 10% solution of pure 
phenol in glacial acetic acid were added to the solution. 
The solution was then diluted to 20ml with 2N sulphuric 
acid, heated to 70-80” and titrated slowly with vana- 
dium(II1) solution to a colourless or faint-green end-point in 
the presence of two drops of phenosafranine indicator. The 
procedure was identical for thallium(II1) except for the 
addition of bromine water and phenol. 

Liranium. A portion of a solution of uranyl acetate in 
2M acetic acid was added to 20ml of 2N sulphuric acid, 
heated to 7&80’ and titrated slowly with vanadium(II1) 
solution to a faint-green end-point in the presence of a 
drop of iron(II1) solution and two drops of phenosafranine 
indicator. 

Vanadium. A portion of a solution of ammonium vana- 
date in 2N sulphuric acid was added to 20ml of 2N sul- 
phuric acid and the mixture was titrated with vana- 
dium(II1) solution in the presence of 3-4 drops of barium 
diphenylaminesulphonate as indicator to a bluish-green 
end-point. 

Manganese. A portion of a standard solution of potas- 
sium permanganate was placed in the titration vessel, 
diluted to 25 ml with distilled water and titrated with vana- 
dium(II1) solution. After the solution had become 
decolourized one drop of 0.2% phenylanthranilic acid was 
added and the titration continued until the colour changed 
from violet to green. 

133 
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Table 1. Determination of iron(III), copper( thal- 
lium(III), molybdenum(VI), uranium(VI), vanadium(V), 

chromium(V1) and manganese(VI1) 

The first titration gave the iron content and the second 
the sum of iron and manganese. 

Metal ion 
Taken, Found,* 

mg mg 

Std. devn., 
mg 

Fe(lIl) 0.63 I 
1.262 

Cu(ll) 0.622 
1.244 

Tl(I) 0.993 
I .986 

Tl(111) 0.935 
1.870 

Mo(VI) 0.978 
1.956 

U(VI) I.187 
2.374 

V(V) I.016 
2.032 

Cr(V1) 0.490 
0.980 

Mn(VI1) 0.646 
I.292 

0.643 0.009 
I .256 0.004 

0.617 0.006 
I.251 0.002 

1.007 0.010 
1.975 0.005 

0.944 0.006 
1.861 0.010 

0.982 0.002 
1.967 0.010 

1.180 0.006 
2.391 0.01 I 

1.018 0.005 
2.030 0.003 

0.493 0.001 
0.978 0.002 

0.647 0.002 
1.288 0.005 

* Mean of 3-5 determinations 

Irori trnd manyanesr in mcmgunese ore. A 2-g sample 
(British Chemical Standard) was dissolved in 6M hydro- 
chloric acid and the solution was evaporated to dryness. 
The residue was kept in an air-oven at 110-115” for an 
hour, cooled to room temperature, dissolved in water 
acidified with hydrochloric acid, warmed, filtered into a 
250-ml standard flask and diluted to volume. 

A known volume of this solution was heated to 7&80’ 
and the iron was titrated with vanadium(II1) solution, with 
thiosalicylic acid as indicator. To a further portion (10 ml), 
IOml of I2N sulphuric acid, I ml of phosphoric acid (s.g. 
1.71) and 0.5 g of ammonium persulphate were added and 
it was heated to boiling to decompose excess of persul- 
phate, cooled and titrated with vanadium(II1) solution as 
for manganese. 

RESULTS AND DISCUSSION 

Gooch and Curtis’ obtained vanadium(II1) by reducing 
vanadium(V) with hydriodic acid, but in the present work 
it was found that the yield was low and the iodine difficult 
to remove. It was also found that the yield was quantitative 
if vanadium(V) was first reduced to vanadium(IV) with sul- 
phur dioxide and the vanadium(IV) was then further 
reduced with iodide in -0.7M phosphoric acid medium. 
Attempts at direct reduction of vanadium(V) with iodide 
in phosphoric acid medium led to a solid yellowish green 
phosphate complex of a lower oxidation state of vana- 
dium; this is being investigated and will be reported on 
elsewhere. The vanadium(II1) solution prepared as de- 
scribed is stable for 3-4 days but then begins to deteriorate 
by 0.1-0.2% Its stability is improved by storage at l(rl5”. 

The results for the analyses are shown in Table 1. The 
reaction of vanadium(II1) with iron(III), copper( molyb- 
denum(X) and thallium(II1) to give vanadium(IV) is fast 
at 7&80”. so these metals can be determined quite easily. 
Reduction of uranium(V1) is rather slow but the titration 
is feasible in presence of a little iron(I1). Oxidants such 
as vanadium(V), chromium(VI) and manganese(VII) 
rapidly oxidize vanadium(II1) at room temperature. 

Table 1 shows that milligram quantities of the metals 
can be determined quantitatively by direct titration with 
vanadium(lI1) and the precision is sufficiently good for 
routine analysis. 

Application of the method to the determination of iron 
and manganese in manganese ore gave values for iron and 
manganese of 5.3% (Certificate value 5.2%) and 49.2% (Cer- 
tificate value 49.0’/,) respectively. 
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DETERMINATION OF CHROMIUM IN CHROME ORES 
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(Received 8 June 1978. Accepted 29 June 1978) 

Summary-A method for the estimation of chromium in chrome ores is reported. Manganese dioxide 
or manganese ore in the presence of 9M sulphuric acid is used for the oxidative decomposition of 
different grades of chrome ores. The results compare favourably with those obtained by standard 
methods. 

The analysis of chrome ores and chrome-bearing refrac- 
tories has been the subject of considerable study. The 
methods based on peroxide fusion are tedious and proper 
care has to be taken to get reproducible results. Chromium 
in chrome minerals is generally estimated by bringing it 
into solution by either an alkaline or acidic treatment and 
then analysing by a standard method. Basic attack involves 
fusion of the ore with sodium peroxide’” or a suitable alkali 
mixture and titrimetric determination of the resultant Cr- 
(VI) with ferrous ammonium sulphate solution. Acidic 
attack involves decomposition of the ore with a mixture 
of sulphuric acid and perchloric acid’ or phosphoric acid.3 
The chromium(II1) produced in the latter case is estimated 
after oxidation to Cr(V1). Decomposition in the presence 
of perchloric acid is frequently chosen for determination 
of Fe. Ca Al. and Mn rather than for chromium.4” Earlier 
work’from these laboratories reported the use of Mn(IV) 
as an oxidimetric reagent.’ A recent patent’ suggested the 
possibility of employing manganese ore for converting the 
chromium(II1) oxide of chrome ore into chromium(V1). 

. However, the quantitativeness of this reaction has not been 
investigated. Preliminary experiments have shown that 
MnO, or manganese ore can quantitatively oxidize chro- 
mium(II1) in the presence of sulphuric acid, suggesting a 
simple method for the estimation of chromium in chrome 
ores. The present communication describes the experimen- 
tal conditions for carrying out such an analysis. 

EXPERIMENTAL 

Reagents and materials 

Standard chromite. Grecian BCS 308. 
Chromite. Low, medium and high grade from Sukinda 

region of Orissa, India. 
Manganese ore. Different grades from Tirode mines 

(Madhya Pradesh) of Manganese Ore (India) Ltd. 
Manganese dioxide. Commercial and pure. 

General procedure 

Weigh accurately 100 mg of the finely powdered sample 
of chrome ore, previously dried at about 1 lo”. Add 300 mg 
of manganese ore or 200 mg of manganese dioxide and 
mix thoroughly with a glass rod. Add 25 ml of sulphuric 
acid (I + I) and stir well. Cover the beaker and heat it 
on a hot-plate till the appearance of white fumes. Cool 
and dilute with 50 ml of water and heat the mixture for 
a further 30 min to ensure complete oxidation of Cr(II1). 
Adjust the pH of the solution to about I with ammonia 
or sodium hydroxide and boil the solution for some time. 
Alternatively, dilute to 400 ml with water and boil for some 

time. Cool, allow to settle and filter through a Whatman 
No. 30 filter paper. Determine the chromium content by 
titrating with I M ferrous ammonium sulphate in presence 
of barium diphenylamine sulphonate as an indicator (1 ml 
of titrant is equivalent to 25.34 mg of Cr,O,). 

RESULTS AND DISCUSSION 

Typical results for the determination of chromium in 
chrome ores using manganese dioxide and manganese ore 
of different grades are shown in Table I. The results for 
the determination of chromium(II1) in chromium(II1) sul- 
phate solution are given in Table 2. 

In acid medium chromite can be decomposed by heating 
with powerful reagents such as perchloric acid, mixtures 
of sulphuric acid and perchloric acid’ or phosphoric acid, 
or with sulphuric acid alone (under pressure).” Heating 
with concentrated hydrochloric or sulphuric acid and hyd- 
rofluoric acid has also been used.4b Methods involving per- 
chloric acid are preferred for estimation of constituents 
other than chromium.rb The same is true for use of sul- 
phuric acid under pressure. Chromium(II1) is formed when 
a sulphuric/phosphoric acid mixture is used. In the pro- 
posed method manganese dioxide acts as the oxidizing 
agent and facilitates the quantitative decomposition of 
chrome spine]. The manganese dioxide reacts with sul- 
phuric acid to give manganese(IV), which is a strong oxi- 
dizing agent. The standard potentials of the systems 
Mn(IV) + 2e $ Mn(I1). and 
Mn(IIIj + e - 

Mn(IV) + e e M&II) 
_ Mn(II)‘are 1.577, I:62 and l.Sli V’ respect- 

ively,’ whereas the formal potential of the Cr(VI)/Cr(III) 
system is 8M suiphuric acid is I.35 V.“’ It is probable that 
manganese(IV) sulphate oxidizes the chromium(II1) to 
chromium(V1). In the presence of phosphoric acid Mn(IV) 
is unstable and the manganese(II1) phosphate complex can- 
not oxidize chromium(II1). Manganese(IV) sulphate is not 
stable at lower acidity and easily hydrolyses. Manganese 
hydroxide adsorbs chromium(VI), especially at higher pH. 
Therefore after the oxidation reaction, the manganese is 
precipitated by boiling after adjustment of the pH to I 
or sufficient dilution of the solution. Manganese dioxide 
is the oxidizing agent and can be employed either as the 
chemical or in the form of naturally occurring manganese 
ore. Such manganese ores are readily available in India 
and some other countries. The results in Table 1 show 
that any type of chrome ore (low, medium or high grade) 
can be analysed for its chromium content by the present 
method. The observed values are comparable to those 
obtained by standard proozdures. The method can also 
be used for determination of Cr,Oa and chromium(II1) 
in solutions. The method is simple and rapid and can be 
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Table 1. Determination of chromium in chrome ore and pure Cr,03 

Sample 

Certified 
Cr,O3 Cr,Os content found, % 

content % I II Hf IV 

High-grade chrome 53.45 53.3 53.3 53.4 53.3 
ore 
Medium-grade 35.12 35.0 35.0 35&l 35.0 
chrome ore 
Low-grade 28.62 28.5 28.5 28,5 28.4 
chrome ore 
Grecian chrome 41.50 41.4 41.4 41.5 41.4 
ore (BCS grade) 
Pure Cr,O, 99.12 99.7 99.6 99.7 99.5 

Oxidant: I, high-grade Mn ore. Mn02 81.2%. P 0.26%; II, low-grade 
Mn ore, MnO, 47.5%. P 0.7%; III, BCS Standard 176/l, MnO, 73.4”/, 
P 0.14%; IV. pure MnO,. 

Table 2. Determination of chromium(II1) in solution as sulphate 

Oxidizing agent 
Amount taken, 

mg 
Amount found, 

m$ 

High-grade Mn ore 25.2 25.4 
Low-grade Mn ore 20.2 20.0 
BCS ore 10.1 10.2 
Pure MnO, 25.2 25.1 

completed in about 2 hr. The principal advantage is that 
chromium(V1) is produced in acid medium and can be di- 
rectly titrated. No hazards are involved and no special 
precautions are necessary. Further work on the kinetics 
of the reaction and its application to direct preparation 
of chromic acid by the use of manganese dioxide or 
manganese ore is now in progress. 
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Summary-A technique is described in which a ring of air is used to produce sample concentration 
by solvent evaporation on high-performance thin-layer chromatography plates. The technique is com- 
pared to the ring-oven technique and both are evaluated by using a dye mixture. Both techniques 
are employed to reduce the size of relatively large spots on the plates in an attempt to match the 
resolution obtained from Small spots in circular chromatography. 

The ring-oven technique is a useful method of concentrat- 
ing substances in thin-layer and paper chromatography 
and so lowering very effectively the detection limit.’ The 
technique has been used largely $r inorganic substances, 
but finds application in organic chemistry as well. 

In one form of the method filter paper or a thin-layer 
plate is placed on a ring-shaped pven and the sample is 
spotted in the centre. The solublg portion of the sample 
is washed out (with a suitable sOlvent added through a 
capillary tube) to the hot ring-over) front where the solvent 
evaporates and concentrates the dissolved sample. In gen- 
eral the oven temperature should be a few degrees above 
the boiling point of the solvent u@ for washing.’ 

In another form of the method’ a ring-oven is placed 
on the back of a thin-layer platg and a spot of sample, 
centrally placed on the adsorbent side, is washed to the 
heated front which is transmitted through the glass from 
the ring-oven. The idea behind this “thermal focusing” is 
to narrow the initial band (i.e., sample) width and so im- 
prove resolution in the subsequently developed chromato- 
gram. The ring-oven is placed on the glass side of the 
thin-layer plate for conveniencg and probably in an 
attempt to avoid any disturbancg of the adsorbent since 
this might effect resolution, especiplly in high-performance 
thin-layer chromatography. A qase has been reported 
where the ring-oven is placed directly on the adsorbent.1.3 
Very little quantitative informatiqn, however, is available 
on these approaches. 

One of the drawbacks of the technique is that it cannot 
be applied to volatile substances iq aqueous or high boiling 
point solvents, or to thermolal$le substances such as 
enzymes, since the temperature required to evaporate the 
solvent and so deposit the substaqce can result in volatili- 
zation or decomposition of the latter. 

Alternatives to the ring-oven technique for temperature- 
sensitive substances have been trie$*--one of them employ- 
ing a so-called adsorption barritr.’ In this method the 
ring-oven is used only to prepare a filiz-paper with a 
narrow ring of a suitable adsorbeqf. The heat-sensitive sub- 
stance (e.g., an enzyme) is transfved in a solvent to the 
adsorption zone by use of a washing ring. This approach, 
however, is not possible with th{n-layer plates and does 
not allow subsequent convention@ development by circu- 
lar chromatography, which is one extension of the ring- 
oven technique. 

A less complicated alternative for temperature-sensitive 
substances is to use a ring of air to produce evaporation 
and concentration. 

This contribution describes the construction of a small- 
scale ring-air apparatus and compares its performance, for 
a dye mixture, with that of the ring-oven technique. The 
possibility is examined of using both techniques to concen- 
trate relatively large sample spots on high-performance 
thin-layer plates in order to match the resolution, obtained 
in subsequent circular chromatography, with that obtained 
from small spots. 

EXPERIMENTAL 

Ring-air apparatus 

Figure 1 illustrates the apparatus used, An air-pump 
force-s air into a chamber from which it flows through an 
annuhr outlet. Down the centre of the outlet is a syringe 
needle carrying the washing solvent. The syringe needle, 
with a square-cut tip, is held in place with a small Teflon 
sleeve and attached to a syringe (e.g.., 25 ~1 volume) by 

Stepping motor 
control 

Fig. 1. Ring-air apparatus, constructed of glass. A = air 
chamber; B = air inlet; C = annular air outlet; D = re- 
movable central tube. carrying syringe needle; E = syringe 
needle; F = Teflon connecting tube; G = Teflon sleeve 

holding needle. Arrows indicate air-flow direction. 

137 



138 SHORT COMMUNICATIONS 

Hole through Resistacch wire 
insulation and lwound round brass 

Fig. 2. Ring-oven apparatus. 

means of a Teflon tube. A stepping motor activates the 
syringe plunger and if the rate of the stepping motor is 
varied by the control unit (and also by using different sizes 
of syringe), any desired flow-rate of solvent can be 
obtained. The stepping motor and control unit are derived 
from the Camag U-chamber system (Camag, Switzerland). 

The ring-air apparatus can be used with high boiling 
point solvents. If necessary the air can be heated by an 
in-line heating element. 

The operation of the apparatus is as follows. The sample 
is spotted on a thin-layer plate at discrete points on a 
circle of diameter as small as practicable without produc- 
ing arc over-lapping during the washing process used. The 
sample spot is dried and the plate placed with the syringe 
needle immediately above the centre of the circle. The 
needle tip should protrude about 0.5 mm beyond the sup- 
porting glass jacket. The Teflon sleeve is positioned at least 
2 mm from the needle tip to counteract creep-back up the 
needle. By means of bolts running through springs sup- 
porting the heating element, the air-chamber and needle 
can be lowered perpendicularly so that the needle is 
slightly above the thin-layer plate. 

Ring-oven apparatus 

The oven built is shown in Fig. 2. In use the oven is 
placed on the back of a thin-layer plate held in the Camag 
U-chamber system. 

Procedure 

Experiments were performed with a 0.4976 w/v solution 
(in toluene) of a mixture of indophenol blue, Sudan Red 
and Butter Yellow spotted on silica gel HPTLC plates. 
Two makes of plates were used-Merck 60 and Macherey- 
Nagel SIL-20. 

Experimental conditions were as follows: 

(i) volume (spotted) varied, concentration constant; 
(ii) volume varied, weight of dye loaded constant: 
(iii’ volume constant, concentration varied. 

The dye mixture was concentrated as follows. The plate 
was placed under the ring-air and ring-oven apparatus and 
the sample washed with a solvent that would carry all 
the components with it, in this case n-butanol (b.p. 118’). 
The sample was washed to the ring of air or edge of the 
oven where it evaporated and left the sample concentrated 
in the form of a thin arc. A plate temperature of 80” was 
used for the ring-oven (thermometer placed through the 
hole in the oven). In the ring-air experiments it was not 
found necessary to use heated air. 

C 

L 

Fig. 3. Densitometer curves showing width of concentrated 
sample arcs produced by the ring-air (a) and ring-oven 
(b) techniques compared to the width of a conventionally 
spotted sample (c). in all cases for a l-p1 application on 
Macherey-Nagel SIL-20 plates. The arc widths were 
measured in the direction of solvent flow, which is indi- 
cated by the arrows. Dye concentration was 0.12% w/v. 

The washing process was stopped when the sample 
appeared optimally concentrated, and the plate left in the 
apparatus to allow complete removal of solvent. After 
equilibration with the atmosphere, the plate was trans- 
ferred to the U-chamber and developed in the normal way 
with toluene. A modification to the U-chamber control 
unit was the addition of a switch to enable the stepping- 
motor rate to be halved. Using the slowest speed during 
development resulted in improved resolution. 

RESULTS AND DISCUSSION 

The chromatograms were evaluated with a Vitatron 
TLD 100 Densitometer in the transmission mode. Resolu- 
tion between adjacent peaks was determined in the usual 
way, ciz. twice the peak separation distance divided by 
the sum of the peak widths at their base. 

2.5, 

2.0 

:fg-_ 

s ._ 
s 1.5 ' 
i5 

P 
\ 

\ Peaks 112 
*- ,---_-___--___ 

“I k== 

Fig. 4. Concentration of dye rs. resolution on Macherey- 
Nagel HPTLC plates: 1~1 of dye loaded. 
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Fig. 5. Concentration of dye us. resolution on Merck 
HPTLC plates: 1~1 of dye loaded. 

Shown in Fig. 3 are densitometer curves of the concen- 
trated sample arcs (i.e., before chromatographic develop- 
ment) and of a conventionally spotted sample, in all cases 
for a l-p1 sample. The important feature is the narrowness 
of the arcs compared to the sample spot. 

Figures 47 illustrate the chromatographic results as 
graphs of resolution US. sample volume or concentration 
used. 

A comparison of the results in Figs. 4 and 5, which 
were obtained on different plates, shows that resolution 
improves with lower concentration. Although the curves 
have been drawn for single determinations, the fact that 
they vary in much the same way is felt to indicate that 
they are a reliable guide. 

The reason why conventional spotting produces a 
poorer resolution compared to the other techniques for 
the peak pair l/2 on the Merck plate, whereas the reverse 
occurs on the Macherey-Nagel plate, is probably due to 

3.0 

,, y 

2.0 

0.5 I 
- Conventional spotting 

---- Ring-oven technique 

--Ring-air technique 

” 
100 LOO 1000 

Volumc(nl1 

Fig. 6. Volume of dye spotted cs. resolution on Merck 
HPTLC plates. Concentration constant at 0.49% w/v. 
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Fig. 7. Volume of dye spotted US. resolution on Merck 
HPTLC plates. Weight of dye loaded was constant. Deter- 
minations were done in duplicate with a mean relative 
error for the different methods as follows: conventional 
spotting 6”!‘,: ring-oven technique 5%; ring-air technique 

4%. 

overloading of the Merck plate, samples showing a pro- 
nounced tailing on it. This plate has a harder adsorbent 
coating and is slightly thinner (5%,) than the Macherey- 
Nagel plate. It is not possible from an examination of Figs. 
4 and 5 to say which technique offers the better resolution. 

When the concentration is constant but the volume vari- 
able (Fig. 6). the resolution improves with smaller volume 
spotted on the plate. Again no decision can be made as 
to which technique provides the best resolution. 

Finally, when the weight of sample loaded is kept con- 
stant but the volume (and hence concentration) is varied 
(Fig. 7) the resolution remains approximately constant. The 
ring-air technique would seem to provide the best overall 
resolution. 

CONCLUSIONS 

The following facts emerge from this study: 

(i) The ring-air technique is as good as the ring-oven 
technique for concentrating substances. For dealing with 
heat-labile substances the ring-air technique is the obvious 
choice because of the use of cool air. Examples of heat- 
labile substances are enzymes and the carbamate pesti- 
cides. 

(ii) The use of the ring-air and ring-oven techniques to 
concentrate large spots into a narrow arc does not appear 
to have any advantage over conventional spotting where 
resolution in the subsequent chromatogram is concerned. 

(iii) Conclusion (ii) probably holds only for high-perfor- 
mance thin-layer plates. It appears likely that the two con- 
centration techniques will have an advantage over conven- 
tional spotting when plates with a thick adsorbent coating 
are used, as overloading will be less likely to occur. 

The ring-air apparatus described can probably be 
adapted in the ways mentioned by Weisz’ for the ring-oven 
technique, e.g., for improving resolution by superimposing 
the apparatus on selected areas of a normally developed 
linear TLC chromatogram. A modification of the appar- 
atus to produce a curtain of air along a straight front 
would enable large samples to be concentrated in linear 
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TLC prior to development. This approach, with a different 2. A. Zlatkis and R. E. Kaiser, HPTLC-High Perform- 
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SPECTROPHOTOMETRIC DETERMINATION OF MICRO 
AMOUNTS OF URANIUM 
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(Received 2 April 1978. Accepted 27 June 1978) 

Summary-Uranium(VI) in the presence of numerous cations and anions is determined by the iron(IIt 
phosphoric acid-Ferrozine method at concentrations of 8-75 &25 ml with a relative precision of 3-l%,. 

Determination of uranium in the presence of various 
metals has been of wide interest, and numerous methods 
have been published.’ Several spectrophotometric methods 
for the determination of small amounts of uranium have 
been reported: Bustamante and Delgado,2 Yamamoto,’ 
Puzanowska-Tarasiewicz et al.,4 and Dubey and Nad- 
kami5 have used extraction procedures and formation of 
coloured chelates. Vydra and PHbiP and Riggs’ have used 
iron(III) in the presence of l,lO-phenanthrohne to oxidize 
uranium(IV). Gayer and Lifshitz” oxidized uranium(IV) 
with iron(II1) and determined the resultant iron(H) with 
ferricyanide. The l,lO-phenanthroline-iron(II1) method 
appears to be relatively simple and sensitive. The method 
described in this note allows the determination of small 
amounts of uranium in the presence of large amounts of 
iron by using iron(H) to reduce the uranium(VI) in concen- 
trated phosphoric acid, as reported by Rao and Sagi,’ 
Walker and Vita,” and Mareska.” This reduction is fol- 
lowed by the selective oxidation of iron(H) with nitric acid 
and finally the oxidation of uranium(IV) by iron(II1) in 
the presence of Ferrozine, which reacts with the iron(I1) 
produced. The absorbance of this complex is then a 
measure of the amount of uranium. 

The solubility of Ferrozine in water, and the high molar 
absorptivity of the iron(IItFerrozine 
2.8 x 10“ I.mole-‘cm-‘, 

complex, 
renders this reagent useful for the 

determination of micro amounts of uranium. 

EXPERIMENTAL 

Reagents 

Reagent grade uranyl acetate was used to prepare a 
stock solution by dissolution of 1.060 g of it in 20 ml 
of 6M sulphuric acid and dilution to 250 ml. This solution 
was standardized by the dichromate methodI A 0.02M 
Ferrozine solution was prepared by dissolving 0.52 g in 
50 ml of demineralized water. Fresh solutions were pre- 
pared every week. 

A buffer solution of pH 3.5 was prepared by dissolving 
28.5 g of reagent grade monochloroacetic acid in 900 ml 
of demineralized water, and adjusting the pH with concen- 
trated sodium hydroxide solution. 

The other reagents were prepared from reagent grade 
chemicals. The ferrous ammonium sulphate solution was 
prepared in 1M sulphuric acid, and the ammonium molyb- 
date solution in O.lM sodium hydroxide. 

Procedure 

A portion (0.25-0.50m1) of uranium sample was trans- 
ferred to a 25-ml standard flask containing 0.25 ml of 1.5M 

sulphamic acid, 0.25 ml of 0.5M ferrous ammonium sul- 
phate, and 2-3 ml of concentrated phosphoric acid. (The 
phosphoric acid concentration in the mixture must be at 
least 12M.) The mixture was heated for 2 min in a hot 
water-bath (6&70”) and mixed. The mixture was removed 
from the bath and allowed to cool for 1 min to approxi- 
mately 4G-45”. To this solution the following reagents were 
added: 0.25 ml of 4M nitric acid-O. 1 M sulphamic acid mix- 
ture, two drops of 1% ammonium molybdate solution, and 
1.5 ml of 85% phosphoric acid. The solution was then held 
at 40” for 5 min and stirred vigorously for 30 set to allow 
the gas bubbles to escape. Immediately after this, 5 ml of 
0.02M Ferrozine were added, followed by the addition of 
10 ml or less of 6 or 8M ammonia solution (depending 
on the amount of phosphoric acid used), until a slight 
cloudiness formed, and the pH was raised to approxi- 
mately 3.2-3.3. At pH values higher than 3.2, iron(II1) 
formed a precipitate which was eliminated by the addition 
of a few drops of phosphoric acid. Then 5 ml of 1 M buffer 
solution were added; the solution was diluted to the mark 
and the absorbance was measured at 562 nm against a 
blank. 

RESULTS AND DISCUSSION 

The reactions for the determination of uranium using 
phosphoric acid method are summarized below: 

UO:+ + 2Fe2+ + 4H+ s U4+ + 2Fe3+ + 2H,O 1 1 
(1) 

U4+ + 2Fe3+ + 2H20 r” 1 UO:+ + 2Fe2+ + 4H+ 

(2) 

Fe2+ + 3Ferrozine pH>3 [Fe(Ferrozine),14- (3) 

Uranium(V1) becomes a stronger oxidant than iron(II1) 
as the concentration of phosphoric acid increases. Thus, 
complete reduction of UO:+ with iron(H) is achieved in 
1lM or more concentrated phosphoric acid solutions. The 
reaction is complete in about 2 min at 70”. After this reac- 
tion is completed the excess of iron(H) is preferentially oxi- 
dized by nitric acid at 40” in the presence of molybdate 
as a catalyst, and of sulphamic acid. This oxidation is to 
be carried out at temperatures below 45”. otherwise some 
of the uranium(IV) will also be oxidized. After coolina of 
the solution and elimination of nitrogen oxides the pH 
is raised to approximately 3.0. In the pH range l-3 ura- 
nium(IV) is readily oxidized to uranium(VI) by iron(II1) 
in the presence of Ferrozine. The final pH is adjusted to’ 
above 3.1-3.2, the range where not only is the formation 
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Table 1. ElTect of foreign ions on the amount of uranium 
found 

Foreign ion Uranium found.* 
Type Amount, pg/ml fig/ml 

Bi(IlI) 83.6 2.38 & 0.03 
Co(H) 1.0 2.52 + 0.01 
Cu(I1) 25.4 2.40 k 0.03 
Hg(II) 80.4 2.31 f 0.03 
Ni(I1) 58.8 2.38 +_ 0.07 
Zn(I1) 26.0 2.38 k 0.01 
Pb(I1) 41.4 2.39 k 0.05 
W(VI) 73.6 2.40 f 0.05 
Th(IV) 92.8 2.39 k 0.02 
so:- 100.0 2.40 f. 0.02 
Cl- 36.0 2.39 + 0.04 
NO; 62.0 2.38 ) 0.02 

* Mean and range of 5 determinations. All samples con- 
tained 2.38 pg/ml. 

of iron(Ferrozine complex complete, but also iron(lI1) 
is kept in solution. 

The apparent molar absorptivity of the iron(IItFerro- 
zine produced by the reaction of uranium(IV) with iron(II1) 
corresponds to 5.59 f 0.04 x l@l.mole-‘.cm-’ with re- 
spect to uranium; the theoretical value is 5.6 x 104. 
These values are readily reproduced with a relative preci- 
sion ranging from 4:/, at 0.3 ppm to better than lg/, at 
1-ppm levels. 

The effect of various ions on the uranium determination 
is shown in Table 1. 

In this method, iron and many other metal ions such 
as bismuth, mercury, lead, zinc, tungsten, thorium and cop- 
per do not interfere. In the presence of large amounts of 

zinc, nickel, chromium(III), and cadmium an additional 
amount of Ferrozine is to be added. Uranium in the pres- 
ence of large amounts of copper yields somewhat higher 
results. Cobalt interferes seriously and must be eliminated. 
Alkali metals and rare earth metals do not interfere. Com- 
mon anions such as phosphate, sulphate, chloride and 
nitrate do not interfere. In the phosphate method, more 
of the metal ions can be tolerated than in the lead reductor 
method. 

However, the lead reductor method shows somewhat 
better precision, since it does not require as many chemical 
operations as the phosphoric acid method. The phosphoric 
acid method is relatively fast and sensitive. It requires ap- 
proximately 10 min for each sample and is almost 2.5 times 
more sensitive than the iron(IItl,lO-phenanthroline 
method. 
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FLAMELESS ATOMIC-ABSORPTION SPECTROSCOPY 

G. PAOLO SIGHINOLFI* and ADELAIDE M. SANKN 

lnstituto de Geociencias. Universidade Fed. da Bahia. Salvador. Brazil 

and 

GIOVANNI MARTINELLI 
lstituto di Mineralogia. Universits di Modena. Italy 

(Rocc>ived 2 May 1978. Accepted 21 Jww 1978) 

Summary-A method is described for the determination of tellurium at nanogram levels in rocks 
and in other complex materials by the use of flameless atomic-absorption spectroscopy. A very selective 
organic extraction procedure is applied to avoid matrix interference effects during extraction of Tc 
and the atomization stage in the graphite furnace. Prior separation of iron and other interfering elements 
is achieved by a combined cupferron-ethyl acetate extraction. Tellerium is extracted from 6M hydro- 
chloric acid with MIBK and stripped into aqueous medium. Pipetting of the aqueous extract into 
the graphite furnace gives fairly good instrumental reproducibility (2-3x, error). Detection limits of 
about 10 ppM Te for a 0.5-g sample have been achieved with the medium-performance apparatus 
used. Results for Te in some geochemical reference materials are reported. Indications arc given for 
the determination of Sb and MO in the same solutions. 

Until very recently data on the distribution of tellurium 
in non-mineralized silicate rocks have been practically non- 
existent. The 1973 tables of elemental abundances in geolo- 
gical materials’ reported for tellurium only the upper 
abundance limit (< 1 ppm) for a limited number of 
samples. The lack of data on Te abundances accounted 
essentially for the difficulties in developing a method to 
determine this element at nanogram levels in materials 
with a very complex matrix such as silicate rocks. In recent 
years more sophisticated techniques such as neutron acti- 
vation.’ isotope-dilution mass spectrometry3 and atomic- 
absorption spectroscopy (AAS) have been employed to 
analyse geological materials for Te. With this last tech- 
nique Te has been detected at nanogram levels by using 
the sampling-boat system4 and the graphite furnace.’ The 
recently introduced hydride system may undoubtedly give 
a valuable improvement in analysis for Te in rocks because 
of its simplicity and sensitivity. Nevertheless. the graphite 
furnace has the unique advantage that the same test solu- 
tions can be used for determining other trace elements. 
This paper describes a stepwise chemical separation 
method for Te from silicate matrices and subsequent analy- 
sis for Te by use of a heated graphite atomizer. Included 
are some data regarding the determination of Sb and MO 
in the same analytical solution. 

General analytical comments 

The major difficulty in the determination of Te and, in 
general, of trace elements in rock samples by use of the 
graphite furnace is the necessity for separation of these 
elements from the major elements constituting the silicate 
matrix. If this is not done, the analysis may be affected 
by errors that even apparently adequate procedures such 
as standard-addition methods cannot minimize. Tellurium 
is usually separated from other elements by organic solvent 
techniques. The extraction from fairly concentrated hydro- 
chloric acid medium is easy,b but not very specific and 
many other elements follow Te into the organic phase. 

*On leave from Istituto di Mineralogia. Universita di 
Modena. Italy. 

On the one hand this may, affect the efficiency of the Tc 
extraction and on the other lead to high background 
absorption during subsequent atomization in the graphite 
furnace. Of the elements extracted together with Te from 
6M hydrochloric acid, iron is by far the most important 
since it is almost totally extracted and is usually a major 
constituent in geological materials. None of the other co- 
extracted elements” is normally present in rocks in suffi- 
cient amount to cause interference. A previously reported 
procedure for determination of Te in rocks, based on a 
simple extraction with MIBK (methyl isobutyl ketone) and 
use of a standard-addition method’ was found not of gen- 
eral application because of matrix interference effects. Our 
initial attempts at directly pipetting the MIBK extract into 
the furnace were unsuccessful in most cases. because of 
high background absorption exceeding the background- 
correction capabilities of the instrument used. This diffi- 
culty may be overcome only by using a very selective 
extraction procedure for tellurium. 

As iron is the only element which may seriously affect 
the efficiency of Te extraction by MIBK. its interference 
effects were investigated by double extraction of 5-ppM 
Te solutions containing various amounts of iron. Tellurium 
recovery in the first and second MIBK extracts is shown 
in Fig. I (the absorption was measured after complete 
chemical treatment as reported below). Removal of Te into 
the MIBK phase in the first extraction decreases strongly 
with increasing Fe content but increases in the second 
extraction. This means, of course, that the presence of large 
amounts of iron (above -400 ppm) inhibits extensive 
extraction of Te by MIBK and that this last becomes effec- 
tive only if most of the iron is previously extracted. Many 
highly efficient iron extractants are known but in our case 
a supplementary condition is the non-removal of tellurium. 
After a series of experiments with various extractants a 
cupferron-ethyl acetate extraction was found to give the 
best selective removal of iron from hydrochloric acid 
media containing Te, as shown by B in Fig. 1. Recovery 
of Te was ~-80% and independent of the original iron 
concentration. 
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It is well known that the reproducibility of absorption 
signals obtained by use of the graphite furnace is a function 
of the medium used. and is often poorer for organic than 
for aqueous solutions. There may be several reasons for 
this. such as the increased difficulty in pipetting organic 
solutions. or spreading or irregular absorption of the 
organic solvent in the tube before drying. For this reason 
aqueous solutions are, when possible. preferred. Tellurium 
present as the chloride complex in the MlBK phase is 
easily stripped into an aqueous phase with <O.SM hydro- 
chloric acid concentration. As the stripping is also effective 
with high organic-aqueous volume ratios. very small final 
volumes of analytical solutions can be used, thus increasing 
the analytical sensitivity. A working curve obtained by 
pipetting constant volumes (20 ~1) of 0.5-10 ppM Te solu- 
tions (after the complete extraction cycle) was found to 
be linear. We recommend the pipetting of constant 
volumes of solution to avoid any error inherent in possible 
dispersion of solution along the tube. 

As tellurium may be partially lost before the atomization 
stage a matrix modification technique’-i0 was tried, nickel 
being added to the analytical solution after the complete 
extraction cycle, but without much improvement. This sug- 
gests that at the charring temperature used loss of Te by 
volatilization does not occur. Besides Fe and Te. many 
other metals are extracted by cupferron-ethyl acetate’ ‘.I2 
and MIBK.’ including the geochemically important trace 
elements Au. TI. Ge. Sb. MO. As. Pt which are thus poten- 
tially determinable in the solution used for the Te deter- 
mination Preliminary investigations on MO and Sb were 
encouraging. Both are almost totally (>90Y0) extracted 
with cupferron-ethyl acetate and are easily stripped in the 
same way as Te. Precedures for determination of some 
of these elements will be reported elsewhere. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Model 306 atomic-absorption spectro- 
photometer with a Model 56 recorder. a Perkin-Elmer In- 
tensitron@ tellurium lamp. and a Model HGA-2000 fur- 
nace equipped with a deuterium background corrector 
were used. 

Operating conditions 

Spectrophotometer 

Wavelength 
Spectral band-width 
Scale expansion 

HGA module 

214.3 nm 
0.2 nm 

lx 

Drying temperature I50 I5 set 
Charring temperature 600” 35 set 
Atomization temperature 2035” I2 set 
Argon flow 4 meter divisions, interrupted 
Sample volume 20 ,uI 

Reagents and standards 

Tellurium certified atomic-absorption standard (1000 
pg/ml) was obtained commercially. Working standards 
(0.2, 0.51, 1, 5, 10 ng/ml) were prepared by diluting the 
concentrated standard with demineralized water. Super- 
pure concentrated reagent grade hydrofluoric, nitric and 
hydrochloric acids (Merck) were used. 

Procedure 

Weigh a 0.5-g powdered sample into a 50-ml Teflon ves- 
sel,13 add I ml of aqua regia and swirl the vessel to wet 
the sample, then add IO ml of concentrated hydrofluoric 
acid, evaporate to dryness on a hot-plate at 10&l IO”. add 
0.5 ml of aqua regia and 5 ml of hydrofluoric acid to the 
residue and repeat the digestion. Dissolve the final residue 
in 25 ml of 6M hydrochloric acid with magnetic stirring. 

PEAK 
4 

30?-• 
5 ng/ml Te 

5qd volume 

.r 0-0 

520 ‘t 

.-.-. -08 

6 

1 

-.A11 

$‘” 

=)(==:-.A, 

a / 
.-•, I c 
0 1000 2000 

Fe ppm 
Fig. I. Etfects of varying amounts of iron on the extraction 
of Te by MIBK. AI and All: Te recovered in the first 
and second extractions respectively. B: Te recovered after 
prior Fe extraction with cupferron-ethyl acetate. Peak 

height in arbitrary units. 

Transfer the solution to a 60-ml separatory funnel. add 
4 ml of freshly prepared 47; cupferron solution and IO 
ml of ethyl acetate and shake mechanically for I min 
(vigorously for 34 min if shaking manually). Transfer the 
aqueous layer into a beaker and discard the organic layer 
if analysis for other elements (Sb. MO. urc.) is not required. 
Put the aqueous solution back in the funnel and complete 
the Fe extraction by shaking with 5 ml of ethyl acetate. 
Separate the aqueous layer and shake it for I min with 
4 ml of MIBK. Transfer the MIBK phase into a IO-ml 
borosilicate glass bottle and add I ml of demineralized 
water. Gentle shaking by hand is sufficient to concentrate 
the Te in the aqueous phase. Prepare standards by treating 
analogously 25 ml of the standard Te solutions. Pipette 
25 [tl of the aqueous concentrate into the furnace and ana- 
lyse under the conditions outlined above. 

RESL’LTS 

Sensitivity arld reproducihilit~ 

A very low blank reading was obtained. even with large 
amounts of iron in the starting solution. A 20-ltl sample 
of 0.2-ppM Te solution (40 pg of Te) gave an absorption 
reading about twice that of the blank. This value represents 
the instrumental sensitivity limit for detection of Te and 
corresponds to a content of IO ppM Te in the sample 

Table 1. Tellurium in reference samples, rig/g 

Sample Te found 
Literature data* 
A’ B3 Cl4 

W-l 
G-2 

GSP-I 
BCR-I 
PCC- I 
DTS- I 
Syenite 2 
Sulphide 
GA 
GH 
DR-N 
BR 
Fe biotite 
T-l 

< IO 
<IO 

2 
32-36 
15-25 
<IO 
<IO 
<IO 

120&1350 
<IO 
< 10 

12-15 
l&II 

I2 
2429 

<90 II 
<90 5 3.4 

AGV-I 
<IO 

I6 
31 20 

<90 2 
2 <8 
3 <I5 
2 

I490 

31 

* A = neutron activation; B = mass spectrometry; 
C = flameless AAS. 
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when 0.5 g of sample is used, Instrumental precision was 
checked by means of a series of replicate readings on I- 
and IO-ppM Te aqueous solutions. Good reproducibility 
(2-3x coefficient of variation) was found for both concen- 
trations. 

Standard gc~ological materials 

The method has been applied to the analysis of silicate 
standards for some of which tellurium data had been 
obtained by techniques such as neutron activation and iso- 
tope-dilution mass-spectrometry. The results are reported 
in Table I. Our data agree sufficientlv well with other data 
for samples which have relatively high Te contents. Unfor- 
tunately the Te contents of most of the standards are below 
the analytical sensitivity achieved with the medium-perfor- 
mance instrument used. A standard sulphide was analysed 
by dissolving the sample in aqua regia and the results 
are concordant with documented data (Table 1). The 
method seems to be suitable for microanalysis (I-10 mg 
of sample) of Te-rich materials such as ore minerals and 
lunar and meteoritic materials. 
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COMPLEXOMETRIC DETERMINATION OF ALUMINIUM IN 
IRON ORE, SINTER, CONCENTRATES AND AGGLOMERATES 
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(Rrceid 21 March 1978. Acceprcd 20 April 1978) 

Summary-A method for the complexometric determination of aluminium in iron ore, sinter, concentrates 
and agglomerates encountered in international trade is described. The sample is fused in a zirconium crucible 
with a mixed flux of sodium carbonate and sodium peroxide. The fused mass is completely soluble in 
hydrochloric acid. The R,O, oxides are then precipitated with ammonia and redissolved in hydrochloric 
acid. Elements such as iron. titanium and zirconium are separated from aluminium by solvent extraction 
withcupferronandchloroform. Afterremovaloftracesoforganicmatterfrom theaqueousphase,thesolution 
is treated with an excess of EDTA, which is then back-titrated with zinc solution (Xylenol Orange as 
indicator). Addition of ammonium fluoride then releases EDTA equivalent to the aluminium and this is 
titrated with zinc solution. The method is rapid. The precision and accuracy are excellent, and the results 
comparable with those obtained by the referee method. 

Banerjee and Dutta’ recently reported a method for de- 
termining aluminium in iron ore etc. by a complexometric 
method. The method has the feature ofcomplexing elements 
such as iron and manganese with mercaptoacetic acid and 
separating aluminium and titanium as the hydroxides with 
hexamine. However, titanium interferes and a correction has 
to be made after determining it calorimetrically. This is time- 
consuming and complicates the aluminium determination. 
Any error in the titanium determination will automatically 
affect the aluminium result. Also, dissolution of the sample is 
time-consuming and the unattacked residue has to be treated 
(silica removal, fusion erc.) to ensure complete recovery ofthe 
aluminium. 

Rapid dissolution of iron ore by fusing with sodium 
carbonate and sodium peroxide in a vitreous carbon cruc- 
ible’ completely solubilizes the sample. A method was 
developed in our laboratory using this rapid sample disso- 
lution and MIBK separation of iron prior to the com- 
plexometric determination of aluminium. However titanium 
interfered. The procedure was therefore modified to in- 
corporate separation of iron, zirconium and titanium by 
solvent extraction with cupferron and chloroform. (This 
change permitted the use of the less expensive zirconium 
crucibles for the dissolution step.) For the subsequent 
complexometric determination of aluminium the procedure 
reported earlier’ was modified, zinc solution being used as 
titrant in place of lead solution, as the latter sometimes 
produces opalescence. interfering with the sharpness of the 
end-point. 

EXPERIMENTAL 

Appurutus 

Zirconium crucibles of 50ml capacity. Magnetic stirrers 
with Teflon-coated bars. 

All reagents are of analytical-reagent grade. Distilled and 
demineralized water is used throughout. 

Atnnrorlium chloride wash solurinrt. A I”, solution contain- 
ing 2 drops of cont. ammonia solution per ICOml. 

Ctrp@rrort. Prepare a fresh 67, solution in water. Filter 
through a rapid filter. Keep cool (lO.‘C). 

Acetare ha@. Dissolve 136g of sodium acetate trihydrate 
in about 600 ml of water. Add 7 ml of glacial acetic acid and 
dilute to one litre. Store in a polyethylene bottle. 

Amn~or~iurn ,Juoride solurion, IO:;,. Prepare fresh each day 
in a polyethylene beaker. 

Xrlenol Orort.rle irttlictrror. Triturate 0.1 g of Xylenol Ora- 
nge with a little water to make a paste. Dilute to lOOmI with 
water. Filter. Store in an amber-coloured glass-stoppered 
bottle. The solution is stable for one week. 

Stmdard zinc solutiml, 0.01 M. Weigh 0.6538g of high- 
purity (99.999”,) zinc metal (clippings or small pieces) into a 
125-ml Erlenmeyer flask. Add 5 ml ofwater followed by 2.5 ml 
of cont. nitric acid. Cover the flask and gently simmer. If the 
reaction subsides leaving undissolved metal, add 2-ml incre- 
ments of water followed by simmering until complete solution 
is obtained. Add 50ml of water and boil gently for 2 min. 
Cool. By dropwise addition of IO”, sodium hydroxide 
solution adjust the pH to 4. Dilute to 1 litre with water in a 
volumetric flask. 

EDTA solution, 0.01 M. Store in a polyethylene bottle. 

Transfer 0.5Og of sodium carbonate to a dry zirconium 
crucible. Add 0.10-0.30 g of accurately weighed (+O.OOOl g) 
iron ore sample (containing 0.00-0.005 g of aluminium). to 
the crucible, followed by 2 g of sodium peroxide. Mix the 
contents with a dry stainless-steel spatula. Fuse over a Meker 
burner (low heat), swirling the crucible until the melt is cherry 
red and clear. Remove from the heat and swirl until the melt 
solidifies on the wall of the crucible. Place the crucible in a 
250-ml dry beaker. Cool somewhat. Cover with a watch-glass 
and add about IO ml of water to the crucible. After efferves- 
cence ceases, empty the crucible into the beaker and wash it 
with about 10 ml of water. Add IO ml of hydrochloric acid to 
the crucible and tip it into the beaker. Rinse the crucible with 
water into the beaker. Dilute to about 70 ml with water. Bring 
the contents to the boil. Add ammonia solution (I + 1) 
dropwise (to raise the pH to 5). Boil for I min and 
immediately filter through a Whatman No. 41 paper, contain- 
ing some paper pulp. Reserve the beaker. Wash the paper 5 
times with hot ammonium chloride wash solution, then 5 
times with hot water. Reject the filtrate. Place the reserved 
beaker under the filter funnel. Dissolve the hydroxide pre- 
cipitate by adding 5ml of hydrochloric acid hot dropwise. 
Wash the filter with nearly boiling hydrochloric acid (I + 5) 
until the washings are free from iron. Adjust the volume of the 
filtrate to 50 ml with hydrochloric acid (I + 5). Cool to about 
IO Transfer the solution to a cold (IO ) 250-ml separatory 
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funnel. Use 25 ml of cold water (10 ') for rinsing the beaker 
into the separatory funnel. Add 20 ml ofcold freshly prepared 
and filtered cupferron solution. Mix slightly. Add 20ml of 
chloroform. Shake vigorously for I min. Let the layers 
separate. Draw oli the lower organic layer. Add 5 ml of 
chloroform to the separatory funnel to displace the cupfer- 
ronates on the surface of the aqueous layer. Draw off the 
organic layer. Treat further with cupferron and chloroform as 
shown in the following table (commensurate with the sample 
weight). 

Chloro- Chloro- 
Sample, Cupferron, form, Cupferron, form, 

9 ml ml ml ml 

0.3 20 20 I5 20 
0.2 IS 20 _~ 

0.1 IO 20 _ 

Finally add two successive 20-ml portions ofchloroform to 
the aqueous phase, shaking vigorously for I min. Let settle 
and separate. Draw off the organic layer. Wipe the stem ofthe 
separatory funnel with a filter paper wick. Drain the aqueous 
phase into a 250-ml beaker, rinsing with 5ml of hydrochloric 
acid (1 +5). Boil for a few minutes. Remove from the heat. 
Add 5ml of cont. nitric acid and 1Oml of perchloric acid. 
Cover with a ribbed cover-glass. Evaporate nearly to dryness. 
Remove from the heat. Add IO ml of hydrochloric acid (I + I ). 
Heat to dissolve the salts and then add 5Oml of water and 
bring to the boil. Filter through a Whatman No. 41 paper and 
wash several times with hot water. Cool. Add an excess of 
0.01 M EDTA (25 ml is sufficient) by pipette. Adjust the pH to 
4 (using a pH-meter) by dropwise addition first of IO’?:, 
sodium hydroxide solution till the pH reaches 2.5 and then of 
I”,, sodium hydroxide solution. Dilute to 100 ml with water. 

Cover the beaker and bring to the boil. Keep boiling gently 
for IO min. Cool. Add IS ml of acetate buffer and 7 drops of 
Xylenol Orange indicator. Stir with the magnetic stirrer and 
titrate with O.OlM zinc solution. The colour changes to a 
persistent (30 set) pink at end-point. Add IO ml of ammonium 
fluoride solution. Boil gently for IO min, cool and titrate the 
liberated EDTA with 0.01 M zinc solution as before. 

0.02698 T 
‘;:,A1 = - 

sample weight (g) 

where Tis the volume of zinc solution used in the second 
back-titration. 

RESULTS AND DlSCUSSlON 

An earlier method developed by the author had been 
submitted to round-robin testing to determine its suitability 
as a standard complexometric procedure, on behalf of IS0 
(International Standard Organization). The principle was as 
follows. The sample was fused in a vitreous carbon crucible 
with a mixed flux of sodium carbonate and sodium peroxide 
and the fused mass was completely dissolved in dilute 
hydrochloric acid. After dehydration of the silica, iron was 
removed from the filtrate by MIBK extraction. The residual 
organic matter in the aqueous phase was destroyed and 
aluminium along with other “R,O,” oxides was precipitated 
with ammonia and redissolved. The solution was then treated 
with an excess of EDTA. The excess of EDTA was titrated 
with standard lead solution, with Xylenol Orange as in- 
dicator. Addition of ammonium fluoride released the EDTA 
bound to aluminium, and this EDTA was titrated with lead 
solution. Statistical evaluation ofthe results obtained showed 
both the precision and accuracy to be satisfactory, but 
concern WS expressed about the possibility of interference 
from titanium, which is a constituent of some ores on the 
international market. 

Table 1. Comparison of aluminium results (Al, ‘x,) 

Sample Assigned valuet Vitreous carbon: Present method 
n x 

I. Marcona 0.35 64 0.369 0.35,, 0.36,, 0.36, 
2. Krivoj 0.66 66 0.67 I 0.67,, 0.67,, 0.67, 
3. Sinter BCS 377 1.80 66 1.803 1.76,, 1.78,, 1.77, 
4. Minette 2.38 60 2.430 2.35,. 2.36,, 2.42,, 2.35, 
5. Sinter BCS303 3.53 66 3.561 3.50,, 3.50,, 3.48, 
6. Phillipine iron sand* I .43 1.42,, 1.43,, 1.44,, 1.42, 

*Contains 3.6”/:, Ti. 
t Assigned by IS0 after the international round-robin testing of the aluminium oxinate gravimetric method. 
: IS0 round-robin tests--earlier complexometric method (n is the number of replicates and i is the arithmetic mean). 

Table 2. Approximate composition of iron ore samples (“A) 

Ore, origin Fe SiO, CaO MgO AI,Oj TiO, P S Mn As V F 

Marcona 63 5.4 1.4 1.9 0.8 0.06 0.04 1.2 0.03 
Krivoy 48 28 0.9 0.2 1.1 0.04 0.05 0.03 0.03 0.002 0.003 
Sinter BCS 377 52.5 8.6 10.8 1.1 3.40 0.19 0.31 0.083 0.50 
Minette 32 9 I6 2 4 0.2 0.7 0.1 0.2 0.02 
Sinter BCS 303 36 17 20 2 7 0.3 0.5 0.2 I 
Phillippine iron sand 60 2 0.7 2 3 6 0.1 0.01 0.6 0.003 0.3 0.0 I 

Acknowledgement-Grateful acknowledgement is made to 
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Accordingly additional investigations were carried out in 
our laboratory to obviate titanium interference and simplify 
the method. Dehydration of silica after sample dissolution 
was found to be unnecessary and was dropped. Precipitation 
of hydroxides after the sample dissolution eliminated the 
unwanted sodium salt (used for fusing the sample). The 
precipitate containing both aluminium and titanium was 
redissolved in hydrochloric acid. The acidity was adjusted to 
about 2 M in hydrochloric acid for direct separation of 
interfering elements such as iron, titanium and zirconium, by 
extraction intocupferron-chloroform.Thenumberofcupfer- 
ron extractions was based on the sample weight as described 
in the procedure. Removal of zirconium from the solution 
permitted the use of a zirconium crucible in place of the more 
expensive and consumable vitreous carbon crucible.2 

The complexometric finish for aluminium was slightly 
modified by replacing lead with zinc solution for titrating the 
EDTA. This modification eliminated the opalescence ex- 
perienced with the hydrolysis of lead noticeable around pH 6, 

which affects the sharpness at the equivalence point. No such 
problem is encountered with zinc as titrant. 

Table 1 summarizes the results, showing the comparison 
between values obtained by using vitreous carbon (earlier 
round-robin testing) and zirconium (present method) cruc- 
ibles. Inclusion of the Phillipine Iron Sand sample (contain- 
ing 3.6% titanium) in this study demonstrates that the method 
is entirely free from titanium interference. The results are 
compared with those assigned by the IS0 after international 
round-robin testing of the tedious aluminium oxinate gravi- 
metric method. The wide range ofcomposition of the samples 
selected for this study (Table 2) illustrates the universal 
applicability of the method. The procedure described is rapid, 
simple, precise, accurate and suitable for referee analysis. 
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SIMULTANEOUS DETERMINATION OF OXYGEN AND MERCURY 
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Summary-Oxygen and mercury in inorganic and organic mercury compounds are determined 
simultaneously by a modification of the Schtitze-Unterzaucher method. The determination of mercury 
is not influenced by the presence of sulphur and nitrogen in the samples. In 13 inorganic and organic 
mercury compounds, oxygen has been determined with an error of less than 0.4”,, and mercury with an 
error of less than 0.5” 0 

Methods for analysis of inorganic and organic mercury 
compounds for mercury have been reported by Onoe,’ 
Pechanec and HoraEek,2 and Gouverneur and Hoedeman3 
and for mercury and halogen simultaneously, by Pechanec4 
Marzadro and Zavattiero,5 and Jerie.6 Pechanec and 
HoraEek7.8 and Gel’man’ have reported methods for 
simultaneous determination of carbon, hydrogen and 
mercury, and Korshun et u/.tt’ have reported simultaneous 
determination of these three elements and halogen. 

We have already reported determination of oxygen in 
inorganic and organic mercury compounds.tl but no 
methods have been introduced, until now, for simultaneous 
determination of oxygen and mercury in such compounds. 
The present study was designed for this simultaneous 
determination. 

determination of oxygen in organic compounds and was 
employed as the temperature of the sample heater. 

Temperuture of’ the inlet (tf’rhe mercury uhsorption tube 

Absorption of mercury vapour by porous silver was first 
carried out in 1960 by lmaeda et al..t’J and later by Mitsui 
et ~1.14 A large quantity of mercury is known to be 
evaporated at 80-85 In our tests, about 90 was found to 
be high enough for the temperature of the inlet of the 
mercury absorption tube. 

Influence (?J’oiker elements 

The influence of sulphur and nitrogen in the sample was 
investigated. and favourdble results were obtained when 

65 
2 I 
t I 

EXPERIMENTAL 

The samples used were compounds of which the carbon 
and hydrogen contents had been confirmed analytically. 

The reagents used were the same as those in our previous 
paper.12 

An absorption tube for mercury was attached to the exit 
end ofa pyrolysis tube. An enlarged figure of the attachment 
is shown in Fig. I. The method for oxygen determination 
was the same as in the previous paper. For mercury 
determination the mercury absorption tube was dis- 
connected from the apparatus 30 min after the start of 
pyrolysis and weighed. and the weight of mercury collected 
was corrected for the blank. 

\I -ttt- 
3 3 4 3 

Fig. I. 

mercury was determined in mercury(ll) cyanide, sulphide or 
thiocyanate. 

RESLiLTS AND DISCUSSION 

Temperuture qf’ the sumple heater 

For determination of oxygen in inorganic and organic 
mercury compounds. the temperature of the sample heater 
must be ,higher than that needed for pyrolysis of mercury 
oxides to g_ive oxygen. Temperatures over 500 were found 
to suffice for determination ofoxygen in mercury (II) oxide, 
Therefore 900 was considered sufficiently high for 

Simultuneous dererminution qf’o.vygen und mercq 

By the procedure previously described.12 oxygen and 
mercury in inorganic and organic mercury compounds were 
simultaneously determined. Asshown in Table I. quite good 
results were obtained: oxygen could be determined with an 
error of less than 0.4”,,, and mercury with an error of less 
than 0.5” I, 

A~k/?ow,/ed~ement-The authors thank Dr. N. Suzuki of 
Development Laboratories. Hoechst Japan Limited, for his 
encouragement. 

REFERENCES 

* Patent Office, Kasumigaseki, Chiyoda-Ku. Tokyo 100. 
Japan. 

I. T. Onoe. Yc/klrgc/ku Zu.whi. 1961, 81, 968. 
2. V. Pechanec and J. HorBEek. CoNec/ion C-_ech. Chem. 

Commun., 1962, 27. 239. 
3. P. Gouverneur and W. Hoedeman, A&. Chim. Acru, 

1964.30,519. 
t Development Laboratories, Hoechst Japan Limited. 

Minamidai. Kawdgoe-Shi. Saitama 350. Japan. 
4. V. Pechanec, Collection Czech. Chem. Commun., 1962,27, 

2976. 

149 



150 SHORTCOMMUNlCATlONS 

Table I. Simultaneous determination of oxygen and mercury in inorganic and organic mercury compounds 

_ 

Oxygen 
Sample -___- 

Mercury 

Sample taken, co,. Found. Calcd.. Hg. Found, Calcd.. 
,,,,q W 

0 (I 
W 

I, II 

Mcrcury( I) acctatc 
CH,COOHg 

Mercury(l) citrate 
C,H,O,% 

Mercury(l) nitrate 
HgNO,.H,O 

Mercury(l) sulphate 

H@G, 

Mercury(l1) acetate 
(CH,CGG),Hg 

Mercury(ll) oxide (red) 
HgG 

Mercury(ll) oxide (yellow) 
H80 

Mercury(ll) sulphate 
HgSG, 

2,5-Bis [(acetoxymercuri)methyl]- 
IA-dioxan 

Ct,,Ht,G,H& 
____ 

I 

I .354 

I .497 I 

3.305 

I 2.853 

_ 

3.408 

I 

! 1.0, 
1.209 Il.7,, II.33 1.790 47.7 47.33 

4. I38 I.318 11.5, 1.952 47.2 

4.162 
3.370 

I.103 9.6, 2.494 59.9 
9.50 2.015 59.8 59.57 

3.208 
0.885 9.5, 
0.848 9.6, I.901 59.3 

4.520 I.257 10.1, 2.863 63.3 
3.969 I.120 10.2, 10.09 2.505 63.1 63.24 

3.551 1.006 10.3” 2.252 63.4 
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CATALYTIC EFFECT OF COPPER ON THE 
HEXACYANOFERRATE(III)-CYANIDE REDOX REACTION-II* 

CATALYTIC DETERMINATION OF COPPER 

G. LOPEZ-CUETO? and J. A. CASADO-RIOB~ 

Departamento de Quimica Analitica. Facultad de Ciencias. Salamanca. Spain 

Summary- A catalytic method for the determination of copper. based on the catalysis of the hcxacyano- 
ferrate(llI)--cyanide redox reaction. is proposed. Expcrimentdl conditions to achieve the lowest detection 
limit are selected from the kinetics of both the catalysed and the uncatalysed reactions. The cxpcrimental 
measurements can be made at room temperature without close control. The rate-constant method is 
the most sensitive and precise. whereas the fixed-concentration and fixed-time methods appear to be the 
most rapid for routine analysis. A detection limit of 1.3 ng/ml and a coefficient of variation of about 
3”/ for the determination of 63 ng/ml can be achieved. The catalytic cl&t of copper seems to be 
highly specific. Lead(ll). bismuth (III). antimony (III). iron (II). iron(W). chromium(llI). lanthanum(W). 
cerium(ll1). titanium(W). zirconium(W) and uranium(W) interfere by precipitation. Species such as 
tin(U), cobalt(U), manganese(H), sulphite and thiosulphite cause serious interference because they 
react with hexacyanoferrate(III). Chromate interferes by its colour. Suitable methods to avoid the 
interferences from antimony(ll1). iron(ll1). chromium(ll1). titanium(W). zirconium(lV). uranium(V1) and 
chromate arc proposed. 

The catalytic effect of copper on many homogeneous redox 
reactions has been frequently applied to the catalytic deter- 
mination of copper at trace levels. ’ 4 with detection limits 
in the range l-lO-4 &ml. 

The hexacyanoferrate(ll1) oxidation of cyanide is cop- 
per-catalysed” and a kinetic study has been reported.” 
along with mechanisms for the catalysed and uncatalysed 
reactions. This paper reports the analytical application of 

the reaction. 

EXPERIMENTAL RkISl LTS AND DISCL’SSION 

P~occdm~ fbv fhr dctwrrhriorl of’ coppcj~ 

Transfer by pipette I.0 ml of 0.5M sodium cyanide and 
40.0 ml of 5.OM sodium chloride into a series of 50-ml 
standard flasks. Add O-4 ml of IO-‘M copper nitrate stan- 
dard solution from a microburette. Finally. add by pipette 
5.0 ml of 5.0 x IO-‘M potassium hexacyanoferrate(IIl) 
solution (the reaction starts at this instant). shake and 
make LID auicklv to 50 ml with distilled water. Although 

To achicvc the maximum sensitivity (minimum dctcction 
limit) the working conditions must be chosen so that the 
ratio of the catalyscd and uncatalyscd reaction rates (kE,,/ 
k,,) is as large as possible. 

Because the uncatalysed reaction is first-order with rc- 
spect to cyanide but the rate of the catalysed reaction is 
independent of cyanide concentration the sensitivity will 
bc increased by decreasing the concentration of cyanide. 
However. the cyanide concentration must be high enough 

to remain essentially constant during the reaction [i.e., at 
least 50 times the hexacyanoferrate(II1) concentration]. 

The hcxacyanoferrate(lI1) side-reaction which takes place 
with first-order dependence on the hydroxide ion is not 
catalysed by copper and therefore the pH must not be 
too high and should be only that of the cyanide medium. 

The effects of Fe(CN):- concentration. Fe(CN):- con- 
centration and ionic strength on the k:,,/k,,, ratio arc 
shown in Table I. As can be seen. hexacyanofcrrate(ll1) 

. . I 

it is unnecessary to use a thermostat. care must bc takkn 
that all the solutions are at room temperature (a range 
of k2” can be allowed without a significant loss of preci- 
sion). Measure the absorbance at 422 nm in a lo-mm 
spectrophotometric cell and plot (u) the reciprocal of the 
time elapsed for the absorbance to decrease to 0.400 or 

* Part I-Ta/anra. 1979. 26, 127-132. 
t Present address: Departamento de Quimica Analitica, 

Facultad de Ciencias, Granada, Spain. 

(h) the absorbdncc measured after 5 min from the start 
of reaction. against copper concentration. Should a larger 
precision and/or sensitivity be required. the more laborious 
rate-constant method can be followed: record the kinetic 
curves during about 50 min. plot the reciprocal of absor- 
bance rs. time. and plot the slope of the straight portion 
of the lines US. copper concentration. Handle the sample 
in the same way and determine the unknown copper con- 
centration from the calibration graph. 

Table I. Selection of optimum conditions 

CFe(CN)Z-I, 
M x lo4 k::xplkc~p 

CFe(CN)Z-I, 
M x IO3 k:x,lk cxp I k:x,lkc., 

1.0 I.0 1.4 1.2 1.0 0.24 
3.0 2.0 2.0 I.1 2.0 0.38 
5.0 2.2 3.3 0.9 2:s 0.47 
7.0 2.0 10.0 0.6 3.0 0.52 
9.0 2.1 4.0 0.64 
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concentrations higher than 3.0 x IOM4M do not influence 
the ratio but an incrcasc in the hcxacyanoferrate(l1) con- 
centration dccrcases the ratio. Consequently. hexacyanofer- 
ratc(ll) must be absent in the initial solution. On the other 
hand. the advantage of working at ionic strength as high 
as possible is evident from the kz,,,/k,,,, values obtained 
at different ionic strengths. 

Application of the Arrhenius equation to the rate con- 
stants of the uncatalysed and catalysed reactions gives the 
cxprcssion : 

whcrc (I is the quotient of the pre-exponential factors of 
the catalysed and uncdtalysed reactions and E: and E, arc 
the respective activation energies. The k:,,,/kcTp ratio in- 
creases with temperature since. in this case. E: > E,. How- 
ever. E: - E,, is small (1.0 kcal/mole) and so the relative 
increase in the k&,/k,,,, ratio is only about 0.6% per degree. 
Consequently. increasing the temperature does not alter 
the sensitivity very much. However. because of the low 
temperature coetIicient of the reaction. temperature control 
is unnecessary and it is possible to work at room tempera- 
ture. 

The best experimental conditions for the catalytic deter- 
mination of copper. from the considerations above. arc: 
K,Fe(CN), 5.0 x 10e4M; NaCN O.OlM; NaCl 4.OM and 
T about 20” (k2- 3”). 

Four methods can be used in catalytic analysis to obtain 
the calibration graph: the fixed-concentration. fixed-time. 
initial-rate and rate-constant methods. The best method 
for our reaction was chosen on criteria of sensitivity and 
precision. The sensitivity of an analytical procedure can 
be expressed as the detection limit. The statistical detection 
limit P defined by Kaiser’ can be calculated from the stan- 
dard deviation (so) of the background signal (P,): 

P = pO + 3 J2 sO. 

The standard deviation for the background signal was 
calculated from ten separate kinetic curves for the uncata- 
lysed reaction, obtained under optimum experimental con- 
ditions. Precision was evaluated from the coefficient of 
variation calculated for the IOmhM level of copper concen- 
tration (63 ng/ml). 

Fi.uc~d-cortcerlrruriorl method. If the Fe(CN)z - concen- 
tration (or the absorbance) is fixed near to its initial value. 
a first-order dependence on Fe(CN)i- can be assumed and 
the following equation derived for the calibration curve: 

l/t = mk, + mki[Cu] 

where m is In[FeCN):-]r/[Fe(CN)a-1, and k, and k’; 

are the rate constants for the uncatalysed and the catalysed 
reaction. respectively. The reciprocal of the time needed 
for the absorbance to decrease to 0.400 (about 80% of its 
theoretical initial value) was plotted us. copper c&en- 
tration in the range l-8 x IO-‘MM. This calibration eraoh 
was linear. A det&tion limit of 2.8 ng/ml was obt%ed 
and the coefficient of variation was about 6% 

Fixed-time method. When the time is fixed low enough 
for the reaction to proceed to a low extent, the following 
expression is derived from the first-order rate equation: 

A = A0 - k,t,A, - k’, tf Ao[Cu] 

where A, and A arc the absorbance values at times zero 
and tr respectively. By plotting the absorbance values 
measured at t = 5 min cs. copper concentration in the 
range 0.1-l x lo-‘M (differential fixed-time method), an 
almost linear curve was obtained, from which a detection 
limit of 4.4 ng/ml and a coefficient of variation of about 

4% were calculated. A lower detection limit can be attained 
for larger fixed times (2.2 ng/ml at I = 50 min), but the 
curve is not linear and the method becomes less precise 
(the coefficient of variation is about 7%). After the initial 
period, a second-order relation is satisfied for the reaction 
and the following equation can be deduced: 

1 1 
_=_ 
A Ao 

+ % I k;b WI 
E E 

where E is the molar absorptivity of hexacyanoferrate(lI1). 
By plotting the reciprocal of absorbance at t = 50 min 

us. copper concentration (second-order integral fixed-time 
method). a linear curve was obtained in the range 
l-40 x IO-‘M. although the detection limit and the coeffi- 
cient of variation were somewhat larger (5 “g/ml and 9%). 

InitiaLrate m&od. The initial rate may be measured as 
AA/At at low At. The pseudo first-order equation gives 
the initial rate for the overall reaction as: 

-AA/At = k,A, + k;Ao[Cu] 

A plot of the initial (AA/At) values 11s. copper concen- 
tration yields the initial-rate calibration graph (differential- 
tangents method). The curve obtained was essentially 
linear for copper below IOmhM. A detection limit of 5.7 
ng/ml and a coefficient of variation of about 6% were cal- 
culated. 

Rate-cowanr method. The total pseudo second-order 
rate constant varies with the catalyst concentration accord- 
ing to the equation: 

k,,, = kz + k;[Cu]. 

A linear range up to 4 x IO-‘M copper could be 
achieved by plotting the pseudo second-order rate constant 
~1s. copper concentration (rate-constant or integral-tangents 
method). The detection limit could be improved (1.3 ng/ml) 
and the precision of the method was also better (3%). 

It can be inferred from the results above that the rate- 
constant method yields both maximum sensitivity and pre- 
cision. although it is the most time-consuming. On the 
other hand, the variable-time. fixed-time and initial-rate 
methods appear to be sensitive, precise and rapid enough 
to be useful for routine analysis. 

Eflect offireiyri ions 

The effect of 47 cations and anions on the determination 
of a 63 ng/ml concentration of copper was studied. The 
following metal ions do not interfere at the 100 pg/ml 
level (higher levels were not tested): silver, thallium(I). 
mercury(H). cadmium. arscnic(II1). molybdenum(V1). tung- 
sten(V1). vanadium(V), aluminium. nickel. zinc, calcium. 
strontium. barium, potassium and ammonium. Lead. bis- 
muth, antimony(II1). iron( iron(II1). chromium(II1). 
lanthanum, cerium(III), titanium(IV). zirconium and 
uranium(V1) give precipitates in the reaction medium. 
Tin(I1) is precipitated as the hydroxide and readily reduces 
the hexacyanoferrate(II1). Cobalt(I1) and manganese(I1) 
form cyanide complexes which also reduce hexacyano- 
ferrate(II1). Lead. bismuth, tin(I1). antimony(II1). iron(I1). 
chromium(III), lanthanum, cerium(III), titanium(IV). zir- 
conium. uranium(V1) and cobalt(I1) do not interfere at 
concentrations of IO pg/ml. Iron(II1) and manganese(H) 
do not interfere at the-l pg/ml level. The pre:pitation 
of antimonv(II1). iron(III), chromium(II1). titanium(IV). 
zirconium. ;;anium(VIj and tin(I1) can be avoided b; 
using 0.01 M sodium tartrate medium. Antimony(II1). 
titanium(V1) and zirconium tartrate complexes are colour- 
less and do not interfere. Iron(II1). chromium(II1) and 
uranium(V1) at higher concentrations give coloured tar- 
trate complexes which interfere in the spectrophotometric 
measurement of the hexacyanoferrate(II1) concentration. 
but can be compensated for by using a test solution [with- 
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out the hexacyanoferrate(HI)] as reference in the absor- 
bance measurements. Tin(H), however, although forming 
a soluble tartrate complex. still interferes owing to its 
reducing properties. 

Carbonate. fluoride, oxalate. tartrate. citrate, phos- 
phate. iodate. sulphate. bromide, iodide, acetate, nitrate. 
chlorate and bromate do not interfere at the 500 pg/ml 
level. Sulphite and thiosulphate readily reduce hexacyano- 
ferrate(II1). Chromate interferes owing to its colour. but 
this can easily be compensated for by using as reference 
a test solution with the hexacyanoferrate(II1) omitted. 
None of these three anions causes appreciable interference 
at the IO pg/ml level. 

The only interferences are caused by precipitation, redox 
or colour side-reactions. None of the foreign ions studied 
acts as a catalyst or an inhibitor. The absence of inhibitors 
can be attributed to the great stability of the copper(It 
cyanide complexes. 

Acknowledgement-One of the authors (G.L.C.) wishes to 
thank the Fundacidn March for a grant-in-aid. 
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Summary-A new method for successive determination of calcium and magnesium is proposed. It 
is based on the indirect determination of calcium in borax media by back-titration of excess of EGTA 
with lead nitrate. Magnesium is then determined in ammonia buffer with DCTA. For both titrations 
Thymolphthalexone is used as indicator. The exceptional role of DCTA in direct titration of magnesium 
is established experimentally and explained. 

In a previous communication’ we described a simple 
method for the determination of calcium in the presence 
of large amounts of magnesium. The method is based on 
back-titration of excess of EGTA with zinc solution, with 
Thymolphthalexone as indicator. At the end-point the first 
small excess of zinc ions displaces magnesium from its indi- 
cator complex and the original blue colour of the solution 
disappears : 

Mg,In’- + 2 Zn” = Zn?ln’- + 2 Mg’* 
blue colourless (1) 

The titrations are performed in borax solution. which pre- 
vents precipitation of magnesium as the hydroxide. Simi- 
larly we can determine the sum of calcium and manganese 
in the presence of magnesium, and manganese can be 
determined selectively after the masking of calcium and 
magnesium with ammonium fluoride (the well-known dis- 
advantage of which-co-precipitation of manganese on 
precipitated calcium fluoride-can be eliminated as de- 
scribed later by us).* This method was used for determina- 
tion of only the calcium, in the presence of large amounts 
of magnesium up to 100-200 mg. Such quantities of mag- 
nesium are inconvenient for subsequent determination, 
because of high consumption of titrant (100 mg of 
Mg = 82.23 ml of O.OSM EDTA), though accurate results 
should be obtained. We therefore turned our attention to 
concentration ratios which are suitable for reliable deter- 
minations of both the calcium and the magnesium. We 
assume that the limiting molar ratios of Ca:Mg are 10: I 
or I:10 (weight ratios 16:l and 1:6). 

Our preliminary experiments have shown that after the 
determination of calcium as above (back-titration of excess 
of EGTA with zinc), the indicator remains blocked in 
ammonia buffer and the solutions stay colourless even in 
the presence of a large concentration of magnesium. Such 
a solution gives a distinct colour reaction with Eriochrome 

* Part XXVII-Talanra, 1977, 24, 645. 

Black T, but attempts to use this indicator for titration 
with EDTA or DCTA failed, the results always being too 
high because of the co-titration of the zinc bound by 
EGTA : 

Zn--EGTA + EDTA = Zn-EDTA + EGTA (2) 

log K = 12.8 log K = 16.5 

Zn--EGTA + DCTA = Zn-DCTA = EGTA (3) 

log K = 12.8 log K = 18.0 

In addition, the liberated EGTA obscured the end-point, 
by forming a relatively weak complex with magnesium (log 
K = 5.2). 

After these unsuccessful experiments we chose lead 
nitrate for titration of the excess of EGTA. Lead behaves 
similarly to zinc, forming the practically colourless 
complex Pb,In*- with the indicator. In the titration of 
EGTA the first traces of excess of lead decolorize the blue 
solution of the Mg,In’- complex. Such an indirect deter- 
mination of calcium is found to have the same accuracy 
as the similar titration with zinc. described previously.’ 
For the direct determination of the remaining magnesium 
with EDTA or DCTA we have to consider the following 
exchange reactions: 

PbEGTA + EDTA = Pb-EDTA + EGTA (4) 

logK= 13 log K = 18.0 

Pb-EGTA + DCTA = Pb-DCTA + EGTA (5) 

log K = 13 log K = 19.7 

We can expect the same effects as for zinc in the titration 
of magnesium in presence of the Pb-EGTA complex. The 
titration of magnesium with EDTA and Eriochrome Black 
T was indeed not successful because of co-titration of lead 
according to equation (4), but we obtained very good 
results for titration of magnesium with DCTA. This finding 
is at first sight astonishing, even though it is known that 
the formation of complexes with DCTA proceeds a little 
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0.8 

t 

Minutes offer th end-paint shown by a solution containing only lead (2.0 ml of O.OSM 
5 IO I5 20 25 30 35 

D-’ ’ ’ ’ ’ ’ ’ 
. solution) and 5 ml of 0.05M EGTA (see curve A in Fig. 1). 

I If \D 

In both cases the detection of the end-point fails because 
‘the first traces of displaced lead immediately block the 
indicator, preventing its colour reaction with calcium. 

When the DCTA is replaced by 2.5 ml of 0.05M EDTA 
the end-point of the titration with calcium is given by the 
appearance of the intense blue colour of the calcium-indi- 
cator complex and the absorbance increases considerably 
(curve C in Fig. 1). 

ml QOSM Co 

Fig. 1. Titration of EGTA and EDTA (DCTA) with O.OSM 
calcium chloride in the presence of 2 ml of O.OSM lead 
solution. All solutions contained, in 100 ml, 2 ml of 
ammonia buffer, 5 ml of cont. ammonia solution and 
1 ml of freshly prepared 0.1% Thymolphthalexone solution. 
All measurements were made in 3-cm cuvettes, the whole 
spectrum being recorded and the maximum absorbance 
at 620 nm noted. After the end-point was reached the 
absorbance was measured during S-35 min. A: 2 ml of 
0.05&I Pb + 5 ml of 0.05M EGTA. B: 2 ml of 0.05M 
Pb + 2.5 ml of 0.05M EGTA + 2.5 ml of 0.05M DCTA. 
C: 2 ml of 0.05M Pb + 2.5 ml of 0.05M EGTA + 2.5 ml 
of 0.05M EDTA. D: 2 ml of 0.05M Pb + 5 ml of 0.05M 

EDTA. 

more slowly than with EDTA. We would expect reaction 
(5) to proceed quantitatively because of the large difference 
between the stability constants of the complexes. 

From the analytical point of view it was important to 
know whether reaction (5) occurred either to a certain 
extent or not at all. The following experiments were done. 
A mixture of 2 ml of 0.05M lead nitrate and 2.5 ml of 
0.05M EGTA was diluted to-about 50 ml with redistilled 
water, and 2 ml of ammonia buffer, 5 ml of cont. ammonia 
solution, 1 ml of freshly prepared 0.1% Thymolphthalexone 
solution and 2.5 ml of 0.05M DCTA (equivalent to the 
EGTA and in 2076 excess relative to Pb) were added. The 
solution was diluted to 100 ml and titrated with 0.05M 
calcium chloride spectrophotometrically. 

During the titration of the free EGTA and DCTA the 
absorbance did not increase even if we overtitrated with 
calcium (see curve B in Fig. 1). Similar behaviour was 

These experiments prove that DCTA does not react at 
all with the Pb-EGTA complex under our experimental 
conditions. On the other hand EDTA reacts with this 
complex quantitatively according to equation (4). On the 
basis of this we were able to develop a simple method 
for successive determination of calcium and magnesium. 

Procedure 

To the slightly acidic solution containing I-20 mg of 
Ca and 0.5-30 mg of Mg add enough 0.05M EGTA to 
complex the whole of the calcium (1 ml of EGTA _ 2 
mg of Ca), and l&20”/, in excess. Then add 10-15 ml of 
saturated borax solution and small amount of indicator 
(1: 100 dry mixture of Thymolphthalexone and KC]) and 
dilute to 100 ml. Titrate the slightly blue solution with 
0.05M lead nitrate. During the titration the blue colour 
becomes progressively deeper up to the end-point. At the 
end-point the solution becomes colourless. The consump- 
tion of EGTA corresponds to the amount of calcium. Then 
add to the colourless solution 1 or 2 drops of EGTA. After 
a few seconds the blue colour of the solution reappears. 
Add 10-15 ml of cont. ammonia solution and titrate the 
magnesium with 0.05M DCTA, from intense blue to 
colourless. 

The method can be modified very simply. After the titra- 
tion of calcium we can leave the indicator blocked, add 
Eriochrome Black T and ammonia buffer, and titrate with 
0.05M DCTA from red to blue. Some results of the deter- 
mination of calcium and magnesium in synthetic mixtures 
are presented in Table 1. 

This method is more convenient than our method devel- 
oped some years ago, which was the first to use the com- 
bination of EGTA (for Ca) and DCTA (for Mg). The older 
method needs at least two aliquots of sample solution and 
careful maintenance of the analytical conditions. In ad- 
dition the present method eliminates the interference of 
excessive EGTA. 

It is difficult to explain the difference in rate between 
reactions (4) and (5). Margerum et ~1.~ studied the displace- 
ment of DCTA from its metal complexes by lead or copper 
and explained its slowness in terms of the rigidity of the 
metal-DCTA complex imposed by the cyclohexane ring, 
which reduces the flexibility of the ligand groups. In our 
case we must turn this argument round, and suggest that 
because of the relative rigidity of the free DCTA in com- 
parison with free EDTA, there is an orientation factor in 

Table 1. Determination of calcium with EGTA and magnesium with DCTA 

CO.&,, 
ml 

Taken 

(O.%,, 
ml 

Back-titration, 
EGTA 

(O.O5M), (O.oppn), 
ml ml 

Found 

(O.&, 
ml 

Direct 
titration 
DCTA 

(0.05 M), 
ml 

Found 

(0.~ ,, 
ml 

3.13 2.94 8.20 5.09 3.11 3.02 3.02 
8.20 5.08 3.12 2.98 2.98 

1.04 2.94 4.00 2.99 1.01 3.00 3.00 
6.25 0.49 9.00 2.16 6.24 0.42 0.42 
0.52 8.33 4.00 3.41 0.53 8.50 8.50 
0.52 9.80 4.00 3.42 0.58 9.85 9.85 
0.52 24.50 5.00 4.49 0.5 1 24.48 24.48 
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the kinetics of the system so that although the DCTA reac- 
tion is thermodynamically the more favourable, kinetic fac- 
tors prevent its occurrence in the time needed to perform 
the titration. We may mention in support of this argument 
(which we advance only as a suggestion) that the difference 
in stability between the DCTA and EDTA complexes of 
the same metal ion is often attributed to the entropy 
change for formation of the EDTA complex. being lower 
because there is loss of translational and rotational entropy 
when the :CH-CH: bond of the EDTA becomes 
“anchored”, a situation that does not arise with DCTA 
because the bond is already incapable of rotation. 

Indirect determinurion of maynesium 

If for some reason we wish to use only EGTA and 
EDTA for such determinations we have to modify the 

remaining traces of PbEGTA complex (which is the weak- 
est) react with calcium and the liberated lead immediately 
blocks the indicator (see curve B in Fig. I). The blue colour 
at the end-point is stable for at least 5-10 min and then 
fades slowly because of displacement of lead from the Pb 
EDTA complex by calcium. In visual titrations the colour 
change is very sharp. The fading of the blue colour can 
be followed spectrophotometrically (see curve D, Fig. I). 
For such a titration of magnesium we cannot use DCTA 
at all, because it does not react quantitatively with the 
PbEGTA complex even if present in excess. 

Acknowledyement-The authors wish to thank Dr. R. A. 
Chalmers for fruitful discussion of the mechanism of the 
exchange reactions described. 

method as follows. 
Procedure. After the determination of calcium, we add 

to the colourless solution an excess of 0.05M EDTA to 
complex the whole of the calcium and all the lead bound 1. 
to EGTA. then IO-15 ml of cont. ammonia solution, and 2. 
titrate with 0.05M calcium chloride from colourless to in- 3. 
tense blue. The excess of EDTA for complexing all the 4. 
calcium and lead (and magnesium) is necessary because 5. 
reaction (4) must be quantitative. Otherwise the last 
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INFLUENCE OF THE SOLVENT MEDIUM ON FORMATION 
OF Cu(II), Zn(I1) AND Ni(I1) HEXACYANOCOBALTATES* 
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DOMENICO DE MARCO 

Institute of Analytical Chemistry, University of Messina, Messina, Italy 

(Received 14 June 1978. Accepted 14 August 1978) 

Summary-Investigations on precipitation of metal hexacyanocobahates from mixed solvent media 
have confirmed the earlier interpretation of the mechanism and provided further insight into it. 

In an earlier investigation’ we studied the formation of I complete the data reported in the hterature.2-s The results 
insoluble compounds between K,Co(CN), and various were interpreted as implying a precipitation reaction in 
metal ions in aqueous medium, with the purpose of identi- ,t 1: 1 ratio between the ion-pair’ K+-Co(CN):- and the 
fying the reaction stoichiometry for various concentrations ’ cation, any further transformation then occurring in the 
of the reacting species and order of addition, to verify and ” solid phase. 

Since the equilibrium constant of ion-pair formation in- 
* Supported by C.N.R., Rome. creases with decreasing dielectric constant of the solvent 
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Fig. 1. Cu(II)-water-dioxan system. R values and relative standard deviations as obtained for different 
Cu(I1) and An concentrations at varying dielectric constant of solvent medium. (A) An titrated with 

Cu(I1); (B) Cu(I1) titrated with An. 
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Fig. 2. Ni(II)-water-dioxan system. R values and relative standard deviations as obtained for different 
Ni(lI) and An concentrations at varying dielectric constant of solvent medjum. (A) An titrated with 

Ni(I1): (B) Ni(I1) titrated with An. 

medium.“’ the influence of the K+-Co(CN)i- species on always 100 ml and the reactant concentrations were chosen 
the precipitation stoichiometry should become morel accordingly. All precipitates with a defined composition 
marked as the dielectric constant of the solvent medium were analvsed for cation and cobalt content by atomic- 
shifts from 80 (for water) to lower values (for mixtures 
of water with organic solvents of low dielectric constant). 
We have therefore decided to examine this experimentally 
as an extension of the earlier work. 

absorption spectrophotometry. For titration resuhs leading 
to the same compound, the standard deviation. cr. was cal- 
culated. 

EXPERIMENTAL 

The dielectric constant of the solvent medium (4 was 
varied by using 10, 20 and 30”,, v/v dioxan solutions in 
water. 

Stock solutions of copper, nickel and zinc sulphates were 
prepared and standardized; the working solutions contain- 
ing the desired amounts of dioxan were prepared by dilu- 
tion. The hexacyanocobaltate solutions were similarly pre- 
pared and periodically standardized. 

The equivalence point of the precipitation reactions (per- 
formed at 20 k 1’) was detected with an oscillometric digi- 
tal read-out apparatus. ” For each titration the ratio (R) 
of the analytical metal ion and hexacyanocobaltate concen- 
trations at the equivalence point was calculated. 

The concentration range examined was the widest con- 
sonant with reagent solubility and the instrumental sensi- 
tivity. No buffer solutions were added and therefore the 
titration.pH was that engendered by the solutions used 
in the reaction. The. initial volume of solution titrated was 

Rrt~ctions between Cu(ll) ad K3Co(C&, (Fig. I) 

The compounds found were all intensely blue, with 
R = 1.00 corresponding to CuKCo(CN),. R = 1.50 corre- 
sponding to Cu,[Co(CN),], and R = 1.33 corresponding 
to Cu,K[Co(CN),], and stoichiometrically equivalent to 
CuKCo(CN), + Cu,[Co(CN),],. besides intermediate 
values in passing from one species to another. 

When the Cu(II) is used as titrant for 1.35 < pAn $ 2.63 
in IO”, dioxan solution (An = anion), the compound first 
formed has R = 1.00. and is transformed in the solid phase. 
by addition of Cu(II). into the compound with R = 1.50. 

When Cu(l1) is the titrand. the species having R = 1.33 
is preferentially formed. the range of conditions for its for- 
mation increasing as E decreases. 

In aqueous medium. the species with R = 1.50 was 
always obtained. 

Reactior~s berwen Zn(II) ad K,Co(CN), 

The only species found were those with R = 1.00 and 
R = 1.50, just as in aqueous medium. Decrease in E. how- 



ever, increased the tendency to formation of ZnKCo(CN),. is present in the spatial group (4 Co, 4 Me,, 2 Me,,, 24 
In fact, with Zn(II) as the titrant, the compound with C, 24 N) in I : 1 ratio with Co(CN)z- and bound in an 
R = 1.00 was always precipitated irrespective of the condi- Me,-N-C-Co chain; the other two Me,, ions are statisti- 
tions, and then underwent transformation in the. solid cally distributed and very weakly co-ordinated. Therefore, 
phase to Zns[Co(CN)& In contrast, in aqueous medium for the empirical formula, the configuration Me, 
this transformation was limited to a restricted concen- Me,, iI2 Co(CN), occurs. Consequently, the ions in the Me,, 
tration range, only the species with R = 1.50 being nor- positions, because of these characteristics, are mobile and 
mally obtained. can be partially or totally substituted by potassium, to 

With Zn(I1) as titrand the species with R = 1.00 was give the MeKCo(CNk and Me,K[Co(CN),], species: this 
stabilized at the lowest l value. This species was not can occur both during the precipitation as well as later 
obtained in purely aqueous medium. The precipitates were in the solid phase, and is favoured by the pre-existence 
white. of K+-Co(CN):- ion-pairs. 

Reactions between Ni(ll) and K,Co(CN), (Fig. 2) 
Precipitates with R = 1.00, R = 1.33 and R = 1.50 were 

found, as in aqueous medium, but decrease in E stabilized 
the first two compounds over a wider range of conditions. 
Thus with Ni(I1) as titrand in aqueous medium, the 
Ni,[Co(CN)& species was exclusively obtained, but in 
30% dioxan medium, at high Ni(I1) concentrations the 
NiKCo(CN), species was stabilized. An analogous trend 
occurred with Ni(I1) as titrant. The precipitates were blue. 
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RAPID DETERMINATION OF MILLIGRAM AMOUNTS OF URANIUM 
IN ORGANIC COMPLEXES WITH PYRIDINE-2,6- 

DICARBOXYLIC ACID AS TITRANT AND ARSENAZO I AS 
INDICATOR AFTER OXYGEN-FLASK COMBUSTION 

E. CIILON. S. DI~GI:ITO*. G. MAKANGONI* and L. BAKACCO* 

Institute of Organic Chemistry. University of Padua. Italy and 
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Summary-A method is described which allows the determination of uranium in organic complexes, 
following decomposition by the oxygen-flask procedure. Uranium is quantitatively determined by a 
direct titration with O.OlM pyridine-2.6-dicarboxylic acid, arsenazo I being used as the indicator. The 
end-point is sharp and the equilibrium is rapidly attained, so the titration can be carried out rapidly. 
The method is simple, rapid and highly reproducible. 

Our long-range interest in the synthesis and characteriza- 
tion of new uranium complexes prompted us to develop 
a rapid and useful method for the determination of 
uranium. As in most elemental analyses, the problem is 
twofold. i.r.. decomposition of the organic material and 
determination of uranium after its dissolution, The 
reported ignition’ and wet decomposition’ procedures are 
of limited precision when small quantities of uranium are 
involved and are time-consuming. However a rapid 
method of oxygen-flask decomposition has been recently 
reported.‘.4 

For the subsequent determination of the uranium. gravi- 
metric.s ’ titrimetrics-” and spectrophotometric’3 ‘s 
methods have been proposed. The titrimetric methods are 
usually preferred when high precision and rapidity are 
required. 

Titrimetric methods reported for the uranium deter- 
mination are based on oxidation.8.9 reduction,“‘.” and in- 
direct titrations. 3.‘2 Owing to the preliminary reduction 
of uranium(V1) to uranium(IV), the oxidimetric method in- 
volves one step more than a direct reductimetric titration, 
and this step requires close control. On the other hand, 
direct reductimetric titrations suffer from the need for 
strong reductants that are unstable. 

Indirect methods are based on the precipitation of 
uranium(VI) followed by back-titration of excess of the 
precipitant. The filtration makes the process time-consum- 
ing and inexact. 

In this paper, we describe a decomposition of uranium 
complexes by oxygen-flask combustion followed by a titri- 
metric determination of uranium(V1) with a new titrant. 
pyridine-2.6-dicarboxylic acid (HZPDC). that forms a sol- 
uble and very stable complex with uranium(V1). 

EXPERIMENTAL 

Reagents 

The complexes bis(ethylcarbamato)dinitratodioxouran- 
ium(V1). pyridine N-oxide-bis(tropolonato)dioxouranium- 
(VI). bis(dimethylsulphoxide-2.6-pyridinedicarboxylato- 
dioxouranium(VI), cisdichloro-[meso-bis(trans-2-hydroxy- 
cyclohexyl)sulphide-OOS],dioxouranium(VI) and dioxobis- 
(tropolonato)uranium(VI) were prepared as reported 
earlier.‘9-23 

* Schleicher and Schiill No. 582’ or equivalent. 

Benzoyl peroxide. Recrystallized by dissolving it in 
chloroform at room temperature and adding twice the 
volume of methyl alcohol. Stored in a dark bottle. 

pH indicator. Bromophenol Blue, 0.5% alcoholic solu- 
tion. 

Bugler solution. Acetate-acetic acid, 0.2M, pH 3.6. 
Titration indicator. Arsenazo I [2-(o-Arsonophenylazo)- 

1.8-dihydroxynaphthalene-3.6-disulphonic acid. trisodium 
salt]. 0. IT:, aqueous solutton. 

Pyidine-2,6-dicarboxylic acid solution, 0.01 M. Pyri- 
dine-2,6-dicarboxylic acid (1.67 g) dissolved in 150 ml of 
ethanol and diluted to 1000 ml with distilled water. Stan- 
dardized against 0.02M sodium hydroxide. 

Uranyl nitrate solution. Uranyl nitrate (1.20 g) dissolved 
in water and diluted to 1000 ml. 

All reagents were of microanalytical reagent grade. 

Procedure 

Transfer a suitable weighed amount of sample (4-15 mg) 
and approximately 10 mg of powdered benzoyl peroxide 
to an L-shaped ash-free filter paper* (2.7 x 3 cm). Wrap 
the sample and benzoyl peroxide in the paper, and clamp 
the resulting packet firmly in the platinum gauze holder 
of a 300-ml oxygen-combustion flask. Use 5 ml of 5M 
nitric acid as absorbant medium. Fill the flask with pure 
oxygen and carry out the combustion. When the combus- 
tion is complete, shake the solution for 45 min, until the 
white fumes disappear. Remove the stopper, rinse the walls 
of the flask and the platinum gauze with 5 ml of distilled 
water. Evaporate nearly to dryness. then add 5 ml of dis- 
tilled water and finally evaporate again nearly to dryness. 
Dissolve the residue in 40 ml of distilled water and add 
I drop of Bromophenol Blue indicator solution. Add 1M 
sodium hydroxide to bring the pH to 334 (colour grey- 
green). Add 3 ml of buffer solution (pH 3.6). 0.3 ml of 
arsenazo I solution and titrate with O.OlM H?PDC. The 
end-point is sharp. from blue to bright pink. 

1 ml of O.OlM HZPDC = 2.381 mg of uranium 

RESULTS AND DISCUSSION 

HzPDC is a multidentate ligand able to form mono- 
meric or polymeric species by co-ordination with uranyl 
and other metal ions in aqueous solution, depending on 
the experimental conditions. 19-33 The use of H,PDC in 
presence of tetraphenylarsonium chloride for gravimetric 
determination of uranium has been reported in a previous 
paper. 34 In view of the solubility and high stability of 
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Wavelength, nm 

Fig. 1. Absorption spectra of aqueous solution of uranium-arsenazo I complex at different pH values. 
Uranyl nitrate standard solution (5 ml) and 0.5 ml of O.l’%, aqueous arsenazo I solution diluted to 

25 ml with distilled water: l-cm cells ~ 0.3 ml before end-point; --- 0.3 ml after end-point. 

the complex of uranyl ions with HrPDC, we decided to 
investigate the possibility of using this ligand as a titrant 
for uranium. Arsenazo I is used as a direct titrimetric indi- 
cator. Arsenazo II and arsenazo III can also be used, but 
the best results have been obtained with arsenazo I. 

The absorption spectra of the uranyl nitrate solution 
just before and after the end-point are completely different, 
the wavelength of maximum absorption having shifted 
from 600 to 510 nm, corresponding to the release of 
arsenazo I from its uranium complex. The effect of pH 
on the titration has been studied over a pH range of 
2.CL6.5 (Fig. 1). The absorption spectra show that the 
uranium-arsenazo I complex is formed at pH 3-6i4 and 
suggest that the uranium-H,PDC complex is formed at 
pH 2-6. 

This method appears to offer a very promising pro- 
cedure for the determination of uranium in organic com- 
plexes, with a simple titrimetric finish. Accordingly the pro- 
cedure has been closely examined to establish the optimum 
conditions. 

For the combustion of the sample, we chose the oxygen- 
flask method which is a rapid routine procedure. Benzoyl 
peroxide is added to ensure complete combustion.a5 Nitric 
acid (5M) acts as an efficient absorbent and also ensures 
complete dissolution of all the oxides formed. As the nitric 
acid must be neutralized and an excess of salts makes the 
end-point less sharp, the absorption solution is evaporated 
nearly to dryness. 

The titration of UO:+ with O.OlM H,PDC was carried 
out with different amounts of the indicator solution and 

Table I. Results obtained in the determination of uranium with HzPDC as titrant 

Compounds 
Weight range taken. Uranium. “,, Std. devn.. 

ri1.q Theoretical Found II 
II 

Bis(ethylcarbamate)- 

di$tr;top;)our;ium(VI) 

14 4 11 
Pyridme !, oxide--bis- 

(tropolonato)dioxouranium(VI) 

Ci~HisN07U 
Bis(dimethylsulphoxide)- 

2.6-pyridinedicarboxylato- 
dioxouranium(V1) 

C,,H,,NO&U 
Cis-dichloro[meso-bis(rruns- 

2-hydroxycyclohexyl)sulphide- 
OOS]dioxouranium(VI) 

C,,HZICIZO,SU 
Dioxobis(tropolonato)- 

uranium(V1) 

C,,H,J’,U 

3.7 20.8 

1.2.. 13.5 

4.6-9.2 

63 I 1.6 

6.5- 18.0 

41.60 41 .O- 42.2 

39.20 39.lm 39.4 

40.25 40.1 40.5 

41.67 41.4-41.9 

46.47 46.3. 46.6 

0.27 
(3 1 results) 

0. I4 
(6 results) 

0.16 
(6 results) 

0.17 
(6 results) 

0. I 2 
(6 results) 
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at different pH values. The most distinct colour change 
at the end-point is obtained at pH 3.6, with 0.3 ml of 
0.1% aqueous arsenazo I solution. The H*PDC forms, 
under the suggested conditions, a 1: 1 complex with uranyl 
ions. The equilibrium at the end-point is rapidly attained, 
so the titration can be performed quickly. 

Typical results for standard samples and for several 
recently synthesized uranium complexes are listed in 
Table I. The absolute error is +0.6x,. the mean error and 
standard deviation being +O.l% and 0.3% respectively. 
Hence the method is quite reliable and it is both rapid 
and simple. 
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AQUEOUS AND MIXED SOLVENT SYSTEMS 
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Summary-The anion-exchange behaviour of metal ions in aqueous NH,CNS and aqueous NH,CNS- 
organic solvent mixtures has been studied. The effect of the pH and the concentrations of thiocyanate 
and organic solvent on the distribution coefficients has been investigated. Fifteen binary metal ion 
separations are reported. 

The ion-exchange behaviour of metals in aqueous thio- 
cyanate solution has been a subject of considerable inter- 
est. Surls and Choppin’ studied the behaviour of lan- 
thanides and actinides on strongly anionic and cationic 
resins in aqueous ammonium thiocyanate solution. Turner 
et a1.2 investigated the behaviour of scandium and some 
transition elements on Dowex 1 in aqueous potassium 
thiocyanate solution and carried out a few separations. 
Some of the metals could not be eluted because of their 
strong adsorption on the resin. Hamaguchi and co- 
worker? achieved a few anion-exchange separations in 
ammonium thiocyanate-hydrochloric acid media. Majum- 
dar and Mitra’ carried out some separations from aqueous 
thiocyanate solution: a few strongly adsorbed metal ions 
were not eluted from the column. Metal ions have also 
been separated as thiocyanates on weakly basic resin? and 
cellulose ion-exchangers.7-9 

In the last two decades Korkisch and co-workers”~” 
have advanced the technique of combined ion-exchange 
and solvent extraction (CIESE) and demonstrated its 
potential by carrying out several difficult separations from 
various aqueous organic media. 

The present communication reports an investigation of 
CIESE applied to thiocyanates, and the variation in the 
distribution coefficients of thirteen metal ions on Dowex 
1 with ammonium thiocyanate concentration and percent- 
age of organic solvent. 

EXPERIMENTAL 

Dowex l-X8 (Z&SO mesh) was converted into the thio- 
cyanate form by equilibration with l.OM ammonium thio- 
cyanate. A metal sulphate solution (1.0 x 10m4iu) labelled 
with the appropriate radioisotope was used for the deter- 
mination of distribution coefficients by the batch method. 
For silver and yttrium, nitrate solutions were used. The 
radioisotopes used were procured from Bhabha Atomic 
Research Centre, Bombay, India. The gamma activity of 
s’Cr 54Mn, s8Co, 55+59Fe 65Zn ,lhAg, “4m~n. 160Tb 

and ‘03Hg was counted on’an NaI(Tl) well-type scintilla- 
tion counter. Beta-counting of 91Y, iismCd and *O“Tl was 
done with a Geiger counter. For column separations a 
glass column (3 cm long, 1 cm bore) was employed. A flow- 
rate of 10 ml/hr was maintained throughout the separation 
procedure. 

RESULTS AND DISCUSSION 

Effect of pH on distribution coejkients 

The effect of pH on the K, values was studied in i.OM 
ammonium thiocyanate. Within the pH range 3.c5.0 the 

distribution coefficients do not change. The pH of the 
1.0 x 10m4A4 metal ion solutions in 0.14.OM ammonium 
thiocyanate lies within the range 3.c5.0, so any change 
in & values with change in hydrogen-ion concentration 
is insignificant. 

.Eflect of ummonium thiocyanute concentration 

The dependence of the distribution coefficients on the 

Concrntrotion df NH4CNS.M 

Fig. 1. Distribution coefficients of various metal ions at 
different aqueous NH,CNS concentrations. 
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Table 1. Details for the separation of metal ions on Dowex l-X8 (20-50 mesh) 

Separation* Eluent, m/t Loading, pg Recovery, pg 

Tl(III)‘-Zn(I1)’ 
Tl(III)‘-Cd(II)J 
Tl(III)‘-H&II); 
Tl(III)“In(III)” 
CrlIIW-Co(IIl” 
CriIIIj’-Fe(II$’ 
Mn(II)‘-Zn(IIy 
Mn(II)‘-Co(IIp 
Mn(II)‘-Fe(III)” 
Co(IIy-Fe(II1)” 
Ag(I)‘-Zn(IIy 
A&)‘-Hg(I1)’ 
Y(III)‘-In(II1)” 
Tb(IIIr-In(II1)“ 

a20; b20 13.0; 11.0 12.2; 11.0 
~24; a30 41.0; 13.0 41.0; 11.7 
~24: d 26 41.0: 25.0 41.0: 25.0 
~24; a30 41.0; 40.0 41.0; 39.3 
c 24; d 26 41.0; 23.0 41.0; 21.6 
~20; a20 10.4; 13.8 10.4; 13.8 
~20; b20 10.4; 11.0 10.4; 11.0 
~20; a20 11.0; 13.0 10.4; 11.7 
~20; a20 11.0; 10.4 10.4; 10.4 
~20; b20 11.0; 13.0 10.4; 11.7 
a20; b20 11.0; 11.0 10.4; 11.0 
e42; a30 21.5; 13.0 21.5; 11.7 
e42; a30 21.5; 40.0 21.4; 39.3 
c 16; d 26 17.8; 23.0 16.9; 21.8 
c 16; d 26 31.8; 23.0 31.1; 21.8 

* Separations were carried out in the order given, superscripts denoting the 
eluents used. 

t a l.OM NH,CNS-80% acetone, b l.OM HCI-80% acetone, c O.lM 
NH,CNS, d 0.05M EDTA, e 7.OM NH,CNS. 

ammonium thiocyanate concentration is shown in Fig. 1. 
For K, values less than 1 and greater than lo5 the points 
are recorded as 1 and lo5 respectively. The sorption of Zn, 
Fe(II1) and In(II1) is almost complete (K,, > 105) and that 
of Tl (III) is practically negligible (Kd < 1) over the entire 
range. The sorption of Cr(III), Y(II1) and Tb(II1) increases 
with increasing thiocyanate concentration and that of 
Ag(I), Tl(1) and Hg(I1) shows the opposite trend. A maxi- 
mum at around 1M ammonium thiocyanate is observed 
in the case of Co(I1) and Cd(I1). The sorption of Mn(I1) 
increases up to 1M thiocyanate and thereafter becomes 
almost constant. 

Effect of organic solvent concentration 

The solvent effect is shown in Figs. 2-4. In acetone and 
tetrahydrofuran media the.distribution coefficients of Ag(I), 
CdII). ZnlII). Cd(H). Ha(H). Fe(III) and In(IIIl decrease . . 
with increasing organic-ioivent content while’ those of 
Y(II1) and Tb(II1) increase. The sorption of Mn(I1) does 
not change. In the case of Cr(II1) a maximum is observed 
at around 20% tetrahydrofuran but its sorption is unaffec- 
ted by increasing acetone content. Methanol has little effect 
on the distribution coefficients. A similar observation was 
made by Korkisch and Ahluwalia” who attributed it to 
the weak Lewis base character of methanol compared to 
aCetone and tetrahydrofuran. 

Metal separations 

Fifteen representative separations have been achieved 
and are listed in Table 1. Strongly sorbed metal ions such 
as Co(II), Zn(I1) and Hg(I1) are conveniently eluted with 
l.OM ammonium thiocyanate-80% acetone mixture. For 
Cd(I1) and In(II1) l.OM ammonium thiocyanate-80:/A tetra- 
hydrofuran can be used for desorption but the recovery 
is only 75%. Therefore in an actual separation procedure 

0.05M EDTA is used as the eluent for quantitative recov- 
ery. The desorption of Fe(II1) presented a problem and 
was carried out with l.OM hydrochloric acid-802, acetone. 
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Summary-The distribution of iron(III) between aqueous hydrochloric acid and 0.1 M 2-hexylpyridine 
in benzene was examined as a function of acid concentration in the aqueous solution, the metal concen- 
tration being kept constant, and as a function of increasing ferric chloride concentration at a constant 
acidity of hydrochloric acid. The distribution coefficient of Fe(II1) (tracer) is dependent on the square 
of the 2-hexylpyridine concentration in the benzene phase. Negatively charged complexes of the type 
FeCI:- may be the species extracted. The formation of a mixture of I: I and I:2 complexes with 
2-hexylpyridine is indicated. Salting-out effects of a number of salts have been investigated. Separation 
factors of several metal ions relative to iron(II1) in 7M hydrochloric acid are also reported. The results 
indicate that iron(II1) can be selectively separated from a large number of elements, and the method 
has been utilized for the preconcentration of non-ferrous metal ions in mild steels by selective separation 
of iron. before their subsequent determination by emission spectrometry. 

The effectiveness of a chemical technique of separation and 
concentration is principally dependent on its selectivity. 
In our investigations of long-chain alkyl-substituted pyri- 
dines in solvent extraction. we have found that 2-hexylpyri- 
dine is useful in the selective separation of some metal 
ions which form anionic complexes in aqueous solution, 
c.g., gold(II1)’ and chrornium(V1). This report extends the 
work to iron(II1) in hydrochloric acid media and shows 
that it can be selectively separated from a large number 
of metal ions. The results can be utilized to remove iron 
before determination of the trace elements in steels by 
various instrumental methods. 

EXPERIMENTAL 

solutiom 
2-Hexylpyridine was dissolved in benzene to give a 0. I M 

solution. Stock solutions of the test elements were pre- 
pared. The other reagents used were the same as reported 
previously.” 

Santple preparation 

A 900-mg sample of SS-456 mild steel (British Chemi- 
cal Standards) was dissolved in 7M hydrochloric acid and 
the solution made up to 50 ml with the same acid. 

Tracers and rquipttwtlt 

The following isotopes were used: 59Fe, “Co. 64Cu, 
“‘Au. “Zn, 99Mo. 99’“Tc, ‘We, ‘ohRu, ‘03Hg and ‘“LJ. 
Carrier-free iron-59 was obtained as previously reported.4 
The other tracers used were obtained from the Radio- 
chemical Centre. Amersham or prepared locally by (n.y) 
reactions or by separation of the daughter nuclide from 
the parent without a carrier. The equipment used for the 
radiochemical assay is described e1sewhere.‘.5 

Partitiotl equilibria 

Extraction experiments were performed with I ml of 
each phase at 23 f 3”. Equilibrium was attained in ca. 

3 min so 5-min extractions were carried out. After the 
phases had separated the y-activity was measured on 500 ~1 
of each phase with an NaI(TI) crystal and a Nuclear Chi- 

cago Single Channel Analyser, Mode1 872. In some cases 
the degree of extraction was determined from I- or /?- 
activity; in such instances the aliquots of both phases were 
transferred to glass planchettes and evaporated under an 
infrared lamp, and the radioactivity was then measured. 
The distribution ratio and percentage extraction were cal- 
culated in the usual manner. The extraction of other metal 
ions was studied in 7M hydrochloric acid medium con- 
taining 18 mg of Fe(II1) per ml. 

Analytical procedure 

One ml of the standard or the sample solution contain- 
ing indium as the internal standard (100 ~1 of 500-ppm 
indium solution in I ml) was equilibrated with two l-ml 
portions of 0.25M 2-hexylpyridine in benzene for 5 min. 
The aqueous phase was evaporated to about 0.5 ml and 
then evaporated in a graphite electrode coated with Apie- 
zon M and containing IO mg of graphite and 5 mg of 
Teflon powder. The content of test elements in the extrac- 
tion standards varied between lo-’ and lo-‘%. A 3.4-m 
Ebert-type Jarrell-Ash spectrograph in conjunction with 
d.c. arc excitation was used for the analysis. 

RESULTS AND DISCUSSION 

The extraction of iron(II1) (< 10m6 M) from hydro- 
chloric acid by 0.1 M 2-hexylpyridine in benzene gave the 
results shown in Fig. I. It is seen that the extraction begins 
at moderate acidity and increases with increasing acid con- 
centration. This is perhaps due to extraction of undisso- 
ciated complex metal acid species of the type H,FeCI, +” 
(where n = 1,2). Figure 1 also shows the extraction data 
for use of 0.1 M S-(4-pyridyl) nonane (PyN) and tri-n-octyl- 
amine (TOA) dissolved in benzene; it appears that alkyl- 
substituted pyridines are poorer extractants than tri-n- 
octylamine for iron. This is because TOA. being a stronger 
base than HPy and PyN, forms salts in less acidic media, 
which explains the shift of the extraction curve to this 
region relative to the same curves for PyN and HPy. Des- 
pite its lower extraction power. PyN is the most selective 
reagent for isolating iron(II1) because the extraction of a 
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[HCl] , M 

Fig. 1. The degree of extraction of iron(III) into O.lM tri-n-octylamine, S-(4-pyridyl) nonane and 2- 
hexylpyridine in benzene as a function of hydrochloric acid concentration in the aqueous phases. 

I-TOA; 2-PyN; 3-HPy. 

number of metal ions (except some of those which form 
complex metal acids in aqueous solution) is very poor. 

The effect of inert electrolytes on the extraction of 
iron(II1) at constant acidity (0.1, 0.5, l.OM acid) was exam- 
ined. The concentration of the chlorides of Li+, Na+, K+, 
Mg’+ and Al’+ was varied between 0.01 and 5M. The 
degree of extraction increased with increasing chloride con- 

‘““I 
I 

I 
OO 0.2 0.4 0.6 0.6 

[Anion], M 

Fig. 2. Effect of various anions on the extraction of 
iron(II1) from 7M HCI by O.lM 2-hexylpyridine in ben- 
zene. l-nitrate; 2-citrate; 3-acetate; koxalate; 

5-ascorbate.. 

centration, as would be expected, and was also enhanced 
by the cations with the highest hydration energy; thus the 
order of efficiency as salting-out agents was AICI, > 
MgCIZ > NaCl > LiCl > KCI. Extraction with potassium 
chloride added was poor, and this was attributed to the 
lower electrical potential @c/r) of the potassium ion. 

The plot of log D us. log [PyN] at constant acidity (7M 
hydrochloric acid) was linear with a slope of 2. This could 
be explained by the extraction of FeCI; through mixed 
quadrupole formation as described for the PyN system’ 
or through interaction with singiy charged dimeric hexyl- 
pyridine hydrochloride ions, since the hydrochloride of this 
pyridine forms aggregated species if the hydrochloric acid 
concentration is above 1M. The results also agree, how- 
ever, with the hypothesis of extraction of FeCl:- ions 
through ion-pair formation with pyridinium ions or as the 
undissociated complex acid, H2FeCIs, salted-out by the 
high acid concentration. The pyridine may also solvate the 
ion-pair as a whole, with or without hydration. The extrac- 
tion through ion-associated complexes appears unlikely, as 
in general the extraction of anionic metal complexes by 
this pyridine is poor. 

Loading experiments were also performed with O.l-1M 
ferric(II1) chloride in 7M hydrochloric acid. The plot of 
the ratio [Fe(III)]/[HPy] reached a maximum at 0.38 mg/ 
ml, indicating the presence of a mixture of compounds 
containing one and two molecules of the extractant. The 
complex extracted could be a mixture of HFeCI, and 
H,FeCls. The slope of the isotherm decreases with increas- 
ing concentration of iron in the aqueous phase. It is 
reasonable to assume that at high iron concentration the 
equilibrium shifts in favour of formation of HzFeCls. 

The effect of a number of anions on the extraction of 
iron from 7M hydrochloric acid was investigated. The 
results shown in Fig. 2 indicate that citrate, oxalate and 
acetate in concentrations up to 1 M have little effect on 
the extraction of iron(II1). Ascorbic acid decreases the 
degree of extraction, presumably because of reduction of 
iron(II1) to iron(I1). 

The partition coefficients of several other elements 
between 7M hydrochloric acid and O.lM solution of the 
pyridine were measured. The distribution coefficients and 
separation factors are reported in Table I. It is to be noted 
that a number of elements, e.g., uranium, niobium, zir- 
conium, zinc. which form strong anionic complexes under 
these conditions. are not extracted by this amine. This be- 
haviour is unlike that of all the commonly used solvating 
reagents and liquid anion-exchangers. This is probably 
because the amine does not form stable cations of the type 
(HPyH)’ which could associate with the anionic metal 
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Table I. Distribution coefficients and separation factor 
[with respect to iron(llI)] of different metal ions in the 

0.1 M HPy/benzene-7M HCI system 

Concentration, Distribution Separation 
Metal ion M coefficient factor 

Tc(VI1) 
Mn(VI1) 
Mo(V1) 
uw 
Cr(VI) 
V(V) 
Nb(V) 
MO(V) 
Sb(V) 
Zr(IV) 
Ru(IV) 
AI(II1) 
Cr(II1) 
Ce(II1) 
Y(II1) 
Au(II1) 
Sb(II1) 
Zn’+ 
Hg’+ 
Pb’ + 
Sr’+ 
C$ (II) 

CS+ 
Ag+ 
Br- 

*C.F. 
IO-’ 
lO-5 
lo-’ 
C.F. 
10-J 
C.F. 
lo-5 
IO-h 
10-s 
lo-* 
lo-” 
C.F. 
10-s 
IO-* 
IO-h 
IO-h 
10-” 
lo-’ 
10-h 
10-s 
IO-h 
10-l 
IO-* 
10-n 
lo-s 

0.030 
0.0009 
0.025 
0.0015 
o.OGQ4 
< lo-’ 
< IO-L 
0.0130 
< lo-3 
< lo-’ 
0.003 1 
< lo-’ 
< 10-J 
< lo-3 
0.0008 
4.10 
< lo-’ 
0.0055 
0.009 I 
< lo-) 
< lo-3 
< 10-l 
< lo-3 
< lo-3 
< lo-’ 
0.0041 

> I03 
2.1 x IO4 

> I03 
1.2 x IO4 
4.7 x 104 

z IO4 
> 103 

1.4 x IO’ 
> IO4 
> I03 

6.1 x IO3 
> IO4 
> IO4 
> IO4 

2.3 x IO4 
4.634 

IO4 
3.4 x IO3 
2.0 x IO3 

> IO4 
> lo4 
> IO3 
> IO4 
> IO4 
> IO4 

4.6 x IO3 

* C.F. = Carrier-free 

complexes to give ion-pairs. Another plausible explination 
is that the acid is extracted by participation of the hydrated 
proton (H,O+) because the pyridine is a weak base and 
the proton of the acid may add on. not to the nitrogen 

Table 2. Analysis of mild steel (SS-456; British Chemical 
Standards) by the proposed method 

Amount Amount 
Element certified, ppm found, ppm* 

Average 
error, “//, 

Si 2200 
Mn 1700 
V 240 
co 480 
Zr 340 
AI 80 
Pb IO0 
Sb II0 
Nb 50 
B 10 

2260,2340,2450 
1730.1780.1860 

224.232.235 
390,407,432 
312.325.352 

73.93, I05 
77.82, I I6 
72.80, I04 
31,38,52 
9,ll.l4 

f7 
+5 
-4 
- I5 
-3 
+ I3 
-8 
- II 
- 20 
+ 12 

atom of the pyridine, but to the basic oxygen atom of 
the strongly polarized water molecule, resulting in the for- 
mation of a simple oxonium ion and combination of the 
complex with the hydrolysed HPy cation (HPyH.H,O)‘, 
making the species unstable and thus inextractable. Utiliz- 
ing the high selectivity of iron(II1) extraction, we deter- 
mined the trace elements in mild steels by emission spec- 
trography. The results are illustrated in Table 2. 
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ANALYTICAL DATA 

AUTOPROTOLYSIS CONSTANTS AND ACID-BASE 
PROPERTIES OF PROPYLENE GLYCOL MIXTURES 
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Institute of Fundamental Problems in Chemistry, University, Warszawa, Poland 
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Summary-The autoprotolysis constants of propylene glycol and its mixtures with water, acetone, 
propan-2-01 and chloroform have been determined potentiometrically. In the same solvent mixtures 
the protolysis constants of the phthalic acid-hydrogen phthalate system have been evaluated and indi- 
cate that the solvent is more acidic than water, but less acidic than ethylene glycol. 

Propylene glycol (propane-1,2diol) and its mixtures have 
been used as solvents in acid-base titrations. Their proper- 
ties are similar to those of ethylene glycol and its mixtures, 
but it has been claimed: that propylene glycol is advan- 
tageous because of the greater solubility in it of organic 
compounds, e.g., soaps. The value of the autoprotolysis 
constant of propylene glycol has been reported previously 
and corresponds to pK, = 17.21 at 25,’ but there are no 
data for mixtures of propylene glycol with water and 
organic solvents. These mixtures are important in practical 
determinations because of the lower viscosity and more 
rapid equilibration. 

To obtain data for the acid-base properties of propylene 
glycol and its mixtures it was necessary to determine the 
dissociation constant of an acid or of a base used as a 
standard. Zikolov, Astrug and Budevsky3 in their study 
of ethylene glycol used hydrogen phthalate as a standard 
and in order to compare the two solvents we have used 
the same substance. With pure propylene glycol as solvent 
the basic dissociation constant of hydrogen phthalate cor- 
responds to pK, = 9.97.4 

EXPERIMENTAL 

Reagents 

Propylene glycol was purified by distillation under 
reduced pressure. The water content, checked coulometri- 
tally by the Karl Fischer method. was less than 0.05%. 

Potassium chloride and potassium hydrogen phthalate 
(analytical grade) were further purified by crystallization. 

Solutions of acid titrants were prepared by dilution of 
a saturated solution of hydrogen chloride in propylene gly- 
col with the appropriate solvent. The titre of all solutions 
[C in cells (1) and (6)] was determined by potentiometric 
titration of hydrogen phthalate in the same solvent (SH). 

Solutions of sodium propanediolate approx. O.OlM [C, 
in cell (l)] were prepared by the action of metallic sodium 
on the solvent. 

Solutions containing the appropriate concentration of 
potassium chloride were added to keep the concentration 
of chloride ion constant (C) during titrations. The ionic 
strength I of the solutions was in the range 0.032-0.079. 

Apparatus 

A Radiometer PHM 64 pH meter with a G 202 B glass 
electrode (GE) was used in conjunction with a Metrohm 
E-415 autoburette and a temperature-controlled cell 
(25 * 0.1”). 

RESULTS 

Determination of the autoprotolysis constant 

For determination of the autoprotolysis constant the 
procedure described by Zikolov, Astrug and Budevskys 
was applied. The emf of the cell 

GE I/ Na propanediolate_C,, (KC1 + HCIFC, 
SH/AgCl-Ag (I) 

was measured at 25”. For the acid and alkaline regions 
the following equations can be applied, 

E = E: - 0.05916 log [SH;] (2) 

E = E: + 0.05916 log [S-] (3) 

where [SH:] and [S] are the concentrations of lyonium 
and lyate ions respectively, and are calculated from the 
known concentrations, Cr and C, of the components of 
the cell (I). Ey and Et are constants characteristic of the 
cell in the acid and alkaline regions respectively. Thus 

pK, = (Et - E:)/0.05916 (4) 

corresponds to a concentration autoprotolysis constant for 
a given ionic strength in the range 0.032-0.079. These 
values are recalculated to give the thermodynamic constant 
pK’ by use of the extended form of the Debye-Htickel 
equation, 

- IogJ = 
1.825 x 106(rT)-3’2 I”z 

I + 251.45(eT)-“2 It’* 
(5) 

Table I. Autoprotolysis constants of propylene glycol and 
its mixtures at 25’C 

Solvent E I PK’ -logf PK: 

PrG 32.0 0.061 16.39 
PrG + 1% W 32.5 0.040 15.93 
PrG + 1.5% W 32.7 0.079 15.68 
PrG + 3% W 33.4 0.079 15.33 
PrG+5%W 34.3 0.057 15.19 
PrG + 12% W 37.6 0.054 14.64 

0.296 
0.253 
0.311 
0.302 
0.264 
0.231 

PrG + 21% W 41.7 0.033 14.21 
PrG + 20X Ch 26.5 0.050 

+ 20% 
16.82 

PrG iPrOH 29.3 0.051 16.46 
PrG + 20% A 29.7 0.058 16.22 

0.170 
0.356 
0.314 
0.321 

16.98 
16.44 
16.30 
15.93 
15.72 
15.10 
14.55 
17.53 
17.09 
16.86 

* PrG-propylene glycol, W-water, Ch-chloroform, 
iPrOH-propan-2-01, A-acetone. 
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Table 2. Protolysis constants of phthalic acid in propylene glycol and its mixtures at 25°C 

Solvent* E I PK:;,,.,, -1og.f PKL,,‘,,, PKL,uPh-) 

PrG 32.0 0.039 6.40 0.261 6.92 10.07 
PrG + l%W 32.5 0.041 5.87 0.255 6.38 10.07 
PrG + 1.5% w 32.7 0.032 5.67 0.234 6.14 10.17 
PrG + 3% W 33.4 0.020 5.55 0.189 5.93 10.00 
PrG + ST4 W 34.3 0.017 5.22 0.165 5.56 IO.16 
PrG + 12:L W 37.6 0.032 4.57 0.196 4.96 10.14 
PrG + 20%Ch 26.5 0.050 6.42 0.356 7.13 10.41 
PrG + 20% iPrOH 29.3 0.051 6.19 0.315 6.82 10.27 
PrG+20”/,A 29.7 0.058 5.61 0.321 6.25 10.61 

* Symbols as in Table 1. 

In this equation the ion-size parameter was taken as 5 
and the dielectric constant values (E) used were as indicated 
in Table 1, assuming additivity for mixed solvents. All 
measurements were carried out at T = 298 K. The results 
presented in Table 1 for each mixture are mean values 
of 2 or 3 sets of measurements. The constancy of the ED 
values within one set was not worse than +0.4mV. indi- 
cating the absence of systematic errors. The calculated 
values of pK. from different sets do not differ by more 
than 0.03 units (except in the case of propylene glycol 
+20”4, chloroform, where the scatter was 0.07). As a test 
of experimental accuracy, the autoprotolysis constant of 
ethylene glycol was determined and the value obtained, 
pK, = 15.76, compares well with that determined by Ziko- 
lov et trL3 of 15.72. 

Determination of the dissociation constam of’ phthalic twit/ 

For the determination of the acid dissociation constant 
of phthalic acid (H,Ph) the following cell was used: 

GE 11 KHPh-C,. (KCI + HCltC. SH / AgCI-Ag (6) 

Calculation of the concentrational constant was based on 
the equation 

CW’hl 
PK:;,,~P,>) = - bCSH:l + log ~ 

[HPh-] 
(7) 

The concentrations of the phthalic acid species were calcu- 
lated from the known stoichiometric amounts in the course 
of titration of hydrogen phthalate with hydrochloric acid. 
The concentration of the solvated proton (lyonium ion) 
was established on the basis of the titration curve after 
the equivalence point 

E - E,: 
-loglW;l = o.o5916 (8) 

As before, the constancy of EP was found to be satisfactory 
for each set of measurements, and the differences were of 
the same magnitude as those observed in the determination 
of the autoprotolysis constants. The values of the proto- 
lysis constants are presented in Table 2 for the same sol- 
vent mixtures as for the autoprotolysis constants. with the 
exception of the 21Yj0 water system. for which the titration 
curve was very indistinct. 

DISCCMION 

The data in Table 1 indicate that pK, for the autoproto- 
lysis constant of propylene glycol (16.99) is more than one 
log unit larger than that for ethylene glycol (pK, = 15.72). 
Addition of water shortens the acidity scale of propylene 
glycol, the effect being particularly strong for small per- 
centages of water. The effect is more pronounced for pro- 
pylene glycol than for ethylene glycol. Addition of 1% of 
water changes the pK, value of the former by 0.54, but 
that of the latter by only 0.28. This suggests that removal 
of small amounts of water is more critical for propylene 
glycol than for ethylene glycol. It is further found that 
20”” of added chloroform or propan-2-01 decreases the 
autoprotolysis constant. whereas the same amount of ace- 
tone has practically no effect. 

The acid-base properties of the solvents may be evalu- 
ated by comparison of the acidic dissociation constant of 
phthalic acid and the basic dissociation constant of the 
hydrogen phthalate ion. The latter is practically constant 
in propylene glycol-water mixtures and differs less from 
the value in aqueous solution (pK,,,,,- = 11.05) than does 
the value for ethylene glycol. This means that hydrogen 
phthalate is a stronger base in propylene glycol than in 
water, but is weaker in ethylene glycol by about 0.5 log 
unit. Hence propylene glycol is more acidic than water, 
being intermediate between water and ethylene glycol. 

Addition of to?;, of chloroform, or larger amounts of 
acetone, decreases the acidic properties of the solvent, but 
the effect of propan-2-01 is insignificant. 

The values of the protolysis constants of phthalic acid 
indicate similarities in the properties of the solvent investi- 
gated and those of ethylene glycol. demonstrating that 
both glycols may be used in the titration of weak bases. 
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THIN-LAYER CHROMATOGRAPHY OF ORGANIC SULPHATES, PHOSPHATES 

AND NITRATES 

T. OKUMURA 

Shionogi Research Laboratory, Shionogi and Co., Ltd., Sagisu 5-12-4, Fukushima-ku, Osaka. 553 Japan 

(Receiced 13 December 1977. Accepted 30 June 1978) 

Summary-Inorganic oxyanions and their corresponding organic esters, such as sulphates, phosphates 
and nitrates, have been separated by thin-layer chromatography on cellulose and silica gel plates. 

Organic compounds which exist in natural products or 
biological materials are often extracted and isolated as sul- 
phates’-* or phosphates. ‘JO Paper chromatography,“.‘” 
column chromatography,‘3 thin-layer chromatography 
(TLC)i4 and, recently, high performance liquid chroma- 
tography (HPLC)i5 of these organic esters have been 
reported. We have already reported on the paper chroma- 
tography and TLC of inorganic anions and a new fluor- 
escence-quenching detection method using the fluorescent 
aluminium-morin complex.ib 

In this paper, the TLC separation of organic sulphates, 
phosphates and nitrates is described. 

EXPERIMENTAL 

Reoyents 

Aqueous stock solutions (10 Rg/pl) were prepared of all 
species except for the steroid nitrate, which was dissolved 
in chloroform. 

Puper and thin-layer chromatoyraphj 
Stationary phase. Commercially available chromato- 

graphic papers (Toyo Roshi for PC, No. %A), precoated 
glass plates (Merck cellulose and silica gel precoated plates, 
without fluorescent indicator, for TLC) and Yamato REP- 
LATE@ silica gel/sintered glass plates were used. The 
paper and cellulose thin layers were used for the separation 
of inorganic anions, and the silica gel thin layers for 
organic-compounds and their esters. - 

Mobile phase. Five solvent systems were used: (A) 28% 
ammonia solution-acetone-n-butanol (60: 130: 30, v/v), (B) 
n-butanol-acetic acid-water (3: 1: 1, v/v), (C) benzene-ace- 
tone (9: 1, v/v), (D) chloroform-acetone (4: 1. v/v) and (E) 
benzene-ethyl acetate (4: I, v/v). The inorganic anions were 
developed with the basic solvent system (A) and the 
organic esters with the other four. 

Chromatoyraphic procedure. One ~1 of each stock solu- 
tion was applied with a microsyringe on the start points 
5 cm (paper chromatography) or 2 cm (TLC) from the 
lower edge of each support. After air-drying, papers and 
plates were developed for a distance of 20 cm (paper 
chromatography) or 10 cm (TLC) in a cylindrical or rec- 
tangular chamber with saturated atmospheres (ambient 
temperature ca. 25’. relative humidity 55-650/,). The devel- 
oped chromatograms were air-dried and, if necessary, 
heated in an electric oven at lO&llo for 3-5 min. 

PO: - 
B,O: - 
SO:- 
:;C$- 

2 : 
10g 
105 
BO:- 
SiO: - 
c10; 
BrO; 
NO; 
NO; 
c10; 
CIO; 

6 
9 

12 
14 
15 
16 
35 

i 
violet 
violet 
violet 
violet 
violet 

8 

43 
55 

i 
vellow 

60 
63 
80 

- 
vtolet 
violet 
violet 
yellow 
yellow 

Defection. The fluorescent morin-aluminium complex” *Stationary phase, Merck TLC glass plate cellulose; 
was used for detection. It was prepared by dissolving 5 mobile phase, 28% ammonia solution-acetone-n-butanol 
mg each of aluminium chloride and morin in a mixture (60: 130:30, v/v). 

nm). Darks spots of the anions and esters appeared on 
the bright greenish-yellow fluorescent background. Borate 
and silicate do not quench the fluorescence, and were 
detected by other methods.“-I9 

RESULTS AND DISCUSSION 

Separation of inorganic oxyanions 

The hRr values (i.e., 100 x RF) and quenching effects 
of these anions are shown in Table 1. Borate and tetrabor- 
ate were separable. Phosphate and sulphate gave extremely 
low hRr values, and the nitrate anion a much higher value. 

Table 2 indicates the relationships between the electronic 
charges and TLC hRr values of the oxyanions, showing 
that the hRr values become larger as the electronic charge 
of the central atom (A) or the bond length (A-O) decreases. 

Sepurution oforyanic phosphate, sulphate und nitrute esters 

Steroid esters. Cholesteryl-3-O-sulphate [mobile phases 
(B) and (C)] and dehydroisoandrosterone sulphate [mobile 
phases (B) and (D)] were chromatographed on silica gel 
sintered plates. Both moved from the start in 

0 
5 
5 

violet 

of 10 ml of 30% acetic acid, 20 ml of 98% ethanol and t Aluminum-morin fluorescent complex. 
20 ml of water. The developed chromatogram, sprayed Q Morin-oxalic acid or curcumin-oxalic acid. 
with this fluorogen, was viewed under ultraviolet light (365 $ Ammonium molybdate. 

i7l 
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Table 2. Electronic charges, bond lengths and TLC hRF 
values of inorganic oxyanions 

Electronic charge Bond len th, TLC 
Anion of centre atom* (A-O), 1* hRr value? 

c10; +0.38 1.57 35 
c10; -0.73 I .46 65 
c10; - 0.90 1.44 80 
PO; +0.85 1.54 0 
so:- +0.29 1.49 5 
NO; 1.22 60 

* L. Pauling The Naturr of the Chemical Bond, (1960. 
Cornell University Press), A = Cl. P, S and N; 0 = 
oxygen. 

t TLC conditions as in Table I. 

gel thin-layer containing soda-lime glass powder. The hR, 
values were small compared with those of the free steroids 
[cholesterol 70 in (B), 43 in (C); sulphate 54 in (B). 0 in 
(C): dehydroisoandrosterone 73 in (B), 54 in (D): sulphate 
37 in (B), 0 in (D)]. 

The steroid nitrate moved smoothly even in the neutral 
mobile phase (E). Its hRr value was slightly smaller than 
that of the steroid itself. 

These mobilities are consistent with those of the sulphate 
and nitrate anions described above. 

Suyar esters. Table 3 shows the hR, values of hexose 
phosphates and free hexose on the silica gel sintered plates 
(REPLATE) and Merck silica gel glass plates (MS). The 
hRr values on REPLATE were larger than those on MS. 

Table 5. TLC of nucleotides on PEI cellulose sintered 
sheet* 

Compound 

Adenosine-5’-monophosphate 

Adenosine-5’-diphosphate 

Adenosine-5’-triphosphate 

hRr value 

55 
AhRr 25 

30 
AhRr 23 

7 

*Impregnated with 1% PEI (mass 3 x IO44 x IO“) 
hydrochloride aqueous solution. 

t Developed with l.OM LiCI, 10 cm/60 min; detection 
at 254~nm with Al-morin. 

The difference in hR, values (AhRr, 38) between fructose 
and its 1,6-diphosphate on a REPLATE was about twice 
that (22, 14) between fructose and its l- or 6-monophos- 
phate, showing the additivity of AhRr values for mono- 
and diphosphates. 

Table 4 gives the hR, values of three kinds of hexose 
and their sulphates on a REPLATE. Additivity of AhRr 
values was observed as in the case of hexose phosphates. 

Adenosine phosphates. Table 5 describes thin-layer chro- 
matographic separation of three kinds of adenosine phos- 
phate (AMP. ADP and ATP) on polyethyleneimine (PEI) 
cellulose-polyethylene sintered sheets.*’ In this case also, 
the hR, values decreases as the number of phosphate 
groups attached to adenosine increases. As PEI cellulose 
is an anion-exchanger, sorption between the substrate (or 

Table 3. TLC of sugar phosphates on silica gel plates 

Hexose phosphate* 

Glucose 

Glucose-l-phosphate 
Glucose-&phosphate 

hRr values? 
REPLATE AhRr MS AhRr 

73 * 3 30 + 1 

50 * 2 
23 

9*2 
21 

55 f. 3 18 
IOk 1 20 

Fructose 

Fructose-l-phosphate 
Fructose-6-phosphate 
Fructose-1.6-diphosphate 

73 f 2 33 f 1 23 
51 *2 

22 

59 + 4 14 
lo* 1 
12* 1 21 

28 
35 + 3 

38 
5+2 

* Extra pure reagents, Wako Chemicals. 
t Developer n-B&H-AcOH-H,O (3: 1: 1); detection, Al-morin reagent followed 

by cont. sulphuric acid. Development 10 cm in 2.0 hr (REPLATE), 2.5 hr (Merck 
silica gel glass plate), n = 5. 

Table 4. TLC of sugar sulphates on silica gel plates 

Hexose sulphate* REPLATE 
hRr values? 

AhRF MS AhRr 

Glucose 72 27 

Glucose-6-sulphate 62 
10 

17 
10 

Glucose-l&disulphate 55 17 
10 

17 

Galactose 72 11 28 
Galactosed-sulphate 61 21 16 

12 

Galactose-1,6-disulphate 51 10 
18 

Fructose 71 32 

Fructose&sulphate 63 
8 

15 21 
11 

Fructose-1,6-disulphate 56 12 
9 

* Synthesized by the method of Soda, Nippon Kagaku Zasshi, 1940, 61, 683. 
t Conditions as in Table 3. 
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the phosphate anion) and the stationary phase (the weak 
basic 

-CH--CH- 

\&/ 

H 

is more evident than in the partition chromatography of 
the inorganic and organic anions described above. 
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ANNOTATIONS 

CONTAMINATION WITH CADMIUM 
FROM MICROPIPETTE TIPS 

S. SALMELA* and E. VUORI 

Department of Public Health Science, University of Helsinki, 
Helsinki, Finland 

(Received 8 May 1978. Accepted 11 September 1978) 

Summary-Contamination by cadmium from micropipette tips from two different manufacturers was 
tested. Tips were washed with two different acids and the washing solutions were analysed by atomic 
absorption (graphite furnace). The washed tips were controlled by analysing pure acids and were found 
decontaminated. Clear contamination was found in yellow Eppendorf pipettes, which varied according 
to the consignment. The decontamination of disposable micropipette tips is emphasized when trace 
metal contamination should be avoided. 

A literature survey indicated that there are not many 
references concerning contamination with metals 
from disposable micropipette tips. However, the 
rapidly expanding use of these tips and the sensitivity 
of modern analytical methods warrant investigation 
of the possibility of such contamination. For example, 
zinc, iron and calcium have been warned about and 
rinsing of the tips with 1M hydrochloric acid and 
water has been recommended. When determining 
micro-amounts of cadmium in dry-ashed human milk 
samples by graphite-furnace atomic-absorption spec- 
trometry, we found it impossible to obtain reproduc- 
ible signals, which varied significantly from one to 

another. The volume pipetted was 20 ~1 and a manual 
pipetting procedure was used. The pipette tips were, 
as usual, rinsed several times with the sample liquid 
before use. After some experiments we suspected con- 
tamination caused by the pipette tips. Twelve micro- 
litre pipette tips from the two manufacturers were left 
in 50ml of 2M hydrochloric acid overnight. The in- 
side of the tips was also in contact with the acid. 
Next day the tips were rinsed several times with 
demineralized water and dried at room temperature 
before use. Three successive portions of 6M hydro- 
chloric acid were introduced into the furnace with 
the same unwashed tip. The procedure was repeated 
with 2M hydrochloric acid. The acid used for soaking 
the tips was analysed three times, decontaminated tips 

being used to introduce it into the furnace. 

Apparatus 
EXPERIMENTAL 

A Perkin-Elmer Model 300 atomic-absorption 

* Present address: S.S. Department of Public Health 
Science, University of Helsinki, Haartmaninkatu 3, 
SF-00290 Helsinki 29, Finland. 

spectrometer equipped with a deuterium background- 
corrector, HGA-74 graphite cell, HGA-2100 con- 
troller unit, Servogor Model RE 511 recorder and 
cadmium hollow-cathode lamp were used. The purge 

gas used was argon. The operating parameters were 
according to the manufacturers’ manual. An Eppen- 
dorf 20+1 micropipette was used with yellow micro- 
pipette tips (for 5-100~1 pipettes, Eppendorf Gerate- 
bau Netheler + Hinz GmbH) and Finnpipette tips 
(Labsystems Oy, Finland). 

Reagents 

Hydrochloric acid (Merck “Suprapur”) solu- 
tions (2M and 6M) were made by diluting with dis- 

Fig. 1. Three 20-~1 aliquots of 6M HCl introduced into 
the graphite furnace with the same unwashed pipette tip. 
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Fig. 2. Three 204 aliquots of 2M HCl introduced into 
the graphite furnace with the same unwashed pipette tip. 

tilled and demineralized water (Santasalo Oy, Finland 
and Millipore Co., Super-Q System). 

Standard cadmium solutions were prepared from 
1000 pg/ml stock solution (Titrisol, Merck) on the 
day of use. 

Procedure 

Washing solutions and clean acids (2Oql portions) 

were pipetted manually into the graphite furnace with 
unwashed and with decontaminated pipette tips, then 
dried, ashed and atomized as usual. The argon purge 
gas was used in the continuous flow mode and ordi- 
nary graphite tubes were used. The recorder senstivity 

3 ng/ml washing solution 

Fig. 3. Three aliquots of the acid washing solution (50ml 
of 2M HCI) used for twelve micropipette tips, compared 
with a standard containing 3 ng/ml and pipetted with a 

decontaminated tip. 

was 5 mV and the chart-speed 120mm/min. The 
absorbance values are seen in the figures. 

RESULTS AND DISCUSSION 

When 204 samples of 6M hydrochloric acid were 
introduced with an unwashed Eppendorf pipette tip 
three times in succession, diminishing signals for cad- 

mium were obtained. The first sample was strongly 
contaminated with cadmium and the effect disap- 
peared in the next two. In the case of 2M hydro- 
chloric acid the effect was similar, but decontamina- 
tion of the tip took longer. The height of the peak 
depended not only on the concentration of acid used, 
but also to some extent on the time that the acid 
stayed in the tip. The solution (50ml of 2M hydro- 
chloric acid) used to wash the twelve micropipette 
tips was found to have a cadmium concentration of 
about 3ng/ml. When the washed tips were used to 
pipette pure 2M and 6M hydrochloric acid they were 
found to have been decontaminated. The whole pro- 
cedure was repeated with nitric acid (“Suprapur”, 
Merck) and similar results were obtained. Another 
consignment of Eppendorf tips was tested as above 
and again found to be contaminated with cadmium, 

but not so strongly. No contamination was found in 
Finnpipette tips. 

When micro-amounts of cadmium are to be deter- 
mined and disposable pipette tips are used, the tips 
must be decontaminated by washing with an acid 
solution, e.g., overnight with 2M hydrochloric acid. 
The cadmium contamination of the Eppendorf tips 
may be due to the yellow pigment of their casting. 
Other possible contaminants were not investigated. 
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PHOTOMETRIC DETERMINATION OF COBALT 
WITH NITROSO-R-SALT 

G. WUNSCH 

Anorganisch-chemisches Institut der Universitat. D-4400 Miinster, BRD 

(Received 22 Junr 1978. Accepted 12 Septrmhrr 1978) 

Summary-The chelate is quantitatively formed only in the pH range 6.5-7.5. Despite the large stability 
constant, a large excess of reagent is required to suppress interferences. The most suitable wavelength 
for the photometric measurement is 500 nm, where the molar absorptivity is 1.607 x IO“ I. mole-‘. 
cm-‘. The procedure given allows determination of 8 x lO~“o/, Co in a l-g sample. The standard 
deviation for cobalt is 2.1 /‘g/100 ml (f = 19). Applications to analysis of iron and steel, nickel, copper, 
ores and silicates are given. 

Among the nitrosonaphthols. which are frequently 
used for the photometric determination of cobalt, 
nitroso-R-salt has the advantage of water solubility 
and therefore simplicity of use.‘P6 It is felt, however. 
that none of the known procedures is sufficiently ver- 
satile, simple, and described in detail to fulfil the re- 

quirements of undergraduate and graduate teaching 
of analysis.3 Further, they all suffer from lack of 
thorough statistical characterization, and the wide 
variety of pH-values, wavelengths, and reagent con- 
centrations suggested in the literature suggest that it 
might be advisable to re-examine these parameters. 

The cobalt chelate of nitroso-R-salt is formed only 
above pH 334, but once formed it resists even hot 
dilute mineral acids. This allows selective destruction 
of the chelates of other metals, and thus elimination 
of many interferences. At the absorption maximum of 
the chelate the reagent blank is so high that it is 

necessary to make the measurement at a longer wave- 
length. The decrease in sensitivity is outweighed by 
the simultanous decrease in absorbance of coloured 
cations, such as those of Fe(W), Cr(III), Ni(II), see 
Fig. 1. A sufficiently large excess of reagent is impor- 
tant to suppress interferences. Reducing and oxidizing 
agents must be absent. 

EXPERIMENTAL 

Ranye of applications 

The following standard procedure cdn be applied di- 
rectly to steel and iron samples containing not less than 
0.27; cobalt and not more than 1 or 2% chromium. Other- 
wise a zinc oxide separation will be necessary. Ores, nickel 
alloys, and light metals can be analysed without special 
precautions, if they contain at least 0.05% Co. For lower 
concentrations it is necessary to use specialized matrix 
separations. 

Fig. 1. Absorption spectra: 1, reagent blank; 2, Co chelate, I ppm Co (reagent concentration only 
0.02%); 3. 1000 ppm Ni(l1); 4, 1000 ppm Cr(Il1): 5, 1000 ppm Fe(II1); No. I measured against water, 

Nos. 2-5 against reagent blank. 
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Nitroso-R-salt solution. 0.5%. Can be kept for months 
if stored in a dark bottle. 

Citrcrtr solurion, 40%. Dissolve 40 g of sodium citrate 
in water, adjust to pH 7.0, and dilute to 100 ml. 

Indicator solurion. A 0.1% solution of Bromothymol Blue 
in 50% aqueous ethanol. 

Sodium hydroxide solution. lo%. Store in a plastic drop- 
ping bottle. 

Standard cohalr solurions. (a) Dissolve 100 mg of cobalt 
metal in nitric acid, boil to expel nitrous oxides, and dilute 
to 1000 ml. (h) Dehvdrate CoS0,.7H,O at 400-500”. Dis- 
solve 263.0 ‘kg of-the anhydrous C&O4 in water and 
dilute to 1000 ml. In both cases 1 ml contains 100 fig 
of Co. For use prepare a fresh IO-pg/ml solution daily. 

Srandurd procedure 

Transfer an aliquot of the sample solution containing 
from 40 to 400 pg of cobalt to a 150-ml beaker. Add 5 
ml of citrate solution and 0.5 ml of indicator solution. 
Neutralize with sodium hydroxide until the indicator turns 
blue (pH 7.c7.3). If necessary prepare a mixture of 20 
ml of water + 5 ml citrate solution + 0.5 ml of indicator 
as a colour standard. Small amounts of a precipitate do 
not interfere. Add exactly 10 ml of nitroso-R-salt solution 
and bring the mixture just to the boil. Then add 5 ml 
of half-cont. (34%) nitric acid (measuring cylinder) and boil 
for 1 min. Erratic boiling times should be avoided. Cool 
to room temperature, transfer to a lOO-ml standard flask 
and make up to the mark with water. Prepare a reagent 
blank similarly. Measure the absorbance against the blank 
within 30 min. using l-cm cells. The most suitable wave- 
length is 500 nm, or the lines at 492 nm (Hg) or 509 nm 
(Cd) can be used. With the 546 nm (Hg) line or the Zeiss 
filter S 52, the working range is 60-600 fig of Co. By 
measurement in 5-cm cells, a concentration of about 5 
pg/lOO ml can be determined, but to obtain sufficient preci- 
sion considerable practice is required. 

To construct the calibration curve, use the standard 
solution and follow the procedure described above. 

Procedure for nickel alloys 

Down to 0.05% Co can be determined by the standard 
procedure. after dissolution of the sample in acid. If 
samples weighing more than 200 mg are required, nickel 
will interfere by consuming reagent. and also by the colour 
of the nickel ions. In this case the amount of nitroso-R-salt 
must bc doubled. In addition, the colour of the nickel ions 
must be compensated for by treating an equal amount of 
the sample solution by the standard procedure, but with 
omission of the nitroso-R-salt. The absorbance is measured 
at the wavelength to be used, against water as a blank, 
and subtracted from the cobalt absorbance. 

Procrdurr for copper alloys 

Dissolve the sample in nitric acid, add some sulphuric 
acid and heat to fumes. Then remove the bulk of the 
copper by electrolysis, less than 2 mg of copper being 
harmless. Precipitation with hydrogen sulphide may also 
be applied;* in that case wash the sulphide with H,S-water, 
boil to expel hydrogen sulphide, and then oxidize with 
nitric acid. Then apply the standard procedure. 

Procedure for silicares 

Glass. enamel, cement, etc. must be very finely ground. 
Treat the sample with hydrofluoric and sulphuric acids, 
heat to fumes, cool, take up in water, filter, and apply 
the standard procedure. 

Proccduw for steel and iron ores 

Materials containing less than 0.2% cobalt and/or more 
than 2% chromium require a hydrolytic separation.“.’ This 
will remove Fe. Cr. Ti, V, MO, W, Nb. Zr etc. Since a 

small amount of the cobalt may be co-precipitated, the 
standard addition method should be used. 

Dissolve steel samples in hydrochloric acid, then oxidize 
with nitric acid. Decompose silicate materials with hydro- 
fluoric and sulphuric acids, heat to fumes. cool and take 
up the residue with nitric acid. In both cases dilute to 
the mark in a small standard flask. Transfer aliquots of 
this solution, conveniently containing 100-500 pg of Co, 
to 150-ml beakers, and spike one or two of them with 
standard amounts of 300 or 400 pg of Co. If the solution 
is strongly acidic, neutralize with sodium hydroxide until 
the first persistent precipitate appears, then add some 
drops of hydrochloric acid to redissolve it. Heat to just 
below the boiling point and cautiously add zinc oxide until 
a small amount remains un’dissolved. Boil, cool, transfer 
to a 100-ml standard flask, and make up to the mark and 
mix thoroughly. It will often be sufficient to pipette an 
aliquot of the turbid solution after the bulk of the precipi- 
tate has settled. Alternatively, centrifuge or pour through 
a dry filter, discard the first drops of the filtrate and then 
take an aliquot for analysis. 

RESULTS AND DLSCUSSION 

Various wavelengths for the photometric measure- 
ment are recommended in the literature.’ Figure 1 
shows the optical properties of the system. The most 
suitable wavelength is 500 nm, where interference by 
the colour of nickel and chromium is minimal. The 
absorption by iron(III) and the oxidized excess of re- 
agent is very small at 500 nm. The measurement at 
the absorption maximum of the chelate is precluded 
if the reagent absorbance is too high, but decreasing 
its concentration would increase the risk of interfer- 

ence. 
The cobalt chelate is usually formed in an acetate- 

buffered medium at about pH 5,4,5,9,10 occasionally 
at pH 8.” Figure 2 shows the absorbance stability 
to be maximal at pH 6.5-7.5. Above pH 8 and below 
pH 6 the absorbance decreases sharply. The pro- 
cedure described here makes use of a concentrated 
citrate buffer with a pH of 7.0, which simultaneously 
acts as an auxiliary complexing agent. An indicator 
is sufficient to control the pH, since small deviations 
from the optimal value (kO.5 units) are without in- 
fluence on the results. 

The cobalt chelate is very stable, and under mild 
conditions the stoichiometric amount of reagent is 
sufficient for its quantitative formation.5 If, however, 
the solution is treated with nitric acid to decrease 
the blank and destroy the chelates of other metals, a 
large excess of nitroso-R-salt is necessary: see Fig. 3. 
A further increase in reagent concentration is advis- 
able, since some species, e.g., Ni(I1) and Cr(III), inter- 
fere by consuming reagent. Though their chelates are 
destroyed by nitric acid, a too small initial excess may 

not leave enough reagent for complete chelation of 
cobalt. 

Interferences 

The amount of sample used must not contain more 
than the amounts (mg) of other elements given in par- 
entheses: Al, Ca, Mg, Zn (lO(r200); Ni (50); Fe, Ti 
(20); Mn, W (10); V, MO (5); Cr, Cu (2). About 10 



ANNOTATIONS 179 

03 

E 

o2 ir"'-'\ 

I 

X 

01 

I I I I I I I 
4 6 6 IO 12 14 

PH 

Fig. 2. Optimum pH-range for formation of the Co 
chelate. 

mg of Cr(II1) is tolerable if the boiling ime is 
extended from 1 to 5 min, provided that this time 
is also used for the calibration. Iron must be in the 
tervalent state; nitric acid should be used for oxi- 
dation. The amount of citrate added may be doubled, 
if necessary, to prevent precipitation of hydroxides. 

Statistical evaluation 

Correlation analysis shows the strict linearity of 
the calibration curve (significance level P = 99.9%). 
Regression analysis of the expression y = ax + h 

yields a molar absorptivity of E = 1.607 x lo4 1. 
mole-’ .cm-’ at 500 nm, measured with a half-band- 
width of 0.36 nm, standard deviation 77 1. mole- ’ 
cm-’ (19 degrees of freedom). It is not probable that 
h # 0 (P = 95%; f= 19), i.e., the calibration graph 
passes exactly through the origin. Hence the Lam- 
bert-Beer law is strictly obeyed, and the standard 
addition method can be applied if necessary. Deter- 
minations of standard cobalt solutions, steels and 
silicates, without ZnO separation, show a standard 

I5 

XY 
x-x-x 

E IO / 
X 

051 
0 0 02 004 0.06 

% nitroso-R-salt 

Fig. 3. Amount of reagent required 

deviation of 2.1 pg/lOO ml (19 degrees of freedom), 
so the confidence interval of the mean of M = 2 runs 

is AX, = 14.3 pg/lOO ml at the 99% level. Following 
the definition by Gottschalk,” the most suitable one 
for photometry, the determination limit (not detec- 
tion limit!) is c = J2ts/JM = 8.3 pg/lOO ml (M = 2; 
P = 99.9%). The absorbance at this limit is 0.023 
in l-cm cells. With a l-g sample for each run, 
8 x 10e4% Co (8 ppm) can be determined. Applying 
the criterion given by Eckschlager,13 the permissible 
difference between the absorbances for a duplicate 
run is 0.016 (for l-cm cells), at the sufficient signifi- 
cance level of P = 95%. Any larger difference points 
to a doubtful value and demands a further run for 
decision. The analysis of steels, ores and nickel alloys, 
including the ZnO separation procedure, has an abso- 
lute standard deviation of 0.0041% Co (f= 14) in the 
range 0.025+.5% Co. The blank absorbance for 

samples without interfering constituents is 0.075, 
measured at 500 nm in l-cm cells against water; its 
standard deviation, drawn from homogeneous data, 
is 0.003 (f= 12). 
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Summary-The room-temperature phosphorescence of molecules adsorbed on cellulose and other sup- 
ports seems to have been “discovered” no less than four times. 

The current interest in analytical applications of the room 
temperature phosphorescence (RTP) of adsorbed molecules 
(principally on cellulose) is undoubtedly due to Schulman 
and Walling’s report of their work in 1972.’ Although at 
that time they could find no comparable observations in 
the literature, several did in fact exist. One of these, by 
Roth,’ has recently been acknowledged by Schulman and 
Parker.3 

The first observation of which we are aware was made 
by Millson in 1944,4 but apparently was not widely publi- 
cized before 1954.’ He observed that along with a variety 
of other fibres various cottons phosphoresced, evidently 
at room temperature, particularly when “bone dry”. We 
can confirm that the effect is readily reproduced. In view 
of the more recent work it is apparent that the phosphores- 
cence must be due to contaminants adsorbed on the cot- 
ton. Highly purified cotton does not exhibit the effect. 

The second observation was by Brown in 1958.6 He 
wrote: “When viewed on a paper chromatogram in ultra- 
violet light, 2-mercaptonaphth[2,3]iminazole shows a bril- 
liant yellow phosphorescence for several seconds after 
withdrawal of the light source. 2-Mercaptobenziminazole 
does not do this.” 

We have repeated the experiment with the naphthimina- 
zole and can confirm Brown’s observation, and that the 
phosphorescence shows a similar dependence on the ex- 
perimental conditions as in the instances reported since. 
This includes the same requirement for the presence of 
water prior to dehydration of the adsorbate if a strong 
phosphorescence is to be seen.’ It is not surprising that 
this compound was the first identified to give the effect. 
Its phosphorescence is outstandingly brilliant, and remains 
visible even after rehydration of the support. A phosphor- 
escence is also obtained with non-hydroxylic supports, e.g., 
poly(vinylpyrrolidone). 

Until very recently, Roth’s paper of 1967’ had also been 
entirely overlooked. It should be noted that he reported 
a study of the RTP of no fewer than 29 compounds on 
several supporting media. Of these compounds, 17, includ- 
ing several acyl 2_naphthylamides, I- and 2-naphthols, and 
I,lO-phenanthroline, were found to be sufficiently phos- 
phorescent on cellulose surfaces to be detectable at micro- 
gram or submicrogram levels. L-Cystinyl di-2-naphthyl- 
amide was weakly phosphorescent, and the remaining com- 
pounds, including Ghydroxyquinoline, folic acid, chrysene 
and fluorescein, were apparently non-phosphorescent. 

* Crown Copyrights reserved. 

Polysaccharide matrices were found to be necessary: 
feebler phosphorescence signals were observed when the 
samples were adsorbed on a mixed starch-silica gel layer, 
and no phosphorescence was detected when silica gel or 
alumina surfaces were used. In all cases the phosphores- 
cence could be seen over a period of several seconds after 
the removal of the exciting light source-a low-pressure 
mercury lamp. It is thus possible that other phosphores- 
cences have been overlooked because the phosphorescence 
lifetimes were very short or the wavelength of the exci- 
tation light was inappropriate. Roth2 emphasised the value 
of the technique as a simple, selective and non-destructive 
method for studying chromatograms and electrophero- 
grams. It is of interest that the use of strongly alkaline 
conditions’ was apparently unnecessary. Also, although 
the chromatograms were studied after drying, there was 
no mention of the very rigorous drying normally used. 

It is perhaps understandable that Brown’s report6 has 
until now been overlooked, as his observations were inci- 
dental to the main topic of his paper, and are not men- 
tioned in the summary or in the relevant Chemical 
Abstract.’ The content of Roth’s paper’ is, however, appar- 
ent from its title and also from the Abstract,’ and it seems 
clear that he was the first to recognize the generality of 
the effect in an analytical context. However, both Millson“ 
and Brown6 have some claim for priority as both of them 
recognized and used the effect analytically within the fields 
in which they were working. 
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COMPARAISON DE TROIS METHODES DE DOSAGE DU CUIVRE 
PAR ANALYSE STATISTIQUE 

MICHCL ARNAC et JEAN-PIERRE CHANUT 

Universitt du QuCbec g Rimouski, DCpartement d’OcCanographie. 300 avenue des Ursulines, 
Rimouski. Qubbec, Canada 

R&urn&-Trois mkthodes de dosage du cuivre. parmi les plus frbquemmcnt utilistics, ct pcrmcttant 
des dkterminations dans I’intcrvallc 05 10 /cg/l.. ont &C cornpar& par analyst statistiquc. La dCtcr- 
mination des courbes d’Ctalonnage a et6 r&alis& d I’aide de I’analyse de rbgression. ct les intcrvallcs 
de confiance ont &t& calculus. permettant dc dCduirc un indice dc prkcision pratiqucmcnt constant 
pour chacune des courbes d’&talonnage. La mkthode dc dosage par absorption atomiquc apparait 
la plus recommandable. compte-tenu du gain de temps qu’ellc procure lors d’unc etude g&5alc portant 
sur plusieurs mt‘taiix. 

La st:lection d’une mithode d’analyse adkquate permettant 
de mesurer avec une precision suffisante les teneurs de 
traces de cuivre dans des tchantillons d’eau doit egalement 
tenir compte de criteres fondamentaux tels que sensibilitk. 
sp&ificitt simpliciti d’utilisation et rapidite d’exbcution. 

Trois mkthodes de dosage du cuivre. parmi les plus 
frequemment utilisees. et permettant des d&terminations 
dans I’intervalle 0.5-10 pg/1. ont M sClectionnCes: mkthode 
M, utilisant le pouvoir complexant du diethyldithiocarba- 
mate de sodium (SDDC);’ methode M2 avec le 
2.2’-diquinolyle;’ methode M, faisant intervenir la forma- 
tion de chClate avec I’ammonium l-pyrrolidinecarbodithio- 
ate (APDC).3 Les mesures spectrophotometriques d’ab- 
sorption de la lumi&e ont it6 effectutes avec un appareil 
Unicam SP 1800. respectivement d 436 nm pour M, et 
540 nm pour M2. Les mesures d’absorption atomique ont 
et6 faites sur un appareil Perkin-Elmer. modele 306 i 325 
nm pour M,. 

Lc but de ce travail a et& de comparer les pricisions 
de ces trois mtthodes au moyen de I’analyse statistique. 

RESL LTATS ET DISCLSSION 

La dttermination des courbes d’etalonnage du cuivre 
(absorbance en fonction de la concentration) est r&alis&z 
;i partir des donnees exptrimentales $ I’aide de I’analysc 
de regression. 4.5 Huit valeurs prCd&erminkes de la concen- 
tration en cuivre (variable indipendante) sont utilisCes 
pour ivaluer les variations de I’absorbance (variable dtpen- 
dante) suivant la mithode de dosage employke. Bien quc 
deux. parfois trois lectures aient et6 effectutes sur certains 
sous-hchantillons d’un meme tchantillon. une seule valeur 
a etc retenue pour chacune des 24 (8 x 3) mesures d’absor- 
bance. 

Pour un seuil de probabilitk de 95%. l’hypothtse de I’ho- 
mogtniitb des variances rCsiduelles peut etre acceptke pour 
les trois mCthodes de dosage (test de Bartlett). Les courbes 
d’ktalonnage ainsi determinees sont linkaires dans l’inter- 
valle etudit des valeurs de concentration ttudit (test de 
linkaritt). Le calcul du coefficient de corrtlation entre la 
concentration de cuivre et I’absorbance a don& des 
valeurs hautement significatives pour chacune des trois 
mtthodes de dosage. La valeur du coefficient de rtgression 
ou de proportionnalit6 (b, exprime en unit& d’absorbance 
par pg/l.) et celle de I’ordonnte g I’origine (a, exprimt en 

unit& d’absorbance) correspondant B chaque mbthode de 
dosage sont estimtes suivant la mCthode des moindres 
car&. La precision avec laquelle ces coefficients sont 

I, I I I I I I, , 

M,-Methode I=S~ectroDhotom&~e 

M$dettde 3=Spectrophotom&rie 

par absorption otomique 

,/ .-. I 
Concentrotlon. PM 

Fig. I. Courbes d’ltalonnage du cuivre determinCes selon 
la methode des moindres car&. Les bquations des trois 
droites de regression estimies ont pour expression: (M,) 
y, = 400025 + 0,02105x; (M2) y, = -0,00094 + 
0,02309x; (Ma) y3 = 4000117 + 0,00662x. Pour plus de 
clartt, les limites de confiance ZI 95% ont tt6 trades en 
pointillts pour tous les points de la courbe M, seulement. 
Les points exp&imentaux sont rep&sent&s par des 

symboles. 
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connus est tvaluCe statistiquement a partir de la variation 
rbiduelle, c’est-i-dire de la dispersion (&cart type) des 
mesures expCrimentales d’absorbance autour de la droite 
de rCgression; les valeurs des concentrations standards sont 
admises avec une erreur nCgligeable. 

La comparaison des courbes analytiques, prises deux B 
deux. s’effectue ti l’aide du test de Sf~rdm. Les tests de 
signification appliques au parametre a montrent que les 
trois droites d’ktalonnage passent par l’origine. les limites 
de l’intervalle de confiance encadrttnt la valeur ziro 
(Tableau I). Les pentes des trois droites s’avtrent &tre signi- 
ficativement diffirentes entre elles et significativement dif- 
fkrentes de zero. Le non recouvrement des intervalles de 
confiance calculis pour les trois coefficients de rigression 
confirme ce rtsultat (Tableau 1). L’intervalle de confiance 
correspondant g chaque valeur estimee de la concentration 
(Tableau I) est represent& par un segment de droite hori- 
zontal (Fig. I). 11 est possible de dtduire un indice de prCci- 
sion pratiquement constant pour chacune des courbes 
d’ktalonnage (Tableau 1). La courbe la plus prOcise (MZ) 
etant prise comme courbe de reftrence.h l’exactitude rela- 
tive des droites de calibration est evalube en termes de 
regression. II apparait ainsi que les trois methodes sont 
sensiblement identiques du point de vue de l’exactitude 
relative. La prtsente analyse de rigression ne permet pas 
de mettre en kvidence des diff&rences importantes entre 
les mesures de concentration deduites de l’une ou l’autre 
des trois mkthodes de dosage envisagkes. 

CONCLUSION 

La sensibiliti des mkthodes M, et Mt (environ 0.20 pg/l.) 
est nettement supkrieure ~1 celle qui est obtenue avec la 
troisieme mithode (0.66 pg/l.) et se traduit par des droites 
de calibration de pentes diffkrentes (Fig. 1). Les limites de 
detection se situent dans le mCme ordre de grandeur (0.15 
pg/l.) et ne permettent pas de porter un jugement sblectif 
en faveur de l’un ou l’autre des trois modes operatoires. 
L’indice de precision deduit des limites de confiance pour 
chacune des courbes montre que la premiere methode 

d’analyse conduit i des rCsultats moins prCcis quc Its dcux 
autres. Toutefois. les trois dosages s’avtrcnt pratiqucmcnt 
Cquivalents du point de vuc de l’exactitudc relative. avcc 
des coefficients de corrtlation prochc dc I’unitC. Lcs con- 
clusions gknkrales suivantes pcuvcnt Ptrc diduitcs: 

M$r/~odr M1 (SDDC). Bonne sensibilitb; pr&sion 
mbdiocre. Son utilisation judicieuse se limiterait h la dktcr- 
mination de teneurs supkrieures ou kgales i IO /cg/l. 

MAho& M2 (-7,-l’-diyuinolylr). Tres longuc du point dc 
vue manipulation. Excellentes valeurs pour la pr&cision et 
la sensibilitk. 

McJthode M3 (ahsorprion arorniqu~~). Trts bonnc precision. 
sensibilite mediocre. L’inttrPt principal reside dans le fait 
que cette methode peut permettre le dosage de plusicurs 
m&aux h partir de la mime solution,3 en mesurant l’absor- 
bance de la phase organiquc a diverses longucurs d’onde. 
C’est cette dernitre mtthode qui semble la plus inttressantc 
et la plus recommandable. surtout compte-tenu de son 
aspect pluraliste et du gain de temps qu’ellc procure ainsi 
lors d’une etude gknkrale portant sur plusicurs metaux. 
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Summary-Three methods commonly used for copper measurements in the range 0.5-10 pg/l. were 
compared by statistical analysis of the data. Regression analysis was applied to the calibration curves. 
and confidence intervals were calculated, providing a constant index of precision. The atomic-absorption 
method seems to be-the best choice, especially because it permits much saving of time when several 
metals are to be determined in the same sample, 
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Summary-Polarography, cyclic voltammetry and controlled-potential coulometry were used to study 
N,Ndimethylformamide solutions of nitrate. Nitrate is reversibly reduced in a one-electron step to 
NO*. The diffusion coefficient of nitrate was polarographically estimated to be 4.6 x 10m6 cm’/sec. 
Polarography in dimethylformamide was found to be a convenient method of analysis for nitrate 
in a solid fertilizer. 

Since the original study by Tokuoka,,’ considerable 
interest has been shown in the polarographic reduc- 
tion of nitrate in various aqueous solutions2 Control- 
led-potential coulometry of nitrate at a mercury cath- 
ode in aqueous solution has been done by Collat and 
Lingane.3 The potential of the nitrate reduction wave 
was found to be dependent upon the cation present 
in aqueous solution. In view of the relatively high 
solubility of several nitrate salts in dimethylforma- 
mide (DMFr and their consequent potential impor- 
tance, the present electrochemical study was under- 
taken. 

EXPERIMENTAL 

Chemicals 

N,N-Dimethylformamide (Baker Analyzed Reagent) was 
stored under a dry nitrogen atmosphere and used without 
further purification. A O.lM solution of ‘*Baker”-grade 
tetrabutylammonium perchlorate (TBAP; J. T. Baker) was 
used as the supporting electrolyte. Reagent-grade silver 
nitrate was used for the reference electrode filling solution. 
Potassium nitrate (Mallinckrodt, analytical reagent grade) 
and other reagent-grade nitrate salts were used as received. 
Linde dry-grade nitrogen was used to deaerate samples 
prior to electrochemical study and to protect the solvent 
and cell solutions from the atmosphere. 

Apparatus 

A model 174a Polarographic Analyzer (Princeton 
Applied Research) was used with an Omnigraphic 2000 x-y 
recorder (douston Instrument) for voltammetry or with 
an Omniscribe strip chart recorder (Houston Instrument) 
for controlled-potential coulometry. A silver-O.OlOM silver 
nitrate reference electrode and a platinum auxiliary elec- 
trode were used. The silver nitrate reference solution was 

* Present address: Box 309, Clintondale, New York 
12515 U.S.A. 

t The uncertainties quoted are standard deviations. 

prepared daily. All reported potentials are relative to the 
silver-silver nitrate reference electrode. The working elec- 
trode was a Metrohm hanging mercury drop electrode 
(h.m.d.e.) foi cyclic voltam&ry, a dropping mercury elec- 
trode (d.m.e.) for polarography, and a mercury pool for 
controlled-potential coulometry. All polarographic current 
measurements were made at the top of the undamped 
recorder traces. 

The three-compartment, water-jacketed cell was main- 
tained at 25.0”, unless otherwise indicated, for cyclic volt- 
ammetry and polarography. The two outer compartments 
in the cell were separated from the centre compartment 
by medium-porosity glass frits. The cell used for control- 
led-potential coulometry was a WI-ml tall-form beaker 
sealed with grubber stopper containing fritted glass tubes 
for the auxiliary and reference electrodes, and a platinum 
electrode which provided electrical connection to the mer- 
cury pool working electrode. Controlled-potential coulo- 
metry was done at room temperature (24-26”). 

RESULTS AND DISCUSSION 

Preliminary polarographic studies with calcium 
nitrate, potassium nitrate and sodium nitrate revealed 
a single cathodic wave at the same potential-for each 
salt. Potassium nitrate was chosen for the remainder 
of the studies because of its higher solubility in DMF. 

Potassium nitrate in DMF had a single cathodic 
wave at a half-wave potential (E,,,) of -2.463 f 
O.OlOt V (Fig. 1) for ten solutions of various concen- 
trations between 1 and 1lmM. The location of this 
wave corresponds to the location of the previously 
unexplainable wave observed after exhaustive reduc- 
tion of the copper(I1) in copper(I1) nitrate solutions 
in DMF.’ 

The random variation in E,,2 with concentration 
is attributable to slight daily variations in the refer- 
ence electrode potential and other experimental par- 
ameters. A constant El,2 with changing concentration. 
indicates diffusion control of a reversible electron 
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Fig. 1. A polarogram of 8.4mM potassium nitrate in DMF. 

transfer.6 The temperature coefficient of the half-wave 
potential of 3.6mM nitrate, measured at 5” tempera- 
ture intervals between lo’ and 40’. was found to be 
+0.2 mV/deg. This value is within the expected range 
for a reversible electrode reaction.“’ Plots of potential 

(E) as a function of log[i/(i, - i)] were obtained for 
four samples of various concentrations. The slope of 
the resulting straight lines was -0.059 f 0.003 
V/decade. This value is identical to the theoretical 
slope for a reversible one-electron transfer. 

The diffusion current (i,,) of the polarographic wave 
increased linearly with the square root of the cor- 

rected mercury column height (h,,,,), and i,/h,‘$ de- 

creased slightly with h,,,, as expected for an electro- 
active species which obeys the IlkoviE and Koutecky 

equations. 7b This is considered to be evidence of diffu- 

sion control of the height of the polarographic wave. 
The relative temperature coefficient of the diffusion 
current measured at seven temperatures from lo” to 
40” was + l.O%/deg as compared to the theoretical 
value of about + 1.3%/deg (in aqueous solutions).” 
The closeness of the theoretical and observed tem- 
perature coefficients indicates the lack of partial or 
complete catalytic or kinetic control of the diffusion 
current, i.e., the electroreduction does not involve any 
slow chemical steps. 

Exhaustive controlled-potential coulometry of six 
potassium nitrate solutions at -2.7 V and one nitrate 
solution at -2.5 V yielded a calculated n of 1.03 f 
0.07 mole of electrons transferred for each mole of 
nitrate. Polarograms taken after each electrolysis con- 
tained no cathodic or anodic waves between 0 and 

-3 v. 
The polarographic diffusion current increased 

linearly with increasing concentration (C) from 1.4 to 
10.5mM. The slope of the id-C plot was used with 
the coulometrically and polarographically determined 
n of 1, the measured capillary characteristics, rr~~‘~t”~, 
of 1.86 mg2/3.sec- ‘I*, and the IlkoviE equation (id = 
708 ~~*%r~~~~r~~~C) to calculate a diffusion coefficient 
(D) for nitrate of 4.6 x 10m6 cm*/sec. 

Cyclic voltammograms recorded at the h.m.d.e. at 
scan-rates between 0.020 and 1 V/set contained a 
single cathodic peak at about -2.5 V. Upon scan 
reversal, a normal anodic peak was observed at about 
-2.44 V and one or more “spiked” peaks could be 
observed at potentials more positive that that for the 
normal anodic peak. As the scan-rate was increased, 
fewer spiked peaks were observed and their potentials 
became more positive until at scan-rates of 0.5 and 
1 V/set only the normal anodic peak was seen (Fig. 2). 
The cathodic peak potential remained constant with 
changing scan-rate, indicating a reversible, diffusion- 
controlled, electron transfer.6 The difference in peak 
potential between the cathodic and anodic peaks in- 
creased from the reversible, one-electron-transfer 
value* of about 0.06 V at 0.020 V/set to the less rever- 
sible value of about 0.085 V at 1 V/set. Application 
of the diagnostic criteria of Nicholson and Shain’ to 
the potassium nitrate cyclic voltammograms indicated 
a reversible electron transfer. 

The available evidence indicates the reversible, 

single-electron reduction of nitrate in DMF. Given 
the experimental conditions, it is likely that the reduc- 
tion product is an oxide. The only well-known oxides 
of nitrogen(W) are NOa and N204.” Of these two 
possibilities, NO2 is the logical reaction product since 
the electrochemical evidence indicates lack of both 
an electrochemical dimerization and an electron 
transfer followed by a chemical dimerization. Of 
course N,O,, could have been formed from a chemi- 
cal dimerization after the electron transfer if the 
chemical reaction were too slow to affect the cyclic 
vohammetry results. 

In an effort to confirm the identity of the reaction 

product, a mixture of NO2 and N204, which had been 
generated by the addition of nitric acid to copper, 
was forced through an empty trap to remove any 
liquid and into the DMF solution. Prior to addition 
of the NO*, cyclic vohammograms of the solution 
showed no peaks between -0.5 and -2.9 V. After 
addition of the NO2 (and N204), the cyclic voltam- 
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Fig. 2. Cyclic voltammograms of 1.4mM pot6hUn nitrate 

in DMF. (A) 0.05 V/set; (B) 0.1 V/set; (C) 0.5 V/set. 

mograms contained two anodic peaks at -2.44 and 
- 2.1 V, and cathodic peaks at - 2.2, - 2.5 and - 2.8 
V. The anodic peak at -2.44 V and the cathodic 
peak at -2.5 V have peak potentials corresponding 
to those observed for nitrate and consequently can 
be attributed to the oxidation of NO1 (or N204) to 
nitrate followed by the reduction of nitrate to NO,. 
This evidence strengthens the conclusion that NOz 

(or N,O,) is. the electrochemical reduction product 
of nitrate. 

When the cyclic voltammograms were recorded a 

second time in the same solution with the same mer- 
cury drop, the cathodic peaks at -2.2 and -2.8 V 
and the anodic peak at -2.7 V were observed to 
increase in height while the -2.44 V anodic peak 
and the -2.5 V cathodic peaks either remained at 
about the same height or showed a decrease in height. 
When the cyclic voltammograms were recorded a 
third time with a fresh mercury drop, the -2.2 and 
- 2.8 V anodic peaks and the - 2.7 V cathodic peak 
decreased in height. This evidence appears to indicate 
chemical reaction of the NO2 or N,O, with mercury 
from the electrode to yield a product or products with 
cathodic peaks at - 2.2 and - 2.8 V and with an ano- 
die peak at -2.7 V. The identity of this product is 
at present unknown. 

The “spiked” anodic peaks observed during cyclic 

voltammetry are probably due to the relatively slow 
chemical reaction of NOz to form a product which 

is anodically stripped from the electrode surface as 
it is formed. As the scan-rate was increased, less time 
was available for the chemical reaction to take place 
during the measurement, and. consequently fewer 
spiked peaks were observed. Those peaks that were 
observed occurred at more positive potentials in, 
order to allow enough time to elapse for the chemical 
reaction to take place. Since the reaction of NO, with 
mercury from the electrode yields a product with an 
anodic peak at about -2.7 V, it is possible that this 
product is responsible for the observed spikes. 

It is difficult to write a balanced half-reaction for 

the electrochemical reduction of nitrate without using 
water. The water content pf the DMF was found to 
be 0.02% (v/v) by Karl Fischer titrimetry. This corre- 
sponds to a solution which is about 1OmM in water. 

Since the water concentration is greater than the 
nitrate concentrations used during most of this study, 
it is reasonable to assume that water can take part 
in the half-reaction and one possibility is 

NO; + Hz0 + e- = NO2 + 20H- (1) 

It is interesting to note that although an anodic 
cyclic voltammetry peak was observed, no corre- 
sponding polarographic wave was seen after exhaus- 
tive controlled-potential coulometry of nitrate solu- 
tions. A reasonable explanation for this observation 
is the escape of the reaction products as a gas during 
the relatively long times required for each electrolysis 
(3&45min). Conditions were ideal for escape of 
gaseous products since rapid stirring and a high flow 
rate of nitrogen over the solution were maintained 

during each electrolysis. 
Polarography in DMF solution cannot be recom- 

mended as a method of analysis for nitrate dissolved 
in aqueous solution, because of the difficulty of eva- 
porating the water from the solution prior to dissolu- 
tion in DMF. Polarography in DMF, however, 
should prove to be a relatively rapid, precise and ac- 
curate method for the analysis of solid nitrate 
samples. The polarographic method of analysis is less 
complex and more rapid than most other methods 
of analysis for nitrate. “-i3 It is applicable to analysis 

of samples containing potassium nitrate, sodium 
nitrate, ammonium nitrate, calcium nitrate, and other 
DMF-soluble nitrate compounds. Since the nitrate 
wave occurs at a half-wave potential that is more 
negative than that for most other reductions, it should 
only rarely be necessary to perform a separation prior 
to the analysis. 

As a check of the utility of polarography in DMF 
as a method of analysis for a “real” sample, the nitrate 
in a solid commercial fertilizer was dissolved in O.lM 
TBAP in DMF and analysed polarographically by 
the standard addition technique. In this particular 
case the nitrate wave had a polarographic maximum 
of the first kind. The maximum did not interfere with. 
the analysis since the diffusion current could be 
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measured at a potential (about - 2.8 V) more negative 
than that for the maximum. Of four identical samples 
taken for the analysis, three yielded identical results. 
The average of the four results was 1.5% nitrate 
nitrogen as compared with the manufacturer’s analy- 
sis, as listed on the package, of 1.2% nitrate nitrogen. 

The difference between the two results could easily 
be attributable to sampling error since no special care 
was taken to ensure that the sample taken was repre- 
sentative of the several distinct types of particle found 
in the fertilizer. Although further testing of the polaro- 
graphic method for determination of nitrate is war- 
ranted, it is clear that the method has several advan- 
tages and is applicable to at least some practical ana- 
lyses. 
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Summary-A macroreticular polystyrene-based chelating resin with oxime and diethylamino functional 
groups has been synthesized. The resin is stable in acid and alkaline solutions; no decrease in nitrogen 
content or capacity for sorption of copper(H) is observed when it is exposed to 3M hydrochloric 
acid and 1M sodium hydroxide for 7 days. The resin has higher selectivity for copper(H) than for 
other metal ions tested and the time required for 50% uptake of copper(H) is 15 min. The highest 
capacity for copper(I1) is 2.0 mmole/g at pH 6.0. In a column operation, quantitative recovery of 
copper(I1) is achieved by elution with 1M hydrochloric acid, and the resin can be used repeatedly. 

Various oxime compounds, such as dimethylgly- 
oxime, benzoinoxime, and salicylaldoxime are well 
known as highly selective reagents for the detection 
and/or determination of some heavy metal ions. Sub- 
stituted 2-hydroxybenzophenone oximes, marketed by 
General Mills Inc. as extractants for copper(U) ion 
under the name of LIX reagents, have also been 
applied in hydrometallurgy’ and extraction chroma- 
tography.2*3 

Although some previously introduced chelating 
resins4-’ containing oxime groups sorb metal ions 
such as copper and nickel through the oxime groups, 
they are not extensively used in practice. In view of 
the properties of oxime groups, however, further 
search for chelating resins containing the oxime group 
seems justified. Rapid .equilibration’ is regarded as 
an important factor in the practical usefulness of a 
chelating resin, as well as selectivity and sorption 
capacity. In the present study we synthesized a new 
macroreticular resin containing the oxime group 
together with the diethylamino group, which was in- 
troduced in an attempt to increase the hydrophilic 
nature and stability of the resin. The characteristics 
of this resin in the sorption of some metal ions were 
examined. 

EXPERIMENTAL 

Synthesis of resins 

Resin II. To 50 g of macroreticular polystyrene-divinyl- 
benzene copolymer (7.5% divinylbenzene, 35100 mesh 
fraction, resin 19), 500 ml of carbon disulphide were added. 
After the mixture had been stirred for I hr, finely ground 
anhydrous aluminium chloride (129 g) was added in one 
portion. To the mixture, 83 g of chloroacetyl chloride were 
added dropwise at 30-40”. and the stirring was continued 
at 3G40” for 6 hr more. The mixture was then poured 
onto finely crushed ice to which 2 litres of IO% hydro- 
chloric acid had been added and then the solid phase was 
filtered off and washed with acetone, methanol, 10% hydro- 
chloric acid and water, successively, and dried. A pale 
yellow resin (ca. 72 g) was obtained. 

Resin III. Resin II (30 g) was added to 200 ml of ethyl 
acetate and stirred for 1 hr at room temperature, then 
43 ml of diethylamine were added and the mixture was 
heated at 50” for 6 hr with stirring. The solid phase was 
filtered off and washed with methanol, water, 1M sodium 
hydroxide, water and methanol, successively, and dried. 
A pale yellow resin (ca. 34 g) was obtained. (N, 4.2%; 
Cl : 0). 

Resin IV. Resin III (30 g) was added to a mixture of 
pyridine (180 ml), hydroxylamine hydrochloride (30 g) and 
dried ethanol (120 ml) and then the mixture was heated 
at 90” for 12 hr with stirring. The solid phase was filtered 
off and was washed with methanol, water and methanol, 
successively. and dried. A pale brown resin (ca. 30 g) was 
obtained. (N. 9.9%: Cl 2 0). 

Stability of resin IV 

Dry resin IV (0.5 g) was shaken with 30 ml of acid or 
alkaline solutions of various concentrations for 7 days, and 
then filtered and washed with water, 0.1 M sodium hydrox- 
ide and water, successively. After drying, the nitrogen con- 
tent and sorption capacity for copper(I1) were determined. 

Wuter regain 

A sample of dry resin IV was immersed in water, left 
under reduced pressure for a while, then allowed to stand 
for 24 hr. The resin was centrifuged and weighed, dried 
at loo” and then weighed again. Water regain was calcu- 
lated from the difference in weight. 

Sorption of metal ions on resin IV 

To a glass-stoppered test-tube containing 100 mg of dry 
resin, 9 ml of 0.25M hydrochloric acid-0.25M sodium acet- 
ate solutions (adjusted to pH l-7) were added. When this 
mixture had equilibrated, I ml of O.lM metal ion solution 
was added to the test-tube, then the mixture was shaken 
at room temperature. After being shaken for a definite 
time, the mixture was filtered through glass wool to separ- 
ate the resin and the amount of the metal ion remaining 
in the filtrate was determined by chelatometric titration. 

Recovery of copper(l1) ion 

Resin IV which had sorbed copper(I1) (2.0 mmole/g) was 
shaken with hydrochloric acid or nitric acid for 2 hr. After 
filtration, the amount of copper(I1) in the filtrate was deter- 
mined by chelatometric titration. In column operation, 34 
mg of copper(H) were loaded on a 0.7 x I7 cm column 
(resin IV. 2g). and then copper(I1) was eluted with lM 
hydrochloric acid at a flow-rate of 2 or 4 ml/min. 
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‘CC H,CI 
d’ 

I II 

190 ATSUSHI SUGII, NAOTAKE OGAWA and HIROAKI HASH~ZUME 

RESULTS AND DISCUSSION (vc=o) and 650 cm-’ (v(.-~,), which were observed 

Synthesis and characterization of resin 
for resin II, disappeared in the case of resin IV. In 
addition, resin IV showed an absorption band at 3400 

The resin in this study was synthesized from 35-100 
mesh styrentiivinylbenzene copolymer beads 

cm-‘, based on the OH group. This spectral change 
corresponds to the reaction scheme presented above. 

through the steps shown in Scheme 1. 

,;C-C H2 

Y ‘&2 H5 

OH ‘Cz H5 

IV 

Scheme I. 

,,C-C f-b 
N 
bH 

\ IV' , 

In a preliminary experiment, we synthesized a resin 
IV’, but this resin was unstable in acidic media and 

was not very hydrophilic. When shaken in 1M hydro- 
chloric acid for 7 days, it lost 50% of its oxime groups. 

From the nitrogen content of resin IV, it was esti- 
mated that the functional groups were introduced 
onto about 60% of the aromatic rings of the resin. 

We therefore planned the synthesis of resin IV The stability of resin IV in acid and alkaline solu- 
which has both diethylamino and oxime groups, tions is shown in Table 1. The nitrogen content and 
expecting this to increase the stability and hydrophilic the capacity for copper(I1) decreased on treatment 
nature of the resin. Figure 1 shows the infrared spec- with 3M nitric acid, whereas no significant decrease 
tra of resins I-IV. Absorption bands at 1670 cm-’ was observed in the treatment with hydrochloric acid 

4000 2000 1500 1000 600 

Wave number (cm 3 

Fig. 1. Infrared spectra of resins (in KBr disks). 1, resin I; 2, resin II; 3. resin III; 4, resin IV. 
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Table 1. Stability of resin IV 

Conditions 

Reagents Shaking time. days N, % 

Capacity 
for Cu(II), 

mmoleicl 

O.lM HCI I 9.9 2.0 
1M HCl I 9.6 2.0 
3M HCI 1 9.6 2.0 

7 8.9 1.9 
1M HNOa 7 9.2 1.9 
3M HNOB I 4.9 1.4 
1M NaOH I 9.9 2.0 

none 9.9 2.0 

and sodium hydroxide solution. Although the oxime 
group, in general, is not stable and readily hydrolysed 
by treatment with acid, it is fairly stable on this resin. 

Sorption of metal ions 

The high selectivity of resin IV toward copper(H) 
is illustrated in Fig. 2, which shows the sorption be- 
haviour of eight metal ions at different pH on resin 
IV. The function of the oxime group is clearly indi- 
cated by comparison with a control experiment under 
the same conditions with Amberlite IRA-93, which 
has only the tertiary amino group as the functional 
group, and shows no significant sorption of copper- 
(II). In addition, it is of interest that resin IV shows 
lower affinity for mercury(I1). Generally, resins con- 

taining sulphur and nitrogen atoms as ligands have 
high affinity for both mercury(I1) and copper(II) 
Chelation of the type -N-O-Me +N(C,H,),- was 
assumed to occur, on the basis of the drop in pH 

observed when resin IV was shaken with the metal 

ion solutions. 
The rate of sorption of copper(H) was determined 

by a batch operation. As shown in Fig. 3, the time 

required for 50”/, uptake of copper(I1) from 0.03M 
copper(I1) nitrate was 15 min. This fast equilibration 
rate may be related to the fairly high water regain 

(1.44 g/g). The capacity for copper(I1) was about 2.0 
mmole/g at pH 6. The presence of neutral salts such 
as sodium chloride and sodium nitrate (0.5M) did not 
affect the sorption of copper(I1). 

The break-through experiments were carried out by 
column technique. Copper(I1) solution (0.032 mg/ml) 
was allowed to pass through a column loaded with 
2 g of resin IV, at a flow-rate of 3 or 5 ml/mitt, and 
the amount of copper(I1) in the collected effluent frac- 
tions was determined spectrophotometrical1y.t’ As 
shown in Fig. 4, the break-through curve for copper 
(II) shows that about 140 bed-volumes of feed solu- 
tion can be passed through at a flow-rate of 3 ml/min 
without leakage of copper(I1) into the effluent, and 
increase in the flow-rate causes a remarkable decrease 
in the efficiency of collection of copper(I1). 

Recovery of copper 

Experiments on recovery of copper(I1) from resin 
IV were carried out by batch operation, and the 
results shown in Table 2 indicate that copper(I1) can 
be recovered with hydrochloric or nitric acid of con- 
centration higher than O.lM. In column operation, 
copper(I1) was found to be completely eluted with less 
than 5 bed-volumes of 1 M hydrochloric acid, and the 
elution curve was completely symmetrical. The results 

2 3 4 5 6 

PH 

Fig. 2. Effect of pH on the sorption of metal ions. Shaking time 24 hr. 
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2 6 12 18 24 

Shaking time (hr) 

Fig. 3. Effect of shaking time on the sorption of Cu(I1) at pH 6.0. 

100 200 

Effluent volume/Bed volume 

Fig. 4. Break-through curves for Cu(l1). Column 1.0 x 9 cm; flow-rate (A) 5 ml/min, (B) 3 ml/mint 
feed 32 ppm Cu(II); pH 6.0. 

Table 2. Recovery of Cu(l1) by batch operation REFERENCES 

Acid. M Recovery. “,, 1. 
2. 
3. 

D. S. Flett, Chem. Ind. (London), 1977, 706. 
A. W. Ashbrook, J. Chromutog, 1975, 105, 141. 
M. Hemmes and J. R. Parrish, Ana/. Chim. Acta. 1977. 
94, 307. 
J. Stamberg, J. Seidl and J. Rahm, J. Polymer Sci., 
1958, 31, 15. 
J. B. Andelman, G. K. Hoeschele and H. P. Gregor, 
J. Ph.vs. Chem.. 1959, 63, 206. 
G. Manecke and J. DanhPuser, Makrornol. Chem.. 1962. 
56, 208. 
F. Vernon and H. Eccles, Anal. Chim. Acta, 1975, 77, 
145. 

HCI 0.01 18 
0.1 93 
1.0 96 
3.0 100 

HN03 0.01 15 
0.1 88 
1.0 96 
3.0 99 

presented above suggest that resin IV can be applied 
to the concentration and separation of copper(H) 
effectively and repeatedly. 

4. 

’ 6. 

7. 

8. 
9. 

10. 
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H. Tanaka. Kyoto University, for helpful suggestions and S. Siggia, Anal. Chem., 1974. 46, 774. 
discussions. Thanks are also due to Miss N. Oshikawa 12. Y. Horiuchi and H. Nishida, Buns& Kagaku, 1969, 
for her technical assistance. 18, 694. 
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A. Sugii and N. Ogawa, Chem. Pharm. Bull. (Tokyo). 
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Summary-The behaviour of the dropping lead amalgam electrode has been studied. Calculated and 
experimental current-voltage curves have been compared and an explanation has been given for the 
observed differences. Selective determination of metal ions appears to be possible in the presence 
of saturated chloride, 1M bromide and lo-‘A4 iodide by means of amperometric complex-formation 
titrations using normal pulse polarography with the dropping lead amalgam electrode. 

In a previous paper,’ amperometric complex-forma- 

tion titrations of metal ions with end-point indication 
by means of a dropping bismuth amalgam electrode 
have been discussed. The bismuth amalgam electrode 
offers the advantage that the interference from halides 
in acid medium is much less than it is with dropping 
or rotating mercury electrodes (DME and RME). 

It was felt that the use of other amalgams in place 

of mercury might further decrease the interference by 

chloride and bromide and might also make it possible 
to carry out titrations in iodide medium. According 
to the criteria which have been mentioned pre- 
viously,’ lead amalgam and cadmium amalgam 
would be worth considering: lead was preferred 
because it is somewhat less electronegative than cad- 

mium. 
It has been found that when a dropping lead amal- 

gam electrode is used for end-point detection, the in- 
terference from chloride and bromide is almost com- 
pletely eliminated, and even in iodide medium titra- 
tions appear to be possible. 

THEORETICAL 

Theoretical current-voltage relationships will be 

derived for the anodic dissolution of lead from a 
dropping lead amalgam electrode in the presence of 
(i) chloride, (ii) bromide, (iii) iodide and (io) EDTA 
in order to investigate the applicability of this elec- 
trode in complexometric titrations. The derivations 
are similar to those for the dropping bismuth amal- 
gam electrode.’ It is assumed that all equilibria are 
established rapidly in all cases and that the Nernst 
equation is obeyed. The activities in the solution are 
considered to be equal to the concentrations. A com- 
parison will be made with the experimental data. 

(i) Chloride medium 
If lead-chloride complexes are formed, the reaction 

at the electrode surface is: 

Pb + &I- * PbCL-” + 2e- 

The current-voltage relationship can be given by: 

E = E;,,z ‘.Pb, - 
0.059 
2 loi% ZPhlCl!,,.,r 

(1) 

where k is the polarographic proportionality constant. 

The formation of insoluble PbCl, does not occur 

under the experimental conditions. 

(ii) Bromide medium 

In this case Cl has to be replaced by Br in equation 

(1). 

(iii) Iodide medium 

Two cases have to be taken into consideration: the 
formation of lead-iodide complexes, which leads to 
an equation similar to equation (1); the formation 
of insoluble lead iodide. In the latter case the current- 
voltage curve can be given by: 

E = EqphJ.,pb) + 

(2) 

(iv) The equation for the potential of the electrode 
in the case of lead-EDTA complex-formation is given 
by: 

0.059 
E = E;Ph’.,Ph, - ~ 2 log KPbl-IIT. 

0.059 
~ log % IX&(H) + 

0.059 

+ 2 

0.05Q -- 
2 

log i:” - i 

k 
(3) 

Pb 
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Fig. 1. Current-voltage curves for (a) chloride media and (b) bromide media calculated 
to equations (1) and (3). 

Equation (3) is independent of the side-reactions of 
lead(U) with chloride, bromide, iodide and hydroxide 
ions*. 

The following constants taken from the literature 
have been used in calculating the current-voltage 
curves; E”,pb2+,pbb = -0.367 V us. SCE,’ logK,p,htz 
= -8.01,3 log KPhEDTA = 18.0.4 For Pb2+ + nCl- 

+ PnCli-“, log/l, = 0.90; log/?, = 1.36; log/?, = 
l.45;3 For Pb2+ + nBr- + PbBri-“, log/?, = 1.11; 
log& = 1.43; log/?, = 2.18;3 For Pb*+ + nl- + 
PbI;-“, log /lt = 1.26; log p2 = 2.80; log/Y, = 3.42; 
logfl, = 3.92.3 At pH 5 logc+nTAtHj is 6.6.4 The 

remaining values have been determined experi- 
mentally: 1:” = 6 PA for 1.24 x 10m3M lead in the 
amalgam, hence k,, = 5 x lo3 PA .I .mole- ’ ; iiDTA 
= 0.5 PA for 10W4h4 EDTA, hence k,,,, = 5 x 
lo3 ~A.l.mole-‘. It is supposed that k,,,” has the 
same value as k,,,,. 

amount of lead was dissolved in a known amount of mer- 
cury under nitrogen. The concentration of lead in the 
amalgam was 1.24 x 10e3M. The amalgam was stored 
under nitrogen. 

The apparatus, including the titration cell, was the same 
as that used for the studies of bismuth amalgam but with 
the coulometer and the platinum electrode left out. All 
experiments were performed with a PAR model 174 
polarographic analyser in the normal pulse mode if not 
stated otherwise. All potentials were referred to the SCE. 
During the measurements of the current-voltage curves, 
the ionic strength was kept constant; a value of 4.5 PA 
was observed for the limiting anodic current for the lead 
and this was used in calculating the theoretical curves. 

Reagents and procedure were the same as given before.’ 

RESULTS AND DISCUSSION 

Figure 1 shows some current-voltage curves for 
chloride medium (Fig. la) and bromide medium 
(Fig. lb), calculated on the basis of equations (1) and 

(3). 
Figure 2 gives some current-voltage curves calcu- 

lated for iodide by means of equations (l), (2) and 

(3). In the absence of EDTA the formation of PbIi-” 
complexes predominates at lower iodide concen- 
trations whereas at higher concentrations the in- 
soluble Pb12 is formed. 

Figure 3 shows a comparison of the experimental 
current-voltage curves with the theoretical ones cal- 
culated from equation (1) for chloride (Fig. 3a), bro- 
mide (Fig. 3b) and according to equations (1) and/or 
(2) for iodide (Fig. 3~). There is fairly good agreement 
between the theoretical and the experimental curves 
in the case of chloride and bromide, but the agree- 
ment is somewhat poorer for O.OlM and O.lM iodide. 
Also from Fig. 3 it can be seen that the experimental 
curves occur at more negative potentials than the cal- 

EXPERIMENTAL CA 
t 

The amalgam for the dropping amalgam electrode was 
prepared by dissolving metallic lead in mercury. The 
metallic lead was rinsed with acetone and distilled water 
and kept in IM perchloric acid5 in order to remove lead 
oxides. Even after I hr no hydrogen evolution was 
observed, which might be explained by overvoltage of 
hydrogen on lead.6 After heating, hydrogen was evolved, 
indicating that the lead oxides had been removed. After 
being rinsed with distilled water and dried, a known 

* This was incorrectly represented in equation (9) in our 
previous paper.’ This implies that the two BiEDTA waves 
in Fig. 2 of that paper are to be located at a half-wave 
potential of -0.35 V and the three BiEDTA waves in Fig. 
3 at a half-wave ootential of -0.21 V. 

/ 
-0.60 -0.50 -0.40 E vs.SCE 

Fig. 2. Current-voltage curves for iodide media calculated 
according to equations (1) (2) and (3). 
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-0.50 -0.40 - 0.50 -0.40 -0.50 -0.40 

E vs.SCE 

Fig. 3. Current-voltage curves for (a) chloride media and (b) bromide media calculated according 
to equation (I), and (c) for iodide media calculated according to equations (I) and (2) (--). Corre- 

sponding experimental current-voltage curves (---). 

culated ones, whereas in the case of the bismuth amal- 
gam electrode the experimental curves occur at more 
positive potentials than the theoretical ones. 

In order to explain this difference, literature values 
of the stability constants for the lead-halide com- 
plexes have been compared. The values for the bro- 
mide and iodide complexes given by Bond and 
Hefter,’ determined at a DME, are larger than those 
commonly quoted in the literature. The authors attri- 
bute this difference to adsorption of lead-halide com- 
plexes on the mercury. In our case we used the lead 
amalgam electrode in halide medium, for which the 
conditions are different. We therefore decided to 
study adsorption of halide ions on the lead amalgam 
electrode and the consequences of adsorption on the 
anodic oxidation of the lead from the amalgam. To 
detect any difference between adsorption of halide 
ions at a DME and at a dropping lead amalgam elec- 
trode, several electrocapillary curves were determined 
in different media. A downward shift on the positive 
side of the electrocapillary curve, which leads to a 
shift of the potential value of the maximum, forms 
an indication of a specific adsorption. The capillary 
curves in Fig. 4a,b were determined with different 
capillaries. Therefore a small difference in the height 
of the curves could be observed. However, the max- 

ima occur at the same potential, indicating that there 
seems to be no difference in the adsorption of halide 

ions on mercury and on lead amalgam. A difference 
can be seen on the positive side of the maximum of 
the curve, which can be attributed to the oxidation 
of lead. These lead(II) ions will react with the halide 
ions. This process might influence the slope of the 
electrocapillary curve. 

Sluyters-Rehbach er aLa have studied the in- 
fluence of adsorption of electroactive species on the 
half-wave potential as well as on the slope of the 
reversible d.c. polarogram. A similar treatment can 
be given for the dropping lead amalgam electrode. 

Consider the following reversible electrode reaction: 

Pb(Hg) + nX- ti PbX,2-” + 2e- 

where X is a halide ion. 
As we are mainly interested in concentrations of 

halide much larger than the concentration of lead in 
the amalgam, it is supposed that cx = c;, where 
c = surface concentration and c* = bulk concen- 
tration; I$,,~, = 0. 
Then 

‘I,.h(X) = 1 + p1 c; + p2 c;: + 83 c’x” (4) 

From arhlx) and E” = - 0.367 V (Pb’ ’ + 2e- * Pb) 
is possible to calculate the conditional potential 
(PbX,2-” + 2e- z$ Pb + nX_). For a steady state 
the electrode surface the current can be given by: 

i = HFA e%(c*p, - &J 
(‘Ph 

D 
= r1F.A Tphy”&,x, + IIF fPhX, dA/dt 

(‘PhX. 
(5) 

which I-,,,,x,8 = moles of PbX, adsorbed per unit 
of surface area. 

It is supposed that I‘,,,,,, does not depend on time. 
The thickness of the diffusion layer for the different 
species will be given by ii = ($ztDi)'!*, where D is 
the diffusion coefficient. 

For incomplete electrode coverage it is useful to 

express rPhX,, as 

I- I’hX., = 0/~~~;~, (I) = degree ofelectrode coverage) (6) 

From equations (51, (6) and the Nernst equation. it 
follows that: 

E = E’ - ‘:o;i910gi_ ,,F;; - ’ --. 
~‘ZnWldt) 

(7) 

From this equation it can be seen that the half-wave 
potential shifts towards negative potentials. The term 
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S 
Pb (Hg) electrode Hg electrode 

s 
a - 

I J I I 4 

0 -0.2 - 0.4 -0.6 -0.8 -1.0 0 -0.2 -0.4 -0.6 -0.8 -1.0 
E vs.SCE E vs.SCE 

Fig. 4. Electrocapillary curves at (a) a dropping lead amalgam electrode, both in different media and 
(b) a DME. 

nFO&~_ dA/dt in equation (7) causes a deviation 
from linearity in the plot of log &-i/i us. E. 

In order to check this effect, anodic-sampled d.c. 
polarograms with the dropping lead amalgam elec- 

trode (drop-time 2 set) in chloride, bromide and 
iodide media were recorded. For chloride solutions 

(10v3-4M) the logarithmic plots were linear and the 
slope was about 30 mV in nearly all cases. The plots 
for bromide and iodide solutions are slightly curved 

(Fig. 5a,b) from which it can be concluded that 
adsorption increases with increasing halide ion con- 
centration and that the extent of adsorption is larger 
for iodide than for bromide. At iodide concentrations 
larger than 5 x 10m31M a peak appears on the steep 
part of the current-sampled d.c. polarogram near the 
half-wave potential and therefore also in the logarith- 
mic curve (Fig. 5b). Information about this peak was 

29mV 

obtained by recording current-time curves with a 
slowly dropping lead amalgam electrode (drop-time 
about 8 set) at fixed potentials. The resulting curves 
indicate that strong adsorption takes place at the 

peak potential. 
In conclusion it can be said that the shift of the 

experimental curves to negative potentials as com- 
pared with the theoretical ones is caused by strong 
adsorption of lead ions formed by oxidation from the 
lead amalgam electrode in the presence of bromide 

and iodide. 

Titrations 

In order to investigate the applicability of the lead 
amalgam electrode as an end-point detector in amper- 
ometric complex-formation titrations, current-sam- 
pled d.c. polarograms with a dropping lead amalgam 

Fig. 5. A plot of log(i,-i)/i vs. E in (a) bromide media and (b) iodide media. The O.lM bromide curve 
has been shifted 12.5 mV in the negative direction for representational clarity. 

2L5mV 
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Table I. Determinations of metal ions in the presence of halide ions in 0.07M acetate buffer at pH 4.8 

Indicator 
electrode 
potential, Cont. of 

Titrant Procedure* . E vs. SCE, V other ions 

EDTA D - 0.50 0.6M KCI 
EDTA D -0.50 1M KCI 
EDTA D -0.51 1M KCI 
EDTA D -0.52 OSM KBr”S” 
EDTA D -0.54 IM KBr”S” 
EDTA D - 0.48 10-3M KI 
EDTA D - 0.50 lo-‘M KI 
EDTA D - 0.54 1 M KBr”S” 
EDTA D - 0.50 1M KCI 
Th(IV) B -0.52 4M NaCl‘S” 
Th(IV) B - 0.49 5.10-3M KI 
Th(IV) B -0.53 4M NaCl‘Y 

* D = direct titration; B = back-titration. 
t “S” means Suprapure 

Relative 
Species titrated, std.devn., y0 

W/l0 ml Error, (no. of 
taken found % detns.) 

9.82 Zn(II) 16.1 + 2.9 4.1 (4) 
9.82 Zn(II) 10.2 + 3.9 6.0 (4) 
4.91 Zn(lI) 4.79 -2.4 6.3 (4) 
9.82 Zn(II) 9.75 -0.7 3.1 (4) 
9.82 Zn(II) 9.71 -1.1 5.9 (4) 
9.82 Zn(l1) 9.69 - 1.3 1.0 (4) 
9.82 Zn(I1) 9.78 -0.4 1.8 (4) 
6.70 vo*+ 6.83 + 1.9 4.4 (4) 
5.00 vo* + 5.00 - 6.7 (4) 
7.00 Ga(II1) 5.89 - 15.9 4.7 (4) 
7.00 Ga(III) 6.99 -0.1 I.9 (4) 
3.50 Ga(III) 2.93 . - 16.3 4.5 (3) 

Table 2. Critical values for halide ions at pH 5 in the anodic amperometric complex-forma- 
tion titrations with EDTA 

cl- 
Br- 
I- 
ref. 

Rotating mercury 
electrode 

lo-"M 
lo-'M 

impossible 
(10) 

Dropping bismuth 
amalgam electrode 

5 x lo-’ - IO-‘M 
lo-'M 

impossible 
(1) 

Dropping lead 
amalgam electrode 

-4M (saturated) 
1M 

lo-'M 
this work 

Fig. 6. Current-sampled dc. polarogram in 1M KCI/pH-5 
acetate buffer in the presence (-) and absence (---) 

of EDTA. 

electrode in acetate medium at pH 5 were recorded 
in the presence and absence of EDTA in solutions 
containing halide ions. Figure 6 shows such a polaro- 
gram in 1M chloride medium. A linear relationship 
was obtained between the height of the anodic ligand 
wave and the concentration of the ligand as long as 

the ratio of the concentration of the free ligand to 
the concentration of lead in the amalgam did not 
exceed a value of about 0.7. Care was taken not to 
exceed this value during the present investigation. 

Despite the precautions taken to avoid spon- 
taneous oxidation of the lead in the amalgam, the 
concentration of lead did decrease slowly. After a long 
period of time a thin black film was observed on the 
surface of the amalgam in the reservoir. This film is 

a mixture of mercury oxide and lead oxide, caused 
by oxidation by traces of oxygen. 

The applicability of the lead amalgam electrode in 
halide ion medium is summarized in Table 1. ,The 
applicability is restricted to metal ions that have a 
half-wave potential more negative than that of lead 
or are electroinactive in that potential range. Other- 
wise cathodic waves can interfere with the anodic 
wave used for indication of the end-point. 

Titrations in the 10e5M range have to be carried 
out at pH values not much lower than 5 because 
of the value of the stability constant of the PbEDTA 
chelate. Therefore the determination of such elements 

as Ga(II1) has to be performed by means of a back- 
tritration to avoid hydrolysis. In this case EDTA is 
added in excess to the solution of the metal ion at 
low pH, after which the pH is adjusted with the buffer 
solution to pH 4.8. 

The limit of determination, compared with that 
with the bismuth amalgam electrode, seems to be 
affected unfavourably by the strong adsorption of 
halides at the lead amalgam electrode. 

Table 2 shows a survey of the interferences by 
halide ions at pH 5 for anodic amperometric com- 
plex-formation titrations at the rotating mercury elec- 
trode, the dropping bismuth amalgam electrode and 
lead amalgam electrode. The interferences from halide 
ions decrease markedly in this order. 

Ackncwledgemenr-The authors wish to thank Mr. P. J.’ 
de Goede for his careful experimental work. 
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Summary-The extraction of noble metals with n-octylaniline at varying concentrations of different 
mineral acids was studied, and optimum conditions for their separation from the base metals commonly 
present in platinum-bearing materials were established. The successful application of the procedure 
to the analysis of mattes, sludges, and flotation concentrates is shown. The lower limit of determination 
in such materials is 100 ppm for Pt and Ir, 40 ppm for Ru, and 10 ppm for Pd and Rh. 

The separation of Pt, Pd, Ir, Rh, and Ru as a group 
from Cu, Ni, Fe, and Co by extraction with n-octyl- 
aniline from 3M hydrochloric acid has been described 
by Vasilyeva et al.’ After their extraction, the noble 
metals are determined by atomic-absorption spectro- 
photometry (AAS) either in the organic phase or, after 
destruction of the extractant and fusion with sodium 
peroxide, in aqueous solution in the presence of lan- 
thanum as releasing agent. Variations in sensitivity 
led the Russian authors to propose the determination 
of some of the elements in the organic phase and 
of others in aqueous solution. 

Because the determination of small amounts of 
noble metals in materials containing large amounts 
of base metals is difficult, it was decided in the present 
work to evaluate the effectiveness of n-octylaniline as 
an extractant for the noble metals from a variety of 
platinum-bearing materials and process solutions. 
Special emphasis was placed on aspects of the extrac- 
tion not covered by the Russian authors, namely the 
preparation of n-octylanihne, the amounts of aqueous 
and organic phase used, and the determination of dis- 
tribution coefficients for base metals other than Cu, 
Co, Ni, Fe, and Zn. In addition, the extraction of 
the noble metals into n-octylaniline from mineral 
acids other than hydrochloric acid was investigated 
with a view to possible back-extraction of these 
metals from the organic phase so that the noble- 
metal mixtures could be analysed by AAS in aqueous 
solution. 

EXPERIMENTAL 

Apparatus 

Varian Techtron models AA5 and AA6 atomic-absorp- 
tion spectrophotometers and Varian Techtron hollow- 
cathode lamps were used. 

Reagents 

The noble metals, in the form of sponge or wire and 
having a certified purity of 99.95%, were obtained from 
Engelhard Industries, or Johnson Matthey Ltd. The prep- 

aration of standard solutions of Au, Pt. and Pd has been 
described elsewhere.’ Rh, Ru, and Ir solutions were pre- 
pared by dissolution of the metals in sealed tubes by 
chlorination.’ 

Vasilyeva et al. gave no description of how the reagent 
was prepared, and, since it was not commercially available. 
n-octylaniline was initially prepared in this laboratory 
from octylbe-nzene by a procedure analogous to that for 
the preparation of aniline.4 However, because of the dif- 
ficulties encountered with emulsion formation, n-octyl- 
aniline was subsequently prepared from n-octanol and ani- 
line in the presence of zinc chloride at an elevated tem- 
perature.5 

Preparation of n-octylaniline 

The method of preparation of n-octylaniline would 
appear to have some significance in the behaviour of this 
reagent when used for noble metal separations, particularly 
with respect to the formation of emulsions, which prevent 
quantitative separation of the organic phase. The prep- 
aration based on reaction of benzene chloride with caprylic 
acid in the presence of ammonia to give an ammonium 
carbonyl which is then reduced by zinc metal in hydro- 
chloric acid medium to a reduction product which is then 
extracted with methylene chloride from alkaline medium, 
gives a product, obtained after distillation under vacuum, 
which is also prone to form emulsions. This product is 
essentially a para-substituted compound with only traces 
of the ortho-compound present. 

The n-octanol (210 g), aniline (433 g) and anhydrous 
zinc chloride (317 g) were placed in a reaction vessel fitted 
with a reflex condenser, a thermometer, and a Dean and 
Stark water-separating device. An inert atmosphere was 
maintained by passage of nitrogen over the reaction mix- 
ture during heating at a temperature of 255” for 21 h. 
The reaction mixture was then cooled and treated with 
dilute sulphuric acid (120 g/l.). The vessel containing the 
slurry was placed in crushed ice, and ammonia was added 
until the solution was neutral. The yellow oil formed was 
separated by means of a separating funnel, and the 
aqueous phase was extracted once with ether to increase 
the yield of octylaniline. The oil and the ether extract were 
combined, and sodium hydroxide pellets were added to 
remove emulsified water. The mixture was then decanted 
and the ether evaporated. A yield of more than 70% of 
the theoretical yield of n-octylaniline was obtained. If 
desired, the n-octylaniline was purified by distillation 
under vacuum (0.08 mmHg) at a temperature of 101”. The 
distilled product had a refractive index of ny5 = 1.51~. 

The resulting product had a b.p. of 302” and an f.p. of 
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ll”, and the formation of emulsions was minimal. Depend- 
ing on the impurities present, the colour of the reagent 
varied from light yellow to yellow-red. Purification of the 
reagent by vacuum distillation showed no advantage with 
respect to the extraction of the noble metals, and the 
organic phase had a tendency to solidify after extraction, 
depending on the room temperature. This was not 
observed in the presence of small amounts of impurities. 
However, n-odylaniline is soluble in most solvents; unless 
otherwise stated, di-isobutyl ketone (DIBK) was used as 
the diluent. 

Extraction of noble metals 

Process solutions containing the noble metals require 
adjustment of the hydrochloric acid concentration to 3M. 

Solid samples were fused with sodium peroxide fusion 
and the cooled melts were leached with hydrochloric acid. 
The solutions were evaporated to moist dryness, and the 
residues treated with concentrated hydrochloric acid. If 
present in large amounts, silica was removed by dehyd- 
ration and filtration, and the solution was again evapor- 
ated. The residue was dissolved in 3M hydrochloric acid, 
and the noble metals were extracted with a 1M solution 
of n-octylaniline (aqueous/organic phase ratio = 5) by 
shaking for 10 min. The extraction was repeated with fresh 
n-octylaniline solution, and the organic phases were com- 
bined. The organic solution was diluted with 5 times its 
volume of DIBK and mixed. The noble metals were back- 
extracted with two 5-ml portions of 7M perchloric acid, 
being shaken for 10 min for each extraction. The aqueous 
perchloric acid phases were combined, uranium solution 
(1%) was added as releasing agent, and the noble metals 
were measured against a similar set of standard solutions 
by flame AAS. The instrumental parameters are given in 
Table 1. 

Most of the investigational work was done with the air- 
acetylene flame and a Techtron IO-cm grooved burner. 
Maximum sensitivity for platinum, palladium and gold was 
observed when a lean flame was used. Rhodium required 
a normal flame, and ruthenium a rich flame. 

RESULTS AND DISCUSSION 

In agreement with the results obtained by Vasilyeva 
et al.,’ it was found that when lO-ml portions of 3M 
hydrochloric acid containing all the noble metals 

were shaken with 2-ml portions of 1M n-octylaniline 
in DIBK, Ru, Pt, Ir and Au were quantitatively 
extracted in 10-15 min. Rh and Pd, although more 
than 90% extracted in 10 min, require 2 hr shaking 
for practically quantitative removal. With aqueous/ 
organic phase ratios from 1 to 20, Ru, Pt, Ir, and 
Au were extracted quantitatively. The extraction of 
Rh decreased slightly at a phase ratio greater than 
1, but then remained constant. The extraction of Pd, 
however, decreased rapidly when the phase ratio was 
greater than 5. 

Eflect of the concentration of n-octylaniline 

Vasilyeva et al. used 2M n-octylaniline solution for 
the extraction of the noble metals,’ but this was found 
to be rather viscous and therefore inconvenient to 
handle. Concentrations of n-octylaniline in DIBK 
from 0.1 to 2M gave quantitative extraction of Au, 
Ir, Pt, and Ru, and the maximum extraction of Pd 
(92%) was obtained at an n-octylaniline concentration 
2 1M. The extraction of Rh (90%) increased slightly 
with increasing concentration of the reagent but did 
not become quantitative even at a concentration of 
2M n-octylaniline. It was therefore decided that 1M 

solutions of n-octylaniline and an aqueous/organic 
phase ratio of 5 should be used in all the experimental 
work, and that two extraction stages with a shaking 
time of 10 min each should be adopted.4 This gave 
quantitative extraction of Pt, Ir, Ru and Au, and 
almost complete extraction of Rh. Vasilyeva et al., 

using a phase ratio of 10, obtained satisfactory extrac- 
tion only for Ir, Pt and Rh. 

Effect of concentration of different mineral acids 

The effect of sulphuric, hydrochloric, nitric, and 
perchloric acid of varying concentrations on the 
extraction of the noble metals was investigated. The 
mixed noble metals in their chloride form were dis- 
solved in the acids, and lo-ml portions were shaken 
for 10 min with 2-ml portions of 1M n-octylaniline 
in DIBK. After the phases had separated, the concen- 
tration of the noble metals in the aqueous phase was 
determined. The results are shown in Figs. l-4. 

From sulphuric acid medium Pd and Au were well 
extracted over the total range tested, the extraction 
of Pt, Ru, and Ir decreased with increasing acid con- 
centration, and Rh was poorly extracted over the 
whole range. 

From hydrochloric acid Pt, Ir, and Au were 
extracted quantitatively over the whole concentration 

range tested, Ru was extracted quantitatively at acid 
concentrations from 2 to 9M, and the extraction of 
Pd decreased rapidly with increasing hydrochloric 
acid concentration, whereas that of Rh increased 
slightly up to an acidity of 8M and then slowly de- 
creased. In agreement with Vasilyeva et al.,’ a hydro- 
chloric acid concentration of 3M was chosen for the 
extraction of all the noble metals, which represents 
a comprise between the concentration giving the 
maximum extraction of Pd and that giving the maxi- 
mum extraction of Rh. 

Table 1. Instrumental parameters for the Techtron AAS Spectrophotometer 

Parameter Pt Pd Rh Ru Au 

Wavelength, nm* 265.9 244.8 343.5 349.9 242.8 
Spectral band-width, nm 0.17 0.17 0.17 0.33 0.33 
Lamp current, mA 10 7 5 10 4 
Flow-rate, I./min 1.75 1.75 2.25 3 1.75 

* The most sensitive lines tiere used. 
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Fig. 1. Effect of hydrochloric acid concentration. 

From nitric acid Pd and Au were well extracted 
over the whole range. The extraction of Pt and Ir 
decreased with increasing nitric acid concentration, 
whilst the extraction of Rh and Ru remained low over 
the whole concentration range tested. 

All the platinum-group metals showed decreasing 
extraction with increasing concentrations of per- 

chloric acid and were not extracted at all at perchloric 
acid concentrations greater than IM. Au was well 
extracted over the whole concentration range tested, 
with a slight decrease at acid concentrations greater 
than 6M. 

Back-extraction and determination of the noble metals 

From the extraction data for the different mineral. 
acid media it was clear that, with the exception of 
Au, all the noble metals could be stripped with per- 
chloric acid at concentrations greater than 7M. 

It was found experimentally that the back-extrac- 
tion was quantitative when the organic phase contain- 
ing the noble metals was diluted five times with 
DIBK. Initially, a single 10ml portion of 7M per- 
chloric acid was used, but because of the solubility 
of this medium in DIBK leading to low recoveries 
of the aqueous phase, two extractions with Sml of 
7M acid and a shaking time of 10 minutes were used 
to increase the recovery of the precious metals from 
the organic phase. Uranium was added as releasing 
agent, combined to the aqueous phases, and the solu- 
tion was diluted to volume with water for measure- 
ment of the noble metals by AAS. 

That DIBK was the most suitable of the diluents 
tested is shown in Table 2. Chloroform, benzene and 
petroleum ether gave quantitative extraction, but 
stripping was impaired because of the formation of 
precipitates in either the organic or the aqueous phase 
(Table 2). 

Behauiour of OS 

Because of the insensitivity of OS in AAS measure- 
ment, its determination in the presence of the other 
noble metals was not attempted. However, its behav- 
iour under the extraction conditions was of interest 
and was investigated accordingly. It was found that 
hexachloro-osmate was quantitatively extracted from 
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3M hydrochloric acid and back-extracted with 7iM 
perchloric acid. OS was determined calorimetrically 
with thiourea’ after the solution had been sufficiently 
diluted for the perchloric acid not to interfere. 

Capacity of n-octylaniline 

The capacity of n-octylaniline for the individual 
noble metals was determined by shaking lo-ml por- 
tions of 3M hydrochloric acid containing the indivi- 
dual noble metals (100 mg each) with 2 ml of 1M 
n-octylaniline in DIBK for 10 min. The maximum 
amounts extracted were 24 mg of Rh, 38 mg of Ru, 
86 mg of Pt, 60 mg of Pd, 86 mg of Ir, and 98 mg 
of Au. 

Effect of base metals 

Initially, chloroform was used as the diluent in the 

examination of extraction of the base metals. When 
it was replaced by DIBK for the extraction of the 
noble metals, the extraction of the base metals was 
re-examined. The results obtained are compared in 
Table 3. The extraction of Ni, Cu, Co, and Cr was 
not affected by the change of diluent. Pb and As 
showed slightly increased extraction with DIBK, and 
Zn, Sb, Se, Te, Bi, Sn, and Fe were extracted to a 
considerably larger extent. However, when the noble 
metals were back-extracted with 7M perchloric acid, 
only Zn and Bi were also back-extracted and Sn to 
the extent of 20%. As, Sb, Se, Te, Pb, and Fe were 
only 3, 0.5, 0, 2, 4, and 1.6% back-extracted respect- 
ively, and at these levels would not interfere in the 
AAS determination of the noble metals. The back- 
extraction of Zn, Bi, and Sn is not serious, because 
of the very low levels at which these metals occur 
in platinum-bearing materials. 
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Table 2. Effect of different diluents on the back-extraction of noble metals (amount of metal: 25Opg; 
volume of diluent : = 20 ml each) 

Diluent Rh RU 
Re-extraction, % 

Pt Pd Ir Au Observations 

DIBK 
Chloroform 
Benzene 
Petroleum ether 

100 100 100 100 100 0 Both phases clear 
1 16 29 54 32 - Precipitate in aqueous phase 

87 80 100 59 89 44 Precipitate in organic phase 
79 63 100 78 81 63 Precipitate in organic phase 

The pattern of extraction of base metals when using 

2M n-octylaniline in toluene is similar to that 
obtained with the 1M reagent in DIBK except for 
Te for which no co-extraction was observed, and Fe 
for which the co-extraction was intermediate between 
that with DIBK and that with chloroform (Table 3). 

Extraction of Rh 

Although Rh was extracted quantitatively from 

synthetically prepared solutions, it was not extracted 
from 3M hydrochloric acid after a solid sample had 
been fused with sodium peroxide. Extractable Rh 
chloro-complexes were obtained only after evapor- 
ation of the sample solution and repeated treatment 

of the residue with concentrated hydrochloric acid as 
described in the procedure. 

Absorption spectra of Rh species 

In order to show that the Rh complexes initially 

present after peroxide fusion were indeed different 
from the extractable form obtained after treatment 
with concentrated hydrochloric acid, absorption spec- 
tra of the respective species were recorded. All the 
solutions contained equal amounts of Rh, and were 
diluted ten times for measurement in the ultraviolet 
region of the spectrum. 

An aliquot of a standard solution of Rh was eva- 

porated in an alumina crucible, and the residue was 
fused with sodium peroxide. The melt was leached 
with 3M hydrochloric acid and, after the liquor had 
been boiled and cooled, the spectrum was recorded 

against a reference solution prepared in the same way 
but not containing Rh. The spectrum obtained (Fig. 5, 
Curve A) shows only indistinct shoulders in the 
visible region of the spectrum but a distinct peak in 
the ultraviolet region at 225 nm (E = 1.7 x lo4 1. 

mole-‘.cm- ‘). After evaporation of the solution and 
repeated treatment of the residue with concentrated 
hydrochloric acid followed by dissolution in 3M hy- 
drochloric acid, an absorption spectrum (Fig. 6, 
Curve A) with maxima at 510 nm (E = 196), 400 nm 
(E = 190), 250 nm (E = 1.7 x 104) and 215 nm 
(E = 1.7 x 104) was obtained, which, according to the 
spectra obtained by Blasius and Preetzs and Wolsey 
et a1.,9 ’ indicated that a mixture of the anionic species 
[RhC15(H20)]2- and [RhCls13- was present. The 
absorption spectrum of the standard Rh solution in 
200/, hydrochloric acid (prepared as described pre- 
viously3) that was used in this study (Fig. 5, Curve 
B), with maxima at 505, 400 and 214 nm 
(E = 1.8 x 104) clearly indicated the presence of 
[RhC15(HzO)]*- as the predominant species. The 
complex [RhClJ3- could be shown to be present 
only when an aliquot of the standard solution was 
boiled for a prolonged time with concentrated hydro- 
chloric acid (Fig. 5, Curve C). The maxima at 515 
nm (E = 206), 410 nm (E = 175), 252 nm (E = 2 x 104) 

and 212 nm (E = 1.6 x 104) correspond satisfactorily 
to those obtained by Wolsey et al9 for a freshly pre- 
pared solution of Na,RhCl, and by Blasius and 
Preetz* when an Rh solution had been boiled for 
several hours in 7M hydrochloric acid. 

Table 3. Effect of different diluents on the extraction of base metals 
(10 mg of each metal, phase ratio aq/org = 5, shaking time 10 min) 

Extraction, % 
1M n-octylaniline 1M n-octylaniline 2M n-octylaniline 

Metal in DIBK in chloroform in toluene 

Zn 39 13 38 
Sb 85 45 84 
Se 28 10 18 
Te 53 - - 
Pb 68 60 
As 4 - - 
Ni - - - 
cu - - - 
co - - 
Cr 10 10 - 
Bi 87 75 95 
Fe 50 - 20 
Sn 60 16 50 
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A RMLU) after Na,O, fusion 

8 [ RhCl,(H,0,]2- 
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Fig. 5. Absorption spectra of rhcdium(II1) complexes. 

To show further the displacement of the absorption 
maxima towards increasingly shorter wavelength, the 
absorption spectrum of an Rh solution in 1M hydro- 
chloric acid, which had been standing for approxi- 
mately six weeks, was recorded. As shown in Fig. 5, 
Curve D, absorption maxima were obtained at 475 
nm (e = 206), 375 run (E = 180) and 225 nm 
(e = 1.9 x 10“) indicating’ the presence of the neutral 
species RhCl,(H,O), as an essential constituent of the 
solution. 

Since the absorption spectrum obtained for an Rh 
solution after peroxide fusion did not correspond to 

any of the spectra obtained for the hydrolysis com- 
plexes of Rh as shown in this investigation and else- 
where 8*9 the formation of hydroxy-aquo complexes 9 
was tentatively assumed. To substantiate this reason- 
ing, sodium hydroxide was added to a standard Rh 
solution in hydrochloric acid until it became strongly 
alkaline, and the absorption spectrum was measured 
(Fig. 6, Curve B). A single peak was obtained at 420 
mu (E = 227) and a small peak at 207 mu. After the 
solution had been acidified with hydrochloric acid, 
the peak in the visible region disappeared and the peak 
at 207 nm increased slightly (Fig. 6, Curve C). When 

A Mixture of [RhC16]3m and RhC13(H201]*- 

B Rhodium species in alkaline solution 

.‘I , D ,SalutioyC aftyrbaili; , , 

C Solution 8 acidified (3M HCl) 

, , 

150 200 250 300 250 300 350 409 450 500 560 600 

Wavelengib, nm’ 

Fig. 6. Absorption spectra of rhodium(II1) complexes. 
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the acidified solution (approximately 3M hydro- 
chloric acid) was boiled, the indistinct peak at 207 
nm shifted towards 225 nm (6 = 5.8 x 103) and the 
spectrum obtained (Fig. 6, Curve D) resembled that 
obtained after peroxide fusion. The shift of the peak 
towards a longer wavelength with an increase in 
absorption was assumed to be indicative of the substi- 
tution of aquo or hydroxy groups by chloride ions 
and, therefore, the formation of hydroxy-aquo-chlor- 
ide complexes of the type [Rh(H,O),(OH)CI]+ 
and/or Rh(H,O),(OH)CI. Further confirmation of the 
presence of such species by techniques such as ion- 
exchange was outside the scope of this investigation. 

Application of the method to platinum-bearing materials 

The proposed procedure was applied to a variety 
of samples of widely varying noble-metal content 
(Table 4), and the results obtained were compared 
with those obtained after a cation-exchange or a fire- 
assay procedure. Although a slight negative bias was 
apparent in all cases for Pd, the average results 
obtained for the other metals were considered satis- 
factory. Approximately one hour is needed for the 
extraction and back-extraction of the noble metals, 
and sixteen samples can be handled simultaneously 
if an automatic shaker is used. 

CONCLUSlONS AND RECOMMENDATIONS 

The investigations reported in this work basically 
confirm the findings of Vasilyeva et a/. that n-octyl- 
aniline is a useful group extractant for the noble 
metals. The reagent has been prepared in a form that 
has acceptable characteristics, and conditions for the 
extraction of the noble metals have been examined 
in more detail. 

The determination of the platinum metals in 
aqueous medium after back-extraction leads to a 
much simpler procedure. The use of a lower concen- 
tration of extractant, besides conserving reagent, 
appears to enable a higher ratio of sample to reagent 
solution to be used, which can be of advantage when 
dealing with trace amounts of noble metals, as in 
refinery process streams. 

On the other hand, a shorter analysis time, in 
addition to improved sensitivity and therefore 
limits of determination, can be achieved if the noble 
metals are determined directly in the organic phase 
by flame AAS. In that case, however, chloroform is 
recommended as the diluent for the n-octylaniline 

because of the reduced interference from co-extracted 
base metals. The chloroform present would have to 
be removed either by evaporation or a further dilu- 
tion with a ‘more suitable diluent (e.g. a ketone) for 
interference-free measurement by AAS. Alternative 
methods such as thin-film X-ray fluorescence, neu- 
tron-activition, or flameless AAS could equally be 
applicable to the analysis of the extract. 

From the distribution data for the noble metals 
in mineral acids, it can be seen that the separation 
factors are large enough to facilitate the separation 
of the noble metals not only from base metals but 
also from each other if n-octylaniline is used as the 
stationary phase in reverse-phase extraction chroma- 
tography in columns. The feasibility of such an 
approach will be tested in this laboratory and the 
results reported in a later communication. 

A comparison of the merits of n-octylaniline with 
those of an extractant such as S-(l-decyl)-N,N’- 
diphenylisothiouronium bromide (DDTU)” showed 
that the extraction of the noble metals from synthetic 
solutions in hydrochloric acid is of the same order. 
The time needed for equilibration is shorter for 
n-octylaniline, namely 10 as compared with 90 min 
for DDTU. Further, the noble metals, with the excep- 
tion of Au, can be back-extracted from n-octylaniline 
but not from DDTU. 
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Summary-Electrothermal atomization of antimony has been investigated to clarify the atomization 
characteristics and interferences from diverse elements, for accurate determination of traces of antimony. 
Thiourea served to lower the atomization temperature of antimony and to improve the sensitivity. 
Germanium and phosphoric acid were found to have a pronounced effect on atomization of antimony. 
The interference of various elements was suppressed in the presence of thiourea. A method involving 
extraction for determining antimony in metallurgical and geological samples is described. 

Atomic-absorption spectrometry with a carbon rod 
or a graphite furnace atomizer has been used for 
determination of antimony.‘T3 However, the carbon 
atomizer causes interference by carbide formation and 
the loss of metal atoms by diffusion through the walls 
of the carbon tube. Attempts have been made to cover 
the inner surface of the carbon tube with tantalum 
foil to preclude these effects. Goleb and Midkif4 pre- 
ferred the tantalum-strip atomizer for the determina- 
tion of antimony. In flameless atomic-absorption 
spectrometry, it is important for the atomizer to reach 
a sufficiently high temperature before an appreciable 
fraction of the element disappears our of the light 
path by diffusion. Moreover, a fast-response detection 
system is necessary to record a rapidly occurring 
atomization without distortion. 

In the present work, we investigated the electro- 
thermal atomization of antimony with a metal atom- 
izer and a fast-response detection system to clarify 
the atomization characteristics and interference 
phenomena and to develop a favourable atomization 
technique for the determination of antimony in metal- 
lurgical and geological samples. 

EXPERIMENTAL 

Apparatus 

Atomic-absorption measurements were made with a 
Nippon Jarreff-Ash 0.5-m Ebert-type monochromator 
coupled to an R106 photomultiplier tube (Hamamatsu TV 
Co.) and JEOL AA-HMA signal-control unit as a signaf- 
amplifier. The output signal from the signal-control unit 
was displayed on an Iwatsu MS-5021 Memoriscope. 

The atomizer was a molybdenum micro-tube (25mm 
long and 1.5 mm bore)s mounted in the absorption 
chamber (300mf volume) which was purged with argon 
at a Row-rate of 0.48 ml/mm and hydrogen at a flow-rate 
of 0.02 mf/min. The tube temperature was measured as pre- 
viously described.6 

The fight-source was an antimony hollow-cathode lamp 
(Hamamatsu TV Co.). The analytical wavelength used was 
217.6 nm. Background absorption was compensated. All 
sample solutions were injected with a glass micropipette. 

Reagents 

Stock solution of antimony(II1) was prepared by dissofv- 
ing antimony(III) potassium tartrate in water. Antimony(V) 
solution was prepared from potassium antimonate. These 
solutions were used as the basis of dilute solutions, which 
were freshly prepared immediately before use. All reagents 
were of analytical-reagent grade. 

Determination of antimony in rnetullurgical and geological 
samples 

Metalhtrgicul samples. Decompose 0.2g of sample 
(I-IO ppm Sb) with cyua regia and evaporate the solution 
to dryness on a water-bath. Dissolve the residue in 1.0 
ml of 5% tartaric acid solution and 9.0 ml of cont. hydro- 
chloric acid. Transfer 2.0 ml of the solution to a separatory 
funnel. add 0.5 ml of sodium nitrite solution (5%) and 
shake to oxidize to antimony (V), let stand for 20 min, add 
0.5 ml of 5% urea solution to decompose excess of nitrite, 
then extract the antimony by shaking for 5 min with 3.0 
ml of methyl isobutyf ketone. Take an aliquot of the 
organic phase and mix it with an equal volume of 2% 
thiourea solution in alcohol. Place I ~1 of this mixture 
in the micro-tube atomizer and atomize the antimony. If 
the iron content is high shake the organic extract with 
2M hydrochloric acid to minimize the amount of iron 
present. Compensate for background absorption by use of 
a deuterium lamp, by measurement on a separate afiquot. 

Prepare a calibration curve by extracting antimony from 
standard solutions as above. 

Rock samples. Decompose I g of sample with 4 ml of 
cont. nitric acid and 4 ml of cont. hydrofluoric acid in 
a “Lfni-Seal” decomposition vessel by heating at 120” in 1 
an electric oven for 3 hr. After the decomposition. transfer 
the solution to a Teflon beaker and evaporate to dryness 
on a water-bath. Repeat the evaporation after addition of 
5 ml of cont. hydrochloric acid. Dissolve the residue in 
hydrochloric acid and proceed as for metaffurgicaf 
samples. 

RESULTS AND DISCUSSION 

Atomization characteristics of antimony 

Antimony was atomized from both antimonite and 
antimonate to find the atomization characteristics of 
antimony. The antimony solutions were dehydrated 
at loo” and the residues ‘ashed at 200”. Then anti- 
mony was atomized by heating to a final temperature 
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Fig 1. Memoriscope traces for atomization of antimony: 
(I, Sb 0.5 ng; h, Sb 0.5 ng and thiourea 4 peg; c, background 

(tube heated without sample); d, temperature increase. 

of 2100”. Memoriscope traces showed somewhat simi- 
lar absorption profiles for both antimonite and anti- 
monate. It is known that antimony pentoxide forms 
the trioxide on heating, which may account for the 
similarity. The pronounced effect of thiourea on atom- 
ization of antimony is shown in Fig. 1. The atom- 
ization temperature of antimony was lowered in the 
presence of thiourea, and an increase in sensitivity 
resulted. Antimony is co-ordinated by the sulphur 
atom in thiourea, and sulphide may be formed from 
this complex in an ashing step. The most likely path 
to formation of gaseous antimony atoms in the 
molybdenum micro-tube atomizer may involve direct 
thermal dissociation of the compound. Because anti- 
mony has a fairly high vapour pressure (100 mmHg 
at 1280’), this mechanism of atom-formation appears 
to be feasible. Aggett et 01.~ also considered that di- 
rect thermal dissociation was responsible for atom- 
formation in metal-based atomizers. Therefore, the 
atomization behaviour of antimony would be in- 
fluenced by the thermal stability of the compound 
used. Antimony sulphide has a lower heat of forma- 
tion than the oxide (-A@ = 42 and 169 kcal/mole 

for the sulphide and trioxide, respectively). This may 
be the reason for the lower atomization temperature 
of antimony in the presence of thiourea. The effective- 
ness of addition of a sulphur-containing complexing 
agent in atomization was also observed for arsenic5 
and bismuth.6 The effect of thiourea was much more 
remarkable for antimony than for arsenic. The atomi- 
zation characteristics of antimony from antimonite 
were also similar to those for antimonate in the pres- 
ence of thiourea. The same phenomena were observed 
with thioacetamide in place of thiourea. 

The addition of thiourea improved the absorption 
profile of antimony to give a higher peak absorption 
and a narrower width. The improvement in sensitivity 
was about 87%. 

Effect of hydrogen pow-rate 

Hydrogen was mixed with the argon purge gas to 
protect the micro-tube atomizer from oxidation. 
However, the signal for antimony became smaller 
with increasing hydrogen flow-rate. Therefore, a very 
low flow-rate of hydrogen is recommended. 

Interferences 

The possible interference of various elements was 
examined. The elements tested include arsenic, bis- 
muth, copper, gallium, germanium, iron, lead, magne- 
sium, nickel, selenium and silver. Arsenic and 
selenium were added as arsenite and selenious acid, 
respectively. Germanium solution was prepared from 
germanium dioxide dissolved in dilute sodium hy- 
droxide. Other elements were added as their nitrates. 
All the samples were checked for background effects 
and absorption due to the heated micro-tube and in- 
terferents. Absorptions were traced on the Memori- 
scope for atomization of antimony in the presence 
of lOO-fold amounts of various elements (Fig.‘2). A 
marked shift of maximum absorption temperature for 
antimony was not observed in the presence of arsenic, 
bismuth, copper, iron, lead, nickel and silver although 
the signal for antimony was enhanced or depressed. 

Time sec. 

Fig. 2. Memoriscope traces for interference by 50 ng of various elements in determination of 0.5 ng 
of antimony: a. Sb alone; h, Sb and Se; c, Sb and Mg; d, Sb and Ga; e, Sb and Pb; 1; Sb and 
Ag; 9. Sb and Ge; h. Sb and Bi: I’. Sb and Cu:,j. Sb and Ni; k. background; 1. temperature increase. 
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Fig. 3. Memoriscope traces for interference by 50 ng various elements in the presence of thiourea 
(antimony 0.5 ng): a, Sb alone; h, Sb and Se; c, Sb and Ga; d, Sb and Pb; e, Sb and Ag; f, Sb 

and Ge; g, Sb and Bi; h, Sb and Cu; i, Sb; j, background; k, temperature increase. 

A remarkable depression of the antimony signal 
resulted from the presence of lead and silver. Gallium, 
germanium, magnesium and selenium lowered the 

temperature at which the antimony signal was maxi- 
mal. A peculiar effect was observed for germanium. 
In this case, antimony was atomized at very much 
lower temperature. The origin of this effect was diffi- 
cult to elucidate. 

Figure 3 demonstrates the effects of diverse ele- 
ments on atomization of antimony in the presence 
of thiourea. Antimony was atomized at lower tem- 
perature irrespective of the other elements present, 
but the temperature at which the antimony signal was 
maximal shifted from that for pure antimony. The 
peak absorptions were the same within 2.6% when 
various other elements were present. 

Acids gave striking interference in atomization of 
antimony even at concentrations of O.OlM. Figure 4 
shows the Memoriscope traces for antimony in the 
presence of hydrochloric, nitric, perchloric, phos- 
phoric and sulphuric acids. Small absorption peaks 

‘I. A I 

0 0.5 1.0 1.5 
Time , sec. 

Fig. 4. Memoriscope traces for interference of acids in 
antimony absorption: c, O.OlM HCl; h. O.OlM HNO,; c. 
O.OlM H,SO,: d. O.OlM HC104; P. O.OlM H,PO,;1; tem- 

perature increase. 

were observed at about 1210”. Their origin is not evi- 
dent, but molecular absorption was observed only for 
phosphoric acid. The atomization temperature of 
antimony was lowered in the presence of phosphoric 
acid, possibly because phosphoric acid is reactive 
toward most metals and oxides at elevated tempera- 
ture. Perchloric acid caused marked suppression of 
antimony absorption. The first absorption peaks were 
increased in atomization of antimony from O.lM 
nitric or perchloric acid. No evidence of molecular 
absorption was found for these absorption peaks. 
Therefore, the cause of these absorption peaks was 
difficult to elucidate. Only single absorption peaks 
were shown in atomization of antimony from O.lM 
solutions of other acids, but molecular absorption 
was observed at about 1450” for phosphoric acid. 
Similar atomization profiles were recorded in the 
presence of phosphoric and hydrochloric acids when 
thiourea was present. 

Measurements combined with extraction 

Because various elements and acids produce many 
interference effects in the atomization of antimony, 
the antimony must be isolated from interferents for 
its accurate determination. Solvent extraction is pre- 
ferred for this purpose. Antimony(V) can be extracted 
effectively into methyl isobutyl ketone from hydro- 
chloric acid medium. The Memoriscope trace for anti- 
mony atomized from the extracted species resembled 
that for aqueous solution and addition of thiourea 
also gave the same effect as in aqueous solution. 
Iron(W) is extracted along with antimony(V). and in 
large amounts interferes in the atomization of anti- 
mony. However, the interference is suppressed by 
stripping the iron(Il1) with 2M hydrochloric acid. 

The effect of other extracted species on the anti- 
mony signal can be suppressed by mixing an alcoholic 
solution of thiourea with the extracts. 

The results obtained by.the proposed methods are 
shown in Tabic 1. No measurable signal was found 
for antimony without the addition of thiourea. for 
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Table I. Determination of antimony in metallurgical and geologi- 
cal samples 

Sample 

Tin metal 
Copper metal 
Lead metalt 
Aluminium metal* 
Crude copper, 
Rock AGV-I ’ 
Rock GSP-I 
Rock PCC-I 
Rock JB-I 
Rock JG-I 

Antimony. pprrt 
Found* Reported 

9.5 9.6$ 
4.1 4.9$ 
0.88 0.933 

1001 

‘! 
6403 
4.5’ 

2:1 3.1’ 
0.92 1.4’ 
0.2 I 0.22 # 
0.20 <0.6# 

* Mean of three determinations. 
1 Values from other laboratories. 
t Nitric acid was used for decomposition. 
g After decomposition of 0.1 g of sample the resultant solution 

was diluted to 25 ml with water and 5 ml of this solution were 
taken for analysis. 

’ F. J. Flanagan. Geochim. Cosmochim. Acta. 1973. 37, 1189. 
# A. Ando. Hi Kurasawa. T. Ohmori and E. Takeda. Geochern. 
J.. 1974. 8, 175. 

determination of 4 ng of antimony in the presence 
of 4 ilg of copper. The preliminary separation was 
also.necessary for the determination of antimony with 
carbon atomizers. The molybdenum micro-tube atom- 
izer needs only a short heating to provide an en- 
vironment with uniform temperature throughout the 
atomizer and forms the maximum atom cloud con- 
centration in an extremely short period of time, in 
contrast to conventional carbon atomizers. Therefore, 
a fast-response detection system is needed. With this 
atomizing device. the effective lifetime of the free 
atoms is longer than when a filament atomizer is 
used. 

The atomization device is easy to make and gives 
more than 100 measurements without memory effects 
provided no acids in higher concentration are used. 

Acids in higher concentration shorten the life of the 
atomizer. 

In flame atomioabsorption spectrometry, it is 
recommended that the standards are matched with 
respect to the matrix and the reagents used to prepare 
the samples but this is unnecessary for the determina- 
tion of traces of antimony with the flameless atomizer. 

Conclusions 

Atomization of antimony is favoured by the addi- 
tion of thiourea to the antimony solution and the 
sensitivity is also improved. Preliminary extraction of 
antimony is recommended for various samples 
because of the interferences of various elements and 
acids. 
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Summary-The anion-exchange behaviour of 30 metal ions on a weakly basic ion-exchanger (DEAE- 
cellulose) has been investigated in aqueous oxalic acid media over the concentration range 
O.OOl~OSOM. There are marked differences in adsorbability between ter- and quadrivalent metal and 
bivalent metal groups; the system offers good prospects for group separations. The adsorptions are 
moderate, generally a few orders of magnitude lower than those on Dowex 1 (a strongly basic resin). 
Procedures for the separations Se(IVtSe(VI); As(III~As(V); multicomponent separations Mn(II)- 
Co(II~Cu(II~Ti(lV~Zr(IV) and Cd(II~Zn(II~Cu(II). are given to demonstrate the versatility of the 
system. 

Oxalic acid is an attractive complexing agent for the 
anion-exchange chromatography of metals. Ter- and 

quadrivalent species such as Al(W), Fe(III), Ti(IV), 
Zr(IV) and Sn(IV) are known to form very stable oxa- 
lato complexes, having stabilities several orders of 
magnitude higher than those of many bivalent metal 

oxalate complexes. Ion-exchange in oxalic acid or 
oxalic acid-mineral acid media therefore offers an 
excellent means of separating bivalent and multi- 
valent elements.‘.’ The early systematic study on 
anion-exchange in pure oxalic acid media was in- 
itiated by De Corte et &3 who determined distribu- 
tion coefficients of 12 elements on Dowex 1 X-8 resin. 
Nozaki and co-workers4 have presented the distribu- 

was found that, in contrast to anion-exchange with 
DEAE-cellulose in aqueous mineral acid media7-9 a 
number of metals (particularly multivalent metals) are 

adsorbed on DEAE-cellulose from pure oxalic acid 
solution, sufficiently strongly to allow many column 

separations to be conducted. 

EXPERIMENTAL 

DEAE-cellulose (Brown Co., Berlin, N.H.) in the chlor- 
ide form (0.91 meq/g) was treated with O.OlM sodium hyd- 
roxide and then converted into the oxalate form. This was 
stored in a vacuum desiccator containing phosphorus pent- 
oxide. The distribution coefficients (Kd) defined by 

Kd = 
amount of metal in DEAE-cellulose phase/g of DEAE-cellulose 

amount of metal in solution phase/ml of solution 

tion coefficients of 13 elements on Amberlite IR-120 
in O.lM oxalate as a function of pH (1.54.5) as well 
as the elution profile curves for 19 elements in 0.02 
and O.lM oxalate media over the pH range 2-4. Simi- 
larly, cation- and anion-exchange distribution coeffi- 
cients of several elements in oxalic acid and potas- 
sium oxalate solutions, together with those in other 
carboxylic acid media, have been reported by Qureshi 
and others.’ Extensive lists of anion-exchange distri- 
bution coefficients on AG 1 X-8 have been provided 
by Strelow et nL’ for 36 elements in oxalic acid- 
hydrochloric acid mixtures. The versatility of the hy- 
drochloric acid-oxalic acid system was demonstrated 
by the sequential elution of multicomponent mixtures. 
Distribution coefficient data for oxalic acid-nitric 
acid media are also available.2 Rr values for 46 ele- 
ments on a DEAE-cellulose layer in oxalic acid and 
oxalic acid-hydrochloric acid mixtures have been 
measured by Kuroda et ~1.~ In the present work it 

were measured at 25” as described in a previous paper.” 
The equilibration period was 6 hr for mixtures containing 
0.5 g of DEAE-cellulose, 4 ymole of metal ion and 40.0 ml 
of oxalic acid solution of various concentrations (0.0010, 
0.010, 0.030, 0.10, 0.30 and 0.50M). The metal ions were 
determined by appropriate instrumental methods such as 
spectrophotometry, polarography or atomic-absorption 
spectrophotometry. 

RESULTS AND DISCUSSION 

In Table 1 are listed the distribution coefficients 
of 30 metal ion species on DEAE-cellulose in the oxa- 
late form as a function of oxalic acid concentration. 
The metals are arranged in the order of their distribu- 
tion coefficients in O.lOM oxalic acid. A number of 
metal ions can be adsorbed on DEAE-cellulose suffi- 
ciently strongly to allow retention on a column from 
aqueous oxalic acid media, although only a very 
limited number of ions, such as Hg(II),’ Au(III)~ and 
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Table 1. Anion-exchange distribution coefficients of metals on DEAE (oxalate)-cellulose in oxalic acid media 

0.0010 0.010 0.030 
& 

0.10 0.30 0.50 Method** 

Zr(IV) 

HVV) 
Fe(W) 
Ga(II1) 
Sn(IV)* 
Ti(IV) 

WVI) 
Mo(V1) 
Ge(IV) 
Al(II1) 
In(II1) 
Bi(II1) 

V(lV) 
W(VI) 
Re(VII) 
Sc(II1) 
Cu(I1) 

WVI) 
Ni(I1) 

Hg(II) 
Zn(I1) 

As(V) 
Se(IV) 
As(II1) 
Co(H) 
Te(IV) 
Te(V1) 
Cd(I1) 
Cr(II1) 
Mn(I1) 

>3 x 104 
3.1 x lo3 
1.2 x lo4 
3.1 x lo3 
>7 x lo3 
>l x 1o4t 
1.7 x lo4 
4.1 x 10” 
>3 x lo* 
1.8 x lo3 
1.3 x lo4 

ppte 
5.3 x lo3 
4.7 x lo3 
4.8 x lo* 
1.1 x 10” 
1.8 x lo3 
>3 x lo2 
1.1 x 1038 

90 
4.7 x IO2 

74 
70 
5.3 

2.2 x lo* 
5.8 
4.5 
18 
3.3 

9 

>3 x lo4 
5.5 x lo3 
6.8 x lo3 
3.1 x lo3 
>7 x lo3 
8.2 x 10’ 
1.0 x lo4 
2.8 x 10’ 
>3 x lo2 
2.0 x 103 
5.8 x lo3 

ppte 
3.1 x lo3 
1.7 x lo3 
4.1 x IO2 
7.6 x lo* 
1.2 x lo3 
>3 x lo* 
3.5 x 102% 

54 
1.9 x lo* 

21 
12 
5.0 
82 
3.1 
4.5 
5.5 
2.5 

2 

>3 x lo4 
1.3 x lo4 
6.8 x lo3 
3.1 x lo3 
>7 x 103 
4.0 x 10” 
4.8 x lo3 
2.3 x 10’ 
23 x lo* 
7.6 x lo* 
3.7 x 10s 

ppte 
1.3 x 10” 
8.1 x lo* 
2.4 x lo* 
4.3 x lo* 
3.5 x lo* 
>3 x lo* 

795 
13 
35 
8.0 
8.6 
4.0 
17 
2.5 
3.8 
2.0 
2.5 
41 

>3x 104 
1.4 x 104 
2.8 x lo3 
2.1 x lo3 
2.0 x lo3 
1.8 x lo3 
1.3 x lo3 
9.4 x lo* 
>3 x lo* 
6.9 x 10’ 
6.2 x lo* 
4.2 x to2 
3.2 x lo* 
2.3 x lo* 
1.2 x lo* 
1.1 x lo* 

87 
52 

l* 
9 

8.0h 
6.6 
5.1 
4.0 

4 
2.5 
3.1 
2.0 
2.0 
<1 

9.3 x 103 
7.3 x lo3 
1.0 x lo3 
6.9 x lo* 
4.0 x lo* 
5.6 x 10’ 
3.5 x lo* 
3.2 x lo* 
2.9 x lo* 
1.8 x lo* 

83 
74 
67 

1.0 x lo* 
83 
19b 
20 
15 
8 
6 

3.1h 
4.3 
4.5 
4.0 

3 
2.1 
2.5 
1.5 
2.0 
<1 

2.7 x 103 a 
2.3 x lo3 a 
4.5 x lo* a 
3.2 x lo* a 
2.6 x lo* a 
3.3 x to* a 
1.4 x lo* a 
1.8 x lo* 
1.5 x lo* : 
1.0 x IO2 a 

30 
33 

a 
a 

40 
73 
84 
10h 
13 
10 

5 
6 

2.7h 
4.1 

3.2 
4.0 

3 
2.1 

a 
a 
a 

a,b 

: 

: 

ab 
b 

ah 
b 

: 
2.5 
1.5 

b 
b 
b 
a 

* O.OOlM H2S04 present. 
** a, batch method, b, column method. 
t Measured in 0.0020M oxalic acid. 
$2 pmole of Ni used. 

some platinum group metals,’ can be adsorbed on 
DEAE-cellulose from aqueous mineral acid or salt 
solutions. Pronounced adsorption from oxalic acid 
media is probably caused by the weak adsorption of 
oxalate and bioxalate anions on DEAE-cellulose, so 
that metal oxalato complexes do not compete 
strongly for exchanger sites. 

Adsorption trends are such that the distribution 
coefficients decrease with increasing concentration of 
oxalic acid for the majority of metals listed in Table 1, 
while that of hafnium goes through a distinct maxi- 
mum at O.lM oxalic acid. As seen in Table 1, ter- 
and quadrivalent metals including Zr(IV), Hf(IV), 
Fe(III), Ga(III), Sn(IV), Ti(IV) and In(II1) show signifi- 
cant adsorption over a wide range of oxalic acid con- 
centration (<O.lM), thus allowing their separation 
from bivalent metals. Among the multivalent metals 
AI(II1) and Sc(II1) adsorb to a lesser extent, so that 
their adsorption sequences border those of Cu(I1) 
(which shows the highest distribution coefficients 
among bivalent metal ions). Generally, the distribu- 
tion coefficients of bivalent metal ions, including 
Cu(II), Ni(II), Zn(II), Co(II), Hg(II), Mn(I1) and Cd(II), 
are one or two orders of magnitude lower than those 

of the ter- and quadrivalent metal ions, even though 
Cu(I1) and Sc(II1) behave similarly over the oxalic 
acid concentration range tested. 

The adsorptions of U(VI), Mo(VI), V(IV) and 
W(VI) are also strong in accordance with the masking 

action of oxalate for these metal ions.” On the other 
hand, the adsorbabilities of the oxyanions of As(III), 
As(V), Se(IV), Te(IV) and Te(V1) are low, while that 
of selenate is high, as in formic acid media, where 
Se(V1) exhibits distribution coefficients high enough 
to allow the column separation of Se(V1) and 

Se(IV).” 
De Corte et al.’ have investigated the anion- 

exchange behaviour of 12 elements on Dowex 1 X-8 
in oxalic acid solutions. With respect to 9 elements 
in common with the present study, viz. As(III), Mn(II), 
Co(II), Zn(II), Hg(II), Cu(II), In(III), Sc(II1) and 
Mo(VI), the trend of their distribution coefficients was 
similar to that on DEAE-cellulose in oxalic acid 
media; the K, values for the tervalent elements In(II1) 
and Sc(II1) are high relative to those for bivalent 
metals. As(II1) and Mn(I1) are weakly adsorbed and 
Mo(V1) exhibits a strong adsorption over the whole 
range of oxalic acid concentration studied. However, 
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Fig. 1. Plot of log Kd against log ([(1)/R,] - 1). (The 
regression line of log K, against log ([(l)]/R,] - 1) was 
based on the data present in the square defined by the 

x-axis and the dotted lines). 

the K, values on Dowex are much higher and the 
selectivity sequences are not the same as for the 
DEAE-cellulose. In 0.03M oxalic acid the sequences 
are MO(W) ti In(II1) > Sc(II1) $ Cu(I1) > Hg(I1) 
> Zn(I1) > Co(I1) > Mn(II), As(II1) on Dowex 1 
and In(II1) > Mo(V1) > Sc(II1) > Cu(I1) $ Zn(I1) 
> Hg(I1) > Co(I1) > Mn(II), As(II1) on DEAE-cellu- 
lose. 

The K, ratios (Dowex/DEAE) are >43 for Mo(VI), 
15 for In(III), 39 for Sc(II1) and 35 for Zn(I1). The 
adsorption of metals on DEAE-cellulose is moderate 
so the use of hydrochloric acid-oxalic acid media’ 
significantly reduces the K, values and column reten- 
tion, except for a few metals such as zirconium and 
hafnium. This may be judged from the R, trend on 
DEAE-cellulose in hydrochloric acid-oxalic acid 
media.6 

In partition chromatography the relationship 
between the partition coefficient D and RI can be 

s 
e 
;w 
3 

0 

1OC 

s 
i 
2% 
iii 

0 0’ 

s-a-b-cc 

Zn 

IAl cu 

-Il. 
100 

mnt. ml 

Mn 

/!I_ 
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l--_-h Ti 

100 150 100 
Eluent, ml 

Zr 

I’ 
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Fig, 2. Multicomponent separations. [A] s: sample, O.OlM 
oxalic acid solution. Eluents: a, O.OlM oxalic acid; b, O.lM 
oxalic acid; c, O.lM HCl. Cd(H) 507 pg, Zn(I1) 198 pg 
and Cu(II) 252 pg added. [B] s: sample, O.OlM oxalic acid 
solution. Eluents: a, O.OlM oxalic acid; b, O.lM oxalic 
acid; c, OSM oxalic acid; d, 0.03M oxalic acid, O.lM HCI, 
0.1% H,O,; e 3M HCl. Mn(I1) 532 pg, Co(I1) 228 Rg, 
Cu(I1) 202 pg, Ti(IV) 238 pg and Zr(IV) 488 pg added. 
Column: 13 mm bore x 8 cm; containing 1.0 g of DEAE- 

cellulose (oxalate). Flow-rate 1 ml/min. 

given by the classical Martin and Synge equation: 

(1) 

where A,,, and A, are the cross-sectional areas of the 
mobile and stationary phases, respectively (assumed 
to be constant along the whole chromatogram13). The 
relationship has been extended to ion-exchange paper 
chromatography. 14,1s The logarithms of the.distribu- 
tion coefficients on DEAE-cellulose in 0.30M oxalic 

Table 2. Separations 

Element Taken Found Eluent, ml 
Sample volume, 

ml 

Se(IV) 4.36 mg 4.38 mg 0.03M H,Ox, 40 10 
WVI) 4.67 mg 4.60 mg 1M HNO,, 50 

As(II1) 20.9 pg 21.1 pg O.OOlM H,Ox, 20 5 
As(V) 38.5 /lg 37.1 pg 1M HN03, 30 

Ti(IV) 714 pg 718 pg HaOx mixture,? 105 10 
Zr(IV) 2.13 mg 2.14 mg 3M HCI, 30 

Sample made up to simulate the first eluent composition. 
t0.03M in oxalic acid, O.lM in HCl and 0.1% in H202. 
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acid are plotted in Fig. 1 against the logarithms of As(V) and Ti(IVtZr(IV) mixtures, which are usually 
the function [[(1)/R,] - 1). RI values being those pre- difficult to achieve. Examples of multicomponent sep- 

viously reported for the same system.6 As can be seen, arations are shown in Fig. 2. Elution of each metal 

points at higher adsorptions are scattered and no is sharply defined with no tailing. 

apparent correlation appears to exist between log K, 
and log ([(1)/R, ] - 1). This is because lower R, 

values (less than 0.1) are difficult to determine accu- 1. 

rately, and correspond to a wide range of high distri- 
bution coefficients (0.1 > Rt > 0 may cover the coeffi- 

2. 

cients from ca. 100 to infinity). Measurements of very 3. 

high and very low distribution coefficients are also 
erratic. When the data are restricted to a region of 4. 

moderate adsorption (K,, < 300 and 0.1 < R, < 0.9), 
the regression equation for log K,, against log 

5 
’ 

([(1)/R,] - 11 is 6. 

log& = I.lOlog f - 1 + 1.03 
( > 

(2) 7. 
I 2 

with a correlation coefficient of 0.93. For similar plots i: 

in 0.01, 0.03 and O.lOM oxalic acid media, the slopes 
of the linear regression lines are 0.91, 0.72 and 1.01. 10. 

respectively. The slopes are almost unity, so equation 
11. 

(1) holds for ion-exchange systems where moderate 12. 
adsorption is taking place. The equation cannot be 
extended to obtain K,, values from extreme R, values. 13. 

Inspection of the distribution coefficients given in 

Table 1 suggests that many separations of analytical 14, 

interest can be achieved. In Table 2 are given the 

results for the separations of se(IV)-Se(VI), As(III)- 15. 
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Summary-A new graphical method is proposed for differentiating mononuclear and polynuclear com- 
plexes as well as for determining the stability constant of any complex A,B,. The method is based 
on the effect of dilution on the degree of dissociation of the complex. The resultant mathematical 
equation provides a simple graphical calculation which leads to the determination of the stability 
constant and also the molar absorptivity of the complex. 

The method proposed in this paper provides for the 
differentiation of mononuclear and polynuclear com- 
plexes (e.g. AB and A,B,), as well as the determina- 
tion of the stability constant for any complex of the 
form A,B,. The method is based on the effect of dilu- 
tion on the degree of dissociation of the complex, 
a principle already used by several authors, notably 
Klausen’ and Bud5Sinsky.2-4 For a more thorough 
understanding the reader should consult McBryde’s 
excellent summary of spectrophotometric methods for 
determining equilibrium constants in solution.5 

The calculation systems used by Klausen and 
BudtSinsky are similar, although somewhat awkward 
since they require curve-patterns that are valid only 
under fixed experimental conditions. 

This difficulty is eliminated by the method pro- 
posed here. The basic advantage of this new method 
lies in the use of a mathematical equation which 
directly produces a simple graphic calculation of the 
stability constant and also of the molar absorptivity 
of the complex. Further, the equation gives a straight 
line, an ideal requirement for graphical methods. 

We wish to emphasize that in this method mono- 
nuclear and polynuclear complexes are distinguished 
by a procedure as simple as that of differentiating 
between a straight line and a curve. 

THEORY 

Let us consider the complexation equilibrium 

mA i- nB+A,B, 

where (m,n 2 1). 
The stability constant is 

C&Al 
K = [A]“[B] 

0) 

Let a and b be the initial concentrations of A and 
B, respectively, and chosen so that a/h = m/n, and 

define the degree of complexation s,, by the expres- 
sion 

CA,BJ 
a, = [A B ] RI n nlPX 

_ CAmBn] _ [T _ A,*, (2) 
elm 

where A is the absorbance difference between 
complex and reagent, and AWLI the absorbance for 
complete complexation at reagent concentration b, 
i.e., when x, = 1. 

The complex and reagent concentrations in equilib- 
rium. will be: 

CA1 = zb(l - a,) 

PI = W - a,) 

Substituting these values into equation (1) and then 
simplifying gives 

K= 
#- ua 

,,,mb(=+n- “(1 : a,)(‘“+n) (3) 

Replacing a, by A/Aoce and rearranging yields 

A 
b(“,+“- 1) 

(m+n) 

(4) 

Provided that the Lambert-Beer law is obeyed, when 
an initial concentration b. is diluted by a factor fl, 
the corresponding value of AOcboj is decreased by the 
same factor: 

b = bolt% Aor,, = Ao,,,@ 
. . 

By substnutton of b and Aocb, in equation (4) we 
can obtain : 

BA 
(bo/B)(m+n-l, = 

“$yybq bJ+‘) . 

215 
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Table 1. the expression from equation (3) to obtain 

Stoichi- 
ometry Ordinate Slope 

dK 1 + (m + n - l)a, 
-= 
K da, (1 - a&, 

Let us consider a complex with 1: 1 stoichiometry. 
By approximation to finite increments, the following 
expression is obtained: 

AK ’ +” .Aa, -=----- 
K (1 - a,)a, ’ 

The precision of the method then depends on the 
values X, and Aa,, the latter being the precision of 
the measurement of a,. Accepting a reasonable value 
of Aa, as being +O.Ol we can calculate the relative 
errors as a function of 8,. Data are presented in 
Table 2. As can be observed, the precision of 1ogK 
is within f0.03 when the degree of complexation is 
2060%. The precision is further improved because 
1ogK is obtained from the average value of several 
spectrophotometric measurements. 

On the other hand, as dK/Kdsc, + cc when a, + 1, 
the method is not applicable to strong complexes. 

1:l CB4)“2M~o/B)“2 (K/&c&“~ 
2:2 (BA)“4/(&,/B)“‘4 (2KIA&,,)“4 
2:1 (BA)1’3/(ho/B)2’3 
3:1 GsA)“4/(ho/B)3’4 

(4KI+,)“’ 
(27K/A0~~o,)“~ 

Finally, by extracting the (m + n)th root we obtain 
-- 

(g~)l/W + n) 

(bo/pp+n-lMm+n) 
= (“~~~)“(m+‘)(l _ -E-)@ 

A straight line is obtained by plotting the first term 
on the right of equation (5) against /?A. When 

bo (fiA)l/(m+n) 

-+O”’ (bo,~)(m+“-fV(m+“)~’ B 
and 

BA + Ao,b,,, 

That is, the intersection of this straight line with the 
abscissa provides the value of AOCbol. The slope of 
the straight line, 

( 

Km” 

n”- ‘AY’- ” (bo) > 

l/W+n) 

allows the calculation of the stability constant. The 
ordinates and slopes corresponding to different stoi- 
chiometries are given in Table 1. 

The method proposed provides for the differentia- 
tion of mononuclear and polynuclear complexes and 
also the determination of the stability constants for 
these complexes. Suppose that the stoichiometry of 
a complex corresponds to a molar ratio equal to one. 
If a plot of (/?A)“Z/(bo/j?)“2 against /!A does not give 
a straight line then (fiA)“4/(bo/&3’4 can be plotted 
and a straight line obtained in that case will confirm 
that the complex is 2:2. It can be proved that the 
ordinates for a 2:2 complex are the same as for a 
3: 1 complex but the slopes are different. Also, since 
work is always done at the stoichiometric ratio, 
secondary reactions which could occur when dealing 
with an excess of reagent or cation are avoided. 

Though it is necessary to know the stoichiometry 
of the complex beforehand, in order to apply this 
method, the proposed procedure is useful for checking 
the stoichiometry obtained by any method. Neverthe- 
less, this procedure is not valid if several complexes 
are formed at the same time. This is a disadvantage 
common to all spectrophotometric methods for deter- 
mining constants. 

Accuracy and precision of the method 

The stability constant of a complex species can be 
obtained by means of equation (3). For a particular 
value of the concentration b, the expression dK/Kdcr, 
can give us the relative error of K with respect to 
the degree of complexation a,. We can differentiate 

Field of application 

When the degree of complexation is about U-90%, 
the precision in 1ogK cannot be better than +O.l, 
so these x, values must be considered the highest for 
which the method is applicable. From this consider- 
ation we can calculate, for different stoichiometries, 
the highest values of log K which can be determined 
by this method: 

Stoichiometry 1: 1 2:2 2:1 3:l 

log (K/em+“-I) 3 7 4 6 

where E is the molar absorptivity of the complex. 
Values of c of about lo4 are usual for complexes with 
organic ligands, so values of 1ogK up to 7, 19, 12 
and 18, respectively, can be determined by the 
method. 

EXPERIMENTAL 

Procedure 

Mixtures of A and B at stoichiometric ratios but differ- 
ent concentrations are prepared so that in each the ratio 
a/b = m/n. The absorbance of these mixtures is then 

Table 2. 

dK/Kdz, AKJK Alog K 

0.0 
0.1 1:2 0.:2 &6 
0.2 7.5 0.075 + 0.03 
0.3 6.2 0.062 f 0.03 
0.4 5.8 0.058 * 0.03 
0.5 6.0 0.060 + 0.03 
0.6 6.7 0.067 f 0.03 
0.7 8.1 0.081 * 0.04 
0.8 11.2 0.112 f 0.05 
0.9 21.1 0.211 +0.10 
1.0 cc 5 CC 
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Table 3. Fe(III)-Chrome Azurol S system at pH 3.40 (h, = 2 x 10e5M) 

h,lP 
[FeWI)]. M PA 

(BA)“Z @A)“‘- Gr 

(W/V’* (b,/‘B)3’4 % 

4 X 10-b 0.196 221.3 7439 41.7 
5 X 10-b 0.229 214.0 6542 48.7 
I x lo-5 0.313 116.9 4206 66.6 
2 X 10-S 0.378 137.5 2622 80.4 
4 X 10-S 0.411 101.3 1592 87.4 

[AzBJmar = lo-‘M A,(,,, = 0.470 0.0 100.0 
- 

measured against reference solutions which contain iden- 
tical concentrations of reagent, but no cation. 

The method can also be carried out by preparing a mix- 
ture of A and B at the stoichiometric ratio but with a 
concentration having a suitable absorbance. This mixture, 
along with its respective reference solution. can then be 
diluted successively, for example until the volume is 
doubled. Each time it is diluted, it is necessary to add 
additional secondary reagents to keep the ionic strength 
constant: buffer solution, ethanol. etc. It is also important 
to assure that on dilution the equilibrium is reached 
quickly, as some complexes, one formed, slowly decom- 
pose. It is convenient to increase the cell path-length by 
a factor equal or proportional to the dilution factor. In 
this fashion, the value of /IA is obtained directly. 

Reagents 

Orotic acid monopotassium salt solution. A 10e3M solu- 
tion was prepared by dissolving 0.1942 g of the Schuchardt 
product and diluting to 1 litre with demineralized water. 

Anthrapurpurin solution (1,2,7_trihydroxyanthraquinone). 
A 10m3M solution was prepared by dissolving 0.256 g of 
the Michrome product in the minimum of ammonia solu- 
tion and diluting to I litre with demineralized water. 

Cu(l1) solution. Prepared by dissolving 24.954 g of 
Merck CuS04.5HZ0 in 1 litre of demineralized water and 
standardized iodometrically. A 10m3M solution was pre- 
pared by dilution. 

-aoJ 

- 4800 

- 3600 

ao- - 2400 

40 - - 1200 

02 03 04 05 06 

PA 

Fig. 1. 

and (fiA)“4/(h0/#‘4, corresponding to complexes with 
stoichiometries of 1: 1 and 2 :2 respectively, are also shown. 

Ni(ll) solution. Prepared from Merck Ni(NO,)*. 6H20, 
and standardized with dimethylglyoxime. A 10m3M solu- 
tion was prepared by dilution. 

Instruments 

Beckman 25 spectrophotometer and Crison pH-meter 
74. 

Fe(lll~Chrome Azurol S system at pH 3.40. 

Klausen and Langmyhr6 determined the stoichiometry 
of this complex by the continuous variations method, find- 
ing maximal absorption at a molar ratio equal to one. 

In Table 3 the experimental data used by Klausen’ to 
show that a complex with 2:2 stoichiometry is formed are 
presented. In the same table the values of (fiA)“‘/(b0//j)L~2 

The values of (BA)1”/(bo/~)“2 and (~A)“4/(bo/j?)3’4 with 
respect to DA are presented graphically in Fig. 1, producing 
a curve and a straight line, respectively. This fact clearly 
indicates that the complex is 2:2 and not 1: 1. 

The intersection of the straight line with the abscissa 
gives a value of 0.470 for AotDO), which leads to a molar 
absorptivity of 0.470/10-’ = 4.70 x lo4 Imole-‘.cm-r 
for the complex, and the xe values which appear in Table 3. 

By substitution of the values found for Aw,,,, and the 
slope of the straight line (2.73 x 104), in slope = (2K/ 
A&,,)‘14 the stability constant of the complex can be calcu- 
lated. In this manner, a value of 16.46 for 1ogK is found, 
coinciding with that calculated by Klausen. 

As can be observed, our method provides the same 
results as the Klausen method but in a very much easier 
way. 

Table 4. Cu(IIt_orotic acid system at pH 5.01 (b, = lo-“M) 

h/B 
CCW)l, M (3laAnm) PA 

WC. 
% 

2 x 10-j 0.064 0.320 
4 x 10-5 0.162 0.405 
6 x 10-j 0.265 0.442 
8 x lo-’ 0.385 0.480 
1 X 10-4 0.498 0.498 

1.4 X 10-4 0.735 0.525 
2.0 x lo-4 1.095 0.548 

[AB],,, = 10-4M A ,,a,aj = 0.720 

126.5 
100.6 
85.8 
77.4 
70.5 
61.2 
52.3 

0.0 

2515 44.4 
1586 56.2 
1196 61.4 
984 66.7 
840 69.1 
661 72.9 
511 76.1 

100.0 

TAL. 2613-c 
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PA 
Fig. 2. 

Cu(ll)orotic acid system 

Capitan and Arrebola’ determined the stoichiometry of 
this complex at pH 5.5 by various procedures, finding the 
existence of only one complex. of 1: 1 stoichiometry. 

The stability constant was determined at two pH values, 
5.01 and 5.69, obtained with acetate buffers. The results 
obtained at pH 5.01 are presented in Table 4. 

The values of (~,4)‘~Z/(bo/~)“2 and (pA)“4/(b0//?)3’” with 
respect to BA are presented graphically in Fig. 2, producing 
a straight line and a curve, respectively. This fact clearly 
indicates that the complex is 1:l and not 2:2. 

The value found for A Orboi 
of 7.2 x lo3 l.mole-‘.cm-’ 

gives a molar absorptivity 
and the slope of the straight 

line (314) gives log K = 4.85 
The corresponding results at pH 5.69 are presented in 

Table 5. 
The corresponding graphical representation is shown in 

Fig. 3. 
The slope of the straight line (562) gives log K = 5.35; 

the molar absorptivity is the same as before. 

Ni(lltanthrapurpurin system at pH 9.73 
The stoichiometry of this complex was determined 

by the continuous variations method; two complexes, 

PA 

Fig. 3. 

with 1: 1 and 1:2 stoichiometry [anthrapurpurin-Ni(II)], 
are formed successively. 

The absorbances were measured 30min after prep- 
aration of the solutions, in l-cm cells. The results are 
shown in Table 6 for the complex of stoichiometry 1:2. 

The value found for Aao ) gives a molar absorptivity 
of 5.50 x lOa l.mole-‘.cm-P and the slope of the straight 
line (4055). gives log K = 9.86. 
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Table 5. Cu(II)-erotic acid system at pH5.69 (b, = lO-“M) 

ho/B 
ccum1, ‘44 

6.25 x 10-h 
1.25 x lO-5 
2.50 X 10-5 
5.00 x lo-5 
1.00 X 1o-4 

[AB],,, = 1.00 x 10-4M 

(310Anm) 

0.020 
0.050 
0.116 
0.265 
0.585 

(/34Y (P4P4 xc. 
B4 (ho/P (ho/BP ’ ’ h 

0.320 226.2 6017 44.4 
0.400 178.9 3783 55.5 
0.464 136.2 2334 64.4 
0.530 102.9 1435 73.6 
0.585 76.5 874 81.2 

4 ,,(,,,,) = 0.720 0.0 100.0 

Table 6. Ni(II)anthrapurpurin system at pH9.73 (b, = 1.2 x 10e4,+4) 

ho/B 
[anthrapurpurin], M 

7.5 X 10-h 
1.5 x 1o-5 
3.0 x 10-s 
6.0 x 1O-5 
1.2 X 10-4 

CAMmax = 1.2 x 10-4M 

(59oAnm) 

0.015 
0.046 
0.117 
0.265 
0.575 

P4 

0.240 
0.368 
0.468 
0.530 
0.575 

4 arho, = 0.660 

(BAY3 *s. 
(ho/BY” % 

‘1622 36.4 
1178 55.7 
804 70.9 
528 80.3 
342 87.1 

0 100.0 
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Summary-The atomization of Sn from graphite surfaces is potentially hindered by reactions with 
the surface. The impregnation of graphite tubes with other carbide-forming elements (W, Zr, Ta, MO) 
favourably alters the surface characteristics of the graphite furnace for the atomization of Sn. At the 
acid concentrations needed to prevent the hydrolysis of Sn, these surfaces are considerably more stable 
(even after more than 100 atomization cycles) than those of pyrolytic graphite. Two graphite furnaces 
of different design, the HGA 72 and the HGA 76, were tested. With impregnated graphite tubes 
the determination of Sn is possible in the HGA 72 with a detection limit of approximately 15 pg. 
In the HGA 76 the tin determination is vastly improved with respect to prolonged lifetime of the 
furnaces and stable signals over much longer periods of time. Detailed interference studies reveal 
that the use of the “gas stop” mode minimizes the influence of many ions that are frequently either 
introduced by the decomposition reagents or present in the sample itself. The practical potential of 
this method is demonstrated for the determination of Sn in a slag material and in copper- and alu- 
minium-based alloys. 

The determination of tin at trace levels is of great 
importance in organic as well as inorganic matter. 
Organo-tin compounds are frequently used as stabi- 
lizers for poly(viny1 chloride) resins used for packag- 
ing food items, but must be kept at a concentration 
of less than one part per million.’ The tin content 
of inorganic matter affects, even at trace levels, the 
properties of alloys and thus it is desirable to monitor 
the concentration of tin at different stages of the pro- 
duction process. For tin, flame atomioabsorption 
spectrometry gives a reciprocal sensitivity of 0.15-3 
ppm/l% absorption, depending on the resonance line 
and flame composition used.2A Unfortunately, 
the 0.15 ppm/l% absorption value was measured at 
the 224.6 nm resonance line, a wavelength subject to 
interference. Early designs of the commercially avail- 
able graphite atomizer could not be used for the 
determination of tin, presumably because of carbide 
formation.5 As a result, Thomas and Thomerson6 de- 
veloped a method based on generation of stannane 
by borohydride; a similar method was later auto- 
mated by Schmidt et aL7 Although this method gave 
a reciprocal sensitivity of 0.44 ppm/l% absorption it 
is severely impaired by the instability of the evolved 
stannane.* As a, result there is considerable interest 
in alternative methods, as is also indicated by the 
development of an indirect method based on the 
determination of Hg.9 Recent versions of the graphite 
atomizer allowed the direct determination of tin in 

organic matter, “J’ but in the only report of a tin 
determination in inorganic material” the results were 
inaccurate and sensitivities greatly reduced in decom- 
position solutions as compared to the sensitivity 
obtained in pure water. A recent study on determina- 
tion of tin in steel13 did not discuss possible interfer- 
ences in a general sense and did not mention the effect 
of degradation of the graphite surfaces on the atomi- 
zation signal, both of which were found to be very 
important by us as well as by Zatka.i4 As previously 
noted, alterations of the graphite furnace can lead to 
major changes in atomization characteristics, es- 
pecially of refractory and carbide-forming metals.’ * 
The most widely advocated improvement concerns 
the use of pyrolytic graphite, “-‘* although impregna- 
tion procedures show distinct advantages as 

we11.14*19-21 In contrast to surfaces with pyrolytic 
graphite coatings, which have to be renewed fre- 
quently, the impregnated tubes show much better 
long-term stability with respect to sensitivity, without 
any significant degradation in precision. 

This paper reports that the impregnation of graph- 
ite furnace surfaces leads to greatly improved sensi- 
tivity and/or less impairment from interferences, 
depending on the graphite atomizer design. The two 
atomizers studied were the HGA 72 and the HGA 
76. A recently developed method for the simultaneous 
study of interferent effects” was utilized to ensure 
the significance of reported interferences. The effect 
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of impregnation is studied by scanning electron 
microscopy (SEM) and is discussed in terms of 
graphitization of the carbon induced by a carbide- 
forming metal, and the greater inertness of such a 

surface. The applicability of the method developed 
is shown by accurate analyses for tin in copper- and 
aluminium-based alloys and slag material. 

EXPERIMENTAL 

Impregnation studies 

In preliminary experiments the effects of W, Ta, MO, 
V, Zr. Ti and Si on the atomization of tin were studied. 
The graphite tubes were soaked overnight in the appro- 
priate solutions, then dried at 120” for 2-4 hr. 

Prior to the first determination, the impregnated tube 
was dried inside the graphite furnace for 1 min at 120”. 
for 30 set at 400” and finallv heated to 2200” within 90 
set by use of the programmable power supply, then kept 
at maximum temperature for 10 sec. This heating cycle 
was repeated twice. 

The solutions used for impregnation are prepared as fol- 
lows: 

W-solution: 7.8 g of Na2W0,.2H,0 dissolved in 100 
ml of distilled water. 

Ta-solution: 5 g of Ta powder dissolved in 25 ml of 
hydrofluoric acid (40% suprapur) by slow addition of 25 
drops of nitric acid (65%) and made up to 100 ml with 
.distilled water. 

Mo-solution: 5 g of MO dissolved in 200 ml of hydro- 
chloric acid (30%) and 20 ml of nitric acid (65x), the sol- 
vent evaporated, the precipitated MOO, suspended in 50 
ml of distilled water and dissolved by addition of solid 
sodium hydroxide. The solution is made up to 100 ml with 
distilled water.23 

V-solution: 1 g of NH,VO, dissolved in 84 ml of dis- 
tilled water bv slow addition of 16 ml of ammonia 
solution (25%).- 

Zr-solution: 5.8 g of ZrOCl, .8H,O dissolved in 100 ml _ - 
of distilled water. 

Ti-solution: 1 g of Ti dissolved in 50 ml of hydrochloric 
acid (30%) by heating. After cooling, the solution is made 
up to 100 ml with hydrochloric acid (15%). 

Si-solution: 4 g of sodium silicate (9-hydrate) dissolved 
in 95 ml of distilled water and 5 ml of hydrochloric acid 

(30%). 
Tantalum hydroxide suspension:*“ 0.5 g of Ta powder 

dissolved in 2:5 ml of hydrofluoric acid (40% suprapur) 
bv slow addition of 15 drops of nitric acid (65%). tantalum 
hidroxide precipitated by addition of solid sodi;m hydrox- 
ide and centrifuged. The precipitate is washed three times 
with distilled water and finally suspended in 3 ml of dis- 
tilled water. 

Instruments and apparatus 

All impregnation studies were done with a Perkin-Elmer 
double-beam atomic-absorption spectrophotometer (model 
403) in conjunction with the flameless atomization device 
HGA 72. The following were used as light-sources: an Jn- 
tensitron hollow-cathode Iamp and an electrodeless dis- 
charge lamp from Perkin-Elmer. The measurements were 
made at the 286.3 nm resonance line with a band-width 
of 0.7 nm. No corrections for broad-band absorption were 
made in the initial impregnation studies; in the interference 
experiments and in the subsequent analytical work a deu- 
terium arc lamp was used for background correction. The 
signals were recorded on a Siemens Kompensograph III 
(250 psec for 95% deflection) strip-chart recorder, for 
peak-height measurements. Argon was used as sheath gas. 
The interference studies and analyses were run on the Per- 
kin-Elmer 403 and also on a Perkin-Elmer 420 in conjunc- 

tion with the flameless atomizer HGA 76. The 403 instru- 
ment is equipped with a double-beam deuterium arc lamn 
background corrector. The sample delivery was handle2 
by the Auto Sampling Svstem ASI. A Perkin-Elmer 56 
recorder (pen speeh 500 fiiec for 95% deflection) was used, 
Both peak heights and integrated absorbance values were 
recorded and evaluated. The argon purge-gas Row was set 
to 450 ml/min for the external gas stream, 145 ml/min 
for the internal purge gas stream and 25 ml/min for the 
“miniflow” option. The same light-sources, resonance line 
and band-width were used as for the Perkin-Elmer 
403/HGA 72 system. All dilutions were made by using the 
Oxford microsampler system. 

Interference studies 

In an effort to simulate actual analytical situations, the 
interference experiments were carried out in a complex but 
rigorously controlled matrix. Multivariate statistical tech- 
niques were used to determine the effect of the single inter- 
fering species. ’ 2 

Hydrochloric, nitric, sulphuric, phosphoric, perchloric 
and hydrofluoric acids were studied with respect to their 
influence on the signal for tin. These acids were chosen 
because their anions are frequently present in samples and 
the acids are also in use as decomposition reagents. It was 
decided to use a fractional design (4 x 26) to gain some 
insight into the presence and nature of interactions. Owing 
to the reduced experimentation compared to that for the 
full design (2h), each main effect is confounded with a fifth- 
order interaction (e.g.. HCl and HNO, x H$O, x 
H3P04 x HCIO, x HF), each first-order interaction with 
a fourth-order interaction (e.g., HCI x HNO, and 
H2S04 x HJPO, x HC104 x HF). The error was esti- 
mated from the confounded third-order interactions, the 
hypothesis being that these effects are negligible; this 
method gave 10 degrees of freedom for the error estimate, 
making the F-test fairly sensitive. 

The matrix was. apart from the systematic variations 
in composition due to the experimental design, 5% v/v 
hydrochloric acid and 5% v/v nitric acid. 

With the exception of nitric acid and hydrochloric acid 
all the lower concentration levels were chosen to be zero. 
The upper levels were 0.1 or O.OlM for the non-matrix 
acids, with the exception of phosphoric acid which was 
taken at 0.01 and O.OOlM to avoid significant contami- 
nation and/or non-specific signals caused by that acid. 

The reagents for the study of cationic interferences were 
made up according to the suggestions of the Perkin-Elmer 
handbook.2s The elements studied included Al, Cu, Fe, 
Pb, Ni, Ca, Zn, Mg, Ba and Mn. The matrix was 5% v/v 
nitric acid; the relatively high concentration of this acid 
tended to obscure possible anionic effects of the counter- 
ions, hut those will be discussed where appropriate. The 
concentrations of interferents were chosen in a 
10-IOCO-fold weight ratio to tin. As the experimental effort 
fat the study of all possible interactions was prohibitive, 
a minimal design confounding all the interactions was 
chosen.z6 This may have biased the estimation of some 
effects, but considering the general observation (from an 
earlier study) that interactions tend to exhibit much 
smaller effects than main factors,*’ this design should give 
a sufficient basis for further analytical work. The error esti- 
mate was derived from a replication, rather than from 
dummy variables. 22 This was deemed necessary since in- 
itial studies indicated the possibility of instrument drift. 
Within the blocks the experiments were run completely 
randomized. All calculations were done on the UNIVAC 
494 computer of the Rechenzentrum Graz, using the pro- 
gram NYBMUL.28 

Determination of tin in inorganic material 

Metals and alloys were dissolved according to the 
methods given by Perkin-Elme?, with use of a previously 
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Fig. 1. Atomization of Sn from untreated and W-impreg- 
nated graphite furnaces (a) untreated, 125 ng of Sn; (b) 
W-impregnated, 10 ng of Sn. P.E. 403/HGA 72; hollow- 
cathode lamp; no gas-stop; 10% v/v HCI matrix; charring 

1200”/30 set; atomization at maximum temperature. 

described mechanized system.29 The amount used was 
adjusted to the expected concentration of tin and the solu- 
tions were diluted as necessary. 

The slag material and the crude metal were decomposed 
under pressure in a closed PTFE vessel with 2 ml of nitric 
acid (65%) and 1 ml of hydrofluoric acid (40%) by heating 
at 180” for 75 min. 3o After cooling, the resulting solution 
was transferred to a saturated solution of boric acid (50 
ml) at 80” and kept at that temperature for 30 min before 
dilution to volume. 

Calibration was done with tin dissolved in 5% v/v hy- 
drochloric acid or the decomposition solution. At lower 
concentrations of tin, the matrix of the calibration solution 
for copper-based alloys was matched to that of the sample 
solution by addition of appropriate amounts of copper. 

Scanning electron microscopy (SEM) studies 

The SEM studies were undertaken on a Jeol JSM 35 
equipped with an energy-dispersive EDAX spectrometer 
(Si-crystal, 155 eV resolution, 400 channels). The acceler- 
ation voltage applied was 35 kV. 

RESULTS AND DISCUSSION 

Initial studies on the atomization behaviour of tin 
in the graphite furnace revealed very little sensitivity 

and poor precision.’ This was attributed to the fact 

that tin forms a carbide stable enough to slow down 

considerably the mass transfer of the element to the 
gaseous phase, even at the highest operating tempera- 
ture of the HGA 72 (2700”). Therefore, it was thought 
that a competitive reaction for the available free car- 
bon sites on the surface of the furnace might improve 
the atomization. With W, V, Si, MO, Zr, Ti and Ta 
as competitors in the formation of stable carbides, 
graphite fu;naces were impregnated as described 

above. The concentrations of the impregnating solu- 
tions were optimized individually. Only for Ta was 
an alternative method of pretreatment considered : an 

aqueous tantalum hydroxide suspension (200 ~1) was 
deposited through the sample introduction port and 
the furnace was conditioned by application of the 
heating cycle normally employed for the analysisz4 

The solutions containing W, MO, Zr and Ta gave 
positive results in these screening experiments, but V, 
Si or Ti solutions did not lead to a noticeable im- 
provement. As an example, the effect of the sodium 
tungstate treatment is depicted in Fig. 1. Table 1 gives 
a summary of sensitivity and detection limit data in 
a 10% v/v hydrochloric acid matrix, as suggested by 
Perkin-Elmer.” The best precision was obtained 

with furnaces impregnated with sodium tungstate or 
zirconyl chloride; hence it was decided to study only 
these two reagents in more detail. 

It was of particular interest to determine the long- 
term stability of the impregnated graphite furnaces. 
The sensitivity of several tungstate-treated furnaces 
was recorded over more than 150 atomization cycles 
and the first ten of these determinations were com- 
pared with the determinations after the first 100 
cycles. Table 2 gives the results of such an experiment. 
Since the peak-height measurements are expected to 
be more sensitive than the integrated signals to 

Table 1. Reciprocal sensitivity and detection limits for impregnated graphite furnaces 

Impregnation 
Ta hydroxide 

W Ta MO Zr suspension 

Reciprocal sensitivity 25 33 45 90 40 
pg/O.O044 absu. 
Detection limit, HCL 130 150 160 250 200 

%.D. at 1 Sn, EDL ng % 13 4 12 16 18 7 30 2 20 18 

P.E. 403/HGA 72; gas-stop mode: maximal atomization temperature; peak-height 
evaluation 10% v/v HCl matrix. 

Table 2. Stability of tungstate-impregnated graphite furnaces 

Number of Standard 
detns. Absorbance signals Mean deviation R.S.D., % 

l-10 0.153 0.150 0.145 0.140 0.143 
0.163 0.155 0.150 0.150 0.155 0.1504 0.0067 4.4 

101-l 10 0.153 0.131 0.160 0.144 0.160 
0.149 0.135 0.141 0.158 0.133 0.1464 0.0112 7.7 

Sn 10 ng, hollow-cathode lamp, P.E. 403/HGA 72, no gas-stop, 10% v/v HCI matrix: 
temperature programme: 30 set drying at 98”, 60 set ashing at 500”, 10 set atomization 
at maximal temperature. 
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Fig. 2. Optimization of charring temperatures. -0 3% 
v/v H,SO,; X---X 5% v/v HNO,; A-A 10% v/v 

HCI. P.E. 403/HGA 72; no gas-stop, 10 ng of Sn; charring 
time 30 set, atomization at maximum temperature. 

changes in the atomization hehaviour, only these 
values are listed. Neither the F-test for the difference 
of variances, nor the t-test for the differences of mean 
values shows any significant change (95% confidence 
level) between newly impregnated and used impreg- 
nated furnaces. The reproducibility of the furnace im- 
pregnation process is within the experimental error 
of the determination itself. 

Owing to the interactions of the tin and its counter- 
ion with the graphite, general data on thermal stab- 
ility and volatility for different compounds are not 
easy to fit into consideration of the atomization. 
Therefore, an empirical approach was used for deter- 
mining the maximal temperatures for the thermal pre- 
treatment prior to atomization. Three acid matrices 
(nitric, hydrochloric and sulphuric) were chosen for 
this study all of them at a relatively high acid con- 
centration (S%, 10% and 3% v/v respectively) to pre- 
vent the hydrolysis of tin. The determination of tin 
in sulphuric acid medium was impossible at all ashing 
temperatures (Fig. 2). The sensitivity was best for the 
nitric acid matrix if charring was done at tempera- 
tures above looo”. This increase in sensitivity at 
higher charring temperatures is probably caused by 
the total volatilization of the remaining nitric acid 
which is found in graphite furnaces at temperatures 
as high as 100&l 100”.r5 Considerable decrease of the 
signal height is observed at 1200-1400°C for the hy- 
drochloric acid matrix. The trend of these results is 
identical in the impregnated and non-impregnated 
HGA 76 furnaces, though the signal level was lower 

than with the impregnated HGA 72 furnace, because 
of the lower sensitivity. 

Even though possible without impregnation, the 
determination of tin with the HGA 76 led to difficul- 
ties caused by the deterioration of signals after -20 
atomization cycles. A comparison of sensitivity data 
for the HGA 76 is given in Table 3. The increase 
in sensitivity due to impregnation is much less drama- 
tic in this furnace, but it effectively prevents the attack 
of acids and leads to stable signals over more than 
150 atomization cycles, as with the HGA 72 (Table 2). 

SEM-studies were undertaken to explain the differ- 
ence in atomization efficiency between the untreated 
HGA 72 and HGA 76 furnaces. As seen from Fig. 3, 
the structure of the graphite surfaces is quite differ- 
ent with respect to compactness. The HGA 72 furnace 
has a much rougher surface structure than the HGA 
76 furnace, the latter being much better suited for 
the atomization of tin. This compact surface, however, 
is easily attacked/ by the relatively high acid concen- 
trations and at high atomization temperatures, so that 
the SEM-picture of a used HGA 76 increasingly 
resembles that of the HGA 72 furnace as the number 
of atomization cycles increases. On a molecular basis 
it was suggested 3L that both the tin carbide formation 
and the subsequent “dissolution” of this compound 
in lower layers of the graphite during the ashing step 
are largely dependent on the carbon structure at the 
inner surface of the furnace. Apparently, the surface 
structure found for the HGA 76 furnace is at least 
initially less susceptible to these reactions with tin. For 
impregnated furnaces, these mechanisms occur largely 
for the elements used in the impregnation, as they 
serve as graphitization catalysts: the small graphite 
crystallites formed are non-reactive and slowly grow 
with continued heat treatment.31 A change of the 
graphite surface could not be observed from the 
SEM-studies, although the porosity of the graphite 
seemed to increase considerably less for impregnated 
than for untreated furnaces with an increasing 
number of atomization cycles. As expected, the tanta- 
lum hydroxide treatment left a dense net of that re- 
agent at the surface of the graphite, giving an entirely 
different topographic result from any of the impregna- 
tion procedures. 

The influence of different anions was determined 
in the 4 x 2’j factorial experiment’ 3 is shown in Table 4. 
The most pronounced effect was caused by sul- 
phuric acid and was attributed to the high volatility 

Table 3. Reciprocal sensitivity for the determination of tin with the HGA 
76 

Gas-stop mode Untreated W-impregnation Zr-impregnation 

Off 1300: 440 300 
on 120* 70 80 

* Rapid degradation of furnaces after -20 determinations; all data in 
pg/O.O044 abs.u. 

P.E. 420/HGA 76; maximal atomization temperature, peak-height evalu- 
ation; 10% v/v HCI matrix. 
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Fig. 3. SEM-pictures of untreated HGA-surfaces (400 x ) (a) HGA 72 (h) HGA 76 

of tin sulphate. Independent of the matrix, phosphoric 
acid seems to lead to high tin signals if the gas-stop 
mode is not employed. In particular, the observation 
of an HzSOQ x H3P04 interaction makes the presen- 
tation of the data incomplete without a detailed 
examination of this second-order effect. Figure 4 
shows a case where the HzS04 x H3P04 interactions 
exceed the 95% confidence limit. Basically, it appears 
that the enhancement by phosphoric acid is observed 
only in the absence of sulphuric acid, but does not 
reverse the suppressive effect of sulphuric acid. The 
same is true for the interaction of perchloric acid and 
phosphoric acid. These interactions are an indication 
that the positive (H,PO,) and the negative (H,S04 
or HC104) influences are of a direrent nature. It 
appears that the enhancement is due to a more in- 

stantaneous volatilization whereas the low signals are 
most probably caused by pre-atomization losses. 

A similar study for the HGA 76 showed interfer- 
ences from sulphuric acid and phosphoric acid, and 
also from perchloric acid and hydrofluoric acid. As 
noted before, untreated graphite furnaces showed a 
strong degradation after a few atomization cycles. The 

t x 2’ experiment was therefore modified so that one 
degree of freedom was assigned to that degradation 
effect, leaving only 9 degrees of freedom for the esti- 
mation of the experimental error.” No degradation 
was found for W- and Zr-impregnated furnaces. The 
relative experimental errors for the results in Table 5 
are 22, 18 and 11% for untreated, W- and Zr-impreg- 
nated furnaces, respectively. This is, of course, higher 
than expected for simple replications. It is also clear 

Table 4. interference of inorganic acids in the determination of tin with tungstate-impreg- 
nated graphite furnaces (HGA 72) 

Matrix 
Amount of Sn, ng 
Concentration of acids, M* 
HCl 
HN03 
HzSO4 
H3P04 (0.01 and O.OOlM) 
HCIOl 
HF 
Gas-stop mode 

HN03 5% v/v 
1 10 

0.1 0.01 0.1 0.01 
0 0 0 0 
0 0 0 0 
-+ ~ - - 
0 0 + +t 
0 0 0 0 
ot 0 0 ot 

on Off 

HCI 5% v/v 
1 10 

0.1 0.01 0.1 0.01 
0 0 0 0 

0 0 0 
-i 0 -t ot 
ot 0 + +t 
-t 0 ot 0 
0 0 0 ot 

on Off 

*The acid concentrations are given for non-matrix acids only; for HCl and HNO1 
this concentration has to be added to the concentration of the acid constituting the 
matrix. 

t Interactions between acids significant. 
Ar as sheath gas; 1200”/30 set ashing, 10 set atomization at max. temperature, peak- 

height measurements. 
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Fig. 4. Interaction of H2S04 x H,PO, in the atomization of 10 ng of Sn. P.E. 403/HGA 72; W-impreg- 
nated graphite surface; no gas-stop; each bar represents the mean of 8 signals; the experimental error 
was estimated from 10 degrees of freedom; f x 26 factorial design; charring 1200”/30 set; atomization 

at maximum temperature. 

from the data in Table 5 that integration of the signal 
does not eliminate these interferences; this was aiso 

noted by Sturgeon.32 
Cationic interferences were studied for Ca, Zn, Mg, 

Ba, Cd, Mn, Al, Cu, Fe, Pb, Ni in lO-lOOO-fold ratio 
to tin, with tungstate-impregnated HGA 72 furnaces. 
These experiments were run for 10, 2 and 1 ng of 
tin without and with use of the gas-stop mode. For 
the concentrated (100 ppm) interference solutions in 
lOOO-fold ratio to tin, the blanks were subtracted 
before the effects were calculated; this subtraction is 
the main reason for the increased experimental error. 
Since it was established earlier that no degradation 
of the furnace takes place over all 24 experiments, 
this experimental error could be calculated from 
paired observations (12 degrees of freedom). The 
effects are given in per cent of the signal obtained 
in the absence of the particular interfering species. 
The original study was done only with 10 ng and 
1 ng of tin and gave many more interferences for 

10 ng (without the gas-stop mode); this was somewhat 
surprising considering the fact that the weight ratio 
of interferents to tin was an order of magnitude 
smaller for the 10 ng of tin than for the 1 ng. For 
an intermediate amount of tin (2 ng), still in the linear 
range of the calibration curve for the gas-stop mode 
yet not too small to be measured without this mode, 
these interference studies were run again in presence 
of a lOO-fold ratio of potential interferents to tin; 
again, the use of the gas-stop mode gave fewer inter- 
ferences as well as a smaller relative standard devi- 
ation. According to L’vov and co-workers33T34 the 
atomic population observed at the maximum of a 
peak is a function of the atomization time, TV, and 
the mean residence time of the atoms in the analysis 
volume, T* : for the commercial furnaces used the kin- 
etic equations given33s34 are only approxima- 
tions.32,35 For peak-height evaluations as used in 
Table 6 the constancy of the ratio z1/r2 is of instru- 
mental importance for the signal observed. Changes 

Table 5. Interference of inorganic acids in the determination of tin with impregnated and non- 
impregnated graphite furnaces (HGA 76) 

Impregnation of furnace 
Concentration, None Tungstate ZrOCl, 

Acids M peak integral peak integral peak integral 

HCI 0.1 0 0* 0 0 0 0 
HN, 0.1 _ - _ _ - - 

HJPO, 0.01 + + _ 0 0* 
HCIO, 0.1 0 0 0 0 0 _ 
HF 0.1 0 0* 0 0 - - 

Degradation of furnace strong none none 

* indicates significant interaction between different acids. 
0 . . . no influence at 95% confidence level. 
- suppression. 
+ enhancement. 
Sn 1 ng in 5% v/v HNOJ; gas-stop mode on; ashing at 1200”/30 set; 10 set atomization at 

maximal temperature. 
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Table 6. Cationic interferences in the determination of Sn with the HGA 72 

Amount of Sn, ng 10 1 2 2 10 I 
Ratio (w/w) of 

interferent to Sn 100 1000 100 100 10 100 

Ca 
Zn 

Mg 
Ba 
Cd 
Mn 
Al 
cu 
Fe 
Pb 
Ni 

Experimental error 
Gas-stop mode 
Blank subtracted 

+12* -13 
-26 -31 
-12 
+24 
-22 
+21 -13 
+71 +19 

-42 
-13 

-45 
12 12 

Off on 
no yes 

-6 -5 
-6 -5 

+10 
- 

+10 
+19 
- 

-20 
-7 

-20 
7 

Off 

no 

+4 

-5 

3.5 
on 
no 

- - 
-6 

+17 

+9 
10 7 

Off on 
no no 

*All data in %; Sn in 5% v/v HN09; Ar sheath gas; ashing 1200”/30 set; EDL; 
maximal atomization temperature. 

in r, are most Iikely to be caused by the matrix, while 
TV can be prolonged by working in the gas-stop mode. 
As long as sl/rl < 1 little interference wiil be 
observed. Increasing the mean residence time makes 
the interference less severe; this is most likely what 
is observed in the experimental data of Table 6. 

Subsequently, the investigations of cationic interfer- 
ences in the HGA 76 were done only with use of 
the gas-stop mode. Here, the relative experimental 
error was determined by immediately replicated ex- 
periments. Again, the aging of the untreated furnace 
was quite apparent, as can be seen from Table 7. This 
aging not only decreases the sensitivity, as discussed in 
the description of anionic interferences, but makes the 
measurement much more susceptible to interferences; 
even though the concentrations of the interferents 
were an order of magnitude smaller, the interferences 
were more numerous and more pronounced. For the 
Zr-impregnation, no deterioration was found, as the 
interference tended to decrease with decreasing con- 
centration of cationic species (Table 7). 

To study the applicability of the method developed, 
several industrial samples were analysed with tung-’ 
state-impregnated furnaces in the HGA 72 (with 
which an analysis without impregnation had been 
totally impossible). The results (Table 8) agree well 
with the industrial analyses, showing the potential of 
the reported method. 

All determinations were done in the gas-stop mode 
after appropriate dilution so that the linear portion 
of the calibration curve (up to 4 ng) could be used. 

In summary, the impregnation of graphite furnaces 
with zirconium or tungstate improves the perform- 
ance of the tin determination by electrothermal 
atomic-absorption spectroscopy, independent of the 
furnace design or graphite structure of the furnace. 
For porous graphite it enhances the sensitivity by 2-3 
orders of magnitude; compact graphite surfaces are 
favourably altered, mainly with respect to their dura- 
bility. Anionic and cationic interferences are less im- 
portant when the preconditioning described is used. 

At the same time, the impregnation is easily carried 

Table 7. Cationic interferences in the determination of Sn with the HGA 76 

Ratio (w/w) 
interferent to Sn 

Measurement 

Not pretreated Zr-impregnated 
1000 100 1000 100 

peak integral peak integral peak integral peak integral 

Ca -35 -57 - - 
Zn - -35 -58 - 

Mg - -17 -51 - -8 
Ba +23 +38 fl7 +22 +10 +I6 
Cd - - -23 -12 -13 -13 
Mn - - -12 
Al - +52 +72 -16 -10 -13 
cu -18 - 16 +10 -t-29 -23 -19 
Fe -36 -22 -30 -71 -47 -36 -17 -13 
Pb - -36 -58 -13 -6 - 
Ni -33 -26 -39 -69 -43 -36 -17 -23 

Experimental error 23 18 11 22 9 12 6 9 
Furnace age new used new used 
Blank subtracted yes no yes no 

All data in %; 1 ng of Sn in 5% v/v HNO,; gas-stop mode; Ar sheath gas; ashing 1200”/30 set; EDL. 
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out even under the conditions of routine analysis and 
should prove to be a simple and superior alternative 
to the hydride generation process or indirect deter- 

minations currently employed for the determination 
of tin in inorganic matter. The gas-stop mode should 
preferably be employed as it gives a higher sensitivity 
and less dependence on concomitant ions even at 
fairly high concentrations; a mechanism is proposed 
to explain this fact on the basis of L’vov’s atomization 
equations. The agreement with independent deter- 
minations of tin in slag material, a mineral, and 
copper- and aluminium-based alloys shows that a di- 
rect determination is possible by matching the stan- 
dard with the matrix element. 
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Table 8. Results of tin determinations 

Sample 
Amount, Calibrated 

my against 

Results Independent 
+ standard 

deviation, ppm* 
analysis, 

ppm? 

Slag material 150 decomposition 1200 * 50 1100 
solution 

Crude Cu-metal 100 decomposition 1250 * 70 1400 
solution 

Cu-alloy 10 5% v/v HCI 980 f 40 1000 
Cu-alloy 200 5% v/v HCl & Cu 2OO+ 15 210 
Cu-metal 300 5% v/v HCl & Cu 10 f 3 7 
Al-metal IO 5% v/v HCI 4600 + 300 5000 
Al-metal IO 5% v/v HCI 10200 k 400 9700 

P.E. 403/HGA 72; W-impregnated furnace; gas-stop mode on; charring at 1200”/30 set; 
peak-height measurements. 

* Mean of 6. 
t Data supplied by Dr. R. Pietsch and Dr. F. Frenzel. 
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Zusammenfassung-Es wurden Faktoren untersucht, die die Abtrennung von Fe(II1) durch Fhissig- 
Fliissig-Extraktion mit Caprylsiiure beeinflussen. Die Extraktion von Fe(II1) ist in Anwesenheit von 
Sulfat geringer als in Anwesenheit von Chlorid. Im Vergleich zu Natriumsalzen dominiert in Gegenwart 
von Aluminiumsalzen der Aussalzeffekt. Die thermodynamische Analyse der Verteilungsverhlltnisse 
als Funktion verschiedener Konzentrationsparameter zeigt, daB Fe(II1) als Dreikernkomplex extrahiert 
wird. Deshalb ist die Extrahierbarkeit bei groDen Eisenmengen hoch, jedoch weniger befriedigend fur 
Spurenmengen. Wenn Natriumcaprylat an Stelle der Saure verwendet wird, urn Makromengen Eisen 
zu extrahieren, werden grogere pH-Verschiebungen vermieden. Allerdings mtissen substijchiometrische 
Mengen zugegeben werden, da sonst alle Metallionen nach einem einfachen Ionenaustausch- 
mechanismus extrahiert werden. Die Bildung gemischter Komplexe von Eisen mit Kupfer und Nickel 
wurde nachgewiesen. Der Trennfaktor fdr diese Metallpaare ist deshalb unter bestimmten Bedingungen 
wesentlich geringer als durch das Verhalten der Einzelionen vorausgesagt wird. Cr(II1) billet ebenfalls 
gemischte Komplexe mit Fe(III), aber ihre Bildung ist kinetisch gehemmt. Aus diesem Grund sind 
Untersuchungen unter Gleichgewichtsbedingungen schwierig zu realisieren, aber bei kurzen Kontakt- 
zeiten sind Trennungen miiglich. 

Das standig wachsende Interesse an Reinststoffen 
stellt such an die Analytik steigende Anforderungen. 
So liegen die heute geforderten Nachweisgrenzen fur 
Spurenelemente in einer Matrix zwischen 10m5 und 
10-i’%. Instrumentelle Direktverfahren sind in 
diesen Grenzbereichen sehr aufwendig und auf Grund 
des derzeitigen Kenntnisstandes in vielen Fallen such 
stark fehlerbehaftet. Infolgedessen gewinnen kom- 
binierte Bestimmungsverfahren, die chemische und 
physikalische Anreicherungstechniken einschliegen, 
an Bedeutung.’ Eine infolge ihrer schnellen und ein- 
fachen Handhabung sowie der zu erzielenden hohen 
Trenneffekte sehr verbreitete Methode zur Konzen- 
trierung von Spurenelementen ist die Fliissig-Fliissig- 

Extraktion.’ Dabei werden die verschiedensten 
Klassen von Extraktionsmitteln eingesetzt. Einerseits 
benutzt man selektive Extraktionsmittel zur quantita- 
tiven Abtrennung eines Elementes, und seine nachfol- 
gende Bestimmung erfolgt individuell, oder man 
bedient sich solcher Extraktionsmittel, die eine Grup- 
penkonzentrierung zulassen. Man bestimmt dann die 
Verunreinigungen gemeinsam, z.B. durch Emissions- 

sektralanalyse. 
Aliphatische Monokarbonsluren sind zur extrak- 

tiven Abtrennung sowohl des Matrixelementes als 
such von Spurenelementen mit Erfolg anwendbar. Als 
kationenaustauschende Extraktionsmittel sind ihre 

Extraktionsgleichgewichte stark pH- abhIngig. Das 

bedeutet, dal3 die Metallionen in Abhlngigkeit von 
ihrer BasizitPt extrahiert werden und Trennungen 
sowie Konzentrierungen einzelner Elemente bzw. 
insbesondere von Elementgruppen durch die Wahl 
des pH-Wertes entsprechend der bekannten Reihe der 
abgestuften Extrahierbarkeit erfolgen k6nnen3 Auf 
Grund der Vielzahl von mogiichen EinfluBfaktoren 
und der daraus resultierenden Kompliziertheit derar- 
tiger Extraktionsgleichgewichte ist eine erfolgreiche 
Trennung und Konzentrierung nur moglich, wenn die 
Gesetzmlgigkeiten der Extraktionsreaktion genau 
bekannt sind. 

Am Beispiel der Extraktion von Fe(II1) mit 
n-Caprylslure sol1 gezeigt werden, welchen EinfluB 
verschiedene Reaktionsparameter auf die Abtrennung 
des Eisens als Makro- bzw. Mikrokomponente haben. 

EXPERIMENTELLES 

Alle eingesetzten Verbindungen waren analysenrein. 
Durch Destillation wurden n-Caprylslure und n-Dekan 
zusatzlich gereinigt. Lijsungen von Natriumcaprylat in 
n-Caorylsaure wurden durch Eintragen von Na,CO, in 
Caprylslure erhalten. 

Die Extraktionen wurden z.T. in 50-ml Schtitteltrich- 
tern durch mechanische Schtittlungen und z.T. in der 
Extraktionsapparatur AKUFVE 100 (MX Processer, 
Molndal/Schweden) durchgeftdhrt. Die Volumina in den 
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Schiitteltrichtern betrugen jeweils ftir beide Phasen 10 ml, 
in der AKUFVE-Apparatur 450 ml. Die Temperatur 
betrug 25 k 0,5”. Die pH-Werteinstelhmg erfolgte durch 
Zugabe von Natriumhydroxid bzw. entsprechender Mine- 
ralslure. Die Metallkonzentrationen wurden in beiden 
Phasen radiometrisch durch Markierung mit 59Fe, 64Cu, 
65Ni und ‘ICr (Isocommerz GmbH, Berlin/DDR) be- 
stimmt. Die Gleichgewichts-pH-Werte wurden mit einer 
Glaselektrode am pH-Meter MV 87 (VEB Prlcitronic, 
Dresden/DDR) gemessen. 

ERGEBNISSE UND DISKUSSION 

Einj7uJO der Komplexbildung in der wG@igen Phase auf 

die Extraktion 

Einen entscheidenden EinfluB auf das Extraktions- 
gleichgewicht hat die Zusammensetzung der w$iDrigen 
Lijsung infolge von Komplexbildung und Hydrolyse 
der Metallionen. In Abb. 1 ist die Verteilung von 
Fe(II1) in Abhtingigkeit vom pH-Wert und vom 
Gehalt an Natriumsulfat dargestellt. Die Einfiihrung 
von Sulfationen in das System ftihrt auf Grund der 
Bildung von Sulfatokomplexen zur Verringerung der 
Konzentration an Fe 3+-Kationen und damit zur 
Erniedrigung der Fe(III)-Extraktion, so daD sich die 
Kurven im log D-pH-Diagramm mit steigendem 
Natriumsulfatgehalt nach rechts verschieben. 

Abbildung 2 zeigt, dal3 bei der Extraktion von 

Fe(II1) aus Aluminiumsulfat- bzw. Aluminiumchlo- 
ridliisungen unterschiedlicher Konzentration unter 

ansonsten gleichen Bedingungen die Lage der Kurven 
zueinander im log D-pH-Diagramm im Vergleich zu 

den Experimenten mit Natriumsulfat verlndert ist 
(auf Grund der geringeren Stabilitlt der Chlorokom- 
plexe liegen die Kurven fir chloridhaltige Lasungen 
im stlrker sauren Bereich). 

So nimmt bei niedrigen pH-Werten die Extrahier- 
barkeit des Eisens bei Zunahme der Aluminiumsulfat- 

konzentration zu. Dies ist die entgegengesetzte Er- 

2 3 

PH 

Abb. 1. Extraktion von Fe(III) mit n-Caprylsgure bei un- 
terschiedlichen Gehalten an Na2S0,. 

/’ 

I 1 1 I 
I 2 3 

PH 

Abb. 2. Extraktion von Fe(III) mit n-Caprylslure bei un- 
terschiedlichen Gehalten an AICI, bzw. Al,(SO,),. 

scheinung im Vergleich zu den Experimenten mit 
Natriutisulfat (vgl. Abb. l), die entsprechenden 
Kurven im log D-pH-Diagramm verschieben sich 
nach links. Offensichtlich ftihrt die stark aussalzende 
Wirkung der Aluminiumsalze bei niedrigen pH- 

Werten [fiir AlC13 pH < 1, ftir A12(S04)3 pH < 2,1] 
zu dieser Verschiebung. Im weiteren Kurvenverlauf 
wirkt sich die gleichzeitige Extraktion von Aluminium 
und die damit verbundene Abnahme der Extraktion- 
smittelkonzentration sowie die Hydrolyse des Eisens4 
erniedrigend auf die Fe(III)-Extraktion aus. Bei ErhB 
hung des pH-Wertes streben die Verteilungsverhiilt- 
nisse DFe einem Maximum zu, das mit steigender Alu- 
miniumkonzentration sinkt. 

EinjluJ der Wechselwirkung in der organ&hen Phase 

af die Extraktion 

Bei der Abtrennung von Eisenspuren aus Alkali-, 
Erdalkali- oder Aluminium-salzlGsungen ist zu 
beriicksichtigen, dal3 sich in weiten Konzentrations- 
bereichen 3-Kern-Komplexe bilden.’ Das Extrak- 
tionsgleichgewicht wird dabei durch Gleichung (1) 
beschrieben : 

3Fe&T + 3HzO + ;(HR),,,, - K,. (FeR, . H#)3~,, 

+ 9H& (1) 

Im Unterschied zu idealen Systemen ftihrt die Poly- 
merisation der extrahierten Verbindung zu einer di 
rekten Abhiingigkeit des VerteilungsverhPltnisses D 
von der Metallkonzentration cFe,+. 

Gleichung (2) zeigt die entsprechende quantitative 
Beziehung im vorliegenden Fall: 

1ogD~~ = log KEx + 9 pH + 2 log CF+) 

- 3 log @ + 3 log cH&,, (2) 

Die Komplexierungsfunktion @ gestattet bei der 
quantitativen Auswertung der Gleichung (2) die 
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cI,~(s4~=o.82 Mel/l 

pH= 2.52 const. 
CHR -5 Mot/1 
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Abb. 3. AbhSingigkeit der Fe(M)-Extraktion mit n-Capryl- 
slure von der Konzentration an Fe(II1) in der wll3rigen 

Phase. 

Beriicksichtigung der Komplexbildung und Hydro- 
lyse in der wl5rigen Phase.’ 

Die bestehende Proportionalittit zwischen dem Ver- 
. . 

teilungsverhaltms DFe und der Eisenkonzentration 
cFeCw, ftihrt bei Verringerung der Fe-Konzentration zu 
kleineren D,,-Werten und damit zu einem Mehrauf- 
wand im Falle einer vollstlndigen Abtrennung. Abbil- 
dung 3 veranschaulicht diese Tatsache am Beispiel 
der Entfernung von Fe(II1) aus konzentrierter Alu- 
miniumsulfatltisung. 

Abtrennung von Verunreinigungen vom Hauptbe- 

cM.~M~k,o, = I. IO MO111 

%.R = 1.5 Mel/l 

pH = 1.35 = const. 

\ 
100 - l i*-. -.-. Fe(IlIl 

Cr(rn) 

II I t I 

0.5 1.0 2.0 3.0 

C 
Fe (10,011 LMoC ‘I ’ 

Abb. 4. Abhtingigkeit der Verteilung von Fe(II1) und ver- 
schiedenen Verunreinigungselementen von der Gesamt- 
konzentration an Fe(II1) bei der Extraktion mit 

Natriumcaprylat. 

standteil Eisen, ihre Konzentrierung und Bestimmung. 
Neben der Abtrennung von kleinen Eisenmengen ist 
es such mijglich, zur Bestimmung der Bestandteile in 

StHhlen, von Verunreinigungen in reinem Eisen oder 
Eisenverbindungen das Matrixelement Eisen durch 
Extraktion mit MonokarbonsSiuren soweit zu ent- 
fernen, da5 die Begleitelemente in der verbleibenden 
wl5rigen Lijsung bestimmt werden k6nnen. Wenn 
man jedoch Makromengen Eisen(II1) extrahieren will, 
so werden bei der Extraktion mit Karbondure geml5 
Gleichung (1) Wasserstoffionen frei, und der ijber- 
gang von Eisen wird vermindert. Die Verwendung 
von Natriumcaprylat als Extraktionsmittel und die 
Durchfiihrung einer Austauschextraktion zwischen 
Na+ und Fe3+ ermijglicht die Einstellung des 

gewiinschten pH-Wertes ftir eine optimale Eisen- 
extraktion. ZweckmlBigerweise verftihrt man so, da5 
man das Natriumcaprylat in geringem st&hio- 

metrischen Unterschu5 w&h, da, wie in Abb. 4 zu 
sehen ist, im Bereich stiichiometrischer Verhtiltnisse 
ein starker Einflu5 der Konzentration der Makro- 

komponente zu beobachten ist.6 
Ein ijberschu5 des Extraktionsmittels fiihrt dazu, 

da5 alle metallischen Verunreinigungen gegen das 
Na+ der Na-Seife ausgetauscht werden und damit 
eine Abtrennung nicht mijglich ist. Im Bereich leichter 
Unterstijchiometrie an Extraktionsmittel, also bei 
Fe(III)-ijberschu5, gibt es einen sehr starken Abfall 
der Verteilungsverhtiltnisse der Verunreinigungsele- 
mente, und zwar entsprechen diese in ihrer Abstufung 
der Relhe der Extrahierbarkeiten. 

Abbildung 4 zeigt, da5 sehr hohe Abreicherungs- 
faktoren z.B. ftir Nickel, Kobalt bzw. Kupfer erhalten 

werden. Gr65ere ijberschiisse an Eisen gegeniiber der 
stiichiometrischen Extraktionsmittelkonzentration 
f.ihren zu hiiheren Eisenmengen in der wl5rigen 
Phase und damit zu einer Verringerung der Konzen- 
trierung, ohne da5 die Trenneffekte wesentlich erhiiht 
werden. 

Die in der wH5rigen Phase verbliebenen Verun- 
reinigungen kiinnen auf verschiedene Weise analysiert 
werden. Die optische Emissionsspektralanalyse bietet 
als typisches nbersichtsverfahren die Mcglichkeit, das 
Verunreinigungskonzentrat ohne weitere Trennung zu 
untersuchen.’ Hierbei werden definierte Mengen einer 
Indiumlasung als “innerer Standard” und Natrium- 
chlorid zur Bogenstabilisierung auf die Trlgerelek- 
trode gebracht. Die Zugabe von Natriumchloridlij- 
sung zur Bogenstabilisierung kann entfallen, wenn die 
Extraktionsbedingungen so gewghlt werden, da5 die 
in 10 ~1 Analysenlijsung enthaltene Natriummenge 
zwischen 3Opg und 1OOpg liegt. In der Regel liegen 
die Natriumgehalte dann allerdings hiiher, so da5 
durch eine nachgeschaltete Trennoperation der 
Natriumgehalt verringert werden mu5, wobei, wenn 
es sich beispielsweise urn ein Ionenaustauschverfahren 
handelt, eine weitere Konzentrierung der Spurenele- 

mente erreicht werden kann. 

Das Endbestimmungsverfahren zur Untersuchung 
solcher Spurenkonzentrate’ liefert die in Tabelle 1 
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Tabelle 1. Erfassungsgrenzen cE in salzsaurer Losung 

Element Element 

Mg 3’ 
Al 1* 
Si 10’ 
Ca 3’ 
Ti 425 
V 424 
Cr 456 
Mn 44 
co 0.9 
Ni 131 
CU 0,1* 
Zn 478 
Zr 0,74 
Nb 1S 

MO 

Ag 
Cd 
Sn 
Sb 
La 
Ce 
Nd 
Ta 
Hf 
W 
Re 
Pb 
Bi 

0,54 
0,013 
53 
3,O 

40 
lot 
30t 
lot 
10,o 
4,O 
68 
6.4 
3.0 
LO 

* Erfassungsgrenze durch Blindwert bedingt. 
t Erfassungsgrenze durch Bande bedingt. 

angefuhrten Erfassungsgrenzen. Bei einigen Ele- 
menten werden diese Grenzen durch die Chemikali- 
enblindwerte gegeben, obwohl destillativ gereinigte 
Chemikalien eingesetzt und stets in einer Reinluftbox 

gearbeitet wurde. 
Bildung von heterogenen Mehrkernkomplexen. 

Schwierigkeiten bei der Trennung von Metallionen 
kiinnen auftreten, wenn es zu Wechselwirkungen 
zwischen den Metallen in der organischen Phase 

kommt. 
In Abb. 5 sind experimentelle Ergebnisse zur 

Extraktion von Fe(II1) und Cu(II) mit n-Caprylsaure 
aus sulfathaltigen Losungen zusammengestellt. Die 
Kurven 1 und 2 wurden fur Kupfer und Eisen allein 
erhalten. Bei gleichzeitiger Anwesenheit beider 

Metalle ergeben sich die Kurven 3 und 4. Es kommt 
bei gemeinsamer Anwesenheit zu einer deutlichen 
Erhiihung der Kupferverteilung und damit zur 
Erniedrigung der Trennfaktoren durch Bildung 
gemischter Cu-Fe-Komplexe in der organischen 

3 

Abb. 5. Extraktion von Fe(III) und Cu(I1) allein (Kurven 
1 und 2) bzw. bei gemeinsamer Anwesenheit (Kurven 3 

und 4) mit n-Capryls8ure. 

Phase. Beispielsweise erhoht sich die Cu-Extraktion 

bei einem pH-Wert von 2,75 von 1.10m3 auf l.lO- ‘%, 
also urn den Faktor 100. 

Durch thermodynamische Analyse entsprechender 
Verteilungsuntersuchungen erhalt man, ausgehend 
von der Reaktionsgleichung (3) : 

xCu:,Z, + #W20, + F’e3R9ho, 

=s P,FeJb+ J(o, + 2xH +W (3) 

iiber die Beziehung (4): 

log ‘h(Fe) - log CFe(0) = log KCu(Fe) 

+ X (2 PH + log ecu(w) + log CHR(0)! (4) 

die Zusammensetzung des Komplexes. 
In diesem Falle konnte durch graphische slope- 

Bestimmung fib den gemischten Komplex die Formel 
CuFe,R, 1 ermittelt werden. 

Zur Bildung derartiger gemischter Metallkomplexe 
in der organischen Phase kommt es such bei der 

Extraktion von Fe(II1) und Ni(I1) mit n-CaprylsPure.g 
Die entsprechenden Extraktionskurven sind in Abb. 

6 dargestellt. 
Wechselwirkungen in der organischen Phase beo- 

-2.0 - 

= 0.05 MOl/l 

= 0.05 Mel /I 

Abb. 6. Extraktion von Fe(II1) und Ni(I1) allein bzw. bei 
gemeinsamer Anwesenheit mit n-Caprylslure. 
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f I cl 
Abb. 7. Extraktion von Cr(II1) allein (Kurve 1) bzw. bei 

Anwesenheit von Fe(III) (Kurve 2) mit n-Caprylslure. 

bachtet man such bei der geichzeitigen Anwesenheit 
von Chrom und Eisen. Wie Abb. 7 zeigt ergeben sich 
Erhiihungen der VerteilungsverhPltnise ftir Cr(III) 
durch Extraktion eines gemischten Komplexes. Im 
vorliegenden Fall werden bei pH 2,7 aus einer 0,75 M 
Cr(III)-Liisung bei einstufiger Extraktion etwa lx, 
also 7 mMole des Cr(II1) in die organische Phase 
extrahiert. Bei Anwesenheit von 0,194 Mole Fe(III) 
werden 10% des Cr(II1) extrahiert, wodurch in der 

organischen Phase ein Fe-Cr-VerhHltnis von 2,S:l 
entsteht. Die Chromextraktion ist allerdings kinetisch 
gehemmt, so daD dieser Effekt teilweise wieder aufge- 
hoben wird, wenn man mit kurzen Kontaktzeiten 
(I 15 min) arbeitet. 

Schlujlbemerkungen 

In der vorliegenden Arbeit wurde versucht, durch 

Untersuchung einer relativ komplizierten Extrak- 

tionsreaktion einige Effekte anzugeben, die Konzen- 

trierungsreaktionen beeinflussen und ihren Erfolg ver- 
mindern oder gar verhindern k6nnen. Die Bildung 
homogener Mehrkernkomplexe ftihrt grundsltzlich 
zur Erhiihung des Aufwandes, wenn Spurenkozentra- 
tionen abgetrennt werden miissen. Die Bildung 
heterogener Mehrkernkomplexe kann Spurenabtren- 
nungen ganz verhindern. Bei Kenntnis des Gesamt- 
systems lassen sich jedoch meist Gebiete finden, wo 
die Bildung solcher gemischter Komplexe nicht statt- 
findet oder keinen Einflul3 auf die Trennung hat. Dies 
ist besonders dann der Fall, wenn sich der basische 
Charakter der zu trennenden Elemente sehr unter- 
scheidet. Kinetische Hemmungen fiihren zu 

Schwierigkeiten bei quantitativen Auswertungen, 
lassen jedoch mitunter Trennungen ftir Metallpaare 
zu, die im Gleichgewicht nicht 
trennen sind. 

voneinander zu 

1. 

2. 

3. 
4. 

5. 

6. 

Summary-Factors affecting the separation of iron(III) by solvent-extraction with n-caprylic acid have 
been investigated. The extraction of iron(II1) is diminished more in the presence of sulphate than 
of chloride, owing to the formation of complexes, while with aluminium salts, when compared with 
sodium salts, a salting-out effect predominates. Thermodynamic analysis of the change in distribution 
coefficient as a function of various concentration parameters has shown that the iron(II1) is extracted 
as a trinuclear complex: the extractability is therefore better for larger amounts of iron, and less 
satisfactory for trace amounts. When sodium caprylate is used instead of the acid to avoid large 
pH changes when macro-amounts of iron are to be extracted, a substoichiometric amount must be 
added, otherwise all the metal ions will be extracted by a simple ion-exchange mechanism. Evidence 
is also presented for the formation of mixed complexes of iron with copper and with nickel: the 
degree of separation for these pairs of metals is therefore much less than would be predicted from 
the behaviour of the individual ions. Chromium(II1) also forms a mixed complex with iron, but as 
its formation is kinetically inhibited, investigations under equilibrium conditions are difficult to realize. 
However, if the extractions are carried out quickly, with only short contact times, the separation 
of iron from chromium is hardly affected. 
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Summary-Diethazine hydrochloride, butaperazine dimaleate, trifluoperazine hydrochloride, prometha- 
zine hydrochloride, prochlorperazine maleate and chlorpromazine hydrochloride have been studied 
as indicators in bromate titration of quinol. metol and ascorbic acid. They give a very sharp reversible 
colour change at the equivalence point. Their formal potentials have been determined. A simple but 
accurate method for the estimation of quinol and metol is reported. 

About ten reversible organic redox indicators have 
been proposed for bromate titrations, although 
numerous organic dyestuffs have been used as 
irreversible bromometric indicators. Most of the 
proposed reversible indicators are unsatisfactory for 
one reason or another. c+Naphthoflavone’ forms a 
brownish precipitate with free bromine liberated at 
the end-point. p-Ethoxychrysoidine’ gives a variable 
blank and its reversal cannot be repeated more than 
twice. Quinoline Yellow3 gives a very faint colour 
change and the blank is rather high. Ferroin,4 which 
requires high temperature (4&50”) and catalysts 
(osmic acid or sodium vanadate), gives sluggish end- 
points. Fuchsine5 acts reversibly only at boiling 
temperature. The colour of 2,6-dichlorophenolindo- 
phenol6 at the end-point is immediately destroyed by 
the addition of a drop of bromate. We have now 
found the optimum conditions for the direct titration 
of quinol, metol and ascorbic acid with potassium 
bromate, using diethazine hydrochloride (DH), buta- 
perazine dimaleate (BPDM), trifluoperazine hydro- 
chloride (TFP), promethazine hydrochloride (PH), 
prochlorperazine maleate (PCPM) and chlorproma- 
zine hydrochloride (CPH) as reversible redox indi- 
cators. 

EXPERIMENTAL 

Reagents 

Indicator solutions. All reaRents were analytical-trade 
chemicals. Aqueous solutions 10.2% w/v) of CH, BFDM, 
TFP, PH. PCPM and CPH were DreDared and stored in 
amber bottles. BPDM and PCPM’ were dissolved in hot 
water (60”). 

Potentiopoised solutions. Equimolar vanadate-vanadyl 
potentiopoised solutions in 0.0062540 M sulphuric acid 
were prepared.‘.’ 

Reductants. Approximately 0.05 M solutions of quinol, 
metol and ascorbic acid were prepared by dissolving the 
requisite quantity of material in 0.04 M and 1 M sulphuric 
acid and 0.01% EDTA solution respectively. The quinol 
and met01 solutions were standardized with ceric sulphateg 
and the ascorbic acid with potassium iodate.” The solu- 
tions were stored in amber bottles and diluted as required. 

Determination of formal potentials 

Ten-ml portions of the potentiopoised vanadate-vanadyl 
solutions were mixed with 0.5 ml of indicator solution, 
and the average of the potentials of the two solutions 
bracketing the colour change was taken as the formal 
redox potential. Schilt’s method” was also used. The 
results are presented in Table 1. 

Titration procedures 
Quinol and metol. Take 20ml of 0.05401 M quinol, 

lOm1 of %eo/, potassium bromide solution and enough 
hydrochloric or sulphuric acid to give a concentration of 
0.6 M (0.3 M sulphuric acid for CPH) at the end-point, 
and dilute to 40 ml. Titrate with 0.025-0.005 M potassium 
bromate to an orange-red, using 1 ml of 0.2% DH, BPDM, 
TFP, PH. PCPM or CPH added near the end-point (after 
95% titration). For titration of 0.005-0.0025 M quinol, 
dilute 1Oml of sample, the acid and 3 ml of 10% potassium 
bromide solution to 25 ml and titrate with 0.0025- 
0.00125M potassium bromate, adding 0.5 ml of the indi- 
cator towards the end-point. In the titration of metal, use 
1M sulphuric or 0.5M hydrochloric acid medium and 
1 ml of 0.2% DH, BPDM, TFP or PH near the end-point. 

Ascorbic &id. Tai% ?i, til of 0.054025 M ascorb;ic acid, 
10 ml of 10% potassium bromide solution and enough acid 
to give a concentration of 1.5 M hydrochloric acid(0.8 M 
for PCPM and CPH) or 1 M sulnhuric acid at the end- 
point, and titrate as,ihe mixture fbr quinol. 

RESULTS AND DISCUSSION 

DH, TFP, PH, PCPM and CPH are highly soluble 
in water, giving colourless solutions. BPDM gives a 
light yellow solution in water. The aqueous solutions 
are stable for about 3 days at room temperature (27”) 
and for about 2 months in an amber bottle at low 
temperature (8”); they slowly undergo photochemical 
oxidation to give a pale pink colour, but this does 
not interfere in their indicator action. They undergo 
one-electron reversible oxidation to a red inter- 
mediate which is believed to be a radical cation.12 
_me radical cation is further oxidized irreversibly by 
excess of oxidant to a colourless sulphoxide, with the. 
loss of one electron.13*14 The mechanism of oxidation 
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of DH can be represented as follows: 

AKHEEL AHMED 

The mechanism of oxidation of BPDM. TFP, PH. 
PCPM and CPH is similar. The formal potential of 
PCPM has already been reported to be 0.795 V,r5 
that of CPH 0.799 V,16 of PH 0.883 V,” and of DH 
0.856 v.s 

Titrations 

Quinol. Kolthoff’s reported that the end-point of 
the potentiometric titration of quinol with potassium 
bromate is not sharp because of formation of the 
addition compound of quinone with the bromine 
liberated at the equivalence point. Francis and HillI 
proposed adding excess of bromate-bromide and 
determining the unreacted bromate iodometrically. 
No attempts have previously been made to use indi- 
cators for titrating quinol directly with bromate. We 
have found that DH, BPDM. TFP. PH PCPM and 
CPH can be used for this purpose. All six give no 
colour change if the hydrochloric acid concentration 
is below OSM; the useful acidity ranges are 0.5- 
1.5M for BPDM and TFP, OS-l.OM for PH and 
DH and 0.5-0.8 M for PCPM and CPH. At higher 
acidities the results are too high. The colour change 
is from light yellow to orange-red in the titration of 
0.025-0.05M quinol. The end-point colour is stable 
for about 90 sec. The end-points are brighter and 
sharper in the titration of 0.0025-0.005N quinol. The 
end-point colour (pink) is stable for about 10min. 
At higher acidities under-titration occurs. 

BPDM, TFP, PH and DH do not function at 
sulphuric acid concentrations less than 0.5M. CPH 
does not give a colour change at acidities below 
0.25M sulphuric acid. BPDM and TFP give sharp 
end-points in 0.551.75M, PH in 0.5-0.75M, DH in 
OS-l.OM and CPH in 0.2550.4M sulphuric acid. 
Results are too high at higher acidities. The colour 
change for 0.025-0.05M quinol is from light yellow 
to orange-red which is stable for about 70 set and 

Table I. Determination of formal potentials (rnY) of 
BPDM, TFP, PH. DH. PCPM and CPH 

Potentiopoised 
method Schilt’s method 

CWO,lM 

\ 
Indicator 0.075 0.20 0.25 0.5 0.75 1.0 1.25 1.50 

BPDM 900 - 881 865 838 828 812 793 
TFP - 921 893 881 870 863 854 836 
PH 900 - 883 877 870 862 852 842 
DH 900 - 856 845 834 825 810 797 
PCPM - 807 799’ 785 771 758 748 
CPH - 799 788 760 753 732 721 

the indicator correction is almost negligible. All 
five indicators give very sharp pink end-points which 
are stable for about 8 min in the titration of 
0.0025XUlO5M quinol. The results compare favour- 
ably with those obtained potentiometrically with 
cerium(IV) sulphate. 

The minimum potassium bromide concentration 
required in the titration of 0.025-0.05M quinol is 
w 1.5%, and 1% for titration of 0.0025-0.005M quinol. 
Higher concentrations (up to 16%) do not affect the 
results. 

At least 1.0 ml of 0.2% indicator solution is necess- 
ary in the titration of 0.02~0.05M quinol but 
>2.5 ml gives premature end-points. In the titration 
of 0.0025-0.005M quinol 0.5 ml of 0.2% indicator 
solution is required; > 1.5 ml gives higher titration 
values. 

The sharpness of the end-points is in the order 
BPDM > TFP > DH > PH > CPH > PCPM. 

Merol. Metol has not previously been estimated 
with bromate. Its accurate estimation is of importance 
because of its application in photography. The 
methods using iodine,” iodine monochloride,” 
cerium(IV) sulphate’ and sodium vanadate” are not 
quite satisfactory. The estimation with bromate, using 
DH. BPDM, TFP and PH as reversible redox indi- 
cators, is simple but accurate. 

Metol is quantitatively oxidized by bromate to 
N-methyl-p-quinonimine in a two-electron change in 
hydrochloric or sulphuric acid medium containing 
bromide. Stoichiometric results are obtained in sul- 
phuric acid medium ranging from 0.75 to 1.5M, with 
sharp end-point changes from light yellow to an 
orange-red which is stable for about 70 set in the 
titration of 0.02550.05M metol. Low results are 
obtained at higher acidity and the indicators do not 
function at lower acidities. 

All four indicators give no colour change at acidi- 
ties less than 0.4M hydrochloric acid. BPDM and 
TFP give sharp colour change from light yellow to 
orange-red in 0.4-0.8M hydrochloric acid and PH 
and DH in 0.40.6M hydrochloric acid. The end- 
point colour is stable for about 90 sec. At higher 
acidities premature end-points are obtained. 

All four indicators give very sharp colour change 
from very light yellow to pink in the titration of 
0.0025-0.005M metol. The end-point colour is stable 
for 2-3 min in hydrochloric or sulphuric acid 
medium. The indicator correction is almost negligible 
in the titration of 0.025005 M metol. The results 
compare favourably with potentiometric values 
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Table 2. Titration of quinol, metol and ascorbic acid in 
presence of DH. BPDM. TFP, PH. PCPM and CPH 

indicators 

Reductant 
taken, 

‘Y 

Quinol 
111.3 
85.5 
55.4 
10.43 
5.58 
2.23 

Metol 
157.2 
120.2 
40.5 
15.12 
12.02 
4.42 

Ascorbic acid 
166.3 
122.4 
88.5 
40.6 

Reductant Standard 
found.* deviation, 

my mg 

111.4 0.09 
85.5 0.08 
55.4 0.07 
10.45 0.07 
5.59 0.07 
2.24 0.07 

157.3 0.05 
120.2 0.08 
40.5 0.09 
15.14 0.09 
12.04 0.05 
4.43 0.01 

166.5 0.05 
122.5 0.01 
88.5 0.01 
40.6 0.01 

* Average of five determinations. 

obtained with cerium(IV) sulphate. The influence of 
the bromide and indicator concentration is similar 
to that for titration of quinol. 

The sharpness of the end-points is in the order 
BPDM > PH > TFP > DH. 

Ascorbic acid. pEthoxychrysoidine2 and 2,6-di- 
chlorophenolindopheno16 are the only reversible 
organic indicators recommended for the titration of 
ascorbic acid with bromate. DH, BPDM, TFP, PH, 
PCPM and CPH are all suitable as redox indicators 
in this titration, giving a sharp reversible colour 
change from colourless to pink (orange-red for TFP). 
The end-point colour is more stable in hydrochloric 
than sulphuric acid medium. 

BPDM, TFP, PH and DH give no colour change 
in < 1 M hydrochloric acid and PCPM and CPH in 
<O.SM acid. BPDM, TFP and CPH do not function 
at acidities below 0.75M sulphuric acid and PH and 
DH below 1M sulphuric acid. BPDM and TFP give 
sharp end-points in l-3M hydrochloric acid, PH and 
DH in l-2M hydrochloric or sulphuric acid and 
BPDM and TFP in 0.752.5M and 0.75-2.0M sul- 
phuric acid respectively. CPH gives detectable end- 
points in 0.5-1M hydrochloric or 0.5-1.75M sulphuric 
acid and PCPM in 0.52M hydrochloric acid. The 
end-points are brightened and sharpened in the pres- 
ence of 0.2-l ml of 10M phosphoric acid. The end- 
point colours of BPDM, TFP, PH, DH and CPH 
are stable for about 20, 90, 12, 65 and 150 min in 
hydrochloric acid and 9, 4, 2, 10 and 90 min in sul- 
phuric acid respectively. The end-point colour of 
PCPM is stable for about 90 set in hydrochloric acid 
medium. 

The indicator correction is almost negligible. The 
effect of indicators and bromide concentration is simi- 
lar to that for quinol. The sharpness of the end-points 
is in the order TFP > BPDM > DH > PH > CPH 
> PCPM in hydrochloric acid medium and DH = 
BPDM > TFP > PH > CPH in sulphuric acid 
medium. 

Oxalic, citric, tartaric, succinic, acetic and malic. 
acids, glucose, fructose, sucrose, starch and acetone 
do not interfere in the determination of a tenth of 
their amount of ascorbic acid. The results compare 
favourably with those obtained by Ballentine.” 

Comparison with other indicators 

All six indicators have advantages over p-ethoxy- 
chrysoidine in that they.give sharper and brighter 
end-points which can be reversed several times. They 
are superior to 2,6-dichlorophenolindophenol because 
(i) they give sharper and brighter end-points, (ii) the 
end-point colour is more stable and (iii) a slight 
excess of bromate after the equivalence point does 
not destroy the colour. 

In all the bromate titrations of quinol, metol and 
ascorbic acid the results are accurate to + 0.2% 
(Table 2). 
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Summary-A graphical method is described which allows estimation of the number of reacting light- 
absorbing species from the plots of complementary colour points which are obtained with the use 
of simplified complementary tristimulus calorimetry (SCTS method) from absorption spectra of a series 
of kinetic solutions. It is shown that the mole fraction of the reactant or the product at any time 
can be calculated from the complementary colour points, so that the rate constant can also be deter- 
mined. The present method has some advantages over the common approach to the determination 
of reaction r&s in presence of a colour impuriiy. 

The number of absorbing species should be accurately 
known in kinetic studies. Wallace,’ AinsworthZ and 
others3-6 have shown that the rank of the matrix of 
absorbances A, measured at wavelength i for the jth 
solution may be taken as equal to the number of 
absorbing species present in a reaction mixture. How- 
ever, this method requires the calculation of system- 
atic errors, because it yields as result only the rank 
of the matrix considered. More recently Coleman, 
Varga and Mastin have developed a convenient 
graphical method, which gives the number of absorb- 
ing species in solution.’ 

Complementary tristimulus calorimetry (CTS 
method) has been used as an interesting method for 
investigation of metal-complex equilibria in solution 
and for screening of indicators by Reilley,8~g Flasch- 
ka10-12 and many other workers.i3-i6 By this 
method each equilibrium species can be located on 
the complementary colour diagram. The mole frac- 
tion of a species in a solution containing two or three 
components can be calculated from the data on com- 
plementary colour points. 

In the present paper a simplified CTS (SCTS) 
method is used for the estimation of the number of 
reacting species in solution. 

Complementary colour points for a series of solu- 
tions are also used for the determination of the rate 
constant of a first or pseudo-first order reaction. 

THEORETICAL CONSIDERATIONS 

Simplijcation of CTS method 

In the CTS method the absorption spectrum is used 
to calculate three complementary tristimulus values 
which define the complementary colour system.s For 
cases when only the changes in concentrations of 

light-absorbing species are to be studied, it is possible 
to choose three ranges of wavelengths according to 
the absorption bands of the species involved, i.e., the 

ranges u, u and w. The absorbance is measured at 
regular wavelength intervals within each of these 
ranges and the sum of absorbances is calculated for 
each range and used for the calculation of comple- 
mentary colour points. In kinetic studies, however, 
the set of absorbance values must be measured 
rapidly and accurately. Thus in the present work only 
one absorbance value, measured at a suitable wave- 
length, is taken to substitute for the sum of absor- 
bances, in each of the three rangesi 

The sum of A,,, A, and A, is represented by J: 

J = A, + A, + A, (1) 

In this case the complementary colour point Q, corre- 
sponding to wavelength r is calculated as 

Q, = $ (2) 

where Q, becomes Qm Q, and Qw for T = u, v and 
w, respectively. J is related to the analytical concen- 
tration C by 

J = EC1 (3) 

where I is the light-path length, and E is the overall 
absorptivity, which is the sum of the molar absorp- 
tion coefficients for the three wavelengths u, v and w. 

Relationship between the number of absorbing species 

and the colour points 

For a system containing k light-absorbing species, 
the absorbance at wavelength r, A,, is given by 

. k 

A = c w, (4) 
i=l 

237 
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where ci is the concentration of light-absorbing 
species i, and eir is its molar absorption coefficient 
at wavelength r. 

For a series of n solutions and three wavelengths 
u, v and w, a series of absorbances may be set up 
as an absorbance matrix, (A,,), i.e., 

( 

A 1U Azu A3, . . . A,, 

(A,,) = A,, AZ” ,430 . . Am (5) 

A 1W Azw A3w . &v 1 

In the theory of matrices ls the rank of the matrix 
is defined as the order of the largest non-zero deter- 
minant which can be obtained from the elements of 
the matrix, i.e., the rank of equation (5) gives the 
number of linearly independent elements of the 
matrix. 

In a system of a species R reacting to form a species 
P, only a single light-absorbing species, either R or 
P, is present in solution before or after the reaction. 
In this case the rank of the matrix, which is written 
for a series of three solutions and three wavelengths 
II, v and w, is equal to unity, and the determinant 
(6) must vanish because all its elements are linearly 
dependent. 

A 1U A,, A,, 

A 1” A2” A,, = 0 (6) 

A 1W A2w A,, 

Referred to equations (1) and (2), equation (6) 
becomes 

Qlu Q2u Q3u 

Qlv Q2v Q 3” = 0 (7) 

1 1 1 

Equation (7) states that the points (Qlu, QJ. (Qlur 
Q2”) and (Qju, Q3J are found at the same point in 
the QU-QU plot” for which Q. and Q, are co-ordinates 
of the points. Analogous equations exist for the 

Q”-Qw and Qw-Qu plots. 
During the reaction of R to yield P, there exist 

two light-absorbing species in solution and the rank 
of the matrix is 2: two rows in the determinant (7) 
are linearly dependent on each other. The result is, 
in this case, that the three points (Ql,,, QJ, (Q2”, Q2J 
and (Q3”, Q3”) fall on a straight line in the QU-QY 
plot. Consequently all points for R, P and their mix- 
tures will fall on this system line. 

In the course of the consecutive or the competitive 
reaction denoted by R --+ P, --+ P2 or P1 +-R -+ P2, 
there exist three light-absorbing species in solution. 
Hence, the rank of the matrix is 3, and all elements 
are linearly independent. Clearly, in this case, the 
points for R, P, and P2, i.e. (Q1., QrVX (Qlur Q2”) 
and (Q3., Q3J respectively, do not fall on a straight 
line but form a triangle; then, any complementary 
colour point for a reaction mixture as a function of 
time should be found in this triangle. 

Determination of rhe rafe constant for ajrst- or pseudo 
first-order reaction 

The rate of a first-order reaction is proportional 
to the first power of the concentration of only one 
reactant. This is also true for a pseudo first-order 
reaction when the reagent is in excess. For this case 
the rate equation is given by 

(8) 

where [R], and [RJ represent the initial concen- 
tration of reactant R and its concentration at any 
time t, respectively; k, is the first- or pseudo first- 
order rate constant. 

In the SCTS method the absorbance at wavelength 
u for a solution at any time t is given by 

A,, = +wCRlt + 43’1, (9) 

where [P], is the concentration of the product P at 
any time t. By division of both side-s by ([RI, + [PI,) 
and substitution of the mole fraction q defined by 

CRI, 
’ = CRI, + D-7, 

(10) 

equation (9) becomes 

A,” 
[RI, + CPI, 

= q’ERu + (1 - q).E,,u (11) 

Analogous equations can be derived for A,, and A,,,,; 
from equation (1) the following equation can be 
given : 

J 

WI, + PI, 
= 4.fiR + (1 - q).E, (12) 

where E, and E, are the overall absorptivities of the 
reactant and the product, which can be evaluated by 
using equation (3). 

The two absorbances for the reactant and the 
product at any time are given at wavelength u by 

A R.,” = ERu’ WI, 

A P.lU = l r%. CPI, 

(13) 

(14) 

Thus the complementary colour points for wave- 
length u of the reactant and the product are given 
at any time t by the following expressions obtained 
by combining equations (21, (3), (13) and (14). 

Q =A=_ CR” 
R.W 

ER ‘[RI, ER 

Q Ap.1” ; l 2 
‘.‘” - E,.[P], Ep 

(15) 

(16) 

By substituting equations (15) and (16) into equation 
(ll), and considering that the complementary colour 
points of both the reactant and the product are inde- 
pendent of time, the following equation is obtained: 

4” = q.Q,qu’& I- (1 - 4'Qpu.b (17) 
WI, + [PI, 
Substitution of equations (2) and (12) into equation 
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Q” 

Fig. 1. Q.-Q. plot for a reaction of the reactant R forming 
the product P in the presence of a non-reactive light- 
absorbing species. Complementary colour points: R: reac- 
tant; P: product: I: non-reactive light-absorbing species: 
R + I: mixture of R and I; P + I: mixture of P and I: 
M,: reaction mixture of R and P at any time; M;: reaction 

mixture of R, P and I at same time. 

(17) yields the relationship between the mole fraction 
and the complementary colour points at wavelength 

a, 

EP. (QP. - Q,.) 

’ = ER. (Qt. - QRJ + EP . (QP” - Qt.1 
(18) 

Analogous equations for the mole fraction can also 

be obtained for wavelengths v and w. 
Since [R]e = [R], + [PI,, the rate equation (8) can 

be written in terms of the mole fraction, q, [cf: equa- 
tion (lo)] as 

-1nq = k,.t (19) 

Thus the values of q can be calculated from the com- 
plementary colour points by equation (18) and 
expressed as a function of time. 

When the reactant R reacts to form the product 

P in the presence of an absorbing species, I, which 
does not take part in the reaction, a series of comple- 
mentary colour points will be displaced from the ori- 
ginal system line connecting the colour points of the 
reactant and the product and will fall on a new 
straight line connecting the colour points of the mix- 
tures of R and I, and P and I. The Q.-Q, plot for 
this case is illustrated in Fig. 1. The mole fraction 
at any time is calculated from the complementary 
colour parameters of mixtures by using equation (18) 
and the rate constant can be determined similarly by 
equation (19). 

EXPERIMENTAL 

Reagents 

All solutions of dyes in ethanol were prepared from com- 
mercial reagents and were not recrystallized before use. 
All other reagents used were of guaranteed reagent grade, 
and distilled water was used to make up solutions. 

Apparatus 

Measurements of absorbances and calculations of com- 
plementary colour points were made on a Shimadzu 
Model UV-200 Spectrophotometer with a Shimadzu 
Model WP-1 Wavelength-programmer, a Shimadzu Model 
DM-2 Digitalmeter, a Shimadzu Model CIF-1 Interface 
and a Seiko Model S-301s Catculator. The temperature 
of the cell compartment was controlled within +O.l” by 
a Sharp Model TE-1OK Thermoelectric circulating bath. 
Measurements of pH were made with a Hitachi-Horiba 
Model F-7 pH-meter. 

Procedure 

All the procedures were as described in the litera- 
tUre,20.2’.24.25 

RESULTS AND DISCUSSION 

Analysis of the number of absorbing species in reaction 
mixtures 

The reaction between permanganate ions and oxalic 

acid. The reaction between permanganate ions and 
oxalic acid has been studied by many workers as an 
example of an intermediate complex compound. 
Manganese(II1) forms a yellow dioxalate complex, 

Mn(C,O&, and a cherry-red trioxalate complex, 
Mn(C,O,):-.ZZ In aqueous solution they are easily 
converted one into the other, according to the rever- 
sible reaction 

Mn(C,O,):- + 2H20 

* Mn(C20&~(HZO); + C@- (20) 

When the initial solution contains enough manganous 

and oxalate ions, the reaction involves two processes: 

MnO; + 4Mn*+ + 5mC,O:- + 8~’ 

+ 5Mn(C20,)~-2m + 4H20 (21) 

+2Mn*+ + (2m - l)c,o:- $ 2co2 (22) 

Process (21) takes place almost instantaneously and 
is followed by the subsequent slower process (22). 
Cartledge and Ericks23 have shown that a cherry-red 
trioxalate complex exists only at high pH. Hence, it 
must be assumed that only the yellow dioxalate 
complex exists in a hydrochloric acid solution initially 
containing enough manganous ions and oxalic acid, 
and that it disproportionates with time. The comple- 
mentary colour points given in Table 1 suggest that 
only one complex exists. Figure 2 shows the absorp- 
tion spectra of the solution containing manganous 
and oxalate ions at a relatively high pH. This solution 

contains both the yellow dioxalate complex and the 
cherry-red trioxalate complex, each complex undergo- 
ing decomposition. The Q.-Q0 plot for this system 
is presented in Fig. 3. Permanganate does not react 
directly with oxalate and so during the first reaction 
period potassium permanganate exists in solution, 
which is shown by the fact that the complementary 
colour points do not fall on the system line connect- 
ing points for mixtures of the dioxalate and the triox- 
alate complexes. 
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Table 1. The change in Q, for a solution of KMnO, con- 
taining sufficient initial manganese(il) and oxalic acid in 

0.4M hydrochloric acid* 

Reaction time, Q,, 
@tin) (490 nm) 

QW 
(400 nm) (35?n”m) 

1.00 0.262 0.142 0.596 
2.25 0.270 0.162 0.568 
3.50 0.267 0.152 0.581 
4.75 0.270 0.145 0.586 . 
6.00 0.280 0.180 0.540 

Av. 0.270 Av. 0.156 Av. 0.574 

* 1.62 x lo-“M KMnO,, 4.00’~ 10-*&f oxalic acid, 
6.50 x lo-‘M MnC& and 0.4M HCl. 

The catalytic decomposition of hydrogen peroxide by 
mixed catalysis. Uri ‘24 has determined the overall 
reaction rate of the catalytic decomposition of hydro- 
gen peroxide by sodium tungstate in the presence of 
copper( The reaction mechanism is: 

Cu2+ + HWO, =Cu+ + HWO, (23) 

r HWO;, + H202+HWOj + Hz0 + O,t (24) 

HWO; + H20t+Hz0 + HWO, (25) 

(the pertungstate is formed when hydrogen peroxide 
is mixed with tungstate). 

The absorption spectra were thus obtained for the 
decomposition of a blue copper(U) citrate complex 
and the formation of a green copper(I) citrate 
complex of stoichiometry 1:l; the QHIQU plot is pres- 
ented in Fig. 4. Since there are two absorbing species 
during the reaction, a straight line is obtained. 

The oxidation of sulphonephthalein dyes by perio- 
date. Ellis and Mottolaz5 have studied the oxidation 

03, 

6 oz- 

.!~ 
02 0.3 0.4 05 0.6 0.7 

Q, 
Fig. 3. Q,,-Q. plot for reaction mixtures containing man- 
ganese@) and oxalate ions. The following wavelengths 
were chosen; u: 500 nm; v: 440 nm; w: 370 nm. Reaction 

times (min); 1: 0.67; 2: 1.83; 3: 3.00; 4: 4.17; 5: 5.50. 

reaction of sulphonephthalein dyes by periodate, cata- 
lysed by manganese in basic media. Cresol Red (o-cre- 
solsulphonephthalein) and Cresol Purple (m-cresolsul- 
phonephthalein) react with manganese oxidized to a 
higher oxidation state by trihydrogen orthoperiodate, 
HJOif -, and produce the corresponding oxidized 
compounds. Figure 5 shows a Q,,-Qv plot for the pro- 
cesses of oxidation of Cresol Red and Cresol Purple 
by periodate. Straight lines were obtained in both 
cases. In Fig. 6 a Q.-Q” plot illustrates the oxidation 
of a mixture of Cresol Red and Cresol Purple. Both 
dyes react competitively, so the complementary 
colour points ar! located within the triangle formed 
by the colour points of Cresol Red, Cresol Purple 
and the reaction product. 

350 400 450 500 550 600 650 

Wavelength, nm 

Fig. 2. Absorbance curves for solutions of potassium permanganate containing manganese(I1) and oxa- 
late ions. Solutions were 1.62 x lo-‘M in KMnO,. 2.00 x lo-‘M in oxalic acid and 8.12 x 10e4M 

in MnCI,. Reaction times (min): 1: 0.67; 2: 1.83; 3: 3.00; 4: 4.17; 5: 5.50. 
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Fig. 4. Qw-QU plot for reaction mixtures of hydrogen per- 
oxide and tungstate in which the blue copper(H) citrate 
complex is converted into the green copper(I) citrate 
complex. The concentrations in the initial solution were 
4.00 x 10-‘&f Na2W04, 4.02 x lo-‘A4 Cu(NOs),, 0.04M 
sodium citrate, 0.08M H202 and 0.08M CHsCOOH. The 
following wavelengths were chosen: u: 690 nm; u: 640 nm; 
w: 410nm. Reaction times (rain): 1: 0; 2: 1.00; 3: 3.00; 

4: 5.00; 5: 7.00; 6: 9.00; 7: 00. 

Determination of pseudo jrst-order rate constants from 
the complementary colour points 

A series of solutions 1.0-1.5 x lo-‘A4 in Cresol 
Red was prepared and the complementary colour 
points for the oxidation process were calculated as 
given above. Table 2 lists the complementary colour 
points as a function of time, the initial colour points, 
the final colour points and the overall absorptivities. 

o,,6, , 0" Q"o.y5 op Oi"" 0.30 035 

0.16 - - 0.26 

0.14 - - 0.26 

d d 

0.12 - - 0.24 

0.10 - - 0.22 

0.06 ’ I I I IO.20 
0.10 0 15 0.20 025 0.29 

Q" 

Fig. 5. Q.-Q” plot for oxidation of Cresol Red and Cresol 
Purple by periodate in presence of manganese(H) as cata- 
lyst. --O---0-: Cresol Red (10d5M), u: 575nm; u: 
530nm; w: 400nm. Reaction times (min): 1: 3.0; 2: 4.0; 
3: 5.0; 4: 6.0; 5: 7.0; 6: 8.0; 7: 9.0. -: Cresol Pur- 
ple (lo-‘M), a: 570nm; V: 527nm; w: 420nm. Reaction 
times @in): 1: 6.0; 2: 8.0; 3: 10.0; 4: 11.0; 5: 13.0; 6: 
14.0; 7: 15.0; 8: 19.0; 9: 23.0; 10: 26.0; 11: 27.0; 12: 30.0. 
Concentrations of reagents: 2.0 x lO_sM KIO., and 

1.0 x 10-*&f MnCl,. 

"32 0.36 0.40 0.44 0.48 0.52 

Q" 

Fig. 6. Q.-Q. plot for oxidation of Cresol Red and Cresol 
Purple mixture with manganese(H) as catalyst. The follow- 
ing wavelengths were chosen: I(: 575nm; U: 530nm; w: 
380nm. Concentrations of dye mixture: 1.20 x lo-‘A4 
Cresol Red and 0.20 x lo-‘M Cresol Purple. Concen- 
trations of reagents:. 2.0 x lo-sM KI04 and 1.0 x 10e4kf 
MnCl,. Reaction times (min): 1: 4.5; 2: 6.0; 3: 10.5; 4: 

14.0; 5: 16.0; 6: 18.0; 7: 24.0; 8: 26.0; 9: 30.0. 

The reaction was completed after about 20min. Ellis 
and Mottola” have found that this oxidation is a 
pseudo first-order reaction under given conditions. 
The mole fractions were calculated from equation (18) 
as a function of time for each of the three wavelengths 
with the use of the values in Table 3, and the rate 
constants were determined by equation (19). In kinetic 
runs it is usually difficult to know when the reaction 
has gone to completion. In an SCTS plot, when two 
or more points coincide, their position can be taken 
as the final point for the calculation of the mole frac- 
tion. 

For Cresol Purple the measurements were carried 
out in the same manner, and the pseudo first-order 
rate constant was determined from the complemen- 
tary colour parameters. As can be seen from the 
results listed later, in Table 4, the rate constant of 
Cresol Purple has a different value for the three wave- 
lengths. The absorbance maximum of Cresol Purple 
is at 580 mn under the conditions used, and the wave- 
length selected for u is 575 mn. It is assumed, there- 
fore, that the value of the rate constant for the wave- 
length u is the correct one. 

The value of the pseudo first-order rate constant 
for Bromocresol Green has been reported by Ellis 
et al. to be 0.042 x lo-’ min- ’ under given condi- 
tions. During a lO-min interval, only Cresol Red may 
be considered to react, as Bromocresol Green reacts 
so slowly that it does not interfere appreciably. It 
is easy to determine the rate constant of Cresol Red 
in the presence of Bromocresol Green by the SCTS 
method. A series of solutions, 1.524 x lo-‘M in Cre- 
sol Red and G.502 x lo-‘M in Bromocresol Green, 
was taken for the measurements. In this case the in- 
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Table 2. The change in Q, during oxidation of Cresol Red, and the values Qr, E 
for the reactant and the product* 

Reaction time, 
(min) 

Qt. Q 
(530 nm) (4OOZm) 

1.00 0.449 0.210 0.341 
2.00 0.345 0.180 0.475 
3.00 0.270 0.154 0.576 
4.00 0.209 0.654 
5.00 - 0.115 0.718 

Reactantt 
(f = 0) 

Q 
(575RnYm) & 

0.596 0.268 0.135 6.03 x IO4 

ProductS 
(f= y.) 

Qz Q PW 

(575’rIm) (400 nm) J% 

0.076 0.085 0.827 2.13 x IO“ 

* Reagents: 2.0 x 10m3M KIO., and 1.0 x 10e4M MnC12. 
t Cresol Red concentrations: i.OtS1.50 x 10-5M. 
$ These values were calculated from the absorbances of the reaction mixture after 

20 min. 

Table 3. The change in Q, during oxidation of Cresol Red in the presence of Bromoc- 
resol Green, and the values Qr, E for the reactant and the product* 

Reaction time. Q 
(min) (62&m) (4OOXm) 

1.00 0.233 
2.50 0.382 0.28 I 
4.00 0.302 
5.50 0.404 0.291 - 
7.00 0.408 
8.50 0.410 - - 

Reactantt 
(I = 0) 

Q Q RW 

(62Otm) (400 nm) Elf 

0.214 0.696 0.089 6.37 x 10” 

ProductS 
(r= X) 

Qh. Q 
(62%m) (575 nm) (4OO’I;m) E, 

0.412 0.210 0.378 3.08 x l@ 

* Reagents: 2.0 x lo-“M K104 and 1.0 x 10m4&I MnCl,. 
t Dye mixture: Cresol Red 1.524 x 10m5M and Bromocresol Green 0.502 x IO-sM. 
$ These values were calculated from the absorbances of the reaction mixture contain- 

ing Bromocresol Green after 10min. 

Table 4. Pseudo first-order rate constants, k, (min- I)*, of Cresol Red and Cresol 
Purple, and Cresol Red in the presence of Bromocresol Greent 

Cresol Cresol 
Wavelength Red Purplet Wavelength 

Cresol Red containing 
Bromocresol Green 

u (575 nm) 48.2 7.46 u (620 nm) 48.9 
c (530 nm) 46.3 3.85 u (575 nm) 46.9 
w (400 nm) 49.7 6.50 w (400 nm) 34.1 

* Mean value of five determinations. 
t All experiments were carried out at pH 9.0 (Clark-Lubs buffer), p = 0.1 (KC]) 

and temperature 28 + 0.1”. 
f The three wavelengths for Cresol Purple were the same as those for Cresol Red. 
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itial colour points for the three wavelengths and the 8. C. N. Reilley, H. Flaschka, S. Laurent and B. Laurent, 

overall absorptivity were calculated from the absor- Anal. Chem., 1960, 32, 1218. 

bance values of the mixture of Cresol Red and Bro- 9. C. N. Reilley and A. Smith, ibid., 1960, 32, 1233. 

mocresol Green by using the particular concentration 
10. H. Flaschka, Talanta, 1960, 7, 90. 
11. Idem, ibid., 1961, 8, 8, 342. 

of each indicator. The final parameters were calcu- 12. H. Flaschka, I. Butcher and R. Speights, ibid., 1961, 
lated from one of the reaction solutions containing 8, 400. 

the product of Cresol Red and unreacted Bromocre- 13. K. Vyttas and S. Kotrly, Sb. Ved. Praci, Vys. Sk. Chem. 

sol Green after 10min. The results are summarized 
Technol., Pardubice, 1971, 26, 3. 

in Table 3. With the use of these values, the pseudo 
14. S. Hirose, I. lkeuchi and K. Sakakibara, Bunseki 

Kaaaku. 1972. 21. 183. 
first-order rate constants of Cresol Red in the pres- 15. M.-Morin, MI MI Petit-Ramel and I. P. Scharff, Can. 
ence of Bromocresol Green were determined from J. Chem., 1973, 51, 2186. 

equations (18) and (19) (see Table 4). 16. S. Hirose and S. Yoshida, Bunseki Kagaku, 1974, 23, 
728. 
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SHORT COMMUNICATIONS 

PRECIPITATION OF ZINC AMMONIUM PHOSPHATE 
FROM HOMOGENEOUS SOLUTION* 
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Summary-Urea hydrolysis has been employed to raise the pH for homogeneous precipitation of 
zinc ammonium phosphate. From 30 to 100 mg of zinc can conveniently be determined by this technique 
(relative standard deviation 0.2% for 89mg). The interference of nickel was minimized by using 
ammonium tartrate as masking agent, but copper could not be effectively masked with the same 
tartrate. Ammonium tartrate obtained from a different source was found to mask the copper more 
effectively. Investigations showed that the latter tartrate contained an appreciable amount of ammonium 
oxalate. 

Zinc has been precipitated as sulphide from homo- 
geneous solution by the hydrolysis of thioacet- 
amide,lW4 thiourea5 and trithiocarbonic acid,6-8 but 
the determination requires conversion of the ZnS into 
ZnO at looo” or use of a suitable titrimetric method. 
Precipitation of zinc Squinolinolate and quinaldinate 
has been reported by various workers.‘-” Doubts 
have been expressed about the drying temperature for 
zinc oxinate and hence the final determination is often 
completed titrimetrically. Zinc oxalate has been preci- 
pitated from homogeneous solution and the deter- 
mination completed titrimetrically with permanga- 
nate.” None of these methods can be applied for 
the determination of zinc in presence of copper and 
nickel without preliminary separation. Precipitation 
of zinc ammonium phosphate, by either cation or 
anion release techniques, 14.15 has not been applied 
to its separation from copper and nickel, which is 
the subject of the present paper. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Reagents 

All solutions were prepared from analytical-grade 
chemicals unless otherwise specified. 

Zinc solution, 0.05M. Prepared by dissolving granu- 
lated zinc in hydrochloric acid and diluting; standard- 
ized by a conventional procedure.16 

Ammonium dihydrogen phosphate solution, loo/,. 
. Ammonium tartrate. Sample A: ammonium tartrate 

C.P. supplied by FOCH, Gliwice. Poland. Sample B: 
ammonium (+)-tar&ate, AnalaR, supplied by BDH, 
India. 

* Presented at the Annual Convention of Chemists, 
Jaipur (India) 1977. 

The precipitate settled readily as soon as it formed 
and appeared coarse and crystalline, ualike the pre- 
cipitate (a fine powder) obtained by the conventional 
procedure. The relative particle sizes of the precipi- 
tates obtained by the conventional and the homo- 
geneous solution procedures were measured by 
microscope and by heterogeneous isotopic- 
exchange” with 65Zn. By the microscopic method, 
the particles obtained by PFHS were found to be 
about 5 times as big as those obtained by conven- 
tional procedure, and the isotopic-exchange method 
showed the surface area, of the particles obtained by 
the conventional method to be about 7 times that 
of the particles obtained by PFHS. The determination 

Wash solutions. (a) Diammonium hydrogen phos- 
phate solution, lx, was adjusted to pH 6.8. (b) 
Neutral aqueous ethyl alcohol (50% v/v). 

Procedure 

To 25 ml of solution, containing 30-100 mg of zinc, 
add 10 g of ammonium chloride or sulphate, 10 ml 
of loo/, ammonium dihydrogen phosphate solution 
and 20 g of urea, dilute to 200 ml with distilled water 
and place a boiling stick in the solution to avoid 
bumping. Cover with a watch-glass and keep the 
beaker for about 6 hr in an oven at 95-100”. Add 
distilled water occasionally to compensate for the 
water lost by evaporation. Cool, filter off the precipi- 
tate on a weighed porosity-3 sintered-glass crucible 
and wash it with wash solution (a) until free from 
chloride and sulphate and then with wash solution 
(b) until free from phosphate. Dry at 105-l lo” to con- 
stant weight. 

245 
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Fig. 1. Increase in pH with time in presence of various 
anions: + without any buffer; -o- ammonium chlor- 
ide; - x - ammonium sulphate; -A- ammonium ace- 
tate or ammonium succinate; ---Cl-- ammonium tartrate. 

was quantitative and for 10 determinations of 89.4 
mg of zinc, the maximum deviation and standard de- 
viation found were 0.2 mg and 0.15 mg respectively. 
The error was within +0.5x for a solution containing 
30-100 mg of zinc. 

EfSect of anions 

Figure 1 shows the increase in pH with time in 
presence of 5 g of buffer, 1 g of ammonium dihy- 
drogen phosphate and about 80 mg of zinc per 100 
ml of solution, and Fig. 2 shows the fraction of zinc 
left in solution, as a function of pH. The increase in 
pH is slow in presence of ammonium salts of organic 
acids (Fig. 1) and precipitation is delayed in presence 
of tartrate (Fig. 2). The precipitation does not take 
place at all in the presence of citrate. The precipitate 
obtained in the presence of salts of organic acids was 
in the form of thin shining sheets, whereas dense 
needles were obtained in the presence of inorganic 
salts. The change in crystal shape may be due to 
buffer action,‘8 complex formation19 or incorpor- 
ation of organic ions in the precipitate. However, no 
organic anions could be detected analytically in the 
precipitates. 

Effect of cations 

The following surprising observations were made 
when ammonium tartrates obtained from different 
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Fig. 2. Zinc left in solution (determined by EDTA titra- 
tion), as a function of pH: -o- by direct addition of 
ammonia solution and also by PFHS in presence of 
ammonium chloride, ammonium sulphate, ammonium 
acetate or ammonium succinate: -@-- by PFHS in pres- 

ence of ammonium tartrate. 

sources were employed. It was found that tartrate 
supplied by FOCH, Poland (sample A) minimized the 
co-precipitation of copper more effectively than did 
that obtained from BDH, India. The reverse was the 
case for nickel. When sample B was employed for 
Cu(II), zinc could be determined within f 1% error 
in the presence of 40 mg or less of copper whereas 
with sample A as much as 300 mg of Cu(I1) could 
be masked. On the other hand, when sample A w-as 
employed for Ni(II), the entire contents of the beaker 
were found to be colloidal and greenish in colour 
and this reagent could not be used; sample B could 
be safely used for up to 300 mg of nickel(I1). The 
precipitate obtained within 6 hr was found to be 
contaminated with copper and nickel, but when the 
digestion at 95-100” was continued for about 10 hr, 
no contamination was observed. The results for deter- 
mination of zinc in presence of different amounts of 
samples A and B are given in Table 1. It was observed 
that the contamination decreased with increase in 
ammonium tartrate concentration, but when the 
amount used exceeded 25 g, the precipitate obtained 
was colloidal and sticking to the walls of the beaker. 
This effect was even more pronounced in conven- 
tional precipitation. 

The tartrate complexes of copper with both 
samples were prepared under identical conditions and 
they were analysed for copper content after decompo- 
sition. It was found that the complex made with 
sample A contained 31.3% copper and that with 
sample B only 18.8%. Polarograms were taken for 
copper in the two tartrate solutions and it was found 
that the half-wave potential with sample A was more 
negative than that with sample B for the same con- 



SHORT COMMUNICATIONS 241 

Table 1. Effect of copper and nickel on determination of Table 3. Comparison between PFHS and conventional 
89.4 mg of zinc procedures (89.4 mg of zinc) 

Foreign ion added, Zinc found, 

mg mg 

Ni 40* 89.2, 89.3 
60 89.9, 89.9 
80 91.3,91.3 

100 91.4,91.5 
200t 89.5,89.4 

cu loo;> 89.4,89.4 
140 89.8,89.8 
180 90.L90.1 
2001 89.1,89.1 

20: 90.2,90.2 
40 90.4.90.3 
60 90.4.90.4 
8Ot 90.5,90.4 

* 5 g of ammonium tartrate, sample B added. 
t 10 g of ammonium tartrate, sample B added. 
8 5 g of ammonium tartrate, sample A added. 
$ 10 g of ammonium tartrate, sample A added. 

Amount of zinc found, mean 
value of three determinations, 

Ammonium Foreign mg 
tartrate added, ion added, 

Y mg PFHS Conventional 

15 Cu 320 89.5 92.5 
(Sample A) 

15 Ni 320 89.4 92.6 
(Sample B) 

together. When more than 600 mg of ammonium oxa- 
late was added, the precipitate was found to contain 
nickel, and when less than 1 g was added the precipi- 
tate was contaminated with copper. However, zinc 
could be determined within + 1% error, in presence 
of 300 mg of copper and 100 mg of nickel, by using 
a mixture of 15 g of ammonium tartrate and 500 mg 
of ammonium oxalate. 

centration of metal and tartrate. This was considered 
to be due to the presence of impurity in one of the 
samples. Optical rotation measurements, solubility 
tests and microanalysis proved that sample A was 
contaminated. Attempts were therefore made to iso- 
late the impurity on the basis of the difference in the 
solubilities in water (A 28.5 g/100 ml; B 46.8 g/100 
ml at 25”) and then identify it. The impurity was iso- 
lated, recrystallized, and identified as ammonium oxa- 
late by qualitative analysis, microanalysis and 
infrared spectroscopy. From the optical rotation 
measurements, the Polish material appeared to be 
only about 90°% pure. 

It is well known that zinc precipitates quantitat- 
ively when treated with ammonium oxalate. Under 
the experimental conditions described above, the 
precipitation of zinc did not take place in the pres- 
ence of ammonium tartrate, presumably because of 
complex formation. It was found that 300 mg of 
copper could be effectively masked by addition of a 
mixture of 10 g of ammonium tartrate and 1-3 g of 
ammonium oxalate (Table 2). In presence of 300mg 
of nickel, the determination could not be done when 
the amount of oxalate in the mixture exceeded 400 
mg. With 100 mg or less of nickel(I1) present, higher 
amounts of oxalate (up to 1 g) could be tolerated. 
Attempts were made to precipitate zinc in presence 
of 200 mg each of copper and nickel, when present 

Table 3 shows the superiority of the PFHS method. 
It was also observed that small amounts of iron(II1) 

could be masked with 10 g of ammonium tartrate 
plus 2 g of ammonium oxalate. However, the precipi- 
tate was slightly yellow, showing the presence of 
iron(II1). Presence of 300 mg of sodium or potassium 
did not interfere in the procedure provided the preci- 
pitation was conducted in the presence of excess of 
ammonium salts; otherwise potassium interfered. 

A brass sample was analysed for zinc after separ- 
ation of tin and lead. A mixture of 10 g of ammonium 
tartrate and 1 g of ammonium oxalate was used as 
masking agent. The proposed method gave a value 
of 31.3 + O.OS’% whereas the standard procedureZo 
gave a value of 31.4 * 0.21%. 
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Summary-The detector, for atomic-absorption spectrometry, consists of a furnace into which a .con- 
stant concentration of the element to be analysed is atomized. Resonance radiation is excited by 
the light from a xenon-arc lamp which traverses the burner flame. The resonance radiation passes 
through a tunable grating filter and is measured with a photomultiplier. 

Resonance monochromators for atomic-absorption spec- 
trometry (AAS) have been an attractive proposition since 
Russell and Walsh’ observed resonance radiation from a 
hollow-cathode lamp in 1959. Experimental use of 
resonance monochromators as detectors for AAS has 
centred around the use of specific atomic-line sources (elec- 
trodeless discharge lamps, EDLs; and hollow-cathode 
lamps, HCLs), and individual element-sputtering, thermal, 
or flame atom-cloud generators.z4 The present work in- 
volves the use of a continuum source and an atmospheric- 
pressure flow-through Molnar and Winefordner type? fur- 
nace for atom generation. Preliminary detection limits for 
Cu and Mg are included as well as a discussion of sensi- 
tivity. 

The advantages realized by use of a resonance mono- 
chromator as a detector for AAS are manifold. They 
include simplicity of design, ease of use, right-angle geo- 
metry and elimination of the monochromator generally 
used to isolate the line of interesi. These advantages were 
realized in a commercial instrument in the late 1960s. The 
major reason for the lack of acceptance of this instrument 
was the necessity to use a different source and detector 
for each element, thus incurring quite a large expense for 
routine operation. 

The present work concentrates on the use of a single- 
source, single-detector system, with an inexpensive tunable 
grating filter (low-resolution, large aperture). The basis for 
the continuum-source resonance detector is evident from 
the plot of log IF (atomic-fluorescence intensity) us. log 
analyte concentration (Fig. 1). which exhibits a plateau, 
as predicted by Hooymayer@ and by Winefordner et a/.’ 
The plateau region of this curve should result in freedom 
from the low-frequency noise produced in the nebuliza- 
tion-atomization process. Changes in the analyte concen- 
tration produced by fluctuating gas fiows and flame condi- 
tions should result in no I, fluctuation, because the deriva- 
tive of IF with respect to the analyte concentration is zero, 

Fig. 1. Log atomic-fluorescence intensity us. log analyte 
concentration. 

making the signal limited’by analyte shot noise (or by 
background flicker noise in a few cases). 

EXPERIMENTAL 

To realize the advantages of the resonance mono- 
chromator, the design of the atom cell must be carefully 
considered. The most important characteristics are high 
temperature and an inert or reducing atmosphere to pro- 
duce good atomization of a wide range of analyte species, 
and low background to yield low emission noise. 

Molnar and Winefordner’s furnace designs provides 
these advantages and was used with minor modifications. 
The furnace power-supply used provides an owratina tem- 
perature of ilOO (m&&l bi optical pyiometerr ai a 
power dissipation of 1.9 kW. The fIow-aas is argon. with .+ . 
knough hydrogen to support a diffusion flame. A low flow- 
rate of methane is used to provide longer carbon-furnace 
tube-life. 

System design (Fig. 2) included the following consider- 
ations. The source was chosen for output power, with 
reasonable stability. Standard optics for atomic fluor- 
escence were chosen, with the exception of a collimated 
section for the atomic-absorption flame. A slit mask im- 
mediately followed the second lens to provide some sem- 
blance of the geometry of the three-slot burner used with 
a standard Perkin-Elmer chamber for the AA measure- 
ments. Collection of the resonance radiation is through 
one lens to a 0.1-m tunable grating filter (monochromator) 
with a 40-A bandpass; the grating filter is used to reduce 
the amount of stray room-light striking the photomulti- 
plier and to minimize background and scatter. 

The detector is supplied with desolvated salt particles 
at a low gas flow-rate by an ultrasonic nebulizer system, 
providing a residence time consistent with the detector re- 
quirements. 

Fig. 2. Experimental system: A, 300-W Eimac continuum 
Xe lamp; B, focusing lens; C, iris diaphragm; D, chopper; 
E, collimating lens; F, slit mask; G, 3-slot burner; H, 
focusing lens; I, flow-through furnace; J, collection lens;. 

K, tunable grating filter. 
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Table 1. Furnace operating characteristics 

Gas flow-rates, I./min Ar 0.43 
H2 1.10 
CH4 0.083 

Power 1.9 kW (235 A at -8 V) 
Temperature 2100°C 
Residence time 4 msec 

The furnace operating characteristics are given in Table I. 
All measurements are made under the same furnace: 
atom-cell conditions. The furnace tubes are high-tempera- 
ture graphite precoated with a layer of pyrolytic graphite 
as described by Clyburn et a/.* The operating temperature 
should be kept high in order to maintain the pyrolytic 
coating, thereby increasing tube-life. 

RESULTS 

Preliminary high detection limits of 0.1 ppm for both 
Cu and Mg indicated a problem with system noise. This 
was traced to two sources, a faulty regulation card in the 
lamp power-supply causing major noise problems in the 
detector output, and flame wander in the furnace. Use of 
the 900-W xenon short-arc lamp eliminated much of the 
lamp noise. (Unfortunately, the power supply failed before 
significant experimentation could be completed.) Prelimi- 
nary experiments with a quartz sheath have shown the 
possibility of reduction in flame-wander noise. In addition, 
a new furnace has been built to give isokinetic sheathing. 

A sensitivity for copper (IUPAC characteristic concen- 
tration) of 0.27 pg/ml was somewhat less than that of line- 
source atomic-absorption measurements. It should have 

been of the order of Cochran and Hieftje’s result from 
droplet modulation AAS, 0.073 pg/ml,’ but was about four 
times higher. A possible explanation is that the increased 
line-width due to operation on the plateau of Fig. 1 caused 
the sensitivity loss. However, the sensitivity was better than 
that indicated by Cochran and Hieftje for conventional 
AAS with a continuum source (0.66 &ml). 

Several extensions are possible for a system of the type 
described, e.g., simultaneous multielement AAS by use of 
either interference filters or a direct reader system. Magne- 
sium was measured with a filter-type system and a compar- 
able detection limit was obtained. For simultaneous analy- 
sis, a multielement mixture would be introduced into the 
atom cell, producing resonance radiation at the character- 
istic wavelength of each element. An experiment of this 
type has led to usable resonance signals for Cu. Ca, Mg. 
Cr and Ni, observed by scanning the spectrum, while keep- 
ing all atomization conditions the same as listed in Table 
I. Other possible uses of the present system include isotope 
detection, and determination of elements for which HCLs 
or EDLs give poor performance. 
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Summary-A mass spectrometric isotope dilution method for the determination of sulphur in steels 
and certain alloys has been investigated. Addition of bromine in the dissolution of carbon steels was 
necessary for the complete conversion of sulphur into sulphate. The relative standard deviation was 
better than 1.5% for sulphur contents in the range 40-3,000 ppm. The results’on standard materials 
were in good agreement with the certified values for samples of BCS. but lower than those for JSS 
and NBS. 

Although the rapid combustion method for the deter- 
mination of sulphur is widely accepted in steelworks 
laboratories,’ its accuracy depends to a large extent 
on the calibration standards used.2 The gravimetric 
method employing barium sulphate has been used for 
standardization despite its lack of sensitivity and ac- 
curacy. Samples containing less than 0.005% sulphur 
cannot be analysed by this method.’ 

Isotope dilution mass spectrometry (IDMS) has 
already been used for the precise determination of 
sulphur in heat-resisting alloys and alloy steels3 but 
carbon steels, which can evolve hydrogen sulphide 
during dissolution, could not be analysed. To deter- 
mine sulphur accurately, it must all be converted into 
sulphate in the dissolution of the sample. 

In the present study sulphur is recovered as barium 
sulphate which is then converted into sulphur dioxide 
by thermal decomposition in a vacuum. Complete 
conversion of sulphur into sulphate during dissolu- 
tion (which cannot be ascertained by the gravimetric 
method) is obtained. The method has been applied 
to a number of standard samples from British Chemi- 
cal Standards (BCS), Japanese Standards of Iron and 
Steel (JSS). National Bureau of Standards (NBS) and 
Japan Atomic Energy Research Institute (JAERI). 

The principle of the IDMS method has been de- 
scribed elsewhere.4 The most attractive feature of this 
technique is the fact that chemical separation and re- 
covery need not be quantitative after the spike has 
been mixed with the sample, because the result 
depends only on the measurement of the isotope 
ratio. This eliminates many sources of error existing 
in the gravimetric method, e.g., co-precipitation, 
occlusion and solubility. 

Apparatus 

EXPERIMENTAL 

Apparatus used for the thermal decomposition of 
barium sulphate is shown in Fig. 1. It is a modifica- 
tion of that reported by Holt et aL5 

Isotopic analysis of sulphur was performed with a 
CEC 21-103C mass spectrometer equipped with a 
Cary 401 vibrating reed electrometer and a recorder. 
This gives replicate 34S/3zS measurements with a rela- 
tive standard deviation of better than 0.2%. 

Reagents 

Reagent grade chemicals were used except for 
hydrochloric and nitric acids which were of super 
special grade. 

Spike solution. Five mg of elemental sulphur (45% 
enriched 34S isotope, Oak Ridge National Labora- 
tory) were burned in a I-litre polyethylene. bottle by 
the oxygen combustion method’ and the products 
were absorbed in a mixture of 10 ml of 30”/, hydrogen 
peroxide and 20 ml of 0.2 M potassium hydroxide. 
When a solution of higher sulphur content was 
required the combustion and absorption were 
repeated with a further amount of the enriched sul- 
phur (not exceeding 5 mg) the same bottle and solu- 
tion being used. The resulting solution was boiled to 
decompose the residual hydrogen peroxide. After 
cooling, the solution was diluted to 100 ml with water, 
weighed and stored in weighing bottles. The concen- 
tration of sulphur was determined by the IDMS 
method, using a standard potassium sulphate solution 
prepared gravimetrically. 

Barium chloride solution, loo/,. The solution was fil- 
tered through a fine-texture paper before use, to keep 
the blank constant. 

Procedure 

Dissolution of sample and isolation of sulphur a! har- 
ium sulphate. Dissolve 0.2-2 g of sample in 10-20 ml 
of 16M nitric acid and 1 ml of bromine in a 500.ml 
conical beaker, with addition of IO-20 ml of 6M 
hydrochloric acid in small portions, heating if necess- 
ary. After dissolution is complete, add a weighed ali- 
quot of the spike solution. Boil the spike solution 
for several min and then evaporate to dryness on a 
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252 SHORT COMMUNICATIONS 

G 

A 

To w-no 

Fig. 1. Apparatus for thermal decomposition of barium 
sulphate. (A) vacuum gauge, (B) sampling bottle, (C) 
U-tube, (D) manometer, (E) Cajon union, (F) quartz tube. 

(G) quartz wool, (H) barium sulphate. 

hot-plate at 250”. Evaporate with hydrochloric acid 
and bake to remove nitrate. Dissolve the residue in 
10-20 ml of hydrochloric acid with heating. Dilute the 
solution to 50ml with water, filter through medium- 
texture paper and precipitate the sulphate as barium 
sulphate by the addition of 10% barium chloride solu- 
tion. Filter off the precipitate on a line-texture paper 
and wash 3 or 4 times with water and ignite. 

Decomposition of barium sulphate. Place the barium 
sulphate in an 8-mm bore quartz tube. Insert a plug 
of quartz wool to retain the barium sulphate. Slide 
the tube into a second,‘wider quartz tube sealed at 
one end and retain with a second plug yf quarrtz 
wool as shown in Fig. 1. Attach the outer tube to a 
vacuum line by means of a vacuum-tight Cajon union 
(Cajon Co., Solon, Ohio). Flame the outer-tube under 
a vacuum of about 10e6 mmHg for at least 20 min 
to remove adsorbed materials. Then heat the end of 
the outer tube to the softening point of quartz for 
10min. Collect the evolved sulphur dioxide in a 
U-tube cooled with liquid nitrogen, pumping off other 
gaseous products. Transfer the sulphur dioxide to a 
sampling bottle by removing the liquid nitrogen from 
the trap, and keep for subsequent mass spectrometric 
analysis. 

RESULTS AND DISCUSSION 

The results of 5 independent spike calibrations are 
shown in Table 1. The standard deviation approaches 
the ultimate precision attainable by the IDMS 
method, i.e., the error arises in the isotopic measure- 
ment. The average value agrees with the theoretical 
value, calculated from the weight of the enriched 34S 
isotope, confirming the validity of the method for the 
determination of sulphur in sulphate. 

In the determination of sulphur in steels and alloys, 
only the dissolution process must be quantitative and 
no quantitative chemical separations after spiking are 
necessary. Many problems associated with co-precipi- 
tation, occlusion and solubility, which can lead to ser- 

ious analytical errors, do not affect the result because 
only isotope ratios are measured. Therefore the oper- 
ational procedure can be simplified and shortened, 
e.g., reduction of iron with zinc’ or hydroxylamine 
hydrochloride’ can be dispensed with and there is 
no need to wash the barium sulphate precipitate 
thoroughly. 

Various dissolution methods were tried for the 
complete conversion of sulphur into sulphate, e.g., 
with and without the addition of oxidizing reagents 
such as bromine, potassium nitrate’ and potassium 
chlorate.’ Table 2 shows the results obtained for car- 
bon steel, JSS 242-5. The blanks, which amounted 
to 1.5-4pg of sulphui, were subtracted from the 
observed sulphur values. The blank value approaches 
the practical detection limit of the procedure. The dis- 
solution in the presence of bromine gives complete 
conversion of sulphur into sulphate. When bromine 
is added after completion of the dissolution a low 
result is obtained, indicating that sulphur compounds 
are evolved during the dissolution. Potassium nitrate 
and potassium chlorate are less effective in the oxi- 
dation of sulphur to sulphate. Similar analytical 
results were obtained for carbon steel, BCS 232/2. The 
use of bromine in the dissolution was also necessary 
for complete oxidation. 

No significant difference between the dissolution 
with and without bromine was observed for nickel- 
chromium steel, mild steel, chromium-molybdenum 
steel, high-speed steel, 13% chromium stainless steel 
and heat-resisting alloys, indicating that no sulphur 
was lost during the dissolution. It must be pointed 
out that the addition of bromine in the dissolution 
is necessary when carbon steels have to be analysed 
by the usual gravimetric method. 

The results obtained for BCS, JSS, NBS and JAERI 
standard samples are shown in Table 3. Good agree- 
ment with results reported previously3 is obtained for 
heat-resisting alloys. Our results for BCS samples are 
in good agreement with the certified values except 
for 20% tungsten high-speed steel, BCS 241/2 which 
is difficult to analyse by the barium sulphate gravi- 
metric method because of its high tungsten content.’ 
Our results for JSS and NBS samples tend to be 
lower than the certified values. The ratios of our 
results (including the results of previous work3) to 

Table 1. Calibration of- the spike solution 

Calibration Sulphur concentration 
No. of spike. pg/g 

1 153.9 
2 153.8 
3 154.2 
4 154.3 
5 154.3 

Average 154.1 f 0.23 
Theoretical value* 153.3 

* Calculated from the weight of the enriched ‘% isotope 
before the oxygen combustion. 
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Table 2. Determination of sulphur in carbon steel JSS 242-5, (certified value O.O31%C)* with various methods of 
dissolution 

Sample S found, 
Acids used in dissolution Oxidizing reagents added taken, g Id9 

20 ml of HNO,$ None 1.8048 234.8 
None 1.7940 221.0 
None 1.8157 228.3 
0.1 of KNO, g 1.8240 255.1 
0.5 of KNO, g 1.5270 270.8 
0.2 of KCIOa g I .8542 257.8t 

18 ml of fuming HNOj and 8 ml of HCI None 1.2546 277.9t 
4 ml of bromine water and 20 ml of HCI. I ml of Br2 1.5873 258.6t 
20 ml of HNO,$ Afer dissolution, I ml of Br, I .7943 241.5 
20 ml of HNO, and 1 ml of HCI 1 ml of Brz 1.8075 217.2 
10 ml of HNO, and 5 ml of HC1 1 ml of Br, 0.8215 280.6 
15 ml of HNO, and 5 ml of HCI 1 ml of Br, and 0.1 g of KNO, 1.0045 281.0 

1.5076 280.4 
2.0027 278.9 

20 ml of HNO, and 18 ml of HCl 1.5314 280.0 

* Combustion method. 
t Blank not determined. 
$ Carbon steel can be dissolved in nitric acid by heating: hydrochloric acid was added after the dissolution was 

complete. 

Table 3. Determination of sulphur in standard samples 

Certified value, Present method (IDMS), ppm S 

Sample %S Average s No. of detns 

0.1% S carbon steel, BCS 232/2 0.126 1209 10 7 
Mild steel, BCS 455 0.06 1 618 2 4 
13% Cr rustless steel, BCS 21 l/l 0.032 312 2 3 
20% W high-speed steel, BCS 241/2 0.025 215 2.5 3 
Carbon steel, JSS 242-5 0.03 1 280 I 6 
Alloy steel, JSS 152-4 0.022 188 2 4 
Ni-Cr steel. NBS 32e 0.021 181 I 4 
Cr-Mo steel. NBS l33a 0.329 2601 34 4 
Inconel 600. JAERI R5 0.004* 20 1.6t 2 
Incoloy 800, JAERI R7 0.006* 41.5 0.3 3 

* Standard value by JSS. Eleven laboratories participated in the analysis, all using the combustion method. Ranges 
are 0.002-0.006 for JAERI R5 and 0.004-0.008 for JAERI R7. 

t Range of two determinations. 

the certified values are 0.96-1.0 for BCS samples, ment is also made to Dr. T. Komori and Dr. H. Hashitani, 

0.86-0.90 for JSS samples and 0.79486 for NBS JAERI, for helpful discussions. 

samples. 
Ikeno and Otsuki previously compared the yields 

of sulphur in the standard samples of various coun- 
tries, using the combustion-titration method and 
found that the values certified by NBS and JSS were 
too high by an amount somewhat larger than that 
for the BCS samples, which also agrees with our find- 
ings and suggests that there is systematic bias in the 
methods of standardization of BCS, JSS and NBS. 

The present method is not suitable for routine 
analysis, but could be used as a reliable referee 
method, but similar to that described by Cali and 
Reed.” 
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Summary-Ternary systems involving thiocyanate or azide (X) and N-hydroxy-N-p-chlorophenyl-N’-(2- 
methyl-4-chIorophenyl)henzamidine hydrochloride (HOAm) are used for the extraction-photometric 
determination of vanadium(V) as a VOXz(OAm)HOAm complex. A strong synergistic effect is observed. 
Mn(Il), Cr(IlI), Ti(IV), ZrlIV). Mo(V1) and W(U) do not interfere. The method has been applied 
to standard steel samples. 

N-Hydroxy-NJ’-diarylbenzamides, which act as 
monobasic and bidentate chelating agents, have been 
used for gravimetric and photometric determination 
of transition metals.1-5 They also react with vana- 
dium(V) in carboxylic acid, phenol or aldehyde 
medium to give a 1: 1 adduct extractable into chloro- 
form.6 N-Hydroxy-N,N’diarylbenzamidines react 
with vanadium(V) in thiocyanate and azide media to 
give deep green and greenish-blue complexes respect- 
ively (in chloroform). N-Benzoylphenylhydroxyl- 
amine(BPHA) and its analogues’-i0 are useful reagents 
for determination of vanadium(V) but according to 
Shendrikar’ ’ the BPHA method suffers from serious 
interference by Mn, Cr, Ti, Zr, MO and W. The 
present method has the advantage over the BPHA 
method that these elements do not interfere. The 
reagent used is N-hydroxy-N-p-chlorophenyl-N’-(2- 

methyl-4chlorophenyl)benzamidine hydrochloride 
(HCPMCPBH). 

and enough glacial acetic acid to make its concen- 
tration 2.OM in the final volume of 25 ml. Add 15 ml 

of 0.1% chloroform solution of the reagent and shake 
for 2min. Transfer the organic phase to a 50-ml 
beaker. Wash the aqueous phase with two 4-ml por- 
tions of chloroform and add the washings to the con- 
tents of the beaker. Dry the combined extracts with 
2 g of anhydrous sodium sulphate. Decant the extract 
into a 25-ml standard flask, washing the sodium sul- 
phate with small portions of chloroform, and dilute 
to volume. Measure the absorbance at the wavelength 
of maximum absorption against chloroform as a 
blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the vanadium- 
HCPMCPBH complexes and of the reagent are 
shown in Fig. 1. 

EXPERIMENTAL 

Reagents 

Standard vanadium(V) solution was prepared by 
dissolving ammonium metavanadate in doubly dis- 
tilled water and standardized titrimetrically.i2 

HCPMCPBH was prepared by condensation of 
equimolar quantities of N-(2-methyl-4-chlorophenyl)- 
benzimidoyl chloride and N-p-chlorophenylhydroxyl- 
amine in ether medium.1*‘3 The resulting hydrochlor- 
ide was recrystallized from absolute ethanol: m.p. 
188”; yield 80% (found: C S&S%, N, 6.8x, H 4.1%; 
calculated for C20H17N20C13: C 58.53x, N 6.82x, 
H 4.14%). It was used as a 0.1% solution in chloro- 
form. 

The vanadium-HCPMCPBH complex in the 
absence of thiocyanate or azide and at pH 3 in the 
absence of acetic acid shows a flat peak at 
55&580nm with a molar absorptivity of 1.3 x lo3 
l.mole-i.cm-‘. In acetic acid medium (l.O-lO.OM) 
a 1 :l blue-violet adduct is formed, with A,,,,, at 

580 nm and molar absorptivity 3.6 x lo3 1. mole- ‘. 
cn-‘. However, in the presence of thiocyanate and 
azide a ternary complex is formed, having A,,, at 610 
and 590nm with molar absorptivities of 6.5 x lo3 
and 5.6 x lo3 l.mole-‘.cm-i respectively. 

EfSPct of variables 

Procedure 

Take a solution containing up to 1OOpg of vana- 
dium(V) in a lOO-ml separatory funnel, add Sml of 
2% potassium thiocyanate or sodium azide solution 

Various water-immiscible organic solvents were 
tried. Benzene, toluene, carbon tetrachloride and 
chloroform all extracted the ternary complexes. 
Chloroform proved to be the most satisfactory 
because it gives high distribution ratios for the re- 
agent and the ternary complexes. 

The acidity of the aqueous phase was adjusted with 
glacial acetic acid, the optimum ranges for the thio- 
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Wavelength, nm 

Fig. 1. Absorption spectra: 6.28 x 1O-5,%+ V + 
reagent + thiocyanate: -O-----O 6.28 x lO-sM V + 
reagent + azide; -@----0 6.28 x 10- ‘M V + reagent 
+ acetic acid: -A-A 6.28 x IO- ‘M V + reagent; 

-0-G 3.0 x IOm3M reagent. 

cyanate and azide systems being O-3.5 and l.GLOM 
acetic acid respectively. A 5- and lO-fold molar ratio 
of N-hydroxyamidine to vanadium(V) was necessary 
for complete extraction of the thiocyanate and azide 
complexes respectively. The thiocyanate and azide 
need to be present in lo- and 120-fold molar ratio 
to vanadium respectively. Addition of up to a 
5000-fold molar ratio of either did not affect the 
absorbance and A,,,,, of the ternary complex. The 
order of addition of reagents was not critical. 

Sodium, potassium, ammonium and magnesium 
sulphates were tried as’salting-out agents in the con- 
centration range I-3M. but did not enhance the 
extraction. The extracts were stable for at least 30 hr 
at 27 f 2”. The period of shaking was varied from 
1 to 5min, and extraction was found to be quantita- 
tive in 1 and 2min for the thiocyanate and azide sys- 
tems respectively. It is therefore recommended to 
shake the mixture for at least 3min. 

Characteristics of the complexes 

The thiocyanate and azide systems obeyed Beer’s 
law up to 7.2 and 8.0ppm of metal. The optimum 
concentration ranges on the basis of Ringbom 
pIots’4*‘5 were 0.6-6.8 and l&7.6 ppm of vanadium 
respectively . 

The relative standard deviations (10 measurements, 
vanadium 4ppm) were found to be 0.7 and 0.87; for 
thiocyanate and azide systems respectively. 

The ratio of vanadium to N-hydroxyamidine was 
determined by the mole-ratio” and Job methods.‘* 
The ratio of thiocyanate to vanadium was determined 
by the mole-ratio” and slope-ratio methodsI and 
that of azide by a curve-fitting method.” The results 
obtained show the formation of 1:2:2 (metal:rea- 
gent: thiocyanate or azide) ternary complexes. 

Table I. Tolerances* for foreign ions 

Thiocyanate system, Azide system. 
Ion added W/ml &ml 

Fe3+# 1.0 0.80 
cu2+ 0.15 0.1 
Hg’+ 2.4 2.0 
Pb2 + 1.5 1.7 
Mn’+ 1.6 1.6 
Zn2+ 2.4 2.0 
$1 0.5 2.4 0.5 1.6 

Th4+ 2.0 1.6 
Tl’+ 1.2 1.0 
Al” 2.4 2.4 
Cr3+ 1.5 1.5 
Ni2+ 2.0 2.0 
uo:+ 0.8 0.8 
co2+ 2.4 2.4 
Ti4 + 0.2 0.18 
Zr4+ 0.06 0.06 
MO(W) 0.3 0.3 
W(VI) 0.06 0.04 
Nb(V) 0.1 0.12 

;;jV’ 
BeZ’ 

0.12 0.8 0.15 1.0 
1.2 1.2 

* Amount causing c 2% error. 
$ Masking with trisodium phosphate. 

The complex must be neutral if it is extractable 
into chloroform, so the product is probably VOX2- 
(OAm)(HOAm) where X is thiocyanate or azide, and 
OAm and HOAm are deprotonated HCPMCPBH 
and HCPMCPBH respectively. 

Eflect of other ions 

The effect of foreign ions was studied with 4ppm 
of vanadium in 2.OM acetic acid, by following the 
procedure above. The interference due to Fe3+ could 
be eliminated by masking with trisodium phosphate 
(5 g). Chloride, bromide, iodide, nitrate, sulphate, 
thiosulphate, triethanolamine, urea, thiourea, phtha- 
late, borate, citrate, tartrate, alkali and alkaline earth 
metal ions, lanthanides, phosphate and arsenate did 
not interfere. The tolerance limits for other ions are 
shown in Table 1. 

Table 2. Determination of vanadium in steels 

Sample 

Certified 
Vanadium value, Std. devn., 
found “/* 2 0 o/ 0 9/, 

64a 
Alloy steel 

241/l 
High-speed steel 

1.55 1.57 
0.009t 
o.otO$ 

1.57 1.57 
0.010-t 

0.0115$ 

252 
Low-alloy steel 0.45 0.46 

0.006f 
0.006$ 

* Average of six determinations for each system. 
t Thiocyanate system. 
$ Azide system. 
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Determination of oanadium(V) in steel samples 

To check the validity of the method, two tungsten- 
vanadium steels (64a and 241/l) and a tungsten-free 
low-alloy steel (252), obtained from Bureau of Ana- 
lysed Samples, Ltd., Middlesbrough, England were 
analysed for vanadium(V). The results are shown in 
Table 2. 

Steel samples containing up to 3 mg of vanadium 
were dissolved. in 40% nitric acid. Since tungsten 
interferes if present in excess, it was removed as 
hydrated tungstic oxide, by filtration with Whatman 
No. 42 paper. The filtrate was made up to 250 ml 
with distilled water and vanadium(V) was determined 
by the procedure described. 

REFERENCES 

1. K. Satyanarayana and R. K. Mishra, Anal. Chem., 
1974, 46, 1609. 

2. K. K. Deb and R. K. Mishra, Curr. Sci. India, 1976, 
45, 134. 

3. K. Satyanarayana and R. K. Mishra, Indian .I. Chem., 
1975, 13, 295.. 

4. K. K. Deb and R. K. Mishra, ibid., in the press. 
5. Idem, Mikrochim. ACM, submitted. 
6. K. S. Pate1 and R. K. Mishra, &II. Chem. Sot. Japan, 

submitted. 
7. S. C. Shome, Analyst, 1950, 75, 27. 
8. D. E. Rvan. ibid.. 1960. 85, 569. 
9. U. Priyida&hini gnd S: G’Tandon, Anal. Chem., 1961, 

35, 435. 
10. A. K. Majumdar, N-Benzoylphenyfhydroxylamine and 

its Analogues, Pergamon, Oxford, 1972. 
11. A. D. Shendrikar, Talanta, 1969, 16, 51. 
12. G. Charlot and D. Bezier, Quantitative Inorganic 

Analysis, Wiley, New York, 1957. 
13. K. K. Deb and R. K. Mishra, J. Indian Chem. Sot., 

1976, 53, 178. 
14. A. Ringbom, Z. Anal. C/tern., 1938, 115, 332. 
15. G. H. Ayres, Anal. Chem., 1949, 21, 652. 
16. E. B. Sandell, Calorimetric Determination of Traces of 

Metals, 3rd Ed., p. 83. Interscience, New York, 1959. 
17. J. H. Yoe and A. L. Jones, Ind. Eng. Chem., Anal. Ed., 

1944, 16, 111. 
18. P. Job, Ann. Chim. (Paris), 1928, 9, 113. 
19. A. E. Harvey and D. L. Manning, J. Am. Chem. Sot., 

1950, 72, 4488. 
20. L. G. Sill&n, Acta Chem. Stand., 1956, 10, 185. 



‘I-ulunro. Vol. 26. pp. 257-259 
0 Pergmon Press Ltd 1979. Printed in Great Britain 

0039-9140/79/0301-0257)0200/0 

SPOT-TEST DETECTION OF ARYL HYDRAZINES, 
HYDRAZONES, OSAZONES, OXIMES AND AROMATIC AMINES 

KRISHNA K. VERMA 

Department of Chemistry, Government Science College, Jabalpur 482001, India 

(Received 30 August 1978. Accepted 17 September 1978) 

Summnry-Arylhydrazines are detected by oxidation with N-bromosuccinimide and coupling with 
resorcinol to form azo-dyes which are intensely coloured in alkaline media. Hydrazones and osazones 
are hydrolysed to form the arylhydrazines, which are then tested for CNitro- and 2,Cdinitrophenylhy- 
drazines are tested for by forming their hydrazone with salicylaldehyde and adding alkali to produce 
a violet colour. The hydroxylamine formed by the hydrolysis of oximes is oxidized by iodine monochlor- 
ide in the presence of sulphanilic acid; coupling with 8-hydroxyquinoline forms a dye that is red 
in alkali. Intense colours are immediately produced when primary, secondary and tertiary aromatic 
amines are mixed with diacetoxyiodobenzene. All the tests are sensitive and appear to be specific. 

Feigl and Demant’ detected arylhydrazines by oxi- 
dation with sdenious acid and reaction with l-naph- 
thylamine to form a red or red-violet colour. With 
relatively large amounts of arylhydrazine, red 
selenium precipitates. On boiling with arsenic acid 
or an organic arsenic acid, arylhydrazines form 
phenol which can be coupled with 2,6-dichloro- 
quinone-4-chloroimine; the condensation product 

. turns blue on exposure’ to ammonia.’ Phenylhydra- 
zine has been noted to yield a yellow colour with 
pyridine-2-a1dehyde,3 but, it was not possible to 
observe the colour change with 4-nitro and 2,4-di- 
nitrophenylhydrazines, since they are themselves 
orange. 

A sensitive and specific test for arylhydrazines is 
described. On reaction with N-bromosuccinimide, 
arylhydrazines form the corresponding diazonium 
salts, the azodyes of which, formed by coupling with 
resorcinol, are deeply coloured in alkaline medium. 
With 4-nitrophenylhydrazine the reactions are: 

Other compounds containing nitrogen do not inter- 
fere. 

This test has been applied to the detection of aryl- 
hydrazones and oximes, involving hydrolysis with 
cqncentrated hydrochloric acid to split dl? the aryl- 
hydrazine hydrochloride, which is stable on boiling, 
then carrying out the test as described. 

It has also been found that the 4-hitro and 2&di- 
nitrophenylhydrazones of salicylaldehyde give a violet 
colour with potassium hydroxide, suitable for their 
detection. 

Aldoximes and ketoximes split off hydroxylamine 
hydrochloride on warming with hydrochloric acid, 
and this can be detected by oxidation with iodine 
monochloride to nitrous acid in the presence of sul- 
phanilic acid (which is then diazotized) and coupling 

O.N~NHNH, +2 Q”.Toe~N:Ntw + 
0 

2 

b 

NH + HBr 
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bright red in alkali. The following reactions occur: Detection of uryihydrazones or osazones. A drop of 

NHzOH + 2IC1 + Hz0 
test solution or a crystal of the solid is mixed with 
a few drops of concentrated hydrochloric acid in a 

-+ HNOz + 2HI + 2HCl ,’ 

HO,S NH, + HNO, t HCl -lio,s N:NCl + 2H,O 

l-qs N-N 0 

Any iodine that may appear by the reaction of hy- 
driodic acid with surplus iodine monochloride need 
not be bleached as in alkaline medium it gives only 

a faint yellow colour and does not interfere with the 
test. 

Most arylamines undergo coupling reactions with 
diazonium salts to form azo compounds,4 and pri- 
mary amines, after diazotization, couple with 2-naph- 
thol to yield coloured products.5 A dithiocarbamate 
test for secondary amines’ and a very selective test 
for tertiary amines, employing citric acid-acetic anhy- 
dride,’ have been reported. Colour reactions of aro- 

matic amines with ceric sulphate’ and lead tetra-ace- 
tate’ have also been described. 

A specific and sensitive test for detecting primary, 
secondary and tertiary aromatic amines is described. 
Intense colours are immediately produced when di- 
acetoxyiodobenzene is mixed with an aromatic amine. 
This colour reaction is due to the formation of sym- 
metrical azo-dyes, together with some other oxidation 
products, from primary amines. With secondary 
amines, the diarylnitrogen radical is probably formed. 
Tertiary amines appear to undergo oxidative dealkyl- 
ation.” 

NO aliphatic or ahcyclic amine or other nitrogen- 

containing compound tested gave coloured products. 

EXPERIMENTAL 

Reagent 

Diacetoxyiodobenzene solution, ca. 1%. Prepared by 
dissolving the commercially available material in gla- 
cial acetic acid, or by mixing 5 ml of acetic anhydride 
with 1 ml of 20-vol hydrogen peroxide in a ground- 
glass stoppered flask, shaking well, and after 1 hr 
adding 1 ml of iodobenzene and letting stand for 
30min before dilution to lOOm1 with glacial acetic 
acid. The solution is stable for 3 months. 

Procedures 

Detection of urylhydrazines. A drop of test solution 
in O.lN hydrochloric acid is placed in a depression 
on a spot-plate and mixed successively with one drop 
each of 0.5% N-bromosuccinimide and I”/, aqueous 
resorcinol solution. A red to red-violet colour appear- 
ing on the addition of 1 or 2 drops of 5% potassium 
hydroxide solution is a positive test. 

micro-crucible and the mixture evaporated nearly to 
dryness. The residue is dissolved in a drop of water 
and the arylhydrazine is detected as above. 

Detection of I-nitro or 2,4-dinitrophenylhydrazine. A 
drop of test solution in methanol or O.lN hydro- 
chloric acid is placed on a spot-plate and treated with 
a drop of 1% solution of sahcylaldehyde in methanol. 
Addition of 1 or 2 drops of 5% potassium hydroxide 
solution results in a violet colour if the test is positive. 

Detection ofoximes. A crystal of the solid is heated 
with 1 or 2 drops of concentrated hydrochloric acid 
in a micro-crucible till the liquid is just evaporated. 
Then 1-2 mg of sodium acetate, a drop of 1% sul- 
phanilic acid solution and I or 2 drops of 1% solution 
of iodine monochloride in 0. I h4 hydrochloric acid are 
added. After 30 sec. a drop of 1% aqueous 8-hydroxy- 
quinoline solution and 1 or 2 drops of 5% potassium 
hydroxide solution are added. An immediate develop- 
ment of a red colour indicates the presence of an 
oxime. 

Detection of aromatic amines. A drop of test solu- 
tion in methanol, acetonitrile, ethanol, dioxan, ace- 
tone or glacial acetic acid is placed on a spot-plate 
and treated with a drop of diacetoxyiodobenzene 
solution. Immediate formation of an intense colour 
is a positive test. 

Sulphanilic acid is dissolved in water for the test. 

RESULTS 

The following compounds have been tested and 
give the colours and detection limits (in p(p) shown 
in parentheses. 

Arylhydrazintis. Phenylhydrazine (red, 0.03) and its 
2,4-dinitro (violet, 0.02), 2-nitro (red, 0.05) 3-nitro 
(red, 0.05) 4-nitro (violet, 0.02), 4-bromo (orange, 0.1) 
2,4,6-tribromo (red, 0.1) and 4-chloro (red, 0.05), 4-sul- 
phonic acid (red-violet, 0.05) and 2-carboxylic acid 
(red, 0.08) derivatives and I-naphthylhydrazine (red, 
0.03). 

Arylhydrazones. Acetophenone-2,4_dinitrophenyl- 
hydrazone (violet, 0.03), acetone-4_nitrophenyIhydra- 
zone (violet, 0.03) salicylaldehyde-2,4_dinitrophenyl- 
hydrazone (violet, 0.02) and benzaldehydephenylhy- 
drazone (red, 0.06). 

4-Nitrophenylhydrazine (violet, 0.01) and 2,4-dini- 
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trophenylhydrazine (violet, 0.01) by salicylaldehyde 
test. 

Osazones. Glucosazone (red, O.l), maltosazone (red, 
O.l), arabinose osazone (red, 0.08), galactose osazone 
(red, 0.1) and xylose osazone (red, 0.1). 

Oximes. Acetone oxime (red, 0.04). dimethylglyox- 
ime (red, O.Ol), salicylaldehyde oxime (red, 0.05) and 
benzil oxime (red, 0.02). 

Aromatic amines. Aniline (purple changing to dark 
brown, O.Ol), 2-, 3- and 4-toluidines (violet, 0.03). 2- 
and 4-anisidines (violet, 0.02). 2-chloroaniline (brown, 
0.04). 3- and 4-chloroaniline (red-violet turning 
brown, 0.05), anthranilic acid (reddish-brown. 0.02). 
sulphanilic acid (deep red, 0.01). t-aminobenzenethiol 
(dark brown, 0.04), 3-nitroaniline (red-brown, 0.08), 
sulphanilamide (deep red, 0.02), sulphadimidine (red- 

colour after 2min. 2-Nitro and 4-nitroaniline, 
2-aminopyridine and N-acetyl or N-benzoylaniline do 
not yield any colour. 

Phenylhydroxylamine and NJV’diphenylthiourea 
produce a faint yellow colour. 

The test may be used to distinguish between the 
isomeric phenylenediamines. A further confirmation 
is provided if the test solution is mixed with a drop 
of 1% solution of phenol in glacial acetic acid prior 
to the addition of diacetoxyiodobenzene and develop- 
ing the colour: 2-phenylenediamine (deep red, 0.02), 
3-phenylenediamine (brown, 0.04) and rlphenylene- 
diamine (blue, 0.01). The colours are believed to be 
formed by the oxidative condensation of phenylene- 
diamines with phenol at the para position, forming 
indophenol dyes. e.g. 

brown, 0.03), sulphathiazole (deep red, O.Ol), sulpha- 
merazine (red-brown, 0.04). sulphadiazine (red-brown, 
0.03), sulphapyridine (red-brown, 0.03), diphenylamine 
(brown changing to green, 0.01). 2-phenylenediamine 
(brown changing to orange, 0.03), 3-phenylenediamine 
(deep red, 0.02), 4-phenylenediamine (green changing 
to dark brown, O.OI), l- and 2-naphthylamine (deep 
red, 0.02), 4-aminosalicylic acid (red-brown, 0.05), 
2,4,6-tribromoaniline (brown, 0.1). 4-aminobenzoic 
acid (violet, 0.02), N-phenylanthranilic acid (dirty 
green, 0.05), N,Ndimethylaniline (green, O&I), 4-bro- 
moaniline (red-brown, 0.04), N,Ndiethylaniline 
(green, 0.03), 2-aminophenol (red-brown, 0.03), 
3-aminophenol (red-brown, 0.04) and 4-aminophenol 

, (violet, 0.02). 
4-Dimethylaminobenzaldehyde (yetlow, 0. I) gives a 

The tests for arylhydrazines and aromatic amines 
can also be done on Whatman No. I paper. 
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Summary-A number of solid-state ion-selective electrodes for the potentiometric determination of 
phosphate have been made and their properties investigated. The most successful of these electrodes. 
which had a membrane comprising silver sulphide. lead sulphide and lead hydrogen phosphate, had 
a theoretical Nernstian response to orthophosphate ion at concentrations down to 5 pg/ml total phos- 
phate at pH 8.3. The electrode had a slow response and its standard potential changed with time. 
Anions such as sulphate, bicarbonate and nitrate did not interfere; chloride had a transient effect, 
but even at its worst the interference was less serious than with other phosphate electrodes. The 
electrode was used as an indicator in the potentiometric precipitation titration of phosphate and lan- 
thanum. 

Sodium phosphate is used to control the pH of boiler 
waters, so as phosphates tend to be deposited in high- 
pressure boilers, monitoring of the phosphate content 
of the boiler water is desirable. Phosphate-selective 
electrodes have been the subject of considerable inves- 
tigation, but a number of liquid ion-exchange elec- 
trodesre3 and heterogeneous electrodes based on in- 
organic phosphate salts4 were poorly selective. Silver 
phosphate electrodes’ are too susceptible to interfer- 
ence by chloride for general use. A lead amalgam- 
lead hydrogen phosphate electrode6 has been used 

in phosphoric acid solution, but having to keep the 
apparatus free of oxygen is a disadvantage of such 
a system. The present work concerns attempts to 
make solid-state phosphate-selective electrodes based 
on a lead-selective electrode. 

THEORY 

The phosphate-selective electrodes described here 

nave membranes composed of mixtures of sparingly 
soluble crystalline components with two different 
functions: (a) materials that make the membrane 
selective towards lead ions and (h) lead phosphate 
salts to provide an equilibrium concentration of lead 
ions when in contact with a solution of phosphate 
ions. The lead concentration is related to the phos- 
phate concentration by means of the solubility 
product 

K, = [Pb2+13 [PO:-12 

and therefore the emf of the lead-selective electrode 
may be represented by either of equations (1) and 
(2), where k is a constant. 

E = E” + ; log[Pbz+] (1) 

E = E” + ; log K, - ; log[PO:-1. (2) 

In practice, a buffer is added to the sample solution 
so that, the pH being constant, the free phosphate 
concentration is a fixed proportion of the total phos- 
phate concentration, C’,. 

[PO:-] = f$‘C, 

where Q is a constant at a given pH and temperature. 
Substituting for [PO:-] in equation (2) gives 

E=E’+~logK,-glogd-~logC,. (3) 

The addition of the buffer also provides a medium 
of constant ionic strength, so it is valid to express 
equations (1 k(3) in concentration terms. The constant 
pH must neither be so high that lead hydroxide is 
precipitated nor so low that the lead concentration 
is controlled by the concentration of hydrogen phos- 
phate ion through the solubility product K’, = 

[Pb”] [HPO:-1. 
The lead-selective component of the membrane was 

either the PbS/Ag,S mixture reported previously’ or 
lead dioxide, for which the reaction is 

Pb02 + 4H+ + 2e- +Pb2+ + 2H20. 

The potential of a lead dioxide electrode is controlled 
by both the lead concentration and the pH, but as 
the latter is kept constant in the phosphate solution, 
lead dioxide should be a suitable material for the 
membrane. 

EXPERIMENTAL 

Apparatus 

Potentials were measured with a high impedance milli- 
voltmeter, either a Corning 110 digital pH-meter or a 
Keithley 604 electrometer with a Solartron LM 1420.2 
digital voltmeter connected across its unity gain output 
terminals. The potentials were recorded on a Servoscribe 
chart-recorder. 
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A Radiometer F.3004 lead-selective electrode served as 
the basis for the phosphate-selective electrode; this elec- 
trode is of the “Selectrode” type.’ A Radiometer K4025 
saturated calomel electrode was used as reference elec- 
trode. 

Reagents 

Stock standard lead solution, 0.1 M. Lead nitrate (16.56 
g) dissolved in water and made up to 500 ml in a calibrated 
flask. Other lead solutions (lo-*-IO-*M) were prepared 
by successive dilution of the stock solution. 

Stock standard phosphate solution, 0.1 M. Anhydrous di- 
sodium hydrogen orthophosphate (7.078 g) or potassium 
dihydrogen orthophosphate (6.805 g) dissolved in water 
and made up to 500 ml in a calibrated flask. Other stan- 
dard solutions (lo-*-IO-“M) were prepared by successive 
dilution of this solution. 

Ammonia-ammonium acetate bufj?r. Ammonium acetate 
(38.54 g) dissolved in about 400 ml of water, adjusted to 
pH 8.8 by dropwise additions of concentrated ammonia 
solution and made up to 500 ml in a calibrated flask. 

Preparation of memhrane materials 

Lead hydrogen phosphate. Lead nitrate (30 g) was dis- 
solved in about 70 ml of water and the solution heated 
to boiling. Phosphoric acid (15 ml) was added to about 
20 ml of water, mixed and made up to about 50 ml with 
water. This solution was slowly added to the boiling lead 
nitrate solution. The mixture was digested at N-90” for 
30 min and then allowed to cool. The white precipitate 
was filtered off, washed with cold demineralized water and 
dried at 50”. 

Equimolar lead phosphate-lead sulphide mixture. Lead 
nitrate (30 g) was dissolved in about 100 ml of water. An- 
hydrous disodium hydrogen phosphate (5.7 g) and hyd- 
rated sodium sulphide (4.8 g) were dissolved in about 50 
ml of water. This solution was filtered, the filtrate being 
allowed to drip into the lead nitrate solution. When all 
the phosphate/sulphide solution had been added, the 
supernatant liquor was decanted and the precipitate 
washed with four portions of demineralized water. The pre- 
cipitate was then filtered off, again washed with water, and 
dried at 70”. 

Lead sulphide-silver sulphide mixture. This equimolar 
mixture was supplied with the electrode. 

Lead dioxide. Analytical reagent grade material (Hopkin 
and Williams Ltd.) was used. 

Preparation of ion-selective membrane 

Portions of the component materials were weighed out 
so as to give the desired molar ratios, mixed, and ground 
in an agate mortar. The mixture was rubbed into the sur- 
face of the electrode with a glass rod. 

Potentiometric measurements 

Phosphate solution (20 ml) and buffer solution (2 ml) 
were placed in a 5Gml beaker and stirred by a magnetic 
stirrer. The electrodes were immersed in the solution and 
the potential was recorded when a steady reading was 
obtained. Unless otherwise stated, the ammonium acetate 
buffer was used; this gave a pH of 8.4 when diluted as 
above. Measurements were made at room temperature. 

RESULTS 

Eflect of membrane composition 

Responses to both lead and phosphate ions were 
determined for electrodes with membranes of different 
compositions, before the performance of the best of 
these electrodes was investigated in greater detail. 

Lead dioxide-lead hydrogen phosphate membranes. 
The membrane consisted of an equimolar mixture of 
the two components. The electrode had an approxi- 
mately Nernstian response to lead ions (- 27 mV per 
tenfold increase in concentration in the range 
10-4-10-2M), but the response to phosphate ions 
was unstable and of low sensitivity. A freshly pre- 
pared electrode responded to changes in phosphate 
concentration, but its standard potential steadily de- 
creased for some hours. By the time the electrode 
gave a stable emf at a-given concentration, the sensi- 
tivity was only 7 mV per tenfold change in concen- 
tration between 10-3-10-4M and was lost completely 
at concentrations below 10e4M. 

Lead sulphide-silver sulphide-lead phosphate mem- 
branes. The membranes comprised two parts of the 
equimolar mixture of silver sulphide and lead sul- 
phide and one part of the equimolar mixture of lead 
sulphide and lead phosphate, giving a final molar 
composition of 50% PbS, 33% Ag,S and 17% 
Pb3(P04)2. The electrodes had sub-Nernstian re- 
sponses to lead ions (about 24 mV per decade) and 
a very small and poorly reproducible response to 
phosphate ions. 

Lead sulphide-silver sulphide membranes. The re- 
sponses of electrodes with these membranes was 
almost Nemstian for lead ions (28 f 1 mV per ten- 
fold change in concentration) and approximateIy 
Nemstian for phosphate ions (15-20 mV per tenfold 
change in concentration). The response to phosphate 
ions, however, was too slow for useful measurements 
to .be made routinely, e.g., for a tenfold decrease in 
concentration the emf was still increasing after 2 hr. 

On the basis of the solubility products of silver 
sulphide and lead sulphide, a phosphate response 

‘would not be expected, but electrodes with transition- 
metal sulphide membranes have limits of detection 
for metal ions much higher, at 10-*-10-7M, than 
would be predicted from the solubility products. One 
cause of this is oxidation of sulphides to soluble sul- 
phates, with release of metal ions into so1ution.s 
Figure 1 shows that a 10e8M concentration of lead 
ions would be sufficient to enter a solubility product 
equilibrium with phosphate under the conditions of 
these experiments and so make the electrode phos- 
phate-sensitive. 

Lead sulphide-silver sulphide-lead hydrogen phos- 

phate membranes. Two different mixtures of the mem- 
brane components were prepared, having molar ratios 
of AgrS:PbS:PbHPO, of 1:l:l and 1:1:2. The elec- 
trodes had an almost Nemstian response to lead ions 
in the concentration range 10-3-10-5M, the sensi- 
tivity being 28 + 1 mV per tenfold change in concen- 
tration, while the sensitivity to phosphate ions was 
in the range 13-18 mV per tenfold change in concen- 
tration over the range 10-3-10-5M total phosphate. 
The sensitivity indicated that the electrode was re- 
sponding to the triply charged phosphate ion rather 
than the doubly charged hydrogen phosphate ion. 
The composition of the membrane did not affect the 
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Fig. 1. Lead response of the phosphate-selective electrode. 
0 Lead nitrate solutions, x calculated for (a) 10T5M, (b) 

10W4M, (c) 10m3M phosphate solutions. 

sensitivity, but electrodes with the 1: 1:2 mixture took 
about 30 min to reach equilibrium after a tenfold in- 
crease in concentration, which was about twice the 
time taken by electrodes with the equimolar mixture. 

Performance of electrodes with equimolar lead sulphide- 
silver sulphide-lead hydrogen phosphate membranes 

As electrodes with membranes of this composition 
were the best of those tested, their performance was 
investigated in greater detail. 

Sensitivity. The responses of the electrode to lead 
and phosphate ions are shown in Figs. 1 and 2 re- 
spectively. The concentrations of lead in equilibrium 
with phosphate in the phosphate-containing solutions 
were calculated from literature data9 and the 
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Fig. 2. Calibration of the phosphate-selective electrode. 

observed pH of 8.36. Figure 1 shows that lead concen- 
trations calculated in this way lie close to the extrapo- 
lated calibration line obtained with standard lead 
solutions, confirming the solubility product mechan- 
ism. Figure 2 shows the phosphate response of the 
electrode close to its limit of detection. The response 
was Nernstian down to 2 x lo-‘M phosphate. but 
the sensitivity decreased at lower concentrations and 
was not reproducible. 

Precision. The within-batch standard deviations of 
the response of the electrode to 10e3 and 10-4M 
phosphate solutions were estimated from the differ- 
ences between pairs of emf readings on 7 separate 
days to be rfr2 mV at 10m3M and f4 mV at 10v4M 
phosphate concentration, equivalent to relative stan- 
dard deviations of approximately 30% and 65% re- 
spectively for the concentrations calculated from the 
readings. The poorer precision for the less concen- 
trated solution can be attributed in part to the diffi- 
culty of identifying an equilibrium potential when the 
electrode was responding to a decrease in concen- 
tration. The slow response and the drift in the stan- 
dard potential contributed to this effect. 

Response time. Figure 3 shows, for both lead and 
phosphate solutions, the response curves resulting 
from the transfer of an electrode between 1O-3 and 
10e4M solutions of the same ion. The lead response 
was much faster than the phosphate response, which 
tended to become slower as the electrode aged, until 
the electrode took over an hour to reach equilibrium 
after a tenfold change in concentration. 

Stability of standard potential. All the electrodes, 
when immersed in a given solution, tended to give 
increasing emf readings with age; the rate of increase 
was constant for each electrode (for periods of at least 
two weeks). As the rate was independent of concen- 
tration, it may be interpreted as a shift in standard 

1 IO mV 

L ri 
I I 
IO min 

Fig 3. Response curves for transfer of the phosphate-selec- 
tive electrode between solutions. Phosphate solutions A-B 
10-3-10-4M; C-D 10-4-10-3M. Lead solutions E-F 

lo-“-10-‘&f: G-H 10-4-10-3M. 



264 DEREK MIDGLEY 

Table I. Effect of pH 

Readings. rnV 

Total phosphate, M pH 8.0 pH 8.4 pH 8.9 

IO-’ -113.7 - 121.9 - 133.0 
1O-4 -96.8 - 105.3 - 119.6 

potential. The rate of drift was particular to each elec- 
trode and was not related to the treatment the elec- 
trode had received. The drift rates were in the range 
1-6 mV/day. As the standard potential of the lead 
form (PbS/Ag,S) of the RtiiiEka “Selectrode” de- 
creased at a rate of c 1 mV/day over a period of 
a month” and that of the RdiiEka Ag,S/CuS copper 
“Selectrode” was stable,’ it was assumed that the 
cause lay with the lead hydrogen phosphate in the 
membrane. Although the Nernstian slope factor cor- 
responded to an orthophosphate response, a progress- 
ive transition from lead hydrogen phosphate to lead 
orthophosphate within the membrane was discounted 
as the cause of drift, because electrodes prepared with 
the orthophosphate showed similar shifts in standard 
potential. 

Effect of pH. The effect of pH was tested by varying 
the proportions of ammonia and acetic acid in the 
buffer solution added to the phosphate solutions, so 
that the final pH values of solutions were 8.0, 8.4 
or 8.9. The results in Table 1 show that the emf 
becomes more negative as the pH increases, corre- 
sponding to an increase in the proportion of ortho- 
phosphate ion in the solutions, i.e., the log 4 term 
in equation (3) increases. 

Interferences. Interference effects were measured by 
injecting 100~~1 portions of concentrated solutions of 
the interferents into 20 ml of 10m4M phosphate plus 
2 ml of ammonia-ammonium acetate buffer and 
observing the change in emf. This dilution would 
cause a shift of 0.035 mV, which was less than the 
discrimination of the pH-meter. Anions can interfere 
if they suppress the lead concentration below that 
arising from the dissolution of lead phosphate, i.e.. 

if 

or if they form complexes with lead so that more 

phosphate dissolves from the electrode. 
The results in Table 2 show that fluoride, sulphate 

and bicarbonate ions did not interfere under the con- 
ditions tested, as expected from relationship (4). 

The chloride interference was characterized by a 
rapid change in emf on injection of the chloride solu- 

tion, followed by a gradual return to the initial value. 
The interferences in Table 2 were calculated from the 
maximum deviation observed. Lead chloride is too 
soluble for the interference to arise on the basis of 
relationship (4) and chloro-complexes of lead are too 
weak to cause a significant dissolution of lead phos- 
phate. A possible explanation is that the chloride ions 
form complexes with the lead ions in solution more 

rapidly than the lead ions can be replaced by dissolu- 
tion of lead phosphate. The decrease in free lead 
concentration causes the emf to change as if the phos- 
phate concentration had increased. As the lead phos- 
phate slowly dissolves, the emf is restored to virtually 
its former value, since the effect of chloride ions at 
equilibrium is so small. Calculations with the stability 
constants for lead chloro-complexes’ ’ predict maxi- 
mum apparent increases in phosphate concentration 
of 5, 40 and 100% at chloride concentrations of 
7.5 x 10e4, 6 x 10F3 and 1.5 x lo-‘121 respectively. 
These figures are in fair agreement with the experi- 
mental values in Table 2, except at the lowest concen- 
tration. Because of the non-equilibrium nature of the 
interference, initial local variations in chloride con- 
centration at the membrane surface could produce 
different effects from those calculated by using the 
mean chloride concentration. 

The negative nitrate interference can be explained 
with only 1% error by changes in activity coefficients 
caused by the increase in ionic strength on addition 
of the concentrated nitrate solution, i.e., the observed 
effect was caused by changes in solution equilibria 

Table 2. Anionic interferences in 10w4A4 phosphate solution 

Anion 
Concentration. Apparent phosphate concentration. 

M M 

F- 5 x 1o-4 
NO; 5 X 1o-3 

1 X 1o-z 
so:- 5 x 1o-4 
cl- 7.5 X 1o-4 

6 X 10-3 
1.5 x lo-* 

HCO; 2.84 x 1O-4 

* Maximum value recorded (see text). 

I x 10-a 
9.4 X 10-5 
8.9 x lo-’ 

I x 10-h 
*I.24 x 1O-4 
*1.57 X 10-4 
*1.64 x 1O-4 

1 x 10-a 
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rather than being a property inherent in the electrode. 

Activity coefficients were calculated from a form of 
the Davies equation” 

-log fpo4 = 9 x 0.51111~/(1 + I+) - 0.31;. 

where I is the ionic strength. 
Effect of d#erent buffer solutions. To check that the 

response of the electrode was not adversely affected 
by interactions of lead ions with either the acetate 
ions or the ammonia in the buffer, a number of other 
buffet solutions were tried. 

Buffers such as triethanolamine + nitric acid (pH 
7.5) and 3-(N-morpholino)propanesulphonic acid + 
sodium hydroxide (pH 8) gave similar results to the 
ammonia-ammonium acetate buffer. Citrate buffer 
(pH 6.7) gave very low sensitivities and in triethanol- 
amine (pH 9.0) and borax (pH 9.2) buffers the sen- 
sitivity was almost completely lost and the elec- 
trode potential drifted persistently. The ammonia- 
ammonium acetate buffer was preferred for all the 
other work reported in this paper. 

Usr of the phosphate-selective electrode in potentio- 

metric titrations 

Phosphate can be determined, in principle, by 
potentiometric titration with silver or lead ions, a 
silver or lead-selective electrode, respectively, being 
used as the indicator electrode. The likelihood of in- 
terference by chloride with silver or sulphate with 
lead often makes these titrations unattractive in prac- 
tice. A phosphate-selective indicator electrode should 
enable the titrant to be chosen independently of the 
nature of the electrode and having regard only to 
possible interaction of the titrant with other sub- 
stances present in the sample. 

Lanthanum has two advantages as the titrant. It 
interacts only weakly with most inorganic anions, 

with the principal exception of fluoride, so that inter- 
ferences are less likely than in titrations with silver or 
lead. In addition, the titration curve for lanthanum 
phosphate precipitation should be symmetrical with 
a point of inflection coincident with the end-point, 
in contrast to titrations of phosphate with bivalent 

or univalent cations.’ 3 
Phosphate solutions were titrated with loo/, lan- 

thanum solution (0.714M 1-l LaC13). Curve A in Fig. 4 
shows that in the presence of ammonia-ammonium 
acetate buffer the titration curve has a fairly sharp 
end-point break but is asymmetric. The cause of this 
asymmetry is probably associated with the perform- 
ance of the electrode at low concentrations of phos- 
phate, when the calibration curve deviates from 
linearity. In the absence of buffer, large end-point 
breaks are observed (curves B and C, Fig. 4), but 
at volumes that fall increasingly below the equiva- 
lence volume with decreasing pH in the sample solu- 
tion. In unbuffered solutions, hydrogen ions are dis- 
placed from the hydrogen phosphate and dihydrogen 
phosphate as the lanthanum phosphate is precipi- 
tated. As the pH falls, the proportion of the dissolved 

volume of 0.714 M I-’ Lo odded mt 

Fig. 4. Titration of (A) 10 ml of lo-‘M Na,HPO, + 2 
ml of buffer. (B) 5 ml of IO-‘&f KH,PO, + 5 ml of 
IO-*M Na,HPO, (C) 10 ml of IO-‘M Na2HP04 with 

lanthanum chloride solution. 

phosphate present as PO:- will decrease and there- 
fore each addition of lanthanum causes a reduction 
in PO:- concentration by protonation as well as by 
precipitation. As a result, the emf changes more 
rapidly and a non-stoichiometric end-point break is 
obtained. Provided the sample solution is buffered, 
the electrode is useful as an indicator in potentio- 
metric precipitation titrations for phosphate ions. 

DISCUSSION 

The best of the various phosphate electrodes tested 
was that based on a mixture of silver sulphide, lead 
sulphide and lead hydrogen phosphate, and this had 
several advantages over other types of phosphate- 
selective electrode. The electrode has a theoretical 
Nernstian response to orthophosphate ion at concen- 
trations down to 5 x lo-‘M, which is a lower value 
than has been reported for liquid ion-exchange elec- 
trodes’*’ or for silver phosphate electrodei.’ Com- 
monly occurring ions such as nitrate and sulphate 
do not interfere as they do with liquid ion-exchange 
electrodes’ and even the chloride interference is less 
serious than is the case with either liquid ion- 
exchange electrodes or electrodes incorporating silver 
phosphate. The disadvantages of the electrode include 
its slow response to changes in phosphate concen- 
tration and the shift of its standard potential with 
time, both of which contribute to the poor precision 
of the electrode for analysis by direct potentiometry. 
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The electrode is useful as an indicator electrode 
in potentiometric titrations. Precipitation titrations of 
phosphate with lanthanum are feasible and are not 
affected by some of the interferences. such as those 
by sulphate or chloride, found with other titrants and 
their corresponding indicator electrodes. Although 
the titration curves are non-theoretical, being asym- 
metric, the end-point may be detected fairly accu- 
rately. provided the sample solution is buffered at pH 
W-8.5. 
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R&sum&Pour le dosage du rhenium, le prelevement analytique de masse (m) inferieure ou tgale 
a lmg cst brfilt dans l’oxygtne en fiole de Schoniger. Pour les dosages du rhodium ou du tellure 
(m < 4-5 mg) et du zirconium (m c 1.5 mg), le prevtlement analytique est attaque par voie humide 
dans un micromatras du type Kjeldahl. Ces elements sont doses par spectrophotomttrie en mettant en 
oeuvre les reactions suivantes: reduction de l’ion perrhenate par du chlorure stanneux en presence 
de furile-2.2’ dioxime ou de thiouree, formation dun complexe rhodium(W)-hypochlorite de sodium, 
dun iodotellurite, d’un complexe zirconium(IV)-orange de xyltnol. 

La colorimetrie de precision, deja mise en oeuvre Rhodium 
dans notre Service pour de nombreux microdosa- L’hypochlorite de sodium forme un complexe bleu 
ges, 1-5 a ttt appliqube aux microdosages du rhenium, 
du rhodium, du tellure et du zirconium, dans les sub- 

avec le rhodium(III).9 Cette methode a tout de suite 

stances organiques, aprb combustion dans l’oxygene 
donnt satisfaction et, de ce fait, aucune autre n’a 

en fiole de SchGniger* (rhenium) ou attaque par voie 
CtC essayee bien qu’il en existe de nombreuses 

humide (rhodium, tellure, zirconium). 
(Beamish”). 

Les complexes ou ions color&s auxquels il est fait 
appel pour les dosages colorimttriques sont indiquts 
ci-aprb. 

Tellure 

L’iodure de potassium forme un complexe grishre 
(iodotellurite TeIz-) avec le tellure(IV).” Pour 

R hknium obtenir des rtsultats satisfaisants, nous avons dti 

Deux methodes sont utilisees: la premiere, plus sen- ajouter du sulfite de sodium comme dans le cas du 

sible, est preferable pour l’analyse des substances a dosage colorimetrique du palladium4~1z sous forme 

faibles et moyennc: teneurs en rhenium, la deuxieme de Pd I:-. Plusieurs autres methodes ont et6 aupara- 

est plus appropriee a l’analyse des substances a fortes vant essay&s et abondonnees par manque de preci- 

teneurs. Toutefois l’exactitude de la premiere methode sion 1 savoir: 

a 6tC testee avec des substances a fortes teneurs faute 
de substances de references convenables. 

-titrage du tellure(IV) par le thiosulfate de sodium 

Premiire mhthode. La reduction du perrhtnate par 
selon la methode de Johnson et Frederickson;13 

du chlorure stanneux en presence dun grand excb 
-colorimttrie du bichromate de potassium non 

de furile -2,2’ dioxime (souvent appelee wfurildioxime) 
consomme dans l’oxydation du tellure(IV) en tell- 

donne lieu a la formation dun complexe rhtnium- 
ure(V1) par ce reactif selon Ma et Zoellner;‘4 

dioxime rose, rose violad ou rouge selon la teneur 
-colorimttrie donnant lieu a la formation dun 

en rhCnium.7 
complexe jaune par action de la thiouree sur le tell- 

DeuxiGme mdthode. La reduction du perrhenate par 
ure(IV).“5 

du chlorure stanneux en presence de thiouree donne 
lieu a la formation dun complexe jaune.s 

Zirconium 

L’orange de xylenol l6 forme un complexe jaune 
* Ce pro&de a aussi et& prtconist pour le tellure par orange avec le zirconium(IV). La colorimttrie avec 

Clark et ~1.~ mais n’a pas ttt essay6 darts notre Service. emploi de SPADNS,17’ trop sensible a l’influence de 
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l’acide sulfurique, n’a pas kttt adopt&e. Le violet de 
pyrocatkchol, selon le pro&d6 de Young’s qui com- 
Porte I’introduction de gklatine et qui est plus p&is 
que le pro&de de Flaschka et Farahrg donne dcs 
r&hats acceptables, mais le mode opkratoire est plus 
compliquC et les rksultats moins prtcis qu’avec 
I’orangC de xylknol. 

PARTIE EXPERIMENTALE 

L’attaque par voie humide du type micro-Lorenz 
moditie, qui fournit la “solution d’attaque” apres dilution 
du contenu du matras, les prtltvements, la preparation de 
“blancs de solution d’attaque”*, de “solutions d’essais a 
blanc de reactifs”. les prelhements d’aliquotes, la prtpa- 
ration de solutions Btalonst, ont ite anttrieurement decrits 
dans une publication de Debal er ~1.~ 

La colorimetrie est effectute sans recours a une courbe 
d’etalonnage. La quantitt inconnue d’element P mg con- 
tenue dans la fiole de colorimttrie est calculte a partir 
de p par une simple regle de proportionname: 

p=!!! 
d 

ou D est l’absorbance de la solution inconnue et d la 
moyenne des absorbances de solutions &talons contenant 
p mg d’element. Toutes les absorbances sont mesurtes par 
rapport a des “solutions d’essais a blanc de rtactifs”. 

Pour le dosage du rhenium, I’oxyde de rhenium Re,O, 
itant volatil, l’attaque par voie humide en matras n’est 
pas applicable. La substance est brulee, dans I’oxygkne,8.20 
en tiole de Schdniger de 500 ml, du meme type que celle 
utilisee par Levy et Debal’ pour le microdosage du fluor; 
cependant cette fiole est en verre borosilicate (Pyrex), 
l’emploi de la silice plus onereuse, ttant superflu. 

Rhactifs 

Les reactifs sans mention speciale sont des rtactifs 
Prolabo “pour analyses”. Les reactifs employ&s tant pour 
l’attaque par voie humide ou par combustion que pour 
la colorimttrie sont cites sous la rubrique “Attaque”. L’eau 
utilisee est distillee au laboratoire dans un appareil en acier 
inoxydable. 

RhPnium 

Attaque par combustion. Carre de papier d’environ 33 
mm de cott muni d’une languette d’environ 35 mm de 
long en papier filtre noir “Whatman 29 qualitative”. Le 
papier decoupe peut &tre achett sous le nom de “Sample 
Wrappers, black, no. 6514-F 65, A. H. Thomas Company, 
Philadelphia PA 19105, U.S.A.). Glucose; chlorate de 
potassium. 

Solution absorbante: 1 ml d’hydroxyde de sodium 
0,25&f et 5 ml d’eau lorsque l’attaque est associee Zr la 
colorimttrie avec emploi de furile-22’ dioxime ou 10 ml 
d’hydroxyde de potassium 0,5M lorsque l’attaque est 
associee a la colorimttrie avec emploi de thiouree. Les 
solutions d’hydroxyde sont a preparer tous les 2 jours et 
ces mCmes solutions doivent &tre utilisees pour la colori- 
mttrie. 

* Blanc de solution d’attaque: mCme mode optratoire 
que pour une attaque proprement dite mais sans introduc- 
tion de substance a analyser. 

t Solutions ttalons: introduction dans les fiioles de color- 
imetrie de p mg d’element sous forme de solution titree 
au lieu de solution d’attaque. 

$ Nous avons control& que des quantites importantes de 
pyrosulfate de potassium ne genaient pas la colorimetrie 
ulttrieure. 

ColorimPtrie. Solution titree de rhenium a 0,050 
mg/ml: ‘r’.‘* introduire 0,050 g de rhenium en poudre a 
99,9x dans un matras de Kjeldahl identique a ceux utilises 
pour les attaques du type micro-Lorenz. Ajouter 1,5 ml 
d’acide nitrique (p.s. = 1.38). Laisser le rhenium se dis- 
soudre B froid pendant 30mn environ puis ajouter 1 ml 
d’acide chlorhydrique (p.s. = 1.19) et un petit fragment de 
plaque de verre fritte porositt no. 1 pour regulariser l’bbul- 
lition. Porter g Cbullition deuce sur une rampe de mintrali- 
sation utilisee pour les attaques du type micro-Lorenz. 
Effectuer plusieurs additions d’acide chlorhydrique (0,5 a 
1 ml) pour chasser les vapeurs nitreuses et eviter d’obtenir 
un extrait set susceptible de provoquer des pertes de 
rhenium. Agiter souvent le matras pour faciliter l’tlimina- 
tion des vapeurs nitreuses. Lorsque celles-ci sont totale- 
ment chassees, laisser refroidir, transvaser dans une fiole 
jaugee et ajuster B 1 litre avec de I’eau. S’il y a plusieurs 
jours d’intervalle entre 2 series d’analyses, conserver de 
preference la solution titrte au refrigerateur. 

(1) MGthode aoec emploi defurile-J,.?’ dioxime 
Acide chlorhydrique, (p.s. = 1,19), et 6M acetone. 
Chlorure stanneux: solution a 10% renouvelee par 

preparation tous les 8 jours. Peser 10 g de chlorure stan- 
neux cristallist SnCI,, 2H20 et ajouter 10 ml d’acide chlor- 
hydrique (p.s. = 1,19). Completer a 100 ml avec de l’eau. 
Faire chamfer Cventuellement jusqu’a temperature voisine 
de l’tbullition si la solution est trouble, elle devient alors 
limpide. Arriter aussitbt le chautfage et laisser refroidir. 

Furile-22’ dioxime: dissoudre 470 g de furile-22’ diox- 
ime dans 200 ml d’acetone. Preparer quotidiennement ce 
rtactif. 

(2) Me’thode acec emploi de thiourPe 
Acide chlorhydrique (p.s. = 1,19); acide sulfurique 1M. 
Chlorure stanneux: solution renouvelte par preparation 

tous les 8 jours. Peser 22 g de chlorure stanneux cristallise 
SnC12, 2H20 et ajouter 100 ml d’acide chlorhydrique 4M. 
Faire chauffer tventuellement jusqu’a temperature voisine 
de I’i‘bullition si la solution est trouble, elle devient alors 
limpide. ArrBter aussitbt le chauffage et laisser refroidir. 

Phenolphthaleine: solution ethanolique B 0,1x. 
Thiourbe: solution aqueuse a 5%. 

Rhodium 
Attaque. Acide sulfurique (p.s. = 1,83): acide nitrique 

(p.s. = 1,38); eau oxygtnee (1 IO vol). 
ColorimPtrie. Solution titree de rhodium a 0,05Omg/ml: 

introduire 0,025g de rhodium en poudre a 99,9”/;; dans 
un b&her de silice garni de 1,2 g de pyrosulfate de potas- 
sium2rb en poudre. Ajouter, par dessus, encore 1,2 g de 
pyrosulfate et faire fondre en chauffant doucement puis 
plus fort pendant 1 h environ. Laisser refroidir, ajouter 
encore 1,2g$ de pyrosulfate et chauffer doucement puis 
plus fort pendant 1 h environ et recommencer encore deux 
fois; s’il reste beaucoup de grains noirs non dissous con- 
tinuer a chauffer. Laisser dans le b&her une tige de silice 
pour agiter de temps en temps pendant le chauffage le 
melange fondu. Ajouter avec precautions sans laisser tota- 
lement refroidir 4 ml d’acide sulfurique (p.s. = 1,83) et 
chamfer trts douoement 15mn environ, jusqu’a dissolu- 
tion. Ajouter encore avec precautions sans l&ser totale- 
ment refroidir 3 ml d’acide sulfurique et chauffer 30 mn 
environ. Transvaser le lendemain le-contenu du btcher et 
les eaux de rincage de’celui-ci dans une fiole jaugee de 
500 ml et ajuster avec de l’eau. La solution est stable 
pendant plusieurs mois. 

Hypochlorite de sodium: solution aqueuse a 5% 
preparee a partir de 250 ml “d’eau de javel” (Javel La 
Croix) a 48” chlorombtrique et de 500 ml d’eau. Ce rtactif 
dild peut etre conserve 8 jours dans un flacon brun et 
dans l’obscuritt. 

Solution tampon B pH = 5 environ: solution contenant 
200 g &acetate de sodium NaCH,COO, 3H20 et 50 ml 
d’acide acetique (p.s. = 1,05) par litre de solution aqueuse. 
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Tableau 1. Attaques par voie humide 

E* m* Opkrations successives effectuks en micromatras 

Rh 29 5 0.8 ml H2S04 + 7 B 8 gouttes HNO,; Eb* = 15 
2 fois 7 B 8 gouttes HNO,; Eb = 15 + 15 
3 fois 8 B 9 gouttes H,O,; Eb = 15 + 15 + 15 

Te 1 i14 48 ml H,SO, + 5 a 6 gout& HN03: Eb = 15 
2 fois 3 B 4 gout&s HNO,; Eb = 15 + 15 
3 fois 3 ?I 4 gouttes H,O,; Eb = 15 + 15 + 15 

Zr l& 1,5 48 ml H2S04 + 3 & 4 gouttes HNO,: Eb = 15 
2 fois 3 a 4 gouttes HNO,; Eb = 15 + 15 
3 fois 3 B 4 gouttes H,O,; Eb = 15 + 15 + 15 

* Signification des symboles: 
E: tltment dosC dans des substances organiques. 
m: masse du pr&vement analytique en mg. Si les 

teneurs en tlCments sont faibles, il est possible d’ilever m 
au-deli des valeurs indiqutes. 

Eb: durtes dbbullition exprimtes en minutes. Ces 
valeurs sont don&es & titre indicatif; les vapeurs nitreuses 
doivent &tre totalement char&es lors de la dernibe addi- 
tion d’eau oxygknte. Eviter toute tvaporation g sec. 

Attaque. MBmes rtactifs que ceux utilists pour le rho- 
dium. Masson” effectue seulement une attaque sulfo- 
nitrique mais cet auteur dose ensuite I’ion tellurite par 
argentomktrie; dans une publication ultCrieure24 elle 
passe d’ailleurs en revue plusieurs mbthodes de dosage du 
tellure. 

Colorbne’trie. Solution titrke de tellure & 0,050 mg/ml: 
pulvkriser du tellure & 99,999x et en introduire 0,050 g 
dans un matras de Kjeldahl identique a ceux utilists pour 
les attaques du type micro-Lorenz et ajouter 1,5 ml d’acide 
nitrique (p.s. = 1,38), maintenir au bain marie pendant 15 
mn. Ajouter 5 ml d’acide nitrique et maintenir au bain 
marie pendant 1 h 30mn. Prolonger Cventuel!ement le 
chauffage de quelques dizaines de minutes suppltmentaires 
s’il reste encore des vapeurs nitreuses ou quelques parti- 
cules non dissoutes. Laisser refroidir, transvaser dans une 
fiole jaugke et ajuster ti 1 litre avec de l’eau. 

Iodure de potassium: solution 2M prtparte quotidienne- 
ment. 

Sulfite de sodium anhydre Merck ~.a.: solution aqueuse 
g 38% renouvelte par prtparation tous les 2 jours. 

Acide chlorhydrique 2M. 

Zirconium 
Attaque. M&mes rtactifs que ceux utilisb pour le rho- 

dium. 
Colorimhrie. Solution titrke de zirconium B 0,200 mg/ml: 

dissoudre 0,3533 g d’oxychlorure de zirconium ZrOCl,, 
8H20z1’ Merck pour analyses dans environ 300 ml d’eau. 
Ajouter imtidiatement par petites portions 125 ml d’acide 
chlorhydrique (p.s. = 1,19). Ajuster 21 500 ml ave’c de l’eau. 
La solution est stable pendant plusieurs mois. 

Solution titrbe de zirconium GI 0,050 mg/ml: diluer avec 
de I’eau une partie de la solution prttidente. Cette solution 
est stable pendant 3 semaines environ. 

Acide chlorhydrique 1M; acide sulfurique 1,25M. 
Orangk de xyltnol, sel tetrasodique: solution aqueuse 

B 0,05’7& La solution est stable pendant 4 jours environ. 

Attaque par combustion, dosage du rhdnium 

Envelopper le prtlkvement analytique de 45 zI 1 mg, 
2 zi 3 mg de glucose et 3 mg de chlorate de potassium 
de faGon classique dans le papier et introduire le tout dans 
le support de platine* solidaire du bouchon de la fiole 
de SchBniger. Effectuer la combustion comme pour le mic- 
rodosage du fluor’ en utilisant lea solutions absorbantes 
indiquees B la section “Reactifs”. Ouvrir la fiole de Sch& 

niger 20 d 30mn aprCs la combusion aprb I’avoir agitC. 
Transvaser immediatement la solution absorbante et les 
eaux de lavage (lavage B l’eau froide) de la fiole et, du 
support soit direqtement dans la fiole de colorimktrie soit 
intermkdiairement dans une fiole F si l’on doit proctder 
B des pr&vements de parties aliquotes. 

Dans le cas du dosage avec emploi de thiourke, la solu- 
tion absorbante est beaucoup plus basique que lors de 
l’emploi de la furile-22 dioxime. II convient done de neu- 
traliser sans attendre afin d’tviter de laisser la solution 
basique trop longtemps en contact avec le verre. Les pro- 
duits de combustion du papier et des additifs (glucose et 
chlorate de potassium) ne perturbent pas le colorimttrie, 
il est done inutile d’effectuer systkmatiquement un “blanc 
de combustion’ (combustion sans introduction de sub- 
stance A analyser) analogue au blanc de solution d’attaque. 
II suffit que les fioles contiennent toutes les mkmes quan- 
tit&s d’hydroxyde d’oti I’introduction de solution absor- 
bante dans certaines fioles de colorimktrie (voir paragraphe 
suivant). 

Attaque par voie humide dosage du rhodium, de tellure et 
du zirconium 

Les mkthodes d&T&rent kgkrement selon les ClCments g 
doser, elks sont report&s dans le tableau 1. 

Colorim&rie 

Les conditions de la colorimktrie sont report&es dans 
le tableau 2. Intrbduire les rkactifs dans la fiole iauete 
“de colorim&trie” de capacitt f dans l’ordre indiquk dins 
la colonne R de ce tableau. Trois sortes de solutions sont 
ainsi prkparkes de faGon similaire! solutions inconnues, 
solutions &talons, solutions d’essais B blanc de r&a&f. 
Toutefois, introduire dans la fiole de colorimktrie, 

-dam le cas des solutions inconnues 
(1) soit le volume total A = s ml de la solution d’attaque, 

soit lors des prtlkements de parties aliquotes des volumes 
A=a, . . . . A=ai . . . . A = a,, avec a, > . . ai.. . r a,; 

(2) un volume w de “blanc de solution d’attaque” avec 
w=s-s=o, w = a, - al = 0, w = a, - ai,...,w = 
a,-a,selonqueA=s,A=a, ,..., A=a,. 

-dans /es solutions italons 
A = o ml de solution tit&e 
w = a, ou s ml de blanc “de solution d’attaque” selon 

que l’on pro&de ou non au pr&kment de parties 
aliquotes. 

-dans les solutions d’essai b blanc 
w = aI ou s ml de “blanc de solution d’attaque”. 
Dans le cas du dosage du rhknium, les w ml de solution 

d’attaque sont remplads par w ml de solution absorbante. 
Lorsque le “blanc de solution d’attaque” est sans in- 

fluence w = 0 dans tous les cas et n’est pas mention& 
dans le tableau 2. 

Calculs 

Teneur centtsimale en &ment : 

1OOPF 
x=-_% 

w 

RESULTATS ET DISCUSSION 

Quelques r&hats reprksentatifs des mkthodes sont 
report&s dans le tableau 3. I1 convient de noter la 
difficult& d’approvisionnement en substances de 
r&f&ewe pures et stables pour le dosage du rhknium 
et du tellure. 

Rhknium 

Pow le dosage de cet ClCment Shanina et al.* 
emploient indiffkremtient, pour la combustion un 
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Tableau 2. ColorimCrie 

E F*, ml 1; ml P, mg DO* e,* cm i.*, nm t* R 

Re 50 50 401 a 0,l 
0,Ol B 415 

Re 100 0.1 i! 45 
0.5 a 1 

Rh 50 50 0,02 a 0.5 

Te 50 50 0.02 ?i 0,5 

Zr 50 50 0,005 6 0,025 
0,025 B 0.05 

408 B 0.8 2 532 45 mn 
0,4 g 46 1 

0,l a 0.5 2 390 50 mn 
0.25 A 0.5 1 

0,03 A 0,8 2 665 3h83h30 

0.03 B 0.7 2 550 20930mn A ml 

OJ A 44 2 535 lh 
0.2 21 0.4 1 

w ml 
A ml 
HCI 6M: 4.7 ml 
furile-2,2’ dioxime: 13 ml 
chlorure stanneux: 5 ml 
Hz0 
w ml 
A ml 
phtnolphtal&ne: I goutte 
H,SO, 1M jusquP virage 
(rose -+ blanc) 
HCI (D.s. = 1.19): 25 ml 
thiouike: 12 ml 
chlorure stanneux: 6 ml 
Hz0 
w ml 
A ml 
tampon: 5 ml 
hypochlorite de sodium : 25 ml 
Hz0 

H2S04 (p.s. = 1.83): x mlt 
V* = 30ml 
HCIZM:5ml 
sulfite de sodium: 2 ml 
iodure de potassium: 10 ml 
Hz0 
w ml 
A ml 
HCI 1M: X mlt 
HzS04 1,25M: (4-x ml)t 
orangk de xyltnol: 4 ml 
Hz0 

-* Signification des symboles. 
F: capacitk de la fiole dans laquelle est diluC le contenu du matras dans le cas de prClhements aliquotes. 
DO : absorbance. 
e: Cpaisseur de la cuve de colorimttrie. 
i.: longueur d’onde a laquelle est effectute la mesure. 
r: temps d’attente avant la lecture de I’absorbance sur le spectrophotom&re. 
V: volume approximatif de solution aprts addition d’eau. 
F, f; P, e, 1, peuvent ktre tventuellement modifiCs pour des cas particuliers. 
t Voir “Resultats et discussion.” 

support de platine ou de silice. Le support de platine’ Whatman indiquk serible prtfkrable & un papier filtre 
(panier) utilisk pour le microdosage du fluor est satis- sans cendres quelconque et de faibles masses de prtlhe- 
faisant lorsque son emploi est associC g l’addition de ments analytiques (0,5 a 1 mg) sont souhaitables. 
chlorate de potassium” et de glucose* tandis que le La prkcision des rksultats est amtliorCe en ajoutant 
support de silice (spirale) est trop fragile pour une le chlorure stanneux et en ajustant le volume avec 
utilisation courante et provoque des combustions in- de l’eau immkdiatement aprb l’addition de furile-2,2 
complbtes (dkpbts de charbon). Shanina et ~1.’ font dioxime. 
appel B une colorimktrie en prksence de thiourte, Plusieurs litres de solutions titrtes de rhtnium ont 
apr&s combustion en fiole de Schikiger garnie de 10 dkj:ja ttt p&parts sans rencontrer de difficult& selon 
ml d’hydroxyde de potassium 0,5M comme solution le mode opkratoire d&rit alois qu’on await pu 
absorbante. Afin d’appliquer sans modifications ce craindre g priori de perdre du rhCnium par volatilisa- 
dosage colorimktrique, cette solution absorbante a CtC tion de Re,O,. Ce mode opkratoire est fond6 sur ceux 
utiliske en association avec la colorimktrie en prtsence dkcrits dans les ouvrages de Duval”” et Busev.** 
de thiourte. L’hydroxyde de sodium beaucoup plus 

diluk, employ6 en association avec la colorimttrie en 
Rhodium 

prtsence de furile-22’ dioxime, serait probablement Le trichlorure de rhodium RhC13, 4H20 permet. 
utilisable mais n’a pas CtC essay&. Les substances la prtparatidn rapide d’une solution de rhodium par 
organiques contenant du rhknium ayant tendance g simple dissolution dans l’eau puis addition d’acide 
laisser des rtsidus de combustion noirs, le papier sulfurique, mais le rkactif &ant hygroscopique, il con- 
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Tableau 3. Exemples de rbultats 

211 

E Compost 
Teneur en Clement ‘/* 3 10 

m mg . xi Jz T 

Re 

Rh 

Te 

Zr 

Rhenium carbonyle 

Triacdtylacetonate de rhodium(H) 

Compost de recherche (C, H, Cl, 0, Te) 

Dicyclopentadienyledichlorure de zifconium 

1,047 57,5t 
0,518 57,6t 
0,520 56,Ot 
0,541 56,3t 
0,988 56,7t 
1,076 56,4$ 
1,011 56,7$ 
1,038 57,79 
1,018 56,5$ 
1,001 56/N 
0,634 57724 
3,866 25,l 
3,500 25,5 
4,310 25,3 
2,755 25,7 
2,196 26,2 
3,148 25,7 

1,857 35,3 
2,075 35,9 
1,684 35,8 
2,061 34,7 
2,176 34,8 
1,838 34,l 

1,366 345 
1,074 30.9 
1,184 31,2 
1,035 31,l 
1,180 31,4 
1,123 31,3 

56,8 51.07 
- 

56,8 
- 
- 

- 

25,l 25,71 

- 

35,2 

31,l 

- 

35.24 
- 

- 
- 

31,20 
- 

* xi: rtsultats trouvb. 
X: moyenne des rbultats trouves. 
T: teneur calculee. 
t Emploi de furile-22’ dioxime. 
9 Emploi de thiourte. 

duit a I’obtention de solutions a teneur en rhodium apportent des reactifs en quantitts gkantes pour la 

trop faible. colorimetrie. 
Comme il est difficile de se procurer des sels de 

rhodium puts et stables, la solution titree doit etre 
prtparee a partir de rhodium. II est cependant difficile 
de faire passer la totalite du rhodium en solution 
(grains noirs r&duels) d’ou la nbcessitt de plusieurs 
operations successives dont le nombre peut varier 
dune preparation a l’autre en fonction de la quantite 
des grains noirs residuels. La concentration de l’acide 
sulfurique utilise pour le dissolution de la masse rho- 
dium-pyrosulfate de potassium semble importante. 
En reprenant le masse rhodium-pyrosulfate de potas- 
sium par de l’acide sulfurique 9M au lieu d’acide sul- 
furique 18M (p.s. = 1,83), la teneur en rhodium de 
la solution ainsi obtenue etait beaucoup trop faible. 

Tel/we 

Pour le dosage colorimetrique de cet Clement il est 
‘inutile de preparer un “blanc de soiution d’attaque” 
mais les fioles de colorimetrie doivent toutes contenir 
la meme quantitt d’acide sulfurique soit 0,8 ml d’acide 
sulfurique (p.s. = l&33). 

Ayresg signale l’importance dune addition rapide 
des reactifs pour le dosage colorimttrique. Nous 
avons confirm6 cette remarque: il est indispensable 
d’ajouter I’hypochlorite immediatement aprb I’intro- 
duction de la solution tampon et d’ajuster avec de 
l’eau. 

II faut done introduire dans chaque fiole x ml 
d’acide sulfurique (p.s. = 1,83). Pour les sohrtions in- 
connues preparks a partir de la totalitt de la solution 
d’attaque contenant deja 98 ml d’acide sulfurique 
x = 0; pour celles prepartes a park d’un prelkement 
aliquote de A ml contenant deja 0,8A/50 ml d’acide, 
x = 48 - 0,8A/SO. Pour les “solutions d’essais a 
blanc” ne contenant pas d’acide sulfurique x = 0,8 
ml. Darts les conditions opkratoires definies sur le tab- 
leau 2 le loi de Lambert-Beer semble suivie au mieux 
a la longueur d’onde choisie de 550 nm. 

Zirconium 

I1 convient d’autre part de p&lever des parties ali- 
quotes inferieures au tiers de la solution d’attaque. 
Des prelhements trop importants de cette solution 

Pour le dosage colorimetrique de cet Clement, la 
presence d’acide chlorhydrique augmente kgerement 
l’absorbance. Comme’les solutions titrees contiennent 
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une quantiti: d’acide chlorhydrique non nkgligeable, 
il convient d’ajouter dans les fioles ne contenant pas 
de solution titrte, X ml d’acide chlorhydrique 1M 
correspondant d l’acide apportt par le solution tit&e. 
En g&n&al on introduit 1 ml de solution titrCe de 
zirconium a 0,050 g/ml d’oh X = 97 ml. 

D’autre part, la quantitC totale d’acide sulfurique 
1,25M contenue dans chaque fiole devant Ctre de 4 ml, 
il faut tenir compte des x ml d’acide sulfurique 1,25M 

d6ja apportts par la solution d’attaque* soit: 

rhCnium, du rhodium, du tellure et du zirconium dans 
les substances organique-s aprts attaque, mais dans 
l’ensemble les rCsultats obtenus sont moins p&is que 
pour le microdosage d’tltments plus courants 
prtddemment Ctudits.4.5 
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Summary-The sample (< 1 mg) is burnt in an oxygen flask for the determination of rhenium. It 
is destroyed by a wet process in a Kjeldahl flask for the determination of rhodium or tellurium 
(sample ~45 mg) or zirconium (sample < 1.5 mg). These elements are determined spectrophotometri- 
tally. The following reactions are used: reduction of perrhenate by tin(I1) chloride in the presence 
of 2,2’-furildioxime or thiourea, complexation of rhodium(W) by sodium hypochlorite, formation of 
iodotellurite, complexation of zirconium(W) with Xylenol Orange. 
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Summary-Ion-exchanger calorimetry for the microdetermination of bismuth(III) in water samples 
is described. The yellow bismuth-iodide complexes are specifically sorbed and concentrated on an 
anion-exchange resin in the sulphate form. The resin-phase absorbances at 492 and 7OOnm are measured 
directly. Bismuth in the ppb-ppm range can be determined without interference, except in presence 
of a large amount of copper(H), silver(I) and lead(H). The detection limit is 6.4 x low9 M, i.e., 1.3 ppb. 
The distribution ratio is lareer than 10’. It is. therefore. oossible to enhance the sensitivity bv increasinrr 

determination of bismuth in natuial -waters and the sample volume. The method is useful for the 
industrial effluents. 

A new calorimetric method, “ion-exchanger colori- 
metry”, which is sensitive, rapid and simple, has been 
reported by Yoshimura et u/.‘-~ In this method an 
ion-exchange resin iS employed both to concentrate 
the sample and to develop a coloured species. The 
absorbance of the coloured resin beads is then 
measured directly. The present paper is based on this 
method. 

Several papers have described the calorimetric 
determination of bismuth.4-7 The most widely used 
method is based on reaction of bismuth with iodide 
and extraction of the product from aqueous solution 
into 3-methylbutanol.’ Other methods depend on 
preliminary concentration e.g., solvent extraction, or 
masking or other procedures in order to compensate 
for the lack of sensitivity or selectivity. In contrast, 
the ion-exchanger calorimetry using the bismuth- 
iodide complex system described herein gives suffi- 
cient sensitivity and selectivity without such pro- 
cedures. Moreover, this method offers simplicity and 
quickness in operation. 

EXPERIMENTAL 

Reagents 

Standard bismuth(lll) solution. Dissolve an appropriate 
amount of bismuth(II1) sulphate in nitric acid and dilute 
to the required volume with demineralized water. Stan- 
dardize the solution by EDTA titration. 

Anion-exchange resin. Dowex l-X2 (100-200 mesh and 
200-400 mesh, sulphate form) was used. It was air-dried 
and stocked in polyethylene containers. 

All other chemicals used were of analytical grade. 

Apparatus 

Hitachi recording spectrophotometer, Model EPS-3T, a 
perforated metal plate of absorbance 1.0 or 2.0 being used 
in the reference beam to balance the light intensities. All 
experiments were performed at room temperature. 

Procedure for determination of bismuth 

To a 200-m] water sample containing 0.22-1.6 pmole 
of bismuth, add 5 ml of concentrated sulphuric acid, 0.5 
g of potassium iodide (Note 1). 1 ml of O.lM sodium thio- 
sulphate (Note 2) and 0.50 g of Dowex l-X2 (100-200 
mesh) in the sulphate form. Stir the solution for 10 min. 
collect the resin beads by filtration under suction and pack 
them into a l-mm quartz cell (see Fig. 1 in ref. 2) with 
the aid of a pipette and a small volume of the equilibrated 
solution. Measure the resin-phase absorbances at 492 nm 
(the absorption maximum of the bismuth-iodide complex 
species), Af492,r and at 700 nm (in the range where only 
the resin absorbs light), A,,,,,. The net absorbance of the 
complex species sorbed on the resin at 492 nm, A,,-o,,,, 
is obtained from the difference between A(,,,, and Ao,,,, 
minus the corresponding difference for the blank. Fur- 
ther procedural details were described previously in this 
series.‘-’ 

To a 1-litre water sample containing 0.022-1.3 ymole 
of bismuth, add 25 ml of concentrated sulphuric acid, 2.5 
g of potassium iodide, 5 ml of O.lM sodium thiosulphate 
and 0.50 g of Dowex l-X2 (200-400 mesh) in the sulphate 
form. Stir the mixture for 30 min and perform the sub- 
sequent procedures as mentioned above. 

Note 1. When the potassium iodide is added as aqueous 
solution, the solution should be prepared just before use. 
Otherwise, a definite value for the absorbance of the resin 
background cannot be obtained. 

Note 2. Iodide is unstable in acidic solution because 
of aerial oxidation. 

Distribution measurements 

To a I-litre water sample containing 75 pmole of bis- 
muth, add 25ml of concentrated sulphuric acid, 2.5g of 
potassium iodide and 0.50 g of Dowex l-X2 (200-400 
mesh) in the sulphate form. Stir the solution till equilib- 
rium is reached (2 hr). Determine the bismuth concen- 
tration in the solution separated from the coloured resin 
beads by the proposed method. 

RESULTS AND DISCUSSION 

Absorption spectra in the resin and solution 

Figure 1 shows the absorption spectrum of the bis- 
muth-iodide complex species sorbed on the anion- 
exchange resin, compared with those in solution. In 
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A, nm 

Fig. 1. Absorption spectra of bismuth-iodide complexes. 
---, solution spectra. 4 x 10m5M Bi(III), 0.94 H,SO,; 
KI, M: A 0.005, B 0.017, C 0.05, D 0.2, E 1; -, resin 
spectrum. Resin: Dowex l-X2 (100-200 mesh, SOi- form), 
OSOg. Solution: 1 pmole of Bi(III) in 200 ml + cont. 

H2S04, 5 ml + KI, 0.5 g. 

solution, the absorption maximum is gradually shifted 
to longer wavelengths with increasing ligand concen- 
tration. Eve and Hume* have investigated the bis- 
muth-iodide complex system and ascribed the shift 
to successive complex formation from [BiI,] to 
[BiI,14- with increase in the iodide concentration 
from 0.005 to 1.4M. The spectrum of the resin phase 
indicates that in spite of the lower ligand concen- 
tration in the solution, the absorption maximum is 
appreciably shifted to longer wavelengths (492 nm) 
and that complex species with higher ligand numbers 
are formed. This can be attributed to the effective 
ligand concentration being higher in an anion- 
exchange resin than in solution.g 

. 
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Fig. 2. Variation of absorbance with iodide concentration. 
Resin: Dowex l-X2 (100-200 mesh, SO:- form), 0.50 g. 
Solution: 1 pmole of Bi(II1) in 200 ml + cont. HsSO,, 

5 ml + O.lM Na,S,O,, 1 ml. Stirring time: 15 min. 

j; 
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Fig. 3. Time dependence of colour development. a- 
Resin: Dowex l-X2 (100-200 mesh, SO:- form), 0.50 g. 
Solution: 1 umole of Bi(II1) in 200 ml + cont. H$O,, 
5 ml + KI, 0.5 g + O.lM Na,S,O,, 1 ml. O-Resin: 
Dowex l-X2 (200-400 mesh SO:- form), 0.50 g. Solution: 
1 pmole of Bi(II1) in 1 litre + cont. H2S04, 25 ml + KI, 

2.5 g + O.lM Na&O,, 5 ml. 

Optimization of conditions 

Iodide concentration. The absorbances were con- 
stant for the potassium iodide concentration range 
O.UO15-0.15M (Fig. 2). Therefore, 0.25 g of potassium 
iodide per 100 ml of the sample solution was added, 
i.e., 1.5 x lo-*M iodide concentration was used. 

Sulphuric acid concentration. To prevent hydrolysis 
of bismuth sulphuric acid was added. No influence 
on the sorption of the bismuth was observed with 
variation in sulphuric acid concentration from 0.1 to 
1M. In the standard procedure 2.5 ml of concentrated 
sulphuric acid was added per lOOm1 of sample solu- 
tion. 

‘Stirring time. The results are shown in Fig. 3. For 
a 200-ml sample the stirring time was fixed at 10 min, 
which keeps the operational time reasonably short, 
at the expense of the sorption equilibrium of bismuth 
not being reached. 

With use of smaller-sized resin beads which have 
larger surface area, the time dependence of colour de- 
velopment was examined for the I-litre sample system. 
A reasonable stirring time is 30 min. 

For both sample systems the choice of the fixed 
stirring times is justified by the calibration curves 
mentioned below. 

Calibration ana’ precision 

The calibration curves indicate a reasonably linear 
relationship in the concentration ranges 1.1 x 10w6- 
7.8 x 10e6M for 2OB-ml samples and 2.2 x 10e8- 
1.3 x 10e6M for 1-litre samples, respectively. The 
calibration curve for the 1-litre sample system shows 
that this method is .applicable at the ppb (parts per 
billion) level. 

The precision of the method was investigated with 
series of 10 or 5 determinations for 200-ml and 1-litre 
samples (Table 1). For the 1-litre samples containing 
0.045 pmole of bismuth the relative standard devi- 
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Table 1. Reproducibility of measurements 

Relative standard 
Bi(II1). M 4w492, t deviation, % 

(1) Sample volume: 200 ml (10 determinations) 
0 0.072 + 0.005 (A*): 6.4 

2.8 x 1O-6 0.429 + 0.014 3.2 
5.6 x 1O-6 0.850 k 0.015 1.8 

(2) Sample volume: 1 litre (5 determinations) 
0 0.127 + 0003 (A*): 2.3 

4.5 x lo-* 0.044 + 0:006 13.0 
8.9 x 10-s 0.083 f 0.002 2.0 

Resin: (1) Dowex l-X2 (100-200 mesh. SO:- form), 0.50 g; (2) Dowex 
l-X2 (200-400 mesh, SOi- form), 0.50 g. 

Solution: (1) 200 ml + cont. H2S04 (5 ml) + KI (0.5 g) + O.lM 
Na2S203 (1 ml); (2) 1 litre + cont. H2S04 (25 ml) + KI (2.5 g) + 
O.lM Na2S203 (5 ml). Stirring time: (1) 10 min, (2) 30 min. 

tA ~~92) = 4492, - A ,700,-A*. 
: A* = 4492, - Ao,,, (for blank). 

ation is larger, but acceptable in view of the low con- 5.4 x 10-‘M for 1-litre samples, and 7.2 x 10e5M 

centration. for conventional calorimetry. Ion-exchanger colori- 
metry in both systems has higher sensitivity than con- 

Sensitioity ventional calorimetry. 

The sensitivity for.each system was compared with One of the main advantages of this method is that 

that of a conventional calorimetric method.’ The the sensitivity can be enhanced in proportion as 
limiting values’ were 3.3 x 10-6M for 200-ml samples, sample volume increases. The increased sensitivity 

Table 2. Effects of foreign ions on the determination of bismuth(II1) 

Added, molar ratio to Bi 
Bi taken Bi found, Relative 
lO+M A RC(492, lO+M error, y0 

Cr(II1) 

Fe(II1) 

Co(I1) 

PWI) 

Ni(I1) 

Cu(I1) 

MI) 

Sn(I1) 

NaF 

NaCl 

NaBr 

NaNO, 

IWO3 

NaHPO, 

3.75 
3.75 
3.75 
3.75 
3.75 
3.75 
3.75 
3.75 
3.75 
5.57, 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 
5.57 

0.826 
0.799 
0.846 
0.843 
0.817 
0.859 
0.851 
0.859 

0.850 
0.858 
0.839 
0.833 
0.742 
0.870 

0.820 
0.871 
0.858 
0.843 
0.865 
0.783 
0.732 
0.820 
0.826 
0.873 
0.826 
0.803 
0.852 
0.836 
0.831 

0* 
-3.2 
+ 2.7 
+2.1 
- 1.1 
+4.0 
+ 3.2 
+ 4.0 

3.75 
3.63 
3.85 
3.83 
3.71 
3.90 
3.87 
3.90 

Unmeasureable 
5.57 
5.62 
5.48 
5.46 
4.86 
5.70 

Unmeasureable 
5.37 
5.71 
5.62 
5.52 
5.67 
5.13 
4.80 
5.37 
5.41 
5.72 
5.41 
5.26 
5.58 
5.48 
5.45 

0* 
+O.l 
- 1.6 
- 2.0 

- 12.7 
+ 2.3 

- 3.6 
-2.5 
+ 0.9 
-0.9 
+ 1.8 
-7.9 

- 13.1 
-3.5 
-2.8 
+2.7 
- 2.8 
- 5.5 
+ 0.2 
- 1.6 
- 2.2 

* The calibration curves used were not the same, because the different lots of Dowex 
l-X2 resin gave different sensitivity. 
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can be estimated from the distribution ratio, 0.’ For 
the bismuth-iodide system the value of D was larger 
than 10’. The sample volume was changed from 200 
ml to 1 litre in this work. The calculated value of 
the sensitivity ratio for the two sample sixes, 
S 1,,,,o,2,,,,, was 6.1, which is in disagreement with the 
expected values. of 5.0. This can be explained by 
assuming that the sorption equilibrium for the 200-ml 
sample solution is less complete. 

The relative detection limit is defined as the con- 
centration that produces an absorbance equal to 
twice the magnitude of the fluctuation in the back- 
ground absorbance. The values were 6.0 x lO_sM for 
the 200-ml samples and 6.4 x 10d9M for the 1-litre 
samples, respectively. 

EfSect offoreign ions 

The effect of foreign ions the determination of bis- 
muth is shown in Table 2. Lead formed a white pre- 
cipitate of lead sulphate and made measurements 
impossible when it was present in amount greater 
than 1000 times that of bismuth. Copper and silver 
also interfered at 1OO:l ratio to bismuth owing to 
insoluble iodides. 

Sodium chloride gave negative errors when present 
at the level in sea-water. This may indicate that iodide 
ions were expelled from the anion-exchange resin by 
chloride ions or that bismuth precipitated as a basic 
salt such as bismuth oxychloride, BiOCl, so that the 

concentration of bismuth-iodide complex species in 
the resin phase decreased. For the determination of 
bismuth in salt-water it is best to use a calibration 
curve prepared with standards having the same con- 
centration of sodium chloride as that in the sample 
solution, or to use the standard addition method. 

All the results indicate that minute amounts of bis- 
muth can be determined very selectively without 
appreciable interference. This method is useful for the 
determination of bismuth in natural waters and 
industrial effluents. 
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Summary-Four analytical reagents, tetrathionate, iron(W), cystine and hexacyanoferrate(II1) have been 
tested with respect to their specificity for oxidation of thiols to disulphides. Of a number of thiols 
studied, most have a strong tendency to oxidize beyond the disulphide stage with several of the com- 
monly employed reagents. Tetrathionate, cystine and hexacyanoferrate(II1) function in phosphate buffer 
of pH 7, but iron(II1) does not require rigid control of pH, although the solution should be only 
feebly acidic. The reagents were used in excess and the thiosulphate or cysteine formed in the reaction 
of thiols with tetrathionate or cystine respectively was determined. The residual iron(II1) was measured 
by adding ascorbic acid or mercaptoacetic acid and titrating with 2.6-dichlorophenolindophenol or 
iodine monochloride respectively; surplus hexacyanoferrate(II1) was back-titrated with ascorbic acid. 
All four reagents react selectively with thiols even in the presence of several possible interfering sub- 
stances and afford results that are accurate and precise. 

The oxidation of thiols is primarily a one-electron 
change yielding a disulphide: 

2RSH + RSSR + 2H+ + 2e 

These compounds can also be oxidized to sulphur(IV) 
or sulphur(V1) with strong oxidizing agents but such 
processes are usually more difficult to control and 
other groups also react. Therefore quantitative pro- 
cedures based on oxidation beyond the disulphide 
stage are rare. The use of more than fifty oxidizing 
agents has been reviewed by Ashworth.’ 

The rapid oxidation with iodine forms a basis for 
the quantitative determination of thiols,2 but reports 
have appeared of the consumption of more than one 
equivalent of iodine per thiol group. Lucas and King3 
and Larrouqu&e4 observed differences in the behav- 
iour of individual thiols, while Simonsen5 confirmed 
the importance of concentration with thiols such as 
cysteine. Danehy et al. 6,7 have shown that every thiol 
has some tendency for over-oxidation, particularly 
in dilute solutions. Furthermore, fi-thiol acids are 
especially prone to over-oxidation. 

Iodine can be employed to determine glutathione’ 
and m- or p-mercaptobenzoic ticid but is inapplicable 
to cysteine, 3- or 4-mercaptobutyric or o-mercapto- 
benzoic acid. Iodate; chloramine-T, hypoiodite, etc. 
have been tried for the determination of mercaptosuc- 
cinic acid, but none was suitable.g o-Iodosobenzoate 
gives high recoveries if the excess of oxidant is evalu- 
ated iodometrically,” but this can be obviated by 
reacting the excess of reagent with ascorbic acid,” 
or titrating thiols directly with the oxidant.12 3-Mer- 
captopropionic and mercaptosuccinic acid could not 
be determined with o-iodosobenzoate. 

Copper(I1) is suitable for a number of thiols, but 

it has a strong tendency to form stable complexes 
without reduction with thiols such as ethylenedithiol, 
2-aminobenzenethiol and 8-mercaptoquinoline.‘3 
Likewise, conditions for the titration of mercaptosuc- 

cinic acid with lead tetra-acetate are rigorous and 
thiols which over-oxidize include cysteine, 2-mercap- 
toethylammonium chloride and 3-mercaptopropane- 
1,2-dio1.14 

The reagents which failed on application to thiols 
“troublesome” to determine by oxidimetry are: 
N-bromosuccinimide,’ 5.16 phenyl iodosoacetate, l7 
periodate,” cobalt(III),lg chloramine-T and -B,20 
N-haloamines and N-haloamides,21 inter- and 
pseudo-interhalogens. 22 These reagents are also not 
promising in non-aqueous solvents.23 

In the present work four oxidizing agents, tetra- 
thionate, iron(III), cystine and hexacyanoferrate(II1) 
have been evaluated for their analytical potential. 
Procedures have been evolved for the rapid and pre- 
cise determination of several thiols which could not 
be determined by various available oxidimetric 
methods. 

Tetrathionate 

Tetrathionate is a mild oxidizing agent but it has 
seldom been used for thiol determination. Baern- 
stein24 determined methionine by demethylation with 
hydrogen iodide and oxidizing the homocysteine with 
excess of tetrathionate, the surplus being evaluated 
with iodate. Anson determined protein thiols by 
finding the amount of tetrathionate necessary to pre- 
vent the appearance of a colour with nitroprusside. 
That S-sulphocysteine is formed in the reaction of 
cysteine with tetrathionate was established by ion- 
exchange.26*27 
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It was found in the present work that, although 
there is apparently no reaction between thiol and 
tetrathionate in acidic medium, in phosphate buffer 
of pH 7 the following immediate and quantitative 
reaction occurs: 

RSH + S,#- +RS-$0; + SsO:- + H+ 

The iodimetric titration of the thiosulphate liberated 
can be used to measure the thiol. It was found in 
the determination of cysteine, 3-mercaptopropionic 
and mercaptosuccinic acid that if the liberated thio- 
sulphate was titrated in neutral solution with iodine, 
the end-point was fleeting, ostensibly because of reac- 
tion of the organic product with iodine. When the 
titration was done in feebly acidic medium, however, 
the end-point was sharp and stable, and corresponded 
to reaction with only the released thiosulphate. 

Since 0.005M iodine is difficult to keep, a solution 
of iodine monochloride of equivalent strength in 
dilute hydrochloric acid, which was found to be stable 
for several months, is used as titrant. 

A large number of water-soluble thiols, all showing 
over-oxidation in reaction with iodine or similar re- 
agents, are determined accurately by the tetrathionate 
method. 

Iron(lll) 

Coloured products are yielded by many thiols with 
iron(III).‘* This reagent is found satisfactory for mer- 
captoacetic acid and cysteine, although less sensitive 
than nitroprusside.29 

Thiols have been titrated with iron(II1) with nitro- 
prusside as external indicator,” or potentiometrically 
in dimethylformamide3’ or pyridine.31 The iron(U) 
formed in the reaction can be estimated colorimetri- 
tally by reaction with ferrozine.32 

Iron(II1) oxidizes thiols quantitatively to their di- 
sulphides according to the equation 

2RSH + 2Fe3+ -+ RSSR + 2Fe2+ + 2H+ 

The reaction is complete within 1 min. According to 
the method now evolved, the thiol solution is reacted 
with an excess of iron(II1). The residual iron(II1) can 
be determined by two methods. In the first, an excess 
of ascorbic acid is added and the surplus ascorbic 
acid is titrated with 2,6dichlorophenolindophenol. In 
the second, an excess of mercaptoacetic acid is added, 
followed by back-titration with iodine monochloride. 

Cystine 

Cystine, which has been used for the determination 
of thiol groups in egg albumin,” is undoubtedly the 
most specific reagent. This reagent, (CyS)*, functions 
at pH 7, the following reaction taking place: 

2RSH + (CyS), + RSSR + 2CySH 

The cysteine formed in the reaction is a measure of 
the thiol present. o-Iodosobenzoate, which is an excel- 
lent reagent for cysteine, is employed in the proposed 
method. Thus, the thiol solution in water is reacted 

with cystine at pH 7. After a minute, the released 
cysteine is titrated with o-iodosobenzoate, with leu- 
co-2,6dichlorophenolindophenol plus potassium 
iodide as indicator. At the end-point the vivid blue 
colour of the oxidized form of the dye is restored. 

3-Mercaptopropionic and mercaptosuccinic acid, 
which could not be determined with o-iodosoben- 
zoate,” can be determined by treatment with cystine 
prior to o-iodosobenzoate titration. 

Hexacyanoferrate(III) 

This reagent was first used by Mason33 and later 
by Ans~n,*s*~~ and by Mirsky35 for assaying thiol 
groups in proteins. At pH 7, thiols are oxidized to 
disulphides: 

2RSH + 2[Fe(CN),]‘- -+ 

RSSR + 2[Fe(CN),]4- + 2H+ 

Cysteine has been determined by direct titration,36 
or indirectly with the excess of reagent evaluated 
iodometrically. 37-3g The ferrocyanide produced can 
be measured colorimetrically40 or titrated with ceri- 
um(IV).4’ 

In an attempt to evaluate residual hexacyanofer- 
rate(II1) by iodometry the iodine liberated was found 
to attack the disulphide formed. With mercaptosuc- 
cinic acid the results were 3-S% high when about 
lOOo/:, excess of the reagent was used. The cerium(IV) 
titration4’ seems to give positive errors as cerium(IV) 
is a powerful oxidant and reacts with disulphides as 
well as concomitant organic substances. Likewise, the 
residual hexacyanoferrate(II1) cannot be determined 
with hydrazine sulphate or hydroxylammonium 
chloride, as these reagents only work in alkaline 
medium4* where complications may arise because of 

‘alkaline hydrolysis of disulphides to give thiol and 
sulphinic acid43 and because hexacyanoferrate(II1) is 
a powerful oxidant in alkaline medium, and oxidation 
of disulphide or its hydrolysis products is possible. 

As a method of accuracy and convenience, the titra- 
tion of residual hexacyanoferrate(II1) in phosphate 
buffer of pH 7 with ascorbic acid, with 2,6dichloro- 
phenolindophenol as indicator, is used in the present 
work. The surplus reagent can also be determined 
by reaction with excess of mercaptoacetic acid and 
back-titration of the surplus with iodine monochlor- 
ide. However, the first method is more direct. 

EXPERIMENTAL 

Reagents 

Sodium tetrathionate solution, 0.025M. Prepared by dis- 
solving 6.75 g in 1 litre of water. This solution should 
show no trace of turbidity and no iodine uptake. The fol- 
lowing method is recommended for preparing fresh solu- 
tions of tetrathionate. 

Titrate lOOmI of O.lM sodium thiosulphate with 0.0% 
iodine to the first appearance of the iodine colour and 
add 0.2 ml more. Shake for 5 min and bleach the excess 
of iodine by dropwise addition of 0.01M thiosulphate solu- 
tion. Purge the-reagent solution with nitrogen- and store 
in a stoppered dark-coloured bottle. 
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Iron(lll) sulphate solution, 0.01M. Prepared by oxidizing 
3.92 g of ammonium iron(H) sulphate with 2-3 g of potas- 
sium peroxodisulphate and boiling to decompose the lat- 
ter. The red colour of iron(W) hydroxide formed by hy- 
drolysis is removed by dropwise addition of dilute sul- 
phuric acid. The solution is finally diluted to 1 litre. It 
is standardized as follows. A 5-ml portion is treated with 
1Oml of 0.005M ascorbic acid and swirled for 1 min, then 
1 ml of glacial acetic acid is added and the residual 
ascorbic acid titrated with 0.0025M 2,6-di-chlorophenol- 
indophenol to a pink colour. A blank is run on the same 
volume of ascorbic acid. 

Cystine hydrochloride solution, 0.02M. Prepared by treat- 
ing 4.80 g of reagent grade cystine with 12 ml of 5M hydro- 
chloric acid in a 250-ml beaker. The mixture is agitated 
with a glass rod and the resulting salt dissolved in water 
added 3-4 ml at a time and stirred well. then diluted to 
1 litre. This solution should show no consumption of 
o-iodosobenzoate. 

Hexacyanoferrare(lll) solution, O.OSM. This solution 
(16.5 g of reagent grade material per litre) is standardized 
by taking 5 ml of it, adding 5 ml of phosphate buffer of 
pH 7, 15 ml of water and I ml of 0.025”/, 2,6-dichloro- 
phenolindophenol indicator, and titrating with 0.02M 
ascorbic acid till the indicator is bleached. An indicator 
blank is also determined. 

Potassium o-iodosobenzoate solution, 0.005M. Prepared 
by dissolving 1.325 g of the free acid in a slight excess 
of O.lM potassium hydroxide and diluting to 1 litre, and 
standardized iodimetrically.“’ 

Iodine monochloride solution, O.OOSM. Prepared by dis- 
solving 0.357 g of potassium iodate and 0.550 g of potas- 
sium iodide in 200 ml of water, adding about 50 ml of 
concentrated hydrochloric acid in a single lot, shaking the 
mixture for 5 min, and diluting to 1 litre. One ml of carbon 
tetrachloride is added and the solution is shaken vigor- 
ously. Any violet colour in the organic layer is bleached 
by addition of 0.002M iodate. Otherwise O.OlM potassium 
iodide is added until a faint violet colour appears in the 
carbon tetrachloride. The solution is then standardized 
iodimetrically. 

2,6-Dichlorophenolindophenol solution, 0.0025M. Pre- 
pared by stirring together 0.73 g of the sodium salt of 
the indicator and 0.2 g of sodium carbonate in 500 ml 
of water for 30 min and filtering off the insoluble portion. 
The filtrate is diluted to 1 litre and standardized against 
analytical grade ascorbic acid.44 This solution is stable for 
4 days if stored in the dark at 20”. 

Ascorbic acid solution, 0.02M. Prepared by dissolving 
3.522 g in 1 litre of water and standardized against iodate. 
A 0.005M solution is made by diluting the stock solution. 

Mercaptoacetic acid solution, O.OlM. Prepared by dis- 
solving an approximate volume of the pure substance in 
water and standardized iodimetrically.’ 

Leuco-2,6-dichloropheno/indophenol solution. Prepared by 
adding 5 ml of phosphate buffer of pH 7 to 20 ml of 0.05% 
solution of the sodium salt of the oxidized form of the 
indicator and bleaching the blue colour by dropwise addi- 
tion of 0.005M ascorbic acid. The reduced indicator oxi- 
dizes when exposed to the air and this necessitates decolor- 
ization before each use. 

Phosphate buffer, pH 7. Made by dissolving 117.7 g of 
dipotassium hydrogen orthophosphate and 44.1 g of potas- 
sium dihydrogen orthophosphate in 1 litre of water. 

Procedures 

Determination wirh tetrathionate. To the sample solution, 
containing 0.1-0.3mmole of thiol, add 5ml of phosphate 
buffer and 10 ml of 0.025M tetrathionate. Swirl the solu- 
tion for 1 min. Add 0.5 g of potassium iodide, 1 ml of 
0.5% starch solution, 25 ml of water and 3 ml of O.lM 
hydrochloric acid. Titrate the liberated thiosulphate with 

0.005M iodine monochloride to the appearance of a blue 
colour. 

Determinarions with iron(lIl). Procedure A: take the 
sample solution in water, methonol, acetonitrile or dimeth- 
ylformamide, containing 0.02-0.1 mmole of thiol, and treat 
it with about 50% excess of O.OlM iron(II1). Swirl it for 
about I mitt, add a measured excess of 0.005M *ascorbic 
acid and 1 ml of glacial acetic acid, and titrate with 
0.0025M 2,6dichlorophenoIindophenol to a pink colour. 
Run a blank determination. 

Alternatively, (procedure B) treat the sample solution. 
containing 0.05-0.15 mmole of thiol, with 20 ml of O.OlM 
iron(II1). Allow to react for about 1 min and add 25 ml 
of O.OlM mercaptoacetic acid. Again swirl for 1 min; add 
3 ml of O.lM hydrochloric acid, 0.5 g of potassium iodide 
and 1 ml of 0.5% starch, and titrate with 0.005M iodine 
monochloride to the appearance of a blue colour. Run 
a blank determination. 

Determination with cystine. To the aqueous sample solu- 
tion, containing 0.03-0.1 mmole of thiol, add 5 ml of phos- 
phate buffer and 15 ml of 0.02M cystine hydrochloride, 
and swirl for 1 min. Add 1 ml of leuco-2,6dichlorophenol- 
indophenol indicator plus about 20 mg of potassium 
iodide. Titrate with 0.005M o-iodosobenzoate. The titra- 
tion should be done slowly (10 ml of titrant added during 
a period of 2 min) and near the end-point the addition 
of each drop of titrant is followed by swirling for IO set: 
at the end-point the vivid blue colour of the oxidized form 
of the indicator appears. 

Determination with hexacyanoferrate(ll1). To the 
aqueous sample solution, containing 0.3-0.5 mmole of 
thiol, add 5 ml of phosphate buffer, 15ml of 0.05M hexa- 
cyanoferrate(II1) and swirl for 1 min. Thereafter, add 1 
ml of 0.0025M sodium 26dichlorophenolindophenoI indi- 
cator and titrate the residual hexacyanoferrate(IH) with 
0.02M ascorbic acid. At the end-point the blue colour of 
the indicator is bleached. Run a blank determination on 
the same volumes of hexacyanoferrate(II1) and indicator. 

RESULTS AND DISCUSSION 

Results for the determination of thiols with tetra- 
thionate are given in Table 1. All of the thiols tested 
showed over-oxidation in their reaction with iodine 
or allied reagents but a stoichiometric reaction was 
observed with tetrathionate. 

Iron(llI) forms disulphides with a large number of 
thiols (Table 2). In procedure A, glutathione under- 
went only 20-30% oxidation, presumably because of 
its ability to form a complex with iron(II1). With 
alkanethiols, there was only lO-150/, reaction; groups 
such as carboxyl, amino or hydroxyl on the alkyl 
chain appear to activate the thiol function for ready 
oxidation. In procedure B, the unreacted glutathione 
or lower alkanethiols reacted with iodine monochlor- 
ide in the back-titration, therefore, the thiol recovery 
agreed with the theoretical. However, the end-point 
is only fleeting when Idodecanethiol, which reacts 
slowly with iodine monochloride, is determined, indi- 
cating thereby an incomplete reaction with iron(II1). 

The alkanethiols were not determined with the 
other three reagents, mainly because of their low 
solubility in aqueous medium. 

In Table 3, results obtained with cystine and hexa- 
cyanoferrate(II1) are presented. Cystine is particularly 
suited for determining thiol groups in biological 
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Table 1. Determination of thiols with tetrathionate 

Proposed methbd” 
Purity, % 

Standard Comparison 
Thiol Range Average deviation met hod 

Cysteine 99.6-99.9 99.8 0.10 99.1b 
Homoc+steine 91.4-97.6 97.5 0.11 97.6b 
Glutathione 98.0-98.3 98.2 0.08 98.0b 
N-Acetylhomocysteine 97.8-98.1 97.9 0.12 98.1b 
N-Methylcysteine 98.598.7 98.6 0.15 98.9’ 
3-Mercaptopropionic acid 96.0-96.4 96.2 0.20 96.3“ 
Mercaptosuccinic acid 98.0-98.5 98.2 0.18 98.4’ 
N-Isopropylcysteine 98.8-99.2 99.0 0.08 99.3’ 
N-Phenylcysteine 98.1-98.5 98.3 0.20 98.5’ 
3-Mercaptobutyric acid 99.8-100.1 99.9 0.15 100.1‘ 
Mercaptomethylsuccinic acid 98.1-98.6 98.4 0.18 98 6’ 
4-Mercaptobutyric acid 97.7-98.3 97.9 0.13 98:2’ 

a Eight determinations; ’ o-Hydroxymercuribenzoate45: ’ N-Bromosuccinimide46; ’ Lead tetra-acetate“‘; e o-Hydroxy- 
mercuribenzoate4’; f Mercury(H) perchlorate4s. 

Table 2. Determination of thiols with iron(II1) 

Thiol Method A” 
Standard 
deviation 

Purity, % 

Method B” 
Standard 
deviation 

Comparison 
method 

Cysteine 99.7 
N-Propylcysteine 98.5 
Homocysteine 97.6 
3-Mercaptopropionic acid 93.1 
Mbrcaptosuccinic acid 98.3 
2-Mercaptobenzoic acid 99.8 
3-Mercaptopropane-1,2diol 19.6 
2-Mercaptoethanol 98.8 
2-Diethylaminoethanethiol 98.2 
2-Mercaptoethylammonium chloride 98.3 
Benzenethiol 99.3 
2-Naphthalenethiol 98.2 
4-Mercaptobutyric acid 98.0 
4Xhlorobenzenethiol 99.5 
4-t-Butylbenzenethiol 99.4 
2,5_Dimercaptoadipic acid 98.5 

0.1, 99.8 0.10 99.6” 
0.2, 98.4 0.16 98.4’ 
0.13 97.4 0.1, 91.6d 
0.1, 96.0 0.16 96.3’ 
0.2, 98.5 0.1, 98.4* 
0.1, 99.6 0.1, 99.7’ 
0.10 79.4 0.1, 79.5’ 
0.10 98.9 0.10 99.18 
0.1,. 98.0 0.10 98.8 
0.14 97.8 0.10 98.1’ 
0.20 99.7 0.12 99.5’ 
0.1s 97.8 0.1, 98.0h 
0.2, 98.3 0.16 98.58 
0.10 99.7 0.1, 99.8” 
0.1, 99.5 0.14 99.6’ 
0.2, 99.5 0.19 98.7 

a Eight determinations; b Mercury(H) chloride49; ’ N-Bromosuccinimide46; d o-Hydroxymercuribenzoate4’; ’ Lead 
tetra-acetate14; ’ o-Iodosobenzoate”; ‘Copper sulphate19; ’ Sodium methoxide$‘. 

Table 3. Determination of thiols with cystine and hexacyanoferrate(II1) 

Thiol 

Purity, % 
Proposed methoda Standard Comparison 

Range Average deviation met hod 

With cystine 
3-Mercaptopropionic acid 
Mercaptosuccinic acid 
Mercaptomethylsuccinic acid 
3-Mercaptobutyric acid 

With hexacyanoferrate(II1) 
N-Butylcysteine 
Homocysteine 
3-Mercaptobutyric acid 
Mercaptomethylsuccinic acid 
4-Mercaptobutyric acid 
3-Mercaptopropane-1,2diol 
Glutathione 

96.0-96.5 96.4 0.19 96.3b 
98.1-98.6 98.5 0.22 98.4’ 
98.2-98.8 98.5 0.16 98.6d 
99.6-99.9 99.8 0.1s loo. Id 

98.4-98.9 98.7 0.11 98.7’ 
97.3-97.6 97.4 0.13 97.6 
99.4-99.8 99.7 O.lo 100.ld 
98.1-98.7 98.5 0.10 98.6” 
97.e98.3 98.1 0.16 98.2d 
79.0-79.6 79.4 0.10 79.5’ 
97.1-98.3 98.0 0.1, 98.18 

a Eight determinations; b Lead tetra-acetate 14; ‘o-Hydroxymercuribenzoate4’; “Mercury(H) perchlorate4s; ’ N-Bromo- 
succinimide4’; ’ o-Iodosobenzoate”; g Chloramine-Tsl. 
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Thiol 

Moles of compd. 
added per Thiol recovery* % 

Compound added mole of thiol A ’ B C. D 

3-Mercaptopropionic acid Methionine 55 100.0 99.9 99.9 100.1 
Tyrosine 20 99.9 . 100.3 100.2 100.0 
Tryptophan 35 100.1 100.5 100.2 100.2 
Cystine 62 100.0 99.9 - 99.9 

Cysteine Cilycine 130 99.9 100.1 100.0 100.0 
Serine 168 100.0 99.9 99.9 100.0 

3-Mercaptopropane-1,2-diol Thiophene 15 100.1 100.8 100.2 100.3 
Diethvlsulnhone 33 99.8 99.1 99.8 99.6 
Gluccke . 48 99.9 100.2 100.0 100.2 
Urea 69 100.0 100.1 99.8 100.0 

2-Mercaptoethanol Biotin 21 100.0 100.4 100.0 100.2 
Acrylonitrile 136 99.2 99.5 99.0 99.2 
Lanthionine 50 99.9 100.3 99.9 100.4 
Maleic acid 122 99.8 100.0 99.9 99.8 
Ally1 alcohol 86 99.9 99.1 99.7 99.8 

3-Mercaptobutyric acid Diphenyldisulphide 25 100.0 100.0 99.9 100.0 
Acrylamide 144 99.6 99.8 99.5 99.5 
Dimethylsulphoxide 51 100.0 99.8 100.0 99.9 

*Average of 3 determinations, ‘4 recovery takes into account the previously determined purity of thiol; A, tetra- 
thionate; B, iron(II1); C, cystine; D, hexacyanoferrate(II1). 

materials as it does not oxidize any other group in 
the protein molecule. The titration of the released cys- 
teine with o-iodosobenzoate must be done slowly, as 
fast titrations result in high recovery. Clearly, the 
reaction of o-iodosobenzoate with cysteine is quick 
but that with iodide is slow; it is the iodine formed 
intermediately which oxidizes leuco-indophenol to the 
blue dye. 

Hexacyanoferrate(II1) is among the reagents that 
have been used extensively for thiol determinations. 
As with iron(III), a blank determination is needed. 

No particular excess of cystine or tetrathionate is 
needed, even a three-fold excess having no adverse 
effect. Similarly, no over-oxidation was evident when 
about 200”/) excess of iron(II1) or hexacyanofer- 
rate(III) was employed. 

Although all four reagents gave accurate and pre- 
cise results on application to several thiols, tetra- 
thionate is advocated as the best reagent for water- 
soluble thiols, largely on account of its easy prep- 
aration, low cost, rapid and selective action even in 
the presence of substances that interfere in one or 
another of the other methods, convenient titrimetric 
finish and the fact that no blank determination is 
required. 

For water-insoluble but reactive thiols, iron(III) 
seems to be a promising reagent. The second pro- 
cedure is especially convenient because of the good 
stability of the reagents. 

In Table 4, results for the determination of thiols 
in the presence of several interfering compounds are 
given. The interferences studied included compounds 
that interfere in existing methods, and compounds 
possessing other sulphur-containing functional 
groups. Iodide interferes with the iron(II1) and hexa- 
cyanoferrate(II1) procedures, and sulphide, sulphite, 

thiosulphate, thiourea and ascorbic acid vitiate deter- 
minations with all four reagents. 
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Summary-1-Naphthol is determined by spectrophotometric measurement at 510 urn after oxidation 
with vanadium(V) in _ 4M hydrochloric acid and extraction of the oxidation product into toluene. 

Very few methods are available for the selective deter- 
mination of I-naphthol. Sodium cuprobromide has 
been used for the calorimetric determination of 
1-naphthol in the presence of 2-naphthol in the mic- 
rogram range,’ but the colour fades after about 5 
min. Another method is based on the fact that 
1-naphthol is diazotized faster than 2-naphthol.’ In 
the present report we summarize our studies on the 
development of a new method for the spectrophoto- 
metric determination of I-naphthol in the presence 
of 2-naphthol and other phenols. A stable violet 
colour extractable into toluene is formed by the reac- 
tion of 1-naphthol with ammonium vanadate in pres- 
ence of hydrochloric acid. 

Reagents 

EXPERIMENTAL 

Ammonium canudute solution, 2”,. 
l-Naphthd solution. A 1% solution freshly prepared in 

alcohol and diluted as required. 

Procedure 

Transfer 1 ml of sample containing 20-600 pg of l-naph- 
thol to a boiling-tube. Add 1 ml of 2”/, ammonium vana- 
date solution and 0.5 ml of concentrated hydrochloric acid. 
Heat on a water-bath at 60 k 2” for 5 min. Cool, extract 
with 10 ml of toluene and then measure the absorbance 
at 510 nm against a blank treated similarly. Prepare a 
calibration curve by applying the procedure to l-ml por- 
tions of 2@-600 pg/ml standard solutions. 

RESULTS 

For the determination of 1-naphthol the optimum 
conditions were investigated as follows. The redox 
reaction between 1-naphthol and vanadium(V) 
depends mainly on the temperature, the ammonium 
vanadate concentration, and the concentration of hy- 
drochloric acid. To study the effects of these variables, 
1 ml of 0.02% I-naphthol solution was treated accord- 
ing to the procedure with two of the factors kept 
constant aid the third varied. The results are given 
in Table 1. The effect of the volume of hydrochloric 
acid used was similarly studied: the absorbances were 
0.25, 0.33, 0.36, 0.36, 0.37, 0.37, 0.36 and 0.35 for 0.05, 
0.1, 0.2,0.4, 0.5, 0.6,0.8 and 1.0 ml of the concentrated 
acid. 

Interferences 

‘1-Naphthol was determined in presence of various 
compounds. The results are summarized in Table 2. 
It was observed that methanol, diethyl ether. bromo- 
benzene, acetamide, benzamide, nitrobenzene, m-dini- 

trobenzene, glucose, methyl n-propyl ketone, benzoni- 
trile and benzoic acid, present in hundredfold amount 
relative to the naphthol, do not affect the absorbance. 

Other phenols do not interfere up to a certain limit, 
e.g., 300 pg of 1-naphthol can be determined in the 
presence of phenol (1.5 mg), picric acid (1.4 mg), 
o-nitrophenol (1.0 mg), 2-naphthol (3.0 mg), 8-hy- 

Table 1. A study of optimum conditions for the colour reaction of I-naphthol 
and ammonium vanadate 

Temperature varied 
Temperature. 

“C Absorbance 

Vanadate varied Acid varied 

cv, % Absorbance [HCI], M Absorbance 

25 k 1 0.23 2.0 0.38 11.6 0.37 
40+_1 0.28 1.0 0.37 9.0 0.33 
50 * 2 0.35 
60 + 2 0.38 0.5 0.38 8.0 0.31 
65 k 2 0.38 
70 + 2 0.36 0.25 0.35 4.0 0.23 
80 f 2 0.34 0.125 0.28 1.0 0.20 
98 k 2 0.18 0.062 0.17 . 0.10 0.10 
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Table 2. Determination of I-naphthol (300 pg) in the presence of other 
organic compounds 

Organic compound added Added, I-Naphthol 
as impurity mg found, pg Error, ?;, 

o-Nitrophenol 1.0 310 + 3.3 
p-Nitrophenol 1.2 310 + 3.3 
Picric acid 1.5 300 0 
Vanillin 3.0 300 0 
Phenol 1.0 315 +5 
2-Naphthol 3.0 300 0 
8-Hydroxyquinoline 0.5 295 - 1.6 
Phloroglucinol 0.6 305 + 1.6 
Quinol 2.5 310 + 3.3 
m-Cresol 4.0 295 - 1.6 
Acetamide 100 305 + 1.8 
Benzamide 300 305 + 1.6 
Acetic acid 110 315 +5 
m-Dinitrobenzene 100 300 0 
Methyl n-propyl ketone 90 300 0 
Benzonitrile 100 315 +5 
Glucose 100 305 f1.6 
Formaldehyde* 125 310 + 3.3 
Acetaldehyde* 390 305 +1.6 
Methylamine* 125 300 0 

* Sample solution heated on a water-bath for 15 min at 100’. 

droxyquinoline (0.5 mg), phloroglucinol (0.3 mg), cat- 
echo1 (2.5 mg), resorcinol (1.0 mg), vanillin (3.0 mg) 
m-cresol (4.0 mg) and quinol (2.5 mg). 

Interference by low-boiling aldehydes and amines 
can be removed simply by boiling the sample solution 
for 15 min. 

Beer’s law is obeyed for 20-6OOpg of 1-naphthol. 
The reproducibility of the results was checked with 

six replicate determinations of 400 pg of I-naphthol. 
The standard deviation was 10 pg. The accuracy of 
the method was checked by analysis of four un- 
knowns. The average error was 1.4%. 

DISCUSSION 

The results reveal that the reaction can be used 
for a fairly selective and sensitive determination of 
1-naphthol. The reaction is most sensitive when con- 
ducted at 6&65”. It was found that 1 ml of 0.5% 
ammonium vanadate solution is sufficient for colour 
development with 2OOpg of 1-naphthol and a bigger 
volume does not cause any appreciable change; hence 
1 ml of 2% vanadate solution should suffice for 800 
pg of 1-naphthol but the calibration curve is linear 
only up to 600 pg. The hydrochloric acid concen- 
tration is important, the concentrated acid being best, 
but the volume used is not critical. The product can 
be extracted into toluene and the interference of a 
number of compounds is removed in this way. The 
colour is stable for up to an hour and this is a distinct 
advantage over the method of Sass et al. The prob- 
able mechanism is oxidation of 1-naphthol to com- 

pound II through 4,4’-di-1-naphthol (I) as inter- 
mediate: 

Support of this mechanism is obtained from the work 
of Edwards and Cashaw3 who obtained a bluish-vio- 
let compound (II) by the oxidation of 4,4’di-l-naph- 
thol (I) with lead tetra-acetate. This product gave no 
melting point (a characteristic of many quinones) and 
its analysis is in approximate agreement with the 
values for (II): talc. for CzoHrzOi, C 84.4x, H 4.2%; 
found C 83.5x, H 4.1”/,. Our product also gave no 
melting point. On reduction with sodium bisulphite 
(II) gives the colourless product (I), in agreement with 
the studies of Edwards and Cashaw.3 
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Summary-Sensitivity calibration has been performed for the spark-source mass-spectrometric analysis 
of iron. copper and aluminium matrices. with standard reference materials. The experimental relative 
sensitivity coefficients. corrected for discrimination effects in the mass spectrometer, are compared 
with values obtained with various empirical approaches to calculate relative sensitivity coefficients 
for an r.f. spark. The best correlation found is only of the order of 50%. 

Accurate spark-source mass-spectrometric analysis 
requires calibration with standard reference materials. 
Relative sensitivity coefficients, &, have been deter- 
mined for a number of elements in an iron, copper 
and aluminium matrix with photographic and electri- 
cal detection and results reported.t4 After correction 
for discrimination effects in the mass spectrometer, 
there is a fair agreement between the relative sensi- 
tivity coefficients obtained with both methods of 
detection5 The results obtained with electrical detec- 
tion in the peak-switching mode were more precise 
than the others and were therefore used exclusively 
for the comparison with calculated values. 

Several empirical approaches can be found in the 
literature for estimating relative sensitivities of ele- 
ments in an r.f. spark from physical parameters of 
the element (x), the internal standard (y) and in some 
cases the matrix (z). They are summarized in Table 1. 
Methods which cannot be compared with our experi- 
mental results because they are extrapolations of 
measured values, (e.g., McCrea’s and Taylor19), or 
because they apply to compounds, (e.g., Konishi” 
and Oblas*‘), are not included in the Table. The 
physical parameters used to calculate the relative sen- 
sitivity coefficients are listed in Table 2. 

The use of calculated sensitivity coefficients in 
spark-source mass-spectrometry may be useful when 
no reference materials are available for straightfor- 
ward calibration. The comparison of the calculated 
and experimentally determined relative sensitivity 
coefficients gives an idea of the accuracy that can be 
expected in this situation. 

EXPERIMENTAL 

The instrument used was a double-focusing mass spec- 
trometer (JMS-Ol-BM-2. JEOL, Tokyo), incorporating a 
spherical electric sector. Electrical detection is used in the 
magnetic peak-switching mode. 

The standard reference materials used were four low- 
alloy steels (SRM 661-664). one electrolytic iron (SRM 

665) and five copper-base alloys (SRM 1101. 1102. 1106. 
1108 and 1121) all from NBS, Washington, D.C.. four cop- 
per rods (SSC l-4) from the Canada Centre for Mineral 
and Energy Technology, Ottawa. three copper samples 
containing standardized platinum contents from the BCR. 
Brussels. eight dilute copper alloys (CA 3, 4. 6; CB 0. 1; 

CC 1, 3, 5) and five aluminium samples (AA l-5) from 
Johnson Matthey Ltd., London, and ten samples from 
Aluminium Pechiney representing three types of alloy: Al- 
Si-Cu, Al-Cu and Al-Mn. Their chemical composition has 
been described in detail elsewhere.‘.s.“ 

The sparking conditions for the iron and steel samples 
were: spark-source voltage 60 kV, pulse length 20ysec. 
repetition frequency 3OOO/sec. For the copper and alu- 
minium samples they were 40 kV, 20nsec, 3OOO/sec and 
30 kV, 20psec, lOOO/sec, respectively. 

The width of the slits was chosen as fohows: object slit 
‘lOOpm, a-slit and p-slit 2.0mm. The energy-defining (fi) 
slit was chosen to be wide enough to avoid discrimination 
effects in the electrostatic analyser5 The collector slit was 
250pm for the iron samples, 350pm for the copper 
samples and 1200pm for the aluminium samples. 

RESULTS AND DISCUSSION 

The various equations in Table 1 contain only par- 
ameters relating to ion-production in the source. 
Hence, before comparison of the calculated sensitivity 
coefficients with experimental values, the latter must 
be corrected for the influence of phenomena occurring 
after ion-production. Discrimination between ions 
may occur during ion-extraction from the source, ion- 
energy selection at the /?-slit, transmission through 
the analyser, and finally, detection of the ions. it can 
also arise from the influence of the collector slit set- 
ting. The influence of all these effects has been studied 
for the iron samples.5 The corrected experimental. 
values are listed in the last column of Table 3, 
together with values calculated by using the various 
approaches from Table 1. The ratio between the cal- 
culated and experimental coefficients is indicated in 
Table 4. The best agreement is obtained with the equa- 
tions proposed by Goshgarian and Jensen”*” and 
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Table 1. Calculation of sensitivity coefficients 

Authors Proposed equation 

Addink6.’ AT = T, - 7, = -2500 log[S,(.u/y),] -’ 

&(.x/y), = 1 when T, > T, 

Kai. Miki8.9 s&ys,, = 0,. 6 
(AH), A 

Goshgarian. Jensen lo.’ ’ 

Honig ” 

M&&ier” 

Willardson. Socha14 
3.3 

when d, < d, 

Vidal, Galmard. Lanusse”-” R s (q!,) = WQ Q\ 5 4 ~. 
’ (AH), Q,’ 4 (3 

by Willardson and Socha14 for which the average de- 
viation is a factor of 1.48. If no sensitivity coefficients 
are used, i.e., if all coefficients are set equal to 1. this 
factor becomes 2.20. 

It can be noticed that for a number of elements, 
all calculated values are lower than the experimental 
values, e.g., by a factor of 1.30-2.23 for Mn. 1.33-2.05 
for Cu, 1.92-3.39 for Sn and 1.43-3.60 for Sb. This 
could be caused by the energy conditions that are 
needed to spark iron and steel samples. Indeed, it 
was shown earlier that for elements with boiling and 
melting points considerably lower than those of iron 
(used as internal standard), the experimental sensi- 
tivity coefficients increase with more energetic spark- 
ing conditions. ” This line of argument does not hold 
for copper which has boiling and melting points com- 
parable with those of iron. The high experimental sen- 
sitivity coefficient of copper in iron samples compared 
to that in other matrices was also obtained by other 
authors.12*16~23 

The corresponding results for the copper matrix are 
listed in Table 5. The experimental sensitivity coeffi- 
cients are also corrected for discrimination effects 
after ion-production. Most of the equations used to 
calculate the sensitivity coefficients contain only par- 

ameters of the element to be determined and of the 
internal standard. Hence. the calculated coefficients 
are independent of the matrix. Exceptions are the 
equations proposed by Addink.6.7 where the differ- 
ence in boiling point between element and matrix is 
used, and by Willardson and Socha,14 where the ion- 
ization potential of the element must be lower than 
that of the matrix. When the ratio of the calculated 
and experimental coefficients is used, (as for the iron 
matrix in Table 4). the best results are obtained with 
the equations proposed by Goshgarian and Jensen”*” 
and by Kai and Miki, 8.9 for which the average devi- 
ation of the calculated coefficients from the experi- 
mental values is by a factor of 1.50. If all sensitivity 
coefficients are set equal to 1, this factor becomes 
1.78. 

In the case of the aluminium matrix, the equation 
proposed by Willardson and Socha cannot be applied, 
because the first ionization potential of the matrix 
element is lower than those of all determined ele- 
ments. The calculated sensitivity coefficients are com- 
pared with the eiperimental values in Table 6. The 
calculated values show an average deviation by a fac- 
tor of 1.40 from the experimental values for the equa- 
tions proposed by Kai and Miki,8.9 Goshgarian and 

Table 2. Physical parameters used for the calculation of relative sensitivity coefficients 

Symbol Meaning Source 

T Boiling point Handhook of Chewisrry and Physics. ed. R. C. Weast, CRC 
Press. Cleveland, Ohio, 1974-75. 

AH Heat of sublimation at 298 K 0. Kubaschewski, E. LI. Evans and C. B. Alcock. Metallurgi- 
cal Th~~nl,ochrrllisrrq, Pergamon. Oxford. 1967. 

d First ionization potential Handbook of Chemistry and Physics, ed. R. C. Weast, CRC 
Press. Cleveland, Ohio, 1974-75. 

CR Covalent radius Landolt-Biirnstein, 6 Aufl., Bd. 4, p. 529, Springer Verlag, 
Berlin, 1955. 

Q Ionization cross-section J. W. Otvos anb D. P. Stevenson. J. Am. Chum Sot.. 1956. 
78, 547. 
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Table 3. Calculated and experimental sensitivity coefficients for iron and steel samples (Fe: SR = I) 
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Calculated &-value 

Element Addink 

Ti I 
V 1 
Cr 1.07 
Mn 2.07 
co 1 
Ni 1.02 
cu 1.18 
As 7.16 
Zr 1 
Nb 1 
MO I 
Sn 1.56 
Sb 2.51 
La 1 
Ta I 
W 1 

* 4, > 4,. 
t Q unknown. 

Kai, Goshgarian, Willardson. Vidal Experimental 
Miki Jensen Honig M&trier Socha et a/. &-value 

0.98 1.28 I.12 1.10 .1.60 1.98 2.0 0.2 f 
0.91 1.03 0.97 0.88 1.67 1.79 1.6 + 0.2 
I.17 1.21 1.01 1.04 1.65 1.85 1.7 0.1 + 
1.50 1.57 1.53 1.49 1.21 1.92 2.7 0.2 k 
0.94 0.90 0.87 0.89 1.00 0.88 0.86 0.09 * 
0.96 0.96 0.81 0.93 I.1 1 0.91 0.84 0.08 f 
1.20 1.18 0.78 1.16 1.06 0.84 1.6 0.2 + 
2.63 3.52 2.19 4.39 * 0.91 3.0 0.4 * 
0.75 1.17 1.39 1.01 1.59 2.44 2.0 0.2 + 
0.63 0.83 1.13 0.73 1.56 1.94 1.6 0.2 f 
0.67 0.80 1.12 0.72 1.40 1.70 1.2 0.1 * 
1.40 2.14 1.21 2.00 1.26 1.52 4.1 0.8 + 
1.42 2.25 1.46 2.48 * 1.00 3.6 0.6 + 
1.32 2.79 t 1.99 3.06 t 5*1 
0.51 0.68 t 0.68 * t 0.9 0.1 + 
0.46 0.56 t 0.56 * t 0.6 0.1 + 

Jensen,“*” Honig” and MeGtrier.’ 3 For sensitivity favourable case .there remains an average deviation 
coefficients equal to I the average deviation is 1.78. of 40-50%. 

CONCLUSIONS 

The best correlation between calculated sensitivity 
coefficients based on various semi-empirical equations 
found in the literature and our experimental values, 
corrected for discrimination effects occurring in the 
mass spectrometer, is found with the equation pro- 
posed by Goshgarian and Jensen. Even in this most 

Hence for accurate work, the use of one or more 
reference materials remains mandatory. Nevertheless 
it appears that, if no reference materials are available 
for the analysis of metal samples, it is better to use 
calculated sensitivity coefficients than to apply no 
correction at all to the data. 

To obtain better results with calculated sensitivity 
coefficients, it is felt that the equations should not 
only contain .physical parameters relating to the im- 

Table 4. Ratio of the calculated and experimental sensitivity coefficients for iron and steel samples 

Element 

Ti 
V 
Cr 
Mn 
co 
Ni 
cu 
As 
Zr 
Nb 
MO 
Sn 
Sb 
La 
Ta 

Kai, Goshgarian, Willardson, Vidal 
Addink Miki Jensen Honig M&trier Socha et al. 

2.00-l 2.04-l 1.56- ’ 1.79-l 1.82-l 1.25-l 1.01-’ 
1.60-l 1.76-l 1.55-l 1.65-l 1.82-l 1.04 1.12 
1.59-l 1.45-l 1/U-’ 1.68%’ 1.63-l 1.03-’ 1.09 
1.30-I 1.80-l 1.72-l 1.76-l 1.81 -’ 2.23-l 1.41 - L 
1.16 1.09 I .05 1.01 1.03 1.16 1.02 
1.21 1.14 1.14 1&I-’ 1.11 1.32 1.08 
1.36-I 1.33-l 1.36-l 2.05 - ’ 1.38-l 1.51-I 1.90-’ 
2.39 1.14-l 1.17 1.37-I 1.46 - 3.30- ’ 
2.00-’ 2.67-l 1.71-I 1.44-l 1.98-l 1.26-l 1.22 
1.60-l 2.54-l 1.93-l 1.42-I 2.19-l 1.03-l 1.21 
1.20-I 1.79-l 1.50- ’ 1.07-l 1.67-l 1.17 . 1.42 
2.63 - ’ 2.93 - ’ 1.92-l 3.39-I 2.05 - ’ 3.25- ’ 2.70- ’ 
1.43-I 2.54- ’ 1.60-’ 2.47 - ’ 1.45-l 3.6t- ’ 
5.00-’ 3.79-’ 1.79-l - 2.51 -’ 1.63-l - 
1.11 1.76-I 1.32-l ‘1.32-l - 
1.67 1.30-I 1.07-’ 1.07-I - - 
1.83 1.94 1.49 1.70 1.64 1.49 1.70 

vi S 
‘f = - with f, = Real. if SRcsls > s 

n s II clp 
R 6XP 

s 
= Re*l, if & CPle < SR clp 

S R EIlC 
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Table 5. Calculated and experimental sensitivity coefficients for copper samples (Fe: Ss = 1) 

Calculated &-value 

Element Addink 
Kai. 
Miki 

Goshgarian. 
Jensen Honig Menetrier 

Willardson, Vidal Experimental 
Socha et al. &-value 

Be 

2 
P 
Cr 
Mn 
co 
Ni 
cu 
Zn 
Ga 
As 
Se 

Ag 
Cd 
Sn 
Sb 
Te 
Pt 
Pb 
Bi 

f:. 

1 1.01 0.79 0.27 0.93 * 
1.10 1.63 2.03 0.68 I.55 2.47 
1.22 0.85 0.93 0.45 0.97 * 

8.22 5.09 3.96 3:34 5.28 * 

1 1.17 1.21 1.01 1.04 1.65 
1.75 1 so 1.57 1.53 I .49 1.21 
1 0.94 0.90 0.87 0.89 * 

I 0.96 0.96 0.81 0.93 I.1 1 
1 1.20 1.18 0.78 1.16 1.06 
4.61 2.58 3.07 1.76 3.66 * 

1.16 1.83 1.93 0.89 I .42 2.45 
6.05 2.63 3.52 2.19 4.39 * 

5.66 t t t t * 

1.39 1.46 1.84 1.74 1.77 1.1 
5.26 3.12 4.66 2.81 5.39 * 

1.31 1.40 2.14 1.21 2.00 1.26 
2.12 1.42 2.25 1.46 2.48 * 

2.87 2.06 2.58 2.16 2.95 * 

1 0.64 0.74 P 0.85 * 

2.14 2.15 3.98 2.26 3.75 1.22 
2.53 2.08 4.20 a 3.89 1.29 
1.90 1.50 1.50 1.56 1.60 I .56 

0.14 0.64 f 0.09 
2.04 1.3 * 0.2 
0.40 0.96 k 0.09 
1.06 1.6 f 0.2 
1.85 1.7 + 0.2 
1.92 1.5 * 0.1 
0.88 0.88 k 0.08 
0.91 0.71 + 0.07 
0.84 0.68 + 0.06 
0.87 1.0 f. 0.1 
2.63 1.9 * 0.2 
0.91 2.2 k 0.6 

t 1.9 * 0.4 
2.03 1.8 k 0.3 
1.65 2.2 * 0.5 
1.52 2.3 f 0.5 
1.00 2.8 + 0.7 
1.26 2.9 k 0.5 

I 0.8 + 0.2 
2.87 2.8 + 0.7 
l.$2 Y 1.7 f 0.4 

* A ’ 4, 
t AH unknown 
1 Q unknown 

% 
$f = - withfi = 

SR E.IC 
- if Ss E.IC > Sse,r 

n SR exp 

‘scXpifS =- ..<S 
SR EIlC 

RCA,‘ Rc\p 

Table 6. Calculated and experimental sensitivity coellicients for aluminium samples (Fe: SR = I) 

Catculdted &-value 

Element Addink 

Mg 3.55 
Al 1 
Si 1.11 
Ti 1 
Cr 1 

L? 1.59 1 
cu 1 
Zn 4.21 
Sn 1.20 
Pb 1.95 
f* 1.48 

Kai. Goshgarian. 
Miki Jensen 

2.80 4.38 
1.63 2.03 
0.85 0.93 
0.98 1.28 
1.17 1.21 

0.96 1.50 0.96 1.57 
1.20 1.18 
2.58 3.07 
1.40 2.14 
2.15 3.98 
1.36 1.39 

Honig Mtnetrier 

I .54 4.25 
0.68 1.55 
0.45 0.97 
1.12 1.10 
1.01 1.04 

0.81 1.53 0.93 1.49 
0.78 1.16 
1.76 3.66 
1.21 2.00 
2.26 3.75 
1.43 1.41 

Vidal 
et (II. 

I .74 
2.04 
0.40 
1.98 
1.85 

0.9 1.92 1 
0.84 
0.87 
I .52 
2.87 
I .49 

Experimental 
!&-value 

3.0 * 0.4 
1.08 + 0.06 
0.84 f 0.08 

1.6 f 0.2 
1.6 + 0.1 

0.74 1.5 f + 0.1 0.07 
0.67 + 0.05 

1.8 k 0.2 
2.2 + 0.3 
2.8 f 0.4 

vi *f = _ withfi = ~ SRc’rc if S ,. > 5 
n Slcrp 

R Ld‘ R e*p 

‘ssXp if S =- 
SR CllC 

< S R EIle R EXP 
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purity, the internal standard and the matrix, but also 10. B. B. Goshgarian and A. V. Jensen. Air Force Rocket 

parameters connected with the sparking conditions Propulsion Lab. Rem.. RPL-TDR-64-54. AD-488166. 

and the temperature of the electrodes. These indeed 
1964. 

have a,large influence on the experinmntal sensitivity 
1 I. Idcm. Paper 52. 11th Annual Conference on Mass Spec- 

trometry and Allied Topics, Montreal. 1964. 
coefficients of elements with boiling and melting 12. R. E. Honig. Adr. Mass Spectrom. 1966. 3, 101. 
points considerably different from those of the inter- 13. M. Menttrier, Methodes Phys. Anal. GAMS, 1968. 4, 

nal standard, as shown earlier.” 153. 
14. R. K. Willardson and A. J. Socha. Aerospace Res. Lab. 

Rent. ARL-65-130. 1965. 
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DETERMINATION OF TUNGSTEN BY PLASMA 
EMISSION SPECTROMETRY 

G. WUNSCH 

Anorganisch-chemisches Institut der Universitlt. D-4400 Miinster. 
Federal Republic of Germany 

(Rrceiced 7 SrpternhPr 1978. Accepted 10 October 1978) 

Summary-The emission spectrum of tungsten in an inductively coupled Ar/Ar-plasma (ICP) was inves- 
tigated and relative intensities of 17 lines listed. Among the lines tested. W I 400.875 nm and W 
267.91 I nm are recommended for steel analysis. Several others suffer from severe spectral interferences. 
The line W 400.875 nm is very sensitive. but interfered with by titanium and very high iron concen- 
trations. The line W 207.911 nm requires careful determination of adjacent background, but can be 
used even with low-resolution instruments. The influence of RF power, nebulizing conditions. burner 
height, and acid concentration was tested and found to be small enough for simple control in routine 
work. Steels and other alloys containing 0.02-80% W were analysed. 

In 1963 Tappe and van Calker detected tungsten at 
the 25-ppm level in a non-toroidal plasma flame.’ 
Since then, many elements have been tested with 
better equipment. Tungsten has been detected at 
concentrations of 0.4 ppm’ and 0.1 ppm3 but no in- 
vestigation of the determination of tungsten with an 
inductively coupled plasma (ICP) has yet been 
published.4 

EXPERIMENTAL 

Sequential plasma emission spectrometer “Spectroana- 
lyzer model JY 38 P”. Instruments S.A. GmbH, D-8025 
Unterhaching. RF generator 27.12 MHz, output power 1.6 
kW. Torch for an inductively coupled Ar/Ar-plasma (12 
I./min). Pneumatic nebulizer supplied by Instruments S.A.. 
with Lava1 jet; inner tube of steel; jet cone of Teflon; body 
of Delrin; aspiration rate about 1 ml/min. Spectrometer: 
ISA-Jobin-Yvon HR 1ooO: l-m Czerny-Turner mount. 
holographic grating 2400 lines/mm, linear dispersion 0.4 
nm/mm; entrance slit 10 mm in height, 0.020 mm in width: 
exit slit 0.03 mm; photomultiplier Hamamatsu R 336. 
Computer and digital read-out: PDP 11. Chart recorder: 
Watanabe Servocorder SR 6201. 

Chemical procedure 

Approximately constant sample amounts of 0.1 g or. if 
necessary, 1 g are dissolved in a covered vessel in 10 ml 
of cont. phosphoric acid + 10 ml of cont. nitric acid + 
20 ml of cont. hydrochloric acid + 20 ml of water. After 
dissolution is complete the liquid is diluted to 100 ml with 
water and this solution fed to the plasma flame. Smaller 
samples or further dilution are permissible for tungsten- 
rich material, provided the acid concentration is kept ap- 
proximately the same. This dissolution procedure was suc- 
cessfully applied to ordinary, high-speed and heat-resistant 
steels as well as to Co/N&r alloys and hard-metal 
powders. 

Various tungsten lines have been used for conven- 
tional optical emission spectrometry.4 Since the inten- 
sity values reported in the literature refer only to arc 
or spark excitation, an ICP emission spectrum of 
tungsten was recorded, over the range 402-200 nm. 
Conditions: 100 ppm W, aqueous solution; RF 
power: 1.15 kW; sensitivity: “mesure” 18; other in- 
strument settings as recommended above. The relative 
intensities (W I 400.875 nm = 100) of several lines. 
and some additional data are given in Table 1. 

Recommended measurement conditions Remarks on the line WI 400.875 nm 

RF power output: 0.9 kW (1.15 kW can also be used 
with rather good results): reflected power: 0.1 kW. Nebu- 
lizer: pressure 25 psig, argon flow-rate 0.45 I./min. Torch: 
argon flow-rate i 2 I./min (working and cooling gas). Obser- 

This line provides a high sensitivity in aqueous 
solution as well as in an iron-acid matrix. It suffers 
from spectral interference by the strong titanium line 

vation height: &IO mm above torch. Measurement: begin 
about 20-30 set after starting the aspiration: integration 
time: 30 set: sensitivity: “mesure” I8 or 21: background 
rate suppression: “zero” 0 (optionally higher. if desirable). 

Calibration 
. 

Tungstrn standard solution. Heat pure WOJ at 800’ to 
constant weight, dissolve it in sodium hydroxide solution 
and dilute with water. 

Irorl-rungsren standard solurion. For steel analysis dis- 
solve 0.100 g or 1.00 g of pure iron in the acid mixture 
used for samples, add an appropriate amount of tungsten 
standard solution and dilute to 100 ml with water. Prepare 
iron-tungsten standards covering the working ranges listed 
in Table 2. 

For work with the line W 207.911 nm. the matrix con- 
centrations of samples and standards must be closely 
matched. The analysis of iron alloys by use of the line 
W I 400.875 nm requires two different calibration curves 
for standardized iron concentrations of 0.1 g/ml and I.0 
g/ml. to allow for the spectral interference of iron. How- 
ever. this interference is low enough for O.l-g/ml iron stan- 
dards to be usable for the evaluation of solutions with 
minor or no iron content: see Table 3. 

RESULTS AND DISCUSSION 

Selection of spectral line 
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Table 1. Spectral lines for tungsten analysis 

Relative intensities 

Line, nm 

In ICP 
Ar/Ar 

1.15 kW 

Harvey 
factor*, in 

graphite 
arcs 

In 
copper 
spark6 Remarks 

Fe 407.47 
w I 407.436 
Ti I 400.966 
Ti I 400.893 
Fe 400.887 
w I 400.875 
MO II 400.867 
Ti I 400.808 
w I 381.748 
w II 361.379 
Fe I 321.594 
Nb II 321.560 
w I 321.556 
w I 294.698 
Ta I 294.691 
MO 294.482 
V II 294.457 
w I 294.440 
Fe II 294.439 
Cr I 289.675 
w I 289.645 
Re I 289.602 
Fe I 276.433 
Cr I 276.435 
w II 276.427 
co I 276.419 
Mn II 272.445 
w I 272.435 
Fe I 271.902 
w I 271.890 
Sb I 271.889 
cu II 271.878 
Ge I 258.919 
w II 258.917 
Th 258.906 
w I 255.135 
Fe 255.109 
Fe 243.634 
w I 243.596 
Nb 243.596 
co II 239.739 
w II 239.709 
co II 239.677 
w II 220.449 
Fe 208.03 
W 207.911 
Fe 207.8 1 

0.03 
45 

7 
38 

0.03 
100 
< 0.05 

1 
15 
10 

56 
64 

66 

46 

116 

62 

35 

55 

44 

22 

high 
87 

11 
0.05 
8 
0.02 

2 
1 

0.02 950 high background in ICP 

5 
160 

1 
0.006 
0.05 
0.015 
1 
1 
0.05 
0.01 
0.5 
0.2 
0.05 
0.4 
2 
1 
0.03 
1 
5 
0.015 
1 

130 OH band 
300 Rt: R.U. 

300 R; R.U. 

190 

320 

260 
0.3 
3 
0.3 

0.5 
0.03 
2 
5 
0.15 
1 
0.2 
0.07 
5 

280 lowest energy level involved 

160 

550 
matrix: Fe 10 mg/ml 

matrix: Fe 10 mg/ml 
low background in ICP 
matrix: Fe 10 mg/ml 

* This factor is inversely proportional to intensity. 
t R = self-reversal. 

Ti I 400.893 nm and a weak iron line at 400.887 nm, iron coticentrations. It may, if necessary, be measured 
which are both insufficiently separated by l-m mono- at about 400.85 nm. Though the inAuence of large 
chromators: see Figs. 1 and 2. A noticeable influence iron contents can readily be compensated, the high 
of iron on the intensity at the tungsten position blank in the range of 400 nm prevents use of high 
400.875 nm is observed for Fe:W ratios exceeding sample concentration plus high gain. If extreme sensi- 
50. For the determination of small amounts of tivity is required, Fig. 4 (see below) suggests using 
tungsten in iron-rich material, samples and standards low RF power to depress the background, at the risk 
should not differ too much in iron content, see Table 3. of bad plasma stability and chemical interferences due 
The continuous background in this spectral region to the lower temperature. Such conditions were not 
is generally high, but hardly influenced even by high tested here. There is no spectral interference by at 
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Table 2. Statistical and calibration data 

Sensitivity “mesure” 

Matrix 

Calibration factor, a 
(ppm W/digit/30 set) 
Standard deviation of 
method. s (ppm W) 
Degrees of freedom 
for s and s, 
Standard deviation of 
factor (I, s,, 
(ppm W/digit/30 set) 
Determination limit, 
cd (ppm W) 
Detection limit, 
x (net digits/30 set) 
Working range, 
(ppm W) 

W I 400.875 nm W 207.911 nm 

21 18 21 21 21 

Fe 1 Fe 10 mg/ml mg/ml iron-free acid Fe 1 mg/ml Fe 10 mg/ml 

0.00269 0.0284 0.0359 0.0338 0.038 1 

0.624 0.632 0.575 0.446 0.473 

13 13 5 8 8 

7.8 x 1O-6 1.6 x 1O-4 2.1 x lo+ 1.3 x 1o-4 1.6 x 1O-4 

0.13 1.4 1.7 1.6 1.8 

34 34 34 34 34 

0.1>50* 1.4500 1.7-700 1.6600 1.8-700 
0.13-20 

*With background suppression 

least lOO-fold amounts. of MO, V, Mn, Co, and Ni. 
For example, the line MO II 400.867 nm, which is 
reported to have almost half the intensity of W I 
400.875 nm in spark discharges,’ was not observed 
at all in the Ar/Ar-ICP, proving its intensity to be 
less than 0.05% of that of the tungsten line. 

400.893 

Ti 

W 400.875 
Fig. 1. Titanium lines near W I 400.875 nm (1000 ppm 

Ti in 6M HCI; 100 ppm W). 

Remarks on the line W 207.91 I nm 

This line shows only 8% of the intensity of W I 
400.875 nm, but the low background in its spectral 
region permits high gain to overcome this drawback. 
The background intensity near 208 nm is only about 
0.8% of that near 400 nm (measured with 1.15 kW 
RF power). No interfering spectral lines of Fe and 
Ti in lOOO-fold and of Mn, Cr. Co, Ni, V, and MO 
in lO@fold amounts could be detected. The only 
neighbouring lines Fe 207.81 nm and Fe 208.03 nm 
are clearly separated from the tungsten line, even by 
instruments with moderate performance, see Fig. 3. 
On the other hand, the line W 207.911 nm suffers 
from pronounced matrix effects on both the net inten- 
sity of the line and the height of the continuous back- 
ground. This demands, in any case, a careful control 
pf the matrix content of samples and standards, even 
if the instrument provides a convenient measurement 
of the adjacent background. Consequently, the line 
W 207.911 nm is valuable for samples rich in 
titanium, and for monochromators with low resolu- 
tion. 

RF power 

The RF power fed to the coil has relatively little 
influence on the net tungsten signal at 400.875 nm, 
but the background produced by water or an iron- 
acid matrix sharply increases with power, see Fig. 4. 

Fig. 2. Iron lines near W I 400.875 nm (10,000 ppm 
Fe + IO ppm W). 

TM_. 26i4-c 
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Table 3. Examples of application 

Sample 

Steel 

Steel 
Steel 
Heat- 
resistant 
Steel 
High- 
speed 
Steel 
Co/Cr 
Alloy 
Hard- 
metal 

Iron concn:, 
g/100 ml 

Tungsten, Y, 
Line, In sample In standard 

Taken Found nm solution solution Remarks 

_ 0.02 0.03 400.875 .1 1 Interference by Fe 400.887 nm not fully compen- 
0.07 400.875 _ 1 0.1 sated 

0.09 0.088 400.875 -0.1 0.1 
0.21 0.20 400.875 -0.1 0.1 
2.21 2.27 400.875 _ 0.1 0.1 

2.26 207.911 -0.1 0.1 
12.40 12.44* 400.875 z 0.02 0.1 

12.14* 207.911 5 0.02 0.1 Improper correction of continuous background 
3.68 3.66 400.875 - 0.1 Fe-containing standards suffice 

3.74 207.911 0.1 Matrix effect on line and/or background 
80.0t 80.1* 400.875 - 0.1 Fe-containing standards suffice 

78.8’ 207.911 - - 

For the selection of measurement conditions it should Since the level of the liquid being aspirated gener- 

be kept in mind, however, that low energy favours ally influences the signals, the importance of this par- 

chemical interferences due to low kinetic plasma tem- ameter was tested for the ISA pneumatic nebulizer 

perature. used. The effect was found to be noticeable but not 

Nebulizing conditions 

Preliminary tests showed a nebulizing gas pressure 
of 25 psig and an aerosol argon flow-rate of 0.45 
I./min to be favourable. Figure 5 demonstrates the 
influence of pressure and corresponding flow-rate on 
the tungsten and background signals. The initial 
values mentioned above were considered to be a good 
compromise and were kept constant in subsequent 
work, since high pressure produces larger aerosol par- 
ticles and so favours interferences. 

1Oppm tungsten 

digits/l0 set 

t 

bockground Ill201 

digitsllosec 

:2500 I 
: , 

: 

I’ 

: 2000 

I8 
fl500 

500 :1000 

Loo I F-L,, ; 5oo 
.sS 

* Reduced amount of sample. 
t Found by titration. 

il - 1OOOOppmTi 

L - 1OOOOppm~ Fe 
h ;yfpmTI 

(a) (b) 

Fig. 3. Spectral region near W 207.911 nm: (a) W and 
Fe lines (10,000 ppm Fe + 100 ppm W), (b) height and 

structure of background near the tungsten line. 

1(-y-: : : ::; 
0.6 OB 1.0 !.2 1.4 

RF power [kW] 

Fig. 4. Influence of RF power at 400.875 nm: solid line, 
left-hand scale, 10 ppm W, aqueous solution; dashed line, 

right-hand scale, background water. 

1Oppm tungsten background(H201 

digits /lOsec digitsllosec 

0.35 Ok O/r5 0.5 Cl.55 0.6flowrate[l/min] 

Fig. 5. Nebulizing conditions: 1.05 kW; 400.875 nm; solid 
line, left-hand scale, 10 ppm W, aqueous solution; dashed 
line, right-hand scale, background water. (The lower hori- 
zontal axis shows the flow-rates corresponding to the 
various pressures, if the argon rate is preset to 0.45 l./min 

at 25 psig.) 
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critical: deviations as large as f50 mm from the level 
normally used caused variations of f3% of the net 
tungsten signal. 

Ohseruarion heighr 

Normally the plasma flame region from 0 to 10 
mm above the torch was observed. The tungsten 
400.875 nm signal was the same in the region 4-14 
mm above the torch but 20% less intense IO-20 mm 
above the torch. 

Acid concentration 

If the recommended chemical procedure is fol- 
lowed, the solution aspirated is 4.5M in phosphoric 
acid and about 3.8M in hydrochloric plus nitric acid. 
If the phosphoric acid concentration is kept constant, 
a decrease to 2.6M HCI + HN03 does not influence 
the tungsten signal. but a further reduction to 1.3M 
HCI + HNO, causes an error of +8x. At a constant 
acidity of 3.8M HCI + HNOJ a decrease to 2.25M 
H3P04 produces +6% error, and an increase to 6.8M 
H3P04 gives an error of about -13x, due to the 
altered viscosity of the solution. Since the phosphoric 
acid content will hardly vary at ail in routine work. 
and since even considerable losses of the other two 
acids are harmless, the acid -concentration is not a 
parameter requiring careful control. This is mainly 
due to the excellent properties of the ISA nebulizer 
used. 

Calibration and statistical characterisation 

Calibration measurements were performed at 
400.875 and 207.911 nm, by the recommended experi- 
mental procedures. The standard solutions contained 
tungsten at the prescribed acid concentration (4SM 
HAPOd + 2.4M HCI + 1.4M HN03) with or without 
a matrix of 1 or 10 mg of iron per ml. The back- 
ground was separately determined by aspirating tung- 
sten-free samples. 

The gross readings xp (digits/30 set) are corrected 
for the blank x,,,, and the resulting net values x, 
(digits/30 set) are converted into concentrations c 
(ppm W in the solution aspirated). The equation used 
is c = ax,, with the calibration factor a (ppm/digit/30 

Correlation analysis proved the strict linearity of 
all calibration curves (significance level P = 99.9%). 
Regression analysis of the expression y = ax + 6 

showed h = 0 (at the 95% level and with the degrees 
of freedom listed in Table 2), i.e., the applied method 
of background correction is efficient. The determina- 
tion limit (“Erfassungsgrenze”) cd (ppm W) is calcu- 
lated according to the definition of Svoboda and Ger- 
batsch* (.Q = .W,, + 60,~) to give cd = 6aab, for net 
values x,. The detection limit (“Nachweisgrenze”) x 
(net digits/30sec) is given according to Kaiser and 
Specker’ as x = X,,, + 3J20,,, calculated for net 
digits. 

Applications 

Table 3 shows the results obtained for steels and 
non-ferrous alloys. They prove that the line W 
400.875 nm suffers little from matrix effects, except 
for very high iron concentrations. When the line W 
207.911 nm is used, however, matrices of samples and 
standards must be carefully matched. 
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Summary-The ligands 2-(2’-pyridyl)- and 2-hydrazino-8-hydroxyquinoline form terdentate complexes 
with a 5,5-bicyclic ring system, the stabilities being greater than those of the corresponding I-hydroxy- 
quinolinates. This study affords a more complete picture of the behaviour of terdentate 2-substituted 
8-hydroxyquinolines. Solutions of these ligands and metal ions are complicated by formation of the 
protonated species MHL*+, M(HL):+ and MLHL+. The existence of the protonated species is depen- 
dent not only on pH and ligand:metal-ion molar ratio but also on the nature of the metal ion itself. 

In studies on the design of selective analytical re- 

agents, 2-substituted %hydroxyquinolines have 
received considerable attention. Although early work 
with these ligands focused on the effects of 2-alkyl 
and 2-aryl substituents,‘-3 more recent work has in- 
vestigated the effects of 2-substituents that contain a 
potential donor atom. 4-7 Evidence presented in a pre- 

vious report7 suggested that the most stable terden- 
tate complexes derived from such substituted %hy- 
droxyquinolines result when the relative orientation of 
the three donor atoms is such that a 5,6-bicyclic che- 
late-ring system is produced. This ring system is 
strain-free, as shown by molecular models. ‘For a 
donor-atom orientation that imposes a 5,5-bicyclic 
ring system, a higher degree of chelate-ring strain is 
encountered. If the degree of strain is minor (as in 
the complexes of 2-aminomethyl&hydroxyquinoline), 
terdentate complexes of greater stability than the cor- 
responding 8-hydroxyquinoline complexes are 
formed.’ If the strain is appreciable, the resulting 
complexes may be terdentate but of little enhanced 
stability (e.g., complexes of 4-amino-5-hydroxyacri- 
dine),4 or bidentate in which the 2-substituent acts 
as a blocking group (e.g., complexes of 4,5-dihydroxy- 
acridine and of 8-hydroxyquinoline-2-carboxaldox- 
ine).4.h 

The present study reports on the complexing 
properties of 2-(2’-pyridyl)- and 2-hydrazino-8-hy- 
droxyquinoline (2-PyQ and 2-HyQ, respectively). Each 
ligand can form a 5,5-bicyclic chelate-ring system. 

2--PyQ 2-HyQ 

* Present address: Atomic Energy Commission of 
Canada, Ltd., Chalk River, Canada. 

Solutions of these ligands and metal ions are very 
complicated, containing several different metal-ligand 

species, some of which are unusual. An attempt to 
describe these solutions quantitatively has been made. 
Formation constants for the various species have 
been calculated and data for the 1 :l ML+ species 
show clearly that these ligands form terdentate com- 
plexes of enhanced stability. 

EXPERIMENTAL 

Reagents 

All chemicals used were of suitable purity for the pur- 
pose intended. Purification of 1,4dioxan and the prep- 
aration and standardization of stock metal-ion solutions 
were as described elsewhere.’ 

The ligand 2-PyQ was synthesized from 8-methoxy- 
quinoline and 2-pyridyl-lithium by a procedure similar to 
that used for 2-(2’-hydroxyphenyl-8-hydroxyquinoline.’ 
The 2-pyridyl-lithium was prepared by the procedure of 
Gilman and Spatz.” except that the temperature was main- 
tained at -40” for an improved yield.g The crude 2-PyQ 
was recrystallized from aqueous ethanol, m.p. 129-130”; 
yield, 20% based on 8-methoxyquinoline. Calculated for 
C H N.0: C. 75.6”/:,; H, 4.54%: N, 12.6;/,: found: C, 14 10 2 
75.5%; H, 4.4%; N, 12.5%..The ligand 2-HyQ was pre- 
pared as described by Rudolph et a/.,” m.p. 177-178”. Cal- 
culated for CaHaN,O: C, 61.7%; H, 5.18%; N, 24.0%; 
found: C. 61.8%. H. 5.5x. N. 24.0% These liaands were 
further characterized by infrared, i&-MHz proton mag- 
netic resonance (‘Hmr), and mass spectroscopy. All spectra 
were consistent with the expected functional groups and 
structures. The more notable features were the absence of 
the a-H resonance (a quartet in I-hydroxyquinoline) in the 
second-order ‘Hmr spectra, proving that substitution had 
occurred in the 2-position, and the correct parent molecu- 
lar-ion peaks in the mass spectra. Both ligands absorb 
strongly in the ultraviolet region. For 2-PyQ, 
l u>,.+ = 3.2 x lo4 I.mole-‘.cn-’ at I,,, = 296 nm (pH 
2); E”,_ = 3.0 x IO4 and 3.1 x lo4 at I,,, = 280 and 263 
nm. respectively (pH 7): ct. = 3.3 x lo4 at I,,, = 295 nm 
(pH 13). For 2-HyQ, l uZI.+ = 4.2 x lo4 at I,,, = 266 nm 
(pH 3); * cur. = 4.7 x 104 at &,,,, = 278’ nm (PH 9); 
et, = 4.4 x lo4 at L,,, =.262 nm (pH 12). 
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Acid-dissociation constants 

The pK(NH) and pK(OH) values were obtained poten- 
tiometrically, essentially as described elsewhere.‘.” Appro- 
priate volume corrections and glass-electrode calibration 
for hydrogen-ion concentrations were made for the 50% 
v/v aqueous dioxan medium (ionic strength, 0.1). The pKw 
value was 15.33 + 0.02 at 25”. The pK values were calcu- 
lated from straightforward equations. Only experimental 
points which fell in the ranges p = 0.248 and 1.2-1.8 were 
used. For 2-PyQ, pK(NH) = 3.62, pK(OH) = 11.21; for 
2-HyQ, pK(NH) = 6.58, pK(OH) = 11.86. These values 
are the average of 10-12 results. with standard deviations 
20.03. 

Metal-chelate formation constants 

These were determined potentiometrically in the usual 
way in Se4 v/v dioxan-water.4.‘1 The hydrolysis curve 
for each metal ion was also obtained. The progiam 
SCOGS, which allows calculation of formation constants 
and the determination of the types of metal-complex 
species present, was used in this work.‘* With SCOGS, 
it is possible to calculate formation constants not only for 
simple complexes but also for protonated, hydrolysed, 
mixed and polynuclear complexes in a system in which 
the degree of complexation is pHdependent. Where reli- 
able constants are to be calculated for many co-existing 
species, it is essential to have experimental data of high 
accuracy covering a wide range of experimental concen- 
trations of ligands and metal ion. Thus, the data from as 
many as 8 (and not fewer than 3) different ligand:metal-ion 
molar ratios (ranging from 9:1 to 1: l)- were refined 
toaether. The use of SCOGS entailed a correction in the 
teak CT1TR13 and revision to suit the 2-m-Q and 2-HyQ 
systems. Whenever appropriate, the interpretation of the 
more complicated titration curves was assisted by the use 
of formation curves, species distribution diagrams and 
polarographic and ultraviolet-visible region spectral 
studies. 

RESULTS AND DISCUSSION 

From absorption spectra of 2-PyQ solutions in the 
range from 3M hydrochloric acid to pH 13, only the 
acid-base forms H?L+, HL and L- were indicated. 
The species HsL’+ was not detected, even in the 3M 
acid. This result is consistent with the protonation 
behaviour of 2,2’-bipyridyl and l,lO-phenanthroline 
for which Beattie and WebsterI showed that HzL2+ 
is formed only in concentrated acid solutions. For 
2-HyQ, HsL2 + was detected in the acidity range from 
3M hydrochloric acid to pH 1.5 but the pK, value 
was not determined. The pK(NH) value (6.58) was 
assigned to the hydrazino group, since for hydrazine 
the pK, value is 7.98 (in water, at 25.0”).r5 The higher 
value for pK(OH) (11.86) relative to that for %hy- 
droxyquinoline (1 1.20)6 is the result of hydrogen- 
bonding between the -OH and hydrazino groups, as 
revealed by ‘Hmr and infrared spectra. 

The complexing properties of 2-PyQ and 2-HyQ 
are both complicated and unusual. Each ligand forms 
non-protonated and protonated complexes, the rela- 
tive amounts of which depend not only on pH and 
the ligand:metal-ion molar ratio but also on the 
nature of the metal ion. Thus, with Mn(II), only the 
species ML+ and ML, are formed. The titration and 
formation curves for Mn(I1) with both ligands were 

typical of those obtained for bivalent ions and 8-hy- 
droxyquinoline and there was no indication of pro- 
tonated complexes from these curves or from the 
SCOGS refinement of the potentiometric data. With 
Co(I1). Ni(l1). Zn(I1) and Cd(II), however, the for- 
mation of protonated species was evident and for an 
adequate description of the systems by SCOGS 
refinement, the following species were required: ML+, 
ML2, MHL’. M(HL)g+ and MLHL+. The Ni(II)/Z- 
PyQ system is typical and is presented here. The be- 
haviour of Cu(I1) was different and is discussed later. 

In the titration curves for the Ni(II)/2PyQ system 
at ligand:metal-ion ratios of 9:1, 5:l and 2:1, two 
buffer zones were observed, each corresponding to 
one mole of base per mole of Ni(I1). The second zone 
(pH 5.5-7) was not altered by changes in the 2-PyQ 
concentration and could not be attributed to hydroly- 
sis, which occurred in the pH range 8-9 in the titra- 
tion with a 1:l ratio. For this ratio, the two buffer 
zones corresponded to 0.5 mole of base per mole of 
Ni(I1) and the pH range of the second zone (5.5-7) 
was unchanged. Consistent with these observations 
is the scheme: 

Ni2+ + 2HL+ NiLHL+ + H+ (PH 3-5) 

NiLHL+ $ NiL, + H+ (pH 5.5-7) 

where the formation of NiLHL+ is thought to occur 
by the addition of HL to NiL+. 

Additional indirect evidence for protonated species 
was deduced from the formation curves (Fig. 1). The 
maximum displayed in these curves is unusual and 
gives rise to the same value of Ti at three different 
pL values. The peculiar shape is indicative of incor- 
rect chemical equations used to describe the system. 
These equations were based on the assumptions that 
the only complexes formed are NiL+ and NiL2 and 
that any protons bonded to donor atoms are liberated 
on chelation. The formation curves are still useful, 
however, if interpreted in terms of the number and 
source of protons liberated instead of the average 
number of ligands bound per Ni(I1) at a given pL 
value. In acidic solution, A = 1 corresponds to two 
protons liberated per Ni(I1) (from the NH and OH 

Fig. 1. Formation curves for Ni(II)/2-PyQ system at indi- 
cated ligand:Ni(II) molar ratios. 
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groups), but above pH 4-5 it corresponds to the liber- 
ation of only one proton, which must come from the 
OH group. In Fig. 1, starting at low pH values (high 
pL values), ii increases to a maximum above 1 and 
then decreases to unity at pL - 9.5 and 8.5 (- pH 
4.0 and 5.0 for 5:l and 2:l ratios, respectively). Since 
below pH 4.0 and 5.0, ii > 1, it is necessary to postu- 
late the formation of a species such as NiLHL+ where 
the proton liberated from H2L+ is from the NH 
group. If NiLHL+ is the most stable species formed 
in acidic solution (for molar ratios >2:1), ii should 
attain a maximum value of 1.5 since the overall reac- 
tion involves the release of three protons. For a 5:l 
ratio, ii,,, = 1.35 and for a 9:l ratio, nmnr = 1.50. 

At pH above 45, NiLHL+ is in equilibrium with 
free 2-PyQ as follows: 

NiLHL+ $ NiL+ + HL 

Since this reaction does not involve the release of 
protons, the formation of NiLHL+ cannot be 
detected with a glass electrode as probe. Thus, g 
should decrease to unity from its maximum value, 
as is observed when the pH is raised to -4.0-5.0 
(Fig. 1). As noted earlier, the pH range (5.5-7) for 
the acid dissociation of NiLHL+ is not dependent 
on the free ligand concentration, provided the forma- 
tion of NiLHL+ is essentially complete prior to acid 
dissociation. The species distribution diagram (Fig. 2) 
shows that NiLHL+ is essentially fully formed at 
-pH 4.5 and that its concentration decreases as that 
of NiL2 increases from -pH 5-7. Thus, the species 
distribution diagram, based on equilibrium constants 
obtained by SCOGS refinement, is entirely consistent 
with the interpretations of the basic titration curve 
and of the formation curves based on “proton 
release”. Such consistency was also obtained for the 
Co(H), Zn(I1) and Cd(I1) systems of 2-PyQ and 
2-HyQ. 

The formation curve for the Ni(II)/2-PyQ system 
at a 1: 1 ratio is also representative and is of special 
interest in that ii values of 0.5 rather than 1.0 were 
obtained over a wide pL range (Fig. 1). At pL = 9.5, 
A = 0.5, showing t”lt half of the available quinoline 
OH protons were liberated. In more acidic solution 
(e.g., pL = 12.5), E increases above 0.5, which is in- 
dicative of the formation of protonated species. 
Nearly half of the total Ni(I1) is uncomplexed,. as con- 

Fig. 2. Speciesdistribution diagram for Ni(II)/Z-PyQ sys- 
tem at 2:l ligand:Ni(II) molar ratio. 

firmed by polarographic and spectral analysis. To 
explain this observation, it is necessary to postulate 
that the equilibrium constant for the attachment of 
HL to NiL+ is greater than that for the formation 
of NiL+, the concentration of which must necessarily 
be small. The enhanced stability of the MLHL+ 
species is general (Table 2) and is discussed further 
below. Persuasive evidence that the Ni(II)/2-PyQ sys- 
tem has been correctly characterized is presented by 
the species distribution diagram (not shown) for a 1: 1 
molar ratio. At -pH 4.5, xlrli~,,~rruu is -0.5, 

G(NiHL+ -0.4 and aNiL+ and aNiHL2+ are -0.05. At 
pH 6.5, (all ligand now complexed), ~~~~~~~~~~~ is -0.4, 
zNir.ar.+ has decreased to -0.2 (because of deproton- 
ation to NiLJ, xN&, has increased from 0 to 0.2 and, 
most importantly, xNiL+ has increased to -0.2. The 
increase in xNi,_+ is not contradictory but is indeed 
expected because, unlike NiLHL+, NiLz is not stabil- 
ized. 

Formation constants are given in Table 1. Not 
obvious from Table 1 is the special stability of the 
MLHL+ complexes. The enhanced stability for the 
addition of HL to ML+ in relation to the addition 
of HL to M(I1) can be demonstrated by comparing 
the difference between the stepwise constants 
K$:,,,. = [MLHL+]/[ML+][HL] and K,,,~ = 
[MHL’+]/[M*+] [HL]. This difference is expressed 

by 
Alog K = log K;::H,. - log KHH,. 

= l”g,%HL, - l”g,%L - l”ghHL (1) 

(This equation also provides the (log) difference 
between the constants K$‘h,, = [MLHL+]/ 
[MHL’+][L-] and KM,. = [ML]/[M”] CL-].) 

Ln the absence of special stabilizing factors, values 
of Alog K (Table 2) should be ~0. It is logical to 

Table 1. Log of formation constants* of 2-PyQ and 
2-HyQ with selected metal ions, in 50% v/v aqueous 

dioxan, ionic strength = 0.1, at 25” 

Mn(I1) 8.44 
Co(I1) 11.07 
Ni(I1) 11.8 
Cu(II) 14.65 
Zn(I1) 10.89 
Cd(H) 9.1 

Mn(I1) 8.81 
Co(I1) 10.6 
Ni(I1) 11.3 
Cu(I1) 16.04 
Zn(I1) 10.3 
Cd(I1) 8.6 

2-PyQ complexes 
16.50 - - 
22.42 15.50 29.8 28.1 
24.0 16.6 32.8 30.4 

22.75 - - 21.61 14.64 29.85 27.5 
19.6 14.7 29.1 25.6 
2-HyQ complexes 
16.46 - - - 
21.9 16.2 32.8 ’ .28.6 
22.7 16.9 34.8 30.5 
25.87 18.90 38.20 34.0 
21.8 16.8 34.6 29.4 
19.3 16.7 33.2 27.2 

*All constants are expressed as BhlHil., = [MH,L& 
CWCHI’CLI’. 

Each value represents the data from at least three titra- 
tions, refined together. 

The standard deviations (not shown) ranged from 0.03 
to 0.4, th’e poorer precision being obtained for the Zn(I1) 
and Cd(I1) complexes. 
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Table 2. Stabilization (A log K values) of MLHL+ com- 
plexes of 2-PyQ and 2-HyQ 

1% GkHL. log &i, 

2-PyQ complexes 

A log K 

Co(H) 
Ni(II) 
Zn(I1) 
Cd(I1) 

5.8 4.3 
7.4 5.4 
5.4 3.4 
5.3 3.5 
2-HyQ complexes 

1.5 
2.0 
2.0 
1.8 

Co(I1) 6.1 4.3 1.8 
Ni(I1) 7.3 5.0 2.3 
Cu(I1) 6.1 7.0 -0.9 
Zn(I1) 7.2 5.1 2.1 
Cd(I1) 6.7 5.8 0.9 

assume that the enhanced stability is due to the pro- 
ton in MLHL+. From the following considerations, 
it was concluded that the proton is associated with 
an oxygen rather than a nitrogen atom: (a) since the 
proton in the MLHL+ chelates dissociates at pH >5 
for the 2-PyQ chelates (and at pH 76.5 for the 
2-HyQ chelates), it is most unlikely that it is bonded 
to a nitrogen atom because the effect of the co- 
ordinated metal ion would be to reduce the pK(NH) 
vah.te;16 (b) no protonated complexes, including 

MLHL+, were found with Mn(I1). This is consistent 
with the fact that Mn(II) forms appreciably more 
stable complexes with oxygen than with nitrogen 
ligands.” Thus, the preference of the metal ion for 
oxygen or nitrogen donors could determine the for- 
mation of protonated species. 

The enhanced stability associated with the addition 
of HL to ML+ must be the result of the hydrogen- 
bonding. In this respect, the MLHL+ complexes 
resemble the bis(dimethylglyoximato)nickel(lI) 
complex for which solution studies have shown that 
jpH1. 

M(HI.)I ’ KMHI..18 The stabilization of MLHL+ is 

-2 log units (Table 2). which represents _ 3 kcal/ 
mole, an amount of energy readily provided by hy- 
drogen-bonding. However, unambiguous evidence of 
hydrogen-bonding in the solid NiLHLC104 
(HL = 2-PyQ) was not seen in the infrared spectrum. 
The O-H---O frequency appears to be shifted to 
frequencies lower than expected as in the 

Ni(II)-dimethylglyoxime chelate.” Nevertheless, mol- 
ecular models suggest that for octahedral co-ordina- 
tion both oxygen donors must be in adjacent co- 
ordination sites and that the distance between these 
donors is appropriate for hydrogen-bonding. 

In summary, the following complexation reactions 
of 2-PyQ and 2-HyQ with Co(II), Ni(II), Zn(I1) and 
Cd(I1) are proposed (pH ranges are shown to the 
right): 

2-PyQ 2-HyQ 

M2+ +H2L+ - ,MHL’++H+ 2.5-3.5-G- 

MHL’+ +H*L+ + M(HL); + + H+ 2.5-3.5 4-6 

MC2+H2L+ + ML+ +2H+ 2.5-3.5 4-5 
(small amounts) 

ML+ + H2L+ $ MLHL+ + H+ 2.5-5.0 4-7 

MLHL+ $ML*+H+ 5.0-7.0 6-8 

The reactions with Cu(I1) and 2-PyQ are different 
in three respects. The species CuH.L’+ and Cu(HL)i+ 
are not formed in noticeable amounts; at a 1:l ratio 
of metal to ligand, CuL’ predominates over 
CuLHL’, with little free Cu(I1) remaining; and the 
difference between /Ic,,, and /Icut. is strikingly small. 

This is attributed to tetragonal distortion, prevalent 
among 6-co-ordinated Cu(I1) complexes, in which the 
four planar bonds are strengthened and the axial 
bonds weakened (Jahn-Teller efIect).20 If the first 
ligand forms three bonds in the plane compared to 
only one for the second ligand, CuL’ would be stabi- 
lized relative to CuL,. The stabilization would also 
account for the preferred formation of CuL+ instead 
of CuLHL+ at a 1: 1 molar ratio and for the negli- 
gible concentration of CuHL2+ and Cu(HL):+. The 
fact that observable amounts of these protonated 
species are formed by 2-HyQ could result from the 
greater basicity of the nitrogen donors, which would 
stabilize the protonated bidentate complexes. 

The values of & (Table 1) show that the non-pro- 
tonated 1: 1 complexes of both 2-PyQ and 2-HyQ are 
more stable than the corresponding complexes of 
8-hydroxyquinoline (see Table 1 in reference 7). This 
is strong evidence that the ligands are terdentate in 
these complexes. The increase in stability, however, 
is not large and supports the suggestion from molecu- 
lar models that the bite of these ligands is loose and 
that some strain exists in closing the 5,5-bicyclic ring 
structure, particularly for the 2-HyQ chelates. In view 
of the increased total basicity of the donor atoms of 
2-HyQ over that for 8-hydroxyquinoline, the stability 
of the increase in total basicity of the donor atoms of 
enhanced. In this regard, both ligands are similar to 
2-aminomethyl-8-hydroxyquino1ine.6~7 The results of 
this work confirm the opinion’ that the most stable 
complexes derived from potentially terdentate 2-sub- 
stituted 8hydroxyquinolines will result when a 
5,6-bicyclic ring system can be formed, as is the case 
with 2-(2’-hydroxyphenyl)-8-hydroxyquinoline.” Such 
ligands would form very stable complexes, rivalling 
the stability of EDTA complexes. Also, not being es- 
pecially selective, these ligands would react simul- 
taneously with several metal ions under a single set 
of conditions and could be very valuable as precon- 
centration extractants for groups of metal ions (e.g., 
in sea-water) in ultratrace analysis. 
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Summary-From spectroscopic studies as well as from the stability constants of their complexes with 
metal ions. it has been observed that substituted N-hydroxyacetoacetanilides do not enolize, because 
of strong hydrogen bonding in the hydroxamic moiety CH,.CO.CH,.CO.N(OH).R hindering the move- 
ment of the CHs.CO.CHI- group. The ligands thus behave as bidentate in contrast to the expected 
terdentate nature. The stabilitv constants of their complexes are comparable with those for complexes . 
of other ligands in which oxygen is the donor. 

Extensive studies have been made on the analytical 
applications of hydroxamic acids for the determi- 
nation of several bivalent and tervalent metal ions. 

There is renewed interest in these chelating agents 
because of their widespread importance in certain 
iron-transport substances and further they have been 
found in natural products such as antibiotics and bac- 
terial growth factors. In all of them the hydroxamic 
acid group -CO-N(OH)- acts as a typical bidentate 
donor and the chelating reactions with metal ions are 
very similar to those of acetylacetone. 

Physicochemical investigations on the ko-ordina- 
tion behaviour of chelating agents, namely N-hydroxy- 
acetoacetanilide and its substituted derivatives com- 
prising both the hydroxamic acid and the bdiketone 
moieties, have not been made. Such reagents have 
the possibility of enolizing 

-C-CH2-C-N- z$ -C=CH-C-N- 

II II II I II I 
0 0 OH OH 0 OH 

and thus could act as the terdentate ligands. The 
present communication concerns preparation of these 
ligands and their characterization by spectroscopic 
studies. In addition the stability constants of the com- 
plexes formed by them with Cu, Ni, Mn, La, Pr, Nd, 
Sm, Gd, Tb, Y and Yb have been determined by 
potentiometric titration in ‘70% v/v dioxan/water 
solvent mixture at 20”. 

EXPERIMENTAL 

Reagents 

Prepararion of rhe complexing agents. N-Arylhydroxyl- 
amines and 2-(hydroxyamino)benzo[d+l,3-thiazole were 
prepared according to published methods. Some of the 
ligands mentioned here have been described previously.’ 

The ligands were prepared by condensing the substituted 
hydroxylamines with diketene in dry ether at 0”. 

CH2=C-CH2 H-N-R 

&=o + AH + 

CHJ-C-CH&-N-R 

II II I 
0 0 OH 

The hydroxylamines (0.1 mole) were dissolved in about 
60 ml of dry ether and cooled to 0’. Freshly distilled dike- 
tene (0.1 mole) in 20 ml of dry ether was then added over 
a period of an hour. The white compounds precipitated 
were filtered off, washed with cold ether and recrystallized 
from benzene. 

Because of the insolubility of 2-(hydroxyaminobenzo- 
Cd]-1,3-thiazole in ether, the condensation was done in 
methanol. 

Preparation of he meral complexes. The copper com- 
plexes were made by the method of Kettrup et a/.24 To 
a hot solution of the ligand (0.01 mole) in 10 ml of dioxan/ 
water (1: 1) was added-dropwise copper octoate (5 x 10-j 
mole) dissolved in 20 ml ‘of ether. After the addition. the 
mixture was refluxed for 45 min and the precioitated 
complex was purified by washing with petroleum ether and 
finally with diethyl ether. 

The complexes- of nickel, lanthanum and yttrium were 
prepared by adding an ethanolic solution of the ligands 
to the aqueous solution of the metal salts, heated to 
50-W. The complexes could be precipitated by dropwise 
addition of dilute sodium .hydroxide solution. 

Apparatus 

Infrared spectra were recorded in KBr pellets with a 
Perkin-Elmer 225 spectrophotometer. NMR measurements 
were done on CDCI, solutions with a Varian EM-390 90 
MHZ spectrometer at room temperature with TMS as 
internal standard. Mass spectra were taken on.an SM 1 
double-focusing mass spectrometer (Varian MAT). 

Potenriometric titrations 

A Metrohm Super Potentiograph, type E 436, with an 
E 121 UX electrode (Metrohm, pH 0-14,15-100’) was used. 
For the determination of stability constants, 2.5 ml of 5M 
sodium perchiorate, 5 ml of O.lM metal perchlorate or 
nitrate, 30 ml of dioxan and 5 ml of 0.4M ligand solution 
in dioxan were placed in a lOO-ml beaker and stirred for 
20 min. The solution was then titrated with carbonate-free 
1M sodium hydroxide‘ added at a rate of 1 ml/min. All 
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Table 2. ‘H-NMR data for the ligands in CDCI, solvent, ppru 

Ligdnd* CH, ,a,, 

I 
II 
111 
IV 
V 
VI 
VII 
VIII 

1.61 2.68 3.12 
1.61 2.27 2.68 3.09 
1.61 2.32 2.68 3.12 
1.61 2.69 3.14 
1.61 - 2.68 3.12 
I .62 2.68 3.11 
1.62 - 2.50 3.04 
1.70 - 2.25 2.60 

J AR Ring protons OH 

15.6 
15.6 
15.9 
16.5 
17.7 
15.6 
15.6 
15.0 

7.00-7.73 5.95 
7.08-7.73 5.95 
6.88-7.48 5.90 
7.047.78 5.93 
7.3e7.73 5.96 
7.4c7.77 5.95 
7.447.70 5.94 
7.00-8.05 5.95 

* Serial numbers refer to Table 1. 

titrations were done at 20 & 0.50”. For the deter- 
mination of acid dissociation constants, the same method 
was used but the metal solutions were omitted. The stab- 
ility constants were calculated by Bjerrum’s method as 
modified by Calvin and Wilson.5 The acid dissociation 
constants were determined by using Henderson’s equation 
according to Meites and Goldman6 

RESULTS AND DISCUSSION 

The results of elementary analysis, melting points 
and molecular peak m/e values (from mass spectra) 
of the ligands are summarized in Table 1. The mass 
spectrum of N-hydroxyacetoacetanilide shows a base 
peak with high intensity, at m/e 109 (taken as refer- 
ence), corresponding to the fragmentation ion 
C6H60N+. Similar base peaks with high intensities 
were also observed for the other substituted ligands. 

The fragmentation patterns are simple and all very 
similar. 

The mass spectroscopic studies of the copper 
complexes show no molecular peak and no metal- 
containing fragmentation ion, which may possibly be 
due to their low stability constants log (K,, < g). This 
corroborates the observation of Kettrup and Riepe,’ 
from their mass spectral studies on acetoacetanilides, 
that metal complexes with stability constants log 
K,, < 8.5 do not give any molecular peak. From 
NMR spectra of the ligands, as described in Table 2, 
it is observed that no enolization similar to that of 
acetylacetone takes place in solution, as no additional 
signal could be found for the second hydroxyl proton 
in 

-C=CH-C-N- 

bH 8 dH* 

Table 3. Elemental analyses. melting points and infrared spectra of copper 
complexes 

Frequency, cat- ’ 
Ligand C, %* . n N.%* H “/* rc=o--H VC=O-U 

I 

II 

111 

IV 

V 

VI 

VII 
VIII 

53.6 
(54.25) 
55.5 

(55.50) 
55.5 

(54.70) 
51.4 

(49.89) 
49.7 

(49.16) 
45.5 

(44.84) 

5.11 
(5.14) 
5.1 I 

(5.42) 
4.3 

(4.24) 
4.2 

(4.62) 

$1, 

- 

6.7 
(6.12) 
5.9 

(6.06). 
5.9 

(6.03) 
6.0 

(6.07) 

(Sk, 
5.3 

(5.12) 

- 

1670s 1570s 

1665 S 1565 S 

1670s 1585 S 

1670s 1570s 

1670s 1565 S 

1670s 1550 s 

1650m - 
1685 S 

* Figures in parentheses are the theoretical values. 

Table 4. Stability constants of Cu. Ni and Mn complexes of substituted N-hydroxyacetoacetanilides 

Substituent PK 
CUL, NiL, MnL, 

log KI log Kz log K,, log KI log Kz log K,, log K, log Kz log K,, 

10.93 9.24 6.9 8.0 6.0 4.54 5.22 6.19 3.62 4.73 
4-Methyl 11.00 9.35 7.25 8.23 5.9 4.65 5.24 5.19 3.65 4.35 
CFluoro 10.81 7.55 - - - - 

CChloro 10.89 8.55 6.5 7.45 5.75 4.5 5.09 4.96 4.48 4.71 
CBromo 10.90 7.96 6.52 7.16 5.67 4.03 4.78 5.57 3.22 4.24 
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This may be due to the strong hydrogen bonding in in all the ligands, were not found in the complexes, 

the hydroxamic acid moiety because of N-O + M bond formation. 

-cp N- 

// I 
0 

.‘,.H/O 

which restricts the movement of the rest 

(CHJ. CO .CH*-) of the molecule. 
Further the methylene protons shows a quartet 

characteristic of geminal coupling and the coupling 
constant J,,s is of the order of 15-18 Hz. In addition 
to that, the signal due to the hydroxyl proton (marked 
H*) disappears on the addition of D20. 

The pK values of the ligands show that the sub- 
stituents on the phenyl ring have a marked influence 
on the electron density at the nitrogen atom as well 
as on the reactivity of the donor atoms. The pK 
values are in the order (indicated by substituent 
group) F < Cl < Br < H < CH3. From Tables 4 and 5 
it is clear that the stability constants of the complexes 
increase with the basic strength of the ligands since 
the ligands studied here are structurally similar. The 
values of the stability constants of copper, nickel and 
manganese follow the expected order given by Mellor 
and Maley’ and merit no further attention. 

It is evident from the above, that the compounds 
studied here behave as bidentate rather than terden- 
tate ligands towards metal ions. Further, the elemen- 

tal analyses of the isolated copper complexes show 
the metal:ligand ratio of 1:2, indicating a co-ordina- 
tion number of 4. 

All the ligands mentioned in Table 1 are soluble 
in 70’4 dioxan/water mixture, except VII and VIII, 
which cannot be studied in the same way as the 
others. 

We have found from the titration data and forma- 
tion curves that the maximum A values reached lie 
in the range 2-2.5 for bivalent and tervalent metals, 
respectively, demonstrating 1:2 and 1:3 complex for- 
mation in solution. 

The stability constants of the lanthanide complexes 
increase fairly regularly with decrease in ionic radius, 
with the gadolinium complex being less stable than 
predicted from ionic considerations. The curve of log 
p t’s. efr. as shown in Fig. 1 for the 4-bromo-N- 
hydroxyacetoacetanilide complexes of the lanthanides 
is reasonably linear. 

The elemental analyses and infrared spectra of the 
ligands and complexes are summarized in Table 3. 
The band due to the C=O stretching vibrations in 
all the ligands is displaced towards longer wave- 
lengths on complex formation. This indicates co- 
ordination of the carbonyl oxygen atom to the metal. 
If the structures of the complexes are comparable, 
the greater the displacement of this band, the stronger 
the C=O - M bond.’ The displacements found are 
of the order of 85_1OOcm-‘, indicating very strong 
chelation. The bands due to hydroxyl stretching vi- 
brations, which appear in the range 3300-3250 cm-’ 

The differences between the three stability con- 
stants K1, K2 and K3 are not marked, suggesting 
that there is almost equal tendency for the formation 
of the neutral complex species LnR, as for LnR2+. 
The comparison of the stability constants of these 
complexes with those for complexes of other oxygen- 
donor ligands such as acetylacetone and benzoyl- 
phenylhydroxylamine in the same solvent mixture, 
suggests that, if the physical characteristics of the pre- 
cipitate are satisfactory, N-hydroxyacetoacetanilide 
and its derivatives might be as successful as ligands 
such as benzophenylhydroxamic acid for the gravi- 
metric determination of lanthanides.‘O 

OYb 

Fig. 1. 

25 
I 
3 

e/r 

I 
3.5 

Plot of log p vs. e/r of 4-bromo-N-hydroxyaceto- 
acetanilide cotiplexe-s of lanthanides. 
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Summary-The history of two lead-zinc (sulphide) reference ores is presented to show quantitatively 
the serious effects of ambient oxidation on unprotected samples. This study should serve as a warning 
to the users and producers of sulphide-bearing reference ores and concentrates. Suggestions are given 
for overcoming or diminishing the oxidation problem. 

There is wide-spread concern among ore analysts that 
“in-house” and “certified” reference ores and concen- 
trates containing sulphide minerals can undergo a 
change in composition due to oxidation during stor- 
age and use under laboratory conditions. Yet there 
seems to have been no systematic quantitative study 
intended to expose the magnitude of the problem for 
types of sulphide ore commonly used for reference 
purposes. It is, therefore, considered useful to docu- 
ment a study made in the Canadian Certified Refer- 
ence Materials Project (CCRMP), of the history of 
two complex zinc (sphalerite) reference ores, MP-1 
and KC-l, that have been affected by oxidation. It 
is hoped that users and potential producers of similar 
reference materials will benefit from it. 

Although the potential danger of oxidation of 
MP-1 and KC-l was recognized in the CCRMP at 
the outset, it was thought reasonable to expect long- 
term stability for dry reference ores stored in well- 
capped bottles. As part of a general study of the fac- 
tors affecting the stability of sulphide ores Steger’ 
determined certain oxidation products in samples of 
MP-1 and KC-l that had been exposed to air at 
various relative humidities and temperatures for 
periods up to seven weeks. The results of his work 
indicated that both MP-1 and KC-l, kept in well- 
sealed bottles, should not undergo significant oxi- 
dation and concomitant change in overall composi- 
tion during their expected life in storage or during 
exposure to the atmosphere during the taking of sub- 
samples. 

However, in mid-1976, analyses by the widely-used 
EDTA method,’ of arbitrarily selected bottles of 
MP-1 and KC-1 that had been in use in certain CAN- 
MET and commercial laboratories for several years, 
yielded total zinc values that were less than the ori- 
ginal lower 95% confidence limits of 16.20% and 

20.31% respectively (see Table 6). These confidence 

Crown Copyrights reserved. 

limits were derived from zinc results obtained largely 
by the titrimetric ferrocyanide method and by atomic 
absorption; however, some were obtained by the 

EDTA method. 
Because of the possibility that the current zinc 

results by the EDTA method were biased with respect 
to the original recommended zinc values, the EDTA 
method was thoroughly assessed experimentally at 
CANMET and found not to lead to low results when 
applied to materials such as MP-1 and KC-l. There- 
fore, it was concluded that alteration of the selected 
samples had indeed occurred. 

This paper presents analytical data that show the 
change in composition, due to oxidation, of bottled 
samples of MP-1 and KC-l which had been stored 
and opened from time to time in the laboratory and 
also of unopened bottles of the reference ores which 
had been in storage at CANMET since their certifica- 
tion. Suggestions are made that might help producers 
and users of sulphide-bearing reference ores to avoid 
or diminish the danger of oxidation changes in such 
certified reference materials. 

Description of reference ores MP-I and KC-l 

The approximate chemical composition, mineralo- 
gical composition and particle size analyses for MP-1 
and KC-1 are given in Tables 1, 2 and 3 respectively. 
It is of interest to note that a much larger proportion 
of MP-1 than of KC-l is in the <37pm fraction. 
Image (size) analysis has shown that the relative fine- 
ness of sphalerite, pyrite and chalcopyrite is similar 
for MP-1 and KC-l in the <37pm fraction. How- 
ever, galena in this fraction is finer in KC-1 than in 
MP-1. 

Certification of MP-1 and KC-I as compositional 

reference materials 

The preparation and certification of MP-1 and 
KC-l for selected constituents is described in certifi- 
cation documents3*4 which are issued to users of the 

TM_. 26/4-D 
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Table 1. Approximate chemical composition of MP-1 and 
KC-1 

Constituent 
MP-1 KC-1 
% w/w 

0 
Si 
Al 
Fe 
Mg 
Ca 
K 
Na 
Ti 
Mn 
S 
C 
Zn 
Pb 
cu 
Sn 
Ag 
AS 
In 
Bi 
MO 
Cd 
W 
HsO lost at 980°C 
Moisture (2 hr at 105°C) 

27 
19 
4 
6 
0.05 
3 
0.1 
0.01 
0.1 
0.05 

12 
0.1 

16.33* 
1.938 
2.15* 
2.50* 

59.5 ppm* 
0.79* 
0.071* 
0.025* 
0.015* 
0.07 
0.02 
1.6 
0.2 

14 
11 
0.8 

16 
0.05 
0.3 
0.1 
0.2 
- 
0.05 

28 
0.2 

20.37+ 
6.98; 
0.11* 
0.68* 
0.11* 
- 
- 
- 
- 

- 
0.7 
0.1 

* Recommended value in 1972 (MP-1) or 1974 (KC-l). 

reference ores but are not otherwise readily available. 
Therefore, a brief account is given of the procedures 
used in the Canadian Certified Reference Materials 
Project to produce reference ores and related mater- 
ials. 

The finely ground, homogenized ore materials are 
packaged in lOO- or 200-g units. Two randomly- 
selected bottles are sent to each laboratory participat- 
ing in the interlaboratory certification programme 
(there are usually more than fifteen). For each con- 
stituent to be certified five replicate determinations 
are requested for each bottle. This scheme permits 
the computation of the between-bottles variance and 
the average within-laboratory variance, as well as the 
ultimate confirmation of the homogeneity of the refer- 
ence material.5,6 In most interlaboratory programmes 
of the CCRMP, contributors use methods of their 
choice and provide methodological details so that 
analytical results can be scrutinized for chemically 
explainable outliers. To establish whether the overall 
mean (consensus) value for each selected constituent 
should be given the status of a recommended and 
certified value, a criterion of quality called the “certifi- 
cation factor” is used.’ The certified values originally 
assigned for MP-1 and KC-l are given in Table 6. 

Efict of ambient oxidation of “in-use” bottles of MP-1 
and KC-l 

Table 4 gives zinc values for arbitrarily selected 
bottles of MP-1 and KC-l that had been opened for 
analysis at various times in their history and were 

Table 2. Mineralogical composition of MP-1 and KC-1 

Minerals 

Sphalerite 
Galena 
Chalcopyrite 
Pyrite 
Arsenopyrite 
Pyrrhotite 
Stannite-kesterite 
Molybdenite 
Tetrahedrite + stephanite 
Cassiterite 
Wolframite 
Bismuth 
Silver 
Quartz 
Chlorite 
Feldspar 
Fluorite 
Siderite 
Topaz 
Kaolinite 
Rutile 

MP-1 KC-l 
%w/w y0 Mt/w 

25.1 32.7 
2.2 8.8 
3.8 0.3 
1.3 29.9 
1.7 - 

0.3 
2.9 
0.02 - 
0.05 - 
2.0 0.9 
0.04 - 
0.03 

0.1 
34.7 20.6 
7.0 0.9 
0.8 5.0 
6.6 - 
- 0.4 
6.1 
5.8 - 
0.05 - 

kept under laboratory conditions without special pro- 
tection from oxidation between openings. The values 
are, in most cases, the means of five or more replicate 
determinations on material from bottles, the contents 
of which had been well mixed before the taking of 
subsamples. As Table 4 shows, the precision of the 
means is not a function of age of the samples, and 
so the question of sample heterogeneity was not given 
special consideration in this study. 

Even though the results have .been obtained by a 
number of analysts using different methods and work- 
‘ing in different laboratories, it is clear that in all cases 
except that of sample D there is a marked decrease 
in total zinc content with increasing age of the refer- 
ence material. Even in the absence of additional evi- 
dence, which is given below, it would be safe to 
assume that the change in composition was due to 
the oxidation of sulphide minerals, mainly to sul- 
phates.’ 

Although the details of use and the storage condi- 
tions of temperature, relative humidity and corrosive- 
ness of the atmosphere in a particular laboratory can- 
not be specified, the results in Table 4 strongly sug- 
gest that the extent of oxidation is dependent upon 
such conditions. For example, samples E and G of 
MP-l and KC-l respectively, held by commercial 
laboratory No. 2, suffered appreciably greater change 

Table 3. Particle size analysis* of MP-1 and KC-l 

Mesh size (pm) MP-1 KC-1 

>74 0.4 1.7 
46-74 10.7 62.4 
37-46 8.1 11.8 
<37 80.8 24.1 

* Wet-screen method. 
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Table 4. Correlation of zinc values with history of selected samples of MP-1 and KC-l 
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Sample 
Date of 
analysis Zn, “/, w/w s, % wlr Method, laboratory and analyst 

Jan. 1972 
June 1976 
Nov. 1976 

Jan. 1972 
Aug. 1973 
June 1976 
Nov. 1976 
Oct. 1977 

June 1976 
Nov. 1976 

Nov. 1976 
Mar. 1977 

Sept. 1971 
Dec. 1976 
Mar. 1977 

Jan. 1974 
Oct. 1976 
Nov. 1976 

Jan. 1974 
Dec. 1976 

16.17(5)1 
16.01 (5) 
15.91 (5) 

MP-1 
0.047 
0.014 
0.012 

Titrimetric, EDTA: Commercial Lab l* 
Titrimetric, EDTA; CANMET, Analyst 1 
Titrimetric, EDTA: CANMET, Analyst 2 

16.15 (5) 0.036 Amperometric, ferrocyanide, CANMET*, Analyst 3 
16.15 (5) 0.026 Titrimetric, EDTA: CANMET, Analyst 3 
16.04 (5) 0.031 Titrimetric, EDTA; CANMET, Analyst 1 
15.94 (5) 0.011 Titrimetric, EDTA; CANMET, Analyst 2 
15.74(5) 0.090 Amperometric, ferrocyanide, CANMET, Analyst 3 

16.02 (5) 0.025 Titrimetric, EDTA; CANMET*, Analyst 1 
15.99 (5) 0.011 Titrimetric, EDTA; CANMET*, Analyst 2 

15.86 (5) 0.025 Titrimetric, EDTA; Commercial Lab l* 
15.87 (5) 0.020 Titrimetric, EDTA: CANMET, Analyst 2 

16.30 (5) 0.030 Polarographic; Commercial Lab 2* 
15.53 (10) 0.042 Polarographic; Commercial Lab 2* 
15.57 (5) 0.008 Titrimetric, EDTA; CANMET, Analyst 2 

20.22 (5) 
20.03 (5) 
20.12 (3) 

KC-l 
0.026 
0.012 
0.032 

Titrimetric, EDTA; CANMET. Analyst 1 
Titrimetric. EDTA: CANMET, Analyst 1 
Titrimetric, EDTA; CANMET, Analyst 2 

20.63 (5) 0.089 Polarographic, Commercial Lab 2* 
19.98 (10) 0.079 Polarographic, Commercial Lab 2* 

t Number of replicate determinations. 
l Indicates laboratory where bottle was opened originally. 

than did corresponding samples B and F held by also gives a direct measure of the overall change in 
CANMET (see Fig. 1). composition due to oxidation. 

Analytical oerijication of oxidation of sulphides 

The concentration of leachable metal(s) in a sul- 
phide ore is an excellent indicator of the extent of 
oxidation. Reliable methods for determining zinc, lead 
and copper as oxidation products of sphalerite, galena 
and chalcopyrite in ores and related materials have 
been developed recently at CANMET8*9 and these 
were applied to various samples of MP-1 and KC-l, 
for which the total zinc values were determined at 
essentially the same time as the metals in oxidation 
products, hereafter referred to as “oxidized metals”. 
This latter parameter, when compared with the ori- 
ginal zinc value assigned at the time of certification, 

These oxidized-metal concentrations and the ori- 
ginal certified zinc values for MP-1 and KC-l were 
used to calculate the fraction of the total zinc, lead 
and copper contents that had been oxidized. In Fig. 1 
the results are plotted against the current total zinc 
content of the test samples. Although the rate of oxi- 
dation of the test samples varied with conditions of 
use and storage, the linearity of the plots in Fig. 1 
confirms the validity of this method of estimating the 
degree of oxidation of a sample to produce oxidized 
lead, -zinc, or -copper. 

The difference in slope of the curves in Fig. 1 indi- 
cates that for a given set of conditions the rate of 
oxidation of the sulphides is galena > sphalerite > 

Table 5. Calculated weight gains total zinc values of MP-1 

Gain in weight, me/g Total Zn, % 

Sample ZnS FeCuS, PbS Total Cakd. Found 

B 24.6 2.2 0.4 27.1 15.90 15.99 
C 22.1 1.9 0.3 24.4 15.94 15.94 
D 29.4 3.0 1.0 33.4 15.90 15.86 
E 53.0 7.3 ;:; 61.5 15.38 15.53 
1 23.8 2.1 26.8 15.90 15.99 
2 35.3 3.2 0.6 39.1 15.71 15.79 
3 28.0 3.0 0.5 31.5 15.83 15.89 
4 13.0 1.0 0.3 14.3 16.10 16.14 

Samples l-4 are additional to those described in the text and Table 5. 
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Fig. 1. Correlation of extent of oxidation of sulphides of zinc, lead and copper with total zinc in 
MP-1 and KC-l. Note: slopes of plots have slight negative error (max 5%) because oxidized metal 

values were determined on samples that had been partially oxidized since certification. 

chalcopyrite in MP-1 and KC-l. That the slopes of 
the MP-1 plots are higher than the corresponding 
ones for KC-l probably reflects the higher proportion 
of <37-pm material in MP-1, as well as differences 
in composition of the corresponding minerals and the 
overall mineral assemblage of the ores. 

Interestingly, the intercepts of the plots in Fig. 1 
should be a measure of the extent of oxidation of 
the base-metal sulphides, which was not determined 
at the time of certification, i.e., 1972 for MP-1 and 
1974 for KC-l. For oxidized zinc, copper and lead 
in MP-1, the values were calculated to be 3.9, 0 and 
4 mg/g, respectively, by linear regression. The chalco- 
pyrite in MP-1 was evidently insignificantly oxidized 
at the time of certification. A similar observation can 
be made for the sphalerite in KC-l. 

Physical mechanism of oxidation 

It is evident from the foregoing that the liner of 
the bakelite caps on the bottles of MP-1 and KC-l 
did not provide an air-tight seal and that significant 
oxidation of sulphide minerals occurred. Although the 
chemical mechanism of the oxidation has not been 
completely elucidated, it is known that the principal 

oxidation products are metal sulphates,’ e.g., 

ZnS + 202 + 7H20 + ZnSO, . 7Hz0 

PbS + 202 + PbS04 

4FeCuS2 + 15 ) O2 + 25H20 - 4CuSO4.5H20 

+ Fez(S04)3. 5H20 + FezO, + S 

For a particular sample, the expected gain in weight 

due to the oxidation of each sulphide mineral can 
readily be calculated from the difference between the 
currem oxidized metal content and that at the time 
of ‘certification (values given above). The calculated 
gain in weight due to the oxidation of sphalerite, 
galena and chalcopyrite, the total gain in weight, the 
expected total Zn value given by the certified value 

‘divided by the new weight and the total Zn values 
determined are shown in Table 5. The calculated total 
Zn values are all approximately 0.1-0.2x (absolute) 
lower than the values determined. The change in the 
calculated values, however, is in good agreement with 
that for the determined values. Possible reasons for 
the lower calculated total Zn values are as follows. 
The values for the oxidized metal at the time of certi- 
fication are obtained by extrapolation of the data and 
thus could be in error. This would certainly be the 
case if the oxidation kinetics were non-linear. It has 
been assumed that the zinc sulphate is the heptahy- 
drate, but it is possible that the degree of hydration 
could vary with the thickness of the layer produced. 
The occurrence of the pentahydrate in the oxidation 
products of chalcopyrite has been demonstrated.’ 

These two sources of error can easily be overcome 
if the total Zn values are calculated by using the data 
for any one of the analysed bottles. For example, if 
the data for Bottle B are used as the basis for calcula- 
tions, the calculated total Zn values for the other bot- 
tles are given by (15.99 x 1.0329)/[1 + total gain in 
weight (mg/g)]. The calculated total Zn values for 
Bottles B, C, D, E, 1, 2 and 3 would be 15.99, 16.04, 
15.88, 15.39, 16.00, 15.91 and 16.24, respectively, in 
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excellent agreement with the total Zn values found 
and showing that the oxidized metal values are a 
good indicator of the extent of oxidation. Comparable 

data were not sought for KC-l. 
The larger degree of scatter for oxidized-lead com- 

pared with that for zinc or copper for MP-1 in Fig. 1 
can be explained as follows. The total zinc value 
is obviously fixed, but its concentration is dependent 
on the gain in weight due to oxidation of the ore. 
The results in Table 5 show that it is the oxidation 
of sphalerite that makes the largest contribution to 
the gain in weight of the ore. (Note that pyrite is 
in low concentration in MP-1.) Therefore, Fig. 1 is, 
in effect, a plot of the fraction of metal species oxi- 
dized vs. the gain in weight (due essentially to the 
oxidation of sphalerite). It is evident that the plot 
for oxidized zinc should be linear with a low degree 
of scatter. 

The oxidation of sphalerite must, in general, be 
accompanied by the oxidation of galena and chalco- 
pyrite, so the plot of oxidized lead and copper against 
the gain in weight due to the oxidation of sphalerite 
might also be linear, as observed. Appreciable scatter 
for the oxidized-lead and oxidized-copper plots could 
easily be explained by the dependence of,the rate of 
oxidation of galena and chalcopyrite on temperature 
and relative humidity being different from that of 
sphalerite. The conditions of temperature and relative 
humidity to which MP-1 and KC-l were exposed 
must have varied from bottle to bottle in order to 
account for the different extents of oxidation. Any 
variation in oxidation conditions would be more im- 
portant for galena, which shows the greatest tendency 

towards oxidation, so a plot of oxidized-lead vs. gain 
in weight due to sphalerite oxidation could, as is 
observed, show appreciable scatter. 

The linear relationship between oxidized-lead or 

oxidized-zinc values and the total zinc value for KC-l 
in Fig. 1 cannot be as easily rationalized as that for 
MP-1, because it is-not known if the change in total 
zinc value is essentially a result of the gain in weight 
due to the oxidation of sphalerite, as is the case for 
MP-1. KC-l contains approximately 30% pyrite 
which probably also undergoes oxidation. Unfortu- 
nately, there is no analytical method for determining 
oxidized iron derived from iron sulphides when 
galena, sphalerite, etc., are present; thus, the bottle-to- 
bottle variation of oxidized iron is not known for 
KC-l. 

The three data points for KC-l in Fig. 1 indicate 
a linear relationship between oxidized metal value 
and total zinc value, which suggests that either pyrite 
is not oxidized under the ambient conditions, or is 
oxidized, but to an extent proportional to that 
observed for galena and sphalerite. Any comment on 
possible differences in the oxidation rates of pyrite, 
galena and sphalerite due to differences in tempera- 
ture or relative humidity would not be justified on 

the basis of the limited data available for KC-l. 
Figure 2 is a plot of the change in weight of 200-g 

samples of MP-1 and KC-l that were deliberately 
exposed to the atmosphere in their storage room for 
15 min during each month of 1977 and part of 1978, 
the ambient air temperature varying from 20” to 28” 
during the period. Also shown in Fig. 2 is the mean 
monthly relative humidity for the same period, 
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Fig. 2. Weight change of 200-g samples of MP-1 and KC-l exposed to atmosphere for 15min each 
month throughout 1977 and early 1978. Also shown is relattie humidity (RH) measured at Ottawa 

airport. 
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Table 6. Revised and original means for zinc and their precision 

Zn. 
% w/w 

95?/, Confidence 
limits, % w/w 

Average within-lab 
coefficient of variation % 

Certification 
factor 

MP-1 
1972 original values 16.33 16.20-16.45 0.46 3.36 
1977 revised values 15.90 15.84-15.96 0.42 1.74 

KC-I 
1974 original values 20.37 20.3 l-20.43 0.38 1.61 
1977 revised values 20.07 20.01-20.14 0.26 2.55 

measured at the Ottawa International Airport. 
Although the atmospheric conditions in the labora- 
tory building where the reference materials are stored 
would be different from those out of doors, especially 
during the winter months, there is, nevertheless, a 
good correlation between the weight change and the 
relative humidity at the airport. No doubt the net 
gain in weight in 1977 of 0.4% and 0.2% respectively 
for the test bottles of MP-1 and KC-l was mainly 
due to oxidation, the rate of which was largely con- 
trolled by humidity. Interestingly, test bottles of MP-1 
and KC-1 which were never opened and had their 
caps tightly taped with friction tape, gained 0.2% and 
0% in weight during 1977. The problem of effectively 
sealing containers of sulphide ores will be discussed 
below. 

by the EDTA method. A statistical evaluation of the 
results indicated that bottle-to-bottle homogeneity 
had remained satisfactory and that a new recom- 
mended zinc value could be assigned for both refer- 
ence ores. Table 6 gives the revised and original 
means and shows that the precision of the 1977 
results is as good as, or better than the original. The 
low certification factors’ also confirm the accept- 
ability of the new means. 

RecertiJcation of MP-I and KC-J lo 

Although peripheral to the current study, the fol- 
lowing is of interest to potential users of MP-1 and 
KC-l. 

The ratio of the new zinc value to the original value 
is 0.974 and 0.985 for MP-1 and KC-1 respectively. 
These ratios have been used to “correct” the original 
certified values for constituents other than zinc. The 
revised values and their corrected 95% confidence 
limits are given in Table 7. Justification for revising 
the confidence limits is based on the fact that the 
homogeneity of the ores has not been affected by oxi- 
dation; hence it is assumed that the precision of the 
original results still applies. 

Packaging of reference ores-recommendations 

In mid-1977 an interlaboratory programme was un- Laminated polyester-aluminium foil-polyethylene 
dertaken to determine whether the never-opened pouches are commonly used to protect foodstuffs 
stock of MP-1 and KC-l should continue to be distri- effectively from the atmosphere. The application of 
buted to users after revision of values for zinc and such foil pouches to the prevention of atmospheric 
other constituents. Some 50 randomly-selected bottles oxidation of sulphide-bearing reference materials 
of each reference ore were analysed for zinc, mainly seemed promising; therefore, some experiments were 

Table 7. Recommended (1978) values and confidence limits for 
selected constituents in MP-1 and KC-1 

Constituent 
Recommended value 

% w/w 
95% Confidence 

Limits, y/, W/W 

Zn 15.90 
Sn 2.43 
cu 2.09 
Pb 1.88 
MO 0.014 
In 0.069 
Bi 0.024 
As 0.77 

Ag 57.9 ppm 

MP-1 
15.84-15.96 
2.32-2.54 
2.06-2.12 
1.85-1.91 

0.013-0.015 
0.0660.072 
0.022-0.026 

0.75-0.79 
55.7-60.1 ppm 

KC-1 
Zn 20.07 20.01-20.14 
Pb 6.87 6.83-6.91 
Sn 0.67 0.66-0.68 
cu 0.112 0.110-0.114 
At? 0.112 0.11~0.114 
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performed to test the protective properties of a typical 
laminated foil (0.0005 in. thick, i.e., about 12Spm). 

The bottles used in the CCRMP for packaging 
reference ores have the customary bakelite caps with 
glazed cardboard liners. It was demonstrated that 
heated capped bottles leaked substantially when im- 
mersed in cold water, because of the pressure differ- 
ence that was generated. However, insertion of a disc 
of laminated foil over the cardboard liner essentially 
eliminated such leakage. 

In other experiments, a test piece of the laminated 
foil was found to sustain a vacuum of 20pm of mer- 
cury or better, and a heat-sealed pouch containing 
hydrogen sulphide as an olfactant did not leak detec- 
tably during a test period of four months. 

As a consequence of these tests, all bottles of MP-1 
and KC-l in stock at CANMET were fitted with a 
foil liner in the cap and then sealed, under nitrogen, 
in laminated foil pouches. Because of the high prob- 
ability that these measures will be effective in ensuring 
the long-term stability of the ores and because of the 
substantial demand for them, they will continue to be 
issued to users. As a precaution, test bottles will be 
monitored periodically for change in composition. 

In view of the findings described in this paper, it 
is strongly recommended that containers of sulphide- 
bearing reference materials should be stored under 
dry nitrogen. Also, when subsamples are taken, the 
contents of bottles should be exposed to air for the 
shortest time possible. 

No doubt a few bottles of reference materials can 
be stored conveniently under nitrogen in a desiccator. 
However, in consideration of the ready availability 

and relatively low cost of foil pouches and “thermo- 
jaw” sealing devices, it may be practicable to reseal 
containers of reference materials after each use, 
especially in laboratories where large numbers of 
reference materials are required. 

Because interlaboratory certification programmes 
may last a year or’ more, it is important that pro- 
gramme co-ordinators distribute sample-s of candidate 
reference materials that have been well protected from 
oxidation during storage and shipment to participants 
and that they instruct participants to follow the pro- 
cedures outlined above. 
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Summary-Tungsten, in amounts ranging from micrograms to milligrams, can be extracted into isoa- 
myl alcohol, as the tungsten(V) ferrocyanide complex obtained by reduction of tungsten(VI) with tin(H) 
in 4M hydrochloric acid containing ferrocyanide. It can thus be separated from iron, cobalt, chromium, 
manganese, arsenic, antimony, bismuth, silicon, calcium and copper, their precipitation being prevented 
by addition of glycerol and, in the case of iron, sulphosalicyclic acid. Molybdenum, vanadium and 
nickel are not separated from tungsten, however. Tungsten can also be determined spectrophotometri- 
tally as tungsten(V) ferrocyanide. The absorbance of the brown complex is measured in aqueous solu- 
tion or preferably after extraction into isoamyl alcohol. As many alloying elements interfere, they 
should be separated by the ferrocyanide extraction or other suitable method. Both the separation 
and the determination methods give satisfactory results with an overall error of not more than 0.5% 
in the analysis of practical samples containing low or high percentages of tungsten. 

The colour reaction with ferrocyanide has long been 
used for detection of traces of tungsten.’ The reaction 
has also been proposed for determination of milli- 
grams of tungsten by measurement of the absorbance 
at 480 nm but is rather SIOW.~ A later modification3 
makes the measurement at 377 nm but the colour 
is unstable and obeys Beer’s law only approximately. 
As ferrocyanide precipitates many cations4 their 
prior separation becomes necessary, further limiting 
the use of the method. 

We have found that Fe(CN)z- is extractable as an 
ion-association complex into isoamyl alcohol as 
might be expected on analogy with Fe(SCN); and 
FeCl;.5 The results of our study for separation and 

determination of tungsten by extraction as ferro- 
cyanide are presented below. 

EXPERIMENTAL 

Reagents 

Tungsten solution. Sodium tungstate was dissolved and 
the solution was standardized6 titrimetrically with iron(II1) 
and then diluted as required. 

Potassium ferrocyanide solution. Sy(. 
Stannous chloride solution, lOOo/, w/v in concentrated hy- 

drochloric acid. 
Isoam.r/ a/cohol. The fraction boiling at 128-132” was 

used. 

Sump/es 

Industrial samples. Ferrotungsten A and B (100 mg) were 
opened out by standard methods’ and made up to 100 
ml, and suitable aliquots were taken for analysis. 

Synthetic samples. These were prepared by mixing solu- 
tions of the ions to give the compositions shown in 
Table 5. 

Separation of tungsten by extraction os ferrocyanide 

To the slightly alkaline sample solution add either 0.3 g 
of tartaric acid for up to 10 mg of tungsten or 10 ml 
of glycerol for up to 20 mg, followed by 1 ml of stannous 
chloride solution and enough cont. hydrochloric acid to 

make the total acidity 5M in a final volume of 16 ml. 
Heat just to the boil, immediately add 4 ml of potassium 
ferrocyanide solution and cool to room temperature. For 
less than 3 mg of tungsten add 1 ml of stannous chloride 
solution to the alkaline sample, followed immediately by 
4 ml of potassium ferrocyanide solution and enough hy- 
drochloric acid to make the total acidity 4M in a final 
volume of 20 ml. Heated just to the boil and cool to room 
temperature. 

Transfer the cold brown solution quantitatively to a 
lOO-ml separating funnel with 5 ml of 4M hydrochloric 
acid. Shake for 30 set with 20 ml of isoamyl alcohol. Separ- 
ate the layers. Add 1 ml of potassium ferrocyanide solution 
to the aqueous phase, heat jus! to the boil, cool and again 
extract for 30 set with 5 ml of isoamyl alcohol. When 
glycerol is used, add 0.5 g of boric acid to the aqueous 
phase after the first extraction and repeat the second 
extraction. The combined solvent phases contain all the 
tungsten. 

Modijicationfor other elements. When cobalt, copper and 
chromium are present with <20 mg of tungsten, add 10 
ml of glycerol and, if iron is present, sulphosalicyclic acid 
(about 100 mg for up to 50 mg of iron) to the alkaline 
sample solution, and proceed as in the first method 
above, using 20, 5, 5 and 5 ml of solvent. Extraction of 
tungsten is almost quantitative, but only 99.3’1, in presence 
of cobalt and of copper. 

Back-extraction of tungsten. Equilibrate the combined 
solvent phases, for 1 min each time, first with 20 ml of 
sodium hydroxide solution, concentrated enough to keep 
tin in solution as stannate and to give rapid separation 
of the layers, and then twice with lO-ml portions of water 
containing 3 or 4 drops of saturated sodium hydroxide 
solution. To the combined back-extracts atld saturated 
sodium hydroxide solution dropwise to redissolve any pre- 
cipitated tin hydroxide. Heat to the boil, filter off any hy- 
droxide precipitate on a Whatman No. 41 paper, make 
up to a suitable volume and determine tungsten directly 
or in an aliquot. 

Spectrophotometric determination of tungsten as ferro- 
cyanide 

TO a sample solution containing not more than 1400 
pg of fungsten add 0.1. g of tartaric acid, followed by 1.5 
ml of stannous chloride solution and enough cont. hydro- 

31’1 
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chloric acid to give a total acidity of SM in a final volume 
of 16 ml. Heat just to the boil, add 4 ml of potassium 
ferrocyanide solution, boil for 5-6 min and cool. Trans- 
fer quantitatively to a separating funnel with 5ml of 
4M hydrochloric acid, and equilibrate for 30 set with 20 
ml of isoamyl alcohol. Pass the extract through a dry 
Whatman No. 41 paper and make up to 25 ml in a stan- 
dard flask. Measure the absorbance in a l-cm cell, against 
isoamyl alcohol, at 490 nm. 

RESULTS AND DISCUSSION 

Extractice separation of tungsten as ferrocyunide 

The reaction with ferrocyanide has long been used 
for detection of tungsten, but has not received much 
attention for its determination, separation or extrac- 
tion. It is found that tungsten(V1) can be extracted 
as the yellow ferrocyanide from hydrochloric acid 
medium. From 10 mg of tungsten(V1) taken in 20 
ml of 2M and 5M hydrochloric acid, isoamyl alcohol 
extracts about 80 and 9676 respectively, but the sol- 
vent phase remains slightly turbid. With pure tributyl 
phosphate the extraction is quantitative and the sol- 
vent phase remains clear. 

The brown tungsten(V) ferrocyanide is also found 
to be extractable into oxygenated solvents but not 
into amines and non-polar solvents. In a single 
extraction, isoamyl alcohol gives almost quantitative 
removal without any turbidity; isoamyl acetate and 
methyl isobutyl ketone give partial separation. With 
ether a dense precipitate is formed. The free reagent 
is also extracted almost quantitatively (presumably as 
ferrocyanic acid) into isoamyl alcohol. Various par- 
ameters influencing the extraction of tungsten(V) fer- 
rocyanide are shown in Table 1. The extraction with 
isoamyl alcohol remains nearly constant at acidities 
from 4 to 7M; with < 4M acid the tin precipitate 
does not redissolve. The extraction increases with 
volume of ferrocyanide solution up to 4 ml and 
remains constant up to 6 ml in 25 ml solution. It 
decreases if more than 1 ml of tin(I1) chloride solution 
is used. The optimum conditions give 99.0”/, extrac- 

tion in a single operation. Repetition of the extraction 

on the aqueous phase is not effective (owing to the 
almost complete extraction of the excess of ferro- 
cyanide), unless 1 ml of ferrocyanide solution is added 
and the solution is boiled and cooled. If the amount 
of tungsten is > 3 mg it is precipitated as the ferro- 
cyanide but up to 10mg can be kept in solution with 
tartaric acid and up to 20mg with glycerol. 

Eflect of diverse ions. Tartaric acid, sodium chloride 
and acetate do not affect the extraction but sodium 
citrate, sulphate, phosphate and oxalate decrease the 
extraction in that order (Table 2). 

In the amounts usually present, arsenic, antimony, 
bismuth, calcium, manganese and silicate have practi- 
cally no effect on the extraction of tungsten and are 
themselves only slightly extracted (Table 3). In the 
absence of glycerol, iron, nickel, cobalt, chromium, 
molybdenum, vanadium and copper are precipitated 
as ferrocyanide under the chosen conditions and co- 
precipitate 2540% of the tungsten present, probably 
by formation of ternary complexes. Addition of 10 ml 

of glycerol to 25ml of the final sample solution, 
before any of the other reagents, prevents the precipi- 
tation of cobalt, copper and chromium as ferro- 
cyanides, but their presence decreases the extraction 
of tungsten by about 28, 28 and 15% respectively. 
Iron can be masked with sulphosalicylic acid but a 

blue precipitate (tungsten blue) appears, and though it 
can be kept in solution with glycerol, the extraction 
of tungsten is decreased by nearly 15%. In presence 
of glycerol molybdenum also is not precipitated but 
is almost quantitatively extracted as the brown 
molybdenum(V) ferrocyanide. On the other hand 
nickel and vanadium ferrocyanides are still precipi- 
tated. Glycerol itself decreases the extraction of 
tungsten by about 9:{,. Hence when it is used, after 
the first extraction the excess of glycerol is masked 
by warming with 0.5 g of boric acid until dissolution 
is complete, and three further extractions are done, 

each with 5 ml of solvent after addition of 1 ml of 
ferrocyanide solution, boiling and cooling to room 

Table 1. Etfect of various parameters on the extraction of tungsten(V) 
ferrocyanide* 

Acidity 4 5 6 7 
(M HCI) 
Extraction? 85.2 85.1 85.1 85.0 

(% W) 
SnCI, .2H20 solutic 1 2 3 4 

(ml) 
Extraction? 85.1 83.5 81.9 80.2 

(% W) 
K,[Fe(CN),]solutic 1 2 3 4 5 

(ml) 
Extractiont$ 85.1 93.5 94.3 99.0 99.0 

(% W) 

* Except for the individual variations shown, the conditions were: 5M hydro- 
chloric acid, 1 ml of stannous chloride solution, 1 ml ‘of ferrocyanide solution, 
20ml of each phase, 1.6 mg of tungsten. 

t By difference; W determined in the aqueous phase by Hg-SCN methods. 
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Table 2. Elfect of anions on the extraction of tungsten(V) ferrocyanidel 

Salt added 
Amount 
g/Z5 ml Extraction,?% 

- - 99.0 
Sodium chloride3 0.5 98.9 
Sodium sulphatet 0.5 . 95.0 
Sodium phosphate: 0.5 94.4 
Tartaric acid1 0.1 99.0 
Sodium acetate 0.1 99.1 
Sodium oxalate$ 0.1 94.5 
Sodium citrate 0.1 98.5 

* Tungsten 2 mg/25 ml; modified extraction procedure. 
t By difference; tungsten determined in the aqueous phase by Hg-SCN 

method.8 
$ Added before reduction. 
1 Added after reduction. 

temperature. However, only two extractions in all 
are needed, if glycerol is not used. 

Spectrophotometric determination of tungsten as ferro- 

cyanide 

The brown tungsten(V) ferrocyanide complex is 
obtained by adding all the reagents (stannous chlor- 
ide, ferrocyanide and acid in that order) to the sample 
solution and heating just to the boil. The absorbance 
of the complex is influenced by various parameters. 
Complex formation starts at 3.5M hydrochloric acid 
concentration, the absorbance increasing with acid 
concentration up to 4SM and then decreasing slightly 

at higher concentration (up to 6M) (Fig. 1, curve A); 
the colour changes to yellow at higher acidities 
(shown by dotted line). The absorbance increases with 
volume of ferrocyanide solution up to 4 ml (curve 
B), of stannous chloride up to 1Sml (curve C), 
remaining almost constant for up to 5 ml in both 
cases. Maximum absorbance is obtained in 10 min 
after addition of the reagents and then remains almost 
constant up to 70 min (curve D). 

Measured against isoamyl alcohol the extracted 
brown tungsten(V) ferrocyanide complex has i.,,, at 
320 nm (Fig. 2, curve A) and no peak in the visible 
region even at higher tungsten concentrations 

Table 3. Co-extraction .of diverse elements and their effect on the extrac- 
tion of tungsten(V) ferrocyanide* 

Foreign species 
Ammount 

% Extraction of 

(mg) , Other elementt Tungsten8 

- - 99.0 
Fe(M) 10 - 

:$I:” II 10 10 0.: 86.0 

CoUI)S 10 0: 70.85 
Ni(II) 10 P 
Ni(II)J 10. 

0: 

- 

Mn(II) 1 95.55 
CrwI) 10 

OP2 

- 

Cr(VI)# 10 8.5.2 
V(V) 1 P - 
V(V)S 1 - 

As(V) 1 0: 99.3 
Sb(II1) 1 1.72 99.1 
Bi(II1) I 2.5 98.6 
Si(IV) 10 1 98.7 
Ca(l1) 2 00 97.5 
Cu(I1) 2 0.6 70.5 
MoWI) 1 P - 

* Tungsten 2 mg/25 ml (modified extraction procedure; except for Cr). 
t Determined by conventional calorimetric methods$i’ p = precipi- 

tated. 
9 By difference; tungsten determined in the aqueous phase by Hg-SCN 

method.* 
3 In presence of glycerol. 
II Sulphosalicyclic acid added. 
* By flame test, qualitatively. 
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0.24 

,cj$-:zz!; 7 IL,” 

490 nm and Beer’s law is obeyed up to 56 &ml 
o’2’ n (measurement against isoamyl alcohol). The sensi- 

_:,I tivity remains the same before and after the extraction 
with isoamyl alcohol, if measurements are made 

8 

a 

i<, 

against reagent blanks similarly prepared. The blue 

g ccI 

colour formed by traces of iron impurity in the re- 

R.. 

, ,- 

agents may contribute slightly to the absorbance of 

‘\ 
the aqueous solution, but if an extraction with isoa- 

b., myl alcohol is done the blue product appears as a 
0.04 ‘\ 

‘0 scum at the interface and its effect can be avoided; 
‘A 

0 therefore, extraction is recommended. 
2 3 4 5 6 7 8 A-C 

A-M HCt,B-&ChtCNk]tmt), C-SnCl,tmt), D-min 
Tartaric acid, sodium chloride, sulphate and phos- 

phate, even in large amounts, have little effect on the 
Fig. 1. Dependence of absorbance of tungsten(V) ferro- 
cyanide in aqueous solution on various parameters (curves 

absorbance (Table 4) but acetate and oxalate decrease 

and corresponding scales on axes indicated by same letter). the absorbance and give turbidities and, on extrac- 

A-D W/4 pg/ml. tion, emulsions. 
When present, iron, nickel, cobalt, chromium, 

(1200 pg/25 ml, curve C). The reagent blank has i.,,, molybdenum and copper are precipitated as their fer- 
at 311 nm with a shoulder at 330 nm, and no peak rocyanides, but cannot be dealt with by filtration as 

in the visible region (curve B). 25-40X of the tungsten is retained by the precipitate. 
Addition of tartaric acid and application of the pro- Though glycerol can be used as masking agent (plus 

cedure results in a broad asymmetric band with peak sulphosalicylic acid for iron), molybdenum is 
at 490 nm for tungsten > 200 pg/25,ml (Fig. 2, curves extracted and extraction of tungsten is decreased. A 
E-H). The sensitivity also increases (curves C and H). preliminary separation of molybdenum and nickel is 
Therefore, this procedure is recommended for deter- necessary. The other elements can be dealt with by 
mination of tungsten. The absorbance is measured at using the modified separation procedure given above. 

.B - 

.5- 

3 
f ‘Q- 

9 

0.5 - 

4 

oo- 

I I I I I 
290xX) 350 400 A.8 

Wavskmgth, nm 

Fig. 2. Absorption spectra of tungsten(V) ferrocyanide complex in isoamyl alcohol. W, pg/ml: A 0.4, 
E 8, F 16, G 24, C and H 48; B and D, reagent blanks. A-C: by addition of all the reagents (tartaric 

acid absent). D-H: by the given spectrophotometric procedure. 



Separation and spectrophotometric determination of tungsten 321 

Table 4. Effect of anions on the absorbance of tungsten(V) ferrocyanide 
in isoamyl alcohol (600 pg of tungsten in 25ml) 

Salt 
Amount. 
g/25 ml 

Absorbance 
(at 400 nm) 

None 
Sodium chloride* 
Sodium sulphate* 
Tartaric acid* 
Trisodium phosphate* 
Potassium acetatet 
Potassium oxalatet 

1.41 
1.0 1.39 
1.0 1.35 
0.5 1.40 
1.0 1.40 
0.5 1.339 
0.5 1.24$ 

* Added before forming the complex. 
t Added after forming the complex. 
i; A turbidity remains in the aqueous phase. causing some emulsion 

which is filtered off. 

Table 5. Analysis of samples by the proposed methods of separation 
and determination 

Sample composition* 

Matrix. 
mg 

W added, 
mg 

W found, 
mg 

Co( 15). Cr(5) 
Fe(2.2), Mn(l.6) Sn(0.2) 
Bi(0.04), Ca(0.02) 
Fe( 17), Ni( 1.75), Cr(5). 
Mn(0.125) 
Co(2.2) Cr(0.75) 
Ferrotungsten A 

Ferrotungsten B 

High-speed steel 
super rapid extra 500 

5.0 5.02t,5.01 
10.0 lO.O$,9.99 

1.0 l.OO$ 

2.0 1.99 
75.2”,, 75.09; 

75.37&i 
75.0”/,t 

73.3:;, 73.1%, 
73.4oj,,$ 
73.4”/,+ 

18.0s;; 18.0”/,t 

* Samples l-4 are analogous to stellite, Spanish wolframite, Midvale 
HR and Haynes metal. 

t Determination of tungsten by Hg-SCN method.8 
5 Determination of tungsten as phosphotungsten blue.’ 
$ Separation of tungsten by thiocyanate method.” 

Applications REFERENCES 

The extraction method separates tungsten from 
many important elements such as iron, cobalt, 
manganese, chromium, arsenic, antimony, bismuth, 
silicon, calcium and copper. Molybdenum, vanadium 
and nickel cannot be separated. Amounts of tungsten 
in the pg-mg range can be determined spectrophoto- 
metrically as the ferrocyanide complex itself after the 
separation. The methods are simple, use very com- 
mon reagents and are generally applicable to many 
tungsten materials, both natural and industrial. The 
methods are shown to give satisfactory and reproduc- 
ible results (Table 5) with an overall error of around 
0.5% in various samples containing amounts of 
tungsten ranging from low to high. 
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SPECTROPHOTOMETRIC DETERMINATION OF TELLURIUM 
IN TRACE QUANTITIES BY USE OF AN 

ION-ASSOCIATION COMPLEX 
M. VIJAYAKUMAR, T. V. RAMAKRISHNA@ and G. ARAVAMUDAN 

Department of Chemistry, Indian Institute of Technology, Madras. 600 036, India 

(Receiced 16 August 1978. Accepted 11 October 1978) 

Summary-The formation of an ion-association complex by the interaction of iodotellurate(IV) with 
cetyltrimethylammonium bromide is used as the basis of an extractive procedure to determine tellurium 
in the range 2.5-12.5 Rg in a final aqueous phase volume of 20 ml. The method is simple, reliable 
and sensitive. Selectivity is achieved by separation of tellurium on aluminium hydroxide as collector. 

Relatively few spectrophotometric procedures are 
available for the routine determination of tellurium in 
different kinds of materials. Both the iodotellurate(IV) 
procedure reported by Johnson and Kwan’ and the 
bismuthiol II method reported independently by Jan- 
kovsky and Ksir’ and by Cheng’ are quite sensitive, 
but they are restricted because under some conditions 
the reagents can undergo aerial oxidation to form 
products which absorb at the absorption maximum 
of the tellurium reagent complexes. The methods are 
also not particularly selective. Bode’s diethyldithio- 
carbamate procedure4 is highly selective under certain 
experimental conditions, but its sensitivity is very 
poor (e = 3.2 x lo3 l.mole-‘.cm-‘). 

Efforts to extract the iodotellurate(IV) species selec- 
tively into organic solvents to increase its analytical 
utility have been reported in the literature.‘-* A 
strongly acidic medium is used and hence there is 
extensive liberation of iodine by aerial oxidation of 
the iodide. These procedures are therefore more useful 
for separating tellurium from other elements’ than 
for its determination. 

The analytical application of ion-association inter- 
sction between iodotellurate(IV) and cationic surfac- 
tants has not been studied so far. Our work with 
such surfactants has indicated that cetyltrimethylam- 
monium bromide (CTAB) is worth examining. This 
paper presents the details of the study. 

EXPERIMENTAL 

Reagents 

Telhrium(W) solution (2.5 ppm). Dissolve 0.050 g of 
metallic tellurium in 10 ml of concentrated nitric acid and 
boil carefully to remove nitrous fumes. Cool, transfer into 
a SOO-ml standard flask and dilute to the mark to obtain 
a lOO-ppm solution. Dilute this solution 40-fold. 

CTAJ3 solution (0.75%). 
Potassium iodide solution (5%). Dissolve 12.5 g of potas- 

sium iodide and 5 g of sodium hypophosphite in water 
and dilute to 250ml. 

Procedure 

Transfer a suitable portion of sample solution containing 
not more than 12 Rg of tellurium into a 60-ml separating 
funnel. Add, with mixing, 2 ml of 5N sulphuric acid, 1 
ml of CTAB solution and 2.5 ml of potassium iodide solu- 
tion. Dilute to cu. 20 ml and shake for 2-3 min with 5 
ml of chloroform. Drain the organic extract into a dry 
lO-ml volumetric flask containing a pinch of anhydrous 
sodium sulphate. Measure the absorbance of the extract 
at 360 nm in 5-mm cells against a reagent blank. Prepare 
a calibration graph covering the range 2.5-12.5 Rg of tellur- 
ium by the above procedure. 

RESULTS AND DISCUSSION 

As the ion-association complex formed by iodotel- 
lurate(IV) and CTAB gradually precipitates, its 
extractability into organic solvents was examined. 
Chloroform seemed best. However, the results were 
found to be very erratic because of the liberation of 
iodine by aerial oxidation of iodide [the I; thus 
formed reacts with CTAB similarly to iodotellurate- 
(IV)]. Experiments conducted in the presence of 
reducing agents capable of suppressing iodine liber- 
ation indicated that hypophosphite is very effective 
[under these conditions, Te(IVj is not reduced]. 
Hence, hypophosphite was incorporated in the iodide 
reagent solution itself. 

Absorption spectra 

Figure 1 shows the absorption spectrum of the 
complex at different concentrations of tellurium. The 
complex has absorption peaks at 300 and 360 nm. 
Although the absorption at 300 mn is the higher, the 
blank values were also higher in this region and there- 

fore the 360~nm peak was employed for analytical 
purposes. 

Optimization of experimental conditions 

Figure 2 shows the minimum concentration of 
iodide required for the formation of maximum 
amount of the ion-pair at various acidities. A final 
concentration’ of OSN sulphuric acid and 0.035M 
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wavelength, nm 
Fig. 1. Absorption spectra (A): 2 ml of 5N H,SO,, 2.5 
ml of 5% KI-2% NaH2P02 solution and 1 ml of 0.75% 
CTAB solution, diluted to 20 ml and extracted with 5 ml 
of CHCI,. (B, C, D): as in (A) with the addition of 1 ml 
(B), 2 ml (C) and 3 ml (D) of 2.5 ppm Te(IV) solution. 

potassium iodide was therefore chosen as optimal. A 
minimum of 2.5 ml of 0.15% CTAB solution was 

required to ensure maximum extraction of 1Opg of 
tellurium (Fig. 3). A higher concentration, viz. 1 ml of 
0.75%. was employed in practice, as CTAB was found 
to help in suppression of aerial oxidation of iodide, 
for reasons not yet clarified. 

It was also observed that hypophosphite does not 
affect the extraction. Shaking for 2 min was found 
sufficient to ensure maximum extraction of the ion- 
pair. The organic extracts were found to be stable 
for at least 90 min in daylight and for 25 hr in the 
dark. Slight variation in the final volume of aqueous 
phase did not affect the extraction significantly. 

mlof 0.15% CTAB 

Fig. 3. Effect of CTAB concentration: 4 ml of 2.5 ppm 
Te(IV), 2 ml of 5N H2S04, G4 ml of 0.15% CTAB solution 
and 2.5 ml of 5% KI-2% NaH,PO,, solution diluted to 

20 ml and extracted with 5 ml of CHCI,. 

Beer’s law and precision 

Beer’s law was applicable to the system in the range 
O-12.5 pg of tellurium in a final aqueous phase 
volume of 20ml. The molar absorptivity of the ion- 
pair was 4.9 x lo4 1. mole-’ .cm-r. For 28 deter- 
minations of 10 pg of tellurium, the relative standard 
deviation was 2%. 

Interference studies 

The influence of various ions on the determination 
of tellurium was examined, with 1 mg of ion along 
with 10 pg of tellurium. The results are presented in 
Table 1. 

WI, mhf 

Separation of tellurium from the matrix by co-pre- 
cipitation with aluminium hydroxide has been 
reported.’ To deal with the interferents, a slightly 
modified version of this procedure was employed. Tel- 
lurium was selectively collected by adding 5 ml of 
a cu. 1% slurry of freshly precipitated aluminium hyd- 
roxide to the sample solution at pH 4-6 and contain- 
ing 5 ml of 0.05M EDTA. The precipitate was dis- 
solved in 2 ml of 5N sulphuric acid and the recom- 
mended procedure followed (the additional 2 ml of 
acid can be omitted but does no harm). It was thus 
separated from all the interfering ions listed in Table 1 
except Fe(III), Se(W), Sb(V) and V(V). The interfer- 
ence of Fe(III), Se(IV) and V(V) was eliminated by 
reduction with hydroxylammonium chloride in 2N 
sulphuric acid medium. The selenium formed was fil- 
tered off or extracted into chloroform before proceed- 
ing with the determination of tellurium. Sb(V) was 
reduced to Sb(II1) with iodide and the Sb(II1) masked 
with fluoride, the iodine liberated being extracted into 
chloroform before the addition of CTAB. Thus all 
the interferences encountered can be eliminated and Fig. 2. Minimum KI concentration required for maximum 

extraction of the complex, as a function of acidity. no tellurium appears to be lost during the process. 
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Table 1. Interference studies 
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Li+, Mg’+, Ca’+, Sr*+, Ba*+, Zn2+, 
Be’+, BO:-, A13+, La3+, Th4*, SnZ+, 
PO:-, NO;, Cr’+, SsO:-, MnZ+, F-, 
ClO;, Fe’+, Co’+, Ni*+, oxatate, 
tartrate, citrate and EDTA 

Asrr$iGzNO;b IO;, SeO:-, VO;, 
5+ Fe3+ C”z+ 27, 3 , 3 

Ag’. Tl+, Pb’+, Bi3+ 

wo:- 

MOO:- 

Cd’+, Hg2+, Sb’+, PdZ+, Pt4+ 

No interference 

Interfere by oxidizing iodide to iodine 

Interfere by precipitating as iodides 

Interferes by precipitating as tungstic acid 

Reacts with CTAB to give a white pre- 
cipitate 
Interfere by forming their iodo-complex- 
CTAB ion-association species; Cd’+ 
reduces the absorbance, while the rest 
enhance it 

CONCLUSION 

The method developed is an improved version of 
the iodotellurate(IV) method due to Johnson and 
Kwan. It is superior to the existing spectrophoto- 
metric methods in sensitivity, speed and flexibility of 
the experimental conditions and comparable to them 
in selectivity. Even though the iodotelhtrate(IV) sys- 
tem is used, aerial oxidation of iodide is suppressed 
by incorporating a reducing agent. Good selectivity 
is achieved by selective collection of tellurium on alu- 
minium hydroxide. 

During this study, it was established that the pres- 
ence of CTAB is essential for the extraction of iodo- 
tellurate(IV) species, so the extracted complex must 
be an ion-association complex. Its composition could 
not be established by conventional methods because 
of the concomitant extraction of the cetyltrimethyl- 

ammonium iodide ion pair, but this does not affect 

the analytical utility of the system. 
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Summary-Amperometric titrations with chloramine-T at a rotating platinum electrode (RPE) and 
a dropping mercury electrode (DME) have been applied to the determination of sodium hydrogen 
sulphite over the concentration range 0.004O.lN. With the RPE, the indirect titration is best, at 
pH between 3 and 6, whereas the DME can be used for either direct or indirect titrations, at pH 
around 7. Relative standard deviations of 0.5% were obtained by both methods, with relative errors 
not exceeding &- 1%. 

In previous studies on the polarographic behaviour 
of chloramine-T (CAT) at a dropping mercury elec- 
trode (DME)’ and at a rotating platinum electrode 
(RPE),2.3 we found that CAT underwent a two-elec- 
tron reduction in the pH range 2-13, though the stab- 
ility of the diffusion current was dependent on the 
characteristics of the electrode reaction at both elec- 
trodes. This report describes amperometric titrations 
with CAT, using the DME and the RPE, for the 
determination of sodium hydrogen sulphite, and com- 
pares the results. 

The author and his co-workers4 have reported that 
sodium hydrogen sulphite can be determined over the 
concentration range O.Ol-O.lN by direct potentio- 
metric titration with lead tetra-acetate in dilute acetic 
acid medium. However, this method could not be 
used for the determination of lower concentrations 
because of the volatility of sulphur dioxide. Although 
a considerable number of oxidizing reagents, includ- 
ing CAT, have been used for the titrimetric deter- 
mination of hydrogen sulphite or sulphite,5-7 these 
cannot be used successfully for direct titration in 
acidic solution, again because of the volatility of sul- 
phur dioxide, and back-titration has been recom- 
mended. 

In this study, therefore, the direct titration was per- 
formed in weakly acidic or neutral solutions in order 
to prevent the loss of sulphur dioxide. The possibility 
of extending the range of application of the method 
to relatively low.concentrations has been investigated. 

EXPERIMENTAL 

Apparatus 

A Yanagimoto Polarograph, Type PA-101, was used 
with the dropping mercury electrode (DME)’ and rotating 
platinum eltctrode (RPE)2V3 described earlier. The poten- 
tials are referred to an SCE connected to the solution 
through a potassium nitrate-agar salt bridge. 

Reagents 

Stock solution ofchloramine-T (CAT), 0.05M (O.lN). Pre- 
pared as described. 

Stock solution oisodium hydrogen sulphite, 0.05M (O.lN). 
Prepared fresh each day with air-free distilled water, and 
standardized by iodimetric titration.6 The solution, stored 
under nitrogen at 25”. was found to decrease in normality 
by about 0.3% in 9 hr. Lower concentrations were pre- 
pared by appropriate dilution with air-free water. The pH 
was adjusted to about 7 to prevent loss of sulphur dioxide. 

Other solutions such as potassium nitrate and Britton- 
Robinson buffer were prepared as reported earlier.‘*’ All 
solutions were prepared with doubly distilled water. 

Procedure 

Method A (reverse titration). Supporting electrolyte, (50 
ml, O.lM in potassium nitrate and containing a suitable 
buffer) and standard CAT solution (5.00 ml) of appropriate 
concentration were ‘added to the cell and deoxygenated 

‘completely by passage of nitrogen. This solution was 
titrated with sodium hydrogen sulphite solution. After each 
addition of titrant, the solution was mixed by passage of 
nitrogen for 6G90 set, and then the current was recorded. 
The measured currents were corrected for dilution. In 
order to prevent aerial oxidation of hydrogen sulphite, 
nitrogen was passed over the surface of the hydrogen sul- 
phite solution in the burette during the titration. For titra- 
tions with the DME, 0.01% polyacrylamide (PAA) was 
added as a maximum suppressor. 

Method B (direct titration). After 50 ml of the supporting 
electrolyte had been deoxygenated in the cell, 5.00 ml of 
the sodium hydrogen sulphite solution were added. The 
solution was titrated with standard CAT solution. In order 
to prevent induced aerial oxidation of hydrogen sulphite, 
the CAT solution was deoxygenated and stored under 
nitrogen in the burette during the titration. Other details 
were as for method A. 

RESULTS AND DISCUSSION 

Amperometric titration at a rotating platinum electrode 

WE) 

The results of titrations by methods A and B for 
concentrations of around O.OlN in the pH range 3-7 
are given in Table 1. All titrations except those at 
pH 7 were carried out at 0 V us. SCE, while a poten- 
tial of -0.5 V was applied to the indicator electrode 
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Table 1. Effect of pH on the amperometric titration at the RPE 
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End-point 

PH 

Method A 
3.13 
4.45 
5.05 
6.18 
5.25t 

Method B 

3.55 
5.14 
6.18 
7.30t 

[NaHSO,] [CAT1 Calc.. Found.* Average 
N N ml ml error, ?/; 

1.037 x lo-* 0.984 x 10-l 4.14 4.73 * 0.02 -0.2 
1.075 x lo-* 0.984 x lo-’ 4.58 4.59 * 0.02 +0.2 
1.090 x 10-Z 0.984 x 10-l 4.51 4.52 k 0.02 +0.2 
1.091 x 1o-2 0.984 x lo-* 4.51 4.53 + 0.02 +0.4 
1.060 x 1o-2 0.984 x lo-’ 4.64 4.67 f 0.01 +0.6 

1.063 x lo-’ 0.973 x 10-l 5.46 5.21 &- 0.01 -4.7 
1.063 x lo-’ 0.973 x 1o-2 5.46 5.39 * 0.02 -1.3 
1.063 x lo-’ 0.973 x lo-” 5.46 5.43 + 0.01 -0.6 
1.010 x 1o-2 0.944 x lo-2 5.35 5.34 + 0.02 -0.2 

* Average of 3 titrations. 
t A potential of -0.5 V cs. SCE was applied. 

for titrations at pH 7, because the chloramine-T 
reduction wave is shifted to more negative potentials 
as the pH rises. Titration curves of a normal L-shape 
and a reversed L-shape were obtained by methods 
A and B, respectively, because hydrogen sulphite 
showed neither a cathodic nor an anodic wave at the 
potentials applied over the pH range used. 

Over the pH range 36, method A gives good 
results, but method B gives poor results, being worse 
at lower pH and also when the Aow of nitrogen 
through the solution is increased, indicating that sul- 
phur dioxide is being swept out of the solution under 
these conditions. 

At pH 7, both methods are satisfactory for concen- 
trations of O.OlN, indicating that sulphur dioxide is 
not lost at this pH. However, for higher concen- 
trations the reduction current for the CAT became 
increasingly unstable and the titration plot became 
curved after the end-point, causing difficulty in extra- 
polation. This instability of the current is considered 
to be due to a deactivation effect3 from some con- 
stituents adsorbed on the electrode surface. We can 
conclude that the titration at pH 7 cannot be success- 
fully followed with the RPE. 

From these results, it would seem that indirect 
titration (method A) with the RPE is best done at 
pH 5. Different concentrations within the range 
0.001-0.1N were titrated under these conditions: the 
results are given in Table 2. Over the range 
0.004-0.1N the relative errors did riot exceed +_ l.Oo/, 
and the coefficient of variation for 6 titrations was 
0.5%. It was also found that the results were not 
affected by the presence of chloride, sulphate or 
p-toluenesulphonamide, which are the reaction 
products, at concentrations up to at least twice those 
produced in the titration reaction. 

At concentrations below 0.002N the error became 
increasingly positive (Table 1); this is considered to 

arise from aerial oxidation of hydrogen sulphite dur- 
ing the preparation and storage of its solutions at 
concentrations around O.OOlN. 

Amperometric titration at a dropping mercury electrode 

(DME) 

The results of titrations by both methods in the 
pH range 5-7 are given in Table 3. A potential of 
-0.2 V was applied, because an anodic wave 
appeared at around 0 V for the hydrogen sulphite 

Table 2. Results obtained by the indirect amperometric titration with 
the RPE (method A) at pH 5.05 

End-point 

[NaHSO,] [CAT1 
N N 

Calc. 
ml 

Found 
ml 

Average 
error, 4, 

1.025 x 10-l 0.984 x 10-l 4.80 4.81 f 0.04* -0.2 
5.01 x 1o-2 4.93 x 10-l 4.92 4.93 * 0.02 +0.2 

1.113 x 1o-2 0.951 x 10-Z 4.21 4.27 + O.Olt +o.o 
8.89 x 1O-3 7.62 x lo-” 4.29 4.30 * 0.01 + 0.2 
5.11 x 1o-3 4.94 x 10-a 4.83 4.83 f. 0.02 +0.2 
4.37 x lo-’ 3.820 x 1O-3 4.37 4.40 + 0.02 +0.7 

2.284 x lo-” 1.946 x 10-a 4.26 4.36 k 0.04 +2.3 

* s = 2.5 x lo-’ ml (6 titrations). 
f s = 2.0 x lo-’ ml (6 titrations). 
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Table 3. Effect of pH on the amperometric titration at the DME 

End-point 

PH 
[NaHSO,] 

N 
[CAT1 

N 
Calc. 

ml 
Found* 

ml 
Average 
error. “/, 

Method A 
5.02 
6.18 
1.22 

Method B 
7.30 

1.098 x lo-’ 0.991 x 1o-2 4.51 4.45 + 0.02 - 1.3 
1.098 x lo-’ 0.991 x 10-r 4.51 4.48 f 0.01 -0.9 
1.019 x 1o-2 1.001 x 10-r 4.51 4.52 + 0.02 +O.l 

1.010 x 1o-2 0.944 x 1o-2 5.35 5.33 * 0.03 -0.4 

* Average of 3 titrations. 

solutions, as reported previous1y.s The titration 
curves obtained had the same shape as those obtained 
with the RPE. 

Indirect titrations (DME, method A) at pH < 6, 
gave low results with the error increasing as the pH 
decreased, in contrast to the good results obtained 
when the RPE was used. The errors also increased 
with increasing nitrogen flow-rate, suggesting that the 
negative errors could be attributed to reaction 
between CAT and the pool of mercury.’ The direct 
titration (method B) using the DME at pH < 6 gave 
low results similar to those obtained with the RPE. 
It is concluded that titrations using the DME should 
not be done at pH < 6. 

On the other hand, the titrations by both methods 
with the DME at pH 7 gave good results. For the 
determination of sodium hydrogen sulphite over the 
concentration range of 0.004-O.lN, the relative errors 
did not exceed + 1.0% and the coefficient of variation 
of 6 titrations was 0.5%. The optimum conditions as 
found experimentally are in agreement with the facts 
that the diffusion current for CAT at the DME is 
very stable in neutral solutions, but not in acidic solu- 
tions, and that loss of sulphur dioxide from neutral 
solutions cannot be detected. The presence of added 
amounts of chloride, sulphate or p-toluenesulphona- 
mide, did not affect the performance of this method. 

CONCLUSIONS 

Chloramine-T has been found to react quickly and 
quantitatively with hydrogen sulphite in neutral or 
weakly acidic solutions according to the equation 

RSO,NClH + HSO; + OH- 

+ RS02NH2 + HSO; + Cl- 

where R = CH3C6H4. Based on this reaction, sodium 
hydrogen sulphite can be titrated directly with CAT 
over the concentration range 0.0040.1N with amper- 
ometric end-point indication by means of either an 
RPE or a DME. When the RPE is used, good results 
can be obtained when CAT is titrated in weakly 
acidic solution with sodium hydrogen sulphite solu- 
tion at 0 V vs. SCE. When the DME is used, good 
results can be obtained when CAT is titrated in neu- 
tral solution with sodium hydrogen sulphite solution, 
or vice versa, at -0.2 V vs. SCE. 

It can be concluded that, for the standardization 
of sodium hydrogen sulphite solutions over the range 
0.004-O.liV, the proposed amperometric methods with 
CAT are simpler and more accurate than previous 
methods, because the titrations are carried out under 
conditrons where sulphur dioxide is not lost as gas 
from the solution. 
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AMMONIUM 2-(2’-LEPIDYLAZO)-l-NAPHTHOL-4-SULPHONATE 
AS INDICATOR IN MERCURIMETRIC DEYERMINATION 

OF HALIDES 

R. C. CHADHA, B. S. GARG* and R. P. SINGH 

Chemistry Department, University of Delhi, Delhi-110007, India 

(Received 23 May 1978. Accepted 13 October 1978) 

Summary-The use of ammonium 2-(2’-lepidylazo)-1-naphthol-Csulphonate as indicator in titrimetric 
estimation of chloride, bromide and iodide with mercury(H) has been examined. The precision, accuracy 
and applicability of the procedures have been evaluated. 

Sodium nitroprusside has been used as indicatorI 
in mercurimetric determination of chloride ions. 
Other commonly employed indicators are diphenyl- 
carbazide,5,6 azo-derivatives of 8-hydroxyquinoline’ 
and PAN.8 For bromide estimation Trtilek’ and 
McCleary” both consider the mercurimetric methods 
to be the more reliable. Various complexes have been 
proposed as indicators for titrimetric estimation of 
iodide.’ ‘-I4 

We now recommend ammonium 2-(2’~lepidylazo)- 
1-naphthol-4-sulphonate as indicator for mercuri- 
metric estimation of halides in aqueous 2-propanol 

or dimethylformamide (DMF) medium. 

EXPERIMENTAL 

Reagents 

Srandard mercury(l1) solution. Prepared by dissolving the 
metal in perchloric acid. evaporating nearly to dryness, 
adding more perchloric acid and evaporating again, this 
being repeated, and finally diluting to volume with water. 

Halide solurions. Prepared by dissolving the requisite 
quantity of the potassium salt in doubly distilled water. 

Bugler. Hexamine solution (lo:<,). 
Indicaror. The salt was synthesized15 and a O.Ol:{, solu- 

tion prepared in doubly distilled water. 

Procedure 

To a solution containing 0.07-35 mg of chloride, or 
0.08-16 me of bromide or 0.13-13 mg of iodide add 2 
drops of inldicator solution. Add 2-3 ml-of hexamine-nitric 
acid buffer of pH 6.0-7.5 and, for chloride, enough 2-pro- 
panol to give a final concentration of 6&800,& or, for 
bromide and iodide, enough dimethylformamide to give 
a concentration of O.S-2.5?{,. More is without effect, but 
less causes inaccurate results. Dilute to 20 ml and titrate 
with mercury(H) solution till the colour changes from light 
orange or yellow to blue. The relative error is generally 
0.1-0.8”‘. 1” 

RESULTS 

effect of dioerse ions 

Cations which give colour reactions with LANAS 
[Pb, Cu, Co, Fe(H), Ni, Mn(II) SC, Bi, Ga, lan- 

thanides] under the titration conditions will interfere. 
Sulphate (2000 ppm), sulphite (1000 ppm), oxalate and 
phosphate (120 ppm), citrate (2500 ppm), tartrate (500 

ppm), nitrite (200 ppm), nitrate and acetate (5000 
ppm), barium, calcium, strontium and magnesium 
(500 ppm) and aluminium (30 ppm) are tolerated. 
Anions such as thiosulphate, cyanide and thiocyanate 
interfere, and so does thiourea. 

Acknonledgemenr-The authors are thankful to the 
Department of Chemistry, University of Delhi, for provid- 
ing necessary facilities and to Dr. S. K. Mehrotra for his 
co-operation. 
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Summary-A simple and quick method for the potentiometric determination of neptunium on the 
2-5mg scale has been developed. It consists of oxidation to Np(V1) by AgO or fuming with HClO,, 
destruction of excess of AgO by sulphamic acid, reduction of Np(VI) to Np(IV) with a slight excess 
of standard Fe(H) in 2M H,SO, and notentiometric titration of the excess of Fe(H) with standard 
Ce(IV). The precision is +O.j%. - 

Relatively little attention has been paid to redox 
methods for the determination of neptunium. The 
only potentiometric method reported’ gives good 
precision for l&lOOmg of neptunium but is limited 
to samples containing only Np(V), preferably in per- 
chloric acid. Studies were therefore initiated in this 
laboratory to develop alternative redox methods for 
the determination of neptunium present in any redox 
state. This paper describes a redox method for use on 
the 2-5 mg scale. 

EXPERIMENTAL 

Reagents 

Standard potassium dichromate solution. Made by dissolv- 
ing a known weight of pure potassium dichromate (dried 
at 120”) in a known weight of water. 

Ferrous ammonium sulphate solution ( - 0.2M). Prepared 
in 2M sulphuric acid and deaerated by passage of nitrogen. 

Ceric sulphate solution (-0.05M). Prepared in 3M sul- 
phuric acid. 

Neptunium stock solution. Neptunium obtained from the 
Radiochemical Centre, Amersham, was purified by anion- 
exchange from nitric acid medium and used for prep- 
aration of a stock solution in _ 2M nitric acid. The radio- 
chemical purity was checked from the cl-spectrum obtained 
with a silicon surface-barrier detector. Neptunium(IV) 
stock solution in 2M sulphuric acid was prepared by 
reducing the neptunium stock solution by adding -0.lM 
hydrazine and heating on a water-bath for about an hour. 
The Np(IV) thus formed was extracted with 0.5M thenoyl- 
trifluoroacetone in xylene and stripped into 2M sulphuric 
acid. 

Sulphamic acid solution, 15%. 

Apparatus 

Weight burettes were prepared from polythene vials 
( - 15 ml capacity) by drawing out the necks over a flame 
to give fine jets. 

Procedure 

A weighed fraction (containing 2-5 mg of neptunium) 
of the stock solution in nitric acid was taken in a cylindri- 
cal 50-ml glass titration vessel and silver (II) oxide 
(15-20 mg) was added to oxidize the neptunium to Np(V1); 
a clear black-brown solution was obtained. Then 1 ml of 
15% sulphamic acid solution was added to destroy the 
excess of oxidant and a clear pink Np(V1) solution was 
obtained. After 5min the Np(V1) was reduced to Np(IV) 

by addition of a weighed excess of standard ferrous sul- 
phate solution and the solution was diluted to about 1Oml 
with 2M sulphuric acid. The excess of iron(H) was then 
titrated potentiometrically with standard ceric sulphate 
solution to the first end-point (normally at 600-8OOmV). 
the end-point being determined as described by Drum- 
mond and Grant.4 

In a few cases the final titration was done with ferroin 
as indicator. 

In some experiments the neptunium was oxidized to 
Np(V1) by fuming with perchloric acid.’ 

The ferrous solution was standardized on the same day 
by potentiometric titration with standard dichromate solu- 
tion and used to standardize the ceric sulpbate solution: 
the polythene weight-burettes were used, and to achieve 
better accuracy, the final amounts of titrant were added 
as more dilute solutions (from weight burettes). 

The amount of neptunium was calculated from 

NP = 118.5 (%(ii, x Cr,,,,, - wc,ttv, x G,,iv,) mg 

where 
IVFc,,,, = g of iron(I1) solution added, 

Wc,,,v, = g of ceric sulphate solution used, 
C, c,lli = concentration of iron(I1) solution (meq/g), 

and 

Cc,,,“, = concentration of ceric sulphate solution 

(meq/g). 

RESULTS AND DISCUSSION 

The work was aimed at developing a potentio- 
metric method for neptunium determination, similar 

Table 1. The effect of Np(IV) on potentiometric determina- 
tion of Fe(I1) by Ce(IV) titration 

Ce(IV) 
Approximate Fe(II) Ce(IV) solution 

amount of sulphate sulphate equivalent to 

NpUV) solution solution lOOmgofFe(I1) 
added, taken, required, solution, 

mg mg mg mg 

187.3 784.0 418.7 
200.1 837.4 418.4 

96.3 402.3 418.0 
1.4 148.7 622.9 419.1 
1.4 154.3 645.6 418.5 
1.4 106.0 443.5 418.6 
1.4 131.7 552.0 419.3 
1.4 118.0 493.6 418.5 
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Table 2. Potentiometric determination of neptunium 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Np solution Fe(H) sulphate Ce(IV) sulphate 
taken,* solution added, solution required,? 

9 mg mg 

0.3746 186.1 295.6 
0.6673 343.6 578.8 
0.7238 378.9 654.8 
0.4469 257.4 473.1 
0.6520 338.1 572.6 
0.4840 293.0 609.6 
0.5222 256.5 392.8 
0.5653 322.0 621.3 
0.8573 479.7 911.1 

, Np found, 
mg 

2.439 
. 4.352 

4.724 
3.080 
4.267 
3.151 
3.410 
3.688 
5.561 

Cont. of Np 
in the solution, 1 

.mglg 

6.51 
6.52 
6.52 
6.60 
6.54 
6.51 
6.53 
6.53 
6.49 

Mean 6.53 + 0.03 
Coulometric value 

= 6.480 + 0.001 

* Samples 6-9 were analysed lf months after the others, each batch being done in one day. 
t Correction factor applied to convert weight of dilute solution into equivalent weight of more concentrated solution. 

to the one used for plutonium,3-5 by oxidation to 
Np(VI), quantitative reduction to Np(IV) with excess 
of ferrous solution, and back-titration of the excess 
with ceric sulphate. 

The oxidation with silver(H) oxide or perchloric 
acid was shown to be quantitative by spectrophoto- 
metry. The oxidized solution showed no absorption 
at 960 and 980 nm [the wavelength of the character- 
istic absorption peaks for Np(IV) and Np(V) respect- 
ively]. 

From the standard redox potentials for the 
Np(VI)/Np(V) couple (1.14 V) and the Fe(III)/Fe(II) 

couple (0.77V), it can be inferred that Fe(I1) should 
reduce Np(V1) to Np(V), but as the potential of the 
Np(V)/Np(IV) couple is 0.74V, Np(V) is unlikely to 
be reduced to Np(IV) by Fe(I1) in dilute perchloric 
acid. However, addition of sulphate medium, which 
complexes with Np(IV) more strongly than with 
Np(V) shifts the potential of the Np(V)/Np(IV) couple 
sufficiently to make this reduction feasible and quan- 
titative [the potential for the Np(V)/Np(IV) couple 
in 1M sulphuric acid is reported6 to be 0.99 V]. In 
preliminary work the reduction of Np(V1) to Np(IV) 
with a small excess of ferrous sulphate in 1, 2 and 

Table 3. Potentiometric determination of neptunium [oxidation to Np(V1) by fuming with HCl0.J 

Np solution Fe(H) sulphate Ce(IV) sulphate 
taken, solution added, solution required,* 

9 mg fag 
‘Np found, 

mg 

Cont. of Np 
in the solution, 

ms/s 

0.6725 326.6 472.7 4.260 
0.7469 298.9 242.8 4.783 
0.7620 297.3 207.7 4.914 
0.9191 353.9 233.8 5.913 
0.7496 312.7 304.3 4.770 

6.33 
6.40 
6.45 
6.43 
6.36 

Mean: 6.40 k 0.05 
Coulometric value 

= 6.32 k 0.012 

* See second footnote to Table 2. 

Table 4. Neptunium determination with ferroin as visual indicator 

Np solution Fe(I1) sulphate Ce(IV) sulphate 
taken, solution added, solution required,* 

9 mt7 W 
Np found, 

mg 

Cont. of Np 
in the solution, 

WlQ 

0.4295 279.4 569.0 2.899 
0.6173 345.4 578.0 4.172 
0.3899 422.1 1226.1 2.664 
0.3521 431.3 1314.0 2.433 
0.4405 365.7 906.4 3.038 
0.8609 777.2 2068.2 5.793 

6.75 
6.76 
6.83 
6.91 
6.90 
6.73 

Mean: 6.81 k 0.08 
Potentiometric value 

= 6.79 + 0.004 

* See second footnote to Table 2. 
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5M sulphuric acid was examined by spectrophoto- 
metry and found to be quantitative in all three media; 
the 2M medium was chosen. 

It is known that Np(IV) is oxidized by Ce(IV) in 
1M sulphuric acid,’ but from the difference in the 
formal potentials of the Np(V)/Np(IV) (0.99 V) and 
Fe(III)/Fe(II) (0.69 V)* couples in 1M sulphuric acid, 
a mixture containing Np(IV) and Fe(H) should give 
two end-points when titrated potentiometrically with 
Ce(IV), the first corresponding to the oxidation of 
Fe(I1). This assumption was tested experimentally by 
titration of Fe(I1) with Ce(IV) in the absence and pres- 
ence of Np(IV). The results in Table 1 show that not 
more than 0.1% of the Np(IV) is oxidized during the 
titration of the Fe(I1). 

The results of replicate analyses by different 
methods are summarized in Table 2. It is seen that 
a precision of *OS% is achieved by using the 
silver(I1) procedure and that the perchloric acid oxi- 
dation gives slightly poorer results. The results 
obtained by potentiometry agreed with those 
obtained by coulometry within 1% or less. 

The precision achieved by the visual indicator 

method was only about *loA and the values agreed 
within 1% with those obtained potentiometrically. 

Uranium(V1) (up to z 200mg) did not interfere. 
Drummond and Grant4 made an extensive study of 
interferences in their method for potentiometric deter- 

mination of plutonium, and as our method is very 
similar, the substances which do not interfere should 
be the same. Plutonium will interfere, of course. 

The method is simple and rapid, suitable for deter- 
mination of 2-5 mg of Np with a precision of + 0.5%. 
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USE OF COMPLEXING LIGANDS IN THE 
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BY ATOMIC-ABSORPTION SPECTROMETRY 
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(Receivetl 7 April 1977. Rerised 6 June 1978. Accepted 14 October 1978) 

Summary-The atomic-absorption spectrophotometric determination of antimony is best achieved in 
the presence of either an ammonium fluoride, hydrochloric acid. nitric acid mixture, or one of the 
following complexing agents: tartaric acid, citric acid. oxalic acid. 2-mercaptopropanoic acid. The inter- 
ference of the 29 metals tested is least in the ammonium fluoride-hydrochloric acid-nitric acid ,mixture 
and is similar in tartaric acid, citric acid and 2-mercaptopropanoic acid media. Hoivever. the interference 
is nronounced in oxalic acid. Tin can be determined if any of the complexing agents or 6M hydrochloric 
acid is present. 

Atomic-absorption spectrophotometry (AAS) has 
been successfully used to determine trace amounts of 
antimony and tin.’ The flames used are hydrogen-air, 
argon-hydrogen, air-acetylene and nitrous oxide- 
acetylene. The sensitivity for antimony or tin is 
greatly enhanced if stibine2.3 or stannane3 is gener- 
ated and introduced into the argon-hydrogen flame. 
However, this method suffers from the disadvantage 
of requiring a separate apparatus for generation of 
the volatile hydrides. Furthermore, the most com- 
monly used atomization flames for antimony and tin 
are air-acetylene and nitrous oxide-acetylene. 

The ready hydrolysis of antimony and tin to form 
oxides has presented difficulties in the AAS deter- 
mination of these metals in aqueous solution. The 
British Standard4 for determining antimony and tin 
involves treatment of the sample with acetic acid and 
hydrogen peroxide. The precipitate is filtered off 
before addition of hydrochloric acid to dissolve anti- 
mony and tin. The prepared solutions of tin and anti- 
mony deteriorate with time and have to be prepared 
fresh for each analysis. Gouin, Holtz and Miller5 have 
used a mixture of fluoroboric acid and nitric acid 
for dissolution of the sample, followed by addition 
of tartaric acid to ensure the retention of antimony 
in solution. However, antimony tartrate. solutions 
slowly hydrolyse and must be prepared fresh.7 Quar- 
rell et d6 have used a mixture of fluoroboric acid 
and hydrogen peroxide to eliminate the interference 
of tin and lead in the determination of antimony, but 
the solution cannot be stored indefinitely without loss 
of antimony by hydrolysis.’ 

This paper reports the determination of tin and 
antimony by AAS in the nitrous oxide-acetylene and 
air-acetylene flames after dissolution of the samples 
in a hydrochloric acid-nitric acid mixture, and addi- 
tion of ammonium fluoride, tartaric acid, oxalic acid, 
citric acid, or 2-mercaptopropanoic acid. 

Q Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Appururus 

A Pye Unicam Model SP90 atomic-absorption spectro- 
photometer with an SP94 nitrous oxide attachment was 
used. The optimum instrumental conditions are shown in 
Table 1. 

Reqenrs 

Tartaric acid. ammonium fluoride, oxalic acid, citric 
acid, 2-mercaptopropanoic acid, nitric acid, hydrochloric 
acid, tin and antimony were of analytical grade or 
equivalent. 

Procedure 

Antimony(lI1) stock solutions (1000ppm) were prepared 
by placing l.OC@g of the metal in each of five SOO-ml con- 
ical flasks containing 30 ml of concentrated hydrochloric 
acid and 2 ml of concentrated nitric acid. After the metal 
samples had dissolved, the solutions were treated with the 
complexing agents (one per flask, 10 g of ammonium tluor- 
ide. tartaric acid, citric acid or oxalic acid, and 30 ml of 
2-mercaptopropanoic acid being used). The resultant solu- 
tions were transferred to lOOO-ml flasks (plastic in the case 
of ammonium fluoride), and made up to the mark. The 
stock solutions for tin were prepared similarly. A sixth 
IO00 ppm stock tin solution was prepared containing 6M 

Table 1. Instrumental conditions for the determination of 
antimony and tin 

Parameter Antimony Tin 

Wavelength, nm 
Slit-width, mm 
Burner slot, cm 

air-acetylene 
nitrous oxide-acetylene 

Observation height, cm 
Fuel flow-rate I./min 

acetylene 
air 
nitrous oxide 

Lamp current, mA 
Damping control 

231.15 224.6 
0.15 0.12 

10 

0.7 

- 
5 

1.5 

1.6 
5 

- 

12 
x2 

4.5 

4.4 
6.5 
x2 
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40 I I I I I 
4 8 12 16 20 24 

Time, days 

Fig. 1. Recovery of 1OOppm antimony(II1) in the presence 
of 0.2% ammonium fluoride (1) oxalic acid (2), citric acid 
(3), tartaric acid (4) and 2-mercaptopropanoic acid (5) cs. 

time of storage. 

hydrochloric acid only. Blank stock solutions of the com- 
plexing agents, containing 30 ml of concentrated hydro- 
chloric acid and 2 ml of concentrated nitric acid were pre- 
pared, together with one containing only 6M hydrochloric 
acid. 

The calibration curves for Sb(II1) in the various media 
were obtained by use of solutions containing 10, 20, 40, 
60, 80, 100 and 120 ppm Sb(II1). The concentration of com- 
plexing agent and mineral acid was kept constant by 
adding appropriate amounts of the appropriate blank solu- 
tion. Similarly, the calibration curves for the tin solutions 
were obtained with 10, 40, 80, 120 and 200 ppm solutions. 

The calibration curves for antimony were all linear up 
to 80 ppm Sb(II1). The determination limit was about 0.5 
ppm. The calibration curves for tin were all linear up to 
about 200 ppm. The determination limit was about 1 ppm. 

The interference of other metals in the determination 
of antimony was tested by preparing solutions containing 
50 ppm Sb(II1) and 900ppm of metals added as the follow- 
ing salts: PdCIz, NiC12 .6Hz0, CuCI, .2H,O, KsPtC&,, 

NH,VOs, FeCI, .6H20, Pb(N03)2, Als(SO&. 16Ha0, 
BaCls .2HsO, CaC1,.2HsO, CoCl, .6H20, MgCla .6H20, 
MnCI, .4HaO, (NH&Mo02,.4H,0, LiCI, LaCI,. 7Hz0, 
KC], AgNOa, NaCl, Tic],, (NH4)10W12041 .5H20, 
CdCls.2.5Hs0, SnC12.2H20, ZnS0,.7H,O. 

The hydrolysis of antimony and tin solutions in the pres- 
ence of various complexing agents was studied by monitor- 
ing the absorbance of lOO-ppm standard solutions over a 
period of three weeks. The results are presented in Fig. 1. 

Table 2. Determination of antimony and tin in alloys 

Complexing agent 

Composition Composition 
of alloy lt of alloy 28 

Sb, Sn, Sb, Sn, 

% % % % 

NH4F-HCI-HN03 mixture 12.0 74 12.4 80 
citric acid 12.0 74 12.4 79 
tartaric acid 12.0 75 12.5 79 
2-mercaptopropanoic acid 12.1 74 12.5 81 
Average composition, AAS’ 12.0 74 12.4 80 
Average composition, electron 15.0 74 13.0 78 

microprobe* 

* Relative error k 1%. 
t Supplied by Generation Engineering (Th), Central 

Electricrty Board, Mauritius (from U.K.). Other metals 
present Pb, 7.5%; Cu, 3.5%. 

8 Supplied by Generation Engineering (Th), (from Italy). 
Other metals present Pb, 1.3%; Cu. 7.7%. 

Two samples of alloys supplied by Generation Engineer- 
ing (Th), Central Electricity Board, Mauritius (Sample 1 
from U.K. and sample 2 from Italy), with antimony and 
tin as major constituents, were used to test the method. 
The two alloys were analysed by Butterworth Microanaly- 
tical Consultancy Ltd., England, for antimony and tin by 
the electron microprobe technique. The results are given 
in Table 2. The antimony solutions were analysed by using 
the air-acetylene flame, and the tin solutions with the 
nitrous oxide-acetylene flame. 

RESULTS AND DISCUSSION 

The chemistry of tervalent antimony in solution is 
dominated by its tendency to undergo hydrolysis to 
form insoluble hydroxides or oxides. Simple ionic 
species such as Sb(H,O)z+ do not exist in neutral 
or slightly acidic aqueous solution. Such hydrolysis 
could not be prevented in the blank stock solution 
containing 0.330M hydrochloric acid and 0.032M 
nitric acid. The formation of soluble antimonates with 
complexing ligands such as tartrate, fluoride, oxalate, 
citrate and 2-mercaptopropanoate occurs readily and 
minimizes the formation of hydrolysis products. The 
absorbance of lOO-ppm Sb(II1) solutions containing 
0.2% of these complexing agents remained constant 
for three weeks (except for the 2-mercaptopropanoic 
acid solution which began to hydrolyse after 10 days). 

The phenomenon of interference by other cations 
in the determination of an element by atomic-absorp- 
tion spectrophotometry is well documented.’ The in- 
terference of 29 metals at the 900-ppm level on the 
determination of antimony and tin has been studied. 
The effect on 50ppm of antimony(II1) in solutions 

containing various complexing agents and interfering 
ions may be summarized as follows. 

When tartaric acid was the complexing agent the 
antimony value was correct within Zppm, except in 
the presence of platinum, magnesium, nickel, tin and 
tungsten, when it was low by 2-4ppm. 

When ammonium fluoride was used the antimony 
results were good (49-50 ppm) except in the presence 
of platinum, manganese and silver, where they were 
low by 2-3ppm, and of nickel, when the value was 

high by 2ppm. 
When citric acid was used the results were correct 

in the presence of copper, calcium and sodium, but 
low by l-2 ppm in the presence of the other metals. 

When 2-mercaptopropanoic acid was used the 
results were correct in the presence of 10 of the metals 
tested and low by l-10 ppm in the presence of the 
others. 

Poorest results were obtained when oxalic acid was 
used as the complexing agent. The values were good 
(50 ppm) only in the presence of sodium, potassium 
and calcium. For all other interfering metals the 
values were low, 15 ppm for bismuth, 32 ppm for 
silver, 30 ppm for titanium, iron and lead, 35 for bar- 
ium and 40-49 ppm for the remainder. 

In a number of cases the added metal salts formed 
insoluble complexes with the ligands and the solu- 
tions had to be filtered before measurement. The con- 
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centration of antimony was reduced when such pre- 
cipitates occurred because of co-precipitation or of 
hydrolysis resulting from a depleted concentration of 
ligand. The 2-mercaptopropanoic acid compounds 
could be dissolved by keeping the pH between 0 and 
1. Examination of the results reveals that the 
ammonium fluoride, hydrochloric acid, nitric acid 
mixture gives the best and most consistent results 
throughout. The results for antimony in presence of 
tartaric, citric or 2-mercaptopropanoic acid are 
comparable but slightly lower than those obtained 
with ammonium fluoride. The results are lowest when 
oxalic acid is used as complexing agent, probably 
because of its inability to prevent hydrolysis at the 
pH of the solution. 

The insoluble oxides of tin are normally redissolved 
by the addition of a minimum amount of 6M hydro- 
chloric acid. It has been found that any of the five 
complexing agents can maintain tin in solution 
without hydrolysis. No decrease in absorbance was 
detected over a period of three weeks. Similarly, no 
decrease in absorbance for antimony(II1) solutions 

was detected over a period of three weeks (except 
in the case of 2-mercaptopropanoic acid where a 
decreased absorbance reading was observed after 10 
days as shown in Fig. 1). 

Table 2 shows the results obtained for tin and anti- 
mony in two metal alloys, with use of the five com- 
plexing agents. The results are compared with those 
obtained by using an electron microprobe technique 
and it can be seen that the agreement is good. 

1. 

2. 

3. 
4. 
5. 

6. 

I. 
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Summary--The extraction behaviour of tellurium(IV) and tellurium(VI) with sodium diethyldithiocarba- 
mate, ammonium pyrrolidinedithiocarbamate and dithizone in organic solvents has been investigated 
by means of flameless atomic-absorption spectrophotometry with a carbon-tube atomizer. The selective 
extraction of tellurium(IV) and differential determination of tellurium(IV) and tellurium(VI) have been 
developed. With sodium diethyldithiocarbamate and carbon tetrachloride, when the aqueous phase/ 
organic solvent volume-ratio is 5 and the injection volume in the carbon tube is 20/zl, the sensitivity 
for tellurium is 0.3 ng/ml for 1% absorption. The relative standard deviations are ca. 2%. The proposed 
methods have been applied satisfactorily to determination of tellurium(IV) and tellurium(VI) in various 
types of water. 

Determinat ion  of tellurium in trace amounts  has 
received increasing a t tent ion in connect ion with the 
wide application of its compounds  and/or  environ- 
mental  pollution. Al though tellurium is a compara-  
tively rare element, it is widely used in the electronics 
industry. Occupat ional  exposure to tellurium causes 
a sour garlic stench in the human  b r e a t h )  

For  determinat ion of tellurium in various samples, 
a tomic-absorpt ion techniques based on the hydride 2 
and a carbon- tube  method 3"4 have been developed, 
and these methods enhance the sensitivity: they will 
not differentiate tellurium(IV) from tellurium(VI) 
however. In previous papers, differential determina-  
t ions of arsenic(m) and (V), 5 antimony(III)  and (V), 6 
and selenium(IV) and (VI): by solvent extraction 
combined with a tomic-absorpt ion spectrophotometry 
with a carbon- tube  atomizer have been described. 
Recently, existing and potential  solvent extraction 
methods for the separat ion of tellurium(IV) have been 
extensively reviewed by Havezov and Jordanov.  s 

In this paper, we extend to tellurium determinat ion 
the techniques used for arsenic, ant imony and 
selenium. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from analytical-reagent 
grade chemicals and demineralized water, and stored in 
polyethylene bottles. 

Standard tellurium(IV) solution, 1000 ppm. Prepared by 
dissolving 1.251 g of tellurium dioxide in 50 ml of 12M 
hydrochloric acid, and diluting to 1000 ml with water; 

further diluted with water to give a concentration of 1 
ppm before use. 

Standard tellurium(Vl) solution, 1000 ppm. Prepared by 
dissolving 2.538 g of potassium tellurate (K2TeO4.3H20) 
and diluting to 1000 ml with water; further diluted with 
water to give a concentration of 1 ppm before use. 

Buffer solution, pH 5.5. Prepared by mixing IM acetic 
acid and 1M sodium acetate in a suitable ratio. 

Apparatus 
The apparatus was that described before) except for the 

light-source, a Westinghouse tellurium hollow-cathode 
lamp. 

Recommended general procedure 
Tellurium(IV) determination. Take a fraction of sample 

solution, containing not more than 2 #g of tellurium(IV), 
in a separatory funnel. Add 5 ml of 5% EDTA solution. 
Add 2 ml of 2% sodium diethyldithiocarbamate (DDTC) 
solution and 5 ml of the acetate buffer solution. Dilute 
the mixture to 25 ml with water and shake the funnel 
for 2-5 rain with 10.0 ml of carbon tetrachloride. Let stand 
for 20-30 min and separate the organic phase. Inject 20 
/~1 of the organic phase by micropipette into the carbon 
tube. Pass argon through the furnace at a flow-rate of 3 
l./min, and then atomize the sample by the following heat- 
ing sequence: drying for 30 sec at 20 A (ca. 200'), ashing 
for 120 sec at 50 A (ca. 700°), and atomization for 7 sec 
at 230 A (ca. 2400°). Record the absorption signal at 214.3 
nm. Run a reagent blank at the same instrumental settings 
and subtract it from the analytical value. 

Total tellurium determination. Take an aliquot of sample 
solution containing not more than 2 /~g of tellurium, in 
a beaker. Add hydrochloric acid to adjust the acidity of 
the solution to ca. 4M. Heat in a boiling water-bath or 
a steam-bath for 70 min. Cool, add 5 ml of 5~ EDTA 
solution and 2 drops of Methyl Orange solution. Neutral- 
ize with ammonia solution. Add 2 ml of 2% DDTC solu- 
tion and adjust the pH to 5-8 with 5 ml of the buffer 

1AL. 26;5-- ^ 3 3 7  
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solution. Transfer the mixture to a separatory funnel and 
adjust the volume to 25 ml with washings from the beaker. 
Extract and measure the atomic absorption as for tellur- 
ium(IV). The tellurium(VI) is estimated from the difference 
between total tellurium and tellurium(IV). 

RESULTS AND DISCUSSION 

Optimization of the atomization system 

The heating conditions were examined in the same 
way as for arsenic s and followed the same pattern, 
the useful limits being 20-30 A for 30 sec (200-300 °) 
for drying, 45-55 A for 120 sec (650-800 °) for ashing, 
and 190-250 A for 7 sec (2000-2600 °) for the atom- 
ization. 

The optimum shielding-gas flow-rate was 3 1./min. 

Extraction 

Extraction behaviour of Te(IV) and Te(VI). The 
extraction behaviour of tellurium(IV) and tellur- 
ium(VI) with DDTC, APDC (ammonium pyrrolidine- 

dithiocarbamate) and dithizone in methyl isobutyl 
ketone (MIBK) and carbon tetrachloride was investi- 
gated. The effect of acidity is shown in Figs. 1-3. 

In the DDTC system, tellurium(IV) is extracted 
into both carbon tetrachloride and MIBK in the pH 
range 3-9 whereas tellurium(VI) is not. In neutral 
medium, carbon tetrachloride gives much higher sen- 
sitivity and wider range of optimum pH than MIBK. 
The species extracted from neutral medium was con- 
firmed to be Te(DDTC), by continuous-variation 
plots. In concentrated hydrochloric acid medium, tel- 
lurium(IV) is extracted into MIBK, probably owing 
to the formation of chloro complexes. However, it 
is not extracted into carbon tetrachloride. The quite 
different behaviour of the two solvents, carbon tetra- 
chloride and MIBK, seems very curious, but the cause 
was not discovered in this work. The apparently 
higher degree of extraction from concentrated (9M) 
hydrochloric acid medium (Fig. 1) probably results 
from the decrease in the volume of the organic phase 
because of the greater solubility of MIBK in such 
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Fig. I. Effect of acidity on the extraction of Te(IV) and Te(VI) with DDTC. O, Te(IVI--CCI,; 0, 
Te(VI)--CCI,; A, Te(IV)-MIBK; &, Te(VI)--MIBK; aqueous phase, 25 ml; organic phase, i0 ml; Te(IV) 

or Te(VI), 2 #g. 
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Fig. 2. Effect of acidity on the extraction of Te(IV) and Tc(VI) with APDC. O, Te(IV)-CCI4; t ,  Te(VI)-- 
CCI,; A, Te(IV)-MIBK; A, Te(VI)-MIBK; aqueous phase, 25 ml; organic phse, 10 ml; Te(IV) or 

Te(Vl), 2 /.tg. 



Differential determination of tellurium(IV) and tellurium(VI) 339 

Table 1. Recovery tests on tellurium(IV) and teUurium(VI) 0 . 7  

Added, ng/ml Found, no/ml 06 

Te(IV) T e ( V l )  ~Te(total) T~IV) T~VI) 05 

0 80 77 0 77 c 
0 4  20 60 76 20 56 

40 40 79 40 39 
0 3  60 20 77 60 17 

80 0 80 80 0 
0 2  

a solution. Tellurium(VI) is not extracted from any 
medium. 

With the APDC system, tellurium(IV) is extracted 
into both solvents over a wide range of pH. The sensi- 
tivity, however, is lower than that of the DDTC sys- 
tem. The degree of extraction of tellurium(VI) is much 
lower at pH 1-10 than that of tellurium(IV), but in 
strongly acidic medium both tellurium(IV) and (VI) 
are extracted. 

Dithizone extracts tellurium(IV) very slightly from 
neutral medium into carbon tetrachloride or MIBK 
and from acidic medium into MIBK, but it does not 
extract tellurium(VI) from any medium. 

Differential determination of Te(IV) and Te(VI). 
From the results it is concluded that extraction with 
DDTC into carbon tetrachloride at pH 5-8 is best 
for the selective separation of tellurium(IV) and (VI). 
Total tellurium is separately determined by extraction 
after reduction of tellurium(VI) to (IV). Recovery tests 
showed (Table 1) that the recommended procedure 
gave good results. 

In the conventional method, tellurium(VI) is 
reduced to tellurium(IV) in warm hydrochloric acid. 
Temperature, time, and acid concentrations must be 
specified if quantitative reduction without loss of tel- 
lurium is to be obtained. The optimum conditions 
for the reduction were therefore investigated, by tests 
with 2 pg of tellurium(VI) in a boiling water-bath. 
Figure 4 shows that the heating time needed for the 
reduction in 4M hydrochloric acid is at least 60 rain, 
and that there is no appreciable loss of tellurium after 
80 rain. The optimum acidity is 3.0M hydrochloric 
acid or above (Fig. 5). 

Effect of shaking time, and stability of the extracts. 
Extraction is quantitative in 15 sec, and continued 
shaking for up to 20 min produces no further change 
in the atomic-absorption signal. The absorption of 

, , O  

i i i i A 20 40 60 80 

Time, rain 

Fig. 4. Effect of heating time on reduction of Te(VI). 
Te(VI), 2/ag; hydrochloric acid, 4M: temperature, 100°C: 

aqueous phase 25 ml, organic phase 10 ml. 

the extract remains almost constant for at least 5 hr 
after the extraction. 

Effect of phase-colume ratio on sensitivity. To exam- 
ine the effect of the volume ratio on the sensitivity 
of atomic absorption, 10 ml of carbon tetrachloride 
were used for the extraction from various volumes 
of the aqueous phase, each containing 2/zg of tellur- 
ium(IV). As the aqueous-organic phase volume-ratio 
(V./V,,: 1-10) was increased, the measured atomic 
absorption slightly decreased. If an appropriate V. /V ,  
ratio is chosen according to the tellurium content of 
the samples, it is possible to determine tellurium over 
a wide range of concentration from ng/ml to #g/ml 
levels. 

Calibration curve and precision 

Calibration curves prepared by use of tellurium(IV) 
and reduced tellurium(VI) solutions were similar. The 
linearity was good over the range 2-40 ng/ml with 
V./V,, = 5. The sensitivity for 1°,'~ absorption was 
found to be 0.3 ng/ml. The relative standard deviation 
was ca. 2% for 80 ng/ml of tellurium(IV) (ten deter- 
minations, three injections in each). 

Interferences 

The interference of large amounts of alkali and 
alkaline earth metals in the determination of tellur- 
ium by direct injection is avoided by the prior extrac- 

° 2 ~ i  L ~ ~ ~ , l  ' Ol 

9 7 5 3 i 2 4 6 8 I0 
HCt, M pH 

Fig. 3. Effect of acidity on the extraction of Te(IV) and Te(VI) with dithizone. O, Te(IV)-CCI,; g, 
Te(VI)-CC14; A, Te(IV)-MIBK; &, Te(VI)--MIBK; aqueous phase, 25 ml; organic phase, 10 ml; Te(IV) 

or Te(VI), 2 #g. 
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Table 3. Analytical results on various samples 

Te(totalL ng/ml Te~IV). ng/ml Te(Vl), ng/nd 

Sample added found added found added found 

River water A - -  ND - -  ND - -  ND 
River water A 20 20 20 20 - -  ND 
River water A 20 18 - -  ND 20 18 
River water A 40 38 20 20 20 18 
River water B - -  ND - -  ND - -  ND 
River water B 20 20 20 20 - -  ND 
River water B 20 20 - -  ND 20 20 
River water B 40 40 20 20 20 20 
Sea-water A - -  ND - -  ND - -  ND 
Sea-water A 20 20 20 20 - -  ND 
Sea-water A 20 18  - -  ND 20 18 
Sea-water A 40 38 20 2 0  20 18 
Sea-water B - -  ND - -  ND - -  ND 
Sea-water B 20 20 20 20 - -  ND 
Sea-water B 20 18 - -  ND 20 18 
Sea-water B 40 38 20 20 20 18 

ND: not detected. 
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Fig. 5. Effect of hydrochloric acid concentration on reduc- 
tion of Te(VI). Te(VI), 2 / lg ;  temperature, 100°C; heating 
time, 70 min; aqueous phase 25 ml, organic phase 10 ml. 

Table 2. Permissible amount of foreign ions in determi- 
nation of 2/zg of Te/25 ml (with error < - 10%) 

Limiting ratio, 
Ion Added as [ion]/[Te] 

Fe s ÷ Chloride 11 
Ni 2 + Chloride 75 
Cu 2 + Sulphate 1 
Zn 2 + Chloride 130 
Hg 2 + Chloride 37 
Sn 2 + Sulphate 10 
Cd 2 + Sulphate 5 
Bi 3 + Chloride 5 
Se(IV) Selenious acid 3 
As(III) Arsenious acid 1 
Sb(III) Chloride 4 

The following are tolerable in 1000-fold ratio to Te: 
Na +, K + , C a  2+, Mg 2+ ,Co  2÷, Mn 2+, Cr 3+, A13+, pb 2+, 
As(V). NH~. F - .  CI- .  Br- .  I - ,  S 2-. NO3. CH3COO- .  
so~-. po ,  ~-. 

t ion o f  the  tel lurium. However ,  large amoun t s  of  
metal  ions which react  with D D T C  lower  the  degree 
o f  ext rac t ion  of  tellurium(IV). Al though  such inter-  
ferences can be reduced  by mask ing  with E D T A  in 
many  cases, iron(Ill) ,  copper(I lL cadmium(II) ,  tin(II), 
etc. were found to interfere cons iderably  with the  

de t e rmina t ion  of  tel lurium. Table  2 shows the effects 
o f  various ions; the  da ta  were obta ined with 1% of  
E D T A  in the aqueous  phase.  

Application to water analysis 

Results for differential de te rmina t ion  of  tel lurium- 
(IV) and  tel lur ium(VI)  in var ious  types of  water  are  
presented  in Table  3 together  with those  of  a recovery 
test on  the samples.  All the  samples  were acidified 
with hydroch lor ic  acid to ca. p H  1 immedia te ly  after 
sampl ing.  Accord ing  to the  m e t h o d  p roposed  h e r e ,  

ng/ml levels o f  tellurium(IV) and tellurium(VI) in 
waste  water  o r  sea-water  can  be de te rmined  satis- 

factorily. 
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R~sum6---L'ion bromanilate B 2- est un anion aromatique cyclique apparent~ aux oxocarbones. Nous 
avons montr~ par spectrophotom~trie ultraviolet-visible qu'il forme deux complexes 1:1 avec le 
molybd~ne(VI) en solution aqueuse ~t pH ~< 6. Les variations de la constante conditionnelle de complex- 
ation avec l'acidit~ permettent de calculer le nombre de protons intervenant dans chaque 6quilibre. 
Les formules des deux complexes different d'un proton, le pK d'ionisation 6tant ~gal ~t 2,30. L'acide 
bromanilique H2B permet de doser Mo(VII h ,;. = 340nm en milieu HC104 3M ou 1,4M avec une 
precision meilleure qu'en utilisant l'acide chloranilique H2C pour des concentrations voisines de 1 mg/l. 
Les meilleurs r6sultats obtenus avec H2B quand l'acidit~ augmente ont ~t~ expliqu6s par l'~cart entre 
les valeurs de pKt des deux acides: pKt = 0,22 pour H2B et 0,45 pour HxC. 

En 1963, West ~ rut le premier h d~finir le concept 
d '"oxocarbones",  compos6s comportant une cha]ne 
de plusieurs atomes de carbones doublement li6s aux 
atomes d'oxyg6ne. Parmi ces corps, une s6rie remar- 
quable est form6e par les anions cycliques dans les- 
quels plusieurs (deux en g6n6ral) charges n6gatives 
sont d~localis6es sur un nombre sup&ieur de groupe- 
ments carbonyle. West I a calcul6 pour un grand 
nombre de ces oxocarbones l'6nergie de d61ocalisation 
et montr6 que tons ces anions sont aromatiques. 

L'un de nous a r6eemment 2 6mis rhypoth~se que 
tous les anions II des dihydroxyquinones I appar- 
tenaient h la s~rie des oxocarbones (quels que soient 
les substituants X) et non pas seulement, comme 
l'avait suppos6 West, 1 ceux porteurs de substituants 
d6jh aromatiques tels que des groupements ph6nyle. 
Nous avons entrepris, en consequence, l'6tude des 
propri6t6s des ions brom6s et chlor6s l la  et lib. 

(a) X = Br 
(b) X = CI 

O 

O 

1 
acide bromanilique 
acide chloranilique 

x o 

3 x 

II 
ion bromanilate 
ion chloranilate 

2- 

Les 6tudes effectu6es depuis plusieurs ann6es au 
laboratoire nous on t  permis de montrer que les oxo- 

carbones pr6sentent un ensemble de propri6t6s qui 
en font des r6actifs analytiques d 'un grand int6r6t 
potentiel: 

(1) solubilit6 notable dam l'eau, 
i2) stabilit6 chimique vis-~t-vis des acides et des 

bases, 

(3) spectres (dans rultra-violet-visible) intenses, per- 
mettant d'exploiter avec pr6cision les techniques spec- 
trophotom6triques, 

(4) forte acidit6 des acides conjugu6s. 

L'int6r6t de ce dernier point est que les oxocar- 
bones sont des bases faibles et ne sont masqu6s par 
les protons qu'en milieu tr6s acide. En cons6quence, 
l 'emploi des oxocarbones semble particuli&ement in- 
diqu6 pour le dosage spectrophotom6trique s61ectif 
des 616ments donnant des ions hydrolys6s en milieu 
acide (pH voisin de z6ro), d'autant plus que les 
cations m6talliques ou alcalino-terreux forment en 
g6n6ral des sels ch61at6s insolubles. 3,4 

Toutes ces caract6ristiques expliquent le hombre 
consid6rable d'applications analytiques qu'a ret;u r ion 
chloranilate lib. Nous avons d'aiUeurs pris celui-ci 
comme premier exemple et pr6cis6 la nature de ses 
complexes molybdiques en solution et ~ l'6tat solide, s 

Dans ce travail, nous avons examin6 les propri6t6s 
complexantes de r ion bromanilate l l a  vis-a-vis des 
ions du molybd6ne(VI). Les deux acides la et Ib sont 
de force comparable. Cependant, les travaux 
ant6rieurs divergent quant ~t leurs sensibilit6s respect- 
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ives. l la  serait le rSactif le plus sensible ~ pour le 
dosage du zirconiumtlV) en milieu acide perchlorique 
2,8M~ Au contraire, les sels de baryum de l la  et l ib  7 
ont des solubilit6s ~quivalentes en solution aqueuse 
neutre. 

L+acide chloranilique ayant 6t6 utilis6 ~ pour le 
dosage spectrophotom6trique du molybd~ne(VI) en 
milieu acide perchlorique concentr6, nous avons exa- 
rain6 le gain de sensibilit6 r6alis6 en le remplaqant 
par l'acide bromanilique. Les r6sultats ont 6t6 discut6s 
h partir de la diff6rence d'acidit6 des deux r6actifs, 
que nous avons d6termin6e. 

PARTIE EXPERIMENTALE 

Appareils 

On a utilis6 un spectrophotom&tre Unicam SP 800 B 
6quip6 de cuves en quartz Hellma de 10,00 et 1,00 mm 
d'6paisseur, Le compartiment des cures 6tait thermostat6 
h 298,0 + 0,2 K par un cryostat Lauda K 2R. 

Les valeurs de pH ont /:t6 mesur6es avec un pH-m6tre 
Metrohm E 353 B, gquip6 d'~lectrodes de verre combin6es 
EA 120 X. 

R~actifs 
L'acide bromanilique 6tait un produit Eastman et l'acide 

chloranilique un produit Fluka "puriss". lls ont 6t6 utilis6s 
sans purification. Le molybdate de sodium 6tait un produit 
Prolabo pur. Tousles autres r6actifs 6taient des produits 
commerciaux "'pour analyses". 

Les solutions des r6actifs 6talent pr6par6es par pes6e et 
utilis~es dans la semaine suivante. 

Notations utilis~es 
L'acide bromanilique sera d6sign6 par H2B et ses ions 

par HB- et B : - .  L'acide chloranilique et ses ions seront 
not6s H2C, HC- et C 2-. 

L'absorbance d'une solution a 6t6 notee A. le symbole 
repr6sentant les absorbances molaires (en l.mole -~. 

c m -  t). 
La force ionique d'une solution a 6t6 not6e I (en 

mole/I.). 
La concentration analytique d'un corps X a 6t/: symbo- 

lis6e par [X]r. 
La loi d'action de masse a 6t6 appliqu6e aax 6quilibres 

de complexation de fa¢on ~ calculer des constantes de for- 
mation. En g6n6ral, il s'agit de constantes conditionnelles 
de stabilitY, que nous avons d~sign6es par K/. Nous nous 
sommes conform6s h la terminologie de Ringbom. 9 

RESULTATS ET DISCUSSION 

Constantes d'acidit~ de racide bromanilique 

Les solutions d'acide bromanilique et de ses ions 
sont diff6remment color6es, ce qui permet de d6ter- 
miner les valeurs de pK,, par spectrophotom6trie darts 
le visible, o/l les diffgrences entre les trois spectres 
sont importantes. 

D'apr~s la littgrature, t° les valeurs de pK~ et PK2 
seraient respectivement de 0,80 et 3,10 (milieu non 
pr6cis6). On peut donc prgvoir que les deux ionisa- 
tions ne sont pas ind6pendantes, et que la formation 
du monoion H B -  n'est jamais complete. 

Or, la m6thode colorimgtrique exige la connais- 
sance pr6cise des absorbances des trois esp6ces. Celles 
de H2B et de B 2- ont 6t6 obtenues respectivement 

en milieu HCIO+ 4M et en milieu de pH > 6. Nous 
avons calcui6 celle de H B -  dans la zone de pH > 3 
(o/J le second 6quilibre d'ionisation intervient seul), 
par it6rations successives, jusqu'h robtention d'une 
valeur constante de PK2. L'absorbance molaire dgter- 
min6e pour H B -  a ensuite 6tg utilisge pour le calcul 
de pK~ avec des r6sultats satisfaisants. 

Le pK1 6tant faible, il n'est pas possible d'utiliser 
le pH pour dgfinir ractivit6 des protons dans les 
m61anges H2B-HB- ,  la molarit6 [H +] 6tant 
sup6rieure ~t 0,1M. Aussi avons-nous utilis6 la fonc- 
tion d'acidit6 H0 6tablie dans l'acide perchlorique par 
Yates et Wai. ~ I1 n'est alors pas n6cessaire de main- 
tenir constante la force ionique des solutions. 

Nos rgsultats sont, h 298 K: 

pKI = 0,22 _+ 0,05 par rapport h H i  t 
pK2 = 2,70 __+ 0,05 (I = 0,1M) 

On a opgr6 darts les conditions suivantes: 

[H2B]T = 1,5.10-aM 

mesures effectu6es h 2 = 530 nm (cuves de 1 cm) 

ea2, = 60 l . m o l e - ~ . c m  -~ 

el+,- = 853 l .mo le -  l . c m -  1 (calcul6) 

~,2- = 187 l . m o l e - l , c m  - j  

zone d'acidit6 pour la mesure de pKt :  

HCIO+ 4,15M h HC10+ 0,1M 

Etude du systbme ion bromanilate-H+-Mo(Vl) en 
solution 

La m6thode suivie consiste ~ d6terminer par spec- 
trophotom6trie la composition des complexes et leur 
constante conditionnelle de stabilit6 K,. ~ diff6rents 
pH. La variation de Kf avec le pH donne le nombre 
de protons intervenant dans chaque ~quilibre. 9 

La modification du spectre dans le visible des 
esp6ces bromaniliques par complexation, bien que 
nette, est relativement peu intense pour une 6tude 
quantitative. C'est pourquoi les mesures ont 6t~ faites 
dans l'ultraviolet afin d'avoir une meilleure pr6cision. 

Composition des complexes. A toute acidit6 com- 
prise entre HCIO+ 4M et pH 6, on a trouv6 que les 
complexes se forment dans le rapport 1:1. Un 
exemple de la variation d'absorbance observ6e en 
fonction de l 'addition de Mo(VI) h une solution de 
B 2 -  fi pH 4,00 est donn6 en figure 1. 

Zone [HCIO+] > 1M. Les rgactifs se trouvent en 
milieu acide sous forme d'ions H M o O ~  et de mol6- 
cules H2B. Puisque le complexe est dissoci6 par acidi- 
fication, on met en 6vidence l'6quilibre de formation 
d'un complexe X, monom6re: 

H M o O ~  + H2B ~,-~ X + n H  + 

En effet, seuls les coefficients stoecbiom6triques 1 et 
1 permettent de calculer une valeur constante de Kr 

chaque acidit6. K est la constante apparente de 
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Fig. 1. Composition du complexe bromanilique de Mo(VI) 
/t pH = 4,00. 

[Mo(Vl)]-r . 
[H2B-IT = 5.10-'*M; q 

[H2B]T 
I = 0,100 cm; ~, = 350 rim; tampon ac&ique 0,2M. 

F6quilibre ci-dessus. K~. doit varier avec [H +] selon 
Kf = K[H+]  -". 

IX] IX] [H + ]" 
Kf = [HMoO~.][H2B] ; K = [HMoO~..][H2B] 

Nous avons calcul~ Kf h diff~rentes concentrations 
en acide perchlorique. Afin de pouvoir raisonner sur 
ta concentration des protons, nous avons impos6 une 
force ionique ~lev~e: 4M en ion perchlorate, ce qui 
fixe la valeur des coefficients d'activit& Les r6sultats 
sont exposes dans le tableau 1. K est une constante 
si l'on prend n = 2. 

La dernidre ligne du tableau 1 permet de montrer 
I'influence de la force ionique sur l'~quilibre de com- 
plexation. Quand la molarit~ de HCIO4 est fix~e h 
IM, la proportion de complexe form~ diminue par 
introduction de NaCIO4. 

Le complexe se forme donc suivant l'6quilibre: 

HMoO~ + H2B~,~X + 2H + 

L'augmentation du nombre de particules t~ar for- 
mation de X explique que l'accroissement de la force 
ionique d~favorise la complexation, ce qui &ait inat- 
tendu. 

Tampon ac~tique 0,2M. Entre pH 4 et pH 7, la 
proportion de complexe/l l'~quilibre diminue quand 
le pH augmente. Comme dans le cas du complexe 
chloranilique, on peut montrer s que l'esp~ce molybdi- 
que libre qui pr6domine est MoO~- dans ies condi- 

Tableau 1. Variation de la constante conditionnelle de 
complexation avec l'acidit~ perchlorique (I =4,00M; 

T--- 298 K) 

[HCIO4], M [NaCIO4], M Kf K = Ki. [H + ]2 

2,00 2,00 1,85. l0 s 7,40, 10 s 
1,00 3,00 7,60. l0 s 7,60.103 
0,50 3 ,50  3 , 1 5 . 1 0 4  7,90.103 
1,00 0 , 0 0  1,20.104 - -  

tions retenues de concentration et de pH. En effet, 
l'ion MoTO~- est d6condens6 vers pH 4,50 par 
l'abaissement de la concentration de Mo(VI) libre due 
/l la formation quantitative du complexe, et vers pH 
5,50 par la diminution de [H+]. 

L'~quation de complexation doit donc s'6crire: 

MoO~,- + B 2- + n H + ~ X  ' 

Le complexe a ~t~ d6sign6 par X', car son spectre 
est diff&ent de celui de X, form~ en milieu plus acide. 

A chaque acidit6, on calcule la constante condition- 
nelle Kf: 

[X'] 
Kr = I-MoO~_][B2_ ] 

Kr est reli~e ~ K, constante apparente de l'6quilibre, 
et ~ [H +] par la relation Kr = K [ H + ] "  ou log 
K~. = l o g K - n p H .  

Le tableau 2 donne les variations de Kr avec le 
pH,/1 298 K, 

La figure 2 repr6sente le graphe log Kr = f(pH). 
Au-dessus de pH 5, c'est une droite de pente - 2 .  
La pente diminue (en valeur absolue) en milieu plus 
acide, ce qui s'explique par l'intervention de l'6qui- 
libre: 

B 2- + H  + ~ - H B -  (pK 2 =2,70) 

La r6action de complexation s'6crit donc: 

MoO~- + B 2- + 2 H  +~-X '  

L'extrapolation/l l'origine du segment de droite de 
pente - 2  donne log K = 13,60 d'oO: K = 4.1013. 

Equilibre entre X et X'. Cet 6quilibre s'observe 
entre pH 1 et pH 4, zone dans laquelle Mo(VI) forme 
des polyanions et n'intervient donc pas dans l'6qua- 
tion de formation de faqon simple. Aussi avons-nous 
complex6 l'ion bromanilate par un exc~s de molyb- 
date (de faqon/l obtenir 100% de complexation h tout 
pH) et fait varier le pH. 

La pr6sence de deux points isosbestiques. 

2 = 356 nm, E = 1,38.104 l .mole - l . cm - I  

2 = 321 nm, ~ = 1,34.10 '~ l .mole- l . cm -1 

prouve l'absence d'une troisi6me esp6ce, l'absorbance 
de Mo(VI) 6tant n6gligeable. 

Tableau 2. Variation de la constante conditionnelle de complexation avec le pH (I = 0,20M; T = 298 K) 

pH 4,40 4,60 4,80 5,00 5,25 5,40 5,60 
Kf 3,58.104 1 , 8 4 . 1 0 4  8 , 0 0 . 1 0 3  4 , 0 0 . 1 0 3  1,08.103 535 250 
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Fig. 2. Variation de la constante conditionnelle avec le 
pH. [B2-]1 = [MoO2-]r = 5.10-4M: T = 298 K; tam- 

pon ac~tique O,20M. 

La figure 3 montre les spectres des deux complexes 
compar6s h celui de l 'ion B 2-.  Nous avons calcul6 
par spectrophotom+trie les proportions des deux 
complexes en fonction du pH. Le pK a 6t6 d~termin+ 
par la relation: 

Ix] 
p g  = pH + log [X'~-] ' 

Les r~sultats sont donn6s dans le tableau 3. 
La valeur constante trouv6e (pK---2,30 + 0,05) 

confirme l'intervention d 'un seul proton dans l'6qui- 
libre. 

u 2 

E 

o 

I L 
500 3 2 5  

~, r~rn 

\ 

350 

Fig. 3. Spectres dans l'ultraviolet de B 2 -  et des deux com- 
plexes molybdiques. [B2-]l = 5.10-4M, [Mo(VI)]r = 
2.10-3M. O--O--O: pH .>/ 9: B2-; - - :  pH =4,05: 
(1.1.2)2-: . . . . . . .  : pH = 2,58; . . . . .  : pH = 2,00: . . . . .  : 

pH = 0,85: (1,1,3)-. 

Tableau 3. D;'termination du pK du complexe 

E, I. mole-  1. log 
pH c m - '  [X], % [X'], o/,, [X]/[X'] pK 

~85 2,06.104 100 0 
1,50 2,11.104 87 13 +~82 2,32 
1,75 2,15.104 76 24 +0,50 2,25 
2,00 2,18.104 68 32 +0,33 2.33 
2,25 2,23.104 55 45 +0,09 2,34 
2,50 2,29.104 39,5 60,5 - ~ 1 9  2,31 
2,75 2,34.104 26 74 -0,45 2,30 
3,00 2,38.104 16 84 -0,72 2,28 
>4 2,44.104 0 100 

Conditions:[H_,B]r = 5.10-4M, [Mo(VI)] r = 2.10-SM: 
• mesur6 a 340nm: I = O,20M: T =  298K. 

Par la suite, le complexe X', qui est form6 ~ partir 
d'un ion molybdate M o O  2-,  d'un ion bromanilate 
B 2- et de deux protons, sera d6sign6 par (1,1,2) 2-. 
Le complexe X, qui en d&ive par fixation d'un pro- 
ton, s'~crira (1,1,3)-. Cette 6criture ne tient pas com- 
pte des molecules d'eau 6ventuellement pr6sentes dans 
ces complexes pour compl6ter ~ six la coordinence 
du molybd+ne. 

S p e c t r e s  ~Jlectroniques des  complexes .  Le tableau 4 
r6sume les bandes d'absorption des esp6ces HzB, 
H B - ,  B 2-,  (1,1,3)- et (1,1,2) 2-.  

Comme le montre la figure 3, les spectres dans 
l'ultraviolet des complexes (1,1,3)- et (1,1,2) 2- sont 
voisins de celui de l 'ion B 2-. La forte intensit~ des 
bandes dans Fultraviolet est caract+ristique de la 
d6localisation de l 'ion B 2-.  Nous en concluons que 
le ligand conserve une structure d61ocalis~e dans le 
complexe. La diminution d'|ntensit6 des bandes dans 
l'ultraviolet des complexes montre que la r6sonance 
est moins importante que dans l'ion B 2- libre. Par 
contre, on note que l'intensit~ de la bande des com- 
plexes (dans le visible) est proche de celle de l'ion 
H B - .  L'absorbance dans le visible semble li6e h la 
pr6sence de doublets localis6s sur certains atomes 
d'oxyg6ne. 

Le spectre du complexe (1,1,3)- est tr+s voisin de 
celui des complexes bromaniliques de Zr(IV) et 
Hf(IV) form6s en milieu HC104 2,8M. 6 La modifica- 
tion du spectre dans l'ultraviolet de l'ion B 2- n'est 
donc pas sp6cifique de la nature du cation complex6, 
mais correspond h u n  changement de la structure 
61ectronique du ligand. 

D'autre part, il est remarquable que les intensit6s 
des bandes dans le visible et l'ultraviolet varient en 

Tableau 4. Spectres ~lectroniques des esp~ces bromanili- 
ques libres et complex6es 

E~ 

~i. I. mole-  l 
2, nm l . m o l e - l . c m - I  2, nm . c m - I  

H2B 311,5 1,80.104 455 230 
HB- 315 1,60.104 522,5 870 
B z - 334 2,65.104 520 190 
(1,1,2) 2- 340 2,44.104 550 680 
(1,1,3)- 340 2,06.104 550 915 
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sens inverse dans l'ordre: 

B 2-,  (1,1,2) 2- ,  (1,1,3)-, HB- 

I1 semble que la protonation de (1,1,2) 2- se traduise 
par une perte d'aromaticit6 du ligand, le proton fix6 
venant accro~tre la charge positive du groupement 
molybdique et done la polarisation du ligand. Comme 
pour les complexes chloraniliques de Mo(VI), s nos 
r6sultats s'interpr~tent par une augmentation du 
poids de la forme limite III dans la structure 
m6som6re II du ligand B 2- .  

2- 
Bt 0~0 -~ 

0 0 Br 

O ~  0 (-) 

0 ~ - , " ~  01-) 
Br 

II Iil 

Conclusion. Comme le syst6me CZ--H+-Mo(VI), s 
le syst6me B2--H+-Mo(VI) forme deux complexes 
1:1 

HMoO~ + H2B -4- H20 ~ (1,1,3)- + 2H + 
(H +) > 0,5M 

(1,1.3)- ~{1 ,1 ,2 )  2-  -4- H + 

pK = 2,30 

(1,1,2) 2- ~ MoO~- + B 2- + 2H + 
p H > 4  

Les valeurs de pK des complexes de B 2- et C 2- 
sont identiques aux erreurs exp6rimentales pr6s, bien 
que les valeurs de pK de H2B et H2C diff6rent de 
0,2 unit6 de pH. 

Les constantes apparentes de formation des com- 
plexes (1,1,2) 2- sont voisines: 

K = 8.1013 pour H2C 5 et 4.1013 pour H2B 

La diff6rence n'est pas suflisamment significative 
pour comparer l'affinitd des deux oxocarbones pour 
Mo(VI) en fonction de leur basicit6. Les r6sultats de 
l'6tude en solution, confirm6s par l'6tude (par spec- 
troscopie dans l'infra-rouge) du complexe molyb- 
dique de l'ion bromanilate.' 2 permettent d'attribuer aux 
complexes bromanilique et chloranilique de Mo(VI) 
des structures analogues. 

Dosage de Mo(VI) par l'acide bromanilique en milieu 
perchlorique trbs acide 

Principe du dosage. Mo(VI) peut ~tre dos6 par spec- 
trophotom6trie, s sans r6duction pr6alable, en formant 

• le complexe chloranilique (1,1,3)- en milieu HC104 
1,4M. Bien que la stabilit6 du complexe soit faible 
~t une telle acidit& il est avantageux d'utiliser ce 
milieu, dans lequel les interf6rences dues aux cations 
m6talliques non hydrolys6s sont minimis6es. L'acidit6 
retenue est un compromis entre la s61ectivit6 et la 
sensibilit6 de la m6thode. 

Nous avons trouv6 que le complexe (1,1,3)- bro- 
manilique 6tait plus stable en milieu tr6s acide que 

son homologue chloranilique. Etant donn6 que les 
deux complexes ont pratiquement la m~me absor- 
bance a 340 nm (2 max), il semblait possible d'ac- 
cr6itre la pr6cigion du dosage de Mo(VI) en substi- 
tuant H2 B ~1 HzC. En effet, la plus grande proportion 
de complexe form6e devait permettre d'augmenter 
racidit6 (d'oh un gain de s61ectivit6) sans perdre en 
sensibilit6. 

Afin de chiffrer quantitativement le gain de pr6ci- 
sion possible, nous avons r6alis6 dans les m~mes con- 
ditions le dosage spectrophotom6trique de Mo(VI) 
par HzB et H2C. Le degr6 de complexation est alors 
important et permet de calculer avec une bonne pr6ci- 
sion les constantes conditionnelles de formation des 
deux complexes. 

A deux acidit6s fix6es (HC104 3M et 1,4M), nous 
avons ajout6 des quantit6s connues de Mo(VI) h u n  
exc6s d'acide bromanilique. Puis nous avons trach les 
droites A = f([Mo(VI)]r) en nous limitant aux condi- 
tions telles que la loi de Beer-Lambert soit suivie. 
Chaque droite correspond fi un execs connu d'acide 
bromanilique et la valeur de leurs pentes permet de 
calculer la constante conditionnelle de formation du 
complexe, qui a 6t6 compar6e it celle obtenue avec 
H2C dans les m~mes conditions. 

La m6thode utilis6e pour le calcul des Kf est 
d6riv6e de la m6thode du rapport des pentes (slope 
ratio method) 13 dans le cas particulier off la forma- 
tion du complexe n'est pas quantitative. Un exemple 
de calcul est d6taill6 ci-dessous. 

R~actif H2B darts HCI04 3M. A ~ = 340 nm 
(I = 1,00 cm), les variations de l'absorbance en fonc- 
tion de la concentration analytique de Mo(VI) suivent 
la loi de Beer-Lambert jusqu'~ [Mo(VI)]T = 10-'*M 
quand [H2B]T varie de 5.10 -4 /t 2.10-aM. 

Les droites exp6rimentales ont pour 6quations: 

[H2B]T = 5 . 1 0 - 4 M  
A = 0,200 + 4,18.10 a [Mo(VI)]T 

[-H2B]T = 10-3M 
A = 0,400 + 6,65.103 [Mo(VI)]T " 

[H2B]T = 2.10-aM 
A = 0,790 + 9,75.103 [Mo(VI)]T 

On en tire les valeurs de ct [proportion de Mo(VI) 
complex6] de la mani6re suivante. L'acidit6 6tant con- 
stante, la r6action de complexation apparente peut 
s'6crire: 

Mo(VI) + H2B ~- X 

A l'6quilibre, les concentrations sont: 

[X] = ~[Mo(VI)]I 

et 

[Mo(VI)] = (1 - :t) [Mo(VI)]T 

et puisque H2B est en exc6s: 

[H2B] = [H2B]T 
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Tableau 5. Caleul de K~- pour le complexe H2B--Mo(VI) 
en milieu HCIO,~ 3M 

[H2B]r, M p. Umole :t K, 

2 .10  -3 %75.103 0.47 443 
10- 3 6,65.103 0.32 470 

0,5 .10 -3 4,18.103 0.20 500 

). = 340nm; /=  1,00 cm;~x -- 2,06.10'*l.mole-~.cm-~ ; 
T -- 298 K. 

Seules les esp6ces H2B et X absorbent. L'absor- 
bance A des solutions est donn6e par: 

A = E~,~ I[H2B]r + Ex /a [Mo(VI) ] r  

EH_,, = absorbance molaire de H2B 

Ex = absorbance molaire du complexe (1,1,3)- 

On v6rifie bien que le premier terme est propor- 
tionnel h [H2B]r avec En2~ = 4001.mole-  1 .cm- 1 

La pente des droites vaut donc p = Exla. 
L'absorbance Ex a 6t6 d6termin~e dans la premiere 

partie de ce travail: ~x = 2,06.10'* l . m o l e - ' . c m  -1. 
On peut ainsi calculer :~ qui est reli6 h Kj.: 

[ x ]  • 1 
Kf [Mo(VI)][H2B] 1 - ~ [H2B]~ 

Les r~sultats sont r~sum6s dam le Tableau 5. 
R~actif H2C dam HCIO, 3M. Les droites exp6ri- 

mentales (2 = 340 nm, l = 1,00 cm) ont pour 6qua- 
tions: 

[H2C]T = 5 .10-4M 
A = 0,100 + 2,68. 103[Mo(VI)]x 

[H2C]v = 10-3M 
A = 0,200 + 4,60. 103[Mo(VI)]v 

Les calculs de a et Kf sont donn~s dans le Tableau 6. 
Discussion. La pr6cision des r6sultats est suffisante 

pour mettre en ~vidence la plus grande stabilit6 du 
complexe bromanilique: Kr = 470 + 30 (H2B) contre 
K. = 286 + 10 (H2C). 

L'augmentation de sensibiliti6 due au changement 
de r+actif peut ~tre mesur6e par la valeur de la pente 
p: 

[H.,C]v = 10-3M; p = 4600 l .mole  -~ 

[H,B]v  = 10-aM; p = 6650 l .mole  -~ 

La concentration de Mo(VI) qui provoque un 
accroissement d'absorbance de 0,1 (quand l = 1 cm) 

Tableau 6. Calcul de K, pour le complexe H2C-Mo(VI) 
en milieu HCIO, 3M 

[H2C] r, M p. Umole a KI 

1 0 -  3 4,60.10 a 0,219 281 
0,5.10 -3 2,68.103 0,127 291 

). = 340 nm; I = 1,00 cmzex -- 2,10.10 '~ I.mole -1 . cm- l ;  
T = 298 K. 

est de: 

1,50.10-SM (ou 1,44 mg/l.) pour H2B 10-3M 

2,17.10-SM (ou 2,08 mg/l.) pour H2C 10-3M 

Le maximum de sensibilit6 est obtenu pour [H2B]T 
= 2 .10-aM.  Mais fi cette concentration, l 'absorbance 
propre du r6actif est 61ev6e fi 340 nm et il est avanta- 
geux de se placer /l 2 = 350 nm, off la pr6cision est 
encore bonne. L'6quation de la droite est alors: 

A = 0,360 + 7,40.103[Mo(VI)]T 

Nous avons ensuite cherch6 si un gain de sensibilit6 
6quivalent 6tait obtenu en milieu HC10,, 1,4M, ce 
qui 6tait le milieu optimal de dosage en utilisant 
H2C. s En effet, une diminution de l'acidit6 doit se 
traduire par l 'augmentation des valeurs de K,. des 
deux complexes. 

R~sultats dans HCI04 1,4M. Nous avons trac6 
comme ci-dessus les droites A = f [ M o ( V I ) ] T  pour 
H2C et H2B /l la concentration 10-3M. Elles ont 
pour 6quations: 

H2C A = 0,305 + 1,35. 104[Mo(VI)]x 

H2B A = 0,530 + 1,54.10*[Mo(VI)]T 

Les r6sultats et le calcul des constantes condition- 
nelles sont regroup6s dans le tableau 7. 

On constante imm~diatement que les pentes des 
droites sont plus fortes qu'en milieu HCIO,  3M, ce 
qui indique une meilleure sensibilit6 (due fi la crois- 
sance de a). Mais la difference de sensibilit~ (mesur+e 
par le rapport des pentes Ap) a diminu6. Par contre, 
le rapport des constantes conditionnelles AKr reste 
constant. 

- -dans  HCIO4 1,4M Ap = 1,145; AKt = 1,60 
- -dans  HCIO4 3M Ap = 1,446; AKt. = 1,64 

La concentration de Mo(VI) qui provoque un 
accroissement d'absorbance de 0,1 (quand I = I cm) 
est de: 

7,43.10-6M (ou 0,71 mg/l.) pour H2C 10-3M 
6,49.10-6M (ou 0,63 mg/l.) pour H2B 10-3M 

Dosaoe d'~chantillons contenant du molybdbne: 
interferences. Etant donn6 la similitude des propri6t6s 
chimiques de H2C et H2B, il est possible de reprendre 
sans modifications le mode op6ratoire de Waterbury et 
Bricker a qui effectuent rextraction du molybd6ne(Vl) 
par la 4-m6thyl-2-pentanone (MIBK; hexone), puis 
une contre-extraction par l'eau. Un traitement par 
une solution d'hydroxyde de sodium 61imine alors la 

Tableau 7. Calcul de Kt. pour les complexes de Mo(Vlt 
avec HzB et H2C dans HCIO, 1,4M 

rEactif, 1 0 - 3 M  p. Umole • Kj 

H2C 1,35.104 0,64 1,78.103 
H2B 1,54.104 0,74 2,85.103 

2 = 340 nm; I = 1,00 cm; T = 298 K. 



Applications analytiques des oxocarbones--I 347 

plupart des cations m6talliques bivalents [et le fer 
(III) si l'6chantiUon 6tait un acier]. 

Les ~lSments g~nants sont ceux qui donnent des 
oxo-ions solubles/ l  la lois en milieu alcalin et acide. 
Nous avons observ~ que les ions suivants inter- 
f~raient: Zr(IV), Hf(IV), U(VI), Cr(VI), V(V) et 
W(VI). D'apr6s la r~f6rence 8, l'6tain et le bismuth 
gfinent aussi. 

Conclusion. Nous avons trouv6 que le gain de sensi- 
bilit6 dfi au remplacement de H2C par H2B augmente 
avec la molarit6 de l'acide perchlorique, tandis que 
la sensibilit6 des deux r6actifs diminue par suite de 
leur masquage par les protons. Cette observation 
explique les r6sultats apparemment contradictoires 
des travaux ant~rieurs sur l'utilit~ analytique de 
l'acide bromanilique. En milieu o(1 la molarit6 des 
protons est inf6rieure h 2M, il ne permet pas de 
dosages plus pr6cis que l'acide chloranilique. 7 Au 
contraire, il se r6v61e un meilleur r6actif en milieu 
plus acide, par exemple dans le dosage du zirconium- 
(IV) en milieu HCIO4 2 ,8M)  

On peut relier la meilleure sensibilit6 de H_,B dans 
les milieux tr6s acides fi son pK~ inf6rieur "/t celui 
de H2C. En effet, la formation des complexes d6pend 
de la facilit6 avec laquelle les acides (de pouvoir com- 
plexant nul) s'ionisent en hydrog6noions H B -  ou 
H C - ,  les ions B 2- et C 2- n'existant pas en milieu 
HCIO,, > 1M. Pour cela, on met r6quation de forma- 
tion des complexes (1,1,3)- sous la forme suivante, 
qui fait appara]tre les hydrog6noions: 

H M o O ~  + H B -  (ou H C - ) ~ ( 1 , 1 , 3 ) -  + H + 

Dans le cas de H B - ,  la constante apparente de 
cet 6quilibre est: 

[(1,1,3)-] [H + ] 
K ' =  

[ H M o O  ~] [ H B - ]  

En milieu tr~s acide, [ H B - ]  < [H2B] et 
[HB] = K~ [H2B]T/[H+], K~ ~tant la premiere con- 
stante d'ionisation de H2B. 

[(1,1,3)-] = K,K~/[H+]2 
K f  = [HMoO~_ ] [H2B]  

On fair un calcul identique dans le cas de H C - .  
Le rapport des constantes eonditionnelles de com- 
plexation des deux r6actifs est alors ind6pendant de 
l'acidita: 

Kf(H2 B) K'(H2B) KI(H2B) 

K f(H.,C) K'(H2C) K~(H2C) ' 

D'apr6s nos r6sultats ant6rieurs s e t  ceux de ce 
travail, le rapport des K1 est: 

K~(H2B) 0,600 
- 1 ,69  + 0 , 1 0  

KI(H2C ) 0,355 

et le rapport 

Kr(H2B) 
- -  = 1,62 +_ 0,04. 
Kf(H2C) 

On en d6duit que 1~ deux constantes K'  [con- 
stantes de complexation de Mo(VI) par H C -  et 
H B - ]  sont 6gales aux incertitudes pr6s. D'autre part, 
entre pH 4 et 6, nous n'avons pas t rou% de dif- 
f&ences significatives entre les constantes de forma- 
tion des complexes (1,1,2) 2- ~ partir des ions C 2- 
et B 2-.  

Ces r6sultats viennent confirmer la relation 14 6tab- 
lie par Beauchamp et Benoit entre les constantes de 
stabilit6 des complexes form6s par cinq hydroxy- 
quinones substitutes (dont H2C) avec le germanium 
(IV) et la somme des pK  de ces complexants. 

A partir de nos mesures, on calcule: 

pour H2 C5 pKl  + pK2 = 0,45 + 2,50 = 2,95 

pour H,B pK~ + pK2 = 0.22 + 2.70 = 2,92 

La basicit+ totale des deux ions B 2- et C 2- est 
la m~me et justifie doric l'6galit~ de leurs pouvoirs 
complexants. 

En conclusion, la difference de comportement entre 
H2B et H2C en milieu tr6s acide provient uniquement 
de la difference de ieur valeurs de pK1. L'ion C z-  
est masqu~ par ies protons avant l 'ion B 2-. En con- 
s~quence, il n'est avantageux de remplacer H2C par 
H2B qu'en milieu acide de normalit6 sup6rieure h 2N. 
Aux acidit6s inf+rieures, les deux r+actifs ont la m~me 
basicit~ et sont des agents complexants de force iden- 
tique. 
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Summary--The bromanilate ion B 2- is a cyclic aromatic anion related to oxocarbons. We have shown 
by ultraviolet-visible spectrophotometry that it forms two 1: l complexes with molybdenum(VI) in 
aqueous solution at pH <~ 6. The variation of the conditional stability constants with acidity allows 
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the calculation of the number of protons involved in each equilibrium. The formulae of the two com- 
plexes differ by a proton. The pK is 2.30. Molybdenum(Vl) can be determined with bromanilic acid, 
H2B, at 340 nm in 3 or 1.4M perchloric acid. The accuracy is better than with chloranilic acid, 
H2C, when the concentration is about 1 mg/l. The better results obtained with H2B at high acidities 
are accounted for by the difference between the pKt values of the two acids (0.22 for H2B and 0.45 
for H2C). 
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R6sumA---Les complexes form6s entre le tungst6ne(Vl) et les ions chloranilate C 2- et bromanilate 
B 2- ont 6t6 6tudi6s en solution aqueuse et '~ l'6tat solide, par spectroscopic (ultra-violet, visible et 
infra-rouge). A pH 34,  les complexes ont une stoechiom6trie ligand:tungst~ne = 2. A pH < 2 il n'ap- 
paralt que des complexes l: I. Les deux r6actifs permettent le dosage spectrophotom6trique de W(VI) 
(2 = 335 nm pour H2C et 340 nm pour H~B) en milieu HCIO4 1,4M h des concentrations voisines 
de l mg/1. Les constantes conditionnelles de formation des deux complexes l : l  dans ce milieu ont 
6t6 calcul6es. Les complexes tungstiques sont plus stables que les complexes molybdiques correspon- 
dants, et les complexes de B 2- sont plus stables que les complexes de C-'- [avec W(VI) comme 
avec Mo(VI}]. On montre que l'6cart provient de la diff6rence des valeurs de pK l des acides H2B 
et H.,C. Les spectres (dans l'infra-rouge) des complexes de B-'- et C z- avec Mo(VI) et W(VI) sont 
discutds en vue de pr6ciser rinteraction entre les ions m6talliques et les ligands aromatiques. 

Les acides chloranilique (dichloro-2,5-dihydroxy-3,6- 
benzoquinone-lA: H2C) et bromanilique (dibromo- 
2,5-dihydroxy-3,6-benzoquinone-l,4: H2B) s'ionisent 
en ions C 2- et B 2- dans lesquels les deux charges 
n6gatives sont d61ocalis6es sur les quatre atomes 
d'oxyg6ne: 

OH × 0 

H × 

0 

X = CI H,C 
X = Br H2B 

C 2- ion chloranilate 
B z- ion bromanilate. 

Les deux ions aromatiques sont apparent& aux 
oxocarbones I e t  constituent des agents complexants 
remarquables en milieu fortement acide, lls permet- 
tent le dosage spectrophotom6trique s61ectif des ions 
m&alliques de haut degr6 d'oxydation. Par contre, 
la plupart des cations m6talliques non hydrolys6s sont 
pr6cipit6s sous forme de ch61ates insolubles dans tous 
les solvants usuels. 

Nous avons r6cemment ~tudi6 z'3 les complexes 
form6s entre les ions B 2- et C 2-  et ies ions de Mo(VI) 
en solution acide. Les constantes conditionneiles 4 de 
formation des complexes 1:1 varient comme la pre- 
mi&e constante d'ionisation des deux acides. L'acide 

bromanilique, 6tant le plus fort, 3 est le r6actif le plus 
sensible pour le dosage du molybd6ne(VI). 

Le pr6sent travail a pour but d'examiner les possi- 
bilit6s de dosage spectrophotom&rique du tung- 
st6ne(Vl) par les deux oxocarbones B z-  et C- '- .  
Malgr6 l'analogie apparente des propri6t6s des ions 
Mo(VI) et W(VI), ia m&hode utilis6e pr~c6demment 
pour l'6tude des complexes molybdiques 2'3 s'est 
av6r6e inapplicable. En effet, on ne peut pas exploiter 
les variations des constantes conditionnelles de for- 
mation des complexes tungstiques avec le pH, car le 
tungst6ne(VI) libre se condense 5 lentement et de 
mani6re irr6versible en-dessous de pH 7. 

Nous nous sommes done limit6s h d&erminer la 
composition des complexes tungstiques de B 2- et 

C 2- en solution fi diff6rents pH par spectrophotom& 
trie dans l'ultra-violet-visible. Nous avons ensuite 
cherch6 les conditions convenables pour le dosage 
spectrophotom&rique du tungst6ne(Vl) en milieu 
acide perchlorique, en utilisant les deux r6actifs H2B 
et H2C. Enfin, nous discutons la nature des complexes 
form6s, fi partir de leurs spectres 61ectroniques, et du 
spectre infra-rouge de compos6s solides que nous 
avons pr6par6s par r6action de H2B et H2C avec ies 
ions tungstate. Nous montrons que les complexes 
bromaniliques et chloraniliques de W(VI) et de 
Mo(VI) constituent une famille distincte des 
polym6res de coordination form6s par ces oxocar- 
bones avec la plupart des cations m&alliques. 6'7 

349 



350 JEAN-MARIE POIRIER et JEAN-FRAN(,'OIS VERCHERE 

0.8 

0.6 

A 

O.4 

0.2 

\ 
"x 

0 ,1 ,, L ~ I ~ I 
3 5 7 

pH 

Fig. la. Syst~me H + - B 2 - - W ( V I ) .  Var iat ion de l 'absor- 
bance en fonct ion du pH. [ H z B l z  = 10 -3M;  tampon for- 
mique IM; I =  l,O0cm: , ; ,=560 nm; q=[W(VI ) ]T /  
[B2-]T. 0 0 0 0  q = 2,0; I:/[][:] q = 0,5; A A A  q = 0.0. 
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Fig. lb. Syst~me H+-C2--W(VI) .  Variation de l'absor- 
bance en fonction du pH. IH2C]~- = 10-aM; tampon for- 
mique IM; I =  1,00 cm; 2 = 560 nm; q = [W(VI)]r/ 
[C2-]T. 0 0 0 0  q = 2,0; f-ll"ql-'l q = 0,5; A A A  q = 0,0. 

PARTIE EXPERIMENTALE 

Appareils, produits et notations 

Ce sont ceux utilis6s dans l'article pr6c6dent. 3 Les 
spectres infra-rouge ont 6t6 enregistr6s sur un Beckman 
IR-12, les produits solides ~tant dilu6s dans des pastilles 
de KBr. 

Solution de W(VI). Le tungstate de sodium 6tait un 
produit Prolabo R.P. On a pr6par6 par pes6e une 
solution-m&e 0,100M en WO~- .  darts la soude 0,01N. On 
a v6rifi6 que les ions WO 2-  ne se eondensaient pas dans 

ce milieu, en dosant p6riodiquement la solution-m6re par 
spectrophotom6trie, apr~s formation du complexe W(VI): 
dihydroxy-l,2-benz6ne, en tampon ac6tique de pH 5. 
L'~talonnage a ~t6 r6alis6 avec des masses pes6es de 
Na2WO,,.2H20. Ce dosage donne la concentration des 
seules esp6ces tungstiques labiles, les formes polym6ris~es 
r6agissant trop lentement pour interf6rer. 8 

Pr~'cautions op~ratoires. L'obtention de r6sultats repro- 
ductibles exige le respect du mode op6ratoire suivant: on 
introduit successivement dans une fiole le tampon, puis 
le ligand et enfin le tungstate. La complexation est alors 
rapide et le complexe reste stable plusieurs jours. Au con- 
traire, quand le tungstate est introduit dans le tampon en 
l'absence de ligand, il se condense partiellement et la r6ac- 
tion de complexation devient lente et incompl6te. 

Pr6paration des complexes solides 

La m~thode g6n6rale de preparation est d6riv6e de celle 
d6crite ant~rieurement 2 pour le complexe H2C-Mo(VI). 
On m61ange l mmole du r6actif organique dissoute dans 
50 ml de m6thanol et 1 mmole de tungstate (ou de molyb- 
date) de sodium dissoute dans l0 ml d'eau distill6e. On 
6vapore totalement le solvant sous pression r6duite (20 
mmHg)/I  313 K. Le solide est ensuite mis en suspension 
dans l'ac6tone qui dissout l'exc6s 6ventuel de dihydroxy- 
quinone. 

On filtre le solide sur verre fritt6 de porosit6 n: 4. et 
on le lave h l'ac6tone jusqu'/l ce que le filtrat soit incolore. 
On le s6che enfin/l l'6tuve/L 333 K pour chasser l'ac~tone 
adsorb6e. Le rendement est sup6rieur ~ 80%o. 

(a) Complexe chloranilique de W(VI). 
Poudre mauve hygroscopique analyse WO3, 
C604C12, 2Na, 3H20 M = 538,85 

C , %  H . %  C1.% 
trouv~ 13,6 1,6 13.6 
calcu16 13,40 1,11 13,20 

Masse molaire mesur6e: M = 538 + 5 

(b) Complexe bromanilique de W(VI) 
Poudre mauve hygroscopique analyse WO3, 
C60,,Br 2, 2Na, 4H20 M = 645,79 

C , %  H , %  Br .% 
trouv6 10,9 1,5 25,8 
ealcul6 11,16 1,25 24,74 

Masse molaire mesur6e: M = 635 ___ 10 
La valeur 645 correspond 'fi 4 H ,O  
La valeur 627 correspond h 3 H_,O 

(c) Complexe bromanilique de Mo(VI) 
Poudre bleu fonc6, hygroscopique analyse MOO3, 
C604Br 2. 2Na, 3H20 M = 539,86 

C , %  H , %  Br .% 
trouv~ 13,5 2,2 30,2 
calcul6 13,35 1,12 29,60 

Masse molaire mesur6e: M = 519 + 5 
(correspond au dihydrate, th6orique 521,84) 

Les microanalyses ont 6t6 r6alis6es au Laboratoire de 
Microanalyse, Universit6 de Paris VI, par M. Dorme que 
nous remercions,' 

La masse molaire des produits a ~t6 d6termin6e en dis- 
solvant une masse connue (environ 20 mg) dans 100 ml 
de tampon hydrog6nocarbonate ~ pH 7,50 et en dosant 
par spectrophotom~trie (ultra-violet) l'ion B 2- ou C 2- 
lib~r6. La masse molaire a ~t6 rapport6e fi un ion bromani- 
late ou chloranilate. 

RESULTATS ET DISCUSSION 

Composition des complexes tunflstiques de B 2- et C 2 - 
en solution acide 

D a n s  tout  milieu compr i s  en t re  H C I O ,  1,4M et 
p H  6, l ' in t roducf ion  d ' ions  de W(VI) dans  une solu- 
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tion de H_,B ou de H_,C fait virer la couleur vers 
le violet. La modification correspondante du spectre 
dans rultra-violet des r6actifs est peu importante. 
Aussi avons-nous travaill6 surtout sur les bandes 
visibles o/1 les diff6rences dues ~ la complexation sont 
plus marqu6es. 

Zone d'existence des complexes. Les figures la et 
lb repr6sentent les variations de I'absorbance 
). = 560 nm en fonction du pH pour des solutions 
de rapport fix6 q = [W(Vt)]x/[r6actif]x, le r6actif 
6tant respectivement H2B et H2C. 

Les courbes correspondant ~ q = 0,5 montrent rex- 
istence d'un premier complexe vers pH 2, et d'un 
second dans la zone de pH 3-4. Ce dernier se dissocie 
aux pH sup6rieurs en redonnant ranion B z-  o u C  2-. 

Les courbes trac6es pour q = 2,0 ne component  
plus de palier entre pH 3 et 4. Un excks de tungstate 
favorise donc la formation d'un complexe de rapport 
stoechiom6trique sup&ieur ~ 0,5. 

Complexes form,s entre pH 3 et 4. A pH 4, les vari- 
ations de rabsorbance de solutions d'ions B 2- et C 2- 
en fonction de raddition de W(VI) indiquent la for- 
mation exclusive d'un complexe de rapport q = 0,5. 
Les courbes des figures 2a et 2b ont 6t6 trac6es 
2 = 560 nm. 

Une 6tude similaire effectu6e sur la bande ultra- 
violette (2 = 330-335 nm) des ions B 2- et C 2- 

montre que les complexes 1:2 ont des absorbances 
proches de celles des ligands libres. Tous les spectres 
sont rassembl6s dans les tableaux 2 et 3. 

Complexes formds aux pH infdrieurs ~ 3. Entre pH 
2,0 et 2,5 les diff&ences spectrales sont plus nettes 
dans rultra-violet que dans le visible:. Nous avons 
trac6 les courbes A =f [W(VI) ]T  qui pr6sentent une 
cassure arrondie pour q = 1, dans le cas des deux 
r6actifs. Cependant, la partie initiale de ces courbes 
est d6form6e, ce qui laisse soupqonner la formation 
pr61iminaire du complexe 1:2 d6tect6 en milieu moins 
acide. 

Les spectres des complexes 1:1 [form6s quantita- 
tivement en pr6sence d'un exc6s de W(VI)] sont dif- 
f6rents des spectres des complexes 1:2 (Tableaux 2 
et 3). 

Nous avons remarqu6 qu'un accroissement de la 
force ionique favorise la formation initiale du com- 
plexe 1:2. Nous avons pu ainsi la mettre en 6vidence 
dans un tampon formique 3M de pH 2,50. Le tableau 
1 montre que la concentration d'acide chloranilique 
complex6 est constamment sup6rieure h la concen- 
tration analytique du tungst6ne(Vl), tant que le rap- 
port q est inf6rieur h 1. 

On constate donc que les deux complexes 1:1 et 
1:2 coexistent dans cette zone de pH. Puisqu'une aug- 
mentation de l'acidit6 favorise le complexe 1:1 aux 
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Fig. 2a. Composition du complexe bromanilique de W(VI) ~ pH = 3,99. [H2B]T = 2.10-3M; q = 
[W(VI)]r/[B2-]T; I = 1,00 cm" 2 = 560 nm: tampon ac6tique 1M. 
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Fig. 2b. Composition du complexe chloranilique de W(Vl) ~ pH = 4.03 I-H2C']T----2.10-3M; q = 
[W(VI)'IT/[C2-'IT; I ffi L00 c-1"li; ~. = 560 nm; tampon ac6tique IM. 
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Tableau 1. Proportion de H2C complex/:/t pH 2,50 

[W(VI)]r, 10-4M 1,00 ZOO 3,00 .4,00 5,00 6,00 8,00 10,00 

[H2C] complex/:, 1,33 2,53 3,74 4,80 5,73 6,53 8,26 9,46 
10-'*M 

[H2C]T = 10-3M; T = 298 K; tampon formique 3M. 

d6pens du 1:2, i'6tude du complexe 1 : 1 a 6t6 poursui- 
vie en milieu acide 1N. 

En milieu HCIO4 1M, le complexe 1:2 n'est plus 
d6celable et on ne d6tecte qu'un complexe l : l, dont le 
pourcentage de formation est moins 61ev6 qu'~ pH 2. 

Il n'est plus possible de d6terminer directement le 
spectre de ce complexe en pr6sence d'un exc6s de 
W(VI) car le tungstate libre pr6cipite sous forme 
d'acide H2WO4 (ou WO 3 . nH20). Nous rayons donc 
estim6 en multipfiant par 10 la variation d'absorbance 
trouv6e quand q = 0,1. L'absorbance calcul6e ainsi 
plusieurs longueurs d'onde est inf6rieure ~ celle du 
complexe 1:1 forms h pH 2, mais lui est exactement 
proportionnelle. On en conclut qu'il s'agit du m~me 
complexe. 

D i s c u s s i o n .  Le tungst~ne(VI) forme deux types de 
complexes avec les deux dihydroxyquinones 6tudi6es: 

- -~  pH < 3 des compos6s l : l ,  

- - h  pH > 3 des compos6s 1:2. 

Ce comportement est analogue h celui d6crit 9 dans 
la r6action de l 'uranium(Vl) (qui existe sous forme 
d'ions uranyle UO~ +) avec racide chloranilique. Par 
c0ntre, le molybd6ne(VI) se distingue des autres ions 
de la colonne VIB de la classification p6riodique en 
ne formant que des complexes 1 :I avec H 2  C 2  et 
H2B. 3 

S p e c t r e s  ( l e c t r o n i q u e s  d e s  c o m p l e x e s  

Les spectres des acides, de leurs ions et des com- 
plexes tungstiques sont d6crits dans le tableau 2 pour 
H2B et dans le tableau 3 pour H2C. 

On constate que les bandes dans l'ultra-violet des 
ions B 2- et C 2- et de leurs complexes tungstiques 
se situent ~ des longueurs d'onde identiques, ce qui 
montre que les ligands conservent un important car- 
act6re aromatique dans les complexes. L'intensit6 de 
la bande diminue dans rordre B 2- ou C 2- > com- 
plexe 1:2 > complexe 1:1. Les complexes de W(VI) 
absorbent dans l'ultra-violet h des longueurs d'onde 
inf6rieures ~ celles des complexes de Mo(VI): respec- 
tivement 337 nm avec C 2- et 340 nm avec B 2-. 
Comme les complexes molybdiques, les complexes de 
W(VI) absorbent dans le visible vers 550 nm. Les in- 
tensit6s de ces bandes sont nettement plus 61ev6es que 
celles des ions fibres B 2- et C 2-. 

Ces r6sultats concordent pour indiquer que la sub- 
stitution des hydroxyquinones par le brome ou par 
le chlore n'a pratiquement pas d'influence sur les tran- 
sitions +lectroniques, dans les complexes comme dans 
les ions. Nous pensons que ce r6sultat est dfi h la 
d61ocalisation des charges dans les ligands et darts 
les ions, qui "amorti t"  l'effet attracteur des substi- 
tuants. La preuve en est que les spectres des acides 
(et dans une moindre mesure ceux des ions H B -  et 

Tableau 2. Spectres /:lectroniques de H2B, de ses ions et des complexes de W(VI) 

Ultraviolet Visible 
Esp/:ce ). nm ~. 1. t oo l -  1. cm - a )., n m  ~, 1. m o l e -  1. cm - t 

1,80.104 
1,60.104 
2,65.104 

2,25 ±0,05".104 

H2B 311,5 455 230 
HB - 315 522,5 870 
B 2 - 334 520 190 
complexe 335 550 450 -4- 50* 
1:2 
complexe 334 1,80.104 550 900 
1:1 

* Incertitude due au complexe 1:1 qui se forme simultan/:ment. 

Tableau 3. Spectres /:lectroniques de H2C, de ses ions et des complexes de W(VI) 

Ultraviolet Visible 
Esp/:ce 2, n m  ~, I. m o l e -  1. e ra-  1 2, n m  ~, 1. m o l e -  1. cm - 1 

H2C 302 2,04.104 460 200 
HC- 310 1,63.104 530 870 
C 2- 332 2,72.104 525 190 
complexe 333 2,35 ~0,05".104 555 450± 50* 
1:2 
complexe 331 1,80.104 550 870 
1:1 

* Incertitude due au complexe 1:1 qui se forme simultan6ment. 
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HC-),  dans lesquels il n'y a pas d61ocalisation, difo 
f&ent assez sensiblement. 

D'autre part, les bandes d'absorption des diff&ents 
complexes varient peu avec la nature du cation. Dans 
le cas de l'acide chloranilique, tr6s 6tudi6, les com- 
plexes de U(VI), ° Zr(IV), 1° Hf(IV) 11 et Nb(V) 12 
pr6sentent un maximum d'absorbance dans l'ultra- 
violet entre 330 et 340 nm. Ce r6sultat, v~rifi6 aussi 
dans le cas de l'acide bromanilique, 3 confirme que 
le ligand a pratiquement la m6me structure 61ectroni- 
que dans tous ces complexes. Lfi aussi, le r61e de la 
d61ocalisation 61ectronique parait d&erminant. 

Dosage du tungstbne(Vl) en milieu perchlorique 1,4M 
Nous avons d6termin6 les conditions optimales 

pour doser W(VI) par spectrophotom6trie en utilisant 
la formation des complexes 1 : 1 en milieu tr6s acide. 
Nous avons choisi une molarit6 d'acide 6gale :~ 1,4M, 
afin de comparer directement le dosage de W(VI) 
celui de Mo(VI) ~tudi6 pr6c6demment. 3 

Pour chaque r6actif, la longueur d'onde retenue est 
celle qui correspond h la plus grande difference Cab- 
sorbance entre l'acide libre et le complexe. 

Rdsultars. Nous avons mesur6 l 'absorbance de deux 
solutions de H2B et H2C 10-3M en fonction de Fad- 
dition de W(VI), le diacide &ant en exc&. Les graphes 
A = f([W(VI)]T) sont des droites clans le domaine de 
concentration utilis6. 

Elles ont pour 6quations: 

H2B A = 0,530 + 1,56.104 [W(VI)T] 
h 2 = 340 nm 

A = 0,300 + 1,30,104 [-W(VI)T] 
H2C h2  = 340nm 

A = 0,440 + 1,48.104 [W(VI)r] 
~t 2 = 335 nm 

On a calcuE :t h partir de la relation p = ~xl:t of a 
p est la pente de la droite, ~x est l 'absorbance molaire 
du complexe, I e s t  la longueur du trajet optique, 
est la proportion de W(VI) complexE 

Nous avons montr6 ci-dessus que le m~me com- 
plexe I : I  6tait form6 du milieu HCIO4 I M fi pH 
2. Les absorbances ax des deux complexes de B ~- 
et C 2- ont donc 6t6 d&ermin~es par lecture directe 

pH 2,10 en pr6sence d 'un exc6s de W(VI) (q = 2,0). 
Les r6sultats pour ax, ~t et Kr sont regroup6s dans 

le tableau 4. Comme dans l'article pr6c6dent, 3 Kf se 
calcule par la relation: 

1 
Kf = 1 - ~ " [acide]T 

Puisque ~ est proche de l'unit6 pour les deux 
ligands, la proportion de W(VI) libre est toujours 
faible h l'6quilibre et on peut consid&er que la 
polym6risation du tungst6ne est n6gligeable. Ceci 
nous autorise h calculer les constantes conditionnelles 
de formation des deux complexes en admettant que 
le tungst6ne(VI) libre se trouve h l'&at monom6re. 

Discussion. Pour le dosage du tungst6ne(VI) en 
milieu perchlorique 1,4M, l'acide bromanilique est 
plus sensible que l'acide chloranilique, puisque la 
pente de la droite de Beer est plus forte. I1 faut noter 
que la longueur d'onde donnant  les r6sultats les meil- 
leurs n'est pas la m6me pour les deux ligands (2 = 340 
nm pour H2B et 335 pour H2C). Ce ph6nom6ne 
n'&ait pas observ6 au cours du dosage du molyb- 
d6ne(VI) dans le m~me milieu, 3 et est dfi ~i Failure 
diff&ente des spectres dans l'ultra-violet des deux 
complexes de W(VI). 

On peut pr6ciser la sensibilit6 du dosage en calcu- 
lant la concentration de W(VI) qui provoque un 
accroissement de l 'absorbance 6gal ~ 0,1 (l = 1,00 
cm)" 

- 6 , 4 1 . 1 0 - 6 M  (ou 1,18 mg/l.) 
pour H2B 10-3M, ). = 340 nm, 

- 6 , 7 6 . 1 0 - 6 M  (ou 1,24 mg/1.) 
pour H_,C 10-3M, 2 = 335 nm. 

Le rapport des Kf des complexes tungstiques est: 

Kt(H:B) 
- - =  1,70 
K F(H~C) 

Cette valeur est pratiquement identique ~ eelle 
(1,62) trouv~e dans le cas des complexes molyb- 
diques. Rappelons qu'elle correspond au rapport des 
valeurs de K1 (premi6re constante d'ionisation) des 
deux acides. Notre interpr&ation ant~rieure se trouve 
ainsi confirm6e et &endue: les ions HB -  et H C -  
pr6sentent la m~me affinit~ vis-a-vis des ions de 
Mo(VI) et de W(VI). 

La plus grande facilit6 de formation des complexes 
de H2B s'explique par la plus grande acidit6 de ce 
r6actif. Le masquage de l'ion HB -  par les protons 
se produit ~ des aeidit6s sup&ieures fi celles n6ces- 
saires pour masquer HC- .  

Le pourcentage de complexation des deux ligands 
est plus f6rt pour W(VI), comme le montre le tableau 
5, off l 'on compare les KF des diff~rents complexes. 

Pour les deux ligands, le rapport de s61ectivit~ est 
sensiblement le m~me, ce qui s'explique par la nature 

Tableau 4. Calcul de K r pour les complexes tungstiques de H2B et H2C dans HCIO4 
1 , 4 M  

ex, I. mole- 1 
Acide 2, nm cm- 1 p, l.mole- 1 ~ Kr 

H2B 340 1,65.104 1,56, 104 0,94s 1,72.104 
H2C 335 1,62.104 1,48,104 0,91 1,01.104 

340 1,42.104 1,30.104 

[acide]v = 10-3M; I = 1,00 cm; T = 298 K. 

TAL. 26 5 t~ 
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Tableau 5. Comparaison des Kr des complexes de Mo(VI) 
et W(VI) 

Kc Kr (W) 
Mo(VI) W(VI) Kr (Mo) 

H2B 2,85.10 a 1,72.104 6,04 
H2C 1,78.103 1,01.104 5,67 

[acide]T = 10-aM; T = 298 K: milieu HCIO4 1,4M. 

trOs voisine des ligands. La pr6sence d'atomes C1 ou 
Br ne semble pas avoir d'influence mesurable. 

Dosage d'~chantillons contenant du tungstbne: inter- 
f~rences. La m6thode s'applique au dosage des solu- 
tions contenant du tungst~ne(VI) en pr6sence d'ions 
m6talliques bivalents ou tervalents. En effet, ceux-ci 
sont pr6cipit6s lots du traitement en milieu alcalin, 
cette op&ation 6tant n6cessaire pour d6truire les iso- 
polyanions de W(VI) 6ventuellement pr6sents dans la 
solution. Si une extraction pr6alable est n6cessaire, 
on peut choisir une de celles cit6es dans la r6f6rence 
19. Les ions g6nants sont les mSmes que ceux inter- 
venant dans le dosage du molybd6ne: Zr(IV), Hf(IV), 
U(VI), Cr(VI), V(V) let naturellement Mo(VI) lui- 
mSme]. 

Etude des complexes solides des ions B 2- et C E- 

Preparation et formule. II aurait 6t6 souhaitable de 
pr6cipiter les complexes de W(VI) et Mo(VI) carac- 
t&is6s en solution aqueuse, mais leur trop grande 
solubilit6 ne l'a pas permis. Aussi, apr6s avoir v6rifi6 
que les complexes 1:1 se formaient ~galement dans 
le m6thanol pur, nous avons isol6 des compos6s 
solides par ~vaporation de ce solvant. Les produits 
ont &~ purifi6s par lavage ~ l'ac~tone, dans laquelle 
ils sont insolubles, afin d'61iminer l'exc~s de H2C et 
H2B. 

L'analyse indique les formules suivantes: 
--complexes tungstiques: 

WO3, C604BH, 2Na, 4H20 
WO3, C604C12, 2Na, 3H20. 

Le complexe bromanilique s'hydrate progressive- 
ment de 3H20 h 4H20 en fonction du temps. 

----complexes molybdiques: 

MOO3, C604Br2.2Na, 3H20. 

D'autres mesures ont indiqu6 2H20, mais 1~ 
encore, l'hygroscopicit6 du produit a 6t6 mise en 
6vidence. 

MoO3, C604C12, 2Na, 3H20 
(6tudi6 ant6rieurement2). 

Les compos6s tungstiques 1:2 n'ont pas pu ~tre 
obtenus par cette m6thode, probablement parce que 
le pH optimum de leur formation n'est pas atteint. 
Les essais d'6vaporation d'un m61ange tungstate de 
sodium 1:2 acide chloranilique dans le m6thanol ont 
conduit ~t un m61ange solide de complexe 1:1 et de 
H2C (identifi6 en infra-rouge). 

Spectres dans l'infra-rouge des complexes, Les 
spectres des complexes solides ont 6t6 enregistr6s 
entre 4000 et 200 cm-~, apr6s dilution dans des pas- 
tilles de bromure de potassium. On s6pare ais6ment 
les bandes dues au ligand coordonn6 et celles dues 
au groupement inorganique. 

Nous ne consid6rerons ci-dessous que les bandes 
les plus intenses, dont l'attribution est indiscutable 
et permet de pr6ciser la nature des liaisons entre 
atomes. Nous avons mis en 6vidence l'influence du 
cation sur le ligand en enregistrant dans les m6mes 
conditions les spectres de H2B, de deux de ses sels 
(K et Ca) et de deux de ses ch61ates (Zn et Cu). 

Bandes dues au ligand bromanilate. Le tableau 6 
regroupe les nombres d'onde des bandes attribu6es 
aux vibrations Vo_,, Vc--o, Vc_o et VC-Br dans les com- 
pos6s bromaniliques. 

Toutes les bandes ci-dessus sont d'intensit6 forte 
ou tr6s forte. La vibration Vc-ar est parfois moyenne. 

Les r6sultats pour CuB et ZnB sont tr6s proches 
de ceux d6crits par Bottei. 7 L'intervention des 
groupes OH et CO dans la complexation de H2B 
est attest6e par la disparition de la vibration de 
valence Vo_ n e t  le d6placement des vibrations de 
valence Vc~o et Vc=o. Seuls, les complexes hydrat6s 
• pr6sentent un pic intense vers 3500cm -I. 

Le spectre de K2B est tr6s simple et correspond 
vraisemblablement ~ celui de l'ion aromatique B 2- 
dont la haute sym6trie se traduit par une seule bande 
(v = 1530 cm -~) pour la vibration carbone-oxyg~ne, 
qui correspond alors/~ une liaison de multiplicit6 1,5. 
Le m~me ph~nom~ne est observ6 pour ie sel de cal- 
cium. 

La diminution de Vc:o pour les ch61ates de zinc 
et de cuivre montre que la liaison C=O y est tr6s 
polaris6e et tend vers la forme limite / ~-O.  Au con- 
traire, le nombre d'onde voisin de 1570 cm-t  pour 
les complexes de W(VI) et Mo(VI) indique que la liai- 
son C---O a une multiplicit6 interm6diaire entre 2 et 
1,5 dans ces deux compos6s. 

Tableau 6. Nombres d'onde (en cm-t) des vibrations dues fi l'ion bromanilate salifi6 ou complex6 

Compos6s H2B complexe Mo(VI) complexe W(VI) K2B CaB ZnB CuB 

VO-H 3230 3490 3470 - -  3480 3450 - -  
1655 1575 1565 1530 1520 1515 1485 Vc_~ 1620" 

Vc_o 1270 1375 1375 - -  !380 1380 1360 
810 815 810 795 810 835 825 Vc-B, 800 

* La bande la plus intense. 
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La vibration de valence Vc_o est observ6e pour tous 
les sels et complexes vers 1370 cm -1 et ne semble 
pas varier avec la nature du cation, Enfin, la vibration 
vc_n, est peu affect6e par la complexation. 

Bandes dues au liaand chloranilate. Le spectre du 
ligand C 2- dans le complexe tungstique est pratique° 
ment identique (h 10 cm-1 pros) ~ celui observ6 dans 
le cas du complexe molybdique. 2 Les nombres d'onde 
sont 3500 crn -1 (Voa), 1565 cm -~ (Vc=o), 1380 cm -1 
(Vc_o) et 845 cm-1 (Vc,-c0. 

O n  observe la m~me 6volution de Vc~ avec ia 
nature du cation, le nombre d'onde d6croissant selon 
la s6quence: 

H >  Mo, W > K ,  C a > Z n ,  Cu. 

Bandes dues aux cations tungstiques. Les spectres 
des complexes de H2B et H2C pr6sentent trois bandes 
caract6ristiques du groupement inorganique. Deux 
bandes fortes situ6es h 930 et 885 cm- t  (H2B) et 
935 et 885 cm -1 (H:C) ont 6t6 attribu6es aux vib- 
rations de valence W=O sym6trique et antisym6- 
trique. 13 Ce doublet est caract6ristique d'un arrange- 
ment cis des deux atomes d'oxyg6ne dans l'entourage 
octa6drique de l'atome de tungst6ne. 

Une bande large et forte situ6e ~ 630 cm-1 (H:B) 
et 635 cm -1 (H2C) indique la pr6sence de ponts 
W--O-W. 14 Nous en concluons que le solide a une 
structure condens6e. 

Bandes dues aux cations molybdiques. Alors que le 
complexe chloranilique de Mo(VI) pr6sente un spectre 
dans l'infra-rouge analogue h celui du complexe tung- 
stique (doublet caract~ristique l~'xS"~° d'un groupe- 
merit MoO2 cis), le compos6 bromanilique est anor- 
mal. On n'observe en effet qu'une seule bande pour 

l a  vibration de valence Mo=O (v = 890 cm-1). La 
finesse de cette bande exclut toute confusion avec le 
doublet attendu (v = 925 et 880 cm-t  pour le com- 
plexe chloranilique). 

Les deux complexes molybdiques pr6sentent une 
bande large et forte ~ 740 cm-I  (H~B) et 750 cm- 
(H~C) qui caract6rise les ponts Mo-O-Mo. TM Ils sont 
donc condens6s ~ l'6tat solide. 

Discussion 

Complexe molybdique de HEB. La pr6sence d'une 
bande unique, 6troite et tr6s intense h 890 cm-1 con- 
stitue, h notre connaissance, un ph6nom~ne qui n'a 
jamais 6t6 observ6 auparavant dans les compos6s du 
molybd6ne (VI). 

Apr6s avoir v6rifi6 que le molybd6ne avait effective- 
ment le degr6 d'oxydation VI dans le complexe, il 
ne reste que deux interpr6tations possibles pour l'uni- 
cit6 de la bande. 

(a) Le groupement molybdique aurait la structure 
t rans  M o O  2. Cependant, tousles compos6s du dioxo- 
molybd6ne(VI) connus h l'heure actuelle pr6sentent 
la configuration cis. D'autre part, la non-existence de 
compos6s trans a 6t6 justifi6e par des arguments 
th6oriques t3 qui s'accordent avec tous les r6sultats 

exp6rimentaux obtenus avec diff6rents ions m6talli- 
ques. 

o O ~  I~1o 

structure ¢is structure trans. 

(b) Le groupement molybdique ne comporterait 
qu'un seul atome d'oxyg6ne 1i6 au molybd6ne. Bien 
qu'une teile structure n'ait jamais 6t6 observ6e jusqu'h 
pr6sent, elle ne semble pas en d6saccord avec les 
th6ories g6n6ralement admises. 

En conclusion, le complexe bromanilique de 
Mo(VI) ne contient pas de groupements dioxo- 
molybd6ne cis. Une d6termination de structure serait 
souhaitable, mais la grande solubilit6 du complexe 
dans l'eau ne nous a pas permis d'isoler un monocris- 
tal jusqu'ici. 

Aromaticit~ des ligands. Le d6placement de la vib- 
ration de valence Vc=o des deux ligands avec la nature 
du cation coordonn6 nous paralt 6tre un ph6nom6ne 
remarquable et qui a peu d'6quivalents chez les com- 
plexes m6talliques d'6nols. 

La litt6rature concernant les spectres dans l'infra- 
rouge des ch61ates de l'ac6tylac6tone et des oxalates 
a ~t6 discut6e par Cotton, 1~ qui a montr6 que les 
variations de fr6quence de Vc~o n'~taient pas propor- 
tionnelles ~ la stabilit6 des complexes. Par contre, une 
corr61ation a 6t6 6tablie entre Vc~o et les constantes 
de stabilit6 des complexes de l'ald6hyde salicylique. ~s 
I1 faut noter que, dans ce compos6, la liaison C=O 
n'est pas engag6e dans un syst~me r6sonnant, et peut 
donc 6tre affect6e directement par le cation m6tal- 
lique. 

Darts le cas des ions B 2- et C 2 -, les liaisons C=O 
participent ~ la d61ocalisation 61ectronique, et on 
observe en effet des variations faibles de Vc=o en fonc- 
tion de la nature des cations divalents, qui ne sont 
pas relibes h ia stabilit6 des complexes. 7 Par contre, 
dans les complexes de Mo(VI) et W(VI), Vc=o prend 
une valeur (=1570 cm -~) tr6s diff6rente de celle des 
acides ('--1620 cm- ' ) ,  des sels ('--1525 cm -1) et des 
ch61ates ('-- 1500 cm- 1). 

Les complexes des ions m6talliques de la colonne 
VIB constituent donc une famille de compos6s qui 
se diff6rencient nettement des sels et des ch61ates de 
B 2 -  et C 2 -. Rappelons qu'ils s'en diff6rencient 6gale- 
ment par leur grande solubilit6 dans l'eau. 

CONCLUSION 

L'acide chloranilique et l'acide bromanilique per- 
mettent le dosage spectrophotom6trique du tung- 
st~ne(VI) en milieu HCIO4 1,4M, A notre connais- 
sance, il s'agit d'une des rares m6thodes de dosage 
du tungst~ne n'exigeant pas de r~duction pr6alable. 19 
Nous avons pr6cis6 ies conditions op6ratoires et ia 
sensibilit6 de ces dosages, pour lesqueis la principale 
interference provient du molybd~ne(VI). 2'a 
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Le calcul des constantes conditionnelles de forma- 
t ion des deux complexes l : l  form6s par  W(VI) avec 
les ions B 2 - et C 2 - mont re  que les complexes tungsti- 
ques sont plus stables que les complexes molybdiques 
correspondants.  Nous  avons constat~ aussi que les 
meilleurs r6sultats obtenus avec H2B sont dus ~ la 
plus grande acidit6 de ce r~actif. 

L'6tude des solides 1 : 1 formbs entre Mo(VI), W(VI) 
et les dihydroxyquinones a permis de mettre en 
6vidence le caract6re particulier des compos6s form6s 
avec les ions hydrolys6s en milieu acide. Ceux-ci ne 
donnent  pas de polym6res de coordinat ion comme 
les m6taux divalents, mais des complexes solubles qui 
peuvent recevoir des applications analytiques. La dif- 
f6rence de propri6t6s provient  vraisemblablement de 
la difference de caract6re covalent des liaisons m6ta l -  
oxyg6ne que nous avons d6tect6e dans le spectre 
infra-rouge. 
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Summary--The complexes formed from tungsten(VI) and chloranilate (C-'-) and bromanilate (B:-)  
have been studied in aqueous solution and as solids, by ultraviolet, visible and infrared spectroscopy. 
At pH 3-4, the complexes have the composition ligand:tungsten = 2. At pH < 2, only the 1:1 com- 
plexes are found. The two reagents allow the spectrophotometric determination of W(VI) (2 = 335 
nm for H.,C and 340 nm for H.,B) in 1.4M HCIO,,, at concentrations of about 1 mg/l. The conditional 
stability constants of the two 1:1 complexes in this medium have been calculated. The tungsten com- 
plexes are more stable than the corresponding molybdenum complexes, and the complexes of B 2- 
are more stable than the complexes of C 2- [with W(VI) and Mo(VI)]. It is shown that this result 
is due to the difference between the pK~ values of the acids H2B and H2C. The infrared spectra 
of the complexes of B 2- and C 2 - with Mo(VI) and W(VI) are discussed in order to define the interaction 
between the metal ions and the ligands. 
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GRAPHITE FURNACE AND FLAME 
ATOMIC-ABSORPTION TECHNIQUE FOR 
THERMOANALYTICAL INVESTIGATIONS* 
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Summary--Aerosol particles formed from the vapour of electrothermally heated substances were intro- 
duced into an acetylene-air flame for atomization and detection. Thus individual observations could 
be made on condensed phase processes taking place in the furnace. Curves of absorbance vs. furnace 
temperature for several zinc compounds were recorded and compared with the corresponding 
thermoanalytical DTG-curves. 

The electrothermally heated graphite or metal atom- 
izers are known to give the highest absolute detection 
power in atomic spectrometry. It has also been recog- 
nized that controlled electrothermal heating offers 
new possibilities for following high-temperature reac- 
tions and thus making progress in basic knowledge 
of spectrochemistry. Besides elucidation of chemical 
interferences and selection of optimum analytical con- 
ditions, the method can yield thermochemical data 
in general. One of the problems in this context seems 
to be that condensed-phase and gas-phase reactions 
take place simultaneously in the furnace, both result- 
ing in the formation of free atoms. Therefore the 
"appearance temperature" corresponding to limiting 
detection of atomic absorption may differ appreciably 
from the temperature corresponding to formation of 
a volatile species. This might be one of the reasons 
why the conclusions of different authors are contra- 
dictory in regard to atomization mechanisms. Camp- 
bell and Ottaway I concluded that the atomization 
temperature of Al20 3, CdO, MnaO4 and ZnO is gov- 
erned by reduction by carbon in the solid phase, 
whereas according to Sturgeon et al. 2 their dissoci- 
ation in the gas phase is the dominant factor. 

The combined technique described here may permit 
more accurate determination of the initial tempera- 
ture of vaporization, resulting in further experimental 
evidence on the mechanism of atomization, In addi- 
tion, following high-temperature decomposition pro- 
cesses in the condensed phase overlaps with the aims 
of thermoanalytical methods. With the spectroscopic 
method the derivative of the weight loss caused by 
vaporization of metal-containing species can be fol- 
lowed, which corresponds in principle to a differential 
thermogravimetriic (DTG) curve. 

* Presented in part at EUROANALYSIS III, Dublin, 
1978. 

E X P E R I M E N T A L  

Apparatus 

The graphite furnace and flame photometer combination 
based on a Varian Techtron Model CRA 63 system has 
been proposed previously for solid-sample analysis ~'a and 
its improved version is shown in Fig. 1. An injector is 
used to suck the aerosol into the mixing chamber of an 
atomic-absorption flame spectrophotometer (Pye Unicam 
Model SP 90A in this work) and thus no gas-tight enclos- 
ure to the furnace is needed. The double-chamber system 
shown can be used with an acetylene--air flame with air 
flowing laterally into the upper chamber as well, increasing 
the flow-rate through the aerosol transport system. When 
the acetylene-nitrous oxide flame is used, only the upper 
chamber is used and its bottom edge rests on the 
sheath-gas duct of the furnace. In that case the suction 
rateand the flow-rate of the sheath gas should be equa- 
lized. The length of the connecting plastic tube is about 
30 cm. The smaller the volume of the mixing chamber 
the less the transit time of the aerosol, this being important 
in this work. With the mixing chamber of the basic instru- 
ment the transit time was 1.2 sec at the flow-rates suitable 
for a stoichiometric acetylene-air flame (acetylene 1.81./ 
min). To shorten this time the original mixing chamber 
was replaced with a plastic T-junction, and a transit time 

Ar, N 2 

Fig. 1. Schematic diagram of the graphite furnace-flame 
combination. 
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Fig. 2. Shape of the graphite cups with and without a 
platinum crucible, and the mount of the thermocouple. 

Cups wcre coated with Pyrolyticgraphite. 

of 0.63 sec was attained. Details of an efficiem and easily 
fabricated injector have been described elsewhere, 5 The 
oNimum conditions for an ordinary acetylene-air single- 
slot (10 cm) burner were used. The flow-rate of the argon 
sheath gas in the furnace was 3 l./min. 

The power source of the furnace was used in the ramp 
and its minimum ramp-rate mode adjusted to 0.028 V/sec 
by an electrical modification, This ramp-rate ensured a 
heating rate less than lff/sec below 400 ~. increasing 
linearly with temperature up to 32~/sec (1250), when the 
graphite cups shown in Fig. 2 were used. The technique 
of holding and fixing the thermocouple was taken from 
thermoanalytical practice. In the graphite cup on the left, 
a l-mm wall thickness separates the sample (bottom) and 
the measuring junction, which might be too large if indirect 
heating were the effective means of heat transfer. However, 
with this system the heating current flows through the wall 
and we can suppose that the temperature is approximately 
the same on both sides of it. The wall thickness of the 
platinum crucible placed in the graphite cup shown on 
the right was 0.05 mm, ensuring appropriate heat transfer. 
Besides a Pt/Pt-Rh thermocouple (max. 1650°), a chromel/ 
alumel thermocouple {max. 1200 °) was also applied in cer- 
tain cases: it fits the Dupont Thermal Analyser Model 990 
for direct readings on a calibrated temperature scale. The 
comparative measurements on zinc compounds were made 
with this apparatus and its X - Y - Y '  recorder was used for 
the spectroscopic measurements as well, 

Procedure 
Stock solutions of the elements studied were prepared 

and portions were diluted to the concentration levels suit- 
able for measurements with 1-gl sample volumes (see cor- 
responding figures). This small sample volume, applied as 
nearly as possible on the same spot in the cup, was advan- 
tageous in increasing reproducibility and it made the appli- 
cation of a previous drying stage um3ecessary. Matrix 
materials and acid were added in the same l-/~l volume 
when desired, i.e., they were not applied separately. Only 
traces of zinc metal powder were used as the solid for 
spectroscopic studies. For comparative measurements with 
the thermoanalytical instrument, 5-10 mg of solid sample, 
a platinum crucible, argon atmosphere and heating rate 
of l0 / ra in  were used. 

R E S U L T S  A N D  D I S C U S S I O N  

Accuracy o f  temperature measurements  

In the combined system the absorpt ion signal of 
the species evolved has a delay relative to the thermo- 
couple signal, which causes a positive error in the 
determinat ion of characteristic points. As ment ioned 
above, this delay was minimized, and with the heating 

rate used a maximum positive error of 10--20: could 
be expected. However, there may also be sources of 
negative error, the major  one probably being the 
cooling effect of the twin alumina tube (Fig. 2) at 
the relatively, high heating rate. Problems of heat 
transfer to the sample and heat conductivity inside 
the sample are probably not encountered with sample 
weights less than  1/zg. The various sources of error 
with opposite sign could result in error compensation,  
so no temperature  correction was made. 

The error can be estimated quantitatively from 
comparat ive measurements  discussed later and a 
semi-quanti tat ive approach is demonstra ted in Fig. 3. 
Sodium emission curves for low amounts  of sodium 
chloride (100-300 ng  of sodium) and the heating 
curves with higher amounts  (3 mg of sodium chloride) 
are also shown. The slot-burner head was aligned per- 
pendicularly to the direction of observat ion to de- 
crease self-absorption, thus no perceptible difference 
from the corresponding atomic-absorpt ion curves was 
found. The heating curves (A, B, C) were recorded 
with a higher amount  of sample (not introduced into 
the flame) to observe the temperature  delay due to 
the melting and boiling of the substance. The jumps  
on  the curves close to the melting and boiling points 
of sodium chloride show a 20-30 ° positive deviation 
from the literature values. However, this error may 
be due to the larger amount  of sample used and it 
is unlikely to be encountered with the spectroscopic 
measurements.  

These studies were repeated with a graphite cup 
and no essential difference was found for the emission 
curves. However, the temperature  delays on the heat- 
ing curves with larger amounts  of sodium chloride 

u~ 
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Fig. 3. Sodium emission vs. furnace temperature (100, 200, 
300 ng of Na as NaCl solution) and heating curves (A, 

B, C) of 3 mg of NaCI in a platinum crucible. 
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could not be detected because of the thicker wall of 
the cup. 

According to the emission curves in Fig. 3, most 
of the micro-amount of sodium chloride is evaporated 
at the melting point, but a small fraction is evolved 
at temperatures near the boiling point. The latter 
phenomenon may be due to a .high-temperature pro- 
cess on the platinum surface, a matter for future 
investigation. 

Characteris t ic  temperatures  

The emission peaks in Fig. 3 show a relatively small 
shift towards higher temperature with increasing 
amounts of sodium chloride (the small peaks due to 
the entrained dust particles should be ignored). In 
contrast the initial points of the sodium signal seem 
to occur at the same temperature (650°), although the 
initial curvature can be seen more clearly with the 
higher amounts. Similar characteristics were found by 
others 2 using a graphite tube atomizer, and are also 
observed in thermoanalytical practice (dynamic heat- 
ing). From these and related works 6 it can be con- 
cluded that the heating rate affects primarily the 
shape and position of the peaks, but this has not been 
studied with the system in question. 

With silver nitrate it was found that the amount 
of sample has a strong influence on the temperature 
at which the absorbance peak appears but no effect 
on the initial appearance temperature (Fig. 4). This 
compound decomposes at 444 ° to give the metal, 

0.8 

0 7  

0 6  

O .  = 

c6 
Od 
rO 

o 
o 

.1o 

~ 0 2  

O I  

0 0  I I I I 
aoo 900 ~ooo ,~oo =zoo 

Temperture,*C (Chromel/Alumel)  

ng Ag 

150 

I00 

which melts at 960.8°. 7 The initial point of the subli- 
mation occurs at 870 ° in Fig. 4 and it can be assumed 

t h a t  small isolated silver grains are involved in this 
process. However, with larger amounts of sample, a 
substantial number of silver grains form globules and 
the maximum rate of vaporization appears at higher 
temperature. In contrast to the case of silver, the 
absorbance vs. temperature curves of zinc nitrate in 
the graphite cup (Fig. 5) show no effect of sample 
weight on the position of the peaks. As discussed 
later, a reaction with the graphite cup was expected, 
with formation of gaseous products, a significant dif- 
ference from the case of silver. Nevertheless, in agree- 
ment with the authors quoted it can be concluded 
that the initial (or appearance) temperatures can be 
considered as characteristic of substances and pro- 
cesses, being less affected by other parameters. 

Calculation of the heat of vaporization of sodium 
chloride, silver and zinc (as metal powder) was 
attempted, based on the assumptions and theory 
adopted for a graphite tube atomizer. 2 The toe por- 
tion of the absorbance t'~s. temperature curves 
(referred to as A - T  curves in the following) was used 
similarly and the log A values were plotted against 
I / T  where T is the absolute temperature. Although 
these plots were linear at low absorbances, the heats 
calculated from the slopes deviated appreciably from 
the literature values (lower with sodium chloride, 
higher with silver and zinc). However, if a lower heat- 
ing rate was used close to the appearance of the signal 
("ash'" stage of the power source) fairly good agree- 
ment was found for silver. 
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Fig. 4. Silver absorbance vs. furnace temperature (25, 50, Fig. 5. Zinc absorbance rs. furnace temperature [60, 100, 
100, 150 ng of Ag as AgNO 3 solution in a graphite cup). 150 ng of Zn as Zn(NO3) 2 solution in a graphite cup]. 
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Investigation of" zinc and zinc compounds 

Zinc metal. About 10pg of powder was applied to 
the graphite cup and the initial temperature of vapori- 
zation was found to be 500 :. This temperature is 
higher than expected, because zinc melts at 423 ° and 
has a vapour pressure of 1.4 mmHg at 500°. 7 Perhaps 
the presence of graphite plays some role in this re- 
spect, which will be the subject of further studies. Use 
of a platinum crucible should be avoided because 
of possible alloy formation. 

Zinc' nitrate. The sample, in dilute (pH - 4) nitric 
acid. was placed in the graphite cup, and from the 
corresponding A-T  curves in Fig. 5, an initial tem- 
perature of 870 ° can be estimated for the evolution 
of zinc. Similar measurements with a platinum 
crucible and a P t /P t -Rh thermocouple resulted in a 
single initial point in the 1320-1400 ° range, as can 
be seen in Figs. 7 and 8 (for zinc chloride, discussed 
later), 

Thermogravimetric (TG and DTG) curves for 
Zn(NO3)2.6H20 showed that there was complete 
decomposition to ZnO at 290 ° and no further change 
up to 1200 °. A stoichiometric mixture of ZnO (87~) 
and graphite powder (13%) resulted in an initial 
definite weight loss at 810 ° . With two separate layers 
of these substances, one placed on top of the other, 
the corresponding temperature was 840 ° but a small 
gradual loss of weight started at around 700 ° . 

The Gibbs free energy for the reaction of ZnO(~) 
and CI~ ) becomes zero at 953, 927 and 900 °, depending 
on whether the product is Zn(~), Zn(1) or Zn(.,) respect- 
ively? '2 The high vapour pressure of zinc at the reac- 
tion temperature (416 mmHg at 850°) 7 suggests that 
no equilibrium with the solid or liquid product exists. 

The appearance temperatures found with graphite 
atomizers x'2 were 827 c and 867 :, in good agreement 
with the initial temperatures above and it may be 
concluded that carbon reduction in the solid phase 
plays a dominant role in the atomization of ZnO in 
graphite furnaces. 

Zinc chloride. Samples in dilute (pH ~ 4) hydro- 
chloric acid medium, in the graphite cup, produced 
the same form of A-Tcurves  as zinc nitrate (Fig. 5). 
This suggests that a low concentration of zinc chlor- 
ide in a nearly neutral aqueous solution undergoes 
complete hydrolysis and zinc oxide is formed on heat- 
ing and reacts with carbon (see above). In Fig. 6, A - T  
curves of zinc chloride in 6M hydrochloric acid solu- 
tion are shown and exhibit significant differences. 
Two peaks are seen with initial temperatures of 340 ° 
and 960 c for the highest concentration used. However, 
with decreasing amounts of sample the first initial 
temperature shifts to higher temperature (410 ° ) and 
the second shifts to lower temperature (880°), the 
latter being less well defined. It can also be seen that 
the ratio of the lower to higher temperature peak 
heights decreases with the amount of sample. 

The results obtained with a platinum crucible (Fig. 7 
and in part Fig. 8) are important supplements to the 
findings above. As can be seen, the curve at the lower 
temperature splits into two peaks with increasing 
amount of zinc chloride and the peak at the lower 
temperature becomes dominant. This splitting shows 
itself apparently as a shift with the graphite cup 
(Fig. 6). With the platinum crucible no peak appears 
in the 880-960 ° range, indicating that this peak must 
be related to the presence of graphite. However, in 
the 1320-1400 -~ range the start of another peak is 
observed, which is not the case with the graphite cup. 

0.7 

-/ 
c 0 . 6  

c,J 

~o.s 
LU 
(.) 
Z 

~0.4 
E l  
< 

0.3 

0 . 2 ~  

0.1 

200 

/ 
300 \ 

200( 
/ 

100 \ 

I I I 1 I I 1 I I I I I I 400 600 800 1000 1200 1400 
TEMPERATURE, *C 

Fig. 6. Zinc absorbance rs. furnace temperature (100, 200, 300 ng of Zn as ZnCIz/18?i~ HCI solution, 
in a graphite cup). 
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Fig. 7. Zinc absorbance rs. furnace temperature (25 and 50 ng of Zn as ZnCl2/180/o HCI solution 
in a platinum crucible). 

The thermogravimetric curve of commercial zinc 
chloride (pro ana/ysi grade) showed a stepwise weight 
loss of 18% up to 250 °, a major loss (70%) between 
350 ° and 510 ° and 12% remaining stable up to 800 ° . 
According to the D T G  curve the major loss takes 
place in two steps, and the overlapping peaks give 
an inflection point at 460 ° . In the absence of refer- 
ences to related thermoanalytical studies, the basic 
inorganic chemistry of the compounds a'9 was used 
for interpretation of the results. Zinc chloride is 
highly hygroscopic and the weight loss in the 

150--250 ° range may be due to the decomposition of 
zinc chloride hydrates (the 1, 1.5, 2.5, 3 and 4 hydrates 
are known). ZnC12 melts at 315 ° and the initial tem- 
perature at 340--350°C can be related to its vaporiza- 
tion which is completed by about 460 ° (see also the 
studies of zinc ammonium chloride below). The boil- 
ing point of ZnCI 2 is 732 ° and it has a vapour pres- 
sure of 2.8 mmHg at 460 °.7 Chlorohydroxy zinc acids, 
such as H(ZnCI2OH) and H2[ZnCI2/OH)2 ] are said 
to exist in concentrated solutions, s but the thermal 
properties of these compounds have not been 
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Fig. 8. Zinc absorbance t,s. furnace temperature: (A, B) I00 ng of Zn as ZnC12/Iy/o NH4CI solution, 
(C, D) 100 ng of Zn as ZnCI2/18?,,; HCI solution, in a platinum crucible. 
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reported. It is supposed here that the ZnCI2 moiety 
of these compounds is released at a somewhat higher 
temperature range, 460-510 c. A part of the water con- 
tained in the hydrated zinc chloride aids the decom- 
position to ZnO, which melts at 198ff" but starts to 
sublime s at 1300 ~, in agreement with the findings in 
Figs. 7 and 8. In the graphite cup the remaining ZnO 
reacts with the supporting material in the 880-960 ° 
range at a very similar temperature to that for zinc 
nitrate (Fig. 5). 

Studies of the atomization mechanisms of zinc 
chloride in hydrochloric acid media, with a graphite 
tube atomizer 2 showed an appearance temperature of 
670, which differs appreciably from the vaporization 
points for both zinc chloride and zinc obtained by 
carbon reduction, shown in Fig. 6. During rapid heat- 
ing (heating rate ~ 1000~/sec) zinc chloride vapours 
would not escape completely from the tube at up to 
67ff and their dissociation in the gas phase could 
be relevant to atomization, as concluded elsewhere. 2 

Molecular absorption measurements of zinc halides 
with a similar (mini-Massmann type) atomizer as in 
Fig. 1, and temperature measurements with a thermo- 
couple, 1° are in some respects important supplements 
to the conclusions above. ZnCI2 lapplied in concen- 
trated solution) started to evaporate in this form at 
350 c: and a peak due to atomic absorption was 
recorded at higher temperature. Additions of hydro- 
chloric acid and ammonium chloride to zinc nitrate 
resulted in a similar appearance of ZnCI2 molecular 
absorption. 

Zinc chloride with excess amounts of ammonium 
chloride in a platinum crucible gave the A - T  curves 
(A, B) in Fig. 8, which may be compared with the 
curves obtained for excess of hydrochloric acid (C, 
D). With ammonium chloride, only one definite peak 
with an initial temperature of 300 ° was recorded and 
the start of a new peak was again seen in the 1320- 
1400 ~ range. Corresponding recordings for use of the 
graphite cup showed very similar characteristics to 
the curves with hydrochloric acid (Fig. 6), including 
no shift of the first initial temperature from 350 = to 
30if, as is evident in Fig. 8 for use of a platinum 
crucible. 

TG curves of the residues from solutions contain- 
ing ZnC12 and NHaC1 in stoichiometric ratio 
(ZnCI2.2NH4C1) and excess of NH,~CI, showed quan- 
titative evolution of NH4CI up to 350 ~, a final evapor- 
ation stage between 350 ~ and 460 c, and 8-10% of the 
substance remaining stable up to 800". DTG curves, 
for excess of NH4CI present, exhibited three peaks 
with initial temperatures of 150 ~, 250 ° (overlapped) 
and 350, while without excess of NH4CI present only 
the last two could be observed. The decomposition 
in the range studied was complete at 460 ° , i.e., no 
shift to 510 was found in contrast to the studies of 
zinc chloride above. From these results it is concluded 
that zinc does not vaporize in ammonium-bonded 
form under the conditions of the thermogravimetric 
measurements. The formation of ZnCI2.2NH4CI 

shifts the evolution of NH4CI to a higher tempera- 
ture, but the double salt decomposes to ZnCI2 which 
evaporates in the range noted. A small amount of 
ZnO was again formed as a final product, as found 
in the cases above. 

However, the spectroscopic A - T  curves in Fig. 8 
indicate definitely that a more volatile zinc compound 
than zinc chloride was evolved under these special 
conditions. It is supposed that this compound is 
ZnCI2.2NH4CI which has melting and sublimation 
points 9 of 150 ° and 341 ~ respectively. This assump- 
tion seems at least a reasonable hypothesis for future 
consideration. 

Simultaneous measurements in the furnace and in the 

.flame 

The information gained by direct measurements in 
the furnace is of considerable importance from the 
point of view of graphite furnace spectrometry and 
the combined technique is intended to supplement 
(not to replace) these studies. However, sequential 
recordings with the atomizer and with the combined 
system suffer from the limitations of reproducibility 
of sample addition and clamping of the cup, particu- 
larly with the type of furnace used. This is more pro- 
nounced if absorbance vs. time (not temperature) 
recordings, which are useful enough for many practi- 
cal purposes, are made directly. These uncertainties 
could be decreased by electronic signal averaging. 11 

Another possibility of improving the information 
content would be to operate two atomic-absorption 
spectrophotometers simultaneously, one of them 
arranged conventionally with the graphite atomizer 
and the other with a suitable flame into which the 
aerosol from the furnace is introduced, t2 As a pre- 
liminary to more detailed studies, ~2 and as a demon- 
stration only, this double spectrometric system has 
been used to study the effect of a sodium chloride 
matrix on the atomization of zinc nitrate. 

The experimental conditions described above were 
used, with some modifications as follows. The CRA 
63 was operated according to the manufacturer's 
recommendation in a Varian Techtron Model AA6 
spectrophotometer, with the minimum ramp-rate for 
the unmodified power source, and commercial graph- 
ite cups. The other spectrophotometer was operated 
with its original (large volume) mixing chamber con- 
nected to the furnace with a 1.2-m long plastic tube. 
Both modifications increased the separation in time 
between the direct and indirect ~signals. A 5-ktl sample 
was applied and dried, and to decrease the difference 
in magnitude between the direct and indirect signals, 
a less sensitive zinc line was used for the direct sig- 
nals. Recordings were made with a fast X - Y - Y '  
recorder (Bryans, Model 26000 A3). 

In Fig. 9, recorder traces of signals direct from the 
furnace (A1,A2), with deuterium-lamp background 
correction, aiad of signals from the furnace/flame com- 
bination (B1, B2) are shown. AI and B1 were recorded 
simultaneously for matrix-free zinc nitrate and A2 and 
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Fig. 9. Zinc absorbance in the furnace (A 1, A2) and in 
the flame (BI, Be} monitored by two spectrophotometers 
as a function of ramp time. A1 and B1 were recorded 
simultaneously with 0.5 /ag of Zn as Zn (NO3)e solution 
and Ae, B2 similarly in the presence of 130 /lg of NaCI. 
For the furnace the Zn 307.6-nm line (corrected for back- 
ground) and for the flame the Zn 213.9-nm line were used. 
The 1.6-see shift of the time scale of curves B~, B 2 corre- 
sponds to the time taken for the aerosol to reach the flame 

from the furnace. 

B 2 for sodium chloride matrix also present. The dif- 
ference between the time scales of the direct and in- 
direct signals is clearly shown by the shift of the cor- 
responding peaks (1.6 sec, marked) in agreement with 
calculations based on flow-rate and gas-volume 
measurements. The traces for zinc nitrate on its own 
show a single peak which can be related to that 
shown in Fig. 5. In the presence of sodium chloride 
some of the zinc evaporates at a lower temperature 
(presumably as ZnCIe) and is monitored only by the 
flame. A shift of the vaporization of the main fraction 
of zinc to a lower temperature range is also obvious 
from the comparison of the B~ and B2 traces. It can 
also be seen that the toe portion of the larger peak 
of the B2 trace is not monitored by the Ae trace 
(marked with arrows), which means that gas-phase 
dissociation in the furnace is hindered at the corre- 
sponding temperature. The vaporization range of 
sodium chloride was found from separate studies to 
lie between the two peaks of the B 2 trace, overlapping 
mainly the second peak of zinc. Thus the reduction 
in the atomization temperature of zinc by sodium 
chloride might be related to co-evaporation as was 
concluded for the PbCI2/NaCI system. 11 

Sample deposition, life-time of zinc vapours 

In the transport system between the flame and the 
furnace, deposition of sample can usually be seen after 

long operation. Microscopic studies of a sodium 
chloride deposit showed that it consisted mainly of 
particles of 15-20/~m diameter. Experiments with 
cadmium nitrate in a similar transport system but 
with an arc-discharge as vaporizer 5 showed that 53% 
of the sample was introduced into the flame. The 
length of the tubing and the streaming parameters 
would be expected to affect the efficiency of transpor- 
tation. A more important question is whether the 
chemical form of the species evolved has an influence 
on the transport efficiency. It can be answered by 
measuring integrated absorbances with different com- 
pounds of the analyte element. 

It was found that the integrated zinc absorbance 
in the flame was significantly higher in the presence 
of hydrochloric acid and sodium chloride than that 
for zinc nitrate alone in a graphite cup (compare B1 
and B2 in Fig. 9). On the other hand, without use 
of the fuel and the flame, a zinc atomic-absorption 
signal (corrected for light-scatter) could readily be 
measured in the absence of these matrices. This signal 
decreased in the presence of sodium chloride and dis- 
appeared with hydrochloric acid present. These 
results suggest that more analyte was lost when it 
entered the transport system in the form of metallic 
vapour. Studies on lead vapour under similar condi- 
tions 13 showed that it had a far shorter lifetime than 
that found by us for zinc. However, this example 
shows that the substance transported may be a 
vapour/aerosol mixture in certain cases. 

The results gained so far for the different chemical 
forms of zinc reveal that the rate of entry of a certain 
species into the flame (Q~) is proportional to the rate 
of evaporation of that species (~i) in the furnace: 

Qi = rliOi 

where r/~ is the transport efficiency of the species in 
question. The limitations of this proportionality and 
the parameters influencing r h will be of major impor- 
tance in future investigations. 

CONCLUSIONS 

The initial temperature of vaporization found with 
the spectroscopic method and with the conventional 
thermoanalytical method were in good agreement for 
the model substances selected for this comparison. 
Two conclusions are possible from these results. By 
the use of the graphite furnace-flame combination 
and a recording optical pyrometer the" measuring 
range can be extended up to about 3000 °, which offers 
new possibilities for thermoanalytical studies. In addi- 
tion, the thermal behaviour of minor components and 
micro-samples can be investigated, which is not com- 
mon with conventional techniques. Earlier research 
in this direction was attempted with an arc-emission 
technique. 14 Improvement of the graphite furnace- 
flame combination is possible by shortening the dis- 
tance to be traversed by the vapour/aerosol mixture. 
However, from the results gained with the relatively 
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long transport system another important aspect 
becomes evident. This is the possibility of combining 
a flame atomic-absorption spectrophotometer with a 
conventional thermoanalytical apparatus having well 
established temperature programming and measure- 
ment conditions. This would not, however, be suitable 
for measurement of the absolute amount of substance 
evolved, but it would make it possible to follow the 
change of rate of evolution of metal-containing 
species, which might be useful for many purposes. 
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HOMOGENIT)i.TSPRI]FUNG AM BEISPIEL DER 
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(Ein.qeganoen am 15. Juni  1978. An qenommen am 16. Oktoher 1978) 

ZusammeRfassung--Fiir die analytische Homogenit~itspriifung mittels der destruktiven optischem Emis- 
sionsspektrographie wurden verschiedene Verfahren der n~iherungsweisen Ermittlung des Analysen- 
fehlers miteinander verglichen, und zwar (1) Anfunkungen mehrerer r~iumlich eng benachbarter Proben- 
stellen (2) Mehrfachanfunkungen ein und derselben Probenstelle, (3) /Srtliche Me6wertmittlung nach 
der Vielfleckmethode, (4) Zweilinienpaarverfahren nach Hemschik und Schuffenhauer und (5) das Drei- 
linienverfahren nach Skogerboe. Die genannten Verfahren wurden auf eine nickel- und cobaltdotierte 
Kupferprobe angewandt und die erhaltenen Aussagen untereinander und mit denen yon Mikrosonden- 
untersuchungen verglichen. 

Analytische Homogenit~itsprtifungen erfolgen auf der 
Grundlage des F-Tests durch Vergleich der Streuung 
bei Messungen an unterschiedlichen Probenorten mit 
der Streuung bei Wiederholungsmessungen an ein 
und derselben ProbensteUe. ~.2 

W~ihrend fiir zerst/Srungsfreie Analysenmethoden, 
wie z.B. die mit der Elektronenstrahlmikrosonde, die 
Ermittlung des Analysenfehlers unproblematisch ist, 3 
sind f'tir destruktive Verfahren wie die optische Emis- 
sionsspektralanalyse echte Wiederholungsmessungen 
am gleichen Probenort nicht m/Sglich. Ftir spektro- 
graphische Homogenit~itspriifungen werden deshalb 
eine Reihe von Verfahren angewandt, mit deren Hilfe 
der Analysenfehler mehr oder weniger gut n~iherungs- 
weise bestimmbar ist. 

Durch Untersuchungen an ein und derselben 
Probe, einer Kupferscheibe yon 40 mm Durchmesser, 
yon der ungef~ihr 2/3 des Volumens mit Cobalt und 
Nickel zuje etwa 1 M - Yo dotiert war*, soilen verschie- 
dene dieser emissionsspektrographischen Verfahren in 
ihren Homogenit~itsaussagen miteinander verglichen 
werden. 

Im einzelnen wurden folgende Verfahren der niihe- 
rungsweisen Ermittlung des Analysenfehlers unter- 
sucht (Abb. 1). 

(1) Anfunkungen mehrerer r~iumlich eng zusam- 
menliegender Stellen in verschiedenen Probenbe- 
zirken. '~ 

(2) Mehrfachanfunkungen ein und derselben Pro- 
benstelle in verschiedenen Probenbezirdken. 5 

(3) (3rtliche Integration von MeBwerten nach der 
Vieifleckmethode. 6 

* Diese Probe wurde uns freundlicherweise vom Mans- 
feldkombinat "Wilhelm Pieck", Forschungsinstitut fiir NE- 
Metalle DDR-92 Freiberg/Sa., zur Verfiigung gesteUt. 

(4) Zweilinienpaarverfahren von Hemschik und 
Schuffenhauer. 7 

(5) Dreilinienverfahren nach Skogerboe. s 
(6) Anfunkungen an undotierten Probenorten. 

Die f'tir alle Verfahren gleichen Anregungs- und 
Aufnahmebedingungen sind in Tabelle 1 zusammen- 
gestellt. 

Bei den verglichenen Methoden wird von ganz un- 
terschiedlichen Voraussetzungen ausgegangen, die es 
rechtfertigen, in der angegebenen Weise den Analy- 
senfehler anzun~ihern. Bei den Verfahren (1) und (2) 
wird angenommen, da6 sich in den eng benachbarten 
Gebieten die Zusammensetzung nicht oder nur unwe- 
sentlich ~indert. Insbesondere bei Verfahren (1) ist die 
Erfiillung dieser Voraussetzung fragwiirdig, da bei 
vier regelm~i6ig angeordneten Brennflecken des 
Durchmessers d die Homogenit~it in einen Probenge- 
biet von D = 2,5d, bei drei regelm~iBigen Flecken yon 
D = 2 , 2 5 d  angenommen werden mu8. Bei den hier 
angewandten Versuchsbedingungen ist mit D = 7,5 
bis I0 mm kaum mit einer Erfiillung der Pr~imisse 
zu rechnen. 

Demgegentiber kann bei den  relativ geringen 
Kratertiefen yon 25 bis 60 gm, die mittels der angen- 
wandten Hochspannungsfunkenanregung erhalteri 
werden, weit ether Homogenit~it in bezug auf die un- 
tersuchte Gesamttiefe yon 100 bis 250 #m vorausge- 
setzt werden, zumal das Aufschmelzen durch die je- 
weils vorangegangene Anfunkung zu s~itzlich homogeni- 
sierend wirkt. Bei isotropen FestkiSrpern verhalten 
sich die Wahrscheinlichkeiten daf'tir, dab die betrach- 
teten Gebiete tats~ichlich homogen sind, ftir die Ver- 
fahren (1) und (2) wie 1:50. 

Bei Verfahren (3) wird eine/Srtliche Mittelwertbild- 
ung dadurch erreicht, dab jeweils n Probenstellen 
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Abb. 1. Zur Veranschaulichung der Brennfleckanordnung 
auf der Probe: der rechte kleinere Tell ist undotiert. Die 
gleich grogen Funkenflecken sind der ~bersichtliehkeit 

halber unterschiedlich groB gezeichnet. 

mit l/n der Belichtungszeit angefunkt und auf ein und 
dieselbe Photoplattenstelle belichtet werden. Hierbei 
handelt es sich um einen vereinfachten Fall yon Ver- 
fahren, die den durch Probeninhomogenit~it hervor- 
gerufenen Fehleranteil durch Integration iiber 
mSglichst groge Teile der Probenoberfliiche (z.B. 
dutch Rotation der Probe) s eliminieren. 

Wiihrend allen bisher angefiJhrten Veffahren 
gemeinsam ist, daft die Eliminierung des Probeninho- 
mogenit~itsfehlers nur unvollkommen gelingt und 
deshalb in der Regel der angeniiherte Analysenfehler 
gegeniiber dem wahren Analysenfehler zu groB 
gefunden wird, mu8 erwartet werden, dab die Ver- 
fahren (4) und (5) dagegen einen zu kleinen Analysen- 
fehler ermitteln, da sie nur die wesentlichsten Fehler- 
anteile erfassen. Diese betreffen Plasmaschwankungen 
sowie Fehler der photographischen Registrierung und 
der photometrischen Auswertung. Andere Fehleran- 
teile, z.B. aus Matrixeffekten und Verdampfungsunre- 
geim~iBigkeiten, werden nicht erfaBt. 

Grundgedanke beider Verfahren ist es, eine Varianz- 
analyse aus der Messung und dem Vergleich unter- 

schiedlicher Linienpaare eines Spektrums zu ermSg- 
lichen. In beiden Fiillen wird der Gesamtfehler s (der 
sich'aus dem Analysenfehler sA und dem Probeninho- 
mogenit~tsfehlcr sp zusammensctzt: s 2 = SA 2 + S#) aus 
dem Intensitiitsverhiiitnis einer Linie des Analysen- 
elementes und einer Linie des Grundclementes be- 
stimmt (IA/IBI)" Der Analysenfchler sa wird dagegen 
aus dem Intensitiitsverh~iltnis zweier Grundelement- 
linien crmittelt, wobei sich in diesem Schritt die Ver- 
fahren (4) und (5) unterscheiden. Wiihrend Skoger- 
hoe 8 insgesamt nur drei Linien verwcndet, den Analy- 
senfehler aus IRl/In2 bestimmt und damit einc Grund- 
elemcntlinie in beiden Intensitiitsquotientcn benutzt, 
ffir die neben anderen Bcdingungen insbesondere 
~ihnliche Anregungsenergien f'tir aUc drci Linicn gefor- 
dert wcrden,, w~ihlen Hemschik und Schuffenhauer 7 
fur die Bcstimmung des Analysenfehlers zwei geson- 
derte Grundelementlinien aus (IB3/IH,O, die rich 
mSglichst in ihrer Anregungscharakteristik unter- 
scheiden sollen. 

Weitcre Forderungcn bctreffcn das Vcrhiiltnis der 
Linienintensitiitcn, das besonders beim Skogcrboe- 
Verfahrcn mSglichst nahe bei 1 licgen soil, sowie 
geringe Wellcnliingcnunterschiede der verwendeten 
Linien. Der EinfluB der Abweichungen yon diesen 
Bedingungen wurde anhand unterschicdlicher Linien- 
paare untcrsucht. Aus den Ergebnissen, die in Tabelle 
2 zusammengcsteUt sind, geht hervor, dab sich die 
relativen Standardabweichungen nur unwesentlich 
und kcinesfalls signifikant voneinander unterschciden. 
Auff~illig ist allerdings die ungewShnlich nicdrige 
Streuung im Falle der Co/Cu-lntensit~itsverhiiltnissc, 
die um eine ganze GrSssenordnung geringer ist als 
die der Ni/Cu-Intensitiitsquotienten. 

In Tabcllc 3 sind die Ergebnisse der Homo- 
genitiitspriifung allcr eingangs angef'tihrten Analysen- 
verfahren zusammengestellt. Fiir die Verfahren (I), (2), 
(3) und (6) wurden jeweils die Varianzen der Schw~irz- 
ungsdifferenzen A Y dem F-Test zugrunde gelegt. 
Beim F-Test f'tir Homogenit~itsprtifungen ist zu 
beachten, dab der Quotient der Varianzen stets so 
zu bilden ist, dab s 2 = s~ + sp 2 in den Ziihler und s 2 
in den Nenner gesetzt wird. Das gilt auch (in Abwei- 

Tabelle 1. Anregungs- und Aufnahmebedingungen 

Spektrograph 
Spaltbreite 
Lichtf'dhrung zum 
Spektrographen 
Anregung 
Elektrodenanordnung 

Elektrodenabstand 
Brennfleckdurchmesser 
Belichtungszeit 
Photomaterial 
Entwicklung 

Schw~irzungsmessung 

Quarzprismenspektrograph Q 24 WEB Carl Zeiss Jena) 
20 gm 
Zwischenabbildungssystem Zeiss, Elektroden 
ausgeblendet 
Funkenerzeuger FF 20 (Carl Zeiss Jena) 12000 V: 1,00 A: 6000 pF: 35 Ohm 
point-to-plane Technik: scheibenfSrmige Kupferprobe als Fl~ichenelektroden 
Gegenelektrode: Reinst-Silberstab 5 mm Durchmesser. 90: Kegelstumpf angespitzt. Deck- 
fl~ichen-Durchmesser 1,2 mm 
2 mm 
3 his 4 mm 
50 sek 
ORWO WU 3, spektral blau extrahart. 
Metol-Hydrochinon 1:4 
4 rain Schaukelentwicklung bei 18 ° 
Schnellphotometer G II (VEB Carl Zeiss Jena) 



Vergleich verschiedener spektrographischer Analysenvcrfahren 

Tabelle 2, Relative Standardabweichung in bezug auf die 
angegebenen Intensit~itsverhiilmisse fiir verschiedene 
Linienpaare mit unterschiedlicher Ubereinstimmung der 

yon Skogerboe angegebenen Bedingungen 

Analytische A~.. AUt. 
Linienpaare nm eV AY (Ia)/IA s~, 

Ni II 227.0 
Cu II 229,4 

2,4 1,10 0,7t 5,1 0,220 

Ni 1I 227,0 
Cu I 249,2 22,2 1.64 0,04 1,11 0,214 

Ni II 227,0 
21,6 4,32 0,28 1,91 0,203 

Cu II 248,6 

Ni II 239,5 
0,5 1,15 0,12 1,32 0,189 

Cu II 240,0 

Co II 245,0 
1,9 0,62 0,44 2,78 0,025 

Cu II 246,9 

Co II 246,4 
2,2 i 4,69 0,82 6,67 0,017 

Cu II 248,6 

Co II 252,0 
2,8 1,27 0,04 0,91 0,020 Cu I 249,2 

chung vom Normalfall des F-Tests) f'tir die F~ille, in 
denen s 2 zuf~illig kleiner als S2A erhalten wird. Die 
Prtifung erfolgte auf dem Signifikanzniveau P = 0,95 
(5~ = 0,05). Bei Ablehnung der Nullhypothese wurde 
die dem jeweiligen F-Test entsprechende Wahrschein- 
lichkeit Pv = 1 -  ~v durch Interpolation ermittelt 
und in Tabelle 3 zus~itzlich zur Entscheidung "inho- 
mogen" (I) angegeben. 

Bei Nichtablehnung der Nullhypothese wurde das 
Irrtumsrisiko fl ftir den Fehler 2. Art ermittei¢ und 
in Tabelle 3 als statistische Sicherheit P ,  = 1 - fl fiir 
die Richtigkeit der Entscheidung "homogen" (H) 
angegeben. 

Aus Tabelle 3 geht hervor, dab ftir Nickel mit allen 
Verfahren die Entscheidung "inhomogen" erhalten 
wird. Dagegen sind die Aussagen fiir Cobalt recht un- 
terschiedlich, wobei bemerkenswert ist, dab die erwart- 
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ungsgemiiB "'schiirferen'" Testverfahren (4) und (51 die 
Nullhypothese nicht ablehnen. Allerdings ergibt sich 
aus dem Irrtumsrisiko fl fiir den Fehler 2. Art eine 
sehr geringe Wahrscheinlichkeit fiir Homogenit~it. 

In der Hoffnung, die teilweise widerspriichfichen 
Aussagen der unterschiedlichen spektrographischen 
Verfahren erkliiren zu k~Snnen und eine Vorstellung 
yon der Verteilung des Nickel und des Cobalts in 
der Kupferprobe zu erhalten, wurden elektronen- 
strahlmikroanalytische Untersuchungen der Probe 
vorgenommen. In Abb. 2 sind zun~ichst die Konzen- 
trationsprofile yon Cobalt und Nickel dargestellt, die 
dutch Linienanalyse fiber eine Strecke yon l mm 
erhalten wurden. Zweierlei f~illt auf: 

1. Konzentrationslinderungen von Nickel und 
Cobalt verlaufen synchron und v611ig gleichsinnig; 

2. die absoluten Schwankungsbreiten yon Nickel 
und Cobalt sind etwa gleich, sie liegen ungef~ihr bei 
0,5 M - ~ , ,  Aufgrund des geringeren Nickelgehaltes 
sind dessen relative Gehaltsschwankungen jedoch 
griSBer (37~o gegeniJber 199'~, bei Cobalt). 

Dutch Ermittlung der Abh~ingigkeit zwischen s 2 und 
dem Brennfleckdurchmesser D wurde die kritische 
Brennfleckgr~Be DKra = I l0 /~m bestimmt, 3 oberhalb 
derer keine Inhomogenit~iten mehr nachweisbar sein 
sollten. 

Abbildung 3 zeigt, dab bei einer Linienanalyse mit 
D = 120 #m tatsiichlich zuniichst, und zwar innerhalb 
des Probengebietes, in dem DKrit bestimmt wurde, die 
Konzentrationsschwankungen innerhalb der angege- 
benen Konfidenzintervalle liegen. Das iindert sich 
nach Durchlaufen einer Strecke yon etwa 500 /tm 
plStzlich, die Konfidenzintervalle werden nun 
betriichtlich iiberschritten. Offensichtlich stellt die un- 
tersuchte Probe ein recht kompliziertes Mehrstoffsys- 
tern dar, bei dem Schwankungen in Mikrobereichen 
yon Schwankungen in griSl3eren Probenbezirken iiber- 
lagert sind. Man muB zur Erkliirung dieser Phiino- 
mene wahrscheinlich unterschiedliche Stufen oder 
Grade yon Homogenit~it in der untersuchten Probe 
annehmen. Diese Befunde sind m6glicherweise auch 
f'tir die nicht in jedem Fall iibereinstimmenden Aus- 
sagen der unterschiedlichen spektrographischen Ver- 
fahren mal3gebend. 

Fiir eine umfassende Beuteilung der in dieser Arbeit 

Tabelle 3. Ergebnisse der Homogenit~itspriifung einer cobalt-nickeldotierten Kupferprobe nach verschiedenen Analysen~ 
verfahren. Ergebnisangabe: F-Wert: I hzw. H (1 - ~. bzw. 1 - /~) 

Analysenverfahren Nickel Cobalt FKrlt (0,95) 

(1) Anfunkung von vier nicht benachbarten Anfunkungen 
(2) Vierfache Anfunkung an ein und derselben Probenstelle 
(3) Ortliche Integration Vielfleckmethode (n = 4) 
(4) Hemschik und Schuffenhauer {a) IA/la 

(b) AY 
(5) Skogerboe (a) IMla 

(b) AY 
(6) Anfunkung an undotierter Probenstelle 

29:1(0,990) 6,6: H(0,5) 9.28 
306:1(0,997) 27: •(0,988) 9,28 

35: •(0,992) 25:1(0,987) 9,28 
28:1(0,999) 2,07: H(0,72) "~ 3,44 17: •(0,999) 1,18: H(0,65) J 
28: •(0,999) 2,04: H(0,70) "[ 3,44 
16:1(0,999) 1,05: H(0,62) Y 
49: •(0,996) 4,2: H(0,5) 9,28 
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Abb. 2, Konzentrationsprofil einer Linienanalyse fiber 1 mm mit der Elektronenstrahlmikrosonde JEOL 
JXA-3A (UA = 25 kV, V = 50 pm/min, Strahldurchmesser D = 20 ,urn). 
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Abb, 3. Konzentrationsprofil einer Linienanalyse fiber 1 mm mit eingezeichneten Konfidenzgrenzen 
(JXA-3A, UA = 25 kV, v = 50 pm/min, D = 120/zm). 

verglichenen Verfahren sind weitere Untersuchungen 
erforderlich, zweckmiiBigerweise an Mehrstoffsys- 
temen, deren struktureller Aufbau nicht so kompli- 
ziert ist wie im hier vorliegenden Fall. 

Fiir die Bereitstellung der untersuchten Kupferprobe 
und der verwendeten Reinstsilber-Gegenelektrode m6chten 
wir an dieser Stelle den Herren Dr. T611e, Dr. Ehrhardt 
und Dr. GeiBler vom Forschungsinstitut fiir NE-Metalle 
Freiberg (DDR) danken. Herrn Doz. Dr. Heckendorff vom 
Wissenschaftsbereich Wahrscheinlichkeitstheorie und Sta- 
tistik der Sektion Mathematik der Technischen Hoch- 
schule Karl-Marx-Stadt sind wir ftir kliirende Diskus 
sionen zu statistischen Grundlagen der hier behandelten 
Probleme zu Dank verpflichtet. 
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Summary--A number of methods using optical emission spectrography have been compared in order 
to obtain some measure of the analytical error of this technique. They include (1) measurement at 
several spots at closely adjacent positions on one sample; (2) measurement by repeated sparking at 
one position on the sample; (3) local averaging of measfiued values obtained by the multiple-spot 
method; (4) the line-pair method of Hemschik and Schuffenhauer; (5) Skogerboe's three-line method. 
The results are compared amongst themselves and also with some electron microprobe measurements 
on the same sample. 



Tal,m,. Vol. 26. pp. 369 to 372 
Pergamon Press Ltd 1979. Printed in Great Britain 

THE DIFFERENTIAL PULSE POLAROGRAPHIC 
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Summary--A differential pulse polarographic procedure for the determination of 0.001-0.02,% of tin 
in zinc-aluminium alloys is described. The tin is first separated from interfering elements such as 
copper and lead by homogeneous co-precipitation with aluminium succinate. The tin is determined 
polarographically in a IM hydrochloric acid + 4M ammonium chloride electrolyte. After the tin has 
been masked with alkaline citrate a second polarogram is recorded to ascertain whether residual lead 
is present and, if so, a correction is applied. 

As part of a research programme investigating the 
properties of certain zinc-aluminium alloys it was 
necessary to determine small amounts of tin, i.e., less 
than 0.02~o, in the alloys. 

Polarographic methods for the determination of tin 
are well known 1-3 and have been applied to ores, 
steels and alloys as well as to other materials. Most  
of the methods reported 4-9 employed normal d.c. 
polarography for determination of the tin after its 
preliminary separation from various interfering ele- 
ments, but they were not sufficiently sensitive for the 
samples in which we were interested unless a large 
sample were taken, 'and this was not practical, partly 
because of the high aluminium content and partly 
for other reasons. 

The advent of more sensitive polarographic tech- 
niques, such as differential pulse polarography, has 
extended the technique to allow smaller amounts of 
a desired element to be determined, or smaller 
amounts of sample to be taken for the determination. 
Bhowal and Umland ~ o determined small amounts of 
tin by differential pulse polarography after extraction 
of the tin as its N-benzoylphenylhydroxylamine 
complex into chloroform. The chloroform extract was 
subjected to polarography directly after the addition 
of water and a methanolic solution of lithium per- 
chlorate. A study of the effect of diverse elements 
showed that up to 200--250 times as much aluminium, 
copper or zinc as tin could be tolerated in the ex- 
traction step. Molybdenum(V), vanadium(V) and 
titanium(V) were co-extracted and interfered. No  ap- 
plication of the method to the analysis of any kind 
of sample was reported. This procedure, while attrac- 
tive in principle, did not appear to be applicable to 
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zinc-aluminium-copper alloys because of the much 
higher ratio of these elements to tin in the alloys. 

As a brief search of the literature failed to reveal 
any reference to the differential pulse polarographic 
determination of tin in zinc-aluminium alloys, an in- 
vestigation was undertaken to develop a Suitable pro- 
cedure: this report describes its successful application 
to the determination of 0.001-0.2% tin in zinc alloys 
containing about 12% of aluminium and small 
amounts of copper and lead. 

EXPERIMENTAL 

Apparatus 

PAR Model 174 Polarographic Analyzer with Model 
174/70 drop-timer, and Houston Omnigraphic Model 2000 
X-Y recorder equipped with Type 3, X and Y modules, 
Princeton Applied Research Corp.. N.J:, U.S.A. 

Dropping mercury electrode assembly. 
Water-bath equipped with thermostat to maintain a 

temperature of 25.0 +_ 0.1 °. 
Millipore filtration unit, 250-ml size, wiih Millipore filter 

discs, HAWP 04700, 47 mm diameter, 0.45 pm porosity, 
Millipore Filter Corp., Bedford, Mass., U.S.A. 

Micropipettes, various sizes. 10-300 ld. Centaur Chemi- 
cal Co., Stamford, Conn.. U.S.A. 

Analytical procedure 
Dissolution of sample and homogeneous precipitation of 

tin. Transfer an accurately weighed 2-g sample of the alloy 
to a covered 400-ml beaker and dissolve it in 20-25 ml 
of 6M hydrochloric acid. Warm the solution gently to aid 
dissolution of the last traces of the soluble metals. Then 
add a few drops of 305/o hydrogen peroxide to dissolve 
the copper and finally boil gently for a short time to 
remove the excess of peroxide and to ensure the dissolution 
of any precipitated tin. Keep the beaker covered at all 
times to avoid loss of tin. Dilute the solution to about 
150 ml with water and add 4 g of hydroxylamine hydro- 
chloride and 10 g of ammonium chloride. Boil the solution 
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gently for a few minutes to reduce the copper(ll) to cop- 
per(I). Add 5 g of succinic acid and 4 g of urea, stir to 
dissolve, and dilute to 250 ml with water. Add concen- 
trated ammonia solution dropwise to bring the pH to 
about 3.5. Boil the solution gently for 2 hr to precipitate 
the aluminium. A boiling stick placed in the solution helps 
to prevent bumping at this stage. Filter the solution hot 
through a Millipore filter and quickly wash the beaker 
and the precipitate on the filter four or five times with 
a hot wash solution containing 1% of succinic acid and 
1~ of hydroxylamine hydrochloride and neutralized to 
Methyl Red by addition of ammonia. It is not necessary 
to remove all the precipitate adhering to the wall of the 
beaker. Disconnect the Millipore unit and transfer the pre- 
cipitate to the original beaker with a few ml of water. 
Add 20 ml of water containing 7.0 ml of concentrated hy" 
drochloric acid (Note 1) to the precipitate and warm gently 
on the hot-plate until the precipitate is completely dis- 
solved, swirling the beaker occasionally to dissolve the pre- 
cipitate on the wall of the beaker. Cool the solution slightly 
and transfer it to a 50-ml standard flask containing 10 g 
of solid ammonium chloride, rinsing the beaker with a 
small amount of water. Mix the solution in the flask to 
dissolve the ammonium chloride, make up to the mark 
at 25.0 ° and mix thoroughly. 

Polaro~raphic determination of  tin and preparation of  the 
tin and lead calibration curves. Pipette a 10.0-ml aliquot 
of the solution into a dry polarographic cell and deaerate 
with nitrogen. Immerse the dropping mercury electrode in 
the solution and -ecord the differential pulse polarogram 
from -0 .2  to -0 .8  V vs. SCE at a suitable current and 
sensitivity and at a scan-rate of 2 mV/sec, a modulation 
amplitude of 50 mV and a drop-time of 1 or 2 sec. After 
recording the tin-plus-lead peak at -0.51 V vs. SCE, add 
1.0 ml of 50% ammonium citrate solution, 2.0 ml of con- 
centrated ammonia solution and pass nitrogen through the 
solution to mix and deaerate it. Record a second polaro- 
gram at the same instrumental settings to obtain the lead 
peak at -0,54 V vs. SCE. 

The height of the lead peak obtained in the second 
polarogram is not the same as it would be on the first 
polarogram, because of the dilution. Moreover, an equal 
concentration of lead in the two solutions does not give 
i~lentical peak heights because of differences in the diffu- 
sion current constants. Thus it is necessary to compute 
an equivalent current due to lead in the acidic chloride 
solution from its measured current in the ammoniacal 
citrate solution, In addition, the aluminium succinate 
exerts a slight depressive effect on the tin and lead peaks 
in the two electrolytes and it should be included in the 
solutions used for the preparation of the calibration curves. 

These curves are obtained as follows. Prepare a solution 
containing 0,25 g of pure aluminium (Note 1) and carry 
it through the basic succinate precipitation step of the pro- 
cedure. Filter off and dissolve the basic aluminium suc- 
cinate and make it up to 50 ml in IM hydrochloric acid 
and 4M ammonium chloride solution in the same manner 
as for the samples. Transfer a 10.0-ml aliquot of the solu- 
tion to a polarographic cell. deaerate it with nitrogen and 
record a "blank" polarogran~. Add small increments, e.g., 
0.014).20 ml, of a standard tin(IV) solution (0.2 mg Sn/ml) 
by means of micropipettes and record a polarogram after 
each addition,: ~10t the, current peakheight vs. the tin con, 
centration Using ~"s~eond lO.O-ml aliquot of the solution, 
plot a similar calibration curve for small amounts of lead. 
Take a third 10.0-ml aliquot portion, add 1.0 ml of 50% 
ammonium citrate Solution and 2.0 .ml of concentrated 
ammonia solution artd add small increments of a standard 
lead solution as before, to obtain the calibration curve for 
lead in the ammoniacat citrate medium, From the three 
calibration curves obtain the necessary conversion factors 
for the calculations (Note 2). 

Calculations. By means of the factor derived from the 

calibration curves convert the current due to lead in the 
ammoniacal citrate medium (second polarogram) into the 
equivalent current in the acidic chloride medium. Deduct 
this computed current from the combined currents of tin 
and lead in the acidic chloride medium (first polarogram) 
to obtain the net peak current for tin. From this net peak 
current calculate the tin content of the samples by using 
factors derived from the tin calibration curve. 

Notes 
I. The amount of acid used is just sufficient to dissolve 

the amount of aluminium precipitated (0.25 g) and to pro- 
vide the necessary excess of hydrochloric acid in the final 
solution. If a different amount of aluminium is present the 
amount of hydrochloric acid taken must be adjusted 
accordingly. 

The amount of aluminium used in the preparation of 
the calibration curves corresponds to the amount in the 
2-g samples of zinc-aluminium alloy under investigation 
in this report. For other alloys the amount of aluminium 
in the standards for the calibration curves should be 
matched to that in the alloys. For samples low in alu- 
minium, an appropriate amount may be added. Alterna- 
tively, a larger sample weight may be used, in which case 
it should be possible to determine even lower percentages 
of tin. 

2. If only a few samples are to be analysed, the tin con- 
centration in the supporting electrolyte may be determined 
by the method of standard additions, This techni.que is 
relatively simple and avoids the need to prepare a calibra- 
tion curve, but is satisfactory only in the absence of lead. 

PRELIMINARY TESTS 

Initial a t tempts  to determine the tin by differential 
pulse polarography directly in solutions of the zinc- 
a luminium alloy in I M  hydrochloric  acid plus 4M 
ammonium chloride were unsatisfactory for several 
reasons. In the dissolution process the bulk of the 

"copper was left as the metal  but  a certain amount  
was dissolved and interfered with the measurement  
of the t in and  lead peaks on the polarograms. 

The  use of masking agents such as thiourea, EDTA, 
cyanide, etc., to mask the copper  was not  successful, 
either because of the large amounts  of zinc and alu- 
minium present, or because the tin was also masked. 
Removal  of the copper by controlled-potential  elec- 
trolysis at ei ther a pla t inum or a mercury cathode 
also proved unsuccessful because small but  interfering 
amounts  remained in solution even after prolonged 
electrolysis. Moreover,  this technique had the dis- 
advantage that  it was too t ime-consuming. 

Co-precipitat ing the t in along with the a luminium 
by adding an excess of ammonia  solut ion was un- 
satisfactory because the precipitate was extremely 
voluminous,  gelatinous and very difficult to filter off 
and wash. Moreover,  a considerable amount  of cop- 
per was also adsorbed on the precipitate and was 
impossible to remove completely either by washing 
or by reprecipitation. By use of homogeneous  precipi- 
ta t ion of the a luminium as the basic succinate, as 
advocated by Willard and  Tang, TM ,z these difficulties 
were overcome and dense, easily collected precipitates 

were obtained. 
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Table 1. Determination of tin in synthetic zinc-aluminium 
solutions* by differential pulse polarography after co-preci- 

pitation with basic aluminium succinate 

No. of Lead added, Tin added, Tin found,? 
detns, rag it O I~g 

1 Nil 20 16 
2 Nil 40 40 + 1 
2 0.5 40 40 + 3 
2 5.0 40 37 + 1 
2 Nil 80 80 +_ 0 
1 Nil 120 115 
1 Nil 160 157 
2 Nil 200 197 -I- 2 
1 Nil 300 300 
8 Nil 400 403 + 16 
2 0.5 400 398 + 11 
2 5.0 400 402 5- 14 

* Each synthetic sample contained 2 g of zinc, 0.25 g of 
aluminium and 0.025 g of copper. 

? Standard deviation 8 #g; 

RESULTS A N D  DISCUSSION 

The procedure described above was applied to syn- 
thetic solutions containing 2 g of zinc, 0,25 g of alu- 
minium, 25 mg of copper and 20--400 tag of tin, and 
it was established that the tin was quantitatively pre- 
cipitated with the aluminium succinate. In some ex- 
periments amounts of lead ranging from 0.5 to 5 mg 
were added to see whether it was also co-precipitated. 
The tin was finally determined in 1M hydrochloric 
acid plus 4M ammonium chloride solution by differ- 
ential pulse polarography. The results of these experi- 
ments are given in Table 1. 

The standard deviation s at the 400 tag level was 

i 

Drop t ime  - I sec 
Scan ra te  - - 2 m V / s e c  
Modulation omplitude - - 5 0 m V  

1 1 I I 1 I 
0.2 0.3 0.4 0.5 0.6 0.7 o a  

Vol ts  SCE 

Fig. 1. Differential pulse polarogram of tin after co-preci- 
pitation with basic aluminium succinate. A: Sn 40 pg in 
10 ml of IM hydrochloric acid +4M ammonium chloride; 
B: after addition of 1 ml of 50% ammonium citrate and 

2 ml of ammonia solution. 

8 pg. Only one precipitation was necessary and exam- 
ination of the polarograms revealed that the separ- 
ation from copper and lead was excellent. The 
amount of copper co-precipitated with the aluminium 
and tin was in nearly all cases less than 0.5 tag per 
ml of supporting electrolyte, i.e., the 25 mg of copper 
originally present had been reduced to less than 25 
tag. This amount of copper had virtually no effect on 
the height of the tin peak, Moreover, other experi- 
ments indicated that a copper concentration up to 
at least 1.5 tag/ml in the supporting electrolyte could 
be tolerated in the determination of tin at the 0.5 
tag/ml level; in other words the tolerance was at least 
3 times as much as the copper level found in the 
final solution after the precipitation step. 

The amount of lead in the precipitate was usually 
less than the limit of detection, i.e., about 0.1 #g per 
ml of supporting electrolyte at an instrumental sensi- 
tivity of 1 taA for full-scale deflection. Because negli- 
gible amounts of lead were co-precipitated with the 
aluminium and tin it was therefore not usually necess- 
ary to correct the height of the tin peak obtained 
in the acidic ammonium chloride electrolyte for the 
presence of lead. Nevertheless, a polarogram was 
recorded each time after the addition of alkaline 
citrate solution simply to confirm the absence of lead. 

A typical polarogram is shown in Fig. 1. The peak 
at - 0 .44  V on the polarogram B is due to the 
presence of a trace of copper. In polarogram A this 
copper peak would also occur and contribute to the 
current at -0 .3  V but would not affect the tin peak 
at -0 .52  V and therefore does not interfere. 

During the investigation it was necessary to over- 
come some difficulties in technique. For  example, 
when an ordinary filter paper was used to collect the 
basic aluminium succinate it was found that some 
of the precipitate remained embedded in the pores 
of the filter and could only be removed by thorough 
washing with hot hydrochloric acid. This made it dif- 
ficult to keep the volume of the final solution suffi- 
ciently low before transfer to the 50-ml standard flask 
and often the solution had to be evaporated. On the 
other hand, ignition or destruction of the paper with 
nitric and perchloric or sulphuric acids was not prac- 
tical. The use of a Millipore filter, however, was very 
convenient and had several advantages over the use 
of ordinary filter paper. The granular nature of the 
precipitate enabled it to be filtered off quickly and 
because of the small size of the filter disc, fewer 
washings were required to remove completely the 
extraneous impurities, especially copper. The precipi- 
tate was easily removed from the disc and transferred 
to the original beaker with only a small amount of 
water. The greater initial cost of the Miilipore filter 
discs was offset by the fact they that could be used 
several dozen times, if necessary, before being dis- 
carded. 

In other preliminary experiments it was found that 
recoveries of tin were low by about IO-15% owing 
to depression of the peak by the aluminium succinate 
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Table 2. Composition of zinc-aluminium 
alloys 

Element Nominal% 

Al 12 
Mg 0.02 
Cu 1.0-1.5 
Si <0.01 
Pb 0,001-0.02 
Sn 0,001-0.02 
Zn Balance 

present. These apparently low recoveries were over- 
come by preparing a calibration curve with solutions 
containing, the same amount of aluminium succinate 
as the sample solutions. In this work the amount of 
aluminium present was dictated by the size of sample 
required (2 g) to give a measurable amount of tin. 
All the alloys contained approximately the same per- 
centage of aluminium and since a similar weight of 
sample was taken for each analysis the final alu- 
minium concentration was relatively constant. 

The height of the tin peak thus depends to some 
extent on the concentrations of aluminium succinate 
in the supporting electrolyte. Therefore, if other appli- 
cations of the method are contemplated, in which the 
aluminium may be absent or present in greatly vari- 
able amounts, it will be necessary, prior to the preci- 
pitation step, to adjust the amount of aluminium 
present to provide an arbitrary but approximately 
constant amount for each sample, e,g., by taking suit- 
able sample weights or adding appropriate amounts 
of pure aluminium. The calibration curve should like- 
wise be prepared from solutions having similar con- 

Table 3. Determination of tin in zinc- 
aluminium alloys by differential pulse 
polarography after co-precipitation 

with basic aluminium succinate 

Sample Tin found, ~o 

A 0.0018, 0.0018 
B 0.0028 0.0030 
C 0.0017 0.0016 
D 0.0160 0.0160 
E 0.0011 0.0012 
F 0.0012 0.0012 
G 0.003O 0.0031 
H 0.0031 0.0021 
I 0.0009 0.0007 
J 0.0019 0.0027 
K 0.0008 0.0009 

centrations of aluminium. Alternatively, the standard- 
addition technique may be used to determine the tin 
concentration. 

The procedure finally adopted was applied to the 
zinc-aluminium alloys submitted for analysis. The 
nominal composition of these alloys is given in Table 
2. Duplicate individually weighed 2-g samples were 
taken for analysis and the results are given in Table 
3. 

Conclusion 

The results of the investigation show that the pro- 
posed method is suitable for the determination of tin 
in zinc-aluminium-copper alloys, at the level indi- 
cated, with good precision. No results obtained by 
alternative methods were available for comparative 
purposes but the results on synthetic samples indicate 
that the values obtained can be considered reliable. 
The combination of precipitation from homogeneous 
solution with differential pulse polarography results 
in a method which is highly selective, sensitive and 
free from interference by other constituents of the 
alloys. The method should also be applicable to other 
alloys, steels, and tin ores and need not be restricted 
to small amounts of tin. 
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Summary--Chromogenic properties of 22 new hydrazones, all ferroin-type compounds, have been evalu- 
ated with respect to iron(IIL copper(I), cobalt(lI) and nickel(IlL Some show promise as sensitive reagents 
for the determination of trace amounts of these metal ions. Stoichiometric ratios were determined 
for the iron(II) chelates and interpreted to distinguish between syn- and anti-isomers. 

Several years ago a number of 2-pyridyi and pyra- 
zinylhydrazones were prepared by Case I for the pur- 
pose of providing new reagents with chelating proper- 
ties for iron(lit and copper(It. A detailed study of the 
chromogenic reaction of these ferroin-type reagents 
with iron(lit, copper(It, cobalt(lit, and nickel(II) has 
now been completed, and the results are presented 
in this communication. 

The compounds are identified below by type, struc- 
ture, and/or name with Roman numeral designations 
for ease of reference. 

2-Pyridylhydrazones 

Q-,C, 
~ R 2  

Rt  R2 
1 Methyl Pyrazinyl 

II Phenyl Pyrazinyl 
Ill M e t h y l  3-Pyridazinyl 
IV 2-Pyridyl 2-Pyridyl 

Pyrazinylhydrazones 

~%/N R) 

Rz 

V Hydrogen 2-Pyridyl 
Vl Methyl 2-Pyridyl 

Vll Phenyl 2-Pyridyl 
VIII 2-Pyridyl 2-Pyridyl 

lX Methyl Pyrazinyl 
X Pyrazinyl Phenyl 

XI Hydrogen Benzoyl 
XII Phenyl Benzoyl 

XlII 2-Pyridyl 2-CsHaN-CO- 
(Pyridil monopyrazinylhydrazone) 

XIV M e t h y l  3-Pyridazinyl 
XV Phenyl 2--CsH4N-NH- 

(N-2-Pyridylbenzamide pyrazinylhydrazone) 

XVI 2-C~H4N-NH- 2-Pyridyl 
(N-2- Pyridylpicolinamide pyrazinylhydrazone) 

Miscellaneous hydrazones 

XVII Isatin-3 pyrazinylhydrazone 

Z2'-Pyridil dipyrazinylhydrazone 

H z c - - ~  p 

XlX Isatin-3 2-pyridylhydrazone 
XX Phenylglyoxal dipyrazinylhydrazone 

XXl Benzoylpyrazine phenylhydrazone 
XXll Phenyglyoxal di(2-pyridyl)hydrazone 

XVlll 

EXPERIMENTAL 

Spectral measurements were made with a Cary Model 
14 recording spectrophotometer and corrected for absor- 
bance due to reagent blanks. Ligand to metal ratios of 
the iron(II) chelates were determined spectrophotometri- 
cally by the mole-ratio method. 2"3 Standard solutions, 
buffers, reagents, and procedures used in this investigation 
were those described previously. 4 

Solutions of the metal chelates prepared for spectral 
measurements were buffered at pH 7 (if not otherwise 
specified) with ammonium acetate and contained 5~/o eth- 
anol (v/v) to ensure complete dissolution of ligand and 
complex. 

RESULTS AND DISCUSSION 

With few exceptions the new compounds formed 
coloured iron(II) chelates over the pH range 3--11. 
Colour changes occurred on changing the pH from 
4 to 7, with absorption bands shifting to longer wave- 
lengths. Such changes could arise from ionization of 
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New chromogens of the ferroin t ype~ lX  

the hydrogen a tom from the hydrazone moiety of the 
co-ordinated ligands. 

The m o s t  sensitive iron(lI) chromogen  of the group 
is Xl l ;  however, it forms a relatively weak iron(II) 
chelate so a moderately large excess of chromogen 
i s  necessary for quant i ta t ive results. More  sensitive 
ferroin reagents are available for the determinat ion 
of iron, and it is unlikely tha t  XII  or any of the hydra-  
zone derivatives will supplant  them. 

Compounds  X, XVII and X I X - X X l l  failed to form 
iron(II) chelates, presumably because of steric hin- 
drance. For  this reason these hydrazones are believed 
to exist predominant ly  as syn-isomers, i.e., the two 
potentially co-ordinat ing groups are in a s y n -  or c i s -  

configurat ion about  the ~ C = N -  group of the hydra-  
zone. The presence of a bulky non-co-ordinat ing 

group in an  a n t i - c o n f i g u r a t i o n  (the R2 group in the 
structures depicted above) should sterically discour- 
age chelat ion of iron(lI) by more  than  one ligand 
molecule, thus preventing format ion of a character-  
istically coloured ferroin-type tris-chelate of iron(IIL 
Thus the isomer structures assigned above for X and 
XVII  are believed to be correct. C o m p o u n d  XIX, for 
the same reason, probably  has the same configuration 
as XVll .  Similar dist inctions concerning which isomer 
( s y n -  or a n t i - )  predominates  in XX, XXI and XXII 
are less conclusive owing to the greater complexities 
of their s t ructure and the several possible ways for 
them to act as chelating agents. 
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Copper(I), cobalt(II) and nickel(ll) gave chromo-  
genic reactions with most  of the new compounds  over 
the pH range 3-11, with max imum colour format ion 
in the pH region: 5--11. Unlike the iron(II) chelates, 
the complexes gave no colour changes  on  change of 
pH. Most  of the copper(I) chelates proved readily 
extractable with isoarnyi alcohol but  the other  metal  
chelates were  only partially extracted. As expected 
from previous studies, ~7  the copper, cobal t  and 
nickel chelates each exhibited a single, b road  i n t e n s e  
absorpt ion band in the visible spectrum. The waVe- 
length of maximum absorbance,  molar  absorptivity, 
and colour of each chelate are listed in Table 1. Of  
the new compounds  investigated, IV and VIII  merit 
special a t tent ion as sensitive chromogenic  reagents for 
nickel, cobalt,  and copper. Their  high molar  absorp- 
tivities and differences in wavelengths of maximum 
absorbance should enable trace amounts  of these 
metals to be determined in the presence of one 
another.  Fur ther  investigation of these is contem- 
plated. 

Results of mole-ratio studies for the iron(II) che- 
lates, compiled in Table 2 along with spectral data, 
are of interest as a means of identifying the stoichi- 
ometry and relative stability of the chelates and of 
distinguishing between certain possible structures or  
configurations for the ligands. For  example, com- 
pounds I - I i i ,  V - V l l  and XIV all formed bis-chelates 
of iron(II) of relatively.high stability, as evidenced by 

Table 2. Absorption properties and ligand to metal mole-ratios of iron(II) chelates 

pH 4 pH 7 

Ligand Colour 2, nm ~, I. m o l e -  1. cm - 1 Colour 2, nm E, I. m o l e -  i. c m -  1 L/Fe 

! Magenta 550 7.3 x 103 Brown 

I1 Magenta 554 9.0 x 103 Brown 

III Orange 535 7.4 x 103 Red 

1V Magenta 537 1.31 x 104 Red 
V Orange 520 5.3 x 103 Red 

VI Orange 523 6.6 × 103 Red 
VIi Red 567 7.6 × 103 Brown 

VIii Red 575 9.2 x 103 Green 
IX Red 583 5.4 × 10 3 Green 
X Colourless - -  - -  Colourless 

XI Gold 450* 1.8 × 103 Brown 
XI! Colourless - -  - - -  Orange 

XIII Brown 598 6.4 x 103 Brown 
464* 1.60 x 104 

XIV Orange 571 5;1 × 10 3 Green 
444* 1.38 x 104 

XV Orange 438* 7.1 x 103 Orange 
XVI Magenta 514 7.6 x 103 Brown 

XVII Colourless - -  - -  Colourless 
XVIll Green 601 1.03 x 104 Green 

450* 1.90 x 104 

598 
430* 
633 
450* 
537 
458* 
538 
555 
560 
570 
597 
618 

475* 
717 
475* 
4O8 
598 
487* 
6O8 
456* 
425* 
576 

6 0 3  
455* 

3,7 x 103 1.90" 
1.43 x 104 
6,6 x 103 2.07 ~ 

2.30 x 104 
6.8 x 103 2.26 ~ 
7.5 × 10 3 

1.04 x 104 2.02 ~ 
5.3 × 103 2.10" 
5.8 × 103 2.0T 
7.5 × 103 2.11 ~ 
9.4 x 103 2.02 ~ 
4.1 × 10 3 2.06 ~ 

1.85 x 104 2 ' '  
9.0 x 103 2.0 w 

2.26 x 104 
2.44 x 104 

7.1 × 103 1.93"* 
1.30 × 104 
4.5 × 103 2.17 = 

1.35 x 104 
9.1 × 103 2.24" 
7.3 × 103 2.10 ~ 

9.2 x 103 3.04 m 
1.60 × 10" 

* Shoulder. 
Strong complex: linear mole-ratio plot. 

'~ Moderately strong complex: slight curvature in mole-ratio plot. 
w Weak complex; apprediable curvature in mole-ratio plot. 
vw Very weak complex: extreme curvature in mole-ratio plot. 
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the sharp intersection and linearity of their mole-ratio 
plots. These ligands therefore must possess a configur- 
ation that permits terdentate action. Models show 
that only the anti-isomers of these compounds can 
act in such a manner. The syn-isomers should be cap- 
able of bidentate action, but only with difficulty, 
owing to the presence of bulky substituents adjacent 
to the ferroin group. 

Compounds IV and Vl l l  exist in only one form 
(since R1 = R2), and both act as strong terdentate 
ligands in chelating iron(lI). They possess the same 
functionality or structural features as the anti-isomers 

o f  the compounds just discussed ( I - i i i ,  etc.). 
Ligands  Xl -Xl l l  form iron(II) chelates with a 

ligand to iron ratio of 2:1. Since iron(II) is hexaco- 
ordinate, presumably the carbonyl oxygen atom in 
each ligand co-ordinates to iron to form a 5-mem- 
bered chelate ring. Consistent with theoretical expec- 
tation, co-ordination of oxygen is weak and the mole- 
ratio plots for XI-XII show considerable curvature. 
The relative order of stabilities found for their iron(II) 
chelates is XI < Xll  < XIII, which is reasonable in 
light of the electron-donor tendencies of their respect- 
ive,R1 substituent groups: H < phenyl < pyridyl. 

Compound XV acts as a terdentate ligand and 
therefore must possess the structure indicated above. 
To do so it must utilize the pyridyl nitrogen atom 
0 n t h e  R2 group) to form a 6-membered chelate ring 

with iron(II). This is unusual as most ferroin com- 
plexes involve 5-membered rings. The ligand to iron 
ratio found was in excess of 2:1, suggesting that some 
tris-chelate may be formed, involving bidentate ligand 
action. 

The ligand to iron ratio for XVI cannot be used 
to assign syn- or anti-configuration to the ligand 
because both isomers are capable of terdentate behav- 
iour. 

It was surprising to find that XVIII acts as a biden- 
tate ligand in chelating iron(II). Logically, one of four 
different terdentate modes might have been utilized 
to form a more stable chelate. Nevertheless, a stable 
tris-chelated iron complex was formed. A satisfactory 
explanation for this requires further study. 
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Summary--Methods for removal of the chloride interferences in determination of aluminium by atomic- 
absorption spectrometry with a graphite furnace have been investigated. Two mechanisms of chloride 
interference have been established. The first arises from co-ordination of the chloride to aluminium. 
This interference can be removed by preventing the co-ordination. The other is due to co-existing 
chloride salts remaining until the atomization step. This interference can be removed by volatilizing 
the chloride or by converting it and/or aluminium chloride into another substance such as the oxides 
before the atomization step. The tetra-ammonium salt of EDTA is very suitable as an additive to 
overcome chloride interference because of its ability to co-ordinate aluminium and other cations, and 
also its effect when heated. 

Recently, flameless atomic-absorption spectrometry 
with a graphite furnace has been widely used for 
determination of metals because of its high sensitivity 
and rapidity. However, interference from cations, 
anions, acidity, organic substances etc. is encountered 
just as in other methods of instrumental analysis. In 
particular, chloride co-existing in the specimen and/or 
added during preparation of the sample can cause 
severe interference. Shaw and Ottaway ~ applied the 
graphite furnace method to the determination of alu- 
minium in cast iron and low-alloy steel, and pointed 
out that chloride interfered, but nitric acid did not, 
so they used nitric acid to dissolve the sample. Person 
et al. used a mixture of hydrochloric and nitric acid 
to dissolve steel samples and added ammo'nium sul- 
phate to overcome the interference of hydrochloric 
acid in aluminium determination; 2 they also dis- 
cussed the interference of chloride on the basis of the 
gaseous equilibrium of aluminium and chlorine at 
high temperature. 3'4 Suppression of the signal by 
chloride has also been frequently observed in deter- 
mination of other metals. Several mechanisms, such 
as formation of relatively volatile compounds, 5-7 a 
vapour phase process a'9 and occlusion of analyte in 
the matrix, 1°-12 have been proposed for chloride in- 
terference. It is generally agreed that chloride interfer- 
ence occurs as a result of the combination of two 
or more factors, including those proposed above. 

However, fundamental methods for removal of 
chloride interference have not yet been investigated. 
Mechanisms of interference in atomic absorption 
have generally been investigated in terms of reactions 
in the solid and/or gaseous state in the furnace. The 
changes in the analyte from the time of preparation 
of the sample to the final atomization have not gener- 
ally been considered, although during these steps, the 
analyte may suffer from many interactions. Accord- 
ingly, we have divided the process into three stages 
for investigation, namely, the solution state before the 
instrumental operations, the drying and ashing state, 
and the atomization state. 

EXPERIMENTAL 

Apparatus 
A Varian Techtron carbon-rod atomizer model 63 was 

used in conjunction with a Varian Techtron'model 1200 
atomic-absorption spectrophotometer. A tube type of 
graphite cell was used and the absorption was measured 
under a nitrogen atomosphere. The signal was recorded 
with a Hitachi 056 recorder. A Hitachi aluminium hollow- 
cathode lamp was used as the light-source and a Varian 
Techtron deuterium hollow-cathode lamp for background 
correction. The sample was added with a 5-#1 Excalibur 
Autopet fitted with a disposable tip. 

Reagents 
All solutions were prepared from analytical-reagent 

grade chemicals and demineralized water, and stored in 
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0.8 

8 
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0.4 
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0 

I0  -5 I0 -4 10 -3 lO -2 I0  -1 1 

Concentration of chloride, M 

Fig. 1. Effect of chlorides on the atomic absorption of alu- 
minium (2.5 mg/l.). O. HCI: 0. NH4CI:@, NaCI; ®, KCI: 
O. MgCI2: ~, CaCI2; O. SrCI2; ~,  BaCI2; e, CuCI2; ~.  

FeCI v FeCI3 at pH 1 and the others at pH 3.6. 

polyethylene bottles. The 1000-mg/I. stock aluminium solu- 
tion was prepared by dissolving aluminium metal (99.99% 
pure) and made up in 0.1M nitric acid. 

Procedure 
A 5-,ul sample was deposited in the graphite tube with 

the micropipette and then dried, ashed and atomized with 
nitrogen gas flowing around the furnace at a rate of 5.5 
I./min. The voltages and times for drying and atomization 
were kept the same: dry for 30 sec at 0.8 V (ca. 140 °) 
and atomize for 4 sec at 7.0 V. The ashing step was varied. 
The absorption signals at 309.3 nm (0.5 nm bandwidth) 
were recorded and the peak-height was taken as the ana- 
lytical signal. A reagent blank was run under the same 
conditions and a correction applied for it. The applied 
voltage between the atomizer terminals was measured with 
a digital voltmeter connected in parallel and the tempera- 
ture of the graphite tube at each setting was measured 
with a platinum-platinum/rhodium thermocouple. 

RESULTS AND DISCUSSION 

Effect o f  chloride on atomic absorption 

The interference of chloride has been widely 
reported. The chloride shows many kinds of behav- 
iour, depending on the analytical conditions. The 
effects of chloride concentration, pH, standing time 
after sample preparation, furnace temperature and 
inert-gas flow-rate were therefore investigated. 

The interference of the chlorides of H +, NH~,  Na +, 
K +, Mg 2+, Ca 2+, Sr 2+, Ba 2+, Cu 2+ and Fe 3+ in 

determination of aluminium was for salt concen- 
trations from 10 - s  to 10-1M in slightly acidic 
medium IpH 3-4) under the same ashing conditions 
(30 sec at 1.6 V, ca. 55ff). As shown in Fig. 1, their 
interference may be classified as negligible, inter- 
mediate and extensive. The compounds in the first 
group are HCI, NH4CI and MgCI2, in the second 
NaCI and KCI, and in the third CaCI2, SrCI2, BaCI2, 
CuCI2 and FeCI 3 (these will hereafter be referred to 
as the first, second and third groups). 

1.0 

0.8 
8 

.>- O, 4 

? 
8.2 

"-<3 oS 0.10 

0.05 

0 0 ll.O 1 , -- J 
1.21.14 16 1 8 2 0 2 2  2.4 

Ashing voltage, V 

Fig. 2. Effect of ashing voltage on the atomic absorption 
of aluminium (2.5 mg/l) in the presence of 0.1M KCI. O. 
Atomic absorption of Al; (~, Molecular absorption of KCI. 

The effect of varying the ashing voltage was exam- 
ined and the results for solutions 0.1M in potassium 
chloride are shown in Fig. 2. With an ashing time 
of 30 sec the KCI molecular absorption decreases and 
the sensitivity for aluminium increases at above ca. 
2.0 V (ca. 850°). This indicates that the interference 
of KCI can be removed by ashing at 2.2 V (ca. lO00 ). 
The interference of the sodium chloride can also be 
removed by controlling the ashing voltage. 

The effect of the nitrogen flow-rate during the ash- 
ing step for the third group chlorides was measured, 
with constant nitrogen flow-rate in the atomization 
step. No effect of the nitrogen flow-rate was observed 
at low ashing voltages. However, the interference was 
decreased with flow-rates below 3 l./min and an ash- 
ing voltage of 2.2 V (ca. 1000 ~) for 30 sec, although 
it was not removed completely. 

The effect of pH was examined with the pH ashing 
vo l t age  set as high as possible without causing 
volatilization of the chloride. At pH below 5, severe 
suppression of the absorption were observed for all 
the chlorides, but the interference disappeared at pH 
above 9. The alkaline earth metal chlorides gave an 
enhancement. 

The effect of standing time after addition of chlor- 
ide to the sample solution is shown in Fig. 3 for 0.1M 
sodium chloride in aluminium solutions at pH 3.6 

~.o( ~ • ~ . . . . . . . . .  

q~ 0.8 

0.6 

O- ....... ~ 
.~ 0.4 

0.2 

° ' o o  . . . . . . . . .  ~J2 20 4 6 80 100 120 140 160 180 200 2 h 

Standing time, min 

Fig. 3. Effect of standing time on the atomic absorption 
of aluminium (2.5 mg/I.) in the presence of 0.1M NaCI. 

O, pH 3.6; ~, pH 10.8. 
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and 10.8. For the alkaline medium, the intensity 
of the signals is independent of the added chloride 
and the standing time, but for the acidic medium, 
the absorbance decreases with standing time and 
reaches equilibrium only after about 3 hr. 

The interference of the first group is almost negli- 
gible under the drying and ashing conditions used, 
It is considered that HC1 and NH4Ci volatilize in 
the drying and ashing steps, and are not present in 
the atomization step. Although the behaviour of 
MgCI 2 is the same, the mechanism is assumed to be 
different (which will be discussed later). The interfer- 
ence of second group salts was found to be removable 
by controlling the ashing temperature, but that of the 
third group ,gas not. In the atomization step, the 
chlorides of the third group gave chloride molecular 
absorption. These chlorides have high vaporizing 
t,mperature, and it is assumed that they cannot be 
removed in the drying and ashing steps, and are still 
there in the atomization step. 

The extent of chloride interference was found to 
increase with the standing time after the sample had 
been prepared. Aluminium frequently reacts slowly at 
room temperature and Fig. 3 may show that the 
chloride interference arises from co-ordination of 
chloride with aluminium. In alkaline medium, none 
of the chlorides cause interference, presumably 
because the aluminium is predominantly in the form 
of the tetrahydroxoaluminate anion which cannot co- 
ordinate chloride. Hence interference from co-ordina- 
tion of the chloride can be removed by using an alka- 
line medium. 

It is interesting that the interference of MgCI2 is 
not as extensive as that of the other alkaline earth 
metal chlorides. With ashing at above ca. 470 ° the 
chloride interference disappeared and an enhance- 
ment occurred, similar to that of magnesium nitrate. 
(The enhancement effect was observed for all 
oxyanion salts of the alkaline earth metals, such as 
the nitrate, sulphate and acetate). From thermal 
analysis MgCI2.6H20 is said to decompose into 
MgO, with an intermediate, MgCIOH, formed at 459 ° 
under a nitrogen atmosphere. 14 Magnesium chloride 
may therefore be decomposed into magnesium oxide 
during ashing at temperatures higher than ca. 460 ° 
and may then show the same behaviour as magne- 
sium nitrate. 

Use of a low flow-rate for the nitrogen at high ash- 
ing temperature decreased the interference of the third 
group chlorides. The same behaviour was observed 
when oxygen was mixed with the nitrogen at high 
flow-rate. The furnace chamber used here was the 
open type, and oxygen from the external atmosphere 
may be mixed into the nitrogen around the furnace 
at low flow-rates of the nitrogen. Oxygen may have 
no effect on the chloride at low ashing temperature, 
but it accelerates the oxidation of the chloride salts, 
which probably leads to decrease in the chloride in- 
terference. Accordingly, the chloride interference may 
also be removable by converting the chloride into 

0.8 

0.6 

0.4 m 

0.2 

0 I , I I I 

10 -4  10-3  !O 'Z  lO -1 

Concentration of NaCI, M 

Fig. 4. Removal of NaCl interference by addition of other 
reagents. O, None added; (I), 0.IM HNO3; O, 0.05M 
H2SO4: ~. 0.04M EDTA(NH4)4: O, 0.1M CHaCOONH4. 

AI: 2.5 mg/I. 

oxide by controlling the ashing temperature and 
nitrogen flow-rate. 

Removal of the chloride interference 

Two mechanisms of chloride interference have been 
pointed out in the discussion above, together with 
means of removing the interference. On this basis we 
investigated practical methods of removing the chlor- 
ide interference. 

The chlorides in the second group, NaCl and KCI, 
have a relatively low temperature of volatilization, 
and can be removed by controlling the ashing tem- 
perature at above 1000 °. The suppression of the signal 
was also found to be diminished by adding chemicals, 
as shown in Fig. 4. The efficiency of the chemicals 

t r ied is in the order CHaCOONH 4 > HNO3 > 
.EDTA(NH4)4 > H2SO4. This trend may be explained 
by the combination of oxidation, co-ordination and 
substitution effects of the reagents. All these reagents 
are oxidizing in the sense that the chlorides are con- 
verted into oxides on heating, presumably because 
there is an anion substitution resulting in a readily 
volatilized chloride such as HCI and NH4CI, which 
can easily be removed in the drying and ashing steps. 

l.O 

0.8 

0,6 

0,4 

0.2 

0 
lO "4 i0-3 10-2 i0 "l 

Concentration of CuCl 2, M 

Fig. 5. Removal of CuCl2 interference by addition of 
EDTA(NH4)4. O, None added: ~, 0.04M EDTA(NH4)4. 

Al: 2.5 mg/I. 
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Therefore, reagents such as C H 3 C O O N H a  and 
H N O  3 are suitable as addition reagents to remove 
the interference of intermediate type salts such as 
NaC1 and KC1. 

The third group chlorides, CaCI2, SrCI2, BaCI2, 
CuCI2 and FeCI 3, have high volatilization tempera- 
ture and are difficult to remove completely in the ash- 
ing step simply by controlling the ashing conditions. 
With these salts, C H 3 C O O N H ,  and H N O  3 are not 
as effective as for the intermediate group. This may 
be because these cations have a fairly high affinity 
for chloride which is thus less easily substituted by 
C H 3 C O O N H  4 or HNO3. As shown in Fig. 5, the 
interference of CuC12 is greatly removed by addition 
of EDTA(NH4), .  The same was observed for the 
other chlorides. The chelating reagents such as EDTA 
have high reactivity with not only aluminium but also 
with other cations present. In addition, the co- 
ordinated EDTA results in oxide formation on heat- 
ing. EDTA(NH,)4 is very suitable for removing the 
interferences of the third group chlorides since the 
ammonium chloride produced is easily volatilized. 

The amount of additive needed is at least the quantity 
equivalent to the total metal ion content, but in prac- 
tice is best determined for each case. 
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ACIDITES ET COMPLEXES DES ACIDES 
(ALKYL-ET AMINOALKYL-) PHOSPHONIQUES~II I  

ALKYLPHOSPHONATES SUBSTITUES DE CALCIUM(II) 
ET CUIVRE(II) 
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Laboratoire de Physico-chimie des Solutions, Ecole Nationale Sup6rieure de Chimie de Lille, 

B,P. 40. 59650 Villeneuve d'Ascq. France 
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R6sum6---Les constantes de stabilit~ des acides phosphoniques RPO3H, [R = CH3. C,Hs, CICH,, + - . ,- 
CI,CH, C13C, BrCH2. Br:CH. BrCH_~CH2, ICH,, HOCH,, (CH3)3NCH,] et des complexes formes 
RPO3Ca. RPOaCu, RPOaCu(OH)- ont 6t~ d6termin6es par ailinements multiparam~triques, fi partir 
des donn6es potentiom6triques obtenues "~ 25 °, en milieu O, I M en nitrate de potassium. La stabilit6 
des complexes varie lin6airement avec racidit6 du groupement phosphonique. Les hydroxym6thylphos- 
phonates sont stabilis6s par formation d'un cycle ~ cinq chalnons. La charge positive permanente 
de l'acide trim6thylammoniumm6thylphosphonique att6nue, par r6pulsion avec le cation, la stabilit6 
des complexes. 

La connaissance des propri6t6s acides et complex- 
antes du groupement phosphonique -PO3H2 pr6sente 
une importance certaine dans le domaine de la bio- 
chimie et clans ies applications industrielles des acides 
phosphoniques. En effet des acides aminoalkylphos- 
phoniques ont 6t6 isol6s/l partir d'organismes vivants 
et de nombreuses mol6cules polyphosphoniques sont 
synth6tis6es, 6tudi6es et utilis6es pour leurs propri6t6s 
sequestrantes (composants des d6tergents et adoucis- 
sants, traitements de surface, antidotes de certains 
m6taux, m6dication de la lithiase r6nale...). D'autres 
acides phosphoniques trouvent des applications ana- 
lytiques dans les extractants, les 6changeurs d'ions, 
les r6actifs. 

Avant d'entreprendre les d6terminations relatives 
aux acides aminoalkylphosphoniques, nous nous limi- 
tons, dans cet article,/t des acides phosphoniques plus 
simples ne comportant pas de fonction amine. Para- 
doxalement, la description de leur pouvoir complex- 
ant n'a 6t6 qu'esquiss6e: on ne rel6ve darts la biblio- 
graphie que quelques constantes de stabilit6 relatives 
aux complexes de Be(ll) avec les acides (chloro- 
m6thyi-e t  m6thyl-) phosphoniques; ~ de Am(liB. 
Cm(III), Pm(III) avec les acides m6thylphosphonique-" 
et hydroxym6thylphosphonique 3 ainsi que de terres 
rares avec l'acide m6thylphosphonique. 4 Leurs con- 
stantes d'acidit6 sont mieux connues, mais sont mal- 
heureusement souvent approximatives (voir tableau 1). 
Diff~rents sels ou complexes de l'acide m6thylphos- 
phonique 5-~ ou de ses esters, ~'-15 de racide hy- 
droxym6thylphosphonique 16 sont isol6s: ils condui- 
sent g6n6ralement fi des 6tudes spectroscopiques. 
Cependant. Manevich et al. 1° d6crivent les dosages 
potentiom6triques de m6thylphosphonates de potas- 
sium, sodium, cadmium, strontium et plomb. Rappe- 
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Ions qu'un travail ant6rieur 17 nous a permis de 
suivre l'6volution de la stabilit6 des complexes de 
l'acide chlorom6thylphosphonique suivant la nature 
du cation. 

Nous nous int6resserons ici aux acidit6s d'un 
large 6ventail d'acides alkylphosphoniques substitu6s 
RPOaH2 [R = CH3, C2H 5, C1CH2, CI2CH, C13C, 
BrCH2, Br2CH, BrCH2CH2, ICH2, HOCH2, 
(CHahl~CH2] et aux esp6ces fortunes avec les cations 
Ca -'+ et Cu 2+. Les valeurs des constantes d'acidit~ 
et de stabilit6, outre leur int6r~t descriptif, doivent 
nous permettre par la suite de d6gager les param~tres 
qui influent sur le pouvoir complexant du groupe- 
ment phosphonique. 

La technique exp6rimentale de choix est la poten- 
tiom6trie. Pour surmonter les difficuit6s rencontr6es 
dans rexpioitation des donn6es potentiom6triques et 
pour am61iorer leur interpr6tation, des m6thodes de 
d6termination, modifi6es ou nouvelles, ont 6t6 intro- 
duites. Leur description a fait l'objet de deux articles 
pr6c6dents.l s,~9 

P A R T I E  E X P E R I M E N T A L E  

Acides phosphoniques et rdactifs 

Les acides (m6thyl-, 6thyl-, chlorom6thyl-, dichloro- 
m~thyl-) phosphoniques sont obtenus par hydrolyse, 
dans le t6trachlorure de carbone, des chlorures d'acides 
RP(O)CI2 correspondants; ceux-ci sont pr6par6s par la 
m6thode de Clay -'° et Kinnear et Perren, 2t except6 pour 
CICH2P(O)CI2 qui est pr6par6 d'apr6s Schwarzenbach et 
al. 22 La g6n6ralisation de la m6thode de Kinnear et 
Perren 2~ a permis la pr6paration des dibromures 
BrCH2P(O)Br2, Br2CHP(O)BH et BrCH~CH2P(O)Br2 
partir de AIBr3, PBr3 et des bromures d'alkyle appropri6s; 
comme Jonas et Schliebs 23 nous avons observ6 que l'utili- 
sation du tribomure d'aluminium semble ne pas provo- 
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quer d'isomtrisation de la chalne carbonte. L'hydrolyse 
de ces composts  aboutit aux acides (bromomtthyl-, dibro- 
mbthyl-, bromo-2 6thyl-) phosphoniques. L'acide trichloro- 
mtthylphosphonique est prtpar6 par la mt thode de 
Kosolapoff. ~'*'2s L'acide hydroxym~thylphosphonique est 
obtenu par la mt thode  de Page. '~ L'acide iodomtthyl- 
phosphonique provient de l'action de l'acide iodhydrique 
sur racide hydroxymtthylphosphonique scion Pitre et 
Grabitz. -'7 L'acide trim~thylammoniummtthylphospbo- 
nique est prtpar6 par mttbylation de l'aide N,N-dimtthyl- 
aminom~thylphosphonique h racide de l'iodure de m~thyle 
en presence d'oxyde d'argent; il est isol6 du mtlange rtac- 
tionnel par chromatographie sur r~sine 6changeuse d'ions 
H* (Amberlite IR 120). L'analyse 616mentaire de ces acides 
donne des rtsultats conformes ~ ceux attendus. Ces acides 
phosphoniques, souvent tr~s hygroscopiques, sont difficile- 
ment purifiables. Cependant, l'aeide mtthylphosphonique 
est purifi6 aistment par recristallisations dans l'ac&ate 
d'tthyle, l'acide dibromomtthylphosphonique est recris- 
tallis~ dans le ehlorure de m~thyl~ne. L'acide bromo-2 
6thylphosphonique, de puret~ satisfaisante est utilis6 sans 
purification ult~rieure. L'acide tr imtthylammoniummtthyl-  
phosphonique est reprtcipit6 darts un mtlange ~thanol, 
acttate d'&hyle. L'acide iodom~thylpbosphonique est purl- 
fi6 h l ' t tat de sel double ICH2PO~H2, ICH2PO~HNa, 
modtr~ment soluble dans l'eau. Tous les  autres acides sont 
purifies par Pintermtdiaire de leurs sels monosodiques: une 
quantit6 6quimolaire de soude est ajout/~e /l l'acide, le sel 
forme est g~ntralement recristallis6 en milieu eau-t thanol:  
seul HOCH2PO3HNa requiert un minimum d'eau, un 
m~lange d'eau et de dioxanne donne un tr~s bon rtsultat 
pour l'obtention de CIaCPOaHNa, La puret6 de ces sels 
est d~terminte par dosage pH-mttrique. Tous l e s  dttails 
optratoires et les r~sultats des analyses sont d~veloppts 
par ailleursfl s 

Les solutions stock des acides phosphoniques (aeides 
mtthyl-, dibromom~thyl-, bromo-2 6thyl-, trim&hylam- 
moniummtthylphosphoniques except~s) sont obtenues par 
passage de leur sel monosodique sur rtsine ~changeuse 
de H* (Amberlite IR 120). Les solutions de nitrate de 
cuivre(II) et de nitrate de calcium(II) sont prL-partes 
partir des produits de puret6 garantie (Cu(NO~)~, 3HxO 
et Ca ( N O ,h ,  4H~O Merck p.a.). Leur dosage est effectu~ 
par ~change d'ions sur r~sine Amberlite IR 120 (H*) et 
dttermination de l'acide fort ainsi lib~r6 par la base forte 
utilisee pour les autres neutralisations. Le nitrate de potas- 
sium (Carlo-Erba RP-ACS) est utilis6 sans purification 
ult&ieure. Les solutions 6talon d'acide chlorhydrique pro- 
viennent du passage de chlorure de potassium (Carlo-Erba, 
Standard primaire) sur rtsine 6changeuse de H +. La 
potasse titrante, dont le titre (0.1 M) est proche de la con- 
centration du sel de fond, est pr~parte par la mtthode 
de Albert et Serjeant. 29 Malheureusement, dans nos condi- 
tions d'utilisation (reservoir coupl~ ~ une microburette) 
nous avons observ6 une 16gtre carbonatation; lorsque 
celle-ci est stabilis~e, des neutralisations d'acide chlornydri- 
que permettent de calculer son titre. Tous ces dosages sont 
exploitts par affinements multiparamttriques. 

Ensemble de mesure 
Tous les 6quilibres sont 6tudits ~ 25,00 -t- 0,05°; la tem- 

ptrature est maintenue constante ~ raide d'un circuit 
thermostatt,  une cellule de titrage Tacussel RM 0 6  avec 
jaquette h circulation est utiliste. La solution h 6tudier 
est homo#n4is te  par agitation magn~tique. Le passage 
d'un courant d'azote (purifi6 sur de la soude concentric 
puis satur~ en vapeur d'eau sur KNOa 0,1M h 25 °) au- 
dessus de la solution ~vite l'interftrenee du gaz carbonique 

• exttrieur. La potasse titrante est ajoutte ~t la microburette 
de 1 ml (rtsolution 0,005 ml; estimation ~t 0,001 ml prts). 
Le pH exptrimental est mesur6 h l'aide d'un pH mt t re -  
millivoltm~tre PHM 64 Radiometer dont la rtsolution est 
de 0,00t unit~ de pH. La cha]ne de mesure, constitute 

d'une 61ectrode de verre (lngold, type Lot 201 ou Schott. 
type U dans le cas des acides hydroxymtthyl- et trimtthyl- 
ammoniumm~thylphosphoniques) et d'une 61ectrode de 
r~f~renee au calomel (lngold, type 303) est standardistc, 
avant ehaque manipulation. ~ raide de tampons phtalate 
[pH(S) = 4,008] et borax [pH(S) = 9,180]. I1 faut vtrifier, 
en fin de titrage, que ces valeurs sont sensiblement in- 
chang~es. Pour un mtlange donnt,  les neutralisations sont 
reprises jusqu'h reproductibilit~ satisfaisante qui corres- 
pond ~ rtsolution de l'appareillage, 

Force ionique 
Une force ionique p de 0,100M est choisie. En effet, la 

litttrature comporte nombre de constantes de stabilit6 
dttermintes darts les mgmes conditions: les comparaisons 
avec d'autres acides s'en trouveront facilities. Le nitrate 
de potassium est utilist. L'ion K ÷ est impos~ pour les 
neutralisations d'acides aminoalkylphosphoniques car il 
interftre faiblement sur la r6ponse de l'61ectrode de verre 
en milieu alcalin: I'ion nitrate est ators l'anion le plus satis- 
faisant, car h l'instar de l'ion perchlorate, il s'av~re peu 
complexant, 

Les acides phosphoniques seuls sont tous neutralises en 
milieu O, IOOM en KNO3;  la contribution ~t la force ioni- 
que des ions de l'acide est toujours n~glig~, Fixer la force 
ionique dans les 6tudes de complexes devient plus d~licat. 
Dans les neutratisations de mtlanges C a, C~, au lieu de 
maintenir la concentration de l'anion constante ( [NO~] + 
2C M = 0,100M), nous avons pr~ftr6 fxer  [KNO3] + 3C~ 
= 0,100M pour mieux tenir compte de la contribution du 
cation fi la force ionique. En effet, pour les complexes peu 
stables (cas de CaZ÷), la forme libre du cation est prtdo- 
minante. Bien que/ ' incidence de ce choix soit secondaire, 
nous pensons qu'il permet d'tviter au mieux la variation 
du pH par modification du coefficient d'activitt. 

Notons que la quantit6 initiale de KNO3 est calculte 
pour atteindre la valeur choisie ~ la premitre 6quivalence 
car la majorit6 des dtterminations s'effectuent fi I'aide des 
donntes  situ~es au delh de ce volume. 

Etalonnages 
.Les donn~es v. pH relatives au dosage de l'acide chlor- 

hydrique par la potasse, en presence de K N O  3 0,100M, 
sont d'abord expioit6es :~ l'aide du programme MUPROT,  
les 6quations de traitement sont ceUes correspondanl ~ un 
syst~me ouvert (expression 4)) 8 En milieu acide fort, il 
est logique de consid~rer que la potasse se comporte 
comme si elle ~tait exempte de carbonate (C'1 = 0). Par 
ajustement multiparamttrique on obtient les caracttristi- 
ques du rtactif titrant (H ° = - [ K + ] r  et la concentration 
du carbonate en milieu basique C'2) et les valeurs rat- 
tachtes ~ la chagne de mesure: 

- -avec  l'61ectrode de verre lngold, type Lot 201, la 
r tponse s'tcrit ( - l o g  h = - 0 , 0 6 1  + pH) avec Kw = 
1.9.10 -14 pour 2 < pH < 10; cette ~leetrode n ' t tant  pas 
pr~vue pour travailler en milieu basique. 

- -avec  l'61ectrode Schott, type U, cette r tponse devient 
( - l o g  h = -0,069 + pH) avec Kw = 1,43-10 -1'* pour 
2 < p H <  11,5. 

Les potentiels de jonction, ntgligeables, ne sont pas 
d~termirmbles dans ces conditions. 

Neutralisation des acides phosphoniques 
La solution d'acide phosphonique (4.10-3M), en milieu 

KNOa (0,100M), pr tpar te  par dilutions approprites des 
solutions stock, est neutraliste par la potasse pr~ctdente. 
Les calculs sont ments  comme suit. La r tponse des 61ec- 
trodes., le produit ionique de l'eau et la concentration de 
la base forte H ° sont fixts. Dans tous les  cas, la concen- 
tration en carbonate ajout6 est toujours suppos~e nulle 

(C*t  = 0, expression 4) la dans la premitre partie de la 
courbe (x < 1, Fig, 1): seule la valeur de C*z est affinte. 
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Suivant la nature de I'acide, les donn6es utilis6es appartien- 
nent a des domaines diff6rents de la courbe de neutralisa- 
tion: 

--pour les acides (m6thyl- et 6thyl-) phosphoniques, les 
deux constantes flo,_~, flo~ ainsi que la concentration 
totale C ° sont obtenues h partir des donnees allant jus- 
qu'au second volume 6quivalent (0 < x < 2, Fig. 1). 

--la premi&e constante d'acidit6 des autres acides phos- 
phoniques devenant de plus en plus forte est d6termin6e 
s6par+ment par  une technique sp6cifique aux acidit6s 
moyennement fortes; ~° elle est alors fix6e dans les calculs. 
Seules les donn6es de la seconde zone de pH sont utilis+es 
(I < x < 2, Fig. lJ et permettent Cobtenir fl0~ et C °. 

--dans le cas des acides (hydroxym6thyl- et trim6thyl- 
ammoniumm6thyl-) phosphoniques, le produit ionique de 
I'eau est 6galement ajust6 en ajoutant les points de la 
r6gion basique. 

Formation des complexes 
Les complexes sont 6tudi6s par neutralisation de 

m61anges de cation (2.10 -3 et 4.10-aM pour Cu -'+ et 
4.10-aM pour Ca-'+). d'acide phosphonique 'fi la m6me 
concentration que pr6c6demment (4.10-3M) et de nitrate 
de potassium (0.100 - 3 CM)M, pr6par6es/~ partir de solu- 
tions plus concentr6es. 

Le programme MUCOMP ~ est utilis& On y fixe la 
r~ponse des 61ectrodes. H~. C °. C*,_, Kw, flo2~ et flo~t d~ter- 
min6s pr6c6demment, ainsi que les constantes d'hydrolyse 
des cations (log fl2--20 = -10,7 pour Cu_,(OH)~ ÷ et log 
[~ ~o = - 12,9 pour CaOH*). En effet, comme le domaine 
d'existence des complexes est tr6s restreint (voir Fig. 2), 
l'affinement multiparam6trique ne peut 6tre employ6 i~ 
plein. Les points exp6rimentaux utilis6s sont ceux compris 
entre la premi6re zone d'6quivalence et le d6but de pr6cipi- 
tation (Fig. 2). Diff~rents jeux de constantes de stabilit6 
sont soumises ',i l'affinement: les esp/:ces retenues sont 
celles qui sont affect6es d'incertitudes acceptables et qui 
interpr6tent au mieux les donn6es exp6rimentales (6cart- 
type minimum). 

RESULTATS ET DISCUSSION 

Courbes de neutralisation 

Les acides phosphoniques sont des diacides h fonc- 
tions s6par6es (Fig. 1); la premi6re zone de pH ne 
pr6sente pas de point d'inflexion ce qui est caract6ris- 
tique d'un acide fortement ionis6 ~ la concentration 
de l'6tude. La neutralisation de la b6t~/ine + 
(CHa)aNCH2POaH-  d6buterait ",h x = l :  le trac6 
repr6sent6 sur la figure l correspond ~ la neutralisa- 
tion d'un m61ange 6quimolaire de cet acide et d'acide 
fort. L'acide bromo-2 6thylphosphonique constitue 
une exception: en effet. ",i partir de taux de neutralisa- 
tion x voisins de l, le pH d6cro]t progressivement, 
le deuxi6me volume 6quivalent est report6 vers x = 3 
indiquant une hydrolyse suivant- 

BrCH2CH2PO 2- + H 2 0  

- -*HOCH2CH2PO 2- + H + + Br-.  

En eons6quence, sa deuxi6me constante d'acidit6 ne 
peut 6tre d6termin6e par affinement. Une valeur 
approximative a 6t6 estim6e en extrapolant ~ des 
temps nuls le pH de diff6rents m61anges. 

La formation des  complexes se traduit par un 
abaissement de pH par  rapport ~ la courbe de neutra- 
lisation de l'acide seul (Fig. 2): la complexation est 

perceptible "/t partir de la premiere zone d'6quivalence 
(domaine d'existence de R P O 3 H - / R P O ] - ) .  Au vu 
des r~sultats du tableau I, I 'apparition des complexes 
s'accompagne d'un d6placement des  protons ioni- 
sables par le cation (formation de RPO3Cu, RPOaCa) 
ou d'une fixation d'ions hydroxyles (formation de 
RPO3Cu (OH)-).  

Une pr6cipitation est observ~e avec Cu(II). Dans 
le cas du syst6me Cu(ll&acide chlorom6thylphos- 
phonique, diff6rentes analyses (pH-m6trique, com- 
plexom6trique, 616mentaire) indiquent la formation de 
CICH2PO3Cu.)Cu(OH)2. Le phosphonate de cuivre 
CICH2PO3Cu, peu soluble, 6volue rapidement vers 
un phosphonate basique de cuivre. Suivant le pH de 
recueil du pr6cipit6, on trouve diff6rentes valeurs de 
y (y ~ 1 pour pH ~ 7; y ~  4 pour pH ~9) .  Tous 
les acides phosphoniques ont un comportement 
semblable. Cette pr6cipitation simultan6e ne permet 
pas d'isoler de compos6 bien d6fini: notons cependant 
qu'en op6rant en milieu suffisamment acide, avec des 
solutions plus concentr6es, on isole les formes 
RPO3Cu bydrat6es. Le sel cuivrique de l'aeide 
m6thylpbosphonique CH3PO3Cu est nettement 
moins soluble que ies pr6c6dents comme le traduit 

la cassure sur la courbe de neutralisation. Cette forme 
pr6domine et n'est transform6e que lentement et 
des pH 61ev6s, en phosphonate basique. 

Discussion 

Les diverses constantes de stabilit6 

flq~p [M~H~Ap]/(n#hJa p) 

sont regroup6es dans le tableau 1: y figurent 6gale- 
merit les constantes de formation successives kqjp = 
flq~p/[3~j_ 1)p qui sont 6quivalentes ~ l'inverse des con- 
stantes d'acidit6 (log ko21 = p K l ;  log koil = log 

floll = pK2), 
L'incertitude sur les logflqjp est prise 6gale 

3affflq~p.ln 10) off cq est l'6cart-type sur flqjp, lorsque 
a~ croiL cette 6valuation est de plus en plus incorreete 
et ne donne qu'une estimation grossi6re de l'erreur. 
Les constantes log k021, relatives fi premiere aciditY. 
proviennent d'un m6moire ant6rieur; 3° l'incertitude, 
port6e entre accolades '~ ~, a 6t6 obtenue par le calcul 
d'erreur classique. Les constantes non affect6es d'in- 
certitude sont recalcul6es "~ partir des pr~c6dentes. 

Les valeurs de log flolJ sont en assez bon accord 
avec celles de la litt6rature, compte tenu des dif- 
f6rences de force ionique (/~), de concentration (CA) 
et de mode d'expression des constantes (constantes 
mixtes 0(~ l'activit6 de H ÷ est introduite "~ la place 
de sa concentration). Les 6carts importants observ6s 
sur log ko21 son t  dus aux m6thodes trop sommaires 
qui y sont utilis6es. 

Dans un travail ant6rieur relatif ,~ l'acide chloro- 
m6thylphosphonique, ~ nous avons calcul& par les 
m6thodes classiques d'extrapolation, une constante 
relative ~ l'esp6ce CuA 2- ; or celle-ci est nettement sup- 
plant6e, suite fi I'affinement, par CuA(OH)- .  Cette 

mauvaise interpretation a 6t6 rendue plausible parce 
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que les formations de CuA~- et de CuA(OH)- La figure 3, qui comporte les trac6s log fltot 
lib&ent le m~me nombre de protons (Cu-' + + 2HA- ~- = f( log fiorD, traduit ia r6percussion de l'acidit6 
CuA~- + 2H + et Cu 2+ + H A -  + H 2 0 ~ C u A ( O H ) -  
+ 2H +) et que les  graphes ne pr6sentent pas de 
crit6re suflisamment net pour rejeter cette hypoth6se. 

L'existence de l'esp6ce CHaPOaCu(OH)- est dou- 
teuse car le domaine de confiance 3a est assez 61ev& 
ceei est coherent avec rabsence, dans le cas de cet 
acide, du pr6cipit6 de phosphonate basique. 

Certains auteurs ont annonc6 une mobilit6 im- 
portante de l'hydrog6ne du groupement hydroxyle 
de l'acide hydroxym6thylphosphonique. 36.a~ Or les 
r6sultats de I'affinement excluent l'existence de cette 
acidit8 puisque le produit ionique de l'eau est fid61e- 
ment retrouv6. L'affinement multiparam&rique, en 
envisageant tous les  param~tres (impuret6s, r6ponse 
des 61ectrodes...) 6vite de se m6prendre. Darts le cas 
de l'acide trim6thylammoniumm6thylphosphonique, 
K,, a 6galement ia valeur attendue, ce qui permet de 
v~rifier que le groupement (CHa)3N- n'a aucune in- 
teraction avec les ions hydroxyles. 

du groupement phosphonique (-PO~- + H + 
- P O s H - )  (log rio1,) sur son pouvoir complexant 
(-PO 2- + M 2+ ~ - -POaM)  (log /3~ol) vis /~ vis de 
Ca 2 + et Cu 2 +. Toutes ies valeurs repr6sentatives des 
diff6rents acides, fi l'exception des acides hydroxy- 
mSthylphosphonique et trim&hylammoniumm6thyl- 
phosphonique, se situent sur une droite. Les com- 
plexes de Ca '  + sont peu stables, cette stabilit~ n'est 
que tr6s 16g&ement favoris& par une diminution de 
l'acidit~ de - P O s H - ,  ce que traduit l'6quation de la 
droite: log fl,Ol = 0,80 + 0,09: log flo~t. Par contre. 
pour les complexes de Cu 2. on obtient log flt0~ 
= 0,23 + 0,434 log flos ,. le pouvoir complexant 6tant 
plus sensible fi I'acidit& Les anions HOCH,PO3-  et 
{CH3)3NCH2PO]- doivent complexer de-mani&e 
diff6rente car leurs points repr&entatifs se situent en 
dehors des droites. Le regain de stabilitd des hydroxy- 
m&hylphosphonates provient certainement de la sta- 
bilisation du complexe par formation d'un cycle il 
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Fig. 3. Influence de l'acidit6 log flotl du groupement phosphonique sur la stabilit6 log flsol des com- 
plexes du calcium(II) [Q] et du cuivre(II) ]O]. 
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cinq chalnons off entre l 'oxygbne du groupement  hy- 
droxyle. Les esp6ces form6es ~ part ir  du trim6thyl- 
ammoniumm6thy lphosphona te  pr6sentent au con- 
traire un d6faut de stabilit6. Ceci est logique, car ce 
ligand n 'a  plus globalement qu 'une  seule charge 
n6gative; en d 'autres termes, la stabilit6 moindre  est 
due '/t la r6pulsion entre le cation et (CH313/~I-. 
Ce compor tement  pr6figure celui des acides amino- 

a lkylphosphoniques ,~/~IH(R)PO]- comprenant  un 
ammonium non dissoci6. 

Nous  pouvons  doric conclure que le pouvoir  
complexant  du groupement  phosphonique  d6pend 
lin6airement de son acidit6, les exceptions rencontr6es 
6tant ais6ment explicables. Ces r6sultats seront utilis6s 
par la suite dans l ' interpr6tation des propri6t6s des 
acides aminoalkylphosphoniques.  
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Summary--The stability constants of some phosphonic acids RPOsH,. [R = CHs. C2Hs. CICH2. 
CI2CH, C13C, BrCH_,, Br.,CH, BrCH.,CH2, ICH2, HOCH2, {CHaJsI¢4CH_,] and their complexes 
RPOsCa, RPOsCu, RPOsCu(OH)- have been determined by multiparametric refinement of potentio- 
metric titration data obtained at 2Y, in a 0.1M potassium nitrate medium. Linear relationships are 
obtained between stability and acidity constants. Formation of five-membered rings stabilize the 
hydroxymethylphosphonates. Conversely, cation repulsion by the permanent positive charge reduces 
the stabilities of complexes with trimethylammoniummethylphosphonic acid. 
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Summary--Three possible ways of determining univalent cation salts of alkylamino-oxomethanesul- 
phonic acids. R-NHCOSO~M +. were examined. Of these methods (gravimetric determination as the 
urea, as barium sulphate, or by an iodometric method), the iodometric method of estimating the 
bisulphite liberated from alkylamino-oxomethanesulphonates by decomposition with sodium hydroxide 
was finally selected and evaluated. Results obtained are in good agreement with theory for R = butyl 
and R =--(CH2)6-. The iodometric method was equally applicable to polyurethane precursors. Free 
or excess of bisulphite (and accordingly total bisulphite) was determined successfully in the case of 
the polymeric adduct. 

Our interest in poly(carbamoyl sulphonates) (PCS)*, 
prepared according to equation (1), 

R - N C O  + HSO~ ~ R - N H C O S O ~  (1) 

has caused us to examine various possible methods 
of analysis for the reactive group. Analytical tech- 
niques could be based upon various reactions of car- 
bamoyl sulphonates; for example, nucleophilic attack 
by hydroxyl ion or primary or secondary amines, or 
estimation of the bisulphite? liberated by such nucleo- 
philic reactions. We selected three possible analytical 
methods based upon these reactions for examination 
in detail, using model compounds, and then assessed 
the utility of the methods for the analysis of PCS. 
Because polymers are generally a complex mixture 
of species, they present problems in comparison with 
model compounds and only one of the analytical 
methods proved satisfactory for use with the 
polymers. 

The three methods selected were: (A) precipitation 
as N,N'-disubstituted ureas by reaction with primary 
amines, (B) liberation of bisulphite by nucleophilic 
attack with hydroxyl ion, oxidation of this liberated 
bisulphite and gravimetric determination as barium 
sulphate, and (C) liberation of the bisulphite I~y reac- 
tion with hydroxide and determination by iodometry. 
Methods B and C have the advantage that the 
amount of free bisulphite can also be determined (i.e., 
that bisulphite which is not in combined form as the 
carbamoyl sulphonate). The iodometric method was 
shown to be most suitable for analysis of alkylamino- 
oxomethanesulphonates and this paper presents an 

* Correctly termed poly(alkylamino-oxomethanesul- 
phonates); these are water-soluble and water-stable deriva- 
tives of teleehelic isocyanate prepolymers. 1"2 

t Bisulphite refers to bisulphite (HSO~-) and other sul- 
phite species (SO~-, S~O~-) in solution; disulphite refers 
specifically to $20~- as the solid. 

evaluation of the accuracy and reproducibility of the 
various methods. 

EXPERIMENTAL 

Reagents 

Sodium thiosulphate (0.1N), iodine (0.1N), sodium hy- 
droxide (0.2M) and hydrochloric acid (2.0M) were all pre- 
pared from commercially available concentrated solutions; 
all except the sodium thiosulphate were prepared in 50°~o 
v/v propanol/water; the thiosulphate was prepared in 
demineralized water. The iodine and thiosulphate solutions 
were standardized with potassium iodate. 3 Potassium 
iod.ide solution (10%, pH 8) was prepared with demineral- 
ized water. The sole function of the propanol was to main- 
tain a homogeneous solution, and propan-l-ol and pro- 
pan-2-ol were used interchangeably. 

The sodium disulphite (laboratory reagent grade)t was 
95.1~, pure as determined by iodometric analysis, z'4 The 
potassium disulphite (analytical reagent grade) was not 
assayed, as derivatives prepared from it were recrystallized 
several times. 

1,6-Di-isocyanatohexane was fractionally distilled (b.p. 
92-96°/1 mmHg) before use. Butyl isocyanate was used as 
supplied. All other chemicals were analytical grade or 
equivalent and were employed without further purification. 

Preparation of model compounds 
Bisulphite adducts of butyl isocyanate and 1,6-di-isocyana- 

tohexane. The potassium bisulfite adducts were prepared 
as described in the literature, 2 except that ethanol was used 
instead of dioxan in preparation of the adduct from 1,6- 
di-isocyanatohexane. These carbamoyl sulphonates are 
denoted by BuNCO/KHSO 3 and ttDI/KHSO3 respect- 
ively, 

The BuNCO/KHSO 3 was purified first by ethanol preci- 
pitation from aqueous solution at room temperature and 
collection of the central 80~o (approximately) cut of pre- 
cipitate, and then by crystallization from a saturated solu- 
tion in water at room temperature by cooling to 4 ~. The 
purified material was dried in vacuo over phosphorus pen- 
toxide at room temperature and used almost immediately. 
(Found: C, 27.5~o; H, 4.7%; N, 6.7°/0; S, 14.5Y0; sulphated 
ash at 800 °, 40.2%. C~H,oNO4SK requires C, 27.38%; H, 
4.60Yo; N, 6.39%; S, 14.62'~,; K2SO4, 39.73%./ 
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The HDI/KHSO3 was purified similarly but three eth- 
anol precipitations and three crystallizations from water 
were performed to ensure maximum purity. (Found: C, 

o . o / .  o / .  23 7°J,~ H, 3.6/o, N, 6.9,o, S, 15.5/.o, sulphated ash at 800 °, 
42.5°Jo. CaHt,~NzOaS2K2 requires C, 23.52%: H, 3,45%; 
N, 6.86Y/o; S, 15,70%; K2SO,,, 42.64%.) The melting tem- 
perature of both BuNCO/KHSO3 and HDI/KHSOa 
exceeds 300 and was therefore not used as a criterion 
of purity. 

Bisulfite adduct ofprepolymer A. Prepolymer A is a com- 
mercial polymer containing terminal aliphatic isocyanate 
groups. The polymer is trifunctional, having a molecular 
weight of about 3500 with a poly(propylene oxide) hack- 
bone: analysis of our sample gave solids (i.e.. non-volatiles) 
content 85.5'~,,. isocyanate content 3.0'~o: the diluent solvent 
was ethyl acetate. 

The bisulphite adduct was typically prepared as follows 
to give a homogeneous solution: to 100 g of prepolymer A. 
vigorously stirred in a flask flushed with nitrogen, was 
added a solution of 8.0 g of sodium disulphite (i.e.. 18% 
excess over the stoichiometric amount) in 75.4 g of water 
and 180.9 g of ethanol. The initial cloudy dispersion 
rapidly went clear (5 rain), hut was stirred for a total of 
I hr. This is a modification of a method employed pre- 
viously for a similar polymer.-' A weighed amount of the 
resulting homogeneous solution was diluted appropriately 
for bisulphite determination. 

Analytical methods 
(A) Analysis by precipitation as dialkyl urea. The carba- 

moyl sulphonate (10 meq) was dissolved in water (20-40 ml, 
depending on the solubility) at room temperature and the 
amine added with gentle agitation. The mixture was stooc ~ 
at room temperature for 2 hr. and then at 4 overnight. 
The precipitate was filtered off on a porosity-4 sintered- 
gla~ss crucible, washed with six 10-ml portions of water 
at 4 ~ and dried to constant weight at reduced pressure 
(l mmHg) over phosphorus pentoxide at room tempera- 
ture, 

(B) Gravimetric analysis as barium sulphate. The carba- 
moyl sulphonate (10 meq) was dissolved in demineralized 
water (250 ml). To a 25.0-ml aliquot were added 50 ml of 
0.4M sodium hydroxide and the mixture was allowed to 
react for 20 rain before being made slightly acid with I M 
hydrochloric acid. Two ml of hydrogen peroxide (100-vol) 
were then added: after l0 rain, gentle heating was started 
and 25 ml of I M hydrochloric acid were added together 
with water to give a total volume of 400 ml. When the 
solution was almost boiling, 100 ml of hot 1% barium 
chloride solution were added rapidly with stirring. The pre- 
cipitate was digested overnight on a steam-bath, filtered 
off on a Whatman No. 542 paper and, after thorough 
washing, ignited at 800-900' for 1 hr, cooled and weighed. 

(C) lodometric analysis. A sample containing a total of 
about 1.5 g of KHSO3 (including combined and free bisul- 
phite) was dissolved in demineralized water (500 ml). A 
25.0-ml aliquot of the solution was transferred to an iodine 
flask, 50 ml of 0.2M sodium hydroxide were added, fol- 
lowed by 100 ml of 50°d, v/v propanol/water: after flushing 
of the flask with a stream of nitrogen for 15see, the solu- 
tion was allowed to stand in the stoppered flask for 10 rain 
at room temperature. 

To the flask were added rapidly 15 ml of 2M hydro- 
chloric acid. 25.0 ml of 0.IN iodine and 10 ml of 10% 
potassium iodide solution. The flask was allowed to stand 
for 5 rain in the dark, and then its contents were titrated 
with standardized 0.IN sodium thiosulphate. Starch could 
not be used as an indicator because of the propanol 
present and the end-point was indicated by the disappear- 
ance of the yellow colour of iodine which, with care, could 
be observed with an error of only _ 0.02 ml. 

A blank titration was done by following the same pro- 
cedure but without sample. The free bisulphite was 

obtained by following the procedure without addition of 
the sodium hydroxide. 

This standard procedure was varied in the following 
ways: 

(0 Effect of EDTA. The sample of adduct was dissolved 
in 0.001M or 0.025M EDTA (disodium salt) instead of 
demineralized water: otherwise the determination was per- 
formed as above. 

(ii) Reversal of order of mixing the sample and iodine 
solutions, A sample containing the equivalent of 3 g of 
KHSO3 was dissolved in water (500 ml). A 25.0-ml aliquot 
was transferred to a 100-ml standard flask, 50ml of 0.4N 
sodium hydroxide (dissolved in propanol/water) were 
added and the flask was flushed with nitrogen; after 10 
rain. 15 ml of 4M hydrochloric acid (in propanol/water) 
were added and the contents diluted accurately to 100 ml 
with 50% v/v propanol/water. A 50,0-ml aliquot was trans- 
ferred to an iodine flask containing 25.0 ml of 0.1N iodine 
plus 65 ml of 509,~ v/v propanol/water and 10 ml of potas- 
sium iodide solution were added. The sample was titrated 
as before. 

(iii) Adduct of prepolymer A. The sample was diluted 
with water. The polymeric urea produced by decomposi- 
tion of the adduct sometimes precipitates, but redissolves 
on addition of neat propanol. This addition of extra pro- 
panol causes no change in the observed result but permits 
much easier detection of the end-point. 

RESULTS AND DISCUSSION 

Several possible methods of analysing carbamoyl  
sulphonates are indicated from an examinat ion of the 
chemistry of nucleophilic attack on the carbamoyl  
sulphonate  [equat ion (2)]. 

R - N H ~ O - S O ~  + BH ~ R - N H - C O - B  + HSO~ 
(2) 

If a base such as hydroxyl ion or RNH2 were used, 
consumpt ion  of the base could be determined but the 
bisulphite concomitant ly  liberated would consume an 
indeterminable amount  of base, rendering the pro- 
cedure unsatisfactory. A primary amine, however, 
would also produce a relatively insoluble N,N'-disub- 
stituted urea which could be determined gravimetri- 
cally (method A) although, for polymers, the increased 
solubility conferred on the u r e a  by the polymeric 
backbone might  be a problem. 

Attack by hydroxyl ion on the carbamoyl sul- 
phonate  can be employed as the basis for two other 
analytical methods :  oxidation of the l iberated bisul- 
phite to sulphate and its determinat ion as bar ium 
sulphate (method B), or iodometric  determinat ion of 
the liberated bisulphite (method C). 

A. Analysis by precipitation as N,N-disubstituted 
urea. When B u N C O / K H S O a  and HDI /KHSO3 were 
reacted with 95--300% of the stoichiometric quanti ty 
of butylamine and benzylamine, weights of ureas cor- 
responding to 47-112% of the theoretical yield were 
obtained. The low yields may have been due to in- 
sufficient amine having been present:  high yields are 
unlikely to be caused by excess of amine or amine 
carbona te ' ( f rom reaction with a tmospheric  CO2) as 
these compounds  have good solubility in water. O n  
the other  hand, the ureas were found to have low 
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solubility in water (<0.4% at 4 ° ) and should have 
been quantitatively precipitated. 

By performing 4 or 5 separate determinations of 
each of the 4 possible combinations of carbamoyl 
sulphate and amine, and by using standardized pre- 
cipitation conditions, we observed: (1) that the yield 
of each urea was self-consistent, (2) that HDI/  
KHSO3 consistently gave higher yields of urea than 
did BuNCO/KHSO3 whereas iodometric analysis 
indicated they were of comparable purity and (3) that 
benzyl ureas consistently gave higher yields than 
butyl ureas. Additionally, the precipitates were diffi- 
cult to filter off and dry (requiring 7 days at 1 mm 
Hg over phosphorus pentoxide before attaining con- 
stant weight). Irrespective of their causes, these prob- 
lems were considered sufficient to render the method 
unsuitable for use with polymers. A further limitation 
of the method is that it provides only a value for 
the carbamoyl sulphonate. 

B. Analysis by liberation of  bisulphite and its estima- 
tion as sulphate. For polymeric samples this method 
offers the advantage that it is capable of determining 
both free bisulphite plus bisulphate as well as carba- 
moyl sulphonate, because the carbamoyl sulphonate 
is not decomposed by hydrogen peroxide. (Solutions 
of pure carbamoyl sulphonate salts precipitate no bar- 
ium sulphate after addition of barium chloride and 
hydrogen peroxide, even after heating to the boil. s ) 

Results obtained by this method show reasonable 
precision but not accuracy. The values found for car- 
bamoyl sulphonate content from a series of 14 tests 
were generally 0.5-2Yo high; on re-ignition after the 
addition of 1 or 2 drops of sulphuric acid to the bar- 
ium sulphate precipitate, a further 0.5-1~o increase 
was observed. These high results indicate the presence 
of occluded or co-precipitated salts, this having 
occurred despite careful attention to precipitation and 
digestion of the precipitate so as to minimize these 
effects. 

On application of this method to a PCS prepared 
from prepolymer A, the carbamoyl sulphonate con- 
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tent found was 70~o high. Additional problems were 
encountered with the large sample size, necessitated 
by the low sulphur content of the polymer, and with 
precipitation of polymer, which was insoluble in the 
aqueous organic solvent. While this method is un- 
suited to the determination of carbamoyl sulphonate 
content, it may be of value for determining free bisul- 
phite plus bisulphate in concentrated PCS solutions, 
for which sample volumes can be kept small. 

C. lodometric analysis. Sodium hydroxide was used 
to decompose the carbamoyl sulphonate, and the 
effects of alkali concentration, nitrogen flushing and 
the time allowed for decomposition were investigated: 
results for these three factors are given in Figs. 1 
and 2. When the alkali concentration was varied, dif- 
ferent amounts of hydrochloric acid were added in 
order to maintain a constant final acidity. 

From Fig. 1 it can be seen that if the decomposition 
is allowed to proceed for only 5 min, a sodium hy- 
droxide concentration of 0.2M is necessary to decom- 
pose the carbamoyl sulphonate completely, but when 
a period of 10 or 20 min is employed, 0.1M alkali 
is sufficient. With 0.02M sodium hydroxide complete 
decomposition is not achieved even after 19 hr. 
Although the 0.02M alkali provides 3 times the 
stoichiometric quantity of hydroxide necessary for 
this decomposition under the conditions used, it does 
not maintain a sufficiently high solution pH for the 
reaction to proceed at a reasonable rate, because of 
the mild acidity of the liberated bisulphite. 

When 0.2M sodium hydroxide is employed, 
between 2 and 5 min is sufficient time to effect com- 
plete decomposition of the carbamoyl sulphonate 
(Fig. 2), but the resulting titration value (and hence 
the amount of bisulphite determined) depet~d s upon 
whether the system is flushed with nitrogen. Nitrogen 
flushing reduces aerial oxidation of the liberated 
bisulphite and one flushing appears to be advan- 
tageous; a second flushing produces only a marginal 
improvement in results (Table 1). The nitrogen flush- 
ing also appears to prevent the retardation of decom- 
position of the carbamoyl sulphonate observed in the 
presence of air, because the time needed to reach an 
equilibrium titration value after flushing with nitro- 
gen is half that observed when the flushing is omitted. 
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Table I. Effect of N2 flushing on determination of KHSO 3 
released from BuNCO/KHSO 3 by NaOH 

Sample* 0.1N thiosulphate used, mlt 

l 12.85 
2 12.80 
3 12.78 

* Sample 1: standard method, but no flush with nitro- 
gen. Sample 2: as for 1. but flask flushed for 15 sec with 
a stream of nitrogen after addition of the 0.2M NaOH 
to the sample aliquot. 

Sample 3: as for 2. but flask also flushed for 15 see with 
a stream of nitrogen after addition of the 0.IN iodine. 

"t Means of 3 determinations. 

Table 3. Accuracy and precision of results: repeated esti- 
mates of the KHSO 3 content of BuNCO/KHSOa and 

HDI/KHSO a by the standardized method 

Mean Std. devn., Replicates 
Run ~o 0/,, Blanks Samples 

BuNCO/KHSO3 
1 54.81 0.009 5 8 
2 54.73 0.003 3 8 
3 54.65 0.005 3 8 
4 54.81 0.005 3 4 

Theoretical value 54.80 

HDI/KHSO a 58.61 0.007 5 7 
Theoretical value 58.83 

If oxidation were the sole difference between the 
samples, then equilibrium should be approached at 
approximately the same rate in each case but the 
titration value would be higher for the non-flushed 
example, thus giving a lower apparent carbamoyl sul- 
phonate content, due to loss by oxidation. Nitrogen 
flushing was therefore adopted as part of the standard 
analytical procedure. 

Humphrey et al. 6 employed 0.001M EDTA to 
stabilize 0.001M sodium sulphite. Our solutions of 
BuNCO/KHSO3 were 0.025M (with respect to avail- 
able bisulphite) and we therefore investigated the use 
of EDTA at both concentrations. The results (Table 2) 
show that EDTA has a slightly deleterious effect on 
the analysis. It is also apparent that 0.001M E D T A  

has almost as great an effect as does 0.025M EDTA. 
Since EDTA leads to inferior results, its use was dis- 
continued. 

It is asserted 3'4 that the best method of analysis 
of sulphite solutions is to add the sulphite slowly to 
the iodine solution with the tip of the pipette near 
the surface of the iodine solution. We therefore exam- 
ined the effect of adding the solution of decomposed 
adduct to the iodine solution. It was found that this 
order of addition was more tedious and gave results 
which were less accurate and precise than those 
obtained by our standard method. Thus the method 
as developed was preferred. 

To summarize, the method described works ade- 
quately, and the high accuracy and precision of the 
results can be observed from Table 3. The mean 

Table 2. Effect of EDTA on determination of KHSO 3 
released from BuNCO/KHSO3 by 0.2M NaOH 

Solvent for BuNCO/Demineralized 0.001M 0.025M 
KHSO 3 sample water EDTA EDTA 

g of KHSO3/I00g 
of adduct* 54.79"1" 54.59§ 54.55, + 

* Mean values given: theoretical value 54.80. 
t 8 Replicates of sample titration, 5 replicates of blank 

titration. 
4 Replicates of sample titration, 3 replicates of blank 

titration. 
:~ 5 Replicates of sample titration, 3 replicates of blank 

titration. 

values presented in Table 3 for the separate runs of 
BuNCO/KHSO3 differ significantly, however, and 
this is attributed to an aging effect. Runs I-3 were 
separate determinations performed on the same batch 
of BuNCO/KHSO3 on successive days. Run 4 was 
the initial determination on a freshly prepared batch 
of the material and the agreement between runs 1 
and 4 is obvious. The experimental value is in accept- 
able agreement with the theoretical value for HDI /  
KHSO3. 

Our interest is primarily in the assessment of ana- 
lytical methods for telechelic polymers terminated 
with carbamoyl sulphonates, but as model com- 
pounds are far more satisfactory than a prepolymer 
for evaluation purposes, only a single result for the 
prepolymer will be presented here. Detailed results 
arising from the application of the method to pre- 
polymer studies will be published elsewhere. 7 

In normal preparation of the bisulphite adduct of 
prepolymer A, a 10-20~ excess of sodium bisulphite 
is used. This excess is employed to allow for the lower 
degree of purity of the sodium disulphite vis-il-vis the 
potassium salt, to allow for oxidative losses of H S O j  
during preparation and storage of the adduct, and 
to reduce the possibility of side-reactions (especially 
reaction of the isocyanate groups with ethanol or 
water). Thus with the bisulphite adduct of prepolymer 
A, unlike the situation with the easily recrystallizable 
model compounds, excess of bisulphite will be present 
in the homogeneous product system, and some of it 
will be oxidized to sulphate. The sum of the experi- 
mentally determined combined and free bisulphite 
can therefore be expected to be somewhat less than 
the amount of sodium disulphite (expressed as the 
hydrated product, sodium bisulphite) used in the 
preparation of the adduct. 

Table 4 sets out the analytical results for the bisul- 
phite adduct of prepolymer A, together with the 
values calculated from the appropriate data. From 
the agreement between the experimental and calcu- 
lated results, the usefulness of the analytical method 
developed is apparent, and it can be seen that over 
99~ of the isocyanate groups have reacted with 
sodium bisulphite under the conditions used. The low 
value for free bisulphite reflects probable oxidative 



Alkylamino-oxomet hanesu|phonates 393 

Table 4. Analysis of the carbamoyl sulphonate content of 
a bisulphite adduct of prepolymer A 

Experimental Theoretical 
values* values* 

Combined hydrogen sulphite 8.75 + 0.09~" 8.80 
Free hydrogen sulphite 1.06 + 0.05 1.62 
Total hydrogen sulphite 9.81 _ 0.04 10.41 

* All values expressed as g of NaHSO3 present in a solu- 
tion containing 100 g of non-volatiles (i.e., hydrogen sul- 
phite adduct of prepolymer A + excess of inorganic salts). 

~" Standard deviation, based on 4 replicate determina- 
tions. 

loss as sulphate, or perhaps some slight loss of 
gaseous SO 2 from the system: these losses are also 
apparent in the determination of total bisulphite. 

Sources of error 

Provided the procedures described are followed 
carefully, it is evident from the results presented (es- 
pecially in Tables 3 and 4) that accurate, precise and 
reliable analyses can be performed. However, a brief 
discussion of some of the possible sources of error 
is appropriate because of the precautions that must 
be taken. 

First, as the determination is a back-titration 
method, the results are very sensitive to errors in the 
blank titration because its mean value is used in all 
calculations. As the difference in titration volumes is 
used for the calculation of each result, the errors are 
additive. 

Secondly, we must consider the purity of the 
sample itself: Guise et al. 2 found that their sample 
of BuNCO/KHSO3 was more than 90% pure accord- 
ing to estimation of the isocyanate available to dibu- 
tylamine, and that no free bisulphite could be 
detected with iodine. They noted, however, that it was 
not possible to remove small amounts of excess of 
potassium sulphite from potassium ethylamino-oxo- 
methanesuiphonate: presumably the ethyl derivative 
is too similar in solubility to potassium sulphite/bisul- 
phite, whereas the butyl derivative differs markedly 
in solubility because of the effects of the larger alkyl 
group. In view of these observations, the BUNCO/ 
KHSO3 was carefully recrystallized by two different 
techniques. The chief impurities were likely to be 
potassium sulphite, bisulphite, sulphate, bisulphate 
and dibutyl urea: of these, potassium sulphite or 
bisulphite would lead to erroneously high values; the 

various other impurities can be regarded as inert, 
leading to erroneously low values. 

With the BuNCO/KHSO3 and HDI/KHSO3 used 
in this work, fro change in the infrared spectra was 
observed for either compound after the first precipi- 
tation step during purification. The compounds were 
shown to be free from sulphite species, by the absence 
of reducing properties towards dilute iodine solution. 
Any ureas or urethanes present should have been 
removed in the ethanol precipitation steps, owing to 
their solubilities being higher in ethanol than in 
water. 

Thirdly, errors could arise from oxidation or loss 
of liberated bisulphite. It was hoped to reduce this 
risk of oxidation by flushing with nitrogen. On acidifi- 
cation, there could be some loss of SO2, due to con- 
version of HSO~ into sulphurous acid: it was hoped 
that this loss would be minimized by prompt addition 
of the iodine solution, and by restriction of the degree 
of acidification. The results indicate that, with these 
precautions, loss of SO2 is minimal and that this 
method of estimating sulphite species is both accurate 
and reproducible. 

Fourthly, we Considered the order of mixing of the 
reactants, either iodine to the bisulphite solution, or 
the more generally accepted 3'4 reverse order. We 
showed that the first order of addition gave the more 

• satisfactory results, mainly, we believe, because the use 
of nitrogen flushing decreases oxidation of the bisul- 
phite. 

Acknowledgements--We wish to thank G. B. Guise and 
M. Rushforth for providing information on the basic iodo- 
metric test method. Thanks are also due to Bayer A. G. 
.for samples of Desmodur H. In particular, we are indebted 
to Miss S. A. Y. Smith for competent technical assistance. 

REFERENCES 

l. J. H. Saunders and K. C. Frisch, Polyurethanes: Chem- 
istry and Technology, Parts 1 and 2, Interscience, New 
York, 1962. 

2. G. B. Guise, M. B. Jackson and J. A. Maclaren. Aust. 
J. Chem.. 1972. 25, 2583. 

3. A. I. Vogel. A Textbook of Quantitatit~e Inorganic 
Analysis, 3rd Ed., Longmans, London, 1968. 

4. I. M. Kolthoff and E. B. Sandell, Textbook of Quantita- 
tive Inorganic Analysis, 3rd Ed., Macmillan, New York, 
1952. 

5. R. N. Reddie and D. E. Peters, unpublished work. 
6. R. E. Humphrey, M. H. Ward and W. Hinze, Anal 

Chem., 1970, 42, 698. 
7. D. E. Peters and R. N. Reddie, Amdew. Makromol. 

Chem.. in the press• 



Tahmta. Vol, 26. pp. 395 to 399 0039-9629,79 0501-0395S02.00/0 
© Pergamon Press Ltd 1979. Printed in Great Britain 
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Summary--N,N-Di-n-octylacetamide (DOAA) was prepared and shown to be an effective extractant 
for a number of metal ions from aqueous hydrochloric acid solution. Distribution ratios of 35 metal 
ions were measured for 1M DOAA in chloroform and hydrochloric acid solutions ranging from 0.10 
to 9.0M. Extraction of uranium(VI) from solutions of hydrochloric acid and of nitric acid was compared. 
The effects of different diluents and varying concentrations of DOAA were studied in an attempt 
to elucidate the extraction mechanisms involved. 

The extraction of some metal ions from nitrate and 
perchlorate media with liquid alkylacetamides has 
been studied by various investigators, t-3 The thermal 
stability of amides was established to be comparable 
to that of tri-n-butyl phosphate (TBP), 4 Fritz and 
Orf  3 have shown that dihexylacetamide extracts 
uranium(VI) and thorium(IV) selectively from nitrate 
solutions. They also showed that although the extrac- 
tion behaviour of dibutylacetamide and dihexylaceta- 
mide is similar, the solubility of the extractants in 
the aqueous phase decreases with increasing alkyl 
chain-length. 

One aim of the present investigation was to de- 
crease further the solubility of the extractants in the 
aqueous phase by the preparation of N,N-dioctyl- 
acetamide. A second aim was to study the behaviour 
of the new extractant with respect to metal species 
from media other than nitrate solutions, namely, 
hydrochloric acid of various concentrations. Distribu- 
tion ratios were determined for metal ions in the sys- 
tem 1M N,N-dioctylacetamide (DOAA) in chloro- 
form and hydrochloric acid of various concentrations. 
Distribution ratios for the uranyl species were deter- 
mined with increasing amounts of both hydrochloric 
acid and nitric acid and the two systems compared. 

E X P E R I M E N T A L  

Reagents 

Whenever possible, metal stock solutions were prepared 
by dissolution of reagent grade metal chlorides or oxides 
in hydrochloric acid. 

N,N-Dioctylacetamide was prepared by reacting equal 
molar concentrations of acetic anhydride and di-n-octyla- 
mine overnight in the presence of diethyl ether. The reac- 
tion mixture was then treated with several portions of 
sodium bicarbonate solution to neutralize the acetic acid 
formed, followed by washing with 3M hydrochloric acid 

* Present address: c/o National Institute for Metallurgy, 
Private Bag X3015, Randburg/Transvaal 2125, Republic of 
South Africa. 

for the removal of unreacted amine. The organic phase 
was washed with water, then emulsified water was removed 
by addition of anhydrous sodium sulphate and after decan- 
tation the ether was evaporated. N,N-Dioctylacetamide 
was obtained as a clear, slightly yellowish liquid which, 
as shown by gas chromatography, was free from amine 
impurities. 

Analytical techniques 
Uranium, ~ platinum, 6 palladium, 6 rhodium, 7 antimony, 8 

gold, 9 zirconium l° and titanium 8 were determined spectro- 
photometrically after complex formation with the appro- 
priate chromogenic agents. Molybdenum, thallium, tin, tel- 
lurium, selenium, iridium and ruthenium were determined 
by direct spectrophotometrie measurement of their chlor- 
ide complexes. 11 Antimony(III) was determined spectro- 
graphically by excitation in an induction-coupled plasma 
torch. Gallium, praseodymium, thorium and indium were 
determined by EDTA-titration and arsenic by iodometric 
titration. All other metals were determined by atomic- 
absorption spectrophotometry. 

Determination of distribution coefficients 
Aliquots (10 ml) of solutions containing 1-10 mg of the 

respective metal species and various concentrations of hy- 
drochloric acid were shaken for 60see with 2ml of a IM 
solution of DOAA in chloroform. After phase separation 
the aqueous solutions were analysed for residual metal 
species present and the distribution ratios calculated 
according to: 

concentration of metal in the organic phase 
D =  

volume of the organic phase 

volume of the aqueous phase 
x 

concentration of metal in the aqueous phase" 

The time needed for equilibrium to be reached during 
extraction was determined by shaking portions of 5M hy- 
drochloric acid, each containing 1 mg of platinum, with 
1M DOAA in chloroform (aqueous/organic phase-ratio 5) 
for various lengths of time. Maximum extraction of 86% 
of platinum was obtained after shaking for 30-60see. 
Thereafter a very slight decrease in the extraction rate was 
observed over a period of 10 rain. 

In an attempt to ensure reproducible species and oxi- 
dation states of the noble metals, solutions were used that 
had previously been evaporated to incipient dryness in the 
presence of sodium chlorate and hydrochloric acid. 
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Table 1. Distribution ratios of metal ions for the system aqueous HCI-IM DOAA in chloroform 

Acid concentration, M 
Species 0,1 1.0 3.0 5.0 7.0 9.0 

Mg(II) --* . . . . .  
Al(III) . . . . . . .  
Ca(ll) 0.1 0.4 0.9 1.1 1.5 2.1 
Ti(II) . . . . . .  
Cr(III) . . . . . .  
Mn(ll) . . . . . .  
Fe(Ill) - -  0.04 6.7 495.0 ~ z 
Co(II) - -  0.2 0.3 0.3 0.5 1.3 
Ni(II) . . . . . .  
Cu(II) 0.04 0.2 0.2 0.6 2.0 2.1 
Zn(II) 0.4 3.3 8.2 8.2 8.2 8.2 
Ga(ill) 0.3 0.3 12.2 187.3 :z z 
As(Ill) - -  - -  - -  0.3 3.3 28.8 
Se(IV) 3.3 2.5 1.2 0.02 1.4 2.3 
Te(IV) 0.05 0.1 1.0 40.5 245.0 495.0 
Zr(IV) - -  - -  0,2 1.6 5.4 11.0 
Mo(VI) - -  0.3 0.4 4.5 8.3 9.3 
Ru(lll) 5.0 0.9 0.3 1.0 1.0 0.3 
Rh(III) 2.7 0.4 . . . .  
Pd(lll 14.3 0.3 - -  0.7 2.3 0.7 
Cd(II) 2.7 8.9 8:9 8.9 8.9 5.9 
In(Ill) --~ 0.3 1.0 1.6 2.6 15.8 
Sn(IV) - -  - -  0.3 22.0 146.5 245.0 
Sb(lll) N.D.'? 37.4 45.0 35.3 23.4 20.1 
Sb(V) ppt. ppt. 5.0 13.7 39.6 105.0 
Pr(lll} . . . . . .  
Ir(IV) 495.0 5.4 5.0 495.0 721.3 422.4 
Pt(IV) 25.5 2.5 1.5 25.5 66.4 35.7 
Au(III) 114.0 699.2 975.4 752.6 515.8 235.4 
Hg(II) 92.7 67,8 57,5 65.2 88.1 88.1 
Yl(Ill) 289.0 233.0 203.0 195.0 114.0 87.6 
Pb(I1) . . . . . .  
Biflll) ppt. 0.2 0.2 0.2 0.2 0.2 
Th(IV) . . . . . .  
U(VI) - -  0.6 0.9 3.2 23.6 788.7 

* - -  = Negligible extraction. 
+ N.D. not determined. 

RESULTS 

Extraction of metal ions 

The N,N-dibutyl-  and dihexylamides used by Fritz 
and Or f  3 for solvent extraction were excessively sol- 
uble in higher concentrat ions of nitric or hydrochloric 
acid, whereas the N,N-di-n-octylacetamide used in the 
present study is sufficiently insoluble and stable to 
be used effectively in concentrated hydrochloric acid 
and in nitric acid up to 10M. 

A large number  of metal ions were extracted from 
various concentrat ions of hydrochloric acid with 1M 
solutions of N,N-di-n-octylacetamide in chloroform. 
The results are tabulated in Table 1, and distr ibut ion 
ratios for selected metal ions are plotted in Figs. 1-3. 
Negligible extraction was obtained for several com- 
mon  metal ions such as chromium(Ill) ,  manganese(I1L 
nickel(II) and aluminium(III).  Increasing extraction 
with increasing acid concentrat ion was observed for 
those metal ions capable of forming solvated anionic 
chloride species, such as iron(Ill), uranium(VI) and 
to a lesser extent, cobalt(lI) and copper(II). Gold( l i  D 
is extremely well extracted by DOAA over the entire 

concentrat ion range tested. The pla t inum-group metal 
ions (Fig. 3) are extracted from 0.1M hydrochloric 
acid; the curves pass th rough  a min imum at around 
2M hydrochloric acid and at tain a maximum at 
around 6--7M hydrochloric acid. The reason for this 
behaviour  is not entirely clear, but it appears that  
different mechanisms of solvent extraction may be 
operative at the lower and at the higher acid concen- 
trations. 

That  the choice of diluent has a pronounced effect 
on the extraction efficiency of the plat inum metals 
is shown in Fig. 4, benzene being used instead of 
chloroform. With benzene, extraction of all the plati- 
num metals increased at low acid concentrat ions and 
the extraction min ima  and maxima obtained when 
chloroform was used as the diluent were less pro- 
nounced. 

F rom the distr ibution ratios shown in Table l it 
is clear that  many useful separations are poss ib l e ,  
particularly if it is borne  in mind that  extraction 
efficiency carl be further improved by increasing the 
concentrat ion of the amide extractant.  For  example, 
gold(Ill) can be separated from all other  metal  ions 
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tested except mercury(II) and . thallium(III). 
Uranium(VI) can be separated from thorium(IV) and 
ruthenium(III). The noble metals as a group could 
possibly be separated, with the exception of mer- 
cury(II), thallium(Ill), selenium(IV) and cadmium(ll), 
from all other metal ions studied at low acid concen- 
trations. 
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Extraction of  uranium 

Fritz and Orf 3 have demonstrated the selective 
extraction of uranium(VI) with dihexylacetamide from 
nitrate solutions. The extraction of uranium(VI) with 
DOAA was therefore investigated in more detail. Dis- 
tribution curves for uranium(VI) obtained by extrac- 
tion with 1M DOAA solutions from both hydro- 
chloric and nitric acids of various molarities are com- 
pared in Fig. 5. Bell-shaped curves with maxima at 
approximately 5M acid were obtained for the nitric 
acid system. In the hydrochloric acid system, distribu- 
tion ratios increased with acid concentration up to 
the maximum concentration tested. Again, a distinct 
increase of distribution ratios was observed when 
benzene was used instead of chloroform as the diluent 
for the extractant (Fig. 5). This was even more pro- 
nounced when uranium was extracted from nitrate 
solutions at a pH value of 3 in the absence of excess 
of nitric acid, as shown in Table 2. 

The extraction of uranium was found to be inde- 
pendent of pH in the range 1-4 at a constant nitrate 
concentration of 1M. However, a slightly negative pH 
value seemed to aid the extraction and the distribu- 
tion ratio increased from 30 to 62 when the 1M 
nitrate solution was made IM in nitric acid. The same 
was found to be true for the extraction of large 
amounts of uranyl nitrate (1.26M) into concentrated 
dioctylacetamide. (A small amount of diluent had to 
be added after extraction to prevent the organic phase 
from solidifying.) In the absence of nitric acid, 1.18 g 
of UO2(NO3)2 was extracted per ml of DOAA, 
whereas in the presence of 1M nitric acid, 2.03 g 

UO2(NO3h was extracted per ml of DOAA. Increas- 
ing the nitrate concentration in the absence of nitric 
acid'and at constant amide concentration showed the 
expected increase in uranium extraction. 

Mechanisms of  extraction 

Based on experimental evidence and theoretical 
considerations, an attempt was made to explain the 
mechanisms involved in the extraction of metal ions 
by DOAA. At fixed nitrate concentration and with 
no excess of nitric acid, a plot of log D for 
uranium(VI) vs. log amide concentration (in benzene) 
gave a linear plot with a slope of 1.8. Increasing the 
nitrate concentration in the absence of nitric acid and 
at constant amide concentration gave a straight-line 
plot of log D vs. log nitrate concentration with a slope 
of 1.9. These data suggest that the complex extracted 
has the formula UO_,(Amide),(NOa)2, which is in 
agreement with the findings of Fritz and Off for 
another amide. 3 In this case it appears that the amide 
is serving as a ligand for the uranium. 

Extraction of the platinum-group metals must in- 
volve a different mechanism, because replacement of 
chloride (as in PtCI 2-, for example) by another ligand 
would be slow, but the extraction rapidly attains a 
constant value. Figure 6 shows the spectra of the 
extracted species for iridium(IV) to be identical with 
that in aqueous solution. This suggests that no change 
in the inner-sphere complexhas taken place. 

Several of the platinum-group metals were 
extracted at varying amide concentrations and plots 
made of log D vs. log amide concentration at different 
acidities (Fig. 7). From the slopes of the plots 
obtained it appears that at low acid concentrations 
the extracted metal species contains approximately 
two amide molecules. Thus a reasonable mechanism 
seems to be the formation of an extractable ion-pair. 
For palladium(II) (present as PdCl, 2-) as an example, 
the reaction can be represented as follows: 

2Amide(org) + PdCIE-(aq) + 2HCl(aq) 
,~- (HAmide), + PdClg-(org) + 2Cl-(aq) 

As would be expected from the law of mass action, 
extractions at low acidities showed decreasing extrac- 
tion with increasing concentrations of added chloride. 

At the higher acidities indicated in Fig. 7 the slopes 
for the noble metals are greater. For example, paUa- 
dium(lI) has a slope of approximately 4.3 in 7M by- 

Table 2. Effect of organic diluents on the extraction of 
uranium(VI) (conditions: 10mg of uranium, pH 3.0, 
aqueous:organic phase ratio 5.0, 1M NaNOa in aqueous 

phase) 

Distribution 
Extraction, coefficient, 

Solvent % K d 

Chloroform 15 0.9 
Petroleum ether 70 11.7 
Toluene 75 15.0 
Benzene 83 24.4 
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drochloric acid. Diamond 12 suggested in his investi- 
gation on amine extraction systems that on decreas- 
ing the basicity of the amines, two or three molecules, 
instead of one, would be necessary to solvate the pro- 
ton. Since an amide is a much weaker base than an 
amine, a similar mechanism can be visualized and 
would serve as an explanation for the higher slopes 
obtained in more acidic solutions. 

CONCLUSION 

Ishimori and Nakamura t3 have surveyed the be- 
haviour of several organic solvents commonly used 
for the extraction of metal ions from hydrochloric 
and nitric acid solutions. Dioctylacetamide is a more 
powerful extractant than ethers and ketones and corn- 
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Fig. 7. Plots of log D vs. log DOAA concentration. 

pares very favourably with tributyl phosphate (TBP). 
DOAA extracts the platinum-group metals more 
strongly than TBP and extracts several other metal 
ions to a slightly greater extent than TBP. DOAA 
lacks one major disadvantage of TBP, namely, that 
TBP can be partially hydrolysed to a substituted 
phosphoric acid, which is such a strong ligand that 
back-extraction of metal ions may be prevented. 

For the reasons cited, it appears that amides in 
general, and dioctylacetamide in particular, are sol- 
vent extractants of major importance. 
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DETERMINATION OF TRACES OF COPPER BY THE 
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(Receioed 17 July 1978. Accepted 9 October 1978) 

Summary-The reaction between peroxodisulphate and bromide has been utilized for the catalytic 
determination of O-l ppm of copper in dissolved samples. The kinetics and mechanism of the uncata- 
lysed and catalysed reaction have been studied, and the most important kinetic parameters determined. 
Under the experimental conditions described, the determination can be carried out in the presence 
of large numbers of other ions with an error less than 5%. 

The application of catalysed Landolt reactions’ in 
trace analysis offers several advantages over other 
methods: simplicity of operation (therefore no need 

for specially trained personnel), cheapness of instru- 
mentation and the well-known features of kinetic 
methods,2”1 which lead to high selectivity and sensi- 
tivity. Following earlier investigations5*6 on catalytic 
Landolt reactions, we examined the peroxodisul- 
phate-bromide-ascorbic acid Landolt system and 
applied it to the determination of copper in the O-l 
ppm concentration range. 

EXPERIMENTAL 

Reagents 

Analytical-grade reagents were used. 
The dimethyl-p-phenylenediamine indicator was ob- 

tained in vacuum-sealed phials. Once a phial was opened, 
decomposition took place rapidly but could be slowed 
down by storing the reagent at 0” in a screw-top glass 
container. Every fourth week a new phial was opened. 

Procedure 
All the reagents were brought to the same temperature 

(in a water-bath) before measurements were made. The ex- 
periments were done in test-tubes placed in the water-bath. 
The reagents were mixed manually with a flat-bottomed 
glass rod. All solutions were dispensed by pipette. Reaction 
vessels were dried before use. 

RESULTS AND DISCUSSION 

Stoichiometry, kinetics and mechanism of the reactions 

Although the kinetics of reactions involving per- 
oxodisulphates have been thoroughly studied in the 
past, no direct investigation of the peroxodisulphate- 
bromide reaction has been reported. An unpublished 
study reported in a review’ gave rather inconclusive 

* Permanent address: Department of Analytical Chemis- 
try, The Queen’s University, Belfast, N. Ireland. 

results, which are in disagreement both with our own 

studies and with the findings on the analogous peroxo- 
disulphate-iodide reaction. which has been studied 
extensively in the past 80 years.s-l5 The catalytic 
action of copper on the peroxodisulphate-bromide 
reaction has also not been previously studied, but 
there are ample data in the literature of the role of 
copper as a catalyst in the oxidation of various other 
substances by peroxodisulphate.13~16*17 The literature 
on silver-catalysed oxidations with peroxodisul- 
phate13-31 was also useful to us when formulating 
our views on the matter. We undertook a detailed 
kinetic study of both the uncatalysed and catalysed 
reactions, the details of which are published in a 
thesis.(32i Our findings can be summarized as follows. 

The stoichiometry of both the uncatalysed and 
catalysed peroxodisulphate-bromide-ascorbic acid 
reaction can be described by the equation: 

S20;- + C6HB06-+2SO:- + 2H+ + C6H606 (1) 

It should be emphasized that at the pH used in this 
study, this reaction would not proceed with measur- 
able speed, in the absence of bromide. Once the 
ascorbic acid has been completely oxidized, bromine 
is formed in the mixture: 

S20i- + 2Br- + 2SO:- + Br, (2) 

and this can be used to indicate the end of the period 
during which the concentration of peroxodisulphate 
falls to a predetermined value. 

The mechanism of the uncatalysed reaction can be 
described in terms of the initial slow step: 

S20:- + Br- k,,, Br + SOi- + SO; (3) 

followed by the fast steps 

SO; + Br- - Br + SO:- (4) 

2Br -+ Br, (5) 
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and by the Landolt-step in which ascorbic acid reduces 
bromine back to bromide: 

Br, + C,HsO, -P 2Br- + 2H+ + C6H606 (6) 

The sum of reactions (3)-(6) gives the overall stoichi- 
ometry expressed in (1). 

It should be noted that this reaction scheme is a 
simplified one. For example, no account is taken of 
the well-known fact that the rates of these reactions 
are dependent on pH; however, as we did all the 
experiments in solutions buffered at a constant pH 
which was found most suitable for the determination 
of copper, this effect could be left out of consider- 
ation. The existence of sulphate radicals, involved in 
steps (3) and (4), has been proved experimentally 
beyond doubt.27-3* and the formation of bromine 
atoms (Br) needs no further comment. 

For the mechanism of the copper-catalysed reac- 
tion wf could postulate various self-consistent 
schemes which would all fit the experimental results. 
The litevture itself is divided in explaining the role 
of copper in such catalytic reactions. For us the most 
plausible pechanism involves the following three slow 
reaction Steps 

s20:- + cl.? + k, cus*o* (7) 

cl.&os B, cu2+ + szo2,- (8) 

C&OS + Br- A Cu*+ + Br + SO:- + SOh (9) 

and these qe followed by the fast steps (4), (5) and 
(6). The sum of (7)-(9) and (4)-(6) again gives the over- 
all st+icho@ry expressed in (1). 

The overa@ reaction rate in a reacting system which 
contains pemxodisulphate, bromide, ascorbic acid 
and copper ig the sum of the individual rates of the 
uncatalysed and catalysed processes. The rate can be 
expressed as the rate of disappearance of peroxodisul- 
phate: 

_ dCS,Oi-] 
& 

= (_ dyi-I)“, 

dCWi -1 

dt > car 
(10) 

The rate of the uncatalysed reaction. cf equation (3). 
caq be expressed as 

_ dCS,O;-1 

) dt un 
= k,,[S,O~-][Br-] (11) 

while the rate of the catalysed reaction, equation (9), is 

- ( dcs~~‘-l)~~, = k,[CuS,O,] [Br-1. (12) 

The concentration of the species CUS20, is unknown 
and unmeasurable. It is however plausible that reac- 
tion (8) is very slow, meaning that a steady-state 
condition exists; that is, the concentration of CuS,Oi 
is both constant and low. This condition can be 

expressed by the equation: 

dECuW,l o 
dt = 

= k,[S20;-][Cu*+] - k,[S,O:-] 

- k,[CuS,Os] [Br-1. (13) 

In other words, the CuS20, species behaves as a van’t 
Hoff complex. 33 Furthermore, we must keep in mind 
that the concentration of bromide ions is constant 
until the end of the measured incubation period and 
equals the analytical concentration of bromide: 

[Br-] = c8,- (14) 

Finally, for the analytical concentration of copper(11) 
ions (ccUz+) the following mass-balance equation is 
valid: 

CC”2 * = [cu*+] + [CuS,O,] 

Equations (IO)-(15) can be combined to give 

(15) 

dCS,Oi-1 
dt 

= k,,cwCS,Oi-1 

+ 
Wwwccuz+CS20;-1 

k,[S,O;-] + k2 + kscs,- ’ 
(16) 

This rate equation can be simplified by considering 
that, because of the steady-state condition, 

k3csr- B k,[S,O;-] + k2. (17) 

By introduction of the notition 

k, = kc,, (18) 

the rate equation is simplified to 

_ dEs,Q-1 

dt 
= kuncBr-[S20;-] + k,,,cc,z+[S20;-] 

(19) 

: This rate equation can be simplified by considering 
l that, because of the steady-state condition. 

(i) if t = 0, then [S,Oi-] = [S,0,2-]0 
(ii) at the end of the incubation period (when the 

Landolt reaction time t, is measured) if 

t = tL, 

then 

CS,Oi-1 = CS,O;-I, - CW-LKhJo 

[cf. the stoichiometry of reaction (l)]. The subscript 0 
refers to the initial (and therefore known) concentra- 
tions. Alter separation of the variables, integration 
with these boundary conditions yields the expression 

In 
cs*o;-lo 

cs2w10 
_ CC6H8061 = (kuncw + ka,ccuz’h. 

(20) 
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Table 1. Determination of the k,, rate constant 

c%o~-lo. M P%HsOslo. ~4 

6.21 x lo-’ 2.950 x lo-’ 
4.14 x lo-* 1.967 x lo-* 

3.107 x 1o-2 1.475 x 1o-2 
2.485 x lo-’ 1.180 x lo-’ 
2.071 x lo-* 9.83 x 1O-3 
1.776 x lo-’ 8.43 x 1o-3 
1.553 x 1o-2 7.38 x 1O-3 
1.553 x lo-* 3.333 x lo-’ 

k.,, = (1.14 +_ 0.06) x lo-’ l.mole-‘.sec-’ 

cm,-, M t:. set k,,, I.mole-‘.sec-’ 
- 

0.474 120 1.13 x 10-z 
0.3158 176 0.98 x 1o-2 
0.2369 231 1.18 x 1o-2 
0.1895 285 1.19 x lo-’ 
0.1579 354 1.15 x 10-Z 
0.1353 410 1.16 x 1O-2 
0.1184 465 1.16 x 10’ 
0.1184 180 1.13 x 1o-2 
il=X mean: 1.14 x lo-’ 

r(7.0.95) = 2.36 s = 6.6 x 1o-4 
TS 

- 
J’L 

= 5.5 x 1o-4 

The solutions contained a phosphate buffer of pH = 3.9 and were kept at 40°C. 

This equation contains only measurable quantities, 
and it is therefore possible to determine the rate 
constants k,, and k,,, from the results of experiments 
carried out with various initial concentrations. 

To prove that these considerations are consistent 
with experimental facts, we first carried out a series of 
measurements without copper present (cc,‘+ = 0) and 
measured the blank reaction times tt. Results were 
evaluated from (20) rearranged to 

k,, = l In cs20; -1 
G [S,O;-]o - [G,HsO&’ (21) 

Stock solutions of potassium peroxodisulphate, 
ammonium bromide and ascorbic acid were made up, 
and diluted to various degrees with an acetate buffer 
of pH 3.9. All the solutions also contained ammonium 
fluoride to make their composition similar to the re- 
agent solution used for analysis (see later). Reaction 
times were measured at 40”, under the conditions de- 
scribed under the experimental section. The results 
summarized in Table 1 indicate that for a wide range 
of concentrations the k,, value is really constant, sub- 
stantiating the mechanistic and kinetic considerations 
given above for the uncatalysed process. The value 
k,, = 1.14 x lo-’ l.mole-l.sec-l (standard devi- 
ation 6.6 x 10m4) is accepted for the uncatalysed rate 
constant. 

In a second series of measurements we used the 
same experimental circumstances as in the first, but 
all solutions contained a known concentration of cop- 
per(II) sulphate. In the first experiment this concen- 
tration (2.623 x 10e6M) corresponded to 0.5 ppm 
copper content in the test solution, that is, to the 
middle of the analytically useful concentration range. 
The tL reaction times were measured, and the k,;,, 
rate constants were calculated from the following 
equation, obtained by rearranging (20): 

1 
x- (22) 

cc.2 + 

Results are shown in Table 2. These again verify the 
mechanism and kinetics described for the catalysed 
process. The value 9.7 x lo2 l.mole- ’ .sec- ’ (stan- 
dard deviation 1.5 x 102) can be accepted for the 
catalysed rate constant. The particular shape of the 
calibration curve (see later) is also consistent with 
equation (20). 

Our kinetic study involved the determination of the 
enthalpies and entropies of activation for the uncata- 
lysed and catalysed reactions. According to the acti- 
vated-complex theory of reaction rates, the rate con- 

Table 2. Determination of the k,,, rate constant 

cs,a-lo. M 

6.21 x lo-* 2.950 x lo-* 
4.14 x lo-* 1.967 x lo-’ 

3.107 x 1o-2 1.475 x 1o-2 
2.485 x lo-’ 1.180 x lo-’ 
2.071 x lo-’ 9.83 x 10-a 
1.776 x lo-’ 8.43 x 1o-3 
1.553 x 10-Z 7.3 x 10-s 
1.553 x 1o-2 3.333 x 1o-3 

k.., = (9.7 k 1.2) x 1021.mole-‘.sec-’ 

c,r-M CC”2.. M t,. set k,,,, I. mole- ’ set- ’ 

0.4737 
0.3158 
0.2369 
0.1895 
0.1579 
0.1353 
0.1184 
0.1184 

2.623 x lo+ 82 9.45 x lo2 
1.749 x 1o-6 132 7.3 x lo2 
1.312 x 1O-6 171 8.1 x IO2 
1.049 x lo+ 197 10.6 x 10’ 
0.874 x lo-” 243 9.7 x lo2 
0.749 x 10-6 283 9.8 x lo2 
0.656 x 1o-6 314 10.7 x 102 
2.623 x 1O-6 54 11.9 x 10’ 

it=8 mean: 9.7 x 10’ 
T,,.o.w) = 2.36 s = 1.5 x 102 

7s 
---= = 1.2 x 102 
Jn 
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Table 3. Determination of the entropy and enthalpy of activation of the uncatalysed reaction 
[s,o:-1. = 1.553 x 10-*&f 

car- = 0.1184M 
[C,H,O,],, = 3.333 x 10-3M 

Temperature, k 
l/T, K-1 tF,T. set 

Tan. 
‘C W% I.mole-‘.sec-’ 

30 3.30 x 1o-3 394 -288.811 5.16 x lo-’ 
35 3.25 x 1O-3 262 - 285.570 7.83 x 1O-3 
40 3.19 x 1o-3 174 - 282.295 1.17 x 10-2 
45 3.14 x 1o-3 116 - 279.084 1.74 x lo-* 

AH:, = (62.4 k 2.9) x lo3 J-’ mole 
AS& = -83.0 + 9.4J.mole-‘.deg-’ 

stant can be expressed in terms of the energy (AH*) 
and enthalpy (AS*) of activation in the following 

way :34 

k = yexp[- g]expE] (23) 

where k is the Boltzmann constant (1.381 x 10ez3 
J deg- i), h Planck’s constant (6.626 x 1O-34 J.sec), R 

the gas constant (8.314 J. mole-‘. deg-i) and T is the 
absolute temperature. The expression can be applied 
to both the uncatalysed and the catalysed process. 
Combining expressions (21) and (23) we can define 
an F(T),, temperature function for the uncatalysed 
process, as follows : 

F(T),, 

AH* 
= AS;” - 2. 

T 

From the uncatalysed reaction times rf,r at various 
absolute temperatures T+ the values of the temperature 
function can be calculated and plotted as a function of 
l/T. The points should fall on a straight line, with 
intercept equal to the entropy, and slope equal to 
the enthalpy of activation. The results shown in 
Table 3 conform with this expectation. The values 
of the entropy and enthalpy of activation and their 
standard deviations were obtained by linear regres- 

sion analysis. Values of the kT,“” rate constants for 
the appropriate temperatures were calculated from 
expression (23). The value for 313 K (1.17 x lo-*) 
agrees well with the value obtained from Table 1 
(1.14 x lo-‘); the slight difference is probably due 
to the difficulty of reproducing the low ascorbic acid 
concentrations accurately when making up the re- 
agent solutions. 

Combining equations (22) and (23) we can also 
define an F(T),,, temperature function for the cata- 
lysed reaction : 

x In cS*o;-30 
[S,O;-1, - [CbHs06]e 

= AS,*,, - ‘H,*,, . 
T 

(25) 

and evaluate it as before. As Table 4 demonstrates, 
‘there is again a straight line relationship so the 
entropy and enthalpy of activation for the catalysed 
reaction can be calculated. The enthalpy of activation 
of the catalysed process is higher than that of the 
uncatalysed reaction; however, this is compensated 
by the more negative entropy of activation. In the 
language of the collision theory of reaction rates, the 
catalytic action can be explained by the increase in 
the pre-exponential factor. The kT,ca, rate constants 
in Table 4 were calculated from expression (23). The 

Table 4. Determination of the entrapy and enthalpy of activation of the catalysed reaction 
[s,o;-], = 1.553 x lo-*M 

car- = 0.1184M 
[C6H806],, = 3.333 x 10-3M 

c,,z * = 3.147 x io-6M 

Temperature, 
“C 1/I, K-’ rLr, set WJL, 

kr,cs,. 
i.mole-‘.sec-’ 

30 3.30 x 1o-3 149 - 197.113 3.18 x lo* 
35 3.25 x 1O-3 90 - 192.677 5.61 x lo* 
40 3.19 x 1o-3 54 - 188.073 9.73 x lo2 
45 3.14 x 10-j 33 - 183.761 1.66 x 10’ 

AH* = (85.9 f 3.9) x IO3 Jmole-’ SSl 
AS* = 86.1 k 12.6J.mole-‘.deg-’ EB, 
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value for 313 K agrees reasonably with the figure 
obtained from Table 2. 

When comparing the precision of the results for 
the uncatalysed and catalysed process, we notice that 
the values obtained for the catalysed reaction are less 
precise than those for the uncatalysed process. This 
is expected, as expressions (22) and (25) contain the 
k,,,, rate constant, which itself has to be determined 
experimentally. All the errors involved in its measure- 
ment appear again, in the constants of the catalysed 
reaction. 

Results of experiments carried out at different tem- 
peratures indicate how important it is to keep the 
temperature constant when carrying out such 
measurements. 

The analytical sensitivity of this method (i.e., the 
slope of the calibration curve) was found to increase 
with increasing temperature. This would suggest that 
the temperature should be raised to 318 K or even 
higher to optimize the method. With increasing tem- 
perature, however, the standard deviation increases, 
so 313 K was chosen, by compromise between preci- 
sion and sensitivity, as the recommended temperature. 
It was also found that the reaction times at this tem- 
perature are conveniently measurable and that the in- 
dicator reaction is very sharp under these circum- 
stances. The concentrations of reagents (including 
masking agents) as well as the pH of the medium 
were chosen on the basis of a lengthy optimization 
process guided by kinetics, in which the analytical 
sensitivity and selectivity were the main factors con- 
sidered. We found that good selectivity required a 
relatively high bromide concentration, while accord- 
ing to the kinetics [equation (19)] of the processes, 
a low bromide concentration would offer better sensi- 
tivity. Here again a compromise had to be reached. 

Determination of copper 

On the basis of preliminary experiments, in which we 
tried to optimize the experimental conditions, we recom- 
mend the following procedure for the determination of 
copper in solutions of (t I ppm concentration. 

Prepare reagents IA and IIA (or IIB, if iron is absent 
from the sample), having the compositions given in 
Table 5. Keep these solutions in a thermostat, adjusted 
to 40.0 + 0.5”. Dispense 5.OOml of the sample solution 
(containmg less than 5 pg of copper) into a clean dry test- 
tube. kept in a test-tube rack immersed in the thermostat. 
In other test-tubes place 5.00 ml of copper solutions of 
known concentrations (between 0.1 and 1 ppm), and pre- 
pare a blank test with 5.00 ml of distilled water in another 
test-tube. Equip each test-tube with a dry glass rod for 
stirring (glass rods with a flattened end art most suitable). 
Allow time for thermal equilibration. then dispense 5.00 
ml of solution II into each test-tube and mix. Now add 
5.00 ml of solution I to the contents of the first test-tube, 
starting a stop-watch as the first drops enter the tube. Mix 
the contents and stop the watch when, after an incubation 
period of OS-4 min, the solution turns deep red. Note 
the reaction time, and repeat the procedure with the stan- 
dards and the blank. The colour develops to its full extent 
within a few seconds, then slowly fades because the bro- 
mine formed in the reaction oxidizes the dimethyl-p-pheny- 
lenddiamine indicator to a colourless product, the solution 
remaining yellowish-brown. It is therefore very easy to 
measure the reaction time; the watch must be stopped 
when the colour is most intense. The results can be evalu- 
ated with a calibration graph, in the manner described 
below. 

The standard deviation of the time measurements, 
according to our experience, is not higher than 2 sec. It 
is advisable to carry out replicate measurements and 
accept only those results for which the reproducibility is 
adequate. 

For evaluation a calibration graph has to be con- 
structed. To do this, first calculate the average of the blank 
reaction times (tf). then calculate the averages of the reac- 
tion times obtained for each sample and standard (t,.). Cal- 
culate the rt’r, ratios and plot them L’S copper concentration. 
As already indicated. a straight line relationship is 
expected, with an intercept of unity on the tF/t,. axis. 

Although, according to the law of propagation of errors, 
experimental errors are accumulated in calculating the 
tc/tL ratio, we still recommend this procedure for evalu- 
ation, because we have found that when a new pair of 
reagent solutions is made up, the individual reaction times 
(tz and tL) may alter considerably (variations of 209,, are 
not uncommon) but their ratios are reproducible within 
a few per cent. For precise work, however, it is advisable 
to prepare a calibration curve daily. In such cases the l/r,, 
values can be plotted instead of the (‘it,. values: the cali- 
bration curve is still a straight line, with intercept lit:. 

Table 5. Composition of reagent solutions 

Method A 
Solution IA Solution IIA 

K,S20s12.60 g NH,Br 34.8 g 
NaOH 13.33 g NaOH 13.33 g 
NH,F 20.00 g Ascorbic acid 0.88 g 

Cont. CH,COOH 100 ml Dimethyl-p-phenylenediamine 0.04 g 
per litre Cont. CH,COOH 100 ml 

per litre 
Method B 

Solution IB Solution IIB 
K&Os 12.60 g NH,Br 34.8 g 
NaOH 13.33 g NaOH 13.33 g 

KHIPOl 20.00 g Ascorbic acid 1.76 g 
Cont. CHsCOOH 100 ml Dimethyl-p-phenylenediamine 0.04 g 

per litre Cont. CH,COOH 100 ml 
per litre 
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Table 6. Results obtained with methods A and B Table 7. Statistical analysis of the calibration lines (Table 6) 

tl.3 mm t~lh. 
C<,S. 
wm A B A B 

0 3.64 3.08 1.00 1.00 
0.1 2.59 2.13 1.41 1.44 
0.2 1.85 1.63 1.97 1.89 
0.3 1.51 1.32 2.41 2.33 
0.4 1.32 1.13 2.76 2.73 
0.5 1.11 0.95 3.28 3.24 
0.6 0.99 0.87 3.68 3.54 
0.7 0.87 0.78 4.18 3.95 
0.8 0.78 0.71 4.67 4.34 
0.9 0.72 0.64 5.06 4.81 
1.0 0.66 0.59 5.52 5.22 

Method A Method B 

Intercept, a 1.00, 1.045 
Slope, b 4.52 4.18 
Correlation coefficient r 0.9996 0.9995 

4.13 x lo-* 4.45 x 10-Z 

s, 2.3 x IO-* 2.5 x IO-’ 
% 3.9 x 10-Z 4.2 x 10-j 
Lowest determinable 
concentration 

cnli.. PPm 0.021 0.025 

s = standard deviation 

Results for copper where a and b are the intercept and slope respectively, 
Results are shown in Table 6 and statistical infor- r is the value of Student’s t (for f= 11 - 2 = 9 

mation on the precision is given in Table 7. The low- degrees of freedom and level of significance P = 0.95, 
est determinable concentration was calculated, T = 2.26). 
according to Doerffel,35 from the equation: As seen from the results, method A (with fluoride 

T(S, + ?S,) 
(26) 

as masking agent) is marginally more sensitive and 
C,,i” = -- 

b + :sh precise than method B. but there is little difference 

Table 8. Effect of foreign ions on ratio of reaction times (tm.,.Lcd/tu,,m.,.lcd) 

Masking agent 
NH4F (method A) KH,PO, (method B) 

Concentration of ion, ppm 
1011 loo0 100 10 1.0 0.1 1000 .. 100 10 1.0 0.1 

WV) 
Fe(III) 
Fe(H) 
MO(W) 
OS(VII1) 
Ce(II1) 
Co(H) 
UVI) 
Ti(II1) 
Y(III) 
Mn(I1) 
Ca(I1) 

Ag(l) 
Sr(I1) 
Ba(I1) 

HE(I) 
Hg(II) 
Mg(II) 
La(II1) 
Zn(I1) 
Ni(l1) 
Ce(IV) 
Zr(lV) 
Pb(I1) 
41011) 
Cd(IIl 
Au(llI) 
KqVII) 
Cr(II1) 
Sb(II1) 
Se( VI) 
W(W) 
Sn(I1) 
SnllV) 

* 
2.33 
1.25 
1.19 

t 
1.13 
1.05 
1.04 
1.04 
1.03 
1.02 
1.02 
1.02 
1.01 
1.01 
1.01 
1.03 
1.01 
1.01 
1.00 
1.00 
0.99 
0.98 
0.98 
0.98 
0.98 

t 
0.95 
0.95 
0.88 
0.78 
0.54 

t 
t 

I .07 1.02 
1.03 
1.00 
1.01 
1.14 1.10 1.03 
1.05 

t 
17.50 
4.95 
1.14 

t 
0.82 
1.13 
1.04 
0.91 
0.96 
1.10 
1.07 
1.01 
1.03 
1.03 
1.07 
1.03 
1.01 
0.72 
1.03 
1.04 
0.78 
0.96 
1.04 
0.94 
1.03 

t 
1.03 
0.97 
0.81 
0.82 
0.58 

P 
t 

1.06 1.04 
3.39 1.64 1.07 1.03 
3.47 1.70 1.11 1.02 
1.05 
1.13 1.11 1.05 
0.99 
1.04 

0.99 

1.04 
1.04 

1.05 

0.96 

1.02 

1.03 

0.84 1.02 

0.90 1.00 
1.03 
0.61 1.03 
0.91 1.05 
0.86 1.00 

0.96 

0.98 
1.04 
0.68 0.98 
0.97 
0.85 1.00 

* immediate Landolt effect. 
-F No visible Landolt effect. 
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between their performances. Keeping the fluoride 
solution in a glass vessel for longer times inevitably 
results in the glass surface being attacked, and this 
problem does not exist with the phosphate used in 
method B. On the other hand, phosphates are good 
media for micro-organisms, and the bacterial growth 
in such solutions can sometimes be observed. 

It must also be said that the dimethyl-p-phenylene- 
diamine indicator can be replaced by a mixture of 
Methyl Red and Methylene Blue (the well-known 
screened indicator used in acid-base titrimetry), of 
which 1 drop is sufficient for the 15 ml of mixture. 
In this case decolorization of the indicator marks the 
end of the Landolt reaction. As the decolorization 
is somewhat slower than the colour change of the 
dimethyl-p-phenylenediamine, the subjective error of 
the time measurement is higher, yielding a somewhat 
higher standard deviation (3 set). Better results can 
be obtained if the concentrations of some of the re- 
agents are increased (42.0 g of KaSaOs, 180.5 g of 
NH,Br and 1.76 g of ascorbic acid instead of the 
values given in Table 5). With such solutions reaction 
times are lower (t: = 1.5 mink but the decolorization 
of the indicator is easier to see. The slope of the cali- 
bration graph is somewhat lower in this case (about 
2.8 ppm- I). 

The selectivity of the method was tested by measur- 
ing the Landolt reaction time, with 0.5 ppm copper 
present, in the presence of 34 different ions at 0.1, 
1, 10, 100 and 1000 ppm concentrations. The reaction 
times were compared with the times obtained in the 
absence of the interferent. The experiments were first 
done with complexing agents absent, then repeated 
with them present to suppress interferences (fluoride, 
phosphate, citrate, tartrate, cyanide and EDTA were 
used). As the result of these experiments we came to 
the conclusion that fluoride and (in the absence of 
iron) phosphate are the best masking agents. Results 
obtained with these ions present are summarized in 
Table 8. The figures shown in the table are the ratios 
of reaction times obtained in the presence and 
absence of the interferent. The more a given value 
in the table differs from 1.00, the greater the interfer- 
ence. Figures between 0.95 and 1.05 represent errors 
of less than 5%. All the blank spaces in the table 
represent values between 1.00 and the last value 
shown for the particular ion, i.e., they mean that there 
is no interference at all. As the results indicate, only 
osmium interferes at the lo-ppm level, vanadium, 
tungsten and tin(IV) at the lOO-ppm level, and iron, 
molybdenum, antimony and selenium at the 
lOOO-ppm level would cause marked errors. The selec- 
tivity towards iron is somewhat reduced if phosphate 
is used instead of fluoride, and also gold shows inter- 

ference at the lOO-ppm level. The effect of all the other 
ions tested is negligible. 
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SHORT COMMUNICATIONS 

TITRATION OF SOME THIAZINE DYES WITH TIC13 
AT ROOM TEMPERATURE 

N. RUKlVnNI, V. S. N. P, KAVITHA and Y. PULLA RAO 
Department of Chemistry. Andhra University, Waltair-530003. India 

(Receieed 8 June 1978. Accepted 3 November 1978) 

Summary--Methylene Blue and some other thiazine dyes are titrated at room temperature visually 
and potentiometrically in presence of 0.005~3,1N oxalic acid. The effect of oxalic acid on the conditional 
potentials of the Ti(IV)/Ti(III) couple is presented. 

Methylene Blue has been determined by t i t ra t ion with 
t i tanous chloride t in hydrochloric acid medium at 35 ° 
and in various acid media at higher concentrat ions.  2 
F r o m  these earlier observations it is clear tha t  the 
reaction between thiazine dyes and  t i tan ium(I l l )  is 
slow at room temperature.  Recently Murty  et al. 3 

observed that  in t i t ra t ion of quinone with t i tanous 
chloride, oxalic acid catalyses the slow reaction 
between thiazine dyes and  t i tanium(Il l) .  The observa- 
t ion has been utilized for the detection of oxalic a c i d :  
It follows that  oxalic acid can be used as catalyst 
in t i t rat ion of thiazine dyes with t i tanium fi l l)  at room 
temperature.  To illustrate this effect, the condit ional  
potentials  of the Ti(IV)/Ti(III)  coup le  have been 
determined in various acid media in the presence and 
absence of oxalic acid. 

EXPERIMENTAL 

Reagents 

Titanium(III) chloride solution (0.02M) prepared from 
commercial 15~o solution. 

Aqueous solutions (0.0025M) of Methylene Blue, New 
Methylene Blue, Toluidine Blue, thionine, Methylene 
Green and 0.001M solutions of Azure C and Azure B pre- 
pared in demineralized water and standardized by titration 
with titanous chloride at elevated temperature. 

Oxalic acid solution, 0.5M. 

Procedure 

An aliquot of dye solution and the volume of oxalic 
acid required to give the desired concentration (Table l) 
are taken in a titration vessel fitted with a three-holed 
rubber stopper, one hole for the tip of the microburette 
and the other two as inlet and outlet for CO2. Then CO2 
is passed through the solution for about 10 min and the 
contents are titrated with titanous chloride solution to the 
disappearance of the dye colour (in the case of Methylene 
Green, the colour transition is from green to pink). Results 
and the limits of oxalic acid concentrations are given in 
Table 1. The mineral acid concentrations may be varied 
from 0.1 to 4N. 

The dyes can also be titrated potentiometrically, with 
an SCE reference electrode and a bright platinum rod as 
indicator electrode, and a saturated potassium chloride salt 
bridge. The potential becomes stable immediately, after 
each addition of titrant. 

Table 1. Conditions and results of the titration of thiazine dyes with TIC13 

Dye 

Range Average Potential 
Concentration of determined, error, jump, 

oxalic acid, N m O ?/~ mV/O.04 ml 

Methylene Blue 0.01-0.5 20.0--2.0 0.1 240-250 
(0.2) 

Thionine 0.005--0.1 20.0-2.0 0.2 240-250 
(0.2) 

New Methylene Blue 0.005-0.1 20.0-2.0 0.1 110-120 
(0.2) 

Toluidine Blue 0.005-0.1 20.0-2.0 0.2 85-90 
(0.3) 

Methylene Green 0.005--0.01 20.0-2.0 0,3 30-40 
(0.4) 

Azure B 0.005-0.5 10.0--2.0 0.2 40-50 
(0.3) 

Azure C 0.005-0.5 10.0--2.0 0.3 160-170 
(0.3) 

* Values in parentheses correspond to visual method. 
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HCI + H2C204: [ ]  [] H2SO4 + H2C204. 

DISCUSSION 

In the absence of oxalic acid, the titration at i-oom 
temperature gives non-reproducible results with posi- 
tive errors, and in potentiometric titration the poten- 
tial takes 3 rain to become stable near the end-point. 
Figures 1 and 2 show the effect of oxalic acid and 
total acidity on the conditional potential. It is clear 
that oxalic acid (up to a certain concentration) lowers 
the potentials. 

The mechanism involved is presumably that oxalic 
acid forms a complex with titanium{IV) and this 
results in a lowering of the potential of the Ti(IV)/ 
Ti(III) couple. The drop in potential is not so pro- 
nounced at high as at low mineral acid concentration, 
which may be attributed to the decreasing stability 

of the titanium(IV)-oxalic acid complex with increase 
in acid concentration. Stable potentials are not 
obtained for the Ti(IV)/q'i(llI) couple in sulphuric 
acid. It is also seen from Fig, 2 that at a fixed mineral 
acid concentration the effect of oxalic acid is two- 
fold--there is first a rapid decrease in potential as 
the oxalic acid concentration increases, but this is 
counterbalanced by the increased hydrogen ion con- 
centration when the oxalic acid concentration rises 
above a certain level. 
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V.S.N.P.K. and a Post-Doctoral Fellowship to Y.P.R. 
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BIOASSAY OF NYSTATIN:  M E A S U R E M E N T  OF 
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Summary--A rapid bioassay for the polyene antibiotic nystatin, based on the leakage of Mg 2÷ from 
sensitive cells of Saccharomyces cererisiae, is described. The assay employs atomic-absorption spectro- 
photometry to measure the Mg 2+ leaked. It compares favourably with the classical method of diffusion 
on an agar-plate, in terms of speed, reproducibility and convenience. 

The principal effects of polyene antibiotic action on 
susceptible cells have been recognized since the early 
1960s as the leakage of vital cytoplasmic constituents. 
These are K +, N H 2 ,  amino-acids, Mg 2+ and nucleo- 
tides. 1-6 Conway 6 found release of K + and N H  + to 
be rapid, in agreement with the other literature, but  
that  of Mg 2+ to be slow. In this laboratory,  studies 
on  the kinetics of efflux of Mg 2+ from yeast cells 
under  the influence of nystat in gave an indication that  
a bioassay could be based upon  the effiux of this ion. 
Bioassays based on  the release of one or more cellular 
const i tuents  have been described and are recom- 
mended by the report ing authors  as alternatives to 
the t ime-consuming and somewhat  less accurate 
microbiological assays. ~'s Calorimetric assays 9"1° 
based on  observat ion of the overall metabolism of 
the cells are at present not suitable for routine labor~- 
tory use because of the low throughput  and the costly 
inst rumentat ion.  Evans et al, ~ and Smithler et al. 12 

reported a bioassay that  measured the amount  of 
material  leaked from sensitive cells, that  would give 
a positive reaction with ninhydrin.  Since these assays 
measure more than  one material  they are rather  in- 
accurate and not very reproducible. Assays 13'14 based 
on  the leakage of K + are not suitable for routine 
use in laboratories where potassium-containing 
buffers are in c o m m o n  use. The Rb + released from 

responsive cells has been shown to be conveniently 
measured with an ion-selective electrode ~ s or atomic- 
absorpt ion  spectrophotometry.  ~6 However, these sys- 
tems suffer the disadvantage that  Rb + has to be intro- 
duced into the cells since it is not  a natural  constitu- 
ent of yeast cells. The consequences of this incorpor- 
at ion into yeast cells are not  well understood.  In addi- 
tion, incorpora t ion of Rb + into the growth medium 
acids an unnecessary expense to a potential  routine 
procedure. The ion-selective electrode system may be 
of advantage when new laboratories are being 
designed, where au tomated  flow systems could be in- 
stalled. However, for established laboratories  the need 
may be for an assay system for which the appara tus  
is already available to the analyst. 

411 

Hence an assay based a tomic-absorpt ion  measure- 
ment  of the effiux of Mg 2+ (a natural  consti tuent  of 
the yeast cell) is reported here. 

EXPERIMENTAL 

Materials 

Saccharomyces cererisiae (NCYC 239, Brewing Industry 
Research Foundation, Nutfield, Surrey) was used as the 
test organism. The culture was maintained, prepared and 
stored in liquid nitrogen as previously described. 17 For 
comparison and to investigate the effects of freezing and 
thawing of yeast inocula on the release of Mg 2÷, fresh 
cultures were also prepared and studied. Fresh inocula 
were prepared in the same manner as the frozen inocula, 
except that the incubation period was increased to 20 hr 
during growth (in both cases the cells produced belonged 
to the late exponential or early stationary phase of growth). 

The nystatin used throughout this study was kindly 
donated by Messrs. E. R. Squibb and Sons Ltd., Mersey- 
side (Batch No. D2405): A weight containing 4 x 105 units 
of activity (1U) was dissolved in 100 ml of dimethylforma- 
mide (DMF). Dilutions to 50 times the levels of nystatin 
required were made in 0.05M citrate buffer (pH 4.4), DMF 
being added to yield a final concentration of 10%. In use 
these solutions were further diluted (see below) and 
produced a DMF concentration of 0.27,~;. 

Magnesium leakage 

The absorbances of recovered suspensions of Saccharo- 
myces cererisiae (cells stored in a cryostat, thawed for 
3 rain at 40 ° and suspended in 0.05M citrate buffer) in 
l-cm cells at 570 nm were adjusted to 1.0. This corre- 
sponded to a cell density of 1.3 x 1 0  7 cells/ml. 

Appropriate nystatin solutions were prepared and an 
accurate addition of 0.1 ml of each was made to 4.9-ml 
volumes of the cell suspension in centrifuge "cubes. A cell 
blank and a reagent blank (0.2~o DMF) were included in 
each set of determinations. The loaded tubes were incu- 
bated in a shaking water-bath for 30 min at 37 °. These 
conditions were determined from preliminary studies. After 
incubation the tubes were centrifuged at 3000 rpm for 3 
rain, the supernatant phases were removed and placed in 
clean universal tubes and their Mg 2+ content was deter- 
mined by atomic-absorption spectrophotometry (Perkin- 
Elmer model 103) with an air-acetylene flame. The 
285.2-nm line of a conventional Mg2+/Ca 2+ hollow- 
cathode lamp was used. The instrument was calibrated 
according to the manufacturer's instructions with standard 
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Table 1. The efflux of Mg 2+ from freshly prepared inocula of S. cererisiae that have 
been exposed to various concentrations of nystatin 

Mg 2+ m supernatant liquid, #g/ml 
Nystatin, 
IU/ml Day 1 Day 2 Day 3 Day 4 Day 5 Mean Std. devn. 

10 0.99 1.00 1.02 0.97 1.00 1.00 0.038 
8 0.82 0.79 0.83 0.86 0.80 0.82 0.055 
6 0.70 0.68 0.67 0.65 0.69 0.68 0.039 
4 0.53 0.52 0.47 0.49 0,54 0.52 0.063 
2 0.38 0.35 0.34 0.36 0.38 0.36 0.036 
DMF 
control 0.32 0.29 0.30 0.31 0.34 0.31 0.039 
Cell 
blank 0.27 0.30 0.32 0.29 0.31 0.30 0.037 

Table 2. The efflux of Mg 2+ from inocula (stored in liquid nitrogen) of S. cererisiae 
that have been exposed to various concentrations of nystatin 

Mg 2+ in supernatant liquid, It~t/ml 
Nystatin, 
IU/ml Day 1 Day 2 Day 3 Day 4 Day 5 Mean Std. devn. 

10 1.03 1.03 1.02 1.00 1.02 1.02 0.025 
8 0.89 0.89 0.87 0.88 0.86 0.89 0.019 
6 0.75 0.77 0.75 0,76 0.78 0.76 0.025 
4 0.61 0.62 0.60 0.63 0.61 0.61 0.017 
2 0.45 0.46 0.45 0.46 0.49 0.46 0.033 
DMF 
control 0.32 0.31 0.35 0.32 0.31 0.32 0.033 
Cell 
blank 0.32 0.32 0.35 0.32 0.32 0.33 0.025 

solutions prepared by dissolution of magnesium metal in 
hydrochloric acid. The instrument was calibrated before 
and during each set of determinations. The calibration 
curves were the same whether citrate buffer was present 
in the standards or not. 

RESULTS AND DISCUSSION 

Table 1 shows the amount of Mg 2+ released from 
freshly prepared yeast cells by the action of nystatin 
at concentrations ranging from 2 to 10 IU/ml.  A 
linear relationship between dose and response was 
observed over this range (correlation coefficient 
0.998). Table 2 shows the corresponding data for yeast 
inocula stored under liquid nitrogen. The relationship 
is again linear (correlation coefficient 1.00). The repro- 
ducibility is satisfactory and compares favourably 
with that reported for other assay methods for the 
polyene antibiotics. Is Use of a "reagent" yeast sig- 
nificantly improves the reproducibility (Table 2~. For 
an assay to be precise and accurate the dose-response 
curve is of vital importance, 7"a so knowledge of the 
factors affecting it is critical. In view of this, factors 
such as the growth phase of the cells, temperature 
of growth of the cells, temperature of incubation with 
antibiotic, and contact time, were investigated. The 
conditions outlined in the procedure are those found 
to be optimal. 

The assay of polyene antibiotics by measurement 
of the Mg 2+ leaked after interaction with antibiotic 

is therefore feasible over the range 2-10 IU/ml.  The 
assay time is 30 min (excluding solution preparation 
time etc.) and thus the proposed assay can be 
regarded as rapid. The widely used agar-plate diffu- 
sion assay 7's for this group of antibiotics takes 16-18 
hr and is operable over the range 20--80 IU/ml with 
a reproducibility of ca. 50/0. 8 A recent comparative 
study Is of the procedures at present available for the 
polyene group of antibiotics showed that the bioassay 
system reported in this paper is acceptable in terms 
of speed, reproducibility and sensitivity. Most impor- 
tantly, it does not require the growth of a special 
yeast nor does it require the use of uncommon labor- 
atory equipment. It therefore appears a worthwhile 
alternative to more elaborate s'9"16 or expensive 9 tech- 
niques. There appears to be no reason why Mg 2 +-free 
formulations of this antibiotic could not be assayed 
by the technique reported here. 
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Summary--To determine thiosulphate in the presence of dithionite and sulphite, iodine dissolved in 
potassium bromide solution is used to oxidize thiosulphate to tetrathionate, and dithionite and sulphite 
to sulphate. The tetrathionate generated from the thiosuiphate is then oxidized with potassium bromate- 
potassium bromide solution in the presence of hydrochloric acid. The bromine consumption of the 
tetrathionate is measured by titration of the excess of bromine with sodium thiosulphate after the 
addition of potassium iodide. For each equivalent of iodine used to determine thiosulphate by the 
Wollak method, fourteen equivalents of bromine are used to determine thiosulphate by this method. 

Dithionites are labile compounds which undergo 
rapid disproportionation in aqueous solution, but in 
crystalline state the disproportionation is much 
slower. ~--4 

2S202- + H20---+ 2HSO3 + $20~- 

2Na2S204 ~ Na2S2Os + Na25203 

Because of these disproportionation reactions even 
solid dithionite samples always contain sulphite and 
thiosulphite. For this reason dithionite samples can 
be analysed accurately only by determination of all 
three species. 

Dithionite is oxidized to sulphate by iodine and 
bromine. 5'6 As is well known, thiosulphate is oxidized 
to tetrathionate by iodine 7 but to sulphate by bro- 
mine, s 

$2 O2- + 4H20 + 312---, 2SO 2- + 8H + + 6I- 

2S2Oa 2- + I2 ~ $40 2- + 2I- 

$202- + 5H20 + 4Br2--~ 2SO 2- + 10H ÷ + 8Br- 

According to Wollak, 9'~° for the determination of 
thiosulphate in the presence of dithionite and sulphite 
an aliquot of the sample solution is treated with a 
calculated amount of iodine, then excess of sulphite 
is added which reacts with the tetrathionate quanti- 
tatively in neutral solution, 

s ,o~-  + so~- - - ,  s3o,  ~- + S202- 

The excess of sulphite is then masked with formal- 
dehyde and the thiosulphate is titrated with iodine. 
The accuracy of this method is slightly limited 
because the amount of thiosulphate actually titrated 
is only 5070 of the original thiosulphate content of 
the sample. 

* To whom inquiries should be addressed. Present 
address 5000 Centinela Avenue, Los Angeles, Ca. 90066, 
U.S.A. 

Szekeres s used two aliquots for the determination 
of thiosulphate in dithionite solution. To the first ali- 
quot an excess of iodine was added and the surplus 
was titrated with thiosulphate. The second aliquot 
was treated with bromine (potassium bromate-potas- 
slum bromide) solution, and the excess of bromine 
was determined by addition of potassium iodide and 
titration with thiosulphate solution. As shown in 
Table 1, the thiosulphate content can be calculated 
from the difference in the iodine and bromine con- 
sumption. In this method a source of error arises from 
the need to use two aliquots, but theoretically this 
method is fourteen times as sensitive as Wollak's 
method. 

Szekeres noted that dithionite is quantitatively con- 
verted into sulphite and elemental sulphur in the pres- 
efice of hydrochloric acid. 8 

2520~- --* 502 -  -t- 520 2- 4- S 

In the presence of a limited amount of hydrochloric 
acid thiosulphate does not decompose. If the sulphite 
is masked with formaldehyde, the thiosulphate can 
be titrated with iodine. In theory, this method would 
be twice as sensitive as Wollak's method. 

A more sensitive method for the determination of 
thiosulphate in the presence of dithionite and sulphite 
is the one described in this paper. The principle is 
as follows. 

The sample solution is oxidized with iodine. The 
excess of iodine is titrated with dilute sodium hydro- 
gen sulphite solution. After these operations, the solu- 
tion contains sulphate and tetrathionate. Then the 
resulting tetrathionate is oxidized with bromate--bro- 
mide solution in the presence of hydrochloric acid. 

S,O26 - + 7Br 2 + 1OH20 

---,4SO~- + 2OH ÷ + 14Br- 

Iodine dissolved in concentrated potassium bromide 
solution is used for. the oxidation of the thiosulphate- 

dithionite solution. Iodine dissolved in potassium 
iodide solution or in ethanol cannot be used, because 
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Table 1. Ratio of equivalents of reagent to moles of determinand 

Procedure A B D H 
Reagent I Br HCHO/I 1 in KBr/Br 

S 2 0 ~ '  (x) 6 6 4 - -  
SaO~- (y) 1 8 1 7 
so~-  (z) 2 2 - -  - -  
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bromine would react with the potassium iodide or 
with the ethanol. 

Ten dithionite--sulphite-thiosulphite mixtures have 
been analysed according to Szekeres 8 and according 
to the method in this paper. The dithionite content 
has also been determined, according to the well- 
known formaldehyde method of Wollak. 9 It was 
found that the maximum difference between the thio- 
sulphate results obtained by the two methods was 
2.5 mg. Thus the inaccuracy of the three titrations 

taken together was equivalent to about 0.2--0.25 ml 
of 0.1N iodine. 

The basis of the calculation is the iodine and bro- 
mine consumption, as can be seen in Table 1. 

For the calculations the number of ml of 0.1N 
titrant used in procedures A, B, D and H are inserted 
in place of the corresponding letter in the following 
formulae, to give mmole of the species denoted. The 
letters A, B and D refer to procedures already given 
these labels elsewhere by Szekeres, and H to the one 
in this paper. 

7 D + A - B  
x = 

280 

z = 0.05A - 0.05D 

B - A  

70 

7 D + A - B  H 
280 ; Y -  

The data presented in Table 2 show the amounts 
of thiosulphate determined in the samples by the two 
methods and also the amounts of dithionite and sul- 
phite found in the samples. 

In order to prove that the method described is suit- 
able for the determination of thiosulphate in dithio- 
nite-thiosulphate-sulphite mixtures, a determination 
was performed on standardized sodium thiosulphate 

instead of a dithionite mixture, according to pro- 
cedures A, B, D and H, Results near to the calculated 
amount of sodium thiosulphate were obtained. 

EXPERIMENTAL 

Reagents 

Iodine solution (0.1N). Containing 60 g of acetic 
acid per litre. 

Potassium bromate solution (0.01667M: 0.1N), Con- 
taining 50 g of potassium bromide per litre. 

Iodine in potassium bromide solution. Dissolve 500 
g of potassium bromide in 500 ml of water, add 6.5 
g of iodine and stir for several hours. Dilute to 1000 
ml and filter through a sintered-glass filter. 

Sodium hydrogen sulphite solution, 0.025M. 
Sodium thiosulphate solution, 0.IN. 

Sample solution 

Weigh 0.7--1.0 g of sodium dithionite-thiosulphate- 
sulphite mixture and dissolve it in oxygen-free water 
in a 200-ml standard flask. Dilute to volume, mix, 
and use 10-ml aliquots from the solution within 5 
rain. Cloudy solutions should be discarded and fresh 
ones made. 

From each sample solution take eight aliquots, two 
aliquots each for procedures A, B, D, and H. 

Procedure A 

Place in a glass-stoppered flask 20 mi of water and 
20.0 ml of 0.1N iodine. Add 10.0 ml of sample solu- 
tion. After 2-3 rain titrate the excess of iodine with 
0.1N sodium thiosulphate. The consumption is ,4 ml. 

Table 2 

S20~-, mo 
Procedures 

A,B 

S20~-, mO 
Procedures 

H 

Difference 
S2Og-, mo $20~-, me 

Procedures 
A,B,D 

SO~-, mo 
Procedures 

A,B,D 

35.73 
27.52 
21.20 
10.64 
39.31 
6.54 

47.87 
5.57 

54.99 
26.93 

37.18 
29.68 
21.92 
11.67 
39.84 
7.44 

47,92 
5.63 

54.77 
27.74 

1.35 
2.16 
0.72 
1.03 
0.53 
0.90 
0.05 
0.06 
0.22 
0.81 

17.21 
18.53 
18.74 
18.24 
16.45 
13.16 
17.68 
14.89 
15.09 
14.28 

4.32 
0.14 
3.12 
3.80 
5.64 
9.57 
2.87 
5.17 
5.05 
3.77 
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Procedure B 

Place in a iodine-flask 50.0 ml of 0.01667M potas- 
sium bromate solution (containing bromide). Add 
10.0 ml of sample solution. Quickly add 10 ml of 
concentrated hydrochloric acid and allow to stand 
for 30 min. Add 50 ml of water and 1 g of potassium 
iodide and after 2-5min titrate with 0,1N sodium 
thiosulphate. The consumption is B ml. 

Procedure D 

Place in a glass-stoppered flask 10 ml of formalde- 
hyde solution and 10 ml of water. Add 10.0 ml of 
sample solution. After 30 rain add 50 ml of water 
and 20.0 ml of 0.1N iodine. Titrate with 0.1N sodium 
thiosulphate after 2-5 min. The consumption is D ml. 

Procedure H 

Place in an iodine-flask 25 ml of iodine-potassium 
bromide solution. Add 10,0 ml of sample solution. 
If the resulting solution is colourless, add more 
iodine-potassium bromide solution. Add 0.025M 

sodium hydrogen sulphite dropwise from a burette 
until the yellow solution becomes colourless. Add 50.0 
ml of the 0.01667M potassium bromate solution (con- 
taining bromide) and 10 ml of concentrated hydro- 
chloric acid. After 30 rain add 1 g of potassium iodide 
and titrate with 0.IN sodium thiosulphate. The con- 
sumption is H ml. 
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EXTRACTIVE SPECTROPHOTOMETRIC DETERMINATION 
OF PLATINUM, RHODIUM AND IRIDIUM 

KRYSTYNA BRAJTER and URSZULA KOZICKA 
Institute of Fundamental Problems of Chemistry, 

University of Warsaw, Warsaw, Poland 

(Received 3 November 1977. Revised 19 July 1978. Accepted 11 September 1978) 

Summary--Platinum, iridium and rhodium in mixtures are determined sequentially, with rubeanic 
acid, tin(ll) chloride and tin(ll) iodide respectively. The working ranges (in #g) are: Pt 7-100, Rh 
7-70, Ir 7-30. 

Spectrophotometric determination of platinum metals 
in the presence of one another is subject to numerous 
difficulties, mainly caused by the similarity in the 
properties of the metals. Usually, a separation is 
required, especially of rhodium and iridium. The com- 
monest method for their separation is extraction corn- 
combined with masking or precipitation reactions) -9 
After the extraction it is usual for the organic solvent 
to be evaporated, the residue mineralized and the 
metals determined by the tin(II) methods) -7 An alter- 
native s'9 is to determine the metal ions in the form 
in which they were extracted. 

In the present paper a method is suggested which 
simplifies the analytical procedure and permits deter- 
mination of platinum, iridium and rhodium in the 
same solution. 

EXPERIMENTAL 

Reagents 

Rubeanic acid. A 0.1% solution in ethyl alcohol. 
Ethanolic hydrochloric acid. A 1:1 v/v mixture of 

concentrated hydrochloric acid and 96% alcohol, pre- 
pared fresh every day. 

Stannous chloride. A 1M solution in concentrated hy- 
drochloric acid. 

Stannous chloride solution, 33%. Dissolve x g of 
SnCI2"2H20 in 3x ml of a 1:2 v/v mixture of con- 
centrated hydrochloric acid and water. 

Potassium iodide solution, 40%. 
Standard solutions. Chloroplatinic acid (Pt 14 g/l.), 

chlororhodic acid (Rh 7 g/1.) and chloroiridic acid (It 
2 g/l.). 

The organic reagents utilized were distilled before 
u s e .  

Procedure 

Two samples (A and B) containing platinum(IV), 
rhodium(III) and iridium(III) as their chlorides were 
placed in separating funnels, then with constant swirl- 
ing additions were made of 5 ml of ethanolic hydro- 
chloric acid and 4 ml of rubeanie solution. After 
20 rain the pink platinum complex was extracted with 

TAL. 20//5--[ 

10 ml of tributyl phosphate (TBP). The extracts were 
filtered into 25-ml standard flasks and made up to 
volume with TBP; the absorbances were measured 
at 510 nm against a reagent blank. 

The aqueous layers, containing the rhodium and 
iridium, were shaken with 10 ml of hexane. The 
aqueous phases were transferred to small evaporating 
dishes and evaporated on a water-bath almost to dry- 
ness. The residues were dissolved in a small quantity 
of hydrochloric acid. Then hydrochloric acid'was 
added to sample A antil its concentration was 6M, 
followed by 2 ml of 3% hydrogen peroxide to oxidize 
iridium(Ill). After heating on a water-bath to 90 ° and 
decomposition of the excess of peroxide, the solution 
was cooled, transferred to a separating funnel and 
shaken with 5 ml of TBP. The organic layer, contain- 
ing iridium in TBP, was discarded and the aqueous 
phase was shaken with 10 ml of n-hexane. The hexane 
layer was discarded and the aqueous phase (contain- 
ing rhodium) was transferred to a 25-ml standard 
flask; 2 ml of 1M stannous chloride were added and 
the flask was heated for 10 min on a boiling water- 
bath, then cooled, Then 2 ml of 33% stannous chlor- 
ide solution were added, the solution was diluted to 
the mark with water and the absorbance was 
measured at 475 nm against a reagent blank. 

For determination of iridium, sample B was trans- 
ferred to a separating funnel, 2 ml of 1 M stannous 
chloride were added and mixed well, then after 10 
min (not longer) the rhodium was extracted with 10 
ml of ethyl acetate. The organic phase was discarded, 
and the aqueous layer (containing iridium) was trans- 
ferred to a 25-ml "standard flask. Hydrochloric acid 
was added, until its concentration was 1.3M, followed 
by 5 ml of 40% potassium iodide solution. The mix- 
ture Was heated for 10 min on a boiling water-bath 
and then cooled. After addition of 2 ml of 33% stan- 
nous chloride solution and dilution to the mark with 
water the solution was heated for 3 rain on a water- 
bath and cooled rapidly. The absorbance was 
measured at 446 nm against a reagent blank. Calibra- 
tion curves were prepared under the same expcrimen-" 
tal ¢,onditions. 

: 417 
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Table 1. Interference study on the determination of 28/,g Table 3. Number of extractions necessary for separation 
of Pt(IV) of Pt from 41 #g of Rh and 28/tg of Ir 

Foreign ion Tolerance limit, u 0 Pt found, pg 
Pt added,/~g 1 extn. 2 extns. 

Co 500 
Ni 1000 85.7 83.5 83.5 
Fe 500 42.8 42.5 42.5 
Pd 15 

DISCUSSION 

Rubeanic acid was used for the determination of 
platinum. To prevent precipitation of the complex a 
1:1 mixture of concentrated hydrochloric acid and 
96% ethyl alcohol was used. This enabled us not only 
to improve the sensitivity (to 0.28 #g/ml), but also to 
increase the time for which the complex remained 
stable (to 2 hr) and to widen the range of platinum 
determinations relative to methods described pre- 
viously, to. ~ 1 

An important advantage of our method is that 
Pt(IV) may be determined directly in a solution also 
containing rhodium and iridium. The Pt(IV)-rubeanic 
acid complex is easily extracted with TBP, and this 
extraction is used for separating platinum from the 
other ions in the solution. 

Rhodium and iridium were determined by means 
of stannous chloride and iodide respectively, Stan- 
nous halides are often used to determine platinum 
metals, because they react instantly and the reactions 
are highly sensitive. The stability of the iridium com- 
plexes increases in the order chloride < bromide < 
iodide. For rhodium the order is the opposite. How- 
ever, all the platinum metals react with stannous 
halides, so when one of them is to be determined, 
the others must be removed. 

Hence we needed two samples (after prior removal 
of platinum). In one, to determine rhodium with 
tin(II) chloride, 12 the iridium(III) was oxidized to iri- 
dium(IV), which was then removed by extraction with 
TBP. 4 In the other, the rhodium, after complexation 
with stannous chloride in concentrated hydrochloric 
acid, was extracted with ethyl acetate. 

We have found that the rhodium is fully complexed 
even at room temperature and that during the period 
(10 rain) necessary for this, only the rhodium reacts 
with the stannous chloride. 

In the present study platinum was determined 
within the range from 7 to 100 #g, rhodium from 

7 to 70 gg, and iridium from 7 to 30 #g. Solutions 
were taken in which the Pt, Rh and Ir were in various 
proportions. In platinum metal alloys base metals are 
usually absent, but may occur in various platinum 
metal solutions. The most frequent contaminating 
ions are Fe(III), Co(II), Ni(II) and Cu(II). We investi- 
gated the interference of these and of Pd(II) in the 
separation and determination of Pt(IV), Rh(III) and 
Ir(III). 

All these ions interfere in the platinum determina- 
tion (Table 1) and the lowest tolerance limits are 
found for Pd and Cu. These metals should be absent 
in the determination of Pt with rubeanic acid; the 
other metals investigated may be present, if below 
the tolerance limit. 

Using atomic absorption, we found that when 60/Jg 
of each were present, only about 95% of the Fe(III), 
Ni(II) and Co(II) was extracted simultaneously with 
Pt(IV) into TBP. 

The incomplete extraction in the case of cobalt and 
nickel is probably due t o  non-quantitative reaction 
with rubeanic acid under the highly acidic conditions 
necessary for extraction and determination of Pt(IV). 
Even use of a larger excess of rubeanic acid does not 
improve the results. The amount of Fe(III), Co(II) and 
Ni(II) left in the aqueous phase interferes in the deter- 
mination of Ir and Rh, as also do Pd(II) and Cu(LI). 

Our method is therefore restricted in use to deter- 
mination of Pt, Ir and Rh in certain alloys (especially 
those of low Rh content). These alloys are most con- 
veniently dissolved by chlorination in the presence 
of sodium chloride. 

A single extraction is adequate for separation of 
iridium from rhodium (Table 2 ) a n d  of platinum 
(Table 3). 

The determination results are collected in Table 4. 
The largest error is encountered when the rhodium 
content is far higher (>70/zg)  than that of iridium 
(< lo ~g). 

The method suggested is far simpler and shorter 
than the methods cited at the beginning of the paper. 

Table 2. Number of Ir extractions necessary for satisfactory determination of Rh 

Rh found, ## 
Rh added,/~0 1 extn. 2 extns. 3 exms. lr added, ~g 

28.2 28.2 28.2 26.8 24.3 
42.2 42.2 45.1 45. ! 40.6 
56.3 53.5 52.1 49.3 24.4 
70.4 70.4 81.0 84.5 30.0 
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Table 4. Results of analysis of mixtures of Pt, Rh and Ir 

Taken, #0 Found, #O 
Pt Rh lr Pt Rh Ir 

14.3 14.1 16.2 14.3 14.2 16.2 
14.2 14.2 16.1 
14.2 14.1 16.1 
21.4 27.6 19.9 

21.4 28.2 20.3 21.3 26.9 19.5 
21.3 26.6 19.2 
28.2 42.2 14.2 

28.6 42.2 16.2 28.2 42.1 16.1 
28.1 42.0 16.1 
35.2 81.6 13.3 

35.7 84.5 12.2 34.9 80.0 13.1 
34.9 79.6 13.0 
17.0 29.7 19.7 

17.1 28.2 20.3 17.0 29.7 19.7 
17.0 29.6 19.4 
7.1 70.4 23.2 

7.1 70.4 24.3 7.1 70.4 23.0 
7.1 70.1 22.6 

84.0 42.0 6.3 
85.7 42.2 6.5 83.5 40.8 6.2 

8311 40.2 6.2 
96.9 55.0 27.9 

100.0 56.3 28.4 96.6 53.6 27.5 
96.2 53.0 27.4 
42.6 35.1 4.1 

42.8 35.2 4.2 42.5 34.8 4.1 
42.5 34.5 4.1 
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Summary--Chloramine-T (added in excess) oxidizes glutamic acid in various solvent media and the 
reaction is rapid and stoichiometric with a 4-electron change in buffers of pH 1-6, in 0.01M sulphuric 
and perchloric acids and in 0.1M hydrochloric acid. A back-titration procedure using a pH-4 buffer 
or 0.1M hydrochloric acid as reaction medium has been developed, p-Toluenesulphonamide and a 
nitrile have been identified in the reaction products. The effect of other species on the oxidation 
has been investigated. 

Chioramine-T (CAT) has been used for the oxidation 
of a variety of organic and inorganic substrates ~-5 
and the oxidation mechanisms have been kinetically 
investigated:6 -~° During investigation of oxidation of 
some amino-acids such as serine, glutamine, hydroxy- 
proline and giutamic acid by CAT we observed that 
glutamic acid undergoes rapid oxidation in buffers 
of pH 1-6 and sulphuric, perchloric and hydrochloric 
acid media when an excess of CAT is added, with 
a 4-electron change; the reaction was found to be 
fastest in 0. I-1.0M hydrochloric acid. However, when 
the glutamic acid is in excess the reaction is too slow 
to be useful for a direct titration, and a back-titration 
procedure is necessary and has been developed. 

Glutamic acid is a non-essential amino-acid present 
in all complete proteins. The monosodium salt, L(+) 
sodium glutamate, finds extensive commercial use as 
a flavour intensifier. Glutamic acid itself is used i n  
medicine and biochemical research, and as a salt sub- 
stitute and dietary supplement. A survey of the litera- 
ture shows that there are few methods for assay of 
the compound, except the general methods for estima- 
tion of amino-acids. The procedure described here is 
rapid and accurate, and is applicable in the presence 
of various organic compounds. 

Mixtures of glutamic acid with glutathione or cys- 
teine can be analysed for both components by deter- 
mining the thiol by direct titration and the sum of 
the two components by back-titration. 

E X P E R I M E N T A L  

Reaaents 

Recrystallized glutamic acid was used. Its purity 
was checked by non-aqueous titration with perchloric 
acid) 1 Chloramine-T was purified by the method of 
Morris et al. 12 An approxirn~ttely 0.IN solution was 
prepared and standardized by the iodometric 
method. Is All other reagents were of accepted grades 

of purity. Thrice-distilled water was used for prepar- 
ing the solutions. 

Preliminary studies 

Known amounts of glutamic acid solution in 
various solvents were added to a known and excessive 
volume of CAT in an iodine-flask at room tempera- 
ture (25 + 3°). The reaction mixture was set aside for 
various intervals of time, with occasional shaking. 
Then the excess of CAT was determined by iodo- 
metric back-titration. Table 1 gives a typical set of 
results for the extent of oxidation of glutamic acid 
in 5 min by an excess of CAT. It is seen that the 
oxidation is stoichiometric in buffer media of pH 1--6, 
0.01M sulphuric and perchloric acids and 0.1M hy- 
drochloric acid. The oxidation of acid is sluggish at 
pH > 6 and in 0.01-1.0M sulphuric o r  perchloric 
acid, but rapid at hydrochloric acid concentrations 
above 0.1M. The reaction is complete in 2 rain in 
pH-4 buffer or 0.1M hydrochloric acid. 

Recommended procedures 

Glutamic acid. Take a sample containing up to 1.0 
mmole of glutamic acid, and dissolve it in (a) pH-4 
acetate buffer or (b) water. Add (a) the buffered solu- 
tion to 25 ml of 0.IN CAT, or (b) the aqueous solu- 
tion to 25 ml of 0.1N CAT plus 2 ml of 6M hydro- 
chloric acid. After about 2 rain, add 20 ml of 100/o 
potassium iodide solution and 10 ml of 2N sulphuric 
acid. Titrate the liberated iodine with 0.1N sodium 
thiosulphate solution. Run a blank with CAT solution 
alone. 

The amount (x rag) of glutamic acid is given by 

x = 36.78y(Vt - I/2) 

where y is the normality of the sodium thiosulphate, 
Vj is the blank titration and V2 is the volume of 
sodium thiosulphate used to titrate the excess of CAT. 

Glutathione and glutamic acid. (a) Prepare a sample 
solution and to an aliquot of  it add 2 ml of starch- 

420 
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Table l .  Extent of oxidation of glutamic acid with chloramine-T 

421 

Medium 

CAT used, mole 

Glutamic acid taken, mole Medium 

CAT used, mole 

Glutamic acid, mote 

1.00M H2SO4 0.474 pH 1.0 2.009 
0.10M H2SO 4 1.942 pH 2.0 2.001 
0.01M H2SO4 2.000 pH 3.0 2.001 
1.00M HCIO,, 0.616 pH 4.0 2.001 
0.10M HClO 4 1.980 pH 5.0 2.001 
0.OIM HCIO4 2.000 pH 6.0 1.975 
1.00M HCI 2.000 pH 7.0 1.390 
0.10M HCI 2.000 pH 8.0 0.734 
0.01M HCI 1.968 1.00M NaOH 0.010 

0.10M NaOH 0.010 
0.01M NaOH 0.010 

Glutamic acid taken: 0.2 mmole. Time: 5 min. 
CAT taken: 2.0 mmole. Temperature: 25°C. 

iodide indicator and enough 2N sulphuric acid to 
make the overall acid concentration approximately 
0.04N. Titrate slowly, with stirring, with 0.00IN CAT, 
to the appearance of a pale blue colour. TM The 
amount of glutathione present (nag) is 307.3 VN,  

where V and N are the volume (ml) and normality 
of the CAT. 

(b) Take an identical aliquot of sample in an iodine- 
flask and adjust the pH to 5 with acetate buffer. Add 
50 ml of 0.IN CAT. Leave aside for 30 min. Add 
10 ml of 2N sulphuric acid and 10 ml of 20% potas- 
sium iodide solution and titrate the liberated iodine 
with standard thiosulphate solution (1/1 mi). Do a 
blank titration with the same volume of CAT (I/2 ml 
of thiosulphate). 

The amount of glutamic acid present (mg) is 36.78 
y ( I / 2 -  V~ - lOVN/y),  

Cysteine and glutamic acid. Use the procedure for 
the glutathione/glutamic acid mixture, but with 0.2N 
sulphuric acid for the direct titration ts and pH-1 
buffer for the back-titration. 

Many commercial pharmaceutical .preparations 
contain glutamic acid as a major component, along 
with riboflavin and nicotinamide. The latter do not 
interfere in the determination of the glutamic acid 
when hydrochloric acid is used as the reaction 
medium. 

The following compounds (at the levels shown in 
brackets) interfere in either reaction medium: folic 
acid (1.7 mg); calcium gluconate (0.4 mg); calcium 

Table 2. Estimation of glutathione and glutamic acid in mixtures 

Glutathione, direct Glutamic acid, back- 
titration with CAT titration 

Taken, Found, Taken, Found, 
mt.I m.q mg mg 

8.72 8.7 7.87 7.9 
13.08 13.0 11.81 l 1.9 
17.40 17.4 15.74 15.7 
30.24 30.3 30.39 30.4 
40.32 40.3 40.52 40.7 
50.40 50.4 50.65 50.6 

Table 3. Estimation of cysteine and glutamic acid in mixtures 

Cy~eine, dire~ Glutamic acid, 
titration with CAT back-titration 

Taken, Found, Taken, Found, 
mg mg mg mg 

10.01 9.9 10.12 10.1 
15.63 15.6 15.48 15.5 
20.02 20.0 20.24 20.1 
30.09 30.1 30.06 30.2 
31.26 31.3 31.56 31.6 
40.12 40.2 40.08 40.0 
50.15 50.0 50.10 50.6 
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Table 4. Estimation of glutamic acid in presence of riboflavin and nicotinamide 

Composition of the mixture, mg 
Riboflavin Nicotinamide Glutamic acid 

Giutamic 
acid 

found, 
mg 

5.13 5.15 12.31 12.4 
5.00 5.00 20.04 20.0 
10.26 10.30 24.62 24.6 
15.39 15.45 36.93 36.7 
20.52 20.60 49.24 49.2 
25.65 25.75 61.55 61.6 

pantathenate (2,3 mg); pyridoxine hydrochloride (1.0 
rag); thiamine hydrochloride (1.7 mg); glycine (1.0 
rag), Typical results are shown in Tables 2-4. 

Note. In our earlier paper on glutathione, t4 it was 
stated that glutamic acid may not interfere in the back- 
titration procedure for glutathione. This statement 
arose from an oversight by the authors and is 
obviously incorrect. 

(v0 The oxidation mechanism does not involve the 
disproportionation of chloramine-T into dichlor- 
amine-T and p-toluenesulphonamide suggested by 
Higuchi et al. 17 

Interferences 

Any species oxidized by excess of CAT will inter- 
fere. 

RESULTS AND DISCUSSION 

Determinations of 2.5-75 mg of glutamic acid were 
achieved in both pH-4 buffer and 0.1M hydrochloric 
acid medium with an average error of 0.1% and a 
maximum error of 0.5%. 

Detailed investigation of the system brought out 
the following fags 

(0 The stoichiometry of the oxidation can be repre- 
sented by 

HOOC(CH2)2CH(NHz)COOH + 2RNCINa--* 

2RNHz + HOOC(CHz)zCN + CO, + 2NaCI 

where R = CHaCtH4SO2. 
The presence of p-toluenesulphonamide among the 

reaction products was detected by paper chroma- 
tography. Benzyl alcohol saturated with: water was 
used as solvent, 0.5% vanillin in 1.0% hydrochloric 
acid solution in ethanol as spray reagent (Rv = 0.91). 
The presence of nitrile in the reaction product was 
detected by its colour reaction with hydroxylamine 
and ferric chloride.* 6 

(ii) Ions such as K +, Ba 2+, Zn 2+, NO3, PO 3-, 
SO 2-, CIO~ have no influence on the rate of oxi- 
dation of the amina-aeiH. 

(iiO Sodium chlonoe (up to 0.5 mole) has no in- 
fluence on the rate. 

(iv) The stoichiometry is unaffected by the order 
of addition of the oxidant and glutamic acid. 

(v) The reaction rate is retarded in sulphuric and 
perchloric acid media of high concentrations although 
stoichiometric oxidation is complete within 30 rain. 
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ANALYTICAL DATA 

DISSOCIATION CONSTANTS OF THYMOLPHTHALEXONE 

ADAM HULANICKI a n d  STANISLAW GLAB 

Institute of Fundamental Problems in Chemistry, University of Warsaw, Warsaw, Poland 

(Received 17 August 1978. Accepted 4 November 1978) 

Summary--For the dissociation constants of thymolphthalexone the following values have been found: 
p K  3 = 7.03 + 0.02, pK,  = 8.05 __ 0.09 (by potentiometric titration), pKs = 10.83 +_ 0.10, 
PKe = 12.99 + 0.11 (by spectrophotometry). They were determined at I - 0.4 and at 25 °. 

In  the course of prepara t ion  of a comprehensive study 
of complexometr ic  indicators t the p ro tona t ion  con- 
s tants  of thymolphtha lexone  have been investigated. 
Bezdekov~i and  Bud~ginsk~ 2 give pK values of 7.4 
and  12.3 for two successive dissociation steps of this 
indicator.  These values are doubtful  because they 
differ by nearly 5 pK units, and from the s tructure 
of the  compound  and the values for meta lphthale in  3 
(2.20, 2.90, 6.97, 7.83, 11.39, 12.01) which is closely 
related to thymolphthalexone,  it would be expected 
that  in the pH range 6-14 there should be four dis- 
sociat ion equilibria. Because thymoiphtha lexone  is a 
widely used complexometr ic  indicator, t'4 knowledge 
of its p ro tona t ion  constants  is of importance for its 
proper  use. 

containing 1.95 x 10 -4 mole of the disodium salt of thy- 
molphthalexone in 150 ml were titrated with 0.098M 
sodium hydroxide (Fig. 1). All measurements were made 
at 25 + 1 ° and the solutions were deaerated with argon 
to avoid interference by carbon dioxide. 

RESULTS 

The dependence of  absorbance  on  pH (Table I) is 
identical with tha t  shown by Bezdekovfi and 
Bud6glnsky. 2 If  it is assumed that  in the pH range 
10-13.5 only one p ro tona t ion  equil ibrium exists, the 
graphical procedure leads to the value pK = 12.35, 
in good agreement  with the previously reported 

=t:>ic H O ~ R  R ~ O  "~ cH2COOH 

R2 ~ , ~  Rz 

C~O 
~ !  ME TALPHTHALEIN 

• O THYI~ PHTt't~LEIN 

RI R2 
H CH s 
CH 3 CH(CH3) z 

EXPERIMENTAL 

Procedure 

For spectrophotometric determination of the constants, 
absorption curves (330-800 nm} were prepared for 5 x 
10-5M aqueous solutions of thymolphthalexone in buffers 
and sodium hydroxide solutions ranging in pH from 7 to 
14.5. s To all solutions, except those more than 0.4M in 
sodium hydroxide, sodium sulphate was added to provide 
a constant ionic strength of 0.4. In acidic solutions (pH 
< 7) no absorption changes were observed. In all the 
solutions investigated only one maximum was found, at 
605 nm. 

Because in the pH range from 7 to 9 the absorbance 
and its changes are small, potentiometric measurements 
were used for determination of the constants. Solutions 

Table 1. Spectrophotometric determination of dissociation 
constants of thymolphthalexon 

pK calc. 
according to 

pK calc. Albert and 
pH* Absorbance from eq. (1) Serjeant 6 

8.00-8.90 0.060 
9.33 0.080 10.9 10.76 
9.47 0.095 10.9 10.62 
9.74 0.120 11.0 10.63 

10.10 0.155 11.1 10.75 
10.48 0.205 11.3 10.85 
10.85 0.250 11.6 11.03 
10.94 0.270 11.6 11.02 
11.10 0.310 11.7 10.98 
11.23 0.345 l 1.7 10.88 
11.55 0.430 11.9 10.76 
12.31 0.640 12.3 13.23 
12.66 0.820 12.4 12.97 
12.85 0.930 12.5 12.89 
12.97 0.960 12.5 12.94 
13.36 1.070 12.7 13.06 
13.66 1.180 12.7 13.01 
13.85 1.245 12.5 12.85 

14.0-14.58 1.310 

* For solutions more alkaline than pH 12, the basicity 
was calculated from the function Hs_. 
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11 

9 

8 10 12 

NoOH, ml 

Fig. 1. Titration curve of 1.95 x 10 -4 mole of thymolphthalexone with 0.098M NaOH (uncorrected 
for acid impurities in the sample). 

value. 2 If more detailed calculations are performed, 
based on the equation 

Ai -- A 
pK = p H  + l o g ~ A ~ j  (1) 

where A~ and An are the absorbances of the basic 
and acidic forms respectively, and A is the absorbance 
at the given pH, the computed values of pK change 
systematically (Table 1, column 3), which clearly 
indicates that the assumption that there is only one 
protonation equilibrium is wrong. It was therefore 
assumed that two overlapping equilibria occur, and 
the individual values were calculated by using the 
program given by Albert and Serjeant, 6 translated 
into ALGOL IV. The calculated values (Table 1, 
column 4) are 10.83 + 0.10 and 12.99 + 0.11, respect- 
ively (959/0 confidence) and correspond to deproton- 
ation of the two NH ÷ groups arising from the 
zwitter-ion. 

The potentiometric titration curve (Fig. 1) indicates 
the pH changes (in the region 6--9) corresponding to 
deprotonation of the two phenolic groups. A further 
buffer region at higher acidities, which cannot be in- 

vestigated potentiometrically with sufficient precision, 
corresponds to the protolytic reactions of the car- 
boxylic groups. 

The protolytic equilibria involving the -OH groups 
were calculated from the titration curve (Fig. 1) by 
using the program presented by Albert and Serjeant, 6 
translated into ALGOL IV, The pK values obtained 
are 7.03 _+ 0.02 and 8.05 _ 0.09 (95% confidence). 

The four values obtained for the protonation equi- 
libria are similar to those found for metalphthalein. 
The two remaining constants are of less importance 
for complexometric titrations because thymolphtha- 
lexone is commonly used only at pH > 9. 

REFERENCES 

1. A. Hulanicki and S. Glib, Pure Appl. Chem., in the 
press. 

2. A. Bezdekovfi and B. Bud6linsk~,, Collection Czech. 
Chem. Commun, 1965, 30, 818. 

3. G. Anderegg, H. Flaschka and G. Schwarzenbach, 
Heir. Chim. Acta, 1954, 37, 113. 

4. E. Bishop, Indicators, Pergamon, Oxford, 1972. 
5. K. Bowden, Chem. Rev. 1966, 66, 122. 
6. A. Albert and E. P. Serjeant, Ionization Constants of 

Acids and Bases. Methuen. London, 1972. 



7ihnre. Vol. 26. PP. 425 10 444 
0 Pergunon Press Ltd 1979. Printed in Great Britain 

OXIMES AS SPECTROPHOTOMETRIC REAGENTS- 
A REVIEW 
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(Receired 17 July 1978. Accepted 20 Nocember 1978) 

Summary-The uses of oximes as spectrophotometric reagents since 1953 are reviewed. 

The name oxime is an abbreviation of oxy-imine, 
:C=NOH. Oximes are derived from aldehydes or 
ketones by replacement of the oxygen atom of the 
aldehyde group (aldoximes) or the keto group (ketox- 
imes). The oxime group is amphiprotic in nature, hav- 
ing a slightly basic nitrogen atom and a mildly acidic 
hydroxyl group. 

Two main structures (A) and (B) are proposed for 
the oxime group, with evidence for an equilibrium 
between them.’ 

\ \ /O 
C=NOH C==N 

/ / \ 
H 

(A) (B) 

The neutron diffraction work’ on dimethylglyox- 
ime established the presence of O-H bonds, favouring 
structure (A). Oximes are usually associated’-” in 
the solid state by hydrogen-bonding, GH . . . N. 

Isomerism in the oximes was first described by 
Werner.’ ’ Owing to the restricted rotation around 
double bonds the oximes exhibit geometrical isomer- 
ism. Occurrence of two’* isomers in monoximes and 
threeI in dioximes may be visualised as below: 

H5%-- -C-C,HS H,C,--C-C-C,H, 

HON NOH HO: !IOH 

NOH NOH 

7 1-J 

The isomers are usually identified by chromato- 
graphic or spectroscopic methods. TLC has success- 
fully been used by Toul et ~1.‘~” to separate and iden- 
tify benzil-a-monoxime, furilmonoxime, furil dioxime 
and their isomers, and dimethyl monoxime in dimeth- 
ylglyoxime. Soules er a1.14 separated and identified 
various isomers of 2,2’-pyridiloximes. 

It would be pertinent at this stage to mention. in 
brief, structural aspects of the metal oxime complexes 
encountered in this text. 

Simple oximes form complexes of the type (MLJX 
where X represents a univalent anion and n the oxi- 
dation number of the metal ion. These complexes 
assume varying structures and stereochemistries. 

It is interesting to note that the different geometri- Hydroxyoximes and uic-dioximes form square 
cal isomers for the uic-dioximes have been isolated planar bis-chelates with most bivalent ions, with 
only in the aromatic series. There is little evidence closed structures due to formation of additional rings 
that the B(syn)- or y(amphibisomers exist in either by means of interligand and hydrogen bridges. Cry.+ 
aliphatic or alicyclic series15 of uic-dioximes. tal structures of many of these complexes are known. 

Modes of bonding 

The oxime group has two donor atoms, N and 0, 
and may co-ordinate to a metal atom through either 
or both, thus acting as unidentate or bidentate. re- 
spectively. The following structures may arise from 
the different modes of co-ordination of an oxime. 

O(H) O----H---_0 

I I I 

y”““\, 

(0) 

I 
'/CR IN\~ (c) 

>C=N -ONM 
(d) 

(Oximes can react either as such or in the form of 
the conjugate base; this is indicated by putting the 
hydrogen atom H in parenthesis.) 

The structural types (a) and (h) are quite common. 
The type (c) is known in polynuclear species, whereas 
only a few complexes belong to type (d). 

The mode of co-ordination of the oxime group is 
greatly influenced by the other group(s) present in 
the ligand. The oxime group may be the sole co- 
ordinating group present or accompanied by another 
donor group. On this basis the oximes may be 
grouped into the following main classes: 

1. Simple oximes 
2. vie-Dioximes 
3. Carbonyl oximes 
4. Nitrosophenols 
5. Imine-oximes 

6. Pyridine oximes 
7. Azo-oximes 
8. Hydroxyoximes 
9. Amine oximes 

IO. Amidoximes 

Structures of met&oxime complexes 
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Carbonyl oximes and nitrosophenols form inner 

complexes of the type ML, where L represents the 
deprotonated ligand. Bis-chelates are usually square 
planar and tris-chelates are octahedral. 

Pyridine oximes, imine-oximes, amine oximes and 
amidoximes form complexes of varying composition 
and stereochemistries, governed by the properties of 
the central metal ion and steric requirements. 

Structures of some oxime chelates have been eluci- 

dated by infrared, NMR, X-ray and magnetic 
measurements etc.ih-i8 

The bis(dimethyIglyoximate) chelates of a few biva- 
lent transition metals, r.y., Ni(II), Co(U), Cu(lI), Pt(I1) 
and Pd(I1) have been shown to be square planar by 
X-ray diffraction,‘9-24 infrared spectrometry2s-29 and 
magnetic measurements. 30-34 The presence of stable 
hydrogen bridges and metal dn-pn (oxime) bonding 
in these complexes has been postulated.35-38 

COXES proposed a square planar structure for 
nickel sdhcyldoximate in the solid state, from X-ray 
measurements. A similar structure was confirmed by 
Lingafelter c1 ul. 40.41 for the copper sahcylaldoximate 
derivative,4’ in which the square planar units are 
linked through two longer Cu-0 bonds. 

Ward d u/.‘~ reported the synthesis of complexes 
of nickel halides and nitrate with syn-phenyl-2-pyridyl 
ketoxime (HL), and Sen and Malone44.45 synthesized 
complexes of various metals (e.g., Ni, Co, Mn, Pd. 
Pt. Cu. Ag and As), with this ligand. Spectral and 
magnetic studies indicated octahedral geometry for 
the Co(I1). Co(III), Ni(I1) and Mn(I1) complexes, 
linear for [Ag(HL),]NO, and square planar for the 
Pd(L)2 and Au(L)CI, complexes. The electronic spec- 
trum of [Pd(HL)(L)]Cl bears a striking resemblance 
to the spectrum of the square planar [PdC1412- ion. 

2-Pyridine aldoxime (HL) forms paramagnetic46.47 
octahedral nickel(I1) complexes4s*49 of the type 

CW-WJX~~ [Ni(HL),X,]. [Ni(HL)(L)X] and 
[NiL2], In the last two complexes a six-co-ordinate 
structure is obtained through polymerization. With 
palladium(I1) this ligand forms5’.” intramolecularly 

hydrogen-bonded [Pd(HL)L]X and rrans-planar 
[PdL2]. 2H20. With copper( a complex of the type 
[Cu(HL)(L)]X is formed, which is octahedral with 

very weak axial co-ordination. Cu(HL)X, is poly- 
meric, having distorted octahedral geometry.” 

Solubility 

In analytical chemistry the solubilities of metal 

complexes are of vital importance. For instance, the 
analytical selectivity of dimethylglyoxime arises from 
the low solubilities of its complexes with nickel and 
palladium, whereas the corresponding complexes of 
all the other transition metals are quite soluble in 
water. The strong hydrogen-bonding of the -OH 
groups in the planar bis(dimethylglyoxime)nickel(II) 
complex makes it relatively difficult to co-ordinate 
water molecules and this explains its ready extracta- 
bility into chloroform. In the corresponding, but non- 
planar, cobalt(I1) comnlex. the -OH grouns are avail- 

able for bonding to solvent water molecules, thereby 
preventing extraction into chloroform and making 
possible the separation of Ni from Co. 

Formation of mixed-ligand complexes also plays an 
important role in solubility. This is clearly illustrated 
by the palladium dimethylglyoxime complex, which 
is practically insoluble in acidic and neutral aqueous 
media, but is soluble in alkaline medium because the 
palladium central atom can bind a hydroxide ions3 

to give a negatively charged complex. The analogous 
nickel complex is incapable of co-ordination with 
hydroxide ion, even in strongly alkaline mediums4 
and this is why nickel and palladium ions can be 
separated with dimethylglyoxime. 

The differences in solubility of dimethylglyoxime 
complexes can also be explained in terms of unsatu- 
ration of the co-ordination spheres of the central 
atom.55 Of the dimethylglyoxime complexes of the 
bivalent 3d5-3d” transition metal ions, only the 
nickel(I1) complex is incapable of binding unidentate 
ligands (water, hydroxide ion, halide ions). This is the 
reason for the lower solubility of the nickel dimeth- 
ylglyoxime complex in water. In the absence of ad- 
ditional ligands the other complexes bind water mol- 
ecules, or hydroxide ions in alkaline medium, and this 
results in their enhanced solubilities in neutral and 
alkaline aqueous media.s6 

Noruencluture of the oxirnes 

In oxime chemistry the terms syn and unti are used 
instead of the terms cis and trans. In the case of the 
aldoximes the syn-form is the one in which both the 
hydrogen atom and the hydroxyl group are on the 
same side; when these groups are on opposite sides, 
the configuration is anti. Thus I is syn- and II is anri- 
benzaldoxime. With ketoximes, the prefix indicates 
the spatial relationship between the first group named 
and the hydroxyl group. Thus III may be named as 

syn-p-tolylphenyl ketoxime or anti-phenyl-p-tolyl 
ketoxime. 

*;n 11 

P-CH,C,H, 
anti 

General method for preparation 

Vogel 57 has outlined the general method for the 
preparation of aliphatic and aromatic oximes. Prep- 
aration of monoximes is simple but that of dioximes 
is slightly difficult because a mixture of isomers is 
formed and a special procedure is employed for their 
separation. 

Analytical applications in spectrophotornetq 

A large number of oximes are used as spectro- 
photometric reagents in analvtical chemistrv (Table 1). 
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They are applied for trace determination of metal ions 
in various materials. 

Dimethylglyoxime, a well known reagent for nickel, 
has been applied for its determination in steels, alu- 
minium alloys113*114 uranium and its com- 
pounds,’ 1s-1 ” petroleum cracking catalysts,’ I8 
soils,’ I9 copper ores and alloys,1L0~121 iron ores.‘*’ 
niobium, molybdenum, tungsten and its alloys,123-1 25 
zinc and cadmium,126 lead and antimony,127 zir- 
conium, 1 2 * sea-water’2g*130 foodstuffs 131-134 air13’ 
and cement. 136 Dimethylglyoxime has also been used 
to determine iron in copper alloys’ 37*1 38 and rhenium 
in molybdenum and tungsten ores and flue dust.13’ 
Dimethylglyoxime (dmg) mixed complexes are useful 
in selective analytical procedures. For example, the 
red colour of the mixed complex of iron(D) with dmg 
and ammonia allows the selective spectrophotometric 
determination of iron(II The cobalt(II)-dmg- 
iodide mixed complex is suitable for the specific deter- 
mination of cobalt on the micro scale.141 

Formaldoxime has been used in spectrophoto- 
metric determination of manganese in natural 
water,“’ plant material,“* biomaterials,17g nickel 
alloys,180 silicate and carbonate minerals,181 ores and 
rocks,’ 82 soil,lE3 tinlE4 and animal feed.lE5 The 
method has also been automated for the determina- 
tion of manganese in waterlE6 and in silicate 
minerals.‘*’ It is also used for determination of iron 
in water.‘** 

Furil a-dioxime is used for spectrophotometric 
determination of rhenium in ores and in presence of 
large amounts of molybdenum,1g7-199 in tantalum- 
rhenium alloy,200 plutonium-rhenium alloy201 and 
minerals,202 and for copper in rocks and minerals,*03 
palladium in fine gold204 and indirect determination 
of cyanide205-207 and perchlorate. It has also been 
used for spectrophotometric determination of nickel 
in steels, silicate and sulphide minerals,20g petroleum 
oil 210 boiler 
rhdnium,214 

feed-water,*’ ’ alkalis,212~213 
cadmium,215 indium and aluminium,216 

silver,“” tin, lE6 beryllium218 and various other 
metals.219 

Heptoxime 247 is used to determine nickel in silicate 
minerals, Ge, Zr and Cd salts, In and Ga metals. 

Nioxime and furil cr-dioxime have been proposed 
as reagents for spectrophotometric analysis of Ni-Fe, 
Ni-Re and Cu-Fe mixtures.248 

The reaction between rhenium and cc-furil dioxime 
has been applied to an indirect spectrophotometric 
determination of 3-5 ppm of nitrate.313 Perrhenate 
and nitrate form a complex that is not reducible with 
stannous chloride in acid medium. 
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R&mm&LJne mkthode de dktermination de I’amticium par dosage coulomktrique B intensitk imposke 
est propoke. Le dosage est bask SW la rkduction B une tlectrode de mercure des ions mercuriques 
dkplads de leur complexe avec I’acide &bylenediaminet&rac&ique par l’am&icium. La dktermination 
du point 6quivalent est faite par amp&om&ric & deux tlectrodes polariskes. On d&it la cellule de 
mercure et l’appareillage qui permet dans les conditions optimum d’obtenir des prkisions de I’ordre 
de O,i% sur des prises d’essai de 700 )cg d’amkricium et de 42% pour 300 pg (a mt & 95% de confiance). 
Les mesures effect&s sent des mesures absolues ne nkessitant pas d’ktalonnage prtalable. Le temps 
nkessaire B une d&termination est de I’ordre de une heure. Les rkultats des comparaisons etTectuCes 
avec d’autres mtthodes de mesures sont don& ainsi qu’une ttude sommaire des 6ltments g&ants. 

Parmi les m&hodes de dosage r&mment propokes 
pour la d&termination de l’am&icium, le dosage com- 
plCxom&ique 8 Wide 6thyl&diaminetttrac&ique 
(EDTA) est celui qui semble dormer les meilleurs 
rtsultats. Successivement Yamamura,’ MacCracken 
ef a/.,’ Timofeev et al.,j enfin Buijs et Bartscher* ont 
propos& des mQhoda b&es sur I’emploi d’une solu- 
tion &don&e de complexant comme Want, la fin 
de r&action &ant d&ermin&e B I’aide d’tm indicateur 
color6 ou par potentiom&rie. Ces m&hodes rapides 
et prCcises ne donnent malheureusement pas une 
mesure absolue. 

IXS seuls dosages a&olus de J’ami?ricium sont les 
dosages par coulomttrie B potentiel imp& propo& 
par KoehlyJ puis Stokely et Shults.6 La difficult& 
d’obtenir, puis de stabiliser la valence VI de l’am&i- 
cium, rend albatoire I’utilisation en routine de ces 
m&hodes de dosage. 

Pour obtenir des mesures absolues, tout en gardant 
fes avantages du dosage compIexom&rique B I’EDTA, 
now avons, dans cette kude, applique au dosage de 
l’am&-icium la technique du t&age coulom&rique B 
courant constant de Reilley et Porterfield,’ technique 
adaptke par la suite aux dosages de petites quantitbs 
de terres fares par Monk et St&d8 et MacCraken 
et aL9 

La m&thode est bas&e sur la r&&tion &ctrochimi- 
que des ions Hg 2+ dCpla& du camp lexe Na,Hg 
EDTA par I’ajout d’ambicium suivant i%quilibre: 

Hg EDTA*- + Am3+ + Am EDTA- + Hg2+ 

Les ions Hg 2+ lib&% sont r&duits B une &&rode 
de mercure. Le courant de r6duction intBgr& est direc- 
tement proportionnel a la quantitC &am&i&m 
ajoutCe dans la cell&e de mercure. La d&termination 
du point bquivalent est faite par potentiometrie ou 
par ampCromttrie. 

PARTIE EXPERIMENTALE 

Appareilkzge 

Boifes ir gunrs. En raison de la radioactivit& klevke des 
isotopes de I’amtricium, toutes les manipulations ont itt 
effect&es en boltes B gants. La chaine de mesure com- 
prenait une bofte contenant une balance de prkision et 
une tite oi ttait plack le stand de mesure. 

Cell& &mercure. Now avons adapt& pour Ies dosages 
d’amkricium une cellule de mesure concue pour la cou- 
lomitrie d potentiel contrblb de l’uranium et prt%dem- 
ment d&rite.*’ Cette cellule reprbsentke sur la figure 1 est 
en “Plexiglas” poli; son diamktre intirieur est de 33,s mm; 
elle est pourvue B sa base d’un fil de platine assurant la 
liaison &lectrique avec la nappe de mercure. Le volume 
minimum dWe.ctrotyte nkessaire est de 3 ml. L’agitation 
est ass&e par un agitateur en “Lucoflex” de forme 
6tudike; son diamdtre est de 16 mm et sa vitesse de rotation 
3000 t/mn. La d&a&ration est effectuke en admettant au 
dessus de la solution une surpression d’azote, surpression 
rkglable B I’aide d’un manometre. Le compartiment auxi- 
liaire est un tube de verre “Pyrex” obturC par un frittk 
No 4. L’klectrode auxiliaire est un fil de platine. 

Ekectrmies indicatrices. Deux types d%Iectrodes indica- 
trices ont Ctt employ&es: microtlectrodes de Pt amalgamt 
et microklectrodes d’or amalgam& L’ensemble le plus fiable 
est wlui rep&sentC par la figure 2. Deux fils d’or de 
diam&re I,7 mm sent noy&s dans un embout en “Tetlon” 
montC B force sur un tube en “T&on”. L’extrkmitt? des 
fils d’or est polie avec soin, d&ai&e puis amalgam&e par 
dkp% kctrolytique de mercure. 

En fonctionnement normal, chaque matin les microblec- 
trodes subissent un traitement d’activation: traitement 
anodique $ 500 pA pendant 200 sec. l’klectrolyte &ant la 
solution de wmplexe Hg EtiTA’-, puis traitement catho- 
dique B 200 fi pendant 900 sec. 

Quand ma&t? le traitement d’activation, la rCponse des 
Electrodes devient moins rapide ou plus erratique, on net- 
toie les tlectrodes par trempage dans I’acide nitrique (IOM) 
puis par une abrasion avec du papier trts tin on renouvelle 
la surface des &zctrodes qui est a nouveau amalgam& 
Cette optkation peut i+tre renouvelk jusqu’h ce que I’em- 
bout soit completement us& 

Ensemble de mesure. Tous les dosages ont t%t effect& 
avec un ensemble Tacussel comprenant un gknkrateur cou- 
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Electrodot pour dhtection 
biompwom&iquo 

Agitateur “Lucoflex” 

NH4N03 IM _ 
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Fig. I. Cellule de coulomttrie. 
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Fig. 2. Electrodes pour detection ampkomktrique. 
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Dosage coulom6trique pr6cis des actinoides 

Iom6trique type GCU, une unit6 de d6teetion potentio- 
amp6rom6trique type UDPA et une unit6 d'int6gration de 
courant type UAIC. Cet ensemble permet la g6n6ration 
d'un courant constant et l'int6gration de ce courant. 
L'unit~ de d6tection potentiom6trique ou amp6rom6trique 
peut piloter le g6n6rateur de courant (arr6t de la gOa6ration 
/~ un point pr6d6termin6 par exemple). Le trac6 des courbes 
amp6ropotentiom6triques est effectu6/~ I'aide d'un enregis- 
treur Tacussel type EPL2. 

Rdactifs 
Solution de complexe H9 EDTA ~ -. Pour un litre de solu- 

tion complexante, 2,20 g de mercure sont dissous dans 
l'acide nitrique, on ajoute h la solution 3,72 g de Na2 
EDTA, 57 ml d'acide ac6tique glacial et la quantit6 n6ces- 
saire d'ammonia que pour amener le m61ang¢/t pH 5. La ' ' 
solution est conserv6e en flacon polyth6ne. Tons les pro- ,  
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1018'06 et de 1022'1.12 Pour obtenir un dosage com- 

pl6xom6trique pr6cis, il faut d'apr6s Ringbom: ~3 

1. que les constantes de stabilit6 conditionnelles 
des deux ch61ates soient sup6rieures /l 107; 

2. que la constante de stabilit6 conditionnelle du 
ch61ate Am E D T A -  soit beaucoup plus grande que 
celle du ch61ate Hg EDTA 2-. 

D'apr6s Monk et Steed s et McCracken et al. 9 ces 

conditions sont satisfaites pour certaines terres rares 
(Nd, Ce, Y, . .  ) dans les milieux tampon ac6tique en 
op6rant :~ un pH sup6rieur/t 4. Vu les ditiicult6s, faute 
de donn6es, de calculer les constantes conditionelles 
des complexes Am E D T A -  et les similitudes des pro- 

duits utilis6s sont des produits pour analyse. ~,~ pri6t6s chimiques entre l'am6ricium et les terres rares, 
Solution d'amdricium et de terres rares. Les solutions de nous avons 6tudi6 exp6rimentalement les milieux 

terres rares ont 6t6 obtenues par dissolution de l'oxyde acide ac6tique-ac~tate d 'ammonium et acide ac6ti- 
de haute puret6 et dilu6es par pes6e. Les solutions de 
2*~Am et de 243Am ont 6t6 pr6par6es h partir de I'oxyde. 
Les solutions obtenues ont 6t6 purifi6es par chromatogra- 
phic en phase inverse sur colonne D2EHPA/Gaz Chrom 
Q, scion un mode op6ratoire pr6c6demment d6crit, t~ Les 
solutions purifi6es sont pr6cipit6es par I'aeide oxalique, 
I'oxalate obtenu 6tant ensure transform6 en oxyde par 
chauffage. L'oxyde obtenu est dissous duns I'acide nitrique 
puis dilud au poids desir6. 

Mode opdratoire 

On introduit dans la cellule de mesure 7 ml de mercure 
puis 3 h 9 rnl de solution de complexe Hg EDTA 2-. Le 
compartiment auxiliaire est rempli d'une solution de 
nitrate d'ammonium IM, la cellule est plac6e sur son stJp- 
port et on effectue sons agitation une d6sa6ration de 10 
mn environ. 

Le seuil de l'unit6 de d6tection amp6rom6trique est fix6 
/t 0.5/~A et le potentiel appliqu6 entre ies deux micro61ec- 
trodes d'or amalgam/./t 20 mV. On proc&le alors en mode 
automatique/t la r6duction des ions Hg 2+ libres pr6sents 
dans la solution de complexe Hg EDTA 2-. Le courant 

. de r6duction est fix6/t 500 #A. Lorsque le courant passant 
dans le circuit de d6tection atteint la valeur de 0,5 /~A 
fix~e comme seuil, le circuit est coup6 automatiquement. 
On passe alors en mode manuel, la valeur du courant est 
fix6e/l 200/tA et la r6duction est poursuivie en enregistrant 
la courbe amp6rom6trique et en int6grant le courant. 
Quand I'enregistrement de la courbe permet de d6terminer 
avec pr6cision le point 6quivalent, on coupe le circuit et 
on d6termine graphiquement le quantit6 de courant ayant 
pass6 clans le circuit apr6s le point &luivalent (soit n~ cette 
quantit6). 

On ajoute alors darts la ccllule de mesure une aliquote 
pes6e de la solution /t doser et on d6gaz¢ pendant 5 mn. 

La r6duction des ions Hg 2+ lib6r6s s'effectue alors en 
mode automatique /l 500 #A (soit N le nombre de cou- 
lombs correspondant /t cette partie du dosage) puis en 
mode manuel comme d6crit ci..dessus soit n2 la quantit6 
d'61ectricit6 consomm6e pour atteindre en mode manuel 
le point 6quivalent. 

La quantit6 d'61ectrieit6 totale est done n~ + N + n2 -- 
Q coulombs. Si P = poids de l'aliquote de la solution /t 
doser; M = masse atomique de l'am6ricium; C--concen- 
tration de la solution d'am6ricium; F- - le  faraday (96485C), 
on a C = QM/2PF. 

RESULTATS ET DISCUSSION 

Choir du milieu tampon et du pH 

Les constantes de stabilit6 des complexes Am 
E D T A -  et Hg EDTA 2- sont respectivement de 

que-ac6tate de sodium. Ces deux milieux tampons 
donnent de bons r6sultats mais nous avons pr6f6r6 
ie milieu acide ac6tique-ac6tate d 'ammonium qui 
donne les meilleurs virages en amp6rom6trie /t deux 
61ectrodes polaris6es. 

Des essais effectu6s avec le n6odyme puis avec de 
l'am6ricium nous ont amen6s /t op6rer fi pH 5. A 
un pH inf6rieur b. 4, le dosage n'est plus quantitatif, 
d'autre part, si on fixe le pH fi une valeur sup6rieure 
/t 6, on risque une hydrolyse de I'am6ricium et surtout 
de doser d'6ventuelles impuret6s (alcalino terreux). 

Choix de la mdthode de ddtection 

Parmi les m6thodes de d6tection du point 6quiva- 
lent envisageable, nous avons exp6riment6 la poten- 
t iom6trie/ t  courant nul, la potentiom6trie A courant 
impost  et l 'amp6rom6trie/t  deux 61ectrodes polaris6es 
(dead-stop end-point). 

La potentiom6trie ~ courant nul a 6t6 rapidement 
abondonn6e, le saut de potentiei obtenu 6tant /t pH 
5 trop faible (de I'ordre de 50 mV) pour obtenir une 
indication pr6cise du point 6quivalent. 

Comme Monk et Steed s l 'avaient constat6 dans des 
conditions de mesure semblables, les courbes de 
titrages (Fig. 3-a) obtenues en potentiom6trie ~ cour- 
ant impos6 ne permettent pas un rep6rage ais6 du 
point 6quivalent. Nous avons donc choisi comme 
"point 6quivalent apparent" un potentiel fix6 arbi- 
trairement avant le maximum, pendant la mont6e 
rapide du potentiel. En op6rant seion le processus 
illustr6 par la figure 3-b, avec un potentiel de con- 
signe, nous obtenons un dosage automatique qui sera 
juste si la pente et la hauteur des vagues de pr6titrage 
(pr6r&luction) et de titrage (r6duction) sont similaires. 
Les mesures ont 6t6 effectu6es sur deux micro61ec- 
trodes d 'or ou de platine amalgam6. 

La reproductibilit6 obtenue est bonne: des erreurs 
relatives moyennes (a) de 0,1% :~ 95% de confiance 
ont 6t6 obtenues sur le titre d'une solution de zinc. 
Malheureusement, nous n'avons jamais pu obtenir 
des miero61ectrodes donnant des r6ponses stables 
dans le temps. Au bout de quelques heures, la hauteur 
du saut de potentiel commenqait h varier, ce qui 
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h courant imposk: (c) dktection ampkomttrique. 

entrain& une erreur importante SW le dosage. Le 
retraitement journaiier ou bijournalier des electrodes 
posant trop de problemes pour des dosages s’effec- 
tuant en boite a gants, cette methode de detection 
a dit Ctre abandonnte. 

La methode qui a etC finalement retenue est l’am- 
perometrie a deux tlectrodes polariskes effect&e sur 
deux electrodes d’or amalgam& La surface des tlec- 
trodes est de 2.3 mm’, la difference de potentiel appli- 
q&e entre les tlectrodes 20 mV. La figure 3-c reprb 
sente un virage obtenu en ampkrometrie. Le courant 
residue1 obtenu est de I’ordre de 42 PA. La deter- 
mination du point equivalent est faite graphiquement 
(cf: mode opkratoire). ce qui entraine une imprecision 
qui devient importante si on dose de petites quantitb 
d’americium (prise d’essai < 1 jcmole d’ambricium). 

Malgrt cet inconvenient, la mtthode du “dead-stop 
end-point” a ttt retenue en raison de la bonne repro- 

ductibilitt dam le temps de la reponse des electrodes 
et de sa facilitt de mise en oeuvre. 

Reproductihilik et justesse 

Les resultats obtenus sont rassemblts dans le tab- 
leau 1. La reproductibilite des mesures est fonction 
de la prise d’essai. L’erreur relative moyenne sur le 
titre (a) calcuke au niveau de confiance de 95% est 
de f 41% pour des prises d’essai de 15 mg de 
neodyme et pour 700 lg d’amtricium et * 0,15 a 0,294 
pour 350 pg (1,5 mole) d’amtricium. Ces rtsultats 
sont 21 comparer 21 ceux obtenus par methode indir- 
ecte (dosage volumttrique a I’EDTA avec detection 
spectrophotomttrique du point equivalent) soit 
*0,5% pour des prises d’essai de 5 mg d’americium 
par Yamamura’ et _LO.l% au niveau de confiance 
de 68% pour des prises d’essai de 1 mg par Buijs 
et Bartscher.4 

Tableau 1 

Cation Prise d’essai pg 
Concentration 

moyenne trouvte, mg/g 
Nombre de 

dtterminations 
Ecart type Ecart moyen 

0 relatif o/ l ,O 

Nd 1500 9,159 12 0,015 41, 
Nd 450 1,512 11 0,003 0.13 
24’Am 200~800 2,328 10 0,046 0.10 

700 2,329 9 40039 0.13 
300 2,327 9 40053 O,l, 

243Am 350 2,323 8 0,0056 0.2, 
80 2,338 4 0,0052 0,3, 

* Ecart moyen relatif ‘0 (a mt) = ((T t)/, n x 100/X. 



Dosage coulomttrique prCcis des actindides 449 

Les essais effect&s sur de trb faibles prises,d’essai 
(80 pg) donnent une reproductibilitt acceptable (a = 
*0,35%) mais on constate l’apparition d’une derive. 
Le r&.ultat s’karte de 0,7x par ex&s du rtsultat 
obtenu avec les prises d’essai plus importantes. Cette 
derive due probablement au courant rbiduel, ne peut 
ttre supprimke qu’en travaillant B concentration plus 
klevk en amCricium dans la cellule c’est B dire en 
utilisant une micro cellule. 

Ne disposant pas d’amkricium Ctalon pour tester 
la justesse du dosage coulom&ique, nous avons kt 
amen& li efiectuer des comparaisons avec d’autres 
mkthodes de dosage. 

Deux comparaisons ont CtC effect&es sur des solu- 
tions d’amkricium. La premibe portant sur une 
solution de 243Am a consist6 g comparer le dosage 
coulomktrique g la mesure de l’activitk alpha de la 
solution. On a obtenu les r&hats suivants: 

Dosage coulomttrique: 2,208 f 0,004 Mg/g en 
243Am. 

Dosage par mesure activitk alpha: 2,21+ 402 Mg/g 
en 243Am, (la pkriode utiliske pour z43Am est 7400 
ans, I’incertitude sur la valeur de la pkriode n’est pas 
prise en compte dans le calcul de I’incertitude sur 
le dosage par mesure de I’activitt alpha). 

Une autre comparaison a CtB effect&e avec la spec- 
tromttrie de masse a thermoionisation. Deux ali- 
quotes, pesCes avec p&Son, de solutions de 241Am 
et 243Am prtalablement do&es par coulomktrie, ont 
ttk mklangtes et ce melange a Ct6 analysk par spec- 
tromttrie de masse & thermoionisation tin de 
mesurer le rapport masse 241/masse 243. La valeur 
du rapport obtenu par spectromktrie de masse a Ctt 
cornparke g la valeur calculte a partir des titres cou- 
lomttriques et des peskes. On a obtenu les valeurs 
suivantes: 

2411243 valeur par coulomktrie = 

1,147 f 0,006 

241/243 valeur par spectromktrie de masse = 

1.146 +_ 0,005. 

L’kcart entre les deux valeurs (0,1x) indique une trts 
bonne concordance entre les deux mkthodes. 

D’autres comparaisons effect&s sur des solutions 
de terres rares, avec des dosages gravimttriques, mon- 
trent que les rCsultats obtenus par coulomttrie se 
trouvent toujours dans I’intervalle de confiance du 
rksultat gravimttrique. 

On notera Cgalement que I’activitC alpha n’a pas 
d’influence sur la reproductibilitt des mesures. En 
effet, les erreurs relatives sont comparables pour les 
dosages effect&s sur des solutions de 241Am et de 
243Am de concentrations voisines alors que les acti- 
vitts spkcifiques de ces deux isotopes diffkrent d’un 
facteur de 17. 

ElPments g&ants 

Les BlCments g&ants sont, soit des anions forte- 
ment complexants (citrate, fluorure . . . ), soit des 

cations dtplacant le mercure de son complexe avec 
I’EDTA. Parmi ces derniers, il faut noter les terres 
rares; les mktaux bivalents fortement complex& par 
I’EDTA (log K 2 16, Pb, Zn. Cd, Cu.. ), les mttaux 
g la valence IV stable (Th. Zr, Pu.. .). Par contre, 
g pH 5, les alcalins, les alcalino-terreux, les pla- 
tino’ides, W, Ta, MO,. . ne g&nent pas. 

CONCLUSION 

Malgrt les limitations importantes apportkes au 
champ d’application de la mkthode par I’existence 
d’un grand nombre d’CICments g&ants, le dosage cou- 
IomCtrique de I’amtricium garde tout son jntCr&t pour 
la prtparation de solutions de rtfkrence et le dosage 
d’oxyde ou de mCtal pur. Ce dosage permet d’obtenir 
de bonnes prkisions en utilisant peu de mat&e 

(a mt f O,l% sur des prises d’essai de 700 pg; *0,2x 
sur des prises d’essai de 300 pg d’amkricium). Les 
rbultats obtenus sont des rtsultats absolus ne 
ntcessitant pas la prtparation, la certification et la 
conservation de solution de rkfkrence, et par la m&me 
le dosage s’avtre d’une grande rapidit& de mise en 

oeuvre. 
Le temps nkcessaire I une dktermination en boite 

a gants avec ajout par peste n’exctde pas 1 h, ce 
qui permet d’effectuer 5 ou 6 determinations dans une 
journke de travail. 

La miniaturisation de la cellule de coulomktrie et 
la prtparation de micro Clectrodes permettant d’uti- 
liser facilement la potentiomttrie & courant impose 
devraient permettre d’amkliorer notablement les per- 
formances du dosage. Des essais en tours laissent 
espkrer la possibilitt de doser 100 pg d’amkkium 
avec une prtcision de f 0,1 B +0,2%. 
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Summary~~-A method is proposed for determination of americium by coulometry. It is based on dis- 
placement of mercury(H) from its EDTA complex by americium and its subsequent electroreduction. 
The equivalence point is found by the “dead-stop” method. The cell and apparatus described will 
give a precision of about 0.1% for 700 fig of americium and 0.2% for 300 pg (relative standard error 
of the mean. 95”,, confidence) under optimum conditions. The measurement is absolute and prior 
standardization is not required. The determination takes about an hour. The results are compared 
with those ohtained by other methods and interferences have been studied. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
TETRAZENE IN PRIMERS AND PRIMER MIXES 

BY USE OF RESORCINOL 
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(Received 18 October 1978. Accepted 6 November 1978) 

Summary-A spectrophotometric method is proposed for the determination of tetrazene (tetracene) 
in primers and primer mixes that involves treatment of the tetrazene with resorcinol solution and 
measurement of the intensity of the yellow colour of the diazo-dye produced. In the application of 
the method, lead styphnate and barium nitrate are first removed by extraction with ammonium acetate 
solution and then nitrocellulose and PETN are removed by extraction with acetone. The insoluble 
matter containing the tetrazene is boiled with resorcinol reagent, the solution filtered, and the ab- 
sorbance measured at 400 nm. Conditions for optimum colour development are studied and the nature 
of the reaction is considered. 

Tetrazene (tetracene), the explosive, is an important 
constituent of primers and priming compositions. 

Tetrazene is now considered to be l-tetrazene- 
2-carboximidamide,4-(lH-tetrazol-5-yl)-monohydrate 
(I).te3* For about 45 years it had been considered to 
be l-guanyl-4-nitrosoaminoguanylisotetrazene (II).” 

copy.‘-’ A chemical qualitative test consists of disso- 
lution of tetrazene in sodium hydroxide solution and 
addition of copper acetate to produce a blue precipi- 
tate.’ 

In the present work, a method was developed for 
the determination of tetrazene by boiling with resor- 

N-N 

’ 

II 

‘CN NNHNH!:H H 0 = 2. 2 

/ 

N-NH 
I 

Tetrazene in primers and primer mixes is usually 
determined (preferably in a 0.5-g sample) by dissolu- 
tion of various ingredients in appropriate solvents, 
followed by collection on a crucible, weighing, treat- 
ment with boiling water to hydrolyse the tetrazene, 
filtration, reweighing, and taking the loss in weight 
to be tetrazene.’ Another method consists of hydro- 
lysing the tetrazene in dilute sulphuric acid and titrat- 
ing with potassium bromate, with iodine in carbon 
tetrachloride as the indicator (the products of hy- 
drolysis consume two equivalents of potassium bro- 
mate per mole).s Tetrazene in primers has also been 
determined polarographically, aher dissolution in 
O.OlM hydrochloric acid and the addition of sodium 
tartrate or aher dissolution in 4N sulphuric acid and 
neutralization with tetramethylammonium hydrox- 
ide.” Qualitative identification of tetrazene in 
primers has been performed by infrared spec- 
troscopy, t’*12 X-ray diffraction,‘*“*t4 and micros- 

* The IUPAC rules indicate that the name should be 
4-carbamimidoyl-l-(lH-tetraxol-5-yhtetrazene monohyd- 
rate. 

$;” 
NH,CNHNHN=NCNHNHNO 

II 

cinol solution and measurement of the yellow colour 
produced. 

EXPERIMENTAL 

Reayents 

AK reagents used were of reagent grade. 
Resorcinol solution (S::,). Prepare fresh daily. 
Ammonium ucetore solurion (W;,), water trnd trcaone, 

saturated wirh tetrurene. Add a few mg of tetrazene IO I 
litre of the liquid to be saturated, shake, allow to stand 
overnight, and filter. 

Tetrarene, military yrude. Is This is not commercially 
available, but readily synthesized in the laboratory.‘.3 XB 

Determination of fuctor 

Transfer the tetrazene (usually stored under water) to 
a 15-ml sintered-glass crucible, of fine porosity (porosity 
4). Wash with water and then acetone. Dry by heating 
at 50” for 30 min. Weigh out duplicate portions (10-13 
mg) into 150-ml beakers, using a balance that will give 
a precision of 0.1%. Add 60 ml of 57;, resorcinol solution 
to each, cover with watch-glasses, heat to boiling, and boil 
moderately for 5 min. Run a reagent blank at the same 
time. Cool to room temperature and dilute to ICOO ml 

451 
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in standard flasks. Measure the absorbance at 400 nm 
against the reagent blank and calculate the factor (average) 
as follows: 

Factor = 
mg of tetrazene 

absorbance 

Procedure 

Transfer 250 mg of the sample to a H-ml sintered-glass 
crucible of fine porosity (porosity 4). Place the crucible 
in the adaptor of a suction flask, add 10 ml of 20”/, 
ammonium acetate solution saturated with tetrazene, and 
allow to stand for 10 min. stirring frequently with a rod. 
Turn on the suction, drain the crucible, and wash with 
portions of ammonium acetate solution until the washings 
are colourless (up to about 30 ml additional ammonium 
acetate solution will be required). Finally, wash with water 
saturated with tetrazene. Save the filtrate for the deter- 
mination of lead and barium, if desired. Wash the crucible 
with acetone saturated with Tetrazene to remove nitrocel- 
lulose or pentaerythritol tetranitrate (PETN) and deter- 
mine these substances if desired. Place the crucible on its 
side in a 1%ml beaker and add 60 ml of 5% resorcinol 
solution. Cover with a watch-glass, heat to boiling, and 
boil moderately for 5 min while stirring frequently with 
a rod and rotating the crucible. Rinse the crucible with 
water, filter the solution through the same crucible, and 
wash with water. Dilute the filtrate to 1000 
ml in a standard flask and measure the absorbance at 400 
nm against the reagent blank. Calculate the per cent tetra- 
zene as follows: -_ 

% Tetrazene = 
absorbance x factor x 100 

mg of sample 

Note. For smaller size samples (25125 mg) proceed as 
above but dilute in a smaller standard flask (100-500 ml) 
so that the tetrazene content will be about 0.010-0.013 
mg/ml. Calculate the per cent tetrazene as follows: 

absorbance x factor 

% Tetrazene = x ml of diluted solution 
mg of sample x 10 

DlSCUSSlON AND RESULTS Constituent Reaction 

Study offactors aflecting the co/our 

The effect of different amounts of 5% resorcinol 
solution (10.0 mg of tetrazene, 3 min boiling time, 
dilution to 1000 ml) is shown in Table 1. The colour 
develops fully with 10 ml of 5% resorcinol solution 
and does not change significantly with greater 
amounts. The use of 60 ml of resorcinol solution is 
recommended, since this is nearly enough to cover 
the sintered-glass crucible placed on its side in a 
150-ml beaker. 

Lead styphnate 
Barium nitrate 
PETN 
Nitrocellulose 
Antimony trisulphide 
Aluminium 

Calcium silicide 
TNT 

RDX 
Tetryl 

The effect of boiling time is shown in Table 2. The 
colour develops fully after boiling for about 2 min Lead thiocyanate 

Lead azide 
Sodium azide 
Lead dioxide 
Potassium chlorate 
Z&Dinitrotoluene 

Partially soluble, yellow solution 
Soluble, colourless solution 
Insoluble, colourless solution 
Insoluble, colourless solution 
Insoluble, colourless solution 
Slightly soluble, colourless 

solution 
Insoluble, colourless solution 
Partially soluble, slight pink 

colour 
Insoluble, colourless solution 
Partially soluble, slight yellow 

colour 
Soluble, slight yellow colour 
Insoluble, colourless solution 
Soluble, colourless solution 
Partially soluble, yellow solution 
Soluble, colourless solution 
Partially soluble, slight green 

colour 
Insoluble, colourless solution 

Table 1. Effect of amount of 5% resorcinol solution (10.0 
mg of tetrazene, 3 min boiling, dilution to 1000 ml) 

Resorcinol solution, ml Absorbance 

2 0.33 
5 0.40 

10 0.42 
25 0.41 
50 0.42 

100 0.43 

Table 2. Effect of boiling time (10.0 mg of tetrazene, 60 
ml of 5% resorcinol solution, dilution to 1000 ml) 

Boiling time, min Absorbance 

Incipient boiling 0.36 
2 0.43 
5 0.42 

15 0.42 
30 0.41 

and decreases slightly on boiling for 30 min. A 5-min 
boiling period is recommended. 

The absorption spectrum in the visible region 
shows just one peak with maximum absorbance 

around 400 nm. It is recommended that the absor- 
bance be measured at this wavelength. The proposed 
method is not useful in the ultraviolet because resor- 
cinol absorbs strongly in that region. The colour is 
stable for several hours. 

A calibration curve, prepared by weighing out por- 
tions of tetrazene (515 mg) and proceeding as in the 
method, was found to be a straight line. However, 
weighing small amounts of tetrazene is tedious, so 
the use of a factor, rather than a calibration curve, 
is recommended. The colour is not affected by excess 
of resorcinol, so the final volume chosen does not 
alter the absorbance for a given concentration of 

tetrazene. 

Interferences 

In considering the question of interferences, it was 
borne in mind that the proposed method was 

Table 3. Reaction of resorcinol solution with constituents 
of explosives 

Diphenylamine 
2-Nitrodiphenylamine Partially soluble, yellow colour 
Ethyl centralite Partially soluble, yellow colour 
Nitroguanidine Partially soluble, colourless 

solution 
Gum arabic Soluble, colourless solution 
Butyl phthalate Insoluble, colourless solution 
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designed for small arms lead styphnate primers. This 
type of primer ordinarily contains lead styphnate 
(about 35--40x), barium nitrate (about 35-45x), vary- 
ing smaller percentages of other ingredients (such as 
antimony trisulphide, nitrocellulose, PETN, pow- 
dered aluminium, and calcium silicide), and 2-5x 
tetrazene. 

A study was made of the effect of boiling the resor- 
cinol solution with different ingredients of explosives. 
The results (Table 3) shows that the colour reaction 
with resorcinol is selective for tetrazene, but there are 
interferences from insoluble matter, colour from the 
explosive ingredients, and colour due to oxidation of 
the resorcinol (by lead dioxide). 

The interference of lead styphnate was eliminated 
by extraction with ammonium acetate solution (this 
also removes barium nitrate). Even though nitrocellu- 
lose and PETN do not interfere, it was decided to 
extract these compounds with acetone so that they 

. could be determined [tetryl, TNT, and cyclotrimethyl- 
enetrinitramine (RDX) would also be extracted]. The 

’ interference from the insoluble antimony trisulphide, 
aluminium powder and calcium silicide was elimin- 
ated by filtration. 

Tetrazene is considered to be completely insoluble 
in water, ammonium acetate solution, and common 
organic solvents.‘-’ However, in order to avoid any 
possibility of error, it is recommended that the water, 
ammonium acetate solution and acetone used be 
saturated with tetrazene. 

Attempts were made to eliminate the interference 
of lead dioxide (which is found in some primers) by 
treatment with 207, ammonium acetate solution con- 
taining a little hydrogen peroxide. It was found that 
lead dioxide (together with lead styphnate and barium 
nitrate) dissolved in this solvent but some tetrazene 
also dissolved, so the results were low. It might be 
possible to establish a correction factor, but this was 
not investigated. 

The possible application of the method to the 
determination of tetrazene in lead styphnate-lead 
azide primers was not investigated. Lead azide does 
not give a colour with resorcinol solution (Table 3) 
and also is readily soluble in ammonium acetate sol- 
ution,’ so presumably it would not interfere. 

In primer analysis, it is customary to determine 
several ingredients consecutively, on one or two 
samples, since the amount of sample available is fre- 
quently small. ‘*’ The proposed method for tetrazene 
fits into such a scheme, since the different ingredients 
(after treatment with the different solvents) can be 
determined by the usual classical, spectrophotometric 
and atomic-absorption methods, or calculated by dif- 
ference. 

Chemistry of the reuction 

Tetrazene is made by the diazotization of amino- 
guanidine with sodium nitrite (in a nearly neutral 
medium).‘~3-6 It might be expected, therefore, that 
tetrazene, like other diazo-compounds, would couple 
with certain aromatic compounds to produce dyes. 
Mention has been made of dyes produced by reaction 
of tetrazene with a-naphthol, /Y-naphthol and aro- 
matic amines.‘6-1s In the usual preparation of these 
dyes, an aqueous suspension of the tetrazene is 
treated with a solution of the aromatic compound, 
the mixture is heated at 80 for 25 min, and the dye 
is precipitated by adding hydrochloric acid.16 

The exact nature of the reaction involved in the 
formation of the dye from resorcinol is uncertain. 
However, judging by the work of past investigators 
on naphthols and amines, “.r* the reaction probably 
which immediately reacts with the resorcinol to pro- 
duce the dye (possibly 1,2,3,4-tetrazole-5-azo-4-resor- 
cinol). It has been stated r7.‘s that in the absence of 
a coupling agent the diazotetrazole loses two atoms 
of nitrogen to form hydroxytetrazole, a compound 
that does not react to produce a dye. This explains 
our observation that the intensity of the colour was 
lower if the tetrazene were hydrolysed by boiling with 
water before the resorcinol was added. The longer the 
boiling time before the addition of the resorcinol, the 
greater was the decrease in the intensity of the colour. -.. 

Resorcinol was chosen as the coupling reagent (in 
preference to other phenolic compounds and amines) 
because it gave a low blank. 

Results for primer mixes ond primers 

The results obtained for tetrazene in several syn- 

Table 4. Results for tetrazene in synthetic primer mixes (1000 ml dilution) 

Present, mg Tetrazene found, my 

6.2 Tetrazene + 100 Pb styphnate + 100 Ba(NO,), 6.4 
+ 20 SbzS, 

9.6 Tetrazene + 100 Pb styphnate + 100 Ba(NO,)z 9.8 
+ 20 Sb& 

12.7 Tetrazene % 90 Pb styphnate + 90 Ba(NOs), 12.9 
+ 20 Sb& + 20 nitrocellulose 

10.5 Tetrazene + 90 Pb styphnate -t 90 Ba(NO& 10.2 
+ 20 SbzS, + 20 CaSi, 

12.0 Tetrazene + 90 Pb styphnate + 90 Ba(NO& 12.1 
+ 20 SbzS, + 20 PETN + 20 Al powder 

6.8 Tetrazene + 90 Pb styphnate + 90 Ba(NOa)z 7.1 
+ 20 SbZSI + 20 PETN + 20 Al powder 
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thetic primer mixes are shown in Table 4. The re- 
coveries were good. The results obtained on an actual 
primer (containing lead styphnate, barium nitrate, 
antimony trisulphide, aluminium powder, PETN, and 
nominally 3% tetrazene) were 3.05 and 3.14’7;. There 
was insufficient sample to analyse the primer for 
tetrazene by an alternative method. 
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Summary-A pseudo-kinetic method has been developed for determining the ferrous and ferric iron 
in the water-soluble oxidation products of pyrrhotite, pyrite and chalcopyrite. and ores and concentrates 
containing them. Two determinations are required for each material. In one, the total iron is determined 
with l,lO-phenanthroline after reduction to Fe(H). In the other, the reduction of Fe(lll) is retarded 
by complexation with fluoride. The difference in the amount of ferrous phenanthranoline complex 

pioduced in these two determinations is a function of the original Fe(lll) concentration and of time 

As part of a general study of the long-term stability 

of sulphide-bearing ores and concentrates of the 

Canadian Certified Reference Materials Project, the 

air-oxidation of the more common sulphide minerals 
was investigated. Analytical methods were developed 
to determine the total metalle3 and the sulphur-bear- 
ing constituents4 in the oxidation products of sul- 
phide minerals. The application of these methods has 
allowed the definition of the oxidation products of 
pyrite, chalcopyrite and pyrrhotite’ and of galena, 
sphalerite and chalcocite.6 

Although the total metal in the oxidation products 

of a sulphide mineral is an excellent indication of the 
extent of oxidation, it gives little information concern- 
ing the distribution of the metal among the various 
possible products. For example, for a mineral such 

as pyrrhotite which can oxidize to goethite, 
Fe20,.H20, and to FeS,O, + Fe2(S04)3.xH20, a 
total metal value does not indicate whether the 
products are separate entities, combined in a basic 
sulphate or combined in an even more complex fash- 
ion. Indeed, some samples of oxidized pyrrhotite exhi- 
bit a blue colour resembling that of certain materials, 
e.y., tourmaline, and partially oxidized vivianite, in 
which Fe(I1) + Fe(II1) charge transfer is thought to 
occur.’ It is evident that our understanding of oxi- 
dation would be improved by knowledge of the 
nature as well as the chemical composition of the 
oxidation products of a sulphide mineral. 

This communication reports an initial attempt to 

obtain information on the nature of the oxidation 
products of the iron sulphide minerals, by use of 
chemical phase analysis.* A method is described for 
the determination of Fe(I1) and Fe(II1) in the water- 

* Crown Copyrights reserved. 
t The amounts of sample added to the flasks should be 

as similar as possible, with minimum elapse of time 
between additions. 

soluble oxidation products of pyrite, chalcopyrite and 
pyrrhotite. The determination of the total iron, i.e.. 

Fe(H) + Fe(III), is straightforward. The Fe(l1) and 
Fe(III) components must, however, be determined by 
a pseudo-kinetic procedure because of the strongly 
reducing properties of the unoxidized sulphide 
mineral substrate. 

EXPERIMENTAL 

Reuyents 

I./O-Phenonfhroline (phen) solution, I..ir?,, in elhunol, (100 
ml ethanol.) 

HJ’drox&mine h~drochbride solution I fJ”l,. 
Buffer pH 23, Dissolve 94.5 g of monochloroacetic acid 

and 20.0 g of sodium hydroxide in water and dilute to 
1 litre. 

Ammonium jfuoride solurion, 7..Yc,, 

Mineruloyictrl muteriuls 

Pyrrhorite (Falconbridge, Ontario, Canada, 59.94”,, F-c). 
Pyrite (Rico, Colorado, U.S.A., 46.18’:, Fe). 
Chulcoovite (Aio. Arizona. U.S.A.. 30.01’!;. Fe) 
All m&al samples had a grain size between 325 and 

200 mesh (Tyler) and were treated with IOM phosphoric 
acid’ and ammonium sulphide solution’ to remove oxi- 
dation products formed during their preparation from 
coarse lumps. Portions of these samples were oxidized for 
various periods of time at various temperatures and rela- 
tive humidities. 

Procedure 

Pipette into each of two IOO-ml flasks, 36 ml of water. 
5 ml of pH-2.8 buffer, I ml of hydroxylamine hydrochlo- 
ride solution and 4 ml of phen solution. Add an additional 
4 ml of water to one flask and 4 ml of ammonium fluoride 
solution to the other. Using a small funnel, transfer lo 

each flask 5@-1000 mg of mineral, expected to contain not 
more than about 400 fig of water-soluble iront. Using a 
mechanical shaker, agitate the stoppered flasks for 15 min 
at room temperature. Centrifuge a small portion from cilLll 
flask, decant the clear red solution into a dry l-cm cuvette 
and measure the absorbance at 510 nm against a water 
blank. Return the contents of the cuvette and any solution 
remaining in the centrifuge tube to the IOO-ml flask. Repeat 
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PYRRHOTITE 

CHALCOPYRITE 

PYRITE + O-5 mg/g 

I 2 3 4 

TIME (hr) 
Fig. 1. Iron in the water-soluble oxidation products of pyrrhotite, chalcopyrite and pyrite, as a function 

of time. 

this procedure to give total agitation times of 30, 64 90 
and 120 min. 

The iron content of the solution is determined from the 
calibration curve. 

Calibration curve 

A calibration curve is constructed with a ferrous 
ammonium sulphate solution containing about 100 mg of 
iron per litre. Aliquots of this stock solution are transferred 
to 50-ml flasks containing 5 ml of pH-2.8 buffer, 1 ml 
of hydroxylamine hydrochloride solution and 4 ml of phen 
solution. The contents are diluted to the mark and the 
absorbance is read at 510 nm. 

RESULTS AND DISCUSSION 

Iron must be in solution to form the phen complex. 
Therefore, only those iron-bearing species that are 
soluble in water or in pH-2.8 chloroacetic acid buffer, 
e.g., Fe$O,, FeSO,, Fe2(SO&, etc., will be deter- 
mined by the proposed method. As expected, tests 
with Fe20, and Fe,O, (reagent grade) showed no 
solubility in water or acetic acid buffer for contact 
times up to 4.5 hr, which is longer than required for 
the proposed method. In view of the observation that 
the chloroacetic acid buffer does not leach iron 
oxides, it can be concluded that any iron that is 
leached by the buffer is essentially the same as that 
leached by water alone, i.e., the proposed method 
determines the ferrous and ferric iron in the water- 
soluble oxidation products. 

Addition of hydroxylamine hydrochloride 

In the absence of a reducing agent such as hydroxyl- 
amine, any Fe(II1) in the water-soluble oxidation 

products is rapidly reduced to Fe(II) by the sulphide 
mineral itself. This reduction, of course, releases ad- 
ditional iron into solution so that the total iron values 
obtained are high. Results obtained so far indicate 
that one mole of Fe(M) releases an additional 0.25 
mole of iron from pyrrhotite but only 0.13 mole from 
pyrite or chalcopyrite. This difference is, of course, 
a result of the different Fe:S ratios in these minerals. 
Because this problem of high total iron values is 
easily overcome by the addition of a reducing agent 
such as hydroxylamine, further investigation was not 
undertaken. 

Effect of leaching time 

Figure 1 shows the effect of agitation or leaching 
time, t, on the total iron values obtained for samples 
of pyrrhotite, pyrite and chalcopyrite. The rate of in- 
crease of colour formation is obviously essentially 
linear after approximately 1 hr. 

The slope of the linear portion of the curves sug- 
gests that there is slight further attack on the non- 
water-soluble oxidation products or perhaps on the 
unoxidized mineral itself. It seems reasonable, in ana- 
logy with copper in the chalcopyrite system,3 that 
extrapolation of the linear portion to r = 0 be used 
to obtain the total iron value for the water-soluble 
oxidation products. 

Complexation of ferric iron 

The determination of the Fe(II1) in the water- 
soluble oxidation products requires that this species be 
protected from reduction to Fe(I1) by the minerals 
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J 

Fig. 2. Iron in the water-soluble oxidation products of pyrrhotite and chalcopyrite, as a function 
of time, when determined in presence and absence of fluoride. 

or by the added hydroxylamine. Complete prevention 
of such reduction is, however, not possible. Of several 
complexing reagents tested for stabilizing Fe(M), 
fluoride was the most satisfactory. The fluoride com- 
plexes of Fe(M) are reduced to Fe(U) at a sufficiently 
slow rate and in addition do not absorb at 510 nm. 
These two facts provide the basis for kinetic difleren- 
tiation of iron(II1) from iron(II). 

Determination of ferrous and ferric iron 

Figure 2 shows a plot of typical results obtained 
by the proposed method for a sample of unoxidized 
pyrrhotite and a sample of chalcopyrite oxidized at 
SO” and 75% relative humidity (RH) for 5 weeks. The 
effect of the fluoride complexation of F&III) on the 
total iron values is obvious. The difference between 
the total iron values determined with and without 
fluoride present (AFe) has been found to be a linear 
function of reaction time for all the samples of chalco- 
pyrite and pyrite but only about half of the samples 
of pyrrhotite so far analysed. The plot of this differ- 

ence vs. time is, in fact, a plot of the change in the 
Fe(II1) concentration with time. Theoretically, there- 
fore, extrapolation to t = 0 should give the true value 
of Fe(II1) in the water-soluble oxidation products. 

The total iron is given by extrapolation (to t = 0) 
of the essentially linear portion of the plot of total 
iron (determined in absence of fluoride) KS. t. The 
Fe(I1) is then given by subtracting the iron(II1) value 
from the total iron. 

To determine whether the procedure yields the cor- 
rect values when the relationship between AFe and 
t is linear, samples of clean pyrrhotite, chalcopyrite 
and pyrite were spiked with known amounts of Fe(ll) 
and FeJIII). The results given in Table 1 clearly show 
that the method is capable of determining Fe(H) and 
Fe(II1) in the water-soluble oxidation products of the 
iron sulphide minerals. 

Leaching action of fluoride solution 

Fluoride solution, because of its ability to complex 
Fe(III), is a potential solvent for Fe(II1) compounds 

Table 1. Determination of known quantities of Fe(II) and FeWI) 

Fe added, mg 

Fe(II) Fe(II1) 
FeW 
total 

Fe found, mg 
Fe(II) Fe(M) 

net total 
Fe(II1) 

net 

Pyrrhotite 
0.0 
0.12 
0.0 

Chalcopyrite 
0.0 
0.12 
0.0 

Pyrite 
0.0 
0.12 
0.0 

0.0 
0.18 
0.31 

0.0 
0.18 
0.31 

0.0 
0.18 
0.31 

0.03 
0.14 
0.03 

0.01 
0.14 
0.02 

0.003 
0.11 
0.00 

0.0 
0.11 
0.0 

0.0 
0.13 
0.01 

0.0 
0.11 
0.00 

0.03 
0.22 
0.33 

0.01 
0.21 
0.33 

0.003 
0.19 
0.30 

0.0 
0.19 
0.30 

0.0 
0.20 
0.32 

0.0 
0.19 
0.30 
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Fig. 3. Iron in the water-soluble oxidation products of pyrrhotite, as a function of time, when deter- 
mined in the absence and presence of F-. (N.B. The A and A points are referred to the right-hand 

scale.) 

that are not soluble in water. Indeed, determinations 
on some samples of oxidized pyrrhotite gave a larger 
value for total iron when fluoride was present than 
when it was absent, indicating that the fluoride pro- 
moted dissolution of water-insoluble oxidation 
products. Figure 3 illustrates the results obtained for 
pyrrhotite oxidized at SO” and 62”” RH for 2 and 
4 days. The non-linear relationship between AFe and 
r is evident and the extrapolation of these plots to 
r = 0 is somewhat more difficult (note that the scale 

on the right-hand side of the figure refers to AFe, 
and is inverted relative to the scale on the left-hand 
side). A non-linear regression fit to the data would 

yield the best results but the assumption that the rela- 
tion is linear for the lowest values of t would cause 
only a small and acceptable error when deviation from 
linearity is not too great, as is observed in Fig. 3. 

To determine whether non-linear plots of AFe U.S. 
t are capable of yielding correct values of total Fe, 
Fe(M) and Fe(II), samples of pyrrhotite oxidized at 

SO” and 627: RH for 1, 4 and 7 days were spiked 
with known amounts of Fe(I1) and Fe(M). The results 
are shown in Table 2 and again illustrate that the 
proposed method is capable of determining the 
Fe(II1) and Fe(I1) content of the water-soluble oxi- 
dation products of the iron sulphide minerals. 

Table 2. Determination of known quantities of Fe(M) and Fe(W) added to pyrrhotite 
oxidized at 50°C and 62% RH 

Oxidized 
for 

Fe added, mg 

Fe(I1) Fe(II1) 
Fe(I1) 
total 

Fe found, ntt~ 
Fe(I1) Fe(II1) 

net total 
Fe(II1) 

net 

I day 

4 days 

7 days 

0.0 0.0 0.01 
0.12 0.18 0.13 
0.0 0.31 0.01 

0.0 0.0 0.05 
0.12 0.18 0.18 
0.0 0.31 0.05 

0.0 0.0 0.07 
0.12 0.18 0.19 
0.0 0.31 0.07 

0.0 
0.12 
0.0 

0.0 
0.13 
0.0 

0.0 
0.12 
0.0 

0.0 0.0 
0.19 0.19 
0.32 0.32 

0.03 0.0 
0.20 0.17 
0.35 0.32 

0.05 0.0 
0.24 0.19 
0.36 0.31 
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Table 3. Fe(R) and Fe(lIl) in water-soluble oxidation ably be applied to concentrates and ores containing 
products of chalcopyrite oxidized at 5o’C and 75?!, RH pyrrhotite, pyrite and chalcopyrite as well as other 

for 5 weeks iron minerals, e.g., arsenopyrite, FeAsS, bornite, 

Sample, g CusFeS, etc. Application of this method to oxidized 
coals’ and soils’o containing pyrite also seems poss- 

0.3013 0.28 0.78 
0.3032 0.28 0.73 
0.3007 0.26 0.78 
0.1507 0.29 0.76 
0.0550 0.26 0.75 

s = 0.03 s = 0.04 

Reproducibilit) 

This was tested with the sample of chalcopyrite oxi- 
dized at 50’ and 75;‘, RH for 5 weeks. The results 

of quintuplicate determination of Fe(U) and Fe(Ill) 
in the water-soluble oxidation products of this sample 
are summarized in Table 3. The observed precision 
is well within that expected in chemical phase analy- 
sis.’ Moreover, some variability is to be expected in 
the subsampling of the oxidized chalcopyrite sample. 

Applicobilit_v of method 

The method overcomes the problem of reduction 
of Fe(lI1) by the mineral itself. It can therefore prob- 

ible. Moreover, because Fe(lIl) is easily reduced by 
any sulphide mineral present, the proposed method 
can be used for the analysis of the water-soluble iron 
phases from oxidized minerals such as sphalerite 
which are, in general, iron-bearing. 

The floatability of a sulphide-bearing ore can vary 
with the extent of oxidation. Water-soluble oxidation 
products probably pass into solution rapidly and 
should not affect the floatability. Therefore. any 
observed difference in the flotation behaviour between 
samples of the same ore is probably due to different 
concentrations of the water-insoluble oxidation 
products. For ores containing the iron sulphide 
minerals, the difference between the total iron in the 
oxidation products’ and that in the water- 
soluble oxidation products should be a good indi- 
cator of a difference in the extent of oxidation of 

samples of that ore. 
A knowledge of the Fe(H) and Fe(N) content of 

the water-soluble oxidation products of iron sulphide 
minerals can provide some information on the nature 

09 

0.6 
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PYRRHOTITE OXIDIZED AT I I TOTAL Fe 
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/ 

Fig. 4. Total iron in all oxidation products and Fe(II) and Fe(llI) in the water-soluble oxidation 
products of samples of pyrrhotite, as a function of time of oxidation at 50 C and 62”; RH. 
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of those products. Figure 4 shows a plot of the Fe(H) 
and Fe(lll) values in the water-soluble oxidation 
products, and the total iron in the oxidation 
products,’ for samples of pyrrhotite that had been 
oxidized at SO” and 627,; RH for up to 7 days. Each 
sample was kept at controlled temperature and humi- 
dity at all times, except when subsamples were being 
removed. 

Figure 4 also gives the colour of the test samples. 
The change in colour of the pyrrhotite specimen is 
indicative of the changing composition of the surface 
layer or, possibly, of all of the oxidation products. 
Goethite, FezO, .HzO, and Fe2(SOa)j .xH1O are 
orange or beige and are the oxidation products of 
pyrrhotite oxidized for 7 days.5 Goethite is expected 
to be predominant at 50” and 62% RH.’ The spec- 
trum of the blue subsample oxidized for 2 days (not 
shown) suggests a mixed oxidation state iron complex 
in an oxygen matrix, with Fe(II)+Fe(III) charge- 
transfer bands giving rise to the blue colour.’ 

crease in amount of water-soluble Fe(II)-containing 
oxidation products. Figure 4 clearly illustrates that 
the variation in the Fe(I1) content of the water-soluble 
oxidation products follows in the expected fashion the 
formation and subsequent transformation of the 
mixed oxidation state iron compound. In contrast, 
the total iron content of all oxidation products shows 
an increase with the extent of oxidation, but this in- 
crease provides no information concerning the nature 
of the oxidation products. A more detailed interpre- 
tation of the variation of the Fe(I1) and Fe(II1) con- 
tent of the water-soluble oxidation products with the 
extent of oxidation is beyond the scope of this com- 
munication. 

For pyrrhotite, the Fe(H)-containing oxidation 
products, thought to be mainly Fe!$O,, remain 
essentially the same as the extent of oxidation in- 
creases.’ It is evident, therefore, that any binding of 
Fe(l1) as a less soluble product of more complex 
nature, such as by formation of a blue mixed oxi- 

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

8. 
9. 

dation state iron compound should result in a de- 10. 
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Summary-Relative sensitivity factors for determination of 41 elements by spark-source mass-spectro- 
metry have been measured. The samples were pressed into graphite electrodes and ionized with a 
radiofrequency spark. The mass spectra were recorded on a photoplate and the resulting data proceksed 
by a computer. Indium was used as standard and the relative sensitivity factors for both singly- and 
doubly-charged ions were determined with reference to the singly-charged indium ion, with an overall 
error of 30%. The mean analysis precision was 16%. 

Owing to the very high ionization energy used in the 
spark plasma, spark-source mass-spectrometry 
(SSMS) is a multielement analysis technique with 
comparable sensitivity for all elements from light to 
heavy. It can be used over a large concentration range 
so it is a very useful technique for semiquantitative 
survey analyses of widely different materials (without 
correction factors). The usefulness of SSMS can be 
improved by introducing so-called elemental relative 
sensitivity factors. 

The ion-beam reaching the mass analyser after 
extraction from the ion-source is not representative 
of the electrode composition because of selective 
evaporation and ionization, and non-uniform extrac- 
tion. In instruments without z-focusing the transmis- 
sion through the analyser is different for every mass. 
Differences in detector response also play a major 
role.’ The difference between the measured and true 
concentration of an element (x) may be compensated 
for by the use of a sensitivity factor which is defined 
relative to an internal standard element (y) as: 

R WY) = (C,/C,),,,~(CdC,),,., (1) 

The relative sensitivity factor of the internal standard 
element itself is unity, so equation (1) reduces to: 

C 
R(x/y) = -c”” . (2) 

X lWC 

The sensitivity factors are experimentally determined 
with standard reference materials. 

Sensitivity factors will be affected by the method 
of calculation, depending on which corrections are 
included, by the instrument settings and by the detec- 
tor system used (photographic or electric). Literature 
data on relative sensitivity factors are difficult to com- 
pare because of incomplete descriptions of the experi- 
mental conditions.” The question of whether relative 
sensitivity factors depend on the matrix has been dis- 
cussed recently.3*“*5 

In this paper relative sensitivity factors are reported 
for photographic detection of 41 elements in a graph- 
ite matrix. 

EXPERIMENTAL 

Apparatus 

The mass spectrometer used was a radiofrequency spark- 
source double-focusing instrument with Mattauch-Herzog 
geometry (JMS-OI BM-2, JEOL, Tokyo). It has a spherical 
electric field for focusing the ion-beam in the z-direction. 
Ilford Q-2 38 cm x 5 cm ion-sensitive plates were used as 
detectors. The transmittance of the exposed plates was 
measured with a single-beam microdensitometer (JEOL 
JMD-2C) controlled by a JEOL-JEC-6 minicomputer. 
Photoplate measurement data were punched on paper tape 
and processed off-line by a 64-K computer (PDP ll/45). 
The automated evaluation of photographically recorded 
mass spectra is fully described Ilsewhere.6 Recently the 
microdensitometer and the larger computer were linked 
by magnetic tape, instead of the minicomputer and paper 
tape, thus reducing the processing time from about 160 
to 90 min for one photoplate with 15 exposures.’ 

Sample preparation 

Since only an extremely small part of the electrode 
material reaches the detector in SSMS analysis, the homo- 
geneity requirements for the sample are very stringent. The 
most widely used method for preparing graphite electrodes 
is the freeze-drying of a suspension of graphite powder 
in the standard metal solution and subsequent pressing 
to form the electrodes.s*9.‘0 In this work standard metal 
solutions (Johnson-Matthey suprapure metal oxides dis- 
solved in Merck suprapure acids or bases and deminera- 
lized doubly distilled water) were mixed with ultrapure 
graphite (Johnson-Matthey), with acetone as wetting 
agent, in a film evaporator (Biichi Rotavapor M-HB 140). 
The 25-ml flask, positioned at a 45” angle, rotates around 
its axis and the suspension is dried under vacuum at a 
temperature of about 45’. The dried graphite is then 
shaken for 5 min in a Wig-L-Bug shaker and pressed into 
electrodes (12 mm long, 2 mm diameter) under a pressure 
of 10 ton/cm2. 

Mass spectrometric procedure 

Indium was chosen as the internal standard because its 
concentration in common environmental samples is very 
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Table I. Instrumental settings for SSMS-analysis of graphite electrodes 

Spark : radiofrequency 1 MHz 
spark voltage 40 kV 
pulse length 20 fisec 
repetition frequency 1 kHz 

Width of the slits: main slit IO-20 urn 
z-slit 0.6 mm 
/I-slit 0.8 mm 

Analysis: accelerating voltage 28 kV 
electrostatic sector voltage 2.9 kV 
magnetic held I4000 gauss 

Vacuum: source <I x IO-‘mmHg 
analyser <I x IO-*mmHg 

Plate development: temperature 18“ 
developing time 2.5 min 
fixation time 5 min 

Table 2. Relative sensitivity factors in a graphite matrix for singly-charged ions with reference 
to indium 

Element 

Measured relative sensitivity factor 
Hamilton Conzemius 

This work and Minski’ Konishi” and Svec’” 

SC 
V 
Mn 
Fc 
CO 
Ni 
CU 
Zn 
As 
Se 
Rb 
Sr 
Y 
Zr 
MO 
Pd 

Ag 
Cd 
In 
Sb 
Te 
Ba 
La 
HI 
W 
Re 
Au 

Hg 

:b 
Nd 
Sm 
Eu 
Gd 
Tb 

DY 
Ho 
Er 
Yb 
Lu 
U 

0.24 + 0.18(3)* 
0.41 + 0.17(10) 
0.58 + 0.13 (10) 
0.59 ; 0.16 (6) 
0.52 * 0.09 (14) 
0.59 i 0.1 I (8) 
0.58 + 0.11 (12) 
0.61 + 0.07 (7) 
0.36 k 0.08 (I 3) 
0.34 k 0.08 (9) 

2.14 + 0.65 (4) 
0.48 + 0.05 (5) 
0.21 + 0.02 (4) 
0.17 + 0.02(7) 
0.22 + 0.07 (6) 
0.62 + 0.32 (6) 
1.07 f 0.25(17) 
0.26 + 0.05 (6) 
I 
0.30 +_ 0.03 (6) 
0.25 + 0.05 (5) 
0.34 L 0.14 (7) 
0.19 * 0.07 (7) 
0.19 + 0.15(2) 
0. I5 + 0.04 (7) 
0.24 + 0.06 (I I ) 
0.32 + 0.15 (6) 
0.09 + 0.08 (3) 
0.21 + 0.03 (14) 
0.18 + 0.02 (8) 
0.15 + 0.02(5) 
0.43 f 0.12 (2) 
0.28 f 0.08 (6) 
0.32 + 0. I I (6) 
0.19 + 0.04(10) 
0.17 f 0.03 (6) 
0.2 I f 0.05 (5) 
0.22 f 0.07 (5) 
0.19 * 0.21 (2) 
0.18 + 0.02 (5) 
0.11 & 0.02(19) 

0.62 
0.67 
1.0 
0.57 

0.52 

0.39 

3.4 
1.0 

0.14 0.20 
0.27 0.29 

0.46 0.48 
0.21 0.29 

0.27 
0.38 

0.19 
0.14 

0.24 
0.20 

0.19 

0.40 
0.58 
0.48 
0.47 
0.29 
0.36 
0.44 
0.42 
0.27 

1.4 
0.60 

0.21 

0.31 
0.26 
0.56 

0.19 

0.16 

0.11 
0.45 
0.34 

0.24 
0.34 
0.42 
0.22 
0.20 
0.22 
0.24 
0.24 
0.43 
0.17 

0.19 

* Figures in brackets refer to the number of measurements. 
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low. so systematic errors are at a minimum. It has only 

two stable isotopes (“%I. 95.72% and “‘In. 4.28%) and 
singly- and multiply-charged ions cause very few spectral 
interferences. Its low boiling point (2ooo”) and low first 
ionization energy (5.77 eV) make indium a sensitive ele- 
ment for SSMS analysis. 

The cylindrical electrodes were positioned top-to-top.’ ’ 
with one electrode fixed and the other vibrating, to main- 
tain a mean gap of about 300 pm. The instrumental par- 
ameters are listed in Table 1. A series of 15 graded expo- 
sures was made on each plate, ranging from 0.1 to 150 
nC. All samples were presparked for at least 5 min. 

Fifteen different standard samples were prepared, con- 
taining altogether 42 different elements in concentrations 
between 10 and 40 ppM. The data presented were 
extracted from 20 photoplates, giving 870 measured values 
for concentrations of singly-charged ions (matrix ions 
excluded) or 319 mean element concentration values. In 
addition 190 mean concentrations were measured by 
means of doubly-charged ions. 

RESULTS AND DISCUSSION 

For analytical purposes it is necessary to have a 
factor which relates the measured to the true elemen- 
tal concentration. A physical or chemical interpre- 
tation of this factor is not necessarily required. In 
the computer evaluation of the mass spectra in this 
work, no correction was made for differences in plate 
sensitivity with differences in ion mass, energy or 
structure. The elemental relative sensitivity factors 
listed below consequently contain contributions from 
all fundamental sensitivitydetermining phenomena. 

Relatire sensitivity factors for singly charged ions 

Column 2 in Table 2 lists the mean sensitivity fac- 
tors vs. the indium standard for 40 elements. These 
factors were obtained by calculating elemental con- 
centrations from the photoplates, assuming equal sen- 
sitivity for each atom in the mass spectrometer and 
comparing this value with the true concentration in 
the sample. The confidence limit of the mean (also 
given in column 2) is a measure of the accuracy of 

the determination of the sensitivity factor and is 
defined by: 

A=t/T (3) 

where Ri and R are the individually measured and 
mean sensitivity factors respectively, n the number of 
measurements for the element and t the Student-t fac- 
tor for two-tailed 900! confidence. 

Our experimental data are compared with litera- 
ture data from Hamilton and Minski,’ Konishir2 and 
Conzemius and Svec’” in columns 3, 4 and 5 of 
Table 2. The precision of the measurement is defined 
by the coefficient of variation: 

The mean precision for all the data is 272,. The 
measurements were carried out over a period of 19 
months. The mean precision over a shorter series is 

better, 16%. probably because of more constant in- 
strumental settings. 

Hamilton and Minski’ and Conzemius and Svec13 
used an AEI-MS7 and Konishi” a CEC 21-1108 
mass spectrometer, both without ;-focusing and with 
short photoplates (25 cm). In their spectrum calcula- 
tion. line-width correction was performed by using 
the line-width at half maximum intensity instead of 
integration. The calculation algorithm of Konishi” 
also included a correction factor for the mass-depen- 
dence of the emulsion sensitivity (m-“.4). In order to 
make comparison with the other data possible, these 
sensitivity factors have been recalculated with this 

massdependence excluded. The tabulated sensitivity 
factors of Hamilton and Minski’ and Konishi” are 
the literature values recalculated for indium as stan- 
dard (R,, = l), those of Conzemius and Svec13 are 
referred to lanthanum (RI., = 0.19). 

A similar correspondence between Hamilton’s data 
and those obtained with the JEOL equipment was 
observed for relative sensitivity factors in steel 
matrices.” The low sensitivity factor for Hg is prob- 
ably due to loss by volatilization during sparking. 

Relatioe sensitivity factors ,for doubly-charged ions 

The determination of elemental concentrations in 
the electrodes through the line intensities of only the 
singly-charged ions is possible if the fraction of mul- 
tiply-charged and molecular ions of the element 
remains constant over all analyses. If these ratios vary 
irreproducibly. the sum of all possible ions of an iso- 
tope should be used for the concentration calculation. 

Considering the satisfactory precision obtained in 
the determination of sensitivity factors for singly- 
charged ions, a reproducible distribution over the dif- 
ferent ionization forms may be expected when the 
sparking conditions are kept constant. Nevertheless, 
the determination of elemental concentrations 
through the doubly-charged ions can be useful to 
account for interferences, or when all singly-charged 
ions suffer from interference, or for additional confir- 
mation of the qualitative analysis. Table 3 lists the 
sensitivity factors for doubly-charged ions, again rela- 
tive to In+ as an internal standard. The ratio of 
doubly- to singly-charged ions is also tabulated. 
These sensitivity factors are subject to all physical 
and chemical influences and no prior corrections were 
made for ion-energy differences or energy-dependence 
of the plate sensitivity. Unfortunately no literature 
data are available for comparison. 

Molecular ions 

With the present sample preparation metal-molecu- 
lar ions are rarely observed. Only in the case of bar- 
ium carbides could some data be obtained (Table 4). 
Van Puymbroeck I4 has also observed the increased 
tendency of barium and the lanthanides (relative to 
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Table 3. Relative sensitivity factors for doubly-charged ions (relative to In+) 

Element 

V 
co 
Ni 
cu 
As 
Rb 
Y 
Pd 
A8 

k 
Ba 
La 
W 
Re 
AU 
Pb 
Bi 
Sm 
Eu 
Tb 
Ho 
Er 
Tm 
LU 
U 

Relative sensitivity factor 
for M*+ 

0.06 + 0.02 
0.18 + 0.08 
0.19 f 0.10 
0.22 f 0.11 
0.13 * 0.03 
0.14 * 0.10 
0. I I * 0.02 
0.10 + 0.1 I 
0.38 f 0.1 I 

0.38 0.16 k + 0.07 0.03 
0.17 f 0.07 
0.11 kO.06 
0.05 + 0.02 
0.03 + 0.01 
0.08 f 0.04 
0. IO f 0.02 
0. IO + 0.02 
0.13 &- 0.03 
0.11 kO.05 
0.07 * 0.01 
0.09 * 0.04 
0.05 f 0.02 
0.09 f 0.02 
0.05 + 0.04 
0.05 * 0.01 

Ratio of relative sensitivity 
factors for M2+ and M+, in o? 

I5 
34 
32 
38 
36 

6 
50 
I6 
35 

38 65 
50 
53 
34 
I4 
24 
48 
56 
30 
40 
35 
41 
23 

30 
45 

Table 4. Relative abundance of barium carbide ion mass lines in the spectrum 

Ion 

Relative 
abundance 
in ‘; 

Ba+ BaC: BaC: BaC; BaC: BaC: BaCd 

100 0.21 2.0 0.20 0.32 0.03 0.08 

other metals) to form metal carbide ions. with a 
higher occurrence of ions with an even number of 
carbon atoms. 

The graphite matrix itself produces a complex spec- 
trum of molecular ions, the so-called “C-clusters”. 

The abundance of the cluster ions, relative to the sum 
of all cluster ions, is represented in Fig. 1. The mean 
precision of the data is around 29%. The C-clusters 
appear to be much less abundant when salts, metal 
oxides (geological samples) or other carbon allotropes 
(fly ash) are mixed with graphite. 

Accuracy and precisiorl of the SSMS analysis of carbon 

electrodes 

As appears from Table 2, the average error of the 
relative sensitivity factors is 30%. The analysis preci- 
sion is defined as the standard deviation for repeated 
analysis of the sample. For the experimental deter- 
mination of this precision two powder samples (each 
with 21 elements) were analysed three times, starting 
from the electrode preparation and finishing with a 
computer evaluation of the mass spectra. A mean pre- 
cision of 15.7% was calculated from the 126 measured 
concentrations. Agreement with literature values is 
satisfactory (Table 5). The precision obtained with 

replicate analyses of the same sample (15.7%) does 
not differ significantly from that obtained for different 
samples having the same composition (16.1%). The 
present method of electrode preparation does not 
therefore add to the overall uncertainties. 

-Number of C- atoms In cluster 

Fig. 1. Variation in abundance of carbon-cluster ions with 
number of carbon atoms. 
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Table 5. Precision of analysis of carbon matrices. 

Matrix Reference 
Precision reported, 

% 

C This work 16 
c Burdo et al.’ 17 
C Conzemius and Svec’ 3 I6 
C Hamilton and Minski’ 20 
C Harrison and Clemenalh 2(r25 
C-biological Evans and Morrison” 17~22~31 
C-geological Jaworski and Morrison4 I5 
C-salts Konishi” 7-20 
C-natural water Wahlgren et a/.” 2&40 

In previous work6 the precision of the determina- 
tion of isotopic abundances (which is a criterion for 
the evaluation of the calculation algorithm) was 
reported to be 6%, for isotopes with comparable 
abundance. When the isotopic abundances differ 

greatly and the mass lines occur in different regions 
of the photoplate, this precision becomes about lo%, 
as a result of imprecision in total ion monitoring and 
because fewer points are available in the linear part 
of the calibration curve for both isotopes. 

The square of the difference between the precision 

of replicate analyses of the same sample and that of 
the isotopic abundance measurement is a measure of 
the uncertainty contributed by variations in instru- 
mental settings and photoplate characteristics. It 
amounts to 12%. 

The detection limit of SSMS analysis is a function 
of the total exposure on the photoplate. With the 
same exposure, the detection limit differs from plate 
to plate and is dependent on the elemental relative 
sensitivity factor, isotopic abundances and back- 
ground. With a maximum exposure of 10&150 nC, 
the detection limit is typically OS-O.1 ppM* in the 
graphite electrodes. Since the mass line of an isotope 
must be measured for several different exposures in 
order to obtain a precise analysis, the exposure times 
must be increased to obtain a decrease in detection 
limit. The analysis time will consequently increase sig- 
nificantly for only a slight improvement in sensitivity. 

* ppM = parts per milliard (log). 

6. 

7. 
8. 

9. 

IO. 

I I. 

12. 
13. 

14. 
15. 

16. 

17. 
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Summary-A new automated reaction-rate method for the quantitative determination of phosphorus 
in grains and feeds is presented. The chemical methodology has been investigated. resulting in a high 
analytical throughput with precise, accurate results. The phosphomolybdenum blue reaction is used 
for the reaction-rate determination. After digestion of the samples by the official AOAC block digestion 
procedure, automated instrumentation is used for precise and rapid combination of the reactants and 
transfer of the mixed solution to an automated spectrophotometer. The rate of formation of the product 
during 5 set is automatically determined and compared with rates obtained for phosphorus standards 
to determine the phosphorus content of the sample. Relative standard deviations of about OY,, are 
obtained and results for determinations of phosphorus in grains and feeds are accurate as indicated 
by comparison with the average obtained by all laboratories participating in the AAFCO check sample 
programme. 

The determination of phosphorus in a variety of 
samples such as grains, feeds and fertilizers is of ana- 
lytical importance. Phosphorus is one of the essential 
nutrients needed for various cellular processes in 
plants and performs functions in plant metabolism, 
structure and reproduction that cannot be performed 
by any other element.’ Recognition of the importance 
of phosphorus has prompted the development of new 
methods for the determination of the phosphorus 
content of grains and feeds’ and the available phos- 
phorus in fertilizers. 3.4 Most of the existing methods 
use the formation of a molybdophosphoric acid 
complex which is monitored spectrometrically at 
wavelengths near 400 nm. This method is the official 
procedure reported by the Association of Official 
Analytical Chemists for the determination of phos- 
phorus in fertilizers and grain and feed samples.5,6 
A disadvantage of the existing methods is that they 
employ equilibrium methods which can result in low 
sample throughout and can be subject to interfering 
side-reactions or matrix blanks.’ A solution to the 
problems presented by the equilibrium methods for 
phosphorus is to use a reaction-rate method. Since 
only the early part of the reaction need be monitored 
in a reaction-rate method, the problem of low sample 
throughput caused by the delay for the reaction to 
come to equilibrium is avoided. Also, a reaction-rate 
method monitors relative absorbance changes rather 
than absolute absorbance as in the equilibrium 
methods and it is therefore not significantly affected 
by slightly turbid samples or background absorbance. 

A reaction-rate method for the determination of 
phosphorus in serum samples was reported by 
Crouch and Malmstadt’ in which the rate of reduc- 
tion of the molybdophosphoric acid with ascorbic 
acid (followed by monitoring at 650 nm for 30 

l Present address: Proctor & Gamble Co., Miami Valley 
Lab., Cincinnati OH 45247. 

set the formation of phosphomolybdenum blue) was 

used to determine the phosphorus content of the 
sample. As a result of the good precision and accu- 
racy and short measurement times reported for this 
procedure, the reaction was investigated for use in 
a reaction-rate procedure for the determination of 
phosphorus in grain and feed samples. The procedure 
presented in this paper uses an early part of the phos- 
phomolybdenum blue reaction heretofore not investi- 
gated for quantitative measurement of phosphorus. 
The time-saving in reaction-rate methods’ provides 
a significant decrease in the measurement time and 
gives high throughput of samples. The results 
obtained by the new reaction-rate procedure are com- 
pared with those obtained the official AOAC spectro- 
metric method for AAFCO check grain and feed 
samples, and good correlation is shown to exist 
between them. 

EXPERIMENTAL 

Appurutus 

The pipetterjdiluter for the subsampling and mixing of 
the diluted digest mixture and the ascorbic acid reagent 
is the module described by Malmstadt et (I/.’ The module 
provides automatic manipulation of the reactants in a pre- 
cise and accurate manner and automatic transfer of the 
mixed solutions to the spectrophotometer sample turn- 
table. Fractions are taken automatically from the prepared 
samples and mixed with the molybdenum reagent and the 
mixed solutions are transferred to the observation cell of 
the spectrophotometer by means of a stopped&B 
module.‘0 The stopped-flow module is incorporated into 
an automatic spectrophotometer” controlled by associ- 
ated electronics and a PDPS/F computer with 12K of 
memory and dual DEC tapes (Digital Equipment Corpor- 
ation, Maynard, Mass. 01754). 

Reagents 

A 100-ppm phosphorus standard was prepared with 
0.4393 g of dipotassium hydrogen phosphate, primary stan- 
dard (Fisher Scientific Co., Pittsburg, PA 15219, No. P-382, 

467 
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dried for 2 hr at 105’). This was added to a I-litre standard 
flask containing a mixture of 36 g of potassium sulphate 
and 1.68 g of mercuric oxide (i.e., 37.68 g of Mixture No. 
5 from Pope Kjeldahl Mixtures, Inc., Dallas, TX 75221) 
so that the standard was in the same matrix as that in 
the official AOAC block digestion procedure used to pre- 
pare the samples.‘2.‘3 Concentrated sulphuric acid (34.8 
ml) was added to the standard so that this had the sul- 
phuric acid concentration that would be expected when 
a 1.5-g sample was digested according to the official diges- 
tion procedure. A blank digest containing 36 g of potas- 
sium sulphate, 1.68 g of mercuric oxide, and 34.8 ml of 
concentrated sulphuric acid was prepared and appropriate 
volumes of the 100-ppm phosphorus standard and the 
blank were mixed to prepare the standards for the working 
curve. 

The ascorbic acid reagent was prepared daily with 0.53 
g of ascorbic acid and 0.656 g of sodium hydroxide dis- 
solved in 100 ml of demineralized water. This amount of 
sodium hydroxide resulted in a sulphuric acid concen- 
tration of about 0.06M in the prepared sample and this 
in turn ensured an acidic matrix for the phosphomolyb- 
denum blue reaction while ensuring that the sulphuric acid 
in the digest did not cause deterioration of the valves of 
the stopped-flow module. Potassium iodide (5 g) was added 
to 100 ml of the ascorbic acid reagent to eliminate a grey 
precipitate which otherwise formed on mixing of the ascor- 
bic acid reagent with the diluted digest. The precipitate 
resulted from the mercury in the digest,t2.t3 but did not 
form when the mercury was complexed with iodide.r4*t5 
A’ yellow precipitate first forms, but rapidly dissolves if 
enough potassium iodide is present in the ascorbic acid 
reagent, and does not interfere in the spectrometric rate 
determination of phosphorus at 650 nm. 

The molybdenum reagent (O.OSM) was prepared a day 
before its use to ensure equilibrium of the different forms 
of molybdenum in solution. I6 The molybdenum concen- 
tration was chosen so that it did not change appreciably 
during the measurement of the rate of formation of the 
phosphomolybdenum blue. Sodium molybdate dihydrate 
(1.209 g) was added to 100 ml of O.lM sulphuric acid. 
All standards and reagents were stored in polyethylene 
bottles to prevent leaching of silicon from the volumetric 
glassware. 

Sample preparation 

The samples were digested by the official AOAC block 
digestion procedure’2,‘3 used by Hambleton’ for phos- 
phorus determinations in grain and feed samples. The 
sample (1.5 f 0.1 g) was a&urately weighed and added 
to a drv 250-ml volumetric digestion tube (Model 1007-021 
from Tecator Inc., Boulder, CO 80301), then 9.42 g of a 
reagent mixture of 95.5% potassium sulphate and 4.5% 
mercuric oxide (Mixture No. 5 from Pope Kjeldahl Mix- 
tures, Inc., Dallas, TX 75221) were added to each digestion 
tube followed by 15 ml of concentrated reagent-grade sul- 
phuric acid. The digestion tubes were placed in a block 
digestor (Model BD-20 from Tecator Inc., Boulder, CO 
80301) which had been preheated (about 3 hr) to 410”. 
The samples were digested for 45 min at 410” as in the 
official AOAC procedure. 

After digestion of the samples, the rack of tubes was 
removed from the block digestor and allowed to cool for 
15 min. Demineralized water was slowly added to each 
tube until the volume was approximately 200 ml. The 
diluted digest was allowed to cool to room temperature 
and a Teflon-coated stirring bar was used to help dissolve 
the precipitate formed during the cooling process. The 
solution was then diluted to exactly 250 ml in the volu- 
metric digestion tubes. 

Reaction-rate procedure 

For determination of phosphorus by the phosphomolyb- 

denum blue method, molybdate reacts with the phosphate 
to form molybdophosphoric acid which is then reduced 
by a suitable reducing agent such as ascorbic acid. The 
first procedure investigated for addition of the two reagents 
involved the preparation of a composite reagent of molyb- 
denum and ascorbic acid. This reagent was then added 
to the phosphorus-containing sample and the formation 
of the product was monitored at 650 nm. This procedure 
gave poor reproducibility (ca. 5% difference), however, for 
duplicate determinations on the same sample. The problem 
was instability of the composite molybdenum-ascorbic 
acid reagent, indicating that such a reagent should not 
be employed. The procedure adopted involves the addition 
of the alkaline ascorbate reagent to the sample, followed 
by the addition of the molybdate reagent, which initiates 
the reaction. The pipetter/diluter is loaded with the ascor- 
bic acid reagent and the appropriate standard or sample. 
Two successive l-ml aliquots of the ascorbic acid reagent 
and 250-p] aliquots of the sample or standard are drawn 
into the two syringe barrels and the mixture is delivered 
into a beaker to provide the “prepared sample”. Then 
100 II each of the molybdenum reagent and the prepared 
sample or standard are sampled by the syringes of the 
stopped-flow module.” The syringes in the module are 
then automatically driven forward so as to transfer the 
reactants through the mixing chamber and into the obser- 
vation cell. The change in absorbance at 650 nm is auto- 
matically recorded during the measurement time to enable 
a rate curve or a working curve to be constructed or to 
provide quantitative concentration information for a 
sample. The results presented in this paper were obtained 
with the reactants and the instrumentation at ambient tem- 
perature in a temperature-controlled laboratory main- 
tained at about 25”. 

RESULTS AND DISCUSSION 

Ascorbic acid concentration 

The concentration of ascorbic acid necessary to 
provide maximum sensitivity was the first parameter 
considered in the optimization study. A 9.5mg/250 
ml phosphorus standard was prepared from oven- 
dried dipotassium hydrogen phosphate in a matrix 
corresponding to that for a digested grain or feed 
sample (7.8mM mercuric oxide, 0.21 M potassium sul- 
phate and 0.626M sulphuric acid). Fractions of the 
sample solution were mixed by the pipetter/diluter 
with four different ascorbic acid reagents (0.164M 
sodium hydroxide, 0.30M potassium iodide and vary- 
ing concentrations of ascorbic acid). The prepared 
samples were then automatically subsampled and 
mixed by the stopped-flow module with 0.05M 
molybdate-O.lM sulphuric acid reagent and trans- 
ferred to the observation cell of the spectrophot- 
ometer. The rate of formation of phosphomolyb- 
denum blue (PMB) was then monitored at 650 run 
for 5 set after a 2-set delay. The results are shown 
in Table 1. The data indicate that the maximum sensi- 
tivity and best precision are obtained with the 0.03M 
ascorbic acid reagent. 

Sulphuric acid concentration in the molybdate reagent 

The optimum concentration of sulphuric acid was 
determined for a molybdate concentration of O.OSM. 
This concentration of molybdate provides adequate 
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Table 1. Etfect of ascorbic acid concentration 

,[Ascorbic acid] Rate* 
M absorban& units/set RSD. %* 

0.005 0.0245 0.4 
0.01 0.0710 0.3 
0.02 0.0816 0.2 
0.03 0.0824 0.2 

* Average of 5 determinations. 

sensitivity and is also large enough to remain essen- 
tially constant during the reaction. The concentration 
of sulphuric acid in the molybdate reagent was varied 
between 0.01 and O.lOM. Higher concentrations were 
not used because of their harmful effects on the valves 
of the stopped-flow module. The reaction-rate curves 
(monitored at 650 nm) for the formation of PMB 
from a 9.5mg/250 ml phosphorus standard mixed by 
the pipetter/diluter with the 0.03M ascorbic acid re- 
agent are shown in Fig. 1, and indicate that the sul- 
phuric acid concentration in the molybdate reagent 
should be O.lOM. The reproducibility (5 replicates) 
was 0.37;. 

Delay and measurement time 

The reaction-rate curve for a 12.8-mg/250 ml phos- 
phorus standard prepared with the ascorbic acid re- 
agent was recorded to determine the optimum delay 
and measurement times. The resulting curve, shown 
in Fig. 2, indicates that an initial product formed dur- 
ing the first 15 set after mixing of the reactants. One 
or more other reactions then began and continued 
for several minutes. It is these subsequent reactions 
that require several minutes to reach equilibrium and 
result in slow procedures for equilibrium methods. 
The reaction that occurs 15 set after mixing the reac- 
tants is the one monitored by Crouch and Malmstadt 
in their procedure in which the reaction-rate curve 
is recorded 10-15 set after mixing of the reactants.’ 
The initial phosphomolybdenum blue reaction was 
further investigated because of its potential for a more 
rapid and sensitive reaction-rate procedure. The reac- 

4 

0 15 50 45 60 
TIM (SEC) 

Fig. 2. Reaction-rate curve for a phosphorus standard. 

tion-rate curves for a 20 mg/250 ml phosphorus stan- 
dard and a reagent blank are shown in Fig. 3. The 
curve indicates that there is an induction period dur- 
ing the first few seconds after mixing of the reactants, 
presumably due to the formation of the molybdo- 
phosphoric acid precursor of the phosphomolyb- 
denum blue. It can be seen from the blank in Fig. 3 
that there is no significant background effect which 
contributes to the measured rate for the sample. The 
effect of varying the delay and measurement time on 
reproducibility of the determination is shown in 
Table 2. Based on these results, a measurement -time 
of 5 set after a 2-set delay was selected. 

Digest matrix conditions 

In this study, it was noted that during the digestion 
of 1.5 g of grain or feed samples, the acid loss from 
boiling and digestion ranged from 42-52x of the ori- 
ginal acid added to the sample. The effect of this on 
the reaction-rate method for phosphorus was exam- 
ined. A series of 2.5 mg/250 ml phosphorus standards 
was prepared in the potassium sulphate-mercuric 
oxide matrix with sulphuric acid concentration 
0.626-0.518M to simulate the range of acid present 
in digested samples. Fractions of the samples were 

TIME tSEC) TIME (SEC) 
Fig. 1. Reaction-rate curves for different H2S04 concen- Fig. 3. Reaction-rate curves for 20 mg/250 ml phosphorus 

trations in the MO reagent. standard and a blank. 

Omg P/Z50 ml 
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Table 2. Choice of delay and measurement time Table 5. Precision study for optimized conditions 

Delay, Measurement, Rate*, 
set se‘ ahsorbunce unitslsec RSD, X* 

2 3 0.0721 0.4 
3 3 0.0744 0.3 
2 5 0.0732 0.2 
3 5 0.0730 0.2 

* Average of 5 determinations. 

Ten separate Ten detns. from 
samples* same soln. 

Medn P. “/, 0.598 .0.602 
Std. devn.. P. “/,, 0.0045 0.0018 
RSD. ;. 0.8 0.3 

* AAFCO Check Sample Number 7726. Official AOAC 
result 0.598 f 0.042’~; (grand average from 23 labs.. 
reported 16 August 1977). 

Table 3. Effect of acid loss during digestion Table 6. Typical working curve 

Acid loss, T;, 

42 
44 
46 
48 
50 
52 

Rate,* 
ubsorbunce units/se1 

0.022 1 
0.022 1 
0.0223 
0.0223 
0.0222 
0.0223 

Mean 0.0222 
RSD 0.4:4 

P. Rate, Normalized 
rny/.?50 ,111 ubsorhance units/set* RSD. y,, ratet 

2.52 0.0225 0.3 0.00892 
6.00 0.0525 0.2 0.00875 
9.50 0.0817 0.2 0.00860 

12.78 0.1117 0.3 0.00874 
16.49 0.1419 0.2 0.00860 
19.92 0.1727 0.1 0.00868 

* Average of 5 determinations. 
t Referred to 1 mg/250 ml. 

* Average of 4 determinations. 

mixed with the ascorbic acid reagent by the pipetter/ 
diluter. The stopped-flow module then sequentially 
subsampled and mixed the samples with the molyb- 
date reagent and transferred the solution to the obser- 
vation cell of the spectrophotometer. The absorbance 
change at 650 nm was monitored for 5 set after a 
2-see delay. The results in Table 3 indicate that within 
this range, the reaction-rate method is not signifi- 
cantly influenced by variations in the sulphuric acid 
concentration in the digested sample. 

The digestion procedure used’ *. I3 specifies that use 
of 0.42 g of mercuric oxide in the digestion procedure 
and suggests the possible use of a calibrated scoop 
for measuring it out. Various amounts of mercuric 
oxide were added to standard samples which were 
then digested, cooled, and diluted and analysed as 

in the procedure. As indicated by the data in Table 4, 
fairly large variations in the amount of mercury 
present in digested samples during analysis have no 
effect on the reaction-rate method. 

with which the samples were digested and the phos- 
phorus content of the digested sample was determined 
is shown in Table 5. The results demonstrate the good 
precision (relative standard deviation 0.3%) obtained 
for multiple determinations on a single sample pre- 

pared by the pipetter/diluter. 
The reproducibility for independeni digestions was 

not quite so good, the complete analytical procedure 
having a relative standard deviation of 0.8%. 

The results obtained for a working curve con- 
structed in a little over 4 min during a typical run 

are shown in Table 6 and demonstrate the excellent 
precision and linearity obtained for the standards. 

To evaluate the accuracy of the method, a series 
of samples analysed by several laboratories by an offi- 
cial AOAC method6 was analysed. The results are 
given in Table 7 and show good agreement. 

Table 7. Comparison of stopped-flow method with official 
AOAC method’ 

Reaction-rate results 

The optimum conditions determined from the char- 
acterization studies were used to evaluate the preci- 

sion and accuracy of the method. The reproducibility 

Table 4. Effect of amount of mercuric oxide 

HgO. my/250 r,~/ 

350 

400 
450 
500 

Rate, absorbance unitslsec 

0.1107 
0.1106 
0.1107 
0.1109 

Mean 0.1107 
RSD 0.1% 

l Mean of 5 determinations. 

Stopped-flow Official 
method method” 

Sample P “/* 3 0 P, %t RSD, “g, 

7726 0.600 0.598 0.3 
Swine Ration +0.002~* f0.042#* 
7727 I .027 1.037 0.6 
Expanded Pet Food ~0.006 kO.115 
7729 0.588 0.580 0.2 
Pig Feed kO.001 * 0.025 
7730 0.571 0.560 0.7 
Broiler Finisher +0.004 + 0.026 

* Results for 3 separate digestions with 4 determinations 
performed on each digestion. 

t Values reported in AAFCO Check Sample Programme 
by 20 laboratories, during 1977. - . 

0 Standard deviation. 
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The method reported here provides rapid, precise 
and accurate determination of phosphorus in grain 

and feed samples and has the distinct advantages of 

high sample throughput and utilization of a relatively 
simple automated system. 

6. Association of Official Analytical Chemists, op. ci,., 
Sec. 2.020-2.025. pp. I l-12. 

7. H. V. Malmstadt, E. A. Cordos and C. J. Delaney, 
Awl. Chem., 1972, 44 (121, 26A. 

8. S. R. Crouch and H. V. Malmstadt, ibid., 1967. 39, 
1090. 

9. D. L. Krottinger, M. S. McCracken and H. V. Malm- 
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DETERkiINATION OF SELENIUM IN SOILS AND 
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Summary-A method is described for the determination of selenium by differential pulse cathodic- 
stripping voltammetry (DPCSV) at a hanging mercury-drop electrode. The dried sample is burnt in 
an oxygen flask and the selenium absorbed in a persulphate-sulphuric acid mixture. The solution 
is analysed by DPCSV following treatment with hydrochloric acid to destroy excess of persulphate 
and to reduce the SeJVI) to Se(N). Results are given for two soils and a series of plant materials 
and compared with those obtained by fluorimetric analysis by means of the 2.3diaminonaphthalene 
piazselenol complex. 

Considerable effort has been directed towards 
measuring selenium in soils and plant materials since 
the element was found to be essential for healthy ani- 
mal development.’ A biochemical role of selenium 
has been described by Rotruck et a/.’ in which the 
element is incorporated into the enzyme glutathione 
perioxidase, preventing oxidative degradation of red 
blood cells. In N. Scotland muscular dystrophy 
encountered in grazing stock is due to selenium defi- 
ciency in natural forage, associated with poor avail- 

The polarographic behaviour of selenium(lV) was 
first reported by Schwaer and Suchy” who observed 
that in hydrochloric acid medium there were three 
waves, arising from the reduction to Se’+, Se and 
Se’-, although in dilute solutions the first two waves 
were indistinguishable. Christian, Knoblock and 
Purdy I* found the half-wave potentials of the two 
waves in O.lM hydrochloric acid medium were .- 
-0.01 V and -0.54 V us. the saturated calomel elec- 
trode, corresponding to the following reactions. 

At -0.01 V: 

Net reaction 

Se(W) + 6e + 2H’ + H,Se 

H2Se + Hg+ HgSe + 2H+ + 2e depolarization 

Se(W) + 4e + Hg + HgSe 

I At -0.54 V: HgSe + 2H’ + 2e+ HrSe + Hg 

ability from the soiL3 Blaxter4 has shown the drama- 
tic loss of production associated with sheep fed on 
a seleniumdeficient diet. Sensitive analytical tech- 
niques are, therefore, necessary to determine the 
selenium content of soils, plants and biological 
samples. 

Selenium is usually determined by fluorimetry after 
complexation with diaminonaphthalene or diamino- 
benzidine,5 but neutron-activation analysis,6 gas 
chromatography,’ spectroscopic* and electrochemical 
methods9*t0 have also been used. In order to obtain 
greater reproducibility and lower detection limits, 
various separation and preconcentration techniques 
have been investigated, e.g., ion-exchange,’ ’ solvent 
extraction,12 precipitation,r3 complexation,14 distilla- 
tion I5 and hydride generation procedures. l6 

Vadja” examined the reactions of Se(W) at a hang- 
ing mercury drop electrode and observed an elon- 
gated wave and a well-defined peak corresponding 
to the reductions described above. However, in the 
presence of halide ions a superimposed sharp peak 
appeared on the wave, indicating the adsorption of 
a hexahaloselenium complex onto the mercury drop. 
The Se(W) thus accumulated could be removed *by 
cathodic stripping and Vadja showed that the peak 
heights observed at -0.01 and -0.54 V were propor- 
tional to the selenium concentration. 

l Crown Copyrights reserved. 
t Shell Research, Sittingbourne, Kent. 
9: SGS (Kenya) Ltd., Mombasa, Kenya. 

This paper describes a method for the determina- 
tion of selenium in soils and plants by differential 
pulse cathodic stripping voltammetry (DPCSV) at a 
hanging mercury-drop electrode. Oxygen-flask diges- 
tion of the sample as described by Lane2“ and modi- 
fied by Mitchell and Ure21vz2 is followed by treatment 
with hydrochloric acid to reduce Se(VI) to Se(W). The 
voltammogram is then recorded following standard 
addition of 0.02 ppm Se and the selenium concen- 
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tration determined by measurement of the stripping 

peak at -0.54 V. 

EXPERIMENTAL 

Appuratus and solutions 

Combustions were performed in a S-litre Pyrex round- 
bottomed flask with a ground-glass stopper to which a 
glass rod and silica sample boat were attached. Voltammo- 
grams were recorded with a Princeton Applied Research 
Model PAR 174A Polarographic Analyzer and a hanging 
mercury-drop electrode Model PAR 9323. The PAR 174A 
was connected to a Houston Instruments Omnigraphic 
2(300 X-Y recorder. All chemicals used were analytical-rea- 
gent grade and Se(N) solutions were made up by dissolv- 
ing sodium selenite in water. Distilled water which had 
been passed through a mixed-bed ion-exchange resin was 
used throughout, and the Se(W) solutions were standard- 
ized by gravimetric analysis.23 

Procdure 

Air-dried soil (1 g, ground to pass 1%ym mesh) was 
mixed with 0.5 g of cellulose powder and pelleted in a 
die under the minimum pressure necessary. Dried, milled 
plant material (1 g) was found to burn satisfactorily with- 
out the addition of cellulose and could be pelleted directly. 
Saturated potassium persulphate solution (25 ml) was 
added to the 5-litre flask and 10 ml of concentrated sul- 
phuric acid were carefully poured down the inside of the 
vessel. The reagents were mixed by agitating the flask, 
,which was then filled with oxygen, stoppered and placed 
behind a Perspex safety shield. The sample pellets were 
wrapped in filter paper (with a tag to act as a fuse) and 
placed in the silica boat, the flask stopper was removed, 
the fuse ignited and the holder carefully inserted into the 
flask. In order to achieve a good seal the ground-glass 
union was wetted prior to insertion of the holder. When 
combustion had ceased, the flask was allowed to cool 
naturally for a few minutes and then further cooled in 
running water. The sample holder and ash were withdrawn 
and a magnetic stirring bar placed in the flask, which was 
then stoppered and the collecting solution was stirred for 
15 min. Finally, the absorption solution and washings were 
transferred to a beaker, 10 ml of concentrated hydrochloric 
acid were added and the mixture was gently heated on 
a low-temperature hot-plate for 30 min to reduce the 
volume and convert Se(W) into Se(N); the volume was 
then made up to 50 ml in a standard flask. Blanks and 
standards were prepared in a similar manner by adding 
Se(IV) standard solutions by micropipette onto cellulose 
pellets, and burning these in the flask. 

Aliquots of the solutions (10 ml) were taken and 5 ml 
of cont. ammonia solution added dropwise with stirring. 
The pH, measured with a glass electrode, was then 
adjusted with dilute hydrochloric acid to 3.5 (kO.2) and 
the solution made up to 20 ml with demineralized distilled 
water. A 5-ml aliquot of this solution was pipetted into 
the polarographic cell and deoxygenated by passage of 
nitrogen through it for 5 min. Concentrated hydrochloric 
acid (50 ~1) and a fixed quantity of selenium solution (cor- 
responding to 0.02 ppm) were added and the nitrogen flow 
was directed above the solution. The stripping voltammo- 
gram was then recorded under the following conditions. 

HMDE: 3 div/drop 
Initial potential: -0.05 V 
Pulse frequency: 2 Hz 
Scan-rate: 2 mV/sec 
Scan direction: negative 
Modulation amplitude: 25 mV 
Deposition time: 3 min (stirred) and 30 set (quiescent) 

The peak current at -0.54 V was measured and a cali- 
bration curve constructed from the results for the stan- 
dards. Supplementation of all solutions by 0.02 ppm Se 
immediately before the voltammograms were recorded 
ensured that measurements were made on the linear region 
of the calibration curve. The selenium content in the 
sample solutions could then be directly determined from 
the calibration curve. The results were compared with 
those obtained by fluorimetry by Olson’s method5 in 
which the piazselenol complex was formed by reaction 
with 2,3diaminonaphthalene. 

RESULTS AND DISCUSSION 

The selenium concentrations obtained by DPCSV 
and fluorimetric analysis of soil and plant samples 
are given in Table 1. Linear regression analysis of 
these data gave a correlation coefficient of 0.98, and 
indicated that the electrochemical and spectroscopic 
figures are in reasonable agreement above 0.1 ppm. 

An examination of the results in Table 1 shows 
that at low selenium concentrations there is a definite 
positive bias in the electrochemical results when these 
are compared with the spectrofluorimetric results. 
This divergence is compounded by multiplication of 
the electrochemically determined concentration by 
the dilution factor of 10 or 25. It should be noted 
here that good agreement has been obtained between 
the spectroscopic and electrochemical procedures for 
pure solutions containing cu. 0.001 ppm Se. 

Oxygen-jlask combustion 

Although more time-consuming than wet digestion 
techniques, the oxygen-flask combustion was pre- 
ferred because it eliminates the interferences in the 
DPCSV method that are observed if wet digestion 
is used and because of the potential hazards associ- 
ated with the use of perchloric acid in the laboratory. 
At the flask-combustion temperature of 100-1200” the 
selenium would be converted into the volatile dioxide, 
and neutra! or basic solutions might be expected to 
be the best collecting agents. The efficiencies of 0.1, 
0.5 and l.OM sodium hydroxide as absorption solu- 

tions were investigated, but recoveries obtained were 
only 50% of the theoretical values. Digestions with 
different Se(W) standards gave consistent recoveries 
which were independent of the initial amounts of 
selenium, and combustions in 1-litre flasks produced 
the same results, indicating that the loss is not attri- 
butable to adsorption on the walls of the vessel. It 
was found that Se(V1) standards burnt in the flask 
gave quantitative recoveries when water was used as 
the collecting agent. This suggested that reduction of 
Se(W) to the element might account for the low reco- 
veries. 

Radiotracer studies were carried out with ‘%e- 
labelled methionine solutions. Six samples were burnt _-_ 
in the flask after sorption onto cellulose tablets and 
recoveries were determined for water and persul- 
phate-sulphuric acid as absorption media. 
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Table 1. Selenium concentrations determined by DPCSV and fluorimetric analysis 
of soil and plant materials 
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Sample Description 

Cont. found Cont. found 
by DPCSV, by fluorimetry, 

ppm ppm 

Soil 7131 

7136 

Plant 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

(Logie Newton) 
Foudland Association 

(Ashfield) 
Glenalmond Association 

Ryegrass 
Ryegrass 
Ryegrask 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 
Ryegrass 

Mixed Herbage 
Mixed Herbage 
Mixed Herbage 
Mixed Herbage 
Mixed Herbage 

Clover 

0.42 0.39 

0.38 0.31 

0.99 0.94 
0.46 0.61 
1.61 1.27 
0.25 0.24 
0.02 0.01 
0.58 0.65 
3.34 3.44 
0.31 0.18 
2.31 2.85 
0.25 0.46 
1.01 0.90 
0.10 0.01 
0.24 0.21 
1.11 1.26 
0.85 0.61 
0.21 0.04 
0.60 0.36 
0.13 0.01 

Table 2. Recoveries of selenium from methionine combusted in an oxygen flask; Hz0 
and S,0i-/H2S04 as absorbents 

Water 77% 67% 70:/o Mean 71% 
Persulphate/sulphuric acid loop/, 100% 95% Mean 98% 

Interferences 

Consideration of the electrode reactions described 
in the introduction reveals that many interferences 
may be encountered in the electrodetermination of 
selenium. The presence of metal ions such as cop- 
per(D), lead and iron(II1) in the analyte leads to the 
precipitation of selenides on reduction of Se(W) to 
hydrogen selenide. Consequently the peak height at 
-0.54 V diminishes when interfering metal ions are 
present. The magnitude of the peak suppression pro- 

duced by copper is shown in Fig. 1. 
Metal ion interference was not encountered when 

the oxygen-flask combustion was used, as the volatile 
selenium was separated from the ash. The removal 
of interfering ions would be necessary, however, fol- 
lowing wet digestion methods, so some experiments 
were carried out to investigate the separation of cop- 
per from selenium. A solution of dithizone in carbon 
tetrachloride was used to extract the copper, but this 
reagent also reacts with selenium,24 thus preventing 
an effective separation. Both Zeokarb 225 and 
Amberlite IR 120(H) cation-exchange resins were 
found to separate copper in the pH range 3.5-4.5 with 
no retention of selenite, and it was, therefore, possible 
to remove copper quantitatively from a solution con- 
taining 0.02 ppm Se(IV) and 60 ppm Cu(I1). 

Optimization of control parameters 

Vadja” reported that Se(IV) in the presence of 
halide ions is adsorbed onto the mercury-drop elec- 

t’ A 

0 

I 0.2 pA x 
c I 1 I 8 

-0.3 -0.4 -0.5 -08 -0.7 

Pbtenrial vs. S.C.E. 

Fig. 1. Effect of presence. of Cu(I1) on the voltammogram 
for selenium(IV): (A) Voltammogram for 0.02 ppm Se(IV); 
(B) Voltammogram for 0.02 ppm Se(N) + 0.02 ppm Cu(ll). 
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Fig. 2. Effect of acid concentration on the magnitude of 
the stripping current for 0.02 ppm Se(IV) solution at 

-0.54 v. 

trode as the hexahaloselenium complex. No indica- 
tion was given of the effect that halide ion concen- 
tration had on the stripping current, although 
changes in peak potential are well documented. It was 
found that increasing the acid concentration above 
-0.lM lowered the peak height at -0.54 V, as 
shown in Fig. 2. 

The sensitivity of inverse voltammetry can be im- 
proved by increasing the deposition time prior to 
stripping, but other reactions such as diffusion of the 
accumulated species into the mercury drop become 
more troublesome. It was found that increasing the 
deposition time from 2 min (stirred) and 30 set (quies- 
cent) to 3 min (stirred) and 30 set (quiescent) pro- 
duced a small rise in the stripping current, but at 
longer deposition times the background increased so 
markedly that peak-height measurement became inac- 
curate. 

The peak current was measured after accumulation 
for 3f min at initial potentials of +0.05. 0.0, -0.05, 
-0.10, -0.15 and -0.20 V I‘S. SCE. Figure 3 shows 
that the current increased as the potential was 
changed from +O.OS to 0.0 V, but thereaRer remained 
almost constant until a potential of -0.15 V was 
reached, whereupon the peak height diminished. Thus 
-0.05 V was chosen as the optimum deposition 
potential for differential pulse cathodic stripping of 
selenium. 

Increasing the modulation amplitude from 25 to 
50 mV did not increase the stripping current and the 
peak resolution was found to deteriorate slightly. 
Voltammograms were recorded at pulse frequencies 
of 0.5, 1.0 and 2.0 Hz, but this parameter also 
appeared to have little effect on the magnitude of the 
stripping current. 

Conclusions 

Selenium can be determined in soils and plant 
materials by differential pulse cathodic-stripping volt- 
ammetry at a hanging mercury-drop electrode. Quan- 

too5 -0.05 -0.15 -0.25 

Potential VI XE. 
Fig. 3. Effect of deposition potential on the magnitude of 
the stripping current for 0.02 ppm Se(lV) solution at 

-0.54 v. 

titative recoveries were obtained from oxygen-flask 
combustions when an oxidizing solution such as per- 
sulphate-sulphuric acid was used to collect the 
selenium. A separation procedure prior to polaro- 
graphic analysis was unnecessary since the interfering 
metals were retained in the ash. Wet digestion tech- 
niques would require the removal of metals which 
precipitate as selenides in acidic media. 

Results obtained by DPCSV show reasonable 
agreement with those of fluorimetric analyses for 
selenium above 0.1 ppm in soils and plants and the 
detection limit of 0.005 pg/g is similar for both 
methods. The electrochemical method is quicker than 
the fluorimetric technique and involves fewer oper- 
ations. Because there is no way of knowing the true 
selenium content of the samples used, it is impossible 
to say which method gives the better results. 
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Summary-Semi-Glycinecresol Red (SGCR or HsSGCR) was purified by means of chromatography 
on cellulose and by cation-exchange. A potentiometric, spectrophotometric and ESR study on the 
complex formation equilibria of several bivalent metal ions with SGCR was performed. The acid-base 
and metal-ligand stoichiometries were determined, and the formation constants, rl,,, and absorptivities 
of the visible-region absorption spectra of the corresponding proton and metal complexes were deter- 
mined. The copper complexes were examined by ESR spectroscopy. Each metal ion was found to 
form the 1: 1 and 1:2 (metal:ligand) complex species, MSGCR- and M(SGCR):-, in alkaline solution. 
However, only Cu(II) was found to form the protonated complexes, CuHSGCR and Cu(HSGCR):-. 
in weakly acidic media. SGCR is suitable as an indicator for Cu(Il) in a weakly acidic solution and 
for Cu(Il), Zn(II) and Pb(lI) in alkaline solution 

Semi-Glycinecresol Red (SGCR or H$GCR), 3- 
(N-carboxymethylaminomethyl-o-cresolsulphoneph- 
thalein, which is shown in formula (I), is thought to 
be produced in the course of synthesis of Glycinecre- 
sol Red, 3,3’-bis(N-carboxymethylaminomethyl)-o-cre- 
solsulphonephthalein. SGCR has not hitherto been 
purified, hence its physico-chemical properties such 
as the stoichiometry stabilities and visible-region 
absorption spectra of its complexes, which are impor- 
tant factors in its analytical application as an indi- 
cator, are not known in detail. 

In the present work, SGCR was synthesized and 
purified by means of chromatography on cellulose 
and by cation-exchange, and the value of SGCR as 
an indicator for titration of several bivalent metal 
ions was investigated potentiometrically, spectropho- 
tometrically and by ESR spectrometry. 

(II SGCR 

EXPERIMENTAL 

Reagents 

SGCR. SGCR was synthesized’ and purified by means 
of cellulose column chromatography’ with a-butanol satu- 
rated with 5% acetic acid solution and by batchwise ion- 

exchange.’ The purity of the SGCR was established by 
elemental analysis, potentiometric titration, paper chroma- 
tography and absorption spectra (found: C, 58.8x; H, 
5.1%; N, 2.8%; calculate& for 
59.12%; H, 5.1%; N, 2.87%. 

C, 

Stock sohtions~of metal ‘i&s, 0.01 M. Prepared by dis- 
solving analytical-reagent grade metal nitrates in pure 
water, and standardized with EDTA. The solutions were 
diluted to the desired concentration with pure water. 

Apparatus 

Visible spectrophotometry and pH-titrations were per- 
formed as described previously.3 Concentrations of SGCR 
used were 1.0 x 10m3M for pH-titration and 1.0 x lo-‘M 
for visible-region spectral measurements, and the concen- 
trations of the metal ions were varied according to the 
desired mole ratio. 

ESR. ESR spectra of the Cu(II) complexes were recorded 
with a JEOL JES-ME X-band spectrometer with lOO-kHz 
moduiation and the field was calibrated with Mn’+doped 
magnesium oxide powder. The measurements were carried 
out in solution at 298 K and in frozen media at 77 K. 
The quartz sample tubes were 1 and 4 mm in internal 
diameter for the measurements at 298 and 77 K respect- 
ively. The solvents were water at 298 K, and water-ethy- 
lene glycol mixture (1: 1 v/v) at 77 K. The pH was adjusted 
with-sodium hydroxide and perchloric acid. The cckcen- 
tration of Cu(I1) was 5.0 x lOdaM and that of SGCR was 
varied according to the mole ratio desired. 

RESULTS AND DISCUSSION 

Acid dissociation equilibrium and optical constants of 

SGCR 

These were determined as described previously2 
and the values are summarized in Tables 1 and 2, 
respectively. Consideration of the acid formation and 
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Table I. Acid formation constants of SGCR at 25‘C and 
{r = 0.1 (KNOS) 

log k, log k2 iog k3 jog k, 
___.-_---__~_~_- 

10.07 7.44* 2.47+ - 0.27 

lag 4 

- 1.76 

* Measured by pH-titration. the rest by specttophoto- 
metry at room temperature. 

optical coltStants suggests that k,, kl. kj, k4 and kS 
correspond to protonation of the imino. phenolic, car- 
hoxylic, quinone and sulphonic groups respcctively.2 

Complex formaG0n epilihria 

Cu(ll) t~mq~lexes. The titration curves will be 
referred to as the “l/l” and “I$” curves, correspond- 
ing to titrations of SGCR when the mole ratio of 
Cu(If): SGCR is 1:f and 1:2 respectively. The l/l 
curve (Fig. 1) shows two well-defined inflection points 
at a - 2 and a = 3 (where a is number of moles of 
base added per mole of SGCR), indicating the follow- 
ing f!quitibria involved in the solution. 

N = u-2: 

cu*+ f HJSGCR ,” CuHSGCR + 2H+ 

(1 - 2--3: 

CuHSGCR = CuSGCR - -+- H + 

The l/2 curve in Fig. 2 shaws three inflections at 
nl = 3,4 and 6 (where m is number of moles of base 
added pet mole of metal ion), although these inflec- 
tions are not so well-defined as those of the l/l curve. 
The buffer region between In = 3 and 4 was at almost 
the same pH as that between a = 2 and 3 for the 
l/l curve. Therefore. CuHSGCR, which is formed 
below m = 3. may dissociate a proton. The pH of 
the buffer region between IPI = 4 and 6 was almost 
identical to that between lr - 1 and 2. in which a 

Table 2. Wavelengths of maximum absorbance and molar 
absorptivities of ligand and complex species for SGCR at 

room temperature and JI = 0.1 {KNO,) 
____ 

Absorptivity, 
Species i.,,. nm 1oQ l.mole~~‘.ctn~’ 

L” 582 6.76 
HLZ- 578 6.42 
H?L- 442 2.69 
H3L 442 2.69 
H,L’ 51x 4.16 
H&‘f 518 6,?8 
MnL- 575 4.38 
COL - 577 4.45 
Nit- 580 5.77 
CUL - 538 3.45 
CutiL 475 2.41 
znt-’ 540 3.75 
CdL- 574 5.31 
Pbl. - 523 2.75 

Ni(OH)L’- 
550 4.32 
587 4.87 

PF$OH)L’- 
I_ 

537 4.72 

10 

a 

-d 

6 

4 

2 
I I 

2 4 
0 

Fig. 1. Titration curves of 1 x 1O’-3 M SGCR solutions 
containing 1: 1 molar ratia of metal ion to SGCR, at 25’C 
and 11 = 0.1 (KN$). u = number of moles of base added 

per mole of SGCR. 

% 

6 

Fig. 2. Titration curves of 1 x 10V3 M SGCR sofutiom 
containing 1:2 mole ratio of metal ion to SGCR, at 25’f 
and p = 0.1 (KNU& m = number al moles of base added 

per mole of metal ion. 
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free H2SGCR- may dissociate a proton and then the 
free HSGCR’- may react with CuSGCR- to form 
the 1:2 complex species Cu(SGCR):- (hereafter, the 
complexes with 1: 1 and 1:2 mole ratios of metal ion 
to SGCR are referred to as the “1: 1” and “1: 2” com- 
plexes). The reactions involved in the l/2 solution are 
probably as follows. 

m=O-3: 

Cu2+ + HsSGCR = CuHSGCR + 2H+ 

H3SGCR=H2SGCR- + H+ 

m=3-4: 
CuHSGCR = CuSGCR- + H+ 

m=4-6: 

H,SGCR - = HSGCR2- + H+ 

CuSGCR - + HSGCR2- + Cu(SGCR);- + H+ 

The visible absorption spectra of the l/l Cu(II) 
solution at various pH values showed the complex- 
formation behaviour assumed from the potentio- 
metric titration. However, the spectra of the l/2 solu- 
tions were very broad, indicating that many reactions 
were involved, and the stoichiometries of the com- 
plexes were difficult to determine from these spectra. 

ESR spectra of the frozen l/l and l/5 Cu(I1) solu- 
tions at 77 K are shown in Fig. 3. As seen in spectra 
1 and 2, at pH 4 (which corresponds to the pH-value 
at a = 2 on the l/l titration curve and m = 3 on 
the l/2 titration curve) three kinds of Cu(II) species 
are detected, with spectra indicated by (a), (b) and 
(c) [(b) in spectrum 1 is the same as (b) in spectrum 
23. The ESR spectra will be discussed later in detail. 

. Spectrum (a) is probably that of the aquated Cu(II) 
ion. From the pH-titration, (b) may be attributed to 
the complex species CuHSGR. The third complex, in- 
dicated by (c), is not detected from the pH-titrations 
and the visible-region absorption spectra, and is prob- 
ably the 1:2 complex species Cu(HSGCR):-. 

The spectra of the l/l and l/5 solutions at pH 7 
were also quite similar and may be attributed to the 
complex CuSGCR-. The spectrum of the l/l solution 
at pH 10 is akin to that recorded at pH 7. The spec- 
trum of the l/5 solution shows the overlapping hyper- 
fine spectra of probably two complex species, with 
two different A splittings, indicated by (d) and (e). 
The spectrum (d) is identical in 4 and 5 and may 
be attributed to the same complex species, so spec- 
trum (e) is probably attributable to the complex 
Cu(SGCR)‘:-. Although these protonated complexes 
cannot be deduced from the pH-titration curves and 
visible-region spectra at pH < 4 the ESR spectra 
show them to be formed at pH nearly down to 3. 

The visible-region absorption spectra became simi- 
lar to that of SGCR above pH ca. 11 for the l/l 
and pH cu. 12 for the l/2 solutions and the ESR 
spectra became similar to that of the tetrahydroxocu- 
prate ion, Cu(OH):-, above pH cu. 11 for the l/l 
and pH cu. 12.5 for the l/5 solutions. These findings 

suggest that the complex species CuSGCR- and 
Cu(SGCR)s- may dissociate to give the free 
Cu(OH)i- ion and SGCR3-. Signs of a hydroxo 
complex of Cu(II) and SGCR could not be detected 
in the visible-region and ESR spectra. 

Other metal complexes. The l/l curves for Zn(II), 
Ni(II), Co(U), Cd(H) and Mn(IJ) have three inflection 
points at a = 1, a = 3 and a = 4 as seen in Fig. 1, 
and the curves between a = 0 and (I = 1 are identical 
to the titration curve of SGCR, indicating that these 
metal ions do not react with SGCR at pH below 
5. Further addition of base beyond II = 3-4 results 
in a white precipitate of the metal hydroxide, and 
therefore the following reactions probably occur alter 
a = 1. 

a = l-3: 

Zn2+ + H2SGCR- *ZnSGCR- + 2H+ 

a= 3-4: 

ZnSGCR- + 2H20 = Zn(OH), + HSGCR2- + H+ 

b n 

I 
Y 

I 

2600 3ooo 3400 

Fig. 3. First-derivative ESR spectra of the Cu(II) and 
SGCR solutions (at 77 K) at various pH values and mole 
ratios. Cu(II): 5 x lo-’ M. Mole ratio of Cu(I1) to SGCR: 
I-l/l, 2-1/5,3-l/1 and l/S (spectra identical), 4-l/1, 5-l/5. 

pH: I and 2-4.0, 3-7.0, 4 and 5-10.0. 
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The l/l Pb(Il) curve has two inflections at a = 1 
and 0 = 3, and the shape of the curve between them 
is similar to that for Zn(l1) but there is no visible 
inflection at (I = 4. Thus the behaviour of Pb(l1) is 
similar to that of Zn(ll) below a = 3, and to that 

of Cu(ll) above a = 3. 
The l/l Hg(ll) curve has a long sloping buffer 

region between a = I (pH 5) and a = 4 (pH 9). where 
a white precipitate is formed, and this may indicate 
that formation and hydrolysis of the complex overlap, 
production of the species Hg(OH)2 and HSGCR- 
being complete at (I = 4, liberating three moles of 
protons per mole of SGCR in this buffer region. 

The l/2 curves for Zn(II). Co(I1). Ni(I1) and Cd(H) 
have two inflections at m = 2 and m = 6. In the long 
buffer region in between, first the 1: 1 and then the 
I :2 complex species may be formed. The reactions 
are probably the following. 

m = 2-6: 
Zn2+ + H$GCR- *ZnSGCR- + 2H+ 

H,SGCR- tiH+ + HSGCR*- 

ZnSGCR- + HSGCR’- eZn(SGCR)‘:- + H+ 

The l/2 Pb(II1) and Mn(I1) curves have two inflec- 
tions at ~1 = 2 and I?I = 5. The reactions involved 

are 

n, = 2-5: 

Pb*+ + H,SGCR- = PbSGCR- + 2H+ 

H,SGCR- ti HSGCR’- + H+ 

and the formation of the 1: 2 complex would probably 
occur at higher pH after m = 5. the reactions perhaps 
being 

nl > 5: 

HSGCR’- =SGCR3- + H+ 

PbSGCR - + SGCR3- = Pb(SGCR);- 

The l/2 Hg(I1) curve has a long buffer region 
between m = 2 and 111 = 6. and then a white pre- 
cipitate appears. The reactions in the Hg(II) solution 
probably involve the successive formation of the 
I : I complex then and I :2 complexes. and finally hy- 
drolysis. 

The visible-region spectra of the l/l and l/2 solu- 
tions showed changes at two pH-values correspond- 
ing to those of the buffer region of the pH-titration, 
where the formation and the hydrolysis of the com- 

plexes MSGCR- and M(SGCR)‘:- occurred. In alka- 
line solution, the spectra of the Zn(II), Cd(II), Co(I1) 
and Mn(I1) systems showed no evidence of hydroxo 
complexes or direct dissociation to M(OH)* and 
ligand. However, the spectra for the Pb(I1) and Ni(I1) 
systems showed two reactions, indicating existence of 
the hydroxo complexes4 Pb(OH)L’- and Ni(OH)L*- 
and their dissociation to M(OH)* (precipitated) and 
SGCR at pH above 12. The spectrum corresponding 
to Ni(OH)L*- had two absorption maxima at 550 
and 587 nm, but that for Pb(OH)L*- had only one 
maximum. 

The optical constants for the metal complexes of 
SGCR are summarized in Table 2; those for the 1:2 
complexes were difficult to determine because the 
complexation reactions are so complicated. 

Formation constants of the metal complexes of 

SGCR are listed in Table 3. They were calculated 
by an adaptation4 of Bjerrum’s method. The con- 
stants K,,,* for CuHSGCR and KnrcoH,,. for 
Pb(OH)SGCR*- and Ni(OH)SGCR*- were obtained 
graphically from the plots of log[MHL]/[ML] and 
log[ML]/[M(OH),L] us. pH or pOH by the methods 
previously described.’ 

ESR spectra and parameters 

The ESR spectra of the l/l Cu(I1) and SGCR solu- 
tion at pH 7.0 are shown in Fig. 4. The spectra 1, 
2 and 3 may be assigned to the complex species 
CuSGCR-, as discussed above. The spectrum 
recorded at 298 K shows four lines of the isotropic 
hyperfine structure from the copper nucleus. How- 
ever, two lines in the lower field are poorly resolved. 
At temperatures above 327 K their resolution is much 
improved and the isotropic hyperfine splitting A0 was 
obtained accurately. This means that the molecule of 
SGCR is large and the molecular tumbling of the 
complex is slow at room temperature, hence the ani- 
sotropic coupling is not averaged out completely.6 

The spectrum at 77 K shows the well-defined cop- 
per hyperfine coupling lines A, parallel to the external 
magnetic field direction, defined here as the direction 
of the Cartesian z-axis. However, the fourth line in 
the highest field is observed as a shoulder overlapped 
on the g1 structure for the components perpendicular 
to the external magnetic field. These lines in the high- 
est field are shown in spectrum 3. Several of the lines 
are not well resolved. These lines may be ascribed 
to the anisotropic hyperfine splitting A, and A,, as 

Table 3. Formation constants of complexes at 25’C and p = 0.1 (KNO,) 

Ligand Reaction 
log K 

Mn Co Ni Cu Zn Cd Pb 

M*+ + L”- $ ML- &l. 4.6 7.6 8.8 12.8 7.6 6.2 9.1 
SGCR ML- + L3- = ML;- KM!.* 3.1 5.4 6.1 5.2 5.7 4.3 3.4 

ML- + H+ z$ MHL KMHL 5.3 
ML- + OH- + M(OH)L2- &o,,, 3.8* 4.0* 

* Measured by spectrophotometry at room temperature; the rest by pH-titration. 
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Fig. 4. First-derivative ESR spectra of Cu(Il) and SGCR 
solutions at pH 7.0. Cu(II): 5 x 1O-3 M, SGCR: 5 x 

lo-’ M. Temperature: I-25”C, 2 and 3-77 K. 

indicated in Fig. 4. Each anisotropic g-factor, g,ji = x, 
y or z) for the three Cartesian axes, was determined 
from the centre of the corresponding hyperfine split- 
ting and each anisotropic hyperflne constant Adi = x, 

y, z) was determined from averaging the splitting 
widths of the four lines in spectra 2 and 3. The iso- 
tropic g-factor and hyperfine constant, g, and Ao, 
were determined similarly from spectrum 1. These 
values are tabulated in Table 4 together with those 
for the other complex species. The average values of 
the anisotropic constants &, = (gX + gy + gJ3 and 
A0 = (A, + A,, + A,)/3 obtained from the spectra of 
CuSGCR- at 77 K show excellent agreement with 
the values of the isotropic constants, go and Ao, 
obtained from the ESR measured at 298 K. 

The ESR parameters for the other complex species 
were determined in the same manner as described 
above. 

The anisotropic g-factors. y, and yY, and hyperfine 
constants, lAxl and IAJ, are almost equal. This indi- 
cates that the Cu(II) complexes with SGCR have 
almost axial symmetry. Therefore, if the Cu(ll) com- 
plexes have axial symmetry D,,, the following equa- 
tions would hold: 

81 = YII; A, = AII 

g, = (Y, + (lyM2; Al = (A, + A,)/2 (1) 

where g,,, A,,, g1 and A, are the components of the 
anisotropic g-factor and hyperfine constant parallel 
to and perpendicular to the static magnetic field. 

If the ligand field transition energies are estimated 
from the visible-region absorption spectra, the 
LCAO-MO parameters of the antibonding orbitals 
in the Cu(I1) paramagnetic site can be determined and 
detailed discussion on the nature of the chemical 
bond is possible. However, the spectrum arising from 
the d-d electron transition of Cu2+ is overlapped by 
the absorption spectrum of SGCR. Therefore, only 
the LCAO-MO coefficient, tl, of the antibonding 
orbital I,&,, [equation (2)] was calculated from equa- 
tion (3). 

tie,, = ad,2_y2 - a’( -oL” + 0;” + crL3) - a?))/2 (2) 

a2 = ‘$ + (g,, - 2.0023) + i (gl - 2.0023) + 0.04 

(3) 

The symbols in equations (2) and (3) are those de- 
scribed in the literature.’ B1, represents in-plane 
a-bonding and the four donor atoms on the x and 
y axes are labelled by superscripts starting with (I) 
for the x axis and proceeding counter-clockwise. The 
a-orbitals are hybridized sp2 orbitals of the donor 
atoms. For free Cu(II), P has the value -0.036 cm-‘. 
A,, usually has a negative sign and its value in gauss 
is converted into frequency units from the equation 

A(cm-‘) = 4.669 x 10m5 gA (gauss) 

The g1 and AL values for CuHSGCR and 
Cu(SGCR)z- were calculated from the equations 
90 = (sll + 2g,)/3 and A0 = (A,, + 2AJ3, and are 
given in parentheses in Table 4. 

Table 4. ESR parameters of Cu(Il)-SGCR complexes* 

Species 

CuHSGCR 2.141 (2.072) 2.279 66 (21) 156 0.81 
Cu(HSGCR); - 2.245 154 
CuSGCR - 2.139 2.063 2.079 2.276 67 26 I3 I62 0.82 
Cu(SGCR): - 2.128 (2.064) 2.257 59 (19) I40 0.73 

* Values omitted were difficult to determine because more than one complex was 
present and the spectra overlapped. The values in parentheses represented the mean 
values of the x- and y-axis components calculated by substituting the other known 
values into the equation go = (gI + gY + g&/3 or A0 = (A, + A,, + AJ3. 

i Measured in gauss. 
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The value of a* is lower for Cu(SGCR)$- than 
CuSGCR-. This trend suggests that a decreasing 
axtil ligand field causes an increase in strength of 
the in-plane u-bonding. Hathaway and Billings have 
discussed the concept of tetragonality, T, which is 
defined as equal to RJRI, where R, and RI are the 
short and long copper-ligand distances, respectively, 
and it can be related to the energy of the lowest elec- 
tronic transition. Pradilla-Sorzanvo and Facklerg 
have discussed in-plane u-bonding character in terms 
of tetragonality, T, and indicated that T decreases 
with decrease in a. This trend, observed for 
CuSGCR- and Cu(SGCR):- suggests that the same 
tetragonal distortion probably occurs in these com- 
plexes. The a-value of Cu(HSGCR)i- could not be 
determined because the go and A,, values were diffi- 
cult to determine, but g. and A, showed the same 
trend as in Cu(SGCR)‘:- and suggest that the tetra- 
gonality T decreases. 

Colour change in complex formation 

The colour change of an indicator in complex for- 
mation is one of the most important factors in its 
analytical application. The visible-region absorption 
spectra of the SGCR complexes may be attributed 
to the electronic 71-7~~ transition characteristic of the 
sulphonephthalein group of the SGCR molecule and 
the change in colour may result from dissociation of 
protons or the coordination of the phenolic oxygen 
atom to the metal ion. The greater the colour change 
on the complex formation, the more useful the practi- 
cal application. The wavelength shifts for the absorp- * 
tion maximum when the 1: 1 complexes MSGCR- 
are formed from the species SGCR3- are plotted in 
Fig. 5 against the quantity E: introduced by Klop- 
manlo as a measure of the “hardness” of metal ions. 
The higher E:, the harder the metal ion and the. 
greater its affinity for hard donor atoms.lO*ll The 

5c 

E 
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Ii 
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no 0 A 0 Cd co ml 
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Fig. 5. Plots of M,, for the complex MSGCR- us. Ez 
for the metal ion. AA,, = difference between d, for the 
complex MSGCR- and for SGCR3-. Et = hardness of 

metal ion, 10 eV. 

shift in I,,, arises from the combination of the locali- 
zation of x-electron density on the phenolic oxygen 
atom by the inductive effect of the positively-charged 
metal ion and/or charge-transfer from the n-electron 
into the covalent bonding orbital between the pheno- 
lit oxygen atom and the metal ion. The extent of 
the first of these interactions would be increased by 
increase in the hardness. The value of AL, is maxi- 
mal at E: ca. - 1.5 eV because at higher or lower 
I?: values there is a decrease in the ionic and covalent 
interactions respectively. Thus in terms of colour 
change, SGCR is most suitable for Pb(II), Zn(II) and 
Cu(II), which have E: values ranging from - 1.5 to 
-0.5 eV. 

Formation constants and structures of the complexes 

The relative values of the formation constants for 
the 1: 1 complexes, MSGCR-, show similar trends 
to those for a wide variety of ligands having oxygen 
and/or nitrogen donor atoms, the sequence usually 
being Mn(I1) c Co(I1) < Ni(I1) <: Cu(I1) > Zn(I1) 
and Cd(U) c Pb(I1). It is noteworthy that the 1: 1 
Cu(I1) complex with SGCR is especially stable. How- 
ever, the formation constants for the 1:2 complexes 
of Cu(I1) and Pb(II) do not follow the sequence above. 
This may be explained in terms of the co-ordination 
number of the metal ion. The log &,/log Kh(,_ ratios 
are about 0.7, 0.7, 0.7, 0.4, 0.7, 0.7 and 0.4 for Mn(II), 
Co(H), Ni(II), Cu(II), Zn(II), Cd(I1) and Pb(II) respect- 
ively, These metals may be divided into two groups 
according to these ratios. Cu(I1) and Pb(I1) are in 
one group and Mn(lI), Co(H), Ni(II), Zn(I1) and 
Cd(I1) in the other. The co-ordination numbers, CN, 
of these metal ions in solution are usually 4 or 6. 
SGCR has three donor atoms, i.e., carboxylic oxygen, 
phenolic oxygen and imino nitrogen, and therefore, 
the co-ordination of two SGCR molecules to a metal 
ion would produce two patterns of behaviour for the 
formation constants of the 1:2 complexes according 
to whether the CN was 4 or 6. The ratio log &,/log 
KY,_ for a metal ion with CN 4 would be smaller 
than that for the a metal ion with CN 6 with respect 
to the terdentate ligand, SGCR, From this point of 
view, the CN may be 6 for Mn, Co, Ni and Zn and 
4 for Pb and Cu. From the discussion above of the 
tetragonality, T, the in-plane u-bonding in 
Cu(SGCR):- is assumed to be increased and the co- 
ordination distance on the z-axis to be elongated, in- 
dicating that the Jahn-Teller stabilization increases. 
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However, the stability constant decreases. Therefore, 
the co-ordination sites on the elongated axis in 
Cu(SGCR)‘:- are assumed not to be occupied by the 
donor atoms of SGCR and the structures for 
CuSGCR- and Cu(SGCR):- are assumed to be (II) 
and (III) respectively. 

i, 

(RI, Cu(SGCR);- 

The relatively small value of log K,,,/log Ku, for 
Pb(II) is probably due to the tetragonal structure, 
which is frequently encountered in Pb(I1) complexes 
in aqueous solution. The elongation of one bonding 
axis in Cu(HSGCR)i- is also indicated by the values 
of the ESR parameter, gz and A,. The dissociation 
of a proton from CuHSGCR to form CuSGCR- is 
accompanied by a colour change (&,,,, changes from 
475 to 538 nm). This suggests that the proton of 
CuHSGCR may be attached to the phenolic oxygen 
atom and the structure of CuHSGCR may be 
assumed to be (IV). There are no data for the visible- 
region absorption spectrum for Cu(HSGCR)i-, but 
the proton may again be attached to the phenolic 
oxygen atom, in acidic media (pH cu. 4) and the struc- 
ture is probably (V). 

PH2 

AH, 

(H) CuHSGCR 

1 
0 

bH2 

(p) CU(HSGCR)$- 

CONCLUSION 

Only Cu(I1) among the bivalent metal ions investi- 
gated here reacts with SGCR in a weakly acidic solu- 
tion (pH ca. 4-6) so SGCR is available as the specific 
indicator for Cu(I1) in such media. In alkaline solu- 
tion, the colour change is large for formation of the 
Pb(II), Zn(I1) and Cu(I1) complexes, and the forma- 
tion constants are higher than about 10s; thus SGCR 
is available as an indicator for these metal ions in 
alkaline media. However, it is not suitable for use 
with the other metals investigated here. 
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Summary-A general method is described for the coulometric titration of alkylanilines with anodically 
generated bromine. The reaction is carried out in water-acetic acid medium and the reactivity is 
governed by varying the water content and the concentration of bromide ion and by the addition of 
pyridine. In this way most types of alkylanilines can be titrated quantitatively. Unlike the case for 
alkylphenols, the bromine consumption is not always higher in the pyridine-containing media than 
in the pyridine-free. The bromine consumption is also more dependent on the bromide content of 
the medium than it is for alkylphenols. The mean relative error, for the best medium for each compound, 
is +0.9% for primary alkylanilines, +0.9x for secondary and k 1.2x, for tertiary. 

Recently a general method for the coulometric titra- 
tion of alkylphenols with anodically generated bro- 
mine was described in this journal.’ The present com- 
munication deals with a related problem, the coulo- 
metric bromination of alkylanilines. Bromination has 
historically been an important method for the quanti- 
tative determination of anilines, especially aniline 
itself and methylanilines. Non-coulometric bromina- 
tion methods have utilized direct titration with bro- 
mine or bromide-bromate solutions and the end- 
point has been detected visually, with or without an 
internal indicator. 2*3 Starch-iodide paper as an exter- 
nal indicator has also often been employed4 as have 
instrumental indication methods, e.g., potentiometric’ 
and photometric6 methods. The most common 
approach, however, is to use a back-titration where 
titrant is added in excess and the excess is then deter- 
mined iodometrically.’ The reason for the frequent 
application of the back-titration method is the slug- 
gish reaction of many anilines with bromine under 
the conditions generally used. 

The variety of methods employed demonstrates the 
ditBculty of developing a general bromination method 
for alkylanilines. An example of this is given by Day 
and Taggarts who tried in vain to develop universally 
applicable bromination methods for phenols -and aro- 
matic amines. Of a number of alkylanilines investi- 
gated, only aniline and m-toluidine could be deter- 
mined with sufficient accuracy, although direct as well 
as indirect methods were utilized. In a more recent 
investigation Matrka et al.’ studied the quantitative 
bromination of several N-alkylanilines in 1M hydro- 
chloric acid. The direct bromination method was too 
slow to be useful and only N-methylaniline could be 
determined by the back-titration method. Oxidative 
side-reactions also took place whereby alkyl groups 
were split off. The reason for the problems encoun- 
tered is thought to lie mainly in the choice of titration 
medium. Although aqueous media are most common, 

brominations of alkylanilines have also been per- 
formed in glacial acetic acid” and in propylene car- 
bonate. I ’ 

Examples of coulometric bromination methods 
applied to alkylanilines are scarce. Buck and Swift” 
seem to have been the first to utilize a coulometric 
bromometric titration method for the determination 
of aniline. Bromine was generated in excess, and 
back-titrated with electrolytically generated copper(l). 
The titration medium was an acidified aqueous solu- 
tion. The back-titration mode was necessitated by the 
slow reaction between aniline and bromine under the 
conditions used. In a more extensive coulometric in- 
vestigation Delgado13 titrated aniline and o- and 
p-toluidine. The reaction was governed by regulation 
of the pH. Thus, while aniline could be quantitatively 
brominated in the pH range l-5, the toluidines had 
to be titrated at pH 1. N,N-Dimethylaniline could 
not be titrated because the reaction was too slow. 

The titration was foilowed biamperometrically with 
two platinum electrodes and the indicator currents 
were plotted manually against time. 

The aim of the present investigation was to davelop 
a general coulometric method usable for the quantita- 
tive determination of all kinds of alkylanilines. In our 
previous communication’ an extensive study was 
made of various factors influencing the quantitative 
bromination reaction of phenols, i.e., composition of 
titration medium, amount of substance titrated and 
magnitude of generating current and polarizing resist- 
ance. It was found that the conclusions drawn from 
this investigation were also valid for the quantitative 
coulometric bromination of alkylanilines. Accord- 
ingly, aqueous acetic acid was used as titration 
medium. The reactivity-promoting properties of the 
media were regulated by varying the proportions of 
acetic acid and water and the bromide concentration. 
To some media pyridine was added in order to accel- 
erate the bromination reaction (see Table 1). 
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Table 1. Composition of media used for bromination of anilines 

Medium 
Acetic acid, 

% 0 
Water, 
% VIU 

Pyridine, 
% UIV 

CB;l. 

EXPERIMENTAL 

Apparatus 

The apparatus has already been described’ and was used 
without change. The generating current was 3 mA, the 
polarizing resistance 100 kR and the chart-speed 30 
mm/min. 

Reagents 

Anilines. These were of the best grade commercially 
available. Some of them were further purified by distilla- 
tion or recrystallization. NJ-2,6-Tetramethylaniline and 
NJ-2-triethylaniline were prepared in the laboratory.i4 

Aceric acid. Merck, 99100% 
Sodium bromide. Sodium bromide, 99%, BDH. 
Pyridine. Mallinckrodt analytical grade. 

Titration procedure 

The details have already been published,’ the only 
change being use of methanol instead of acetic acid for 
dissolving the sample. The reason for this is the risk of 
partial acetylation of primary and secondary anilines with 
the formation of unreactive N-acetylanilinea. An amount 
of amine was taken each time which would consume 
between 10 and 20 peq of bromine (i.e., required 5-10 min 
generation at 3 mA). 

RESULTS AND DISCUSSION 

Thirty-nine anilines were titrated by the coulo- 
metric bromination method. Of these 17 were primary 

anilines (Table 2). 12 secondary anilines (Table 3) and 
10 tertiary anilines (Table 4). The results of the bro- 
minations have been summarized in Table 5 and are 
the means of at least two titrations. 

Primary anilines 

All the primary anilines investigated could be 
titrated in the pyridine-free medium III-l, containing 
W/, v/v acetic acid and O.lM with respect to bromide 
(see Table 1). The reaction between aniline and bro- 
mine is somewhat sluggish in this medium, giving low 
results. On that account the pyridinecontaining 
media I-l or II-3 are recommended. As seen from 
Table 2, all free ortho and para positions are substi- 
tuted by bromine whether the medium contains pyri- 
dine or not. It is noteworthy that pyridine is not 
necessary for full bromination. In the previous investi- 
gation of phenols it was generally found that mono- 
bromination took place in pyridine-free media, while 
a pyridine-containing medium was required for full 
bromination. 

In this case it was even found that less bromine 
was consumed by aniline in the pyridine-containing 
medium II-3 (2 moles of Br/mole) than in the pyri- 
dine-free medium III-1 (3 moles of Br/mole) and the 
titration could be carried out with a precision better 

Table 2. Results of bromination of primary alkylanilines 

Mean Mean 
Titn. Number of error, Titn. Number of error, 

Aniline medium H substituted % medium H substituted % 

GHsNHz III-1 3 -4.5 I-l 3 - 1.6 
- - - II-3 2 - 0.8 

C,HsNH,, HCI III-1 3 -4.0 I-l 3 -2.5 
2-Me III-1 2 + 0.4 
2-Et III-1 2 - 1.0 
2-isoPr III-1 2 -0.8 
3-Me III-1 3 +0.1 I-l 3 -0.5 
3-Et III-1 3 -0.1 
3-Et, HCI III-l 3 -0.9 , 
4-Me III-1 2 -0.3 I-l 2 + 0.4 
4-Et III-1 2 + 0.8 
4-E& HCI III-1 2 -0.9 
4-isoPr III-1 2 -0.8 
4-Bu III-l 2 -0.2 I-l 2 -0.2 
2,3-diMe III-1 2 -0.4 . 
2,4diMe III-1 1 + 1.1 
2-Me-4-Bu III-1 1 -2.5 I-3 1 - 1.6 
2,5-diMe III-1 2 -0.7 
2,6-diMe III-1 I + 0.8 
3,4-diMe III-1 2 +0.5 
2,4,6-triMe III-l 0 - I-l 1 + 3.4 
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Table 3. Results of bromination of secondary alkylanilines 

Aniline 

N-Me 
N-Et 
N-Pr 
N-Bu 
N-Bz 
N-Ph 
N-Me-2-Me 
N-Et-2-Me 
N-Me-4-Me 
N-Et-4-Me 
N-Et-3-Me 
N-Me-3-Me 

Tiin. Number of 
medium H substituted 

III-1 2 
III-1 2 
111-l 2 
III-1 2 
111-l 2 
III-1 4 
III-I 2 
111-l 1 
111-l 2 
III-I 0 
III-1 2 
III-I 2 

Mean 
error, 

% 

-0.6 
- 1.4 
- 1.3 
- 1.3 
- 2.8 
- 3.1 

* 
+2.1 

* 
- 

-0.6 
+0.8 

Titn. Number of 
medium H substituted 

I-2 2 
I-2 2 
I-3 2 
I-2 2 
I-l 2 
I-l 4 
I-l 2 
I-l 2 
I-l 2 
I-l 2 
I-1 3 
I-l 3 
I-3 2 

Mean 
error, 

‘%; 

-0.6 
-0.8 
-0.8 
- 1.0. 
- 1.9 
- 3.0 
- 0.6 
+0.1 
+1.0 
-0.2 
-1.4 
-2.8 
- 1.3 

l Sloping titration curve, difficult to evaluate. 

than 1%. We believe this fact to be due to the higher 
bromide content in the former case (1.2M against 
O.lM) which for anilines has a greater influence on 
the reactivity than the presenge or absence of pyri- 
dine. 

2,4,6_Trimethylaniline does not react with bromine 
in the pyridine-free medium III-l, but in the pyridine- 
containing medium I-l it consumes one mole of bro- 
mine per mole of aniline. The reaction of this com- 
pound with bromine, in spite of the fact that it has 
no free ortho and para positions, should be compared 
with the corresponding reaction between 2,4,6-tri- 
methylphenol and bromine. In the latter case a para- 
quinoid bromocyclohexadienone is formed and it is 
believed that an analogous compound results from 
the reaction between 2,4,6_trimethylaniline and bro- 
mine. Although in most cases results of similar accu- 
racy were obtained in media with and without pyri- 
dine, it was often observed that the titration curve 
in the pyridine-containing media was steeper after the 
end-point, which facilitated the detection of the end- 
point (cf Fig. 1 in ref. 1). 

The reaction between some primary anilines and 
bromine in medium IV,’ containing lo”/, v/v water 
but no pyridine, was also studied. It appeared that 
in this medium aniline, 2-methylaniline and 3-methyl- 
aniline were monobrominated while 4-methylaniline 
did not react, indicating that the bromine entered the 
para position. However, the results are not communi- 
cated in Table 2 as they were only approximate. This 
difference in reactivity could be used to distinguish 
between 2- and 3-alkylanilines on the one hand and 
Calkylanilines on the other. 

Table 2 also includes some titration results for hy- 
drochlorides of primary anilines. As might be 
expected, they can be titrated just as well as the free 
amines in acetic acid-water media. This is of interest 
as anilines are often isolated and purified as their 
hydrochlorides. 

Seconffury anilines 

Secondary anilines, like the primary, can be titrated 
in medium III-1 (with some exceptions) or in one of 
the media of group I (see Table 3). However, the be- 
haviour of secondary anilines is different from that 
of the primary ones. Thus, in secondary anilines with- 
out nuclear substituents bromine generally enters 
only two of the three vacant ortho and para positions, 
irrespective of whether the medium contains pyridine 
(I) or not (III-l). For secondary anilines with nuclear 
alkyl groups in the ortho or puru positions a further 
decreased reactivity is observed in medium Ill-l. This 
is sometimes shown by a sloping titration curve, 
which makes it difficult to evaluate the end-point ac- 
curately or, as for N-ethyl-4_methylaniline, by absence 
of reaction. Secondary anilines with a methyl group 
in the mefa position are as reactive in medium III-1 

as secondary anilines without nuclear alkyl groups, 
bromine entering two of the three vacant ortho and 
para positions. 

In the pyridine-containing medium I-l the reac- 
tivity of the nuclear-substituted secondary anilines is 
greater than in medium III-l. Thus all compounds 

gave some reaction, and all hydrogen atoms in free 
ortho and para positions were exchanged for bromine 
as compared to one hydrogen atom less in medium 
III-1 for the anilines which did react in this medium. 
Another example of the influence of the bromide con- - 
centration in the medium is given by the reaction 
of N-methyl-3-methylaniline for which the number of 
entering bromine atoms is lowered from three to two 
when the bromide concentration is increased from 
O.lM (I-l) to 1.2M (I-3). 

Tertiary anilines 

The decreased reactivity towards bromine pre- 
viously observed for secondary anilines is further 
accentuated for tertiary anilines (see Table 4). Thus 
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Table 4. Results of bromination of tertiary alkylanilines 

Aniline 

N,N-diMe 
N,NdiEt 
N,NdiPh 
N,N-diMe-2-Me 
N,N-diEt-2-Me 
N,N-diEt-2-Et 
N,NdiMe-3-Me 
N,N-diEt-3-Me 
N,N-diMe-CMe 
N,N-diEt-CMe 

Mean 
Titn. Number of error, Titn. 

medium H substituted % medium 

III-I 1 + 1.0 I-l 
III-l I - 1.3 I-3 
111-I 3 -0.6 I-l 
III-I 0 I-2 
III-l 0 - I-l 
III-I 0 I-l 
III-l I - 0.1 I-l 
III-1 I - 1.2 I-l 
III-l 0 I-l 
III-l 0 1-l 

Number of 
H substituted 

Mean 
error, 

% 

3 

kO.0 
+2.3 
-0.2 
+2.8 
- 
- 

-0.6 
- 3.7 
+ 3.6 
f0.l 

in the pyridine-free medium III-1 only compounds 
without nuclear substituents or with a methyl group 
in the meta position react. Only one bromine atom 
enters each benzene ring, probably in the para pos- 
ition. 

In the pyridine-containing media I, all the com- 
pounds tested except two, namely N,N-diethyl-2- 
methylaniline and N,N-diethyl-2-ethyl-aniline gave 
some reaction. The number of hydrogen atoms substi- 
tuted varies with the structure. In tertiary anilines 
without nuclear substituents, bromine enters one or 
two of the three vacant ortho or para positions, 
depending on the size of the groups at the nitrogen 
atom. Thus, in N,N-dimethylaniline two hydrogen 
atoms are exchanged and the titration can be per- 
formed in medium I-l. Attempts to titrate N,N-dieth- 
ylaniline in the same medium showed that approxi- 
mately two moles of bromine were consumed per 
mole of determinant, but the values were too low to 
be useful for quantitative determination. However, a 
change to medium I-3 where one mole of bromine 
was consumed per mole, gave a quantitative result. 
We have here another example of the marked in- 
fluence of the bromide concentration in the medium 
on the bromine consumption. As can be seen from 
Table 4, the pyridine-free medium III-l, in which the 
reacting ratio is likewise l:l, is the best choice for 
the determination of this compound. The third ter- 
tiary aniline without nuclear substituents in Table 4, 
triphenylamine, consumes one molecule of bromine 
per benzene ring in the most bromination-promoting 
medium I-l just as in medium III-l. 

Of the nuclear-substituted tertiary anilines, those 
with substituents at the ortho and para positions con- 
sume one mole of bromine per mole or do not react 
at all in media of group I. The unreactive compounds, 1 
N,N-diethyl-2-methylaniline and N,Ndiethyl-2-ethyl- 
aniline are the only anilines in this investigation 
which did not react in any of the media investigated. 
Obviously anilines in which the steric interaction 
between the substituents at the nitrogen atom and 
an ortho-situated group is great enough must be 
expected to be unreactive towards bromine. The two 
nuclear-substituted compounds with methyl groups in 

the meta position consume two moles of bromine per 
mole in medium I-l against one in medium III-l. 

In addition to the tertiary anilines listed in Table 4, 
N,Ndimethyl-2,6dimethylaniline was also titrated 
with bromine. This compound did not react in the 
pyridine-free medium III-l, but consumed between 
three and four moles of bromine per mole in the 
pyridine-containing medium I-l. However, the latter 
reaction, which we believe to be due to oxidation, 
is not useful for quantitative determination. 

The secondary and tertiary anilines are less reactive 
than the primary anilines because of the steric interac- 

tion between substituents on the nitrogen atom and 
ortho-situated groups existent in these compounds or 
in their bromination products. The nuclear substi- 
tuent can be an alkyl group or a bromine atom. It 
is known that this steric hindrance interferes with the 
alignment between the nitrogen atom and the plane 
of the benzene ring, thereby decreasing the activation 
which arises from resonance of the ortho and para 
positions.’ 5 

In Table 5 the results of the bromination of aniline 
and alkylanilines have been summarized. The de- 
creased reactivity towards bromine in the series 
primary-secondary-tertiary anilines is clearly demon- 

strated. It is also seen that pyridine exerts a bromina- 
tion-promoting effect only for secondary anilines with 
nuclear substituents and for tertiary anilines. Likewise 
it is evident that among nuclear-substituted secondary 
and tertiary anilines the mera-substituted are gener- 
ally most reactive. 

Di$erentiation between anilines by acetylation ana’ bro- 
mine titration 

When a primary or secondary aniline is acetylated, 
it loses its ability to react with bromine in the coulo- 
metric titration method. This fact can be utilized for 
distinguishing these types of anilines from tertiary 
ones. Thus an aniline which can react with bromine 
before acetylation but not after heating for a couple 
of minutes with an excess of acetic anhydride, is either 
primary or secondary. Because of the possibility of 
acetylation the use of aqueous acetic acid as titration 
medium can be questioned. However, we have not 
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Table 5. Media for quantitative bromination of alkylanilines 

491 

Type of aniline 

Primary 
With and without substituents 

Secondary 
Without nuclear substituents 
With nuclear substituents 
in 3-position 

in 2- or 4-position 

Tertiary 
Without nuclear substituents 

Medium 

III-I or I 
II-3* 

111-l or I 

111-l 
I-1 
III-I 
I-1 

III-I 

Number of available 
hydrogen atoms 

exchanged for bromine 

All 
2 of 3 

2 of 3 

2 of 3 
All (3) 

Not recommendedt 
All (2) 

I of3 

With nuclear substituents 
in 3-position 

in 2- or 4-position 

I 

III-I 
I-l 
III-I 
I 

2 or 1 of 3 

I of3 
2 of 3 
None 

I of 2, or none 

* Aniline. 
t See Table 3. 

noted any adverse effects of this titration medium on 
the bromination reaction of primary and secondary 
anilines and consequently conclude that no acetyl- 
ation takes place under the conditions used (see also 
“Experimental”). 
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Summary-A general method is described for the coulometric titration of various substituted anilines 
with anodically generated bromine. The reaction is carried out in water-acetic acid medium and the 
reactivity is governed by varying the water content and the bromide concentration, and by the addition 
of pyridine. In this way the majority of the substituted anilines tested can be titrated quantitatively. 
There is no great difference in the reactivity-promoting properties of pyridine-free and pyridine-contain- 
ing media, but the latter generally give the better results and are therefore to be preferred. The mean 
relative error, for the best medium for each compound, is *OS% for the haloanilines and k l.oO/, 
for anilines with oxygenated functional groups. 

In a previous paper’ a general method was described 
for the coulometric titration of alkylanilines with 
anodically generated bromine. This paper deals with 
the coulometric bromination of anilines, mainly those 
containing deactivating groups. Non-coulometric 
bromination methods have previously been applied 
to several deactivated anilines with varying success, 
while coulometric bromination methods have been 
used only very occasionally. Kalinowski and Zwierz- 
chowski2*’ seem to have been the first to utilize cou- 
lometric bromometric titration for the determination 
of deactivated anilines. They titrated p-aminobenzoic 

. acid and novocaine, an ester of p-aminobenzoic acid, 
in aqueous sulphuric acid. The titration was followed 
biamperometrically with two platinum electrodes and 
either a known excess of bromine was generated, or 
the substance was titrated directly to the end-point. 
Delgado’ titrated o- and p-aminobenzoic acid and 
sulphanilic acid, likewise in aqueous solution, and the 
reaction was governed by regulation of the pH. The 
titration was followed biamperometrically with two 
platinum electrodes and the indicator currents were 
plotted manually against time. 

In this investigation a thorough study has been 
made of the application of the coulometric bromo- 
metric titration method, originally developed for 
phenols,5*6 to the determination of anilines containing 
various functional groups, mainly deactivating. The 
following groups are included: halogen, methoxy, 
formyl, acetyl, carboxyl, ester, carboxymethyl 
(CH,COOH), nitro and sulphonate. Aqueous acetic 
acid was used as titration medium for the majority 
of the compounds investigated and the reactivity-pro- 
moting properties of the media were regulated by 
varying the content of acetic acid and water and the 
concentration of bromide ion. To some media pyri- 
dine was added in order to promote the bromination 
reaction (see Table 1). 

Apparatus 

EXPERIMENTAL 

The apparatus has been described previously5 and was 
used without change. The generating current _ was 3 mA, 
the polarizing resistance 100 kR and the chart-speed 
30 mm/min. 

Reagents 

The anilines used were of the best grade commercially 
available. Some of them were further purified by distilla- 
tion or recrystallization. The other reagents were as de- 
scribed before.’ 

Titration procedure 

For details of the titration procedure, see the earlier 
work,” the only change being use of methanol instead of 
acetic acid for dissolving the sample, because of the risk 
of acetylation of primary and secondary anilines with the 
formation of non-reactive acetanilides.’ In the case of 
aminosulphonic acids water is used as the solvent. 

An amount of amine is weighed out which is calculated 
to consume about 2OReq of bromine for full bromination. 
Generally the break in the titration curve corresponding 
to full bromination is taken as the end-point. In most in- 
stances the results are not much dependent on the amount 
of substance titrated, provided that the bromine consump- 
tion lies in the range IO-2OReq. 

In cases where the titration curve has two breaks it is 
sometimes necessary to use the first for evaluation of the 
end-point. The break used is given in the appropriate 
column in the tables, in parentheses. The number of 
hydrogen atoms substituted given in the tables always cor- 
responds to the break utilized for end-point evaluation, 
irrespective of whether the first or second break is used. 

There are two main reasons for failure of the bromo- 
metric titration method, and these are evident from the 
appearance of the titration curve. Thus, the break in the 
titration curve, although reproducible and corresponding 
to the consumption of a whole-number reaction ratio, may 
be too small for accurate evaluation of the end-point. 
Another cause of failure is that the break, although steep 
enough, is not reproducible or gives erroneous results. The 
results given in the tables are the average of at least two 
titrations. As seen from the column giving the number of 
hydrogen atoms substituted, some amines are only partly 
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Table 1. Composition of media used for bromination of 
anilines 

Acetic acid, Water, Pyridine, 
Medium <J( V/l “’ v/o ,‘,l “/:, F/L’ 

[B&l. 

l-l 55 35 10 0.1 
I-2 55 35 10 0.4 
1-3 55 35 10 1.2 
III-1 60 40 0.1 

substituted by bromine at the free ortho and para positions 
by the time the end-point is reached, but more bromine 
is often consumed after this, since the titration curve does 
not immediately return to the baseline after the end-point 
(see Tables 2 and 3). 

RESULTS AND DISCUSSION 

About fifty substituted anilines were titrated in 
medium III-l and also in one or several of the media 
of group I (see Table 1). Nearly all the anilines were 
primary, and only two tertiary anilines were included. 
In a previous study on the coulometric bromometric 
titration of phenols containing deactivating functional 
groups6 it was found that these compounds required 
pyridine-containing media, i.e. from groups I or II, 
for quantitative bromination. For the corresponding 
anilines this is not the case. They can be titrated in 

pyridine-free as well as pyridine-containing media, 
but the best results were generally obtained in the 
latter, which accordingly are to be preferred. 

Another difference between the behaviour of 
phenols and anilines containing deactivating groups 
was that while the strongly deactivated phenols such 
as trichloro- and dinitrophenols could be quantitat- 
ively brominated, this was not the case for the corre- 
sponding anilines. The latter compounds either did 
not consume bromine at all or gave sloping titration 
curves from which the end-point could not be pro- 
perly evaluated. The marked dependence of the reac- 
tivity of anilines on the bromide concentration in the 
medium, which was previously observed for alkylani- 
lines,’ was found also to exist for the types of anilines 
studied in this work. 

Haloanilines 

Most haloanilines can be titrated with fair accuracy 
in the pyridine-containing media I-l and/or I-3 (see 
Table 2). For comparison, a titration was also per- 
formed in the pyridine-free medium III-I. Although 
results of comparable accuracy are reported in several 
cases for media of groups I and III in Table 2, 
medium III-l tended to give sloping titration curves 
which were difficult to evaluate accurately. 

As can be seen from Table 2, ortho- and para-sub- 

Table 2*. Results of bromination of haloanilines 

Aniline 

Mean Mean 
Number Number of relative Number Number of relative 

Titn. 0r H breaks in the error, Titn. 0r H breaks in the error, 
medium substituted titration curve Pi medium substituted titration curve % 

2-Fluoro 
3-Fluoro 
4-Fluoro 
2.4-Difluoro 
2.5-Difluoro 
2-Chloro 
2-Chloro-6-methyl 
3-Chloro 
3-Chloro-2-methyl 
3-Chloro-4-methyl 
5-Chloro-2-methyl 
4-Chloro 
2.3-Dichloro 
2.4-Dichloro 
2.5-Dichloro 
2.6-Dichloro 
3.CDichloro 
3.5-Dichloro 
2.3.4-Trichloro 
2.4.5-Trichloro 
2-Bromo 

3-Bromo 
4-Bromo 

2.4-Dibromo 
2-Iodo 
4-lodo 

I-1 2 
1-3 2 
I-1 2 
I-1 1 
I-3 I 
I-1 2 
I-l 1 
I-3 2 
I-1 2 
I-l 2 
I-1 2 
I-l 2 
1-3 1 
I-1 1 
I-3 1 
I-l 1 
I-3 1 
I-l 2 
I-l -I 
I-l -I 
I-1 2 
I-3 1 
I-3 2 
I-1 2 
I-3 1 
I-l 1 
I-1 2 
I-l -2 

W) 
1 

.a) 
18 

:(2, 
18 

2(2) 
15 
1 
20 
212) 

-0.8 
-0.5 
-0.2 
-0.6 
+ 0.4 
+ 0.3 
+ 0.2 
-0.3 
-0.6 
-0.7 
+0.4 
-0.8 
+0.4 
+0.1 
-0.7 
+1.0 
+1.0 
+ 0.6 

: 
- 2.6 
+0.2 
+0.3 
-2.5 
-0.3 
+1.4 
+ 0.9 

t 

III-l 
III-I 
III-1 
III-1 
III-1 
III-1 
III-l 
III-1 
III-1 
111-l 
111-l 
III-1 
III-1 
III-1 
III-1 
III-1 
III-1 
III-I 
III-1 
III-1 
111-l 

111-l 
III-1 

111-l 
111-l 
III-1 

2 
2 
1-2 

-1 

2 
2 
2 

-2 
-1 
-1 

1 

-1 
2 

-1 
-1 
-2 

-2 
-2 

1 
2 

-2 

1 -2.6 
1 + 2.3 
1 t 
1 t 
li( + 1.7 
2(2) - 1.5 
1 + 0.3 
YW + -0.5 0.3 

1 - 1.3 
1 -0.3 
1 t 

:(“s i t 
2(1)1 + 0.4 
&,S -0.7 

t 
1 +0.1 
1 t 
1 t 
2(2) i 

YC 
t 
t 

&I -0.3 + 0.2 
2(2) t 

* See also “Experimental”. 
i Mean relative error greater than 3%. 
$ Further bromine consumption after the break used for determination of end-point. 
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another example oft he marked influence of this factor 
on the reactivity for anilines, previously established 
for alkylanilines.’ Other examples follow. 

It has not been possible to brominate quantitatively 
the two trichloroanilines, 2,3,4- and 2,4,5-trichloroani- 
line, in any of the media used in this work. They 
do not react at all in medium i-3, and while approxi- 
mately one mole of bromine is consumed per mole 
in medium I-l, the results are S-loo/, low, and still 
lower values were obtained in medium III-l. 

stituted fluoro- and chloroanilines without nuclear 
alkyl groups are best titrated in medium I-l if they 
possess no meta-situated halogen atom, and in 
medium I-3 if they do have one. In the former case 
bromine enters all vacant ortho and para positions, 
in the latter case the number of hydrogen atoms 
exchanged is one less than the number of available 
ortho and para positions. However, for 2,3dichloro- 
aniline a further consumption of bromine after the 
end-point can be seen. If the haloaniline contains, in 
addition to a chlorine atom in the meta-position, a 
methyl group jn the ortho or para position, the titra- 
tion should be done in medium I-l. The same is valid 
for 3Jdichloroaniline. While the methylanilines are 
fully substituted, only two of the three available pos- 
itions in 3,Sdichloroaniline are taken up by bromine. 

The considerable difference in reactivity-promoting Only two iodoanilines were titrated, namely 2- and 
properties between the I-l and I-3 media for halo- 4-iodoaniline. Of these only the first could be bro- 
anilines is exemplified by the reactions of some minated quantitatively, two bromine atoms entering 
chloroanilines with bromine in the two media. Thus, the molecule when media I-l and III-1 were used. 
in 4-chloro-, 2,5dichloro- and 2,4dichloroaniline one It thus behaved like the other 2-halo-substituted ani- 
hydrogen atom less is exchanged for bromine in lines. 4-Iodoaniline reacted sluggishly and gave a 
medium I-3 than in medium I-l. This means that the sloping titration curve from which the end-point 
last-mentioned compound does not react in medium could not be accurately evaluated. The reason for this 
I-3. For the two other compounds, only the best is not known, but it was observed that the electrodes 
values are given in Table 2. As the two media differ were easily contaminated in this case. A similar be- 
only in the bromide concentration, we have here haviour was found for 2- and 4-iodophenol in a pre- 

Bromoanilines react like their fluoro and chloro 
analogues. However, for 2- and 4-bromoaniline the 
reaction is somewhat sluggish in medium,I-1, giving 
low results. The titration is better performed in 
medium I-3, where a useful break is obtained when 
one hydrogen atom is substituted. 

Table 3’. Results of bromination of anilines containing various oxygenated functional groups 

Aniline 

Mean Mean 
Number Number of relative Number Number of relative 

Titn. of H breaks in the error, Titn. of H breaks in the error, 
medium substituted titration curve % medium substituted titration curve % 

2-Methoxy 
CMethoxy 
2-Formyl 
3-Formyl 
N,N-Dimethyl-rl- 

formyl 
4-Acetyl 
4.4’-Bisdimethyl- 

aminobenzo- 
phenone 

2-Carboxy 
3-Carboxy 
N,N-Dimethyl-3- 

carboxy 
4-Carboxy 
2-Carbomethoxy 
4-Carboethoxy 
4-Carboxy-methyl 
2-Sulphonic acid 
3-Sulphonic acid 
4-Sulphonic acid 
2-Nitro 
3-Nitro 
4-Nitro 
Dinitro- 

(2,4-,2,6-,3,5-) 

I-2 
I-m&a 

I-3 
I-2 

2 
: 

kO.0 
t 
a 

-0.5 

111-l 
III-1 
III-1 
III-I 

111-l 
111-l 

111-l 

111-l 
III-1 

III-1 
111-l 
111-l 
111-l 
III-1 
III-1 
III-1 
111-l 
111-l 
III-1 
111-l 

111-l 

2 1 
2 
1 :1,1 

-2 I 

+1.0 
+0.8 
+1.5 

$ 

P 

-0.1 
8 

kl.4 
+ 0.6 

E 
Fi 
li 

-0.5 
ti 

-0.1 
s 
# 

- 0.4 

- 

-1 
2 

I$ 
x3 

I-l 
I-3 

1 1 
1 

+1.7 
+1.5 

+1.3 

-1 
-2 :21 

l-2 1 I-l 2 

I-3 2 2(2) + 0.9 
I-l 3 1 -1.0 

2 1 
-2 1 

I-l -1 
I-l 2-3 

I 
f 

+1.5 
+ 0.8 
- 1.7 
-0.5 
-1.7 
-0.3 
-0.9 

1 1 
2 2(2) 

-2 X2) 
l-2 32) 

-2 1 

I-3 
I-3 
I-l 
I-l 
I-l 
I-l 
I-l 
I-2 
I-l 

I-media 

1 
2 
2 
2 
2 
1 

-1 

2 1 
-2 1 

2 1 
-1 1 
-1 1 

1 1 

0 0 

1$ 
1 

s 
-0.4 

0 0 - 

* See also “Experimental”. 
t Not possible to determine from the titration curve. 
s Mean relative error greater than 3%. 
$ Further bromine consumption after the break used for determination of end-point. 
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vious investigation, neither compound being bro- 
minated quantitatively.6 The mean relative error for 
the haloanilines titrated, for the best medium for each 
compound, is +O.So/,. 

Anilines with various oxyyenated ,functional groups 

The anilines covered in this section contain meth- 
oxy, formyl, acetyl, carboxyl, ester, carboxymethyl 
(CH,COOH), sulphonic acid and nitro groups in 
addition to the amino group. They are on the whole 
more difficult to determine than the haloanilines, 
which is also reflected in the results, which are less 
accurate than those obtained for the haloanilines (see 
Table 3). The reasons for this are inter alia that 
several of the anilines are sensitive to oxidation and 
are accordingly easily transformed during storage. 
Bromine can also oxidize the compounds, or displace 
some substituent groups such as formyl, carboxyl and 
sulphonic acid groups, causing overconsumption of 
t itrant. 

Merhoxyanilines. These anilines differ from the 
other compounds in Table 3 in having an activating 
functional group in addition to the amino group. Of 
the two compounds investigated, 2-methoxyaniline 
could be titrated without difficulty in pyridine-con- 
taining as well as in pyridine-free media, whereas 
4-methoxyaniline produced a sloping titration curve 
in the former type of medium, from which the end- 
point could not be evaluated. The fact that the solu- 
tion turned lilac indicated that some secondary reac- 
tion was ta’ring place, probably oxidation. Bromine 
entered all free ortho and para positions. 

Anilines with formyl and keto groups. With one 
exception these compounds are best titrated in pyri- 
dine-containing media of group I. The exception was 
2-aminobenzaldehyde which gave a low value in these 
media. In medium III-1 two breaks were obtained 
in the titration curve. The first break corresponded 
to the substitution of one hydrogen atom by bromine 
and, although small, was usable for evaluation of the 
end point. The second break corresponded to the sub- 
stitution of about 1.7 hydrogen atoms and was not 
useful for quantitative analysis. 

With the exception of this compound, the number 
of hydrogen atoms exchanged in each aromatic ring 
was one less than the number of available orrho and 
para positions. 

Anilines with carboxyl ana’ ester groups. For the 
quantitative bromination of these groups of substi- 
tuted anilines, pyridine-containing as well as pyridine- 
free media are necessary. Thus, 4-carboxyaniline and 
NJV-dimethyl-3-carboxyaniline could only be titrated 
in the pyridine-free medium III-l. For these com- 
pounds there is a considerable overconsumption of 
bromine in pyridine-containing media, which for 
4-carboxyaniline is due to partial displacement of the 
carboxyl group by bromine. Delgado4 has demon- 
strated that the decarboxylation of p-aminobenzoic 
acid on bromination in aqueous media is a function 
of pH. Decarboxylation increases when the pH is 

raised and becomes quantitative at pH 5. Obviously, 
the presence of pyridine in medium I-l raises the pH 
enough to cause a partial displacement of the car- 
boxy1 group by bromine during the titration, as the 
values are 15-20% too high. In the absence of pyri- 
dine, in medium III-l, no displacement of the car- 
boxy1 group occurs. 

Delgado reported a similar decarboxylation for 
o-aminobenzoic acid in aqueous media at pH 3-5, 
while in this work only a slight overconsumption of 
bromine was observed for this compound in the pyri- 
dine-containing medium I-3. It is of interest to com- 
pare the results obtained for 3-carboxyaniline and its 
N,Ndimethyl derivative. The presence of the two 
methyl groups at the nitrogen atom decreases the 
number of bromine atoms entering the ring, from 
three to one in medium I-l and from two to one 
in medium III-l. Similar results were previously 
observed for the corresponding 3-methylanilines 
where the decrease in medium I-l was from three 
to two and in medium III-1 from three to one.’ 

The two anilines substituted by ester groups, 2-car- 
bomethoxy- and 4-carboethoxyaniline, should be 
titrated in medium I-3 where the end-point corre- 
sponds to entry of one bromine atom into the mol- 
ecule. However, a further consumption of bromine 
is evident from the appearance of the titration curve. 

Anilines with sulphonic acid and nitro groups. Ani- 
lines with sulphonic acid groups in the ortho or para 

position can be titrated in pyridine-containing (I-l) 
as well as pyridine-free (III-l) media with good accu- 
racy while, for metanilic acid, pyridine must be 
present in the medium if quantitative results are to 
be obtained. In view of the deactivation exerted by 
the sulphonic acid group it is somewhat surprising 
to find that in the 2- and 4-amino sulphonic acids 
all free ortho and para positions are substituted by 
bromine in both pyridine-containing and pyridine- 
free media. In the corresponding meta isomer two of 
the three vacant positions are substituted. 

Nitroanilines are strongly deactivated and not very 
prone to react with bromine. Thus, of the six com- 
pounds tested only 2- and 4-nitroaniline gave quanti- 
tative results, the three dinitroanilines did not react, 
and 3-nitroaniline failed to react quantitatively. For 
the mononitroanilines only one bromine atom 
entered the aromatic ring. 

In order to facilitate the correct choice of titration 
medium for the quantitative bromometric titration of 
substituted anilines, Table 4 has been included. In 
cases where two media give results of comparable 
accuracy, the second best medium has been put in 
parentheses. 

Comparison of reactivity of various kinds of anilines 
with bromine 

It is of interest to compare the reactivity towards 
bromine, in the same medium, of various types of 
anilines studied in this and in a previous investiga- 
tion.’ Table 5 gives the substituent group and the 
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Table 4;. Media for quantitative bromination of substi- 
tuted anilines. 

Functional Functional 
group Medium group Medium 

Halogen 
(2- or 4-) 

F I-l 
Cl I-1 

IB;2-) 
I-3 
III-1 

Halogen (3-) 
F I-3 
Cl IJ (III-l) 
BT I-3 

Halogen (di) 

Methoxy (2-) 1-2 
Methoxy (4-) 111-l 
Formyl -(2-) III-1 
Formvl f3-) I-2 
Acetyi (4) I-3 
Carboxyl (2-) II-1 
Carboxyl (3-) I-l 
Carboxyl (4) III-1 
Ester (2-) I-3 
Ester (4) I-3 

Cl (2,3-) I-3 
F (2,4-) I-l 
Cl (24-) I-1 
Br (2.4) III-1 
F (2.5-1 I-3 

Carboxymethyl (4-) I-l 
Sulphonic (2-) I-l (111-I) 
Sulphonic (3-) I-l 
Sulphonic (4-) 111-l (I-l) 
Nitro 12-j I-1 

Cl(25:) III-1 (I-3) Nitro (4-j 
Cl (2,6-) III-1 (I-l) 
Cl (3,4-) I-3 
Cl (35) 111-l (I-l) 

l See also text. 

I-l (III-l) 

number of bromine atoms entering the molecule, 
when the bromination is performed in the pyridine- 
free medium III-1 containing 60% v/v of acetic acid. 
Certain conclusions can be drawn from this table. 

When the substituent is in the 2- or Cposition rela- 
tive to the amino group in a primary aniline there 
is no great difference in reactivity between com- 
pounds with activating (Me or MeO) and deactivating 
groups, hydrogen at the free ortho and para positions 
being exchanged for bromine, with some exceptions. 

. Thus for anilines with certain deactivating groups, i.e., 
formyl and nitro groups, the number of hydrogen 
atoms exchanged falls to one. Another factor which 
can decrease the number of entering bromine atoms 
is the presence of alkyl groups at the nitrogen atom 
(secondary and tertiary anilines). The size and number 

of alkyl groups at the nitrogen atom control the 
number of entering bromine atoms. 

When the substituent group is situated in the 
3-position there is a difference between anilines with 
activating (Me) and deactivating groups. In the 
former case bromine enters all free ortho and para 

positions (3), in the latter, one less (2). The reason 
for this should be sought in the fact that a meta 

methyl group is in a position to activate all three 
vacant ortho and para positions. An exception is con- 
stituted by 3-nitroaniline where only one bromine 
enters. As with 2- and 4-substituted anilines, the reac- 
tivity of the 3-substituted anilines is reduced by the 
introduction of alkyl groups at the nitrogen atom. 

The behaviour of the anilines in the substitution 
reaction with bromine in medium III-1 should be 
compared with the analogous reaction between 
phenols and bromine in the same medium. In this 
case only one bromine atom enters the ring of a 2-, 
3-, or 4-substituted alkylphenol and no reaction takes 
place if the substituent is deactivating. 

CONCLUSIONS 

It is concluded that substituted anilines containing 
halogen or various oxygenated functional groups can 
be titrated quantitatively with coulometrically gener- 
ated bromine in water-acetic acid media, with or 
without added pyridine. The standard titration media 
are the pyridine-containing media of group I, but in 
certain instances the pyridine-free medium 111-l 
should be used. Not all of the investigated anilines 
can be determined. Thus, trichloroanilines, p-iodoani- 
line and m-nitroaniline, although reactive, failed to 
give quantitative results, while dinitroanilines did not 
react. 
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Table 5. Comparison between reactivity towards bromine for various kinds of anilines in medium 111-l 

Substituent 
group 

2-Me 
N-Me-2-Me 

Number of H Substituent Number of H Substituent Number of H 
substituted group substituted group substituted 

2 4-Me 2 
2 3-Me 3 N-Me-rl-Me 2 

N-Et-2-Me 
N,N-Me,-2-Me 
N,N-Et,-2-Me 
2-Me0 
2-F 
2-Cl 
2-Br 
2-I 
2-CHO 

2-COOH 
2-COOMe 
2-SO,H 
2-NO2 

2 
1* 

-2- 
-2 

2 
-1 

N-Me-3-Me 
N-Et-3-Me 
N,N-Me*-3-Me 
N,N-Et,-3-Me 
3-F 
3Cl 
3-Br 
3CH0 
3-COOH 
N,N-Me,-3-COOH 
3-SO,H 
3-NO2 

2 
2 

1 
2 
2* 

s 2* 
-2 
-2 

-2 
-1 

N-Et-4-Me 
N,N-Me*-4-Me 
N,N-Et,-4-Me 
4-Me0 
4-F 
4-Cl 
4-Br 
4-I 
N,N-Me+CHO 
4-COCHs 
4-COOH 
4-COOEt 
4-SO,H 
4-NO, 

0 
0 
0 
2 
l-2 

-2 
-2 
-2 

&l 
-2 

2 
l-2 
2 

* Further bromine consumption can be noticed. 
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SHORT COMMUNICATIONS 

SPECTROPHOTOMETRIC DETERMINATION OF 
THORIUM WITH XYLENOL ORANGE AND 
CETYLTRIMETHYLAMMONIUM BROMIDE 

T. V. RAMAKRISHNA and R. S. SHRIIWHARA MURTHK 

Department of Chemistry. Indian Institute of Technology. Madras 600 036, India 

(Receiwd 16 August 1978. Accepted 19 Noccwhrr 1978) 

Summary-The thorium-Xylenol Orange reaction sensitized by cetyltrimethylammonium bromide 
(E = 5.51 x 10” l.mole-’ .cm-‘) is accompanied by a bathochromic shift from 570 to 600 nm. The 
system is more selective than the binary system, because the reaction pH is lowered from 4.0 lo 
2.5; Beer’s law is obeyed for 0.04400 ppm of thorium. 

The red complex formed by thorium with Xylenol 
Orange has been used for its spectrophotometric 
determination,’ but the method is unselective because 
of serious interference from rare-earth and other ter- 
valent metals. Mukherji’ solved the problem of the 
rare-earths by doing the reaction at pH 2.0 but the 
procedure lacks sensitivity. The sensitivity has been 
improved by extracting the Xylenol Orange complex 
into butanol in the presence of 1,3_diphenylguani- 
dine,3 but the selectivity is not improved. This com- 
munication utilizes the coloured species formed when 
thorium reacts with Xylenol Orange in the presence 
of cetyltrimethylammonium bromide (CTAB) in 
weakly acidic medium. Similar reactions of quatern- 
ary ammonium salts with the thorium complexes of 
Chrome Azurol S,4*5 Glycihecresol Red6 and Methyl- 
xylenol Blue’ have already been used for the deter- 
mination of thorium. 

EXPERIMENTAL 

Reagents 

Thorium solution (500 ppm). Dissolve 0.1268 g of 
Th(N0,).6H,O in 100 ml of distilled water containing 
1 ml ofconc.nitric acid. Dilute to give a lO-ppm solution. 

Xylenol Orange solution (0.02%). 
Cetyltrimethylammonium bromide solution (0.25%). 
Chloroacetic acid bufir, 0.5M. Dissolve 12 g of chloro- 

acetic acid in 250 ml of water and adjust to pH 2.5 (pH- 
meter) with sodium hydroxide. 

Procedure 
Transfer a sample containing not more than 100 pg of 

thorium into a 25-m] standard flask. Add, with mixing, 
5 ml each of Xylenol Orange solution and chloroacetic 
acid buffer (pH 2.5) followed by I ml of CTAB solution. 
Dilute to the mark with distilled water and mix. Measure 
the absorbance at 600 nm in IO-mm cells against distilled 

water. Establish the concentration by reference to a arli- 
bration graph prepared for I@ 100 peg of thorium by the 
procedure above. 

RESULTS AND DISCUSSION 

Preliminary examination showed that the presence 
of excess of CTAB was without effect on the red thor- 
ium-Xylenol Orange complex, but after systematic in- 
vestigation it was observed that when a moderate 
excess of CTAB was used, a blue hue appeared instan- 
taneously upon dilution, the intensity being in direct 
proportion to the amount of thorium present. An 
examination of the spectra obtained in the presence 
and absence of CTAB showed that the absorption- 
maximum of the binary complex at 570 nm shifts to 
600 nm in the presence of CTAB; the reagent blank 
does not absorb at all at this wavelength (Fig. 1). 
The effects of various experimental parameters on this 
reaction are shown in Table 1. The amount of thor- 
ium used was 20 pg and except for the study of the 
effect of pH, the solutions were adjusted to pH 2.5 
with the chloroacetic acid buffer. Absorbance 
measurements were made at 600 nm in lo-mm cells 
after dilution to 25 ml with water. The colour devel- 
opment was instantaneous and the absorbance 
remained stable for at least 3 hr. The order of addi- 
tion of reagents has no effect on the absorbance. 

Nature o$ the complex 

To find the reacting ratio between thorium and 
Xylenol Orange the mole-ratio and continuous vari- 
ation methods were used. The results showed that 
the ratio of thorium to Xylenol Orange remained I:2 
as in the binary complex.’ The mole-ratio method 
was also used to find the reacting ratio between thor- 
ium and CTAB in the presence of excess and of stoi- 
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Fig. 1. Absorption spectra of thorium-Xylenol Orange-CTAB system (pH 2.5; total volume 25 ml; 
IO-mm cells). A, 5.0 ml of 0.02% Xylenol Orange solution with and without CTAB; B, 5.0 ml of 
0.02% Xylenol Orange with 40 /.rcg of thorium; C, as in B, with 1.0 ml of 0.25% CTAB solution. 

chiometric amounts of Xylenol Orange. The results 
indicated that at least a 2O:l mole ratio of CTAB 
to complex is necessary. This suggests that the 
observed bathochromic shift is due to electrostatic in- 
teraction with the CTAB micelles. 

Interferences 

The recommended procedure was applied to solu- 
tions containing 40 pg of thorium and 1-mg amounts 

of various ions, and the results are summarized in 
Table 2. 

The reduction of Fe(III) and Ce(IV) by ascorbic 
acid overcomes their interference, and the addition 
of thiourea eliminates the interference. from Cu(II), 
Pt(IV) and Pd(I1). Fluoride can be masked with beryl- 
lium prior to addition of the reagents. 

Interference from Mo(VI), W(VI), Al, V(V) and 
phosphate is overcome by co-precipitation of thorium 

Table 1. Effect of different parameters on colour reaction (Xylenol Orange and CTAB solutions 2 ml each and pH 
2.5, except when varied as shown) 

PH 1.5 2.0 2.2 2.5 2.8 3.0 3.5 
Absorbance 0.035 0.160 0.175 0.185 0.185 0.175 0.155 

Xylenol 
Orange solutiob ml 
Absorbance 

CTAB 
solution, ml 
Absorbance 

0.5 1.0 2.0 4.0 6.0 8.0 10.0 

0.150 0.210 0.200 0.200 0.205 0.170 0.160 

0.5 1.0 2.0 2.5 3.0 4.0 5.0 

0.060 0.130 0.190 0.190 0.190 0.190 0.165 
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Table 2. Interference studies 

lnterferents Remarks 

U(VI), Gd, Sm. La, Nd, Y, No 
Dy, Pr, Ho, Co(H), Mn(II), Ni, Hg(II), interference 
Cd, Zn, Fe(H), Pb, Mg, Ca, Ba, Sr, Be, 
Cr(III), IO;, ClO;, B,O$-, AsO:-, AsO:-, 
S,O:- (1 mg each); NaNO,, NaCl and 
Na$O., (1 mmole each) 

Fe(III), Ti(IV), V(V), Bi, 
Al, Cr(V1) and U(IV) (1 mg each) 

Seriously 
interfere by 
increasing the 
absorbance 

Ce(IV), Cu(II), Tl(III), Seriously 
F-, PO:-, citrate, tartrate, EDTA interfere by 
and oxalate (I mg each) decreasing 

Zr, Hf, W(VI), Mo(VI), 
WV), Pd(I1) and Sn(I1) (1 mg each) 

the 
absorbance 

Interfere by 
precipitating 
on addition 
of CTAB 

with 1 mg of Fe(III) as the hydrous oxide, by the 
addition of excess of sodium hydroxide. After centri- 
fuging, the precipitate is washed with lO%sodium 
nitrate solution and then dissolved in hydrochloric 
acid. The colour is developed after reduction of 
Fe(II1) with ascorbic acid. No method has been found 

for removing the interference of Bi, Ti(IV), Zr and 
Hf, however. 

CONCLUSION 

The work has shown that the reaction pH of thor- 
ium with Xylenol Orange is considerably lowered in 
the presence of CTAB, with a significant increase in 
the sensitivity (E = 5.51 x lo4 1 .mole-’ .cm-‘) com- 
pared with the method of Mukherji’ (e = 2.76 x lo4 
1. mole- i . cm- ‘) and selectivity compared with 
Otomo’s method,’ though the sensitivity of Otomo’s 
method is higher. The reaction is rapid and the colour 
stable and reproducible. The method should find ap- 
plication in the analysis of samples such as monazite. 
as it can tolerate the presence of rare-earths and 
uranium. 
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SIMULTANEOUS POLAROGRAPHIC DETERMINATION 
OF MICRO AMOUNTS OF VANADIUM(V) 

AND MOLYBDENUM(V1) 
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(Received 21 Sepicmher 1978. Accepted 17 November 1978) 

Summary-A simple and sensitive polarographic method has heen developed for the determination 
of micro quantities of vanadium(V) and molybdenum(VI), based on the reduction of bromate, which 
is catalysed by these metal ions in the presence of Z&dihydroxyacetophenone oxime. Interference 
by various cations and anions has been investigated. 

Transition metal ions are known to catalyse the 
reduction at the dropping mercury electrode of oxi- 
dizing agents such as hydrogen peroxide, chlorate, 

O- 

perchlorate, nitrate and hydroxylamine.‘-3 We have 0.27cA 

studied the effect on bromate. Among the metal ions 0- 

studied, iron(III),4 vanadium(V)5 and molyb- 
denum(VH6 were found to exhibit catalytic effects in 
the concentration range 10-3-10-5M. The reduction O- 

waves for bromate catalysed by vanadium(V) and 
molybdenum(V1) occur at 0.0 V and -0.3 V us. SCE 
respectively. No catalytic wave was detectable at 

O- 

lower molybdenum concentrations (10-6-10-7M). 
It is also known’ that organic complexing agents 

can exert a pronounced influence on catalytic waves. 
Since resacetophenone oxime (2,4-dihydroxyaceto- 
phenone oxime) is known to complex molyb- 
denurn( and vanadium(V)’ in acidic solution, we 
have studied the effect of this oxime on the reduction 
of bromate catalysed by vanadium(V) and molyb- 
denum(V1) in the concentration range 10-6-10-7M. 
Addition of the oxime resulted in the appearance of 
a wave at -0.7 V us. SCE in the case of molybdenum 
(more negative by about 0.4 V than the one obtained 
at high molybdenum concentrations in the absence 
of the oxime), though no significant change was 
noticed in the case of the vanadium wave. This fact 
has been exploited to develop a simple and sensitive 
polarographic method for the simultaneous deter- 
mination of micro amounts of vanadium and molyb 
denum. 

O- 

O- 

I 
0 0.2 0.4 0.6 0.6 1.0 

-E vs. SCE ,V 

EXPERIMENTAL 

All chemicals used were of analytical-reagent grade. 
Stock solutions of ammonium metavanadate (5 x IOesA4), 
ammonium molybdate (I x IO-sM) and mixtures of the 
two, prepared in conductivity water, were used in the 

Fig. 1. (a) Polarogram of molybdenum(V1) + bromate in 
acetate-acetic acid buffer @H 5.0), [Mo(VI)] = 20 x lo-‘M. 
[BrO,] = 5 x lo-‘M. (b) Polarogram of molybdenum(W) 
+ bromate + oxime in acetate-acetic acid buffer (pH 5.0), 
[Mo(VI)] = 20 x 10-‘&f, [BrO;] = 5 x lo-‘M, [oxime] 

= 4 x lo-*M. 
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studies. There was no visible change in the solutions, nor 
did the height of their polarographic waves change, on 
storage of the solutions for 4l$ hr. 

A recording polarograph, a Lingane-type H-cell and a 
digital pH-meter were used in the studies. 

Procedure 

To different aliquots of the mixed stock solution of 
molybdenum and vanadium, in a 25-ml standard flask. 
were added 5 ml of bromate solution (0.25M) and I ml 
of the oxime solution (0.01 U), and the contents were made 
up to the mark with a sodium acetate-acetic acid bu@er 
solution of pH 5.0. After mixing, some solution was trans- 
ferred to the polarographic cell. Pure nitrogen gas was 
bubbled through for about 10 min to remove dissolved 
oxygen, and the current-voltage curves were recorded. 

RESULTS AND DISCWSION 

Typical polarograms are presented in ‘Figs. 1-3. 
From curves l(a) and l(b), it is seen that at low con- 
centrations of molybdenum (10-6-10-7M) a wave 
with a sharp maximum is obtained at -0.7 V us. 
SCE in the presence of the oxime. The curves 2(a) 
and 2(b) on the other hand reveal that the reduction 
wave occurs at zero applied voltage at low concen- 
trations of vanadium even in the absence of the oxime 

and that there is no significant change in the shape 
of the wave on addition of the oxime. It is also clear 
from the curve in Fig. 3 that the shapes and positions 
of the waves I(b) and 2(b) are not affected by the 
simultaneous presence of molybdenum(W) and ~a- 
nadium(V). Polarograms of the mixed solutions con- 
taining different amounts of the metal ions were 
recorded by the procedure described, and the currents. 
corresponding to the peaks were measured. The linear 
plots that were obtained when peak-height was plot- 
ted against concentration over the ranges 4-16 x 
10v6M for vanadium and 4-24 x IO-‘&j for molyb- 
denum suggested the possibility of using this method 
for the simultaneous determination of micro amounts 
of the two metals. Polarograms recorded in the pres- 
ence of lOOO-fold amounts of iron(Ill), cobalt(I1). 
nickel, zinc, magnesium, calcium, tungsten(W), cad- 
mium, copper and lead revealed that iron, cobalt. 
nickel, zinc. magnesium and calcium did not interfere 
in the determination. Copper was precipitated as the 
oximate complex under the experimental conditions 
and interfered. Cadmium and lead were reduced at 
-0.63 and -0.45 V US. SCE respectively in the 
medium used, and interfered since their waves pre- 

I 0.27&A 

r 

l o.2 0 -0.2 -0.4 -0.6 -0.6 -1.0 

-EVS.scE,V 

Fig. 2. (a) Polarogram of vanadium(V) + bromate in ace- 
tate-acetic acid buffer (PH 5.01 [V(V)] = 8 x lO-‘M 
[BrO;] = 5 x 10-*&f. (b) Vanadium(V) + bromate + 

Fig. 3. Polarogram of vanadium(V) + molybdenum(W) + 
bromate + oxime in acetate-acetic acid buffer (pH 5.0). 

oxime in acetate-acetic acid bufkr (pH 5.0) p(V)] = 
8 x 10-6M [BrO; J = 5 x 10-ZM [Oxime] = 4 x IO-“&f. 

[V(V)] = 8 x IOW6M [Mo(VI)] = 20 x lo-‘M [BrO;]’ 
= 5 x 10e2M [Oxime] = 4 x 10e4M. 
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ceded the catalytic waves. Tungsten completely sup of the Autonomous Post-Graduate Centre for providing 
pressed the vanadium wave. The standard deviations the necessary facilities. 

calculated for the vanadium and molybdenum cata- 
lytic peaks were 0.003 and 0.002 PA respectively. 

The results thus confirm that Mo(V1) and V(V) at 
low concentrations can be determined simultaneously 
by the polarographic method described. In the 
absence of bromate and oxime, only very small limit- ,, 
ing currents were recorded for these metals, and 
further, the limiting currents did not vary linearly 
with the concentration of the metal ion. 
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ANALYTICAL DATA 

STABILITY CONSTANTS AND MOLAR 
ABSORPTIVITIES FOR COMPLEXES OF CHROMIUM(II1) 

AND COBALT(I1) WITH 2-PYRIDYLMETHANAMINE 

JOSEPH R. SIEFKER and REKHA D. SHAH 

Department of Chemistry, Indiana State University, Terre Haute, Indiana 47809. U.S.A. 

(Received 9 October 1978. Accepted 3 Nol!rtnhrr 1978) 

Summary-The stability constants and molar absorptivities of complexes of Cr3+ and Coz+ with 
2-pyridinemethanamine have been determined from spectrophotometric data of very dilute aqueous 
solutions. 

Several investigators’-’ have reported equilibrium 
constants for complexes of metal ions with 2-pyri- 
dylmethanamine (2-aminomethylpyridine; 2-picolyl- 
amine; L), but have given no molar absorptivities; 
the formation constants for Cr3+ with L have also 
not been reported. We have determined the stepwise 
stability constants and the molar absorptivities (E. 
I .mole-’ .cm-‘) for complex ions of Cr3+ and Co*+ 
with 2-pyridylmethanamine. 

EXPERIMENTAL 

Appuratus and measurements 

A Cary Model 17 spectrophotometer was used to record 
precise absorbance measurements with solutions at 25”. 

Reagents 

The 2-pyridylmethanamine was obtained from the 
Aldrich Chemical Company. The metal ion solutions were 
prepared from G. Frederick Smith Chemical Company 
Cr(CIO,),.6H,O and Co(CIO,), .6H,O reagents. Ligand 
and metal ion solutions were standardized by conventional 
methods. 

Procedure 

Spectrophotometric data were obtained from freshly pre- 
pared solutions. Separate aqueous stock solutions contain- 
ing ligand and metal ion were prepared. Portions of the 
stock solutions were mixed with water for dilution to pre- 
pare a series of solutions that were 0.1-0.8mM in Cr3+ 
and 0.2-S.OmM in ligand, and another series that was 

0.05-0.8mM in Co’+ and 0.025-1SmM in ligand. The 
solutions were mixed well, and absorption spectra were 
obtained as soon as possible after the mixing. No salt was 
added to raise the ionic strength; thus, our solutions were 
typically at very low ionic strengths (0.15-3.0mM). Ap- 
proximately fifty solutions were prepared and many spec- 
tra were obtained. 

Culculutions 
Stability constants and molar absorptivities at five wave- 

lengths for Cr3+ and four wavelengths for Co’+ complexes 
were calculated with the computer program of Lingane.s 

RESULTS AND DISCUSSION 

The results are given in Tables 1-3. Our values 
for the stability constants and molar absorptivities 
of complexes of Cr3+ with the ligand are given in 
Table 1, and our stability constants for complexes 
of Co’+ with the ligand are given in Table 2 along 
with previously reported results.‘-6 Our values of 
molar absorptivities for complexes of Co’+ with the 
ligand are given in Table 3. 

As seen from Table 2, the stability constants 
obtained for complexes of Co2+ with 2-pyridylmeth- 
anamine by various investigators are in fairly close 
agreement. Goldberg and Fernelius’ used pH titra- 
tions, with solutions of low ionic strength, and ‘the 
results given in Table 2 are for 20”, calculated to zero 
ionic strength. Holmes and Jones’ used potentio- 

Table 1. Values of stability constants and molar absorptivities for complexes of CrJ+ 
with the ligand 

Stability 
constants 

Molar absorptivities, I. mole- ’ . cm- 1 

350nm 400nm 5OOnm 600nm 700nm 

EC‘ 4 11 5 11 1 
log K1 5.65 +,I. 73 43 33 22 0.02 
log K2 3.16 Q,Lz 650 759 403 253 187 
log K3 2.21 %I., 383 109 148 141 126 

El. 0 0 0 0 0 
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Table 2. Values of stability constants for complexes of Co2+ with the ligand 

This Goldberg and Holmes and Lane and Lacoste and Goeminne and 
study Fernelius’ Jones* Thompson’ Martell” Anderegg’ Eeckha& 

log K, 5.62 5.51 I 5.8 5.75 5.3 5.68 5.54 
log K2 5.02 4.70 4.58 4.70 4.79 
log K, 4.26 3.45 (2.80) 3.60 3.50 

Table 3. Values of molar absorptivities for complexes of Co*+ with the ligand 

Molar absorptivities, I. mole- ’ .cm- ’ 

450 nm 500 nm 550 nm 600 nm 

ec, 0 0 0 0 
%,I. 192 196 191 183 
l c01. 2 184 173 166 162 
%I., 352 302 278 267 
et. 0 0 0 0 

metric titrations at 25” with solutions of ionic 
strength 0.01&0.02 and reported a value only for log 
K,. Lane and Thompson3 derived results from poten- 
tiometric titrations at 25” in 50% v/v aqueous dioxan 
solutions. Lacoste and Martell reported only log K I 
from potentiometric titrations of solutions at ionic 
strength 0.1 and at 25”. Anderegg’ made potentio- 
metric measurements at 20” with solutions of 0.1 ionic 
strength. Goeminne and Eeckhaut’ obtained con- 
stants from potentiometric data at 25” in 0.5M potas- 
sium nitrate media. The use of temperatures of 20 
or 25” and water or a 50% dioxan/water solvent mix- 
ture seems to make little difference in the log K 
values. Our spcctrophotometric data seem to give 
somewhat higher resuits for log K, and log Ks, which 
is in agreement with a spectrophotometric study by 
Hseu and Tsai.’ For solutions at 25” and ionic 
strength of 0.1, they found log PI = 10.62 
(Bz = K, K,), which agrees well with log /3* = 10.64 
calculated from our results in Table 2. 

Experience in our laboratory with this reagent and 
with these metal ions has shown that the reactions 
are rapid and quantitative; and although the molar 

absorptivities are somewhat low, the reactions can be 
used for photometric titrations with an instrument 
with electronic scale-expansion capabilities, such as 
the Cary Model 17 spectrophotometer. With a less 
sophisticated instrument, photometric titrations 
should be feasible with 5 or IO-cm cuvettes. The im- 
portant points are that the reactions proceed rapidly 
and with definite fixed reaction stoichiometry, permit- 
ting fast and accurate quantitative analyses. 
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ANNOTATION 

METAL CHELATES OF PHOSPHONATE-CONTAINING LIGANDS-I 

STABILITY OF SOME N,N,N’,N’-ETHYLENEDIAMINETETRA(METHYLENEPHOS- 
PHONIC) ACID METAL CHELATES 

E. N. RIZKALLA and M. T. M. ZAKI 
Department of Chemistry, Ain Shams University. Cairo, Egypt 

(Receiced 3 November 1978. Accepted 8 Novemher 1978) 

Summary-A potentiometric investigation of the acid dissociation constants of the octabasic ENTMP 
[N,N,N’,N’-ethylenediaminetetra(methylenephosphonic) acid] is reported. The stability constants of pro- 
tonated MH,L (n = 1, 2, 3 and 4) and unprotonated ML metal chelates of Mg, Ca, Ba and Cd 
with ENTMP have been measured. The stabilities are in the order Mg < Ca c Ba < Cd. 

Organic phosphonates form a very attractive and 
effective class of substance for inhibiting calcification. 
ENTMP, N,N,N’,N’-ethylenediaminetetra(methylene- 
phosphonic) acid has been shown to be extremely 
effective, even at concentrations as low as 10e6M, 
in preventing the precipitation or the dissolution of 
calcium phosphate,’ sulphate’ and carbonate3 or bar- 
ium sulphate,4 and the dehydration of calcium oxa- 
late.’ In addition, small quantities of methylenedi- 
phosphonate can prevent 4sCa and H3*P0:- 
exchange from a calcified organic matrix,6 indicating 
that an unusually stable association is taking place 
between the inhibitor and the calcium and/or the 
phosphate ions present at the surface of the calcified 
material. 

Very few equilibrium data on this ligand have been 
reported,‘-’ and the values of the equilibrium con- 
stants published differ greatly, even for identical sys- 
tems. It is the purpose of the present paper to investi- 
gate the formation of the magnesium calcium, barium 
and cadmium complexes of ENTMP. 

EXPERIMENTAL 

Reagents 

Pure recrystallized tetrasodium salt, Na4H4ENTMP was 
kindly donated by Unilever Research Laboratories, Port 
Sunlight. U.K. The purity was nearly 100% as measured 
by potentiometric titration with standard sodium hydrox- 
ide. 

Stock solutions of metal nitrates were standardized with 
EDTA. and diluted as required. 

All reagents were analytical grade materials. 

Apparatus 

An Orion Research Digital Ionalyzer, Model 801A, fitted 
with a combined glass calomel electrode type 91-04, was 
used. 

Procedure 

ENTMP, acidified with nitric acid. was titrated potentio- 
metrically at 25’ with standard sodium hydroxide solution 
in the absence and presence of magnesium, calcium, bar- 
ium and cadmium ions at I:1 and 1:2 molar ratios of 
metal to ligand. The concentration of the ligand was ap- 
proximately 1 x l0-3M and the volume of the experimen- 
tal solution was 25 ml. The ionic strength was maintained 
at 0.1 with potassium nitrate. 

Calculations 

In the mathematical treatment, the following 
notations are used: C,. = total analytical concen- 
tration of hgand; CM = total analytical concentration 
of metal ion; C, = total bound and free hydrogen 
ion concentration; Co, = total molar concentration 
of base added to the experimental solution; a = 
number of moles of base added per mole of ligand; 
K, = protonation constant of the ligand (K, = 
[H,L]/[H] [H,_ ,L]); I&,,, = formation constant of 
complex MH,L, (I&,,_ = MH,L]/[M] [H,L]). 

For calculating the hydrogen ion concentration 
from pH measurements, f+ was taken as 0.769 at 
I = 0.1. 

Protonation constants. The protonation constants of 
the ENTMP were calculated by Schwarzenbach’s 
graphical method9 with a small modification based 
on the assumption that the number of protonated 
species dominant within a buffer region is restricted. 

In the first dissociation step, where 0 < n < 2 and 
[H’] $- [OH-], the values of K, and K,, can be 
obtained from the equation 

1 WI iaC,. + [H]) 
Kg= I(2 - 4/W] C,~ - I ) 

K 

7 

Ifa - ~)CL + CHI I 
+ ,‘(2 - 4ICHI CL - 1 I 

(1) 
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Fig. I. Potentiometric titration curves of Mg. Ca, Ba and Cd ions with ENTMP for I : 1 mole ratio 
of metal to ligand at 2Y. I = 0.1 (KNOJ. 

L = Free ligand: n = moles of base added per mole of ENTMP. 

This corresponds to: the electroneutrality condition, are: 

1 -S,+B 
K,_A 

If A and B are calculated, the set of straight lines 
drawn through corresponding values of A and B will 
all intersect at one point. the co-ordinates of which 
are 1jKs and K,. 

Similar equations were derived for the buffer 
regions 2 <a ~4; 4 <a < 6 and 6 <a < 8 to 
ohtain K, (where n = 6, 5. 4, 3, 2 and 1). 

Stability constants of the MH,L species. The forma- 
tion function, ii, and the free ligand concentration 
were calculated by using a modified version of the 
method of Carlson et aI.” These values were 
obtained by using a small FORTRAN IV ptogram 
run on a Nova 830 mini-computer. The two expres- 
sions which can be readily deduced from the mass- 
balance for total metal (C,) and total ligand (C,.) and 

ii = c,, - CH - CHI 

EH >i CM (3) 

and 

CL] = ; (CH - CHIJ (4) 

where u is the fraction of the ligand that is in free 
unprotonated form and TiH is the average number of 
hydrogen ions bound per ion of free ligand: 

PI = l/(1 + K,[H] + K,KJH]’ + .) (5) 

and 

iiH = 
K,[H] + 2K,K,[H]* + . . 

1 + K,[H] + K,K,[H]* + . 
(6) 

Equation (3) can be rearranged as a function of the 
protonation constants, the stability constants of the 
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Fig. 2. Potentiometric titration curves of Mg, Ca, Ba and Cd ions with ENTMP for a I:2 mole 
ratio of metal to ligand at 25”. I = 0.1 (KNOJ. 

complex species, and the free eligand and hydrogen 
ion concentrations: 

ii 

(1 - m-1 
= f%,, + Kk,. K,[H] 

+ K&_ K,K2[H]’ + . . . (7) 

The values of K&L were then obtained by graphical 
solutions to equation (7) for the different pH regions 
where the complex species MH,L were assumed to 
predominate. 

Potentiometric titration curves of 1: 1 and I:2 
molar ratios of Mg, Ca, Ba and Cd ions to ENTMP 
are shown in Figs. 1 and 2. Figure la is the titration 
curve for the acidified ligand in absence of metal ions. 

Table 1 lists the values of the protonation constants 
obtained from the present work as well as those pub 
lished previously. ‘-’ In order to check and compare 
these values, the average numbers of protons bound 
to the ligand, ii, were calculated from experimentally 

Table 1. Protonation co&ants of ENTMP (25’, I = 0.1, KNO,) 

RESULTS AND DISCUSSION 

Present 
work 
Ref. 7 
Ref. 8 

log K, log KZ ’ log K, 1% K4 1% KS 1% & log K, log KS 

10.60 IO.48 9.27 1.39 5.63 3.80 2.13 2.43 
10.60 9.22 7.43 6.63 6.18 5.05 2.72 1.46 
12.10 10.18 8.08 6.54 5.23 3.00 - - 
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Table 2. Values of iiH calculated from equations (8) and (6) with different values of K, 

(1 
A,, calculated 

by equation (8) 

ii” calculated ii, calculated by 
by equation equation (6) and 
(6) and our K, values in 
values of K. Ref. 1 

iiH calculated by 
equation (6) and 

K, values in 
Ref. 8 

I.186 5.58 6.43 6.38 5.53 
2.964 5.02 4.98 5.65 4.76 
3.952 4.05 4.04 3.74 3.59 
4.940 3.06 3.05 2.07 2.44 
5.928 2.15 2.03 1.09 I .73 
6.718 1.52 1.48 0.77 I.45 
7.311 I .07 1.17 0.63 1.33 

measured quantities by using the equation 

(8 - cr)C, + [OH] - [H] g, = _.______-__.. 
C, 

(8) 

These were then compared with the corresponding 
values calculated as a function of the hydrogen ion 
concentration and of the protonation constants 
[equation (6)]. 

Both values agreed very closely. whereas results 

obtained by using literature values of K, showed 
marked discrepancy. A sample of these calculations 
is given in Table 2. 

It is evident from Figs. I and 2 that the stability 
sequence is in the order Mg < Ca < Ba < Cd and 
the complex formation with the completely depro- 

tonated form is incomplete at pH < 9-10. Appreci- 
able complex formation is obvious in the case of Cd 
at a = 4 and with Ca, Mg and Ba at (I = 5, which 
suggests the presence of protonated species. All the 
curves are characterized by two inflections. the pos- 
ition of which is dependent upon the metal ion. The 
equilibrium constants calculated for the systems stud- 
ied are given in Table 3. 

It is worth noting that the trend of stability order 
given above is different from that obtained with other 
complexing agents, such as EDTA.9.’ I DCTA,’ ’ and 
DTPA.” and the values of log K are lower than 
those for any hexadentate ligand. This is in agreement 
with the conclusions of Westerback et al.’ who attri- 
bute the low stability of these chelates to the large 
negative charges of the phosphonate groups prevent- 
ing them from all coming together about a single 
positively charged metal ion. 

The greater stability of the barium complex com- 
pared with those of calcium and magnesium is prob- 
ably due to the greater size of the barium ion. which 

Table 3. Formation constants of ENTMP with magnesium, 
calcium, barium and cadmium ions at 25”, I = 0.1 (KNO,) 

M2+ 
Log GH.I. 

n=O n=l n=2 n=3 n=4 

Mg’ + 4.78 4.03 3.45 3.06 
Ca’ + 6.34 4.48 3.85 3.22 
BaZ’ 7.88 6.95 4.31 3.53 
Cd’+ 9.18 7.41 4.86 4.14 3.60 

reduces the repulsion forces in the phosphonate che- 
late by expansion of the chelate ring. 

I. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Il. 

12. 
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Summary-The results of a comparative study on d.c., normal pulse and differential pulse techniques 
applied to anodic amperometric detection at a glassy carbon electrode in a voltammetric Row-through 
cell are presented. The important aspects examined are response time, linearity, limit of detection 
and selectivity. It is shown that the d.c. mode is the most favourable as long as no adsorption of 
oxidation oroducts takes place. If strong adsorption occurs, normal pulse detection is recommended, 
although the limit of dete’ction is somewhat larger 

In recent years, much attention has been paid to the 
potentialities of electrochemical methods of detection 
in high-performance liquid chromatography (HPLC). 
A review article on the use of voltammetric and 
coulometric cells for liquid chromatography, includ- 
ing mention of electrode materials, was recently pub- 
lished by Kissinger.’ In a coulometric cell, designed 
by Takata and Muto,’ so-called carbon cloth was 
used as the working electrode. The material seems 
to consist of glassy carbon fibres. The cell was used 
for the direct and indirect coulometric detection of 
various species such as metal ions, inorganic anions, 
organic acids, phenols and sugar. Lankelma and 
Poppe3 have described a coulometric detector con- 
sisting of two parallel flat glassy carbon electrodes. 

The applicability to this detector to the detection of 
biogenic amines was investigated by Tjaden et aL4 

Amperometric detection (d.c. mode) with carbon 
paste electrodes was applied by Kissinger et al.’ to 
a large number of analytical problems. 

Some information on the use of different polaro- 
graphic techniques in flow-through cells is also avail- 
able. MacDonald and Duke’ have published 
a preliminary evaluation of use of pulse techniques 
in combination with platinum and carbon electrodes. 
Normal pulse and a.c. techniques were examined by 
Fleet and Little,’ using a glassy carbon wall-jet elec- 
trode as well as a dropping mercury electrode. 
Swartzfager’ compared d.c., normal and differential 
pulse voltammetry, using a carbon paste electrode. 

In this paper the results are given of a comparative 
study of d.c., normal and differential pulse techniques 
in amperometric detection at a glassy carbon elec- 
trode. The important aspects that have been exam- 
ined are response time, linearity, limit of detection 
and selectivity. Some attention has also been paid to 
the influence of adsorption phenomena at the elec- 
trode surface. 

EXPERIMENTAL 

The detector used in our experiments is shown in Fig. 
1. The cell block is made of “Perspex”. The cell has an 
inner diameter of 3 mm and a thickness of 1 mm. which 
results in a cell volume of 8 ~1. A glassy carbon rod, 3 
mm in diameter (GC-20 Tokai Electrode Manufacturing 
Co. Ltd. Tokyo) was mounted in a “Teflon” holder and 
used as the working electrode. Electrical contact was made 
by means of a small amount of mercury inside the tube 
and a brass screw at the top of the electrode holder. The 
reference electrode was a silver wire anodically covered 
with silver chloride. With constant chloride concentration 
level in the eluent, a stable reference potential was 
observed. The stainless-steel “Swagelok” connector in the 
outlet of the “Perspex” cell was used as the auxiliary elec- 
trode. All experiments were carried out with a PAR 174 
polarographic analyser. Current-time relations were 
recorded with a Servogor RE 541. An Omnigraphic X-Y 
recorder (Houston Instrument) was used in the adjustment 
of the indication potential in the normal pulse mode. The 
time between two successive pulses was set at 0.5 set for 
normal and differential pulses throughout the experiments. 
The flow was effected either hydrostatically or by means 
of a peristaltic pump (Gilson Minipuls 2). The inner dia- 
meter of the “Teflon” tubes was 0.8 mm and they were 
connected with zero dead-volume connectors (Pierce 
“Chromatoflo”). An injection port was used as well as a 
sample loop (sample injection slide-valve, Pierce “Chroma- 
toflo”). To check the appropriate indication potential the 
peak currents obtained after injections of equal amounts 
of samples were recorded as a function of potential. 
Finally, the detector was tested in combination with a 
chromatographic system.8 

In all experiments distilled water was used. The 10m4M 
potassium hexacyanoferrate(I1) solution was freshly pre- 
pared before use by diluting a lo-‘M stock solution in 
0.2% sodium carbonate and stored in a dark-coloured 
bottle, because more dilute solutions are light-sensitive.9 
The metol (p-methylaminophenol sulphate) solution was 
also freshly prepared before use. All chemicals used were 
of analytical grade. 

Chromatographic conditions 

The chromatographic experiments were carried out with 
a high-pressure liquid chromatograph (1010 A LC, Hew- 
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Fig. 1. Electrochemical flow-through cell. 1, Brass screws; 
2, “Teflon” holder; 3, “Perspex” box; 4, glassy carbon elec- 
trode; 5, reference electrode (Ag/AgCl); 6, outlet with Swa- 

gelok connector (auxiliary electrode); 7, inlet. 

let&Packard), a high-pressure sampling valve (Valco CV-6- 
UHpa) and a thermostatically controlled (25”) stainless- 
steel column 250 mm long and 2.8 mm in bore fed by 
a thermostatic water-bath (Haake NB 22). The wavelength 
for the ultraviolet detection was adjusted to 280 nm. The 
column materials used were commercially available octyl- 
modified silica (Rp-8, mean particle size 5 or 10 pm, 
Merck, Darmstadt, GFR) loaded with SDS (sodium dode- 
cylsulphate). Mobile phase: 0.02M sodium citrate 
(pH = 2.0) + 3% v/v propan-l-01 + 0.02M sodium per- 
chlorate + 0.001% w/v SDS. 

RFSJLTS AND DISCUSSION 

Response time 

The response time was measured by means of a 
stepwise response experiment. The detector was con- 
nected to two large bottles by means of a three-way 
cock, immediately before the detector. One bottle was 
filled with 0.05M potassium chloride and the other 
with 10e4M potassium hexacyanoferrate(I1) in 0.05M 
potassium chloride. Hexacyanoferrate(I1) was chosen 
because it shows reversible electrode behaviour at the 
glassy carbon electrode. Switching the cock from one 
position to the other causes the concentration profile 
for the hexacyanoferrate(I1) applied to the electrode 
to be stepwise in nature. The resulting current was 
recorded. The indication potential was +0.7 V in 
both the dc. and normal pulse modes, with a rest 
potential of +0.2 V for the latter. In the differential 
pulse mode the potential was set to +0.55 V and 
a pulse amplitude of 100 mV was chosen. 

For characterization of the response time curves, 
the time needed to reach 90% of the maximum signal 
(t9,,) and the delay time (td) (due to the dead volume 
between cock and cell) are important (Fig. 2). The 
values observed for tgO and td are represented in Fig. 3. 
The response times can depend on both the electro- 
chemical cell and on the different modes in which 
the instrument is used. The instruction manual for 
the instrument” gives little information about the re- 
sponse time. The instrumental response in the dc. 

mode is said to be fast relative to the response time 
of any recorder. For the normal pulse mode the “time 
constant” is given as the duration of one sampling, 
i.e., 16.7 msec, but in our opinion the response time 
in the pulse mode should also be related to the time 

between two successive pulses. 
According to the manual, for the differential pulse 

mode 25 current-sample pairs are needed before the 
current is within 1% of the final value. To reach 90% 
of the final signal a response time (tso) of 16 current- 
sample pairs (8 set) was found necessary by means 
of a simulation experiment. This is in close agreement 
with the results in Fig. 3 for flow-rates larger than 
about 1 ml/min and means that at these flow-rates 
the instrumental response time of the PAR system 
in the differential pulse mode is larger than the re- 
sponse time of the detector cell, resulting in an extra 
broadening of the recorded peaks. 

In the normal pulse mode, two current-samples 
(about 1 set) are needed to reach within 10% 

of the final value. In the d.c. mode, the instrumental 
response time is even shorter. This implies that in 
the latter two modes, the response time found experi- 
mentally can be attributed to the detector. The rela- 
tively large values might be partly caused by the dead 
volume (17 ~1) between injection port and cell; a 
reduction of this dead volume would then lead to 
a decrease in the experimental response times and 
allow a better differentiation between the d.c. and 
normal pulse modes. However, this experiment indi- 
cates the order of the response times for the three 
instrumental modes. 

The dependence of the current on the pow-rate 

The flow-rate studies were carried out by pumping 
through the cell a solution containing metol as the 
electroactive material. Metol was chosen instead of 
hexacyanoferrate(I1) because we were especially inter- 
ested in organic compounds. A solution of metol 
became purple after standing overnight. This was 

ihI.) 

t 

lOO%r 

90%_-__-____--- 

t L 

Fig. 2. Schematic current-time curve after application of 
concentration step. 
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Fig. 3. Measured response times vs. flow-rate in the three modes, and the delay in the d.c. mode. 

caused by oxidation-polymerization reactions. The 
differential pulse voltammogram obtained with such 
a coloured solution differs from that obtained with 
a colourless solution. Therefore, freshly prepared 
metol solutions were used in the further experiments. 
A log-log plot of the current (observed at a potential 
of +0.6 V) us. the flow-rate shows that i a (u)“‘, 
where (0) denotes the mean linear flow-rate. 

In the normal pulse mode the current was found 
to be nearly independent of the flow-rate, the relative 
standard deviation of the current being 2%. Similar 
behaviour was observed in the differential pulse mode 

(rel. std. devn. 1.5%). These results for the normal 
and differential pulse modes are about the same as 
those found by Swartzfager’ with a carbon paste elec- 
trode. 

Linearity 

The linearity of the detector was tested with 180~~1 
samples of metol solutions. For the d.c. mode a linear 
relationship was obtained in the concentration range 
6 x 1O-44 x lo-*M (lOW3.01 nmole). For the nor- 
mal pulse mode a linear relationship was observed 
in the concentration range 8 x IO-‘-l x 10-6M 

Table 1. Static noise of the detector in the d.c., pulse and differential pulse modes 

Integration time, 
set Detection mode 

Standard deviation 
of the current, 

nA 
a* h* 

1 

10 

50 

d.c. 0.10 0.09 

{ 

d.c. 0.08 0.15 
normal pulse 0.34 0.33 
diff. pulse 0.46 0.25 

{ 

d.c. 0.04 0.13 
normal pulse 0.35 0.35 
diff. pulse 0.46 0.24 

Conditions: potential working electrode +0.60 V in d.c. and normal pulse (rest 
potential +O.lO V) modes; in the differential pulse mode the potential was +0.275 
V and the amplitude 100 mV. Eluent 0.05M KCI. Flow-rate 0.70 ml/min. 

a* with “Minipuls” pump. 
h* syphoned hydrostatically. 



514 J. W. DIEKER, W. E. VAN DER LINDEN and H. POPPE 

(154.2 nmole), whereas a small deviation from lin- 
earity for the same concentration range was observed 
for the differential pulse mode. This deviation might 
be caused by the small shifts in the peak potential 
of the differential pulse voltammograms. The reason 
for the smaller concentration range found for the nor- 
mal and differential pulse methods as compared with 
d.c., will be given in the next section. 

The dependence of the peak current, in the differen- 
tial pulse mode, on the amplitude was tested under 
static conditions by injecting large samples (0.5 ml) 
of solutions of metol. The indication potential, E,, 
was calculated from E, = E,,, - AE/2,” where AE 
denotes the pulse amplitude. The peak currents in- 
crease linearly with the amplitude up to 100 mV. A 
similar relationship was obtained for quiescent metol 
solutions. The peak currents have been corrected for 
the large residual currents.12 

Noise and limit of detection 

For the detector to be applicable in chroma- 
tography, it is necessary to have a sufficiently con- 
stant base-line. To assess the order of magnitude of 
the drift, values were measured under the experimen- 
tal conditions used in the work on response time, 
at a flow-rate of 0.9 ml/min. The following values 
were measured for the three modes: d.c. 1 x lo-’ 
A/hr, normal pulse mode 5 x lo-’ A,hr, and differ- 
ential pulse mode 1 x lOmh A/hr. For metol this cor- 
responds to about 10m5, 10m4 and 10m4 mole.l-‘. 
hr ’ respectively. 

In the course of the drift measurements, periodical 
fluctuations (of several hundred nA) of the base-line 
were observed for the normal pulse mode. The fre- 
quency of these variations corresponds to the time 
between two successive pulses. This was verified by 

varying the pulse intervals (0.5, 1, 2 and 5 set). 
Although we could not trace the origin of these inter- 

fering current pulses, we suppose that the instrument 
cannot deal properly with the large residual currents 
found in pulse voltammetry at solid electrodes and 
due to electrochemical reactions of the electrode 
material itself’ 2 

The static noise of the detector was obtained in 
the same way as described previously.3*‘3 Values are 
tabulated in Table 1. As only two samples are taken 
in the pulse modes in integrating the noise during 
1 set, these values are not taken into account. 

It is clearly shown that the d.c. mode exhibits the 
lowest static noise. It is more difficult to draw a clear 
conclusion with respect to the difference in results 
obtained under hydrostatic flow conditions and with 
flows obtained by means of a peristaltic pump. 

Selectivity 

In the dc. and normal pulse modes, all oxidizable 

compounds with half-wave potentials near or below 
the applied indication potential will contribute to the 
anodic current measured. A different situation exists 
in the differential pulse mode, particularly for com- 
pounds that can be reversibly oxidized at the elec- 
trode. Owing to the peak shape of the differential 
pulse voltammograms, the contribution of a certain 
compound to the resulting current will decrease, the 
more the indication potential differs from the peak 
potential of the compound. If the difference is more 
than 360/n mV, the contribution will be less than I”/,. 

Swartzfager’ has published chromatograms in- 
tended to illustrate the selectivity in differential pulse 
detection using a carbon paste electrode, but no 
quantitative results were presented. 

In order to test the selectivity with our detector 
without preceding chromatographic separation, two 
compounds (tyramine and isoproterenol) were taken. 
The half-wave potentials differ considerably, as can 
be seen from Fig. 4. Although it might be expected 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Fig. 4. Direct current voltammograms of solutions containing isoproterenol 0.3 mg/ml (0) or tyramine 
0.3 mg/ml (m). Solvent: 3% propan-l-01, 0.3% sodium dodecylsulphate, 2 x 10e4M Na citrate, 0.05M 

KC1 adjusted to pH 2.5 with HClO.,. 
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Table 2. Peak currents for tyramine in the differential pulse mode* 

i,, PA 
tyramine 

0.3 mg/ml 

13.2 

Std. devn., % 
(no. of detns.) 

5% (5) 

i,, PA 
tyramine 0.3 mg/ml 
+ isoprot. 0.3 mg/ml 

16.2 

Std. devn., % 
(no. of detns.) 

5% (4) 

Difference 
in i,, 

% 

+23 

* Potential adjusted to 0.775 V; pulse amplitude 50 mV. 

that selective detection of tyramine in the presence 
of isoproterenol would be possible, rather poor results 
were obtained (Table 2). The large relative error is 
probably caused by the irreversible behaviour of iso- 
proterenol. 

Adsorption 

Frequently the products formed after oxidation of 
organic compounds are adsorbed onto the electrode. 
In the normal pulse mode the indication potential 
is applied to the electrode during a short interval. 
This implies that the amount of oxidized products 
is small in comparison to the amounts formed in the 
two other modes. Moreover, stripping of the adsorbed 
oxidation products by means of reduction or merely 
by desorption might be accomplished by a proper 
choice of the rest potential. Hence, it is generally 
stated that in the normal pulse mode accumulation 
of oxidation products is of minor importance as com- 
pared to the d.c. and differential pulse modes. In 
order to test this statement, a compound should be 
used which gives oxidation products that will be 
strongly adsorbed. Amitriptyline, a tricyclic antide- 
pressant, is expected to meet this requirement. Two 
experiments have been carried out to compare dc. 
and normal pulse detection with respect to adsorp 
tion : 

(i) current measurements under static conditions, 
i.e., the sample solution is passed through the cell 
continuously; 

(ii) measurements of the maximum currents after 
repeated injections of small volumes of the sample 
solution. 

For (i) the experimental arrangement used for the 
response time investigation was used. An amitripty- 
line solution (1 mg/ml) was passed through the cell 
at a flow-rate of 0.3 ml/min. An indication potential 
of 0.9 V was used for both the d.c. and the normal 
pulse mode. As no information could be obtained 
about a stripping potential, the rest potential was 
made as negative as possible without reduction of 
oxygen. A value of -0.1 V was used. 

It can be seen from the current-time curve that 
in the d.c. mode the current reached a steady-state 
value after a period of about half an hour. When, 
subsequently, a potassium chloride solution was 
passed through the cell, a slow decrease of the current 
was observed (Fig. Sa). The only possible explanation 
is that during this stage adsorbed species are oxidized. 

In the normal pulse mode, the current remains con- 
stant in the period of investigation apart from a small 

deviation during the first minute after the sample flow 
is started (Fig. 5b). 

For (ii) a sample was injected every 2 mins during 
2 hr. The maximum currents obtained in the dc. 
mode after syringe injections of small volumes of an 
amitriptyline solution (1 mg/ml) are represented in 
Fig. 6. Here again a decrease is observed during the 
first stage, after which a constant value is obtained. 
In the normal pulse mode, the maximum currents 
remain constant, the relative standard deviation being 
3% (52 variates). 

These two experiments prove that in the normal 
pulse mode, under the selected conditions, either no 
noticeable adsorption occurs or the oxidation 
products formed are stripped. Similar results were 
obtained by Stulik and Horar4 in testing the electro- 
chemical cleaning of a rotating platinum electrode 
surface by applying periodic pulses of proper polarity; 
they used the Fe3+JFe2+ and Cu2+/Cu systems. 

A qualitative explanation of the current-time curve 
of Fig. Sa can be given if the following aspects are 
taken into consideration: amitriptyline is slowly (elec- 
trochemically irreversible) oxidized at the electrode 
surface and consequently the concentration of ami- 
triptyline at the surface can be taken as equal to the 
bulk concentration; in the oxidation at least two elec- 
trons are involved per amitriptyline molecule.15 If it 
is assumed that the two electrons are transferred in 
two consecutive steps, the reaction can be written as: 

R -+ Ox, -e ox, 
I. 1 k, 

in which it is supposed that both the intermediate 
product Ox, and Ox, can be strongly adsorbed. Fur- 
thermore, it will be assumed that the rate constant 
for the oxidation of R at “free” sites (k,) is larger 
than the rate constant at sites occupied by Ox, or 
Ox, (k,); the rate constant for the consecutive oxi- 
dation of Ox, (k3) is supposed to be small. The first 
stage of the current-time curve is then characterized 
by the gradually increasing coverage of the surface 
by Ox,, and hence a decrease of the current. The 
steady state is reached when almost the whole surface 
is covered and the current will be determined by the 
oxidation of R to Ox, at occupied sites and the oxi- 
dation of adsorbed Ox, to Ox,. In the last stage no 
R is supplied and the only oxidation process that can 
proceed is the gradual oxidation of Ox, to Ox,. 

To allow a simple quantitative treatment of the 
model suggested above, a conditional rate constant, 
k,, will be introduced. The value of this constant is 
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Fig. 5(a). Current-time curve (d.c. mode) of an amitriptyline solution. syphoned hydrostatically. Indica- 
tion potential +0.9 V. Flow-rate 0.3 ml/min. (h) Current corrected for drift vs. time (normal pulse 

mode); the experimental conditions are the same as for (a). 

supposed to be a linear combination of k, and k,:16 

k,, = k,(l - 0) + k# (1) 

where 

+!s (2) 
max 

is the degree of coverage of the electrode; r,,, denotes 
the number of moles per unit of surface area. 

The total current can be represented by: 

i = AnF[R]k, + AnFkJ,,, (3) 

Substitution of equation (1) in equation (3) yields, 
after some rearrangement: 

i = AnF[R]{(k, - k,)(l - 0) + k2} + AnFkJ,,,. (4) 

As the change of 0 with time must be proportional to 
the number of free sites available at any moment: 

d0 
- = qAnF[R]kr(l - 0) 
dt 

(5) 

where q is a proportionality constant. 
This differential equation can be solved by using 

the boundary conditions : 

t=o+o=o 

where A is the electrode area. r=cr.-+O=l 
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Fig. 6. Decay of the peak currents from syringe injections (d.c. mode). Indication potential +0.9 V. 
Flow-rate 1 ml/min. 
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Fig. 7. Chromatograms of catecholamines and related compounds at nanogram level with the ultra- 
violet detector (a) and the electrochemical detector (h) in series. NE (=Norepinephrine). Dopa 
(= 3,4_dihydroxyphenylalanine), NM (= normetanephrine), 3-H-Tyr (= dopamine), 3-M-Tym 

(=3-methoxytyramine). 
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The result is 

0 = 1 - exp[-qAnF[R]k,t]. (6) 

Substitution of equation (6) into equation (4) results in: 

i = AnF[R]{k, + (k, - kJexp[-qAnF[R]k,t]} 

+ AnFkJo,, . (7) 

In the steady state: 

i = AnF[R]k, + AnFkJ,,, . (8) 

Thus, the ‘current change, Ai, in the first stage is 
represented by equation (7) minus equation (8): 

Ai = AnF[R](k, - k2) exp[ -qAnF[R]k,t]. (9) 

A plot of 1ogAi us. t should yield a straight line. 
This is actually found. In the last stage of the 
current-time curve only the oxidation of Ox, has to 
be taken into consideration: 

As 

i = AnFkJ,,!. (10) 

i = _-nFdT,,, 
dt 

(11) 

this leads to: 

i = AnFkJ’,,,,, emAk3’. (12) 

Experimentally, the decrease of the current is not 
exponential when the supply of R is stopped. 
Obviously, the oxidation of Ox, proceeds in a more 
complicated way. 

Application of the cell as a detector in HPLC 

Figure 7 shows two chromatograms of catechol- 
amines and related compounds at nanogram level, 
with the ultraviolet detector (a) and the electro- 
chemical detector (h) in series. The latter detector was 
used in the d.c. mode with an indication potential 
of +0.75 V. The electrochemical detector exhibits the 
better signal-to-noise ratio and should be preferred. 
The extra positive peak A and negative peak B are 
artefacts caused by the solvent used for the sample. 
If the sample is dissolved in the eluent, both peaks 
disappear. The negative peak C remains; it was 
shown to be caused by iron introduced into the eluent 
by corrosion of the stainless-steel column and the 
leads used. The iron will be at least partly present 
in the bivalent state. At the indication potential used 

iron will be oxidized to iron(III), giving rise to an 

offset of the base-line in the chromatogram. On injec- 
tion of a sample that does not contain iron( the 
concentration level of iron(I1) is decreased, leading 
to a lowering of the anodic base-line current and the 
appearance of a negative peak. The fact that the nega- 
tive peak has a certain retention time is caused by 
the cation-exchange equilibrium in which iron(I1) is 
involved. A proof of this explanation was found (a) 

by injection of a sample with an excess of iron(I1). 
which led to a positive peak with the same retention 
time, and (b) by lowering the indication potential to 
such a value that iron(I1) cannot be oxidized; in that 
case the peak C disappeared. 
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MICRODETERMINATION OF Mn, Fe, Co, Ni, Cu, 
Zn, Ag, Cd, Hg, Pb, Bi AND U IN INORGANIC AND 

ORGANOMETALLIC COMPOUNDS WITH MORPHOLINIUM 
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Summary-The chelates of morpholinium morpholine-N-dithiocarboxylate with manganese(H), iron(H), 
iron(III), cobalt(H), nickel, copper(H), zinc, silver, cadmium, mercury(H), lead, bismuth and uranium(W) 
have been prepared and their compositions elucidated. Simple, accurate and relatively rapid procedures 
for the gravimetric and titrimetric microdetermination of these metals in inorganic.and _organometallic 
compounds are presented. 

Morpholinium morpholine-N-dithiocarboxylate 

(MMDC) has been found to be a useful analytical 
reagent for the spectrophotometric determination of 
some 34 elements.’ The reagent has been applied to 
determination of metals in biological fluids, e.g., 
enzymes,* beef liver and beef pancreas,3 also in 
alloys4 

The aim of the present work was (i) preparation 
and elucidation of the composition of metal chelates 
of the reagent and (ii) use of this reagent for gravi- 
metric and titrimetric microdetermination of metals 
in inorganic and organometallic compounds. 

EXPERIMENTAL 

Preparation of morpholinium morpholine-N-dithiocarboxy- 
bte (MMDC) 

A solution of morpholine (0.2 mole, 17.4 g) in ethanol 
(100 ml) is added to an ethanolic solution of carbon disul- 
phide (0.1 mole, 7.6 g) with constant stirring. The crystal- 
line orecioitate is filtered off, washed with 95% ethanol 
and dried at 80”. The reagent is almost white, soluble in 
water and non-hygroscopic, with m.p. and mixed m.p. 
105”.2 

Preparation of chelates of MMDC 

To the metal salt solution (0.005 mole in 20 ml of water), 
10 ml of an aqueous solution of MMDC (0.005 mole for 
Ag’ ; 0.01 mole for Mn” Fez+, Co’+, Ni”+, Cu*+, Zn2+, 
Cd’+, Hg*+, Pb2+ and GO:+; 0.015 mole for Fe’+ and 
Bi3’) are added with constant stirring. 

The precipitate formed is left at room temperature for 
2 hr, filtered off, washed with water (4 portions, each 2 
ml) and dried for 1 hr at 150”, except for the ferric chelate 
which is similarly prepared but dried under vacuum for 
2 hr, the manganese chelate which is left for 2 hr at 0” 
after precipitation, filtered off, washed with cold water (2 
portions, each 2 ml) and dried under vacuum for 2 hr. 
and the silver chelate which is kept in the dark before 
filtration and during drying under vacuum. The results are 
given in Table 1. 

* Present address: Institut fur Medizinische Chemie der 
Universitlt Graz, Austria. 

Preparation of morpholinium thiocyanate 

A solution of MMDC (0.01 mole; 2.5 g in 10 ml of 
water) is treated with concentrated hydrochloric acid (0.02 
mole; 0.73 g). To the reaction mixture a solution of potas- 
sium thiocyanate (0.02 mole; 1.94 g in 10 ml of water) 
is added. The mixture is evaporated to dryness, and treated 
with absolute ethanol, from which morpholine thiocyanate 
separates quantitatively as white crystals with m.p. and 
mixed m.p.’ of 112.5-115” (found: C, 41.3%; H, 6.2%; N, 
19.5%; S, 22.1%; CSH,sN20S requires: C, 41.0%; H, 6.8%; 
N, 19.1%; S, 21.9%). 

Reagents 

Mixed indicator. Methyl Red (50 mg) and Bromocresol 
Green (75 mg) in 100 ml of ethanol. 

Potassium thiocyanate solution, 0.01 M. Freshly prepared. 
MMDC solution, O.OlM. 

Analysis of inorganic compounds 

A lO-mg sample is brought into solution (20 ml) and 
treated with exactly 10 ml of O.OlM MMDC with constant 
stirring. The solution is left at room temperature for 2 
hr; for manganese the solution is kept at 0”. and for silver 
direct light is avoided. 

Gravimetric finish. The precipitate is filtered off, washed 
with four 2-ml portions of distilled water, and dried at 
150” to constant weight. The weighing forms are given in 
Table 1. The manganese, ferric and silver chelates are dried 
under vacuum for 2 hr at room temperature. 

Titrimetric method. The filtrate and washings are heated 
to 60”, and 2 drops of mixed indicator are added. The 
excess of MMDC is titrated with 0.01 M hydrochloric acid 
till a red colour just appears. A blank is carried out under 
the same conditions. 

Alternative titrimetric method. The filtrate is treated with 
a slight excess of O.OlM hydrochloric acid and 2 drops 
of 5% ferric alum solution are added. The morpholinium 
hydrochloride formed is titrated with 0.01 M potassium 
thiocyanate to the first appearance of a red colour. A blank 
is carried out under the same conditions. 

Potentiometric titration of inorganic compounds. The 
water used is twice distilled. A saturated calomel and a 
glass electrode are used. The apparatus is standardized 
with a standard buffer’ before the titration. 

A O.l-mmole sample of the inorganic compound is accu- 
rately weighed and brought into solution (100 ml). A 
measured excessive volume (100 ml) of O.OlM MMDC is 
added and the mixture is vigorously stirred with a mag- 
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netic stirrer. The solution is heated to 60” and the excess 
of MMDC is titrated potentiometrically with 0.2M hydro- 
chloric acid. A blank is done under the same conditions. 

Analysis of organometallic compounds 

A IO-mg sample is treated with a mixture of 0.5 ml of 
concentrated hydrochloric acid and 0.3 ml of concentrated 
nitric acid. For silver compounds nitric acid alone is used 
for the digestion. The mixture is heated gently at 70” till 
nearly dry, then 0.8 g of urea is added to ensure complete 
removal of nitrogen oxides and nitrous acid, followed by 
10 ml of distilled water. The solution is then neutralized 
to Methyl Orange with 8M ammonia solution. The solu- 
tion is heated for 10 min, then the analysis is completed 
as for inorganic compounds. 

RESULTS AND DISCUSSION 

The conversion factors for the gravimetric deter- 
minations are: 0.1448 for manganese, 0.1470 for 
iron(H), 0.1029 for iron(III), 0.1539 for cobalt, 0.1532 
for nickel, 0.1637 for copper, 0.1679 for zinc, 0.3994 
for silver, 0.2576 for cadmium, 0.3824 for mercury(II), 
0.3897 for lead, 0.3004 for bismuth and 0.4004 for 
uranium. 

In the back-titration method with hydrochloric 

acid, the decomposition rate of MMDC is increased 
at 60” and one mole of the reagent reacts with 2 moles 
of the acid.’ 

In this titration, 1 ml of O.OlM MMDC is equiv- 

alent to 0.2747 mg of Mn, 0.2793 mg of Fe’+, 0.1862 
mg of Fe 3+, 0.2947 mg of Co, 0.2935 mg of Ni, 0.3177 

mg of Cu, 0.3269 mg of Zn, 1.079 mg of Ag, 0.5621 
mg of Cd, 1.003 mg of Hg, 1.036 mg of Pb, 0.6967 
mg of Bi and 1.190 mg of U. 

In acidic medium, MMDC undergoes decomposi- 
tion into carbon disulphide and morpholine hydro- 
chloride.5*6 On titration with potassium thiocyanate, 
ion-exchange takes place, giving morpholinium thio- 
cyanate. The conversion factors for this method will 
be the same as for the other back-titration method. 

With organometallic compounds the most impor- 
tant problem is the decomposition: aqua regia is 

generally suitable. For organic uranium compounds 
a mixture of hydrochloric acid and hydrogen peroxide 
can be used. Organic silver compounds are digested 
in concentrated nitric acid alone to avoid precipi- 
tation of silver chloride. With organic ferrous com- 

pounds the nitric acid in the aqua regia has a dual 
function; it acts as an efficient solvent and also oxi- 
dizes the ferrous ion to the ferric state. Complete 
removal of nitrogen oxides and nitrous acid is 
ensured by addition of urea. The results are summar- 
ized in Table 2, and are generally within the accepted 
limits of error. 
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Summary-A highly sensitive and simple method for determination of vanadium in plants and biologi- 
cal samples by solvent extraction and flameless atomic-absorption spectrometry with a carbon tube 
coated with pyrolytic graphite is described. After digestion of the sample, vanadium is separated by 
extraction of its N-cinnamoyl-N-2,3-xylylhydroxylamine complex into carbon tetrachloride from 6M 
hydrochloric acid medium. The method can be used to determine vanadium in plants and biological 
samples with average recovery of 94% and coefficient of variation of 14%. The sensitivity (1% absorp- 
tion) is estimated to be 4 x IO-” g. 

The most widely used method for determination of 
trace amounts of vanadium in biological materials is 
neutron-activation analysis.r~* The major difficulties 
with this method are that the procedure is compli- 

cated by the short half-life of 52V (3.75 min) and that 
the 52V activity is masked by the 24Na which is pro- 
duced in relatively large amounts from the matrix. 
Recently a flameless atomic-absorption spectrometry 
(AAS) method using a carbon-tube atomizer for the 
determination of trace elements in biological mater- 
ials has been reported. 3-6 The use of such a method 
for determination of vanadium in biological materials 
is impossible because the vanadium absorbance is 

depressed by accompanying elements’ (e.g., Ca, Fe 
and MO), and decreased by the soaking of vanadium 
into the carbon tube and the formation of undisso- 
ciated vanadium carbide in the ashing or atomizing 
stage by reaction of vanadium with the carbon tube. 

For the determination of trace amounts of vanadium 
it is necessary to find a reagent which reacts with 
vanadium selectively to form a compound which does 
not soak into the carbon tube and that gives a suffi- 
ciently high absorbance. Shomes has reported N-ben- 
zoyl-N-phenylhydroxylamine (BPA) as a chelating re- 
agent for vanadium. However, BPA cannot be applied 
in the flameless AAS method for trace levels because 
it cannot extract vanadium at the ng level. N-Ben- 

zoyl-o-tolylhydroxylamine (BTA) has been recom- 
mended by Majumdar and Das,g but this also is not 
suitable for flameless AAS analysis for trace amounts 
of vanadium, because a portion of the vanadium 
complex is soaked into the carbon tube and the 
necessary sensitivity cannot be obtained. Priyadar- 
shini and Tandon” have reported on N-cinnamoyl- 

N-phenylhydroxylamine (CPA) as chelating reagent. 
In flameless AAS analysis, the sensitivity with this 
complex is better than that with the BTA complex 
of vanadium, but other elements in the matrix are 
extracted simultaneously with vanadium. The follow- 
ing conclusions may be drawn from their studies. (1) 
Compounds derived from BPA by introduction of 
one or two methyl groups into the N-phenyl groups 
will react with trace amounts of vanadium selectively. 
(2) The complexes of the cinnamoyl analogues of 
BPA will be less liable to soak into the carbon tube, 
possibly because the cinnamoyl groups are bulkier 
than benzoyl groups. On this basis, we synthesized a 
new reagent, N-cinnamoyl-N-2,3-xylylhydroxylamine 

(CXA), which was found to behave as predicted, giv- 
ing selective extraction of trace amounts of vanadium 
and enhancing the vanadium absorbance by a factor 
of about 3-) (compared with that of the BTA complex). 
A carbon tube coated with pyrolytic graphite was 
used, to avoid the formation of undissociated vana- 
dium carbide,’ ’ and this gave a further enhancement 
of the sensitivity. The proposed method gives about 
12 times the sensitivity of our previous method” 
(BTA as chelating reagent; conventional carbon tube). 

EXPERIMENTAL 

Reagents 

All solutions were prepared from distilled water and 
analytical grade reagents. 

Standard vanadium(V) solution, 1000 ppm. Prepared im- 
mediately before use, by dissolving 0.148 g of ammonium 
metavanadate in a minimum quantity of ammonia solution 
and diluting to 500 ml with water. 
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Standard uanadium(lV) solution, 1000 ppm. Prepared im- 
mediately before use by dissolving 1.953 g of vanadyl sul- 
phate in 0.9N sulphuric acid and diluting to 500 ml with 
water. 

Potassium permanganate solution, 0.02M. 
CXA solution, O.l%, in carbon tetrachloride. The CXA 

was synthesized by the method used for BTA by Majum- 
dar and Das.’ In a 1-litre beaker were placed 2 g of 
ammonium chloride, 20 ml of water, 30 ml of ethanol and 
35 g of 2,3_dimethylnitrobenzene. The mixture was stirred 
vigorously with a mechanical stirrer, and 50 g of zinc dust 
were slowly added. Stirring was continued for 30 min after 
all the zinc dust has been added. While still hot, the solu- 
tion was filtered by suction to remote the zinc oxide, which 
was washed with 20 ml of ether and finally with water. 
The filtrate was made slightly alkaline with sodium hydro- 
gen carbonate. Cinnamoyl chloride (ca. 15 g) was then 
added dropwise, while the 2,3-dimethylhydroxylamine 
solution was stirred vigorously and kept alkaline with 
sodium hydrogen carbonate. The stirring was continued 
for about 30 min. The resulting solid was filtered off and 
washed with water. The product was extracted with 
ammonia solution and the ammoniacal solution was added 
slowly to ice-cold dilute sulphuric acid. The N-cinnamoyl- 
N-2,3-xylylhydroxylamine that separated out was filtered 
off and further purified by recrystallization from aqueous 
ethanol. The white crystals had m.p. 132”. Found-C, 
76.4%; H, 6.3%; N, 5.3%; calculated-C, 76.40%; H, 
6.37%; N, 5.24%. 

Apparatus 

A Hitachi Model 170-50 atomic-absorption spec- 
trometer, equipped with a Hitachi Model GA-2 heated- 
graphite atomizer and a deuterium background-corrector, 
was used. A Hitachi Model 056 recorder (lo-mV range) 
was used to record peak-heights. A Jintan 50-~1 micro- 
syringe was used for injecting test solutions into the carbon 
tube. 

Instrument settings. The 318.4 nm vanadium resonance 
line was used. The line-source was a Hitachi vanadium 
hollow-cathode lamp operated at 10 mA. Background cor- 
rection was used for all measurements. Control settings 
on the GA-2 were experimentally optimized and provided 
the following drying, ashing and atomizing conditions: dry 
by raising the current from 0 to 25 A at 1 A/set (final 
temperature ca. loo”), ash at 150 A (cu. 1850”) for 20 set, 
atomize at 300 A (ca. 2800”) for 10 sec. Argon was used 
as the furnace purge-gas at a flow-rate of 2.6 l./min. 

Procedure 

The sample (viscera and flesh I-10 g; blood 10 ml; urine 
50 ml) was digested with nitric acid and perchloric acid. 
The digested solution was diluted to ca. 30 ml with water, 
and transferred to a separatory funnel. To keep the vana- 
dium in the quinquevalent state, 0.02M potassium per- 
manganate was added drop by drop until a pink colour 
persisted for 5 min, and then 1 ml of 0.1% CXA solution 
in carbon tetrachloride was added, followed by ca. 30 ml 
of concentrated hydrochloric acid (to give a concentration 
of ca. 6M in the resulting solution). The funnel was im- 
mediately shaken for 3 min and the vanadium extracted 
into the carbon tetrachloride phase. Aliquots of the extract 
(20 ~1) were injected into the carbon tube with a micro- 
syringe, and the vanadium was determined. 

RESULTS AND DISCUSSION 

~#ect of acidity on the extraction of uanadium(l/) 

For maximum extraction of vanadium the concen- 
tration of acid in the aqueous phase should be 
between 4 and 9N (see Fig. 1); most of our measure- 
ments were made at an acidity of about 6N. Only 

0.3 
Q, t 
2 
i 0.2- 
u-l 
s 

0.1 - 

I I I I I I I I1 I, 
0 12 3 4 5 6 78 91011 

(HCI) M 

Fig. 1. Effect of acidity on the extraction of vanadium with 
0.1% CXA solution in carbon tetrachloride (V, 1 ng). 

hydrochloric acid was suitable for adjusting the 
acidity, but the presence of the acids used for the 
digestion (nitric and perchloric) could be tolerated, 
provided that their concentration in the aqueous 
phase was less than 3M. 

Stability of uanadium(v in 6M hydrochloric acid 

medium 

Figure 2 shows the relationship between the vana- 

dium absorbance and the lapse of time between addi- 
tion of hydrochloric acid and extraction of vanadium. 
There was no change in vanadium absorbance for 
standing times up to 2 min, but with longer times 
there was partial reduction to vanadium(IV) which 
does not react with CXA. It is therefore desirable to 

extract the vanadium immediately after addition of 
the hydrochloric acid, and necessary to do so within 
2 min of the addition. 

Interferences 

It was found that as little as 50 ng of vanadium 
could be determined in presence of a large excess of 
foreign ions. Al 3+ (100 fig), As(V) (10 pg), Ba’+ (10 
pg), Ca*+ (40 mg). Cd*+ (10 pg), Co’+ (10 pg), Cr(V1) 

(10 pg), Cu2+ (100 pg), Hg’+ (10 pg), Mg2+ (40 mg), 

0.1 

t 
11 1 I 

02 5 10 15 20 30 min 

Standing time 

Fig. 2. Relationship between the absorbance of vanadium 
and the standing time of aqueous phase until the extraction 
of vanadium after addition of hydrochloric acid (V, 1 ng). 
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Table 1. Enhancement of vanadium absorbance by using less for the CXA complex because CXA is bulkier 
the tube coated with pyrolytic graphite (V, 1 ng) than BTA. 

Absorbance 
Pyrolytic graphite 

Reagent Carbon tube coated tube 

BPA N.D. N.D. 
BTA 0.02 0.17 
CXA 0.07 0.24 

N.D.: not detected. 

Calibration curve and precision 

Mo(VI) (10 pg), Ni*+ (100 pg), Pb*+ (10 pg), Sb(V) 
(10 pg), Se(IV) (10 pg). Ti4+ (10 pg). Zn2+ (40 mg) 
and phosphate (20 mg) do not interfere when present 
at the levels shown in brackets. 

Calibration curves made under the optimum condi- 
tions established were identical whether based on the 
vanadium(V) solution as standard or vanadium(lV) 
solution that had been oxidized by the digestion pro- 
cedure. The linearity was good over the range IO-80 
ng/ml. The sensitivity for 1% absorption was found 
to be 2 ng/ml. The relative standard deviation was 
ca. 3% for 50 ng/ml of vanadium(V) (10 determina- 
tions. 3 injections for each). 

Applications 

Stability of vanadium-CXA complex 

The extract gives the same absorbance for at least 
3 days whether it is separated from the aqueous phase 
immediately after the extraction or left in contact with 
it. 

Table 2 shows results obtained for various types 
of sample. The recovery was 91-107% for samples 
spiked with vanadium(V) and the relative standard 
deviation was 2-14x. By the proposed method, 0.1 
rig/g levels of vanadium in samples can be deter- 
mined. 

Enhancement by use of a pyrolytic graphite coating on 
the tube 

When a tube coated with pyrolytic graphite was 
used instead of a conventional carbon tube, the vana- 
dium absorbance was enhanced by a factor of about 
34 (Table I). This seems to be due to the lower poro- 
sity of the coating, resulting in less soaking of vana- 
dium into the carbon tube and lower formation of 
vanadium carbide. The increase in sensitivity relative 
to that for the BTA complex (by a factor of about 
1)) is attributed to soaking into the carbon tube being 
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Summary-In order to dry a bauxite sample to constant weight for the determination of alumina 
content, the following procedure is recommended. The sample should be placed in a small flat weighing 
bottle and heated at 105-110” for 5 hr in a dried atmosphere, then cooled in a desiccator containing 
magnesium perchlorate. After weighing, it should be reheated at 105-110’ for 4tMO min then cooled 
and weighed under the same conditions to ensure it has attained constant weight. 

Because bauxite is bought and sold commercially in 
large tonnages, the precise determination of its alu- 
mina content is a very important problem. The alu- 
mina content in bauxite is usually reported on a “dry” 
basis. Therefore, if the sample weighed has a 0.1% 
variation (absolute) in its water content, the alumina 
content for a sample containing 60% alumina may 
be in error by 0.06%. If we wish to determine the 
alumina content in a bauxite more precisely, the 
reproducibility of drying the sample is a major prob- 
lem. Although the difficulty of drying such zeolitic 
materials is emphasised in the literature,le9 a bauxite 
sample for alumina analysis is usually dried simply 
by heating it at 105110” for 1,” 2,” 3,” hr or 
longer. In many procedures the heating time is not 
shown at all, and sometimes 140” is recommended” 
to shorten it. These discrepancies indicate the diffi- 
culty in drying a bauxite sample. 

Recently, we investigated the drying conditions for 
iron ores,” and indicated that the residual differences 
in water content of the ores are negligible if the 
samples are heated at 110” for 3-4 hr in a very dry 
atmosphere. 

The drying procedure for bauxite samples has now 
been investigated by the same method as for iron 
ores. The results indicate that nearly constant weight 
of the sample is obtainable when the sample is heated 
in a dry atmosphere for somewhat longer than iron 
ores. 

EXPERIMENTAL 

The apparatus, reagents and procedure used were the 
same as those in the previous papers.‘4.‘5 

The sample (0.1 g) was first heated at 110” for various 
time intervals in thoroughly dried argon, and cooled for 
60 min in an atmosphere of argon that had been passed 
through a U-tube containing magnesium perchlorate. Then 
the sample was reheated at the same temperature as before 
and the water extracted by this second heating was deter- 
mined by coulometry.1s*16 

Three samples were used: a commercial bauxite (Bauxite 
A) from the Comalco mine (Australia) and two standard 
samples, No. 691 (Bintan mine, Indonesia) and No. 692 
(Comako mine), which were prepared by the Light Metal 
Smelters’ Association of Japan. 

RESULTS AND DISCUSSION 

Bauxite A was first used as sample. It was pulver- 
ized to pass a 200-mesh sieve. The amounts of water 
extracted in each 5-min period during the second 
heating are shown in Fig. 1. The curves in the figure 
are nearly the same as those for iron ores,14 and simi- 
lar conclusions can be drawn. (1) The cooled sample 
takes more than 15 min to reach the temperature of 
the furnace after its introduction into the hot zone 
of the furnace. (2) Strictly speaking, the sample does 
not reach constant weight even on heating for more 
than 10 hr in a very dry atmosphere; moreover, the 
amount of water extracted is several times that from 
the most hydrated iron ores. Also, water was con- 
tinuously evolved at the rate of about 4 ppm/min 
even after several hours of heating, indicating that 
the sample was releasing combined water. (3) The rate 
of evolution was almost constant after the first 3 hr 
of heating, and more completely so after 5 hr. This 
indicates that the adsorbed water in the sample may 
be removed by heating for 5 hr in a dry atmosphere. 

The cumulative amounts of water extracted, calcu- 
lated from the curves in Fig. 1, are shown in Fig. 2. 
The difference in the amounts of water extracted 
between 5 and 10 hr of heating was very small, and 
indicated that the sample reached nearly constant 
condition after being heated for 5 hr at 110”. Pro- 
longed heating may be harmful, however, owing to 
the extraction of combined water. Usually we dry a 
sample by heating it for several hours at 105-110 
then cool and weigh. The sample is then heated again 
for 1 hr (or less) to make sure it has reached constant 
weight. The amounts of water extracted in the second 
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30 60 90 120 
Time of extraction(min ) 

150 180 

Fig. 1. The amounts of water extracted for each S-min period during the second heating. Sample: 
Bauxite A; heating temperature: 110”; duration of the first heating: x-x 1 hr; O--G 3 hr; O-O 

5 hr; 0-0 10 hr. 

hour of heating were deduced from the curves in 
Fig. 2 and plotted against the duration of first heat- 
ing; the results are shown in Fig. 3. The curves in 
this figure indicate that the sample reaches a nearly 
constant state of dryness when it has been heated 
for 4-5 hr or more at 110” in a very dry atmosphere. 
Heating at 105” was also investigated and the results 

are shown in the same figure. The amounts of water 
extracted from the sample by the second heating were 
nearly the same as those for heating at 110”. There- 

fore, small differences in the heating temperature do 
not cause serious errors. 

Figure 4 shows that the other bauxites behave in 
much the same way as the Comalco ore, and indicates 
that these samples should also be dried at 110’ for 
4-5 hr or more and the first heating time should be 
controlled more exactly for the No. 692 sample, in 
order to obtain constancy of drying. To shorten the 
heating time of the sample, heating at 140” was 
recommended in U.S.A.13 However, the broken line 

1200- 

i lOOC- 
a 
G 
$j’ 8OC- 
L 
F 
jij 600- 

9 
b 400- 

iz 

$ 200- 
a 

Time of extraction (‘min ) 

Fig. 2. The total amounts of water extracted by the second heating (calculated from the curves of 
Fig. 1.) The symbols mean the same as in Fig. 1. 
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0 
0 2 4 6 8 10 

Drying time( hr ) 

Fig. 3. The amounts of water extracted by the second hour of heating IX. the duration of the first 
heating. Sample: Bauxite A: heating temperature: x -x 105”. 04 110”. 

in the figure shows that heating at higher temperature 
only increases the amount of water extracted. The 
shape of the broken line is similar to that of the full 
line for the same sample. This indicates that the high- 
temperature heating only increases the amount of 
extracted water and does not shorten the heating time 
necessary. Thus, there is no advantage in high-tem- 
perature heating. 

In any case, the bauxites reach a nearly constant 
state of dryness when they are heated at 105-110 

for 4-5 hr in a very dry atmosphere. The maximum 
difference between the amounts of water extracted in 
the second heating from the samples which were in- 
itially heated for 4 and for 5 hr was only about O.Ol%, 
and did not cause a significant error in weighing the 
sample. The second heating should not be longer than 
1 hr though, otherwise much combined water will be 
extracted. 

It should be emphasised that these results were 
obtained by heating the samples in a very dry atmos- 

2 4 6 8 10 

Drying time( hr ) 

Fig. 4. The amounts of water extracted by the second hour of heating US. the duration of the first 
heating. Sample No. 691, heating temperature: Q--o llo”, x-x 140”. Sample No. 692, heating 

temperature: 0-O 1 lo’. 
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phere. If the samples are heated in an ordinary con- 4. 
vection oven, the heating should be S4 times as 
long.’ For the determination of only adsorbed water 5. 
in bauxites the following method is recommended: 
the adsorbed water should be extracted into dry car- 6. 
rier gas by heating at 105-110” and then determined 7. 
by the direct gravimetric method.” The heating time *. 
should not be too long, or some combined water may 
be evolved from the sample. Heating for 4-5 hr is 9. 
enough for bauxite samples under these conditions. 

10. 
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Summary-New simple methods are described for the determination of chloramphenicol and its esters 
in pure powders, suppositories, injections, eye-drops, capsules and oral suspensions. These are based 
on reduction with cadmium metal whereby 6 equivalents of cadmium ions per mole and the correspond- 
ing aminoderivative are released. Four portions of the reduction products are used for (i) measurement 
of the cadmium ions by atomic-absorption spectrometry at 228.8 nm; (ii) potentiometric titration with 
EDTA, with use of the cadmium ion-selective electrode; (iii) visual titration with EDTA, with Erio- 
chrome Black T as indicator; (io) diazotization and coupling with N-(I-naphthyl)ethylenediamine and 
measuring the resultant colour at 550 nm. The results obtained by these procedures are in good 
agreement, and compare favourably with those of the official methods. 

Determination of chloramphenicol and its esters has metric, and interference from many pharmaceutical 

been, and is still, the subject of detailed investigations, excipients is frequent, necessitating a time-consuming 

as these broad-spectrum antibiotics are of wide thera- extraction or separation step prior to analysis. Elec- 

peutic application throughout the world. Analytical troanalytical techniques may also be used.3 Among 

procedures based on direct and indirect spectrophoto- these, the polarographic approach is the most impor- 

metry, titrimetry, electrometry, and chromatography tant since many of the pharmaceutical additives do 

have been ,advocated.‘-3 Most of these approaches not interfere and the nitro-group in chloramphenicol 

are based on the unique structure of chloramphenicol, and its esters can be differentially reduced by vari- 

since the nitro-group is a rather unusual structural at& of the pH, permitting simultaneous analysis of 

feature in biological and biochemical systems. How- mixtures for various components.” Gas chroma- 

ever, methods have also been reported involving reac- tography, ’ 9 high-performance liquid chroma- 
tions of the amide-group or the decomposition tography” and X-ray diffraction21 methods have also 

products of these compounds. been described 

The most widely used spectrophotometric methods 
are based on the reduction of the nitro-group with 
acidic titanium(III), tin(H), zinc and aluminium’ or 
alkaline sodium hydrosulphite,4 followed by diazoti- 
zation and coupling. The colour displayed by the 
nitro-group of chloramphenicol, in basic media, can 
also be measured.5-7 Reaction with heteropoly 
acids,’ isoniazide9 and hydroxylamine10 forms the 
basis of other spectrophotometric procedures. Such 
methods, however, are not directly applicable to the 
analysis of pharmaceutical preparations as most of 
the flavouring agents, diluents and excipients are car- 
bonyl-containing compounds which therefore inter- 
fere. 

Indirect acidimetric,“.” argentimetric,13 and 
redox’4.‘s titrations have been utilized for the deter- 
mination of the hydrolysis or decomposition products 
of chloramphenicol. Reduction of the nitro-group into 
the amino-, followed by bromometric titrationI or 
titration with nitrous acid” has also been described. 
However. these reactions are not always stoichio- 

However, the need for further investigation is evi- 
denced by the fact that most of the reported methods 
for the determination of chloramphenicol and its 
esters are beset with difficulties during their appli- 
cation. These difficulties may be attributed to the un- 
favourable solubility of some derivatives, non-specifi- 
city and unfavourable stoichiometry of the reactions 
used, critical reaction conditions and interference by 
pharmaceutical excipients. The present investigation 
describes a combination of an easy reductjon pro- 
cedure for chloramphenicol and its esters in various 
pharmaceutical preparations, without prior extrac- 
tion, by use of cadmium metal, followed by rapid in- 
strumental measurement of the released cadmium 
ions and amine by atomic-absorption spectrometry, 
spectrophotometry and potentiometry. 

Apparatus 

EXPERIMENTAL 

Digital mV/pH-meter. An Orion 901 microprocessor with 
cadmium ion-selective electrode (Orion 49-48) in conjunc- 
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tion with a double-junction reference electrode (Orion 2 min, then transferred to the reaction vessel: 10 ml of 
90-20) containing 10% potassium nitrate in the outer com- 0.15M hydrochloric acid are added and the determination 
partment. is completed as above. 

Atomic-absorption spectrometer. A Unicam SP 1900 
equipped with digital read-out unit, deuterium lamp (SP 
1960) and cadmium hollow-cathode lamp was used under 
the following operation conditions: wavelength 228.8 nm; 
sensitivity 287; slit-width 104 nm; elevator height 1 cm; 
lamp current 4 mA; laminar flow burner; air flow 4.5 
I./min; acetylene flow 1 I./min. 

The reduction products in the final test solution are 
determined as follows. 

Specrrophotometer. Beckman DK-2A ratio recording, 
with IO-mm matched silica cuvettes. 

Atomic-absorption spectrometric measurement. Transfer a 
l.OO-ml aliquot of the test solution to a IOO-ml standard 
flask, dilute to the mark with 0.05M hydrochloric acid and 
shake. Aspirate into the air-acetylene flame and measure 
the absorbance at 228.8 nm. Compare with a calibration 
graph prepared by treating 0.5c3.00 ml aliquots of the 
standard cadmium stock solution (0.1 mg/ml) in the same 
way. 

Reagents 

All the reagents used were analytical grade, unless other- 
wise stated, and doubly distilled water was used through- 
out. Cadmium metal (purity 99.5:,<;, B.D.H.), 0.010M 
EDTA, 0.210 (w/w) pulverized Eriochrome Black T in 
sodium chloride. l”/, aqueous sodium nitrite solution, 1% 
aqueous ammonium sulphamate solution, 0.2% aqueous 
IV-( I-naphthyl)ethylenediamine dihydrochloride solution 
and stock cadmium chloride solution (Cd 0.1 mg/ml) in 
0.05M hydrochloric acid were used. 

Prepuration of samples 

Pure powders. Weigh accurately 1 g of the pulverized 
dried chloramphenicol powder or its ester, dissolve it in the 
least amount of ethanol needed, transfer to a IOO-ml stan- 
dard flask and make up to the mark with ethanol. 

Cupsuks. Weigh the contents of 20 capsules in a small 
dlah, mix the powder. Weigh a portion equivalent to 2 
capsules, dissolve in the least amount of ethanol, filter into 
a IOO-ml standard flask, and dilute to the mark with eth- 
anol. 

Suppositories. Dissolve 4 suppositories in the least 
amount of ethanol, homogenize, transfer to a lOO-ml stan- 
dard flask and make up to the mark with ethanol. 

Suspensions. Shake well and transfer 20 ml to a 150-ml 
stoppered conical flask. Add 50 ml of ethanol, shake for 
2 min. leave to stand for 10 min. filter into a lOO-ml stan- 
dard flask, wash and dilute to the mark with ethanol. 

Injections. Dissolve the contents of 5 vials in the least 
amount of water, transfer quantitatively to a 50-ml stan- 
dard flask and dilute to the mark with water. Shake, and 
transfer a lo-ml aliquot to a lOO-ml standard flask and 
make up to the mark with water. 

EJ~ and cur-drops. These are usually aqueous solutions 
containing 0.5-l% chloramphenicol as active ingredient. 
Such solutions can be used directly without further dilu- 
tion. 

Procedure 

Transfer a 1 or 2 ml aliquot of the sample solution to 
a IOO-ml conical flask with a ground-glass neck and a side- 
arm with bubbler. Add 10 ml of 0.05M hydrochloric acid 
and attach to a water condenser. Heat on a sand-bath 
while oassine carbon dioxide (- 50 bubblesimin) through . ._. 
the side-arm. When the solution starts boiling, introduce 
5&100 mg of cadmium metal turnings, previously washed 
with 6M hydrochloric acid and thoroughly with doubly 
distilled water, and continue boiling for 15-20 min in a 
carbon dioxide atmosphere. Cool, transfer the reaction 
solution to a 50-ml standard flask and make up to the 
mark with doubly distilled water. This test solution is used 
for the subsequent measurements. Carry out a blank under 
similar conditions, without the chloramphenicol sample. 

Pure powders or pharmaceutical preparations contain- 
ing chloramphenicol palmitate, stearate and succinate 
should be hydrolysed prior to reduction with cadmium 
metal. An aliquot containing l&l5 mg of the ester is trans- 
ferred to a test-tube (20 x 2 cm), 1 ml of 1M alcoholic 
potassium hydroxide is added and the mixture shaken for 

1 mg of Cd = 0.959 mg of chloramphenicol, 1.667 mg of 
chloramphenicol palmitate, 1.749 mg of chloramphenicol 
stearate, 1.330 mg of chloramphenicol succinate. 

Potentiometric und visual fitrations. Transfer a 25.0-ml 
aliquot of the test solution ( ~3-7 mg of chloramphenicol) 
to a IOO-ml beaker. Adjust the pH to IO with aqueous 
ammonia solution ( - 1 ml of 25% solution). Insert the cad- 
mium ion-selective electrode in conjunction with a double- 
junction reference electrode, and titrate with O.OlOM 
EDTA. Towards the end-point, as indicated by rapid 
potential jumps, add the titrant in 0.02-ml increments. 

Alternatively, add Eriochrome Black T indicator and 
titrate till the colour changes from pink to blue. Similarly 
titrate the blank. 

1 ml of O.OlOM EDTA = 1.124 mg of Cd = 1.078 mg 
of chloramphenicol, 1.484 mg of chloramphenicol suc- 
cinate, 1.872 mg of chloramphenicol palmitate, 1.965 mg 
of chloramphenicol stearate. 

Spectrophotometric measurements. Transfer a l.OO-ml ali- 
quot of the test solution to a lo-ml standard flask, add 
5 ml of 2.5M hydrochloric acid and 0.5 ml of 1% sodium 
nitrite solution, leave to stand for 2 min, then add 2 ml 
of 1% ammonium sulphamate solution. Leave for 2 min. 
add 1 ml of 0.2% aqueous N-(1-naphthyl)ethylenediamine 
dihydrochloride solution and shake. After 10 min, read the 
absorbance at 550 nm (IO-mm cuvette) against a blank 
prepared under identical conditions. Compare the absor- 
bance with that obtained from the mean value of 3 authen- 
tic samples of pharmaceutical standard chloramphenicol 
subjected to the same procedure. 

RESULTS AND DISCUSSION 

Reaction condirions and products 

Reduction of aromatic nitro-compounds by cad- 
mium metal has been little investigated, as far as can 
be seen from the literature, except for the work of 
BudtiSinski. ” The reduction of chloramphenicol with 

cadmium, in acidic media, was therefore examined. 
The effect of hydrochloric acid on cadmium metal 
in a carbon dioxide atmosphere was examined by 
measuring the amount of metal dissolved, the cad- 
mium ion-selective electrode and atomic-absorption 
spectrometry being used for this purpose. It was 
found that both the acid concentration and time of 
reaction affect the dissolution of the metal. Thus on 
heating cadmium with 10 ml of 0.02, 0.05, 0.1 and 
0.2M hydrochloric acid under reflux for 15 min. the 
amount dissolved is 0.1, 0.2, 0.3 and 0.6 mg, respect- 
ively. Prolonged heating for up to 30 min does not 
significantly increase these figures. 

The tim’e required for quantitative reduction of 
chloramphenicol with cadmium metal, in presence of 
0.094 hydrochloric acid, was investigated by measur- 
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Fig. 1. Effect of time on the reduction of chloramphenicol 
with cadmium metal in 0.05M hydrochloric acid. 

ing at intervals, with the cadmium ion-selective elec- 
trode, the concentration of the cadmium ions 
released. Six equivalents of cadmium ion are quanti- 
tatively released per mole after 15 min (Fig. 1). Reduc- 
tion of chloramphenicol stearate, palmitate and suc- 
cinate esters under the same conditions is not, how- 
ever, quantitative, probably because these esters exhi- 
bit low solubility in aqueous media. Prior hydrolysis, 
by treatment with 1M alcoholic potassium hydroxide 
at room temperature, leads to complete reduction. 
The free carboxylate ions released by hydrolysis do 
not interfere in subsequent measurement procedures. 

The reduction product of 0.5 g of chloramphenicol 
was neutralized with sodium hydroxide, extracted 
with ethyl acetate, evaporated and crystallized, and 
its infrared spectrum was examined and compared 
with that of pure chloramphenicol. The spectrum 
showed complete absence of the symmetrical and 
asymmetrical -NO2 stretching bands at 1350 and 
1530 cm-‘, without any significant changes in the 

other spectral patterns. Elemental analysis of the 
product conformed with the formula 

CrrHr&NzCl~. 
These results indicate that chloramphenicol con- 

tains no sites other than the -NO2 group available 
for reduction with cadmium metal, under the pre- 
scribed conditions, and the reaction proceeds to com- 
pletion, ending with the corresponding amine: 

When the reaction is conducted in acid of concen- 
tration greater than lM, unidentified fragmentation 
products containing a primary aromatic amine 
moiety, as confirmed by diazotization and coupling, 
are obtained. 

Measurement by atomic-absorption spectrometry 
Determination of the nitro-group in organic com- 

pounds by atomic-absorption spectrometry has pre- 

viously been attempted 23 by reduction to the hydrox- 
ylamine derivative with zinc powder and ammonium 
chloride solution at 95”, followed by reaction of the 
filtrate with Tollen’s reagent. After dissolution of the 
silver chloride in ammonia solution, the silver metal 
equivalent to the nitro-group was filtered off, dis- 
solved in nitric acid and measured at 328 nm by ato- 
mic-absorption spectrometry. This method, which in- 
volves several steps, besides being tedious and time- 
consuming, is subject to severe interferences by many 
reducing oxygen, nitrogen and sulphur compounds. 

The atomic-absorption spectrometric procedure 
used in the present work takes advantage of the stoi- 
chiometric release of cadmium ions by direct reaction 
of chloramphenicol with cadmium metal. The reduc- 
tion solution is diluted with 0.05M hydrochloric acid, 
to bring the final cadmium concentration within the 
linear range of the calibration graph (i.e., up to 3 
pg/ml), and the solution is then aspirated into the 
acetylene-air flame. The absorbance at 228.8 nm is 
measured and compared with a calibration graph pre- 
pared by use of pure cadmium chloride solution with 
the same background composition. The results 
obtained with pure samples of chloramphenicol and 
its esters in amounts down to 3 mg (Table 1) show 
an average recovery of 99.5%..The mean standard de- 
viation is f 1.1%. 

Measurement by the cadmium ion-selectice electrode 

Cadmium ions released in the reaction are also 
measured by potentiometric titration, with the cad- 

‘mium ion-selective electrode as end-point detector. 
The pH is adjusted to 10 with ammonia and the 
sample titrated with EDTA. The results given in 
Table 1 show an average recovery of 99.3% and a 
mean standard deviation of &0.5’%. However, direct 
potentiometric measurement of the cadmium ions in 
O.lM potassium nitrate as background electrolytes 
with either a standard calibration graph or the use 
of the standard addition (spiking) technique, gives in- 
consistent results with an error of f3%. 

On the other hand, visual end-point detection with 
Eriochrome Black T as indicator gives results agree- 
ing with the potentiometric values within +0.03 ml 
of titrant ( E 30 pg of Cd). 

Measurement by spectrophotometry . 

An aliquot of the reduction solution containing 
20-200 pg of the reduced chloramphenicol is diazo- 
tized and coupled with N-( l-naphthyl)ethylenedia- 
minez4 to give an intensely red water-soluble com- 
pound with maximum absorption at 550 nm 
(Et& = 436). The colour is stable for at least 8 hr 
and is intense enough to permit the measurement 
of as little as 20 pg of chloramphenicol per ml of 

the final test solution. Beer’s law is obeyed in the 
range corresponding to 2@200 pg with an error less 
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Table I. Analysis of pure powders of chloramphenicol and its esters by atomic-absorption spec- 
trometry (AAS), spectrophotometry, titrimetry and official procedures 

Sample AAS 

Recovery, % 

Cd-electrode Spectrophotometry 

Official 

methods* 

Chloramphenicol 

Chloramphenicol 
palmitate 

Chloramphenicol 
stearate 

Chloramphenicol 
succinate, 
sodium salt 

99.5 99.0 101.1 99.6 
98.1 98.8 100.1 99.4 
99.1 98.3 99.6 97.7 
98.9 99.7 100.1 98.0 

101.2 100.2 98.1 98.7 
100.1 98.9 99.2 99.8 
98.6 98.3 98.5 99.6 

100.7 98.9 100.7 98.6 
99.4 99.6 100.1 100.2 
98.5 100.1 98.5 98.3 
98.2 100.1 98.2 98.3 

101.1 99.8 101.0 99.5 

* British Pharmaceutical Codex proceduresz6 were used for the analysis of all the powders 
except chloramphenicol stearate, which was determined according to the U.S.P. procedure.” 

Table 2. Effect of some pharmaceutical excipients on the determination of chloramphenicol 
with the cadmium ion-selective electrode 

Excipient 
Weight taken, mg 

Excipient Chloramphenicol 
Chloramphenicol found 

my Recovery, % 

Acacia 

Sucrose 

Tween-80 

Ethylene glycol 

Lactose 

Cocoa-butter 

Carboxymethyl 
cellulose 

Glycerol 

Vanillin 

4.7 8.62 8.59 99.6 
3.7 6.66. 6.54 99. I 
5.2 11.24 11.11 98.8 
3.4 7.84 7.66 97.7 
3.7 10.02 9.95 99.3 
4.3 5.38 5.41 100.6 
5.4 8.14 8.02 98.5 
4.6 4.87 4.82 98.9 
3.3 6.54 6.51 99.5 
2.9 7.11 7.15 100.6 
5.6 8.88 8.75 98.5 
3.8 5.21 5.06 97.1 
3.0 7.82 7.64 97.8 
4.7 4.41 4.36 98.8 
6.3 9.00 8.95 99.4 
3.2 6.73 6.69 99.4 
3.9 8.78 8.56 97.5 
7.6 10.71 10.54 98.4 

than k 1.5%. Table 1 presents the results obtained 
with chloramphenicol and its esters; the average re- 
covery was 99.6% and mean standard deviation 
f 1.0%. 

The chloramphenicol and its esters were also 
assayed by the United States Pharmacopoeia 
(U.S.P)25 and the British Pharmaceutical Codex 
(B.P.C)26 procedures. The results obtained, as shown 
in Table 1 (average recovery 99% and standard devi- 
ation kl%), are in good conformity with those 
obtained by the new procedures. However, the titri- 
metric procedure surpasses these procedures in preci- 
sion. 

Analysis of pharmaceutical preparations 

A number of pharmaceutical additives and diluents 
commonly used in drug formulations have been 
examined for their effect on the assay method. 

Amounts of acacia, sucrose, Tween-80, ethylene gly- 
col, carboxymethyl cellulose, glycerol, vanillin, cocoa- 
butter and lactose in far greater excess than normally 
found in oral suspensions, capsules, eye-drops, injec- 
tions and suppositories were added to both pure 
chloramphenicol and the blank. No interference was 
noticed (Table 2). 

Determination of chloramphenicol and its esters in 
various commercially available pharmaceutical prep- 
arations was next tried, after suitable dilution to bring; 
their concentration in the test sample within the range 
2-15 mg/ml, and filtration to remove insoluble com- 
ponents. The cadmium ions and amine released were 
measured on each sample by atomic-absorption spec- 
trometry, titrimetry and spectrophotometry. The 
results obtain&d with both atomic-absorption spectro- 
metry and spectrophotometry show an average recov- 
ery of 98% of the nominal amount, the standard devi- 
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ation being +2%. Better results are obtained by titra- 2. T. Higuchi and E. Brochmann-Hanssen, Pharmuceuri- 

tion of the released cadmium ions, the average recov- cal Analysis, pp. 574-578. Interscience, New York, 

ery obtained being 98% and the standard deviation 
1961. 

+1.5x. The results obtained by the U.S.Pz5 pro- 
3. H. Unterman and S. Weissbuch, Pharmazie, 1974. 29, 

752. 
cedures fluctuate, showing a standard deviation of 4. R. Miram, Phnrm. Prax., Berlin, 1972, 108. 
+3.5x, probably due to extraction, but are within 5. W. Diill, Arzneimittel-Forsch, 1955, 5, 97. 

the permissible limit of recovery (i.e., 95-105%).25~26 6. D. Masterson, J. Pharm. Sci., 1968, 57, 305. 

The new procedures show greater precision owing to 
7. F. Freeman, Analyst, 1956, 81, 299. 

the omission of the prior extraction or separation 
8. A. slouf, Ceskosl. Farm., 1959, 8, 77. 
9. K. Kakemi and S. Ohashi, J. Pharm. Sot. Japan, 1962. 

step. 82, 338. 
10. M. Karawya and M. Ghourab, J. Pharm. Sci., 1970. 

Advantages 59, 1331. 

The proposed method, besides its simplicity, offers 
11. B. Salvesen, Medd. Norsk Farm. Se/Sk., 1958, 20, 65. 
12. G. Franchi and C. Pellerano, Ann. Chim. Roma. 1960. 

four advantages: (a) at least 4 different measurement 50, 134. 
procedures can be applied, in parallel, to the same 13. Y. Dessouky, K. T6th and E. Pungor, Analyst, 1970, 

sample; (b) no prior extraction of chloramphenicol 95, 1027. 

or its esters is necessary; (c) the reagents used are 
14. P. Pandey and V. Chandra, Z. Anal. Chem.. 1967, 231, 

35. 
stable enough and need no special precautions during 15. A. Valseth and A. Wickstrom, Medd. Norsk Farm. 

storage or use; (d) the results are precise and the accu- Selsk., 1955, 17, 345. 

racy of the outlined procedures is within the permiss- 16. W. Awe and H. Stohlmann, Arzneimirrel-Forsch.. 1957. 

ible limit of the official methods. This renders the 
7, 495. 

method eminently suited to the routine analysis of 
17. S. Srivastava, G. Ray and B. Mukeji, J. Sci. Ind. Res. 

(India), 1960, 19B, 456. 
various pharmaceutical preparations*. 18. P. Pflegel and 1. Shoukrallah, Pharmazie, 1973, 28, 483. 

19. M. Margosis, J. Pharm. Sci., 1974, 63, 435. 

*This work is taken from the Ph.D. Thesis of M. H. 20. G. Vigh and J. Inczkdy, J. Chromarog., 1976, 116, 472. 

Eldesouki (EL-NASR Pharmaceutical Chemical Co., 
21. K. Kuroda, G. Hashizume and K. Fukuda, J. Pharm. 

Egypt) and the method described has been satisfactorily 
Sci: Japan, 1967, 87, 1175. 

used during the last two years for quality control in this 
22. B. Bud&nsk$, Chem. Listy, 1956, 50, 1931: Collecrion 

company, in parallel with the Pharmacopoeia procedures. 1 Czech. Chem. Commun., 1957, 22, 1141. 
23. T. Mitsui and T. Koiima, Bunseki Kaaaku, 1977. 26. 

317. 
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Summary-Results are presented for the masking of 35 elements with the complexans DTPA, EGTA 
and TTHA in the spectrophotometric determination of uranium(V1) with Arsenazo III at pH 1.8 f 0.2 
and with Chlorophosphonazo III at pH 1.1 &- 0.2. The complexans EDTA and DCTA were found 
to be less suitable because at low pH they tended to precipitate. DTPA is shown to be especially 
attractive for masking other elements in the determination of uranium(V1) at low pH. 

The bisazo derivatives of chromotropic acid are 
among the most sensitive reagents for the spectro- 
photometric determination of uranium.ie3 Arsenazo 
III’** and Chlorophosphonazo III3 containing 
arsenic acid and phosphonic acid groups respectively, 
show the highest sensitivity. For maximum sensitivity 
with Arsenazo III, uranium should be reduced to the 
quadrivalent state. iv2 Unfortunately uranium(IV) is 
rather unstable and easily oxidized by atmospheric 
oxygen even in the presence of protective reagents, 
such as ascorbic acid.’ Furthermore, trace amounts 
of zirconium, hafnium and thorium, or scandium, 
titanium(IV), tin(IV), bismuth, iron(II1) and the rare 
earth elements above certain concentrations interfere 
and require prior separation. Determination of 
uranium in its more stable sexivalent state is often 
preferred as an alternative. because it is only slightly 
less sensitive. A medium of about pH 2 is used for 
Arsenazo III and of about pH 1 for Chlorophos- 
phonazo III. Again numerous other elements tend to 
interfere. One of the best known methods for sup 
pressing such interferences is the addition of EDTA.’ 
which forms very stable complexes with many ele- 
ments, including zirconium, hafnium and thorium, 
but a relatively unstable one with uranium(V1). The 
presence of EDTA considerably reduces the sensi- 
tivity of the determination of uranium(V1) with 
Arsenazo III 3,4 but that of the Chlorophosphonazo 7 
III method is much less affected.3 Furthermore. 
EDTA tends to precipitate at pH 1-2 and this can 
introduce complications. Sulcek et ~1.~ have shown 
that triethylenetetraminehexa-acetic acid (TTHA) is 
more favourable than EDTA for masking thorium 
during the determination of uranium(V1) with 
Arsenazo III, and Perez-Bustamante et aL5 have used 
1,2-diaminocyclohexanetetra-acetic acid (DCTA) to 
mask plutonium(IV). Other aminopolycarboxylic 
acids such as diethylenetriaminepenta-acetic acid 
(DTPA) and ethyleneglycol-2-(aminoethyl)tetra-ace- 

tic acid (EGTA) do not seem to have been investi- 
gated as possible masking agents, yet these two re- 
agents complex many elements more strongly than 
EDTA does, and DTPA has the advantage of being 
considerably more soluble than either EDTA or 
DCTA at pH values of about l-2. In order to estab- 
lish the merits of these masking agents in the spectro- 
photometric determination of uranium(V1) with 
Arsenazo III and Chlorophosphonazo III a compara- 
tive study was undertaken, the results of which are 
presented below. 

EXPERIMENTAL 

Reagents 

EDTA. DCTA, DTPA. EGTA, TTHA. Chlorophos- 
phonazo III and Arsenazo III were obtained commercially. 
All the reagents were of “pro analysi” quality with the 
exception of TTHA, which was of “~ururn” auahtv. All 
other reagents were analytical grade. ’ 

. _ 

Arsenaro III solution 0.05%. Dissolve 100 mg of reagent 
in 0.25 ml of 1M sodium hydroxide and about 60 ml of 
demineralized water, dilute to about 180 ml. acidify to pH 
3-3.5 with I M hydrochloric acid, and dilute accurately to 
200 ml. 

Chlorophosphonazo III, aqueous solution, 0.025%. 
Other reagent solutions. Some of the complexans were 

supplied in the form of the acids. When solutions wcrc 
made up, enough sodium hydroxide was added to half-neu- 
tralize the acid to make the complexans more soluble and 
comparable to the disodium salt of EDTA. The final pH- 
values of the solutions were about 4. 

Apparatus 

A Zeiss PMQ II spectrophotometer with I-cm cells was 
used, and a Metrohm E300 pH-meter. 

Procedures 

E&w ofpH. Five ml of a standard solution containing 
50 /Ig of uranium(V1). amounts of IM hydrochloric acid 
increasing from 0 to 7.5 ml, 20 ml of 5% DTPA solution 
(pH 3.9). and 2.0 ml of 0.05% Arsenazo III solution were 
placed in a series of 25-ml standard Basks. The solutions 
were made up to volume with demineralized water, and 
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after 1 hr the absorbance at 655 nm was measured against 
a series of reagent blanks of similar pH values. but contain- 
ing no uranium. The blanks were themselves measured 
against demineralized water. After the absorbance 
measurements the final pH-values of the solutions were 
determined. 

A similar experiment was carried out with Chlorophos- 
phonazo III. but with 2.0 ml of 0.025% solution of the 
reagent and measurement at 672 nm. The amount of acid 
added was extended to 4.0 ml of 5M hydrochloric acid. 

When the experiments were repeated with the DTPA 
solution omitted and 2.0 ml of I M sodium acetate added 
instead, similar results were obtained. Results obtained 
with the other complexans showed the same general pat- 
terns. 

EJSect of complexans on absorbance. The following re- 
agents were measured into a series of 25-ml standard 
flasks: 5.0 ml of a standard solution containing 50 pg of 
uranium(V1); a predetermined volume of I M hydrochloric 
acid to give a final pH-value of about 1.8; 2.0 ml of IM 
sodium acetate; 2.0 ml of 5% solution of one of the com- 
plexans. leaving one flask without complexan as a control; 
finally 2.0 ml of 0.05% Arsenazo III solution. The solutions 
were made up to volume, and after I hr the absorbance 
at 655 nm was measured against a series of similarly pre- 
pared reagent blanks containing no uranium. The pH- 
values of the solutions were then measured. 

The experiment was repeated with Chlorophosphonazo 
III. using only 40 pg of uranium (VI), 2.0 ml of 0.025% 
solution of the colour-forming reagent. a final pH value 
of about 1.0 and measurement at 672 nm. 

Comparison of masking e&-cc of complexans. In 25-ml 
standard flasks were placed 40 ml of a standard solution 
containing 40 yg of uranium(V1) 2.5 ml of IM hydro- 
chloric acid, 2.0 ml of 1M sodium acetate and a standard 
solution containing the element to be masked (in the 
amount indicated in the Tables). Finally 2.0 ml of 0.05% 
Arsenazo III solution were added and the solutions were 
made up to volume. One flask contained all the reagents 
plus uranium(V1) but no other element. After I hr the 
absorbance was measured at 655 nm. Similar series of solu- 

tions were prepared with the following volumes of 1 M hy- 
drochloric acid and 5% complexan solution: 3.0 ml of acid 
and 2.0 ml of DTPA (pH 3.0); 3.4 ml of acid and 2.0 
ml of EGTA (pH 3.0); 3.0 ml of acid and 2.0 ml of TTHA 
(pH 3.9). The absorbances of these solutions were 
measured and the difference from the absorbance of the 
solution containing all the reagents plus uranium but no 
other element was calculated. 

The whole experiment was repeated with 2.0 ml of 
0.025% Chlorophosphonazo III solution as colour-forming 
reagent. and omission of the 2.0 ml of sodium acetate solu- 
tion when the complexans were present. The amount of 
I M hydrochloric acid was 4.0 ml except with EGTA. when 
only 3.0 ml were used. 

RESULTS AND DISCUSSION 

Figure 1 shows that the absorbance of the Arsenazo 
III complex with uranium(W) is independent of pH 
only over the rather narrow range of 1.62.0. 
Measurement outside this range is less sensitive and 
for accurate work requires very careful control of pH. 
The pH-dependent absorption curve of the Chloro- 
phosphonazo III complex of uranium(V1) has a range 
of constant absorption between pH 0.9 and 1.3 
(Fig. 2). Control of pH outside this range is less criti- 
cal because the changes of absorbance with pH are 
considerably smaller, especially in the higher pH 
range. It was therefore decided to examine the mask- 
ing effects at pH-values of 1.8 k 0.2 for the Arsenazo 
III complex and at 1.1 + 0.2 for the Chlorophos- 
phonazo III complex. 

Because EDTA and DCTA were found to form pre- 
cipitates when present in about 0.01M concentration 
at these pH-values, they were considered to be less 
suitable and were omitted from the further study of 

RANGE OF CONSTANT ABSORPTION 

I,6 2,0 

1 I 

2 3 4 
PH 

Fig. I. Absorbance of the cornpIe,! between uranium(V1) and Arsenazo(II1) at 655 nm, as a function 
of pH (50 pg of U in 25 ml). 
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Fig. 2. Absorbance of the complex between uranium(W) and Chlorophosphonazo 111 at 672 nm. as 
a function of pH (50 pg of U in 25 ml). 

masking effects. The other masking agents depressed 
the absorbance by less than 5%. 

Arsrnazo III 

The experimental results are summarized in Table 1. 
The most strongly interfering elements are Zr. Hf. 
Th, SC, Y and the lanthanides. Up to 100 pg of zir- 
conium can be masked by DTPA and up to 20 pg 
by EGTA and TTHA, while all three complexans are 
effective in masking 200 pg of hafnium. Thorium can- 
not be masked completely although TTHA is fairly 
effective. The interference of 20 pg of scandium can 
be masked by DTPA and by EGTA but not by 
TTHA. while yttrium cannot be masked effectively 
at all. The interference of the light and the heavy 
lanthanides also cannot be masked completely. 
Small amounts of gadolinium and erbium can be 
masked completely, DTPA being the most effective 
complexan. Bi, Pb, Ga Fe(III), Sn(IV) and Ti(IV) 
also interfere fairly strongly in the absence of com- 
plexans. Lead(H) in amounts of 1 mg can be masked 
effectively by DTPA and by TTHA but EGTA is not 
quite as efficient. The same applies to 200 pg of bis- 
muth. One mg of gallium is masked completely by 
all three complexans, but only DTPA masks 1 mg 
of iron(III) effectively, though all three complexans 
suppress the interference of 100 ,ug of iron(II1). In 
the case of tin(IV) both DTPA and TTHA mask I-mg 
amounts completely, whereas EGTA can only cope 
with 100 pg. Up to 100 pg of titanium(IV) can be 
masked by all three complexans. Some elements show 
relatively weak interference effects in the absence of 
complexans, viz. 1 mg of W(VI), Cu(II), Mo(VI), In, 

V(IV), Mn(II), Zn or Be. The interference of all these 
elements [with the exception of copper( can be 
suppressed completely by all three complexans. How- 
ever, 100 pg of copper(I1) will not affect the absorp 
tion of the uranium complex significantly even in the 
absence of complexans. Quite significant interference 
is also caused when a niobium solution was added 
but this appears to arise more from the tartaric acid 
in the solution than the niobium. The tartaric acid 
was added to suppress hydrolysis of the niobium but 
also complexes with uranium(VI), leading to negative 
errors. When an attempt was made to use a smaller 
amount of tartaric acid the final solutions became 
cloudy because of hydrolysis of niobium, and positive 
errors occurred. 

One-mg amounts of Mg, Ca, Sr, Ba, Co(II), Cd. 
Ni, Al, Cr(II1) and Hg(I1) do not interfere to any 
significant extent (~2% error) in the absence of 
complexans. 

Chlorophosphonazo III 

Very strong interference in the absence of com- 
plexans is caused by Zr, Hf, Th, Sc, Y and the lan- 
thanides. TTHA masks 100 pg of hafnium and zir- 
conium completely and DTPA masks 20 but not 100 
pg of zirconium. It masks 100 /lg of hafnium, while 
EGTA does not effectively mask even 20 pg of either 
element. The other elements cannot be masked by 
any of the complexans. It was noted that, even though 
the deviation from the true result was sometimes 
small, as for 100 pg of thorium, the colour of the 
solution was completely wrong and the result for- 
tuitous. 
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Table 1. Masking effects of complexans in determination of uranium(V1) with Arsenazo III 

Error for 40 pg of U, % 

Other element .Amount, pg No complexan DTPA EGTA TTHA 

Be 
Be 
Mg 
Ca 
Ca 
Sr 
Ba 
Zn 
Co(H) 
Cd 
Ni(II) 
Mn(II) 
Ti(IV) 
Ti(IV) 
Al 
V(IV) 
Cr(II1) 
In 
Sn(IV) 
Sn (IV) 
Hg(II) 
Mo(V1) 
Cu(I1) 
Cu(I1) 
Fe(II1) 
Fe(II1) 
Ga 
Nb* 

:&I, 
Pb (II) 
Bi(II1) 
W(VI) 
Zr 
Zr 
Hf 
Th 
Th 
SC 
SC 
Y 
Y 
La 
Gd 
Gd 
Er 
Yb 
Yb 

100 +0.2 0.0 
1000 + 14.5 -0.8 -1.0 -2.5 
1000 +o.o +o.o f 0.0 

100 +0.2 +0.2 +0.2 
1000 + 2.0 + 1.8 + 1.8 
1000 +0.8 f0.5 +I.0 
loo0 + 2.0 +0.2 +1.5 
1000 - 14.0 +o.s +o.o -0.5 
1000 +1.5 +0.5 +0.2 
1000 +1.0 f1.0 +I.0 
1000 + 1.5 + 1.8 + 1.8 
1000 - 13.2 + 2.0 + 2.0 +o.o 

100 - 28.0 -0.5 +0.5 +o.o 
1000 >-50 > -50 1-50 
1000 + 2.0 +I.8 +I.8 
1000 +5.5 +1.0 + 2.0 +1.5 
1000 + 2.0 + 2.0 + 2.0 
1000 + 7.8 f 0.0 + 0.0 kO.0 

100 - f 0.0 
loo0 -31.0 + 1.2 -22.0 +0.6 
lOCKI +1.5 +0.5 +0.5 
1000 + 10.8 -0.2 f0.8 - 1.2 

100 +0.2 f0.5 +0.8 
loo0 +3.8 + 7.5 + 7.5 +8.1 

100 +15.0 +0.5 -0.8 +o.o 
1000 -5.0 + 2.0 +10.8 +23.0 
1000 +41.0 +0.5 fO.5 +o.o 

100 -7.8 -7.5 -9.2 -8.1 

IOOU 1000 + +4.8 14.0 - + 46.0 3.8 +o.o +26.2 -2.5 
1000 > +50 +I.8 + 3.5 +0.5 

200 +21.0 + 0.2 +7.8 f0.5 
1000 +4.5 -0.5 + 2.2 

20 + 22.0 + 0.2 -0.8 +0.6 
100 >+50 + 2.8 +l2.5 +7.5 
200 + 24.0 +0.2 +0.2 +o.o 

20 + 24.0 + 10.5 +23.0 f5.0 
100 >+50 + 34.0 > +50 + 28.0 
20 >+50 +1.8 +1.5 > +50 

100 >+50 +6.0 + 16.9 
20 + 33.0 +4.5 +16.0 +22.0 

100 > f50 + 22.0 > +50 > +50 
20 + 25.0 + 20.0 + 14.2 + 19.4 
20 f4.0 -0.5 f0.5 +0.5 

100 +8.5 f0.2 +4.5 +1.2 
20 + 24.0 f1.5 +8.2 + 10.0 
20 + 22.0 +4.0 + 3.8 + 26.0 

100 1 f50 +6.0 - 

* Tartrate also present 

Some other species such as Pb(II), Cu(II), Ti(IV), 
W(IV), Mo(VI), Bi, Fe(III), V(IV), Ga, Sn(IV), Ni, 
Al, Sr, Ba and Ca interfere to a lesser degree when 
no complexan is present. The interference of 1 mg 
of W(VI), Mo(VI), Bi, Fe(III), Ga, Sn(IV) and Ni 
is completely masked by DTPA and TTHA, while 
EGTA is much less effective and suppresses only the 
small interference of Bi. Only TTHA suppresses the 
interference of 100 pg of Ca, Sr, Ba and Al. When 
I-mg amounts of these elements are present no com- 
plexan completely masks the interference. About 100 
pg of Cu(II), Pb(I1) and Ti(IV) can be masked by 

DTPA and TTHA, but EGTA is effective only in the 
case of copper(I1). None of the complexans can cope 
with 1-mg amounts of lead(II), and only ITHA can 
mask 1 mg of vanadium(IV). 

About I-mg amounts of Mg, Zn, Co(H), Cd. 
Mn(II), In, Hg(II), Tl(II1) and Cr(II1) and 100 pg 
of Be do not interfere to any significant extent in 
the absence of complexans. The interference of 1 mg 
of niobium is also negligible, probably because the 
lower pH value used with Chlorophosphonazo III 
suppresses the complexing action of tartrate on 
uranium(V1) sufficiently. 
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Table 2. Masking effects of complexans in determination of uranium(W) with Chlorophosphonazo III 

541 

Error on 40 pg of U. % 

Other element Amount, pg No complexan DTPA EGTA ‘I-I-HA 

Be 

M8 
Ca 
Sr 
Sr 
Ba 
Ba 
Al 
Al 
Zn 
Co(H) 
Co(H) 
Cd 
Ni(I1) 
Mn(I1) 
In 
Sn(IV) 

Hg(II) 
TI(III) 
Ga 

V(IV) 
Cr(II1) 
Fe(II1) 
Bi(II1) 
Mo(V1) 

W(VI) 
Nb* 
Nbf 
cu (II) 
cu (II) 
Ti (IV) 
Pb (II) 
Pb(I1) 
Zr 
Zr 
Hf 
Th 
Th 
SC 
SC 
Y 
Y 
La 
Gd 
Gd 
Er 
Yb 

100 
loo0 

100 
100 

1000 
100 

1000 
100 

1000 
1000 

100 
1000 
loo0 
1000 
1000 
1000 
IOMI 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

100 
loo0 

loo 
1000 

100 
100 

1000 
20 

100 
100 
20 

100 
20 

100 
20 

loo 
20 
20 

100 
20 
20 

+ 2.0 
+0.5 
+4.8 
+ 3.0 

+ 17.8 
+ 2.8 

+18.5 
+4.0 

+12.5 
+ 2.0 
+1.0 
+ 2.5 
+ 0.0 

+15.0 
+1.2 
+o.o 
+5.8 
+ 2.0 
+0.2 

+ 19.5 
+ 14.0 

+0.2 
- 40.0 

+ 3.8 
+ 10.2 

+4.5 
-0.5 
- 1.5 
+ 4.0 

+ 14.5 
+ 22.0 

+4.8 
+ 32.0 

+4.5 
- 24.2 
-33.0 
+ 26.0 

-4.8 
-42.0 
- 40.0 

> + 50.0 
> + 50.0 

+ 46.0 
+ 3.0 

+ 10.6 
> + 50.0 

+ 40.0 

+1.5 
+0.5 
+ 3.0 
+ 2.5 

+16.0 
+ 2.0 

+ 13.5 
+3.5 

+11.2 
+ 1.0 
+0.5 
+2.5 
+0.5 
+1.0 
+0.5 
f 0.0 
+0.5 
-0.2 
+1.0 
+o.o 
+6.0 
+ 0.2 
+ 1.0 
kO.0 
$_I.5 
-2.0 
* 0.0 
-2.5 
+l.O 
- 

-0.5 
+1.0 

+13.5 
+1.2 
+5.5 
* 0.0 

+ 25.0 
-3.0 

-17.5 
-42.0 

> + 50.0 
> +50.0 

+47.0 
+2.5 

+12.0 
> + 50.0 

+38.0 

+1.5 
+o.o 
+4.8 
+2.8 

+18.8 
+3.2 

+16.2 
+4.5 

+15.5 
+1.5 
+1.0 
+3.0 
+0.5 
+8.5 
+1.5 
+0.5 
+6.0 
-0.5 
+1.5 

+15.0 
+ 14.8 

+0.2 
-21.2 

+1.5 
+5.0 
+4.8 
-0.5 
-3.0 
+1.5 

+3.8 
+7.5 

+ 38.0 
+6.0 
+5.5 
i7.2 

+ 26.0 
+3.2 
-5.5 

> +50.0 
> +50.0 
> +50.0 

+2.5 
+11.5 

> + 50.0 
> +50.0 

- 
1.2 

+0.6 
+8.1 
+0.6 
+8.8 
+1.9 
+8.8 
- 

- 
- 
+o.o 
- 

- 1.2 

+o.o 
kO.0 
+2.5 

+2.5 
+0.6 
-0.6 
+1.2 
+o.o 
-2.0 
- 1.2 
+ 6.9 
kO.0 
+0.6 

+16.2 
+0.6 
-1.2 
+0.6 

+ 24.0 
-4.4 

-33.0 
- 

> +50.0 
- 

+42.0 

+11.2 
+ 46.0 
+ 36.0 

* Some tartaric acid present. 

General aspects 

DPTA seems to be the best complexing agent for 

masking interferences in the determination of 

uranium(V1) with Arsenazo III at pH 1.8 while 
TTHA seems to be slightly superior at the lower pH 
of 1.0 used in the determination with Chlorophos- 
phonazo III. Unfortunately TTHA is very expensive 
and this prohibits its general use. DPTA is next best 
and considerably more effective than EGTA. Its price 
compares with that of EDTA, while its complexes 
with metals are often considerably more stable. The 
logs of the overall formation constants for the com- 

plexes are: La, 19.5; Cu(II), 21.1; Fe(III), 28.6. These 
may be compared with 15.5, 18.8 and 25.2 for the 
corresponding EDTA complexes. In addition pK, for 
acid dissociation of DPTA is considerably lower than 
the pK, for EDTA, DCI’A or EGTA. This will favour 
complexing action at low pH values. Furthermore, 
probably because of the lower value of its pKi (- 1.7), 
DPTA is considerably more soluble in slightly acid 
solutions than EDTA and DCTA are. It therefore 
seems to be superior for complexing metals in acid 
solutions and was found to be especially useful for 
masking other elements in the spectrophoto- 
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metric determination of uranium(V1) with Arsenazo 
III and Chlorophosphonazo III. 

The claim3 that the determination of uranium(V1) 
with Chlorophosphonazo III is considerably less 
affected by the prdsence of EDTA than the determina- 
tion with Arsenazo III could not be confirmed. Under 
the conditions used the decrease in sensitivity for both 
determinations amounted to about 8%. Since precipi- 
tation of EDTA was taking place this figure will prob- 
ably depend on the amount of precipitation and 
therefore be uncertain. but should be indicative. 
DTPA, TTHA and EGTA decreased the sensitivity 

distinctly less than EDTA did, and for this reason 
also are more attractive. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
PHOSPHATE IONS WITH THE SYSTEM 

CERIUM(III)-ARSENAZO III 
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Summary-A new method for the spectrophotometric determination of PO:-, based on the conversion 
of the complex of cerium(II1) with arsenazo III (CeH,R-) into CeP04 is proposed and used for 
the indirect spectrophotometric determination of phosphorus in ferro-silicon. The reaction between 
Ce(II1) and arsenazo III has been studied spectrophotometrically and the stability constants of the 
complex CeH4R- have been determined: log /?, = 6.42 f 0.10 (for pH l-3) and log /?, = 6.11 & 0.02 
(for pH 5.5-7). 

Most spectrophotometric methods for the determina- 
tion of orthophosphate are based on the formation 
of heteropoly acids,’ so it would be useful to have 
a second method based on a better defined chemical 
reaction. The complex CeP04 is very stable 
(/l = 10’s~5’).2 This makes possible the indirect spec- 
trophotometric determination of phosphate by the de- 
crease in absorbance of solutions containing less 
stable coloured complexes of cerium(II1). Arsenazo III 
has been proposed for the spectrophotometric deter- 
mination of cerium(II1) in acid medium (pH about 
3)3 or at pH 44 and pH 5~4~ in the presence of acetate 
buffer solution. In the last of these, the authors 
worked with a lower concentration of arsenazo III 
and established that phosphate interferes with the 
determination of cerium(II1). Although the stability 
constant of CePO, is very high, the conditional con- 
stant is strongly dependent on pH, and it is therefore 
necessary to find the conditions under which the 
CePO, complex is sufficiently stable relative to the 
Ce(III)-arsenazo complex for all the phosphate to be 
bound to Ce(II1). The subject of the present paper 
is to establish the conditions for using the complex 
of cerium(II1) with arsenazo III for the indirect spec- 
trophotometric determination of phosphate. 

EXPERIMENTAL 

Reagents 

Cerium(lll), IOe2M. A solution of Ce(N0&.6H,O in 
lo- *A4 nitric acid, standardized complexometrically.” 

Arsenazo III, I x lflm4M. An aqueous solution, stan- 
dardized by spectrophotometric titration with thorium 
nitrate.’ 

Dipotassium hydrogen phosphate, 3 x IOe4M. Aqueous 
solution, prepared directly from the dried salt. 

Euffbrs. Nitric acid/potassium nitrate @H l-3) and hex- 
amine/nitric acid (pH > 3). 

All the reagents used were “pro analysi” grade. 

Procedure for ferro-silicon 

Dissolve 0.2 g of the sample of ferrosilicon in concen- 
trated nitric acid and hydrofluoric acid. Evaporate to dry- 
ness in the presence of sulphuric acid. Cool, take up the 
residue and dilute to volume in a SO-ml standard flask 
with -0.lM sulphuric acid. Transfer a lO.OO-ml aliquot 
to a beaker, add 3 drops of $6 potassium thiocyanate 
solution and reduce iron(II1) to iron(11) with ascorbic acid 
(5% solution, freshly prepared, added dropwise) until the 
red colour disappears, and then 35 drops more. Pass the 
solution through a cation-exchange column in the hydro- 
gen form, washing the column consecutively with 5 ml of 
ammonia solution (1 + 10) and 20 ml of distilled water, 
and collecting the elutate in a 100-m] standard flask. Neu- 
tralize the solution to Methyl Orange with hexamine buffer 
(lM, pH 5-5.5) and add 5 ml more. followed bv 5.00 ml 
of 5 i 10M4M cerium(II1) and, after 10-15 rnii 5.00 ml 
of 5 x 10W4M arsenazo III. Dilute to the mark with dis- 
tilled water, and measure the absorbance of the solution 
at 665 nm. 

RESULTS AND DISCUSSION 

To define the conditions under which increasing 
the concentration of phosphate would lead to linear 
decrease in the absorbance of a solution containing 
fixed concentrations of cerium(II1) and arsenazo III, 
the mechanism of the reactions must be known. Cer- 
ium(II1) forms a 1: 1 complex with arsenazo III, with 
two absorption maxima (610 and 665 nm).3*8 There 
is no published information about the mechanism of 
the reaction or the stability of the complex, and differ- 
ent molar absorptivity values have been reported: 
4.70 x 104 1. mole-’ .cm- 1,8 and 6.30 x 104.3 

As can be seen from Figs. 1-3, in the system cerium- 
(III)-arsenazo III only one mononuclear complex, 
with one ligand, is formed. The equilibrium is 
attained within 2-5 min and the absorbance remains 
constant for several hours. 
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600 650 

-A,nm 
Fig. 1. Absorption spectra, l-cm cell, pH = 2.75 (curves l-8), pH = 6.80 (curves 9 and lo), C, = 
1.64 x l0-5M = cow. Cc-: 1, 0; 2, 2.00 x lo-+; 3, 6.00 x 10-6; 4, 1.00 x lo-‘; 5, 1.40 x 10-5; 
6, 2.00 x lO-5; 7, 2.60 x 10-s; 8, 3.50 x 10m5; 4.40 x 10e5 and 5.50 x 10e5; 9, 0; 10, 2.00 x lo-sM. 

1.2 

1.0 
A 

.o.e 

0.1 

01 

0; 

0 

Fig. 2. Mole-ratio method, l-cm cell, pH = 2.75: 1. C, = 1.64 x 10e5M = const., 665 nm. 
2. C, = 1.64 x lo-‘M = 610 con?., nm. 3. Cc. = 2.00 x lo-‘M = 665 nm. 4. Cc. const., = 2.00 x 

10VsM = const., 610 nm. 
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0.8 

0.6 

Fig. 3. Mole-ratio method, l-cm cell: 1. C, = 1.64 x 10-5M = const., 665 nm, pH = 6.80. 
2. C, = 1.64 x 10e5M = const., 610 nm. pH = 6.80. 3. Cc, = 2.00 x 10e5M = const.. 665 nm, 

pH = 6.80. 4. Cc. = 1.00 x lo-“M = const., 610 nm, pH = 6.40. 
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The absorption spectrum of the complex depends 
on pH in that the more acidic the medium the greater 
the absorbance at 665 nm compared with that at 610 
nm, but at pll > 5 the converse is true. In the two 
cases the molar absorptivity of the complex is the 
same whether the metal or the reagent is in excess. 
At pH > 4.5, the solution becomes opalescent if the 
[Ce]/[arsenazo] ratio exceeds 3. 

At pH < 7 Ce(III) does not form hydroxo-com- 
plexes and its interaction with arsenazo III can be 
written as follows: 

Ce3+ + Ars & CeArs + nH+ (I) 

The number of protons released (n) can be deter- 
mined from the parameters of the straight line: 

log K’ = log K* + npH (2) 

where 

[CeArs] 

” = [Ce3’][Ars] 

[CeArs] can easily be calculated from the equation: 

[CeArs] = 
A - cACA 

El -GA 

where A is the absorbance measured for total concen- 
trations Ccr and C, for cerium(III) and arsenazo 111 

respectively, and cA and l 1 are the molar absorptivi- 
ties (1 .mole-’ . cm-‘) of arsenazo III and of the 
complex respectively. 

For the pH-region 1-3, the least-squares method’ 
gave the following equation: 

log K’ = (2.20 k 0.19) f (1.27 + 0.08)pH (3) 

In a less acidic medium, where the H.,R’- species 
of arsenazo III predominates, the reaction proceeds 
without release of protons. 

As can be seen from Fig. 4, the interaction between 
cerium(III), and arsenazo III increases in the pH- 
region where the HsR3- species of the reagent 
appears and predominates. Therefore, equation (1) 
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6 

0 2 G ,6 8 

- PH 

Fig. 4. Molar absorptivity of the complex of CetIII) with arsenazo III as a function of pH, 665 nm, 
C,,:C, = 1:3 (curve l), and of several ionic species of arsenazo III as a function of pH. The data 

for the protonation constants of arsenazo III were taken from BudtSinsky.’ 

Table 1. Molar absorptivities of the complex CeH&, 
l.mcle-i.cm-’ 

565 nm 610 nm 665 nm 

pH = 1-3 2.35 x lo4 3.87 x lo4 5.14 x 10“ 
pH = 5.57 2.40 x 10.’ 5.17 x lo4 3.76 x lo4 

Table 2. Values of log K’ and log /Ii as a 
function of pH 

PH log K' wHIRa- log 81 

1.40 4.02 2.48 6.50 
2.00 4.72 1.60 6.32 
2.50 5.26 1.02 6.28 
2.65 5.59 0.86 6.45 
2.75 5.78 0.76 6.54 
3.50 5.23 0.26 5.49 
3.70 5.20 0.18 5.38 
4.10 5.31 0.08 5.39 
5.25 5.46 0.04 5.50 
5.50 5.59 0.07 5.63 
5.80 5.99 0.14 6.13 
5.90 5.92 0.16 6.08 
6.20 5.83 0.27 6.10 
6.40 5.76 0.37 6.13 
6.60 5.62 0.49 . 6.11 

becomes : 

for pH = 1-3: 

Ce3+ + HsR3- eCeH,R- + H+ (4) 

for pH = 5.5-7: 

Ce3+ + H4R4- z+CeH,R- (5) 

The complex is anionic and can be extracted with 
a chloroform solution of hexadecylammonium chlor- 
ide. 

It is of interest that although the complex contains 
the same species of the reagent, (H4R4-), the molar 
absorptivities are dependent on pH (Table l), but the 
sum of the values for the two absorption maxima 
at 610 and 665 nm is almost the same (for pH l-3, 
9.01 x 104, and for pH 5.5-7, 8.93 x 104. The resolu- 
tion of the spectra into Gaussian curves shows in 
both cases a third maximum at 17750 cm-’ (565 nm). 

Table 2 gives the values of the conditional forma- 
tion constants (K’) and of the stability constant (j?r) 
at different pH-values: 

log pi = iog K’ + p&,&4 - (6) 
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where 

B!.XH*1’ 
UH,R~- = 

i=S 

1 + 1 BYCH+l’ 
i= 1 

and the /$’ values are the protonation constants of 
arsenazo III.’ 

The indirect spectrophotometric determination of 

phosphate is possible when the reaction: 

CeH,R- + PO:-$CePO, + H,R4- (8) 

takes place. The dependence of its conditional con- 
stant (K) on pH is shown in Fig. 5. The slope of 
the straight line at pH c 3 is 1, owing to the release 
of one proton in reaction (4). In this pH-region reac- 
tion (8) practically does not take place. The slope of 
the straight line at pH > 3 is 2, because the phos- 
phate is present as H,PO;. The most convenient pH- 
value for the determination of phosphate is about 
5-5.5, because the molar absorptivity does not depend 
on pH and the value of K is large enough. When 
the complex CeH,R- is already formed the equilib- 
rium (8) is attained very slowly. That is why the 
arsenazo III must be added at the end and the absor- 
bance measured after 5-10 min. The concentrations 
of cerium(II1) and arsenazo III must be equivalent 
or the excess of arsenazo III small, and for the first 
point of the calibration curve all of the cerium(II1) 
must be bound as CeH4R- and CePO, must be 
formed only be reaction (8), and not directly. 

The equation of the calibration curve calculated by 

the least-squares method for 665 run, l-cm cells, 
pH = 5.10, Cc, = CA = 5 x lo-‘M is 

A = (0.945 + 0.007) - (0.620 f 0.013)C (9) 

where A is the measured absorbance and C is the 
concentration of phosphorus (ppm). 

Equation (9) holds for up to 1 ppm of phosphorus. 

CONCLUSION 

The sensitivity of reaction (8) allows the analysis 
of samples containing small quantities of phosphorus, 
without preliminary concentration. The anions of the 

most frequently used acids such as hydrochloric, 
nitric and sulphuric do not interfere. The cations 
which forms insoluble phosphates or react with 
arsenazo III will interfere, but these can easily be 
eliminated with cation-exchangers. We have applied 
the indirect spectrophotometric method for the deter- 
mination of phosphorus in ferro-silicon. 

8 

Y 
136 
0 

I 4 

2 

/ I I 

0 2 4 6 8 

- PH 

Fig. 5. The equilibrium constant of the reaction of the con- 
version of CeH& into CePO, aS a function of pH. 

Three standard samples of ferro-silicon were ana- 

lysed. The results were (0.034 + 0.002), 

(0.037 f 0.002) and (0.041 & 0.002)%, and the certi- 
fied values were 0.033, 0.037 and 0.040%, so the 
method gives satisfactory accuracy and precision. 
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Summary-A rapid sampling/mixing system has been designed which conforms to certain criteria 
necessary for its use as a clinical analyser. These include low solution volume (< 100~1) for each 
determination on a sample, rapid cycle time (<2sec to take an aliquot, mix and transfer reactants 
to an observation ceil), good precision (reproducibility better than 0.2%). and ready automation (requir- 
ing only two electronic signals to perform a complete cycle). This device has been incorporated into 
an automated spectrophotometer to be used for a variety of clinical methods. Equilibrium methods 
for the determination of calcium and albumin are presented that require measurement times of only 
6 and 7 set, respectively. A reaction-rate procedure for total protein is presented that requires only 
3 set per sample. Pm&ions obtained with these procedures are typically better than 1% in the normal 
serum range. Results on samples from hospital patients are compared with values obtained on an 
SMA 12/60 instrument. 

The stopped-flow method for rapidly mixing chemical 
reactants has been shown to be extremely useful for 
the characterization of many chemical reactions 
occurring in solution. In recent years a few labora- 
tories have begun to use the stopped-flow technique 
and modifications of it as a means of automatically 
and rapidly handling reagents for routine quantitative 
determinations. 

Malmstadt et al.’ determined phosphate in blood 
serum by monitoring with an automated stopped-flow 
spectrophotometer the rate of formation of 12-molyb- 
dophosphate from MO(W) and phosphate. An aver- 
age of 10 results was obtained on a single sample 
in about 10 set with a relative standard deviation 
of less than 1%. O’Keefe and Malmstadt’ developed 
an automated spectrophotometric system which was 
used for the enzymatic determination of glucose in 
blood serum. A measurement time of 15 set resulted 
in performance of quadruplicate determinations in 
about 1 min. Glucose concentrations in standards and 
sera were determined with relative standard devi- 
ations of about 1%. Further developments in this sys- 
tem were recently reported3 and various’modes of 
operation were presented for equilibrium or reaction- 
rate methods of analysis. Standards and samples were 
prepared automatically by a solution-handling device 
based on weight measurement, and sampled automa- 
tically by the sampling/mixing module that is pre- 

sented here. A reaction-rate determination of glucose 
gave precisions of 0.2-1.3x. Pardue et ~1.~ have also 
developed an automated stopped-flow system for 
equilibrium and kinetic analysis of several analytes 

* Present address: Continental Oil Co., Analytical 
Research Section, Ponca City, OK 74601, U.S.A. 

t Present address: The Proctor and Gamble Co., Miami 
Valley Laboratory, Cincinnati, OH 45200, U.S.A. 

in blood serum. Methods discussed include deter- 
mination of glucose, cholesterol, lactate dehydrogen- 
ase and thiocyanate. 

A rapid sampling/mixing device has several distinct 
advantages which make it an attractive addition to 
a conventional spectrophotometer. The device can 
dispense reactants very accurately and quickly. It can 
also mix them and transport the mixture to an obser- 
vation cell in a very short time. In addition, this tech- 
nique requires only small solution volumes to obtain 
quantitative information, through either equilibrium 
or reaction-rate measurements. However, one of the 
more significant characteristics of this technique is 
that with proper controllers the manual handling of 
reactants is minimized, since the device performs the 
operations of taking aliquots, mixing and transport. 
If moderately fast reactions are used, the device can 
therefore achieve high sample throughput, but even 
for methods which do not involve rapid reactions, 
it is reasonable to use this type of device for these 
key solution manipul.ations. These characteristics 
make this technique particularly attractive for labora- 
tories where automated instrumentation, high sample 

throughput, and low solution volumes are required, 
such as clinical chemistry laboratories. 

I A great number of applications of the rapid mixing 
technique have been devised in many fields of chemis- 

’ try and biochemistry, but a comprehensive discussion 
is beyond the scope of this report. A recent review 
by Crouch’ on the automated stopped-flow systems 
used with reaction-rate analytical techniques discusses 
many analytical applications. 

The rapid sampling/mixing technique is gradually 
gaining recognition as a powerful tool in analytical/ 
clinical analysis because it is applicable and suitable 
for many types of determination. However, the main 
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problem in gaining general acceptability for this tech- 

nique is that commercial stopped-flow instrumen- 

tation designed for rapid kinetic measurements 
requires the manual opening and closing of several 
valves, and often requires prohibitively large volumes 

of solution to rinse the device between samples to 
eliminate carry-over. Therefore, it is generally not 
suitable for clinical analyses. 

In order to fulfil the needs just described, a rapid 

sampling/mixing system has been designed which 
conforms to certain criteria necessary for its use as 

a clinical analyser. They include low solution volumes 
( < 100 ~1) for each determination on a sample, rapid 
cycle time (~2 set needed to take an aliquot, mix, 
and transfer reactants to an observation cell), good 
precision (reproducibility better than 0.2x), and ready 
automation (requiring only two electronic signals to 
perform a complete cycle). This device has been incor- 
porated into an automated spectrophotometer to be 
used for a variety of clinical methods. 

As an illustration of the types of analyses that 
might be performed with this device, equilibrium 
methods have been developed for the determination 
of calcium and albumin and require measurement 
times of only 6 and 7 set, respectively. The reaction- 
rate procedure presented for total protein requires 
only 3 set for the determination. 

INSTRUMENTATION 

The instrumental system used for this work is a 

modification of systems developed in our laboratories 
over a period of years and most recently described 
by O’Keefe and Malmstadt.’ The system consists of 
a precision spectrophotometer, a spectrometric rapid 
sampling/mixing device, and the necessary electronics 
for interfacing to a minicomputer. The design and 
construction of the module described here conform 

to certain characteristics deemed necessary for clinical 
determinations. To provide flexibility in use and ease 
of removal for maintenance purposes, the device was 
designed to fit into a GCA/McPherson sample-cell 
module. 

The rapid sampling/mixing module 

A simplified representation of the sampling/mixing 
module is shown in Fig. 1. In operation, aliquots of 
sample and ‘reagent are drawn into precision micro- 
syringes. A pneumatic cylinder is used to drive the 
reagent and sample syringes at sufficient speed to pro- 
vide rapid mixing as the solutions meet in a specially 
designed mixing chamber. The pneumatically- 
actuated valves are used to direct the flow of liquids 

through the system. The mixed solution flows into 
the observation cell for measurement by the spectro- 
photometer. The delivery is terminated by an “End- 
of-push” signal on the waste syringe, indicating that 
the proper volumes of liquids have been delivered by 
the two microsyringes. The system is designed around 
the recently available line of low dead-volume fluid- 

handling components for liquid chromatography. 
These basic components are available from several 
sources (Pierce Chemical Co., Rockford, IL 61105; 
Durrum Chemical Corp., Palo Alto, CA 94303; Ans- 
pet Co., Ann Arbor, MI 48104; Laboratory Data 
Control Riviera Reach, FL 33404). 

Syringes and holders. Several commercial syringes 
were evaluated to determine which would require the 
least maintenance. The best were found to be the 
Glenco gas/liquid syringe series. The plunger tip con- 
sists of a PTFE piece under constant tension from 
an internal silicone-rubber core to reduce the fre- 
quency of leaks. 

The Glenco syringe barrels were modified as shown 
in Fig. 2 to provide a secure mount. The ends of 
the syringe barrel were cut and polished as shown 

s/r = sample/reagent 

Fig. 1. Schematic representation of the rapid sampling/mixing module. 
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Fig. 2. Details of the syringe holder assembly. (A) Exploded view; (B) modifications to 
barrel. 

glass syringe 

in Fig. 2B. Care must be taken to ensure that the 
cut is perpendicular to the syringe barrel. For this 
particular application the 250-p] syringes (Glenco 
Model 19925025) used were cut to a length of 2 in., 
so that volumes up to 175 ~1 could be employed. 
Unimetrics Teflon inserts (Unimetrics Teflon Needle 
Seals, Model 4042) are pressed into the front end of 

the syringe barrel to provide a leak-free seal. This 
syringe barrel is then placed in the aluminium holder. 

The holder is made from a &in. diameter alu- 
minium rod which has been bored to within $-in. of 
the end of the rod to accept the g-in. diameter 
syringe barrel. After a syringe barrel has been in- 
serted, the syringe stop is screwed into the back end 
of the holder, which is tapped to accept 3/8”-24 
threads. A l-in. piece of l/4-28 threaded Kel-F rod 
is screwed into the front end of the holder so that 
it is tight against the PTFE insert in the syringe barrel 
to eliminate leakage. This rod also provides for 
attachment of the syringe assembly to the valving sys- 
tem which is described in a following section. 

Syringe drive system. The sample and reagent 
syringes are driven by a double-acting air cylinder 
(Allenair Type 1 l/8 x 2, Floody Co. Inc., Rockford, 
IL 61109) which is controlled by two 6-V subminia- 
ture solenoid valves (Model 3NO6C6, Angar Scientific 
Corp., Roseland, NJ 07068). This type of driving sys- 
tem was chosen because of flexibility and size com- 
pared to spring-loaded or motor-driven devices. 
Miniature air regulators and gauges (Norgren Model 
RO4-lOO-RNK-AU and Model 18-013-237, Walter 
Norris Engineering Co., Chicago, IL 60648) were used 
to provide approximately 25 psig air-pressure for fill- 
ing the syringes and 45 psig for the delivery of solu- 
tions (which needed to be much faster for efficient 
mixing of the solutions). Higher pressures decrease 

the time required to fill the syringes, but also result 
in occasional degassing of the solution. 

Reagent/sample valving system. This double 3-way 
valve block contains an inlet port for each of the 
two syringes just described, an inlet port for tubing 
which is connected to the sample and reagent reser- 
voirs, and an outlet port for each of the two reactants. 
The Laboratory Data Control (LDC) pneumatic 
actuator (Model PA-875), operated by the subminia- 
ture solenoid valves described previously, positions 

the sliders in the valve body at a position so that 
the syringes are connected to the mixer and observa- 
tion cell (upon actuation with an 80-psig air-source). 
The spring return (Model SRl) returns the slider to 
its normal rest position which again connects the 
syringes to the sample and reagent reservoirs. A small 
screw is added to the end of the spring return to 
allow, in conjunction with an optical interrupter 

module (General Electric H13Bl) monitoring of the 
valve position (activated or deactivated) as shown in 
Fig. 3. The necessary electronics for this are described 
in a later section. This valve block was specially con- 
structed, instead of using two of the commercially 
available single valves, to provide lower dead-volumes 
and greater ease of construction of the rest of the 
module. 

The mixing chamber. The mixing chamber used in 
early studies with this system was purchased from 
Durrum Instrument Corp., Palo Alto, CA 94303, 
(Part No. 13072). It is based on a design by Gibson 
and Milne@ and consists of four mixing ports 
arranged in a counter-tangential fashion to four other 
ports. Very turbulent mixing is possible within 2 msec 
in the Durrum instrument.’ This mixer was found 
to have a dead-volume of about 40 ~1, which seemed 
rather large for our application, so a different type 
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Fig. 3. Encoding scheme for valve position. 

was constructed. This new mixer is of the same exter- 
nal dimensions as the Durrum mixer so they are in- 
terchangeable. It provides for an “X-Y” flow for the 
solutions (i.e., the solutions mix, then are split into 
two streams, then mixed again) and requires only a 
S-PI dead-volume. Mixing efficiency of the two mixers 
in this sampling/mixing device was found to be essen- 
tially identical, so the new version is currently used, 
to conserve sample. 

The observation cell. The observation cell is con- 
structed from a short piece of No. 316 stainless steel 
(l$in. diameter x l& in.). A 1.99-mm diameter hole 
was drilled through the centre and two &-in. thick 
quartz plates (Suprasil 2, Amersil Inc., Hillside, NJ 
07205) were mounted on either side to provide a 
20.0-mm long observation chamber. A hole was 
drilled in the back end of the observation cell to 
accept one of the mixers discussed in the previous 
section. Another hole, opposite this one, was drilled 
and tapped to accept the l/4-28 fittings used so that 
the solution could be easily transported through Tef- 
lon tubing to the waste valve. 

Upon receipt of the “Fire” signal several operations 
occur. The sample/reagent valve and the waste valve 
are both actuated by two of the solenoid values so 
that the sample/reagent syringes will be connected to 
the mixing chamber, observation cell and waste 
syringe. When both of the valves are in position 
another solenoid valve actuates the pneumatic 
cylinder to move it in the direction opposite to that 

used in the “Fill” operation. The plungers of the 
sampldreagent syringes are then driven forward at 
a rapid rate. When the waste syringe has been suffi- 
ciently filled, an “End-of-push” signal is generated 
and the solenoid valves controlling the sample/ 
reagent valve, the waste valve, and the pneumatic 
cylinder driving the sample/reagent syringes are all 
deactivated. This provides one complete cycle of the 
sampling/mixing device. At this point the observation 
cell contains solution that is isolated from the sample/ 
reagent syringes and the waste syringe. 

The time needed to perform the “Fill” operation 
is approximately 1.2 set and the “Fire” operation 
takes about 0.5 set, resulting in a complete cycle time 
of less than 2 sec. 

The waste valve and syringe. A single 3-way valve Electronic control. The digital and analogue elec- 
(LDC Model CAV-3031) was used in conjunction tronics for the control of the sampling/mixing device 
with a pneumatic actuator and spring return for the are shown in Fig. 4 and a parts list is given in Table 1. 
waste valve. Connected to one of the ports of the The resulting waveforms for a complete cycle are 
valve was the Teflon tubing from the observation cell. shown in Fig. 5. When the sampling/mixing device 
Another port was connected to a l-ml waste syringe is in the initial state, B of Ml and Q of FF2 and 
(Glenco Model 19925-l), while the third port was FF3 are HI, resulting in Tl-T4 being turned off. 
connected through a long piece of Teflon tubing to When a “Fill” signal is received by Ml, B of MI 
a waste container. The syringe assembly used here goes LO for 1.2 sets, resulting in Tl being turned 
was of similar construction to the sample/reagent on, which activates Sl to fill the syringes. When FFl 
syringe assemblies. To ease construction and reduce receives a clear pulse from the “Fire” signal, desig- 

the complexity of the control circuitry, springs were nated in Fig. 4 as DELIVER, or when PB6 is 

used, rather than a pneumatic cylinder, to drive the depressed, G3 goes HI, resulting in FF2 being cleared, 

syringe plunger. The springs were chosen to provide which turns on T2 and T3. Activation of solenoids 
sufficient force to empty the waste syringe, yet not S2 and S3 causes the sample/reagent valve and the 
interfere with it being filled during the delivery cycle waste valve to be actuated. When both valves are 
of the sample/reagent syringes. The back of the waste- completely actuated the light of the optical inter- 
syringe plunger is attached to a block which contains rupters is blocked, as previously described, resulting 
an optical interrupter module (General Electric in G7 going LO. This causes G8 and G9 to go HI 
H13Bl). A stationary flag, mounted at a specified dis- and GlO to go LO which clears FF3 and turns on 
tance behind this block is used to provide a signal, S4, the DELIVERY solenoid. This condition holds 

“End-of-push”, for the termination of delivery (i.e., 
when the desired volume of reactants has been 
delivered). 

Sequence of operation. In order to help visualize 
the operation of the device, a typical manual cycle 
will be described. Details of the electronic controller 
will then be described. It should be noted that the 
two signals “Fill” and “Fire” which constitute a com- 
plete cycle may originate either from an external 

device such & a minicomputer or from manual push- 
buttons on a control box. 

When the “Fill” signal is given, the air cylinder 
is actuated by one of the solenoid valves, resulting 
in the syringe plungers for the sample/reagent 
syringes being pulled back to fill the syringes from 
the solution reservoirs. 



Spectrometric rapid sampling/mixing system 

Fig. 4. Control circuitry for the sampling/mixing module. 

until an “End-of-push” (EOP) flag is sensed at Gl, in conjunction with a proportional heater-control cir- 

either by the actual flag or by the manual simulation cuit to keep the module at one of three preset tem- 

push-button, PBl. This results in a LO “Done” signal peratures (25, 30 or 37°C). The control circuit* is 

which sets FFl, FF2, and FF3 causing T2, T3, and based upon the SN72440 zero-voltage switch (Texas 
T4 to be turned off. The device is now in the initial Instruments Inc.) and controls the temperature of the 
state and the cycle can be repeated. module to within f0.1” of the set temperature. 

Temperature control. Temperature control within 

the module is accomplished with a proportional heater- 
controlling device. An air-circulating fan and an 
85-W cartridge heater (Model MW-315X-1, Ogden 
Sales Inc., Arlington Heights, IL 60005) were used 

Characteristics of the sampling/mixing module. To 
evaluate the suitability of the sampling/mixing 
module for use in both reaction-rate and equilibrium 
measurements, several chemical and physical tests 
were performed. 

Table 1. Parts list for the control circuitry 

Gl-6.8-10 
G7 
FFl-3 
Ml, 2 
11-4 
Tl-4 
D1-4 
Sl-4 

0.1. 

PBl, 3-5 

PB2, 6 

7400 
74132 
7476 
74121 
7416 
2N2210 
lN914 
3NO6C6 

H13Bl 

Quad 2-input NAND gate 
Quad 2-input NAND Schmitt trigger 
Dual J-K flip-flop 
Monostable multivibrator 
Hex inverter/bulfer 
NPN transistor 
Signal diode 
Solenoid (Angar Sci. Corps., Roseland, 
N-l. 07068) 
Optical interrupter module (Genera1 

Electric) 
Miniature push-buttons and switches 

for manual control of solenoids 
Miniature push-buttons for “Fill” 

and “Fire” signals 
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Fig. 5. Timing waveforms generated by the control circuitry. 

Determination of dead-time. The dead-time is a 
measure of the time needed to fill the observation 
cuvette with a freshly mixed solution. It has been 
defined as the time needed for the mixed solutions 
to travel from the point of mixing to the centre of 
the observation ~~11.~ The most common means of 
measuring the dead time has been the extrapolation 
method.’ In this procedure, the course of a reaction 
is recorded and the resulting rate curve extrapolated 
back to give the initial absorbance of the reaction 
mixture if no reaction occurred (i.e., the average 
absorbance of the two reactants when each is mixed 
with distilled water). The chemical system used for 

this determination is based on the reaction of the 
metallochromic dye, calmagite, with magnesium ions. 
The reagent composition is similar to that employed 
in the Pierce diagnostic kit for the determination of 
magnesium in serum. lo The reagent consists of 
0.18-g/I. calmagite solution (Sigma Chemical Co., St. 
Louis, MO 63178), 11.9-g/l. Bion PVP solution 
(Pierce Chemical Co.), 0.13-g/1. Bion NE-9 solution 
(Pierce Chemical Co.), 3.5mM potassium hydroxide, 
0.4mM potassium cyanide, 0.45M potassium chloride, 
and 0.014mM EGTA [ethyleneglycol-bis-((B-amino- 
ethyl ether)-NJ’-tetra-acetic acid, Sigma Chemical 
Co.]. The sample contains 2 ppm magnesium and is 
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Fig. 6. Formation of ma&ium-calmagite complex for determination of dead-time. 
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Fig. 7. Dead-time measurements by using velocity transducer on syringedrive block. 

prepared from a stock solution of magnesium nitrate 
hexahydrate. The resulting curve of absorbance (at 
520 nm) DS. time is shown in Fig. 6. Extrapolation 
of the rate curve to the baseline gives a dead-time 
of 63 msec. 

Another procedure for measuring the dead-time is 
to measure the solution flow-velocity directly. If the 
dimensions of the channels through which the solu- 
tions flow are known it is possible to calculate the 
dead-time. For this a method similar to that described 

by Holler et al.’ ’ was used. A transparent ruling, with 
spacings every 0.05 in., was attached to the syringe- 
drive block in the module and an optical interrupter 
module (GE H13Bl) was positioned so that the ruling 
moved through the slot. In order to record the infor- 
mation, a transient recorder” similar to that de- 
scribed by Korte and Denton” was used, with data 
being taken at a frequency of 2 kHz. The resulting 
waveform is shown in Fig. 7 along with the curves 
for distance us. time and velocity vs. time. The dead- 
time measured by this technique was found to be 62 
msec, which is in good agreement with that measured 
by the other procedure. 

Although this dead-time is not comparable to that 
of commercial stopped-flow devices or numerous 
research systems, 2.6,7.11 it has proved to be suffi- 
ciently low for virtually all applications encountered 
thus far in our laboratory. 

Reproducibility of mixing. To demonstrate the 
reproducibility of mixing two types of tests were per- 
formed. The first involved the measurement of the 
precision obtained for dilution of a dye. The dye used 
for this study was an aqueous solution of Blue Dex- 
tran 2000 (Pharmacia Fine Chemicals, Inc., Pisca- 
taway, NJ 08854) that would give an absorbance of 
approximately 1 in the observation cell (2-cm path- 
length) when mixed with an equal volume of water. 
Table 2 shows the results obtained for a series of 
10 successive cycles of the sampling/mixing module. 

The relative standard deviation was found to be 
0.17% for this dilution study. 

The second test involved the reaction of magnesium 
with calmagite as described in the last section. The 
same reactants were used and the rate measurements 
were performed for 2.0 set following a OS-set delay 
after mixing. The results are shown in Table 3. These 
results are essentially identical to those obtained from 
the dilution study and they both show the excellent 
reproducibility obtainable with this device. 

Volume requirements. The syringes, as described 
previously, hold a maximum of 250 ~1 each. However, 
the stroke allowable in this design (approximately 1.5 
in.) limits the maximum delivery to approximately 
150 ~1 per syringe. A more convenient volume has 
been fouhd to be about 100 yl. which corresponds 
to a delivery stroke of 1 in. The exact volume require- 
ments were determined by placing the sample and 
reagent tubes in graduated cylinders and cycling the 
device 50 times. The volume per cycle was found to 
be 89 ~1 for each of the syringes. Smaller volumes 
could be used, if necessary, to conserve limited 

Table 2. Reproducibility of dilution of a dye* 

Run Absorbance 

1 0.9294 
2 0.9274 
3 0.9280 
4 0.9316 
5 0.9279 
6 0.9284 
7 0.9315 
8 0.9285 
9 0.9276 

10 0.9301 
Average absorbance = 0.9291 
Relative standard deviation = 0.17% 

* Dilution of Blue Dextran solution with water; 1 = 620 
nm; delay time = 10.0 set; measurement time = 15.0 sec. 
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Table 3. Reproducibility of rate measurement* 

Run Rate, AA/set 

1 
2 
3 
4 
5 
6 
1 
8 
9 

10 
Average rate = 0.2264, 
Relative standard deviation = 0.11% 

0.2265 
0.2269 
0.2263 
0.2266 
0.2263 
0.2264 
0.2266 
0.2264 
0.2261 
0.2259 

* Reaction of magnesium with calmagite; 1 = 520 nm; 
delay time = 0.5 set; measurement time = 2.0 sec. 

samples or reagents. However, the reproducibility 
obtained may be worse than that shown in the pre- 
vious section. 

Solution carry-over. An important parameter to be 
considered is the number of flushes needed to change 
from one solution to another. This is important in 
terms of both time and reagent conservation. To 
determine the number of flushes required, the sample 
tube was placed in a Blue Dextran solution and the 
device cycled until a reproducible absorbance was 
obtained. The results are shown in Fig. 8. It can be 
seen from this figure that by the third cycle the absor- 
bance is within one standard deviation of the final 
absorbance. Therefore, an accurate measurement 
could be obtained on the third volume of solution 
so only 178 ~1 are required for flushing the system. 
It should be noted that this volume is highly depen- 
dent on the length of tubing used in the device. In 
this case the tubing length was slightly over 6 in. 
which is equivalent to about 90 ~1, so (as shown in 
Fig. 8) the first cycle was required just to displace 
the solution already in the tubing. Longer lengths of 

tubing would probably require one or more extra 
flushes, depending on the length. 

Spectrophotometer 

Light-source and detector system. The spectrophot- 
ometer used has recently been described3 and is simi- 
lar to that used by O’Keefe and Malmstadt.’ The 
main difference is the new sampling/mixing module. 
The light-source consists of a 6-V, 18-A. tungsten pro- 
jection lamp (General Electric, Type CPR) and an 
automatic shutter which can be controlled by an 
external TTL signal, such as from a minicomputer. 
The wavelength of interest is selected with a GCA/ 
McPherson EU-700 monochromator (Acton, MA 
01720). The sample detector (an RCA lP28A) is 
housed in a GCA/McPherson EU-701-30 detector 
module. A beam-splitter module, also housing a 
lP28A photomultiplier tube, is used to correct for 
any short-term fluctuations in the light-source so that 
optical information can be obtained on a short (msec) 
time scale. This module is redesigned from that used 
previously’ so that it is mounted directly on the side 
of the monochromator for stability. A removable lid 
and a shutter have been added to provide a compart- 
ment for the detector that is light-tight even with the 
lid removed for changing or positioning of the beam- 
splitter mount. The power supply for the reference 
photomultiplier tube is the same one as is used for 
the sample detector. A variable resistor in series with 
the supply output is used to reduce the gain of the 
reference detector so that the output currents from 
the two detectors can be equalized. 

Computer. All control functions, data acquisition, 
data reduction, and display of results were handled 
by a Digital Equipment Company PDP 8/f minicom- 
puter (Maynard, MA 01754) equipped with 12K of 
memory and a DEC TU56 dual magnetic tape system 
for program and data storage. The programs for di- 
rect interaction with the spectrophotometer (control 
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Fig. 8. Solution carry-over of the sampling/mixing module. 
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functions and data acquisition) were written in SABR, 
an assembly-level language, while the main programs 
were written in FORTRAN II under the OS/8 operat- 
ing system.14 

600 ~1 of diluted sample. If calcium, total protein and albu- 
min are all determined, a total of 1.8 ml of the diluted 
sample is required. To ensure an ample supply in case 
of questionable results, 120 ~1 of the serum sample is 
diluted lo 3.0 ml with 0.9% sodium chloride solution. 

Chemical methods Calcium determination 

To use the rapid-mixing characteristics of the tech- 
nique to fullest advantage, the analytical information 
must be obtained on a reasonably short time scale. 
However, most analytical methods used in the clinical 

laboratory are quite inadequate for this technique 
because of the limitations imposed by the currently 
existing commercial instrumentation used in their de- 
velopment. If reaction-rate measurements are per- 
formed, the rate of reaction in most systems must 
be slow enough for it to be monitored 15-30 set after 
initiation of the reaction. If equilibrium measurements 
are made, the end-point absorbance must be stable 
long enough for reliable measurements to be made. 
Even for the slower methods, however, our new tech- 
nique can be advantageous since it can automatically 
provide the solution manipulations required for the 
reactants, but the full potential of the rapid mixing 
is not realized until the methods used in the analytical 
procedures are altered so that they provide adequate 
information within a few seconds after initiation of 
the reaction. 

This procedure is based on the method of Kessler and 
Wolfman’ as modified by Moorhead and Biggs16 in 
which calcium is complexed with o-cresolphthalein com- 
plexone in basic solution to form a purple product. 

Dye reagent. o-Cresolphthalein cdmplexone (Phthalein 
Purple. Siama Chemical Co.. St. Louis. MO 63178). 0.0375 
g, is dissoived in 2c-30 ml of water and mixed with 0.85 
g of 8-hydroxyquinoline and 2 ml of concentrated hydro- 
chloric acid in 30-40 ml of water, then diluted to 100 ml 
with water. and stored in a polyethylene container. 

Base reagent. Potassium cyanide, 0.25 g. dissolved in 20 
ml of water is added slowly to 22.15 g of 2-amino-2-meth- 
yl-I-propanol in a IOO-ml volumetric flask; this solution 
is diluted to volume and stored in a polyethylene con- 
tainer. 

Working reagent. Equal volumes of the dye and base 
reagents are mixed and stored in an acid-washed glass con- 
tainer. 

Procedure. The sampling/mixing module is used to 
sample 90-p] volumes of the working reagent and the 
samples (or standards) and the absorbance of the reaction 
product at 520 nm is measured during a I-set measure- 
ment interval, 5 set after mixing of the reactants. 

To illustrate this, clinical analysis methods for cal- 
cium, albumin, and total protein have been developed 
for use in conjunction with the automated rapid 
sampling/mixing spectrophotometric system. Con- 
siderations in the development of these methods in- 
cluded elimination of as much sample preparation as 
possible, and utilization of rapid chemical reactions, 
so that each of the analytical procedures can be per- 
formed quickly, to give high sample-throughput. To 
accomplish this, each of these methods has been 
modified so that only one serum dilution (1:25) is 
necessary and only one absorption wavelength (520 
nm) is required. Each method has been developed so 
that a measurement time of less than 10 set is 
required to obtain the quantitative information. 

Results and discussion. Results from a set of working- 
curve standards are shown in Table 4 and give a correla- 
tion coefficient of 0.9997 and a relative standard deviation 
of 0.2X1.8%. A series of calcium standards was analyzed 
over a period of 5 days to investigate the stability of the 
reagents and standards. The results obtained are shown 
in Table 5. With the exception of the first standard, the 
precisions of the absorbance values measured over this 
5-day period are 17; or better. The precision of the slope 
of the working curve is also 19,. These data indicate that 
if the same reagents are used throughout, only one working 
curve needs to be obtained each week. 

To check the accuracy of this method a series of com- 
mercial control sera was analysed. In addition, serum 
samples whidh had been previously analysed on a Techni- 
con SMA 12/60 were obtained from a local hospital. The 
results obtained are shown in Table 6. The values obtained 
on the commercial control sera are well within the range 
of values given by the manufacturers. and results for the 
hospital samples are in good agreement with the results 
obtained with the SMA l2/60. 

EXPERIMENTAL 

Standards 

Composite standards were used for the determination 
of calcium, albumin and total protein. The equivalents of 
1:25 dilutions of standards cdntaining SO-130 ppm cal- 
cium, 3l.Mi2.5 ppm albumin, and 50-100 ppm total pro- 
tein were prepared by mixing appropriate volumes of a 
LOO-ppm calcium solution (prepared from primary-stan- 
dard grade calcium carbonate) and an 8% protein standard 
solution (Sigma Chemical Co.) and diluting with 0.9% 
sodium chloride solution. 

Samples 

Serum samples are diluted 1:25 with 0.9% sodium chlor- 
ide solution. Each sample is analysed in triplicate for better 
reliability. These three determinations, in addition to the 
three cycles normally used for introduction of a new 
sample into the sampling/mixing module, require about 

Albumin determination 

This method is based on the binding of a dye. Bromocre- 
sol Green. by albumin in an acidic solution, as reported 
by Doumas et a[.” 

Dye solution. Bromocresol Green (0.425 g) dissolved in 
10 ml of O.lM sodium hydroxide. 

Table 4. Results used for calcium working curve* 

[Calcium], ppmt Absorbance* RSD. “:, 

50 0.536 0.8 
75 0.681 0.7 
100 0.828 0.2 
125 0.979 0.5 
150 1.142 0.4 

*Working curve: slope = 0.0604, intercept = 0.229. 
r = 0.9997. 

t Concentration given is before 1:25 dilution. 
$ Average of 3 determinations on a single sample. 
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Table 5. Day-today reproducibility of calcium working curve results 

Absorbancet 
[Calcium], ppm* Day 1 Day 3 

50 0.554 0.539 
75 0.694 0.694 

100 0.837 0.829 
125 0.991 0.984 
150 1.147 1.143 

Slope 0.0593 0.0604 
Intercept 0.251 0.236 

Corr. coeff. 0.9997 0.9996 

* Concentration given is before 1:25 dilution. 
t Average of 3 determinations on a single sample. 

Day 5 RSD, “a 

0.536 1.78 
0.681 1.09 
0.828 0.59 
0.979 0.61 
1.142 0.23 

0.0604 I .06 
0.229 - 
0.9997 - 

Table 6. Determination of calcium in control sera and hospital samples 

Control 
sera 

ChemTrol 
Normal? 
Validate5 
Calibrates 

Monitrol 11 

Manufacturer’s 
stated value 

ppm 

103 * 3 
97 k 8 

105 
105 + 3 

Value found, Difference, 
ppm ppm* 

103 0 
101 +4 
106 +l 
103 -2 

Hospital SMA 12160 Value found. Difference, 
sample value, ppm ppm ppm* 

1 85 86 +1 
2 118 116 -2 
3 96 94 -2 
4 90 90 0 
5 97 98 +l 
6 100 97 -3 
7 lo* 104 +3 
8 85 86 +l 
9 91 94 +3 

10 98 101 +3 

* Value found - value expected. 
t Clinton Laboratories, Santa Monica, CA 90404. 
$ General Diagnostics, Morris Plains, NJ 07950. 
$ Dade Division, American Hospital Suppply, Miami, FL 33152. 

Working rcragenr. A mixture of 6 ml of 0.53M sodium 
dihydrogen phosphate with 19 ml of O.llM citric acid, 0.35 
ml of the dye solution and 2.5 ml 30”/, Brij-35 solution 
(Sigma Chemical Co.), stored at 4”. 

Procedure. The same procedure was followed as for the 
calcium determination except that a 2-set measurement in- 
terval was used. 

Results md discussion. The results obtained for the work- 
ing curve standards are shown in Table 7 and give good 
correlation and precision. 

The reproducibility of results on a day-today basis was 
tested by analysing a series of diluted standards over a 
period of 6 days. By the end of the third day the working 
reagent had all been used and a new one was prepared 
and used for two more days on the same set of standards. 
The results obtained are shown in Tab!e 8. Even though 
two different reagent solutions were used, the absorbance 
values of the standards and the slopes of the working 
curves had precisions of about 3% or better, and the results 
for days 5 and 6 are much closer than this, indicating 
that the reagents and standards are stable over several 

days. Several commercial control sera were analysed, as 
were the hospital samples already mentioned. The results 
are shown in Table 9. Very good correlation is found 
between the manufacturer’s values for the control sera and 
those found by this new procedure. The hospital samples 

Table 7. Results used for albumin working curve* 

[Albumin], g/It Absorbance3 RSD. % 

31.3 0.299 0.9 
37.5 0.350 0.2 
43.8 0.412 0.5 
50.0 0.470 0.4 
62.5 0.586 0.3 

*Working curve: slope = 0.0924, intercept = 0.007. 
r = 0.9997. 

t Concentration given is before 1:25 dilution. 
fi Average of 3 determinations on a single sample. 
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Table 8. Day-today reproducibility of results with two different working reagents 

Absorbancet 
[Albumin], g/l*. Day 1s Day 3# Day 5$ 

31.7 0.282 0.296 0.303 
37.5 0.348 0.352 0.353 
43.7 0.400 0.410 0.424 
50.0 0.455 0.469 0.482 
62.5 0.562 0.564 0.591 

Slope 0.0885 0.0873 0.0921 
Intercept 0.011 0.025 0.018 

Corr. coeff. 0.9990 0.9982 0.9996 

* Concentration given is before 1:25 dilution. 
t Average of 3 determinations on a single sample. 
$ First reagent. 
$ Second reagent. 

Day 61 

0.299 
0.350 
0.412 
0.470 
0.586 

0.0924 
0.007 
0.9997 

RSD ‘,’ . ,” 

3.1 
0.6 
2.4 
2.4 
2.6 

2.8 

Table 9. Determination of albumin in control sera and hospital samples 

Control sera 

ChemTrol 
Normal? 

ChemTrol 
Abnormal? 

Validate% 
Monitrol I$ 

Manufacturers 
stated value, 

sir. 

29 * 3 

20 * 1 
45 + 5 
42 &- 1 

Value found, Difference, 
911. s/l. 

29 0 

20 0 
44 -1 
43 +1 

Hospital SMA 12160 Value found, Difference, 
sample value, gJ1. g/l. 9/j. 

1 40 38 -2 
2 39 40 +1 
3 44 45 +1 
4 39 37 -2 
5 44 45 +1 
6 49 48 -1 
7 46 48 +2 
8 34 34 0 
9 49 50 +1 

10 39 37 -2 

* Value found - value expected. 
t Clinton Laboratories, Santa Monica. CA 90404. 
3 General Diagnostics, Morris Plains, NJ 07950 
$ Dade Division, American Hospital Supply, Miami. FL 33152. 
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also gave good results, and no major differences were 
noted. 

Total protein determination 

This method is based on the biuret reaction, in which 
cupric ions react with the peptide bonds in proteins to 
form a purple complex.‘s 

Working reagent. Solutions of 8.82 g of sodium citrate 
dihydrate in 20 ml of water, and of 0.75 g of copper sul- 
phate pentahydrate and 1.0 g of potassium iodide in 60 
ml of 2M sodium hydroxide were mixed together, diluted 
to 100 ml, and stored in a dark bottle at 4”. 

Procedure. The sampling/mixing module is used to 
sample 90-nl volumes of the working reagent and the 
samples (or standards) and the rate of change of the absor- 
bance at 520 nm is measured during the first 3 set of 
the reaction. 

Results and discussion. Table 10 shows the reaction-rate 
results obtained on a series of standard solutions. The 

working curve is linear with a slope of 0.0116 and preci- 
sions varying from 0.3 to 3.2%. Results were obtained over 
a period of 5 days to investigate the stability of the stan- 
dard and reagent solutions. The results are shown in Table I I. 

Table 10. Results used for total protein working curve* 

[Total protein], g//.t Rate, AAJsec$ RSD, “‘3 

50 0.057 3.2 
60 0.069 1.8 
70 0.08 1 0.6 
80 0.092 0.6 

100 0.115 0.3 

* Working curve: slope = 0.0116, intercept = 0.000, 
r = 0.9999. 

t Concentration given is before 1:25 dilution. 
*Average of 3 determinations on a single sample. 
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Table 11. Day-to-day stability of total protein standards and working reagent 

Rate, AAJsect 
[Total protein] g/l.* Day 1 Day 2 

50 0.057 0.058 
60 0.069 0.069 
70 0.08 1 0.080 
80 0.094 0.091 

100 0.114 0.114 

Slope 0.0114 0.0112 
Intercept 0.001 0.002 

Corr. coeff. 0.998 0.9999 

* Concentration given is before 1: 25 dilution. 
t Average of 3 determinations on a single sample. 

Day 5 RSD. “/, 

0.057 1.0 
0.069 0.0 
0.08 1 0.7 
0.092 1.6 
0.115 0.5 

0.0116 1.7 
0.000 
0.9999 - 

Table 12. Determination of total protein in control sera and hospital samples 

Manufacturer’s 
stated value, Value found, Difference, 

Control sera gll. s/r. s/1.* 

ChemTrol 
Normal? 65 + 2 65 0 

Validate? 65 & 5 64 -1 
Monitrolj, 70 f 5 67 -3 

Hospital SMA 12160 Value found, Difference, 
sample value, g/l. s/l. s/r.* 

1 63 59 -4 
2 74 73 -1 
3 67 68 fl 
4 72 73 +1 
5 69 67 -2 
6 68 69 +1 
7 74 76 +2 
8 89 78 -2 
9 71 69 -2 

10 69 66 -3 

* Value found - value expected. 
t Clinton Laboratories, Santa Monica, CA 90404. 
$ General Diagnostics, Morris Plains, NJ 07950. 
$ Dade Division. American Hospital Supply, Miami, FL 33152. 

The precisions of the individual rates vary from less than 
0.5 to 1.4% while the precision of the slope of the working 
curve is 1.6%. These results indicate that the reagent and 
standards may be used for at least 5 days and that, for 
the same reagent, only one working curve need be pre- 
pared each week. 

A series of commercial control sera was analysed to 
check the accuracy of the method. In addition, the serum 
samples which had also been analysed on an SMA 12/60 
were analysed. The results are listed in Table 12. The 
results for the commercial control sera are within the range 
of values given by the manufacturers and the results for 
the hospital samples are in good agreement with the SMA 
12/60 values. 

CONCLUSION 

The procedures developed for the quantitative 
determination of calcium, albumin, and total protein 
have been shown to be precise and accurate, and the 

reagents and standards are stable over a S-6 day 
period. The quantitative measurements at 520 nm can 
be performed in less than 10 set for each procedure 
on a 1:25 dilution of the serum sample. The analysis 
times for performing these determinations are so 
short because of the ability to obtain the information 
much sooner after mixing the reactants than would 
be possible with manual methods or existing commer- 
cial instrumentation. 

Thus, the rapid sampling/mixing spectrophoto- 
metric system can have high sample-throughput as 
well as high precision and is a useful tool for routine 
use in the clinical laboratory. 
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Summary-A fully automatic system for combined spectrophotometric and pH titrations with on-line 
digital data acquisition is described for a Cary ll8C spectrophotometer. The system consists of a 
temperature-controlled titration cell, a motor burette. a digital pH-meter. and an HP9820 desk-top 
computer. The computer controls the stepwise addition of reagent, the wavelength and paper drives. 
and the recorder pen; the absorption data and the pH-values are obtained on-line. A special interface 
was constructed from CMOS components. This is compatible with other computers or microprocessors 
having the necessary input/output facilities. The performance of the system has been tested critically. 
In 50 min more than 200 data points, each representing the mean of ten individual readings, can 
be collected, and the number of data points which can be obtained in one run is practically unlimited. 
The system avoids the cumbersome and error-prone manual handling of a large amount of data, 
it saves time, and, most important. the results have a high reproducibility. 

In principle, spectrophotometry between 200 and 800 
nm is one of the most general methods for the analy- 
sis of multicomponent mixtures of weak acids or of 
co-ordination compounds in solution since most 
species show some typical absorption in this range. 
Nevertheless, some serious difficulties have to be 
overcome if useful results are to be obtained in any 
but the simplest and most favourable cases.lm3 The 
problems arise (a) from the extensive overlap of spec- 
tra of related species in equilibrium mixtures and (h) 
from the strong correlation between the molar 
absorptivities and stability constants of minor species. 
Difficulties from (a) can be reduced by extending the 
study to more wavelengths, at the expense of an in- 
creasing number of unknowns and data points. Corre- 
lation between stability constants and molar absorpti- 
vities is more tricky to deal with if there is no’means 
of converting minor into major species by changing 
the experimental conditions. Experimental errors. 
particularly in the absorbance A, become decisive in 
this situation. It has been shown, for instance, that 
absorbance errors as small as 0.003 could lead to 
completely erratic results, whereas synthetic data with 
an uncertainty of -0.0001 could be analysed satisfac- 
torily.’ It is difficult, if not impossible, to avoid intro- 
ducing errors of the order of 0.1-0.2% simply by 
repositioning the absorption cell after a change of 

*We thank Mr. W. Arnold for the construction of the 
titration unit. 

sample and by reading the results off the usual chart 
recordings. 

It follows that the analysis of multicomponent mix- 
tures by spectrophotometry necessitates the handling 
of a fair amount of extremely precise raw data. Also. 
simplifications in the numerical treatment of the data 
must be kept to a minimum and an estimate of the 
uncertainties of the parameters obtained is essential. 
Obviously this task is best solved by a digital com- 
puter and several specific5.6 or general7.8 programs 
for the calculation of equilibrium constants from 
spectrophotometric data, on medium or large com- 
puters, have been described. 

With the availability of efficient and comparatively 
inexpensive microcomputers, on-line data acqui- 
sition’.” has become possible even in laboratories 
without access to big computer systems,“*i2 thus 
eliminating time-consuming and error-prone manipu- 
lations such as digitizing the chart recordings. Here 
we describe an arrangement which permits completely 
automatic spectrophotometric titration of 2-2.5-m] 
samples in standard l-cm glass or quartz cells. 
measures the absorbance with high precision 
(0” c 0.0002 absorbance units) at up to 30 wave- 
lengths. and stores the data on magnetic tape for later 
numerical treatment. 

EXPERIMENTAL 
The spectrophorometric titrution unit consists of a tem- 

perature-controlled cell adapter A for the cell compartment 
of a Cary I I8 C spectrophotometer*. For concomitant 
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Fig. 1. Unit for combined spectrophotometric and pH 
titrations. A: temperature-controlled cell adapter; B: glass 
electrode adapter; C.C’: adjustment screws; D,E: magnetic 
stirrers: F: cell-holder with springs I; G: titrant line; H: 

nitrogen inlet. 

measurements of pH. the adapter B can accept a combined 
glass microelectrode (Metrohm EA 125). The optimum pos- 
ition of the cell and the electrode can be fixed by the screws 
C and C’. Stirring is effected by a small Teflon-coated mag- 
netic stirrer D which is activated by the magnet E driven 
by the circulating water of the thermostat (Haake NBS). 
The cell is covered by a Teflon cap F with holes drilled 
for the glass electrode and the polyethylene tubes for addi- 
tion of titrant (G) and flushing with nitrogen or another 

Cassette 

Memory 

HP 9865A 

gas (H). It is held in place by a pair of springs I fastened 
to F. The standard cover of the cell compartment is re- 
placed by a cylindrical cover 15 cm high and 11.5 cm in 
diameter. The electrode cable and the polyethylene tubes 
for titrant and nitrogen (0.05 mm bore) are introduced into 
the cell compartment through suitable holes drilled in the 
vertical front plate of the spectrophotometer. Titrant is 
delivered in portions of 0.01 ml from a l-ml motor burette 
with a tantalum plunger (Metrohm E 415/E 552). Ideally 
an initial volume of 2.3-2.5 ml is treated with a total 
volume of 0.2X1.3 ml of titrant, but up to 0.5 ml. allowing 
50 equidistant titration steps, can be added. A similar but 
more complicated cell for spectrophotometric titrations 
has been described.‘s The main differences of that system 
are: (1) the absorption cell. a special polypropylene con- 
struction with quartz windows, is not available commer- 
cially, (2) titrant is added manually from a micrometer 
syringe and no provision is made for on-line data acqui- 
sition 

The inrerfacing of the Cary II8 C with the HP 9820 
desk-top computer is outlined in Fig. 2. The HP 9820 (439 
registers of memory) is equipped with a peripheral control 
block PC II, cassette memory 9865A. a general input/out- 
put interface HP 11202A. and two BCD input interfaces 
HP ll203A. One of the BCD interfaces is connected to 
the digital panel meter of the Cary II8 C. the other to 
the BCD output of the pH-meter (Metrohm E 500). 

For the computer control of the spectrophotometer and 
the motor burette, the HP 1 I202A interface is used along 
with block PC II. This allows the conversion of denary 
numbers into binary numbers and their transfer to peri- 
pheral instruments. The computer has to update the digital 
voltmeter (BCD output of the Cary I I8 C), drive the chart- 
paper and wavelength-stepping motors, actuate the pen. 
and control the motor burette. The set of commands used 
is summartzed in Table I. Some of these (6-15) have to 
be stored, but others (l-5, 16) are needed only as pulses. 
e.g., to drive the stepping motors (WTB I.1 : WTB 1.2: 
WTB 1,3: WTB 1.5). Two commands are available to acti- 
vate the wavelength-stepping motor. While WTB I.1 will 
effect one single step (0.005 nm), 20 consecutive steps are 
performed at the maximum speed of the spectrophoto- 
meter (1000 steps per second) by WTB 1.5. 

Since the HP 11202A interface provides the necessary 
control signals only as short pulses. a special interface had 

_ 2 Motor Burette 

) Metrohm E 412 

V 

8, 13 , 
110 

) Spectrophotometer 

Interface 4 
Cary 118C 

HP11202A ’ ’ < .jl Scan Adapter Act. 

Interface 
Desk 

Computer 

HP 9820 

BCD < ,’ 
19 Spectrophotometef 

Interface c ,21 Cary 118C 

HP11203A c j6 . DVM 

BCD 

interface 

HP11203A ’ 

, 18 Digital pH-meter 
,. 

Metrohm E 500 

Fig. 2. Block diagram of the fully automatic titration system. 
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Table 1. HP 9820 commands for the control of the Cary 118 C spectrophotometer and the motor 
burette 

HP 9820 Signals of Cary scan 
commands* Functions of the special interface adapter accessory 

WTB 1.0 Reset all catches - 
WTB 1.1 External scan clock pulse EXSCP 
WTB 1.2 External chart clock pulse EXCCP 
WTB 1.3 External chart and scan pulse EXCCP + EXSCP 
WTB 1.4 External clock pulse EXCP 
WTB I.5 20 times EXSCP - 

WTB 1.6 Actuate motor burette (0.01 ml) - 

WTB 1.7 Scan 0tT SCOF 
WTB 1,8 External control enable EXTC 
WTB 1.9 External clock pulse enable EXCO 
WTB 1.10 Scan in plus direction SCAP 
WTB I.11 Scan in minus direction SCAM 
WTB 1.12 Pen down PEDN 
WTB I,13 Pen up PEUP 
WTB 1.14 Hold reading command HOLD 
WTB 1.15 Reading absorbance enable - 

* It is assumed that the HP 11202A interface is set to select code .l. 
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to be developed to store and transfer the commands. This 
additional interface has been built into. and is powered 
by, the Cary I18 C. Because of the high power require- 
ments of TTL integrated circuits, which could not be met 
directly by the electronics of the spectrophotometer, low- 
power CMOS integrated circuits were used instead. In 
order to switch the TTL circuits of the HP 11202A and 
the DTL circuits of the Cary 118 C (scan adapter accessory 
Cary Ol-857105-00). buffers were needed. 

Data acquisition by means of the HP 9820 desk-top com- 
puter with cassette memory and expansion to 435 registers 
can be made very flexible. One of the main characteristics 
of our program* for combined spectrophotometric and 
pH-titrations is that human interference has been excluded 
wherever possible. The program starts by searching for the 
next empty file on the cassette. Thereafter, initial values 
of ligand and metal ion concentrations and volume are 
read in, followed by the longest (initial) wavelength, the 
wavelength decrement, the shortest wavelength, the chart 
setting in nm/in., the increment of titrant (in multiples of 
0.01 ml), and the total volume of reagent, in that order. 
In a modification of the program. the total volume of re- 
agent may be subdivided into two portions with different 
increments. After setting the spectrophotometer to the in- 
itial wavelength, the computer reads in the baseline. The 
pen is lowered for scanning in the minus direction (from 
long to short wavelength) and raised when the direction 
is reversed, monochromator and chart paper are driven 
to the specified points and the absorbance values are read 
in. Noise is reduced by taking the average of a suitable 
number (usually IO) of individual readings at each wave- 
length. After reading in the baseline the computer returns 
to the initial wavelength and stops to allow the cell content 
to be changed. The rest of the procedure is completely 
automatic. The pH-value is read in and printed together 
with the amount of titrant added. When the absorbance 
at the last wavelength has been measured. the specified 
amount of reagent is added, the monochromator and the 
chart paper are reset to the initial values, and the pro- 
cedure above is repeated. When (a) the specified total 
amount of titrant has been added or (h) the storage capa- 
city of the calculator is exhausted, a file of adequate length 
is labelled and the data are recorded on the tape. In case 
(u) the job is terminated and the tile and cassette numbers 

* Listings of the program and details of the interface 
circuitry are available on request. 

are printed for later identification. If (b) was the reason 
for the data transfer. a continuation label is set before stor- 
ing the data, and the computer resumes its job. In this 
way, the number of data points which can be collected 
by the program is practically unlimited. .4t present, nu- 
merical treatment of the data is done on an HP 9821 calcu- 
lator with fully expanded memory (1446 registers) and the 
programs can handle up to 30 absorbance curves at up 
to 30 wavelengths. Computational details will be described 
in Part II of this work.t4 

In spectrophotometric titrations which do not need 
measurements of pH, essentially the same data acquisition 
program is used. Reading of pH values is omitted, of 
course, and zeros are filled into the corresponding data 
registers in order to keep the file structure identical in 
all cases, to allow the use of the same main programs 
‘for numerical treatment of both types of data. 

RESULTS AND DISCUSSION 

The performance of the system has been tested and 
compared with the electronic stability of the spectro- 
photometer. Shot noise and electronic drift have been 
examined at 550, 700 and 800 nm with the cell com- 
partment empty and a zero offset of about 0.08 absor- 
bance units. At each wavelength IO measurements 
were taken at maximum speed (a) and at I-min inter- 
vals (~9). The series were repeated five times over a 
period of 1.5 h. The results are collected in Table 2. 
where the standard errors of the means of ten 
measurements (I), indicating shot noise and/or short- 
term drift are compared with the standard deviations 
between individual batches (2). corresponding to long- 
term drift. 

where Ai = individual absorbance readings, N = 
number of readings (N = 10). 
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Table 2. Shot noise and electronic drift of the Cary 118 C 

Wavelength, no 550 700 800 

Shot noise, of range I* 2-3 2-5 1-5 
SE x lo’, equation (1) B’ 2-5 2-5 2-3 

Long term drift, 2 6 6 
SD x lOs, equation (2) ; 3 3 2 

* z: values obtained at the maximum speed of the system. 
B: individual readings at I-min intervals. 

Xi = mean of N readings, n = number of batches 

(n = 5) 
As can be seen from Table 2, the uncertainty in 

absorbance arising from electronic instability is 
always below 0.0001 units if the average of 10 read- 
ings is taken. No significant difference is observed 
between measurements at maximum speed (a) and at 
l-mip intervals (/?). The long-term stability of the in- 
strument is excellent, since the standard deviations 
SD (2) obtained from five different batches closely 
correspond to’the standard errors SE (1) of the means 
of ten individual measurements, which indicates that 
electronic drift does not play a significant role. 

In the measurement of stirred solutions additional 
effects are unavoidable. These were studied between 
700 and 800 nm by using Cu’+/EDTA in borate 
buffer as a chemically stable test mixture. All solu- 
tions were filtered through Millipore filters RAWP 

01300 (pore-size 0.0012 mm) before use. The solutions 
were (a): [Cu’+] = O.O08M, [EDTA] = O.OlM; (b): 
[Cu”] = O.C016M, [EDTA] = 0.002M; (c): [Cu”] = 
O.O04M, [EDTA] = 0.005M; all in O.lM borate 
buffer, pH = 9.0. Throughout, O.lM borate, pH 9.0, 
was used as the reference. 

Ten spectra were run for solutions (a) and (b) and 
absorbances were read at lo-nm intervals, the average 
of 10 successive readings being taken as the raw data. 
This gives a total of 1100 absorbance readings per 
solution (a) or (b). The time needed for such an experi- 
ment is 25 min. The effect of dilution was studied 
by adding to (c) O.lM borate, pH 9.0. in 20 steps 
of 0.02 ml. The results obtained for (a), (b) and (c) 
at 700 and 800 nm are compiled in Table 3 and were 
rather similar to those at the other wavelengths. No 

erroneous signal was recorded during the entire ex- 

periment. 
As expected, and as can be seen from Table 3, the 

introduction of stirred solutions into the light-path 
increases the experimental uncertainty. Besides chemi- 
cal instability, which should not play a role in our 
test system, evaporation of the solvent and the pres- 
ence of turbidity from minute particles have to be 
considered. The former is the major source of errors 
unless the cell is carefully sealed. In an experiment 
corresponding to (a), but with no special precautions 
against evaporation, the absorbance increased stead- 
ily at the rate of 0.8% per hour. Slow evaporation 
from stirred solutions is difficult to avoid completely. 
of course, but no significant time-dependence was 
observed in the experiments summarized in Table 3 
and we assume that turbidity is the main source of 
error in these cases. 

As can be seen from Table 3, the standard devi- 
ations SD (2) of the absorbances are all between 
0.0001 and 0.0002 units, irrespective of the total 
absorbance. Therefore absorbance values near 0.5 are 
obtained with an error of about 0.03% and even at 
0.05 total absorbance the relative standard deviation 

is less than 1%. It can be seen from Table 3, (c), that 
this situation does not change significantly when an 
actual titration is performed. At 800 (700) nm, the 

values & = 0.2864 f 0.00006 (0.3548 + 0.00007) and 
A, = -0.0074 f 0.0006 (-0.0089 + O.o007), shown 
with their standard errors, have been calculated from 
equation (3) for this last experiment. The values for 
A0 indicate the likely uncertainties for the absorptivi- 
ties in well-behaved systems. 

A = A, + A~uo/(uo + u,) (3) 

A,, initial absorbance; A, absorbance at infinite dilu- 
tion; u0 initial volume; v, volume of titrant added. 

With the system described in this paper a large 
number of high-precision data from spectrophoto- 

Table 3. Performance of the titration system 

Wavelength. 
nm 

Solution 
(a)* (b)* (c)f 

700 0.68007 0.12728 
+0.00016 ~0.00015 ~0.00014 

800 0.54536 0. I5462 
~0.ooo12 +0.00017 +0.00016 

l Mean absorbance, with standard deviation, cf equation (2). 
t Standard deviation of A, from equation (3). 
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metric titrations can be obtained easily in a short 2. K. Conrow, G. D. Johnson and R. E. Bowen, J. Ant. 
time. Reading absorbances from normal chart paper Chem. Sot.. 1969, 86, 1025. 

can be done at best with an uncertainty of 0.2% which 3. F. Woldbye, Acta Chem. Stand., 1955, 9, 299. 

is about one order of magnitude worse than that 
4. P. J. Lingane and Z. Z. Hugus, Inorg. Chem., 1970. 

9, 757. 
achieved here. The application of general non-linear 
least-squares programs developed for the numerical 
treatment (with a desk-top calculator) of spectro- 
photometric titrations involving acid-base and 
complex equilibria will be described in Part II of this 

5. K. Nagano and D. E. .Metzler, J. Am. Chem. Sot., 1967. 
89. 2891. 

6. J. R. Siefker, Anal. Chim. Acta, 1970, 52, 545. 
7. J. J. Kankare, Anal. Chem., 1970. 42, 1322. 
8. D. J. Leggett and W. A. E. McBryde. ibid., 1975, 47. 

1085. 

work.14 9. G. Gauglitz and A. Reule, 2. Anal. Chem.. 1975, ,276. 
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Summary-The program DCLET evaluates the dissociation (or protonation) constants and molar 
absorptivities l H,,. of all light-absorbing species H,L, (j = O,.. ., J) of a polyprotic acid H,L by a 
non linear regression of the function A = f(pH; pK,, ZH L), i.e., by multiparametric curve fitting. The 
three specific subroutines DATADC, UBBEDC, SKRD6 described form part of the general program 
ABLET. The goodness of fit is tested by statistical examination of the residuals. Heuristic or algorithmic 
strategies of minimization may be used, and experimental or synthetic data may be processed. By 
examining the effects on the results of varying the density and distribution of points of a synthetic 
data set, it is possible to improve the planning of experiments, and by introducing parametric weight, 

to improve the sensitivity of a particular parameter in a model. 

Existing methods for determination of dissociation 
constants by various approaches have already been 
discussed comprehensively.‘-5 For a protolytic sys- 
tem in which some species have characteristic absorp- 
tion spectra in the ultraviolet and/or the visible 
region, a spectrophotometric method can be used 
with advantage. A sufficiently large set of experimen- 
tal data can readily be obtained by microtitration 
combined with simultaneous monitoring of PH.~-” 
For monoprotic systems, the normal graphical pro- 
cedure involves transformation of the experimental 
absorbance-pH function.’ A straightforward numeri- 
cal version based on this approach makes use of 
simple linear regression.“.‘* 

The methods proposed for determining values of 
two successive dissociation constants usually require 
knowledge of the absorptivities of the two boundary 
species of the protonation system. The best values 
of the other parameters are then calculated by suc- 
cessive approximation. Irving, Rossotti and Harris” 
have presented a method which may be used even 
if the molar absorptivities of individual species cannot 
be determined directly. Thamer and Voigt14 have de- 
veloped a method which is applicable where the ratio 
of the dissociation constants is less than 103. In a 
subsequent paper, Thamer” outlined two general 
methods of calculation for two close successive dis- 

Part III, Sb, V2d. Pr., Vys Sk. Chemickotechnologickd, 
Pardubice, 1978, 39, 41. 

sociation constants, which do not require the deter- 
mination of absorptivities. Both the direct approach 
and the calculation by successive approximation are 
designed for a desk calculator; however, they are 
rather tedious and susceptible to arithmetical errors. 
Roth and Bunnett6 have expressed the absorbance- 
pH function as a linear equation in five unknowns. 
A suitable selection of five points is made from the 

experimental A-pH graph to obtain a set of five 
simultaneous equations which is solved by a com- 
puter. This method, like that of Thamer,” has the 
disadvantage that all the other experimental points 
are ignored. 

The Taylor’s_series approximation in non-linear 

least-squares analysis has been adapted by Auld and 
French,’ with the use of an electronic desk calculator, 
to allow the dissociation constants for a monoprotic 
and a diprotic acid to be calculated even when the 
constants are similar. Heys, Kinns and Perrin17 have 
described an approach in which all the experiment& 
data are used to find the best fit for the molar absorp- 
tivity of the intermediate species and for K,, and Kn2 
by a least-square minimization method. The A-pH 
function is rewritten to obtain an expression in three 
unknowns. For each of n experimental points an 
equation is obtained and the set of n simultaneous 
equations is solved by a matrix transposition tech- 
nique using the IBM library subroutineI based on 
the method of Golub. I9 Multiparametric curve-fitting 
can also be used in combination with deviation-pat- 
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tern recognition to distinguish the titration curve of 
a diprotic species with close dissociation constants 

from that of a monoprotic system.” 
During the sixties various non-linear estimation 

methods were developed and applied to the calcula- 
tion of equilibrium constants.2-5*2’ Multiparametric 
least-squares curve-fitting programs for laboratory 
minicomputers,22*23 recently described, have been 

used for various analytical purposes, including the 
evaluation of rate and equilibrium constants.24 The 
pit-mapping program LETAGROP VRID by Sill& 
et a1.25,26 offers perhaps the most comprehensive 
approach to the computation of the stability con- 
stants. On the other hand, the transfer of a large pro- 
gram of this type, such as SPEF0,26 to a large com- 
puter requires much effort. Two programs, FA608 
and EY608, designed by Kankare” for small com- 
puters (16 kbyte) can evaluate equilibrium constants 
and their errors for multicomponent systems, from 
spectrophotometric data. Factor analysis is used to 
estimate the number of independently varying com- 
ponents, and for data reduction. Molar absorptivities 
of individual components are also calculated and 
spectra interpolated from these values can be plotted. 
Kaden and Zuberbiihler2* have published a general 
program capable of processing either potentiometric 
or absorbance data by changing one or two sub- 
routines. By systematic computer analysis of spectral 
data, the number of absorbing species, the stoichi- 
ometry, and the equilibrium constants or acid dissoci- 
ation constants of Pyrocatechol Violet, and of the sys- 
tem tin(IVbPyrocatecho1 Violet were determined by 
means of a program written by Wakley and yarga.29 
The program SQUAD, written by Leggett and 
McBryde,30 is capable of calculating, simultaneously 
or individually, acid association constants (and hence 
pK, values) and overall stability constants (of the con- 
centration type) for any species formed in systems 
containing up to two metals and two ligands. 

This paper deals with computation of both distinct 
and similar dissociation constants from absorbance- 
pH data. The program DCLET is based on the 
subroutine LETAG,3’-33 which is a version of Sillen’s 
LETAGROP VRID, adapted to be used with the 
subroutine LETAG. 

THEORY 

Equation of an absorbance--pH curve 

The spectrophotometric determination of dissoci- 
ation (or protonation) constants of a polyprotic acid 
H,L is based on the interpretation of the absorbance- 
pH curve measured over the pH range covering the 
main regions of existence of all the species of interest. 
The equation for the A-pH curve is written in the 
following manner 

A = Q(e,[L] + en,,[HL] + l uIL[H2L] + . . .) (1) 

where a’ is the path-length and Q, em_, culLI.. . etc. 
are the absorptivities of those species of the protona- 

tion system which absorb light at the chosen wave- 
length. Each equilibrium concentration of a species 
which occurs to a measurable extent within the pH 
range of interest is a function of the hydrogen-ion 
activity. 

Since 

[H,L] = ~n~,_./In,~.a~+/(l + /3n,..un+ + ... 

+ fin,,.&+) 

and 

finit. = CW-W-1 d +, 

where cHJ,. is the analytical concentration of acid 

HJL, equation (1) may be written as 

= dew. 
j= 1 

1 + i; loWha+ + b3BH,,.) 
(2) 

j=l 

In the expression j. log au + + log fin+, the conven- 
tional activity pH scale (pH = - log aH +) may be used 
and the protonation constant /In,,_ may be expressed 
as a function of the mixed stepwise dissociation 
constant Z&i = an+ [Hi_ iL]/[HiL]: 

j’log a”+ + log /In+ = i PK,i - j.pH (2a) 
i=l 

In many practical cases the protonation equilibria 
are sufficiently separated, (pK.,,_i, - 3 < pK,j < 
pKaCj+ir + 3) for each of them to be treated as a 
monoprotic system, in which case equation (2) can 
be written as 

A = dcHL 
EL + E”L lo@K,l - p”) 

1 + 1 PKI - PW ’ (3) 

If a graphical approach is used,’ equation (3) is 
usually put in the linearized logarithmic form 

1% 
A - dc,,,_e,. 

dcw_Em - A 
= pK,i - PH (4) 

and the value of PK., is found as the point where 
the straight line intersects the pH-axis. 

Regression analysis 

In the analysis of an absorbance-pH curve in terms 
of equation (2), it must be remembered that the values 
of the parameters eHJL and pK, are known only ap- 
proximately from the graph, but by means of the fol- 
lowing refinement process their exact values can be 
determined. 

For fitting the non-linear function [equation (2)], 
a least-squares curve-fitting method seems to be the 
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Table 1. Examole of the use of oroaram DCLET. Exnerimental data set for Pyrocatechol Violet: absorbances measured 
at 590 nm. c, I 3.0 x 10m5M (output shortened and simplified) 

Number of points 
Total concentration of dye 04) 
Coefficients Qt. Q2 
WT (Temperature. K) 
WW [Liquid-junction potential 

correction (mV)] 
WZ (pau of standard buffer solution) 
WK [Nernstian slope of glass 

electrode (mV)] 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Leta 

22 
23 

~Hrc.d m+.i A cq3.i 

4.220 4.133 0.008 
5.300 5.242 0.019 
6.490 6.465 0.101 
6.800 6.783 0.169 
7.020 7.009 0.246 
7.200 7.194 0.326 
7.480 7.482 0.479 
7.600 7.605 0.546 
7.800 7.811 0.665 
8.050 8.067 0.793 
8.200 8.221 0.862 
8.350 8.376 0.907 
8.740 8.776 0.957 
8.960 9.002 0.952 
9.160 9.208 0.916 
9.370 9.423 0.858 
9.600 9.660 0.783 
9.790 9.855 0.710 

10.040 10.112 0.606 
10.250 10.327 0.535 
10.500 10.584 0.472 
10.790 10.882 0.425 
11.220 11.324 0.389 

Values of parameters during minimization process 
GL 

Initial guess 0.%9 1.000 
After 1st iteration 0.363 1.064 
After 2nd iteration 0.366 1.067 

23 
l.OOOOo 
1.0 1.0 
298.16 

0.0 
7.413 

57.59 

After 3rd iteration 0.366 1.067 
After 4th iteration 0.366 1.067 
After termination 0.36633 1.06713 

0:0&61 otoos19 
SIGY (standard deviation of absorbance) = 0.0059 

PKI, fHIL PK~, 
9.800 0.008 7.600 
9.854 0.018 7.58 1 
9.835 0.020 7.589 
9.835 0.020 7.589 
9.835 0.020 7.589 
9.83496 0.01969 7.58880 

Olb;480 otoo;43 O-&871 

Skrik 
Curve fitting analysis by statistical test of residuals, ai = (A,,,, - A,,,,) x lo4 
i 4 
1 -121 

;I 4 
-2 

2 -54 22 10 
3 81 23 6 
4 75 
5 79 Statistical parameter 
6 54 Arithmetic mean 1.7E-07 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
I8 
19 
20 

cl 
3.7954E-02 
7.29098-04 
6.3589E-04 
6.3588E-04 
6.3587E-04 

0 
-67 
-75 
-74 

25 
30 
20 
59 

Mean deviation 4.1E-03 
Standard deviation D 0.0053 
Variance u2 2.8E-05 
Moment coefficient of skewness -0.369 
Moment coefficient of kurtosis 2.51 
Observed 1’ 2.39 
[x2 (6; 0.95) should be less than 12.61 

1 
-45 

4 
31 

-21 
-17 
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most convenient; thus the sum of the squares of the 
residuals 

i= 1 

for N experimental points {AeXp, pH} is minimized. 
The statistical weight, wi, is usually set at unity for 
experimental data sets, but for synthetic data sets the 
weight is calculated, and is different from unity. Non- 
linear estimation is a problem of optimization in 
multiparametric space, in which the values of A and 
pH are the given numbers and the parameters euJL, 
p& are the variables. Starting from an initial guess 
of the values of the parameters, the “best” values are 
reached by a few successive approximations. If it is 
assumed that the error-square sum U is a second- 
degree function of m parameters, then 0.5(m + l)(m + 2) 
points in parametric space suffice for calculation of 
the position of the minimum. 

Successful application of this computational 
method depends on the use of the heuristic (trial-and- 
error) minimization process and also on the number 
of data available. An accurate, well-planned A-pH 
data set should be obtained, and the measurement 
should be properly conducted (e.g., a combined pH- 
photometric microtitration technique seems to be 
bestlo). The number of protons taking part in the pro- 
tonation equilibria within the relevant pH range 
should be known so that a suitable mathematical 
model may be chosen. The data should first be treated 
graphically to detect and eliminate possible system- 
atic errors and to obtain initial guess for the par- 
ameters to be determined. 

COMPUTER PROGRAM 

The program DCLET is written in Fortran and 
has been run on an EC 1040 (Robotron, GDR) which 
is compatible with the IBM 360 computer. Some of 
the basic subroutines of the minimization process will 
be published in another paper from this series3’ An 
older version of DCLET (1972) for a smaller store- 
capacity computer (Hewlett-Packard 2116, Tesla 200), 
called JDC-LETAG, is available on request. 

The program will accept up to 90 points from the 

A-pH curve, and 7 unknown parameters (i.e. J < 3 
in HJL). The program has a flexible structure allow- 
ing a heuristic (trial-and-error) strategy to be used 
in the minimization process. 

Program DCLET starts with initial guesses of the 
parameters from the data, i.e., experimental values of 
the independent variable pHi and of the dependent 
variable Ai. A “best” approximation to the unknown 
parameters (pK,,, l u,c), and their standard deviations 

(Q., %H ,) are calculated. The agreement between the 
calculated A-pH curve and the experimental points 
can be seen in a table. The residuals (i.e., the differ- 
ences between the experimental and calculated absor- 
bance@ are analysed statistically. 

If the model is satisfactory, and there are no sys- 
tematic errors in the data, the residuals should have 
a Gaussian distribution with the following properties: 
arithmetic mean zero, standard deviation u, mean de- 
viation (,,/24a z 0.80, variance a*, moment coeffi- 
cient of skewness zero, and moment coefficient of kur- 
tosis 3.34 A value for x2 is then derived from the 
difference between the observed and calculated prob- 

ability. A fit can be accepted at the appropriate 
confidence level if the observed value of x2 is less 
than the theoretical value. 

The program may be used to study minimization 
strategy, and to plan experimental work. For this. a 
synthetic data set simulating an A-pH curve in which 
the points are loaded by calculated errors, is gener- 
lated for each point of an A-pH curve. Thus, it is 
possible to increase the influence of each parameter 
values of the independent variable, pH, it is possible 
to find an optimum plan for an experiment. The 
structure of the program allows a weight to be calcu- 
lated for each point of an A-pH curve. Thus, it is 
possible to increase the influence of each parameter 
on the value of the error-square sum. 

The program consists of a main program and 
several subroutines. The subroutine DCLET allows 
the user to read the data, to call another subroutine 
for a simulation of synthetic data, if desired, for the 
minimization process, and for output. The subroutine 
DATADC does all the calculations necessary to 
transform the primary experimental data. The 
measured pH values are corrected for any deviation 
from Nernstian slope of the glass electrode, for any 
change in the temperature from 298.16 K, and for 
the liquid-junction potential (for details see previous 

paper 33 in this series35.36). 
The subroutine UBBEDC calculates the absor- 

bance for each pH value [equation (2)] and a set 
of values of the parameters resulting at the particular 
stage of the minimization process. Subsequently, the 
sum Cl of the squares of the residuals is calculated 
[equation (5)]. The subroutine SKRDC gives as out- 
put the values of the parameters and their standard 
deviations, the statistical analysis of residuals and a 
graph of experimental and calculated points. 

The other subroutines are basic in character and 
have been described in a previous contribution.33 
They are READI, READR, STATS, LETAG with in- 
ternal subroutines MULLE, INVER, PINUS, and 
WEIGHT, PLOTT, SIMUL, NORAND and RAN- 
DOM. 

A listing of the program DCLET, and instructions 
for preparation .of input data and interpretation of 
output are available on request. 
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Summary-Iron(II1) has been determined by DCTA titration with p-aminosalicylic acid and sodium 
azide as indicator at pH 1.43.5. The titrations are rapid, simple, accurate and reversible and as little 
as 0.15 mg of iron(W) can be determined in the presence of up to 100 times as much of certain 
ions. Cadmium, zinc, lead, copper( aluminium, thorium, oxalate, phosphate, fluoride and sulphide 
interfere. The method is utilized for determination of iron(II1) in presence of copper(H) or lead and 
in limestone, cement and haemetite. 

Since Pfibil’ proposed a direct titration of iron(II1) 
with 1,2-diaminocyclohexanetetra-acetic acid (DCTA), 
various methods have been reported for its spectro- 
photometric’ and visual’-5 titration, but no attempt 
has been made to mask or remove interfering ions 
or to estimate iron in commercial or natural materials 
by these methods. In the present investigation, 
iron(W) has been determined alone and in the pres- 
ence of various ions by direct titration with DCTA. 
p-aminosalicylic acid (PAS) and sodium azide being 
used as indicators, at pM 1.38-3.50 and 1.26-3.50 re- 
spectively. The work has been extended to determina- 
tion of iron in mixtures with copper(H) or lead(II) 
and in limestone. cement and haemetite. 

EXPERIMENTAL 

Procedure 

Iron(II1) nitrate solution (O.OOSM, 0.5-5.0 ml) was 
diluted with water (20-25 ml) and titrated with DCTA 
solution of appropriate concentration after addition of 3 
or 4 drops of 0.75?/, ethanolic PAS solution or 6 or 7 

drops of 1.5% ethanolic sodium azide solution as indicator, 
at pH 1.38-3.50 and 1.26-3.50 respectively. The pH was 
adjusted either with sodium acetate and hydrochloric acid 
buffer (C 5 ml) or by adding water and/or glacial acetic 
acid. The end-point was marked by a sharp colour change 
from violet red to light yellow with PAS and from orange 
red to greenish yellow with sodium azide. The titrations 
were also performed in the presence of various ions. 

Potassium cyanide (- 10 ml of 0.07% solution) was 
added before the buffer when copper(I1) was present. The 
interference of lead was dealt with by adding 4 1 ml of 
0.5M sulphuric acid, neutralizing with ammonia and then 
buffering to the required pH. 

Aluminium (up to 100 times the amount of iron) was 
masked by adding 5 ml of 0.5% sodium thiosulphate solu- 
tion and 20 ml of water, then boiling free from sulphur 
dioxide and filtering. The filtrate was heated with a few 
drops of concentrated nitric acid, cooled, neutralized with 
ammonia, buffered and titrated. 

Limestone, cement and haemetite were brought into 
solution by the usual methods, and fractions were titrated 
with DCTA by the procedure described, after removal of 
aluminium in the case of limestone and cement. 

The titrations were repeated at least five times at each 
concentration level. 

Table 1. Determination of iron(II1) with DATA 

Metal 
ion added 

cut+ 

Pb’ + 

Amount taken, mg 

Metal 
Iron(II1) ion 

0.15 
0.30 
1.35 - 
0.79 0.37 
0.89 0.73 
1.18 1.10 
1.04 1.04 
2.08 2.08 
8.32 3.12 

PAS indicator Sodium azide indicator 

Iron(II1) Metal ion*t Iron(II1) Metal ion’t 
found, mg found, mg found, mg found, my 

0.15 (0.000) - 0.15 (0.000) - 
0.30 (0.000) - 0.29 (0.002) - 
1.34(0.011) 1.36 (0.010) - 
0.79 (0.000) 0.37&Blo) - - 
0.90 (0.011) 0.74 (0.011) - - 
1.16(0.010) 1.11(0.013) - 

1.04 (0.000) 1.04 (0.000) l.O4&lO) 1.04 (0.000) 
2.07 (0.011) 2.07 (0.013) 2.10(0.013) 2.08 (0.000) 
8.28 (0.018) 3.13(0.010) 8.35 (0.014) 3.11(0.011) 

* Standard deviation in brackets. 
t From difference in titration values in presence and absence of masking agent. 
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RESULTS AND DISCUSSION 

PAS alone has not previously been used as indi- 
cator for complexometric titration of iron(M), though 
a mixture of PAS’and p-anisidine has been used for 
the EDTA titration of iron(U This mixture does 
not work satisfactorily with DCTA, but PAS alone 
is found to be excellent. The end-point with both PAS 
and azide is sharp and the titrations are simple, quick, 
reversible, quantitative, and satisfactorily carried out 
in the temperature range 25-60”. As little as 0.15 mg 
of iron(II1) is determined quantitatively in 25 ml of 
solution in presence of 100 times as much lithium, 
sodium, potassium, ammonium, barium, calcium, 
strontium, magnesium, mercury(II), lanthanum, chlor- 
ide, nitrate, acetate and sulphate ions. The titration 
is very slow in the presence of lanthanum at room 
temperature but fairly fast at N-60”. The titration 
is not affected by silver ions or a precipitate of silver 
chloride. The end-point can be accurately detected 
in presence of chromium(II1) chloride up to 0.4 and 
0.2 mg/ml with PAS and sodium azide respectively. 
The end-point cannot be correctly detected in the 
presence of coloured compounds such as cobalt and 
nickel salts. Phosphate, fluoride and oxalate, which 
form stable complexes with iron(III), and sulphide 
(which reduces it), cause interference at all levels. Zinc 
does not interfere in the pH range 1.35-1.57 if PAS 
is used as indicator, but otherwise zinc, cadmium, 
lead, copper(I1) and thorium interfere at all levels, 
being quantitatively co-titrated. Aluminium also in- 
terferes. 

When PAS is used as indicator, copper can be 
masked by adding potassium cyanide solution, but 
sodium azide does not give any colour in the presence 
of cyanide ions. Lead is masked by precipitation of 
its sulphate. Aluminium is hydrolysed by boiling with 
sodium thiosulphate: 

2A13+ + 3&O;- + 3Hz0-+ 

2Al(OH)3 + 3S0, + 3s. 

The iron(II1) is reduced to iron(I1) which is reoxidized 
with concentrated nitric acid after removal of the 
excess of thiosulphate, which otherwise interferes. 

Table 2. Determination of iron(Il1) in certain substances 

Iron found. my/y 

Substance 
Official 
method PAS 

Sodium 
azide 

Haemetite 610 608 609 
610 610 609 
607 607 608 

Limestone 44.6 44.7 44.6 
44.6 44.6 44.7 
44.6 44.6 44.6 

Cement 18.14 18.16 18.17 
18.15 18.12 18.18 
18.14 18.18 18.1 1 

Aluminium in limestone and cement is removed 
before the iron is titrated. Other constituents of lime- 
stone, cement and haemetite do not interfere. The 
error does not exceed 0.2%. 
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PHTHALANILIC ACIDS AS HIGHLY SELECTIVE 
REAGENTS FOR THE AMPEROMETRIC 

DETERMINATION OF THORIUM(W) 

C. L. SHARMA* and R. S. ARYA 

Chemistry Department. University of Roorkee. Roorkee. India 

(Rvceiwd 4 Srprodwr 1978. Acwpted 23 Jonuury 1979) 

Summary-Th(lV) has been determined by amperometric titration at an applied emf of - I.0 V with 
ten phthalanilic acids. Of these. the 2.5dichloro. Cbromo. 3-nitro. 4-nitro and I-naphthyl derivatives 
were found promising analytical reagents and most effective. Th(lV) in the range 11.6-I 160 mg/lOO ml 
can be determined with an error of +0.39,,. The possible interference of 46 ions was studied and 
only two. Pd(ll) and Zr interfered: they could be masked by the,addition of dimethylglyoxime or 
Nioxime. and pyrophosphate respectively. 

In continuation of our previous work’ on the amper- 
ometric determination of Th(IV), the reaction of 
phthalanilic acids with this metal ion was found to 
give promising results. The use of phthalanilic acid 
(I) and its p-tolyl (II), 2-methoxy (III). 4-fluoro (IV), 
2-chloro (V), 2.5dichloro (VI), 4-bromo (VII), 3-nitro 
(VIII). 4-nitro (IX) and I-naphthyl (X) derivatives for 
the amperometric determination of thorium(IV) is de- 
scribed in this paper. These reagents are not only 
comparable to diphenic acid’ but have the additional 
advantages of simpler preparation and practically no 
interference. 

EXPERIMENTAL 

As described earlier.’ 

Thorium nitrate, sodium acetate. acetic acid and meth- 
anol were all of analytical grade. The phenylanilic acids 
were prepared by treating aromatic amines with phthalic 
anhydride in benzene at room temperature’.’ and were 
crystallized from ethanol. The phenylanilic acid solutions 
were prepared in methanol, the other solutions were made 
in distilled water. 

A measured volume of standard substituted phenylanilic 
acid solution was taken in a IOO-ml standard flask. 50 
ml of acetate buffer (pH 3.5) were added and the solution 
was diluted to the mark with distilled water. An aliquot 
(10 or 20 ml) of this solution was transferred to a polaro- 
graphic cell and deaerated by passage of pure nitrogen. 
An emf of - 1.0 V (rs. SCE) was applied. with the dme 
:ts indicator electrode. This potential was found to give 
sharp end-points and to eliminate interferences. Measured 
volumes of standard thorium nitrate solution were added. 
then stirred in by passage of nitrogen. and the change in 

* Correspondence to Vikas Nagar. 134/3, University of 
Roorkee. Roorkee (U.P.). India. 

diffusion current was noted. The current was plotted 
against volume of titrant added, to locate the end-point 
(which occurs at an acid: thorium ratio of I : I as expected). 
The current decreases during the titration. and becomes 
constant beyond the end-point: in reverse titrations (thor- 
ium titrated with substituted acid) it is best to use an 
applied potential of - 1.5 V. The current should first 
rise and then become constant after the end-point. Repre- 
sentative results for both titrations are presented in Table I. 
The anilic acids from VI to X were found promising as 
analytical reagents for the amperometric determination of 
Th(lV). 

DlSCUSSlON 

The most accurate results were obtained in the pH 
range 2.746. maintained by the addition of sodium 
acetate-acetic acid buffer, which also serve as sup 
porting electrolyte. 

Thorium rangc~ 

For titration with an error not exceeding 0.3:& the 
amounts of thorium per 100 ml of sample solution 
are 23-l 160 mg for acids. I and II. 15-580 mg for 
acids III-V, and 12-1160 mg for the others. Outside 
these limits the method is less accurate and the end- 
points are not very sharp. 

Table I. Amperometric determination of thorium(W) with 
phthakanilic acids 

Th(IV) Th(IV) 
present, found, 

mg W 

500 501.5 
400 398.8 
300 299. I 
200 200.5 

* Reverse titrations. 

Th( IV) Th(IV) 
present*, found*. 

mg W 

450 450.9 
350 351.1 
250 250.7 
150 149.6 
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Table 2. Determination of thorium in monazite (thorium 
present* = 6.499,) 

Thorium Thorium 

found (A). Y, found (B). %, 

6.47 6.65 

6.48 6.64 
6.5 I 6.63 
6.50 6.60 

* Thoron as calorimetric reagen1.4 
A Amperometric method. 
B EDTA method using Xylenol Orange as indicator. 

Detrminution of thoriurn in rnona:ite 

The method reported earlier’ was used. The results 
were compared with those obtained complexometri- 
cally.with Xylenol Orange as indicator (Table 2). 

Intrrferrncr studies 

kerferences were studied by titration (direct and 
reverse) of reagent solution with thorium nitrate solu- 

tion containing a 5-IO-fold amount of the foreign ion. 
NH;, K+. Mn*+. Co’+. Nizf, Cu’+. Zn2+, Mg’+. 
Cal+. Sr2+. Ba*+. Pb’+, Cd*+, Hg’+. V02+. UOi+. 
Fe3+. A13+, As’+, Cr3+. Sb3+, Bi3+, Ce3+. ~a-‘+. 

In3+. Ga3’. Y3+, Rh3+. Nd-‘+. Ce4’, Ti4+. Sn4+ 

NO;, Cl-. Br-. I-. CNS-, SO:-. CO;-, C,O:-: 

SO:-. SJO~-, PO:-, P,O:-, citrate and tartrate ions 
do not interfere. The interference due to Pd’+ can 
be removed by the addition of dimethylglyoxime or 
Nioxime; and that due to Zr4+ by addition of pyre 

phosphate. 

I. 
2. 
3. 

4. 
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DETERMINATION OF ANTIMONY(III) WITH 
POTASSIUM HEXACYANOFERRATE(II1) 

N. RUKMINI, V. S. N. P. KAVITHA and K. RAMA RAO 
Department of Chemistry, Andhra University, Waltair- 003, India 

(Received 15 August 1978. Accepted 8 January 1979) 

Summary-The determination of antimony(II1) with potassium hexacyanoferrate(II1) in 5M hydro- 
chloric acid medium and in the presence of 40% v/v acetic acid is described. Ferroin is used as 
the indicator. Antimony has been determined in tartar emetic, solder and pig lead. Arsenic(II1) does 
not interfere. 

No convenient procedure for the direct titration of 
antimony(W) with potassium hexacyanoferrate(II1) 
has been described to date. Fresno and Valdes’ per- 
formed the titration potentiometrically at 50-70” in 
concentrated sodium hydroxide solution, and 
Kiboku’ carried it out indirectly by precipitating 
antimony(II1) as sulphide, redissolving it in sodium 
hydroxide or sodium carbonate solution, and titrating 
the sulphide ions with hexacyanoferrate(III), using 
sodium nitroprusside as indicator. Zhdanov and Kur- 
uchkina3 studied the amperometric titration and con- 
cluded that erroneous and unreproducible results are 
obtained. In this communication we report a simple 
procedure ,for the direct titration of antimony(II1) 
with potassium hexacyanoferrate(III), using ferroin as 
indicator. The procedure has been applied to the 
determination of antimony in tartar emetic, pig lead 
and solder. 

EXPERIMENTAL 

Reagents 

Antimony(llI) solution, O.OSM. 

chloride in 3M hydrochloric acid. 
Potassium hexacpanoferrate(llI). 
Tartar emetic solution, O.OSM. 
Ferroin solution, 0.025M. 

Dissolve antimony(II1) 

0.1 M. 

A11 the other reagents used were made with analytical- 
reagent grade chemicals. The standard solutions were stan- 
dardized titrimetrically.4.5 

Procedure 

Treat a suitable volume of the antimony(II1) solution 
with enough concentrated hydrochloric and glacial acetic 
acid to make their concentrations 5M and 40”/, v/v respect- 
ively. Dilute to 100 ml and titrate with a standard potas- 
sium hexacyanoferrate(II1) solution, using a drop of ferroin 
solution as indicator. 

Antimony in pig lead and solder 

Weigh accurately about 1 g of sample into a beaker, 
add 10 ml of concentrated sulphuric acid, cover and heat 
until the alloy has been decomposed. Decant the clear 
liquid from the lead sulphate into a conical flask and boil 
for.5 min to expel sulphur dioxide. Boil the residue with 
40 ml of 6M hydrochloric acid until the lead sulphate dis- 
solves completely and add to the main antimony solution, 
disregarding any lead salt which may reprecipitate. Add 
50 ml of glacial acetic acid and one drop of ferroin solution 
and titrate with standard potassium hexacyanoferrate(II1) 
as described above. 

RESULTS AND DISCUSSION 

Because the electrode potentials are very sensitive 
to the solvent and acidity the potentials of the ferri- 
cyanide/ferrocyanide and antimony(V)/antimony(III) 
couples have been determined for a range of acid con- 

Table 1. Potentials of the ferricyanide/ferrocyanide and antimony(V)/antimony(III) couples 

In 40% v/v acetic acid 

Potential cs. NHE. V 

[HCI], M Fe(CN): -/Fe(CN):- Sb(V)/Sb(III) 

1 0.850 0.861 
2 0.955 0.855 
3 1.041 0.834 
4 1.121 0.808 
5 1.135 0.786 
6 1.138 0.772 

- 

In 5M hydrochloric acid 

Potential LX NHE, V 

[CH,COOH].4;, c/r Fe(CN:-/Fe(CN)z- Sb(V)/Sb(lII) 

0 0.982 0.890 
10 1.027 0.868 
20 1.101 0.850 
30 1.134 0.818 
40 1.138 0.786 
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Table 2. Determination of antimony with 
hexacyanoferrate(II1) 

Sb(II1) Sb(II1) 
taken, mg found, mg 

9.29 9.31 
21.2 21.3 
30.0 30.0 
38.4 38.5 
50.3 50.6 
55.8 55.9 

Table 3. Determination of antimony in pig lead and solder 

Antimony found, % 

Sample 
Sample, Hexacyano- Potassium 

9 ferrate(II1) bromate 

Pig lead 

Solder 

1.0240 4.78 4.78 
1.2014 4.80 4.81 
1.4888 4.76 4.76 
1.6206 4.75 4.80 
1.9898 4.78 4.80 
1.0122 4.67 4.68 
1.3864 4.69 4.65 
1.5920 4.70 4.70 
1.8046 4.67 4.68 
2.0082 4.72 4.70 

centrations and solvent mixtures. Potentials were 
determined with a bright platinum rod as indicator 
electrode and a saturated calomel electrode as refer- 
ence, with a saturated KCI salt bridge. The results 
are shown in Table 1. 

From the data presented above, it is clear that the 
potential of the ferricyanide/ferrocyanide couple in- 
creases with increasing acid concentration whereas 
that of the antimony(V)/antimony(III) couple de- 
creases. 

Although the difference in the potentials of the two 
systems in 4M hydrochloric acid/40% v/v acetic acid 
seems sufficiently large (0.313 mV) for potentiometric 
titration to be successful, the reaction is slow near 
the end-point, the potential taking 5-10 min to stabi- 
lize, although at the start of the titration it stabilizes 
rapidly. However, successful titrations are possible at 
hydrochloric acid concentrations of 5M or greater in 

40% v/v acetic acid. The end-point may be detected 
visually, with ferroin as indicator, or potentiometri- 
tally. The potentials stabilize within 1 min and a 
potential jump of 150-180 mV/0.04 ml is obtained. 

In view of the criticality of the concentration it 
must be stressed that in the procedure for preparation 
of the solution for titration, the acidity refers to the 

starting solution. With an aliquot of more than 10 
ml of O.lN antimony(II1) the initial volume must 
exceed 100 ml, because a turbidity or precipitate 
(possibly of ferrocyanic acid’) occurs if the antimony 
concentration exceeds 0.6 g/l. An indicator blank is 
needed if O.OlN solutions are used. Typical results 

are shown in Table 2. 

Interferences 

Arsenic(III), manganese(II), aluminium, nickel, zinc, 
lead, borate, tartrate, citrate, oxalate, phosphate and 
sulphate do not interfere, but iron( sulphide, sul- 
phite and thiosulphate do. 

Test determinations 

Antimony has been determined in tartar emetic 
under the conditions described above. The results 
obtained agreed closely with those obtained by the 
bromate method.4 Results for antimony in lead and 
solder are given in Table 3. 

Acknowledpemenrs-We are grateful to C.S.I.R. (India) for 
the award of a Junior Research Fellowship (J.R.F.) to 
V. S. N. P. Kavitha. and to Andhra University for the 
award of J.R.F. (U.G.C.) to K. R. Rao. 

1. 

2. 
3. 

4. 

5. 

6. 

REFERENCES 

C. D. Fresno and L. Valdes, 2. Anorg. Chem.. 1929. 
183, 251, 258. 
M. Kiboku. Bunseki Kaqaku, 1961, 10, 19. 
A. K. Zhdanov and N. A. Kurochkina, Tr. Nat&n. 
Tashkentsk. Gos. Univ., 1964, No. 264, 27; Chem. Ahsrr.. 

1966. 65, 113319. 
A. I. Vogel, Texrhook of Quantitarice Inorganic Anul~ - 
sis, 3rd Ed., p. 386. Longmans, London, 1973. 
I. M. KoltholT, R. Belcher. V. A. Stenger and C. Mat- 
suyama, Vo’olumetric Analysis, Vol. III, pp. 127, 236. In- 
terscience, New York, 1957. 
J. C. Bates, K. M. Davies and G. Stedman, J. Chew. 

Sot. (Dalton), 1974, 246. 



Thnrct. Vol. 26. pp. 581 to 583 
0 Pcrgamon Press Ltd 1979. Printed in Great Britain 

a)39-9140/7’J/0701-058,102.00/0 

MEILLEURE EVALUATION DU CARBONATE PAR 
DOSAGE PROTOMETRIQUE EN SYSTEIviE FERME 
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Laboratoire de Physicochimie des Solutions, Ecole Nationaie Sup&ewe de Chimie de Lille, 

B.P. 40, 59650 Villeneuve d’Ascq. France 

(Recu le 8 septembre 1978. Accept6 le 15 nocembre 1978) 

Rkum(-L’impuretC carbonate perturbe frkquemment les dosages protomktriques. Pour tenir compte 
rigoureusement de l’bquilibre liquide-gaz [H&O 3 e C02(s, + Hz01 un nouveau mode optratoire, 
qui consiste g efiectuer les neutralisations en systkme fermk avec un certain volume de phase gaz, 
est proposk. Les tquations correspondantes, exploittes par affinement multiparamttrique. sont appli- 
q&es avec succts au cas extreme de la neutralisation d’un acide. fort par une solution de carbonate 
de sodium 

Dans un travail anttrieur relatif z1 la d&termination 
de constantes d’aciditt par affinement multiparamktri- 
que’ nous nous sommes heurtb au problkme de la 
prise en compte de I’impuretk carbonate introduite 
par la base forte titrante. Les neutralisations corres- 
pondantes, effect&es sous courant d’azote, ne peuvent 
donner lieu qu’B des traitements mathtmatiques 
approchts car le dtgagement de gaz carbomque est 
variable. 

Devant l’imperfection des calculs appliquks B ces 

systbmes ouverts nous avons pens& imposer la conser- 
vation des masses en travaillant en systime fermt. 
Les tquations tiennent alors compte d’un tquilibre 

liquide-gaz [H,CO, e HZ0 + CO,,,J et ont Ctt 
ttablies dans le cas g&&al des mklanges de proto- 
lytes.’ La nouvelle technique de neutralisation con- 
siste simplement g travailler en cellule fermte, avec 
un certain volume de phase gaz. Nous dkrivons dans 
cet article le cas extreme, par la prkdominance de 
I’tquilibre liquide-gaz, de la neutralisation d’un acide 
fort par le carbonate de sodium. Si ce pro&It se 
rtvkle valide, il sera encore plus aisC d’application 
lorsque le carbonate n’est qu’une impuretk. 

RAPPEL D’ELEMENTS THEORIQU& 

Dans le cas de la neutralisation d’un acide fort par 

le carbonate de sodium, I’expression gCntrale du 
volume de r6actif c, se rkduit’ a 

Ho - h + K,/h 
I‘, = 1’0 

CP 
2(l + G&h’ + j?,h 

(1 + G)j3# + fi,h + I > 
+ h - K,/h 

Oil 

G = (us - v)/(u,, + v)RTK, 

~‘o.~p.c = volumes initiaux de la solution et de la 
phase gaz. volume de rkactif expkrimental 

fil.pz = constantes globales de formation de 
HCO; et H&O3 

K, = constante d’tquilibre = [H,COJ/pco, 

Ho. Cp = concentrations initiales en acide fort et 
en carbonate. 

h = concentration en H+ 

Rigoureusement, il faudrait introduire u, dans l’ex- 
pression de G ce qui conduirait ti rkoudre une kqua- 
tion du second degrC en v, ou A mener un calcul 
itkratif. Cependant le volume expkrimental v est main- 
.tenu dans I’expression de G. Cette approximation est 
licite lorsque v est nettement infkrieur B v0 et tip, que 
les kidus (v - v,) sont faibles ou que le carbonate 
devient une impuretk. I1 a ktk v&if% dans le cadre 
de I’exemple suivant que cette approximation condui- 
sait aux mCmes rkultats que le traitement rigoureux. 

PARTIE EXPERIMENTALE 

La neutralisation de 100 ml (rO) d’acide chlorhydrique 
(5.10e4M) par le carbonate de sodium (5.10~ ‘JU) est effec- 
tute dans un vase thermostat6 B 25’ et g une force ionique 
de 0,lM en nitrate de potassium. On prend simplement 
soin de rendre hermttique la cellule de titrage “Tacussel 
RM 06” par graissage des diffkrents rodages. Avec un tel 
volume de solution initiale et en tenant compte du volume 
occupk par les tlectrodes et la pointe de seringue, le 
volume de la phase gaz (rJ est de 190.0 k 0;s ml. 

Le rtactif est ajoutC par une seringue micromCtrique 
“Gilmont” de 2,5 ml ayant une r&solution de low4 ml. 
La valeur du potentiel (potentiomttre “PHM 64 Radio- 
meter”) est not&e lorsque la derive est infkrieure ou &gale 
g 0.1 mV/mn. Dans ces conditions la manipulation dure 
environ 8 hr. les tquilibres se stabilisant lentement dam 
la region tampon intermkdiaire (Fig. la; 0,s < r < 1 ml) 
oh se produit la redissolution du CO1,,, formt en milieu 
acide. 

II a ttC vtrifik dans une autre manipulation que la pente 
des Clectrodes (verre “Schott, type LT”, rbtrence au calo- 
mel) est nernstienne. Le calcul du dtcalage d’origine c 
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“/InI 
I I 

0 05 1.0 l.5 

Fig. 1. Neutralisations d’un acide fort par le carbonate de sodium en milieu fermk (HP = 5.10-4M: 
co = 100 ml); (a) op = 190 ml; (b) allure de la courbe pour (up - C) = 0 

(r = E*/0,05916s + log y. avec E*: potentiel normal, s:sen- 
sibilitk de l’klectrode de verre, y:coefficient d’activitk)3 de 
cette chaine de mesure, assimilable A un potentiel normal, 
est conjoint A celui des autres paramttres. 

RESULTATS 

L’affinement des paramttres inconnus est men&, g 
I’aide du programme MUPROT,’ en minimisant 

sont les variances sur u et E. Le choix de oov et oOt, 
habituellement bask sur les rksolutions de I’appareil- 
lage, est ici plus dtlicat. En effet, la valeur de rrgt 
est inconnue car k la rbsolution du potentiomttre 
viennent s’ajouter les dkfauts d’bquilibre. En nous 
basant sur I’Ccart-type final, qui doit &tre proche de 
I’unitt, nous avons pu remonter k une valeur accept- 
able (IJ~~ = 1 mV). Cependant, il est manifeste que 
nOE n’est pas constant: il faudrait logiquement intro- 
duire une variance qui dtpend du temps de mise en 
iquilibre; nous dklaisserons pour I’instant cet aspect 
du problkme qui sort du cadre de cette communica- 
tion. 

Avec les don&es d’une seule manipulation il nous 
a ttk impossible de calculer simultankment K, et /I2 
qui sent fortement correlb: la variation du volume 
de la phase gaz est trop faible pour pouvoir distinguer 

correctement ces deux parambtres. Pour lever I’ind& 
termination, il faut disposer de la valeur de K, ou 
d’au moins une manipulation effectuke avec un v, dif- 
fkrent. L’exploitation, dans les mkmes conditions de 
pondtration, des don&es obtenues anttrieurement en 
travaillant sous huile de vaseline2*3 done avec 
(ur - II) = 0, donne log /31 = 9,75; log fi2 = 15,89. 

Le tableau suivant comporte les rtsultats obtenus 
en maintenant dans I’affinement la diffkence (log 
& - log /I, = 6,14) ou en fixant K,, i la valeur de 
la littCrature4; ceux-ci sont cohkrents vu les domaines 
de confiance. L’identiti: des &carts-types indique que 
I’on peut s’accorder une li?gi?re incertitude sur le 
couple (B2, KJ sans fausser l’ajustement. 

Le terme (uI - t’)/(u,, + c) varie de 1,900 g 1,854 
durant la neutralisation: g la limite il peut &tre con- 
sidtrt comme constant, compte tenu des autres 
erreurs expCrimentales. Cette approximation entraine 
le changement de variable suivant: 

( I+ 
uy - v 

(t.0 + u)RTK, > 
/I2 5 b: = constante 

Mais le paramhtre /3: ainsi calculk (voir tableau I) 
n’est utilisable que si les caractdristiques gkomttriques 
de la cellule et le volume v0 sont maintenus pour 
les manipulations u1tCrieures. 

Dans tous ‘les cas, la concentration en carbonate 
Cp est correctement retrouvte. 

Remarquons que pour une composition donnke de 
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Tableau 1. Rbultats des ajustements multiparambtriques* 
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Parametres /I* fix& K, fixt 
Changement de variable 

& = f(Ku. 82) 

log B, (30) 9,76 (403) 9.76 (403) 9,76 (0.03) 
log 82 (30) 15.90 15.86 (0.05) 
log K,> (3~) - I.40 (0.07) - 1.47 log /.I: = 16,37 (0.05) 

C,” (301, M 4,9s (0,02).10-~ 4.98 (O,O2).1O-z 4.98 (0,02).10-2 
dtcalage d’origine $9 15 (0,002) 5,9 15 (0,002) 5,915 (0,002) 
l (30) 

Ecart-type I,14 I,14 1.15 

* 35 points extirimentaux. en. = 10e4 ml: bnF = lO-3 v. Parametres fixes: Ho = 5.10m4M; K, = 1.4ft.l0-i4; pente 
des electrodes =- l/0,05916. “. 

“_ 

la solution (NaHCO,, CaCO, . . .) et avec du COz 
provenant de l’exttrieur, le systtme que nous venons 
de decrire est tres proche des premiers procedb uti- 
lises pour la determination du pco2 des gaz, par la 

mesure du PH.~-’ 
Les valeurs de /Ii, /3*, K,, ou fir Ctant maintenant 

connues, il va 6tre possible de tenir compte rigoureu- 
sement de l’impurete carbonate dans toute neutralisa- 
tion, a I’aide de I’expression generale de u,.’ Cepen- 
dant, cette technique de titrage en milieu ferme souffre 

de la lenteur de stabilisation de l’equilibre liquide-gq 
surtout dans le sens de la redissolution du COz forme. 
II faut neanmoins se souvenir que lorsque le car- 
bonate est en faible concentration, seuls quelques 
relevts sont concern&s par ce probltme de stabilisa- 
tion. De plus, nous pensons acc.&rer la mise en tqui- 
libre en utilisant une pompe peristaltique qui reinjec- 
tera en solution le COs form& et en rtduisant le 
volume de la phase gaz. 

gentralisera au detriment de la technique utilisant le 
passage d’un courant d’azote dans la solution. 
D’autres debouches sont envisages pour les equations 
introduites pour la prise en compte des tquilibres 
liquide-gaz puisque le cas d’un protolyte extractible 
ou participant a un Bchange d’ions, se traite avec des 
expressions comparables. Une application interes- 
Sante de I’extraction liquide-liquide peut itre alors 
envisagee dans le cas de I’analyse de melanges. En 
effet, des protolytes d’acidite trts proche peuvent 
presenter des extractibilitts differentes: on observera 
alors un glissement de leurs proprietts acides, ce qui 
facilitera leur discrimination par pH-mttrie (cas ana- 
logue A celui de la figure 1). 
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Summary--Carbonate as impurity often interferes in acid-base titrations. To take into account the 
liquid-gas equilibrium [H,CO s s COsr,, + H,O)] a new method is proposed: neutralizations are per- 
formed in a closed system with a known volume of gaseous phase. The corresponding equations, 
processed by multiparametric refinement, are successfully applied in the extreme case. oiz. neutralization 
of a strong acid by sodium carbonate solution. 
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Summary-The redox response of a tin oxide electrode is determined. A pair of differently pretreated 
tin oxide electrodes is used for zero-current biootentiometric indication of the end-point in redox 
titrations. 

Thin-film tin oxide layers, generally deposited on 
glass, have recently been used as working electrodes 
in electrochemical investigations.’ This is due to some 
favourable properties’-” such as mechanical and 
electrochemical stability (broad accessible potential 
range), low double-layer capacitance, lack of extensive 
surface reactions, and good optical transparence, 
allowing the spectrophotometric investigation of elec- 
trode reactions. ” Their electrocatalytic activity can 
be strongly influenced by doping with electron donors 
or acceptors’-” or by chemical modification of the 
electrode surface.‘*-i4 Slight pretreatment effects 
have also been observed.‘.7 Tin oxide film electrodes 
were used as indicating electrodes in redox titrations 
by Cooper. is Further analytical uses reported are in 
coulometry’6-*R and stripping analysis.” Bulk tin 

oxide in the form of specially prepared pellets is used 
as an analytical sensor for combustible and toxic 
gases. 20.2’ The present paper deals with the use of 

tin oxide film electrodes as a bipotentiometric indi- 
cator system. Of the many possibilities for obtaining 
a zero-current bipotentiometric signal,22 that based 

on the use of two differently pretreated tin oxide elec- 
trodes is reported. 

EXPERIMENTAL 

The electrodes used consisted of small glass rods covered 
with tin oxide film doped with antimony. obtained by ther- 
mal decomposition of a tin(IV) chloride solution in alcoho- 
lic hydrochloric acid containing antimony(lll) chloride. 
The rods were fixed at one end in a plastic tube, electrical 
contact being ensured by pressing a thin copper ring onto 

* Part IV: L. Kekedy and M. Serban, RN. Romaine 
Chim.. 1977, 22, 633. 

the film surface. Bipotentiometric titrations were per- 
formed as described earlier. a3 One of the electrodes was 
untreated, the pretreatments applied to the other were: (UI 
soaking with cont. nitric acid for 50 set: (b) soaking with 
l“,:, potassium iodide solution for 1 min: (c) soaking with 
0.5M iron sulphate in 2N sulphuric acid for 1 min. Two 

kinds of redox titrations were performed: chemically rever- 
sible (Fe’+ with Ce4+). and irreversible (Fe*’ with 
Cr,O:- or MnO;). For comparison the titrations were 
done with end-point indication by a pair of platinum elec- 
trodes prepared in the same way as the tin oxide elec- 
trodes. 

RESULTS 

In order to select the best pretreatment combina- 
tions, the effect of a given pretreatment on the redox 
sensitivity of tin oxide electrodes was tested by 
observing the redox potential exhibited in a mixture 
of O.lM potassium ferricyanide and O.lM potassium 
ferrocyanide in different ratios as indicated in Fig. 1. 
Constant ionic strength was provided by potassium 
chloride. It can be seen that regardless of the pretreat- 
ment used, the electrode response is linear over a 

range of [ox]/[red] ratios from 100 to 0.1. The un- 
treated electrode has a slightly broader linearity range 
(ratios lW.01). At extreme [ox]/[red] ratios, devi- 
ations from linearity appear, which depend on the 
pretreatment used. Platinum electrodes showed very 
similar behaviour, including the pretreatment effect. 
The response of the tin oxide electrode in the redox 
system investigated, calculated by the least-squares 
method, is 

E = 442 + 52 log[Fe(III)]/[Fe(II)], mV 

A Nernst slope of 52 mV/decade was also found for 
platinum. The response times also were identical. 

584 
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Fig. 1. Redox sensitivity of tin oxide electrodes in the K,Fe(CN)6/K,Fe(CN), system. Pretreatments 
applied: l-untreated: 2-soaked with cone HNO,; S--soaked with FeSO,; &soaked with KI. 

f = CK~Fe(CN),YCK4Fe(CN),1. 

The potentiometric titration curves for Fe’+ with 

Ce4+ are nearly identical both with tin oxide and 
platinum electrodes, characterized by a large potential 
jump of 500-600 mV at the equivalence point. In the 
case of the irreversible titration system (Fe2+ with 
CrzO<- or MnO;) the potential jump observed with 
the tin oxide electrode was approximately 100 mV 
smaller than that observed with the platinum elec- 
trode. 

The zero-current bipotentiometric equivalence sig- 
nal obtained with the tin oxide electrode pair in both 

titration systems investigated was considerably 
sharper than that obtained with the platinum elec- 
trodes (Figs. 2 and 3). The equivalence volumes indi- 
cated by the peak of the signal correspond to the 
theoretical values within the usual titration error 
limits. Reproducibility was ensured by renewal of the 
pretreatments before each titration. The standard de- 
viations (ml) of ten bipotentiometric titrations (tin 
oxide electrodes) were: 0.017 (Fe2+ with Ce4’), 0.166 
(Fe*+ with Cr,O:-), and 0.182 (Fe’+ with MnO;) 
respectively. In conclusion: tin oxide electrodes have 
similar redox behaviour to platinum and’exhibit the 
same pretreatment effects; thus they are suitable for 
use as working electrodes in zero-current bipotentio- 

LOO - 

300- 

)E 
200- 

W’ 
a 

loo- 

O- 

-5o- 

_L 1 SnO, 

\ I I 
-q50 O,E IDO 1,25 $50 

f 
Fig. 2. Zero-current bipotentiometric titration curves of 10 
ml of O.OlM Fe*+ with O.lM Ce4+. A&-potential differ- 
ence between the two working electrodes; fdegree of 

metric redox titrations. titration. 
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f 
Fig. 3. Zero-current bipotentiometric titration curves of 10 
ml of O.OlM Fe’+ with 0.05M Cr20:-. A&-potential dif- 
ference between the two working electrodes; f-degree of 

titration. 
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Summary-Brilliant Green is used as the stationary phase in the ion-pair chromatography of butanoic. 
pentanoic. octanoic and lauric acids, with hexane-dichloromethane as eluent. 

Ion-pair chromatography is a useful technique for 
separating ionizable compounds. Since its introduc- 
tion by Eksborg and Schill’ the technique has been 

used quite extensively and many applications of ion- 
pair chromatography have been reported in the litera- 
ture.‘-’ 

The most popular mode of ion-pair chroma- 
tography involves separation in a reversed-phase sys- 
tem’-” on a chemically bonded ODS column. In this 
type of system the ion-pairing counter-ion is present 
in the polar mobile phase. Although the mechanism 
is in dispute,” the process can be adequately de- 
scribed as ion-pair formation occurring in the mobile 
phase with the hydrophobic ion-pairs partitioning 
into the non-polar stationary phase. 

Another approach to ion-pair chromatography in- 
volves a normal-phase system in which the ion-pair- 
ing counter-ion is present in the polar stationary 
phase.r2.” This technique has not been used exten- 
sively, because the reversed-phase technique is more 
convenient. In the normal-phase technique, careful 
equilibration of the mobile and stationary phases, 
temperature control and the use of a presaturation 
column are usually necessary if good results are to 
be obtained. Also, when compared with the reversed- 
phase technique, normal-phase ion-pair chroma- 
tography suffers from low efficiency, peak asymmetry 
and low sample capacity.g 

Normal-phase ion-pair chromatography offers one 
advantage over the reversed-phase technique. By 
proper selection of the ion-pairing counter-ion, the 
normal-phase system can be used for the separation 
and detection of trace levels of ionizable solutes which 
cannot be detected with a photometric detector. In 
normal-phase ion-pair chromatography the ionic 
solute will exist as an ion-pair in the non-polar 
mobile phase. By selection of a counter-ion which 
exhibits a strong absorbance, and monitoring the 
absorbance with a photometric detector, a convenient 

system can be developed for the detection of non- 
absorbing solutes at levels below the detection limit 
of a refractive index detector (around 10 pg under 

idea) conditionsr4.“). This principle was first intro- 
duced by Eksborg et aLI 

Lagerstrom and Eksborg et ~1.‘~ used a quater- 
nized tricyclic antidepressant, N,N-dimethylprotripty- 
line (e = 4 x lo3 l.mole-‘.cm-‘, 1 = 254 nm), to 
separate three carboxylic acids of widely different 
molecular weight. Using this as the counter-ion in 
their normal-phase system, they separated and 
detected 0.16 pg of benzilic acid, 0.18 pg of phenylbu- 
tyric acid and 0.19 pg of salicylic acid. They estimated 
that the detection limit would be at least one order 
of magnitude lower. 

Cationic (and anionic) dyes possess properties 
which are well suited for use as counter-ions in nor- 
mal-phase ion-pair chromatography. These com- 
pounds generally exhibit strong absorbance in the 
visible spectrum, which should permit very low detec- 
tion limits for non-absorbing ionizable solutes. This 
paper describes the use of a triphenylmethane dye 
as the counter-ion in normal-phase ion-pair partition 
chromatography of a series of short-chain aliphatic 
acids used as a model series of solutes. Several tri- 
phenylmethane dyes were examined, including Bril- 
liant Green, Crystal Violet and Malachite Green. In 
preliminary batch extractions, only Brilliant Green 
(E = 8.8 x 10” l.mole-‘.cm-‘. I.,,,,, = 630nm) 
formed extractable species with the fatty acid anions 
and it was, therefore, chosen for the work described 
here. 

EXPERIMENTAL 

Apparatus 

A Model 3500B Spectra-Physics Liquid Chromatograph 
coupled with a Schoeffel SF770 Spectroflow variable-wave- 
length detector was used for all separations. Data were 
analysed with an Autolab System I Computing Integrator 
(Spectra-Physics). Absorbance measurements were made 
with a Cary 14 spectrophotometer. 

Reagents 

Brilliant Green (Eastman), dye content 9497%. was 
used as received. Further purification was found unnecess- 
ary since it did not affect the amount of dye extracted 
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into the organic phase. All other chemicals used were re- 
agent grade. Demineralized water was used in the initial 
extraction studies. 

Chromasorb P 60-80 mesh, acid-washed (Johns-Man- 
ville), Porasil B/250, 37-75 pm (Waters Associates), and 
Corning Uncoated Controlled Pore Glass 75-125 pm and 
S-10 pm (Pierce Chemical Co.) were used as stationary- 
phase support materials. 

Chromasorb P 125-150 pm, was obtained by grinding 
and sieving Chromasorb P 60-80 mesh. 

Procedure 

Columns were packed either by the balanced-density 
slurry or dry-packing techniques, depending on particle 
size. All support materials were oven-dried before use. 
For particles (_ 10 pm in diameter the balanced-density 
slurry method” was used. The slurry was obtained by mix- 
ing 1.5-2.0 g of support material with 20 ml of a 1:l v/v 
mixture of tetrabromoethane and butanol. The slurry was 
finally adjusted by observing the direction in which the 
particles tended to migrate after 30 min and adding the 
appropriate solvent to stop the migration. The column was 
packed by a method previously described.‘* 

After packing with the support material, the columns 
were prepared by the in sifu coating technique.lg The 
columns were flushed with SO ml of ethanol or methanol 
followed by approximately 30 ml of stationary phase. The 
excess stationary phase was removed by flushing the 
column with hexane. In general, this required about 200 
ml of hexane. 

The stationary phase consisted of aqueous solutions of 
Brilliant Green (0.01-0.05M) buffered to pH = 6.1 with 
0.2M phosphate buffer. The stationary phase was filtered 
through a 0.4%pm filter before coating the column. 

The samples were injected in either the acid form or 
as the ion-pair, dissolved in the mobile phase (a mixture 
of hexane and dichloromethane. 

All experiments were performed at ambient temperature 
(22 5 3”). 

RESULTS AND DISCUSSION 

The composition of the mobile phase was found 
to be the most important factor in determining the over- 
all chromatographic characteristics of the method. 
Figure 1 illustrates the influence of the mobile phase 

2 
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Time (min) 
Fig. 1. Effect 01‘ mobile phase composition on sensitivity 
and resolution: A, octanoic acid; B, pentanoic acid. Mobile 
phase: 1, 60% H2CC12/400/, hexane; 2, 70% HzCC12/300/, 
hexane; stationary phase: O.OSM Brilliant Green, 0.2M 
phosphate pH = 6.1, coated on Chromworb P, 6&80 

mesh. 

A 

IV -38.66 

8.0 I, 

k‘ 
J 

4.0 * 

‘\ \ 

I -. 

0 0.5 1.0 

X 
H2C Cl* 

Fig. 2. Change in capacity factor with mobile phase com- 
position: A, butanoic acid; B, pentanoic acid; C, octanoic 
acid: D, lauric acid. Stationary phase: O.OSM Brilliant 
Green, 0.2M phosphate buffer pH = 6.1, coated on 5-10 

pm controlled pore glass. 

composition on both the resolution and sensitivity 
of the method. As the proportion of dichloromethane 
in the mobile phase increases, the peak area, and 
therefore sensitivity, increases. A change from 60”,, 
to 70% dichloromethane in the mobile phase in- 
creases the peak area by a factor of 4 for both 
octanoic and pentanoic acids. Under these conditions. 
however, the resolution I4 decreases. For the mobile 
phase containing 60% dichloromethane the resolution 
is calculated to be 1.31, while with the 70% mixture 
it decreases to 0.91. 

The effect of the mobile phase composition on the 
capacity factor for several short-chain fatty acids is 
shown in Fig. 2. The capacity factor is found to vary 
inversely with the mole fraction of dichloromethane 
in the mobile phase. A linear least-squares fit to the 
data gave the following: butanoic acid, m = -38.66. 
r = 0.9969; pentanoic acid, m = - 14.22, r = 0.9923: 
octanoic acid; m = -1.51, r = 0.9999; lauric acid, 
m = - 1.49, r = 0.9997. 

From the data in Fig. 2 it is apparent that the 
chromatographic behaviour of the heavier acids is in- 
fluenced to a lesser degree by changes in the mobile 
phase composition than that of the lighter acids. The 
heavier acids, being more hydrophobic than the 
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Fig. 3. Separation of octanoic, pentanoic, and butanoic 
acids: A, 14 pg of octanoic acid; B, 31 pg of pentanoic 
acid; C, 27 pg of butanoic acid. Mobile phase: 70”/, 
HzCClZ/30% hexane, flow-rate 0.6 ml/mitt. Stationary 
phase: 0.05M Brilliant Green, pH = 6.1, 0.2M phosphate 

buffer, coated on 75-125 pm controlled pore glass. 

lighter acids, exhibit more favourable partitioning as 
ion-pairs into the organic solvent. This explains the 
elution order of the acids as indicated in Fig. 2. The 
heavier, more hydrophobic, acids are eluted before 
the lighter acids. 

The data in Figure 2 indicate that it should be 
possible to separate the heavier fatty acid with the 
system described. As the amount of dichloromethane 
in the mobile phase decreases, the difference in the 
capacity factor for lauric and octanoic acids increases. 
With a mobile phase composition of 18% dichloro- 

methane and 82% hexane the capacity factor for 
octanoic acid is 0.94 and for lauric acid 0.85. To sep- 
arate the acids under these conditions would require 
a column 110 cm long. 

Figure 3 shows the separation of three low molecu- 
lar-weight fatty acids. The separation was achieved 

by isocratic elution with 70% dichloromethane, 30% 
hexane. The data show that Brilliant Green can be 
used to separate the short-chain fatty acids. The dye 
counter-ion offers enough selectivity to allow the sep- 
aration of acids differing by only one methyl group, 
with a high degree of sensitivity. Amounts as small 
as 20 ng have been detected. 

Three materials were tested for use as supports for 
the aqueous stationary phase: Chromasorb P, Pora- 
sil/B/250, and Corning Uncoated Controlled Pore 

Glass. Both Chromasorb P and Controlled Pore 
Glass were found to be compatible with the station- 

ary phase used. Porasil/B/250 was found to be unac- 
ceptable as a support material. Porasil is a highly 
active silica support and tended to adsorb the dye 
counter-ion very strongly. This interfered with ion- 
pair formation and no signal was observed when this 
support material was used. The best sensitivity was 
obtained when Chromasorb P was used as the 
stationary phase support. 

The major problem associated with the method de- 
scribed is the relatively short column lifetime. In gen- 
eral, the column has a useful lifetime of 20-30 hr. 
The tendency of the triphenylmethane dyes to form 
neutral carbinols” is the most important factor in 
determining column lifetime. The formation of the 
carbinol tends to increase losses of dye from the 
column by increasing dye solubility in the mobile 
phase. For this reason, equilibrated mobile phases did 
not play a major role in determining column lifetime, 
since their use did not increase it significantly. For- 
tunately, the rate of carbinol formation from Brilliant 
Green is slow enough to allow the use of this dye 
as the stationary phase counter-ion. 
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Summary-A new redox titrant, dibromamine-B (N,N’-dibromobenzene sulphonamide) is introduced 
for use in acetic acid medium. Direct potentiometric determinations of hydrazine, ascorbic acid, aniline, 
thiourea and its metal complexes and oxine and its metal complexes have been described, 

The number of suitable oxidants available for non- 
aqueous redox titrimetry is limited. Recently, organic 
haloamines have received considerable attention as 
redox titrants. Although the well-known members of 
this class, namely, chloramine-T and chloramine-B 
are soluble in water, dichloramine-T (DCT)-5 and 
dibromamine-T (DBT)6*7 are employed as redox 
titrants in non-aqueous or partially aqueous media. 
A recent addition to the group is dibromamine-B 
(N,N’-dibromobenzene sulphonamide, hereafter 
abbreviated to DBB) which can be used as an oxidi- 
metric titrant in acetic acid medium. Potentiometric 
determinations of typical, yet diverse, reductants such 
as hydrazine, ascorbic acid, aniline, thiourea and its 
metal complexes and oxine and its metal complexes, 
have been carried out with this new redox titrant and 
these results are reported in the present communica- 
tion. 

EXPERIMENTAL 

Apparatus 

A Bajaj potentiometer with a platinum indicator elec- 
trode and a reference calomel electrode was used for poten- 
tiometric titrations. All titrations were done at room 
temperature (25 f 2”). End-points were determined by 
drawing normal, first-derivative and second-derivative 
curves. 

Reagents 

Dibromamine-B. DBB was prepared by the bromination 
of chloramine-B (CAB). Pure chlorine gas was bubbled 
through a solution of benzene sulphonamide in 4M sodium 
hydroxide over a period of 1 hr at 70”. The chloramine-B 
obtained was filtered off, dried and recrystallized from 
water. CAB (30 g) was dissolved in water (560 ml) and 
liquid bromine (&ml) was added dropwise from a burette 
with constant stirring. The yellow precipitate of DBB 
formed was thoroughly washed with water, filtered under 
suction and dried in a vacuum desiccator: yield about 35 g, 
indicating - 100% recovery. The sample was stored in 
brown bottles. The dry sample melts at 110-l 11” with 
decomposition. The available bromine was determined by 
iodometry (found, 51.0%; theory, 50.74%). 

Spectral analyses 

The infrared spectra of CAB and DBB (in KBr discs) 
are almost the same, but DBB was further characterized 
by Fourier transform NMR’% and ‘H spectra (obtained 
on a Bruker-WH 270 NMR spectrometer, Switzerland). 
The proton-noise-decoupled r3C spectrum (measured in 
methanol-d) showed the following chemical shifts (6 in 
ppm from Me,Si): C-l atom attached to S atom (143.285); 
C-22’ atoms (129.491); C-33’ atoms (126.205); C-4 atom 
(132.901). The ‘H spectrum (measured in CDCI,; Me,Si 
internal standard) showed three distinct peaks centred 
around 8.15 (doublet), 7.81 (triplet) and 7.67 6 (triplet) due 
to the o-, m- and p-protons respectively. The PMR signals 
due to m- and p-protons appear as a multiplet for the 
parent compound CAB, but the peaks are well resolved 
for DBB. A downfield shift of 0.3 and 0.1 6 has been ob- 
served for the o- and m-protons in DBB, with J,,, = 8.0 Hz. 
Comparison of the CMR spectra of DBB and CAB indi- 
cates an upfield shift for C-l ( -0.8 ppm) and a downfield 
shift of -2 ppm for the other carbon atoms. In DBB, the 
introduction of a halogen atom thus increases the electron 
density around C-l (carbon attached to the hetero atom) 
and it is likely that DBB may function as a better oxidizing 
agent than CAB. 

Preparation and standardization of stock solutions of DEB 

DBB is very slightly soluble in water (0.339 g/kg), but 
is fairly soluble in glacial acetic acid (160.6 g/kg) and other 
common organic solvents. The solubilities given are for 
30”. An approximately 0.02SM (-O.lN) solution of DBB 
was prepared by dissolving 7.88 g in a litre of water-free 
acetic acid and preserved in amber-coloured bottles. The 
solution was found to be fairly stable. The normality of 
a typical stock solution over a period of 15 days is given 
in Table 1. 

DBB solutions decompose slightly when stored in 
colourless bottles exposed to fight. Hence they are pre- 
served in brown bottles and for accurate work should be 
standardized daily (by addition of aqueous potassium 
iodide solution to aliquots of the oxidant and titration 
of the liberated iodine with thiosulphate). 

Reductants 

The compounds used were of analytical-reagent quality. 
Aqueous solutions of the followine were nrenared: hvdra- 
zinc sulphate ( - 5 mg/ml); ascorbic acid (‘- 2 mg/ml)f ani- 
line, redistilled (-5 mg/ml); thiourea (-2 mg/ml) and its 
complexes (-5 mg/ml). Thiourea complexes of zinc and 
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Table 1. Stability (normality) of dibromamine-B solutions in acetic acid 

Number of days 0 1 2 3 4 5 6 7 15 

Kept in amber 
bottle in dark 

Kept in amber 
bottle in daylight 

Kept in colourless 
bottle in dark 

Kept in colourless 
bottle in daylight 

0.1023 0.1023 0.1023 0.1021 0.1021 0.1019 0.1019 0.1017 0.1009 

0.1021 0.1021 0.1021 0.1017 0.1017 0.1014 0.1014 0.1009 0.09961 

0.1023 0.1023 0.1021 0.1019 0.1019 0.1019 0.1017 0.1017 0.1005 

0.1023 0.0987 0.0967 0.0937 0.0915 0.0872 0.0847 0.0811 0.0616 

cadmium were prepared by methods reported in the litera- 
ture or by mixing the ligand and metal salt solutions in 
stoichiometric proportions, followed by evaporation and 
cooling. The purity of the complexes was checked by ele- 
mental analysis. A standard solution of oxine ( - 5 mg/ml) 
was prepared in 50% aqueous acetic acid. Anhydrous 
oxinates of Fe(III), Co(H), Zn(II), Cu(II), Ni(I1) and Mg(I1) 
were prepared by standard procedures. Solutions of the 
oxinates ( -5 mg/ml) were prepared in 4N sulphuric acid 
(- 2 mg/ml in the case of iron and nickel oxinates). The 
strengths of these solutions were checked by the bromate- 
bromide method.’ 

Procedure 

Addition of potassium bromide was found essential in 
some cases although hydrazine and thiourea could be 
directly titrated with DBB. Ascorbic acid was titrated with 
DBB in presence of 0.5 ml of 10% potassium bromide 
solution and aniline, oxine and metal oxinates in presence 
of 10ml of the bromide solution. About 1 g of potassium 
bromide had to be added during the titration of metal 
complexes of thiourea. 

RESULTS AND DISCUSSION 

A statistical evaluation of the results is given in 
Table 2. 

In the vicinity of the end-point a steady potential 
was attained almost instantaneously in all cases. In 

this respect, DBB enjoys a clear advantage over DCT 
and DBT. The formal redox potential of the DBB 
sulphonamide couple in acetic acid medium was 
determined by the extrapolation procedure and found 
to be +1.32 V at 25”. 

In the case of ascorbic acid, aniline, thiourea com- 
plexes, oxine and oxinates, the actual oxidant seems 
to be bromine produced in situ by the reaction of 
the added potassium bromide with the oxidant, In 
these reactions, DBB is reduced to benzenesulphona- 
mide. 

RNBr, + 2H+ + 4e-+RNH2 + 2Br- 

(where R = C,H,SO,). 
Hydrazine and thiourea react directly with the oxi- 

dant as follows: 

NzH4 + RNBr,+Nr + 2H+ + 2Br- + RNH, 

NH2CSNH2 + 2RNBr, + _5H20 

--+ NH,CONH, + 2RNHr + 6H + 
+ SOi- + 4Br-. 

Ascorbic acid is oxidized to dehydroascorbic acid 
with a two-electron change, while aniline is bromin- 
ated to give tribromoaniline (m.p. 119”). Urea formed 

Table 2. Potentiometric titrations of some reductants with dibromamine-B 

Reductant* 

Reductant Coefficient of 
taken, variationt Range studied, 
mmole % mg Error, % 

Hydrazine sulphate 0.3845 0.4 100.0-5.0 0.24.8 
Ascorbic acid 0.2839 0.3 loO.(r5.0 0.24.9 
Aniline 0.2938 0.2 54.7-10.9 0.61.0 
Thiourea 0.2625 0.5 99.9-l 0.0 0.24).8 
Zntu,SO, 0.0645 0.3 50.4-2.5 0.0-0.5 
Cdtu2C12 0.0746 0.5 50.e2.5 0.14.8 
Zntu,(OAc), 0.0745 0.4 25.c2.5 0.1-0.7 
CdtuZ(HCOO), 0.0700 0.3 34.7-5.0 0.1-0.9 
Cdtu2(OAc)2 0.0656 0.1 50.2-5.0 0.41.0 
Zntu2CIz 0.0869 0.2 50.1-2.5 o&o.7 
Oxine 0.3447 0.5 100.~15.0 0.24.9 
Fe(CsH,0N)3 0.1024 0.0 50.&2.0 0.5-1.0 
Co(CaHr,ON)2 0.1435 0.4 49.8-2.5 O&O.8 
Zn(GH&N)r 0.1422 0.4 50.3-2.5 O.W.8 
Cu(CsHeDNL 0.1427 0.3 50.2-20.1 0.41.0 
Ni(C9H,0N)2 0.1443 0.3 50.1-20.0 0.24.8 
Mg(CsH6DN)2 0.1604 0.5 50.1-20.1 0.1-1.0 

* tu = NHICSNH2. 
t Four replicates. 
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in the oxidation of thiourea was detected by the 
diphenylcarhohydrazide test.’ Oxine undergoes a four- 
electron change and bromination to give dibromo- 
oxine. Benzenesulphonamide formed during these 
reductions was detected by TLC with a mixture of 
petroleum ether, chloroform and n-butanol (1: 1 :O.S 
v/v) as the mobile phase and iodine as the detection 
agent (RF = 0.88). 
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Summary-A procedure is described for the extractive spectrophotometric determination of nickel and 
palladium with quinoline-2-aldehyde thiosemicarbazone. At pH 7.5 nickel forms a 1:2 complex which 
is soluble in chloroform and has an absorption maximum at 460 nm. Palladium forms a 1: 2 complex 
with maximum absorbance at 510 nm which can be extracted into MIBK from 1M HCI. Both complexes 
are stable and conform to Beer’s law. The molar absorptivities for nickel and palladium are 1.58 x lo4 
and 2.6 x lo3 I.mole-‘.cm-’ respectively. The proposed method is suitable for detection and deter- 
mination of nickel and palladium in the presence of associated metal ions. The results of the analysis 
of synthetic mixtures and standard samples are reported. 

Quinoline-2-aldoxime has been used as spectrophoto- 
metric reagent for copper,’ palladium2 and rhenium.3 
Similarly, quinoline-2-aldehyde thiosemicarbazone 
(QAT)4 forms coloured solutions with copper and 
nickel salts, but its utility as a spectrophotometric 
reagent for metal ions is still uninvestigated. This 
paper describes systematic studies on its use for sol- 
vent extraction and selective spectrophotometric 
determination of palladium and nickel. 

EXPERIMENTAL 

Reagents 

Quinoline-2-aldehyde thiosemicarbazone (QAT). The re- 
agent was synthesized by refluxing equimolar amounts of 
quinoline-2-aldehyde and thiosemicarbazide. A 0.1% solu- 
tion of QAT (m.p. 234”) in 1: 1 waterdimethylformamide 
mixture was used for nickel and a 0.01% solution in the 
same solvent was used for palladium determination. 

Stock solution of nickel chloride 4.3 x IO-‘M. 
Stock solution of palladium chloride 1.0 x 10-2M. The 

stock solutions were standardized and solutions containing 
5 ppm Ni and 50 ppm Pd were prepared by appropriate 
dilution. 

All other chemicals used were of guaranteed grade. 

Recommended extraction procedure 

Take an aliquot of sample solution containing 5-25 fig 
of nickel, add 4 ml of 0.1% QAT solution and 2 ml of 
1 M aqueous pyridine solution and dilute to 20 ml with 
distilled water. Adjust the pH to 7.5 and make up to 25 
ml. Transfer the sdlution td a separating funnel and after 
10 min extract by shaking, for 15 set each time, with two 
5-ml portions of chloroform. Collect the lemon-yellow 

organic phase, dry it with anhydrous sodium sulphate and 
measure the absorbance at 460 nm against a reagent blank 
prepared in the same manner. 

For the determination of palladium take an aliquot of 
solution containing 50-200 pg of palladium, add 4 ml of 
0.01% QAT solution and enough hydrochloric acid to 
make its concentration 1M in a total volume of 10 ml. 
Transfer the solution into a lO@ml separating funnel and 
shake (for 1 min each time) with two 5-ml portions of 
MIBK. Collect the orange-red organic phase, dry it with 
anhydrous sodium sulphate and measure the absorbance 
of the complex at 510 nm against a reagent blank prepared 
in the same manner. 

RESULTS AND DISCUSSION 

Spectral characteristics and extraction conditions 

The absorption spectrum of the Ni-QAT complex 
(10 pg of Ni) extracted into chloroform at pH 7.5 
shows maximum absorbance at 460 nm. The reagent 
does not absorb at this wavelength. The system con- 
forms to Beer’s law over the nickel concentration 
range of 0.5-2.5 @g/ml in the organic phase, at 460 
nm. The molar absorptivity of the complex is 

1.58 x lo4 l.mole-‘.cm-’ at 460 nm. The colour is 
stable for 24 hr. The extraction is quantitative at pH 
7.2-7.8 (Table 1). Variation in the concentration of 
QAT and pyridine showed that 4 ml of 0.1% QAT 
solution and 2 ml of 1M pyridine are adequate for 
complete complexation of 5-25 pg of Ni. Excess of 
reagent, however, has no adverse effect on the com- 
plexation and extraction. The extraction period for 
quantitative extraction is only 15 sec. The effect of 

Table 1. Extraction of Ni-QAT complex (Ni 10 pg) as a function of pH 

PH 4.5 5.0 5.5 6.0 6.5-7.0 7.2-7.8 8.C8.5 
Extraction. % 35.2 66.7 87.0 88.9 92.6 100.0 98. I 
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Table 2. Extraction of Ni-QAT and 
Pd-QAT complexes with various organic 

solvents 

Solvent 
Extraction %, 
Ni Pd 

Carbon tetrachloride 0.0 0.3 
Benzene 0.0 8.3 
Toluene 0.0 8.3 
Xylene 0.0 4.2 
Chloroform 100.0 38.7 
Isoamyl alcohol 79.6 24.2 
MIBK 38.9 100.0 
Ethyl acetate 51.8 87.3 

Ni = 10 pg; pH of aqueous solution = 7.5; 
Pd = 100 pg; acidity of aqueous solu- 
tion = 1M HCI. 

different organic solvents is shown in Table 2. The 
only effective solvent of the eight tested was chloro- 
form. 

The absorption spectrum of the Pd-QAT complex 
(100 pg of Pd) extracted into MIBK from 1M hydro- 
chloric acid has an absorption maximum at 510 nm, 
the molar absorptivity being 2.6 x lo3 1 .mole-’ . 
cm-‘. Beer’s law is obeyed over the palladium 

concentration range 2.5-20 pg/ml in the organic 
phase (at 510 nm) for the complex extracted from 
1 M hydrochloric or acetic acid. The complex is stable 
for 20 hr. The extraction is quantitative from 1-3M 
hydrochloric, acetic or sulphuric acid media (Table 
3), but nitric acid is unsuitable. Four ml of 0.01% 
QAT solution and 15 set shaking time is adequate 
for optimum colour development of the complex. 
Excess of reagent had no effect on the intensity of 
the colour. The results in Table 2 show that the only 
effective solvent for the quantitative extraction of the 
Pd-QAT complex is MIBK. 

The precision of the method is fairly good 
(260.6% error for 20-5 pg of Ni ; 1.24.7x for 1 SO-SO 
pg of Pd). 

E&t offoreign ions 

A number of representative ions were examined for 
their interference in the determination of nickel and 
palladium by the recommended procedure. The toler- 
ance limit (Table 4) was set at the amount required 
to cause 1% error. The study showed that of the ions 

Table 3. Extraction of Pd-QAT 
complex (Pd 100 pg) as a function of 

acidity 

Acid Extraction, % 

0.25M HCI 77.1 
0.5M HCl 95.9 
I-3M HCI 100.0 
4M HCl 93.7 
l-3M CH,COOH 100.0 
l-3M H,SO, 100.0 
l-3M HN03 50.0 

Table 4. Effect of foreign ions on extraction 
of Ni (10 pg) and Pd (100 pg) 

Ions added 
Tolerance limit, mg 

Ni Pd 

Ag(I) 0.1 2.0 
Cu(II) 0.1 0.1 
Co(H) 0.3 3.0 
Zn(II) 0.1 2.0 
Cd(H) Nil 3.0 
Mn(I1) 0.5 4.0 
Sn(I1) 0.1 2.0 
Ni(I1) 0.5 
Pd(I1) Nil 
Al(II1) 0.5 4.0 
Bi(HI) 2.5 
Cr(II1) 0.1 3.5 
Au(III) 0.1 Nil 
Sb(II1) 0.1 0.1 
Ru(III) 0.1 0.5 
Rh(II1) 0.1 2.0 
Ir(II1) 0.1 2.0 
Fe(III)* 0.1 3.0 
La(II1) 5.0 
Sn(IV) 1.5 0.1 
Pt(IV) 0.1 0.5 
Th(IV) 0.1 2.0 
Se(W) 2.5 
Te(IV) 1.5 

V(V) 0.5 3.0 

WVI) 5.0 
MO(W) 2.5 4.0 

W(VI) 1.5 0.5 
Cr(VI) 0.5 0.5 
Os(VII1) 3.0 
Tartrate 5.0 5.0 
Citrate 5.0 5.0 
Ascorbate 5.0 5.0 
EDTA 2.0 0.5 
Phosphate 5.0 
Fluoride 2.0 2.5 

* Masked with EDTA. 

tested the only serious effect is by Cd(B) and Pd(I1) 
on the Ni determination and by Au(III), PQII), and 

SCN- on that of Pd. 

Composition of extracted species 

The composition of the NiQAT and PdQAT 
complexes were determined by Job’s continuous’ 
variation method and the mole-ratio method.6 Both 
methods indicate the formation of a 1:2 complex. 

Applications 

Both nickel and palladium can be detected and 
determined in presence of associated metal ions. The 
results for various synthetic mixtures are reported in 
Table 5. 

Determination of nickel in steel and nickel silver. Dis- 
solve 500 mg of the steel sample (NBS) and 1 g of 
nickel silver as described elsewhere’ and determine 
nickel by the proposed method in an aliquot of the 
solution. For the analysis of steel samples, iron is first 
selectively removed by extraction with mesityl oxide’ 
or 4-methylpentan-2-01’ and nickel in the aqueous 
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Table 5. Analysis of synthetic mixtures (means of triplicate determinations) 

Composition of mixture and 
amounts taken 

P8 

Ni, 10; Co,.100 
Ni, 10; Cr, 100; Mn, 100; MO, 100 
Ni, 10; Cr, 100; Mn, 100; V, 100 
Ni, 10; Cr. 100; Mn, 100; MO, 100; Bi, 100 
Ni, 10; Cu. 100; Mn, 100; Cr. 100; 
MO, 100; Fe, 100 (masked with EDTA) 
Ni, 10; Zn, 100; Bi, 100; Al, 100 
Ni, 10; Mn, 100; Bi, 100; Zn, 100; Cu, 100 
Pd, 100; Pt, 200 
Pd, 100; Co, 100; Ni, 100 
Pd, 100; Ir, 100; Rh, 100; Ru, 100; OS, 100 

Nickel Palladium Relative 
recovered, recovered, error, 

% % % 

99.4 0.6 
98.3 - 1.7 
99.0 - 1.0 
98.3 - 1.7 

98.7 - 1.3 
99.0 - 1.0 
98.5 - 1.5 
- 98.9 1.1 
- 98.9 1.1 

98.7 1.3 

Table 6. Analysis of standard samples 

Sample 
Composition Nickel content, % 

% Declared Found 

Relative 
error, 

% 

Steel 33b 
(NBS) 

Steel 33c 
(NBS) 

Steel 33d 
(NBS) 

Nickel silver 

C, 2.24; Si, 2.0, 
P, 0.11; s, 0.03; 
Mn, 0.64; Cr, 0.61 ; 
MO, 0.40 
C, 3.31; Si, 1.88; 
s, 0.06; P, 0.11; 
Mn, 0.86 
C, 2.30; Si, 1.63; 
s, 0.02; P, 0.02; 
Mn, 0.63; Cr, 0.52; 
Cu, 1.54; MO, 0.48; 
Mn. 0.27; Bi, 0.6; 
Cu. 55.1; Zn, 25.83 

2.24 2.20 1.8 

1.98 1.96 1.0 

2.38 2.34 1.7 

18.20 18.0 1.0 
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extract is determined by the proposed method. 3. 
Results for the analysis of some standard samples are 
reported in Table 6. 4. 
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Summary-Up lo 40 mg of sodium can be quantitatively precipitated as sodium zinc uranyl acetate 
if enough reagent of appropriate composition is added to make the concentrations of zinc and uranium 
in the mother liquor at least 1.25 and 0.14M respectively. In practice, the reagent solution contains 
100 g of uranyl acetate and 300 g of zinc acetate per litre and the volume added (ml) must be at 
least 15 times that of the solution to which it is added or 1.5 times the number of mg of sodium 
present, whichever is the greater. The triple salt can then be dissolved in water and the zinc selectively 
titrated with EDTA at pH 5.3, with Xylenol Orange as indicator. The uranium is masked with 
ammonium fluoride. Most constituents of ceramics and other silicates, including barium, strontium, 
magnesium, potassium, sulphate, phosphate and arsenate. do not interfere. 

Sodium is present in most silicate materials, including 
glass and enamel. Sodium content less than 10% is 
usually determined by flame photometry.’ When the 
sodium content is higher, the accuracy may be inade- 
quate because of the dilution factor. Of the classical 
gravimetric methods, that using zinc uranyl acetate’ 
is the most widely used, with minor modifica- 

tions.3-‘3 However, in most of these methods up to 
only 10.8 mg of sodium oxide is precipitated, from 
the test solution concentrated to 1 ml, with 3-10 ml 
of zinc uranyl acetate reagent. However, Koening14 
reported quantitative precipitation of up to 12.6 mg 
of sodium oxide from a solution concentrated to 5 
ml, with 20 ml of the reagent solution. Thus the litera- 
ture does not give a clear guidance on the conditions 

to be used. 
The titrimetric methods reported in the literature 

are essentially based on separation by the zinc uranyl 
acetate method followed by a simple titrimetric finish 
such as (1) reduction of UO$+ to U4+ followed by 
an oxidimetric titration,‘5’16 (2) alkalimetric titra- 
tion,17,18 (3) precipitation titrationlg and (4) titration 
of zinc with ferricyanide-iodide-thiosulphate” or 
EDTA.21,22 The first three methods are adversely 
affected by co-precipitation of any uranyl compounds, 
in particular potassium uranyl acetate. The complexo- 
metric titration of zinc has been examined only for 
estimation of micro amounts of sodium up to 0.32 

mg. 
The present investigation was undertaken to find 

the conditions for quantitative precipitation of higher 
amounts of sodium as its triple salt and then to work 
out a simple indirect complexometric method for 
determination of sodium in glass and other silicate 
materials. 

The study reveals that at room temperature 
(25 & 5”) quantitative precipitation of up to 40 mg 
of sodium (54 mg of Na,O) from l-4 ml of test solu- 
tion is possible when the concentrations of the excess 
of zinc and uranium in the mother liquor are 1.25M 
and 0.14M respectively. For practical purposes, the 
volume of reagent solution to be added must be at 
least 15 times the volume of the test solution or 1.5 

times the number of milligrams of sodium present 
in the test solution, whichever is the greater. 

EXPERIMENTAL 

Reagents 

Zinc uranyl acetate solution. Dissolve separately (by 
heating) 100 g of uranyl acetate in 300 ml of water contain- 
ing 20 ml of glacial acetic acid, and 300 g of zinc acetate 
in 500 ml of water containing 15 ml of glacial acetic acid. 
Mix the hot solutions, keep them overnight. filter, dilute 
to 1 litre and store in a polythene bottle. 

Standard zinc soft&ion. Dissolve about 1.6 g of pure zinc 
metal (weighed accurately) in 6M hydrochloric acid and 
dilute to 1 Ii&e. Calculate the molarity from the weight 
taken. 

EDTA solution, 0.0?5M. Standardized against the stan- 
dard zinc solution at pH 5.3, with Xylenol Orange as indi- 
cator. 

Bugler solution (pH z 5.3). Dissolve 21.5 g of sodium 
acetate trihvdrate in 500 ml of water containing 2 ml of 
glacial acetic acid and dilute to 1 litre. - 

Xylenol Orange. A 0.2% solution in water containing 
a drop of 6M hydrochloric acid. 

Wash solution. Saturate 450 ml of absolute alcohol con- 
taining 4.5 ml of 300/, acetic acid with sodium zinc uranyl 
acetate at room temperature (25 + 5”). 

Ammonium jluoride solution, 10%. 

Procedure 

Take up to 4 ml of test solution containing up to 40 
mg of sodium in a lOO-ml beaker. With stirring add zinc 
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many1 acetate solution, using a volume (ml) at least 15 
times the volume of the test solution or 1.5 times the 
number of mg of sodium, whichever is the greater, and 
continue stirring for a few minutes. Let the precipitate set- 
tle for 30-40 min. Filter off on a dry sin&red-glass crucible 
(porosity 4) and wash the precipitate with two or three 
5-m] portions of reagent solution, then g-10 times with 
wash solution followed by acetone 2 or 3 times. Dissolve 
the precipitate in five 10 ml portions of water, collecting 
the solution quantitatively. Add 20 ml of buffer solution, 
10 ml of ammonium fluoride solution and six drops of 
Xylenol Orange solution, then titrate the zinc with EDTA. 

Sodium in glass and other silicate materials 

Decompose 0.5 g of sample with 10 ml of hydrofluoric 
acid and 5 ml of perchloric acid in a platinum dish and 
heat to fuming. Add another 10 ml of hydrofluoric acid 
and heat to fuming again. Take up in water, transfer to 
a IOO-ml standard flask and make up to volume. Take 
a fraction containing up to 40 mg of sodium, evaporate 
it to a syrupy consistency and then diluted to 2-4 ml with 
water. Determine the sodium as described above. 

Calculation 

Na = A x B x 351.8 mg where A = ml of EDTA con- 
sumed in the titration, B = g of zinc equivalent to 1 ml 
of EDTA. 

RESULTS AND DISCUSSION 

According to the law of mass action, the complete- 
ness of sodium precipitation as zinc uranyl acetate 
will depend on the concentrations of zinc and 
uranium ions in the mother liquor. The effect of the 
reagent solution on the precipitation of up to 40 mg 
of sodium was therefore critically studied. From the 
results in Table 1, it is clear that virtually quantitative 
precipitation was achieved in experiments 2-7 where 
the minimum concentrations of zinc and uranium 
ions in the mother liquor were 1.25 and 0.14M re- 
spectively. In all other cases negative errors, increas- 
ing with decrease in the zinc or uranyl ion concen- 

tration, were obtained because of incomplete precipi- 
tation of sodium. These observations suggest that the 
minimum concentrations of zinc and uranium in the 
mother liquor for quantitative precipitation of sodium 
are 1.25 and 0.14M respectively. The practical condi- 
tion is that the necessary volume of reagent with 
uranyl acetate and zinc acetate concentrations of 100 
and 300 g/l respectively is at least 15 times the volume 
of sample solution, or its volume in ml must be at 

least 1.5 times the number of mg of sodium present, 
whichever is the greater. It is not essential to concen- 
trate the sample solution to 1 ml prior to the addition 
of reagent solution, as recommended by most of the 
earlier workers,3-13 as this might cause undesired pre- 
cipitation of certain salts. However, for practical 
reasons, and in very precise work, the volume of 
sample solution should be kept below 5 ml. 

The procedure worked out is based on the observa- 
tions above, and up to 40 mg of sodium can be preci- 
pitated quantitatively, and indirectly determined by 
dissolving it and titrating the zinc with EDTA at pH 
5.3, Xylenol Orange being used as indicator and 
uranium(W) masked with ammonium fluoride. Use 
of dithizone as indicator’l was found to produce 
sometimes erratic results in presence of ethyl alcohol. 

The method is practically free from interference. 
Calcium, barium, strontium and magnesium (up to 
240 mg), which interfere with gravimetric meth- 
ods3-13 and complexometric titrations at pH 10,20~2’ 
do not have any adverse effect on the present method 
since they do not form stable complexes with EDTA 
at pH 5.3. Potassium, which yields positive errors in 
gravimetric2-I4 and oxidimetric methods15*22 by pre- 
cipitating as potassium uranyl acetate, does not inter- 
fere in the present method. The interference caused 
by hydrolysis of cations such as Ti(IV), Fe(III) and 
AI(II1) during washing of the sodium precipitate is 
eliminated by first washing with acidic wash solution. 

Table 1. Effect of reagent concentration on the determination of sodium 

Expt. 

Na solution 
taken, 

ml 

Reagent 

Na solution 
V/V 

Molarity in mother 
Weight of sodium, mg liquor, M 

Taken Found* Difference, % Uranium Zinc 

1 1 10 8.0 7.98 -0.3 0.12 1.21 
2 5 15 10.0 10.04 +0.4 0.20 1.27 
3 1 I5 10.0 10.02 +0.2 0.14 1.25 
4 1 20 15.0 15.06 +0.4 0.13 1.27 
5 2 15 20.0 20.02 +O.l 0.14 1.26 
6 3 I5 24.0 24.04 +0.2 0.16 1.26 
7 4 I5 40.0 40.03 +0.1 0.14 1.25 
8 5 4 8.0 7.93 -0.9 0.14 1.08 
9 5 4 10.0 9.90 - 1.0 0.14 1.076 

10 1 10 10.0 9.75 -2.5 0.10 1.20 
I1 1 10 15.0 14.03 -6.6 0.04 1.18 
I2 1 15 15.0 14.86 -0.9 0.098 1.24 
13 2 10 20.0 19.80 -1.0 0.095 I .20 
14 3 10 24.0 23.90 -0.4 0.12 1.21 
15 4 IO 40.0 39.76 -0.6 0.10 1.20 
I6 4 12 40.0 39.86 -0.4 0.12 1.23 

* Mean values of three determinations are presented. 
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Table 2. Determination of Na10 in glass and related materials 

Sample Na,O, % Mean, “/, 
Certified 
value, “/, 

Sodium aluminate 32.97 
(Si02 4.69, Al,O, 60.0, Fe,Os 0.20, 32.91 32.90 32.95 
K20 1.02.) 32.83 

Felspar (NBS) 99a* 
(SiOz 65.20, AlrOs 20.50, TiO, 0.007, 
FelOJ 0.06, CaO 2.14, MgO 0.02, BaO 0.26, 
K20 5.2, PzO, 0.02.) 

Enamel I 
(SiOl 53.55, AlzO, 8.37, TiOl trace, 
FezOx 0.06, CaO 4.12, MgO 1.0, 
B&-14.25, K20 4.04) - 

Enamel II 
(SiO* 55.48, Al,O, 6.36, TiOl trace., 
Fe*O, 0.50, CaO 3.20, MgO 0.40, 
BaO 0.36, B20, 14.54, K20 4.30) 

Frit 

6.20 
6.28 6.26 6.30 
6.30 

14.7s 
14.60 14.70 14.65 
14.75 

14.72 
14.80 14.76 14.80 
14.76 

21.21 
21.23 21.24 21.30 
21.30 

(SiO* 47.33, Al,Os 1.06, Ti02 1.02, 
Fe203 0.02, CaO 7.30, MgO 0.38, 
BaO 15.60, B20, 1.41, K20 4.30) 

Coloured glass tiles 
(Si02 65.19, A1203 2.1, TiOz trace, 17.70 
Fe*O, 0.13, CaO 2.41, ZnO 6.60 17.63 17.67 17.70 
Cd0 0.44, K20 4.95, S 0.81) 17.70 

* Values from N.B.S. provisional certificate. 

The method has been applied for accurate deter- 
mination of sodium in commercial sodium aluminate, 
glass and other silicate materials after decomposition 
of the sample with hydrofluoric and perchloric acids 
as described in the procedure. The result! compare 
favourably with certified values (Table 2). 
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In a previous communication we gave the data for 
conversion of pH measurements in aqueous dioxan 

Table 1. Determination of log UH and log t_$*, at 25’ 
[HC104] = 0.0088M 
[NaClO,,] = 0.0103M 

MeOH, Mole fraction 
“/, of MeOH log UH tog l/Y, log tJz 

0 0 -0.060 0.060 0 
10 0.047 -0.015 0.063 0.05 
20 0.100 +0.005 0.066 0.07 
30 0.160 + 0.060 0.070 0.13 
40 0.228 + 0.060 0.079 0.14 
50 0.307 +0.135 0.090 0.23 
60 0.400 +0.185 0.105 0.29 
70 0.508 +0.195 0.122 0.32 

* -log [H’] = B + log LI, where B is the pH, and 
log LIH = log Vi - log l/y, (y+ is the mean activity coeffi- 
cient of hydrochloric acid under the conditions in which 
U, determined). The values of B were the average of five 
independent measurements on solutions of the same 
nominal composition; log l/y, values were calculated by 
interpolation from data given by Harned and Thomas5 
and by Nonhebel and Hartleys6 The value -log [H’] = 
2.115 was taken as pH -log l/y, for aqueous solution. 

media into hydrogen ion concentration.’ So far there 
are no corresponding data available in the literature 
for aqueous methanol. In view of this in the present 
paper the values of log Un and log UE at 25” (Table 1) 
for aqueous methanol are reported. 

The methanol was purified’ and the procedure for 
the determination of log UH and log Ug was essen- 
tially that of Van Uitert,3.4 used earlier.* 
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Summary-Two methods for the synthesis of 2-tert.-butyl-8-hydroxyquinoline are described. One in- 
volves a direct reaction of the parent compound with tert.-butyl-lithium, and the other is based on 
a cyclization reaction of o-aminophenol with 3-chloro-4,4-dimethylpent-Zenal. Physical data confirming 
the structure of the compound are presented. 

The derivatives of the chelating ligand 8-hydroxy- 
quinoline have been used extensively in many aspects 
of analytical chemistry. For example, of the 2-substi- 
tuted compounds the methyl derivative has for some 
time been considered a possible reagent for the separ- 
ation of Al(II1) from other metal cations in aqueous 
solution. Recent work has shown that AI(W) in fact 
does form 1:3 chelates with this reagent in such 
media.‘.’ As a result, there has also been interest in 
the preparation and potential analytical significance 
of other 2-alkylated I-hydroxyquinolines, particularly 
the 2-tert.-butyl derivative (2TBH). An attempt at the 
synthesis of 2TBH by Kaneko and Ueno3 was based 
on a route involving reaction of the parent compound 
with tert.-butyl-lithium but was not successful. This 
result contrasts greatly with the observation that rela- 
tively high yields of the compound, a white crystalline 
material, could be obtained by a similar procedureP 
In the present note, we wish to provide the details 
of a preparation of this potentially valuable reagent 
that is based on a /I-chlorovinylaldehyde-amine reac- 
tion5 and of our findings concerning the nucleophilic 
substitution method. 

EXPERIMENTAL 

‘TBH from tert.-butyl-lithium 

8-Hydroxyquinoline (I g) dissolved in 30 ml of diethyl 
ether was added slowly to 0.6 g of tert.-butyl-lithium in 
100 ml of diethyl ether at -30”. After the mixture had 
been stirred at room temperature overnight, the product 
was extracted with warm dilute hydrochloric acid. The 
extract was neutralized and re-extracted with several small 
amounts of diethyl ether. Evaporation of the solvent 
yielded a dark red oil which was purified by preparative 
TLC. The resulting pale yellow oil (yield 3.4%) was con- 
firmed as 2TBH by PMR, elemental analysis, mass spectro- 
metry and UPS (see below). 

A similar synthesis using 8-methoxyquinoline as a start- 
ing compound followed by appropriate demethylation 
resulted in a significantly greater yield of 2TBH (15’6). 

2TBH from 3-chloro-4,4-dimethylpent-Lena1 

The precursor for the synthesis, 3-chloro-4,4-dimethyl- 
pent-tenal, was prepared by a Vilsmeier reaction as fol- 
10~s.~ Dimethylformamide (1lOml) was added slowly to 
100 ml of phosphorus oxytrichloride at 0‘. After stirring 
of the mixture for 1 hr. 40mI of tert.-butyl methyl ketone 
were added dropwise and the mixture was stirred overnight 
at room temperature. The orange mixture was poured 
slowly onto crushed ice and then neutralized by additions 
of sodium bicarbonate. The oily product was extracted 
with diethyl ether. worked-up and then purified by vacuum 
distillation (65-W/15 mmHg). The structure of the 
p-chlorovinylaldehyde was confirmed by PMR and mass 
spectrometry. 

An excess of 3-chloro-4.4dimethyIpent-2-enal in 50 ml 
of n-butanol was added to o-aminophenol in the same sol- 
vent at room temperature. After refluxing at 140’ for 
several hours. solvent removal, treatment with concen- 
trated sodium hydroxide solution and neutralization with 
acetic acid, the mixture was subjected to work-up and par- 
tial purification by vacuum distillation. The two major 
fractions, boiling at 680” and lO&120’ (1.5 mmHg), were 
further purified by column chromatography and vacuum 
distillation. The lower boiling fraction (a yellow oil) of 28”,, 
yield (based on the phenol taken) was identified as 2-tert.- 
butyl benzoxazole. The other fraction was a pale yellow 
oil and confirmed as 2TBH (FL yield). 

RESULTS ANti DISCUSSION 

The products derived from the two routes to 2TBH 
described above gave identical analytical data. The 
mass spectrum contained the expected peaks at 201, 
M (55%); 186, M - CH, (base peak); 159. M - 
C(CH& (17%); 145, M - C(CH3)3 (11%); and 117, 
M - CO - C(CH,), (8%). The PMR spectrum exhi- 
bited the typical AX spectrum for the H, and H4 pro- 
tons of the pyridine-ring at chemical shifts of 7.57 
and 8.10 ppm, respectively. These values are within 
the ranges for the corresponding protons of other de- 
rivatives, viz. H3 7.3-7.89 ppm and H4 7.94-8.90 ppm: 
also, the J3,4 coupling constant of 8.5 Hz is in agree- 
ment with the published value.’ In the low ionization 
potential range of 8-11 eV the photoelectron spec- 
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trum exhibits the expected bands as follows; the related to the instability of the tert.-butyl carbanion. 
values in brackets refer to the parent compound: ni, In the light of this work the high yields achieved by 
8.05 eV (8.14); n, 9.16 eV (9.25); n,, 9.95 eV (9.96); Kazi are puzzling4 Also, we are not able to corrobor- 
and n3, 10.78 eV (10.50). Finally, the analytical data ate the physical data given by this worker for ZTBH. 
were as follows (expected values in brackets): C, 
78.1% (77.58); N, 7.1% (6.96); H, 7.9% (7.51). Acknowledgement-We are grateful to the Natural Sciences 

The production of the benzoxazole derivative from and Engineering Research Council of Canada for support 
cyclization of the imino-enamine product derived of this work. 

from the fi-chlorovinylaldehyde-amine condensation 
is particularly interesting in the light of the published 
mechanism for this reaction.’ Clearly, cyclization in- 
valving the phenolic oxygen appears to be a preferred 
reaction to that producing the quinoline system. 

Finally, the results of this work are essentially in 
agreement with the findings of Kaneko and Ueno 
concerning the very low yields of product obtained 
by nucleophilic substitution. Undoubtedly, this is 

1. 

2. 
3. 

4, 
5. 

6. 

* We wish to correct reference 9 in this paper-the page 
number should be 1487. 

7. 
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Summary-A new chemical process for recovering silver metal from waste silver chloride residues 
is described. The silver chloride is digested in an oxidizing mixture before complexation with ammonia. 
High-purity free silver metal is precipitated from solution by the addition of ascorbic acid as the 
reducing agent. 

Many analytical laboratories routinely discard con- 
siderable quantities of silver chloride, a practice that 
is wasteful and possibly environmentally hazardous. 
Numerous methods have been reported for the recov- 
ery of silver metal from waste,‘-” but most suffer from 
a number of disadvantages. The primary variation in 
this process is in the type of reductant used. This 
note reports the use of ascorbic acid as the reducing 
agent. 

EXPERIMENTAL 

Silver chloride waste (from Mohr titrations and contami- 
nated with meat by-products) was obtained from a local 
meat-processing plant. 

The silver chloride suspension (0.5 litre) was acidified 
with 1-2 ml of concentrated hydrochloric acid and 50 ml 
of concentrated nitric acid, and digested at loo” with gentle 
stirring until the residue appeared white and the superna- 
tant liquid was light green. Saturated potassium permanga- 
nate solution was added to the boiling mixture until a 
brown colour persisted for about one minute. Heating was 
continued until the brown colour dissipated. After cooling, 
the supematant liquid was decanted and the silver chloride 
was filtered off on Whatman No. 541 paper on a Biichner 
funnel. 

The silver chloride was transferred to a beaker and 
stirred while 2830% ammonia solution was added until 
dissolution was complete. Then 0.94M ascorbic acid was 
added until no more silver was formed. 

The silver was allowed to settle and the ammoniacal 
solution was decanted and saved for reuse. The silver was 
filtered off on Whatman No. 41 paper in a 30-cm Biichner 
funnel and washed with three 0.5-litre portions of deminer- 
alized water. 

The silver was allowed to dry in air for 48 hr on the 
filter paper before being transferred to an alundum crucible 
coated with a borax flux. The crucible was placed in a 
muffle at 1200”. When melting was complete (within 30 
min), the metal was poured into a 2-litre beaker of ice- 
water. The yield was 50.5 g of silver metal in the form 
of small beads. 

The efficiency of this method was determined by process- 
ing a known quantity of silver chloride: 18.39 g required 
190 ml of 28-300/, ammonia solution for dissolution, and 
54 ml of 0.94M ascorbic acid for complete precipitation. 
The amount of silver recovered after refining was 13.7 g 
(99.3%). 

DlSCUSSfON 

The redox potential of ascorbic acid is pH-depen- 
dent and ranges from +0.127 V at pH 4 to +0.34 
V at a pH of 7, and may be greater at higher pH. 
Ascorbic acid is capable of reducing silver ions at 
any pH from 4 to 7 or higher since the standard 
reduction potential for the silver ion is +0.8 V. The 
reaction is found to be fast and quantitative. 

Other chemicals often used’*3*7 in the recovery of 
silver were found to have numerous disadvantages. 
Sodium sulphide, used for the initial separation of 
silver, forms insoluble silver sulphide. This process 
can be dangerous in acidic medium and additional 
steps in the recovery procedure are required. 

Reduction with zinc, steel wool, or sodium boro- 
hydride is found difficult to control, and the silver 
produced is often contaminated. Hydroquinone pro- 
duces silver particles less than about 8 pm in size, 
which causes problems in filtration because of clog- 
ging. Hydrolyzed sugar solutions’ do not seem very 
effective. 

With pure silver solutions, ascorbic acid gives silver 
particles larger than 8 pm, but typical silver chloride 
wastes are frequently contaminated with chromate in- 
dicator, fats, proteins, or other organic materials. 
These impurities lead to the formation of a much 
smaller particle size and must be removed. The silver 
chromate can be converted into the chloride by the 
addition of hydrochloric acid and the organic mater- 
ials wet-oxidized with nitric acid and potassium per- 
manganate. 

CONCLUSION 

The advantages offered by this method are simpli- 
city and its use of inexpensive reagents and equip- 
ment. The product is pure and recovery is quantita- 
tive with all effluents being biodegradable. The pro- 
cess is applicable to any system yielding silver chlor- 
ide or bromide, or to silver cyanide electroplating 
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solutions. The usual procedure for plating solutions 
involves the precipitation of silver chloride by the 
addition of sodium hypochlorite’ followed by as 
many as six additional steps. With the ascorbic acid 
procedure, only three steps may be needed. 

Silver may also be reclaimed from out-of-date films 
and photographic papers after complexing with 
ammonia, thereby avoiding a pyrolysis step. Silver 
can also be recovered from photographic bleaches 
and fixers, but the amount of ammonia required 
makes this uneconomical since the silver concen- 
tration in these solutions is very low. 

The process, which has heen granted a United 
States Patent,g can also be used for gold, palladium 
and mercury. Platinum should also be recoverable, 
but a successful procedure has yet to be worked out. 

Care must be exercised when working with solu- 
tions of silver and ammonia because of potential for- 
mation of the highly explosive “fulminating silver”, 

(Ag,N or AgHJV lo if they are allowed to dry out 

or remain standing for long periods of time. However, 

with reasonable care and immediate precipitation 
with ascorbic acid, no hazard should exist. 

Acknowledgement-Sincere gratitude is extended to 
Thomas Thielen for providing the financial support necess- 
ary to patent the process. 
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Summary-The pH of mono- and diprotic acids is calculated by use of approximation formulae and 
the theoretically exact equations. The regions for useful application of the approximation formulae 
(error co.02 pH) have been identified. 

Several approximation formulae have been presented 
for calculation of pH in acid-base equilibria.‘.* The 
papers in this series compare the solutions of the 
theoretically exact equations and the approximation 
formulae over a wide range of concentrations and dis- 
sociation constants, and identify the regions in which 
the approximation formulae give the pH correctly 
within f0.02 pH unit, corresponding to +5% error 
in hydrogen-ion concentration3 This paper deals only 
with pure solutions of single acids. 

THEORY 

equation (3) is neglected. This provides the approximate 
equation 

[H+]* + K,[H+] - KAC, = 0 

and the solution 

(6) 

[H’] = 
- Kj, + JK: + 4K,C, 

2 
(7) 

Ignoring the second term in equation (6) provides the 
simplest approximation formula: 

[H’] = m. (8) 

Monoprotic acids For very weak acids both [H’] and [OH-] are 

For a monoprotic acid with dissociation constant 
neglected in the denominator of equation (3). This 

KA, and analytical concentration C,,, material balance 
provides the approximate solution 

gives [H’] = ,/m. (9) 

C, = [HA] + [A-] (I) Equation (3) yields the exact equation 

and charge balance gives [H+13 + KA[H+]’ 

[H’] = [OH-] + [A-]. (2) 
- (KAC, + K,)[H+] - KAK, = 0. (10) 

These equations give 
Diprotic acids 

For dinrotic acids with successive dissociation con- 

K = CH+l(CH+l - L-OH-I) stants K, and Kz, material balance gives 
A 

C, -([H+] - [OH-])’ 
(3) 

CA = [H,A] + [HA-] + [A’-.] (11) 

In the case of a strong acid, the term [HA] in and charge balance 
equation (1) is ignored. Substituting C, for [A-] in 

equation (2) gives 
[H’] = [OH-] + [HA-] + 2[A*-1. (12) 

[H’]’ - C,[H+] - K, = 0 

which leads to 

(4) 
These equations give the following approximation 

formulae. If K, in equation (8) for monoprotic acids 
is replaced by K,, 

cA+Jm 
[H’] = 

2 
(5) 

In the case of weak acids, the term [OH-] in 

CH’I = dm (13) 

[H’] = 
-K, + JK: + 4K,CA 

2 
(14) 

605 



606 ANNOTATIONS 
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Fig. 1. Conditions for which the approximate formulae for 
monoprotic acids give the pH with error GO.02 (A) equa- 
tion (5); (B) equation (7); (C) equation (8); (D) equation 
(9). In the unshaded island none of the formulae is applic- 
able. The figure applies to monoprotic bases if K, is re- 

placed by K, and C, by C”. 

Addition of the hydrogen-ion contribution from the 
second dissociation step modifies equations (13) and 
(14) to 

[H’] = ,,/iclcA + K2 

[H’] = 
-K1 •t Jm 

2 
+ K1. (16) 

Omission of the term [OH-] in equation (12) yields 

[H+]j + &[H+-j* + (KIKI - K,C,)[H+] RESULTS AND DISCUSSlON 

- 2K,KzC, = 0. (17) Monoprotic acids 

The exact equation is 

[H+14 + K1[H+13 + (KIK2 - K~CA - K,)CH+l* 

- (KIK, + 2K,K,C,)[H+] - KIK&, = 0. (18) 

Calculations 

Calculation was done with a Casio fx-2OlP pro- 

grammable electronic calculator. The value 1 x lo- l4 
was used for the ionic product of water. When the 
cubic or quartic equations were to be solved, values 
obtained from the approximate formulae were used 
as the initial estimates for successive refinement until 
the absolute least values were obtained. The results 
are shown in Table 1. 

0 2 4 6 6 IO 12 14 

PKI 

Fig. 2. Range of application of equation (13), (A) and (B) 
for K2/K, = 0.1; (B) for K2/K1 $ lo-‘. 

0 2 4 6 0 IO 12 I4 
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Fig. 3. Range of applicability of equation (14): (1) for 
KJK, = 0.1; (1) and (2) for K,/K, = lo-*; (l)-(3) for 

K2/K, = 10m3 etc. 

Table 1. The pH values of a monoprotic acid having 
pKA = 0 [the figures enclosed are within +0.02 of the pH 

given by equation (lo)]. 

-log CA Eq. (8) Eq. (5) Eq. (7) Eq. (9) Eq. (lo) 

0 0.000 
1 0.500 
2 1.000 
3 1.500 
4 2.000 
5 2.500 
6 3.000 
7 3.500 
8 ’ 4.000 
9 4.500 

10 5.Ocml 

o.txlo 10.209 
1.000 ] 1.038 
2.000 2.004 
3.cNIO 3.000 
4.000 4.000 
5.000 5.ooo 
5.996 6.000 
6.791 7.002 
6.978 8.022 
6.998 
6.998 r 9.301 

0.000 0.209 
0.500 1.038 
1.000 2.004 
1.500 3.000 
2.000 4.000 
2.500 5.000 
3.ooo 5.996 
3.500 6.791 
4.000 6.978 
4.500 6.998 
5.000 7.000 

Figure 1 shows the conditions for which equations 
(5)-(9) give results differing by ~0.02 pH unit from 
those obtained from equation (10). 

Clearly most cases can be dealt with by using equa- 
tion (7) for CA > 10e6M and pKA < 6, equation (5) 
for C, < 10e6M and pK, < 4 or for CA < 10m9M 
and pKA > 4, equation (9) for pKA > 8 and any value 
of C,. There is a small range of combinations of C, 
and pKA for which none of the approximations is 
useful. Equation (8) is of very limited value. 

These considerations apply equally to monoprotic 
bases if K, is replaced by KB, C, by CR and [H’] 
by [OH-]. 

0 2 4 6 8 IO 12 14 

Fig. 4. Range ‘of applicabilky’ of equation (16); (1) for 
KJK, = 0.1; (1) and (2) for K2/KI = IO-‘; (lH3) for 

K2/K, = 10m3 etc. 
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Diprotic acids 

Figure 2 shows the range of applicability of equa- 
tion (13) [to give results within 0.02 pH unit of the 
value given by equation (18)]. The range depends on 
K2/K,. When this ratio is 0.1, the range covers both 
areas (A) and (B), but if this ratio is less than 0.01 
only area (B) applies and is the same as area (C) in 
Fig. 1, derived from equation (8). As shown in Fig. 3, 
the range of application of equation (14) spreads out’ 
as K2/K1 decreases, becoming the same as area (B) 
in Fig 1 when K JK 1 becomes lo-*. This indicates 
that diprotic acids effectively behave as monoprotic 
acids if KJK, < 10e8. Equation (15) gives the same 
result as equation (13), the borderline not being 
affected by the term K2 in equation (15). Figure 4 
shows that equation (16) gives the same result as 

equation (14) except for the shift of one unit in both 
pK1 and log CA for a given ratio of KJK,. When 
this ratio reaches 10-a, the range is described by area 
(B) in Fig. 1. 

The range for use of equation (17) is not affected 
by the ratio K2/K1 and is the same as the total area 
delineated in Fig. 4. 
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Summary--A brief account is given of the work of Mohr, which is set against the framework of 
the development of analytical chemistry in Germany from early times up to the present. 

Carl Friedrich Mohr was born on 4 November 1806 
in Koblenz, and died on 28 September 1879. Several 
biographical sketches have appeared, m-s and his long 
correspondence with Liebig has been collected and 
published with a biographical note. 6 The author of 
some 250 papers and numerous books, he has been 
called t the "Father of Volumetric Analysis", but his 
work extended far beyond this field, though it is for 
his contributions to analysis that he is usually remem- 
bered. 

Mohr was a brilliant student, graduating summa 
cure laude in pharmacy, which was then rather a 
severe discipline, but instead of a university career 
chose to continue in pharmacy and run his father's 
business in Koblenz. At that time scientific research 
in Germany was regarded as the prerogative of the 
universities and professors, so Mohr would have been 
working outside official scientific circles. To some 
extent this disadvantage must have been offset by 
Mohr's long friendship with Liebig, and it was at Lie- 
big's suggestion that Mohr asked about a professor- 
ship at Bonn, but failed to follow it up h time. When 
the failure of his business eventually forced him into 
teaching, it was Bonn that finally gave him his chair. 

Mohr undoubtedly had great inventiveness, and 
Mohr's salt (ferrous ammonium sulphate), the Mohr 
method of argentometric chloride titration, the pinch- 
clamp, the Mohr burette (with a small bead inside 
a rubber tubing connection for improved control of 
outflow) have enshrined his name in the form of 
"household" words in analytical chemistry. Besides 
his own original researches, his great contribution to 
analysis was the publication of his famous textbook 
"Lehrbuch tier chemisch-analytischen Titrirmeth- 
ode", which appeared in two parts in 1855 and 1856, 
and reached its eighth edition in 1913. He made a 
critical examination of many titrimetric methods, 
introducing improvements of his own, before incor- 
porating them into this outstanding manual of practi- 
cal instruction. Because of the few references given 

in the book, the text frequently gives the impression 
that Mohr is describing his own discoveries, whereas 
the credit really belongs to others. Back-titration is 
an example. It is difficult, of course, to decide how 
far such instances are genuine rediscoveries made in 
ignorance of earlier work, and how far they are due 
to failure to acknowledge sources (a problem that 
exists even todayT). Black, for example, had described 
back-titration s before Mohr was born, and though 
Mohr might well have been ignorant of this paper 
(though it had been mentioned by Klaprothg), it is 
less likely that he was unaware of P61igot's paper, t° 
It is interesting to note that this paper was presented 
at a meeting of the French Academy of Sciences on 
29 March 1847, and a translation ~t appeared in the 
issue of the Chemical Gazette for 1 May 1847--a feat 
that appears to be beyond the resources of modern 
abstracting services! Similarly Mohr appears to claim 
invention of normal solutions, though this is usually 
attributed to Ure, ~2 or Griffin, ~3 and Szabadvfiry t4 
quotes Duflos as using in 1845 a normal solution ts 
(though he may not have realized it himself). How- 
ever, in the 7th edition of the Lehrbuch, edited by 
Classen, it is firmly stated on p. 56 that the idea ori- 
ginated with Griffin, and use of normality certainly 
became more common after the appearance of Mohr's 
book. It has recently been discovered that in fact 
Griffin had known Mohr for many years, t6 and pre- 
sumably they discussed the idea. 

Whatever the truth of the matter, Mohr himself 
has suffered from misattribution or rediscovery of his 
ideas. For example, it was Mohr who invented the 
Liebig condenser, t7 and Liebig only publicised it. 
Again, Mohr originated the idea of amplification 
reactions, oxidizing iodine to iodate with chlorine, the 
excess of which was boiled off before the addition 
of iodide and titration of the iodine liberatedJ a 
Curiously. Mohr was rather critical ~9 of Schwarz's 
use of thiosulphate 2° as a titrant for iodine: time has 
proved him wrong. 
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Most of Mohr's ideas have amply stood the test 
of time, however, and some have a very modern ring 
to them. His method for folding filter papers 2~ is the 
one still used, his invention of the cork-borer 23 and 
discovery of the efficacy of a mixture of turpentine 
and camphor as a lubricant for boring holes in glass 23 
have been an everlasting boon to experimental chem- 
istry, his method of sampling brown stone 24 is essen- 
tially the one still used, and his sale of standard solu- 
tions (at 10 groschen for a litre of 1 N nitric acid, 
the same as the price of a 10-ml burette or a 100-ml 
standard flask) 25 anticipated modem trends by about 
a century (Griffin also sold standard solutions and 
this is perhaps another aspect of his friendship with 
Mohr). Mohr's comments on over-elaborate methods 
being developed when simpler ones were obvious '°  
will wake an echo in the minds of most referees and 
editors of present day papers. 

Besides analytical chemistry, meteorology, mech- 
anics, geology, bee-keeping and wine-growing all 
received contributions from Mohr, in the form of 
books and papers. TWO of his less well known contri- 
butions are on the mechanical theory of heat. 27'2s One 
of these papers "7 appears with no author's name in 
the Jahresbericht written by Mohr for Liebig's 
Annalen, and is attributed to Mohr by Kahlbaum. a9 
The other paper 2s was refused by both L~ebig and 
Poggendorf but was accepted by Baumgartner in 
Vienna. Mohr himself did not know it had been pub- 
lished until 30 years later? 9,3° These two papers 
appeared five years before Mayer's paper which is 
often regarded as the first in the field. The record 
was finally set straight by Planck) ~ 

Mohr was a sharp-tongued and argumentative 
character, severely critical of others, and it is possible 
that personal animosities may have led to some of 
his work being ignored; they certainly caused him 
difficulty, and there is a sad tale concerning Mohr's 
death. 32 

Mohr was undoubtedly endowed with a great gift 
for invention and innovation, and was perhaps the 
greatest individual worker in titrimetry. In many ways 
he was ahead of his time, and so failed to gain full 
recognition of his genius. 

ANALYTICAL CHEMISTRY IN GERMANY 

The history of analytical chemistry in Germany is 
in many ways a microcosm of the development of 
chemistry in general, and well illustrates the close ties 
between analysis and industry. It also raises specula- 
tion about the interaction of philosophy and analyti- 
cal chemistry. The initial stages in the development 
of chemistry were necessarily occupied with gathering 
of facts and classification, and analysis was an essen- 
tial part of the process. By its very nature, however, 
analysis is closely associated with numbers and quan- 
tification, and though Kelvin had a clear grasp of 
the prime importance of quantitative measurement, 
Kan.t had earlier announced that a true science was 

one that could be expressed mathematically, in the 
sense of abstract generalization. 

'Now it is well known to most practising scientists 
today that there is a difference betwecn numeracy (the 
ability to perform arithmetic calculations correctly 
and to understand the significance of the numbers 
obtained) and mathematical ability (in the sense of 
understanding the logical relationships between 
numbers), and that there is a certain amount of class- 
distinction between the two. It is fashionable since 
the advent of the computer and the cheap pocket cal- 
culator to despise the ability to do arithmetical calcu- 
lations and to venerate abstract mathematics as the 
"queen of the sciences" (a title that is also claimed 
by theology). It is plausible to suggest that it was 
the desire to make chemistry "respectable" by devel- 
opment of mathematical theory that led to the decline 
in status of analytical chemistry, as analysis was 
regarded as a mere number-gathering pursuit, and 
was regulated to a subordinate position, with little 
or no attempt to relate its practice to theory and 
vice versa. Even Ostwald, who was the first to attempt 
to put analysis on a sound theoretical basis, presum- 
ably thought in this way, since he said in the preface 
to his book "Die wissenschaftlichen Grundlagen der 
analytischen Chorale" that analytical chemistry is the 
servant of the other sciences, at the same time sub- 
ordinate but also indispensable. 33 

Even today, when it is clear to those who can see 
(but not to those who will not) that correct analyses 
can oniy be consistently obtained if the underlying 
theory is thoroughly understood and properly 
applied, this attitude towards analysis persists in 
many academic circles, and it is perhaps not surpris- 
ing that analysis is the Cinderella of chemistry (with 
no fairy godmother in sight). However, with the ever 
increasing demands made by modern technology and 
public opinion, there are signs of a resurgence of 
interest in analysis and Cinderella may yet come into 
her kingdom. 

THE EARLY YEARS 

As we have just said, analysis was the basis of early 
chemistry, and Germany was the scene of many im- 
portant developments. Thus we may mention Georg 
Agricola (1494--1555) as one of the earliest workers 
in the field of mining and metallurgical analysis--a 
theme that recurs throughout the history of the sub- 
ject and reflects the economic importance of analysis. 

Water analysis was another topic extensively inves- 
tigated, and the names of Leonhard Thurneysser 
(1530-1596, a student of Paracelsus), Andreas Libe- 
vius (1514-1616) and Friedrich Hoffman (1660-1743) 
span over a century of effort in this area. Johann 
Rudolf Glauber (1604-1670) made many observations 
in the course of production of chemicals on a 
commercial scale, including the solubility of silver 
chloride in ammonia. Around the same period Otto 
Tachenius was developing tests for metals, and 
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appears to have been a pioneer in biochemistry and  
toxicology. 34 He also observed that strong acids 
displace weak. 

Most of the early work was necessarily qualitative, 
but an early piece of quantitative analysis was based 
on precipitation of silver chloride, by Johann Kunckel 
(1630-1703), who was also one of the pioneers of the 
blowpipe. This tool rapidly became indispensable in 
analytical work, rand its use was extensively developed 
by Georg Ernst Stahl (1659-1734), Johann Cramer 
(1710-1777) and Sigismund Andreas Marggraf (1709- 
1782), who was one of the early workers at the cele- 
brated Mining Academy at Freiberg. Some,day we 
may be fortunate enough to have a history of this 
academy and its contributions to analysis. The sugar 
beet industry might well consider paying tribute to 
Marggraf for his discovery of the process for extract- 
ing the sugar. Another exponent of the blowpipe was 
Johann Heinrich Pott (1692-1777), who was engaged 
in an early example of industrial espionage in his 
attempts to find the composition of Meissen proce- 
lain. as Another name associated with the use of the 
blowpipe is Karl Friedrich Plattner (1800-1858), who 
was also at the Mining Academy. Goethe was taught 
to use the blowpipe by Berzelius. 

Carl Freidrich Wenzel (1740-1793) worked at the 
mines in Freiberg, and was noted for the acccuracy 
of his experimental work. Wenz¢l is often given more 
credit for discovery than he is entitled to, a6 because 
later commentators have read into his work more 
than Wenzel had himself seen, and some of the credit 
must be shifted to JergTnias Benjamin Richter (1762- 
1831), who recognized the law of neutrality and estab- 
lished the principles of stoichiometry. However, 
Richter was unfortunately not an especially com- 
petent analyst, and many of his basic data were incor- 
rect. It was Ernst Gotffried Fischer (1754-1831) who 
rationalized Richter's results and published the first 
table of equivalent weights; some of the values were 
surprisingly: accurate. 3~ It was Richter's work which 
led Berzelius to his atomic weight determinations. 3s 

The next important figure on the scene wa~'Martin 
Heinrich Klaproth (1743-1817), who inherited Valen- 
tin Rose's pharmacy in Berlin when Rose died four 
weeks after Klaproth started work there. He later 
married a niece of Marggraf and bought a lab.oratory 
with her dowry. He was a very accurate analyst, and 
very pragmatic in outlook. He discovered uranium, 
zirconium and cerium and named titanium, strontium 
and tellurium: Szabadv/try has given an extensive list 
of Klaproth's contributions to analysis, 39 and pointed 
out that he was the first to give full procedural details 
for methods, and a truly quantitative outlook (he 
sought for the source o'f discrepancies from 100% for 
a total analysis), and found new elements and investi- 
gated the distribution of the elements in natural 
products, finding potassium in both vegetables and 
minerals, for example. He also originated alkaline 
fusion (with potassium hydroxide in a silver crucible, 
and used platinum for the sodium carbonate fusions 

devdloped by Marggraf), and went so far as to 
measure the loss of material from the mortar used 
for grinding samples and to apply a correction. He 
also developed the idea of ignition to constant weight. 

At about this time the first books devoted tO analy- 
sis began to appear, the first being by Johan Friedrich 
G~ttling (1755-1809), 40 followed by that by Wilhelm 
August Lampadius (1772-1842), Professor at the Min- 
ing Academy, 4' who gave the first quality control 
tests for analytical reagents (including distilled water) 
and noted the green flame of alcohol containing boric 
acid, This particular series of books culminated in 
the work by Christian Heinrich Pfaff (1773:-1852) who 
produced the first comprehensive handbook of ana- 
lytical chemistry. 42 This was the first of the long series 
of German texts on analytical chemistry, which were 
pre-eminent in their field up to the first world war. 

THE GOLDEN AGE 

The nineteenth century saw the great flowering of 
analysis in Germany. To a large extent this was a 
consequence of the rise of the chemical industry and 
the realization that production and q u e r y  control 
could produce a profit. Scott 1 consider~:~l~at much 
of the rise of the German chemical industry was due 
to Mohr's work on titrimetry. The German uni- 
versities came to be regarded as the research centrcs 
of Europe, and for British and other graduates a 
research training in Germany was not unusual. Dur- 
ing this period quantitative analysis was firmly estab- 
lished and new techniques were rapidly developed. 

In gravimetric analysis, Heinrich Rose 0795-1864), 
who was a grandson of Valentin Rose and whose 
father was a pupil of Klaproth, made a number of 
advances. 43 He discovered niobium, was the first to 
use an acidic fusion for decomposition (with potas- 
sium bisulphate), and developed the crucible named 
after him and used for reduction of oxides to metals 
by ignition in a reducing atmosphere. He also pro- 
duced a scheme of qualitative analysis based in part 
on the use of hydrogen sulphide. His "Handbuch dot 
analytischen Chemic" was published in 1829, and was 
still used as a Standard text (the 7th edition appeared 
in 1871) in the last quarter of the century. The book, 
though packed with information, and organized ele- 
ment by element, is practically devoid of references 
to the literature and is difficult to use. It was this 
difficulty, experienced by beginners, that 'led Carl 
Remigius Fresenius (1818-1897) 44 to develop his own 
scheme of qualitative analysis, based on his own 
needs as a student, and (at his professor's suggestion) 
to write his own text "Anleitung zur qualitativen 
chemischen Analysen" (1841), which ran to seven 
editions in 10 years, and had reached its 16th by the 
time of the author's death. He also established the 
Fresenius Institute in Wiesbaden, and founded the 
oldest purely analytical journal, Ze[tschrift fur analy- 
tische Chemie, which he edited until his death. 
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The stage was now set for the appearance of Mohr. 
Up to this time the home of titrimetric analysis was 
France, where most of the techniques and methods 
had been developed, and the few German research 
workers in the field had mainly studied the science 
in French laboratories. The advantages of the tech- 
nique were fairly obvious, however, and once interest 
had been aroused, action followed. 

Margueritte's permanganate titration of ferrous 
iron 45 had appeared in 1846, and was soon used in 
a number of indirect determinations, including the 
chromate titration developed by Schwarz. 46 When 
direct titration of chromate was developed by 
Schabus 4~ and by Penny 4s (independently), the need 
for an external indicator led to criticism by Schwarz 
on the grounds of inaccuracy. 49 

Karl Leonhard Heinr/ch Schwartz (1820-1890) 5° 
studied titrimetry in France, and produced the first 
German textbook on the subject, 21 introducing the 
term "Massanalyse" into the language. Justus yon 
Liebig (1803-1873) 51 developed the first complexo- 
metric titration s2 (cyanide with silver nitrate) in 1851, 
and was the first to use mercuric nitrate as a titrant 53 
(in 1853). Robert Wilhelm Bunsen (1811-1899) 54 was 
also active in this field and developed the general 
technique of iodometry, describing some 18 deter- 
minations in a single paper. 55 He used sulphurous 
acid for titrating the iodine, and this reagent was used 
long after, although Schwarz introduced thiosulphate 
as titrant in the same year. 2~ Bunsen is a typical 
example of the versatility of the great chemists of the 
time. with wide-ranging interests. His achievements, 
whether design of simple but extremely useful appar- 
atus such as the Bunsen valve and the Bunsen burner, 
or more profound such as his work on spectroscopy. 
was always useful and superbly executed. He was 
famous for his practical skill and had no sympathy 
for hypothesis and theorizing. His dictum "Ein Che- 
talker der kein Physik~r ist, ist gar nichts" sums up 
his opinion of how a chemist should be trained. He 
was kind-hearted, with a keen sense of humour, but 
would not have women students, especially Russian 
ones. He had to yield once, however, when on behalf 
of a countrywoman, the Russian mathematician Sonja 
Kowalewski interceded with him, having left at home 
the large floppy hat she habitually wore to hide 
"those marvellous eyes whose eloquence, when she 
wished it. none could resist". 56 It is also related that 
a certain student, bringing his attendance card to be 
signed, said "Behind the pillar. Herr Professor" when 
asked where he sat in lectures, and that Bunsen 
replied "So many of you do" but signed the card 
nevertheless, s 

Amongst other techniques developed then and still 
in use, the stannous chloride/mercuric chloride 
method for reduction of ferric iron ss [Friedrich 
Christian Kessler ~1824-1896)] s may be mentioned. 
and the Zimmermann-Reinhardt reagent s9 [Julius 
Clemens Zimmcrmann (1856-1885) and C. Rein- 
hardq. Jacob Voihard (1834-1910) is now remem- 

bered more for his argentometric back-titration 
method o° (also discovered independently by Charpen- 
tier four years earlier 6') than the determination of 
manganese 62 that is also namedafter  him. Later in 
the century, Hans Heinrich Landor  (1831-1910) 
whose name is perpetuated in the Landor  reaction 
and the Landoit-B/Srnstein Tables, suggested gravi- 
metric determinations by bromination of certain 
organic compounds, b a a n d  this was developed into 
a titrimetric method by Koppeschaar. 64 Hiib165 de- 
veloped the first method for iodine number deter- 
minations, but bromine numbers had been used much 
earlier 66 [August Wilhelm Knop (1817-1891)]. Lange 
was using eerie sulphate as titrant as early as 1861, 67 
but the lack of redox indicators was a handicap. 

Acid-base indicators had been discovered early on, 
of course, and Caspar Neumann (1683-1737) may be 
credited with realizing the possibility of end-point 
detection. 

Kriiger made the first use of a fluorescent indicator 
(fluorescein) but it was overshadowed by the rapid 
introduction of phenolphthalein (E. Luck), 7° Tro- 
paeolin (M. Miller) 7j and Methyl Orange [Georg 
Lunge (1839-1923)]. 72 Lunge is, of course, also well 
known for his work on gas analysis. 

At this stage the great theorists began to emerge, 
and Wilhelm Ostwald (1853-1932) in "Die wissen- 
schaftlichen Grundlagen der Analytischen ChemiC' 
gave his theory of indicator action, Which in turn led 
to Hans Wilhelm Friedenthai (! 870-1943) developing 
colorimetric determination of hydrogen-ion concen- 
tration, 7a with the aid of buffers (suggested by the 
Hungarian chemist Szily). 

Although the most exciting developments appeared 
in titrimetry, several workers were active in other 
fields. In organic analysis, for example, Johann Wolf- 
gan D/Sbereiner (1780-1849), better known for his 
"triads", had designed a simple combustion appar- 
atus, 7't and Justus yon Liebig had developed his 
method for carbon and hydrogen determination, *S 
which later greatly benefited from Bunsen's invention 
of his gas-burner. 

The Dumas method for nitrogen was difficult to 
use until the nitrometer was invented; the first useful 
one was due to Schiff in 1868, 76 but meanwhile Franz 
Varrentrapp (1815-1877) and Heinrich Will (1812- 
1890) had produced their method ~ based on produc- 
tion of ammonia by ignition of the sample with bar- 
ium hydroxide, which was modified by P~ligot t° and 
swept the field until it was superseded by the Kjeldahl 
method. 

Even August Kekul6 (1829-1896) ventured into 
analysis, and developed a method for halogens in 
organic compounds, ~s but it was not universally 
applicable, and Georg Ludwig Carius (1829-1875) 
developed his well-known sealed-tube method for 
determining sulphur as well as halogens. 79 

Physical methods 

During this period of highly productive expior- 
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ation, physical methods of analysis also began to be 
developed, In some respects they were before their 
time, because although the principles were estab- 
lished, the requisite apparatus for their application 
could not be devised. Atomic-absorption spectro- 
photometry is perhaps the best known example. 

Optical methods. In the 18th century the difference 
in flame coiour caused by sodium and potassium had 
been noted by Marggraf, s° and Johann Wilhelm Rib 
ter (1776-1810) discovered ultraviolet radiation and 
noted its effect on silver chloride, st Josef Fraunhofer 
(1787-t826) rediscovered Wollaston's "black lines" 
and catalogued them s° and laid the foundations of 
absorption spectrometry, s2 Julius Pliicker (1801- 
1868) showed that the discharge spectrum was charac- 
teristic of a gas, s3 and Johann Wilhelm Hittoff 
{1824-1914) established the existence of line and band 
spectra, s4 The culmination of the early work was the 
development of spectrum analysis by Gustav Kirch- 
hoff(1824-1887) and Bunsen ss which almost at once 
resulted in the discovery of rubidium and caesium, s6 
Kirchhoff also reported line-reversal, sT Bunsen, who 
as already said is one of the outstanding analytical 
chemists of all time, was the inventor of many pieces 
of apparatus named after him s8 (including the water- 
pump, s9 the carbon-zinc battery 9° and the wax-spot 
photometerg~), and besides working on spectrometry 
was also associated with iodometry, ss gas analysis, 92 
electrochemistry, and other topics. However, the early 
work was purely qualitative, and as late as 1910 Hein- 
rich Kayser (1853-1940) held that quantitative spec- 
trum analysis was impracticable, 93 only to be proved 
wrong by Walter Gerlach with his method of line- 
pairs. 94 

Coiorimetry was developed empirically from about 
1840, by Lampadius 9s and Carl Heine, 96 and the first 
colorimeter 9~ was designed by Alexander Miiller 
0828-1906). The theoretical basis of spectrophoto- 
merry (the Lambert-Beer law) was laid by the work 
of Johann Heinrich Lambert (1728-1777) who recog- 
nized the relation between absorption and the 
number and size of the absorbing centres in unit 
volume, 9s and of August Beer 0825-1863) who estab- 
lished the relation between absorption and concen- 
tration. 99 (It should be noted that these relationships 
were also discovered independently by Bouguer and 
Bernard. t°° ) It was Bunsen and Roscoe who intro- 
duced the idea of an absorption coefficient t°t and 
Bahr and Bunsen who first used absorption spec- 
troscopy quantitatively. ~92 The founder of modern 
spectrophotometry, however, was Carl Vierordt 
(1818-1884) who realized how the Lambert-Beer law 
and Bunsen-Roscoe absorption coefficient could be 
used, and published a table of absorbance-transmit- 
tance values. ~°3 The first comprehensive account was 
given in the book 1°4 by Gerhard Kriiss (1859-1895), 
the founder of Zeitschrift fur anoroanische Chemic. 
The use of photo-cells for detection was initiated by 
Wilhelm Berg. ~°s The firm of Carl Zeiss, Jena, is 
world-famous for its optical equipment. 

Electrochemical method s . The hydrogen electrode 
was devised in 1893 by M a x l e  Blanc ~°6 (1865-1943) 
and was used by Wilhelm B~ttger (1871-1949) for the 
first potentiometric acid-base titration ~°~ in 1897: 
The first potentiometric titration of all, however, was 
in 1893 by Robert Behrend (1856-1926), who used 
a mercury electrode and mercury/mercurous nitrate 
electrode for titration of mercurous nitrate with 
potassium chloride, bromide or iodide l°s and a silver 
electrode and silver/silver nitrate reference electrode 
for titration of iodide with silver nitrate. The basis 
of the glass "electrode was noted by M. Cremer, ~°9 
and Fritz Haber (1868-1934), working with Klemen- 
siewicz, observed that it should be possible to use 
a glass electrode instead of the hydrogen electrode, t t o 
The principle of "dead-stop" end-point detection 
seems to have been discovered by Ernst Salomon in 
1897. ~t~ Harber, of course, is one of the greatest 
German chemists, and his ammonia process a lasting 
monument (Nobel Prize 1918). 

Conductometric titration is based on the work of 
Friedrich Kohlrausch (1840-1910) on conductivity, 
and the Kohlrausch bridge 11' is still used (though 
in rather modified form). The first analytical appli- 
cation was by Friedrich Wilhelm Kiister (1861-1917) 
and Max Griiters, ~t3 and the technique was later 
used extensively by Gerhart Jander (1892-1961l 

Electrogravimetry may also be included in this sec- 
tion. C. Luckow can claim ~ 14 to have discovered the 
method independently of Wolcott Gibbs. Alexander 
Classen (1843-1934) worked extensively on the tech- 
nique, making numerous valuable contributions, in- 
cluding the first book, t~s which came to rank with 
the works of Fresenius and Mohr. Luckow also used 
the mercury cathode for electrolytic separations, t~6 

Theory of analysis 

Another rapid development in this period was ana- 
lytical theory, and the publication of monographs 
(some of which have already been mentioned). 

Ludwig Ferdinand Wilhelmy (1812-1864) may be 
regarded as founding kinetic methods by his work 
on the inversion of cane sugar, Rudolph Clausius 
(1822-1888) contributed to the development of ther- 
modynamics (so essential for understanding analytical 
chemistry), and August Horstmann (1843-1929) made 
the first chemical applications of thermodynamics 
Wilhelm Pfeffer (1845-1920) made a semi-permeable 
membrane and conducted the first osmotic pressure 
measurements, which later led to van't Hoff's theory. 

Hittorf and Kohlrausch, with the work on ionic 
mobility, transport numbers and conductance, estab- 
lished many of the facts later used in the Arrhenius 
theory and explained by it. Arrhenius's theory also 
clarified various other aspects of the chemistry of elec- 
trolytes in solution and was later itself related by 
Ostwald to the law of mass action. Ostwald was the 
first of the great theorists of analytical chemistry, and 
his book on it has already been mentioned. His con- 
tributions to chemistry are much more extensive than 
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this, of course, t~7 and his Nobel Prize in t908 was 
well deserved. His systematic presentation of the 
physical chemical basis of analytical chemistry set the 
pattern for future generations of textbooks. 

Curiously, Ostwald seems to have ignored the value 
ofredox methods and the Nernst equation in analyti- 
cal chemistry.t 1B Walther Nernst (1864-1941), 
another Nobel Prize winner (1920), was in many ways 
as important a figure as Ostwald in chemistry in 
Germany. 

The Nernst equation ~9 is fundamental to redox 
chemistry, and nowadays to direct potentiometry, and 
in those contexts perhaps owes as much to Richard 
Peters. t2° The Nernst distribution law t21 has had 
equally far-reaching consequences in analytical prac- 
tice and in technology. A fascinating biography of 
Nernst has been written by one of his pupils 122 and 
is equally interesting as an account of the scientific 
scene in Germany in the last hundred years. 

Nernst was the subject of many anecdotes. One 
concerns his retirement, and his abandoning his herd 
of cows in favour of carp-rearing because the fish 
were in isothermal equilibrium with their environ- 
ment, and Nernst did not see why he should pay to 
increase the heat of the atmosphere/22, ~23 Another 
refers to his dislike of "named" units, and his proposal 
(when the Hertz was decided on) that there should 
be a unit of flow, l litre/sec, t o  be called the 
Falstaff) z* He also said that as the number of 
'Miscoverers" of the laws of thermodynamics de- 
creased as the number of the law increased, and he 
was the sole discoverer of the third law, the fourth 
law would have no discoverers at all. 

The early work on determination of hydrogen-ion 
concentration has already been mentioned, but the 
importance of pH in chemistry was first thoroughly 
realized by a biochemist, Leonor Michaelis (1875- 
1949). Michadis also made a fundamental contribu- 
tion to the theory of redox indicators and acid-base 
indicators.t 2s 

Organic reagents 

The late 19th century was the great era of organic 
chemistry in Germany, and it is not surprising that 
the use of organic reagents in analysis was realized. 
Thus Peter Griess 0829-1888) used various amines 
as reagents for nitrite) ,° '  t27 and his method based 
on the coupling of sulphanilic acid with the diazotiza- 
tion product of ~t-naphthylamine, 127 in the form de- 
veloped by Ilosvay t28 and now modified because of 
modern views on carcinogens, is still used, Otto 
Brunck (1866-1946) first used the organic complex 
of a metal ion as the final weighing form, with the 
~-nitroso-fl-naphthol complex of cobalt in 1907. ~29 
Oskar Baudisch (1881-1950) introduced the use of 
cupferron in 1909) a° Wolf Miiller (1874-1941) TM 

used benzidine for sulphate determination and Max 
Busch (1865-1941) introduced nitron as a reagent for 
nitrate, t 32 

The correct temperature range for drying or ignit- 

ing such precipitates is important, and the thermo- 
balance has played a major part in this field. Some 
of the first experiments were by Nernst and Ricsen- 
feld. lag 

M icroanal ysi s 

Edgar Hugo Reinisch (1808-1884) was an early 
worker in the use of microscopy as a means of identi- 
fication of crystals obtained by evaporation, but con- 
siderably more work was done by Karl Haushofer 
(1839-1895), ~3'* who developed several new tech- 
niques, including micro-filtration. A major problem, 
of course, was provision of a sensitive balance, and 
again Nemst was first in the field, with a quartz fibre 
torsion balance) 35 The Kuhlmann and Bunge 
balances were developed shortly after, and achieved 
great renown; Sartorius balances were also famous. 
Pure reagents were also necessary and the firm of 
Kahlbaum introduced reagents of guaranteed purity 
in the late 19th century. 

THE FALLOW YEARS 

For various reasons (political, social, economic, the 
decline of the German chemical industry and the in- 
creasing investment in British and American chemical 
production) the years between 1914 and 1945 saw a 
somewhat less rapid and exciting advance in analyti- 
cal chemistry in Germany. There was a period more 
of consolidation than of innovation, though certain 
developments must be recorded. Most analytical 
work was still classical in type, and instrumentation 
was developed only slowly. Nevertheless, there was 
an early interest in automation, especially in develop- 
merit of industrial control methods, which led to the 
surprise expressed by Belcher and Phillips at the 
extent of automation of organic microanalysis in Ger- 
inan. 136 

In the optical methods Eugen Schweitzer 
(1905-1934) further developed 137 Gerlach's line-pair 
method, 9'~ and GUnther Scheibe and NeuMiusser! 3s 
brought in the use of the logarithmic sector. In flame 
photometry, Wolfgang Schuhknecht used simple eol- 
oured filters instead of a monochromator, t39 

In electrochemistry, H. Fritz developed electro- 
graphy. 1'*° Radiochemistry was in its infancy, and 
Rudolf Ehrenberg was one of the pioneers of the use 
of radioactive reagents, 1.~ a field that is still fruitful. 
Erbacher and Philipp ~*~ introduced the use of radio- 
tracers for examination of efficiency of separation. 

In separation methods, Richard Kuhn, Nobel Prize 
winner in 1938, was active in chromatography of car- 
otenoids, ''.3 A. Bahrdt used a zeolite column for ion- 
exchange, ~ 44 and Gerhard Hesse laid the foundations 
of modern gas adsorption chromatography, t'*s 

Meanwhile, steady progress was being made in 
organic analysis. Walter Hempel (1851-1961), well 
known for his work on gas-analysis, had tried unsuc- 
cessfully to determine oxygen in organic compounds 
by combustion to carbon dioxide followed by reduc- 
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tion to carbon monoxide, and it was not until 1939 
that Max Schtitze solved the problem, ~'6 by pyrolysis 
in the presence of carbon in an inert atmosphere, the 
method being further developed by Wilhelm Zimmer- 
mann t '7 and Josef Unterzaucher. ~'s It was also Zim- 
mermann's work on automation of organic analysis 
that partly inspired Duval's development of thermo- 
gravimetric methods. In qualitative analysis Hermann 
Staudinger (1902-1965; Nobel Prize 1953) investi- 
gated functional group reactions and classification of 
organic substances. 

Work on organic reagents for inorganic analysis 
was also steadily developed during this period, 
notable typical contributions being the introduction 
of dithizone ~'9 by HeUmut Fischer in 1925, 0xine by 
Friedrich Hahn and Karl Vieweg ~ 5o and by Richard 
Berg TM (who disputed priority) in 1927, and thion- 
alide TM (also by Berg)in 1935. 

An equally far-reaching discovery was the develop- 
ment of the Karl Fischer reagent t53 in 1935. Around 
this time the first complexones were developed by 
I. G. Farbenindustrie, although they were then used 
only in industrial applications, their analytical use 
being discovered much later. 

One interesting but little-known development was 
the use by Preuss of a carbon tube heated to 1600- 
1800 ° as an auxiliary atomization device in spectro- 
graphy. ~5" This is clearly a forerunner of the carbon 
tube techniques developed in the 1960s for atomic- 
absorption spectroscopy. 

Analytical research in this period followed the gen- 
eral pattern of chemical research. Whereas in the 
early 19th century research was centred mainly in the 
universities, later on industrial research became more 
important. Indeed the first industrial research labora- 
tory was established by Emmanuel Merck at Darm- 
stadt in 1826. The BASF, Hoechst, and Bayer labora- 
tories were developed later (in the 1860s and 1870s) 
and by 1910 industry employed more chemists than 
the universities did. The war, however, caused severe 
disruption, and the loss of international patent rights 
cost the German chemical industry its world supre- 
macy. Inflation increased the erosion of research and 
development, but the chemical industry continued 
extensive research, and in 1925 I. G. Farbenindustrie 
A. G. was established and conducted a great deal of 
pioneering work. Politics entered the scene, however, 
and both basic and applied research was pursued 
haphazardly according to the dictates of the moment. 
There was also considerable loss of scientists by corn, 
pulsory or "voluntary" removal from their posts, and 
between 1933 and 1939 the intake of science and t e c h \  
nology students to the universities was more than \ 
halved, and a quarter of t he  total university staffs 
had been dismissed. German science was at a low 
ebb. Research continued, of course, in the schools de- 
veloped by such deeply respected analysts as Wilhelm 
Geilmann (1891-1967), but political interference left 
a lasting mark. One of  the few benefits was that 
Haber and Nernst, whose relationship had long been 

polite but unfriendly, finally became united when 
Nernst found the policy towards Jews unacceptable, 
offered Haber his hand, and asked if Haber could 
find him a post in his institute as he felt he could 
no longer work in his own. Haber, however, had him- 
self just resigned as Director of the Institute for Physi- 
cal and Electrochemistry at Berlin-Dahlem, for the 
same reason. 

THE RESURGENCE 

The post-war years need little description here-- 
their history will be already well known to readers. 

The second world war had further depleted Ger- 
many's scientific strength, few scientists being excused 
military service, but once the ravages of war had been 
repaired, German research effort entered a new phase, 
not so much innovatory in character, but with the 
main emphasis placed on consolidation and appli- 
cation of the new discoveries made elsewhere. The 
result has been a steady expansion of research, es- 
pecially in the Max-Planck Institutes (worthy succes- 
sors to the Kaiser Wilhelm Institutes) and an impres- 
sive body of published work. 

It is difficult to compile a list of contemporary Ger- 
man contributions to knowledge without fear of mak- 
ing invidious distinctions, but there can be no doubt 
about the importance of the contributions of Rudolf 
Bock and Helmut Bode in solvent extraction chemis- 
try, of Heinrich Kaiser and Hermann Specker in spec- 
trography and detection limit criteria, Klaus Doerffel 
and Giinter Gottschalk in statistics and information 
theory, Giinter T61g in ultratrace and ultramicroana- 
lysis, Bruno Sansoni and Ewald Blasius in ion- 
exchange and electrophoresis, Kurt Laqua in laser 
methods, Siegfried Hofmann in surface analysis, Ger- 
hard Ackermann (continuing the Freiberg mining 
academy tradition) in organic reagents, Gerhard 
Werner in kinetic methods, Wolfgang Merz in auto- 
mation of organic analysis, Knut Biichmann in inor- 
ganic gas chromatography, Herbert Weisz in trace 
analysis, Rolf Neeb and Hans-Wolfgang Niirnberg in 
polarography or Dieter Klockow in environmental 
analysis, and these are but a few of the names well 
known in the literature of modern analytical chemis- 
try. In addition, workers such as Fritz Umland have 
contributed to many fields of analysis. The 'most out- 
standing contributions are perhaps the M~ssbauer 
effect and the development of M~ssbaner spec- 
troscopy, the Massmann furnace in atomic-absorp- 
tion spectrophotometry, and Egon StahFs work in 
thin-layer chromatography. 

To sum up this necessarily brief survey, we can 
see that German resource and inventiveness has been 
instrumental in furthering the development of analyti- 
cal chemistry from its earliest years right' up to the 
present, more vigorously at some times than others, 
but never stopping completely. There is a long record 
of both innovation and development, and there has 
always been close co-operation between academic and 
industrial research and requirements, and a generally 
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sound appreciat ion of  the importance of analytical 
chemistry, Many  of the everyday tools of the analyst  
spring from G e r m a n  discoveries, and  the world owes 
German  science a considerable debt. 
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Zusammenfumag--Um die Stellung der Analytischen Chemie in der Wissenschaft kliiren zu ktinnen, 
werden einige philosophische Betrachtungen herangezogen und Kurzdefinitionen angeboten. 

Folgt man Szabadvhry in seiner Darstellung der Ges- 
chichte der Analytischen Chemie, 1 so war Friedrich 
Mohr for seine Zeitgenossen f'tirwahr kein einfacher 
Mensch weil er ein geistig ~iu~rst beweglicher, vor- 
ausblickender und vielseitiger Wissenschaftler war. Er 
hat mehr in Bewegung gebracht als es seine, uns fiber- 
lieferten Ausffihrungen zur Maflanalyse bisher ver- 
muten lassen. Seine Einstellung zur Energieerhaltung 
z.B. war neu, enthielt Rir die damalige Zeit noch Irra- 
tionales war somit unbequem und wurde daher viel- 
fach abgelehnt. Eine Situation die in der Wissenschaft 
oft angetroffen wird. 

Die letzten 100 Jahre haben erfreuliche und 
erstaunliche Fortschritte in und mit der analytischen 
Chemie gebracht, sind im tiefen Wesen abet immer 
st~trker in das, wenn auch in dem hochstehenden so 
doch im wesentlichen "handwerklichen" Milieu ver- 
blieben. Dies f'tihrte u.a. dazu, dab heute fiber das 
"Dienstm~dchendasei#' der Analytischen Chemie 
gejammert wird. Kein geringerer als Ostwald 2 hat 
schon 1917 auf Grund und Ursache dieses Zustandes 
hingewiesen. W6rtlich schreibt er in seinem Vorwort 
zur 1. bis 6. Auflage der "Grundlagen der Analy- 
tischen Chemie': ".. .  Dementsprechend nimmt neben 
den anderen Gebieten unserer Wissenschaft die Ana- 
lytische Chemie die untergeordnete Stelle einer-- 
allerdings unentbehrlichen--Dienstmagd ein. 
W~thrend sonst iiberall die lebhafteste Ttttigkeit um 
die theoretische Gestaltung des wissenschaftlichen 
Materials zu erkennen ist, und die hierher geh6rigen 
Fragen die Gemfiter stets welt st~irker erhitzen, als 
die rein experimentellen Probleme, nimmt die analy- 
tische Chemie mit den iiltesten, fiberall sonst abge- 
legten theoretischen Wendungen und Gew~indern vor- 
lieb und sieht kein Arg darin, ihre Ergebnisse in einer 
Form darzustellen deren Modus oder Mode seit 
ffinfzig Jahren als abgetan gegolten hat. Denn noch 
heute findet man es zul~sig, nach dem Schema des 
elektrochemischen Dualismus yon 1820 beispielsweise 
als Bestandteile des Kaliumsulfats K20 und SOs 
anzuffihren; und die Sache wird nicht besser dadureh, 
dab man daneben Chlora ls  solches in Rechnung 
bringt, und sein "Sauerstoff~iquivalent" yon der 
Gesamtmenge in Abzug bringen muff".... "In den drei 

Jahren, die bisher zur Ausgabe der zweiten Auflage 
verflossen sind, hat sich an dem allgemeinen Zustand 
der analytischen Chemie nicht viel geiindert, insbe- 
sondere bin ich nicht gewahr geworden, dab die auch 
in diesem Zeitraume zahlreich genug erschienenen 
neuen oder wieder aufgelegten Lehrbficher der analy- 
tischen Chemie der neueren Ideen in den Kreis der 
gebfiiuchlichen alten Darstellungsweise, die doch 
schon I~ingst unzuliinglich geworden ist, h~itten 
erkennen lassen." 

Ein wesentlicher Grund dieses auch im 20 Jahrhun- 
dert noch anhaltenden Zustandes liegt in der Tat- 
sache, dab sich die Analytiker nicht verst~indlich 
genug artikulieren konnten und immer wieder ver- 
gessen, dab das zur Diskussion stehende "Ding", das 
"Probegut" in zwei Erscheinungsformen auftritt, als 
Materie und als Form. Der Stoff hat sein komple- 
ment~ires "alter eoo" in der Form. Meines Erachtens 
hat der Mangel an alteregoistischen Betrachtungen 
dazu gef'tihrt, daft man meist bei tter Bestimmung der 
Materie verblieb, der Form fast keine Beachtung 
schenkte. 

Seit einiger Zeit ist aber weltweit ein Suchen nach 
anderen und scheinbar "neuen" Grundlagen als nur 
die Gesetze der Chemie im Gange. Man wird aber 
im Finden nicht sehr erfolgreich sein, wenn wir uns 
nicht entschlieflen, Analysis in den philosophischen 
Wurzeln zu fassen. 

PHILOSOPHIE UND ANALYTISCHE 
CHEMIE: (EINE EINF~HRUNG) 

Allgemeines und Grundsi~tzliches 

Wie das Studium der Mathematik (oder Physik) 
kann auch das Studium der Analytischen Chemie in 
zwei verschiedenen Formen durchgeffihrt werden. 
Erstens pragmatisch--konstruktiv, Schritt ffir Schritt, 
vom Nachweis zur Bestimmung, von der Demon- 
stration zur handwerklichen Perfektion und zweitens 
logisch-analytisch, vom Problem als Black-Box his 
zur Abstraktion des Problems in Entittiten. Der erste 
Weg ist der bisher (schutisch) erprobte und began- 
gene. Er soil und darf im Sinne unserer Gesellschaft 
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nicht verlassen werden, sondern muB die notwendigen 
Erg~inzungen erfahren. Der zweite Weg aber fiihrt uns 
in die Gebiete wo sich gr6Bere Zusammenh~inge zu 
erkennen geben; z.B. die Unanfl6slichkeit der Kom- 
plementarit~t von Form und Materie und bedarf 
sicherlich der Einbeziehung yon Momenten aus dem 
ersten Weg. 

Es war schon immer die Aufgabe und der Zweck 
der analytischen Philosophie aus Pr~imissen fiber 
geeignete Syllogismen Schliisse (Konsequenzen) aus 
einem System zu ziehen. Die Anwendung der analy- 
tischen Philosophie auf materiellem System, wie z.B. 
in der Analytischen Chemie immer notwendig ist, 
f'tihrt erst zur Aufkl~irung der Art und Wirkungsweise 
der das System autbauenden Systemelemente, wobei 
es vorderhand sekund~ir ist ob wit diese Entit~iten, 
Monaden, oder sonstwie bezeichnen, wenn wit sie nur 
eindeutig definicren. 

Um die Zusammenh~inge etwas Idarer aufzuzeigen 
sollen einige Worte fiber Phitosophie und Wissen- 
schaft verloren werden. 

Waismann, a zitiert bei der Behandlung der Frage: 
"Was ist Philosophie', Wittgenstein wie folgt: "Philo- 
sophie ist keine der Naturwissenschaften. Der Zweck 
der Philosophie ist die logische Kl~irung der 
(3edanken. Die Philosophie ist keine Lehre sondern 
eine T~itigkeit. Das Resultat der Philosophie sind 
nicht philosophische S~itze, sondern das Klarwerden 
von S~itzen. Die Philosophie soil die Gedanken, die 
sonst triibe und verschwommen sind, klar machen 
und scharf abgrenzen". Auch Kant wollte hie Philoso- 
phie sondern Philosophieren lehren. Sehr deutlich 
beschreibt auch Huxley 4 die Situation: "Philosophie 
wird heute yon vielen Philosophen als Analyse ver- 
standen, wobei dem Analytiker die Aufgabe zufiillt 
Zweideutigkeiten aufzukl~iren und die Bedeutungen 
von Behauptungen klar zu definieren". Auch Wissen- 
schaft ist keine Lehre, man betreibt sie. Von 
Weizs~icker 5 sagt, anknfipfend an eine Anekdote, in 
der falsche Messungen eine Rolle spielen: % ;. Das 
heiBt, Wissenschaft ist leichter zu betreiben als zu ver- 
stehen". Dies gilt selbstverst[indlich auch f'tir die Ana- 
lytische Chemie. Auch sie ist wesentlich leichter 
(handwerklich) zu betreiben als mit ihr wissenschaft- 
lich umzugehen, weil dazu auch Logik und Her- 
meneutik notwendig sind. 

Sicher ist, dab Philosophie und Wissenschaft eines 
gemeinsam haben, die Beweisnotwendigkeit. Die 
Erbringung des Beweises, die Beweisf'tihrung erfolgt 
fiber den ProzeB des Argumentierens. Die logische 
Verkntipfung zweier, Subjekt und Priidikat erhaltene 
Pr~missen ergeben, je nach Syllogismus, als Beweis 
(Konsequenz) richtige (wahre) Aussagen. Wenn die 
Pr~imissen richtig (wahr) sind so muB auch die Aus- 
sage (wahr) richtig sein. Andererseits kann aber trotz 
richtiger Beweisf'tihrung (Argumentation, Analyse) die 
Aussage falsch sein oder sich aufgrund neuer Erkennt- 
nisse als falsch erweisen. Dies trifft in der Naturwis- 
senschaft sogar relativ h~ufig zu. Auch kann ein 
Beweis trotz einer falschen Pr~imisse richtig sein. Z.B. 

nach Russell 6 "Kein S~ugetier kann fliegen, alle Sch- 
weine sind S~ugetiere, also kann kein Schwein 
fliegen'. Der Schlufl ist wahr obwohl die erste 
Pr~imisse falsch ist! (Flederrr~use k~nnen fliegen). 

Seit fiber 2000 Jahren spielen Syllogismen 
(syl = syn = zusammen; logos = Wort, Satz, Gesetz 
etc.) eine entscheidende Rolle im menschlicben 
Fortschrittsstreben und sind weder aus der Philoso- 
phie noch aus Wissenschaft und Technik entfernbar, 
wo sie sowohl als einfache (kategorische, hypothe- 
tische oder disjunktive) Syllogismen als auch in Form 
yon Peirce- und Sbefferfunktionen bis in die Schal- 
tungen von Computer hineinreichen. 

Philosophie und Wissenschaften verlangen aber 
auch zwingend Logik und Hermeneutik, also Denken 
und Versteben. W~ihrend Logik nicht nur die F~ihig- 
keit, folgerichtig zu denken, ist, sondern auch die 
Lehre von den formalen Beziehungen zwischen Denk- 
inhalten und deren Beobachtungen, ist Hermeneutik 
die Kunst oder die F~ihigkeit richtig zu verstehen. 
Heisenberg, 7 z.B., schreibt in seinem Buch: "Der Teii 
und das Ganze". ".. .  Die Positivisten wtirden wohl 
sagen, da8 Verstehen gleichbedeutend sei mit Voraus- 
rechnen-K~innen. Wenn man nur ganz spezielle Ereig- 
nisse vorausrechnen kann, so hat man nur einen 
kleinen Ausschnitt verstanden; wenn man viele Ereig- 
nisse vorausrechnen kann, hat man weitere Bereiche 
verstanden. Es gibt eine kontinuierliche Skala 
zwischen Ganz-wenig-Verstehen und Fast-aUes-Ver- 
stehen, aber es gibt keinen qualitativen Unterschied 
zwischen Voransrechenetr--K~innen--und Ver- 
stehen'. 

Dcudich zeigt er am Beispiel des Flugzeuges am 
Himmel den bestebenden Unterschied auf. Wir 
kSnnen die Flugbahn vorausber~chnen; verstehen, d.h. 
warum gerade diese Bahn gew~hlt wurde, k6nnen wir 
sie nur im Gespr~ch mit dem "Piloten'. Auch wir 
"verstehen" Resultate nur dann, wenn wir dem Dialog 
zwischen Probe und Reagenz folgen k6nnen. Genauso 
wie im menschlichen Leben wir nur dann gut infor- 
miert sind wenn wir die Originalsprache in der eine 
Information ausgegeben wurde verstehen, genauso 
verh~ilt es in der Wissenschaft mit den Metasprachen. 

Diese Spracben mit ihren Details in Bezug auf 
organiscbe und anorganische "Wesen" mtissen wit 
erlernen und versteben. 

Ist Analysis in der  Philosophie (nach Kant) in 
Form der logischen Analyse der ProzeB der klaren 
und expliziten Statuierung yon Gedanken und 
Dingen, die "ira Konzept", in der Idee (des Postulates) 
bereits vorhanden sind, so bedeutet das Pr~idikat 
"analytisch', z.B. zu Lehrs~tzen (Theorem) oder Wis- 
senschaftzweigen, dab diesen durch die. Aufl/Ssung (in 
Form yon Definition, Interpretation, Einbeziehung der 
Mathematik etc.) ein hober philosophischer Wahr- 
heitsgehalt oder eine gesicherte Darstellung zukommt. 
Viel¢ Philosophen vertreten den Standpunkt, dab 
Philosophie per se dauerndes Weiterfragen, dauernde 
Analyse ist. 

Analysis in der Mathematik ist eines ihrer Haupt- 
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gebiete, (ebenso wie Geometrie, Topologie, Algebra 
und Arithmetik) und wird ihrerseits je nach Schule 
in unterschiedlieh viele Untergebiete geteilt. 

Fiir das Bild der heutigen Naturwissenschaften hat 
Analysis z.B. in Verbindung mit Physik und Chemie, 
die Fourier-Serien oder die mathematische Wahr- 
scheinlichkeit in der Thermodynamik, eine entschei- 
dende Role. Die analytische Geometrie z.B. als wei- 
terer Zweig der Mathematik, ist die reproduzierbare 
und sichere Darstellung yon Punkten ira Raum mit 
Hilfe yon Koordinaten und spielt in der Analytiscben 
Chemie z.B. bei der stereometrischen Analyse sowie 
in der Konformationsanalyse eine ebenso groBe Rolle, 
wie die statistische Linear- und Fliichenanalyse. Auch 
ohne, jetzt schon abstrahierend eine Definition Rir 
Analytische Chemie zu geben, wird klar, dab sie ihre 
Wurzeln in der Logik haben muB und die Frage: was 
ist Analytische Chemie, nur in diesem Kontext beant- 
wortet werden kann. 

Analytische Schli~sse (Syllooismen) 

Der, in seinen Urspriingen auf die eleatische Schule 
Parmenides zurtickzurtihrende aristotelische Kanon 
z.B. legt folgendes lest: 

1. Satz tier Identit~it: Was ist, ist (Parmenides). 
2. Satz vom Widerspruch: Nichts kann sein, und 

nicht sein. 
3. Satz vom ausgeschlossenen Dritten: Jedes muB 

sein, oder nicht sein. 

Vergleicht man dazu die ersten ftinf Haupts~tze aus 
Wittgensteins "Tractatus Iogico-philosophierens "s so 
ftihlt man sehr wohi die zeitgem~iBe Analogie, aber 
doch auch, im Hinblick auf seinen Lehrer Bertrand 
Russell, 9 ein gewisses Unbefriedigtsein. Hier ist aber 
auch die Spannweite und fast zeitlose Gtiltigkeit yon 
mehr als 2000 Jahren alten philosophischen 
Grunds~tzen am deutlichsten in den Syllogismen 
sichtbar werdend, zu erkennen. Wenn auch z.B. der 
Frege-Syllogismus umst~ndlich erscheint, wird er 
nicht nur yon Russell 9 verteidigt, sondern kann da 
er zwingend die Formulierung yon Schltissen ver- 
langt, zur Heranbildung urteilsffihiger Analytiker yon 
Nutzen sein. 

Die zehn "aristotelischen" Kategorien--als Vor- 
iiiufer der Definition und der Abgrenzungen in der 
heutigen Systemtheorie--hatten etwa diese Reihen- 
folge und beispielhafte Bedeutung: 

1. Substanz: Mensch oder Probe 
2. Qualitit~t: Mann Eisen 
3. Quantit~t: K6rpergrSBe 100 kg 
4. Relation: Krieger Brtickenteil 
5. Ort: Athen Wien 
6. Zeit: Mittag Morgen 
7. Zustand: schwitzend rostig 
8. Tiitigkeit: Schwerthaltend Verkehr tragend 
9. Lage: Stoa Donauufer 
10. Haltung: rastend gebrochen 

schaftlicben Forschen vier Regeln zur Logik aufges- 
tellt, die auch immer bei analytischen Arbeiten einge- 
halten werden mtissen und in der PAMS-Technik ~° 
klar zum Ausdruck kommen. 

1. Nur klare und genau definierte ldeen zu akzep- 
tieren (Problemsteilung). 

2. Alle Probleme in so viele Teile Wie m6giich zu 
zergliedern (Schaffung yon Systemelementen und 
Abgrenzungen). 

3. Mit den einfachsten Problemen zu beginnen und 
zu den umfassenderen vorstoBen (Grundziige der heu- 
tigen Systemtheorie). 

4. Kein Teilproblem daft ausgelassen, aile mtissen 
aufgez, fihlt und eingegliedert werden (Vorl~iufer der 
heutigen Modellersteilung und Simulation). 

In der traditionellen Logik bezeichnet man mit Syl- 
logismus "Satzanordnungen" wobei aus zwei kategor- 
ischen S~tzen (hypothetischen, disjunktiven) als 
Pr~imissen ein wahrer SchluB gefolgert wird. Die 
Wahrheit des SchluBsatzes (Konsequenz) setzt die 
Wahrheit der Pr~imisse voraus. Die Logik kann aber 
"die" Wahrheit nicht erbringen, sie kann nur die 
Richtigkeit der gezogenen Schltisse aufzeigen. 

Ausgehend yon der aristotelischen Lehre verftigt 
die heute auch noch gtiltige Logik tiber: 4 Figuren 
die zusammen mit 4 Quantoren (je 2 for die Qua- 
iit~t = bejahend a bzw. i oder verneinend e bzw. o; 
affirmo bzw. nego und 2 for die Quantit~it (allge- 
mein = a bzw. e oder partikuliir i bzw. o) tiber 16 
Arten der SchluBurteil die auf 64 verschiedene Weisen 
gezogen werden kiJnnen aber nur 19 giiltige Schltisse 
zulassen. 

Dcr grunds~tzliche Beweisftihrungsvorgang beruht 
auf zwei Subjekt-Pfiidikat Pr~imissen die einen Begriff 
8emeinsam haben. Der gemeinsame Begriff der 
Oberpr~imisse (des Obersatzes) und tier Unter- 
pr~imisse (des Untersatzes) verschwindet im  SchluB- 
satz (der Con¢lusio). 

Naeh der Euler'schen Darstellung sieht z.B. for die 
Logik-Figur "Barbara und "Celarenf' wie folgt aus" 
roci Abb. 1 und 2 P ist das Pr~idikat des Obersatzes 
(obere Pr~imisse), S ist das Subjckt des Untersatzes 
(untere Pr~imisse), Mis t  dar Mittelbegriff]. 
Einfaehes I~ispiel fOr "Barbara" ist das folgende: 

Sulfide (M) enthalten Schwefel (P) 
Pyrit (S) ist ein Sulfid (M) 

Pyrit (S) enth~Ut also Schwefel (P) 

Descartes (siehe Huxley 't) hat bereits zum wissen- Abb. 1. Mist P, S ist M, S ist P. 
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Frege (siehe Russell 9) hat u.a, auch gezeigt, daft 
Look  und Mathematik verschmolzen werden kann 
und entwick¢lte ein symbolisches System der 
logischen Folge. 

Sein Symbol k-- f'tir "wahr ist" zusammen mit den 
anderen Zeichen geben den 4 logischen Grundfiguren 
folgendes Aussehen. 

1. k--M fl P ^ S h  M--~h P 
2. k--Pf t  M ^ Sf2 M'-- 'Sf3 P 
3. k -Mf~  P ^ Mf2 S " S f 3  P 
4. a - -Pf t  M ^ Mf2S"-~Sf3 P 

Wenn fiir "f '  einer der Ouantoren eingesetzt wird so 
ist der Syllo0smus ftir: 

Kein schwerl6sliches Sulfid (M) gibt einen Chlorid- 
niederschlag (P). 
Kupferionen (S) bilden sehwerl6sliche Sulfide (M). 
Kupferionen (S) geben kf 'n schwerl6sliches Chlorid 
(P). 

naeh Frege: 

~-- MeP ^ SiM --~ SiP 

M = Mittelbegriff = "kein schwerl~Ssliches Sul- 
rid" = allgemein verneinend daher "e'. 

S = Subjektbegriff = "Kupferionen" = partikul~ir, 
bejahend daher "i". 

P -- Pr'~dikatbegriff-- "Chlorid...". 

Die Grundlage der logischen Beweisftihrung (der 
Analyse) also ist der gedankliche Zusammenhang 
(oder besser gesagt die Schaffung gedanklich richtiger 
Zusarnmenh~nge) zwiscben den zu beweisenden Satz 
und den Beweisgrtinden aus denen er abgeleitet 
werden kann. 

Das folgende Beispiel zeigt die Aufstellung eines 
traditionellen kategorischen Sylloosmus im Bereich 
der qualitativen Analyse: "Das Filtrat einer 
Aufschlttmmung yon AgBr in Wasser Obt mit Chlorid- 
ionen ([CI-]  < 10-SM) keinen Niederschlag". 

Die Abb. 2 zeigt die entsprechende Logik-Figur 
und ist die Darstellung fur "Celarent'. 

Naeh Frege sieht dies etwa so aus: 

1. I - - lAg  +] aus AgBr + CI- ---,0 
2. Prttmissen:l~LpAgCl ~ 10-1°und[Ag +] ~ 10 -5 

~----LpAgBr ~ 10-14und[Ag +] ~ 10 -7 
3. SyUoosmus: lAg +] < 10-SM 

' ' 

geben keinen Chloridniedersch.lag [CI- < 10- 5M] 

(p) 

lAg +] aus AgBr i s r  ~ I0-  ~M also,< 10- 5M : -~ - 

(S) (M) 

Daher gibt die Aufschliimmung keincn Niederschlag 
(S) (P) 

oder nach Frege 

J~  MeP ^ SiM ----} SiP 

Abb. 2. Mist nicht P, S ist M, also S ist night P. 

Wenn auch noch heute die auf Deduktion aufge- 
bauten traditionellen Sylloosmen bei der Analyse in 
Verwendung sind, so muB man doch feststellen, dab 
induktive Riicksehliisse, besonders in der Forschung 
g r o ~  Bedeutung gewinnen. Dies auch doshalb weil 
es eine giiltige Hypothese ist, dab Autbau und Ge- 
schehen in der Wirklichkeit der Natur auf feste Ord- 
nungen und Gesetzlichkeiten beruhen die in eine Ste- 
tigkeit der Weltevolution einmiinden, In diesem Sinne 
sind induktive Schliisse immer Wahrscbeinlich- 
keitsschliisse die auch Analogien einschlieBen. 

Ein hypothetischer Syllogismus f'tir den naturwis- 
senschaftlichen Wahrheitsbegriff kann z.B. wie folgt 
lauten: "Wenn in einem rechtwinkeligen Koordina- 
tensystem die Achsenabsehnitte auf dvr zur Theorie 
(Berechnung) gehSrenden Achse gleich grol3 sind wie 
jene zur Praxis (Bestimmung) gehiSrenden, dann 
dlirfen wit das Ergebnis als wahr betrachten". Das 
heiBt also "Wahrheit" ist: "tg ~t = 1". Der einfaehste 
Syllogismus hierzu ist nachfolgend beschrieben und 
bereitet jedem Analytiker diebische Freude. 

Xi 
1. Priirnisse: ~,, = 1 

X~ 
2. Priimisse: tgct = y-~ 

Conclusio: tg~t = 45 ° = 1 

Xl 
Wenn man ~ als MittelOied des Syllogismus 

betrachtet, " =  1" als Priidikat und "tg£'  als Subjekt 
so ergibt sich daraus folgender Satz: I - - M a P  ^ S~NI 
--, SiP der den Frege-Sylloosmus zum obigen vollaus- 
geschriebenen Satz darstellt. 

Immer mehr werden auf Venn-Diagramme--oft 
ohne Einhaltung der Regeln der Logik--zur Aufhel- 
lung von Zusammenhiingen in und mit der Analy- 
tischen Chemic verwendet. Hier sollen noch keine 
diesbeziiglichen oder zur Boole'schen Symbolik 
notwendigen Ausf'dhrungen gebracht, und das Aus- 
iangen mit der traditioneilen Logik gefunden werden. 
Damit k~nnen wir auch noch die dualistische, kom- 
plementiire, alteregoistische richtige Aussage: "Die 
Probe ist Materie und Form" so beweisen; 

1. Satz: "Die Probe ist Materie" 
2. Satz: "Die Probe ist Form" 
SchluB: "Die Probe ist Materie und Form" 

Hier gibt es keine Ober- und Unterpriimisse und 
kein MittelOied, ebensowenig wie ira Satz: "Das 
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TabeUe 1. 

Logos Idee Gedanke Theorie 
Kreation Erzeugung Herstellung Synthese 
Utilisation Gebrauch NutznieBung Praxis 
Description Abbildung Abbildung Analyse 

623 

Licht ist Welle und Korpusker' und auch hier wiirden 
sich die Venn-Kreise nahezu kongruent decken. 

Diese Aussage tiber die Probe hat aber grunds~tz- 
lithe Bedeutung ftir die moderne Analytische Chemie 
da jede Form~inderung (insbesondere im Aggregatzus- 
tand) zu Informationsverlust fiihren mull In weiterer 
Konsequenz f'tihrt dies, wenn die physikalisch-chem- 
ische Quantifizierung der Information miSglich ist, zu 
ganz neuen Betrachtungen und Verwertungen von 
analytischen Signalen und Analysendaten. Ans[itze 
dazu sind im Gange. 

ZUM WESEN DER ANALTYISCHEN 
CHEMIE 

Im letzten Teil seines Buches: "Die Einheit der 
Natur" besch~ftigt sich von Weiz~cker s mit der klas- 
sischen Philosophie und bringt einleitend zu seinen 
Abhandlungen tiber "Parmenides und die Graugans" 
unter Hinweis auf Ideenhypothese yon Platon und bei 
spezieller Verwendung zweier Beispiele (Lagerstatt 
and Zaumzeug) die Tatsache, dab jedes Ding in drei 
Stufen auftritt und zwar: Idee, Herstellung und Abbil- 
dung. Wenn man aber den Beispielen konsequent 
folgt, so fehlt in jedem BeisPiel immer ein (wesent- 
lieher) Begriffsbestandteil, bei dem Lagerstatt-Beispiel 
deren Gebrauch und bei dem Zaumzeug-Beispiel die 
Idee. Das heiBt also, wir haben nach der Vierteilung 

zu suchen, wobei als Leitmotiv folgendes gelten kann: 
Aus welchen Grtinden auch immer, zuerst ist (war) 
die ldee, dann deren Verwirklichung, d.h. Herstellung, 
dann der Gebrauch und schlieBlich die Abbildung. 
Llberspannt man den ganzen Bogen von Platons 
"Politeia" bis Wittgensteins "Abbildungstheorie", so 
kann man geneigt sein, in Abwendung regul~irer, geo- 
metrischer Ktirper, Tetreader zu bauen, um Platons 
Sch6nheitsideal vom verbundenen Elementardreieck 
nahezukommen und doch die vier vorher genannten 
Grundbegriffe wie Tabelle 1 und Abbildung 3 zeigen, 
untergebracht zu haben. 1° AuBer der ersten Zeile 
kt~nnen innerhalb dieser Tabelle die anderen ver- 
tauscht werden. 

Demnach also ist Analyse immer eine Beschrei- 
bung, eine Abbildung, des nach einer Idee (Theorie) 
hergestellten Gutes im weitesten Sinne. Dies stimmt 
auch, denn zur Beschreibung muB der "Gegenstand" 
zerlegt werden. Je feiner die Zerlegung vor sich gehen 
kann, umso genauer ist seine Description. 

Auch jede Wissenschaft begriindet letzlich ihr 
"Dasein" auf vier S~ulen, n~mlich: 

1. Theorie 
2. Analyse 
3. Synthese 
4. Praxis 

Philosophie 
ldee 

Wiederfinden 
I d e a l b i l ~  

Anwendung 
Analytische Chemie 

Theorie 

ynth,ese 

(Daten Auswertang ~ 
und Beurtetlung) 

Wissenschaft 
Theorie 

Synthese 
A n a l y s e ~  

Praxis (chem. techn.) 

(Entwicklung yon 
Methoden und 
lnstrumentierung) 

Praxis 

rat. 26/8--. Abb. 3. 
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Tabelle 2. 

Term Umgang Wissenschaft 

Theorie Gedankengang, Idee, Hypothese, Gegensatz zu 
Praxis. Best~itigte oder nicht besBitigte 
Spekulation. 

Synthese 

Analyse 

Praxis 

Gegensatz zu Analyse, Zusammenfligung 
getrennter Teile zu einer (neuen) Form. 
Erzeugung yon Dingen. 

Gegensatz zu Synthese, Aufl6sung eines Ganzen 
in Teile und dessen Beschreibung, 
Ubung, Anwendung, Arbeitsst~tte. 

Systematische, logische Anordnung einer Reihe von 
Propositionen, Postulaten usw. die zu einem 
Wissenschaftszweig geh6ren, aber durch das 
Experiment noch nicht best/itigt sein miissen. 
Logisehe Kombinatioa yon getrennten Elementen 
zum Ganzen Im Sinne der Philosophie ist Synthese 
die B~dung eines Urteils fiber einen Gegenstand, 
wobei etwas neues ausgesagt wird, das nicht aus 
seinem Begriff folgt. 
Logische Zergliederung in sinnvolle Entit~ten und 
Auflindung iogischer Funktionen und Reaktionen. 
Erfolgreicher Umgang (Anwendung, Verwendung) 
yon Theorie; Analyse und Synthese: "Es gibt nichts 
besseres als den praktischen Umgang mit 
Theorien!" 

Diese Worte k6nnen ihrem Sinn und ihrer Bedeutung 
nach wie in Tabelle 2 zusammengefal3t, definiert 
werden. 

Wenn man die Definition f'tir die Begriffe der 
letzten Spalte der TabeUe 2 zuliiBt and die entspre- 
chende Terme in ein Tetreader einschreibt, so erhiilt 
man eine symbolische, ethische "entelichea~jeglicher 
Wissenschaft, jeglichen Problems und kann eine 
Iogische Abbildung der Vierbedingtheit unsexes Seins 
und unserer Umwelt geben. 

Analyse und Synthese sind bei der Praxis der Veri- 
tizierung yon Theorien nahezu untrennbar 
miteinander verkntipft, denn anders k6nnen weder 
deduktive Urteile (d.h. Urteile vom Ganzen zum Teil 
oder vom Allgemeinen zum Besonderen) gefunden 
noch best~itigt werden. Dies gilt auch ftir materielle 
Dinge, hier geht es aber um richtige Zuordnung yon 
Signalen bzw. Analysendaten. Dies ist analytische 
Synthese; ein st~indiger Vergleich der Analysendaten 
der relevanten Probe mit dem Gesamtverhalten des 
Untersuchungsgutes. Jedesmal verringert sich der In- 
formationsmangel zwischen Probe und Kollektiv. 
Dieser Vorgang hat so oft vor sich zu gehen bis eine 
Obereinstimmung yon rei.et intellectus (oder was wit 
daffir haiten) erreicht ist. Bildhaft dargestellt erhalten 
wir dann eine Spirale die in die Spitze (die Wahrheit) 
eines Kegels einmiindet, wobei das Wechselspiel 
zwischen Induktion und Deduktion sehr klar zum 
Ausdruck kommt. 11 

Die Strategie der Fragestellung (Methodenauswahl) 
und die spezifiscbe Abfragung (Analysendurchffihr- 
ung) ist ein wesentliches Kennzeichen jeglicher Ana- 
lyse und bedarf der Lehre in Theorie und Praxis. Erst 
wenn wir uns wieder bewuSt werden, dab Wissen nur 
aus dem kognitiven Verhaltensschema gewonnen 
werden kann und wenn wir eine Briicke zwischen Phi- 
losophie und Informationstheorie bauen werden wir 
die komplexen und komplizierten Fragen unserer Zeit 
bew~iltigen. 

Die Analogien zwischen menschlicher und masch- 
ineller Wissensbildung bestehen hierin, dab sowohl 

zur subjektiven Wahmehmung als auch zum Messen 
des objektiven physikalischen Signal eine ~nderung 
des jeweiligen "Grundstandes" erforderlich ist. 
Welters, dab sich durch Assoziation, durch Aneinan- 
derreihung von Wahrnehmungen, erst die Erfahr- 
ungen und das Lernen matritzenhaft erfassenlassen, 
ebenso wie die Nachricht ira physikalischen Sinne die 
sinnvolle Aneinanderreihung von Signalen ist. Und 
schliel31ich, ~ Wissen der logische Einbau yon Asso- 
ziation ist, ebenso wie die logische Assoziation yon 
Nachrichten erst die echte Information darstellt, 
erfaBbar durch die Decodierung von Signalen und 
Nachrichten. 

Die Analyse ist somit aber auch eine Art der Ver- 
wirklichung der Wahrheitsdefinition, wie sie yon 
Weizs~cker wiedergibt, s das Wegsuchen yon Hand- 
lungensetzen, zum Auffinden der C~oereinstimmung 
yon Sache und Verstand. 

Wie dies bewerkstelligt wird, welcher Syllogismus 
zur Anwendung kommt, bzw. kommen mul3, hiingt 
yon der Fragestellung ab. Daher mul3 auch die reine 
Black-Box Philosophie mit Hilfe der System-, und In- 
formationstheorie aufgehellt worden. Eine Grundlage 
dazu ist aber die Definition und rationale Zerlegung 
des gew/ihlten oder vorgegebenen Problems. Wie die 
Zerlegung vor sich geht, ob und wo ein RiickschluB 
stattfindet, l~ngt yore Zweck, yon der Fragestellung 
sowie von den praktischen Durchforschungsm6glich- 
keiten ab. 

Eine ganz besondcre Rolle spielen Metasprachen 
in Verbindung mit der Informations-, und Grapben- 
theorie bei der Optimierung von analytiscben Ver- 
fahren. Die Abfragung irgendeines ideellen oder 
materiellen Dinges im Sinne der analytischen Philoso- 
phie, wie sich von Parmenides ausging, ist ira System 
einsichtigor Regeln tier operativen Logik eingebettet. 
In der griechischen Philosophie bedentet z.B. "Nous" 
sov~el wie der "gott~hnliche Geist", der die Welt ges- 
taltet oder "formt" d.h. also, der Geist oder in wei- 
terer Abstraktion der "Looos", der der "nackten" 
Materie die "sichtbare" Form gibt. In diesem Sinne 
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finden wir prakfisch einen zwangslosen Obergang zur 
(ebenfalis) materie- und energielosen ~Information", 
denn "informare" bedeutet nicht mehr und nicht 
weniger als "Form einpriigen". 

Die Behauptung, dab konkret die Form ohne 
Materie ebensowenig vorkommt wie umgekehrt, muB 
als feste Tatsache hingenommen werden, um mater- 
ielle Dinge analysieren, d.h. kiSrperlich und geistig 
"begreifen" zu kiSnnen. Es geht also einfach datum 
ein Teilstiick unserer Umwelt, eines zusammenge- 
wachsenen "Synhoions", wie es yon yon Weizs~cker 
bezeichnet wird, bzw. das "Morphem" der Griechen, die 
kleinste bedeutungsvoll geformte Einheit, die Monade 
yon Gottfried yon Leibniz, auf seine Form und 
Materie zu priifen, zu analysieren, um uns zu infor- 
mieren. Aber bereits im Wort "Information" ist j a - -  
form--bereits enthaiten. "Formen, "gestalten", 
"priigen" beinhaltet sowohl das platonische "Eidos" 
(Zeichenform] als auch die aristotelische Form vom 
ldealki~rper usw. Information iiber unsere (materielle) 
Welt kann nut aus dem Dualismus Materie-Form 
erhalten und verstanden werden, wenn wir "richtig" 
analysieren. Das heiBt aber, f'fir den Analytiker ein- 
facber ausgedriickt: Das zu untersuchende, unbe- 
kannte Gut, die Probe, das Problem, besteht aus 
Materie und Information und wir miissen Mittel und 
Wege finden, beide for uns zug~nglich und verst~ind- 
lich zu machen, um das Ganze zu "erfassen" und den 
Satz: "das Ganze ist mehr als die Summe seiner Teile ~ 
zu begreifen. 

Hier scheint es angezeigt auf Ursprung und Bedeu- 
tung des Wortes "Probe" hinzuweisen. In der 
lateinischen Sprache heiBt probate priifen, testen, also 
auch analysieren und die Probe ist das vorliegende 
oder vorgelegte Gut. Problem kommt vom grie- 
chischen proballein Oat. problema) und heiBt soviel 
wie "vorlegen" oder "vorwerfen ~, als etwas 'Worlie- 
gendes" behandeln. Ein Problem analysieren heiBt 
auch dieses 16sen und aufkl~iren. In unserem Sinne 
ist die Probe das sichtbare Symbol einer mehr oder 
minder groBen C, esamtbeit und als solches das wicht- 
igste und wertvollste (}lied im System "Analytische 
Chemie". 

Sehr interessant ist aber auch die Tatsacbe, dab 
wir in der Analytischen Chemie immer vom Reagenz 
und yon der Reaktion sprechen und fast nie die 
Worte Agens oder Aktion gebrauchen. So hat es den 
Anschein, dab (seinerzeit) eine ~h~Shere" Macht die 
Aktionen gesetzt hat, die zur Produktion des zu ana- 
lysierenden Materials fiihren und wir diesen Vorgang 
nun "rtickoingig" machen, also reaktionh'r handeln, 
um die Information zu gewinnen die uns sagt was, 
wie zusammen gefiigt wurde. 

Wit miissen den "Inhalt" dieses Symbols, also 
Form und Materie in meBbare Gri~Ben umwandeln, 
um aus subjektiven Aussagen schlieBlich kategorische 
Objektivit~ten zu machen. 

Verallgemeinern wit den Clausius'schen Entropie- 
griff, den er auch den "Verwandlungs-lnhaR" nannte 
(wobei er aber die Verwandlung yon Arbeit in W~me 

meinte) und verbinden wir ihn mit den Hartley'schen 
und Shannon'schen mathematischen Theorien zur 
Kommunikation, so kommen wir zu den-Anwen- 
dungsmiSglichkeiten der Informationstheorie in der 
Chemie und zu neuen Aspekten der analytiscben Che- 
mie. Ailerdings Verlangt die moderne analytiscbe Che- 
mie auch sinnvolle Einbeziehung der System; und 
Spieltheorie, um die aus dem Wechselspiel zwischen 
Probe und Reagenz und aus den Oberg~ingen yon 
Mikro-, zu Makrozustiinden resultierenden Signale in 
relevante lnformationen zu verwandeln. Dabei 
miissen wit uns stets vor Augen halten, dab die vorlie- 
gende Probe immer der makroskopische Zustand 
einer g ro~n  Auswahl definierter, abet oft noch nicht 
bekannter und daher eine Black-Box darstellende 
Anordnung yon Mikrozusfiinden ist. Durch Messung 
mehr oder minder spezifischer Signale, die sich bis 
vor wenigen Jahren in praxi auch nut im makrosko- 
pischen Bereich bewegten, muflte mehr auf induktive 
als deduktive Art auf Materie und Form geschlossen 
werden. 

Die Aussage:' 2 

Probe ist Materie und Information 

ist mehr als eine Proposition, sie ist im Sinne der 
analytischen Chemie eine Theorie und hat Iogiscben 
Sinn. Es ist die Aufgabe der analytischen Chemie, die 
sowohl chemische als auch physikalische Reagenzien 
benutzt, den berrschenden Informationsmangel durch 
"Freisetzung" der Information zu beseitigen, lnforma- 
tionsmangel ist auch Unsicherheit, bzw. geringe 
Wahrscheinlichkeit der Deckungsgleichheit yon rei et 
intellectus. 

Die Freisetzung der Information aus materiellen 
Systemen erfolgt durch Zustands~nderungen yon Sys- 
temelementen. Diese Zustands~nderung erfolgt nach 
thermodynamischen Gesichtspunkten und Oesetzen 
und ffihrt dazu, daB das System yon einem weniger 
wahrscheinlichen in einen wahrscbeinlicheren Zu- 
stand transformiert wir& Die Verfoigung dieser Zu- 
stands~nderung ist der MeBvorgang, der meist erst 
nach Interpretation des Signals als "echte" Informa- 
tion erscheint. De MaeyeP 3 schreibt z.B. ". . .  Szilard 
zeigt, dab ein (derartiger) MeBprozeB, wenn er dutch 
physikalische Vorrichtungen beliebiger Art realisiert 
wird. mit einer Entropieerzeugung verkniipft ist, die 
mindestens gleich oder gr6~r  ist als die Entropiever- 
ringerung die dutch Verwertung des MeBergebnisses 
maximal erzielbar ist.. .  ". 

In der Sprache der Analytischen Chemie heiBt dies 
aber nicht mehr und nicht weniger, als daB das Itrans- 
formierbare und transportierbare) Signal in Raum 
und Zeit fiber eine Koinzidenz mit einer, mehr oder 
minder wiilkiirlichen Skala zur Information und zum 
Wissen fiihrt. W~iters diirfen wir nicht auBer Acht 
lassen, dab Information drei Aspekte aUfweist, die 
wiederum alteregoistische betrachtet werden diirfen. 

1. Mathematische-quantifizierbar-abstrakt {Hart- 
ley, Shannon, Wiener). 
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Tabelle 3. 

Definition der Analytischen Chemie in bezug auf 

Philosophie 
(allgemein) 
Naturwissenschaft 
Systemtheoriet s 

Pragmatik I s 

Via ad congruendum rei et inteilectus. 

Transformation der latenten Information einer Probe in aktiv¢ und verwertbare. 
Ein System aus mindestens 3 Elementen (Probe und Reagenz) und einer Relation zur Informations- 
gewinnung. 
Die synoptische mikro- und makroskopische Betrachtung und Aufbereitung der material- und rea- 
genzabh~ngigen Signale aus den Wechselwirkungen yon Probe und Reagenz zur Aufkliirung eines 
(materiellen) Problems. 

2. Physikalisch-chemisch-konkret (Maxwell, Boltz- 
mann). 

3. Hermeneutisch-semeiotisch (yon Weiz~cker, 
Monod, Eigen). 

Der letzte genannte Aspekt besagt, dal3 Information 
nur etwas ist, was verstanden wird, bzw. wieder Infor- 
mation erzeugt (yon Weizs/icker). Im zweiten, teil- 
weise aber auch im ersten, sind die Beziehungen 
zwischen Informations-, Energie- und Wahrschein- 
lichkeitstheorie enthaiten, die in jiingster Zeit (De 
Maeyer "Energiebedarf der molekularen Informations 
tibertragung 'q3) stark in den Vordergrund getreten 
sind, und der erste, meist behandelte Aspekt, ist die 
Grundlage der alten und neuen Nachrichten-, bzw. 
Kommunikationstheorien. Alle drei sind aber auch, 
in alteregoistischer Synoptik, eine Grundlage der 
Analytischen Cbemie. Das oftmalige Ineinander- 
flieBen der drei Aspekte und die Tatsache, dab im 
3. Aspekt der Wiener'sche Satz: "Information ist 
weder Materie noch Energie" als die Wandlung des 
(sehr wohl durch Materie und/oder Energie hervor- 
gerufenen) Signals zur Information enthalten ist, ist 
im wesentlichen auch eine weitere Grundlage der Ana- 
lytischen Chemie. Jedes reaktive System (und ein 
anderes ist in der Analytischen Chemie nicht brauch- 
bar) ist eine Kommunikationskette, gehorcht der 
Thermodynamik und produziert aus jeweiligen Zu- 
stands~nderungen im materiellen Bereicht prirn~r Sig- 
nale, und daraus ergibt sich erst die iiberaus kom- 
plex¢ und komplizierte Situation der Informations- 
gewinnung, Die Signal- und die daraus folgende In- 
formationsgewinnung ist ihrerseits aber die Grund- 
lage der Automation und Kybernetik. Hier beginnt 
sich bereits abzuzeichenen, da6 die moderne Analy- 
tische Chemie wohl die wichtigste Daten- und Infor- 
mationslieferantin ist. 

Erst wenn die Analyse des (synthetisierten) Pro- 
duktes im Einklang mit der Theorie steht, kann das 
Problem als gel~st betrachtet werden. Um richtig und 
roll erkennen und beweisen zu k6nnen, mtissen wir 
in allen m6glichen Bereichen analysieren, d.h. aber 
konkret fiir die Naturwissenschaften: Wir mtissen 
dem jeweils in Frage stehenden materieUen Gegen- 
stand (der Probe) eine tiefe Bedeutung geben. 

Fiir uns Analytiker he~t  dies, daft die Probe das 
hi~chste Gut ist, weil sie die oesamte Information 

enth~lt. Wenn wir uns dies vor Augen halten, so gibt 
uns die Formulierung 

Probe = Materie .~ Energie + Information 

nicht nur sofort den Hinweis zu neuen Betrachtungs- 
weisen, sondern auch die Rechtfertigung der bereits 
aufgestellten Forderung14: 

materiam testendam ne mutaveris 

Analysieren heiBt also auch die in der Probe "gebun- 
dene" ("tote, "schweigende", "ruhende", "latente '°, 
"statistische") Information in "freie" ('qebendige", 
dynamische", "sprechende') fiberfiihren. 

Denken und handeln in Systemen, die Anwendung 
der allgemeinen und der speziellen Wahrscheinlich- 
keitstheorie (letztere z.B. auch in Form der Spiel- 
theorie) verbunden mit ausgiebigem Gebrauch yon 
Metasl~rachen (und deren Beziehungen zu unseren 
natiirlichen Sprachen) sind seit eh und je in der Ana- 
lyse beinhaltet, doch nicht immer bewuBt quantifizier- 
end und beschreibend verfolgt worden. Jetzt aber, im 
Hinblick auf die "Oberflutungsgefahren" und dem 
Mensch-Maschine Dialog, sind sie unbedingbare 
Notwendigkeit geworden. 

Wenn wit wollen, dal3 auch in Zukunft die Mas- 
chinen nicht uns, sondern wit s~e beherrscher~ wenn 
wir nicbt in einer Papierflut, genannt Information, 
ersticken wollen und wenn wir den technischen und 
sozialen Fortschritt durch Einbeziehung der Automa- 
tion in die Analytische Chemie weiterhin f'drdern 
wollen, dann miissen wir--besonders wit Analytiker 
--neben den Metasprachen der Naturwissenschafter~ 
Mathematik, Informatik, auch die Philosophie in un- 
sere Betrachtungen in Lehre und Praxis aufnehmen. 
Dies auch dann, wenn worUbergehend manche 
Betrachtungsweisen irrational anmuten. 

Zusammenfassend sei die Frage: "Was ist Analy- 
tische Chemie", mit einigen Kurzdefinitionen beant- 
wortet (Tabelle 3). 
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Summary--The influence of traces of O) N and C on the. physical and especially the mechanical 
properties of the refractory metals Mo and W is discussed. The technological and economic importance 
of determination of O, N and C in Mo and W is elucidated. The Commission of the European 
Communities launched a relevant multidisciplinary Community Programme as early as 1969. The 
present state, within this programme, of the determination of O, N and C in Mo and W is outlined. 
Additional studies by the refractory metals group of the chemistry section of the Gesdlschaft Deutscher 
Metallhtitten and Bergleute (GDMB) are also reported on. 

Oxygen. Two round-robin tests were conducted by the "non-metals in refractory metals" group 
of the Community Bureau of Reference (BCR) for the determination of oxygen in molybdenum. Reduc- 
ing fusion, 14-MeV neutron-, photon- and charged-particle activation analysis yielded comparable 
results of about 15 ppm O. Homogeneity studies were conclusive and the reference material was certified 
and is available from BCR. Oxygen concentrations in tungsten turned out to be even lower, certainly 
below 5 ppm. Only activation analytical methods will be adequate to determine the true oxygen content 
and work in this direction is being undertaken. 

Nitrogen. Relevant BCR round-robin tests for traces of N in Mo and W were not conclusive. Discre- 
pancies were also found in a first round-robin test by the GDMB. It. was possible, however, to reveal 
systematic errors frequently encountered in the classical Kjeidahl method, which turned out not to 
be applicable to the determination of nitrogen below 10 ppm. Only a newly devised micro-Kjeidahl 
method is capable of determining nitrogen down to i ppm and results for Mo are in good agreement 
with those of fusion methods. Nitrogen contents in W are presumably in the 100 ppM range and 
only determinable by ultrahigh-vacuum diffusion extraction and activation methods. 

Carbon. Carbon contents in Mo and W are also often presumably in the range of 1-10 ppm and 
thus not determinable by classical combustion methods. Additionally, discrepancies occur between 
results of combustion in resistance-heated furnaces with temperatures up to 1300 ° and in high-frequency 
induction furnaces with temperatures up to 2000 °. The GDMB-group is investigating this phenomenon. 

The physical and especially the mechanical properties 
of the refractory metals molybdenum and tungsten 
are strongly influenced even by ppm amounts of 
oxygen, nitrogen and carbon. 1 For all three trace con- 
taminants, the solubility in Mo and W at room tem- 
perature is extremely low. For O, the solubiEty in 
Mo and W ranges around 1 ppm, whereas for N, 
solubilities far below the 1 ppm level are probable. 
Carbon solubilities presumably range around 1 ppm, 
too. In practice, Mo and W are usually supersatur- 
ated with respect to O, N and C and hence brittle 
at room temperature. The transition temperature for 
the ductile-brittle change is most strongly affected by 
O, whereas N and C exert smaller effects. Because 
of the low solubility, O, N and C are mostly present 
in Mo and W as oxides, nitrides and carbides, partly 
bound to metallic trace contaminants also present. 
The oxides, carbides and nitrides in turn exert differ- 
ent effects if present within crystal grains or at grain 
boundaries. The picture becomes still more complex 
if the influence of the state and degree of dispersion 
of the oxides, nitrides and carbides is also considered. 
Exact data on the separate influence of O, N or C 
on Mo and W are not available because all three 
elements are usually present simultaneously and their 

combined effects may be different from their separate 
effects. Furthermore, Mo and W are usually produced 
by powder metallurgy methods and the mechanical 
properties of such materials are primarily defined by 
the history of their thermal and mechanical treatment. 
Topochemical microanalysis by Auger electron spec- 
troscopy and/or secondary-ion mass-spectroscopy is 
still in its infancy. 2-~ Interpretations of results 
obtained so far vary from author to author. It is 
hoped, however, that these powerful methods of topo- 
chemical microanalysis will--in combination with 
classical methods of bulk trace analysis--shed some 
light on these very complex problems of the influence 
of traces of O, N and C (in various binding states 
and forms of distribution) on the propert'i~s of Mo 
and W. 

It is also of great economic and technological im- 
portance to know the exact bulk contents of O, N 
and C present in Mo and W. This was discussed in 
detail by Kraft s for O and by Albert ~ for "N. Some 
technological implications of the determination of C 
in Mo and W are worth mentioning. Carbon is an 
element of particular concern for the production of 
fine Mo and W wires and foils. Large amounts of 
it in the form of graphite or of a viscous organic 
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compound are used to prevent oxidation in the hot- 
drawing stages. This produces a significant carbon 
deposit on the surface of the wire, with the formation 
of carbides below the surface. In the subsequent pro- 
duction processes most of the carbon is removed by 
various heat treatment operations. It has been shown 
that large quantities of carbon adversely affect the 
performance of tungsten filaments in incandescent 
lamps. 7 It is also known from the production of fine 
molybdenum wires that higher amounts of carbon 
lead to frequent breaking in later cold-drawing stages. 
The same applies to thin Me and W foils, where car- 
bide inclusions lead to holes in the foil. The deter- 
mination of carbon in thin wires and foils is compli- 
cated by the inhomogeneity of the carbon distribution 
and by the difficulty of proper etching of thin speci- 
mens. a For molybdenum electrodes which are used 
in the glass industry to heat the glass baths, a 
rigorous control of the carbon content is necessary 
to prevent gassing of the electrodes by the formation 
of CO. This can also happen with molybdenum rib- 
bons and wires leading through the glass base of in- 
candescent lamps, resulting in gas leakage in the 
lamp. 

The materials specifications of Metallwerk Plansee 
guarantee maximum contents of 50 ppm O, 10 ppm 
N and 30 ppm C for pure compact molybdenum 
metal and 30 ppm O, 10 ppm N and 30 ppm C for 
pure compact tungsten metal. The amounts of O, N 
and C usually present are much lower than these 
guaranteed values. Quality control analyses carried 
out quarterly since 1974 show that for Me, the aver- 
age O values range from 10 to 20 ppm, the C values 
are about 10 ppm or lower and for N only the detec- 
tion limit of ca. 1 ppm is usually found. For W, values 
of 5-10 ppm O are typical, C values are again mostly 
below 10 ppm and for N the detection limit is 
ordinarily found. 

Economic aspects 

Some economic aspects of the production and in- 
dustrial significance of molybdenum and tungsten 
products are also worth mentioning. The production 
and consumption of Me and W are very much depen- 
dent on overall economic conditions, especially those 
in the metal-working industry. Me and W are subject 
to relatively wide price fluctuations. This is predomi- 
nantly due to their high strategic significance (U.S. 
stock piles), low consumption in comparison with 
more common metals, effects of novel fields of appli- 
cation, speculation, and political decisions and 
changes. Thus, the price of W nearly doubled after 
the U.S. government stopped exporting W stock-pile 
reserves in 1970. 

Only a small amount of the Me and W ores mined 
is manufactured into pure metals or their alloys. The 
largest users of Me in the western world are the 
U.S.A. and Europe, and Europe may already have 
surpassed the U.S. Total world consumption of Me 
in 1976 amounted to ca. 90000-92000 tons of the 

metal. In the countries of the western world, 55~,,, of 
the Me is used for low-alloy steels, up to 219/o for 
the production of stainless steels, up to  63/0 for iron 
and steel castings and only 18~0 for uses other than 
in the steel industry. Superalloys require 5Y/o, and a 
further 10~ are used in non-metallurgical appli- 
cations, principally as lubricants (MoS2, ca, 6~) and 
as catalysts for, e.g., coal liquefaction or gasification. 
Only 3.5~ are at present used for metallic Me and 
its alloys. For the western world this corresponded 
to 3400 tons of Me metal in 1974 and 3200 tons 
in 1976. Up to 1990, the Me consumption for the 
production of the metal and its alloys is expected to 
rise slightly to 4~o of the total Me consumption for 
the western world, i.e., to 5700 tons) ° A shortage 
of Me is not expected before 1990. 

The most important application of tungsten is in 
the hard metal industry. Approximately 50-55~ of 
the worldwide extraction is used for production of 
WC as the most important raw material for the over- 
all hard metal production of ca. 17000 tons per year. 
Another 18-20~o is used for tool steels, and small 
amounts for some types of stainless steel, Superalloys 
require another 6% while 59/0 go into chemical appli- 
cations and 15go are used for the production of metal- 
lic W and its alloys (which amounted to ca. 5400 

tons of the metal in 1976). 1° Tungsten extraction as 
a whole dropped from 34000 tons in 1961 to 27000 
tons in 1963-1965 and only reached the 1961 level 
again in 1970. In 1976, production was about 36000 
tons, resembling the 1971 total. It is expected that 
the total demand for W will rise to 58500 tons by 
1990.tt The semidynamic lifetime of certain and prob- 
able world resources for W was calculated to be ca. 

30 years on the basis of a yearly rate of increase of 
3.4% in worldwide demand.t' 

An extraordinary feature of Me and W metal prices 
is their variation over several orders of magnitude 
depending upon the relevant degree of forming. 
Molybdenum prices at present range around DM 
120/kg for sheet, DM 700/kg for foils and DM 
1250/kg for fine wires (40 #m diameter). 

For W, approximate costs are DM 300/kg for sheet 
and DM 1100/kg for foils, whereas for highly intricate 
helices for incandescent lamps, prices can reach 
DM 10000/kg. Table 1 illustrates the almost exponen- 
tial rise of costs for the later production stages of 
fine wires and helices. This explains the stringent 
demand for proper chemical characterization of W 
and Me metal, especially with respect to the analysis 
for O, N and C in order to minimize the very costly 
waste in manufacture of fine wires and foils. 

The  organization o f  relevant round-robin tests 

The technological and economic implications of the 
determination of O, N and C in Me and W (among 
a long list of other metals) were realized by the com- 
mission of' the European Communities a long time 
ago. As early as 1969, a relevant multidisciplinary 
programme was started. 13 It was also recognized in 
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Table 1. Relation of costs to stage of production of'tungsten helices for incandescent 
lamps;l 2 

Production of Yo of total production costs 

Tungsten oxide from ore 
Metal powder from oxide 
Metal rod from powder 
Coarse wire from rod 
Fine wire drawn from coarse wire 
Double helix from fine wire 

1.8 
1.9 
1.6 
5.3 

18.6 
70.8 
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a general survey within the then six countries of the 
EEC that there is a stringent need for reference mater- 
ials for determination of "gas" and carbon c0ntents, t'* 
This paper summarizes the work done up to now 
on O and N determination in Mo and W by the 
working group on non-metals in refractory metals, 
set up by the Community Bureau of References 
(further referred to as "NM in RM'-group; scientific 
secretary: J. Pauwels, CBNM Geel, Belgium; chair- 
man: J. Hoste, Rijksuniversiteit Gent, Belgium). It 
also reports on supplementary investigations carried 
out by the refractory metals group of the chemistry 
section of the Gesellschaft Deutscher Metallhiitten- 
and Bcrgleute (GDMB) on N and C determination 
in Mo and W. 

OXYGEN IN MOLYBDENUM 

Two round-robin tests were conducted by the "NM 
in RM'-group for the determination of bulk oxygen 
in a molybdenum reference material. However, many 
important questions had to be solved beforehand in 
order to start a meaningful round-robin test and to 
evaluate its results properly. 

The surface treatment of samples before analysis 
is an important factor in conventional assay tech- 
niques since the presence of surface contamination 
may affect the results of bulk analyses for O, N and 
C to an appreciable extent. The various possibilities 
of surface treatment were discussed, investigated and 
sorted out, and the reliable ones were optimized. 
Low-energy charged-particle activation-analysis was 
employed to determine correction factors for residual 
surface contents of O, N and C for the optimized 
surface treatment procedures and for a r ange  of 
metals. Is The residual surface-oxygen content of 
freshly etched Mo-samples (etching with hydrofluoric 
acid/nitric acid, subsequent washing with hydro- 
chloric acid, water and methanol, and drying) was 
found to be 0.2-0.4 #g/cm 2. 

Homogeneity studies were required to ensure the 
utility of the material to be certified. Sintered molyb- 
denum in the form of 8 rods 26 mm in diameter and 
ca. 75 cm in length was supplied by Metallwerk Plan- 
see and was found to be appropriate as reference 
material by 72 preliminary 14-MeV neutron-activa- 
tion analyses on 8 samples distributed over the batch. 
It was concluded that the macrohomogeneity could 
be guaranteed to + 1.8 ppm or better, this value being 

essentially limited by the precision of the method 
used. Charged-particle activation-analysis revealed 
that the microhomogeneity (on a 30-rag scale) is of 
the same order of magnitude, t6 

Finally, different aspects of organizing and execut- 
ing intercomparison tests of chemical and/or physical 
quantities for reference materials had to be discussed, 
and a sequence of statistical tests was developed, t7 

The participants in the final round-robin test for 
the certification of bulk oxygen in the molybdenum 
reference material are listed in Table 2, and the results 
in Table 3. 

The determination of oxygen in Mo with 14-MeV 
neutrons has been described in detail ts and was car- 
ried out by three laboratories. Relevant experimental 
conditions and the correction factors applied are also 
described elsewhere, t6 A common mean value of 14.3 
ppm O and a standard deviation of 2.4 ppm were 
calculated from the data given i n  Table 3 for the 
14-MeV neutron-activation analysis. 

The determination of oxygen by charged-particle 
activation-analysis was described by Engelmann. 19 
3He and ~-activation analysis was applied to the 
analysis of Mo for oxygen by 2 laboratories (for ex- 
perimental details see ref. 16), with the results listed 
in Table 3. 

The determination by photon-activation analysis 
was also described by Engelmann 19 and was used by 
two laboratories; the results listed in Table 3 give 
a common mean value of 14.0 ppm O and a standard 
deviation of 1.3 ppm. 

The results from the four laboratories using inert- 
gas fusion show a homogeneous and normal distri- 
bution [D = 0.084 < /)(0.05-- 0.128], fairly compar- 
able variances [X2(0.05) = 7.8 < X 2 ffi 8.7 < )~2(0.01) = 
11.3], and equivalent mean va lu~  (~---'0). A common 
mean value of 15.0 ppm O and a standard deviation 
of 1.7 ppm were calculated. 

One laboratory, which produced obviou.~ly too low 
results, was regarded as using unsatisfactory extrac- 
tion conditions and was not used again. Its results 
were not included in Table 3. 

The I0 laboratories using vacuum fusion show nor- 
mally distributed results ['D = 0.066 < D(0.05) = 
O.0Sl], but the variances (X2 = 29 > X2(0.01) = 22) 
and means (~ = 1.5 ppm) are less comparable. Never- 
theless, 6 ffi 2 ppm being still acceptable, a common 
mean value of 14.'/ppm O and a standard deviation 
of 2.1 ppm can be calculated. It has to be pointed 
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Table 2. Participants in the final round-robin test for the certification of the oxygen bulk content of 
a molybdenum reference material 

I. SAMPLE PREPARATION 
J.R.C., Central Bureau for Nuclear Measurements, Geel, Belgium (J. van Audenhove) 
Metallwerk Plansee AG., Reutte, Austria (E. Lassner, H. M. Ortner) 

II. SURFACE ANALYSES 
Groupe de Physique des Solides de rEcole Normale Sup6rieure, paris, France (D. David) 
Universit6 de Li6ge, lnstitut de Physique Nuci6aire, Li6ge, Belgium, (L. QuagGa, G. Weber) 

III. HOMOGENEITY TESTS 
Rijksuniversiteit Gent, lnstitut voor Nucleaire Wetenschappen, Gent, Belgium (J. Hoste, C. Vandecastcele) 

IV. CERTIFICATION ANALYSES OF BULK OXYGEN 
I. 14-MeV neutron-activation analysis 

Rijksuniversiteit Gent, lnstitut voor Nucleaire Wetensehappen Gent, Belgium (J. Hoste, C. Vandecasteele) 
Bundesanstalt fiir Materialpriifung, Berlin, GFR (B. F. Schmitt) 
Centre de Recherches Pechiney, Voreppe, France (G. Beurton) 

2. Helium-3 activation analysis 

C.N.R.S., Service du Cyclotron, Orlb.ans, France (P. Albert, J. L. Debrun) 
3. ~-Activation analysis 

Universit6 Claude Bernard, Institut de Physique Nucl6aire, Villeurbanne, France (J. Tousset) 
4. Photon-activation analysis 

Centre d'Etudes Nuclcaires de Saclay, Gif-sur-Yvette, France (C. Engelmann) 
Bundesanstalt f'tir Materialpriifung, Berlin, GFR (B. F. Schmitt) 

5. Inert-gas fusion extraction 

Metallgesellschaft AG., Frankfurt, GFR (G. Kraft) 
Centre d'Etudes Nucleaires de Fontenay-aux-Roses, France (G. Baudin, Mine. Desreumaux, R. Marcovici) 
Bundesanstalt fiir Materiaipriifung, Berlin, GFR (H. Pohl) 
Centre d'Etudes Nucleaires de Grenoble, France {Corgier) 

6. Vacuum-fusion extraction 

M6tailurgie Hoboken-Overpelt, Hoboken, Belgium {M. Bomans) 
Max Planck Institut fiir Metallforschung, Laboratorium f'tir Reinststoffe, Schwitbiseh Gmiind, GFR (E. 

Grallath) 
Ugine Aciers, Ugine, France (R. Loude) 
Centre d'Etudes Nucl6aires de Bry6res-le-Chfitel, Montrouge, France (Malherbe) 
Centre d'Etudes de Valduc, Is-sur-Tille, France (Fest) 
Joint Research Centre Ispra, Chemistry Division, Ispra, Italy (A. Colombo) 
National Physics Laboratory, Teddington, United Kingdom, Division of Chemical Standards (E. J. 

McLaughlan) 
Ugine Carbone, Grenoble, France (Czarnul, Chapelard) 
Metallwerk Plansee AG., Reutte, Austria (H. M. Ortner) 
Imperial Metals Industries Ltd, Birmingham, United Kingdom (D. M. Peake) 

V. STATISTICAL EVALUATION 
Joint Research Centre Ispra, CETIS, Ispra, Italy (L. Haemers, J. Larisse) 

out that for carrier-gas as well as vacuum-fusion 
extraction, quite a variety of measurement parameters 
was applied, practically the whole range of commer- 
cially available instruments being used. ~6 Extraction 
temperatures ranged from 1950 ° to 2600 ° and Pt, Ni, 
Ni-Sn, Ce-Ni were used as bath metals in various 
bath-to-Mo ratios. In view of this, the agreement of 
resuRs can be considered very satisfactory, z° 

For the 21 laboratories (n--300) using 6 com- 
pletely different methods of analysis, no outlying vari- 
ances (Cochran 1~) or outlying means (Dixon tT) were 
found and the total population is approximately nor- 
mal [/3(0.05) -- 0.051 < D -- 0.053 </3(0.01) = 0.059"1. 

A one-way analysis of variance leads to 
F = 4.47 > F(0.01) -- 2.19, repeatability er = 1.9 ppm 
O and reproducibility ca -- 2.1 ppm O. This is fully 
acceptable from a technical point of view. 

Hence, the unalloyed Mo reference standard mater- 
ial analysed could be certified as having a bulk 
oxygen concentration of 14.7 ppm, with an uncer- 
tainty of 2.1 ppm. The reference material (BCR--No. 
23 "Oxygen in Molybdenum") is available in disc 
form (diameter 26mm, thickness 9mm) or as i-g 
cubes in bottles containing 25 cubes~ 

OXYGEN IN TUNGSTEN 

It is well known from production control as well 
as from the quarterly quality-control analyses at 
Metallwerk Plansee that the oxygen content of W is. 
usually considerably lower than that of Mo. This was 
also confirmed in a first round-robin test by the "NM 
in RM"-group in 1972-73. The oxygen concentration 
in the W metal used was between 1 and 5 ppm. 



The determination of traces of O, N and C 633 

Table 3. Results of the final round,robia test for ,the certification of the oxygen bulk 
content of the molybdefium reference material 

Lab. results, ppm 0 
No. Method applied g s n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

14-MeV AA neutron 

3He-AA 
~t-AA 

Photon-AA 

Inert-gas fusion extraction 

Vacuum-fusion extraction 

14.6 2,8 36 
14.5 2.4 24 
13.4 1,4 24 
16.1 0.7 12 
16.7 2,2 12 
13.0 0.5 12 
15.1 0.8 12 
15.3 0,9 12 
15.2 1.5 12 
14.9 2.2 12 
14.6 2.0 12 
15.4 1.4 12 
13.5 1.2 12 
15.7 2.6 12 
14.7 1.3 12 
14.7 2.0 12 
16.6 2.8 12 
14.9 0.6 12 
13.0 1.7 12 
15.3 2.2 12 
12.6 1.8 12 

Further work performed in 1973-74 set the probable 
value at 2 _+ I ppm. This is already beyond the reach 
of most fusion-extraction methods with detection 
limits between l and 5 pg of O, which correspond 
to 1-5 ppm O for the usual sample weights of ca. 
1 g.2O 

A new and larger batch of W metal produced by 
powder metallurgy was supplied by Metallwerk Plan- 
see in the form of 4 bars 26 mm in diameter and 
ca. 70 cm in length, in 1975. Surface and homogeneity 
studies of this batch were performed by the labora- 
tories indicated in Table 4. After an etch with hydro- 
fluoric acid/nitric acid (1:4) for 5 min and washing 
with water and methanol, the surface oxygen content 
found ~5 was 0.1-0.3 /~g/cm 2. Homogeneity studies 
confirmed that at least 3 of the 4 bars were sufficiently 
homogeneous with respect to bulk oxygen (ef. Table 5). 
Hence, samples for the round-robin test were taken 
only from those bars which showed a fairly homo- 
geneous oxygen distribution (i.e., samples A1-A4). 
Nevertheless, the results shown in Table 5 are not 
at all conclusive. Neither the activation-analysis 
results nor the fusion-extraction resuRs as a group 
exhibit satisfying agreement. Most laboratories apply- 
ing fusion-extraction methods simply found values 
that were the detection limits. The values from labor- 
atory No. 7 also lie very close to the relevant detec- 
tion limit of 4.5/~g of oxygen, although they exhibit 
a remarkably good standard deviation of 1.4 ppm (the 
usual value is at least 1.6 ppm), which encouraged 
this laboratory to report the values actually obtained 
rather than merely the detection limit. 

The overall results prove that considerable efforts 
are still necessary to further develop methods for a 
safe determination of the bulk oxygen contents of the 

order of 1 ppm or even lower which are presumably 
present in compact unalloyed W metal. Fusion- 
extraction methods will be excluded from further in- 
vestigations because their sensitivity, of at best 1 /zg 
of O, is insufficient for a precise determination of 
oxygen at the l-ppm level. Further work with 
14-MeV neutron-activation analysis and charged-par- 
ticle activation-analysis is in progress. 

From a technical point of view it is rather astonish- 
ing that the production of W by powder metallurgy 
yields material with such low oxygen contents. The 
situation is similar to that for aluminium, which is 
also at the stage of being certified as reference mater- 
ial for bulk oxygen content and for which successively 
lower oxygen values were found, finally ending up 
with bulk oxygen contents at the 50 ppM level (1 
ppM = i part per milliard~ ~3 

NITROGEN IN Mo AND W 

Several round-robin tests of the determination of 
nitrogen in Zr, Ta, Mo and W were organized by 
the BCR from 1972 onwards. Except for Zr, the 
results of these tests were not conclusive. Generally, 
low results were obtained for MO and W by fusion- 
extraction methods, photon-activation analysis and 
spark-source mass-spectrometry. Results 5-10 times 
as high were found with the Kjeldahl method and 
alkaline fusion, t3 Further BCR work then concen- 
trated on the certification of N in Zr and the problem 
of nitrogen determination in Mo and W was taken 
up by the refractory metals .group of the chemistry 
section of the GDMB in 1975. The results of this 
work were discussed in detail by Grallath and 
Ortner. 21 The following methods were applied: classi- 
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Table 4. Participants in the last round-robin test for the analysis of the oxygen bulk content of tungsten 
metal 

I. SAMPLE PREPARATION 

J.R.C., Central Bureau for Nuclear Measurements, Geel, Belgium (J. van Audenhove, J. Triffaux) 
Metallwerk Plansee AG, Reutte, Austria (E. Lassner, H. M. Ortner) 

II. SURFACE ANALYSES 

Groupe de Physique des Solides de FEcole Normale Superieure, Paris, France (D. David) 
Universit~ de Liege, Institut de Physique Nucl~aire, Liege, Belgium (G. Weber) 

III. HOMOGENEITY TESTS 

Laboratorium for Isotopentechnik, Gesellschaft for Kernforschung m.b.H., Karlsruhe (H. Vogg) 

IV. DETERMINATION OF BULK OXYGEN 
I. 14-MeV neutron-activation analysis 

Rijksuniversiteit Gent, Institut veer Nucleaire Wetenschappen Gent, Belgium (J. Hoste, R. Kieffer, C. 
Vandecasteele) 

Centre de Recherches Pechiney, Voreppe, France (G. Beurton) 
Laboratorium fiir Isotopentechnik, Gesellschaft flir Kernforschung m.b.H., Karlsruhe GFR (H. Vogg) 
Institute f'fir Radiochemie der Technischen Universit~it Miinchen, Garching, GFR, (R. Henkelmann, O. 

Kowarik, H. Bittner) 

2. 45-MeV 4He-activation analysis 

Rijksuniversiteit Gent, Institut veer Nucleaire Wetenschappen, Gent, Belgium (C. Vandecasteele, R. Kieffer, 
J. Hoste) 

3. Inert-gas fusion extraction 

Bundesanstalt ffir Materialpriifung, Berlin, GFR (H. Pohl, K. Wandelburg) 

4. Vacuum-fusion extraction 
I 

Max Planck Institut f'dr Metallforschung, Laboratorium fiir Reinststoffe, Schw~ibisch Gmllnd, GFR (E. 
Grallath) 

Metallwerk Plansee AG., Reutte, Austria (H. M. Ortner) 
Joint Research Centre Ispra, Chemistry Division, lspra, Italy (A. Colombo, R. Vivian) 

V. STATISTICAL EVALUATION 

Joint Research Centre Ispra, CETIS, Ispra, Italy (L. Haemers, J. Larisse) 

Table 5. Results of the last round-robin test for the determination of the oxygen bulk content of 
tungsten metal 

Lab. Sample Results, ppm 0 
No. Method applied No. ~ s 

1 Homogeneity tests by 14-MeV AI 0.95 
neutron AA A2 0.75 

A3 1.05 
A4 1.20 
A5 2.20 

h 

1 

2 

3 

4 

2 
5 

14-MeV neutron AA 

45-MeV 4He AA 
Inert-gas fusion extraction 

Vacuum fusion extraction 

A2 i.I 0.6 6 
A3 0.9 0.3 6 
Al 0.82 0.26 6 
A3 inhomogeneous due to crystal faults 
A2 1.1 0.6 6 
A3 0.9 0.3 6 
AI 3.0 !.9 6 
A2 1.4 1.6 6 
A3 0.55 0.15 3 
AI ~<1.5 - -  6 
A4 ~ 1.5 -- 6 
AI ~<I -- 12 
A2 5.1 1.36 15 
A4 5,0 1.45 16 
AI ~<2 - -  6 
A3 ~<2 -- 6 
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cal and modified Kjeldahl methods (in particular, a 
newly developed micro-Kjeldahl method22), inert-gas 
and vacuum-fusion extraction methods and a newly 
designed ultrahigh-vacuum diffusion extraction 
method. 23 Nitrogen values obtained in the first 
round-robin test exhibited' a scatter which was quite 
similar to that in previous BCR circular analyses, 
with values obtained by classical Kjeldahl methods 
being much higher than the fusion- and diffusion- 
extraction values and those obtained by the micro- 
Kjeldahl method. Therefore, possible shortcomings of 
the various Kjeldahl methods as well as the quantita- 
tive nitrogen recovery by the fusion- and diffusion- 
extraction methods were carefully examined. A 
second interlaboratory test showed that the nitrogen 
content of the Me sheet investigated was 2 ppm, the 
content of the W sheet 0.5 ppm. As with oxygen, the 
nitrogen contents are generally still lower in W than 
in Me. As a rule, classical Kjeldahl methods are not 
applicable to the determination of nitrogen contents 
below 10 ppm. Indeed, the detection limits of Kjel- 
dahl methods frequently range considerably above 10 
ppm, mainly because of contamination from the re- 
agents and/or the laboratory atmosphere. 21 The 
micro-Kjeldahl method and the fusion-extraction 
methods are capable of determining nitrogen contents 
down to 1 ppm at best. The detection limits range 
from 1 to 3 #g of N. 2t The only available method 
within the refractory metals working group of the 
GDMB, for nitrogen determination in metals at 
sub-ppm levels, was the ultrahigh-vacuum diffusion 
extraction. Only by this method was it feasible to 
determine the nitrogen content of the W sheet. The 
good agreement between the nitrogen values obtained 
for Me by the micro-Kjeldahl method and by the 
various hot extraction methods is the most reliable 
proof of the recovery of nitrogen by the extraction 
methods applied is quantitative. 

These results make it seem a rewarding and fas- 
cinating task for the BCR to resume the project of 
nitrogen certification in Me and W, with restriction 
of further round-robins to the most powerful activa- 
tion-analysis methods, ultrahigh-vacuum diffusion 
extraction and possibly spark-source mass-spectro- 
metry. 

CARBON IN Me AND W 

Up till now, no round-robin tests of the determina- 
tion of traces of carbon in Me and W have been 
undertaken by the BCR, although it is intended to 
extend the activities of the "NM in RM" group to 
C in refractory metals. The certification of C in Zr 
is in progress. The problem of the determination of 
traces of C in Me and W is being studied by the 
refractory metals group of the GDMB. 

It might be thought that the determination of C 
in metals by classical combustion analysis in an 
oxygen stream is such a well-explored procedure that 
it should pose no problems, but this is not the case 
for traces of C in refractory metals. 

The GDMB working group undertook a first inter- 
laboratory test on the analysis of compact Me for 
trace C in 1969-1971. Even after careful calibration 
with potassium hydrogen phthalate by all eight parti- 
cipating laboratories, the values obtained ranged from 
1 to 10 ppm. It was concluded that the analysis for 
less than 10 ppm C in metals was not feasible by 
classical combustion methods. In the course of this 
work, Lassner thoroughly investigated possible 
sources of error of trace carbon determination in 
metals. 24"25 They can be classified into 3 categories. 

(1) Errors due to improper sample preparation. 
(2) Errors due to incomplete combustion or extrac- 

tion losses of CO2. 
(3) Errors due to false measurement of CO2. 
In 1976, the problem was again taken up by the 

GDMB-group and a round-robin test was organized. 
Errors due to improper sample preparation were 

eliminated by using a standardized etching procedure 
which was applied by all participants and which is 
the same as for the O and N determination in Me 
and W. Residual surface carbon was found to range 
between 0.09 and 0.12 #g/cm 2 after the standardized 
etching procedure. 26 

Completeness of combustion is usually checked by 
instrument calibration with, e.g., potassium hydrogen 
phthalate, sodium carbonate, sodium oxalate, o r  reli- 
able certified reference materials such as low-carbon 
steels. There is, however, a basic difficulty if quantita- 
tive combustion of refractory metals is to be checked 
with these materials, because there are very pro- 
nounced differences in their combustion behaviour. 
In the case of Zr, a too-rapid combustion programme 
leads to the necessity to prefuse the Zr with C-free 
iron in order to prevent too fast oxidation. Mo oxi- 
dizes considerably more slowly than Zr and such pre- 
cautions are unnecessary. Nevertheless, the addition 
of CuO in wire form is obligatory in order to reduce 
undue sublimation of the MoO3 generated. Without 
the addition of CuO, tungsten oxidizes too slowly at 
temperatures below 1300 ° . Above 1300 ° , the oxidation 
of W becomes very rapid. 

Until recently, it was believed that quantitative 
combustion is achieved by oxidizing l-g samples of 
Me and W in the presence of 2 g of c u e  in resistance- 
heated furnaces at 1250-1300 ° . This situation changed 
with the advent of inductively heated furnaces. It was 
observed in the author's laboratory that striking dis- 
crepancies in carbon values occurred when results 
obtained by use of resistance-beated furnaces were 
compared with those obtained in inductively heated 
furnaces for the same sample materials. Some typical 
results are listed in Table 6. One possible explanation 
of these discrepancies could be that the lower values 
found with the resistance-heated furnaces are due to 
incomplete combustion at the considerably lower 
combustion temperature attained (ca. 1300°). The 
temperatures reached in HF-induction furnaces by 
the application of tungsten-grit as accelerator mater- 
ial presumably range around 2000 °. Another explana- 
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Table 6. Some comparative results for traces of C in Me and W and their oxides, obtained with 
the Woesthoff Carmhomat 12 G (resistance-heated furnace, 1300 °) and with the Heraeus CSA-301-LC 
(HF-induction furnace, ca. 2000°): tabulated results are the arithmetic means of triplicate determinations 

C, ppm Difference, 
Heraeus Woesthoff (Heraeus-Woesthoff~ 

Material CSA-301-LC Carmhomat t2 G \ ~ ,] x 100% 

compact sintered Me 25 <5 >80 
compact sintered W 23 17 26 
Me-powder 83 41 49 
W-powder 28 6 79 
W-grit 16 10 38 
M o O  3 122 not determinable owing 

to vigorous sublimation 
we3 24 6 75 
tungsten blue oxide 115 90 22 

tion could be that the blank values are raised in HF- 
induction furnaces by the excessive corrosion of the 
cup material in the presence of larger amounts of Me 
and W, which causes very high and frequently varying 
combustion temperatures. Corrosion is additionally 
favoured by the high acidity of MoOa and w e 3  
melts. 

Our observations on these discrepancies can be 
summarized as follows. 

(a) If differences occur, the values obtained with 
the Woesthoff apparatus are always lower than those 
obtained by HF-induction heating in the Heraeus 
apparatus. 

(b) No constant differences have been observed for 
any sort of Mo or W material investigated. As can 
be seen from Table 6, differences may vary within 
20-80% or more. Sometimes, however, no differences 
are observed at all. 

(c) No such differences are observed for the certified 
reference steels which have to be used for calibration 
of the Heraeus CSA-301-LC, as can be seen from 
Table 7. 

Table 7, however, reveals another difficulty: for 
some of the certified reference materials, especially 
in the region of carbon contents between 10 and 100 
ppm, the values obtained do not agree with the certi- 
fied values. The values obtained in our laboratory 
with the Woesthoff apparatus were determined after 
calibration with potassium hydrogen phthalate as pri- 
mary standard. Two batches of the BAM-reference 

steel 131 were also found by Grallath to have a car- 
bon content of 62 and 60 ppm (BAM 131--1/364 and 
BAM 131--1/585) when the instrument was cali- 
brated with potassium hydrogen phthalate, Na2C204 
and CO2 .27 This clearly demonstrates the stringent 
need for reliable certified reference materials for car- 
bon, especially in the range of 10-100 ppm. 

Table 8 compares the precision and obtainable 
detection limits with the resistance-heated Woesthoff 
Carmhomat 12G and the HF-heatted Heracus 
CSA-301-LC. In both cases, the absolute value of the 
blank is primarily determined by the m o u n t  and 
quality of the C u e  and tungsten-grit used. As also 
observed by other laboratories, the precision obtained 
with resistance-heated furnaces is superior to that 
obtained with HF-induction furnaces. This is mainly 
because the energy uptake in the latter is variable, 
being a function of the types and weight ratios of 
metals present, their grain size distribution, shape and 
probably other factors not yet fully understood, as 
well as corrosion of the cup material as mentioned 
above. 

Table 9 lists the participants in the latest GDMB 
round-robin test for the determination of bulk carbon 
in Me and W. Table 10 gives the results. 

The following conclusions can he drawn. 
(1) The trace determination of bulk carbon--espe- 

cially in refractory metals--remains problematic in 
the range below 20 ppm. This is not so for other 
materials, e.0. steels. A parallel round-robin for two 

Table 7. Some comparative results for traces of C in certified reference steels, with the Woesthoff Carmhomat 12 
G and the Heraeus CSA-301-LC: all values for ~ and s are in ppm (w/w) 

Certified reference Certified v a l u e s  Woesthoff Carmhomat 12 G Heraceus CSA-30I-LC 
material ~ s v, % ~ s v, % ~ s v, % 

BAM-17/245 430 40 9.3 415 5.5 1.3 415 11 2.7s 
BAM-3a/441 393 12 3.0 s 380 4.8 1.3 385 13 3.3 
BAM-8a/317 344 12 3.5 337 7.0 2.0 343 15 4.4 
BAM-131-1/498 73 9 12 66 2.8 4.2 60 3.9 6.5 
BAM-044- i/55 25 2 8.0 24.1 2.8 7.5 25.0 i.8 7.3 
BCS-149/3 20 - -  - -  22 2.2 10 24 3.5 15 
BCS-260/4 15 - -  ~ 22 2. ! 9 22 4.1 19 
BAM4)43-1/61 14 3 21 14.6 1.3 9 19 3.6 19 

v = coefficient of variation. 
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Table 9. Participants in the latest •round-robin test of the working group "refractory metals" of the chemis- 
try section of the GDMB on the determination of bulk carbon in sintered compact Mo and W 

K. Bencker, Geseiischaft fiir Elektrometallurgie m.b.H., Niirnberg 
E. Grallath, Max Planck lnstitut for Metallforschung, Laboratorium fdr Reinststoffe, Schw~ibisch Gmiind 
O. Hiimer, H. C. Starck, Goslar 
D. Hirschfeid, F. Krupp G.m.b.H, Krupp Forschungsinstitut, Essen 
H. M. Ortner, Metallwerk Plansee A.G., Reutte, Tirol 
M. Rtihrl, Siiddeutsche Kalkstickstoffwerke A.G., Trostberg 
V. Scherer, Osram GmbH., Miinchen 
H. Schneider,Kernforschungszentrum Karlsruhe, lnstitut fiir Material- und Festktirperforschung 

certified reference steel standards from BAM (Berlin), 
i.e., for AKP 043-1 and AKP 044-1 with carbon con- 
centrations of 14 and 25 ppm respectively, yielded 
quite satisfactory results. Hence, the difficulties are 
specific for Mo and W. 

(2) Laboratory 2 in Tabl 10 used sample weights 
of about 0.2 g whereas all other participants used 
sample weights between 0.5 and 2 g, mostly 1 g. The 
strikingly high standard deviation obtained by labor- 
atory 2 by far exceeds the standard deviation of the 
method itself. This indicates a pronounced micro- 
heterogeneity. The relative variances obtained by the 
other laboratories range from 10-20% for 10-20 ppm 
carbon and mostly around 30% for carbon values 
below 10 ppm, which can be considered normal. 
Although homogeneity tests were performed before 
the round-robin test there still remains the principal 
question of partition of carbon in sintered Mo and 
W to be solved, because homogeneity tests when the 
content is in the region of the detection limit (as, es- 
pecially, for C in W) can only reveal very significant 
heterogeneities. All that can be said is that the homo- 
geneity at the 1-g level is significantly better than at 
the 200-rag level for the materials investigated. 

(3) The discrepancies between values obtained with 
resistance-heated furnaces and HF-induction fur- 
naces, which were discussed above, do not occur for 
the Mo and W sheet of this round-robin test. 

All this calls for the application of activation- 
analysis methods, which do not face all the difficulties 
caused by combustion characteristics, are capable of 
a reliable carbon determination at or below the 
l-ppm level, and can clearly solve the question of 
macro- and microhomogeneity at various levels. 

CONCLUSION 

Several years ago, a very prominent analytical 
chemist stated that the most stringent need of modern 
analytical chemistry--especially in trace analysis--is 
for accurate measurements of real-type samples with 
several methods. 2a It was also stated then that the 
predominant aspect of trace analysis is accuracy 
rather than precision. However, the only way to 
arrive at accurate results is by the conformity of such 
results obtained by different, independent methods. 
it is in this context that the work reported here rep- 
resents an effort which to the author's knowledge is 

unique. Never before has the problem of trace analy- 
sis for O, N and C in refractory metals been studied 
by such a large group of experts experienced in very 
diverse fields of analytical chemistry. The combined 
application of a wide variety of activation-analysis 
methods together with classical methods has already 
led to surprising new insights into the trace contami- 
nation levels of Mo and W with respect to oxygen. 
Everybody in the field was more or less surprised 
by the extremely low oxygen content found in 
tungsten. It is greatly to the credit of the European 
Community that it initiated this work and sponsored 
it throughout the years. 

On the other hand, the smaller and easily 
manoeuvrable "refractory metals" group of the 
GDMB succeeded in clearly demonstrating the limits 
of classical trace analysis for N and C in refractory 
metals and in showing that the true N and C con- 
tents, especially in W, are below these limits. Thereby. 
this group prepared the field for final round-robin 
tests to be conduct~l by the BCR, with application 
of only activation-analysis methods capable of trace 
analysis in the sub-ppm region. 

It is this combined European effort which has ulti- 
mately led to the production of a most remarkable 
certified reference material for oxygen in Mo with a 
certified oxygen value of 14.7/~g/g and an uncertainty 
of only 2.1/~g/g. The certification of O in a refractory 
metal at such a level and with such a high degree 
of accuracy and precision is unsurpassed even by 
high-purity metals from NBS. 29 Should further work 
on the certification of O in W and on N and C in 
Mo and W be successful, these efforts will lead to 
still more outstanding reference materials with con- 
tents certified at presumably the sub-ppm level. Such 
low levels would make the certified materials impor- 
tant for evaluating instrument and system blanks. 
They would also be expected to be very valuable in 
the developm'ent of new or improved methods and 
techniques for extending the sensitivity of detection 
for the determination of O, N and C traces in various 
metals. 

Everyone participating in this work knows how 
tedious these investigations were and always will be, 
and how complex the questions are which still await 
tackling. However, participation in this process of 
extending the methods and possibilities of analytical 
chemistry to their very limits in order to enlarge our 
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knowledge of materials with a promising future, 
such as Mo and W, is in the author's belief one of 
the most exciting challenges of modern analytical 
chemistry, 

Acknowledgement--The author expresses his gratitude to 
a!l his colleagues within the BCR "non-metals in refractory 
metals" group and the "refractory metals" group of the 
chemical board of the GDMB for permission to prepare 
this paper. 
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APPARATUR ZUR S~i, ULENELEKTROPHORESE 
IN NICHTWASSRIGEN L()SUNGSMITTELN 

E. BLASIUS, C. SCHREIER und K. ZIEOLER 
Fachrichtung Anorganische Analytik und Radiochemie der Universitiit des Saarlandes, 

D-6600 Saarbrticken, BRD 

(Eingegangen am 1. Dezember 1978. Angenommen am 20. Dezember 1978) 

Zusanunenfassung--Es wird eine Apparatur zur S~ulenelektrophorese in nichtw~issrigen LiSsungsmitteln 
beschrieben, die ein Arbeiten bei Feldstiirken bis zu ~50V/cm and Temperaturen bis -5() ° erlaubt, 
Zur kontinuierlichen photometrischen Auswertung der Trennungen dient eine Durchflul3ktivette mit 
zwei doppclten "Suprasil"-fenstern. Sie gestattet die Kfihlung der Probe bis zum Detektorsystem. 
Getrennt werden Kaliumpolysulfide als l~ispiel for hydrolyseempfindliche Salze, Thiocyanato(phenylen~- 
diamin)chrom(IIl)-Komplexe als Ikispiel ffir wassersehwerliSsliche Salze und aromatische Sulfonate als 
Beispiel for mit Kronenverbindungen komplexierte Salze. 

Der Obergang von einer offenen Kammer L2 zur 
geschlossenen S/iule bringt flit die Elektrophorese in 
nichtw~ssrigen L6sungsmitteln erhebliche Vorteile. 
Diese sind: Verwendung auch niedrig siedender 
L/Ssungsmittel, AusschluB yon Luft und FeuchtigkeR, 
kontinuierliche Probenentnahme und Durchsatz 
gri~Berer Meitgen. 

Im folgenden wird eine Apparatur beschrieben, die 
nur noch aus Glas besteht und somit die Verwendung 
aller giingigen organischen LiSsungsmittel sowie die 
Beobachtung der Vorg~inge in der Trenns/iule, an den 
Elektroden und Membranen gestattet. Weitere Vor- 
teile sind der einfache apparative Aufoau, das Heine 
Totvolumen und eine gute Kiihlleistung, die 
Feldst~rken bis zu 150 V/cm und Temperaturen his 
zu - 5 0  ° erlaubt. AuBerdem ist die Kiihlung der 
Probe his zum Detektor m/Sglich. Je nach Packung 
der S~iule und Trenntemperatur dauert die Elektro- 
phorese 30 min bis 5 h. Wegen ihres relativ guten 
LiSsungs- und IonisierungsvermiSgens dienen als 
L6sungsmittel haupts/ichlich Ameisens/iure, Eisessig, 
Methanol, Ethanol, Propanol-2, Acetonitrii, N,N- 
Dimethyiformamid und Nitrobenzol. Geeignete Leit- 
salze sind LiCI, NaSCN und KSCN, da sie in den 
meisten der a~ngegebenen LiSsungsmittel Li~slichkeiten 
>0,1M besitzen. 

E X P E R I M E N T E L L E R  T E l L  

Verwendete handelsfibliche Ger~te 

Hochspannungserzeugung, Power Supply Type 3371 A, 
LKB (Bromma, Schweden). 

Kiihlung. Ultra-KryOmat K-40 DW, Meflger~itewerk 
Lauda (Lauda). 

Photometrische Auswertung. Spektralphotometer PM 2 
D, Zeiss (Oberkochen) mit angeschlossenem Kompensa- 
tionsschreiber Polycomb 2, Hartmann und Braun (Frank- 
furO. 

* Ffir finanzielle Unterstfitzung danken wir der 
Deutschen Forschungsgemeinschaft, Bonn-Bad Godesberg. 

AuJbau der Apparatur 
• Die Apparatur besteht aus dem unteren Eiektroden 

gef'~iB, einem Zwischenstiick, der Probenentnahmevorrich- 
tung, der eigentlichen Trenns~ule,~dem oberen Elektroden- 
gef~il~ und einem Vorratsgefeil3 (Abb. 1). 

Unteres £1ektroden~fdJ~. Es besitzt ein Volumen yon 200 
cm ~ und dient gleichzeitig als Standgef~iB. Die seitfiche 
Schliflhfiise faBt einen Tetlonkern, in den ~n Platindraht 
als Elektrode eingepaflt ist. Sie ist h~er einen angel6teten 
BNC-Stecker mit der Stromquelle v©rbunden. Dutch das 
angeschmolzene Steigrohr yon 1,0 cm Durchmesser 
entweichen die Eiektrolysegase. Auf der zweiten Sch- 
lifIhfilse sitzt das Zwischenstiick. 

Zwischenstiick. Es dient zur Kfihlung der Probenentnah- 
mevorrichtung, hat eine L/inge yon 9 cm, einen Innen- 
durchmesser yon 0,33 cm und ist mR einem Ktihlmantel 
(AuBendurchmesser I cm) umgeben, dessen unterer Kern 
als Hohlschliff ausgelegt ist. Zum Abdichten werden 
genormte Teflonschuhe (NS 14.5) benutzt. Der obere Teil 
des Zwischenstficks ist als Planschliff gearbeitet. Auf ihm 
liegt die ~ntere Membran der Probenentnahmevorrich- 
tung. 

Probenenmahmevorrichtung. Sic besteht aus einem 
runden, 1 cm hohen, biplan geschliffenen Glasblock, der 
vertikal und horizontal darchhohrt ist (Abb. 2). 

Der lnnendurchmesser der vertikalen Bohrung betr/igt 
0,33 cm und entspricht dem des Zwischenstficks und der 
Trennsiiule. An die horizontale Bohrung (Innendurch- 
messer 0,33 cm) sind die gegenfiberliegenden Zu- und 
Ablaufstutzen mit 0,25 cm Innendurchmesser ange- 
schmolzen. In den biplanen Oberfl~chen des Glasblocks 
befinden sieh eingeschliffene Vertiefungen, in die die beiden 
scheibenf'6rmigen Membranen genau hineinpassen, Die 
obere Membran biidet die Abgrenzung zum Tr~igermateriaL 
Beide Membranen dienen zur Stri~mungsstabilisierung. Sie 
werden vor der Elektrophorese12 h in dem jeweihgcn 
LiSsungsmittel aufbewahrt und bieten dann gegenfiber 
Glasfritten 3 den Vorteil, dab sich der Widerstand nicht 
erh~Sht. Auf die obere Seite des Glasblocks setzt man die 
Trenns~iule. Die gesamte Probenentnahmevorrichtung wird 
durch einen Flansch (zwei miteinander verschraubte Edel- 
strahlringe) zusammengehalten. 

Trenns~ule. Ihr Innendurchmesser und die Ma~ des 
Kfihlmanteis entsprechen denen des Zwischenstficks. Zum 
Packen der Trenns~iule wird die Apparatur bis auf das 
obere Elektrodengef~iB zusammengesetzt und mit Grund- 
elektrolytliSsung his I cm fiber die Probenentnahmevorrich- 
tung geffiUt. An den Membranen diirfen sich dabei keine 
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Abb. 2. Ausschnittvergr6Berung der Probenentnahmevorrichtung. 

Luftblasen befinden. Der  Brei aus Tr~igermaterial und 
Grundelektrolyt wird anschlielknd langsam in die Siiule 
eingeschltimmt. Diese mug vertikal stehen und daft 
wiihrend des Fiillens nicht gekippt werden. Man ItiBt das 
Trtigermaterial 12 h absetzen, bis eine konstante H0he 
erreicht ist. Am oberen Ende der Trenns~lule befindet sich 
ein Hohlschliff zur Aufnahme des oberen Elektroden- 
gef~ilks. 

Oberes Elektrodengef~#$. Es besitzt ein Volumen von 175 
cm 3 und wird am unteren Schliff durch einen genormten 
Tellonschuh (NS 14.5) abgedichtet. Die Platinelektrode 
wird wie beim unteren EiektrodengefiU3 durch die seitliche 
Schliffhtllse eingefdhrt. Ober den oberen Schliff wird 
zun~chst die Apparatur volistttndig mit Grundelektrolytl0- 
sung gefdllt und dann die Probe mit einer Hamiltonspritze 
auf die Obert~che des Trttgermaterials aufgegeben. Der 
Schliff ist mit einem Stopfen abschlieBbar. 

Vorratsgefd~. An einem Stativ auf der Grundplatte ist ein 
250 cm s Scheidetrichter befestigt. Zwischen diesem Vor- 
ratsgefiiB und dem Zulauf der Probenentnahmevorrichtung 
befindet sich eine Kiihlschlange. Die Verbindungen 
erfolgen fiber Siliconschliiuche (Abb. 3). Nach dem Zusam- 
mensetzen der Apparatur und Filllen wird das Vorrats- 
gefiiB auf Niveaugleichheit eingesteUt. 

Detektionssysteme 
Die Detektion der aufgetrennten Substanzen kann 

visuell, diskontinuierlich nach Auffangen im Fraktions- 
sammler bzw. kontinuierlich tiber eine DurchfluBktivette 
erfolgen. 

Hauptteile einer eigem entwickelten bis - 50 ° ktihlbaren 
DurchfluBkUvette sind die MeBzelle mit den Zu- und 
Ablaufstutzen for die zu messende Probe, der 
Messingkiildblock mit den beiden Zuftihrungen for die 

Stutiv 
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J vorrichtung 

ZutQuf tier Ki~tft~ssigkeit 

Grundplatte 

Abb. 3. VorratsgefaB mit KUhlvorrichtung. 
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Abb. 4. Querschnitt durch die kiihlbare DurchfluBkiivette senkrecht zum Lichtstrahl. 

Kiihlfliissigkeit aus dem Kryomaten sowie die Teflonum- 
mantelung (Abb. 4). 

Die MeBzelle sitzt im unteren Teil eines gut kiihlbaren 
Messingblocks. Dieser ist am oberen Ende ausgedreht und 
mit Stutzen fdr den Kiihlkreislauf versehen. Der gesamte 

Kiihlblock mit Mei3zelle ist in ein zylindrisches Teflon- 
gefdB eingepal3t, dessen Mafle so gewiihlt sind, dab die 
kiihlbare Durchflu~kiivette gegen die normale kiiufliche 
Kiivette des Spektralphotometers PM 2 D ausgewechselt 
werden kann. 

- -  :_----- :_-_"-C_- t 

zum Empfdnger m . . . . . . . . . .  

AnschluO zur Pmbenentnahmevorrichtung 

Edeistolgrohr 

........ Vifon-Dichf ungsnnge 

Te flondichtu~J 

Ki/vet fenroum 
• monochrom atischer LicMsfrahl 

Suprasiifenster 

Messmg~rschroubung 

Edelsluhl~hr 

0 1 2 
cm I I I 

Abb. 5. Halbseitiger Schnitt durch die kfihlbare Meflzelle parallel zum Lichtstrahl. 
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Abb. 6. Trennung von K2K2, K2K3, K2K4 und K2Ke in N,N-Dimethylformamid bei -50°C. 

Mel3zelle. Sic besteht aus einem Edelstahirohr mit innen 
eingedrehtem Gewinde (Abb. 5) und ist durch einen 1 cm 
langen Siliconschlauch mit dem Ablaufstutzen der Pro- 
benentnahmevorricbtung verbunden. 

Durchmesser und L/inge der MeBzelle betragen jeweils 
15 ram. In der mittleren massiven Edelstahlscheib¢ 
befinden sich eine zentrische Bohrung von 2 mm Durch- 
messer und vertikal dazu die Zu- und Ablaufbohrungen, 
Der eigentliche Kfivettenraum (Zylinder yon 2 mm Durch- 
messer und 2 mm HiShe) wird durch das beidseitige Auf- 
iegen der beiden inneren "Suprasir'-Fenster erhalten. Da- 
zwischen befinden sich ringfdrmige Teflondichtungen. Zwei 
weitere "Suprasil'-Fenster bilden die iiulkre Begrenzung. 
Die gesamte Anordnung wird durch die Messingverschrau- 
bung und die "Viton"-Ringe zusammengepreBt. Die Strah- 
lungsleistung bleibt aufgrund der doppelten "Suprasil"- 
Fenster bis -20 ° Kryomatentemperatur ungeschwiicht. 
Die Verringerung der Durchliissigkeit durch Kondensatbil- 
dung und Vereisung betriigt bei -50  ° etwa 10%. 

K~hluno. VorratsgeffiB, Trenns~iule, ZwischenstBck und 
DurcbfluBkiivette kfihlt man parallel fiber einen Kryo- 
maten. Die Kiihlschliiuche sind durch Moosgummi weitge- 
hend w~irmeisoliert. Die Kfihlung muB eine Stunde vor 
Beginn der Trennung eingeschaltet werden. 

TRENNBEISPIELE 

Die Anwendungsbreite der neuen Apparatur wird 
an drei Trennproblemen aufgezeigt. Diese stellen aus- 
gew~ihlte Beispiele fiir die Notwendigkeit des Ein- 
satzes nichtw~issriger L~sungsmittel dar. Folgende 
Trennungen werden durchgeRihrt: 

(a) Kaliumpolysulfide als Beispiel f'tir hydrolyse- 
empfindliche Salze; 

~b) Thiocyanato(phenylendiamin)chrom(III)-Kom- 
plexe als Beispiel fiir wasserschwerl6sliche Salze; 

(c) Aromatische Sulfonate als" Beispiel for mit 
Kronenverbindungen komplexierte Salze. 

Kaliumpolysulfide 
Die Trennung eines Gemisches aus K2S2, K2S3, 

K2S,, und KzS~ in N,N-Dimethylformamid bei - 50 ° 
ist in Abb. 6 wiedergegeben. In Tab. 1 sind die ents- 
prechenden Trennbedingungen zusammengestellt. 

Eine Trennung des Gemisches ist bei 0 ° nicht 
m~glich. Bei dieser Temperatur stellen sich Gleich- 

Tabeile 1. Trennbedingungen for die Trennung der Kaliumpolysuifide 

Probegemisch: 

Probevolumen: 
Spannung: 
Feldstiirke 
Stromsfiirke: 
Trenntemperatur: 
Trennzeit: 
Grundelektrolytsystem: 
Triiger: 
Auswertung: 

Kaliumpolysulfidgemiseh jeweils 10-2M an 
KaSz, K2S3, KzS,, K2S~ (in N,N-Dimethyiformamid) 

1000 V 
100 V/cm 
8 mA 
-50°C 
2h 
0,1M LiCI in N,N-Dimethylformamid 
Sephadex LH-20 
Extinktionsmessung in der DurchfluBkfivette bei 
400 nm 
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Tabelle 2. Trennbedingungen Ffir die Trennung der Thiocyanato(phenylendiamin)chrom(llI)-Komplexe 

Probegemisch: 

Probevolumen: 
Spannung: 
Feidst~irke: 
Trenntempcratur: 
Trennzeit: 

Grundelektrolytsystem : 
Tr~iger: 
Auswertung: 

0,125M Komplexgemisch bezogen auf Cr in 
Acetonitril 
50/zl 
I000 V 
I00 V/cm 
0oc 
I h bei anodischen Komplexen 
3 h bei kathodischen Komplexen 
0,1M KSCN in Acetonitril 
A1203 
Extinktionsmessung in der DurchfluBkiivette bei 540 nm 

gewichte zwischen den einzelnen Polysulfidanionen 
und einem Si-Radikalionein.'* 

Thiocyanato(phenylendiamin)chrom(lll)-Komplexe 

Ein Gemisch aus Thiocyanato(phenylendiamin)- 
chrom(III)-Komplexen, hergestellt dutch Umsetzung 
yon Ks[Cr(SCN)6] mit o-Phenylendiamin in Acetoni- 
tril wird in Acetonitril in die vier m6glichen Einzel- 
kompon©nten getrennt (Trennbedingungen in Tab. 2). 

Ist die untere Elektrode als Anode geschaltet, 

erfolgt die Auftrennung in eine violette und eine rosa 
Zone, die nach ihren Wanderungsgeschwindigkeiten 
dem [Cr(SCN)~] 3- und dem [Cr(SCN)4(phen)]- 
zugeordnet werden (Abb. 7 links). Im anderen Fall 
wandern zwei auf der S~iule visuell nicht mehr er- 
kennbare Zonen, die nach ihren Wanderungsges- 
chwindigkeiten dem [Cr(phen)3]3 + und dem 
[Cr(SCN)2(phen)2] + zugeordnet werden, zur Kathode 
(Abb. 7 rechts). 

Auf diese art gelingt die Reindarstellung der einzel- 
nen Komplexe. 

[Cr|SCN} 6 ]3- 

phenl]- [Cr~SCN)2lphen}2 ]" [Cr I ~  

.,L V [cm 31 

Abb. 7. Trennung yon Thiocyanato(phenylendiamin)chrom(Ill)-Komplexen in Acetonitril. 
Links: untere Elektrode als Anode. 
Rechts: untere Elektrode als Kathode. 

Tabelle 3. Trennbedingungen for die Trennungen der aromatischen Sulfonate 

Probegemisch: 

Probcvolumen: 
Spannung: 
Feldsfiirke: 
Stromstiirke: 
Trenntemperatur: 
Trennzeit: 
Grundeicktrolytsystem: 
T~ger: 
Auswertung: 

Gemisch 0,1M 2-Naphthoi-6,S-disulfonat 
0,1M 2-Naphthylamin=6,8.disuifonat bzw. 
0,1M an DB-18-C-6 in Ameisens~lure 
50/zl 
750 V 
75 V/cm 
40 mA 
0°C 
4 bzw. 2 h 
0,2M LiCI bzw. zu~tzlich 0,1M an DB-18-C-6 in Ameisensiiure 
Ccllulosepulver 
Extinktionsmessung in dcr DurchfluBkiivette bei 335 nm 
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Aromatische Sulfonate 

Die Trennung chemisch sehr ~ihnlicher aroma- 
tischer Sulfonate stellt allgemein ein analytisches 
Problem dar. Die elektrophoretische Trennung in 
wiissrigen Systemen wird durch die starke Hydra- 
tation der Ionen erschwert. Der Einsatz nichtw~iss- 
riger L~sungsmittel bewirkt eine Verkleinerung der 
Solvathiille. Dadurch wird ein gr~Berer relativer Un- 
terschied in Radius und Masse der Ionen und damit 
der Ionenbeweglichkeiten erzielt. Jedoch bewirkt das 
organische L~sungsmittel Herabsetzung der L6slich- 
keit und Dissoziation der Salze. Diese Nachteile 
werden durch den Einsatz von Kronenverbindungen 
aufgehoben. 

Mit Dibenzo-18-krone-6 wird die Trennung aroma- 
tischer Sulfonate, wie 2-Naphthol-6,8-disulfonat und 

E. BLASIUS, C. SCHREIER und K. Z1EGLER 

2-Naphthylamin-6,8-disulfonat, in Ameisens~iure 
erheblich verbcssert (Abb. 8). In Tab. 3 sind die 
Trennbedingungen zusammengestellt. Durch den Ein- 
satz yon Dibenzo-18-krone-6 erh6ht sich der 
Rs-Wert s yon 1,4 auf 2,6. Dies entspricht einer Ver- 
besserung der Trenngiite yon 85,7%. 
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Summary--An apparatus for electrophoresis in non-aqueous solvents is described, which makes it 
possible to work in field strengths up to 150 V/cm and at temperatures down to -50 °. A flow-through 
cell with two double "Suprasil" windows facilitates the photometric evaluation of the separations, 
and keeps the sample cool until it reaches the detection system. Potassium polysulphides have been 
separated as an example of salts sensitive to hydrolysis, thiocyanato(phenylenediamine)chromium(IlI) 
complexes as an example of salts only slightly soluble in water, and aromatil: sulphonates as an example 
of salts complex~ by crown compounds. 
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A RAPID HIGH-PERFORMANCE ANALYTICAL 
PROCEDURE WITH SIMULTANEOUS VOLTAMMETRIC 

DETERMINATION OF TOXIC TRACE METALS 
IN URINE 
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Institute of Chemistry, Institute 4, Applied Physical Chemistry, 

Nuclear Research Center (KFA), Jiilich, Federal Republic Germany 
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Summary--For the monitoring of toxic trace metals in urine a new high-performance trace analytical 
procedure with simultaneous voltammetric determination is presented. Particular emphasis has been 
placed on minimizing contamination by reducing the urine sample volume to I mt and consequently 
limiting the needed amount of HNOa/HCIO4 and the duration (<20 rain) of the wet digestion stage. 
The procedure Consists of three Stages. First 20 urine samples (1 ml each) are simultaneously freeze-dried 
overnight. They then require only a short wet digestion (HCIOJHNOa 2:1, 20 min, 210°). They are 
then adjusted to pH 4.5 with acetate buffer and the trace metals are determined simultaneously by 
differential pulse anodic-stripping voltammetry at the mercury film electrode, the quartz digestion vessel 
being used as the voltammetric cell. If precipitates occur in the acidified samples, their trace metal 
content can be determined in the same manner, avoiding the low results commonly obtained by other 
methods. The procedure has high sensitivity with fair to good precision, covers a determination range 
from the sub-/tg/l, to the medium/~g/l, level and lends itself to automation. It is cheaper and more 
accurate than atomic absorption. Thus the procedure provides important potentialities for surveillance 
of occupationally exposed persons as well as for extended ecotoxicological baseline studies in man 
and cattle. 

Man is widely exposed to toxic metals which are in- 
gested by respiration and from food} -'t The degree 
of uptake depends on the local atmospheric toxic 
metal level and on the foods eaten. In addition there 
may be occupational exposure to still higher levels 
of toxic metals. Toxic metals are insidious, as they 
are biologically non-degradable but tend t o  accumu- 
late in the vital organs of man, where they act pro- 
gressively over extended time periods~ s Fortunately 
a substantial fraction of the amount of toxic metals 
taken up is excreted. Because of the hazard consti- 
tuted by toxic metals their monitoring in ,man is im- 
portant in occupational medicine and toxicology, and 
is growing significant with respect to control of the 
toxic metal levels in the general population. Body 
fluids such as blood 6-s and urine 9 are the most im- 
portant types of sample from man and cattle, because 
of their ready availability and the possibility of conta- 
mination-free and reliable sampling (compared with 
that of such samples as hairl°~ Urine is especially 
convenient, and provides information on the level and 
rate of toxic metal excretion, as has been recently 
shown in studies on exposure to nickel.il '  12 

* Attached from Institute of Fundamental Problems of 
Chemistry, University of Warsaw, Poland in the joint 
research project on toxic metals in the environment. 

Lead and cadmium are two of the very toxic metals 
deserving particular attention.5 Their reliable and ac- 
curate determination at the low levels usually encoun- 
tered in the ur ine  of persons not occupationally 
exposed to themis a demanding task in trace analysis~ 
Hitherto atomic-absorption spectroscopy (AAS) 13 has 
been the most popular method, frequently applied di- 
rectly to the sample after pH adjustment or after 
digestion and extraction steps. At very low trace levels 
these procedures are especially liable to suffer from 
contamination and the general errors inherent in AAS 
with electrothermal excitation, as discussed else- 
where." l ,  Thus, to obtain meaningful data in the 
ultratrace range by electrothermal AAS requires 
expertise and experience, and also confirmation by 
an independent reliable trace-anaiysis procedure. 1 s-i 

Voltammetric methods, coupled with suitable 
digestion procedures, provide a very efficient, and reli- 
able alternative, 4' 6, is. t9 combining extreme sensi- 
tivity with high accuracy and good precision. Further- 
more, several trace metals can be determined in one 
run, in contrast to AAS which is essentially a sequen- 
tial single-element method. The voltamme~ric instru- 
mentation is also substantially cheaper." 20 

Several authors have reported polarographic or 
voltammetric procedures for the determination of 
lead, cadmium and thallium in urine. 21-2~ As found 
in our preliminary work and reported by previous 
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authors,22.23 direct determinations after simple dilu- 
tion and pH-adjustment are not dependable. 
Although they might work for some types of urine 
there is generally a significant risk of unreliable 
results owing to unexpected interferences from com- 
plexing surface-active substances frequently present in 
urine 2s. 29 making digestion of the sample manda- 
tory. However, reported methods based on wet diges- 
tion suffer from high background levels of lead and 
cadmium originating from the glassware, making it 
virtually impossible to determine these elements at 
the low levels that are of interest in baseline studies 
on occupationally non-exposed persons. 

The present paper describes a new voltammetric 
procedure applied after a rapid and efficient digestion 
of a freeze-dried sample. Some essentials of this 
approach have already been communicated in a brief 
preliminary note? The procedure, outlined here in 
detail, is based on our extensive experience in the 
voltammetric determination of toxic trace metals in 
a variety of sample types ranging from various bio- 
matrices,4. 16, is. 19 body fluids 6 and food, 4" 16. is to 
sea-water, 3° inland waters, 3~ rain 32 and potable 
water.33.34 The voitammetric method used is differ- 
ential pulse anodic-stripping voltammetry (DPASV) 
at the mercury film electrode (MFE). Is' 30 This type 
of electrode was first introduced into trace metal 
analysis by Florence. 3s Florence and Batley later 
came to the misleading conclusion that there was not 
much advantage in using it with DPASV. 36 However, 
the extraordinary sensitivity of this voltammetric 
method allows the volume of urine treated to be re- 
stricted to 1 ml, in contrast to the sample volumes 
generally used, 2e and makes possible the simul- 
taneous and reliable determination of very low lead 
and cadmium levels in the urine. The procedure can 
also be extended to the simultaneous determination 
of several further toxic trace metals. 

EXPERIMENTAL 

Apparatus 

Precleaned Eppendorf micropipettes (5-1000/~1) were 
use d for taking sample aliquots and making standard addi- 
tions. The urine samples (1 ml) were freeze-dried in thor- 
oughly cleaned quartz cups in a Christ Beta I freeze-drier 
(Heraeus, Hanau, FRG). 

The DPASV was performed with a PAR Polarographic 
Analyzer 174 A fitted with a Hewiett-Packard 700 B X-Y 
recorder, or a Metrohm Polarecord E 506 with the access- 
ory BM 503. Use of the three-electrode technique and the 
potentiostats incorporated in the polarographs allows 
potentiostatic control throughout. The working electrode 
was a mercury film.electrode on a glassy carbon carrier, 
of our own construction. 30 An Ingold saturated Ag/AgCI 
electrode connected to the cell by a salt bridge filled with 
I M potassium chloride served as reference electrode and 
a coiled platinum wire was the auxiliary electrode. The 
solutions were deaerated prior to voltammetry by passing 
purified nitrogen (99.999%) through them for 10 rain. Dur- 
ing the voltammetry an inert atmosphere was maintained 
in the cell compartment by flushing nitrogen over the solu- 
tion. 

Reagents 
Perchloric, nitric and acetic acids and sodium acetate 

were Merck "suprapur". Standard solutions of lead, cad- 
mium and copper were Merck "Titrisor'. Standard solu- 
tions of 0.4 #g/ml Pb + 0.4 /~g/ml Cd and of 0.4 /~Wml 
Pb + 0.04 /~g/ml Cd in 0.1M perchloric acid were used. 
The acetate buffer (0.5M acetic acid + IM sodium acetate), 
which also serves as supporting electrolyte, was prepared 
from Merck "suprapur" reagents. 

The water used for making the solutions was distilled 
five times in a quartz still, and triply distilled water was 
used for rinsinp~ 

Procedure 
Pipette 1 ml of the urine sample into a quartz cup and 

freeze-dry it with liquid nitrogen for 6--8 hr; 20 samples 
can be handled simultaneously in the Christ Beta I appar- 
atus. 

Wet digestion. Add 0.2 ml of cone. perchloric acid and 
0.1 ml of cone. nitric acid to the dried sample, cover the 
quartz cup with a watch-glass and heat at 210 ° on a hot- 
plate for 15-20 rain. Evaporate almost to dryness to 
remove excess of acid. Dissolve the residue in 2-3 ml of 
fivefold distilled water, Cool to room temperature. 

Voltammetric determination. Add 0.1 ml of 0.02M mer- 
curic chloride for mercury film formation, 0.5 ml of acetate 
buffer to adjust to pH 4.5 and fivefold distilled water to 
give a total solution volume of 10 ml. Insert the quartz 
cup into the "Plexiglas" container. Deaerate with nitrogen 
for 10 rain and begin formation of the mercury film. Per- 
form the DPASV, evaluating the results by means of two 
standard additions. 

RESULTS AND DISCUSSION 

The oeneral analytical procedure 

Freeze-drying of the urine sample before digestion 
is essential, particularly for urine samples with very 
low levels of lead and cadmium. The amounts of con- 
centrated acids required can then be restricted and 
the digestion time limited to less than 20 rain. Wet 
digestion of 1 ml of the liquid urine sample would 
require five times as much acid and digestion for 60 
min, resulting in greater contamination by lead and 
cadmium leached from the quartz cup. With prelimi- 
nary freeze-drying the blank values can be reduced 
to ~<0.7 ng/ml for lead and ~<0,05 ng/ml for cad- 
mium. These low blank levels are maintained 
throughout" the procedure as the same quartz cup is 
used the whole time. 

The freeze-drying admittedly takes time, but it can 
be performed for 20 samples simultaneously and 
arranged to go on overnight. 

Several urine samples were found to give a precipi- 
tate on acidification. Because of adsorption and/or 
co-precipitation this contained a certain amount of 
trace metals. In such cases the precipitate is separated 
by centrifugation, washed with water, centrifuged 
again and then subjected-to freeze-drying. In the sub- 
sequent wet digestion of the precipitate the same 
amount of acids as for 1 ml of clear urine is sufficient.. 

The voltammetric determination 

The quartz cup used in the pretreatment steps 
serves as the cell for the voltammetric determination. 
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The solution from the digestion is spiked with mer- 
curic chloride for formation of the mercury film elec- 
trode (MFE), adjusted to pH 4.5 and diluted to 10 
ml to ensure immersion of all three electrodes when 
the quartz cup has been transferred into the "Plexi- 
glas" container shown in Fig. 1. These operations 
should be performed under clean-bench conditions 
and as rapidly as possible to avoid contamination 
from the laboratory. 

The MFE itself is formed each time during the in- 
itial phase of the voltammetry by the electrolytic 
deposition of Hg on the glassy carbon surface, from 
the sample solution. The glassy carbon manufactured 
by Tokai Mfg., Tokyo, is recommended. A rod of 
this glassy carbon, having a surface area of 0.28 cm z, 

M 

AE 

WE 

Fig. 1. Experimental arrangement for voltammetric deter- 
mination. Q, quartz cup with sample, serving as voltam- 
metric cell in "Plexiglas" container; WE, working electrode 
(MFE); AE, auxiliary electrode (Pt wire); RE, reference 

electrode with salt bridge; M, synchronous motor. 

is sealed in to  a "Perspex" tube to  give an electrode 
that can be rotated (Fig. I). It resembles the electrode 
introduced by Sipos et al. 3~ The polishing of the 
glassy carbon surface of freshly prepared electrodes 
and their treatment and storage, given in detail else- 
where3O. 3s are important for satisfactory perform, 
ance. 

Here we describe only the treatment and appli- 
cation of an already activated glassy carbon carrier 
and its transformation into an MFE with a mercury 
film between 20 and 100 nm thick, which is most 
suitable for this trace analytical application. 39 In this 
study the method previously described for ultratrace 
.determination of toxic metals in sea-water 3° was 
slightly modified. 

During the deaeration period of about 10 rain pure 
nitrogen is bubbled through the solution. At the same 
time the glassy carbon carrier is rotated by a syn- 
chronous motor at 1500 rpm and is polarized to a 
potential of - 1.0 V. According to ~tulikov~i, "° at this 
potential the polished glassy carbon surface has a 
rather homogeneous distribution of active centres for 
deposition of mercury. The resulting homogetleous 
dense distribution of mercury microdroplets forms a 
well-adhering mercury film which grows in thickness 
with time, and the mercury film produced transforms 
the glassy carbon carrier into an electrode behaving 
like a mercury electrode. After this first film forma- 
tion, serving to condition the glassy carbon surface, 
the potential is stepped to + 1.0 V for 20 sec to strip 
off the first mercury film and any impurities. 3s The 
glassy carbon surface is then in activated condition 
and ready for analytical application. 

With the electrode rotated at 1500 rpm to speed 
up mass transfer towards the interface, a cathodic 
deposition potential Ea of -1 .0  V is applied for a 
deposition time td of 3 min. A fraction of the trace 
metals to be determined, lead and cadmium in this 
case, is reduced and deposited as amalgam in the 
growing mercury film (in situ formation of MFE). 
Thus from the very low bulk concentration of the 
trace metals a substantial electrolytic preconcen- 
tration in the small volume of the thin film is 
achieved.6, ~9 After 3 rain the rotation and the pass- 
age of nitrogen are both stopped. To maintain an 
inert atmosphere nitrogen is now flushed through the 
"Plexiglas" container above the quartz cup. During 
the rest period tr of 20 sec the solution comes to 
rest and mass transfer during the subsequent stripping 
stage is thus only by diffusion. At the beginning of 
tr the potential is stepped to -0.8 V to save time 
in the following stripping stage, in which the potential 
is changed in a series of small rectangular pulses at 
5 mV/sec to a value of +0.1 V, over a period of 
2 min. The rectangular voltage pulses have a height 
of 50 mY, a duration tp of 57 msec and a clock-time 
tc of 0.5 sec. Because of this pulsed anodic polariza- 
tion a fraction of the cadmium and lead amalgam 
is reoxidized, in the appropriate potential range, to 
the ionic state, 39 i.e., stripped in the differential pulse 
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mode (DPASV). The whole sequence of DPASV is 
depicted schematically in Fig. 2a. The corresponding 
current peaks are the recorded signal (Fig 2b). As 
usual in the version of differential pulse polarography 
common to the commercial instruments used, 4t only 
the current-difference between sampfing intervals of 
16.7 msec immediately before the beginning and the 
end of each pulse is recorded. In this manner the 
good signaI-to-noise ratio inherent in the pulse polar- 
ographic mode originally developed by Barker and 
Gardner4' is  achieved, without interference by the 
charging current of the double-layer. The combina- 
tion of this highly sensitive mode of pulse voltam- 
metry with anodic stripping at an MFE is essentially 
the reason for the striking sensitivity and high per- 
formance of the method. 

The recorded peak heights are proportional to the 
bulk concentrations of the corresponding trace metals 
in the sample solution. The actual peak heights are 
rather sensitive to traces of organic surface-active 
material which might still be present in the solution 
despite the digestion. These surfactants tend to be 
adsorbed at the electrode surface and thus affect the 
rate of the electrode process and consequently the 
corresponding current. 43 These risks prohibit the use 
of calibration curves for evaluation of the recorded 
current peaks. Therefore standard addition has to be 
used. An example is shown in Fig. 3a. Almost perfect 
regression lines are obtained and it has been estab- 
lished that two standard additions suffice f o r a  reli- 
able evaluation (Fig. 3b). In practice the evaluation 
was done with a programmable pocket calculator 
(Hewlett-Packard HP-55). 

(a) 

I 

-I.C 

-0.1~ 

-0. (  

-0.4 

-0.2 

ROTATION 
1500 rpm REST PERIOD 

3 rain .=20s 

0.0 

+0.1~ 
cathodic deposition 

Pulse durotion tp=57ms m ~ lock time tc= O.Ss 

J onodic Stipol 

- -  differentiol pulse- 
mode 

After the second standard addition the mercury 
film is wiped off with wet filter paper dusted with 
0.05-/an abrasive powder and the fresh gl~issy carbon 
surface is rinsed with distilled water. It is then ready 
for the next sample, the first step again being forma- 
tion of the mercury film during the initial deaeration 
phase. 

If the electrode is not to be used again immediately 
it has to be kept with the glassy carbon surface im- 
mersed in mercury. It then remains in a state ready 
for further use without extensive polishing, even if 
it is stored for several weeks. 38 

The determination stage, including the initial 10 
rain of deaeration, takes less than 30 min for one 
sample, even at the ultratrace level. Because of the 
high sensitivity of DPASV the cathodic deposition 
time to can be restricted to as little as 3 min. The 
small td-Values also have the great advantage that the 
concentrations of the amalgams formed remain below 
the levels at which interferences due to interactions 
such as intermetallic compound formation begin to 
play a role. "4 In conventional linear-scan anodic- 
stripping voltammetry such effects frequently require 
attention. 

If desired, the total analysis time can be even 
further shortened to some extent by evaluating the 
results by a method applied in the analysis of large 
numbers of sea-water samples. 39 Use is made of the 
following relation for the amount of trace metal amal- 
gam formed, Wt~, which is proportional to the 
product of trace metal bulk concentration c and 
deposition time to. 

Wn= ---- const, eta (i) 

(b) 

DPASV 

t 

-0.8 

C__ 
-0.6 ~ ¢d 

~ ~ Pb I -0.4 ~ 

-02  

! 
0.0 2 

i(/~A) 

Fig. 2. (a) Principle of differential pulse anodic-stripping voltammetry (DPASV). (b) Example of result- 
ing current-potential responses. 
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Fig. 3. (a) Example of simultaneous determination of Pb and. Cd (1) and evaluation by two standard 
additions (2, 3): 0.025M acetic acid + O.05M sodium acetate; td 3 rain; Ed - 1.0 V. (b) Regression 

lines. 

Consequently t d can be decreased for each standard 
addition by the factor by which c increases. In this 
manner a further 1.5 min overall analysis time could 
have been saved for the example given in Fig. 3. This 
is rather a marginal saving, but one that will gain 
more significance if the method is adopted for large 
scale routine applications in analytical toxicology and 
if the determination stage is fully automated as has 
already been done for voltammetric on-line control 
of drinking water. 33 

Accuracy and precision 

In accordance with the principle of using essentially 
independent trace analysis methods for testing accur- 
acy) 5-~ 7 now common in high-quality trace analysis, 
the results obtained by the new procedure were corre- 
lated with those obtained (with special precautions 4~) 
by electrothermal AAS after extraction of the trace 
metals with ammonium pyrrolidinedithiocarbamate 
and diethyldithiocarbamate (Figs. 4 and 5g The ap- 
proximately 45 ° slope of the correlation lines and the 
values of 0.96 for the correlation coefficient confirm 
that the methods agree over the whole concentration 
range of interest down to ~<2 #g/I. for Pb and ~<0.3 
/~g/1. for Cd. 

In this context the tendency of some urine samples 
to form precipitates on acidification, and the trace 

metal content in these precipitates, must be empha- 
sized. Despite acidification to pH 2, up to 30~o of 
the total lead and about 5% of the total cadmium 
is not released from the precipitate. Neglect of this 
effect may cause the results reported to be too low. 
particularly if the analysis is based on direct extrac- 
tion of the trace metals from the urine sample. 

The precision of the procedure described is reflec- 
ted by the reproducibility obtained for two sets of 
10 determinations on the urine of an occupationally 
exposed person (1) and a non-exposed person (2). The 
results are given in Table 1. The standard deviation 
is low for the higher levels of lead and cadmium in 
the urine of the exposed person and is low enough 
for surveillance purposes at the lower levels in the 
urine of the non-exposed person. 

Extension to simultaneous determination of further 
toxic trace metals 

The procedure can be extended to other toxic trace 
metals, as exploratory experiments with copper, zinc 
and thallium have demonstrated. If zinc is included, 
the cathodic deposition potential has to be adjusted 
to - 1.2 V. Because of the limit set by the somewhat 
lower potential of hydrogen evolution at an MFE 
compared with a normal mercury electrode such as 
the hanging mercury drop electrode, the pH-adjust- 
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Fig. 4. Correlation between DPASV and electrothermal AAS determination of Pb in 15 urine samples: 
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Fig. 5. Correlation between DPASV and electrothermal AAS determination of Cd in 22 urine samples: 

ay -0.13;  a= 0.89; r 0.96; a 41°40 '. 
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Table 1. Reproducibility of Cd and Pb determination in urine of exposed and 
non-exposed persons (n = 10, P = 90%) 

Exposed Unexposed 

.4 + ts, RSD, ~ + ts, RSD, 
Metal #aft. % #g/I. % 

Cd 8.3 + 0.8 +5.3 0.32 + 0.25 -[-43 
Pb 16.1 _+ 2.1 +7.2 5.4 +_ 1.0 _+10.2 

The standard deviation s was computed from the relation 

/ X(x+- ~)2 

The Student-Fisher 4s coefficient t is 1.812" for the confidence interval P = 90% 
and n = 10. 

The RSD-values are based on a confidence interval P = 68.3%. 
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ment by the acetate buffer becomes somewhat more 
critical but remains feasible. 

In the acetate buffer medium the peak for thallium 
coincides with that for cadmium at -0 .65  V. How- 
ever, thallium only rarely occurs in urine and there- 
fore as a rule no interference with the determination 
of the commonly present cadmium is to be expected. 
In the exceptional cases when both are present, both 
metals can still be determined. First the sum of both 
is determined and then EDTA is added, which binds 
the cadmium in a strong and inert chelate not under- 
going an electrode process at -0 .65  V, leaving only 
the response corresponding to thallium. As any lead 
is also chelated by EDTA, its response disappears as 
well. 

From our experience with the voltammetric deter- 
mination of mercury with a twin gold-disc electrode 
by DPASV in the subtractive mode 16 in sea-water 
and (after photolytic decomposition of organic che- 
lates by ultraviolet radiation) in rather polluted river 
water, ~7 the development of a reliable voitammetric 
determination for mercury in urine also seems feas- 
ible. 

Conclusion 

This new procedure seems very promising for large- 
scale routine application in analytical toxicology and 
surveillance of trace metals in man and cattle. Owing 
to  the sensitivity of DPASV the method covers the 
whole concentration range of interest from the ultra- 
trace levels in non-exposed persons, subjected only 
to ecotoxic pollution by certain heavy and less com- 
mon metals, to the higher levels encountered in the 
urine of persons more or less occupationally exposed. 
The reliability is good, the rapidity satisfactory and 
the cost moderate, even for future automation. 49 A 
complete manually operated outfit including the vol- 
tammetric instrumentation and the equipment for 
sample pretreatment, will cost less than US $15,000. 
An electrothermal AAS outfit would cost at least 
twice as much. 
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SCHNELLTESTS 
ZUR LEISTUNGSFji, HIGKEIT VON 

BESTIMMUNGSVERFAHREN 

G. GOTTSCHALK* 
Technische Universit~it Miinehen, BRD 

(Einttegantlen am 4. Oktober 1978. Anoenorarnen ara 13. Dezeraber 1978) 

Zusammenfassung--Fiir die Praxis brauchbare Bestimmungsverfahren setzen eine lineare Analysenfunk- 
tion in einem Zehnerpotenz-Arbeitsbereieh voraus. Die Leistungst'~ihigkeit driickt sich in Verfahrens- 
Kenndaten wie Konstante der Analysenfunktion, Verfahrens-Standardabweichung und Bestimmungs- 
grenze unter anderen aus, die durch eine systematische Standardisierung ermittelt werden k~Snnen. 
Es werden 3 einfache Tests auf Voraussetzungen zur Standardisierung sowie die Bereehnung erster 
Sch~itzwerte der Verfahrens-Kenndaten beschrieben, wobei nur 2 Versuchsbl/~eke mit je 4 Unter- 
suchungen erforderlich sind. Hierdurch ki~nnen die Vorversuche zur ErsteUung zuverl~issiger Verfahren 
zielorientiert und mit geringem Versuehsaufwand durehgefiihrt werden. 

Ein BESTIMMUNGSVERFAHREN (determination 
procedure) umfaBt eine detailliert besehriebene 
Arbeitstechnik mit weitgehend konstanten Arbeits- 
parametern zur quantitativen Erfassung der Portion 
tines bestimmten Stoffes in einem analytisch-chemis- 
chert Stoffsystem. Die Menge des Stoffes wird als 
BESTIMMUNGSPORTION (determination quan- 
tity) B bezeichnet, deren Quantitiit xa in der Analytik 
mit den physikalischen GrtiBen Stoffmenge nil, Masse 
ma oder Volumen V H angegeben werden kann. 

Wird ein Bestimmungsverfahren auf ein bestimmtes 
Untersuchungsobjekt angewandt, so nennt man die 
durch Probenahme und Probevorbehandlung erwei- 
terte Arbeitsfolge ein ANALYSENVERFAHREN 
(analytical procedure) und die Menge des Untersu- 
chungsobjektes f'tir eine Einzelbestimmung eine ANA- 
LYSENPORTION (sample quantity) A, deren Quan- 
titbit x/, durch die physikalischen Gr~iBen Stoffmenge 
nA, Masse mA oder Volumen VA angegeben werden 
kann. Die Bestimmungsportion B ist in diesem Fall 
stets Teil der Analysenportion A. Aus den Verh~iit- 
nissen der beiden Portionen folgen Gehaltsangaben 
(contents), wie Anteile (fractions) oder Konzentra- 
tionen (concentrations) unter anderem. 

Die Leistungst'~ihigkeit eines Analysenverfahrens ist 
vor allem yon der Leistungsfahigkeit des gewiihlten 
Bestimmungsverfahrens abh~ingig, deren wesentliche 
Kenndaten der Arbeitsbereich f'tir Bestimmungspor- 
tionen Xo bis xu, die Verfahrens-Standardabweichung 
s~, die Verfahrenskonstante V und ihr mittlerer Fehler 
s v, die Bestimmungsgrenze x~ sowie Angaben zur 
Selektivitiit sind. Daher ist es zweckm~iBig, Bestim- 
mungsverfahren durch schematisierte Testuntersu- 
chungen mit einer f'tir alle Verfahren einheitlichen 
Vorgehensweise zu standardisieren, um vergleichbare 

* Korrespondenzanschrift: Prof. Dr.-lng. G. Gottschalk, 
Hanfelder Str. 57, D 8130 Starnberg, B.R.D. 

Kenndaten  zu erhalten. Hieriiber wurde in einer 
Reihe yon Arbeiten ausftirlich berichtet, t-7 

Im Rahmen der Vorversuche zur Standardisierung 
k6nnen durch geeignete Versuchsplanung und Aus- 
wertung Sch~itzwerte ftir die Kenndaten erhalten 
werden, die mit einem Minimum an Versuchs- und 
Rechenaufwand erste Aussagen tiber Brauchbarkeit 
und Leistungsffihigkeit der gew~ihiten Arbeits- und 
MeBtechnik ermiSglichen und gegebenenfatls AnlaB zu 
einer gezielten Modifizierung der Vorgehensweise und 
der Arbeitsparameter sein k~Snnen. Andererseits kann 
die nachfolgend beschriebene Testmethodik aueh zu 
einer ersten Beurteilung yon neuen Analysengeriiten 
oder Laborpersonal eingesetzt werden. Wegen des 
geringen Umfanges der Versuche kann sie die eigen- 
liche Standardisierung zwar nicht ersetzen, wohl aber 
eine erhebliche Verkiirzung der Arbeiten im Vorfeld 
bewirken. 

VERSUCHSPLANUNG, DURCHFI3HRUNG, 
AUSWERTUNG 

Bei einer im eigenen Labor neu zu entwickelnden 
oder aus der Literatur entnommenen Bestimmungs- 
methodik ist zuerst der Arbeitsbereich festzulegen. 
Man w~ihlt aus den bisher bekannten Daten einen 
Zehnerpotenzbereich der Bestimmungsportion mit 
einer oberen Grenze xo und einer unteren Grenze 
x,, = 0,1Xo aus. In der Regel sollte dies ein "glatter" 
Zehnerpotenzbereich der Stoffmenge (amount of sub- 
stance) mit der SI-Basiseinheit mole sein, mithin (nlt)o 
bis (na)u = 0,1(%)o, um von vornherein eine allge- 
meine Vergleichbarkeit verschiedener Bestimmungs- 
verfahren zu gew~ihrleisten.. Nur in diesem Fall 
solite yon "Standa~d-Arbeitsbereichen" gesprochen 
werden. ~ Die nachfolgend beschriebene Testmethodik 
gilt jedoch universell ftir alle analytisch bestimmten 
Resultate x. 

657 
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Nach einer vorl~iufigen Arbeitsvorschrift werden in 
einem miSglichst selektiv wirkenden analytisch- 
chemischen Grundsystem zwei Versuchsbl6cke mit je 
4 Parallelbestimmungen mit vorgegebenen Bestim- 
mungsportionen an der oberen Grenze xo und der 
unteren Grenze xu -- 0,1Xo des gewiihlten Arbeitsber- 
eiches durchgeftihrt. Die erhaltenen analytischen Roh- 
signale S (MeBwerte) werden mit Hilfe der jeweils 
maBgebenden Signalfunktion in die Informations- 
werte I umgerechnet. Zu jedem Probewert I, werden 
zustitzlich ein Leerwert IL (nur Grundsystem) und 
gegebenenfails auch ein Referenzwert In (Grundsys- 
tern plus Referenzzusatz) ermittelt und tabellarisch 
zusammengestellt. Reihenfolge der Datenermittlung 
ist: 

IL;Ix bzw. In, IL;lx 

Diese erste Datentabelle wird durch Errechnung der 
endgtiltigen Informationswerte I aus den obigen Teil- 
Informationswerten nach 

I = Ix - It. bzw. I = Ix - IL (1) 
I n  - -  It .  

und der ais EmpfindlichkeitsmaB anzuschendvn 
Vvrhiiltniss¢ 

X 
K = 7 (2) 

vervollstiindigt. Die Vorgehensweise sei nachfoigend 
an zwei typischen Beispielen gezeigt. 

Beispiel 1: Spektralphotometrie in L~sunoen 

Signalwerte S sind in der Spektralphotometrie vor- 
zugswcise Durchliissigkeiten T(in %), die sich mit der 
einfachen Signalfunktion E = - l o g  (T/t00) in Infor- 
mationswerte I in Form der Extinktion E umrechnen 
lassen. 

Als praktisches Beispiel sind in Tabelle 1 die Daten 
zusammengestellt, die bei der Voruntersuchung einer 
spektralphotometrischen Phosphorbestimmung als 
P-V-Mo-Komplex for den Mikromole 2-Arbeitsbe. 
reich, entsprechend x ffi ha: 100,0 bis 10,0 /xmole, 
erhalten wurden. 6 Im vorliegenden Fall sind die rela- 

tie hohen Leerwert¢ EL praktisch allein durch gelbe 
Eigenf~irbung des als Reagenz verwendeten Vanadates 
bddingt. 

Beispiel 2: Rfmtgenfluoreszenzanalyse kleiner Element- 
menoen 

Signaiwerte S sind in der RFA der Anzahl cler in- 
nerhalb einer festgelegten MeBzeit At gemessenen Im- 
pulse. Die Signalfunktion ist mit I = SlAt sehr ein- 
fach. Wegen unvermeidlicher Melklatenschwan- 
kungen arbeitet man mit einer variablen Referenznor- 
mierung. 2 Wird die MeBzeit At f'tir alle Messungen 
konstant gehalten, so ist eine Urnrechnung yon S in 
I nicht erforderlich, da 

I - - I x - I I ' - S x - S L  
la - IL Sn - SL 

ist. Als praktisches Beispiel sind in Tabelle 2 die 
Daten zusammengestellt, die bei der Voruntersuchung 
einer Spurenbestimmung for Eisen in Molybdiinma- 
terial im Nanomole 3-Arbeitsbereich, entsprechend 
x -- ns: 1000 his 100 mole ,  erhaiten wurden. 7 Die 
Referenznormierung wurd¢ mit einer Referenzmenge 
nR --- (ns)0 --1000 nmole Fe vorgenmommen. Als 
Analysenportion wurde eine Einwaage festgelegt, die 
mA -- 1000 mg Me entspricht. In Form yon Molybdat 
ist sie Bestandteil des analytisch-chemischen Grund- 
systems. Unter diesen Verhiiltnissen folgt mit 
M(Fe) = 55,84 ng/mole  ein Massen-Arbeitsbereich 
yon ms: 55,84 bis 5,58 Fg Fe und mit mA-- 1,000 
g ein Arbeitsbereich yon 55,84 his 5,58/~g/g (--ppm). 
Die oben beschriebene Referenznormierung mit 
xR --- Xo (obere Bereichsgrenze) erweist sich als sehr 
zweckmgBig. Theoretisch sind bei einer Analysen- 
funktion x = Vl sodann Informationswerte von 
Io = 1,00 fttr Xo bis lu -- 0,10 for xu zu erwarten. Als 
VerhiiRnis miiBte bei einwandfreien Verfahren 
K ffi na gefunden werden. GrtSBere Abweichungen 
yon den theoretischen Daten weisen bereits bier auf 
erhebliche Miingel des Verfahrens hin. 

Die Auswertung der Grunddaten erfolgt durch Bil- 
dung der Block-Kenndaten Mittelwert y] und Stan- 
dardabweichung sj ftir die gefundenen Einzelwerte I 

TabeUe 1. Spektralphotometrische Phosph0rbestimmung--Grunddaten 

Block Best. Portion Verhiiltnis 
Nr., Nr., nB, Leerwert* Probewert* Inf. Wertt K = ns/E, 

j i #mole EL E~ E I~mole 

I 

I 2 I00,0 
3 
4 

5 

2 6 I0,0 
7 
8 

0,0520 I, 1990 I, 1470 87,18 
0,0520 1,202o 1,150o 86,96 
0,053o 1,200o l, 147o 87,18 
0,053o I, 199o I, 146o 87, 26 

0,0520 O, 1673 O, 1153 86, 73 
0,0520 0,1673 0,1153 86,73 

• 0,0523 0,1663 0,114o 87,72 
0,0517 O, 1663 O, 1146 87,26 

* Mitteiwerte aus jew¢ils 3 Mel3parallelen. 
t Nach E ffi E~ - EL. 
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Block Best. Portion 
Nr., Nr,, n., 

j i nmole 

Ref. Weft* Leerwert* Probewert* 
S~, SL, S. Inf. Wert? 
Imp Imp Imp I 

Verhtlltnis 
K = ns/l, 

nmole 

1 

1 2 I000 
3 
4 

5 
2 6 100 

7 
8 

281050 20831 280833 0,9992 1000,8 
279280 21480 279389 1,0004 999,5 
283095 21147 274974 ~9690 103ZO 
282930 20218 281285 ~9937 100~3 

278577 20429 46596 0,0943 1059,9 
269662 20949 47839 0,1081 924,9 
266623 20476 47423 0,1095 913,5 
286218 21016 48442 ~1034 967,0 

* Impulse fiir konstantc MeBzeit At = 40,0 sec. 
t" Berechnet nach I = (S~ - SL)/(SR -- SL).. 

und die Verh~iltnisse K nach: 

Y s = ¼ ~ Y l  sowie s s =  ~ (Yi-YS) 2 (3) 
I 

Bei stark schwankenden oder sich gleichsinnig ver~n- 
dernden Daten innerhalb eines Blocks sollten VerltH3- 
lichkeitstests auf Ausrei6er bzw. Trend durchgeflihrt 
werden. 

Die Tabellen 3 und 4 bringen eine Zusammenstel- 
lung der errechneten Block-Kenndaten Rir die Beis- 
piele 1 und 2. 

TESTS AUF LEISTUNGSF.~HIGKEIT 

Prfifuno der Leerwerte 

Der mittlere Probewert i,2 an der unteren Grenze 
eines Arbeitsbereiches sollte mindestens doppelt so 
groB wie das zugeh6rige Leerwertmittel ÀL2 sein. Die 
Schwankungen der Leerwerte, ausgedrtickt als Varia- 
tionskoeffizient VL ffi 1000SL/iL%, sollte eine be- 

stimmte G r ~  nicht tiberschreiten. Diese Forde- 
rungen lassen sich durch folgende empirische Be- 
dingungen ausdriickem: 

sowie 

iXZ/iL2 = • ~_ 2 

l~Lt bzw. VL2 __6 1 0 . ( ~  - 1)% ( 4 )  

SpezieU f'~ • = 2 folgt VLt bzw, VL2 _.6 10%. 

Bei Nichterflillung dex Bedingungen (4) ist yon 
vornherein ein wesentlicher EinfluB der Leerwert- 
schwankungen aufdieVerfahrens-Standardabweichung 
zu erwarten. Bei der R~ntgenfluoreszenzanalyse und 
auch Aktivierungsanalyse unter anderem ist ein rela- 
tiv hoher Lcerwert durch den Untergrund nicht ira- 
met vermeidbar. So kSnnen zum Bcispiel ~-Werte yon 
nur 1,1 resultieren. Die Auswirkungen auf die Verfah- 
rem-Standardabweichungen sind dann abet gering, 
wenn zumindest die 2. Bedingung, hier mit VLt bzw. 

Tabelle 3, Spektralphotometrische PhosphorbestimmungmBlockdaten 

Block 
Nr.,j Leerwerte Probewerte Verh~ltn~se 

I ~L* = 0,052s ~xl = 1,200o KI = g7,1s 
s,A = 0,0005s s~t = 0,0014 szt = 0,13 

2 ~L2 =0,0520 ~2 = 0,166S K2 =87,11 
SL2 = 0,0002S S~2 =0,0005S S~2 =0,4S 

Tabelle 4. Eisenbestimmung mit Rt~ntgenfluoreszenzanalyse--Blockdaten 

Block 
Nr.,j Refer~nzwert¢ Leerwerte Probewerte Verh~Itnisse 

I ]at =281589 ~LI =20919 ~I = 279120 
Sal = 1797 SLI = 5537 Sxt = 2880 

2 ~2 =275270 5L2 =21218 ~x2 =47575 
sl2 f f i  8888 SL2 = 8 4 3  ~ a  f f i  775 

KI = 1009,7 
ski = 15,2 

K2 I= 966,3 
sK2 = 66,5 
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vL2 < 1%, erfdllt wird (weitgehend konstanter Unter- 
grund). 

Sicherstelluny der unteren Bereichsgrenze 

Der Variationskoeffizient v,z fdr Probewerte i ,z an 
der unteren Bereichsgrenze sollte hiSchstens zu 25% 
gefunden werden. 

v~2 = lOOs,z/l~z < 25% (5) 

Bei Nichterftillung yon (5) liegt die Bestimmungs- 
grenze xc; oberhalb der unteren Bereichsgrenze x, des 
gewiihlten Arbeitsbereiches, das heiBt, der Arbeitsbe- 
reich kann mit dem Verfahren nicht vollsfiindig erfaBt 
werden. 

Pfftfun 0 auf Linearit~t 

Einwandfreie Bestimrnungsverfahren setzen eine 
Gerade dutch den Nullpunkt,  beschrieben durch die 
Analysenfunktion x = VI, zumindest in einem Zeh- 
nerpotenz-Arbeitsbereich voraus. Diese Bedingung 
kann for die Vorversuche als erftilit angesehen 
werden, wenn zwischen den mittleren Verh/iltnissen 
Kl und Kz (erste Sch~itzwerte ffir V) ein Unterschied 
nicht feststellbar ist. Man bildet hierzu die PriifgrSI3e 

g;~ - K2 
PG = 2 ~2/-fF-q-7~, ~2 (6) 

X/ "g~ -r ag~ 

und vergleicht sie mit dem t -Wen der t-Verteilung 
fiir P = 999/o statistischer Sicherheit (Signifikanzniveau 

= 0,01) und den Freiheitsgrad 

f "" 5"(-si~, + sd')2 - 2 (7) 
+ ,Sl~ 2 

Die Formeln (6) und (7) beschreiben einen Speziaifall 
des elementaren Tests auf Unterschied yon zwei Mit- 
telwerten bei unterschiedlichen Standardabwei- 
chungen ski und sK2. Als Grenzwerte des Freiheits- 
grades findet man hier f =  3 t'dr sK1 ,~ sx2 (hiiufig) 
bzw. formal f =  8 f'tir s K t =  sKz. Bei f >  6 ist jedoch 
stets f =  6 zu setzen. Fiir f =  3; 4; 5; 6 findet man 
aus t-Tabellen die Daten t(99) = 5,84; 4,60; 4,03; 3,71. 

Bei PG < t(99;f) ist ein Unterschied nicht feststell- 
bar und es kann eine lineare Analysenfunktion 
x = VI erwartet werden. Ob dies aber tats/ichlich 
zutrifft, kann letztlich nur die vollst/indige Standardi- 
sierung entscheiden. 

Testresultate bei den Beispielen 

Beispiel 1 
Mit den Daten der Tabelle 3 findet man: 

nach (4) 

= 0,1668/0,0520 --- 3,21 > 2 

sowie 

rE1 = 100"0,00058/0,0525 = 1,10% < 10"(3,21 -- 1) 
= 22,1% 

rE2 = 100.0,00025/0,0520 = 0,48% < 22,1% 

nach (5) 

Vxz = 100.0,00058/0,1668 = 0,35% <, 25% 

nach (6) 

87,146-87,111 
PG = 2 x / 0 - ~  2 + - ~ _  = 0,146 

(0,1312 + 0,4772) 2 
f = 5 - 2 = 3,75---.4 

0,1314 + 0,4774 

und somit 

PG < t(99;4) = 4,60 

Danach werden aUe Bedingungen erf'tillt und das Bc- 
stimmungsverfahren ist zur Standardisierung gecignet 

Zweckm~iBig werden in einer AbschluBtabeile zur 
Datenstruktur die vorgegebenen Daten xa den mit 
der Analysenfunktion ~ = Vl  gefundenen Daten 
gegeniibergestelit, wobei auch die jeweiligen Eirtzelab- 
weichungen Ax~ = x ) ) -  ~ sowie die Mittelwerte 
und Standardabweichungen t'dr die zwei BI6cke auf- 
zuftihren sind. 

Beispiel 2 

Mit den Daten tier Tabelle 4 findet man im zum 
Beispiel 1 analogen Rechengang: 

nach (4) 
= 2.24 > 2 

sowie 
vt.l = 2,57% < 12,4% 
vl.2 = 3,97% < 12,4% 

nach (5) 
v~2 = 1,63% < 25% 

nach (6) 
P G =  1,271 und f = 3 , 5 2 - - - , 4  

und somit 
PG < (99; 4) = 4,60 

Auch dieses Bestimmungsverfahren erfdllt alle Bed- 
ingungen und ist zur Standardisierung geeignet. 

SCH.~TZUNG DER VERFAHRENSKENNDATEN 

Berechnung 

Sofern die Bedingungen (4) bis (7) insgesarnt erfiillt 
sind, kann eine erste Sch~itzung der Verfahrenskenn- 
daten 

V~ = Konstante der Analysenfunktion x = VI 
sx - Verfahrens-Standardabweichung 
sv = mittlerer Fehler der Konstanten V 

x~s = Bestimmungsgrenze 

ffir den gew/ihlten Arbeitsbereich xo bis x, = 0,1Xo 
vorgenommen werden. Mathematisches Grundmodeil  
hierzu ist hei Einhaltung des beschriebenen Versuchs- 
planes eine sehr einfache Ausgleichsrechnung. Man 
errechnet zuniichst aus den jeweils 8 Einzeldaten die 
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Grundsummen: 

8 8 8 

SI = E I ~ ;  $ 2 =  ~ x f l , ;  $3 = ~ x ~ = a , O 4 x g  
1 1 1 

(8) 
und daraus unmittelbar die Kenndaten: 

V x = $2/S1 (9) 

VS2) mit Freiheitsgradf = 7 sx 

S, V ~ SX/%/-~ 
xo = x/~ t(99 ; 7)Sx = 4,95Sx 

Bei PG > t(99; f )  kann als Analysenfunktion eine 
Gerade mit konstantem Glied x = U + VI oder eine 
gekriimmte Kurve vorliegen. Ein solcher Befund weist 
auf erhebliche M~ingel in der chemischen Arbeitstech- 
nik und/oder apparativen MeBtechnik hin und sollte 
nicht toleriert werden. Hiiufige Ursaehe f'or Geraden 
mit konstantem Glied U sind unzureichend errnittelte 
Leerwerte. H~iufigste Ursache t'or gekriimmte Kurven 
sind S~ittigungseffekte bei Bestimmungsportionen an 
der oberen Grenze des Arbeitsbereiches (Kt > Kz), 
wodurch der Informationswertbereich ',gestaucht" 
wird und zus~itzlich ein "Pendeln" der MeBwerte bei 
wiederholter Messung auftreten kann. ~ 

Werden eine oder mehrere der Bedingungen (4) bis 
(7) nicht erftillt, so ist das getestete Verfahren wenig 
leistungsfiihig und ftir die Praxis kaum brauchbar. 
Man sollte die Vorversuche unter Modifizierung yon 
Arbeitsbereich, Arbeitsvorschrift oder des chemisch- 
analytisehen Grundsystems wiederholen, bis alle Be- 
dingungen eff'dllt sind. Erst dann ist auch eine vollst~n- 
dige Standardisierung sinnvoll und erfolgverspre- 
chend. 

Zusammenh~inoe 

Die Verfahrenskonstante V besitzt die Dimension 
einer Bestimmungsportion pro Einheit des Informa- 
tionswertes und ist damit ein Mal3 der Empfindlich- 
keit des Bestimmungsverfahrerts. Je kleiner V 
gefunden wird, um so empfindlicher ist das Verfahren. 
Der mittlere Fehler s~ von V ist unmittelbar yon der 
Verfahrens-Standardabweichung s, abh~ngig, wie 
Gleichung (9) zeigt. 

Die Verfahrens-Standardabweichung s, ist eine 
universelle MaBzahl fOr Pr~is ion  und Richtigkeit 
des Bestimmungsverfahrens. s, ist ira Rahmen 
eines Zehnerpotenz-Arbeitsbereiches X o = X l  bis 
x, = Xz = 0,Ix1 eine konstante GrSBe, wodurch die 
Variationskoeffizienten im Bereich 

Vo = vl = lOOsJx1% 

bis 
v, = v2 = lOOs,/x2 = I0v1% (10) 

veriinderlich sind. Die GrSlle yon s~ wird durch die 
zufiilligen Abweichungen s~t und s~z innerhalb der 
zwei B15cke und durch die Mittelwerte der systema- 
tischen Abweichungen A"~I und A-xxz yon gegebenen 
Daten x zu gefundenen Daten x* bestimmt. Im vorlie- 

Xu " t 

Abb. 1. Zuffillige und systematische Abweichungen bei 
einer Ausgleichsgeraden~ 

genden Fall gilt der Zusammenhang~ 

7s~ = 3(sh + s~2) + 4 ( ~  + S~x~) (11) 

Die h~iufig in der Literatur praktizicrte Angabe nur 
der Block-Standardabweichungen sz~ und s,2 bzw. der 
Variationskoeffizienten Vl und v2 als Leistungs- 
kenngriSBen eines Vcrfahrens ist nicht einwandfrei, da 
dies die off erhcblichcn systcmatischen Abweichungen 
der MeBpunkte yon der Ausgleichsgeraden nicht 
beriicksichtigt, wie es Abbildung 1 schematisch ver- 
deutlicht. 
Theorctisch miipte die nach Gleichung (9) berechn©t© 
Abwcichung s, noch durch Multiplikation mit einem 
lageabl~ngigen Korr©kturfaktor, 

= / 1  + 1 + (12) 
/ 

V n ~ ( I ,  _ 1) 5 
1 

vergrS~rt  werden. Mit n = 8 ergeben sich bei den 
vorliegenden Verhiiltnissen//-Werte um 1,12, die ver- 
nachliissigt werden kiSnnen, zumai s, hier nur ein ers- 
ter Sch/itzwert ist. 

Die Bestimmungsgrenze x¢ ist die kleimte Bestim- 
mungsportion in einera Bestirnmungsverfahren, die 
sich noch signifikant (P -- 99%) yon Null unterschei- 
det. z Sie ist daher unmittelbar yon der Veffahrens- 
Standardabweichung sx und ihrem Freiheitsgrad f 
abh/ingig, wie (9) zeigt. Bei f =  7 findet man 
t(99) = 3,50, so dab in diesem Fall der Variations- 
koeffizient an der Bestimmungsgrenze zu 

t,~ = l o o s ~ / x ~  = 100/(x/~.3,50) = 20,2% 03)  

erhalten wird. Bei vollst~indiger Standardisierung mit 
6 x 4 -- 24 T~stuntersuchungen ergibt sich mit f - -  23 
und t(99) -- 2,807: vG = 25,2%. Dieser oo-Wert ist fOr 
die Bedingung (5) maBgebend. Bei n-facher Wiederho- 
lung yon Grenzbestimmungen resuRiert eine kleinere 
Mittelwertbestimmungsgrenze: 

~ = x~/~/n (14) 
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Tabellc 5. Spektralphotometrische Phosphorbestimmung--Datenstruktur 

Block Best. Gegeben 
Nr., Nr., ns. 

j i I~mole 

Gefunden Mittel St.-Abw. syst. Abweichungen.&, 
n*, ~ ,  sj Ans, An., 

#mole #mole #mole I~mole ~tmole 

1 100,0 99,96 - 0,04 
2 100,0 100,22 1 00,00 O, 151 + 0,22 + 0,0 
3 1 00,0 99,96 - 0,04 
4 100,0 99,8~ -0,13 

5 10,0 10,05 +0,05 
6 10,0 10,05 10,00s 0,05 s + 0.05 + 0,00s 
7 10,0 9.93 - 0,07 
8 10,0 9.99 - 0,01 

Berechnet mit Analysenfunktion n~ = 87,145.E. 

Verfahrenskenndaten der Beispiele 

Beispiel 1 
Mit den Daten aus Tabelle 1 ergeben sich die 

Grundsummen: 

S1 = (1,14702 + . . .  + 0,11462) 

-- 5,31975134 

S2 = (100,0.1,1470 + . . .  10,0.0,1146) 

-- 463,592 

S3 = 4,04. 100,02 

=40400  

und daraus die Kenndaten: 

V. = 463,592/5,31975134 

= 87,14542661 = 87,15#mole 

s. = - V'463,592) 

= x/0,0110557i4 -- 0.105 .mole 

s~ - 0,105/x/~,319751 = 0,046 #mole 

nc = 4,95.0.105 = 0,52 #mole 

Zur Vermeidung yon erhebliehen Rundungsfehlern 

sind die Recheng~inge mit allen Stellen der Teilresul- 
tate durchzuf'tihren und erst das Endresultat ist sinn- 
voll zu runden. 

Tabelle 5 bringt die Abschlufltabelle zur Daten- 
struktur. Zum Vergleich seien die bei vollst~indiger 
Standardisierung gefundenen Daten 6 genannt: 

V .  = 86,99 #thole; s, = 0,138 #mole; 

st = 0,040 #mole; n o = 0,55 #mole. 

Beispiel 2 
Mit den Daten der Tabelle 2 findet man im zum 

Beispiel 1 analogen Rechengang: 
S1 = 3,96886140; $2 = 4003,83; S3 = 4040000 
und daraus die Kenndaten: 

V. = 1008,81 nmole; s. = 11,3 nmole: 

s~ = 5,77 nmole; n~ = 55,9 nmole. 

Tabelle 6 bringt die AbschluBtabelle zur Daten- 
struktur. Zum Vergleich seien die bei vollstiindiger 
Standardisierung gefundenen Daten 7 genannt: 

V, = 997,34 nmole; s, = 8,3 nmole; 

sv = 2,8 nmole; no = 32,7 nmole. 

Unterschiede der V.-Werte zum Sollwert 
[V'I = na = 1000 nmole sind nach dem Sollwert-t- 

Tabelle 6. Eisenbestimmung mit R6ntgenfluoreszenzanalyse--Datenstruktur 

Block Best. Gegeben Gefunden Mittel St.-Abw. 
Nr.. Nr., n,, ~ ,  ~ ,  s j, 
j i nmole nmole nmole nmole 

Syst. Abweichungen__ 
Ann, Ann, 

nmole nmole 

1 1000 1008,0 +8,0 
I 2 1000 1009.2 999,3 14,8 +9,2 

3 1000 977,5 -22,5 
4 1000 1002,5 +2,6 

5 100 95,1 -4,9 
2 6 100 109,1 1~,7 6,9 +9,1 

7 100 110,5 +10,5 
8 100 1~,3 +4,3 

-0,7 

+4,7 

Berechnet mit Analysenfunktion n~ = 1008,8.1. 
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Summary--Linear analytical functions covering at least a working range of one power of ten are 
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Snmmary--A brief survey of the concepts and limiting conditions of instrumental surface-analysis tech- 
niques and their use for in-depth distribution analysis of thin films is presented. The basic differences 
between the most important methods: photoelectron Spectroscopy (ESCA), Auger Electron Spec; 
troscopy (AES), Secondary-Ion Mass-Spectrometry (SIMS) and Ion-Scattering Spectrometry (ISS) are 
outlined. Examples of compositional profiles obtained in combination with sputtering illustrate the 
influence of information depth and of bombardment-induced micro-roughening on the accuracy of 
in-depth analysis. 

The importance of surface and thin-film analysis in 
the development of new materials results from the 
dependence of many properties on interfacial compo- 
sition. This  is recognized for phenomena such as re- 
crystallization, fracture, cohesion in composite mater- 
ials, catalysis, corrosion, friction and wear, to mention 
only a few examples. It is therefore not surprising 
that with the aid of the developments in electronics 
and vacuum technique powerful physical methods of 
surface analysis I have been developed in the past 
5-10 years to meet the demand. 

To illustrate the significance of these modern physi- 
cal or instrumental methods, Fig. 1 shows schemati- 
cally the various steps in classical microchemical 
analysis. 2 These steps from preparation to determina- 
tion can be clearly separated into a sequence of differ- 
ent operations often performed with different appar- 
atus. In instrumental "in situ" analysis all these steps 
are combined into one. The main advantages of fast 
data acquisition and of suppression of the influence 
of the experimental environment are, however, some- 
what outweighed by the complexity and entanglement 

of all stages on the atomic scale, where the details 
of the processes involved are not yet really under- 
s tood)  These processes tend to alter the material 
under investigation itself and therefore pose ultimate 
limits in reliability. 

Nevertheless the potential applications of surface 
analysis are so wide-reaching that it will have enor- 
mous influence in almost all branches of chemical 
analysis in the near future. 4 To give an outline of 
these challenging tasks, the concepts, capabilities and 
limitations of the present surface analysis techniques 
will be briefly discussed. 

The reason why surface analysis and thin-film 
analysis are used i n  conjunction is two-fold. First, 
many of the surface-analysis methods obtain informa- 
tion not only from the outermost atomic layer of a 
solid (which is the physically defined surface)but also 
from deeper layers, so that a precise distinction can 
hardly be made. Secondly, since the surface specificity 
of a method is a requirement for high-resolution thin- 
film analysis, the latter is generally performed with 
a surface-analysis method. 

I Preparat'~on [ 

. 

, t 

Fig. I. Steps in microchemical analysis. ARer (3. T61g 2 (by permission of Elsevier Publishing Co. 
Ltd.). 
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SURFACE ANALYSIS METHODS Capabilities and limitations 

Basic concepts To check the applicability of any of the principles 
All instrumental "in situ" surface-analysis methods outlined we have to compare its features with the 

are, in a rather general sense, probe methods. 1 That requirements of an elemental surface analysis. 
means that a solid is excited by some kind of energy 
and subsequently its response is observed by an 
appropriate technique, s Figure 2 is one of the usual 
representations of the fundamentals of surface-ana- 
lysis techniques. If a beam of photons, electrons, ions 
or neutral particles or an electric field is applied, the 
solid can respond by emission of photons, electrons, 
ions and neutral species. 

Detection of the secondary particles from the 
sample results in basically destructive methods (e.0., 
SIMS), 'whereas detection of scattered primary par- 
tides, photons and electrons is basically non-destruc- 
tive (e.g., ESCA, AES,  ISS). The term "basically" 
means that the amount of damage produced in the 
solid also depends on the excitation conditions, and 
may be considerable even for electron and photon 
beams. 

Excitation b y  

i 

Photons 

~leetrons 

Ions 

Electric Reid 

Emission and Anetysis of 

Photons Electrons Ions (Neutrals 

XRF 
LOE$ 
L$ 
I~S 

£MP 
(AP$) 
(CL)  

f i x  (PIXJ 
SCANIIR 
( GO0 $ ) 

~ ( X P $ )  
UPS 
( XAE$ ) 

I 

( P O )  

ESD f£ZD) 
L £ED 

INS ~ (OOMSl 
( IAES) 

RSS 

FEN F IN - AP 

Fig. 2. Classification matrix for surface analysis tech- 
niques. XRF, X-ray fluorescence analysis; LOES, laser 
optical.emission spectroscopy; LS, light (Raman)scattering 
spectroscopy; IRS, infrared spectroscopy; ESCA, electron 
spectroscopy for chemical analysis (ffi XPS, X-ray-induced 
photoelectron spectroscopy; UPS, ultraviolet photoelec- 
tron spectroscopy; XAES, X-ray-induced Auger electron 
spectroscopy; PD, photodesorption; EMP, electron micro- 
probe (X-ray) analysis; APS, appearance-potential spec- 
troscopy; CL, cathodoluminescence; AES, Auger-electron 
spectroscopy; LEED, low-energy electron diffraction; 
ESD, electron-stimulated desorption ( -EID,  electron- 
induced desorption); IIX, ion-induced X-ray spectroscopy 
(=, PIX, proton-induced X-ray spectroscopy); SCANIIR, 
surface composition by analysis of neutral,species and ion- 
impact radiation; GDOS, glow-discharge optical spec- 
troscopy; INS. ion-neutralization spectroscopy; IAES, ion- 
induced Auger-electron spectroscopy; SIMS, secondary- 

• ion mass.spectrometry; GDMS; glow-discharge mass- 
spectrometry (=, SNMS, sputtered neutral species mass- 
spectrometry); ISS. ion-scattering spectroscopy (,= LEIS, 
low-energy ion-scattering spectroscopy); RBS, Rutherford 
back-scattering spectroscopy ( -  HEIS, high-energy ion- 
scattering spectroscopy); FEM, field.electron microscopy; 

FIM-AP, atom-probe field-ion microscopy. 

In the optimum case we will expect: 

(1) information over depths in the monolayer range 
(2) detection of  all elements 

(a) quantitatively 
(b) with high sensitivity 
(c) with negligible matrix effect 

(3) practicable experimental conditions. 

Some techniques also possess useful additional fea- 
tures such as isotope detection or ability to obtain 
chemical information. 

Surface-analysis methods have to be chosen accord- 
ing to their ability to reach these goals. 

Applying the principles stated above to the different 
excitation and emission species in the form of a classi- 
fication matrix s-7 we see that only a few of the 60 
or so possible methods 7 are suited for practical sur- 
face analysis. The most prominent are ESCA (photo- 
electron spectroscgpy), AES (Auger-electron spec- 
troscopy), SIMS (secondary-ion mass-spectrometry) 
and ISS (ion-scattering spectrometry) (Fig. 2). ['The 
field-ion microscopy atom-probe s (FIM-AP) is a 
unique technique allowing three-dimensional resolu- 
tion on the atomic scale, but it is too heavily restric- 
ted to special samples and experimental conditions 
to be a universally applicable surface-analysis tech- 
nique.] Figure 3 shows the surface specificity of the 
methods mentioned, in terms of depth resolution and 
lateral resolution. Note that EMP (electron micro- 
probe) gives depth resolution far beyond that of the 
other techniques indicated. Table 1 shows a compila- 
tion of the most relevant information on the capabili- 
ties of the methods. The numbers given should be 
taken only as a rough guide. 

The lateral resolution depends mainly on the possi- 
bility of generation of a highly focused excitation 
beam with useful intensity. This is feasible for high- 
energy charged particles, such as electrons and ions 
(AES, SIMS), but not for X-rays (ESCA). The depth 
to which any method can penetrate to give informa- 
tion (the information depth) depends on the escape 
depth of the detected species. In this respect the most 
surface-specific method is ISS, because here it is not 
secondary particles, but only the energy loss of the 
primary ions scattered from the uppermost atomic 
layer that is detected. 9 In SIMS the information depth 
is mainly confined to the first atomic layer, but with 
higher energy-transfer from the primary ions deeper 
layers can also contribute to the output signal. 5'1°' 11 

In the secondary-electron detection methods, ESCA 
and AES, the escape probability of energetic electrons 
is the determining parameter for the information 
depth, their 'mean range being between 2 and 10 
monolayers (about 0.4-2 nm) in most materials. 1''1~ 
This point is considered below in more detail. 
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Fig. 3. Typical values of depth resolution and lateral resolution of surface-analysis techniques (for 
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The detection sensitivity of all energy-analysing 
methods (ISS, ESCA, AES) is principally limited by 
an appreciable background due to random energy- 
loss by the secondary particles. This is not the case 
in mass-detection methods (SIMS), where we can 
obtain very high sensitivities suitable for direct trace 
analysis even below the ppm range. This unique fea- 
ture of SIMS is, however, somewhat outweighed by 
the large differences in relative sensitivity between the 
elements, covering several orders of magnitude.l° The 
complicated ion-emission process leads to a large 
variation in the output, depending on the matrix and 
the ion-species detected, s, to. 11 Absolute quantifica- 
tion in SIMS is a difficult task, because the raw data 
give only a very distorted view of the composition 
of a surface layer, although great progress has been 
made in recent years by the use of reactive species 
as primary ions, for instance oxygen ions. l° For 

quantification, the lower sensitivity differences and 
almost negligible matrix effects in ESCA and AES 
are much more favourable. 14.ts 

In qualitative elemental analysis, another unique 
feature of SIMS is its ability to detect hydrogen, 
which is not detected by the other methods. Isotopes 
can be detected with SIMS and to a more limited 
extent by ISS. 

Chemical information is unambiguously obtained 
only by ESCA, since here the binding energy is di- 
rectly observed, t4'ts ISS provides no chemical infor- 
mation, whilst in SIMS it is gained from the detection 
of molecule ions. Here again the complexity of the 
formation process often forbids a straightforward in- 
terpretation. 

For some special cases, chemical bonding can be 
revealed by AES. It is seen in the fine structure of 
Auger spectra. Figure 4 demonstrates such a case for 

Table 1. Characteristic features of the four most important surface-analysis techniques 

ESCA AES SIMS ISS 

Principle 
Excitation 
Emission 

Information depth 
Imonolayers) 

Detection limit 
p p m  

g / c m  2 

Difference in elemental 
sensitivities (factor) 

Detection capability 
Elements 
Isotopes 
Chemical bond 
Depth profiles 

Ad~antas e 

Restrictions 

photons electrons io~ ions 
electrons (El electrons tEl ions (m/c,) iorL,~ iE) 

3-I0 2-10 I- 3 I 

I000 I000 I I000 
I0- 20 I0- Lo I0" 2s I0- so 

10 tO tO s 10 2 

:>I :>2 all :>I 
no no yes restricted 
yes special cases indirect no 

+ sputtering + sputtering yes yes 
(inherent) (inherent) 

direct inform, on chemical almost matrix-independent detection of all elements analysis of outermost 
bond, minimum influence elemental sensitivity ratim, (+ isotopes) good detection atomic layer, information 
on surface comp. relatively easy to calibrate, sensitivity ( < I ppmL high on its structure 
(important, e . g . ,  for organic high lateral resolution lateral resolution ( <  I /am) 
compounds) ( < I pro} 

detection limit <0.1 a t ~  detection limit <0.1 at% large elemental sensitivity insensitive for light 
no H detection, limited no H and He detection differences, strong matrix elements, low mass 
lateral resolution ( > 1 ram) effects, difficult to calibrate resolution for heavy 

elements 
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Fig. 4. LVV Auger peaks of A! from (a) metallic AI; (b) 
both metal and oxide; (c) oxide only. From Ref. 29 (by 

permission of Springer-Verlag). 

the AI LVV Auger transition in elemental aluminium 
and in the oxide. In AES, quantitative surface analysis 
is limited by the inelastic mean free path or escape 
depth of Auger electrons giving a specific attenuation 
length. Figure 5 shows the relation of this quantity 
to electron energy for a variety of materials. The 

typical range for ESCA or AES energies is from about 
0.4 to 3 nm in metals, t3 It is slightly higher in 
oxides and may be as high as 10 nm in organic 
materials, t 3 

The attenuation length or escape depth is defined 
as the distance over which the number of Auger or 
photo electrons decreases to 1/e of its original value, 
a reasonable definition if a Lambert-Beer exponential 
decay law is followed. It means that there is also in- 
formation from much deeper layers. For example, a 
I% elemental concentration in the first layer will 
show the same signal intensity as a 1007/o concen- 
tration at a depth of about five times the escape 
depth, or about 5 nm for metals in the mean energy 
range. This sometimes causes more or less ineffective 
discussions about what depth we can "see" with AES 
or ESCA, because in ESCA the signal-to-noise ratio 
is often improved by using extended measurement 
times. 

An illustration of the problem of sampling depth 
is given in Fig: 6 for the comparison of homogeneous 
depth distribution with that for a component A is 
essentially concentrated at the surface. For a certain 
escape depth 1, we may get the same signal intensity, 
so we cannot differentiate between the two cases with- 
out additional information. This effect may cause 
appreciable difficulties in quantification of AES. 

Fortunately, there are two possibilities for at least 
deciding whether an element is concentrated in the 
first few layers or deeper in the bulk. The first is based 
on the energy-dependence of the electron escape 
depth. Auger spectra of the heavier elements show 
peaks at low and high energies with correspondingly 
low and high escape depths. Figure 7 shows an 
example for fractions of a monolayer of tin on a (111) 
copper surface le obtained during surface segregation 
experiments. 17 If the tin concentration as seen from 
the Auger peak-to-peak heights of the Sn signal is 
increased, a corresponding decrease of the 60- and 
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Fig. 5. Mean escape depth (attenuation length) of mono-energetic electrons in AES and ESCA, after 
Ref. 43 (by permission of North-Holland Publishing Co. Ltd.). 
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920-eV Auger peaks of the copper matrix is observed. 
We recognize that the decrease of the low-energy sig- 
nal (with lower escape depth) is much more pro- 
nounced. This indicates enrichment of tin in the 
outermost layer. If the tin concentration were homo- 
geneously distributed, both signals would decrease 
with the same gradient. 

The second possibility is an artificial reduction of 
the information depth (defined perpendicular to the 
surface) by variation of the emission angle} s In this 
case, the effective attenuation length is reduced by 
a factor equal to the cosine of the angle. 

A limiting experimental condition of any reliable 
surface analysis is that no compositional change 
should occur during the gathering of information. 
That means, for example, that the partial pressure 
of reactive gases should be kept very low, preferable 
in the ultrahigh vacuum region of 10 -1° mmHg. 
Higher partial pressures may lead to a build-up of 
contamination layers during analysis. 19 
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Fig. 7. Decrease of Cu (60 eel and Cu (960 eV) Auger- 
signal intensity during the build-up of a tin segregation 
layer (monitored by the Sn 431-eV Auger signal) on a Cu 
(111) surface. After Ref. 29 (by permission of 

Springer-Verlag). 

Another very restrictive condition is the require- 
ment that there should be no beam-induced alteration 
in the sample surface, 2°-2z which may occur by diffu- 
sion +and segregation of elements from the b u l l  in- 
duced by heat dissipation z~ or by desorption of sur- 
face constituents induced by the primary beam. zz 
These effects are less pronounced in ESCA and are 
expected to be most detrimental in the modern Auger 
microprobes, where high electron current-densities 
are applied, 23 

We have seen that any of the techniques outlined 
has its advantages and shortcomings with respect to 
a particular demand. Therefore we cannot unequivo- 
cally decide which of them is best suited for general 
surface analysis. The answer to such a question 
depends entirely on the problem to be solved and 
often only a combination of several methods proves 
successful. 

THIN FILM ANALYSIS 

Basic concepts 

Let us now consider thin-film analysis in a more 
specific sense. Figure 8 shows the principles. We have 
already seen that by a proper use of the variable 
escape depth of the photo or Auger electrons in AES 
and ESCA some information can be obtained on ele- 
mental or compound distribution in thin films to a 
depth of about 5 nm. For deeper penetration, there 
exists at present only one non-destructive method, 
namely Rutherford back-scattering of high-energy 
ions in the MeV region (RBS). 2'*'2s This method has 
unique quantitative capabilities with respect to scale 
of concentration and depth. However, because of its 
poor mass separation and depth resolution and the 
experimental problem of availability of particle accel- 
erators, it is felt to play a minor role at present. 

The remaining methods of thin-film analysis are 
destructive techniques, 26 that is, in principle they 
require sectioning of the sample and subsequent 
analysis. Mechanical sectioning is rather limited with 
respect to depth resolution, giving rather "thick" 
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Fig. 8. Principles of Thin-Film Depth-Profiling Analysis +1 (by permission of Elsevier Publishing Co. 
Ltd.). 

~les (about 1 /zm). Chemical "peeling" techniques 
yield depth resolution (or depth region separ- 
Is) of about 5 nm but are limited to particular 
:rials. z7 
~other kind of "peeling" technique, which is by 
he most extensively used for thin-film analysis, 
lsed on sputtering, s'l°'z+'2s Because sputtering 
ates on the atomic scale, in principle a depth 
ution in this range should be obtainable. It is 
~' seen that surface analysis in conjunction with 
:ering methods is the most direct way of obtain- 
a.<lepth concentration profiles. However, sputter- 
followed by chemical analysis of the sputtered 
rial is an alternative method which sometimes 
lises more reliably quantitative results. 2s A cross- 

by both methods is therefore highly desirable. 
sputtering, we mean surface erosion by the fol- 
~g process. The impingement of primary particles 
nally noble-gas ions of sufficiently high energy-- 

hundreds to some thousands of eV) causes par- 
of the solid to leave the surface: they are spur- 
away. Layers beneath the topmost layer are sub- 

mtly laid free and can be studied by a surface- 
rsis method. 
Le most direct method of thin-film analysis is 
,,ntered in SIMS, where the sputtered species 
selves are analysed. We can easily see that in 
:iple there are two ways of using thin-film analy- 

sis methods in combination with sputtering, 3z as indi- 
cated in Fig. 9. We can analyse the surface remaining 
after a certain sputtering time, or the sputtered species 
itself. Both methods should give the same results, if 
the sputtering process operates by homogeneous layer 
by layer erosion. Unfortunately, this is generally not 
the case. With respect to the sputtering, both methods 
are complementary, so combined use of a method of 
each type will reveal information on details of the 
sputtering process. 

Capabilities and limitations 

Let us have a brief look at the principles of data 
evaluation shown in Fig. 10. 29 We will get the desired 
concentration distribution with depth z from the 
measured raw data profile, which consists of an inten- 
sity signal (e,g., electron current in AES and ESCA 
or secondary-ion curr0nt in SIMS and ISS) vs. a cer- 
tain sputtering time. To a first approximation, the 
concentration is evaluated by quantitative surface 
analysis, and the depth evaluation is done by a deter- 
mination of the sputter removal rate dz/dt. If dz/dt 
is not constant, as for high concentration-alterations 
of species with different sputtering yields, a depth cali- 
bration is rather difficult. The influence of informa- 
tion depth on depth distribution evaluation seems to 
be manageable, but the most severe problem comes 

DEPTH PROFILING I 
BY SPUTTERING 

and 

RESIDUAL SURFACE SPU TTEREO MA TTER 

CT ') ( SC VIIR ) 

Fig. 9. The complementary methods of thin-film analysis by sputtering (modified after Ref. 32). For 
abbreviations see Fig. 2. 
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Fig. 10. Composition-depth profile evaluation, c~ = f(z), from measured data, li = f(t). 

from the alteration of the surface layer by the sputter- 
ing process itself. 26 In contrast to the oversimplified 
picture outlined above, a more realistic view of sput- 
tering has to account for effects of the following 
types.3,26,31, 32 

Structural and chemical damage of the sample may 
occur, up to the mean range of the primary projec- 
tiles, a3 Primary ions and surface atoms of the speci- 
men are implanted into deeper layers. Owing to 
severe damage of the first few layers, enhanced diffu- 
sion may occur. Furthermore, selective sputtering of 
different species causes enrichment of the lower. 
sputtering-yietd components in the surface layer, a4 
Besides these effects, surface roughness, 35 the in- 
fluence of defect and crystal structure on sputtering 
yields together with instrumental effects such as non- 
uniform primary-ion distribution or analysis signals 
from crater walls must be taken into account. 26'31'36 
The gloominess of this picture is somewhat lightened 
by the depth profiles found in the literature, 
which seem not too bad with respect to what was 
expected. 

The main reason, in the author's opinion, is that 
by careful experimental set-up and not too unfavour- 
able conditions of sample composition, quite a 
number of the effects mentioned may be kept reason- 
ably small, some may tend to cancel and some may 
even prove beneficial with respect to the accuracy of 
a depth-profile evaluation. A measure of this accuracy 
can be given in terms of depth resolution, which is 
generally defined as the response function of the 
measured signal if sputtering through an atomically- 
smooth step-function concentration profile is per- 
formed. The shape of a Gaussian integral function 
is very often found experimentally. 26'29,36-3s The 
occurrence of this shape can be explained if we regard 
the sputtering process as purely statistical in nature 
and operating only at the sequentially liberated first 
surface layers. This leads to a micro-roughening of 
the surface, described by a Poisson distribution for 
the fraction of each layer contributing to the total 
surface after a Certain sputtering time. 26,29 With this 

assumption, depth profiles can be calculated if rec- 
tangular "real profiles" are originally present. 39 For 
a film thickness of more than about ten atomic layers 
the Poisson distribution is approximately equal to a 
Gaussian distribution and the depth resolution is 
given by twice the standard deviation tr, which is pro- 
portional to the square root of the depth. 26'29'3° 

If all dynamic effects occurring during sputtering, 
such as knock-on and ion mixing or preferential sput- 
tering, diffusional as well as instrumental effects can 
be neglected, and the square-root relation should 
apply, at In most metallic systems this seems to be 
the case, as shown by a comparison between 
measured values and theoretical prediction for a var- 
iety of metallic systems. This simple model can be 
extended to cover also effects of escape depth (ESCA, 
AES), instrumental effects and so on. 31 

The effect of the escape depth 2 in AES can be 
estimated since the 2 values are rather well known. 13 
The Auger intensity varies by an exponential decay 
function exp(-z/)O where z is distance of the respect- 
ive layer from the surfaceJ 3'29 If the sputtering pro- 
ceeded like ideal micro-sectioning, we would then 
expect an intensity profile as depicted in Fig. 11 for 
the case of sputtering through a thin sandwich layer 
of an element A in a matrix B. The ;t-effect generally 
shifts the intensity profile to a smaller apparent depth 
and flattens the slope of the original profile. The 
points in Fig. 11 show the AES result obtained by 
sputtering through a 1-nm thick chromium layer in 
a nickel matrix (at a depth of 32 nm) with 1-keV 
Ar ÷ bombardment. 39 The observed broadening due 
to sputter micro-roughening is much larger than that 
expected from the 2-effect alone. However, the A-effect 
can be corrected, which is at least a first step in profile 
deconvolution. 3°'4°'41 An example is given in Fig. 12. 
Here, an AES sputter profile of an electrochemically 
produced niobium oxide layer on niobium with 
known thickness (80 nm) is shown. After correction 
for the 2-influence (taking the most appropriate 2 
values for oxygen in Nb205 and for Nb in the metal) 
the interfaces of the Nb peak and the O peak are 
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11. Depth profiling through a d = 1 nm thick Cr 
¢ich layer in Ni at depth zl = 32 nm beneath the 
Lal surface 3°'39 (by permission of Springer-Verlag). 
~pected measured profile for ideal micro-sectioning 
Io escape-depth correction alone (2c, = 0.7 nm); 
~lculated profile for a depth resolution Az = 5.4 nm. 39 
• Measured data, Cr (529 eV) Auger signal. 39 

: together (ideally they should be at the same 
L and the profile broadening is more similar. 
ere still remain all the other compositional alter- 
s induced by the primary excitation, as discussed 
,~, which distort the surface and tend to broaden 
rofile. 3° 

CONCLUSIONS 

Future development of surface analysis will com- 
prise more sophisticated data acquisition and above 
all a combined application of several techniques to 
cancel some of their individual shortcomings. 

The most important and challenging problems in 
elemental thin film and surface analysis are as fol- 
lows: 

(1) The problems of "samples from the real world", 
i.e. that all the techniques work only under high- 
vacuum conditions (p < 10 -4 mmHg) and therefore 
a surface cannot be studied under normal ambient 
conditions. This fact will restrict surface analysis to 
performance of simulation experiments and provide 
indirect proofs in many cases. 

(2) The problem of quantification of surface 
analysis is two-fold. First, use of standards is much 
more difficult than in bulk analysis because no multi- 
component surface layer that is really reproducible 
and stable on an atomic scale is available. Therefore 
we are restricted to pure element standards. Secondly, 
quantification without standards is possible if the 
decisive physical parameters underlying the analytical 
process are known. These comprise, e.g., cross- 
sections for excitation and emission (ESCA, AES), 
back-scattering (AES) and escape depth (ESCA, AES), 
ion-neutralization probabilities (ISS), sputtering yields 
and ionic-emission probabilities (SIMS). Knowledge 
of these parameters is increasing thanks to the pro- 
gress of fundamental research. 

(3) Alterations of the surface by the influence of 
X-rays or electron and ion beams is a most important 
restriction in surface analysis. Furthermore, in thin- 
film depth-profile analysis by sputtering, the artifacts 
induced by the ion beam have to be carefully con- 
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Fig. 12. AES sputtering profile of an 80-nm thick Nb205 layer on Nb. a° Dashed lines represent the 
O and Nb profiles after ~, correction, with 2Nb 097 eV) = 0.6 nm, 20 (510 eV) = 1.4 nm. (By permission 
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trolled. Again the steady accumulation of experience 
will at least show what can be expected and how 
these various influences may be kept small. A better 
understanding of the processes of the interaction of 
different kind of primary beams with the surface is 
the key to further improvement in obtaining reliable 
data from surface and thin-film analysis. 
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Zusammenfassung--Mit Hilfe einer Mikrocxtraktions-Apparatur wird das druckabh~ingige LiSslichkeits- 
verhalten einiger Naturstoffe in komprimiertem Kohlendioxid von 80 bis 2000 bar untersucht. Die 
L~slichkeitswerte ftir verschiedene Verbindungen sind stark unterschiedlich, steigen aber unter Druck. 
Es besteht ein linearer Zusammenhang zwischen dem Logarithmus der L~sliehkeit und dem der Dichte 
des komprirnierten Gases. Die Temperatur: beeinfluBt ebcnfalls neben dem Druck die L6sungseigen- 
schaften des Kohlendioxids. 

DieKenntn i s  der Eigemchaften komprimierter Gase 
ist Voraussetzung ftir ihre Anwendung als L6sungs- 
und somit auch als Extraktionsmittel. Besonders 
wichtig sind neben den grundlegenden physikalisch- 
chemischen Daten die L6slichkeitsuntersuchungen bei 
verschiedenen Driicken und Temperaturen mit 
Substanzen unterschiedlicher Konstitution. Als Gas 
diente Kohlendioxid, da es zu den am besten 
beschriebenen Gasen ~ h l t  und  auch bereits als 
Extraktionsmittel h~iufig Anwendung fand)  

Mit verschiedenen Naturstoffen wurden von uns 
bereits friiher im Druckbereich zwischen 70 und 400 
bar bei 40 ° Extraktiomversuche mit fluiden Gasen 
in direkter Kopplung mit der Dtinmchicht-Chroma- 
tographie durchgef'~hrt. 2-4 Dabei konnten Faust- 
regeln fiber die Extrahierbarkeit der Substanzen mit 
iiberkritischem Kohlendioxid und mit Distickstoff- 
oxid in diesem Bereich aufgestellt werden. Es ergaben 
sich gute Zusammenl~nge zwischen der Konstitution 
der Substanz und ihrer L~slichkeit als Funktion des 
Druckes. 

Erstc quantitative LSslichkcitsbcstimmungen 
polarer Naturstoffc, wie z.B. yon Aminos~iurcn und 
Zuckcrn, in iiberkritischen Gascn bci Driicken 
zwischen 300 and 2500 bar crgaben bci untcrschied- 
lichen LSslichkeiten der cinzelncn Substanzcn nur 
cinc gcringc Abh~ingigkeit der LSslichkcit vom 
Druck. 5 Dic Substanzkonzcntrationen im iibcrkri- 
tischen Gas sind auch bci Driickcn yon 2500 bar so 
gcring, dab cine Anwendung dcr bisher untcrsuchten 
Gasc ftir dic Extraktion polarcr Naturstoffc nicht in 
Bctracht kommt. Fiir diese Substanzgruppc k6nnten 
deshalb anderc Gase, wic z.B. Ammoniak, yon Intcr- 
essc sein. 

Vor allem f'tir lipophile Naturstoffe sollte iibcrkri- 
tisches Kohlendioxid deshalb ein geeignetes Extrak- 
tiommittcl sein. Quantitative LSslichkeitsuntersu- 

* 1 Nl = 1 Liter bei 0°C and 1 bar. 

chungen stellen eine Voraussetzung Rir die praktische 
Anwendung dieses Gases dar, 

EXPER1MENTELLER T E l L  

Fiir die nachfolgenden Untersuchungen wurden einfache 
Naturstoffe unterschiedlicher Fliichtigkeit ausgew~ihlt, die 
bereits in friiheren Arbeiten 3 als ModeUsubstanzen dienten. 
Wichtig war die sichere Erfassung auch geringer Substanz- 
mengen mit spektralphotometrischen Methoden. Die 
friiheren Untersuchungen sind als Vorversuche zu werten, 
aus denen die GriSBenordnung der zu erwartenden L~slich- 
keiten ersichtlich wurde. 

Apparatur zur LiJslichkeitsbestimmuno 
Den Aufbau der Apparatur zur LiSslichkeitsbestimmung 

im MikromaBstab zeigt schematisch Abb. 1. Kompressor- 
teil und Extraktionseinrichtung befinden sich in einem 
thermostatisierten und ger~iuschd~impfenden Geh~iuse. Das 
Prinzip des Druckerzeugungssystems wurd¢ bereits aus 
fiihrlich beschrieben. 2 

Der Mikroautoklav (n) nimmt die Probesubstanzen auf. 
Druck und Temperatur des komprimierten Gases werden 
direkt am Autoklaven dutch entsprechende MeBeinricht- 
ungen (m, o) gemessen und k~nnen mit dem Mehr- 
kanalschreiber (s) registriert werden. Das verdichtete Koh- 
lendioxid entspannt sich am Ende der an das Ausgangsven- 
til (d4) angesetzten auswechselbaren Spezialkapillare auf 
Atmosph~irendruck. Die im Gas gel~Sste Substanz f~illt nach 
der Entspannung aus und wird in einem Glastrichter (p) 
gesammelt. Die reproduzierbar¢ Regelung der Str~Smungs- 
geschwindigkeit erfolgt mit lest eingestellten Str~imungs- 
widerst~inden~ Dazu dienen auswechselbar¢ Edelstahl- 
kapillaren von 15 bis 20 mm L~inge, deren Offnungen yon 
100 #m mit Edeistahldr~ihten versehiedener Dieken im 
gewiinschten MaB verengt werden. Die Kapillaren sind in 
1/16-in. Hochdruckrohr eingel6tet und am Ausgangsventil 
druckfest verschraubt. Die Durchflul3raten ktJnnen auf 
diese Weise ab etwa 0,2 N-l*/min eingestellt werden. 

Ein nachgeschalteter MassendurchfluBmesser (q) mit 
angeschtossenem elektronischem Integrator bestimmt die 
abstr~mend¢ Gasmenge. 

Durchfiihrung der Bestimmungen 
Die zu extrahierenden Substanzen werden in LiJsung auf 

etwa 100 mg gereinigte QuarzwoUe gleichmtil~ig verteilt. 
Nach vollst~indigem Abdampfen des L~sungsmittels wird 
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Abb. 1. Hochdruckextraktionsanlage zur L6slichkeitsbestimmung ira Mikromal3stab: a, Druckflasche; 
b, regelbarer Heizmantel; c, Vordruckmanometer; dr, bis d3, Hochdruckventile; d4, Hochdruckventil 
mit Spezialkapillare; e~, his e3, Riiekschlagventile; f3, Hochdruckfiiter; g, Membrankompressor; ht, 
h2, W~irmeaustauscher; i, Hochdruckmanometer; j, Druckhalteventil; k, Puffervolumen, 1, D~impfungs- 
vorrichtung; m, DMS-Druckaufnehmer mit Anzeigeeinheit, n, Mikroautoklav; o, Thermoelement; p, 

Abscheider; q, Str~Smungsmesser; r, Absaugvorrichtung; s, Schreiber. 

die mit 10 bis 100 mg Substanz beladene Quarzwolle in 
den Proberaum des Autoklaven gegeben. 

Die Extraktionen erfolgen vorzugsweise bei 40 ° und bei 
Driicken zwischen 80 and 200 bar, in Einzelt'~illen zus~itz- 
lich bis 2000 bar. Fiir jede Druckstufe werden mindestem 
3 Versuche durchgefiihrt. 

Durch Offnen yon Ventil (d3) ftillt sich der Proberaum 
his zum eingestellten Gasdruck mit Kohlendioxid. Nach 
einigen Minuten wird das Ausgangsventil (d4) ge6ffnet und 
das komprimierte Gas entspannt sich am Ende der Kapil- 
late. Die gel6ste Substanz fallt aus und wird ira Filter des 
Glastrichterabscheiders (p) aufgefangen. 

Die quantitativ ausgefallenen Substanzen werden ansch- 
lieflend mit 10,0 ml eines geeigneten L/Ssungsmitteis por- 
tionsweise eluiert. Die mit Quarzwolleteilchen des Filters 
verunreinigten L6sungen werden fiber Membranfilter ger- 
inger Porenweite (0,15 #m) filtriert. 

A|le untersuchten Naturstoffe werden direkt photome- 
trisch in L6sung bestimmt. Die Auswertung erfolgt nach 
Aufstellung yon Eichkurven, wobei die MeBwellenliingen 
der einzelnen Substanzen dutch vorherige Spektranauf- 
nab_me mit einem registrierenden Spektralphotometer bes- 
timmt werden. Je nach Substanzkonzentration k6nnen 
entweder Quarzkiivetten mit 1,00 cm Schichtdicke, oder 
es miissen Quarzmikrokiivetten mit 5,00 cm Schichtdicke 
benutzt werden. 

ERGEBNISSE U N D  DISKUSSION 

Es wurden 5 aromatische Carbons~iuren und ein 
entsprechender Ester untersucht. Vier Carbonsiiuren 
bilden eine homologe Reihe mit Hydroxylgruppen 
unterschiedlicher Anzahl und Anordnung. Abbildung 
2 zeigt die Druckabh~ngigkeit der L~slichkeit der 
Verbindungen in iiberkritischem Kohlendioxid bei 
4 0  ° . 

Die Benzoes~iure, in tier Reihe zunehmender Polar- 
it~it die lipophilste Carbons~iure, l~iBt sich q~a!itativ 
bereits unterhalb von 70 bar naehweisen. Die Benzoe- 
s~urekonzentration im Gas betr~gt bei 80 bar 200 
p.g/Nl*, d.h. mehr als 100 ppm ~g/g). 

* 1 NI Kohlendioxid entspricht 1,78 g. 

Ab 85 bar, steigt die L6slichkeit sehr stark an, bei 
100 bar kiSnnen bereits 3,5 mg und bei 150 bar mehr 
als 8,5 mg N1 Gas extrahiert werden. 

Die auf Grund der Hydroxylgruppe in ortho-Stel- 
lung etwas polarere Salicyls~iure ist schwerer l/Sslich: 
ihre Konzentration im iJberkritischen Gas betriigt bei 
150 bar nur etwa 2 rag/N1. Der Unterschied zwischen 
der Salicyls/iure und der trans-Zimts~iure dagegen ist 
geringer. Von dieser Arylalkencarbons/iure liSsen sich 
bei 150 bar etwas iJber I mg/Nl. 

Eine wesentlich geringere L6slichkeit zeigt die mit 
zwei Hydroxylgruppen in 2,5-Stellung versehene Gen- 
tisinsiiure: nur etwa 15 /~g/Nl kiSnnen bei 150 bar 
mit iiberkritischem Kohlendioxid extrahiert werden, 
was eine mehr als 100 fach niedrigere L6slichkeit 
gegeniiber der Salicyls~iure bedeutet. 

/ Benzoes~ure 

3 p-Hyd roxyber~oes~ur~  

I GqmtisinsQur~ I I1 
100 150 bar 200 

Druck 
Abb. 2. Druckabh~ingige Konzentration verschiedener 
Feststoffe in iiberkritischem Kohlendioxid bei 40 °. 1 p- 
Hydroxybenzoes~iure, Bezeichnung der weiteren Kurven in 

der Abb. 

mgml 

4 
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Abb. 3. Druckabh~ingige Konzentration von Pyronderi- 
vaten in tiberkritischem Kohlendioxid bei 40 °. 

Steht eine Hydroxylgruppe in para-Stellung zur 
Carboxylgruppe, dann resultiert eine iiberraschend 
starke Verringerung der L6slichkeit. Fiir p-Hydroxy- 
benzoes~iure betr~igt die Substanzkonzentration im 
Gas bei 150 bar nur 10 #g/Nl. Wird die Carboxyl- 
gruppe verestert, steigt die 1.25slichkeit wieder stark 
an, wie in Abb. 2 am Beispiel des p-Hydroxybenzoe- 
s~iure~ithylesters zu erkennen ist. 

Die Druckabh~ingigkeit der LiSslichkeit verschie- 
dener Pyronderivate bei 40 ° zeigt Abb. 3. Das 
Cumarin, ein ~-Pyronderivat, liSst sich vergleichsweise 
gut. Die Cumarinkonzentration betr~igt im iJberkri- 

tischen Kohlendioxid bereits bei 83 bar I mg/Nl. Die 
L~islichkeit nimmt mit steigendem Druck so stark zu, 
dab bei 150 bar eine Konzentration von 50rag/N1 
erreicht wird. 

Die Einf'tihrung einer zus~itzlichen Phenylgruppe 
bedingt ein hiSheres Molekulargewicht, die L6slich- 
keit verringert sich. Bei 150 bar k~nnen etwa 5,5 mg 
Flavon pro N1 Kohlendioxid extrahiert werden. 

Das mit einer Hydroxylgruppe versehene Cumarin- 
derivat Umbelliferon zeigt bei vergleichbarem 
Molekulargewicht gegeniJber dem Cumarin eine 
LiSslichkeit von nur 6 /~g/N1 unter den gleichen 
experimenteilen Bedingungen. Das Cumarin selbst 
l~iBt sich also fast um den Faktor 104 besser extra- 
hieren als sein in 7-Stellung hydroxyliertes Derivat. 
Eine Extraktion hiSher hydroxylierter Cumarinderi- 
vate war nicht nachweisbar. 

Einige hydrophile Substaazen wurden bis 2000 bar 
untersucht. Ihre druckabh~ingigen LiSslichkeitskurven 
sind in Abb. 4 zu sehen. Die relativ h/Schsten Konzen- 
trationswerte in tiberkritischem Kohlendioxid zeigt 
die Gentisins~iure. Mit 50 pg/Nl bei 2000 bar tiber- 
trifft sie die p-Hydroxybenzoes~iure urn 10 #g/N1, 
w~ihrend sich das Umbelliferon bei 2000 bar zu 30 
rig/N1 l~Sst. 

Vergleicht man diese Werte mit den bei 80 bar 
gefundenen Substanzkonzentrationen, l~iBt sich eine 
etwa 100 fache Konzentrationserhifhuag zwischen 80 
und 2000 bar feststellen. Die gr~SBte Steigerung erfolgt 
dabei unterhalb yon 200 bar. Zwischen 500 and 2000 
bar steigt die L6slichkeit lediglich um den Faktor 2 
an. Die Formen der einzelnen L/Sslichkeitskurven 
zeigen vergleichbare Merkmale, die mit den iibrigen 
untersuchten Substanzen tibereinstimmen. 

Bis 85 bar nimmt die LiSslichkeit in iiberkritischem 
Kohlendioxid bei 40 ° nur wenig zu. Zwischen 85 und 
etwa 100 bar steigt die Substanzkonzentration im Gas 
stark an, die Wendepunkte der LiSslichkeitskurven 
liegen bei 90 bis 100 bar, danach flachen sie ab. Je 

pglNI 

Gentisin- 40 
o 

c 
o v 

1 2 kbar 
Druck 

Abb. 4. Druckabh~ingige Konzentration hydrophiler Naturstoffe in iiberkritischem Kohlendioxid bei 
40°C. 
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Abb. 5. Druckabh~ingige Konzentration von Coffein in 
komprimiertem Kohlendioxid bei verschiedenen 

Temperaturen. 

h6her die Polarit~it der Substanzen ist, umso flacher 
verlaufen im allgemeinen die Kurven. 

Die druckabh~ingigen L6sungseigenschaften des 
komprimierten Kohlendioxids wurden bei 4 verschie- 
denen Temperaturen bestimmt. Als Modellsubstanz 
diente Coffein. Die L/Sslichkeitsisothermen (Abb. 5) 
bei 21, 35 und 40 ° zeigen die bekannte s-f6rmige Ges- 
talt. Bei 21 ° steigt die Lfslichkeit sprunghaft mit der 
Verfliissigung des Gases an, um mit weiter steigendem 
Druck nur noch langsam zuzunehmen. Oberhalb der 
kritischen Temperatur (35 °) ist der Anfangsteil der 
Isotherme gegeniiber der 21°-Isotherme zu h6heren 
Driicken verschoben. Der Schnittpunkt dieser Kurven 
liegt bei etwa 110 bar. 

Eine um 20 ° h6here Temperatur (60°-Isotherme) 
verschiebt den unteren Tell der L6slichkeitskurve 
nochmals zu h6heren Driicken. Die Steigung ist in 
diesem Teil relativ gering, ab etwa 130 bar tibertrifft 
sie jedoch die Steigung der tibrigen Isothermen, so 
dab diese bei Driicken fiber 200 bar geschnitten 
werden. 

Eine Erh6hung der Temperatur des komprimierten 
Kohlendioxids hat bei gleichbleibendem Druck 

zun~ichst eine Erniedrigung der Konzentration des 
gel6sten Stoffes im Gas zur Folge. Bei Erh6hung des 
Druckes steigt dann die L6slichkeit starker an und 
iibertrifft schlieBlich die geliSste Stoffmenge bei niedri- 
gerer Temperatur. Fiir die Bestimmung der Konzen- 
tration von Substanzen im verdichteten Gas sind der 
Druck und die Temperatur gleichwertige Parameter. 

Der Partialdruck der untersuchten Naturstoffe im 
komprimierten Gas ist bei unbeeinfluBter Verdamp- 
fung, also bei Anwendung der idealen Gasgesetze 
unter den experimentellen Bedingungen sehr gering, 
deutlich unter 1 mbar. Mit zunehmendem Gasdruck 
nimmt der Partialdruck weiter ab. 

Dagegen ist die gemessene Substanzkonzentration 
sehr hoch. Diese Tatsache macht deutlich, dab das 
verdichtete Gas Wechselwirkungen mit den Substanz- 
teilchen eingeht; es ist in der Lage, die Probesub- 
stanzen in der Gasphase zu 16sen. 

Ein Vergleich zwischen den unter der Annahme 
idealer Bedingungen berechneten und den tats~ichlich 
gemessenen Substanzkonzentrationen im iiberkri- 
tischen Kohlendioxid bei 40 ° und 100 bar ist in Tab. 
1 zusammengestellt. Bereits bei einem Druck yon 100 
bar l~il3t sich eine 104- bis 105-fache Erh6hung 
gegeniiber den berechneten Werten feststellen. Mit 
zunehmendem Druck steigt dieses Verh~iltnis noch an, 
wie aus den einzelnen druckabh~ingigen L6slichkeits- 
kurven zu sehen ist. 

Bereits Diepen und Scheffer 6 konnten diese 
enormen Unterschiede zwischen berechneten und 
gemessenen Substanzkonzentrationen im Gas bei 
ihren L6slichkeitsbestimmungen yon Naphthalin im 
iiberkritischen Athylen feststellen, ebenso den 
typischen druckabh~ingigen Verlauf der L6slichkeits- 
kurven. 

Trotz der Verschiedenartigkeit der untersuchten 
Naturstoffe deutet die ann~ihernd gleiche Form der 
einzelnen Kurven bei 40 ° darauf hin, dab das Ver- 
halten eines Stoffes im komprimierten Gas haupts~ich- 
lich von den druckabh~ingigen Eigenschaften des 
Gases selbst bestimmt wird. 

Die L6slichkeitskurven ~ihneln im gesamten 
Bereich von 80 bis 2000 bar der druckabh~ingigen 
Dichteisotherme. Die Zusammenh~inge zwischen der 
Gasdichte und der Substanzl6slichkeit wurden bereits 
diskutiert. ~ Sie lassen sich bei logarithmischer Auftra- 
gung beider Gr6Ben als Geraden darstellen, wie in 
Abb. 6 an einigen Beispielen deutlich gemacht wird. 
Franck 7 und Rowlinson und Richardson s konnten 

Tabelle 1. Berechnete und gemessene Substanzkonzentrationen in Kohlendioxid bei 100 bar und 40 ° 

Konz. Co Konz. Ct 
Dampfdruck, berechnet, gemessen, 

Substanz Fp,° C mbar #g/ Nl I.tg/Nl C 1/Co 

Cumarin 71 2' 10- 2 3,2. I0-1 14000 4,4-104 
Benzoes~iure 122 5,3' 10- 3 7,1" 10- 2 3400 4,8.104 
Salicyls~iure 159 1,2.10 -3 1,9.10 -2 750 4,1.104 
trans-Zimtsaure 133 2,9' 10- 3 1,6" 10- 2 400 2,5.104 
p-Hydroxybenzoes~iure 214 2,3.10-6 3,6.10- 5 6 1,6.105 
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Abb. 6. Dichteabh~ingigkeit der L6slichkeit yon Natur- 
stoffen in iiberkritischem Kohlendioxid bei 40 °. 

aufgrund theoretischer Betrachtungen bereits friiher 
vergleichbare Zusammenh~inge zeigen. 

Durch die Anwendung unserer Mikroextraktions- 
methode ist es nun m6glich, das LiSslichkeitsverhalten 
der verschiedensten Naturstoffe in iiberkritischem 
Kohlendioxid, dariiberhinaus aber auch in anderen 
interessierenden Gasen, wie z.B. in Distickstoffoxid 

schneU und einfach zu untersuchen. Wit  betrachten 
diese Messungen als eine wichtige Voraussetzung, um 
Extraktionsverfahren im technischen Magstab mit 
komprimierten Gasen durcht'tihren zu kiSnnen. Zur 
Beurteilung des Verfahrens der Extraktion mit 
komprimierten Gasen miissen im Unterschied zur 
Fltissigextraktion L6slichkeitsbestimmungen der zu 
untersuchenden Stoffe herangezogen werden. Die 
Druck- und Temperatur-abhiingigkeit der L6slichkeit 
muB gemessen werden, um bestm~gliche Abtrennung 
yon Begleitstoffen und optimale Ausbeute zu gew~ihr- 
leisten. 

Anerkennungen--Der Deutschen Forschungsgemeinschaft 
danken wir auch hier f'tir die Bereitstellung von Sach- und 
Personalmitteln im Projekt Sta 56-13. 
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Summary--The pressure-dependent solubility of some natural products in gaseous carbon dioxide com- 
pressed to pressures in the range 80-2000 bar has been examined with the help of a micro-extraction 
apparatus. The solubilities vary greatly from one compound to another, but always increase with 
pressure. There is a linear relationship between the logarithms of the solubility and of the density 
of the compressed gas. Besides pressure, the temperature also influences the solubility in carbon dioxide. 
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Summary--Glassy carbon (Sigradur G®t) is thermally stable up to 600 ° under fitmospheric conditions 
and has proved to be substantially resistant to many decomposition agents at temperatures up to 
250 °. It can, therefore, substitute for PTFE vessels in a pressure-bomb device for the wet decomposition 
of organic and inorganic substances with, e.g., nitric, chloric or hydrofluoric acid or mixtures thereof, 
in the determination of trace elements. The mineralization can be carried out at temperatures up 
to 50 ° higher than with PTFE vessels, which are limited to a maximum of 170 °. The higher decomposi- 
tion temperature, which results in a higher oxidation potential, considerably shortens the decomposition 
time. On account of the lower content of impurities, particularly of Hg, Ag, Bi, Cd, Se, Te and Sb, 
the results are more accurate than those obtained with PTFE vessels, if these elements are to be 
determined in the ng/g range in the resulting solution. 

Most of the powerful analytical methods, such as 
polarography, spectrophotometry, atomic-absorption" 
spectrometry, optical emission spectrometry with HF  
and U H F  plasma excitation (ICP, CMP,  MIP), 
demand dissolved samples for the determination of 
trace elements in organic and inorganic substances. 
Therefore a sample decomposition is the first impor- 
tant step of the analytical procedure, which has to 
meet a series of requirementsJ -a 

(1) The decomposition vessels and apparatus 
should be made from inert materials with high ther- 
mal stability and with low impurity content (to mini- 
mize the blanks). 

(2) The decomposition of organic samples must be 
complete to avoid strong interference by organic resi- 
dues in the determination. 

(3) The products must be soluble in small volumes 
of easily purified acids. 4 

(4) Other sources of systematic error (e.g., adsorp- 
tion, desorption, volatilization), which increase with 
decreasing content of the elements to be determined, 
must be eliminated as far as possible. 

(5) The decomposition method should be simple 
and economical. 

For  many analytical problems the decomposition 
of the sample with acids under pressure in sealed 
PTFE,  quartz or noble metal apparatus has proved 
suitable. 5-9 Various such devices have been 

* On leave from the Chemical Institute Boris Kidri~, 
Ljubljana, Yugoslavia. 

t Sigri Elektrographit GmbH, 8901 Meitingen, FRG. 
§ Forschungsinstitut Berghof, D-7400 Tiibingen-Lustnau, 

FRG. 

reviewed. 1°'~1 In extreme trace analysis, the above- 
mentioned rules must especially carefully be taken 
into account. Because of this we have optimized a 
PTFE pressure-bomb system, 5 which is commercially 
available.§ After some years of experience with that 
system we found the P T F E  insert to be unsuitable 
in some cases, ~2 mainly because of its limited thermal 
and chemical stability, and its relatively high. levels 
of impurities, which cause varying blanks for some 
elements to be determined in the decomposition solu- 
tion. In such cases glassy~ carbon (Sigradur G®t)  was 
found to be more inert and more stable than PTFE 
at higher temperature, so it is a more suitable vessel 
material in our pressure-bomb system (Fig. 1). 
Quartz, which may also be used instead of PTFE,  
is not resistant to  hydrofluoric acid, and has a high 
risk of breakage. 

EXPERIMENTAL 

Glassy carbon (Sigradur G ®) is produced by carbonizing 
a three-dimensionally cross-linked synthetic resin. 13't4 It 
is a hard material without open pores and has a smooth 
surface impermeable to liquids and gases. The material is 
isotropic, with breaking strength equal to porcelain, but 
its thermal shock resistance is much better. 

These properties and its high thermal stability in com- 
parison with PTFE (Table 1) are its most important advan- 
tages. While PTFE vessels cannot be used at above about 
160-200 ° (depending on their quality), glassy carbon ves- 
sels can be used at temperatures up to 250 ° in presence 
of nitric, chloric or hydrofluoric acid. There is no pene- 
tration of acid or, e.g., mercury vapour through the walls 
of the decomposition vessel, such as .has been found with 
PTFE by using 2°3Hg.t2 These diffusion processes cause 
variable blanks. Adsorption effects are lower than with 
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Fig. 2. Adsorption of Hg-vapour on different untreated working materials. 

PTFE, as can be shown in the case of mercury (Fig. 2). 
The risk of breakage under the conditions of a pressure 
decomposition is low, owing to the similar coefficients of 
expansion of glassy carbon and the surrounding stainless 
steel of the bomb. 

With respect to purity, Sigradur G ® is comparable with 
other suitable materials, particularly in relation to the toxi- 
cologically and environmentally relevant elements such as 
Hg, Cd, Pb, As, Sb, Se (Table 2). It is also easy to reduce 
the relatively high content of elements such as Fe, Cu. 

Table 1. Comparison of some properties important in a pressure decomposition 

Glassy carbon 
Property SIGRADUR G ® PTFE Quartz 

Resistance to 
HCI + ( _ 200°C) + ( _< 160°C) * + ( _< 150°C)'t 
HF + + - 
HNO 3 + + + 
HC1Oa + + + 
HCIO4§ + ( ~  150 °C) +(-< 150°C) +(  < 150°C) 
H2SO 4 + +(  _< 160°C) e( _< 160°C) 
HF/HNO3 (1:1) + ( ~  200°C) +(  ~ 160°C) - 
alkali + + - 

Gas permeability 0 + 0 
Adsorption behaviour see Fig. 2 see Fig. 2 see Fig. 2 
Thermal stability <220oc 160-200°C * < 15WC~" 
Dimensional stability + + + + + 

* Thermal stability depends very strongly on quality. 
t Not suitable for decomposition vessels on account of the low co¢fficient of expansion. 
§ Only limited applicability because of danger of bursting. 
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Fig. 3. Reduction of elemental impurities in a glassy car- 
bon vessel by repeated leaching with HNO3 (70%) under 

conditions of a pressure decomposition (200°C, 3 hr). 

Ti, Sn by leaching with 0.5 ml of nitric acid (70% w/v) 
under pressure (Fig. 3). 

Analyses of the decomposition vessels and of the decom- 
position solutions by neutron-activation analysis and ato- 
mic-absorption spectrometry (Table 3) show that the main 
part of the impurities is on the surface of the vessel and 
is not incorporated homogeneously within the whole 
material. The impurities are transferred during machining. 
After the leaching treatment, the level of impurities dis- 
solved off the surface does not exceed the normal level 
found in the acids used. The decisive advantage of glassy 

.~ 15. 

! o.o.5 
o ' ;~ ' £ ' 6 ' a ' i b ' I ~ '  I ~ . '  - 

number of decompositions 

Fig. 4. Loss in weight of glassy carbon after repeated treat- 
ment with (a) HNO3 (709/0) and (b) chloric acid (20% 
HC103/7% HCIO4) under conditions of pressure decompo- 

sition (0.5 ml of acid, 2O0°C, 3 hr). 

carbor(over PTFE is, however, its higher thermal stability, 
which allows an increase of the decomposition temperature 
up to 220 ° . 

Polarographic and spectroscopic investigations prove 
that mineralization under the conditions of a conventional 
pressure decomposition with nitric acid at a temperature 
of 160 ° is not complete for many organic matrices. The 
oxidation potential is not sufficient to digest all organic 
compounds completely (e.g., fats, proteins or heterocyclic 
compounds may not be decomposed). 

The decomposition temperature when glassy carbon ves- 
sels are used is limited to about 220 °, the softening tem- 
perature of the PTFE sealing material which is needed 
to close the system tightly. Even at this temperature glassy 
carbon is resistant to nitric acid (70% w/v). The loss of 
weight of the vessels after 15 pressure decompositions-- 
corresponding to nitric or chloric acid treatment for 45 
hr--amounts to about 1.5 and 1%, respectively (Fig. 4). 
Scanning electron-microscope and light-microscope pic- 
tures show that the degradation during acid treatment 
starts  from definite positions, probably corresPonding to 
local impurities at the surface (Fig. 5). The cluster and 

Table 2. Impurities (p#/g) in different materials according to the literature and investigation 

Quartz Quartz Borosilicate 
Element SIGRADUR G ® PTFE HERALUX ® SUPRASIL® glass 

B 0.1 - -  
Na 0.35 25 
M g  0.1 - -  
A1 6 
Si 80-90 - -  
Ca 70-90 - -  
Ti 12 - -  
V 4 - -  
Cr 0.08 0,03 
Mn 0.1 - -  
Fe 2 0.01 
Co 0.002 0.002 
Ni 0.5 m 
Cu 0.2 0.02 
Z n  0.3 0.01 
As 0.05 -- 
Cd 0.01 - -  
Sn 25-50 - -  
Sb 0.01 4 x 10 -4 
Hg c a .  0.o01 10* 
Pb 0.4 - -  

0.I 
t 
0.I 
10--50 
main 
0.8-3 
O.8 

O.OO5 
0.01 
0.8 
0.O01 

0.07 
0.05 
O.08 
0.01 

0.002 
10-a 

0.01 main 
0.01 main 
0.1 600 
0.1 main 
main main 
0.1 1000 
0.1 3 

2 
0.003 3 
0.01 6 
0.2 200 
0.O01 0.1 

2 
0.01 1 
O.l 2-4 

1 x 10 -4 0.5-22 
1 
4 

0.001 7-9 
i0-3 

3-50 

* Strongly dependent on storage conditions. 
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Table 3. Reduction of element impurities (ng/g) in a glassy carbon vessel by 
repeated leaching with 0.5 ml of 70% nitirc acid under pressure (160 ° and 200°C, 

3 hr) 

Method Element 

Concentration of the element 
after leaching at 

160°C 200°C 

Furnace AAS 

INAA 

Fe _< 10 10 
Cu _<0.5 _<1 
Cd _< 0.5 _< 1 
Pb _< 0.5 < 1 
Bi _< 0.5 _< 1 

Co _<0.8 <1 
Zn _< 1 _< 1.5 
Sc _<0.5 <0.8 
Ta -<0.8 <2.5 
Sb _<1 <1 
Cr _<0.8 <2 

crater formation proceeds during a longer exposure period 
(Fig. 6), unlike the case with PTFE vessels which are ser- 
iously attacked equally over the whole surface (Fig. 7). 15 

Optimization of the decomposition conditions 
The oxidation potential of acids e.#., nitric, rises quickly 

with increasing temperature. It was, therefore, necessary 
to find the optimal temperature and duration for the 
decomposition process. 

This was done by treating a variety of relevant matrices 
for various times at various temperatures controlled by 
means of an electronically regulated heating-block system*, 
which allows supervision of the decomposition procedure. 

During treatment of the sample with nitric acid (70~ 
w/v) organic nitro-compounds will be formed. These, as 
well as organic macromolecules which are not mineralized 
completely at temperatures < 160 °, may cause serious in- 
terference if the decomposition solution is used directly 

* Forschungsinstitut Berghof, D-7400 Tiibingen-Lust- 
nau, FRG. 

for the determination of trace elements by a polarographic 
method, e,g., anodic stripping voltammetry (ASV), or dif- 
ferential pulse polarography (DPP). 16A7 These interfer- 
ences may be traced to organic fragments, as can be shown 
by a cyclic voltammogram (Fig. 8), where irreversible cath- 
odic peaks occur. 

Direct-current polarography provided the first clues to 
the occurrence of such organic fragments. Since the heights 
of the polarographic waves are proportional to the 
amounts of the residues, the polarographic activity of the 
solution could be correlated with the temperature and the 
time of the decomposition. As exemplified by milk powder 
(Fig. 9) the concentration of the organic fragments was 
found to be constant at temperatures < 160 °, even if long 
decomposition times were used (this diagram is intended 
only to show that the concentration of the organic residues 
in the decomposition solution decreases with increasing 
temperature). Direct-current polarography is not sensitive 
enough to detect traces of such organic fragments. The 
experiments show, however, that the production of interfer- 
ing components, and the t imeneeded for the decomposi- 
tion, depend strongly on temperature as well as on the 

Fig. 5. Alteration of a SIGRADUR G ® surface by thermal treatment with HNOa (70~): (a) untreated 
surface (SEM 300 x, angle 0°); (b) treated surface, pressure decomposition conditions (160°C, 10 hr), 

(SEM 1000 x, angle 0°). 
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Fig. 6. Alteration of a SIGRADUR G ® surface by thermal treatment with HNO 3 (70~o) (light-micro- 
scope 200 x): (a) untreated; (b) treated surface, pressure decomposition conditions (160°C, 24 hr), 

(c) treated surface, pressure decomposition conditions (160°C, 96 hr). 

nature of the matrix. Matrices consisting mainly of carbo- 
hydrates and natural fats, e.g., hay or cattle tallow respect- 
ively, give less difficulty than those with a high protein 
content, e.g., liver, blood sera and milk powder. 

The appearance of interferences as a function of amount 
of sample decomposition temperature, and concentration 
of nitric acid, can be shown more clearly by ASV (Fig. 10a). 
The application of nitric acid (100~o w/v) resulted in too 

• o . . . . .  

high a pressure in the vessel, causing blow-off of the solu- 
tion. Moreover, purification of nitric acid with a concen- 
tration higher than 70% w/v by sub-boiling point distilla- 
tion is impossible. 

The higher the concentration of the organic fragments, 
the higher is the cathodic current. Not only these com- 
ponents cause interferences, but also nitrous fumes dis- 
solved in the decomposition solution. Though these gases 

Fig. 7. Alteration of a PTFE surface by thermal treatment with H N O  3 (70%): (a) untreated surface 
(SEM 3000 x, angle 0°); (b) treated surface, pressure decomposition conditions (160°C, 10 hr) (SEM 

1000 x ,  angle 0°). 
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Fig. 8. Cyclic voltammogram of a decomposition solution 
(0.1 g of serum, 0.5 ml of HNO 3 (70%), 200°C, 5 hr), start- 

ing potential 0 V vs. SCE, scan-rate 50 mV/se~ 

partly diffuse through PTFE they remain within the glassy 
carbon vessel, as indicated by the yellow colour of the 
decomposition solution. This interference can, however, be 
eliminated by evaporating the solution to dryness and tak- 
ing up the residue with 0.1M hydrochloric acid (Fig. 10h). 

The more sensitive differential pulse anodic stripping 
voltammetry (DPASV) illustrates clearly the extent to 
which the determination of Cu, Cd, Pb etc. in blood serum 
is interfered with (Fig. l 1). It was found impossible to 
determine any of the three elements in, e.0., blood serum, 
because the sensitivity was not high enough for a small 
fraction of the decomposition solution to be used, and even 
with only 300 #l of the 2 ml of solution (i.e., 15% of the 
0.1 g of serum taken as sample) there was strong interfer- 
ence. This means that even a decomposition temperature 
of 200 ° is not high enough if the trace elements are to 
he determined directly in the decomposition solution by 
a polarographic method. Is 

The situation may be improved, however, if the solution 
is fumed with 0.2 ml of pcrchloric acid (60% w/v). No 
losses of Cd and Pb then occur (Fig. 12). If the decomposi- 
tion is followed by such a fuming step, a decomposition 
temperature of 160 ° is sufficient. The fuming can be done 
directly in the  decomposition vessel with a special heating 
device (Fig. 13). This method, however, carries the risk 

E ( V ] vs SCE 
0 -0~ -0.~ -0.6 

Fig. 10a. Anodic stripping voltammograms of decomposi- 
tion solutions. Current as a function of sample weight 
(serum), decomposition temperature, and acid concen- 
tration: 50-#1 aliquots from the total (2 ml) were used. 
/ - -blank (HNO3, 70%, 200°C, 5 hr), 2---0.1 g (0.5 ml of 
HNOa, 70%, 200°C, 5 hr), 3--0.2 g (0.5 ml of HNO3, 70%, 
200°C, 5 hr), 4--0.1 g (0.5 ml of HNO3, 85%, 200°C, 5 

hr), 5--O.1 g (0.5 ml of HNO3, 70%, 160°C, 5 hr). 

of both losing easily volatilized elements such as Se, Te 
and Cr (as CrO2Cl2) and of contaminating the decomposi- 
tion solution unless comprehensive conditions of cleanli- 
ness are met, e.g., glove boxes or clean benches which 
reduce the level of blanks. ~'2 

A decomposition with acid mixtures contaiaing pcr- 
chloric acid. e.g., HNOa/H2SO,,/I-ICIO4 (2:1:1) would 

_ o S~a0ur 0 
1 = P T F E  . • . ~ 1 , . 

5 ~ 1Oh 5 = 1Oh 

Fig. 9. Detection of organic fragments in the decomposition solution by d.c. polar0graphy (supporting 
electrolyte: borax-buffer pH = 9.3, half-wave potential of the irreversible wave between -0 .5  and -0.7  
V vs. SCE) after pressure decomposition of different organic substances with 0.5 ml of HNOa (70%) 
at different temperatures. / --milk powder (60 mg), / a  milk powder (60 mg, 220°C), 2--liver (100 
mg), 3 bone (60 rag), 4 serum (100 mg), 5 protein concentrate (50 mg), 6--hay (60 mg), 7--cattle 

tallow (100 mg). 
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Fig. 10b. Anodic stripping voltammograms of a decompo- 
sition solution (0.1 g of serum, 0.5 ml of HNO3, 70%, 
200°C, 5 hr) before and after evaporation: 50-#1 aliquots 
from the total (2 ml) were used./--blank, 2--after evapor- 

ation, 3--before evaporation. 

have a sufficiently high oxidation potential at 200 ° to 
mineralize organic matter completely, but there is a con- 
siderable explosion hazard as we have ourselves experi- 
enced in the case of the decomposition of an aromatic 
compound with this mixture (Fig. 14). 19 

Incomplete decomposition of organic matrices causes 
less interference if atomic spectroscopic determination 
methods, e.g., AAS, OES and XRF, are used after a pres- 
sure-bomb decomposition. Strong interferences may still 
occur, however, if electrothermal AAS is used. 

Another possibility for remedying the situation is the 
classical decomposition in a fused quartz tube according 
to Carius, z° By this method it can be established that at 
250 ° the oxidation potential of nitric acid (70% w/v), under 
the stated conditions, is high enough to yield a solution 
without measurable polarographic activity (Fig. 15). How. 
ever, fusing the quartz tube and opening the ampoule, 
which is under pressure, require skill and time; moreover, 
the danger of explosion is relatively large. 21 Furthermore, 
hydrofluoric acid cannot be used. Chioric acid, which has 
a higher oxidation potential than nitric acid, can be used 
to good effect at 200 ° (Fig. 15). A mixture of 20% chiorie 
acid and 7% perchloric acid is commercially available*, 
which allows handling without risk. Even with this mix- 
ture, milk powder cannot be completely decomposed under 
these conditions. Fuming of thcdecomposition solution 
with perchloric acid (60% w/v) is still necessary (Fig. 16). 

The sample weight should generally be limited to about 
200 rag. Exceptions may be possible, but ought to be tested 
for the metr, i xi:in question, to avoid too violent a decompo- 
sition causing mostly blow-off of vapour. Although our 

* Item No. 10741, E. Merck AG, D-6100 Darmstadt, 
FRG. 

Fig. 11. Differential pulse anodic stripping voltammo- 
grams of a decomposition solution (0.1 g of serum, 0.5 
ml of HNO3, 70%, 5 hr) spiked with 2 ng of Cd, 2 ng 
of Pb, 5 ng of Cu. Aliquots from the total (2 ml) were 
used. /--blank, 2--standard solution, 3--10 #1, 4--50 #L 

5--100/~1, 6--300/~1. 

Pb 

-o12 -o:6 ,o.s 
EIVl vs SCE 

Fig. 12. Differential pulse anodic stripping voltammo- 
grams of a decomposition solution (0.1 g of serum, 0.5 
ml of HNO3, 70%, 200°C, 5 hr) after evaporation with 
HCIO 4, 60%: /--blank, 2--sample, 3--sample spiked with 

1 ng of Cd and 1 ng of Pb. 

T^L. 26/S--v 
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4 - - - -  

5 

Fig. 13. Arrangement for the evaporation of solutions. 
I - -PTFE lid, 2--carrier gas, 3--PTFE protection mantle, 
4--decomposition vessel, 5--Al heating block, ~-conden-  

sate outlet. 

system has been tested for safety with explosives 22 to make 
sure that under normal conditions accidents should not 
occur, there is no convincing reason for the application 
of sample quantities >_ 200 mR, since with a sample of th i s  
size all trace elements can easily be determined in the low 
ng/g range by the common methods. 

A source of error inherent in the opening of the pressure 
bomb must be pointed out. On account of the high imper- 
meability of glassy carbon to gases there is still a positive 
pressure in the vessel after the decomposition, and its mag- 
nitude depends upon the nature and amount of the sample. 
When the cover of the bomb is unscrewed, a bit of acid 

vapour blows off, which may pick up traces of Fe, Cr, 
Ni, V, Mo--the components of the stainless steel--by con- 
tact with the wall of the bomb case. The vapour condenses 
partly on the wall of the bomb and on the rim of the 
decomposition vessel. The  droplets spilled into the vessel, 
even though only some gl in volume, contaminate the 
decomposition solution (Table 4), and this shows up in 
ultratrace analysis. Therefore careful manipulation is im- 
portant when rinsing the upper part of the vessel for quan- 
titative transfer of the solution to other apparatus. It is 
possible to eliminate these interferences by enveloping the 
upper external part of the vessel and its lid in a piece 
of high-purity aluminium foil or sheathing the internal wall 
of the bomb with a PTFE film by means of a PTFE spray, 
before starting the decomposition procedure. 

In this connection it has to be mentioned that the walls 
of the bomb must be free from any corrosion products, 
which may easily come off and arrive in the decomposition 
vessel, greatly contaminating the solution. The bomb may 
easily be cleaned with concentrated phosphoric acid at 
room temperature by a prolonged soaking (about 10 hr), 
followedby careful rinsing with doubly distilled water and 
acetone. 

Investigations with tracers (7*As, ~5Se, 2°3Hg) proved 
that no losses greater than 5~ occurred because of lack 
of tightness of the decomposition vessel or because of loss 
of solution when the bomb was opened. The latter losses 
can be reduced to <19/o if the bomb is cooled to about 
- 2 0  ° by immersing it briefly in liquid nitrogen before 
opening the bomb case, to reduce the overpressure in the 
vessel. When the decomposition solution has to be trans- 
ferred from the decomposition vessel to other apparatus 
the use of pipettes fitted with a suction system can be 
recommended. The vessel must subsequently be rinsed with 
about 0.5-1.0 ml of nitric acid (709/0 w/v), or losses of up 
to 8% may occur, even though glassy carbon is hardly 
wettable. 

Procedure 
The assembly is the same as tha t  already described, s 

Arrangements consisting of 3 or 10 bombs are commer- 
cially available. In place of the PTFE vessel, one made 

Fig. 14. A PTFE vessel alter a pressure decomposition of an organic compound at 170°C with a 
mixture of 0.2 ml of HNO a (70%) and 0.6 ml of HCIO,, (60%). 
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Fig. 
decomposition solutions ((3.1 g of serum), l--blank, 
2--fused quartz ampoule (0.5 ml of HNO3, 70%, 250°C, 
5 hr), 3--glassy carbon vessel (0.5 ml of HCIOa, 

E [ V ] vs SCE : E IV ] vs S C E  

0 -0.2 -0./. ,0,6 0 -0.2 -O.t. -0.6 
I I l I i I t l l 

2" 

z 

15. Anodic stripping voltammograms of different 
Fig. 16. An~lic stripping voltammograms of a decomposi- 
tion solution of milk powder (50 mg, 0.5 ml of t tCIO~ 
20~/~ICIO4, 7%, 200°C, 5 ~'hr). /--blank, 2idirect ly  used, 

20~/~rlC104, 7%, 200°C, 5 hr). 3--after evaporation with 0.25 ml of HC104 (60%). 

of glassy carbon (Fig. 1) is used (volume 17 ml, height with 
lid 85 ram, outer diameter 25 ram, wall thickness 3 mm)~ 
Since the thickness of the lid is also only 3 ram--depending 
on the preparation process--a supporting disk is necessary 
in order to avoid the risk of breakage of the lid. Graphite- 
PTFE has proved suitable for that. The bottom side of 
the lid is sheathed with a PTFE foil (1 mm thick). Also 
a PTFE ring made of special PTFE foil* (outer diameter 
24 ram, inner diameter 18 mm, thickness 0.4 ram) is used, 
which has to be steamed with nitric acid (70% w/v) to 
remove detritus from the  punch (Table 4), a n d  to ensure 
absolute sealing it has to be replaced after each decomposi- 
tion. A spring (spring constant ~ 100 kg/mm) presses the 
lid tightly on the vessel, thus forming a safety-valve, which 

* Forschungsinstitut Berghof, D-7400 Ttibingen-Lust- 
nau, FRG. 

allows blowing-off of vapour (if the pressure becomes too 
high) through notches milled in the bomb case. At the 
bottom of the bomb a PTFE disk (2 ram) should be in- 
serted to offset any slight unevenness of the vessel bottom, 
in order to obviate the risk of breakage while screwing 
on the cover of the bomb. 

The weight of the sample to be decomposed depends 
on its nature. Table 5 shows the maximum sample weights 
and the time required for the decomposition. Radionuc- 
lides of the easily volatilized elements As, Se, Hg were 
used to check recoveries by the technique. The yields lay 
in the region of >97%. 

A special spanner* is used to be sure of the vessel being 
tight during the decomposition. The bomb is heated in 
an aluminium or brass block with time and temperature 
control. A programmable controller ensures matching the 
heating rates to the matrix in question. 

Table 4. Introduction of contaminants by the stainless-steel bomb in the decomposition of organic matrices with 0.5 
ml of nitric acid (70%) in PTFE and SIGRADUR G ® vessels 

Concentrations of impurities, no~2 ml 

SIGRADUR G ® PTFE 

decomposition 
Element without matrix 

decomposition decomposition 
with matrix and decomposition with matrix and 

rinsing of the rim without matrix rinsing of the rim 

Cd* < 0.5 3-9 
Co <5 10--40 
Cu* < 5 500-1000 
Cr < 5 <40 
V < 10 < 20 
Fe 10 < 700 
M n  < 1  <80 
Ni < 5 < 300 
Mo <5 <50 

0.5 <20 
<5 <30 
<5 <900 

<1000 
< 1 <200 
<5 <1000 
<5 <50 

* The high blanks may be due to the punch used for cutting the PTFE seal ring. 
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Table 5. Decomposition parameters for some organic matrices 

Matrix 

Heating time, hr 
Sample Decomposition 
weight, acid, Heating period 

mg rrd 80°C 140°C 200°C at 200°C, hr 

Pork bones 200 0.5 HNOa - -  - -  0.5 1 
Milk powder 100 0.5 HNO3 - -  - -  i 2 
Hair (human) 50 0.5 HNO3 1 0.5 0.5 2 
Cattle tallow 100 0.5 HNO3 - -  - -  0.5 1 
Grass 60 0.5 HNO3/0.2 HF 1 1 0.5 0.5 
Hay 60 0.5 HNO3/0.2 HF 1 1 0.5 0.5 
Liver 200 0.5 HNO3 0.5 0.5 0.5 2 
Serum 200 0.5 HNO 3 0.5 0.5 0.5 2.5 
Protein- 50 0.5 HNO3 1.0 0.5 0.5 2.5 

concentrate 
Pine needle 50 0.5 HNO3 0.5 0.5 0.5 0.5 

The maximum temperature must not exceed 220 °. After 
the decomposition the bomb is cooled down either in the 
air or, for ultratrace analysis, with liquid nitrogen. The 
solution in the vessel is taken up with an appropriate 
pipette for analysis. Further manipulations, e.g., precon- 
centration and separation, can be done in the same ves- 
sel. 23 Droplets on the rim of the vessel are disregarded. 

The d.c. polarographic investigations were carried out 
with the Polarccord E 246 (dropping mercury electrode 
and SCE) (Metrohm, Herisau, Switzerland). ASV, DPASV 
and cylic voltammetry were conducted with a Multipolaro- 
graph, Type Amel 471 (Erbe Elektromedizin, D-7400 
Tiibingen, FRG), with the following experimental condi- 
tions. Electrodes: hanging mercury electrode and SCE. 
Electrolyte: 0.1M hydrochloric acid. Volume of electrolyte: 
3 ml. Deaeration time: 10 min with argon (99.998~o pure). 
In DPASV the modulation amplitude was 20-50 mV. 
Further details of the polarographic investigations are 
given in the legends of the individual figures. 

DISCUSSION 

The decomposition of many organic substances by 
nitric acid with a concentration of < 85~ w/v, under 
pressure in PTFE vessels at temperatures up to 160 °, 
is found to be incomplete. The remaining organic 
fragments interfere with the determination of trace 
elements if the decomposition solution is used directly 
for their determination by a polarographic method, 
e.g., ASV or DPASV. Investigations with fused glass 
ampoules have shown that a temperature of at least 
250 ° is necessary to decompose organic matter with 
nitric acid (70~ w/v) to such an extent that the 
decomposition solution shows no polarographic ac- 
tivity. Since the poor thermal stability of PTFE 
allows a decomposition temperature of only about 
170 ° under pressure conditions, a new vessel made 
of glassy carbon (Sigradur G ®) has been tested, with 
which a temperature of up to about 220 ° can be used. 
The temperature-limiting factor is the sealing. At 
present, there is no material available for this purpose 
which stands a temperature >220 °. It is therefore 
necessary to resort to various expedients to obviate 
interferences due to organic fragments contained in 
the decomposition solution, if a polarographic deter- 
mination method is to be applied. The following 
means are possible. 

1. The decomposition solution is evaporated to 
fumes with perchloric acid. A decomposition time of 
5 hr at 160 ° is sufficient. For the evaporation (200°), 
the solution has to be transferred to a quartz recepta- 
cle if a PTFE vessel is used for the decomposition. 
This additional step is, however, subject to the risk 
of introduction of contamination. 

2. For  the decomposition, chloric acid (20~ chloric 
acid/7~o perchloric acid), which has a higher oxi- 
dation potential than nitric acid, is used. Normally 
a decomposition time of 3 hr at 200 ° is sufficient to 
decompose the substance sufficiently for the remain- 
ing organic fragments to be mineralized by heating 
with perchloric acid (60~ w/v). For the sensitive and 
accurate determination of those trace elements which 
can be determined by the quoted polarographic 
methods, the decomposition solution has to be eva- 
porated and the residue dissolved in an appropriate 
electrolyte (e,g., 0.1M hydrochloric acid for the deter- 
ruination of Cd and Pb). There are, however, organic 
substances, e.#., milk powder, which cannot be com- 
pletely mineralized under these conditions even if 
long decomposition times are used. 

3. Another possibility is decomposition in fused 
quartz tubes, but this technique is not suited for rou- 
tine work. 

General conclusions cannot be drawn from these 
experiences gained in the decomposition of only a 
few matrices. The choice for the appropriate decom- 
position technique depends on the sample to be 
decomposed, and on the method to be applied for 
the determination of the trace elements in question. 
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soring this work, and to Sigri Elektrographit GmbH, Meit- 
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VERGLEICHENDE UNTERSUCHUNG AN REAGENTIEN 
ZUR SPEKTRALPHOTOMETRISCHEN BESTIMMUNG 

VON ZINK 

G. ACKERMANN und J. KSTHE 
Bcrgakademie Freibcrg, Scktion Chemic, Lehrstuhl for Analytische 

Chemic, 92 Freiberg, Leipziger StraBe, DDR 

(Einoeoanoen am 7. November 1978. Anoenommen am 23. Februar 1979) 

Zummmeufasmng--Mit Hilfe eines Bewertungsschemas werden bekannte Verfahren zur photome- 
trisehen Zinkbestimmung mit den Reagentien 4-(2-Pyridylazo)-resorcin, 4-(2-Thiazolylazo)-resorein, 
1-(2-Pyridylazo)-2-naphthol, 1-(2-Thizolylazo)-2-naphthol, Sulfarsazen, Zineon, Xylenolorange und 
8-Hydroxychinolin getestet und kritisch eingesch~itzt. 

Die Zahl der Publikationen auf dem Gebiet der Spek- 
tralphotometrie hat in den letzten Jahren sprunghaft 
zugenommen. Wegen der unkritischen Natur vieler 
VerSffentlichungen sind jedoch die Vor- und Nach- 
teile einer vorgestellten Methode oft nicht klar 
erkennbar. Ein objektiver Vergleich der Reagentien 
bzw. der Verfahren zur Bestimmung eines Elementes 
untereinander ist durch das Fehlen international ein- 
heitlicher Bewertungskriterien und verbindlicher 
Kennzahlen meist nicht m6glich. Mit diesen Schwier- 
igkeiten ist der Analytiker in der Praxis konfrontiert, 
wenn er aus einem gro~n  Reagentienangebot das fiir 
seine spezielle Zielstellung giinstigst e Reagens 
ausw~ihlen muB. Um dabei MiBgriffen vorzubeugen, 
ist eine priizise Charakterisierung erforderlich, die 
allerdings umfangreiche und zeitaufwendige Vorun- 
tersuchungen notwendig macht. 

Wir haben ein Bewertungsschema erarbeitet, nach 
dem vorgegangen werden sollte, um photometrische 
Verfahren miteinander zu vergleichen. 1 Alle Angaben 
und Kennzahlen, die zur Charakterisierung des Ver- 
fahrens notwendig sind, kSnnen danach in tabeUar- 
ischer Form iibersichtlich und leicht vergleichbar dar- 
gestellt werden. An dieser Stelle sei auch auf eine ent- 
sprechende Empfehlung yon Kirkbright 2 zu diesem 
Thema hingewiesen. 

Nach unseren Erfahrungen sollte sich die Unter- 
suchung in drei Teile gliedern. 

1. Charakterisierung des Reagens--darunter sind 
Angaben zur Herkunft und Reinheit des Reagens zu 
verstehen. 

2. Charakterisierung der der photometrischen Bes- 
timmung zugrundeliegenden Farbreaktion----darunter 
f~illt die Wahl der entsprechenden Reaktionsbed- 
ingungen wie pH-Wert, Puffer, Reagenskonzentration, 
Gesamtelektrolytkonzentration und zeitliche Stabi- 
lit~it der FarblSsung. 

3. Charakterisierung der Methodo---dazu gehSren 
die Kennzahlen, die es gestatten, Verfahren 
miteinander zu vergleichen. Diese unfassen d e n  
Arbeitsbereich, die Gleichung der Eichgeraden, die 

Empfindlichkeit, die Reproduzierbarkeit und die 
theoretische Grenze des Verfahrens, ausgedrtickt 
durch die Nachweisgrenze nach Kaiser) 

Der Selektivit~it des Verfahrens, die durch eine 
MaBzahl nur schwer auszudrticken ist, muB beson- 
dere Beachtung geschenkt werden. Wir priiften den 
EinfluB von Fremdionen bis hSchstens zu einem 
100-fachen UbersehuB. Das ist eine willkiirliche Fest- 
legung, um den ohnehin schon sehr groBen Arbeits- 
aufwand bei diesen Untersuchungen zu minimieren. 
Weiterhin legten wir fest, dab ein Stoff dann stSrt, 
wenn seine Anwesenheit eine Extinktionsa'nderung 
yon mehr als dem absoluten Streubereieh T(S) (f'tir 
S = 99%) hervorruft. 

Bei dem vorgeschlagenen Bewertungsschema ver- 
folgten wir das Ziel, konkrete Festlegungen zu treffen, 
die es gestatten, photometrische Analysenverfahren 
objektiv beurteilen und vergleichen zu kSnnen. Mit 
Hilfe dieses Schemas haben wir den Versuch gemacht, 
bekannte Verfahren zur photometrischen Zinkbestim- 
mung kritisch zu bewerten, da die bisher verSffent- 
lichten Zusammenstellungen unvollst~indig, uneinheit- 
lich und wenig kritisch sind. Dazu wurden aus einer 
groBen Anzahl empfohlener Reagentien die allen 
Anschein nach zweckmiiBigsten ausgew~ihlt. 

Folgende Reagentien wurden untersucht: 

4-(2-Pyridylazo)-resorcin 
4-(2-Thiazolylazo)-resorcin 
1-(2-Pyridylazo)-2-naphthol 
1 -(2-Thiazolylazo)-2-naphthol 
Sulfarsazen 
Zincon 
Xylenolorange 
8-Hydroxychinolin 

Im weiteren sind die Untersuchungsergebnisse f'tir die 
einzelnen Reagentien dargesteUt. Die wichtigsten In- 
formationen und Kennzahlen sind in d e n  Tabellen 
1-3 zusammengefaBt. Im jeweiligen Absehnitt "Ergeb- 
nisse" sind die Resultate nur kommentiert, f'tir alle 
anderen Angaben wird auf die Tabellen verwiesen. 
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Wegen der groBen Bedeutung des Einflusses von 
Fremdionen auf die Bestimmungsverfahren ist der 
Selektivitiit jeweils ein gesonderter Abschnitt gewidmet, 

BESTIMMUNG VON ZINK MIT 

4-(2-PYRIDYLAZO)-RESORCIN 

4-(2-Pyridylazo)-resorcin (PAR) wurde erstmalig als 
Reagens zur photometrischen Zink bestimmung yon 
Kitano`* beschrieben. Der sich bei pH 9,7 maximal 
bildende Komplex hat ein Absorptionsmaximum bei 
493 nm. Nonova und Mitarbeiter s bestimmten Zink 
mit PAR extraktions-photometrisch in Gegenwart 
von Cetyldimethylammoniumchlorid. Breite Anwen- 
dung findet das Reagens als Indikator zur komplexo- 
metrischen Bestimmung yon Wismut, Cadmium, 
Kupfer, Blei sowie Zink. 6 Der sich bei pH > 5,2 bil- 
dende Komplex weist nach Angaben yon Sommer 6 
ein Metall: Ligand-Verh~Itnis yon 1: 2 auf. Iwamoto T 
verwendete PAR zur Tiipfelanalyse yon Schwer- 
metallkationen in alkalischer L~sung. 

Experimenteller Tell 
Geriite und Reagentien. Die photometrischen Messungen 

wurden mit dem Spektralphotometer VSU 2 des VEB Carl 
Zeiss Jena ausgeftihrt; for die Aufnahme yon Absorptions- 
spektren stand das registrierende Spektraiphotometer Spe- 
cord UV-VIS der gleichen Firma zur Verfdgung. Die pH- 
Werte wurden am pH-Meter MV 85 der Firma Clamann 
und Grahnert, Dresden, gemessen. 

PAR-LSsung: 0,05 ~/oig in Wasser (= 1,96" 10-aM). 
Puffer-L6sung: pH 9,0 (0,1N Natriumtetraborafl/Ssung 

wird mittels 0,1M Salts~ure auf pH 9,0 eingestellt). 
Arbeitsvorschrift. Zu der zinkhaltigen Probel6sung (Zn- 

Gehalt his 45/tg) gibt man im 50-ml MaBkolben 20 ml 
Puffer- sowie 2 ml PAR-L6sung und l'tillt mit Wasser zur 
Marke auf. Die Messung erfolgt sofort bei 495 nm in l-cm 
Kiivetten gegen eine ReagentienblindlSsung. 

Ergebnisse 

Bemerkunoen zum Verfahren. Eine Zusammenstel- 
lung der Kenrmahlen zur Bestimmung yon Zink und 
PAR enthalten die Tabellen 1-3. Der Zink-PAR- 
Komplex ist I~i pH 7 voll ausgebildet und bis in den 
alkalischen Ikreich bestiindig. Am giinstigsten arbei- 
tet man bei pH 9,0 unter Verwendung eines Borat- 
puffers. 

Von Vorteil ist die groBe Stabilit~it des Komplexes, 
die nur einen geringen Oberschul3 an Reagens und 
keine exakt eingestellte Ionenst~irke erfordert. (Blind- 
wert bei ca. 5-fachem molarem ReagensiiberschuB, 
E = 0,12.) Da auch die zeitliche Stabilitiit des Kom- 
plexes gegeben ist, erweist sich das Verfahren zur pho- 
tometrischen Zinkbestimmung als recht geeignet. 

Der Extinktionskoeffmient ist mit E`.95 = 8,7.10'* 
l .mole- l .cm - t  sehr hoch und stimmt mit den 
Angaben der Literatur iiberein [e,95 = 8, 68"104 
(Kirkbright) 2 bzw. 6,3-10`* (Kitano und Ueda)`*']. 

Der pD-Wert der Nachweisreaktion von Zink mit 
PAR betrSgt 5,4 bei pH 9. 

Selektiviti~t des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens und k6nnen mindestens bis zum 100-fachen 

Oberschul3 (100-fach stellt die Untersuchungsgrenze 
dar) vorhanden sein: AI(III), As(III), Ba(II), 
Cr(III, VI), Ge(IV), K(I), Li(I~ Mo(VI~ Na(I), Pt(IV), 
Rb(I), Re(VII), Sb(V), Se(IV), Sr(II), Te(VI), TI(I), 
W(VI). 

Folgende Ionen st6ren die Bestimmung entweder 
durch gleiche Reaktion mit PAR oder durch Aus- 
fallen der Hydroxide: 

ab 1:50 Au(III), Bi(III), Ca(II), In(III), La(III), Nb(V), 
Rh(III), Sn(II, IV), Zr(IV); 

ab 1:25 Ce(III, IV), Ir(IV), Os(VIII), Th(IV); 
ab 1:10 Mg(II), V(V); 
ab 1:5 Ag(I), Ga(III), Pd(II), Ta(V), Y(III); 
in jedem Verhiiltnis Be(II), Cd(II), Co(II), Cu(II)~ 

Fe(II, III), Hg(II), Mn(II), Ni(II), Pb(II), Ru(III), 
Sc(III), Ti(IV~ U(VI). 

BESTIMMUNG VON ZINK MIT 

4-a-TmAzoLYLAZO)-RZSOI~ON 

4-(2-Thiazolylazo)-resorcin (TAR) wurde erstmalig 
von Marshall* zur photometrischen Bestimmung von 
Zink benutzt. Evans und Mitarbeiter setzten es zur 
Zinkbestimmung in Kesselwasscr ein? Zwischcn Zink- 
(II)-Ionen und dem Azofarbstoff TAR bildct sich bei 
pH %4-8,4 ein bei 530 nm absorbierender Komplex. 
Sein Metall-Ligand-Verl~ltnis wird mit 1:1 ange- 
geben) ° 

Experirnenteller Tell 
Geriite und Reagentien. Geriite wie bei der Zinkbestim- 

mung mit PAR. 
TAR-L6sung: 0,1 ~ig in Methanol (--4,1.10-aM). 
Puffer-L6sung: pH 7,5 (15 g Tri~ithanolamin und 60 ml 

IM Natriumhydroxid werden mit Wasser auf ein Volumen 
yon 100 ml aufgeflillt, pH 7,5 wird mit 5M Salts~iure am 
pH-Meter eingestellt). 

Arbeitsvorschrift. Zu der zinkhaltigen Probei6sung (Zn- 
Gehalt bis 75 #g) gibt man im 50-ml Maflkolben 10 ml 
Puffer- sowie 1 ml TAR-LOsung Und ftillt mit Wasser zur 
Marke auf. Die Messung erfolgt sofort bei 530 nm in 1-cm 
Kiiretten gegen eine ReagentienblindlSsung. 

Ergebnisse 

Bemerkungen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit TAR 
enthalten die Tabellen 1-3. Der in der Literatur s zur 
Einhaltung des pH-Wertes vorgegebene Puffer, beste- 
hend aus Tri~thanolamin und Natronlauge erwies 
sich als giinstig, da er gleichzeitig als Maskierungsmit- 
tel dient. 

Nachteilig sind die recht hohen Blindwerte, da das 
Reagens bei der MeBwellenliinge stark absorbiert. 
Diese Blindwerte steigen mit zunehmender Alkalinit~it 
der L6sung rasch an, so dab der pH-Wert bei der 
Bestimmung nicht h6her als 7,5 sein sollte, obwohl 
der Zink-TAR-Komplex auch bei h6heren pH- 
Werten noch stabil isL Bei einer Roagenskorment- 
ration yon 8. I0-5M und pH 7,5 betr~igt die Extink- 
tion des Blindwertes 0,825. Ein Erh6hen der Reagens- 
menge ist also nicht empfehlenswert. Marshall s bes- 
timrnte Zink aus einer L6sung, die nur 0,4-10-SM 
Reagens enthielt. Darin ist sicher auch die Ursache 
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fiir den tiefer liegenden Extinktionskoeflizienten zu 
suchen [E35o = 3,5.104 l '  mole- 1 "cm- 1 (Marshall)8 
und easo = 4,0"107 (eigene Ergebnisse)]. Der pD- 
Weft der Nachweisreaktion von Zink mit TAR 
betr~igt 5,3 bei pH. Eine photometrische Zinkbestim- 
mung mit TAR-Derivaten bringt sowohl beziiglieh 
Empfindlichkeit als auch Selektivit~it nach Angabcn 
von Adamovich 1~ keine Verbesserungen gegentiber 
TAR (2-Nitro-TAR: es05 = 3,4.104 I. mole- 1 -cm- 1 ; 
5-Sulfo-TAR: E~o5 = 2,4" 104). 

Selektivitiit des Verfahrens. Unter den angegebcnen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens und k6nnen mindestens bis zum 100-fachen 
UbersehuB (100-fach stellt die Untersuchungsgrenze 
dar) vorhanden sein: Al(III), As(III), Cr(VI), Fe(III~ 
Ge(IV), Ir(IV), K(I), Mg(II), Na(I), Os(VIII), Pb(II), 
Pt(IV), Rb(I), Re(VII), Rh(III), Sc(III), Se(IV), Sr(II), 
Th(IV), TI(I), V(V), W(VI). 

Folgende Ionen st6rcn die Bestimmung entweder 
durch gleiche Reaktion mit TAR oder durch Aus- 
fallen der Hydroxide: 

ab 1:35 Ni(II); 
ab 1:25 La(III); 
ab 1:20 Ba(II), Pd(II); 
ab 1:15 Bi(III), Ce(IV); 
ab 1:10 Cu(II), Ga(III), In(III), Mo(VI), Ru(III), 

Sb(III), Te(VI); 
ab 1:5 Mn(II), Nb(V); 
ab 1:2 Ag(I), Au(III), Ti(IV), U(VI); 
in jedem Verh~iltnis Be(II), Ca(II), Cd(II), Co(II), 

Cr(III), Hg(II), Sn(II), V(III), Zr(IV). 

BESTIMMUNG VON ZINK MIT 

1-(2-PYRIDYLAZO)-2-NAPHTHOL 

Scit Einfiihrung von 1-(2-Pyridylazo)-2-naphthol 
(PAN) als analytisches Reagens dutch Cheng und 
Bray 12 hat es eine weite Verbreitung zur extraktions- 
photometrischen Bestimmung sehr vieler Kationen 
gefunden.~ 3 

PAN bildet mit zahlreichen Schwermetallkationen 
in schwach saurcm, neutralem bzw. alkalischem 
Medium meist rote Komplexe. Ptischel ~4 beschreibt 
allgemein dic Anwendbarkeit des Reagens in der 
Spurcnanalyse und stellt lest, dal3 es ein sehr vielseitig 
anwendbares, dabei aber sehr wenig selektives 
Reagens ist. Es sind ca. 40 Ionen mit hoher Emp- 
findlichkeit bestimmbar. 

Berger und Elvers verwendeten PAN als Reagens 
zur photometrischen Bestimmung von Zink. 15'~e Bei 
PAN-UberschuB bildet sich ein sehr stabiler 
1:2-Komplex, der im pH-Bereich 4,5 bis 10,0 best~in- 
dig ist. 17 In der Literatur sind eine R¢ihe von Ver- 
fahren zur Bestimmung von Zink in Legierungen und 
Erzen beschrieben, die der geringen Selektivit~it des 
Reagens entweder durch Vorextraktion des Zinks 
oder durch selcktive M~iskierung der St6rioncn 
begegncn. 18-25 

Halogen- und Nitro-Derivate von PAN wurden 
ebenfalls zur extraktions-photometrischen Zinkbes- 

timmung eingesctzt. Die Substitution fiihrt zwar zu 
einer geringen Empfindlichkeitssteigerung, erhSht 
jedoch die Sclektivitiit nicht wesentlich. 26-2a 

Experimenteller Teil 
Geri~te und Reagentien. Gcr/itc wie bei dcr Zinkbestim- 

mung mit PAR. 
PAN-LSsung: 0,1 ~oig in Athanol (=4.10-aM). 
Puffcr-LSsung: pH 6,5 (0,2M NatriumacetatlSsung wird 

mit 0,2M Essigs~iurc auf pH 6,5 cingestellt). 
Chloroform: p.a. 
Arbeitsvorschrift. Zu dcr zinkhaltigcn ProbelSsung (Zn- 

Gehalt bis 11 /~g) gibt man im Schiitteltrichter 5 ml Puf- 
ferl6sung, crg~inzt mit Wasscr auf 20 ml und setzt 1 ml 
PAN-L6sung zu. Zur besscrcn Durchmischung schiittelt 
man 30 Sckunden und extrahiert anschlieBcnd mit 10,0 ml 
Chloroform 60 Sekundcn. Die organische Phase wird zur 
Entfernung yon Wasserresten tiber Glaswolle direkt in die 
MeBkiivett¢ filtriert. Die Messung crfolgt sofort bci 560 nm 
in 1-cm Kiivettcn gcgcn Chloroform. 

Ergebnisse 

Bemerkungen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit PAN 
enthalten die Tabellen 1-3. Abweichend von Litera- 
turangaben 16 fanden wir, dab der Zink-PAN-Kom- 
plex am giinstigsten im pH-Bcreich 6,0 bis 10,0 extra- 
hierbar ist. Aus Selektivit~itsgriinden wurde bei niedri- 
gem pH-Wert (6,5) gearbeitet. In diesem Bereich liegt 
der Blindwert mit einer Extinktion von 0,05 recht 
giinstig. 

Die in der Literatur angegebenen Extinktionskoeffi- 
zienten (bezogen auf das Volumen der organischen 
Phase unter der Voraussetzung der vollsfiindigen 
Extraktion) konnten best~itigt werden: e~eo = 5,6" 10  4 

l ' m o l e - l ' c m -  1 (Berger und Elvers) 14; 5,8.104 
(Flaschka und Weiss) 24 und 6,2-104 (eigene Ergeb- 
nisse). 

Der pD-Wcrt der Nachweisreaktion yon Zink mit 
PAN betr/igt 5,7 bei pH 7. 

Selektiviti~t des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagcns und kSnnen mindestens bis zum 100-fachen 
OberschuB (100-fach stellt die Untersuchungsgrenze 
dar) vorhanden sein: Ag(I), AI(III), As(III), Au(III), 
Ba(II), Bc(II), Ca(II), Ce(IV), Cr(III, VI), Ga(III), 
In(III), K(I), La(III), Li(I), Mg(II), Mo(VI), Na(I), 
Nb(V), Os(VIII), Pb(II), Pt(IV), Rb(I), Re(VII), Rh(III), 
Ru(III), Sb(III), Sc(III), Se(IV), Sr(II), Te(VI), Th(IV), 
Ti(IV), Tl(I), W(VI), V(III), Zr(IV). 

Folgende Ionen st6ren die Bestimmung durch 
gleiche Reaktion mit PAN: 

ab 1:20 Bi(III), Ge(IV), Pd(II); 
ab 1:10 Ir(IV), 
in jedem Verh~iltnis Cd(II), Co(II), Cu(II), Fe(II, III), 

ng(II), Mn(II), Ni(II), Sn(II), U(VI), V(V). 

BESTIMMUNG VON ZINK MIT 

I-(2-THIAZOLYLAZO)-2-NAPHTHOL 

Boni und Hemmeler 29 verwendeten 1-(2-Thiazoly- 
lazo)°2-naphthol (TAN) erstmalig zum Nachweis yon 
Schwermetallkationen, besonders von Kupfer, Kobalt 
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und Zink, im alkalischen Medium. Als photome- 
trisches Reagens zur Bestimmung von Zink wurde 
TAN von Kawase 3° vorgeschlagen. 

Die Extraktion des rotvioletten wasserunlSslichen 
Zink-TAN-Komplexes erfolgt am giinstigsten bei pH 
8 mit Chloroform. Nach Literaturangaben soU mit 
TAN gegeniiber PAN eine Selektivitiitssteigerung 
erreicht werden. 3° Wir konnten diese Angaben nicht 
best~tigen. Die Komplexbildung von Zinkionen mit 
TAN erfolgt stufenweise. In schwach alkalischem 
Medium und bei ReagensiiberschuB liegt ein 
1:2-Komplex vor. 17 

Experimenteller Tell 
Geri~te und Reaoentien. Ger~ite wie bei der Zinkbestim- 

mung mit PAR. 
TAN-L~Ssung: 0,025 %ig in Methanol (= 10-3M). 
Puffer-L6sung: pH 7,0 (0,2M Natriumacetatl6sung wird 

mit 0,2M Essigs~iure auf pH 7,0 eingestellt). 
Chloroform p.a. 
Arbeitsvorschrift. Zu der zinkhaltigen Probel6sung 

(Zink-Gehalt bis 14/~g) gibt man im Schiitteltrichter 10 ml 
Puffer- sowie 3 ml TAN-L/Ssung, f'tillt mit Wasser zu einem 
Volumen yon ca. 20 ml auf und l~iBt die Mischung 5 rain 
stehen, Anschlie~nd extrahiert man mit 10,0 ml Chloro- 
form 60 Sekunden. Die organische Phase wird zur Entfer- 
nung yon Wasserspuren zentrifugiert und bei 585 nm in 
1-cm Kiivetten sofort gegen Chloroform gemessen. 

Eroebnisse 

Bemerkungen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit TAN 
enthalten die Tabellen 1-3. Der von Kawase 3° ange- 
wandte Puffer zur Einstellung des pH-Wertes auf 8,5, 
der aus einer Mischung yon Acetat- und Boratpuffer 
besteht, erwies sich als wenig geeignet; Die MeBergeb- 
nisse waxen sehlecht reproduzierbar. Nach unseren 
Untersuchungen ist die Extraktion aus einer L/~sung 
yon pH 7,0-7,5, eingestellt mit Acetatpuffer, optimal. 
Die Reagenskonzentration wurde gegeniiber der 
Arbeitsvorschrift der Literatur verdreifacht, was bei 
noch vertretbarem Blindwert (E = 0,15) eine Erwei- 
terung des Arbeitsbereiches zur Folge hat (Arbeitsber- 
eich nach 3° 0,03-0,8 ttg Zn/ml CHCIa, eigene Ergeb- 
nisse 0,1-1,4 #g/ml). Der in der Literatur angegebene 
Extinktionskoeffizient (bezogen auf das Volumen der 
organischen Phase unter der Voraussetzung der 
vollsdindigen Extraktion) yon esso = 5,0.10" 
1' mole- 1. cm- 1 konnte best~itigt werden. 

Der pD-Wert der Nachweisreaktion von Zink mit 
TAN betr~igt 5,5 bei pH 7. 

Selektivitiit des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens und k~nnen mindestens bis zum 100-fachen 
Uberschul3 (100-fach stellt die Untersuchungsgrenze 
dar) vorhanden sein: As(Ill), Ba(II), Bi(III), Ca(II), 
Cr(III, VI), K(I), La(III), Li(I), Mg(II), Mo(VI), Na(I), 
Rb(I), Re(VII), Sc(III), Se(IV), Sr(II),. TI(I), V(V), 
w(vi). 

Folgende Ionen stibren die Bestimmung entweder 
durch gleiche Reaktion mit TAN oder durch Aus- 
fallen der Hydroxide: 

ab 1:50 Ge(IV), Te(VI); 

ab 1:25 Ce(IV), Pb(II), Pt(IV); 
ab 1:10 Ga(III), Th(IV), Zr(IV); 
ab 1:5 Rh(III); 
ab 1:2 Ag(I), Ir(IV), Sn(II), Ti(IV); 
in jedem Verhiiltnis AI(III), Be(II), Cd(II), Co(II), 

Cu(II), Fe(II, III), Hg(II), In(III), Mn(II), Ni(II), 
Pd(II), Ru(III), U(VI). 

BESTIMMUNG VON ZINK MIT 
SULFARSAZEN 

In alkalischem Medium (pH 8,0-9,8) bildet Sulfar- 
sazen (4-Nitro-2-axsonobenzol-l,4'-diazoamino- 1', l"- 
azobenzol-4"-sulfons~iure, Natrium-Salz) mit den 
Ionen AGO), Cd(II), Cu(II), Hg(II), Mn(II), Ni(II), 
Pb(II) und Zn(II) faxbige Komplexe, die zur photome- 
trischem Bestimmung der genannten Elemente geeig- 
net sind~ 31'32 Nach Angaben yon Paxtashnikova 33 
bildet Zink mit Sulfaxsazen einen bei 500 nm absor- 
bierenden 1 : 1-Komplex. 

Experimenteller Tell 
Geriite wie bei der Zinkbestimmung mit PAR. 
Sulfarsazenl/Ssung: 0,005 %ig in 0,05M Natriumtetrabor- 

atliSsung (=8,7' 10-¢M). 
Puffer-L/Ssung: pH 9,5 (0,1N NatriumtetraboratlSsung 

wird mit 0,1N Salzs/iure auf pH 9,5 eingestellt). 
Arbeitsvorschrifi. Zu der zinkhaltigen Probel6sung (Zn- 

Gehalt bis 80 /~g) gibt man im 50-ml MaBkolben 5 ml 
Puffer- sowie 4 ml Sulfarsazenl6sung und fiillt mit Wasser 
zur Marke auf. Die Messung erfolgt sofort bei 505 nm in 
1-cm Kiivetten gegen Reagentienblindl6sung. 

Ergebnisse 

Bemerkunoen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit Sulfax- 
sazen enthalten die Tabellen 1-3. In der Literatur 
wird die Bestimmung yon Zink bei pH 9,3-9,6 unter 
Verwendung von Ammoniak-Ammoniumchlorid- 
Puffer beschrieben) 1 Eigene Untersuchungen ergaben 
jedoch, dab sich ab pH 7,0 Zink-Ammin-Komplexe 
bilden, die stabiler als der Zink-Sulfaxsazen-Komplex 
sind. Wir verwendeten deshalb zur Einstellung des 
pH-Wertes einen Boratpuffer. Da die Komplexbil- 
dung stark von der Ionenst~rke der LiSsung abh~ngig 
ist, muB die Puffcrmenge so bemessen werden, dab 
I ~< 0,05. 

Der ermittelte Extinktionskoeffizient stimmt mit 
den Angaben yon Petrova 31 iiberein [~5o5 = 4,6.104 
l 'mole-  l . cm-  1 und Eso0 = 4,5' 10" (eigene Ergeb- 
nisse)). 

Der pD-Wert der Nachweisreaktion von Zink mit 
Sulfarsazen betr~igt 5,3 bei pH 9. 

Das Reagens wurde auch zur Bestimmung von 
Zink in Legierungen und Erzen verwendet? *,35 

Selektivitht des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens und kSnnen mindestens bis zum 100-fachen 
OberschuB (100-fach stellt die Untersuchungsgrenze 
dar) vorhanden sein: As(liD, Ga(III), Ge(IV), Ir(IV), 
K(I), Li(I), Mo(VI), Na(I), Os(VIII), Pd(II), Rb(I), 
Re(VII), Sb(V), Se(IV), Te(VI), TI(I), V(V), W(VI). 
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Folgende Ionen st6ren die Bestimmung entweder 
durch gleiche Reaktion mit Sulfarsazen oder durch 
Ausfallen der Hydroxide: 

ab 1:20 Au(III), Cr(VI); 
ab 1:15 La(III); 
ab 1:10 Mg(II); 
ab 1:5 Bi(lll), Sr(lI); 
ab 1:2 Ba(II), Ca(II), Th(IV); 
in jedvm Vexhiiltnis Ag(I), Al(IlI), Cd(II), Ce(lV), 

Co(I1), Cr(llI), Cu(I1), Fe(lI, llIL Hg(II), ln(II1), 
Mn(II), Ni(lI), Pb(lI), Sc(IlI), Sn(I1), U(Vl), Zr(IV). 

BESTIMMUNG VON ZINK MIT ZINCON 

Zincon (2-Carboxy-2'-hydroxy-5'-sulfoformazylben- 
zol) bildvt mit einigen Metallionvn I'wiv z.B. Cu(II), 
Co(II), Ni(lI), Zn(II)'l in alkalischem Medium intensiv 
blaue Komplexe. Rush und Yoe 3e'3~ besvhreiben die 
photometrische Bvstimmung yon Kupfer und Zink 
nebeneinandvr mit Zincon. Das gleiche Reagens 
wurde auch zur photometrischen Bestimmung yon 
Zink in Dfingesalzen und andvren Matrizes herangv- 
zogvn. 3s-*0 

Der sich bei pH 8 bildende Zink-Zin¢on-Komplex 
hat die Zusammvnsetzung Me:R = 1:1. .1 

Experimenteller Tell 
Gerate und Reagentien. Ger~ite wie bei der Zinkbestim- 

mung mit PAR. 
Zincon-L6sung: 0,13 ~ig in Athanol (--3" 10-3M). 
Puffer-L6sung: pH 9,0 (0,1N Natriumtetraboratl6sung 

wird mittels O, IM Salzs~ure auf pH 9,0 eingestellt). 
Arbeitsvorschrift. Zu der zinkhaltigen Probel6sung (Zn- 

Gehalt his 130/~g) gibt man im 50-ml MaBkolben 30ml 
Puffer- sowie 4 ml Zinconl~sung und ftillt mit Wasser zur 
Marke auf. Die Messung erfolgt sofort bei 625 nm in l-era 
Ktivetten gegen eine Reagentienblindl~sung. 

Ergebnisse 

Bemerkungen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit Zin- 
con enthalten die Tabellen 1-3. Die in der Literatur 3~ 
verwendete alkalisehv Reageml6sung (Zincon in 
0,O2N Natronlaugv bzw. Ammoniak) erwies sich nach 
unseren Untersuchungen als ungeeignet, da diese 
L6sung schon innerhalb 24 Stunden grebe Veriinder- 
ungen in der Extinktion zeigte. Wir verwendeten mit 
Erfolg vine iithanolische Lbsung, die 3 Wochen stabil 
war. 

Die berechnete Empfindliehkeit des Verfahrens 
stimmt mit den Literaturdatvn iiberein 
(¢62s = 2, 2 '10*l 'mole- l"cm-1 (Rush und Yoe) 36 
und 2,4-104 (eigene Ergvbnissv)]. 

Der pD-Wert der Nachweisreaktion yon Zink mit 
Zincon betr~igt 5'2 bei pH 9. 

Selektivitiit. Unter den angegebenen Bedingungen 
reagieren folgende Ionen nicht mit dem Reagens und 
k6nnen mindestens bis zum 100-fachen t)berschul3 
(100-fach stellt die Untersuchungsgrenze dar) vor- 
handen sein: As(III), Ba(II), Ca(II), Cr(VI), Ge(IV), 
K(I), Li(I), Mg(II), Mo(VI), Na(I), Nb(V), Pt(IV), Rb(I), 

Re(VII), Sb(III), Se(IV), Sr(II), Te(VI), TI(I), U(VI), 
v(v), w(vI). 

Folgende Ionvn stSren die Bestimmung entweder 
dutch gleiehe Reaktion mit Zincon oder dureh Aus- 
fallen der Hydroxide: 

ab 1:25 IR(IV); 
ab 1:15 Au(III), Pb(II), Y(III); 
at, 1:5 Ce0V)~ Ga(III); 
ab 1:2 La(III), Pd(II); 
in jedvm Vorhtiltnis Ag(I), Al(llI), Be(ll), Bi(lII), 

Cd(n), co(n), Cr(III), cu(n), Fe(II, III), Hg(II), 
In(III), Mn(I1), Ni(II), Rh(II1), Ru(IlI), Sc(III), 
sn(H)~ Th(IV), Ti(IV), Zr(IV). 

BESTIMMUNG VON ZINK MIT 

XYLENOLORANGE 

Studlar und Janou~vk 4z bestimmten Zink photo- 
mvtrisch mit Xylenolorange als Reagens. Demnach 
bildvt sieh im pH-Bereich 5,8-6,2 ein rotvr 1:l-Kom- 
plvx. Das Reagvns ist wie auch alle andervn Sulfoph- 
thalvinfarbstoffe sehr wenig selvktiv, so dab vine vor- 
angehendv Abtrennung des Zinks unhedingt n~tig ist. 

Die Bildung vines 1:l-Chelates wurdv auch yon 
Bulatov43 best~tigt. Abwvichend davon bewivsen 
Mukrami und Mitarbeiter, 44 dab Xylenolorangv 
einvn 1:2,Komplex mit Zink bildet, w~ihrend das 
durch Semixylenolorangv und andere Vvrbindungvn 
ve~unreinigte Handvlsprodukt im Vvrh~iltnis 1:1 rea- 
giert. Sicher ist, da~ das I-Iandvls-Xylvnolorange 
nvben Semixylenolorangv die Ausgangsproduktv der 
Synthese o-Krvsolrot und Iminodivssig~urv enth~ilt, 
so dab komplexchvmischv Daten, die mit diesem 
Reagens erhalten wurdvn, nieht immer vxakt sein 
miissen. 4s Fiir die ermittvlten Kvnnzahlen gilt diese 
Einschriinkung natiirlieh auch. 

Andere, in dvr Komplvxomvtrie als Indikatoren f'dr 
Schwvrmetallionvn verwendetv Sulfophthalvinfarb- 
stoffe, wiv z.B. Mvthylthymolblau, Glycinthymolblau, 
Glycinkresolrot und Bromkresolorangv sind ebvnfalls 
als Reagentivn zur photometrischvn Zinkbestimmung 
geeignet. Die damit erzivlten Empfindlichkviten livgen 
untvr der bei dvr Bestimmung mit Xylvnolorangv und 
auch beziiglivh Selektivit/it sind diese Farbstoffe 
Xylvnoloroange untvrlvgvn. 

Experimenteller Teil 
Ger~te und Rea#entien. Geriite wi¢ bei der Zinkbestim- 

mung mit PAR. 
Xylenolorang©-L6sung: 10-3M in 10 ~igem b, thanol. 
Puffer-L6sung: pH 6,0 (0,2M Natriumacetatl6sung wird 

mit 0,2M Essig~ure auf pH 6,0 eingestellt). 
Arbeitsvorschrift. Zu der zinkhaltigen Probel6sung (Zn- 

Gehalt bis 200/~g) gibt man im 50-ml MaBkolben 5 ml 
Puffer- sowie 5 ml Xylenolorangel~sung und f011t mit 
Wasser zur Marke auf. Die Messung erfolgt sofort bei 575 
nm in l-cm Ktivetten gegen Reagentienblindl6sung. 

Ergebnisse 

Bemerkungen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit 
Xylenolorangv enthalten div Tabellen 1-3. Die Bil- 
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dung des roten Zink-Xyienolorange.Chetates beginnt 
bei pH 4,0 und ist.optima! zwischen pH 5,5 und 6,0. 
Bei diesem pH-Wert besitzt das Reagens selbst schon 
ein ausgepfiigtes Maximum am Absorptionsmaxi. 
mum des Komplexes (575 nm). Diese Tatsache ist aus 
der Literamr bekannt42 und konnte yon uns besta'tigt 
werden. Wir fanden bei unseren Untersuchungen, NaB 
die Menge der Pufferl~sung einen Einflul3 auf die 
Extinktion hat, da die Komplexbildung stark yon der 
Ionensfiirke der L6sung abhiingig ist. Ein Anwachsen 
der lonenst~rke von I = 0,02 (= 5 ml Pufforl~sung) 
auf I =.0;1 (ffi25 ml Pufferl~sung) fiihrt zu einer 
Empfindliehkeitsabnahme yon 10 %. 

Die zeifliche Stabilit~t des Zink-Xylenolorange- 
Komplexes ist bis zu 45 Minuten gegeben, wiihrend- 
dessen Studlar 3-Stunden Konstanz der Mel3werte 
angibt. 42 

Die erzielten Extinktionskoeffizienten sind mit den 
Werten der Literatur nur zum Tell iibereinstimmend: 
EsTs ffi 2,75 "104 1 "mole-l"crn-x, (Bagdaras0v und 
Mitarbeiter), 46 1,2.104 (Gurkina und Igoshim)* 7 und 
2,4.104 (eigene Untersuchungen). 

Der pD-Wert der Nachweisreaktion yon Zink mit 
Xylenolorange betr~igt 4,7 bei pH 5. 

Wie es zu erwarten war, erwies sich Xylenolorange 
als sehr wenig selektives Zinkreagens. Umfassende 
Untersuehungen sind aus der Literatur hierzu nicht 
bekannt. 

Selektivitiit des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens und kfnnen mindestens bis Zum lO0-fachen 
OberschuB (lO0-fach stellt die Untersuchungsgrenze 
dar) vorhanden sein: Ag(I), AS(III), Ba(II), Cr(III, VI), 
K(I), Li(I), Mo(VI), Na(I), Nb(V), Os(VIII), Pt(IV), 
Rb(I), Re(VII), Rh(III), Ru(IIl), Se(IV), Sr(II), TI(I), 
W(VI). 

Folgende Ionen st6ren die Bestimmung entweder 
durch gleiche Reaktion wit Xylenolorange oder durch 
Ausfallen der Hydroxide: 
ab 1:20 Au(III), In(III), Pd(II), U(VI), Zr(IV); 
ab 1:10 Bi(III), Ge(IV), Ir(IV), Mg(II), Sb(III), Te(VI), 

Ti(IV); 
ab 1:2 Ca(II), Fe(II, III), Ga(III), Sn(II), V(V); 
in jedem Verh/iltnis AI(III), Be(II), Ce(III, IV), Cd(II), 

Co(II), Cu(II), Hg(II), La(III), Mn(II), Ni(II), Pb(II), 
Sc(III), Th(IV), Y(III). 

BESTIMMUNG VON ZINK MIT 
8-HYDROXYCHINOLIN U N D  NoBUTYLAMIN 

Extrahiert man Zink(II)-Ionen aus w~Briger 
L~sung mit oxinhaltigem Chloroform, so werden 
binfire Komplexe der Zusammensetzung ZnOx2 
(Ox = 8-Hydroxychinolin) gebildet. Diese tetraed- 
rische Koordination ist instabil und geht nach 
Umland und Hoffmann 4s unter Aufnahme yon 2 
Wassermolekfilen in eine Oktaederform ZnOx2" 
2H20 fiber. Die L6slichkeit dieser Komplexe in 
organischen Solventien ist gering, d.h. die Extraktion 
wird wenig reproduzierbar und nicht quantitativ. 

Wird "die Extraktion in Cre~nwart yon prim~irem 
oder sekund~trem Butylarnin durchgefiihrt, so entsteht 
ein Komplex der Zusammensetzung ZnOx2- 
C,HgNH2"H20 (C4H~NH2 = n-Butylarnin). Dieser 
ist geniigend stabil und gut chloroforml6slich. 4s 

Experimenteller Tell 
Geri~te und Reagentien. Ger~ite wie bei der Zinkbestim, 

mung mit PAR. 
8-Hydroxychinolin-LiSsung: 10-3M in Chloroform. 
n-Butylamin p.a. 
Arbeitsvorschrift. Zu der neutralen zinkhaltigen Probel~- 

sung (Zn-Gehalt his I00/tg) gibt man im Schiitteltrichter 
0,2 ml n-Butylamin und bringt das Gesamtvolumen der 
L~sung auf ca. 20 mi. Nach Zugabe yon 10,0 ml 8-Hy- 
droxychinolin-Chloroform-L~sung schiittelt man 60 Sek- 
unden. Sind die Phasen klar (nach 5 Minuten), trennt man 
die organische Sehicht ab und bestimmt deren Extinktion 
nach einer Wartezeit yon 10 Minuten bei 400 nm in 1-cm 
Kiivetten gegen Chloroform. 

Eroebnisse 

Bemerkungen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit 
8-Hydroxychinolin/n-Butylamin enthalten die 
Tabellen 1-3. Bei niedrigen pH-Werten (<8,5) liegt 
das Absorptionsmaximum der extrahierten Verbin- 
dung bei 380 rim. Dieses Maximum ist dem binMen 
Komplex ZnOx2 zuzuordnen. Der aminhaltige Kom- 
plex wird erst bei pH-Werten oberhalb pH 8,5 extra- 
hiert; er besitzt bei 400 nm ein Absorptionsmaximum. 
Der f o r  die Extraktion optimale pH-Wert liegt im 
Bereich yon pH 10-12. Die Basizit~it und die Puffer- 
wirkung des Amins sind in der Lage, einen kon- 
stanten pH-Wert yon 11 zu gew~ihrleisten, so dab auf 
Anwendung eines Puffers verzichtet werden kann. 

MeBtechnisch gfinstig ist, daft der Komplex fiber 
einen l~ingeren Zeitraum (d.h. mehrere Stunden) stabil 
ist. 

Die Konzentration an Amin wurde gegenfiber der 
Vorschrift aus der Literatur erh~Sht (yon 0,08 auf 29/o 
bezogen auf das Volumen der organischen Phase). 
Wir fanden, dab zu geringe Amingehalte zu instabilen 
LiSsungen fiihren, die naeh Umland und  Hoffmann 
mit Methanol stabilisiert werden miissen, 4s was bei 
unserer Verfahrensweise nicht n~tig ist. Der in der 
Literatur angegebene molare Extinktionskoeflizient 
yon 5,95.103 1-mole- t .cm- t konnte nicht erreicht 
werden. I'e,oo -- 4,75.103 (eigene Ergebnisse)]. 

Selektivit~it des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens und kt~nnen mindestens bis zum 100-fachen 
UberschuB (100-fach ist die Untersuchungsgrenze) 
vorhanden sein: As(III), Ba(II), Ca(II), Cr(VI), Cs(I), 
Ge(IV), K(I), Li(I), Na(I), Nb(V), Pt(IV), Rb(I), 
Re(VII), Se(IV), Sr(II), Ta(V), Te(VI), Th(IV), TI(I), 
W(VI), 

Folgende Ionen st6ren die Bestimmung entweder 
durch gleiche Reaktion mit 8-Hydroxychinolin oder 
durch Ausfallen der Hydroxide: 
ab 1:20 AI(III), Ir(IV), Sb(V), Y(III); 
ab 1:5 Au(III), La(III), Mo(VI), Sn(II), V(V); 
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in jedem Verhiiltnis AGO), Be(II), Bi(III), Cd(II), 
Ce(IV), Co(II), Cr(III), Cu(II), Fe(IH), Ga(III), 
Hg(II), In(III), Mg(II), Mn(II), Ni(II), Pb(II), Pd(II), 
Rh(III), Ru(III), Sc(III), Ti(IV), U(VI), Zr(IV). 

BESTIMMUNG VON ZINK MIT 
8-HYDROXYCHINOLIN UND PERCHLORAT 

Zink(II)-Ionen werden in schwach saurem Medium 
in Gegenwart yon 8-Hydroxychinolin in ein kom- 
plexes hydrophobes Kation iiberf'dhrt, das mit 
dem Perchlor~anion ein mit Chloroform extrahier- 
bares Ionenpaar bildet. Oki und Tereda .9 extra- 
hierten auf diese Weise Zink quantitativ im pH- 
Bereich 4-6. In der organischen Phase liegt nach 
ihren Angaben s° die folgende Verbindung vor: 
['Zn2(Ox)s(HOx)~, C102]. In Abhiingigkeit yon 
der angewandten Reagensmenge k~Snnen aber auch 
anders zusammengesetzte Komplexe entstehen: 
EZn(HOx) 2+, Ox-CIO~-I,  I-Zn(HOx) 2+, 2CIO~7] 
oder [Zn(HOx) 2 +, O x - .  CIO2 ]. 

Experimenteller Tell 
Ger/ite und Reagentien. Geriite wie bei der Zinkbestim- 

mun8 mit PAR. 
8-Hydroxychinolinl~sung: 1,5.10-2M in Dichloriithan. 
Perchiorsiiurel6sun8: O,4M. 
Puffer-LiSsung: pH 5,7 (hergestellt aus Natriumacetatl6- 

sung und Essigs~iure, die Ionenst~irke des Puffers soll ca. 
1,0 sein). 

Arbeitsvorschrift. Zu der zinkhaltigen ProbelSsung (Zn- 
Gehalt bis 90 #g) gibt man im Schiitteltrichter 5 ml Puffer-, 
5 ml Perchlorat- sowie 10,0 ml 8-Hydroxychinolinl~sung 
und extrahiert 2 Minuten. Die Extinktion des abgetrennten 
Dichlor~ithanextraktes wird sofort bei 365 nm in 1-cm 
Kiivetten gegen Blindextrakt gemessen. 

Ergebnisse 

Bemerkunaen zum Verfahren. Eine Zusammenstel- 
lung der Kennzahlen zur Zinkbestimmung mit 
8-Hydroxyehinolin/Perchlorat enthalten die Tabellen 
1-3. Das Absorptionsmaximum des Ionenpaares liegt 
bei 360 nm und damit im Absorptionsbereich des 
Blindwertes. Die Messungen wurden deshalb nicht 
am Absorptionsmaximum, sondern bei 365 nm aus- 
gef'tihrt, wo der Blindextrakt eine zwar hohe, aber 
meBbare Extinktion besitzt. 

Der optimale pH-Bereich befindet sich zwischen 
pH 4,5 und 5,5, d.h. das Gebiet ist etwas schmaler 
als das in der Literatur angegebene. 49 

Extraktionsversuche ergaben, dab n-Butanol oder 
Dichloriithan zur Extraktion des Ionenpaares besser 
geeignet sind als Chloroform. Da die zeitliche Stabi- 
lit~t des Komplexes in Dichlor~ithan bedeutend h6her 
ist als in n-Butanol (hier beginnt die Zersetzung ber- 
eits nach 10 Minuten) wurde dem Dichloriithan als 
Extraktionsmittel der Vorzug gegeben. 

Die Extraktion des Komplexes ist von der 
Ionensttirke der LiSsung abh~ingig. Sie erreicht bei 
einer Ionenstiirke von >0,8 konstante Werte. Sehr 
hohe Ionenstiirken sind allerdings unvorteilhaft 
(>  1,2), da sie die Phasentrennung im negativen Sinne 
beeinflussen. 

Das Verfahren ist ebenso wie das der Extraktion 
ats Neutralchelat sehr wenig selektiv. Die von uns 
ermittelten Sttirionen stimmen mit den Literaturan- 
gaben iJberein, s° 

Selektivittit des Verfahrens. Unter den angegebenen 
Bedingungen reagieren folgende Ionen nicht mit dem 
Reagens bzw. die Reaktionsprodukte sind nieht extra- 
hierbar und k6nnen mindestens bis zum 100-faehen 
UberschuB (100-lath ist die Untersuchungsgrenze) 
vorhanden sein: As(Ill), Ba(II), Ca(lI), Cr(III, VI), 
Cs(I), K(I), La(III), Li(I), Na(I), Nb(V), Pt(IV), Rb(I), 
Re(VII), Se(IV), Sr(II), Ta(V), Te(VI), TI(I), Y(III). 

Folgende Ionen stOren die Bestimmung entweder 
durch gleiche Reaktion mit 8-Hydroxychinolin oder 
dureh Ausfallen der Hydroxide: 

ab 1:20 Ag(I), Mg(II), Rh(III), Ru(III); 
ab 1:10 Be(II), Ge(IV), Ir(I¥); 
ab 1:5 MnilI), Pb(II); 
in iedem Verhiiltnis AI(III), Bi(!II), Cd(II), Ce(IV), 

Co(II), C u ( I I ) ,  Fe(III), Ga(III), Hg(II), In(III), 
Mo(VI), Ni(II), Pd(II), Sb(V), Sn(II), Th(IV), Ti(IV), 
U(VI), V(V), W(VI), Zr(IV). 

SCHLU6FOLGERUNGEN 

Wie schon aus der Literatur bekannt ist, haben 
siimtliche Reagentien, die zur photometrischen Bes- 
timmung yon Zink geeignet sind, den Nachteil der 
sehr geringen Se!ektivitiit. Die Anwendung von Mas- 
kierungsreagentien oder von geeigneten Trennver- 
fahren, wie Ionenaustausch und Extraktion, sind also 
unbedingt erforderlich. Dieses sollte aber nicht 
Gegenstand unserer Untersuchungen sein. Empfeh- 
lenswert ftir eine photometrische Zinkbestimmung sind 
nach unseren Ergebnissen (siehe Tabelle I-3) wegen 
der hohen Empfindlichkeit sowie der guten Reprodu- 
zierbarkeit die Verfahren mit den Azofarbstoffen 
4-(2-Pyridylazo)-resorcin, 4-(2-Thiazolylazo)-resorcin 
bzw. 1-(2-Pyridylazo)-naphthol als Reagentien. 
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Summary--For the determination of boron in the/~g/g range in aqueous solution by activation analysis 
an indirect method is proposed, based .on the liberation of chloride ions from chloroacetic acid by 
the primary reaction !°B(n, ~)TLi. The sample solution, to which is added 0.01-0.5M choroacetic acid, 
is irradiated with reactor neutrons. The concentration of the chloride ions liberated from the chloroace- 
tic acid is directly proportional to the boron content of the irradiated sample. It is determined potentio- 
metrically with a chloride-sensitiveelectrode. By this method boron contents > 10 -s g can be detected 
with good reProducibility. Interference from other ionic species has been investigated and can be 
neglected. The method is suitable for the determination of'boron in biological matrices. 

Many chemical methods, with various sensitivities, 
have been reported for the determination of boron. 
These are based on spectrophotometric, 1~ fluori- 
metric, 5'6 atomic absorption 7-9 and emission ~°'t2 
spectrometric techniques. Owing to the non-availabi- 
lity of suitable radionuclides of boron, nuclear tech- 
niques have seldom been used for the determination 
of boron. A radio-reagent method based on the reac- 
tion of boric acid with hydrofluoric acid labelled with 
fluorine-18 was, however, reported to be suitable for 
the determination of boron in the submicrosram 
range, t 3 

The present study was initiated to~ develop a new 
method for the indirect determination of boron based 
on the measurement of a specific product of the radi- 
ation decomposition of a chemical system. The prin- 
ciple of this method lies in the fact that when a 
sample containing boron and chloroacetic acid is sub- 
jected to neutron irradiation, the charged particles 
(TLi and 4He) resulting from the nuclear reaction 
t°B(n, 4He)~Li, will immediately interact with chloro- 
acetic acid, forming radiation decomposition 
products such as chloride. It is well known that the 
concomitant radiation (fast neutrons and y-rays) axis- 
ing during reactor neutron irradiation can also lead 
to such reaction products. The radiation decompo- 

* Presented at the International Symposium on Micro- 
chemical Techniques, Davos, 22-27 May 1977, Switzer- 
land. 

sition process can be expressed as 

CH2CICOOH "He. TLi , C I -  
(nr. 7) 

+ other radiolytic fragments. 

By measurement of the halide ions produced, with 
a chloride-sensitive electrode, the boron content in 
the sample can be deduced from the relationship 
between the boron concentration and the halide con- 
centration induced by fission radiation. It is of pri- 
mary importance that the effect of the concomitant 
radiation on the formation of chloride ions during 
neutron irradiation should be taken into account. 
Other factors which influence the usefulness and 
applicability of this method to the determination of 
small amounts of boron must also be investigated. 

E X P E R I M E N T A L  

Reagents and apparatus 

All chemicals used in this study were of analytical-rea- 
gent grade. An lonanalyzer Chloride Electrode Model 
94-17 coupled with an Orion Model 701 Specific Ion 
Meter (Orion Research Inc.) was used to measure chloride 
ion concentrations. 

Pretreatment of sample for analysis 
A pretreatment which includes separation and enrich- 

ment steps is needed in the method. Various interfering 
ions which might influence the result of the analysis should 
be removed prior to the determination. Halide ions are 

705 



706 M.H.  YANG, C. L. TSE~O and G. TbLG 

eliminated by adding concentrated nitric acid to the 
sample and evaporating to dryness. The metal ions (Hg 2 +, 
Ag +, Cu 2+, etc.) which form complexes with chloride are 
extracted with sodium diethyldithiocarbamate in chloro- 
form before adjustment of the pH to 2-3. The aqueous 
phase is then evaporated to dryness after addition of nitric 
acid. 

Another method of separation and enrichment is to distil 
the boron as methyl borate, which is absorbedin a mixture 
of glycerol and aqueous alkali. 1'* 

Preparation of solution for irradiation 
The pretreated samples were dissolved along with 

enough chloroacetic acid to produce a final concentration 
between 0.01 and 0.3M. Five ml of this solution were 
sealed in a quartz tube (5 cm x 2 cm diameter) for irradia- 
tion. 

Neutron irradiation 
Sample solutions were irradiated with thermal neutrons 

in the THOR reactor of National Tsing Hun University 
for times ranging from 10 sec to 2 min. The thermal-neu- 
tron flux at the irradiation position was about 2.1 × 10 '2 
n.cm-Z.sec - t  and the ionizing radiation was estimated 
to be about 4.5 x 103 tad/see. The irradiation temperature 
was about 30 ° . 

Measurement of chloride 
After irradiation the sample was cooled for I hr to allow 

for the decay of short-lived nuclides. The  concentration 
of chloride ions produced was then measured with a chloride- 
sensitive electrode. 

Analysis of samples 
Attempts were made to determine the boron content in 

water and biological samples. For the analysis of boron- 
contaminated waste-water, a 100-ml water sample was 
taken and its pH adjusted to 2-3 with nitric acid. It was 
then extracted with 0.1M sodium diethyldithiocarbamate 
in chloroform. The aqueous phase was added to nitric acid 
and slowly evaporated to dryness. The residue was dis- 
solved in 0.2M chloroacetic acid to give a final volume 
of 5 ml for neutron irradiation. The loss of boron for the 
whole process was shown to be negligible by an atomic- 
absorption spectrometric analysis. 

As a model for the analysis of biological material, a 
sample of orchard leaves (NBS SRM 1571) was digested 
in a mixture of nitric acid and hydrogen peroxide and 
evaporated to a small volume to expel excess of water, 
After addition of methanol and concentrated sulphuric 
acid, the solution was heated to 80 ° to distil the methyl 
borate, which was carried in a nitrogen stream to the col- 
lecting solution containing glycerine and I% sodium hyd- 
roxide. The solution was treated further by evaporation 
and addition of chloroacetic acid for subsequent neutron 
irradiation. 

RESULTS AND DISCUSSION 

'In the determination of boron by the radiation- 
induced decomPosition of chloroacetic acid, two 
sources of radiation are responsible for the formation 
of chloride ions. One consists of the high-energy 
charged particles resulting from the fission reaction 
t°B(n, 4He)TLi, while the other is the concomitant 
radiation (fast neutrons and 7-rays) accompanying 
thermal neutrons in the nuclear reactor. Each type 
of radiation has a different efficiency in the radiolysis 
of chloroacetic acid and a quantitative assessment of 
the relative doses of the two radiations is required 
to establish the feasibility and limits of detection of 
the method. 

An estimation of  the fission radiation dose from 
the nuclear reaction '°B(n, "He)TLi can be made from 
the following data: t°B abundance 18.7%, fission 
cross-section 3990 barn, fission energy 2.973 MeV. If 
the thermal-neutron flux is taken as 2.1 x 1 0 "  
n . cm-2 . sec  -1 (corresponding to the flux at the irra- 
diation position of  the T H O R  reactor) and the boron 
content in the sample solution as 0.01%, the total 
fission radiation dose is calculated to be 4.2 x l0 s 
rad/sec. The reactor radiation dose at a fixed irradia- 
tion position in a reactor can be determined experi- 
mental ly)  s The radiation dose in T H O R  was deter- 
mined to be 1.9 x 10 ~ rad/hr for 7-rays and 6.7 x 106 
rad,qu" for fast neutrons. The radiation doses for 
samples with various boron contents are given in 
Table i. It is seen that the fission radiation dose de- 
creases with decreasing boron concentration, in con- 
trast to the constant reactor radiation dose under the 
fixed irradiation condition. As the concentration of 
boron decreases to 0.01%, the two radiation doses 
attain nearly equal levels. Obviously the halide ions 
estimated at lower boron concentrations (<0.001%) 
are due predominantly to the effect of reactor radi- 
ation rather than to that of  fission radiation. The 
limit of detection for boron can be estimated to be 
around 10 ppm under the present experimental 
conditions. 

The measured chloride concentration for chloro- 
acetic acid solutions containing boron will contain 
contributions resulting from both fission radiation 
and reactor radiation. The chloride concentration due 
solely to the effect of fission radiation by '°B(n, 

Table 1. Comparison of the radiation dose rate for samples with various boron 
contents 

Fission radiation dose, Reactor radiation dose, 
B concentration, % tad/see rad/sec 

1 4.2 × 10 ~ 4.5 x 10 3 
0.1 4.2 × 10 4 4.5 x 10 3 
O.O1 4.2 × tO 3 4.5 × 10 3 
0.001 4.2 × 102 4.5 × 10 3 

0.0001 4.2 x tO ~ 4.5 × 103 
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Fig. 1. Calibration curve of chloride concentration vs .  electrode potential. O NaCI in water; A NaCI 
in 0.1M chioroacetic acid containing 1(30/~g g boron per ml. 

4He)TLi can be obtained by subtracting the chloride 
concentration in the blank (boron-free chloroacetic 
acid solution) from that in the sample (chloroacetic 
acid solution containing boron). 

To achieve an accurate determination of chloride 
by using the chloride-selective electrode, the influence 
of Chloroacetic acid and boron on the measurement 
must first be  assessed. Figure 1 shows the relationship 
between chloride concentration and electrode poten- 
tial. Clearly no interference can be observed in the 
presence of chloroacetic acid (0.1M) and sodium bor- 
ate (B 100/~g/ml). 

A plot of boron concentration against the concen- 
tration of chloride ions produced by fission radiation 
was constructed. Figure 2 demonstrates the relation- 
ship between the yield of chloride ions by fission radi- 
ation and the boron content in irradiated solutions 
containing various concentrations of chloroacetic 
acid. The results show that the yield of chloride ions 
by fission radiation is linearly proportional to the 

concentration of boron down to 10- 5 g/ml. The figure 
also shows that the yield of chloride ions by fission 
radiation increases with increasing concentration of 
chloroacetic acid solution. A concentration around 
0.1M is suitable for practical purposes. 

The effect of irradiation time on the response curve 
was also examined. From Fig. 3 it can be seen that 
longer irradiation times are more favourable than 
shorter ones for the production of chloride. They will, 
however, create more complications in tl/e system 
owing to the subsequent reactions of the radiolysed 
products. An irradiation time of around 1 rain was 
considered to be suitable in this study. 

The limits of detection and the precision of deter- 
mination of boron must be considered. Table 2 sum- 
marizes the results for both samples (with various 
boron contents) and blanks (withoutboron) in 0.3M 
chloroacetic acid; irradiated for 30 sec. It can be seen 
from Table~2 that the potential reading for the blank 
is low compared with that  for the samples, owing 
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Fig. 2. Relationship between the yield of chloride ions by fission radiation and the boron in the 
irradiated solutions containing various concentrations of chloroacetic acid: A, 0.2M; B, 0.1M; C, 0.01M. 

Irradiation time 1 rain. 

to the strong concomitant radiation field in the reac- 
tor. The difference in potential readings between 
sample and blank is very small when the boron con- 
tent is low. Since the ion-selective electrode gives a 
logarithmic relation of response to concentration (as 
can be seen from Fig. 1), a very small change in chlor- 
ide ion concentration at a high chloride ion concen- 
tration can not be determined with high precision. 
The standard deviation (Table 2) increases with de- 
creasing concentrations of boron. With the present 
experimental conditions boron concentrations down 
to 20 #g/ml can be determined with reasonable preci- 
sion (relative standard deviation 16%). 
. The interference of halides and some common ions 
in the determination of chloride ions is summarized 
in Table 3. As can be seen, for some common ions 
such as Na +, K*, Mg 2+, NOj ,  Ca 2+, PO~-, no in- 
terference is observed at concentrations up to 0.1M. 
Halide ions, (except F=), show serious interference 
even at concentrations as low as 10-'*M. Metal ions, 
such as Hg 2+, Ag ' ,  Cu 2+, which form strong com- 
plexes with chloride, ~ interfere to some extent in the 
precise determination of chloride ions as can be seen 

from Fig. 4. The interference from Hg 2+ and Ag + 
begins at the /zg/m] concentration level, while that 
from Cu 2+ begins at about 102/zg/ml. No interference 
can be observed for Cd 2 +, Zn 2 +, Ni 2 + or other ions 
with less tendency to complex with chloride. 

Several attempts have been made to eliminate the 
interfering ions mentioned above. Experimental evi- 
dence shows that the interference of halide ions can 
be eliminated either by the addition of a substoichio- 
metric amount of silver nitrate prior to the irradia- 
tion, or by evaporating the sample t o  dryness in the 
presence of nitric acid. The interference of metal ions 
can be eliminated by extracting the sample solution 
with sodium diethyidithiocarbamate in chloroform at 
pH 2-3. Table 4 shows evidence of the elimination 
of the interferenc~ of Hg 2+, Ag +, CI- and Br-, each 
ion being present at a concentration of 50 #g/ml in 
the solution for pretreatment. 

The applicability of:the method to the determina- 
tion of boron has been tested with natural water 
samples and biological materials. Pretreatment of the 
water sample was by sodium diethyldithiocarbamate 
extraction followed by addition of chloroacetic acid, 
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Fig. 3. Relationship between the yield of chloride ions by fission radiation and the boron content 
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acid concentration 0.2M. 

Table 2. Precision of the method 

Electrode 
B content, rending, Total ['C1-], 

r~/mi mV 10- 3M 

Net ECI-] produced by fision radiation, 10-4M 
Individual 

determination Average Standard deviation* 

0 (Blank) 139.2 0.963 
139.5 0.940 
140.2 0.892 

Av. 0.932 

5.0 99.2 5.26 42.1 

1.0 120.5 2.13 12.3 

0.25 128.5 1.51 5.84 
128.7 1.41 5.68 
129.8 1.50 4.82 
12&8 1.45 5.18 

0.10 132.0 1.28 3.48 
133.4 1.21 2.82 
131.8 1.29 3.62 
133.0 1.23 3.00 

0,02 135.5 1.11 1.78 
' 135.8 1.08 1.52 

136,5 1.05 1.20 
135,8 1.08 1.52 

0.01 138.0 1.00 0.71 
136.5 1.05 1,18 
137.8 0.99 0.60 
138.0 1.00 0.71 

5.42 0.47 (9%) 

3.20 0.39 (12%) 

1.48 0.24 (16%) 

0.81 0,31 (35%) 

0.892flh9 

* Relative standard deviation in brackets. 
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acetic acid. 

while that of the orchard leaves (NBS standard refer- 
ence material) was by digestion with nitric acid and 
hydrogen perioxide followed by distillation of boron 
as methyl borate. 

The boron content of the two samples is given in 

Table 3. Effect of various ions on the determination of 
halide ion with the chloride-selective electrode (chloroace- 
tic acid 0.2M, irradiation time 2 min; boron 100 gg/ml) 

Electrode 
Concentration, reading, 

Ion M mV 

-- - -  95.6 
Mg 2÷ 1 x 10 -2 96.1 

Na + 2 x I0 -l 95.8 
K + 2 x I0 -l 95.7 
Ca 2+ 1 × 10 - 2  95.4 
NO~" 2 × 10 -2 96.1 
S042- 1 × 10 - 2  95.4 
PO~- I × 10 -2 96.0 
F- 1 x 10 - 2  95.6 
CI- 1 x 10 -s 95.1 

1 x 10 -4 88.4* 
Br- 1 x 10 -5 94.8 

1 x 10 -4 88.8* 
1- 1 x 10 -5 94.2 

I x 10 -4 89.3* 

* Interference is observed 

Table 5. The same samples were analysed for boron 
content by the standard colorimetric method using 
carmine) 7 The values obtained by the two methods 
are, found to be in good agreement. The accuracy of 
this method is confirmed by the good agreement 
between the experimental data and the NBS certified 
value for orchard leaves. 

Two factors dominate the present method for the 
determination of boron: the amounts of thermal-neu- 
tron flux effective for the irradiation of the sample 
and the ratio of the thermal-neutron flux to the con- 
comitant radiation dose in the reactor. 

An increase in thermal-neutron flux of an order 
of magnitude would, in principle, increase tenfold the 
concentration of chloride ions produced by the fission 
radiation and thus decrease the detection limit for 

Table 4. Elimination of the interference of Hg 2+, Ag 2+, 
CI- and Br- (chloroacetic acid 0.2M; boron 100 /~g/mi, 

interfering ion 50/zg/ml; irradiation time 2 min) 

Each interfering Potential 
Analysis No. ion added, ltg/rnl reading, mV 

1 50 95.5 
2 50 96.0 
3 50 96.2 
Blank 0 95.6 
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Table 5. Determination of boron in waste-water and NBS orchard leaves 
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Boron, ppM 
Sample Analytical method Individual Average 

Present* 1.19 1.51 1:58 1.42 -+ 0.13 
Waste-water 1.68 1.31 1.26 

Colorimetric 1.46 !.38 1.59 1.48 + 0.08 

Present:~ 28.1 35.6 29.8 31.2 _ 2.8 
Orchard leavest 
(NBS SRM 1571) Colorimetric 33.2 31.8 32.5 32.5 _ 0.50 

* 100 ml of water taken and concentrated to 5 ml for neutron irradiation. 
t NBS certified value is 33 ___ 3 ppM (ng/g). 
:~ 2 g of orchard leaves taken for each analysis. 

boron.  Decreasing concomi tan t  radiation, on  the 
other  hand,  will lower the chloride concentra t ion of 
the blank and increase the difference in chloride con- 
centra t ion between blank and sample, consequently 
increasing the precision of the determination.  Both 
thermal -neut ron  flux and concomitant  radia t ion dose 
are, however, characteristic of a nuclear reactor. In 
our present study, under  the fixed irradiat ion condi- 
tion, ( thermal-neutron flux 2 x 1012 n . c m - 2 . s e c  -1, 

concomi tan t  radia t ion dose 4.5 x 103 rad/sec), boron  
down to about  10-Sg/ml can be determined with 
good reproducibili ty.  
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TRENNUNG UND BESTIMMUNG DER EINZELNEN 
EISENSPEZIES IN W~,SSRIGER LOSUNG MIT 

HILFE DER ELEKTROPHORESE UNTER 
SCHUTZGASATMOSPH,~,RE* 

E. BLASIUS und T. EHRI, IARDT 
Fachrichtung Anorganische Analytik und Radiocher/lle der Universit~it des Saarlandes, 

D-6600 Saarbriicken, BRD 

(Eingeoanoen am 9. November 1978. Angenommen am 19. Dezember 1978) 

Zasammenfassung Die Elektrophorese unter Schutzgasatmosph~ire und Verwendung yon CDTA als 
Hilfskomplexbildner ira Grundelektrolyten gestattet die Trennung des geliSsten Fe(II) und Fe(III) Sowie 
des kolioidalen bzw. ungeli~sten Fe(llI) in LiSsungen, die starke Komplexbildner bzw. Mikroorganismen 
enthalten. Die anschlieBende BeStimmOng der getrennten Eisenspezies kann entweder nach Elution 
mittels UV-Photometrie bzw. Atomabsorptionsspektroskopie oder direktphotometrisch iiber Exfink- 
tions-Orts-Kurven erfolgen. Das Verfahren ist gut geeignet zur Bestimmung der Eisenspezies in synthe- 
tischen bakterienhaltigen N/ihrlSsungen sowie in natiirlichen Wiissern. 

Die Kenntnis des Gehaltes an gelSstem Fe(II) und 
Fe(lII) sowie kolloidalem bzw. ungel6stem Fe(III) ist 
bei Fragen der Trinkwasserautbereitung, der 
Lagerst~ittenbildung und der Drainierung dauer- 
feuchter B6den, denen eisenhaltiges Wasser entzogen 
wird, yon erheblicher Bedeutung. Der "Verockerung" 
der Drainageleitungen versucht man durch deren Ein- 
bettung in Reisig, das Komplexbildner abgibt, vorzu- 
beugen. Die betreffenden oft fiber eine Eigenf~irbung 
verftigenden Grund- und Obertt~chenwiisser 
enthalten meist starke, reduzierend wirkende Kom- 
plexbildner, daneben manchmal Mikroorganismen, 
die verallgemeinernd als "Eisenbakterien" bezeichnet 
werden, t -s  Aus diesem Grund  ist eine Bestimmung 
der einzelnen Eisenspezies in diesen Wgssern mit den 
in der Literatur beschriebenen Verfahren oft nicht 
miSglich. Es l~il3t sich nur der Gesamteisengehalt 
genau ermitteln. 

In dieser Arbeit wird ein neues Verfahren zur Tren- 
nung tier Eisenspezies mit Hilfe der Elektrophorese 
auf Papier bzw. Celluioseacetatfolie beschrieben. 

Um StiSrungen dutch die in den Proben enthal- 
tenen Komplexbildner zu vermeiden, client Cyclohexy- 
len-l,2-dinitrilotetraessigs~iure (CDTA) als Hilfskom- 
plexbildner im Grundelektrolyten. CDTA bildet so- 
wohl mit Fe(II) als anch Fe(IIl) so starke Komplexe, 

jeweils ffir eine Oxidationsstufe nur eine Zone 
auf dem Pherogramm erscheint. 

Da der Fe(II)-CDTA-Komplex an der Luft sehr 
schnell zum entsprechenden Fe(IIl)-Komplex oxidiert 
wird, muB die Elektrophorese unter Schutzgasat- 
mosph~e durchgefiihrt werden. Die Bestimmung der 
getrennten Eisenspezies erfolgt anschliel3end entweder 
nach Elution mittels UV-Photometrie bzw. Atom- 

* Fiir finanzielle Unterstiitzung danken wir der 
Deutschen ForschungsgemeinschatL Bonn-Bad Godes- 
berg. 

absorptionsspektroskopie oder direktphotometrisch 
tiber Extinktions-Orts-Kurven. 

EXPERIMENTELLER TElL 

Handelsiibliche Chemikalien und Ger~te 
59FES04 24,6 mCi/o. Amersham Buchler GmbH 

(Braunschweig). 
Thiobacillus ferrooxidans, Stamm-Nr. 583. Deutsche 

Saramlung ffir Mikroorganismen (Miinchen). 
Ubrioe Substanzen. Pr~iparate (p.a.) yon Merck-Schu- 

chardt (Darmstadt). 
Stickstoff 4,5 (99,995.% N2). Messer Griesheim (Frank- 

furt). 
Elektrophorese. Netzgeriit Typ NSHK BN 645 Knott 

(Miinchen); Ultrathermostat, Typ K-40 SW, MeBger~ite- 
werk (Lauda); Papier 2043 bMgl Schleicher und Schiill 
(Dass¢l); Celluloseacetatfolien SM 11200 Sartorius (G6t- 
tingen). 

Absorptionsspektren, D0ppelstrahlphotometer DK 2A 
Beckman (Miinchen). 

Photometrie. Einstrahl-Spektralphotometer PMQ II mit 
Transmission-Konzentration-Rechner und Digitalanzeige 
Zeiss (Oberkochen); Quarzkiivette II4-QS, 1,00cm. 

Atomabsorptionsspektroskopie. Photometer PMQ II mit 
Flammenansatz FA 1 Zeiss (Oberkochen). 

Aktivitfitsverteilunoskurven. StrahlenmeBplatz LB 241 
Laboratorium Prof. Dr.. Berthold (Wildbad); Radio- 
papierchromatograph FH 452 mit zwei Geiger,Mtiller- 
Endfensterz~ihlrohren FHZ 15 a in 4n-Stellung Frieseke 
u. Hoepfner (Erlangen). 

Trennapparatur 
• Die neuentwickeite Apparatur besitzt ein geringes Tot- 

volumen. Im Unterschied zu handelsiiblichen Ger~iten 
kSnnen die Proben ohne Offnen der Kammer mit einer 
Hamiitonspritze w~ihrend des Spiilens mit Schutzgas direkt 
auf den Tr~iger aufgegeben werden. Die im Grundelektro- 
lyten geliSste Luft entfernt man vor dor Trennung durch 
Evakuieren ira Wasserstrahlvakuum. Abbildfing 1 zeigt 
einen L~ingsschnitt durch die Apparatur. 

Auf eine PVC-Kammer (330 x 315 x 90 mm) wird mit 
Hilfe yon 12 Schnappverschliissen eine Plexiglasplatte mit 
9 Septa gepresst. Ein Dichtungsring verhindert das Ein- 
dringen yon Luft w~ihrend des Spiilvorgangs und der 
Trennung. 
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Abb. 1. Schnitt durch die Apparatur. 

Die Kfihlung erfolgt fiber einen Metallkiihlblock 4 (hier 
250 x 200 ram). Den Triiger preBt man auf den Kfihlblock 
mit Hilfe einer PVC-Anpressplatte. Diese enthiilt 9 Boh- 
rungen, die unter den Septa der Plexiglasplatte angeordnet 
sind. 

Durch das Rohr ftir den Schutzgas-Zuflui3 sptilt man 
vor Probenaufgabe 50 rain mit Stickstoff 4,5 (Durchsatz 
etwa 1 I./min). Er wird vor Eintritt in die Kammer zur 
Entfernung yon noch vorhandenen Sauerstoff-Spuren 
durch eine alkalische PyrogalioI-L6sung geleitet. Der 
anodisch gebiidete Sauerstoff entweicht auf dem kiirzesten 
Weg aus der Kammer, ohne mit dem zu trennenden 
Gemisch in Berfihrung zu kommen. 

Vorbereitun 0 des Triioers 
Die Papierstreifen werden in den Grundelektrolyten 

getaucht und mittels einer Walzenpresse yon der 
fiberschfissigen L6sung befreit. 

Die CeUuloseacetatfolien diirfen nicht mit den Fingern 
sondern nut mit einer Pinzettz beriihrt werden. Zur Im- 
priignierung liiBt man die Folio flach auf der Oberfliiche 
der Grundelektrolytl6sung schwimmen. Die durch Kapil- 
larwirkung verursachte Benetzung verhindert Luf- 
teinschlfisse in den Poren. Erst nachdem die Folio vollstiin- 
dig yon unten benetzt ist, taucht man sie ganz in die Grund- 
elektrolytl~sung. Oberschiissige L6sung wird mit Filter- 
papier yon der Folio entfernt und diese sofort auf den 

kalten Kiihlblock ge|egt, um Verdunstung zu vermeiden. 
Die Verbindung zu den Elektrodenbehiiltern wird fiber 
Eiektrophoresepapierstiicke, die mit Grundelektrolyt 
getrtnkt sind, hergestellt. 

Arbeitsvorschrift--UV Spektrophotometrie 
Nach Trennung Papierstreifen der Apparatur entnehmen 

und 5 rain bei 100 ° im Trockenschrank auf einer Giasplatte 
trocknen. Beriihren der Pherogramme mit metallhaltigen 
Gegens0inden vermeiden. Zur Photometrie beide dunkle 
[FeCDTA'I--Zonen unter UV-Lampe als L6schflecke 
Iokalisieren. Zonen ans dem Pherogramm ansschneiden 
(25 m m x  15 mm) und in 25-ml Bechergltiser einlegen. Un- 
ter gelegentlichem Schiitteln mit 1,5 ml dest. Wasser 15 min 
eluieren. Eluat in l-cm Quarzkiivette flillen und Extink- 
tionen bei 262 nm und Spaltgr6Be 3,5 m m x  0,01 mm 
gegen dest. Wasser messen. 

Arbelt svorschrift--A A S 
Zur Bestimmung durch Atomabsorptionsspektroskopie 

die beiden anodischen Zonen mit I ml dest. Wasser 
eluieren. Am Staftpunkt zuriiekgebliebene Zone von un- 
gel6stem Fe(llI) mit I ml 2M Salzsliure 15 min unter gele- 
gentlichem Schiitteln l~sen. Mit Eisenhohlkathodenlampe 
bei 248,3 nm und Spaltbreite yon 0,03 mm messen. Acety- 
len-Luft-Gemisch als Brenngas verwenden. Nullpunkt mit 
Eluat einer Leerzone einstellen. 

TabeUe 1. Optimale Trennbedingungen 

Trennbedingung A B 

Triiger Papier Celluloseacetat 
Grundelektrolyt 0,1M CDTA 0,1M CDTA 

in 0,4M NaOH in 0,25M NaOH 
pH 11,1 pH 6,5 

Sehutzgas N2 4,5 N, 4,5 
Vorspiilzeit, rain 50 50 
Probenvolumen, ~ul 10 10 
Spannun& V 2000 2000 
Stromst~irke, mA 25 10 
Trenndauer, rain 30 15 
Temperatur, °C - 4  - 4  
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Tabelle 2. St6rung durch Komplexbildner bei Trennbedingungen A bzw. B 

Molverh~iltnis Trennbedingung 
Komplexbildner Fe(III) :Komplexbildner A B 

Oxalat 1 : 3  + - 

T a r t r a t  1:2 + - 
Citrat 1:2 + - 
Galluss~ure 1:2 + + 
Tannm - -  + + 
Protocatechus~iure: 1 : 3 + - 
L-Leucin ffi 1:2 
Thiocyanat 1:6 + + 
Cyanid 1:6 - - 

+ : keine St~rung. 
- : StOrung. 

Arbeitsvorschrifl--direkt photometrie 
Sofort nach Trennung Celluloseacetatfolie der Appara- 

tur entnehmen und dutch Abrollen mit Spezialroller bzw. 
Reagenzglas luftblasenfrei auf Quarzplatte aufziehen. 
Antrocknen der Foli¢ vermeiden. Quarzplatte mit Cellu- 
Ioseacetatfolie 5 rain in Transparenzbad ruhig liegen lassen. 
Nach Ablaufen der tiberschtissigen Transparenzl~sung 
Quarzplatte mit Folie im Trockenschrank bei 100 ° 
trocknen. Leichte Triibung des transparenten Films, her- 
vorgerufen durch den Grundelektrolyten, st6rt bei der 
Auswertung nicht. Extinktions-Orts-Kurven bei 262nm 
aufnehmen. Pherogrammtransport-und Schreibergeschwin- 
digkeit 2 cm/min, Mel3fl~ichendimension 3,5 mmx 002 
ram. Transparenten Film yon Quarzplatte dutch Einlegen 
in 50 ° warmes Wasser abl6sen. Vor jeder neuen Ver- 
wendung Quarzplatte mit Chromschwefels~ure reinigen. 

E R G E B N I S S E  U N D  D I S K U S S I O N  

Trennuno und Bestimmung 

Als Tfiigermaterialien werden Papierstreifen bzw. 

Celluloseacetatfolien verwendet. Da Ceiluloseacetat 
durch OH--Ionen angegriffen wird, sind Trennungen 
maximal bis pH 6,5 m6glich. Papier besitzt neben der 
einfachen Handllabung den Vorteil, da8 auch alka- 
lische G-rundelektrolyte verwcndet werden kt~nnen. 
Dadurch erh~hen sich die ¢ffektiven Stabilit~'tskon- 
stanten yon [FeCDTA] 2- und [FeCDTA]- 
betr~ichtlich. Die Trenndauer ist gegeniiber den Cellu- 
loseacetaffolien jcdoch doppelt so groB und eine pho- 
tometrische Direktauswertung der Zonen schwieriger. 
Die am schnellsten wandernde Zone ['FeCDTA'I'- 
enth~ilt das gesamte in der Probel6sung befindliche 
Fe(II). Das gel6ste Fe(III) bildet eine ['FeCDTA]-- 
Zone mit geringerer Beweglichkeit, wiihrend kolloi- 
dales bzw. ungel6stes Fe(III) vollsfiindig als Fe(III)- 
hydroxid ausgefdllt wird und am Startpunkt zurtick- 
bleibt. Nach Offnen der Kammer oxidiert die Luft 
das Fe(II) im [FeCDTA] 2--Komplex innerhalb I rain 

Kothode Anode 

@® 
I 1 

Start CFeCDTA'I ° rFeCDTA'I2" 

Abb. 2. Fe(II)/Fc(Ill),Trennung nach A; oben: Extinktions-Orts-Kurve; unten: Pherogramm unter der 
UV-Lampe. 
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Abb. 3. Fe(lI)-Oxidation durch Thiobacillus ferrooxidans. 

vollst~indig zu Fe(III). Der Tr~iger enth~ilt somit zwei 
nebeneinanderliegende gelbe [FeCDTA]2--Zonen, 
die photometrisch ausgewertet werden. 

Die optimalen Trennbedingungen sind in Tab. 1 
zusammengestellt. Oberhalb 2000 V reicht die 
KiJhlung zur Abf'dhrung der Jouleschen W~rme nicht 
mehr aus, was zum Durchbrennen der Tr~gerstreifen 
ftihrt. Temperaturen < - 4  ° bewirken das Einfrieren 
des Grundelektrolyten. Nach einer Vorspiilzeit von 
50 rain tritt keine meBbare Fe(lI)-Oxidation mehr auf. 
Bei Trennbedingung B (pH = 6,5) st6rt eine Anzahl 
yon Komplexbildnern (Tab. 2). 

Die Bestimmungen nach Elution setzen Eisenkon- 
zentrationen yon mindestens 10-4M in der ursprfing- 
lichen Probe voraus. Die Genauigkeit bei 10-2M 
L6sung betr~igt +_2,5 Rel~.  Die Direktphotometrie 
ist nut bei Eisenkonzentrationen > 10-3M anwend- 
bar. Sie erlaubt lediglich halbquantitative Aussagen. 

Zur Bestimmung nach Eiution werden die Zonen 
unter der UV-Lampe durch ihre L6schflecke (Abb. 
2 unten) lokalisiert. Die Elution erfolgt anschlie6end 
ira Falle der [FeCDTA]--Zonen mit Wasser, die 
Fe(III)-hydroxid-Zone l~Bt sich nur mit Salzs~iure 

auswaschen. In den Eluaten kann das Eisen entweder 
durch Atomabsorptionsspektroskopie bei 248,3 nm 
oder durch UV-Photometrie bei 262 nm, dem Extink- 
tionsmaximum des [FeCDTA]--Komplexes be- 
stimmt werden. 

Mit dem direktphotometrischen Verfahren lassen 
sich nur die gel/Ssten Eisenspezies bestimmen. Hierzu 
wird die Celluloseacetatfolie durch ein Gemisch yon 
Dioxan:Isobutanol = 7:3 v/v transparent gemacht. 
Eine Elution durch das Transparenzbad ist nicht fest- 
zustellen, wie Versuche mit SgFe markierten Eisenspe- 
zies ergeben. Die Extinktiom-Orts-Kurve wird bei 
262 nm aufgenommen (Abb. 2 oben). 

ANWENDUNGSBEISPIELE 

Das neuentwickeRe Analysenverfahren erlaubt die 
Bestimmung der Eisenspezies in L6sungen mit 
starken Komplexbildnern wie Oxalat, Tartrat, Thio- 
cyanat und Humins~aren, bakterienhaltigen N~hrl6- 
sungen, z.B. mit ThiobaciUus ferrooxidans und natiir- 
lichen W~sern. 
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Elektrophorese unter Schutzgasatmosph~ire Deutsches Einheitsverfahren 

cF~m) gel6st cry(m) gel6st CF¢O.) ungel~st c~¢ gesamt cF~. gesamt c~¢m.m ~ gel/Sst 
mg/I. mg/I. moi 1. moil. moil. mg/I. 

Rohwasser 8,0 5,9 2,0 15,9 15.1 13,5 
Sauerbrunnen 19,0 3,0 - -  22,0 21,6 2 !,6 

L~sungen mit Oxalat, Tartrat, Thiocyanat bzw. Humin- 
s~uren 

Untersucht wird das Redoxverhalten yon Fe(II)/ 
F¢(III) in L/Ssungen mit reduzierenden Komplexbild- 
nern in Gegenwart von Luftsauerstoff. Die Trcnnung 
der Eisenspczies wird nach A (Tab. 1) durchgefiihrt. 
Die Gesamteisenkonzentration bctr~igt jeweils 
10-2M, bei Humins~iuren 3.10-'*M. 

Bcim Schiittein neutraler, oxalathaltiger L/Ssungen 
[Molverh/iltnis Fe(II) :C20~- = 1:3, pH 7,0] ist 
F¢(II) bcreits nach 15 rain vollst~ndig oxidicrt. L~Bt 
man die L/Ssung dagegen ruhig stehen, werden nach 
40 rain nur  etwa 40% oxidiert. 

Dot Anteil an kolloidalem bzw. ungeliSstem F¢(III) 
n immt in oxalathaltiger LiSsung [Molverh~iltnis 
F¢(III) :C20 2 - -  1:3] ab pH 6 sprunghaft zu. Bci 
pH 8 liegen etwa nur noch 5% gel/Sstes F¢(III) vor. 

Saure oxalathaltige [Molverh/iltnis Fe(III): 
C 2 0 ~ - =  1:3] bzw. tartrathaltige [Molverh/iltnis 
Fc(III):Tartrat = 1:2] F~III)-L/Ssungen sind nur in 
der Dunkelheit stabil. Unter diffusem Tageslicht tritt 
innerhalb yon 20 h vollst~ndige Reduktion zu F¢(II) 
ein. 

Die Fc(III)-Reduktion in Thiocyanathaltigen sch- 
wefelsauren L/Ssungen [Molverh~iltnis F¢(III):SCN- 
= 1:6] l~iuft dagegen auch in der Dunkelheit, aller- 
dings nur  mit etwa halbcr Geschwindigkeit als bei 
Lichteinwirkung ab. 

Durch Humins~iuren wird Fe(III) nur teilweise 
reduziert. Als Beispiel dient synthetische Huminsiiure- 
liSsung (4 mmole Protocatechus/iure und 8 mmole 
L-Leucin in 1 1. Boratpuffer pH 8) mit anf~inglich 
223,4 mg geliSstem F¢(III) pro liter. Nach 13-t~igiger 
Ikliiftung und anschlieBender Abtrennung yon un- 
gel6stem Fe(III) enth~ilt das mit 2M Salzs~iure auf pH 
1,5 anges~iuert¢ Filtrat noch 44,8% Fe(II) und 24,6% 
Fe(IIl); der Rest ist ausgefallen. 

N~hrli~suncden mit Thiobacillus ferrooxidans 

F¢(II) wird unter den gew/ihlten Versuchsbe- 

dingungen durch Thiobacillus ferrooxidans innerhalb 
yon etwa 200 h vollst/indig oxidiert, wie aus dem 
Vergleich mit der Sterilkontrolle hervorgeht (Abb. 3). 

Versuchsdurchfiihruno: 33,3 g FeSO4.7H20, 0,4 g 
KH2PO4, 0,4 g MgSO4.7HzO und 0,4 g (NH4)zSO4 in 1 l. 
0,iN H2SO4 I/Ssen. Die Niihrl~sung im Autoklaven bei 
121 ° und 2.105 Pa 20 rain sterilisieren. Es stellt sich 
pH 1,3-1,4 ein. Je 50 ml Niihrl/Ssung einerseits mit 1 mi 
Suspension des Thiobacillus ferrooxidans, andererscits mit" 
I ml sterilisiertem dest. Wasser versetzen. Beide L/Ssungen 
mittels Schiittelmaschine leicht bei 29 ° bewegen. Zu be- 
stimmten Zeitpunkten je 10/zl Probcn entnehmen und 
nach A (Tab. 1) auftrennen. Pherogrammzonen in diesem 
Fall mit 10 ml dest. Wasser eluieren und Eisen mittels 
Atomabsorptionsspektroskopie bestimmen. 

Nati~rliche Wi~sser 

Untersucht werden das Rohwasser eines Wasser- 
werkes und das Queliwasser eines Sauerbrunnens. Es 
ergibt sich gute Ubereinstimmung zwischen der 
Summe der ermittelten Einzeiwerte der Eisenspezies 
und dem nach dem Deutschen Einheitsverfahren s 
bestimmten Gesamteisengehalt (Tab. 3). 

Versuchsdurchfuhruno: Wegen der geringen Eisenkonzen- 
trationen fiinfmal hintereinander 10 ~ul der jeweiligen Was- 
serproben auf die gleiche Stelle des Tr~igers auftragen. 
Nach A (Tab. 1) auftrennen. Anodische Pherogrammzonen 
in diescn F~illen mit 0,5 ml Wasser, das am Startpunkt 
zuriickbleibende Fc(Ill)-hydroxid mit 0,5 ml 2M Salzs~iure 
eluieren, Eisen mitteis Atomabsorptionsspektroskopie be- 
stimmen. 
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Snmmary--Eiectrophoresis in an inert atmosphere with CDTA as complexing agent in the electrolyte 
system permits the separation of dissolved F¢(II) and Fe(III) as well as that of the cOlloidal and 
undissolved F¢(III) in solutions containing strong complexing agents or micro-organisms. The separated 
iron species are subsequently determined by spectrophotometry or by atomic-absorption spectroscopy 
after elution, or by direct photometry, plotting absorbance as a function of distance along the electro- 
phoretogram. The method is suitable for the determination of the iron in two oxidation states in 
synthetic nutritive fluids containing bacteria as well as in natural waters. 
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Summary-A unified derivation of ion-exchange theories and “n-type” description8 of glass-membrane 
potentials is presented. A review and comparison of the existing theories of glass electrodes is given 
on this basis. Nearly all of the earlier approaches correspond to or follow from special cases of the 
present theory. For general practical applications the.following simple equation is suggested, which 
incorporates the familiar Eisenman equation and Nikolskii’s results for heterogeneouslite glasses: 

E = COnSt - RT/F In x /I,[(&)’ “’ + W&)’ “‘I-“’ 
I 

where E is the emf, ah and a; are the cation activities in the sample solution, and K,, /3,, and n, 
are the selectivity-determining parameters for sites i in the glass membrane. The published response 
of Na#-A1203-Si02 glasses is used to test this equation; the results are compared with different 
extensions of glass-electrode theory. 

Since the nineteen-thirties, many different theories 
have been devoted to the interpretation of glass-mem- 
brane potentials (for reviews, see references l-3). 
These approaches may be classified according to their 
conceptual features, into the following categories. 

(a) Simple ion-exchange theories, assuming homo- 
geneous properties and idealized behaviour of the 
glass membrane.c6 

(6) Modifications correcting for the non-ideality of 
the glass phase,‘-13 preferably by invoking an n-type 
des&iption of ion activities.9*14 

(c) Solid-state approaches that account for multiple 
cation-exchange sites of different bonding strengths 
(heterogeneous-site glas~es).~* Is 

(d) Theories related to the concepts for liquid mem- 
branes, treating anionic sites (vacancies) as discrete 
ligands for cBtions.16-‘8 

To elucidate the parallels as well as the discrepan- 
cies between the models, a untied description of the 
glass-membrane potential has been attempted. Nearly 
all of the theories in.groups (a)-(c) follow from this 
derivation and correspond essentially to special cases. 
A more universal, but still clear, formula for the emf- 
response can be obtained by combining Eisenman’s 
so-called n-type description of homogeneous glass 
membranes’-‘* and Nikolskii’s first ion-exchange 
theory for heterogeneous-site glasses.2*15 This new 
approach turns out to be equivalent to a more com- 
plicated theory offered by Buck.3 

*The theory evolved in this work can be aDolied to 
any pair of univalent cations by simply inserting %e corre- 
sponding symbols instead of H+ and M+. For simplicity, 
the subscript HM to the ion-exchange constant K; has 
been omitted. 

THEORY 

The ion-specific behaviour of glass electrodes is 
largely determined by the cation-exchange equilibria 
established between the R; sites of the glass phase 
[e.g., (Si03,2)O- or (A104,2)-] and the external solu- 
tion. Here we focus on the selectivity between hydro- 
gen ions H+ and metal ions M+, which is governed 
by equilibria of the type*: 

HR,(membrane) + M+(solution) $ 

MR,(membrane) -I- H+(solution) (I) 

By following the suggestion of Rothmund and Korn- 
feld,‘* which was referred to as n-type behaviour of 
solid ion-exchangers1*9-1z and corroborated by em- 
piricall*8*9 and theoretical studies on glass mem- 
branes,’ we obtain the following expression for the 
law of mass action: 

where a;l and a; are the activities of H+ and M+ 
in the external solution (sample), and NRI and NW 
the mole fractions of sites R; in the glass surface 
occupied by ions H+ and M+, respectively. The coef- 
ficients Q., and nlM are associated with the inter- 
change energy and the co-ordination numbers of the 
cations;’ in the original work by Rothmund and 
Kornfeld14 they were assumed to be identical, which 
corresponds to a regular-solution approach to the 
glass phase19 (see also reference 20). Equation (2) im- 
plies that the activities of exchangeable ions from sites 
Ri can be generally formulated as 

TAL. 26/8-n 719 
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whereas the concentrations of the same species are 
obviously given by 

c,n = N,&; cIM = NiMC (4) 

N,,,+Nih(=Ny (5) 

where the activity coefficients ain and al,,, characterize 
the bonding strength for the given cations in the iono- 
genie groups, and C is the total concentration of all 
ion-exchange sites in the glass. Assuming equilibrium 
distribution of free cations across the membrane/solu- 
tion interface, the activities a&, and alM are related 
to the external activities ai., and I& as follows: 

aiu h+& 
-=_ 

ain h& 
(6) 

where kH and k, are the ionic distribution coefficients 
characteristic of the “solvated” rather than the bound 
cations within the glass. In contrast to the ratio kdkH, 
the ion-exchange constant K( evidently includes terms 
for both ionic distribution and ion binding since we 
find from equations (2). (3) and (6) that 

~~ _ kuxiu. 
kt&u 

(7) 

Combination of equations (3) and (S)-(7) leads to the 
following relationship which, in principle, allows 
determination of all the individual ion activities estab- 
lished in the surface layer of the glass membrane: 

In general, glass mixtures may contain N different 
sorts of ionogenic groups R;, each of which exhibits 
a different bonding strength for H+ ions and other 
cations, M+. This inhomogeneity of ion binding in 
the glass was first treated quantitatively in one ver- 
sion of Nikolskii’s theories, published in 1953.” It 
was assumed that the total activities au and au of 
ions H+ and M+ in the glass boundary are the sum 
of the partial activities aRI and aiM, respectively, con- 
tributed by each ionogenic group: 

N N 

aH = c &Hi f&4= ~b4. (9) 
i=l i=l 

These total ion activities are related to the interfacial 
electrical potential difference 4 - # as follows: 

+-#=!!Jln!?!$=~lnk$ (10) 

where 4’ and a’ refer to the external solution (sample), 
and 4 and a refer to the membrane boundary (at 
x = 0). The system of equations (8) and (10) offers 
a general theoretical solution for the phase-boundary 
potential which is presumed to be the dominant con- 
tribution to the glass electrode potential. This descrip- 
tion encompasses a series of apparently different 

approaches developed by several pioneers of glass- 
electrode theory. Some of the corresponding special 
cases are briefly discussed below. 

First, we consider a glass phase that contains only 
one. type of ionogenic site and which approximates 
ideal behaviour, i.e., nu = n, = 1. In this case, equa- 
tion (8) reduces to 

uH 1 + K !!! = N’“’ = 1. - 1 ‘I ZH 44 

Insertion into equation (10) yields: 

(11) 

4 - b’ = Flnz + R$ln[au + I&&]. (12) 

If the phase-boundary potential difference between 
the glass electrode and the sample solution is the only 
variable contribution to the cell potential E: 

E = 4 - 4’ + const 

we immediately obtain 

(13) 

E = 
( 

y In 5 + const 
%H > 

+ y ln[au + Kc;] 

or 

E = Ei + y In[au + K$a;]. (14) 

Equation (14) offers a rough description, for example, 
of the “alkali error” (interference by alkali ions) 
observed for pH-sensitive glass electrodes. Expres- 
sions of this type were introduced in 1931-37 by 
Lark-Horovitx? Dole,s and Nikolskii6 in their 
pioneering thermodynamic or statistical treatments 
of the glass-electrode potential, and later found 
general acceptance in electrode applications.*’ How- 
ever, the so-called Nikolskii equation, when applied 
to glass electrodes, often does not agree quantitatively 
with experimental results. The major discrepancy 
between this simple theory and experiment is 
observed in the region of the emf-response function 
intermediate between the pure H+ function (for 
a;C ti K$.&) and the M+ function (for ah << K&t&). 
One possibility for overcoming the problem is to im- 
pose an n-type description of the membrane activities 
(see below). A different correction for activity coeffi- 
cients was proposed by Lengyel et al.” 

In the work by Landqvist’ and by Schwabe and 
Dahms,s considerations were still restricted to glasses 
with one ionogenic group. However, the non-idkality 
of these phases was taken into account, either theor- 
etically’ or empirically,* by introducing individual 
coefficients nH and nM. Equation (8) then retains its 
general form (for i = 1): 

A relationship between the term adzH and the 
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electrical potential is obtained from equations (10) and 
(13): 

_ = b& aH 
ZH 

F exp - jg - 47 
1 

= a;l exp 
[ 

- &(E - EO,) 1 (16) 

This leads to an implicit solution for the observable 
emf E: 

(a;l)““H exp - -&(E - ~5% 
H I 

+ (Ka$)linM exp - &(E - EO,) = 1. (17) 
kl 1 

Landqvist’ gave his basic result for the deviation of 
the glass-electrode potential from that expected ideally 
for the hydrogen half-cell: 

Hence : 

exp(_!$!L)= 1 -~$exp(-~)~‘“M UW 

An equivalent expression appears in an article by 
Schwabe and Dahms.’ Accordingly, equation (17) may 
be rewritten as 

ApH + rrh( log(1 - 10-ApH’““) = log (1gb) 

where 

ApH = FAE/2.3 R T. 

It was shown that equations (18a) and (18b) permit 
a very close fit to the experimental data obtained for 
different glass compositions.‘*8 On the other hand, 
such equations are difficult to handle. A more con- 
venient-and nevertheless successful-description of 
the emf-response of glass electrodes is based on the 
assumption that 

nH = nM = n 

In this case, equation (17) reduces simply to 

(19) 

E = Et + ‘7 In[(a#‘” + (Ka$)“q. (20) 

An analogous result was obtained recently for solid- 
state membrane electrodes where K is identical to 
the ratio of solubility products for the given species.” 
If formation of a mixed solid phase is hindered, it 
holds that n-0, whereas an ideal mixed phase or 
adsorption isotherm corresponds to n = 1.” For 
glass membranes it is very often found that n > 1. 
Equation (20) then predicts a smoother transition 
from the H+ function to the M+ function of the elec- 
trode than the unmodified Nikolskii equation (14) 
does (see Fig. 1). 

Equation (20) was extended by Eisenman et 
uI.~*~-‘~ who also took into account the internaldif- 
fusion potential of the membrane. The theory is based 
on the Nernst-Planck equation (21a,b) describing the 
ion fluxes Jn and JM in the membrane phase: 

Ju = -UnCud~[RTh’icH + Fr$] (2la) 

JM = -uMcvd+[RT In ahl + Fqi]. @lb) 

” sl.5 
n ~1.5 

n=3 

n.2 

n=l 

0 2 4 6 6 10 12 pn 
Fig. 1. The pH-response of a sodium-selective glass electrode in the presence of different alkali metal 
ions (0.1 M solutions).23 The solid lines are drawn according to equations (20) and (26).*’ The experimen- 
tal points for the larger alkali metal ions indicate some tendency towards a stepwise response function. 
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Assuming a constant ratio of cation mobilities, u&u, but including the mobility ratio) was published as 
and recalling equations (3), (4) and (19). we can write: early as 1931!” 

J,., = -u&nRT 
[ 

;(N.) + NH--& ‘g 1 (224 
JM = -uHcm[~~;&) + zN,& g]. 

WW 

For zero-current conditions, JH + JH = 0. Hence 

which upon integration over the membrane interior 
from x = 0 to x = d yields the diffusion potential: 

ED = 4(d) - 4(O) 

The two phase-boundary potentials are given by 
expressions of the type (10): 

4(d) - 4” = y In aq. 
H 

Wa, b) 

Correspondingly, the boundary-potential difference 
assumes the form [see also equation (311: 

EH = 4” - &d) + 40) - 9’ 

nR T 
= Tin 

(a#‘A/NH(0) 

(#‘“/N”(d) ’ 
(24) 

The total membrane potential Eu is finally obtained 
by simply adding equations (23) and (24). making use 
of (2): 

E 

w 
= ~2 ln &I)“” + (udu~NK&)“” 

F n 1 in * 
(u;;)“” + (h4IU”)(Khi) 

(25) 

For membrane electrodes having a constant internal 
solution, the emf function reduces to: 

E = E”H + ‘F ln[(&)“” + (K$&)““] (26) 

where K$ = (u,&#‘K. As Eisenman’s equation (26) 
turns out to be formally identical to equation (20), 
addition of the diffusion potential according to equa- 
tion (23) has no obvious effect on the shape of the 
emf response curve*, except for a more general defini- 
tion of the potentiometric selectivity factor. These 
findings are in favour of the aforementioned pure ion- 
exchange concepts of glass-membrane electrodes, an 
approach which indeed shows good agreement with 
experiment. 2+‘-q* 1 5s l6 Nevertheless, Eisenman’s equa- 
tion has probably become the most widely used for- 
mula in the field of glass electrodes. It is worthy of 
note that the ideal form of equation (26) (for n = 1, 

l This is no longer true if a more sophisticated model 
is used to describe the diffusion potential (see Appendix). 

‘All the theories discussed so far account for situ- 
ations where the selectivity behaviour of the glass 
electrode is dictated by the properties of one iono- 
genie group. In typical pH-glasses, it is the strongly 
basic group (SiO,,,)O- that is selectivity-determining, 
whereas glasses selective for sodium or other cations 
contain a relatively high concentration of weakly 
basic groups such as (AlO4,2)-. The glass composi- 
tions of commercially available electrodes have been 
optimized and their response can be approximately 
described on the basis of equations (20) and (26) (see 
also Fig. 1). For more general cases, however, glasses 
must be considered to contain a variety of anionic 
sites (i = 1,2,. . . IV) of different bonding strengths. All 
these groupings contribute to the ion-exchange 
properties of the membranes. The potentiometric be- 
haviour of typical heterogeneous-site glasses is char- 
acterized by a stepwise response in mixed electrolytes 
(varying pH at constant PM). A formal description 
of such behaviour was initiated by Nikolskii.‘” His 
solution corresponds to equations (Q-o-(O) of the 
present generalized ion-exchange theory when the 
ideality assumption nM = nmc = 1 is used. Thus, in 
analogy to equation (11): 

‘2 l+K,‘$ =A’),, 
[ HI 

(27) 

and hence: 

aH (28) 

where 

Bi = LY,“NY. 

Nikolskii’s result for the emf function is then readily 
obtained from equations (IO), (13) and (28): 

This theory has been shown to give a nearly perfect 
fit for several “normal” potential OS. pH curves.1s The 
most important consequence, however, is its capa- 
bility to predict a stepwise response to ai., at constant 
a;, consisting of regions with Nernstian or near- 
Nernstian slopes separated by shoulders.2*1s Forma- 
tion of such curves requires the presence of at least 
two sorts of competing ion-exchange sites, having sig- 
nificantly diiTerent binding properties [e.g., fll and 
b2 > 0 and K1 6 K2 in equation (29)]. Since the 
theoretical curves according to equation (29) did not 
compare well with all the experimental data, Nikol- 
skii and Shultsi6 later developed a second version 
of the “generalized” theory, which led to somewhat 
different results (see Appendix). 

The aim of the treatment above was to give a un- 
ified derivation of earlier approaches to the theory 
of glass electrodes. In view of general practical appli- 
cations, it would be of prime interest to arrive at a 
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formula incorporating Eisenman’s familiar a-ty@ de- 
scription, equations (20) and (26), and Nikolskii’s 
heterogeneous-site theory, equation (29). Such an all- 
encompassing formula could be found more intui- 
tively, but here it is derived strietly from equations 
(S)-(lO). For simplicity, we make use of (13) and (19): 

fl,” = niu = ni (19) 

The following relations can then be written, in anal- 
ogy to (8) and (28): 

@‘“‘[l + (&!$“I] = N1”’ (30) 

and 

where 

/!$ = Ziu(N]Ol)ni. 

This leads to the final result: 

E=E~+R~ln~/Ii- 
L 

Bi 
f [(ah)““’ + (KiU$)““‘]“” 

(32) 

This generalized formula combines the advantages of 
Eisenman’s equation (variable coefficients n) with 
those of Nikolskii’s result (various sites I). For evident 
reasons, equation (32) is successful in reconstructing 
all the response functions that could be obtained from 

EMF 

hl 

0 

-lOO 

-200 

-30a 

-400 

-500 

h NAS 

I.. 

either of these theories. Beyond that, it affords a 
quantitative description of experimental data in cases 
where the theories mentioned fail and where other, 
basically different, models have had to be constructed 
(see below). 

DlSCUSSION 

Figure 2 illustrates the pH response for a series 
of sodium aluminosilicate glasses, Na@-A120,-Si02 
of varying alumina content.z*16 The potentiometric 
behaviour of these glasses can be interpreted on the 
basis of equation (32) if two terms are taken with 
K, 4 K2. The term with i = 1 corresponds to the 
silica sites and gives rise to the sodium error at high 
pH values, whereas the intermediate step in response 
arises from the term with i = 2, corresponding to the 
alumina sites. For simplicity, the same values, nl = 5 
and n2 = 1 were used throughout. Hence, the follow- 
ing simplified form of equation (32) was used for all 
calculations, involving only three adjustable sekzc- 
tivity-parameters: 

E = Ez + R$ln(b + 1) 

RT 
- Fin B 1 

[(a’H)‘.’ + (K,c&)~.‘]~ + a;r + Kza$ 1 
(32a) 

with 

0 4 5 12 pH 0 4 8 12 PH 

1 

“t NAS 21.4-2.2 

Fig 2. Computed pH-response of different sodium aluminosilicate glasses at constant sodium back: 
ground (CL. = 3&f, af.r. = 2.14M). Circles: values obtained from equation (32a) of this work, using 
the parameters given in Table 1. Solid lines: values expected from Buck’s theory (Appendix and 
Table 1). Both sets of curves are in agreement with experimental data.z*3*16 For convenience, some 
of the curves are shifted vertically, as indicated by the values obtained for pH = 1. The glass numbers 
denote mole % of Na and Al: NAS 22-O is a 22% Na,O-78% SiO, glass, NAS 22-1 corresponds 

to 22% Na,O-1% A1203-77% SiOl, etc. 
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In Fig. 2 emf-values computed according to equa- 
tion (32a) are compared with curves given by Buck’ 
on the basis of a more involved theory (see Table 1 
and Appendix). Buck’s curves were shown to nearly 
coincide with the experimental data,2*3*‘6 except for 
the glasses with 4 and 7 mole y0 AlzOJ, for which 
the present theory seems preferable. For glasses with 
high alumina content, Buck’s theory predicts spurious 
local maxima of the potential us. pH curves3 (see also 
Fig. 2) which do not appear in the experimental 
results.2.16 Nevertheless, the agreement between the 
new equations (32) and (32a) and Buck’s equation 
[(A-l)] (see Appendix) is excellent, in spite of the for- 
mal differences. For the five Na@-AlsO,-SiOs 
glasses in Fig. 2, the mean deviation between the two 
approaches is less than 2 mV. An even better agree- 
ment between single curves, especially for the system 
22% Na,O-78% SiOZ, could be achieved by optimiz- 
ing the parameter n, for each glass composition, in- 
stead of inserting an average value of ni = 5. 

These results clearly demonstrate the equivalence 
of equation (32a) and Buck’s theory. The advantages 
of the present treatment are as follows, 

(a) The compactness and clarity of the basic for- 
mula, equation (32) which is a logical extension of 
more familiar expressions. 

(b) The comparatively small number of parameters 
involved (see Table 1). 

(c) The systematic variation of these parameters 
with varying glass composition. 

Table 1 shows that the selectivity coefficient KZ, 
characteristic of the alumina sites, remains roughly 

independent of the membrane composition. In con- 
trast, /l is, by definition, a direct measure of the het- 
erogeneity, and the selectivity coefficient Ki for silica 
sites also shows a pronounced variation. The last 
effect is probably caused by the formation of some 
mixed-type sites, the population of which should in- 
crease with decreasing /I. In fact, the following rela- 
tionship was established empirically: 

K, = 4.7 x lo- l2 + 3.0 x .10- ‘4//I 

Estimated and observed values of ZCi agree within 
a factor of ~2.5 for glasses with O-4”/, A1203, 
although K1 varies over a range of 10“. No such cor- 
relation is found for the parameter Kl used by Buck 
(see Table 1). 

Before the present or Buck’s approach, only the 
“second variant ion-exchange theory” of Nikolskii 
and Shults2*i6 was capable of fitting part of the curves 
in Fig. 2. Calculations by Nikolskii and Shults gave 
a surprisingly good fit of data from 2 to 7% A120, 
by variation of only one parameter (see Appendix), 
but they failed in the crucial case with 1% AlzOJ, 
where the maximal deviations from experiment 
exceeded 50 mV, Therefore, the use of the present 
extension of Nikolskii’s theory for ternary glasses is 
to be encouraged. 

APPENDIX 

Summary of Different Glass Electrode Theories, in Terms 
of the Present Formulation 

The alternative approach by Buck,” based on the solid 
state, does not use n-type non-ideality corrections, but in- 

Table 1. Fundamental parameters obtained from data fit (Na+Al,O,-SiO, glasses; varying pH at 3M sodium levels) 

Al2O3. 
mole “/, 

K1 K2 

(ion-exchange (ion-exchange 
on silica on alumina 

sites) sites) 

h/h &i,u 

(ion-exchange (mobility and 
for solvated defect generation 

ions) ratio) B E;, mV 

Values from equation (32a) of this work 
0 4.7 x IO_‘2 - 
1 2.0 x lo-r0 0.40 
2 2.8 x lO-9 0.29 
2.2 1.1 x lo-* 0.12 
4 2.2 x 10-s 0.10 
7 (2.2 x 10-s)’ 0.10 

110 
t.454x1;o-4 103 
1.9 x 10-s 97 

4 x 10-b 110 
5.5 x lo-’ 117 

(lo-‘)* 118 

Values from equation (A-l), according to Buck3 
0 2.5 x 10-s 
I 6.7 x 10-s 0.40 
2 9.7 x lo-7 0.29 
2.2 3.9 x 10-s 0.12 
4 5.5 x lo-‘o 0.10 
7 2.2 x lo-” 0.12 

7.8 x IO-’ -115 
1.9 x 10-J 6.7 ; ;LO+ 103 
2.4 x lO-3 6.7 x IO-’ 91 
3.5 x 10-l -0 110 
3.3 x 10-r -0 117 
5.7 x 10-l -0 114 

Values from equation (A-2), according to Nikolskii and Shults’.‘h 
0 4.1 x 1o-‘3 - t”-‘O 
I 4.7 X lo-r3 0.47 

ZQ” 

2 
;;I:: 

0.1 0.1 
2.2 0.1 0.1 
4 IO-” 0.1 0.1 
7 IO-” 0.1 0.1 

SK 110 
10-l 104 
1O-4 124 
lo-’ 118 
lO-9 118 
10-‘O 118 

* Different combinations of K, and /? values led to nearly the same results. For simplicity, the same values K, 
and K, were used as for 4% A1203. 
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eludes a diffusion potential term. The assumption was 
made that only a fraction of the interstitial cations (defects) 
in the glass are mobile and contribute to the diffusion 
potential. Unfortunately, Buck’s derivation is cast in terms 
of lumped parameters, which makes comparison with other 
theories difficult. A detailed examination reveals, however, 
that his basic equation (29)” can be transformed into: 

E = Ei + yIn(fi + I) 

RT 
- Tin g + ’ 

au + K,a$ a;1 + K,ab 1 + ~InMd"Z + KH,dK1&)' ' -. (A-1) 
F (au + K,a$)“r 

Evidently, this result corresponds to Nikolskii’s interfacial 
potential, equation (29) for N = 2, plus an additional term 
describing the diffusion potential. The parameter /? in 
equation (A-1) stands for Buck’s quantity Tl/a. and 
K n,u = Tsa”z represents a new selectivity term, character- 
izing the ratio of defect generation and mobility of inter- 
stitial cations. The parameters are summarized in Table 1. 
For pure silicate glasses containing only type I sites 
(/3 5 x), equation (A-l) reduces to an expression different 
from Eisenman’s equation (20) or (26). and hence gives 
another meaning to n-type behaviour.3.24 However, n-type 
non-ideality was first observed for purely interfacial 
phenomena on solid ion-exchangersI where diffusion 
potentials do not come into play. 

An approach to heterogeneous-site glasses, based on the 
liquid state, was initiated by Nikolskii and Shu1ts2.t6 who 
used a formalism analogous to ordinary solution theory 
to describe complexation between anionic sites or vacan- 
cies and solvated cations in the glass phase. Accordingly, 
the ion-exchange constant Ki for sites i includes the ratio 
of complex-formation constants (term a, in Nikolskii’s 
work) and the ratio of free-cation distribution coefficients, 
kJkH in our terminology (Kuu in Nikolskii’s). The follow- 
ing result is obtained when using the assumptions of nearly 
complete association, zero diffusion potential, and ideal be- 
haviour [for consistency with equations (32a) and (A-l), 
the subscript 1 is used for silica sites and 2 for alumina 
sites]: 

E = Ei + g In@ + I) + gInCaL + (k,/kn)a$] 

RT 
- ZFIn p + ’ 

au+ K,ah 1 ’ a;l + K,a$ (A-2) 
The numerical parameters of equation (A-l) for the system 
NasO-AlsOs-SiOs are also included in Table 1. Con- 
stancy of selectivity coefficients for glasses with 2-7% 
A&O, is most remarkable, but values for 1% A&O, are 

* The Chemical Abstracts transliteration gives Nikolskii 
and Shults, the forms used in the text of this paper (Ed.). 

based on a very poor fit of experimental data, and an 
enormous decrease in k Jkn (by a factor of 109) is required 
for rationalizing the pH-response of pure silicate glasses. 
More recently, Shults and coworkers”*‘s have extended 
the theory of homogeneous-site glasses by accounting for 
the diffusion potential. For cases where either cations move 
in the glass by an interstitial mechanism (“solvated” ions), 
or cation transport is coupled with a counter-transnort 
of negative vacancies, a description analogous to-the 
Sandblom-EisenmanWalker theorv’s of liauid ion- 
exchange membranes is obtained. This demonstrates the 
parallels between the second variant theory of Nikolskii 
and Shults and the usual concepts of liquid membranes. 
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ERPROBUNG U N D  VERGLEICH VON 
AUFSCHLUSSVERFAHREN ZUR SPURENANALYSE 

IN ERD()LPRODUKTEN AN DEN BEISPIELEN 
CALCIUM, V A N A D I U M  U N D  ZINK 

W. Ross und F. UMLAND 
Anorganisch-chemisches Institut, Universit~it Miinster, Gievenbecker Weg 9, 

D-4400 Miinster/Westf., BRD 

(Ei~eganoen am 30. Oktober 1978. Angenommen am 22. Januar 1979) 

Znsammeafassung--Fiir die Spurenbestimmung des Ca, V und Zn-Anteils in Erd61produkten mit der 
AAS wurden fiinf vorgeschaltete AufschluBmethoden (Trockenveraschung, NaBveraschung, SchiSniger- 
Verbrennung, Kaltveraschung, und Veraschung unter Druckeinwirkung im Teflon-Zylinder) erprobt. 
Die Ergebnisse werden mit denen der direkten AAS (L6sungsmittel Toluol/Eisessig im Verh~iltnis 7:3) 
verglichen. Der Vergleich ergibt, dab fiir Spurenbestimmungen die Veraschung im Teflon-Zylinder und 
die Direktanalyse vorteilhaft sind. Trockenveraschung, NaBveraschung, Sch~Sniger-Verbrennung und 
Kaltveraschung iiefern nut befriedigende Ergebnisse. 

In der modernen Motortechnologie reichen die 
Eigenschaften eines reinen Kohlenwasserstoffgemi- 
sches ftir die Bedorfnisse und Beanspruchungen in der 
Praxis nicht aug. Erst tier Zusatz yon verschiedenen 
Additiven gibt dem ~l--oder  dem Kraftstoff-- 
Eigenschaften, den Anforderungen gerecht zu werden. 
Metalihaltige Additive--Organometall- oder Kom- 
plexverbindungen--wirken zum Beispiel als Anti- 
ldopfmittel (Pb, Mn, Fe), Rfickstandsumwandler (Ca, 
Ba, Mg), Metaildesaktivatoren, Antioxidantien und 
als Korrosionsinhibitoren (Ca, Zn). 

Die Abmagerung und tier erneute Zusatz der Addi- 
tive kann fiber den Metallgehalt verfolgt und tiber- 
wacht werden. Die Analyse des SchmierSls auf ihren 
Metaligehalt kann auch helfen, Sch/iden im Motor 
rechtzeitig zu erkennen und zu lokalisieren.l Im Fot- 
genden wird tiber Analysenm6glichkeiten yon Cal- 
cium, Vanadium und Zink in Gebraucht- und 
Frisch~len berichtet. Das Vanadium stammt aus dem 
ErdiSi und ist ftir viele Korrosionserscheinungen ver- 
antwortlich. Die simultane Bestimmung des Vana- 
diums erfo!gt auch, weil fOr die Dosierung yon Ca- 
und Zn,Additiven die Kenntnis des V.anadium- 
gehaltes erforderlich ist. Vanadate bilden mit Calcium- 
oder Zink Ablagerungen auf Motorteilen, die gegen 
korrosive Angriffe yon sauren Bestandteilen des 
MotoriSls schfitzen sollen. 2 

In der Routineanalytik hat sich die Atom-Absorp- 
tions-Spektrometrie (AAS) als einfache, schnelle 
Methode zur Bestimmung yon Metallen in ErdiSlpro- 
dukten eingeborgert. Jedoch treten bei der direkten 
Analyse mit der AAS St~rungen--besonders bei 
gebrauchten ~lprodukten--auf. Diese werden hervor- 
gerufen durch grol3e Abriebpartikel und Schmutz- 
teilchen, die beim AtomisierungsprozeB nicht erfaBt 
werden. AuBerdem gestaitet sich die Eichung des 
Analysenverfahrens schwierig, falls unterschiedliche 

Bindungsverhiiltnisse in Analysenprobe und Eichstan- 
dard vorliegen, was meist der Fall ist. 3 Auch muB 
zur Erreichung einor gleichen Sprfihrate der Eichstan- 
dard der Analysenprobe in Viskositiit, Dicht¢ und 
S~uregehalt angeglichen werden, da sonst Fehler his 
zu 40% auftreten k~nnen. 4os 

Gebrauchte SchmieriSlprodukte ¢ntwiekeln wiih- 
rend ihrer thermischen Zersetzung l~ufig soviel 
Rauch, dab die unspezifischen Lichtverlust¢ nicht 
mehr mit dem Deuterium-Untergrundkompensator 
ausgeglichen werden kiSnnen. 

Um diese Schwierigkeiten zu untordrficken und 
nach Mibglichkeit ein brauchbares Referenzverfahren 
zu finden, wurden verschiedene Aufschlu~verfahren 
getestet, damit ffir die AAS-Messung eine homogene 
w/iBrige LSsung vorlag. Die AufschluBverfahren 6 
wurden den Gegebenenheiten der Spurenanalyse 7 
angepaBt, optimiert und untereinander sowie mit der 
Direktmessung nach verschiedenen Gesichtspunkten 
wie Genauigkeit, Vollstiindigkeit des Aufschlusses, 
Streubreite der Ergebnisse usw. verglichen. 

EXPERIMENTELLER TElL 

Ger~te 

Die Bestimmung des Metaiigehaltes in ErdiSIprodukten 
erfolgte mit Atomabsorptions-Spektromcter~ der Firma 
Perkin-EImer, und zwar mit den Geriiten 

300 S mit Flammen als Absorptionsvolumen 
400 mit tier Graphitrohrkilvette HGA 72 (z.T. zusiitzlich 

r~r V). 
Schreibcr: Hitachi Perkin-Elmcr 56. Zur Anregung des 

Sauerstoffes dutch Mikrowellcn wurde ein C~riit dcr 
Firma Erbc-Elektromcdizin, Oxidator 500 A, lacnutzt. 
Reaoenzien 

W~rioe L6sungen zur EichunO 

100 ppm Ca (Fixanal aus CaCI2) 
1000ppm V (Fixanai aus V2Os) 
1000 ppm Zn (Fixanal aus ZnCI2) 

727 
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Me]ibedingungen 8 

Ca V Zn 

Resonanzlinie, nm 422.6 
Spektrale Bandbreite, nm 0.7 
Lichtquelle HKL 
Atomisierungsart 

N20/C2H2 
Brennerart 3-Schlitz 
Meflbereich, ppm 1-7 

318.4 213.8 
0.7 0.7 

HKL HKL 
z.T.HGA 72 
N20/C2H2 C2H2/Luft 
3-Schlitz 3-Schlitz 
0.4-1 (HGA) 0.4-1 
20-100 

OII6sliche Verbindungen zur Eichung 

Ca:2-Ethylhexans~ure Calciumsalz Ct6H3oCaO4. 
V: Fixanal organo-Vanadium, 
Zn:Cyclohexanbutters~iure, Zinksalz C2oH34ZnO4. 
ASTM-I-OI, zur Viskositiitsregulierung der Eichproben, 

frei yon anorganischen Bestandteilen. 

Die pulverf'6rmigen Eichstandards ftir Calcium und fiir 
Zink 16sten sich schwer oder nur sehr langsam im O1, so 
dab folgender Umwe.~ beschritten wurde, um die vollst/in- 
dige Li~slichkeit im Ol zu gewiihrleisten. 

Eine entsprechende Menge an Calcium oder Zink-Salz 
wurde sorgf~iltig eingewogen und mit 20 ml Butanol-1 un- 
ter Schtitteln homogenisiert und mit einem L~sungsmittel- 
gemisch aus ToluoI-Eisessig 70:30 bis zur E'ichmarke auf- 
gefiillt. Durch entsprechendes Verdiinnen wurden die 
EichiOsungen auf einen optimalen Konzentrationsbereich 
gebrachL a Sie wurden zur Messung stets frisch angesetzt 
und den Probel6sungen in Sdiurekonzentration, Dichte und 
Viskosittit angepaBt, um eine gleiche Sprtihrate yon Probe 
und Standard zu gewiihrleisten. 

L6sungen fiir die Aufschlullverfahren 

Veraschungshilfe: l0 g Mg(NO3)2 in 100 ml Ethanol 
lonisationsinhibitor~ 2 g SrCI2 in 100 ml DMSO 
Obrige Reagenzien p.A., jeweiis f'dr sich auf Calcium, 

Vanadium und Zink analysiert. 

Auswahl der Motor61e 
Es wurden zwei Sorten ~1 untersucht, und zwar: 
(a) ein Gebraucht/~l, das ca. 70 Stunden in einetn Ver- 

suchsmotor beansprucht wurde, sehr viskos war und 
Schmulzteiichen sowie Abriebpartikel enthielt; 

(b) ein Frisch~L da$ nach Angaben des Herstellers frei 
yon Vanadium und Calcium sein sollte. Uber den Zinkge- 
halt lagen keine Angaben vor. 

Grund~tzlich wurde vorher eine flinfstiindige Homo- 
genisierung der ~)lprobe auf einer Schtittelmaschine durch- 
gerdhrt, um eine einwandfreie Entnahme einer Dutch- 
schnittsprobe zu gewiihrleisten, da sich bei itingerer Aufoe- 
wahrungszeit, insbesondere bei gebrauchtem ~1, infolge 
Sedimentation yon Metallpartikeln lokale Konzentrations- 
profile ausbilden kiSnnen. 9 

Auswahl und Durchfiihrung der AufschluJ3verfahren 
Foigende Aufschluflverfahren wurden ftir die Spurenana- 

lyse yon Metallen in Erd/flprodukten ¢rprobt. 

Voroeschaltete Aufschliisse 
I Trockenveraschung 
2 NaBveraschung 
3 Veraschung in Sauerstoff, sogenannte "seh6niger Ver- 

brennung" 
4 Veraschung im Sauerstoffplasma, sogenannte "Kalt- 

veraschung" 
5 Veraschung unter Druck in tier Polytetrafluorethylen 

(PTFE)-Bomb¢ 

Direktaufschlufl dutch thermisehe Zersetzung 
6 In der Flamme 

Die Durchf'dhrung der Aufschlul3verfahren entsprach 
den dblichen Normen e der Spurenanalyse. In jedem Falle 
war es alas Ziel, Verfltichtigungen auszuschalten, ein giin- 
stiges Verhiiltnis yon Gefiil3obert~che zu Spurenelement- 
menge zu erreichen, in sauberer Atmosph~e zu arbeiten 
und nur kleinste Mengen leicht zu reinigender AufschluB- 
reagenzien zu verwenden. 7 

Die spezifischen Versuchsparameter der Aufschluflver- 
fahren sind in Tabelle 1 aufgefdhrt. Eine ~nderung der 
Arbeitsvorschriften aus der Literatur war zum Teil notwen- 
dig, um die Verfahren f'dr die Spurenanalyse zu optimieren. 
Die L6sungen wurden nach den verschiedenen AufschluB- 
verfahren jeweils in geeigneter--fiir Frisch- und 
Gebraucht61, in gleicher--Weise verdtinnt, um ftir die 
AAS-Bestimmung in' gtinstigen Konzentrationsbereichen 
zu liegen, im oberen f'dr das Gebraucht61, im unteren f'dr 
das Frisch61. 

Arbeitsvorschriften fi~r die Aufschlu[lverfahren 
Trockenveraschung. Ein g C)l in Platintiegei einwiegen, 

mit 5 ml Veraschungshilfe versetzen, bei 110 ° 3 h trocknen. 
12 h tiber Nacht veraschen bei 425 °, zweimal tnit 2 mi 
konz. Salpetersiiure abrauchen bis Asche weiB wird, dann 
mit 2 ml konz. Salzs/iure aufnehmen. 

Naflveraschuno. Ein g ~! im Kjeldahl-Kolben mit 40 ml 
S~uregemisch (siehe Tabelle 1) tropfenweise vorsichtig ver- 
setzen, da sonst Nebelbildung; 12 h bei 160 ° veraschen, 
zur Vertreibung yon nitrosen Gasen 15 ml Sulfaniis~ure 
zugeben. 

Sch#n~er Veraschuno. Sauerstoff in Sch/Sniger Kolben 
einleiten und 10 ml Absorptionsl6sung einpipettieren: 
30 mg Ol auf ein StUck Filterpapier mit Anz0hdfahne 
geben, locker zusammenfalten und auf Platinnetz des Seh6- 
niger-Kolben-Schliffes (Abb. 1) stecken. Filterp.apier 
anziinden und Schliffstopfen lest in Kolben driicken (Uber- 
druck). Nach einer Absorptionsdauer yon 15 min, Wasser 
in den Kragen des Kolbens f'dllen, Schliffstopfen lackern, 
Platinnetz tnit 5 ml IN Salz~ure sowie mit Wasser sptillen. 

Kaltve..raschuno. In Quartz-sehliifi-eagenzglas (Abb. 2) 
100 mg OI einwiegen, bei 5-8 mmHg Sauerstoff dutch Mik- 
rowellen anregen, im Plasma ca. 6 h veraschen, .AufschluB- 
gefiiB beliiften, mit I ml konz. Salzs/iure in Aufschlul~a p- 
paratur riickflufikochen, und mit Wasser aussptilen. 

Druck-Veraschung. Ein Hundert mg in Teflonzylinder 
(Abb. 3) einwiegen, I ml konz. Salpetersiiure zugeben, Tef- 
Ionbel~lter in V2A-Stahl Bomb¢ verschlieflen, tiber Nacht 
bei 160 ° im Trockenschrank veraschen, auf Raumtempera- 
tur abktihlen und mit Wasser in MeBkoiben iiberflihren. 

Direktmessun 0 in der Flamme. Ein g Ol in MeBk~olben 
einwiegen, 2 ml~ Ionisationsinhibitor zugeben und mit 
L6sungsmittelgemisch Toluol/Eisessig auf Eichstrich 
auffdllen. 

MESSERGEBNISSE 

Die MeB6rgebnisse aus den AAS-Messungen 
(Flamme) gibt Tabelle 2 wieder. Sie wurden statistisch 
ausgewertet (Mittelwertbiidung ~ und Standardabwoi- 
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Abb. 1. Sch6niger Kolben mit Platinnetz) 6 

, " - 4 " 3  

- - ' ~ 4  

chung s C berechnet unter Eliminierung yon signifi- 
kanten Fehlern und AusreiBern nach t-Test, t° Zahl 
der Freiheitsgrade n = 9, statistische Sicherheit 95%). 
Kontrollmessungen mit Graphitrohrkiivette bei 
Vanadium gaben keinen signifikanten Unterschied 
und wurden deshalb nicht gesondert aufgeffihrt. Die 
je  10 Aufschliisse der gleichen Art wurden nach 
M6glichkeit gleichzeitig durchgef'dhrt und die AAS- 
Messungen unmittelbar angeschlossen. L~ingere 
Standzeiten der L~sungen hatten eine Gehaltsverfiil- 
schung der Analysenergebnisse zur Folge. Wie aus 
Tabelle 2 zu ersehen ist, k6nnen die Ergebnisse bei 
den verschiedenen Aufschlu~veffahren bis zum Fak- 
tor 3 voneinander abweichen. Aber kein Verfahren 
weist ffir alle drei Elemente Calcium, Vanadium und 
Zink einheitlich Maximal oder Minimalwerte auf, was 
bedeuteL dab kein Veffahren an sich unbrauchbar, 
aber m6glicherweise fiir bestimmte Elemente besser 

I KIJhlwosserzu fluO 
2 Souerstof fzm~r~n 
3 Kl~lwosserobfluB 
4 Vakul~n 

t~cm t 

Abb. 2. Gefiifi zur Kaltveraschung. Is 

oder schlechter ist. Calcium wurde im FrischSl--nach 
mehreren Verfahren--in deutlichen Mengen 
gefunden. Versuche mit dem ASTM-I-Ol  gaben kein 
Signal fiir Calcium. Eine Calcium-Kontamination des 
FrischSles muB deshalb angenommen werden. 

Verschlul3 Teflon- Rehi'qter Stahlmantel 

Sicher heitsventil 

Abb. 3. PTFE-Bombe in V2A-Stahl-Mantel (Eigenanfertigung)) ° 

Tabelle 2. MeBergebnisse der AufschluBverfahren 

statist. Calcium Vanadium Zink 
AufschluBverfahren Funktion Gebraucht~l Frisch61 Gebraucht61 Frisch61 Gebraucht61 Frisch61 

Trockenveraschung Yc, ppm 312 46 1570 1 41 17 
so % 0,7 17 0,7 10 6 7 

NaBveraschung ~, ppm 294 14 1547 0 46 9 
s~, % 0,6 22 3 4 10 

Sch6niger- ~, ppm 568 137 547 0 20 14 
Verbrennung so, %. 10 28 1 8 10 

Kaltveraschung ~, ppm 514 0 1436 0 9 7 
s~, % 4 3 19 27 

PTFE-Veraschung ~, ppm 365 57 1514 0 54 6 
so, % 5 3 11 9 14 

Direktmessung in ~, ppm 175 0 1425 0 36 5 
Toluol/Eisessig s~, % 2 2 6 
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DISKUSSION UND BEWERTUNG 
DER VERFAHREN 

Die Suche nach systematischen Fehlern bei der 
Spurenanalyse in Bereichen kleiner als 10-3% ist zeit- 
raubend und mtihselig, da oft Kombinationen-- 
zusammengesetzt aus mehreren Fehlern--auftreten. 
Jedes Verfahren muB nach bestimmten Punkten hin 
untersucht werden, zum Beispiel auf: 

Verfltichtigung; 
Kontamination (Unsaubere Reagenzien, Vorge- 

schichte der GefiiBmaterialien, unsaubere Labor- 
atoriumsluft); 

Verluste durch Adsorption an der Oberfl~che der 
AufschluBapparatur; 

Verluste dutch zu viele Aufarbeitungsschritte. 
Die folgenden systematischen Fehler lieBen sich 

eindeutig zuordnen. 
Calcium-Bestimmuno nach Schbnioer-Veraschuno. 

Ergebnisse sind zu hoch durch Kontamination aus 
Kolben und Filterpapier. Wegen der geringen Ein- 
waage macht sieh eine kleine Kontamination stark 
bemerkbar. )~hnliches dtirfte f'dr die Kaltveraschung 
gelten. 

Calcium-Bestimmun 0 in Gebrauchtbl bei Direktmes- 
suno. Ergebnisse sind zu niedrig, da Kolloidteilchen 
nicht vollstiindig atornisiert werden. 

Vanadium-Bestimmuno nach Schbnioer-Verbrennuno. 
Ergebnisse sind zu niedrig. Salzs~iure erwies sich als 
ungeeignet zur Absorption wegen starker Vanadium- 
Adsorption an GefiiBwand und Platinnetz. Speziell 
fiir Vanadium-Bestimmungen nach SchSniger- 
AufschluB sollten Alkalilaugen als Absorptionsfltissig- 
keit verwendet werden. Alle anderen Vanadium- 
MeBwerte sind unabh~ngig veto AufschluBverfahren 
tiberraschend homogen. 

Zink-Bestimmung nach Kaitveraschuno. Ergebnisse 
sind zu niedrig. Die Temperatur iiberschritt teilweise 
730 °, so dab Zink sowohl verfliichtigt als auch in das 
Quarzgitter des Gefi i~s  eingebaut werden konnte. 

In allen anderen F~illen kSnnen fiir die Bestim- 
mung der Einzelelemente keine konkreten Fehlerur- 
sachen angegeben werden. Zus~tzlich wurde eine 
mehr qualitative und subjektive Bewertung der 
AufschluBverfahren nach verschiedenen Kriterien vor- 
genommen, die in Tabelle 3 zusammengesteilt sind. 

Nach Abw~igung aller Argumente kann man fest- 
stellen, dal3 die Veraschung unter Druckeinwirkung 
in der PTFE-Bombe im Hinblick auf die Forderung 
nach einer Priizisionsanalyse fiir  alle drei Elemente 
als die Methode der Wahl fiir den AufschluB yon 
Erd~lprodukten bezeichnet werden kann. Die 
Durchfiihrung im Routinebetrieb und die einfache 
Durchfiihrung halten die Kosten fiir eine Analyse 
niedrig. Systematische Fehler werden so klein wie 
mSglich ~ t e n ,  "da Adsorptionseffekte an der 

Oberfliiche des PTFE-Werkstoffes kaum zu beo- 
bachten sind~" und Kontaminationsquellen weitestge- 
hend ausgeschlossen werden (geschlossene Apparatur, 
geringe Menge an leicht zu reinigendem Aufschlul~ 
reagenz, geringe Mengen an Ausspiilfltissigkeit). Ober 

St6rungen durch Diffusion yon nitrosen Gasen dutch 
den PTFE-Werkstoff nach mehrmaligem Gebrauch 
wird berichtet. 7 

Als Alternative zu diesem Verfahren kann die Di- 
rektanalyse in Toluol/Eisessig angesehen werden. Sie 
ist vor allem schneli. Grunds~tzlich werden hier zu 
kleine Werte erhalten. Systematisch auftretende 
Abweichungen kSnnen leicht dutch einen gesondert 
zu ermittelnden Korrekturfaktor ausgeglichen 
werden. Die sehr niedrigen Calcium-Werte sind aber 
sieher auf feste oder kolloid gelSste Anteile zurfick- 
zuf'fihren, die nicht volls~ndig atomisiert werden. Ffir 
eine Pr~izisionsanalyse oder um Unterschiede im kol- 
leiden Anteil mit zu erfassen ist deshalb ein AufschluB 
unumg~inglich. 
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Summary--A technique is described for the determination of catalytically active substances, in which 
a slow catalysed reaction is coupled to a fast competitive reaction. One reactant, which at the same 
time serves as the indicator substance, is removed by the slow reaction as well as by the competitor 
added to the system from outside. Under suitable conditions the time for the complete removal of 
the indicator substance is dependent only on the rate of the catalysed reaction and consequently 
on the catalyst concentration. The technique is illustrated by means of the phosphate-catalysed reduc- 
tion of Mo(VI) by ascorbic acid. 

Kinetic measurements of reaction rates may be 
accomplished either in "closed" systems without any 
material change from the outside during the reaction 
or in "open" systems, where components are moved 
into and/or out of the system during the course of 
the reaction under study. Well-known examples of the 
latter technique are the "flow",l ,steady.state,,,2 and 
"stat" methods, 3 which are valuable tools in the ana- 
lytical chemistry of catalytically active substances. 

In this paper we investigate the method of competi- 
tive reactions, applied by Smith and Downing to the 
evaluation of rate constants, 4 with respect to its appli- 
cability in the field of analytical determination of 
catalyst concentrations. By the definition given above, 
this method belongs to the group of open systems. 

In a system of two parallel reactions 

kl 
(I) A + B , Pj (reaction under study) 

and 

(II) B + R  k,, , P . ( k .  ~ k l )  

one reactant (B) is consumed by the slow reaction 
(I) as well as by the fast competitive reaction (II). 
The competitor R reacts with B as fast as it is intro- 
duced into (or generated within) the system contain- 
ing A and B. If the rate of addition (PR = const.) is 
preset, then the time t~ (where c implies "competitive") 
required to remove all of B (Ca = Q) is dependent 
only on the rate of the slow reaction (I). The state 
CB = 0 must be detectable, of course, with a suitable 
indicator system. Furthermore, any change in the 
volume of the reaction mixture by the addition of 
R has to be small, so that it can be neglected. 

* Present address: Universit~it Dortmund, Abteilung 
Chemie, Postfach 50 05 00, D-4600 Dortmund 50, FRG. 

For the pseudo-first-order case with A present in 
great excess, the time tc is given 4 by: 

1 In( k'C°^C°" ) 
= + 1 (1)  t~ ~ \ PR 

where COA and Cos are the initial concentrations of 
A and B. In the absence of A, B is removed only by 
reaction with R and tc is then identical with the time 
tR necessary for the complete titration of B with R. 

Coa tR = - -  ( 2 )  

PR 

Dividing tc by tR leads to the equation 

tc 1 
tR ~ In (Q + l) (3) 

where 

Q ffi klCoACos/PR. 

It is obvious that only values ~ 1 can be obtained 
for tc/tR. In this form the competitive reaction method 
was used by Smith and Downing 4 for the evaluation 
of rate constants k~ by using experimentally determined 
tc/t~-values. 

We have extended this principle to the analytical 
determination of substances which are catalytically 
active in the slow reaction between A and B. Again 
assuming pseudo-first-order conditions, the rate of 
consumption of B in the catalysed system can be 
written as 

dCB 
dt = k I C c a t C ° A C a  + PR (4) 

where the catalyst concentration Ccat = COnst. By this 
means the ratio Q in equation (3)is changed to 

k;Cca, CoACoB 
Q = (5) 

PR 
733 
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If in a series of experiments all parameters except 
C¢~t are held constant, then Q and consequently t, 
are functions only of Cca, : 

Q = k';Cc.t (6) 

Thus, unknown concentrations Cca, can be deter- 
mined by measuring ta and the different tc values and  
using a tc/ta vs. Cc., calibration graph. 

We have chosen the phosphate-catalysed reaction 
between molybdate and ascorbic acid s.~ as an 

example of the determination of catalyst concen- 
trations by the technique mentioned above. 

(Ill) 

Mo(VI) + ascorbic acid 8,po; , Mo(V) 

+ dehydroascorbic acid 

This is the "slow branch" in a system of competitive 
reactions with Mo(VI) as reactant A which is present 
in great excess. Ascorbic acid is reactant B and 
orthophosphate the catalyst, the concentration of 
which (Cc,,) is to be determined, As a fast competitive 
reaction for B we chose 

I]  IL, II ill  l ~l - tc 

start-. .~ "~ 2 in~- 
I l l  l i t  _ I f  IJ 

Fig. I. "Titration" curve for 0.4 ppM P and graphical 
evaluation of t,. Potentiometric detection. 

(IV) 

12 -I- ascorbic acid --, 2 I -  + dehydroascorbic acid 

with iodine as the competitor R. 

EXPERIMENTAL 

Reagents 

A 0.06M solution of Mo(VI) in dilute sulphuric acid is 
prepared by dissolving 1.451 g of Na2MoO4' 2H20 and 
making up to 100 ml with 0.6M sulphuric acid. The solu- 
tion is allowed to stabilize for one day before use. 

A stabilized 0.05M ascorbic acid solution is made by 
dissolving 0.881g of L(+)-ascorbic acid and 0.058 of 
EDTA in 100ml of doubly distilled water. If stored in 
darkness, this solution is stable for two weeks. 

A 0.01M I2 solution is prepared daily from a 0.05M 
iodine stock solution. 

Calibration measurements are performed with dilute 
orthophosphate solutions, made from a stable 100-ppM 
P stock solution (0.4393 g of KH,PO4 in I litre of doubly 
distilled water) (ppM ffi parts per milliard). 

Procedure 
The apparatus for the measurement of the time t~ and 

tR is basically the same as that used in iodometric titra- 
tions. It consists of a motor-driven burette which delivers 
the 0.01M iodine solution at a constant rate and a poten- 
tiometric or a biamperometric end-point detector. In a 
20-ml polyethylene beaker 1 ml of the Mo(VI) solution is 
added to 5 ml of the sample solution containing 0-1.2 ppM 
of P (in the form of orthophosphate). A platinum indicator 
electrode and an SCE reference electrode are inserted into 
the vessel. The capillary tip of the burette is immersed 
in such a way that with rapid magnetic stirring the stream 
of iodine delivered does not directly reach the electrodes. 
The catalysed reaction is initiated by adding 10/~1 of the 
stabilized ascorbic acid with a microlitre pipette, and at 
the same time the motor-driven burette (delivery rate 10pl/ 
rain) is started. The start is marked on a strip-chart 
recorder which monitors ~he potential difference between 

the two electrodes. After a few minutes a potential jump 
is observed (see Fig. 1), indicating the existence of free 
iodine in the solution and the complete consumption of 
the ascorbic acid. The time tc may be obtained graphically 
from the recorder graph as shown in Fig. 1. Alternatively 
the state Cs = C,c.,,. = 0 can be indicated biamperome- 
trically, by using two platinum electrodes and applying 
a polarization voltage of 60 mV. The titration graphs 
obtained exhibit a sharp "end-point" (see Fig. 2). After each 
measurement the beaker and electrodes are rinsed with 
0,05M shlphuric acid and then with doubly distilled water. 

I l l l  I I I  [ l l l l l l l  
I 

~--" tc :-i 

start---* - ~2m in~ -  

I I I  I I I I I  I I I I I  
Fig. 2. "Titration" curve for 0.4 ppM P and graphical 

evaluation of to. Biamperometric detection. 



Determination 

For each series of measurements the value t K has to 
be determined. This can easily be done by simply using 
distilled water instead of the phosphate solution. In this 
case ascorbic acid is used up almost exclusively by iodine 
because the uncatalysed reaction between ascorbic acid 
and Mo(VI) can be neglected at the chosen pH value 
(pH == 0.7). 

The measured times are converted into the dimension- 
less form tJts. Unknown phosphate concentrations can be 
derived from the measured t~ values by means of a tdtR 
vs. catalyst concentration calibration plot (0.0-1.2 ppM P). 

R E S U L T S  A N D  D I S C U S S I O N  

The experimental conditions for the Mo(VI)/ascor- 
bic acid reaction have been optimized, including the 
suggestions given by Crouch and Malmstadt. s 

In order to find a suitable working range for phos- 
phate determinations, a plot of tJta vs. phosphate 
concentration up to 20 ppM P was prepared from 
experimental data. The curve in Fig. 3 represents a 
graphical verification of equation (3) (with Q - -  
k;'Cc,l). Starting with Cc~t = 0 and t¢/ta = 1 an in- 
creasing catalyst concentration results in an increas- 
ing consumption of ascorbic acid by reaction (IV). 
Therefore, at a constant addition rate PR of  the iodine, 
the time t¢ and also the ratio td t  a will decrease with 
increasing catalyst concentration. As can be seen from 
Fig. 3, a nearly linear and sufficiently steep slope of 
the calibration curve can only be expected in the 
range below 2 ppM P. 

A calibration graph in the range 0.0-1.2 ppM P was 
prepared. The regression line, derived from the stat- 
istical treatment of 35 measurements, follows the 
equation 

t¢/ta = (0.997 _+ 0.010) - (0.263 + 0.018)Cp 

at the 99% confidence level. 
The proposed method has the advantage that it 

is not necessary to run standards together with each 
series of samples as is usual in kinetic analysis. Any 
possible small change in concentration of the ascorbic 

of phosphate 735 

ac id  or  o f t h e  iodine solution shifts the t~ values in 
the same direction as tR, so that the ratio t~/t~ only 
varies within the confidence interval. Therefore only 
tR has to be measured together with the samples. 

The temperature-dependence of the system has 
been investigated between 20 and 30 ° . No significant 
change in the tc/tt values could be observed. Under 
normal laboratory conditions temperature-control of 
the reaction system therefore does not seem to be 
necessary. 

The influence of several anions and cations was in- 
vestigated with the idea of a practical application of 
the method in mind. Sample solutions of 0.5 ppM P 
containing up to tenfold concentration of the ion 
under study were prepared and analysed according 
to the procedure given above. The results are listed 
in Table 1. As can be expected, severe interferences 
derive from strong oxidants such as chromate, nitrite 
and iron(III), and from strong reductants such as sul- 
phide and sulphite. The interference by Fe(III) can 
be overcome by the addition of EDTA. As with phos- 
phate,, silicate is also able to produce a heteropoly 
acid with Mo(VI) and to catalyse the reduction of 
Mo0/I) by ascorbic acid. The interference is negligible 
up to a 20-fold amount of silicate with respect to 
phosphate. This limit can be increased by the addi- 
tion of citric or tartaric acid. 7 Both reagents prevent 
the formation of molybdosilicic acid but may a l s o  
influence the phosphate-catalysed reaction when 
present in a large excess. 

The "titration" technique described should also be 
applicable to other catalysed reactions, Preliminary 
investigations have shown, for example, that the reac- 
tion between iodine and azide can be combined with 
the fast competitive reaction between iodine and 
ascorbic acid: 

Cat 
2N~ + I 2 ~ 3N2 + 2I-  

I2 + ascorbic acid --, 2I- + dehydroascorbic acid 

T^L, 26/S--Z 

t R 

1°0" 

0~. 

O~ 

OJ." 

0,2' 

0 . . . . .  : ~ 

~t 

! 

2'0 CCo t [ppm P]  

Fig. 3. Dependence of tc/t R on the phosphate concentration. 
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Table 1. Interference studies at a concentration of [H~PO,~] = 1.6 x 
10-SM -- 0.5 ppM P 

Ion under study [interfering ion]:[H2PO~] 

10:1 1:1 1:2 1:5 

F -  0 0 0 0 
CI- 0 0 0 0 
NO~ + + + 0 
S z- + + + 0 
SO~- + + + 0 
Cr2072 - + + + + 
SiO~- 0 o o o 
AsO~- 0 0 0 0 
Ca 2 + 0 0 0 0 
Mg 2 + 0 0 0 0 
Pb 2 + 0 0 0 0 
Mn 2+ 0 0 0 0 
Fe s+ + + 0 0 
Cu 2+ 0 0 0 0 

+ means interference: tc/tR outside the confidence interval. 
0 means no interference. 

In this case ascorbic acid is the competitor.  The 
system can be applied to the de terminat ion  of  cata- 
lysts containing bivalent sulphur,  e.g., sulphide, thio- 
sulphate and cystine. Most of these substances, how- 
ever, are depleted by oxidation in a side-reaction with 
iodine. Therefore a modified version of coupling com- 
petitive reactions is under  study, in which the sul- 
phur-containing catalyst is mainta ined in a reducing 
medium during the measurement.  This will be 
reported elsewhere. 
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UNTERSUCHUNGEN ZUR ATOMSPEKTROSKOPISCHEN 
SPURENANALYSE IN AmBV-HALBLEITER-MIKROPROBEN--IV* 

VERGLEICH D E R  BESTIMMUNG VON TELLURSPUREN 
IM GaP UND GaAs DURCH AAS, AFS UND AES 

K. DITTRICH und H. VOGEL 
Analytisches Zentrum der Sektion Chemie der KarI-Marx-Universitiit Leipzig, 701 Leipzig, 

Liebigstrafle 18, DDR 

(Eingegangen am 16. November 1978. A.nflenommen am 4. Februar 1979) 

Zusammenfassung--Es werden atomspektroskopische Methoden for die Bestimmung yon Te-Spuren 
in saurer LiSsung in Gegenwart und Abwesenheit der anorganischen Matrices As, Ga, P, GaP und 
GaAs und in GaP- bzw. GaAs-Feststoffen beschrieben. AIs Methoden wurden eingesetzt: AAS mit 
elektrothermischer Atomisierung, AFS mit elektrothermischer Atomisierung und AES mit Gleichstrom- 
dauerbogenanregung` Die Bedingungen der Methoden wurden optimiert und die Resultate miteinander 
verglichen. Es wird gezeigt, dab die AAS mit elektrothermischer Atomisierung die besten absoluten 
und auch relativen Nachwcisgrenzen fiir Te-Spuren lidert (90 pg Te, 4 ppm Te in GaAs oder GAP). 
Deshalb wird diese Methode flit die Bestimmung yon Te-Spuren in AttIBV-Halbleiter-Mikroproben 
empfohlen. 

Tellur wird als Doticrungsclement ftir AmBV-Halb - 
leiter zur Erzielung von n,Leitung und von be- 
stimmten optoelektronischen Eigenschaften eingcsctzt. 
Eine analytiscbe Kontrolle des Tellurgehaltes ist 
erforderlich. In Abh~ingigkeit vom Herstellungsver- 
fahren des Te-dotierten Materials kann sich dabei 
sowohl das Problem dcr Spurenanalys¢ im Mikrobe- 
reich (probemenge < 1 mg) als auch im Halbmikrobe- 
reich (probemenge 10--100 mg) ergeben. 

Fiir die L/Ssung dieser Aufgabenstellung sollten 
nachweisstarke atomspektroskopische Bestimmungs- 
methoden eingesetzt werden: 1. AAS mit elektro- 
thermischer Verdampfung; 2. AFS mit elektrother- 
mischer Verdampfung und 3. AES mit Gleichstrom- 
dauerbogenanregung. Eine Betrachtung der M6glich- 
keiten, die sich bei Anwendung der Hydridtechnik fiir 
die gegebene Aufgabenstellung ergeben, erfolgt in der 
Mitteilung V. 

In den vergangenen Jahren sind einige Mitteilungen 
iiber die Bestimmung von Tellurspuren mit Hilfe 
atomspektroskopischer Analysenmethoden verSffent- 
licht worden. Der Einsatz der AAS mit elektro- 
thermischer Verdampfung fiihrte zu absoluten Nach- 
weisgrenzen im Pikogrammbereich.t-7 Ahnliche 
Nachweisgrenzen wurden auch mit der flammenlosen 
AFS erzielt, s'9 Eine vollst~ndige Bewertung der bisher 
beschriebenen AES-Methoden ist an dieser Stelle 
nicbt m/Sglich. Es wurde i.a. versucht, das gegeniiber 
tier AAS und AFS geringere absolute Nachweis- 
verm6gen dutch Anreicherungsverfahren zu verbes- 
sern. 1o-13 

In fast allen VeriSffentlichungen wird auf Stbrungen 
durch die Matrix eingangen. So berichtet Sverdiina, 3 
dab die Tellurbestimmung ira GaAs durch AAS be- 

* Mitteilung Ill: Talanta, 1978. 25, 243. 

reits bei einer Matrixkonzentration yon 0,01 mg Ga/ml 
gest6rt wird. Laszkiewicz13 und Nasarenkot4 
umgehen entsprechende Effekte durch Anwendung 
einer chemischen Spur-Matrix-Trennung durch 
Extraktion mit nachfolgender Bestimmung durch 
AES bzw. AAS. 

Da fiir die L6sung spurenanalytischer Problem- 
stellungen im Mikrobereich Anreicherungen nicht 
m6glich sind und vorherige chemische Trennungen 
die Gefahr der Kontamination mit sich bringen. 
sollten in dieser Arbeit die M/Sglichkeiten der Tellur- 
spurenbestimmung in Gegenwart anorganischer 
Matrices bei Einsatz der erwiihnten nachweisstarken 
atomspektroskopischen Bestimmungsmethoden er- 
mittelt werden. Durch Vergleich der analytischen 
Resultate, die bei der L6sung dieses konkreten analy- 
tischen Problems erhalten werden, sollte eine Aussage 
iiber die Leistungsfiihigkeit der genannten Methoden 
gemacht und eine optimale Variante angegeben 
werden. 

EXPERIMENTELLER TElL 
Apparatives 
AAS: 
Spektrometer: ZweikanaI-AAS-Ger~it, Typ 811. Jarrell-Ash. 
USA. 
Atomisator: Graphitrohrkiivette Typ 1268, Beckman, USA. 
Lichtquelle: Te-HKL, Jarrell-Ash, USA, 5 mA, spektrale 
Bandbreite: 0,2 nm, ~ = 214,3 nm. Die Untergrundkom- 
pensation erfolgte rmch der Zweilinienmethode: Sn-HKL, 
Jarrell-Ash, USA, 5 mA, spektrale Bandbreite: 0,4 nm, 
2 = 215,3 nm. 
AFS: 
Spektrometer: EinkanaI-AF-Spektrometer, Eigenbau) 5.~ 
Atomisator: Graphitstabatomisator, Eigenbau) ~ 
LichtqueUe: Te-EDL, Eigenbau, ,~ = 214,3 nm. Anregung: 
Mikrowellengenerator mit Spektroskopiekonzentrator (3/4 
2-Kiivette), Bosch, BRD; maximale Spaltbreite des Mono- 
chromators: 3 mm. 
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AES: 
Spektrooraph: Plangitterspektrograph PGS 2, Zeiss, DDR. 
Gitter 651 Strich/mm, Blaze-A: 300 nm, 1. Ordnung. Plat- 
tenmitte: 238 nm, Spaltbreite: 0,02 ram. 
Anre~lung: Universalbogenimpulsgenerator UBI 1, Zeiss, 
DDR. Gleichstromdauerbogen 6 und 15 A, Feststoffana- 
lyse: anodische Verdampfung, 6 A. L6sungsanalyse: kath- 
odische und anodische Verdampfung, 15 A. 
Elektroden:Graphitelektroden, Durchmesser: 5 ram. Fest- 
stoffanalyse: Anode-Becherform; Kathode-stumpfer 
Kegel. L/Ssungsanalyse: Anode = Kathode, oberer Rand- 
durchmesser: 3,5 mm. 
Registrierung: Photoplatten ORWO WU 3 und ORWO 
UV 1, Filmfabrik Wolfen, DDR. 
Auswertuno: Te I 238,5 nm als Analysenlinie. Bi I 240,0 
nmals Linie des inneren Standards. 

Elementkonstanten 
Tellur: Ionisicrungspotential: 8,96 eV; Siedepunkt: 990 °. 
Grundzustand: 5p 'L 3P z 
0." bergang bei 214,3 nm: 5p" 3P 2 ~ 68 3S 1 (E a = 5,83 eV) 
Ubergang bei 238,5 nm: 5p'* 3F 1 (Ea = 0,59 eV)---, 6s 3S1. 

L6sun#en 
Dutch oxydatiqes L6sen yon reinem Tellur in konzen- 

trierten Sh'uren, nachfolgendes Eindampfen und Auf- 
nehmen in 1M Salzsiiure oder IM Salpeterstiure wurden 
die Stamml6sungen gewonnen, die I mg Te pro ml 
enthielten. 3 Die erforderliehen Matrixl6sungen (Ga 3+ 
PO~- : AsO~-) wurden, wie in Mitteilung I118 beschrieben, 
hergestellt (Matrixelement 200 mg/ml). Durch entspre- 
chendes Mischen konnten die beim oxydativen L6sen yon 
GaAs und GaP entstehenden L6sungen hergestellt und 
somit diese Matrices sirnuliert werden. 

Feststoffe 
Filr die Feststoffanalyse dutch AES wurden jeweils 5 

mg festes GaP oder GaAs eingesetzt. Diese Substanzen 
wurden ftir die Analyse ira Verh~iltnis 1:3 mit Kohlepulver 
gemischt. Das Kohlepulver enthielt als inneren Standard 
1% BiAOa. Die Doticrung des Tellurs erfolgte sowohl di- 
rekt als auch in Form von TeOz. 

Allgemeine Arbeitsweise 
Fiir die AAS und AFS-Untersuchungen wurden 

L6sungsvolumina yon 0,01 ml, die die Spuren und 
Matrices in entsprechenden Konzentrationen enthielten, in 
die Graphitrohrkiivette (GRK) bzw. auf den Graphitstab- 
atomisator (GSA) gegeben, verascht und atomisiert. Fiir die 
AES-Feststoffanalyse wurden jeweils 20 mg des Probe- 
Kohlepulver-Gemisches in die Becherelektrode gestopft 
und der Gleichstrombogenanregung ausgesetzt. 

FUr die AES-L6sungsanalyse wurden jeweils 0,025 ml 
auf bcide Graphitelektroden gegeben, so dab die Gesamt- 
matrixmenge 5 mg war. Die L/Ssungen wurden dutch IR- 
Strahlung getrocknet. Die Riickst~inde wurden der Gleich- 
strombogenanregung ausgesetzt. 

RESULTATE UND DISKUSSION 

Untersuchungen zur Atomabsorptionsspektrometrie 
(AAS) mit elektrothermischer Verdampfung 

Zur Ermittlung des optimalen Mediums wurden 
T¢llurhaltige IM salz-bzw, salpetersaure L6sungen 
getostet. In 0bereinstimmung mit T61g 4 wurde die 
bcste Empfindlichkeit for die Te-AA in 1M Salpeter- 
~ure  erzielt. Wi¢ aus dcr Abb. 1 horvorgeht, trat 
jedoch in Gogenwart yon 1M Salpetcrsiiur¢ ein¢ un- 
spezifische, nicht kompensierbare Absorption auf. 
Trotz Steigerung der Veraschungstempcratur auf den 

maximal m6glichen Wert von 1200 ° konnte dieser 
Blindwert nicht vollst/indig beseitigt werden. Die 
Utsache dieses Blindwertes konnte nicht exakt gekliirt 
werden (vgl. Mitteilung I19). 

Bcj Verwcndung yon 1M Salzs/iure sank die Erap- 
findlichkeit gegeniiber 1M Salpetcrsiiure auf 75%. Da 
jedoch der unspezifische Blindwert vollst~indig ver- 
mieden wurde, wurde dieses Medium f'tir die weiteren 
Untersuchungen ausgew~ihlt. Das erzielte Nachweis- 
verm6gen (90 pg Te) ist mit den Literaturwerten verg- 
leichbar (vgl. Tab. 1). 

Ausf'tihrliche Untersuchungen wurden sowohl zur 
Ermittlung des Einflusses der Einzel- wie auch der 
komplex zusammengesetzten Matrices durchg¢fiihrt. 
Es wurde festgestellt, dab Tellur nach dem Arsen ver- 
dampft und dab infolge dieser thermischen Matrix- 
Spur-Trennung Te-Bestimmungen in Gegenwart yon 
0,I mg Arsen pro 0,01 ml ohne Einschr~inkung 
m6glich sind. Eine /ihnliche Spur-Matrix- oder 
Matrix-Spur-Trennung konnte in Gegenwart yon 
Phosphor (als P O [ - )  nicht erzielt werdcn. Bcid¢ Sub- 
stanzon verdampfon gleichz¢itig. Die Untergrund- 
kompcnsation ¢rmOglicht eine Bcstimmung des Tel- 
iurs in Gegonwart yon 0,03 mg Phosphor pro 0,01 
mL Auch in Gegcnwart yon Ga3+-ionen und den 
komplex zusammengesetzten Matrices (Ga3+/PO~ - 
bzw. Gaa÷/AsO~ -) tretcn depressive Effekte und in 
Abh/ingigkeit yon der Matrixkonzentration nicht 
kompensierbare Blindwerte auf. Eine thermische 
Abtrennung des Tellurs war nicht m6glich, so dab 
analytische Te-Bestimmungen nur in Gegenwart yon 
0,05 mg GaP bzw. GaAs pro 0,01 ml m6glich waren. 
Die analytischen Resultate sind in der Tabelle 1 (Zeile 
1-6) zusammengcfaBt worden. 

Zum Zweck des exakten Vergleiches der AAS- 
Resultate mit denen der AFS wurden auch AAS- 
Untersuchungen bei Verwendung des GSA durch- 
gef'tihrt. Die Resultate f'tir 1M salzsaure Teilurat- 
LiSsungen sind in dot Zeile 7 der Tabell¢ 1 enthalten. 
Ein Vergleich zwischen Zeile I und 7 zeigt, dab die 
mit dem GSA erhaltenen Nachweisgrenzen etwa eine 
Gr68enordnung schlechter sind. Das ist auf die un- 
giinstigeren thermischen Verlfiiltniss¢ diesos Atomisa- 
tors zuriickzuftihren. V o n d e r  Obor~che  des Gra- 

E 

qt P~ I'~ / / . ,"" ~,~, / \ 

3300° 380° 3200° ,a'1200" 
• t 

Abb. 1. Extinktions-Zeit-Kurven fiir die AA-Bestimmung 
yon Tellur in IM Salpetersiiure bei Verdampfung in einer 
Graphitrohrkiivette. Bedingungen: Untergrundkompensa- 
tion mit der Zweilinienmethode 214,3/215,3 nm. A: 
Atomisierungsbeginn, Schreibergeschwindigkeit: 600 mm/ 
min. - - - -  1 ng T¢ (als TeO[-) in IM HNO3. - - -  IM 

HNOs. 
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Tabelle I. Analytische Ergebnisse der Te, Spurenbestimmung durch AAS und AFS mit elektrothermiseher Verdampfung 
und AES mit Gleichstromdauerbogenanregung in Gegenwart und Abwesenheit yon anorganischen Matrices 

linearer Reziproket" 
Atomisator Nachweisgrenzen (3s) Konzentra- Empfind- 

bzw. Matrix, absolut, relativ, • tionsber., lichkeit, 
No. Methode Photoplatte 1~(1" n# ppm At/cm a ng n o 

! AAS GRK 1M HCI 0.09 0,009 - -  2 0,04 
2 AAS GRK As 100 0,09 0,9 - -  2 0,04 
3 AAS GRK P 30 0,4 13 - -  5 0,14 
4 AAS GRK Ga 100 0,6 6 - -  5 0,16 
5 AAS GRK GaP 50 0,22 4,4 8,6 x 1016 5 0,08 
6 AAS GRK GaAs 50 0,17 3,4 8,5 × 1016 5 0,09 
7 AAS GSA IM HCI 1,1 0,11 - -  10 0,9 
8 AFS GSA i M HCI 0,5 0,05 - -  30 0,5 
9 AFS GSA P 10 4 400 - -  25 1,7 

10 AFS GSA Ga 100 5 50 - -  25 1,7 
11 AFS GSA GaP 50 1,9 18 3,5 x 1017 300 1,7 
12 AES 

Festst. UV 1 GaP 5000 110 23 4.5 X 1017 50000 - -  

13 AES 
Festst. WU 3 GaP 5000 340 70 1.3 x 10 is 50000 - -  

14 AES 
LSsung UV 1 GaP 5000 250 50 1,0 x 10 Is 50000 - -  

* AAS und AFS: jeweils maximal mSglich¢ Matrixmeng¢ pro 0,01 ml. AES: ¢ingesetzte Matrixmenge. 
"t AAS: RE bezogen auf den Extinktionswert 0,01, AFS: RE bezogen auf kleinste auswertbar¢ Peakfliiche. 

phitstabes zum Untersuchungsraum hin bewirkt der 
stark negative Temperaturgradient auf Grund yon 
Molektilbildung und auch Kondensation eine Ver- 
minderung der Te-Atomkonzentration. Untersu- 
chungen in Gegenwart yon Matrices wurden aus 
diesen Grtinden nicht durchgef'tihrt. 

Untersuchungen zur Atomfluoreszenzspektrometrie 
(AFS) mit elektrothermischer Verdampfung 

Die Resonanzfluoreszenz bei 214,3 nm ergab die 
hSchste Intensit~it, so dab bei dieser Wellenliinge 
gearbeitet wurde. Es wurde der LSsungsmitteleinfluB 
yon Wasser, 1M Salz~ure und 1M Salpetersa'ure un- 
tersucht und festgestellt, dab keine Unterschiede der 
Te-AF auftraten. Die in IM Salz~ure erzielte abso- 
lute Nachweisgrenze liegt mit 500 pg etwas schlechter 
als die besten in der Literatur beschriebenen Resul- 
tare. Dies ist vor allem auf die in diesem Wellenliin- 
gengebiet verminderte Lichtst~irke des im AF-Spektr- 
ometer verwendeten Prismenmonochromators (SPM 
1, Zeiss, DDR) zurtickzufiihren. 

Ein Vergleich mit den Resultaten der AAS bei Ver- 
wendung des gleichen Atomisators (Zeile 8 mit 7, Tab. 
1) zeigt, dab die absolute Nachweisgrenze bei Einsatz 
der AFS um den Faktor 2 besser ist. Dieses Resultat 
bestiitigt, dab mit Hilfe der AFS auch mit relativ ein- 
fachen Mitteln bei der Untersuchung reiner LSsungen 
sehr gute analytische Ergebnisse erzielt werden 
kSnnen. Vergleicht man die mit der AFS erzielten 
Werte jedoch mit den besten AA-Werten, die bei Ein- 
satz der Graphitrohrkiivette erhalten, wurden, so sind 
die der AAS um den Faktor 5 besser (Zeile 8 mit 
1 der Tabelle 1). Ftir die praktische Analytik ist dem- 
nach die AAS Vorzuziehen. 

Diese Einschiitzung wurde auch bestiitigt bei der 
Untersuchung der Einfltisse der Matrices Ga 3+, 

PO~- und Ga3+/PO~ - jeweils im 1M salzsauren 
Medium. Es konnte gezeigt werden, dab Bestim- 
mungen des Tellurs durch AFS in Gegenwart dieser 
Matrices prinzipiell mSglich sind. Wie aus der 
Betrachtung vergleichbarer Werte (Zeile 9 mit 3; 10 
mit 4 und 11 mit 5) hervorgeht, sind jedoch die 
depressiven Einfliisse dieser Matrices nicht kleiner als 
bei der AAS. Besonders bemerkbar macht sich auch 
der stark zunehmende Streulichtanteil, der infolge der 
schnellen Kondensation der anorganischen Matrices 
im thermisch heterogenen Plasma des GSA stark 
anw~ichst. Somit konnten bei Einsatz der AFS f'tir die 
Te-Bestimmungen in Gegenwart der getesteten 
Matrices auch keine gegeniiber der AAS verbesserten, 
relativen Nachweisgrenzen erhalten werden. 

Wie aus der Tabelle 1 hervorgeht, ergibt sich 
jedoch f'tir die AFS gegeniiber der AAS der Vorteil 
des bedeutend griSBeren auswertbaren Konzentra- 
tionsbereichs. Aus diesen Resultaten ist abzuleiten, 
dab auch bei Einsatz yon lichtst~irkeren Monochro- 
matoren oder intensiveren AnregungsqueUen keine 
besseren analytischen Ergebnisse zu erwarten sind, da 
sich die HauptqueUe der StiSrungen, der Streulichtan- 
teil, damit nicht reduzieren BiBt. Eine MSglichkeit 
besteht bei Anwendung der Direktlinienfluoreszenz in 
Verbindung mit einer teilweisen Ausblen/tung der 
dann stSrenden Strahlung der Lichtquelle. Entspre- 
chende Untersuchungen wurden von uns nicht durch- 
gef'tihrt und sind auch in der Literatur nicht be- 
schrieben. 

Untersuchunoen zur Atomemissionsspektrographie 
(AES) mit Gleichstrombogenanre.gung 

Trotz der Tatsache, dab die Te I Resonanzlinie bei 
214,3 nm die grSBte relative Lichtintensit~it besitzt, 
war das Linie-Untergrund-Verh~iltnis der Te I Linie 
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bei 238,5 nm f'tir die analytische Anwendung 
giinstiger. Dies h~ingt vor allem yon der photogra- 
phisehen Registrierung und der Empfindlichkeit der 
verwendeten Photoplatten UVI und WU 3 (ORWO, 
Wolfen, DDR) abl Aus diesem Grund wurden die 
AES-Untersuchungen bei der Wellenl/inge 238,5 nm 
durchgefiihrt. 

Die verwendeten Elektrodenformen, die 
Stromst~irke und die Belichtungszeit wurden sowohl 
l~tir die LSsungs- als auch fiir die Feststoff-Analyse 
optimiert. Fiir die L6sungsspektralanalyse war eine 
schnelle Verdampfung (Stromst~rke 15 A, Belicht- 
ungszeit 15 sec) giinstiger, da bei langsamer Ver- 
dampfung die Reproduzierbarkeit infolge wegsprit- 
zender Matrixteilchen sank. Im Faile der Feststoff- 
analyse war die langsame Verdampfung giinstiger. Bei 
einer Stromst/irke yon 6 A wurde eine Verdampfungs- 
zeit yon 90 sec ben/itigt. Die analytischen Ergebnisse 
der Untersuchungen sind in der Tabelle 1 (Zeilen 

12-14) enthalten. 
Ein Vergleich von Zeile 12 und 13 zeigt, dab die 

UV-empfindliche Photoplatte ORWO UV 1 f'tir die 
Bestimmungen am besten geeignet ist. Vergleicht man 
mit den analytischen Ergebnissen der AFS und AAS, 
so stellt man fest, dab die mit der AES erzielbaren 
absoluten Nachweisgrenzen um 2-3 Gr613enord- 
nungen schlechter sind. Da die von uns eingesetzten 
Probemengen etwa 2 Gr6Benordnungen fiber denen 
der AAS und AFS liegen, ergeben sich relative Nach- 
weisgrenzen, die bis zu einer Gr66enordnung 
schlechter sind. 

Durch Einsatz gr613erer Becherelektroden l/iBt sich 
die relative Nachweisgrenze f'tir die direkte Feststoff- 
analyse noch verbessern. Bei Einsatz der L/Ssungs- 
spektralanalyse ist die verwendete Matrixmenge von 
5 mg ein Maximum. Gr613ere Matrixmengen spritzen 
beim Ziinden des Bogens von der Elekroden- 
oberfliiche weg. 

Ausf'tihrliche Untersuchungen matrixfreier 
LiSsungen des Tellurs durch die LiSsungsspektralana- 
lyse warden nicht durchgefiihrt, da bereits orientie- 
rende Versuche gezeigt hatten, dab die Abwesenheit 
des leicht ionisierenden Galliums im Plasma zu einer 
starken Depression der Emission der Te I Linien 
f'tihrt. 

Allgemeine Schlu.~folgerunoen 

Der Vergleich der Resultate der drei eingesetzten 
atomspektroskopischen Analysenmethoden zeigt, dab 
die Spurenbestimmung des Tellur in reinen L/Ssungen 
und auch in Gegenwart von AmBV-Halbleiter - 

Matrices bei Einsatz der AAS mit elektrothermischer 
Verdampfung der Probe in einer Graphitrohrkiivette 
die besten absoluten und relativen Nachweisgrenzen 
lieferte. 

Der Vorteii der AFS und der AES ist im gr6fleren 
bestimmbaren Konzentrationsbereich zu sehen. Darii- 
iiberhinaus besitzt die AES den Vorteil, dab Feststoffe 
direkt eingesetzt werden k6nnen und somit Konta- 
minationen, die vor allem durch Verunreinigungen 
beim Lbsungsprozel3 auftreten k6nnten, voilstiindig 
vermieden werden. Orientierende Versuche zum Ein- 
satz yon Festproben in der Graphitrohrkiivette der 
AAS zeigten, dab keine Verbesserungen gegeniiber 
der L6sungsanalyse erzielt werden konnten. 

Auf der Basis der erhaltenen Resultate der AAS 
wurden analytische Bestimmungen an Te-dotiertem 
GaAs und GaP durchgef'tihrt. Die Ergebnisse 
stimmten mit den Vorgaben iiberein. Sie wurden 
durch innere und ~iul3ere Dotierung auf ihre Richtig- 
keit iiberpriift. 
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Summary--Methods are" described for the determination of trace tellurium in acid solution in the 
absence and presence of the inorganic matrices As, P, Ga, GaP and GaAs and for the direct determina- 
tion in solid GaP and GAs. The following methods were used: AAS with electrothermal atomization, 
AFS with electrothermal atomization, and AES with d.c. arc excitation. The conditions for each of 
the methods were optimized and the analytical results were compared. It is shown that AAS with 
electrothermal atomization gives the best absolute and also relative limit of detection for trace tellurium 
(90 pg Te, or4 ppm Te in GaAs or GAP). Therefore this method is recommended for the determination 
of trace tellurium in very small samples of AraBY-semiconductors. 
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U N T E R S U C H U N G E N  ZUR A T O M S P E K T R O S K O P I S C H E N  
S P U R E N A N A L Y S E  IN AmBV-HALBLEITER - 

M I K R O P R O B E N - - V  

BESTIMMUNG VON SELEN- UND TELLURSPUREN IN 
ANORGANISCHEN MATRICES DURCH AAS MIT DIREKTER 

ELEKTROTHERMISCHER VERDAMPFUNG IN EINER 
GRAPHITROHRKUVETTE UND DURCH AAS IM 

QUARZROHRATOMISATOR NACH HYDRIDERZEUGUNG--  
UNTERSUCHUNG DER MATRIXEFFEKTE UND 

METHODENVERGLEICH 

K. DITTRICH, B, VORBERG und H. WOLTHERS 
Analytisches Zentrum der Sektion Chemie der KarI-Marx-Universitiit Leipzig, 

701 Leipzig LiebigstraBe 18. DDR 

(Eingettangen am 16. November 1978. Angenommen 4. Februar 1979) 

Zusammeafassung--Es wird die Bestimmung yon Se- und Te-Spuren durch AAS mit Erzeugung fliich- 
tiger .Hydride und deren Atomisierung in einem beheizten Quarzrohr und durch AAS mit direkter 
elektrothermischer Atomisierung in einer Graphitrohrktivette beschrieben. Die apparativen Parameter 
und die Bedingungen wurden optimiert. FUr reine saute L~sungen ergaben sich for die Se-AA bei 
Anwendung der Hydridtechnik und for die Te-AA bei Anwendung der Graphitrohrkiivette Vorteile. 
Der Einflul3 der AraBY-Matrices und anderer Substanzen, die ebenfalls flUchtige Hydride bilden, auf 
die Bestimmung des Selen und Tellur wird untersucht. Bei Verwendung der Hydridtechnik fanden 
wir, dab die Hauptursachen for die Depression der AA-Signale in der Bildung unliSslicher Verbindungen 
zwischen der Matrix und dem H2Se bzw. H,Te und dem Verlust an NaBH4 dutch reduzierbare Verbin- 
dungen bestehen, lm Fall der Graphitkiivette sind die Hauptgriinde fiir die Depression die Bildung 
stabiler Molekiile im Plasma und die Zunahme des Streulichtes. Die analytischen M~glichkeiten der 
Methoden werden verglichen. Die Vorteile und Nachteile werden besehrieben. 

Sowohl Selen als auch Tellur werden zur Erzielung 
bestimmter elektrischer und optoelektronischer 
Eigenschaften bei A'nBV-Halbleitern als Zus~itze 
eingesetzt. Zur Kontrolle der gewonnenen Stoffe ist 
die analytische Bestimmung yon Spuren dieser Ele- 
mente in anorganischen Mikroproben erforderlich 
(vergleich auch Mitteilung IW). Zur L6sung dieser 
analytischen Problematik erschien die AAS am geeig- 
netsten, obwohl infolge der angefiihrten Probleme die 
AAS fiir die Se- und Te-Spurenbestimmung keine 
ldealmethode ist: 

1. Die Resonanzlinien dieser Elemente iiegen im 
fernen UV. Dies fiihrt zu einem starken Untergrund 
infolge der in diesem Spektralgebiet in Gegenwart 
beliebiger anorganischer Matrices stark zunehmenden 
Lichtstreuung und Molekfilabsorption. 

2. Beide Elemente bilden thermisch relativ stabile 
zweiatomige Molekfile und sind gleichzeitig leicht 
verdampfbar. Dies ffihrt zu Problemen bei der Opti- 
mierung der thermischen Bedingungen und gege- 
benenfalls zu einer relativ niedrigen Atomkonzent- 
ration im Plasma. 

3. Die Hohlkathodenlampen dieser Elemente sind 
wegen der leichten Verdamptbarkeit und schweren 

Mitteilung IV: Talanta, 1979, 26, 737. 

Anregbarkeit relativ lichtschwach. Elektrodenlose 
Entladungslampen besitzen Vorteile. 

Unter Beriicksichtigung dieser Probleme und den 
ffir Tellur bereits erzielten Ergebnissenl .sollte getestet 
werden, ob die bei der Anwendung der Hydridmeth- 
ode zum Tell erzielbaren chemischen Spur-Matrix- 
Trennungen gegentiber der direkten elektrothermis- 
chen Verdampfung in einer Graphitrohrkfivette bes- 
sere relative Nachweisgrenzen ergeben. 

Sowohl ftir die Anwendung der direkten elektro- 
thermischen Atomisierung als aueh der Hydridmeth- 
ode auf die Bestimmung yon Selen- und Tellurspuren 
sind eine Reihe yon VeriSffentlichungen erschienen, 
die hier nur zum Teil erwiihnt werden kiSnnen. 

Bei der direkten elektrothermischen Atomisierung 
in einer Graphitrohrkfivette ftihrte die Stabilisierung 
des leicht verdampfbaren Selens durch Nickelsaize "-4 
und auch die chemische Spur-Matrix-Trennung 
durch Extraktion s zur Verbesserung tier analytischen 
Ergebnisse. Die erzielten abs01uten Nachweisgrenzen 
liegen bei 10-to g. Hinsichtlich des Tellurs verweisen 
wir auf die Mitteilung IV.t Auch fiber die genannte 
Problematik der Dissoziation zweiatomiger Spezies 
wird berichtet. ~ 

Seit mehreren Jahren finder man in der Literatur 
Mitteilungen fiber die Anwendung der Hydridteehnik. 
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Ftir die nachfolgende Atomisierung wurden anfangs 
vor allem untergrundarme H2-Ar-Luft-Flammen 
eingesetzt. 7's Die Anwendung auf reale analytische 
Probleme 9-12 zeigte, dab die Methode praktizierbar 
ist. Die absoluten Nachweisgrenzen lagen im Nano- 
grammbereich. Gegeniiber der einfachen Flammen- 
atomisierung konnten somit Verbesserungen e*zielt 
we*den. 

Neben der Atomisierung de* Hydride in Flammen 
wurden f'dr diesen Zweck auch beheizte Quarzrohre 
unterschiedlicher Dimension eingesetzt) 3-15 Auch 
diese Variante der Methode wurde in einigen Fiillen 
flit die analytische Unte*suchung reale* Proben einge- 
setzt.16-1s Die erzielten absoluten Nachweisgrenzen 
liegen zwischen 10 -9 und 10 - t °  g. 

Obwohl iiber den Einsatz der Hydridtechnik auf 
reale analytische Probleme berichtet wurde, gibt es 
nur sehr wenig Untersuchungen fiber den EinfluB yon 
Matrices auf die Bestimmungsmethode. Aus den 
Arbeiten von Smith, 19 Robert 2° und Pierce und 
Brown, 21 die jeweils die Flamme zur Atomisierung 
der Hydride verwendeten, geht hervor, dab eine Viel- 
zahl yon Matrixeffekten vorhanden sind, die nut zum 
Teil erkl~irt wurden. 

Da bisher mit den beheizten Quarzrohrkiivetten 
bessere absolute Nachweisgrenzen erzielt wurden, 
wurde diese Technik zum Ve*gleich mit der direkten 
elektrothe*mischen Atomisierung f'dr die Selen- und 
Tellurspurenanalyse in Mikroproben ausgewiihlt. Sys- 
tematische Untersuchungen sollten vor allem zur 
Kl~irung des Einflusses unterschiedliche*, auch hyd- 
ridbildender anorganischer Matrices durchgeffihrt 
we.den. 

EXPERIMENTELLER TElL 

Wellenliinge: 196 nm. Die Untergrundkompensation 
erfolgte nach der Zweilinienmethode mit der S¢-EDL: 
Wellenliinge: 199,3 nm, spcktrale Bandbreite: 1 nm. 
Adapter for Anregung der EDL, Eigenbau. 

Elementkonstanten 
Tellur: vgl. Mitteilung IV) 

Selen: Ionisierungspotential: 9,75 eV; Siedepunkt: 
685°C. 

G-rundzustand: 4p* 3P 2. 
Obergang bei 196 nm: 4p'* 3P2 --~ 5s 3S l (E, = 6,32eV). 

L6sunoen 
Dutch oxydatives L6sen von reinem Selen oder Teilur 

in konzentrierten Siiuren, durch nachfolgendes Eindampfen 
und Aufnehmen in IM Salzsiiure wurden die Stamml6- 
sungen gewonnen, die 1 mg Se bzw. Te pro ml IM Salz- 
~ure enthielten. Durch entsprechendes Verdiinnen wurden 
die Untersuchungsl6sungen erhalten. Zur Herstellung der 
erforderlichen Matrixl6sungen vgl. Mitteilungen I122 und 
IV. 1 In tihnlicher Weise wurden fdr die Untersuchung des 
Matrixeinflusses von Wismut, Indium, Germanium, Anti- 
mon, Zinn und Tellur bzw. Selen L6sungen bestimmter 
Konzentration in IM Salzstiure hergestellt. 

Durch Aufl6sen yon NaBH4 (Feral Westberlin) in 
l%iger Natronlauge wurde die 1 bzw. 2%ige Reduktionsl~- 
sung gewonnen. Diese L6sung war mehrere Tage stabii. 

Alloemeine Arbeitsweise 
Hydridtechnik. Die von uns speziell ffir kleine Probevo- 

lumina hergestellte Hydriderzeugungsapparatur ist in der 
Abbildung 1 dargesteilt. In das Probegef~iB (A) wird die 
saure Probel6sung und in das VorratsgefaB (D) die 
NaBH4-L6sung gegeben. Danach wird die Apparatur 
fiber den EinlaB (E) zur Entfernung der Lnft mit Argon 
gespiilt. Durch Umschalten des Dreiwegehahns (B) wird der 
Argonein]al3 yon (E) auf (D) verlegt. Dadurch wird die 
NaBH,-L6sung in die Probel6sung gedrtickt und schnell 
mit ihr vermischt. Das entstehende Hydrid wird durch das 
Argon ausgetrieben und zum Quarzrohratomisator trans- 
portiert. Auf diese Weise wurde die yon Pierce und 
Brown 2t vorgeschlagene L6sungsreihenfolge (Stiurezugabe 

Apparatives 

1. Hydridtechnik mit Atomisierung im Quarzrohr. 

Spektrometer: Einsttahl-Einkanal-AA-Spektrometer, AAS 
1, VEB Carl Zeiss, Jena, DDR. 

Atomisator: Quarzrohrkiivette, Eigenbau. 22 L~nge: 145 
mm, inn. q~: 6 mm, Wandst~rke: 1 mm. Heizung: Kanthai- 
drahtwicklung, ~ 0,4 mm. Temperaturen: max. 1000 °. 

Hydriderzeuouno: Halbmikroapparatur, Eigenban, vgl. 
Abb. 1. 

Lichtquelle: Se-EDL, Pye-Unicam, England. Leistung: 7 
W, spektrale Bandbreite: 0,1 tun, Wellenltinge: 196,0 nm. 
Anregungsgeriit fiir EDL, Pye-Unicam, England. Adapter, 
Eigenbau. Te-HKL, Jan'ell-Ash, USA, 5 mA, Spektrale 
Bandbreite: 0,2 nm, Wellenliinge: 214,3 nm. 

Bemerkuno: Es wurde keine Untersrundkompensation 
durchgeflihr t. 

2. Elektrothermische Atomisierung in der Graphit- 
rohrkiivette. 

Spektrometer: Zweikanal-Zweistrahl-AA-Spektrometer, 
Typ 811, Jarreil-Ash, USA. 

Atomisator" Graphitrohrkiivette 1268, Beckman, USA. 

LichtqueUe: Te-HKL, vgl. Mitt. IV. Se-EDL, Pye-Unicam, 
England. Leistung: 9 W, spektrale Bandbreite: 0,1 nm, 
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Abb. 1. Hydriderzeugungsapparatur fOr Heine Probe- 
mengen. A--Reaktionsgefa8 (5--7 ml), D und 
E-ArgoneinlaB, umschaltbar durch Dreiwegehahn B, 
D--Eingabe der NaBH4-L6sung, C--Argon und Hydrid- 

austritt zum Quarzrohratomisator. 
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vor NaBH,-Zugabe) realisiert. Wichtig ist, dab das Probe- 
gefiil3 sofort nach der Analyse zuerst mit konzentrierter 
Salzs~ure und danach mit destilliertem Wasser gespiilt 
wird. Andernfalls treten bei den folgenden Versuchen in- 
folge vorhandener NaDH4-Reste depressive Effekte bei der 
Selen- bzw. Tellurbestimmung auf. 

Elektrothermische Atomisierung. Fiir diese Untersu- 
chungen wurden L/~sungsvolumina von 0,OI mL die die 
Spuren- und Matrixelemente in den erforderlichen Kon- 
zentrationen enthielten, in die GraphitrohrkiJvette gegeben, 
getrocknet, verascht und at0misiert. 

OPTIM1ERUNG DER BEDINGUNGEN UND DER 
APPARATIVEN PARAMETER 

H ydridtechnik 

Folgende Bedingungen und Parameter muflten ffir 
die Bestimmungen optimiert werden: 

Str/Smungsgeschwindigkeit des Transportgases 
Argon. 

Volumen und Azidit~it der Probel/Ssung, Volumen 
und Konzentration der NaBH4-LiSsung. 

Strfmmngsgeschwindigkeit des Argons. Mit der 
ErhShung der Str/Smungsgeschwindigkeit des Argons 
ergeben sich sowohl positive, d.h. das AA-Signal erh& 
hende Faktoren, z.B., 

I. schneller und vollst~indiger Transport der 
NaBH4-L/Ssung in die Probe; 

2. schnelle und innige Mischung der L/Ssungen 
ergibt eine schnelle Hydridbildung: 

3. schneiles Austreiben des Hyddds; 

als auch negative, d.h. das AA-Signal emiedrigende 
Faktoren, z.B., 

1. ein zu groBes Argon-Hydrid-Volumenverh~iltnis 
f'tihrt zur Reduzierung der Atomkonzentration im 
Quarzrohratomisator; 

2. eine geringe Aufenthaltsdauer der Gase im 
Quarzrohratomisator ftihrt zur schlechten Erw~ir- 
mung und damit, schlechten Atomisierung und auch 
zur geringen Aufenthaltsdauer der Atome im Plasma. 

Experimentell wurde diese Tendenz bestiitigt. Die 
optimale Str/Smungsgeschwindigkeit lag ffir unsere 
Apparatur bei 30 L/hr. 

Volumen und Azidit~t der Probeli~sung, Volumen und 
Konzentration der NaBH4-LSsung. Auch in diesem 
Fall gibt es mit der Ver~inderung der Parameter posi- 
tive und negative Effekte. Geringe Volumina lassen 
sich besser mischen und ergeben hohe Hydridkonzen- 
trationen. 

Begrenzend f'or diesen Faktor ist: I. das m/Sgliche 
Verh/qtnis der Volumina der L/Ssung und der Appara- 
tur und 2. die iiberhaupt miSglichen Konzentrationen. 
Weiterhin h/ingt die Schnelligkeit und Vollst~indigkeit 
der Hydridbildung direkt yon der S~iurekonzen- 
tration 7"2a und von der NaBH4-Konzentration ab. 
Ffir die Erzeugung des Hydrids wird jedoch in jedem 
Fall nur Pin sehr kleiner Teil des NaBH4 (etwa 0,1% 
und weniger) verbraucht. Der iibrige Tell wird in 
Wasserstoff iiberf'tihrt, welches sich mit dem Trans- 
portgas Argon wrmischt. Das in die Gasphas~ 

iiberflihrt Hydrid wird durch Pine zu groBe Menge 
Wasserstoff zu stark verdtinnt. Wenn man ohne 
zus/itzliches Ausfrieren des Hydrids arbeitet, letzteres 
fiihrt ira allgemeinen zu einer Erniedrigung der Ana- 
lysenfrequenz, so f'tihrt dieser Effekt zu einer Vermin- 
derung der Atomkonzentration und der Aufenthalts- 
dauer der Atome im Quarzrohratomisator. Beide 
Einfliisse wurden durch das Experiment best~itigt. Die 
optimalen Bedingungen ergaben sich bei uns zu: 0,25 
mi l%ige NaBH4-LSsung in l%iger Natronlauge: 
0,15-0,2 ml Probel/~sung (IM an HCI). 

Elektrothermische Atomisierung 

In diesem Fall miissen vor allem die thermischen 
Bedingungen optimiert werden. Die Abbildung 2 zeigt 
die Abl~ngigkeit des Selen- bzw. TeUur-AA-Signals 
yon der Veraschungstemperatur (bei optimaler 
Atomisierungstemperatur) (Kurven 1) und yon der 
Atomisierungstemperatur (bei beliebiger Veraschungs- 
temperatur) (Kurven 2). Es ist zu sehen, dab die am 
Ger~it einstellbare Veraschungstemperatur zu keinen 
Se- bzw. Te-Verlusten ftihrten und ~ die Atomisie- 
rungstemperaturen zum Zweck tier m/iglichst vollst/in- 
digen Dissoziation molekularer Spezies so hoch wie 
m/Sglich sein sollten. Zu bemerken ist, dab die angege- 
benen Temperaturen von uns nicht pyrometrisch 
gemessen wurden, sondem nut einem Voltmeter des 
Get,ires, welches eine Temperaturskala hatte, ent- 
nommen wurden. Die wahren Temperaturen liegen 
offensichtfich etwas niedriger ais die angegebenen 
Werte. Die Veraschungszeit lag jeweils bei l0 sec. 
ErhSht man diese Zeit, so treten Selen- und auch Tel- 
lur-Verluste auf. Daraus ist zu schluBfolgern, dab 
nach 10 sec Veraschungszeit noch nicht die maximale 
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Abb. 2. Abhiingigkeit des Se- bzw, Te-AA-Signats yon den 
thermischcn Bedingungen der Graphitrohrkiivette. Kurven 
1: variierte Veraschungstemperatur (10 sec), konstante 
Atomisierungstemperatur (3300~C, 10 sec). Kurven 2: kon- 
stante Veraschnngstemperatur (1000°C, 10s e c), variierte 

Atomisierungstemperatur (10 see). Se: 3,8 ng; Te: 10 ng. 
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Tabelle 1. Ergebnisse der Bestimmung yon Selen und Tel- 
lur durch AAS bei Einsatz reiner IM salzsaurer L6sungen 

Methode Element 

Nachweisgrenze (3s) 
absolut, relativ. 

pff ng/o 

Hydridmethode Se 90 0.6f 
Graphitrohrkiivette Se 225 11 § 
Hydridmethode Te 1000 7f 
Graphitrohrkiivette Te 90 4§ 

* Vergleich auch Mitteilung IV. ~ 
+ Bezogen auf 0.15 ml IM HCI. 
§Bezogen auf 0.02 ml 1M HCI. 

Temperatur erreicht ist. Auch in Gegenwart anor- 
ganischer Matrices traten keine Se- bzw. Te-Verluste 
w~thrend der Veraschungsphase auf. Es wurde sogar 
festgestellt, dab einige Matrices. wie Bi, Sb, Ga  u.a., 
zum Teil vor dem Selen bzw. Tellur verdampfen, 

wodurch die Matrixkonzentration in der Atomisie- 
rungsphase vermindert wird. Diese Effekte wurden 
nicht ntiher untersucht. Offensichtlich handelt es sich 
um eine thermische Stabilisierung dec Spuren wie sie 
schon frtther beschrieben wurde. 2.s,=4.zs 

Als optimale Bedingungen ergaben sich: Vera- 
schungsphase 10 sec, 800-1400°; Atomisierungsphase 
10 sec, 3300 °. 

ANALYTISCHE RESULTATE BEI EINSATZ 
REINER LOSUNGEN 

Zur LIberprtifung der Leistungsfiihigkeit der ein- 
zelnen Apparaturen und Methoden, wurden die 
Nachweisgrenzen in reinen, IM salzsauren L6sungen 
ftir Selen- und Tellur-Spurenbestimmungen errnittelt 
(vgl. Tab. 1). 

Vergleicht man die Resultate mit den Literatur- 
werten, so ergibt sich f'dr Selen eine kleine Verbesser- 
ung~ Fiir Tellur wurden die bischer erzielten Werte 
best~itigt (vergleich auch Mitteilung IV1). Im Falle des 
Selen liefert die Hydridmethode, im Falle des Tellur 
die direkte elektrothermische Atomisierung in der 
Graphitrohrkiivette die bessere absolute Nachweis- 
grenze. Dieses Ergebnis ist einerseits mit der besseren 
und schnelleren Bildung des gegeniiber dem Tellur- 
wasserstoff stabileren Selenwasserstoff bei Anwen- 
dung der Hydridmethode und andererseits mit der 
st~irkeren Dissoziation der gegeniiber den moleku- 
iaren Se-Spezies thermisch instabileren molekularen 
Te-Spezies in der Graphitrohrktivette zu erkl~ren. Die 
erzielten Resultate erlauben es, beide Methoden ffir 
den Einsatz zur Spurenbestimmung in Mikroproben 
zu testen. 

UNTERSUCHUNG DES EINFLUSSES 
ANORGANISCHER MATRICES 

H ydridtechnik 

In der Tabelle 2 wird eine Ubersicht tiber die 
m6glichen Matrixeffekte, die bei der Anwendung der 
Hydridmethode aufireten k6nnen, gegeben. Gleichzei- 
tig ~ wird for die von uns eingesetzten Matrices--es 
handelt sich um die Komponenten yon AnfBV-Halb- 
leiterverbindungen und um andere hydridbildende 
Matrices--eine qualitative Bewertung der m~glicher- 
weise eintretenden Effekte gegeben. 

In den Abbildungen 3 und 4 werden die experimen- 
tellen Ergebnisse f'dr den EinfluB verschiedener 
Matrices dargestellt. Ein Vergleich der Abbildungen 

• 3 und 4 zeigt, dad his auf wenige Ausnahmen--z.B. 
die Einordnung des Selen bzw. des Tellur in die ent- 
sprechende Reihe--die  Matrixeinfliisse auf die Se- 
und Te-AA-Signale identisch sind. Vergleicht man die 

Tabelle 2. Ubersicht tiber die m6glichen Ursachen der depressiven Matrixeffekte bei der Hydridmethode 

Matrices 
Art des Matrixeinflusses GaP In Bi Ge As Te Se Sb Sn 

A. Signaldepression 
1. Verbrauch des Reduktionsmittels 

dutch die Matrix 
(a) Reduktion zu Verbindungen mit 

niederem Oxydationsgrad - + - + + + + + + 
(b) Reduktion zum Element - (+)  + - (+)  (+) (+)  + + 
(c) Reduktion zum Hydrid - - ( + ) (+)  + + + + + 

2. Reaktionen der Matrices mit 
Selen und Tellur 
(a) Matrix (M) + HzSe ~ MSe - + + - + - - + + 
(b) Reduzierte Matrix (M x) + 

H2Se.--. MxSe _ (+) - + + - _ + + 
B. VergrSflerun 0 der lntensitfit des 

Un tergrundes 
1. Bildung leichtfltichtiger 

Matrix hydride - - ( + ) ( + ) + + + + ( + ) 
2. Molektilbildung und Kondensation 

der Matrices im Plasma - - (+) (+) (+) (+) (+)  (+) (+) 

+ Einflufl vorhanden, (+)EinfluB m~glieherweise vorhanden, - kein Einflu6. 
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Abb. 3. Abh~ngigkeit der Se-AA yon der Gegenwart anorganischer Matrices bei Einsatz der Hydrid- 
methode und Atomisierung im Quarzrohratomisator. 
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Bewertung der Tabelle 2 mit den Ergebnissen der 
Abbildungen 3 und 4, so ergibt sich ebenfalls eine 
Llbereinstimmung, denn die Anzahl der mit + verse- 
henen, m6glichen Matrixeffekte korreliert mit dem 
experimentellen Ergebnis. 

Die Matrices Ga 3+, P (ais PO~-) und GaP (als 
Ga3+/PO~ -) bewirken praktisch erst bei sehr hohen 
Konzentrationen eine Depression des AA-Signals. Die 
Ursachen dieser Depressionen sind vor aUem auf die 
vedinderten Eigenschaften der L~sung und eventuell 
auch auf Spurenverunreinigungen der Matrices 
zuriickzuf'tihren. 

In Gegenwart yon In 3 + tritt bereits bei niedrigeren 
Konzentrationen (gegentiber dem chemisch ~ihnlichen 
Ga 3+) eine depressive Wirkung auf das AA-Signal 
auf. Dies ist damit zu erki~iren, dal3 In 3+ leichter zum 

• In + reduziert werden kann als das Ga 3+ zum Ga +. 
Obwohl auch das In + in wiii~rigen L6sungen nicht 

stabil ist, wfirde bei der Reduktion NaBH~, ver- 
braucht. Somit steht es nicht fiir die Reduktion der 
zu bestimmenden Spuren zur VerflJgun 8. Wir sind 
allerdings der Auffassung, dab die Hauptursache der 
depressiven Wirkung des Indiums in der Bildung von 
schwerl6slichern In2Se3 bzw. In2Te3 zu suchen dst. 
Diese Verbindungen sind auch in verdiinnten $~iuren 
noch stabil. Die fibrigen getesteten Matrices bilden 
jeweils selbst fltiehtige Hydride. Da die Einflfisse sich 
jedoch fiber 3 Zehnerpotenzen der Konzentrations- 
werte bemerkbar machen, kann die Hydridbildung 
und der damit verbundene NaBH,,-Verlust nicht die 
einzige Ursache f'dr die depressiven Erseheinungen 
sein. 

Wismut bildet nur schwer das nicht sehr stabile 
Hydrid Bill3. Es wird jedoch dutch NaBH, zum 
MetaU reduziert. Auch beim Wismut ist der Haupt- 
einfluB die Bildung schwerl6slicher Telluride und 
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Abb. 4. Abh~ingigkeit der Te-AA yon der Gegenwart anorganischer Matrices bei Einsatz der Hydrid- 
m e t r e  und Atomisierung im Quarzrohratomisator. 
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Selenide, Besonders bei den Untersuchungen zur 
Te-AA wurde festgestellt, dab durch die Gegenwart 
yon Bi 3+ als Matrix die gesamte Hydriderzeugungs- 
apparatur sehr sehnell "vergiftet" wird, d.h. auch bei 
nachfolgenden Messungen ohne Bi3+-Matrix werden 
nur stark reduzierte Te-AA-Signale erhalten. Dies liift 
sich damit erkl~en, dab ein Teil des Bi 3+ in Bill3 
verwandelt wurde, welches sich infolge seiner Instabi- 
litiit leicht an den Glaswiinden zersetzt und dort einen 
unsichtbaren, aktiven B-Film bildet. Dieses Wismut 
reagiert schnell mit den vorbeistr6menden Spuren des 
Tellur- bzw. auch des Selenwasserstoffs. 

Arsen-" und Germanium-Matrices haben auf Te- 
und Se-AA-Signale eine ~ihnliche depressive Wirkung. 
Da sich jedoch Arsenwasserstoff bedeutend leichter 
als Germaniumwasserstoff bildet, sollte hierin nicht 
die Hauptursache der depressiven Wirkung gesehen 
werden. Diese besteht u.E. wiederum in der Bildung 
unl6slicher Verbindungen. Fiir Germanium ist be- 
kannt, dab ein stabiles, in 3M Salz.~ure tml6sliches 
Selenid des zweiwertigen Germaniums (GeSe) exis- 
tiert. Die Selenide und Telluride des 3- und 5-wertigen 
Arsens sind ebenfalls unl6slich. Eine exakte Detail- 
bewertung der vielen M6glichkeiten ist schwierig: z.B 
sind die Selemde und Telluride des Arsens stabiler 
als die des Germaniums und andererseits bildet sich 
AsH3 schneller als GeH4. Letzteres flihrt zu sti~rkeren 
Arsen-Verlusten in der L6sung und somit zu einer 
gegeniiber Germanium geringeren Bildung unl6s- 
licher Produkte. Die iihnliche Wirkung dieser beiden 
Matrices ist offensichtlich rein zufdlli& 

Die Tatsache, daf Zinn- und Antimon-Matrices 
sowohl auf die Se-AA als auch auf die Te-AA den 
stDksten Einfluf ausiiben, untersttitzt die gegebenen 
Erkliirungen. Beide Elemente bilden gegeniiber dem 
Arsen die entsprechenden Wasserstoffverbindungen 
SbH3 und SnH,Ltangsamer. Diese Verbindungen sind 
aulSerdem instabiler als das Arsin. Andererseits biiden 
sie ebenfalls schweri6sliche Selenide und Telluride. 

Auch die Bildung thermisch stabiler, molekularer 
Spezies im Quarzrohratomisator ist m6glieh (s.u.). In 
Gi~genwart yon Zinn tritt ein gleicher "Versiftungs'- 
Effekt wie beim Wismut auf. Die Apparatur mug mit 
K~Jnigswasser ausgekocht werden, ehe sie wieder ver- 
wendet werden kann. Die Zersetzung des gebildeten 
Zinnhyclrids erfolgt sowohl auf dem Wege zum als 
auch im Quarzrohratomisator. 

Zusammenfassend ergibt sich aus den Ergebnissen, 
daf der wesentliche Einflufl anorganischer Matrices 
auf die Se-AA bzw. Te-AA in der Bildung schweri6s- 
licher Verbindungen mit den entstehenden Wasser- 
stoffverbindungen und in der Hydridbildung der 
Matrices selbst zu sehen ist. 

Zuletzt soil auf den unterschiedlichen Einfluf der 
Se-Matrix auf die Te-AA und der Te-Matrix auf die 
Se-AA eingegangen werden. Dieses Resultat ist vor 
allem mit der unterschiedlichen Bildungsgeschwindig- 
keit und Stabilifiit der zugeh6rigen Wasserstoffverbin- 
dungen zu erkl~iren. H2Se ist stabil und bildet sich 
schneller (vergleich auch Tab. 1) und wirkt somit auf 
die Te-AA stark depressiv. Andererseits wird die 
Se-AA yon der Tellur-Matrix aus dem gleichen 
Grund weniger beeinfluBt. 19'2° 

Die gefundenen Ergebnisse stimmen nur zum Teil 
wit denen der Literatur tiberein. 19-21 Es mu8 aller- 
dings bei dieser Einschiitzung beriicksichtigt werden, 
daft sich die Literaturangaben auf die Hydriderzeu- 
gung in Verbindung mit der Flammenatomisierung 
beziehen. Oftmals wurden auch ganz andere lonen 
auf ihren Einfluf getestet, z.B. finden Pierce und 
Brown, 21 daf  Cd '÷- und Sr2+-lonen eine stark 
depressive Wirkung besitzen. Danach folgen Co 2+, 
Cu z+, Ag + und Sn2+-Ionen. Dieses Verhalten liefe 
sich mit der Bildung yon schwerl6slichen Seleniden 
bzw. Selenaten (Sr) erkl~iren. Allerdings wird davon 
berichtet, daft beim vorherigen Ansiiuern der Probel~- 
sung die Matrixeffekte der Kationen verschwinden. 
Dieses Ergebnis kann yon uns nicht best~tigt werden. 

Tabelle 3. Ubersicht tiber die m6glicben Ursaehen der Matrixeffekte bei Anwendung der direkten elektro- 
thermischen Atomisierung in der Graphitrohrktivette 

Matrices 
Art des Einflusses P Sb As Bi Ga In Ge Te Sn 

A. Sionaldepression 
I. Bildung schwerfltichtiger 

Verbindungen - (+) - (+) (+) (+) (+) - (+) 
2. Verdampfung der Spur mit 

einer leicht fliichtigen 
Matrix - - (+) - - (+) - + - 

3. Molekfilbildung zwischen 
Matrix und Spur im Plasma - + - + - - + + + 

B. Signalerh~huno 
l. Bildung schwerfltichtiger 

Verbindungen - (+) - (+) (+) (+) (+) - (+) 
C. Veror6]3erung der lntensitdt 

des Untergrundes 
l. Streuficht bei gleichzeitiger 

Verdampfung von Spur und Matrix + - - (+) + + + + + 

+ Einflufl vorhanden, (+)Einflufl m6glicherweise vorhanden, - kein EinfluB. 
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Abb. 5. Abhiingigkeitder Se-AA yon der Gegenwart anor- 
ganischer Matrices bei Einsatz der direkten elektrotherm- 

ischen Atomisierung in der Graphitrohrkiivette. 

Robert 2° und Smith 19 testeten ebenfalls nicht den 
EinfluB hydridbildender Matrices. Auch aus ihren 
Ergebnisse geht hervor, dab der EinfluB durch die 
Bildung schwerl/~slicher Verbindungen die Prioritiit 
besi~t 

lm Ergebnis dieser Untersuchungen muB festge- 
stellt werden, ~ die durch die Hydridmethode ange- 
strebten chemiscben Spur-Matrix-Trennungen nut 
bedingt realisierbar sind. 

Elektrothermische Atomisierung 

In der Tabelle 3 wurde wiederum versucht, eine 
Ubersicht fiber die miSglichen Matrixeffekte bei der 
Se- bzw. Te-AA beim Einsatz einer Graphitrohr- 
kiivette zu geben. Es kann eingeschiitzt werden, dab 
gegeniiber der Hydridmethode besonders der Streu- 
lichtanteil erheblieh ansteigt. AuBerdem sollte auch 
die Molekiilbildung zwischen der Spur und Bestand-. 
teilen der Matrix im Plasma infolge der durch die 
gleichzeitige Verdampfung bedingten hohen Konzen- 
tration stark zunehmen. Spezielle Untersuchungen 
der Moleklilabs0rption mit Hilfe einer Wasserstoff- 
hohlkathodenlampe (Kontinuum) beim Einsatz hoher 
Se- und Matrixmengen zeigten, dab folgende 
Molekiile im Plasma der Graphitrohrkiivette exis- 
tieren: BiSe (190-230 rim, 270-280 nm); SbSe 
(330-340 nm, 220-225 nm); GeSe (230-320 nm); SnSe 
(190-220 nm); TeSe (220-230 nm)~ Die angegebenen 
Werte charakterisieren die gefundenen Absorptions- 
banden. 

Die Mehrzahl tier iibrigen Matrixeffekte ist jedoch 
nicht eindeutig bestimmbar, so dab in diesem Fall 
auch keine Reihenfolge der Elemente hinsichtlich 
ihres Matrixeinflusses ableitbar ist. 

In der Abbildung 5 sind die experimenteUen Ergeb- 
nisse, die bei der Untersuchung des Matrixeinflusses 
auf die Se-AA erhalten wurden, angegeben. Bei der 

Auswertung dieser Ergebnisse kann man 2 Gruppen 
der Elemente bilden: 

1. Gruppe: GaP, P, Sb, As, Bi mit geringem Ein- 
fluB; 

2. Gruppe: Ga, Ge, In, Te, Sn mit griSBerem Ein- 
fluB. 

Gegeniiber der Hydridmethode ist festzustellen, dab 
tier MatrixeinfluB bei tier Anwendung dot G-raphit- 
rohrkiivette im allgemeinen griS~r ist. 

Der geringere EinfluB der in der ersten Gruppe 
genannten Substanzen ist vor allem darauf zuriick- 
zuf'dhren, dab thermische Matrix-Spur-Trennungen 
zum Tell miSglich find. Dadurch wird die Konzen- 
tration der Matrix wiihrend der Atomisierungsphase 
im Plasma reduziert, In allen anderen F~illen flihrte 
die Optimierung der thermischen Bedingungen zu 
keiner Spur-Matrix- oder Matrix-Spur-Trennung. 
Weitere Detailuntersuchungen zur Kliirung der ein- 
zelnen Einfliisse wurden nicht durchgef'dhrt. 

ERGEBNISSE DER ANALYTISCHEN BESTIMMUNG 
VON Se UND "re DURCH AA IN GEGENWART 

ANORGANISCHER MATRICES 

In der TabeUe 4 sind die analytiscben Ergebnisse 
zusammengefaBt worden, wodurch auch eine 
Einschiitzung der Anwendbarkeit der beiden Atomi- 
sierungstechniken miSglich ist. 

Die ersten beiden S~iulen der Tabelle weisen aus, 
dab bei Einsatz der Hydridmethode in Gegenwart 
yon Ga, P (als PC) 3-) und GaP (als Ga3+/PO 3-) 
Spurenbestimmungen des Selen und Tellur im ng/g- 
bis gg/g-Bereich (bezogen auf die Masse der anor- 
ganischen Matrices) m/Sglich sind. Die relativen 
Nachweisgrenzen in Gegenwart yon Te (als TeO2-), 
In, Bi und Ge (als GeO~-) yon 10 -2 Dis 10-3~/o |asscn 
keine extremen Spurenbestimmungen zu. In Gegen- 
wart yon Arsen, Antimon, Zinn und Selen sind nur 
Bestimmungen im Prozent-oder Promille-Bereich 
m6glich. Bei Anwendung der elektrothermischen 
Atomisierung in einer Graphitrohrkiivette liegen die 
relativen Nachweisgrenzen in Gegenwart der meisten 
anorganischen Matrices zwischen 10 -2 und 10-3~% . 
Das bedeutet, dab in keinem Fall eine extreme Spu- 
renbestimmung m6glich ist. Diese Tatsache resultiert 
aus dem durehschnittlich sttirkeren MatrixeinfluB. 
Auf den ersten Bliek erscbeint somit die Hydridme- 
thode in vielen F'allen giinstiger. Allerdings ist bei dieser 
Bewertung aueh zu beriicksichtigen, dab bei der Un- 
tersuehung vollstiindig unbekannter Proben mit der 
Hydridmethode falsche Ergebnisse erhalten werden 
k~Snnen, well der EinfluB der einzelnen Matrices sich 
sehr stark voneinander unterscheidet. Beim Vergleich 
tier relativen Nachweisgrenzen beider Atomisierungs- 
techniken kann man hinsichtlich der Anwendbarkeit 
der Methoden 3 Gruppen yon Matrices unter- 
scheiden. 

1. Ga, GaP, P: Hydridmethode ist besser. 
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Tabelle 4. M6glichkeiten f'tir die Bestimmung des Selen und Tellur in Gegenwart 
anorganischer Matrices durch AAS bei Anwendung unterschiedlicher 

Atomisierungstechniken 

Nachweisgrenzen bei Anwendung der 
Hydridmethode, Graphitrohrktivette, Verh~iltnis 

ppm ppm der Nachweisgrenzen 
Matrix Se Te Se Te Se Te 

Ga 0,02 0,2 50 6 5.103 30 
P 0,1 0,2 5 13 5.102 65 
GaP 0,1 0,5 10 5 102 10 
Te 10 - -  102 - -  10 - -  
! n 1 0  20 50 - -  5 - -  

Bi 10 - -  10 - -  ! - -  

Ge 10' 80 50 - -  0,5 - -  
A s 102 2.103 I 0 5 0,1 0,003 
Sn 1 0  4 - -  102 - -  0,01 - -  
Sb 104 2.103 5 - -  0,0005 - -  
Se - -  2 .103  . . . .  

2, Te, In, Bi, Ge: Beide Methoden sind vergleich- 
bar. 

3. As, Sn, Sb: Elektrothermische Atomisierung in 
der Graphitrohrktivette ist besser. 

Somit kann festgestellt werden, dab der Einsatz der 
einen oder anderen Technik immer nur in Abhiingig- 
keit veto analytischen Problem angegeben werden 
kann. 
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Summary--The determination of traces of Se and Te by AAS with generation of volatile hydrides 
and atomization in a quartz tube. and by AAS with direct electrothermal atomization in a graphite 
cuvette, is described. The instrumental parameters and the experimental conditions were optimized. 
For pure acidic solutions it was found best to determine selenium by the hydride technique and 
tellurium by direct electrothermal atomization. The influence of AraBY-matrices, and of other substances 
which also form volatile hydrides, on the determination of Se and Te was investigated. When the 
hydride technique was used it was found that the main causes of the depression of the AA signals 
are the formation of insoluble compounds between the matrix and HzSe or H2Te, and the loss of 
NaBH4 by reaction with reducible compounds. In the case of the graphite cuvette the formation 
of stable molecules in the plasma and.increased light-scattering are the main causes of interference. 
The analytical possibilities of the methods are compared and the advantages and disadvantages are 
described. 
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Summary--ln the investigation of methods for the determination of chloride three reactions for making 
derivatives of HCI have been developed. The individual problems which arise for the different methods 
are discussed. The reactions are reaction of CrO3 with HCi to give CrO2CI2, reaction of epoxides 
with HCI to produce a-chloro-alcohols and reaction of C6HsHgNO3 with HCI to form C6HsHgCI. 
The detection methods used are ~,-spectrometric measurement of 51Cr-labelled CrOzCl2, gas-chromato- 
graphic determination of a-chloro-alcohois with flame-ionization, electron-capture or electrolytic-con- 
ductivity detectors and the determination of C6HsHgCI by AAS. 

The determination of HCI or Ci- in low concen- 
trations is difficult for a number of reasons; the prob- 
lems arise partly in sampling owing to the polarity 
of HCI (CI-). The adsorption losses are high and all 
container walls or substances involved in the sam- 
pling procedure or separation process are contami- 
nated with chloride. 

The second problem is the difficulty of spectro- 
scopic measurement of CI, by atomic-absorption spec- 
troscopy for example. Owing to the problem of detec- 
tion as well as of adsorption losses all determinations 
of HCI involve indirect methods. 

We are engaged in the investigation of reactions 
of chloride or hydrogen chloride with the aim of find- 
ing indirect methods for the determination of chloride 
through preparation of derivatives. The selection of 
suitable compounds for reaction with HCI depends 
on the separation and detection method selected. The 
application of reactions of HCI (CI-) with the aim 
of an  indirect detection demands the observation of 
several conditions for preparation of the derivative 
and for the detection, just as several demands have 
to be fulfilled by the separation method, Generally 
the detection methods should be suitable 'for the 
selected conditions and methods of reaction and 
separation. 

This paper does not present final results but is in- 
tended to demonstrate (for different examples) the dif- 
ficulties due to the chemical reactions and the separ- 
ation and detection methods. 

ANALYTICAL REQUIREMENTS 

Derivative-formation methods 

The reaction rate must be sufficiently high for equi- 
librium to be reached within an acceptable time. The 
equilibrium should be such that a quantitative reac- 
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tion is obtained even at small concentrations of HCI. 
The chemical properties of the reagent and the reac- 
tion product should be sufficiently different to enable 
a quantitative separation to be made. The reagents 
and solvents used should be extremely pure and 
readily purifiable, and should contain as little chloride 
as possible (preferably none). 

Separation methods 

The separation method must be capable of separat- 
ing the reaction product (which is to be determined) 
from all interfering compounds. No steps which intro- 
duce interfering impurities should be included in the 
separation procedure. The separation method has to 
be fast and easy to handle. 

Detection methods 

The detection limit for the reaction product has 
to be low enough for the analytical problem to be 
solved. Taking into account the efficiency of the 
chosen separation method, the detection should be 
sufficiently selective. The calibration graphs for the 

compounds  which are to be determined should be 
linear in the range of interest and the detection 
method has to be fast and easy to handle. 

An indirect analytical method which fulfils all these 
requirements is possible only in exceptional eases. For 
practical analytical applications it is necessary to dis- 
tinguish between conditions which must be fulfilled 
and those requirements which are merely desirable. 

The weight given to the different points in detail 
depends on the practical analytical problem. Un- 
doubtedly the three steps, derivative formation, separ- 
ation and detection, should provide a suitable analyti- 
cal procedure in the chosen combination. In the fob 
lowing section we have attempted to discuss these 
problems for the analytical methods of indirect deter- 
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Table 1. Examples of indirect detection methods for chloride 

Reactions 

*Cr03 + HCl ) 

*Cr02Cl 2 

C6H5HgNO 3 + HCI , 

C6H5HgCI 

Separation methods 

Volatilization 

Extraction 

(gas chromatography) 

Detection methods 

Radioactivity 

measurement (AAS) 

AAS 

(FID, ECD, radio- 

\/ 
I)0 

activity 

measurement) 

+ HCI • 
\/ 

i -0H 
" ~ - C 1  / 

Gas chromatography FID, ECD, EICD 

(electrolytic 

conductivity 

detector) 

mination of chloride which we have developed and 
tested. These indirect detection methods are summar, 
ized in Table 1. 

POSSIBLE METHODS 

Determination with C r O  3 

One of the possibilities for the detection of HCI 
is its reaction with a solid compound and the forma- 
tion of a volatile product. 

A(solid) + HCl(gas)--~ B(volatile) 

This general reaction scheme is best fulfilled by 
the formation of volatile oxychlorides from non- 
volatile metal oxides. Taking  into consideration the 
remarks made in the introduction the following reac- 
tion seems to be very promising: 

CrO3 + 2HCI ~CrO2Cl2  + H20 

The reaction takes place at 110-150 °. The CrOzCl 2 
formed is transported at 200 ° to a decomposition 

zone (second detection position) at a temperature of 
700 ° (Fig. 1). At this temperature CrO2CI, decom- 
poses to give Cr20 3. The alternative of collecting 
CRO2C12 by condensation at - 5 0  ° is not feasible 
because trace amounts of CrO,CI,  are too volatile 
for collection to be complete. Also residual HCI may 
be condensed together with the CrO2Cl 2 at such low 
temperatures. The principle of this analysis is the pro- 
portionality between transported Cr and HCI. The 
transported chromium can be detected by several 
methods. 

We have used y-spectrometric measurement by 
labelling the CrO3 with ~tCr. The detection limit 
depends on the specific activity of CrO3, the chemical 
state and vapour pressure of the CrO3 after irradia- 
tion, and side-reactions. 

For the development of this method the applicatio n 
of radioactive tracing is preferred, since the reaction 
of HCI with Cr03 can be followed easily as a function 
of all parameters except chemical behaviour. In prin- 
ciple the deposited Cr can also be' measured, for 
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example, by the use of AAS with a graphite-furnace 
atomizer, and in this case the theoretical detection 
limit is 10pg of Cr, corresponding to 14pg of CI. 1 
If CrO3 activated by thermal neutrons is used, the 
theoretical detection limit in our experiments is I ng 
of HCI, owing to the low specific activity of the S~Cr 
formed. This can be considerably improved by using 
carrier-free 4SCr, which is commercially available. 

Unfortunately a number of interferences have to 
be taken into account when HCI reacts with CrO 3. 
These are the adsorption of HCI on the walls of the 
apparatus, the possibilities of consecutive and side- 
reactions of CrO 3 (Fig. 2), the reaction of HCI with 
the decomposition and reduction products of CrO3, 
the influence of water on the equilibrium of the reac- 
tion between CrO3 and HC1, and changes in the sur- 
face of the CrO3 after irradiation. 

The adsorption of HCI on the walls is reduced by 
heating the apparatus to 200 °. By passage of HCI 
over CrO3 several times in a cyclic process the yield 
of CrO2CI 2 is increased. Unfortunately the reaction 
is not complete, owing to H20 which is formed in 
this reaction but not removed. (It should be con- 
sidered whether a method is suitable for the deter- 
minafion of HC1 if even traces of H~O have to be 
excluded.) The heterogeneous reaction of CrO3 with 
HCI is an example of a reaction which at first sight 
seems elegant and simple but later reveals numerous 
problems which have to be solved. 

Determination with CtH sHgN03 

The product of the reaction of CtHsHgNO3 with 
HCI is CtHsHgC1. The reagent and the product may 
be separated by solvent extraction. The detection 
method is gas chromatography 1"2 or AAS. 3'4 At 
present we use the detection of mercury by AAS (with 
a graphite-furnace atomizer) for the indirect detection 
of chloride. The reaction of HCI with C~HsHgNO 3 
is fast and complete. The CtHsHgCi formed is sol- 
uble in organic solvents, being covalent. Because 
CtHsHgNO 3 has almost the same solubility in acid 

solution as in organic solvents, the organic layer has 
to be scrubbed with 0.1M nitric acid in order to 
achieve a good separation between CtHsHgNO3 and 
C6HsHgCi. This step is not necessary if gas chroma- 
tography is used as the separation and detection 
method, but the detection of chloride is faster by AAS 
than by gas chromatography. 

The theoretical detection limit for CtHsHgC! 
which can be reached at the present time with a 
graphite-furnace atomizer corresponds to 2 pg of an 
injected volume of 10/~l. The amount which can be 
measured with sufficient accuracy is about 4 pg, The 
theoretical limits for gas chromatographic detection 
with an ECD are in the same range. 1.2'5 The extrac- 
tion step could lead to the possibility of enrichment 
by evaporation of the solvent. Extraction of larger 
volumes and subsequent concentration gives better 
reproducibility and reduces handling problems. 

Another method is the y-spectrometric detection of 
2°3Hg, by employing labelled CtH~HgNO3. The sep- 
aration step is also extraction. With a specific activity 
of 10/~Ci/100/~g of 2e3Hg, 100pg of CtHsHgCi can 
be detected, corresponding to 10pg of Cl. With 
greater care in the measurement and by use of 
CtHsHgNO3 having a higher specific activity, this 
value should be improved. In this range the effect 
of impurities (Cl-content of chemicals and solvents) 
determines the detection limit. 

Determination with epoxides 

The products from the reaction of epoxides with 
HCi are ~-chloro-alcohols. For these com[cK)unds a 

YCr30a HCI ~r 2 0 ~  
CrO£-~'. CrzOs CrO 3 

~P 

  roc, 
HzCr04 CrOCl3 

Fig. 2. Side-reactions and consecutive reactions in the 
system CrO3-HCI. 
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suitable separation and detection method is gas 
chromatography, with sensitive detectors (flame- 
ionization,electron-capture, electrolytic-conductivity or 
flame-photometric). We have used the first three for 
the detection of the ~-chloro-alcohols. They possess 
different detection sensitivities and selectivities for dif- 
ferent compounds. The flame-ionization detector 
(FID) is sensitive to compounds containing carbon 
atoms or C-H bonds and has limited specificity. The 
electron-capture detector (ECD) is very sensitive and 
is specific for compounds containing halogen atoms 
or nitro groups (or other electron-attracting groups). 
The electrolytic-conductivity detector (EICD) has a 
high detection sensitivity for substances contributing 
to a conductivity change in the electrolytic measuring 
cell, after pyrolysis in the presence of hydrogen. 

For detection with an ECD, epoxides with electron- 
attracting groups seem very suitable, because the 
halogenated products can be detected with high sensi- 
tivity. Epoxides with electron-attracting groups, how- 
ever, react only slowly with HCI and some of them 
form unstable reaction products (e.g., l-chloro-3-iodo- 
propanol). To attain a reaction rate as high as poss- 
ible, unsubstituted epoxides must be used. For 
example, the reaction of HCI with ethylene oxide is 
fast, 6 but problems arise in the handling and measur- 
ing out of the reagent. A compromise between fast 
reaction, simple handling and high detection sensi- 
tivity is obtained with cyclohexene oxide [7-oxa- 
bicyclo-(4,1,0)-heptane]. If an FID is used, a theor- 
etical detection limit corresponding to 2 pg of HCI 
is reached with a capillary column, or 100pg of HCI 
with a packed column. 7 

We have also investigated the possibility of using 
epichloro-, bromo- and iodohydrins as reagents for 
HCI, because the reaction products have low detec- 
tion limits if an ECD is used. The reaction rate of 
the halogen-substituted epoxides s with HCI decreases 
in the sequence C1 > Br > I, as do the stabilities of 
the original compounds. With a capillary column the 
theoretical detection limits (corresponding to HCI) for 
the reaction products of the substituted epoxides 
are 1,3-dichloropropanol, 2 ng of HC1, 9 1-chloro-3- 
bromopropanoL 8 pg of HCI and 1-chioro-3-iodo- 
propanoL 0.4 pg of HCI. s 

For very small quantities of HCI (in the nanogram 
range) however, the reaction times are so long that 
the detection of HCI with these substances is not 
practicable. 

A general problem encountered with derivative-for- 
mation reactions is that one reaction partner (HCI) 
is present at low concentration, thus lowering the 
reaction rate. To keep the reaction rate sufficiently 
high the other reactant h-as to 'be present in very large 
excess. A further possibility of increasing the reaction 
rate is the use of elevated temperatures, but this may 
not be appropriate in all cases. We have also used 
an ELCD as gas-chromatographic detector for the 
determination of 2-chlorocyclohexanol (reaction 
product of cyclobexene oxide and HCI). It may be 

considered surprising that derivative-formation is 
recommended for the detection of HCI by conducti- 
vity measurement, but the reason is quite simple. For 
determination with an EICD, HC1 must be separated 
from other substances which could contribute to a 
change in conductivity. Conventional gas chromato- 
graphic columns which could be used for the separ- 
ation of HCI from other compounds are not suitable 
for the detection of very small quantities of chloride, 
because of the high adsorption losses. Hence deriva- 
tive formation is used to facilitate a quantitative sep- 
aration, but this does not directly lower the detection 
limit, However, the detection limit can be lowered 
indirectly by the separation from interfering sub- 
stances. The advantage of the E1CD is its selectivity 
for compounds which contribute to conductivity after 
pyrolysis in the presence of hydrogen. This diminishes 
interferences from many impurities and thus reduces 
the requirements for separation. It is possible to pro- 
vide calibration for other methods by use of the 
EICD, because the source of the HC1 standards (e.g, 
a permeation tube or desorption tube) can be con- 
nected directly to the E1CD. The disadvantages of 
this detector are that the detection limit (5 lag of HCl) 
is higher than that for an FID, and the detector is 
more difficult to operate and more expensive. Most 
gas chromatographs are nowadays equipped with an 
FIE), but very few with an EICD. We think that a 
comparison of the three chromatographic detectors 
shows that the FID is the most suitable for the 
determination of HCI by derivative formation with 
epoxides. 

The method has the advantage, however, that it 
can be used in any analytical laboratory equipped 
with a modem gas chromatograph, without the need 
for any additional expensive equipment. 

The detection limits of these methods are in the 
range of 4 ppM (parts per milliard). When an enrich- 
ment step is used (e.g., cryogenic sampling of air: 
extraction from liquid samples) the final volume 
which can be separated by gas chromatography plays 
an important role in t h e  detection of small quantities. 
On a capillary column the maximum sample volume 
is 0.1/al; on packed columns (depending on the dia- 
meter) sample volumes up to 10/~l may be used. This 
means that the maximum quantity which can be 
separated on a packed column is up to one hundred 
times that which can be separated on a capillary 
column. The detection limit for HCI is 100pg with 
packed columns (if cyclohexene oxide is used as de- 
rivative-formation reagent), but is 2 pg with capillary 
columns, so, if the difference in sample volume is 
taken into consideration, the detectable concentration 
is smaller by only a factor of two for packed columns, 
compared with capillary columns. 

On the other hand, the separation efficiency of.a 
capillary column is higher than that of a packed 
column, so' the separation from interfering impurities 
is more efficient. Because the sample volume which 
can be used for the separation is very small in both 
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cases, to avoid loss in detection sensitivity because 
of dilution it is important to carry out the reactions 
in as small a volume as possible. At present we are 
not able to solve the problems of handling volumes 
much smaller than 50 #i. 

Possible solutions to these problems are the evap- 
oration of solvent before separation and coupling of 
a packed column of large capacity with a capillary 
column of high separation efficiency. Both solutions 
require considerable experimental effort and are very 
time-consuming, so are only recommended for ex- 
tremely small traces of HCI. 

Another possibility of increasing the detection sen- 
sitivity is the combination of the fast reaction of the 
unsubstituted epoxides with HCI and the high sensi- 
tivity of an ECD. To achieve this, HCI is reacted 
with but-l-ene oxide and the resulting 2-chloro-1- 
butanol is heptafluorobutyrylimidazole (HFBI) con- 
verted into its derivative, 1°,11 thus introducing groups 
with a high electron-capture cross-sectionJ 2 This 
method also involves considerable experimental effort 
and introduces new problems (additional separations 
for example). 

CONCLUSION 

The theoretical detection limits for the derivative- 
formation methods are extremely low, and corre- 
spond to concentrations in the ppM-range or quanti- 
ties at the picogram level. At the present time, how- 
ever, owing to various problems (reaction rate, sample 
volume, impurities, interferences) we are not able to 
determine HC1 in concentrations lower than 0.1 ppm 
(corresponding to several ng of HCI). Future investi- 

gations will deal with the problem of getting closer 
to the theoretical detection limits. The different 
methods investigated so far present a choice of 
method for any specific problem. If more than one 
method can be used for detection of chloride, the 
results can be compared. 

The derivative-formation methods presented here 
are suitable for the detection of small traces of chlor- 
ide, but they are all expensive in some way or other 
and should only be employed if very small traces have 
to be detected. 
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Zu~mmeaf~ag--Das  Verteilungsverhalten der Diethyldithiophosphinate des Cadmium, ZinL 
Nickel, Kobalt und Biei werden f'fir das System Wasscr/Toluol (Chloroform) gaschromatographi~h 
bestimmt. Die gasehromalographisehe Bestimmung des Cadmium als Diethyldithiophosphinatochelat 
im Bereich yon 0,03 bis 0,3 ppm Cd in w~issriger L~Ssung wird beschrieben. 

Die Diethyldithiophosphinatochelate einiger Metalle 
lassen sich aus wgssrigen LSsungen ausschiitteln und 
spektralphotometrisch bestimmerL ~,2 Wegen ihrer 
hohen Fliichtigkeit und thermischen Stabilifiit sind sie 
auch gaschromatographisch zu analysieren) '4 In 
dieser Arbeit wird das Verteilungsverhalten der 
Diethyldithiophosphinate yon Cadmium, Zink, Blei, 
Kobalt und Nickel in Abh/ingigkeit veto pH-Wert 
untersucht und eine Anwendung zur gaschromatogra- 
phischen Bestimmung des Cadmiums beschrieben. 

E X P E R I M E N T E L L E R  T E l L  

Die gaschromatographischen Untersuchungen werden 
mit einem Gaschromatograph Fractovap Serie 450, Modell 
GI (Fa. Carlo Erba) durchgeffihrt. Detektor: FID Typ 20. 
Es werden ausschlieBlich Glass~iulen verwendet, die, um 
eine Zerselzung tier Chelate am blanken Metali zu ver- 
meiden, weit in die EingangsSffnung des Einspritzblocks 
hinvintragen. Die Probe kann somit praktisch direkt in die 
Slule vingebracht werden. AUe benutzten LSsungsmittel 
und Chemikalien sind p.a. die L6sungen werden rnit hides- 
tiiliertem Wasser angesetzt. Zur Darstellung des Cbelat- 
bildners vgl. Citat 5. Die MetaUchelate (Diethyldithiophos- 
phinato= DEDTP) werden daraus durch einfachen 
Umsatz in w~ssriger oder alkoholischer I.~sung (Co-Verb.) 
mit einem OberschuB des Metalisalzes hergestelll ~.7 und 
durch Umkristallisieren gereinigt. Zur Bestimmung des 
Verteilungsverhaltens werden die Chelate in der 
organischen Phase gaschromatographisch bestimmt. Eich- 
kurven werden durch Einwaage reiner Chelate ira jewei- 
ligen L6sungsmittel aufgestelh. Die wiissrige Phase wird 
zuvor mit dem organischen LiSsungsmittel ges~ttigt. Es 
werden fo!gende Puffer benutzt: Kaliumhiph~at-Puffer s 
(pH 3--6), Puffer nach Theorell und Stenhagen s (Citrat/ 
Phosphat-Puffer), Borat-Puffer s (pH 7,7-8,5), Puffer nach 
Thiel, Schultz und Koch 9 (Bors~ure/q[3ernsteins~ure-Puffer) 
(pH 3-8), ESsigstitw¢/Acetat-Puffer. 

® Die vorliegenden Untersuchulagen wurden in dankens- 
werter Weise durch Mittel des Verbandes der Chemischen 
Industrie und der Deutschen Forachungsgemeinschaft 
ermSglicht. 

E R G E B N I S S E  

Das Verteilungsverhalten einiger Diethyidithiophos- 
phinat ochelat e 

Als L~sungsmittel wird Toluol gewiihlt, in einigen 
F~illen auch Chloroform. Die gaschromatogra- 
phischen Bedingungen bei den Verteilungsuntersu- 
chungen sind: S~ule GE SE 30,55% auf Chromosorb 
Q, 600x Z, Smm. Sh'ule/EinsprRzblocktemperatur: 
2200/250 °, beim Zink--Chelat 2000/245 °. Das Vertei- 
lungsverhalten wird mit Metallkonzentrationen yon 1 
bis 1,5 mg/ml und einem drei-, bcim Zink vier- und 
beim Nickel zehnfachen Reagenzfiberschul3 ermitteJt. 

Das Volumenverhiiltnis ( - ? )  w/issriger/organischer 
Phase ist eins. 

Die zur Einstellung der pH-Bereiche benutzten 
Puffer werden angegeben. Sie k6nnen tiber die mas- 
kierende Wirkung ihrer Bestandteile das Verteilungs- 
verhalten beeinflussen. 

Zink. Puffer: Kaliumbiphthalat (a); Borat (b); Puf- 
fernach Theorell und Stenhagen (c); nach Thiei, 
Schultz und Koch (d). Die Ergebnisse der Verteilungs- 
versuche zeigt Abb. 1. Bei Zugabe der ZinkliSsung zur 
gepufferten L6sung des Komplexbildners erfolgt keine 
sichtbare Ausf~Ulung des Zinkchelats. Die Extrahier- 
barker wird offensichtlich stark yon den Pufferbe- 
standteilen beeinfluflt. Ein Bernsteinsiiure-Bors~ure- 
Puffer (Thiel, Schultz und Koch) gibt die besten 
Ergebnisse. Versuche mit Chloroform als LiSsungsmit- 
tel und einem Essigs~iure-Acetat-Puffer ergeben einen 
iihnlichen Verlauf wie mit Puffer (d). Geht man zu 
griS~ren ?-Werten und zu kleineren Zink-Konzentra- 
tionen fiber, so verschlechtert sich die Ausbeute beim 
Ausschiitteln des Zinks. Auch durch Mehrfachextrak- 
tion ist keine vollst~indige Extraktion mehr miSglich. 
Erst bei griS~ren Zink-Konzentrationen (fiber 1-2 
ppm) erh~ilt man auch mit ? = lO dutch Mvhrfachex- 
traktion vine nahezu volisfiindige Extraktion des 
Zinkchelats, so dab die Aufstellung einer Eichkurve 
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Abb. 1. Verteilungsverhalten des Zn-DEDTP (s. Text). 
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Abb. 3. Verteilungsverhaiten des Pb-DEDTP (s. Text). 

nach folgender Arbeitsvorschrift m6glich wird. Zwan- 
zig ml der zu bestimmenden Zinkl6sung (mit fiber 
2 ppm Zn) wird zur Entfernung organischer Verun- 
reinigungen und zur S~ittigung mit L6sungsmittel 
mehrmals mit Chloroform ausgeschtittelt. Ansch- 
lieBend wird ein auf die h6chste MetaUkonzentration 
bezogener zehnfacher ChelatbildneriiberschuB zuge- 
setzt und mit 2 ml Chloroform ausgeschtittelt. Das 
Ausschiitteln wird noch zweimai mit je i mi des 
L6sungsmittels wiederholt. Die vereinigten Extrakte 
werden gaschromatographisch bestimmt. Die Bestim- 
mung des Zinks ist neben einem wenigstens zehn- 
fachen OberschuB an Blei, Cadmium und Nickel 
m6glich. Neben Magnesium-, Calcium- und Phos- 
phat-Ionen ist die Bestimmung des Zinks bei pH 3 
in einem Puffer nach Theorell und Stenhagen (s.o.) 
ebenfalls m6glich. 

Cadmium. Puffer: pH 3-6 Kaliumbiphthalat; pH 
7,8-11 Borat; pH 3-9 nach Theorell und Stenhagen. 
Die Ergebnisse zeigt Abb. 2. Im Gegensatz zum Zink 
fallt das Cadmium unter den Versuchsbedingungen 
als weiBer Niederschlag aus. Der optimale pH-Be- 
reich liegt zwischen 4 und 8, in dem Cadmium 

%E 

100 

90 
80 
70 
60 
50 
40 
30 
20 

10 
\ 

1 2 3 /, 5 6 7 8 9 10 11 pH 

Abb. 2. Verteilungsverhalten des Cd-DEDTP (s. Text). 

zwischen 96 und 98% im organischen Extrakt wieder- 
gefunden werden kann, was innerhalb der Me~ehler 
praktisch voilst~indige Extraktion bedeutet. Mit 
Chloroform und einem Acetatpuffer ist Cadmium im 
pH-Bereich 3-6 ebenfalls praktisch vollstiindig extra- 
hierbar. Mehrfachfxtraktionen mit y = 10, einem 
hundertfachen ReagenztiberschuB und Chloroform als 
organische Phase ergeben mit Cadmiumkonzentra- 
tionen yon 0,6 ppm bei bereits einmaligem Ausschiit- 
tein vollst~indige Extraktion des Chelats. 

Zn 

Cd 

I rain 

J 

X 

~B 

L.J 

Abb. 4. Bestimmung des Cadmiums neben e inem 
100-fachen Zink Oberschul3 (0,06 ppm Cd, sonst, s. Text, 

* = Verunreinigun8 des Reagenz).  
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Kobalt. Es konnte mit verschicdenen Puffern und 
Toluol als LSsungsmittei keine Verteilung des 
Kobalts in die organische Phase festgestellt werden. 
Wie beim Zink erfolgte keine sichtbare Chelatf'~illung 
in L6sung. 

Nickel. Im pH-Bereich 3-4 ist mit Toluol als 
LSsungsmittel eine ca. 7% ige Extraktion festzusteUen. 
Mit Chloroform und einem 10-fachen Ligandeniiber- 
schuB steigt die Extrahierbarkeit auf ca. 13%. Auch 
nach mehrmaliger Extraktion ist eine vollst~indige 
Abtrennung des Nickels dutch Verteilung nicht 
mtiglich. 

Blei. Puffer: Kaliumbiphthalat (a); Borat (b); nach 
Theorell und Stenhagen (c). Die Ergebnisse der Ver- 
teilungsuntersuchungen zeigt Abb, 3. 

Abgesehen vom pH-Bereich 7-9 ist eine praktisch 
vollst~indige Extraktion des Bleichelats m~glich. Die 
Verbindung ist lichtempfindlich, bei diffusem Tages- 
licht tritt bereits naeh ca. 45 min eine Zersetzung zu 
6% ein, 2 bei direktem Sonnenlicht erfolgt die Zerset- 
zung erheblich schneller. Man arbeitet daher mit 
SchUtteltrichtern aus braunem Gias und nimmt die 
Messungen mt~glichst schnell vor. Eine gaschromato- 
graphische Bestimmung des Bleis ist wegen der 
l~ingeren Retentionszciten des Pb-DEDTP 2 besser bei 
tempcraturprogrammierten Arbeitem miSglich. 

Verteilunosverhalten des Lioanden 

Die freie Diethyldithiophosphinsa'ure ist im Ver- 
gleieh etwa zur freien Diethyldithiocarbaminsiiure 
auflerordentlich best~indig. :'2 Das Natrium-Salz ist 
selbst in 15N Schwefels~iure wochenlang stabil. Bei 
den Verteilungsversuchen wurde festgestellt, dab 
besonders im Bereich pH I-3 Peaks auftreten, die 
aber mit mehrfach gereinigten Pr~iparaten kleiner 
werden. Ebenso verschwinden diese Peaks oberhalb 
pH 3. Je nach Verlauf der Pr~iparation des Chelat- 
bildners und nach Reinheit der Ausgangsprodukte 
ktinnen bei nicht ausreichend umkristallisierten Pro- 
dukten Peaks in der Niihe der Lt~sungsmittel auf- 
treten, die aber die gaschromatographische Bestim- 
mung der Metallchelate nicht beeintr~ichtigen (vgl. 
Abb. 4). 

Gaschromatottraphische Bestimmuny der Chelate 

Zur Optimierung der gaschromatographischen Be- 
stimmung werden L6sungen die das Nickel-, Zink- 
und Cadmium-Chelat gleichzeitig enthalten einge- 
spritzt. Die Ergebnisse mit verschiedenen S~ulen 
enth~ilt Tabelle 1. 

Die Autt6sung R wird naeh Leibnitz und Struppe :° 
als 

R = 1,177(tR2 - tRt)/(:bo.s + 2he.s) 

angegeben. Als optimale S~iule wird fur die weiteren 
Bestimmungen die OV 210 (10%) Siiule beibehalten 
(600 x 2,5 ram). Gaschromatographische Eichkurven 
ffir L6sungen dieser Chelate in verschiedenen 
L6sungsmittel (Chloroform, Toluol, l,l-Dichioriithan, 
Tetrachlorkohlenstofl) waren im Bereich 30-10001~g 
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Chelat/ml linear. Beim S~ittigen der L6sungen des 
Zink-Chelats mit dem Komplexbildner (Natrium- 
Salz) konnte die Bestimraungsgrenze um das zehn- 
fache erniedrigt werden. Die Reproduzierbarkeit der 
gaschromatographischen Bestimmung reiner Chelat- 
16sungen ist je nach Spritzentyp, Einspritzvolumen 
und Auswerttechnik 1,5-9% (relative Standardabwei- 
chang aus 6-10 Einzelmessungen). Bei Auswertung 
gegen einen inneren Standard, hier tier ges~ttigter 
Kohlenwasserstoff C2s (Fa. GC Accessories, Darm- 
stadt), wird die Reproduzierbarkeit besser. 

Die gaschromatographische Bestimmung sehr 
kleiner Metallmengen in w~tssriger L6sung nach 
Ausschiitteln ihrer Diethyldithiophosphinatoche|ate 
ist nach obiger Darstellung f'tir das Cadmium 
m6glich. 

Bestimmun# des Cadmiums 

Zehn ml tier Ltsung, die 0,03 bis 0,3 ppm Cd 
entb.~lt und einen pH-Wert yon 3--6 besitzt, wird mit 
1 ml dor Reagenzltsung (310 mg Natrium-Salz/25 ml) 
versetzt und driemal mit I ml Chloroform aus- 
geschfittelt (ffinfmal bei Gehalten unter 0,1 ppm). Die 
Mehrfachextraktion gew~ihrleistet auch ein sicheres 
Sammdn der mechanisch verteilten Trtpfchen der 
organischen Phase. Die organischen Extrakte werden 
anschlieBend bei 70 ° (Aluminium-Block) in geeigneten 
Giasgef~iBen (vgl. Citat 11) eingedampft und mit 
0,05 ml Chloroform, das 0,4 mg C2s/ml enth~ilt, auf- 

genommen und davon I #1 eingespritzt. Ausgewertet 
wird das Verh~ltnis Peakh6he x Retentionzeit (Cd)/ 
Peakhthe x Retentionzeit (i.St.). Die Bestimmung des 
Cadmiums ist nach diesem Veffahren neben einern 
wenigsten 100-fachen Zinkiibersehufl mtglich, wie 
Abb. 4 ausweist. Bei htheren Zinkkonzentrationen 
muff der Reagenztiberschufl entsprechend erhtht 
werden. 
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Summary--The partition behaviour of the diethyldithiophosphinate chelates of Cd, Zn, Ni and Pb 
in the water/toluene (chloroform) system is investigated by gas chromatography. The determination 
of Cd as the diethyldithiophosphinate complex in aqueous solution in the range 0.03-0.3 ppm is de- 
scribed. 
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Summary--The band vector and representative-space transformation concept was applied to character- 
ize the fine structure of Fe L~1,2 (valence band) spectra of different iron compounds for their direct 
identification. 

The direct identification of solids by evaluation of 
the fine structure of X-ray valence-band spectra has 
received considerable attention from physicists and 
analytical chemists. 1 If an electron beam is used for 
excitation of the X-ray signal then the analytical in- 
formation arises from a volume which is a few /zm 
in diameter and depth. This allows the microanalysis 
of a compound to be performed in situ. z The main 
limitations for the routine use of the direct identifica- 
tion of compounds or phases in a heterogeneous solid 
are the small differences in the fine structure of the 
X-ray spectra of the individual compounds, the loss 
of small (but characteristic) features in the spectral 
(statistical) noise, and the difficulties in recording the 
spectra and the measurement of their features with 
high accuracy and precision. In order to overcome 
these limitations, a concept for the analytical use of 
X-ray valence-band spectra has been proposed, based 
on the application of digital measurement techniques, 
mathematical smoothing (over suitable energy inter- 
vals), characterization of the spectral fine structure 
by means of a band vector and transformation of the 
information contained in the vector into two-dimen- 
sional space, thus allowing visual distinction between 
different compounds, a This approach has been tested 
with copper compounds, Most of the 14 compounds 
tested could be identified unequivocally on the basis 
of the evaluation of the Cu L, L2 line. It is the pur- 
pose of this paper to describe further applications of 
this technique. Iron compounds were chosen because 
the Fe L~ t. 2 spectra are of interest in the determina- 
tion of the. oxidation state of Fe in oxides, s-7 The 
evaluation of the Fe L,t,z spectra has been limited 
to this specific task, though the direct identification 
of the compounds (which is much more difficult) is 
important in the study of minerals, meteorites or 

other materials containing phases consisting of iron 
compounds. The separate steps involved in the analy- 
sis are discussed below. 

Digital recording 

In order to achieve high precision and accuracy 
in the measurement of the spectra a digital spec- 
trometer scanning technique must be used. The high- 
resolution crystal spectrometer is operated in a step- 
wise manner with the aid of a computer. In this mode 
the wavelength increment between the individual 
points of measurement of the  X-ray intensity can be 
kept sufficiently small and a high X-ray intensity at 
each wavelength can be maintained with a measure- 
ment time of a few seconds. The statistical noise is 
thus significantly reduced compared with that 
obtained by conventional analogue recording." 

In our experiments, an electron microprobe of the 
type ARL-SEMQ coupled with a PDP 11-05 com- 
puter was used. The wavelength region of interest ~as 
scanned with an RAP-crystal in wavelength incre- 
ments of 0.000649 A, or a multiple of this. The 
measurement time at each wavelength was either 2 
or 4 sec, giving a total recording time for each spec- 
trum of 10-20 min. The spectra (represented as inten: 
sity vs. wavelength) were punched on paper tape and 
processed further with a CDC CYBER 74 computer. 

Figure I shows the computer-plot of the digitally 
recorded Fe L~t,2 spectra of pure Fe and 8 different 
compounds (defined mineral phases). Although some 
characteristic features, such as the small peak-width 
for pure iron, pyrite and marcasite and the larger 
widths for the other compounds can be visualized, 
it is impossible to distinguish different compounds by 
visual comparison. Even if the parameters normally 
used for the characterization of spectra (wavelength 
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Fig. 1. Fe L=t.2 Spectra of pure iron and iron compounds. Analytical conditions: electron microprobe 
analyser, ARL-SEMQ; excitation energy, 7 keV (in order to avoid interferen¢~ by Fe K= in 9 th order); 
sample current 600 nA, Area scanning technique (30 x 30 pro); RAP-crystal; wavelength increment, 

0.000649 A; Measuring time per increment, 2 sec. 

of intensity maximum, half-width and asymmetry 
number) were to be determined, the unequivocal iden- 
tification of a compound on the basis of evaluation 
of its Fe L=l.z spectrum alone would not be possible. 

Smoothing 

The smoothing of the spectra serves to reduce the 
statistical fluctuations which determine the accuracy 
and precision of representation of the fine structure. 
The "Least Squares Polynomial Smoothing" algor- 
ithm of Savitzky and Golay s proved to be best suited 
for this purpose. 4 The effect achieved is that the error 
of determination of a spectral parameter is reduced 
by a factor which is equal to the square root of the 
number of wavelength increments (steps) over which 
the smoothing is carried out. Mathematical smooth- 
ing over, e.0., 25 increments therefore corresponds to 
an improvement of the statistical error similar to that 
achieved by 5 repetitive measurements of the same 
spectrum. The problem associated with this procedure 

is that the smoothing interval must be accurately 
optimized according to the spectral resolution the fea- 
tures to be detected, in order to prevent the loss of 
information caused by using smoothing intervals that 
are too large. 

Band vector 
i 

For accurate and precise characterization of the 
fine structure of a spectrum the function of intensity 
vs. peak-width can be used. This function is then 
represented by 8 o r  9 points, each corresponding to 
the peak-width at intensities which are 10, 20 . . .  90% 
of the maximum intensity. These values of the peak- 
width form a set of numbers which is characteristic 
of the structure of the spectrum and of the compound 
responsible for the X-ray line measured. ~ This set of 
numbers can be represented by an 8- or 9-dimen- 
sional vector, which means that the spectrum is char- 
actcrized by a point in 8- or 9-dimensional space. 
Spectra of different compounds showing differences 
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Fig. 2. Schematic representation of band vector concept. 
A, B, individual compounds; b~ 's, band vectors-of com- 
pounds A and B; i =  1, 2, 3...individual recordings of a 
spectrum; m, distance between the average values of the 

band vectors of compounds A and B. 

in fine structure are located at different places in the 
space, the distance between points being characteristic 
of the differences in spectral structure. The repetitive 
recording of the spectrum of one compound leads to 
a duster of points in vectorial space, the distance 
between the points being determined by the precision 
of the measurement of the spectral features (Fig. 2). 
The confidence interval of the determination of the 
features is thus represented by the diameter of a 
sphere which encompasses the cluster according to 
the statistical criteria defined. The relation between 
the diameter of the sphere and the distance between 
the centres of the spheres determines the statistically 
proved distinguishability of the spectra and as a con- 
sequence, of the compounds investigated. For the 
determination of the iron compounds, a n  8-dimen- 
sional vector was used, given by the width of the Fe 
Lal,2 peak at 20, 30, 40, 50, 60, 70, 80 and 90% of 
the maximum intensity. A lowest intensity value of 
20% was chosen so that for all compounds the back- 
ground intensity would be smaller. 

Representative-space transformation 

Although the representation of the structure of a 
spectrum by an 8- or 9-dimensional vector is suitable 
for the characterization of the compound, it has the 
disadvantage that it cannot be visualized. In order 
to visualize differences in the structure of the spectra 
and to distinguish between the compounds it is 
necessary to transform the information from 8- or 
9-dimensional space into 2- or 3-dimensional space. 
This can be achieved without losing the characteristic 
information, i.e., the diameter of the spheres (repre- 
senting a spectrum) and the distance between the dif- 
ferent spheres, by applying the concept of "Represen- 
tative-Space Transformation", developed by Lin and 
Chen. 9 

The representative-space transformation is carried 
out by relating the spectral points in multidimen- 
sional space to a pair of auxiliary spectral functions 
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and representing the ratios of the distances in, e.g., 
2-dimensional space. In 2-dimensional representation 
each spectrum is characterized by a point described 
by the co-ordinates p* and p[, which correspond to 
the average values of the spectral parameters, and by 
a circle, the diameter of which indicates the precision 
of the measurement. The distances between the circles 
represent the distinguishability. 

More details about the application of the represen- 
tative-space transformation concept for X-ray val- 
ence-band spectra are given in an earlier paper. 3 For 
the transformation of the 8-dimensional vectors repre- 
senting the structure of the Fe L~I., line into 
2-dimensional space, pairs of Gauss, Lorenz and 
triangle functions were used as auxiliary functions. 
They were defined according to the criteria that the 
half-widths of the functions 0.13 and 0.07A, were 
slightly larger and smaller, respectively, than the half- 
widths of the Fe Lzl,2 lines. 

Figure 3 contains the 2-dimensional representation 
of the Fe L~L2 spectra shown in Fig. 1. Each spec- 
trum was recorded 5 times. The circles represent the 
99% confidence limit of identification. It is evident 
that the characterization procedure for valence-band 
spectra reported here is sensitive enough to describe 
the fine structure of the spectra to such an extent 
that every compound can be distinguished from any 
other compound, although the visual differences in 
spectral structure, are slight. 

Those groups of spectra which show clear visual 
differences, such as those obtained from compounds 
giving narrow Fe L~.2 peaks (pure Fe, pyrite and 
marcasite) and broad peaks (the other compounds), 
show a large distance between their representation 
points. This gives an impression of the magnification 
of spectral differences obtained by mathematical pro- 
cessing of the spectra. 

The sensitivity of distinction between different spec- 
tra is also evident from the fact that similar com- 
pounds, which show only a small difference in stoi- 
chiometry (such as FeS and FeSL~) can be clearly 
distinguished. It would be difficult to differentiate 
between FeS and FeSLI by quantitative elemental 
analysis of Fe and S with an electron microprobe. 
because of the small difference in composition 
(63.53% Fe in FeS and 61.30% Fe in FeSLl). 

A further advantage of the evaluation of the X-ray 
valence-band spectrum is that not only can informa- 
tion about the identity of the compound present be 
obtained, but also structural information, because the 
valence-band structure is influenced by the geometri- 
cal arrangement of the atoms. This can be seen from 
the different representation of cubic FeS2 (pyrite) and 
rhombohedral FeS2 (marcasite). Compounds with dif- 
ferent structures can be clearly differentiated. 

This is evidence that the measurement and evalu- 
ation of X-ray valence-band spectra (as described 
here) opens up the possibility of identifying very small 
changes in spectral structure at a high confidence 
level. This provides the basis for studying many minor 



768 S. KO~tlNA. M. GRASSERBAUER and H. DRACK 

60' 

50' 

40. 

201 

'0. 

-3; -2b -,b 
-10, 

-20 

g e S  2 - Marcasite 30 
( ~  - . 

res2-®® Fe -40 
Pyrite 

7kV; 600 ru~ 

Fo3o  </ : >ro2o3 
cuF.s2 eo 

~)  F'eS- t~teorite 

Q FeSij Pyrrhotite 

' I 

Fig. 3. Characterization of iron compounds in representative space. Diameter of circles corresponds 
to a confidence level of 0.99. 

influences on the spectra, and from an analyt ical  
viewpoint, of evaluating these very small spectral fea- 
tures to obtain information, inaccessible by other 
means, concerning important properties of sample 
materials. 
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KINETISCH-KATALYTISCHE BESTIMMUNGEN 
IN EINEM ZWEIPHASENSYSTEM UNTER 

V E R W E N D U N G  EINES FALLROHRES 

HERBERT WEISZ and WOLFGANG MEINERS 
Lehrstuhl fiir Analytische Chemie, Chemisches Laboratorium der Universifiit Freiburg, 

I:b78 Freiburg i.Br., Bundesrepublik Deutschland 

(Einoeoanoen am 19. Oktober 1978. Anoenommen am 16. November 1978) 

Zusammenfassuag~--Eine einfache Methode zur Durchfiihrung kinetisch-katalytischer Ikstimmungen 
wird beschrieben, bei welcher die Reaktionspartner in zwei fliissigen miteinander nicht mischbaren 
Phasen gel6st sind. Tropfen der spezifisch schwereren Phase fallen dutch die leichtere, weiche in einem 
vertikalen Glasrohr ("Falirohr") enthalten ist. Wiihrend des Fallens kommen die Reaktamen 
miteinander an der Phasengrenzfliiche in Kontakt, was zu einer Vertinderung des Tropfens f'tihrt. Die 
FallhiShe his zur Vollendung der Reaktion ist ein MaB ftir die Katalysatorkonzentration (z.B. Entfiir- 
bung des Tropfens in der Bestirnmung yon Kupfer mR Hilfe der Eisen(Ill)-Thiosulfatreaklion). Wenn 
als Reaktionsprodukt ein Gas (N,, 02) entsteht, welches am fallenden Tropfen sorbiert bleibt, dann 
steigt der Tropfen wieder auf. Sowohl Falltiefe als auch die Zeit, die der Tropfen ben~Stigt, bis er 
wieder am oberen Ende des Fallrohres ankommt, stellen ein MaB for die Katalysatorkonzentration 
dar (z.B. Bestimmung yon Thiosulfat mR der Jod-Azidreaktion und yon Kupfer als Katalysator der 
Zersetzung yon Wasserstoffperoxid). 

Bei der zu beschreibenden Methode werden die 
Reaktionspartner in zwei fliissigen miteinander nicht 
mischbaren Phasen angewendet. Die leichtere der 
beiden Phasen befindet sich in einem etwa 1-m langen 
vertikalen Glasrohr ("Fallrohr"). Die andere, schwere- 
re Phase fiillt tropfenweise yon oben durch die leich- 
tere rubende Phase im Fallrohr nach unten. Wiihrend 
dieses Fallens kommen die Reaktanten an der 
Phasengrenzfliiche miteinander in Kontakt und die 
entsprechende Reaktion l~iuft ab, was zu einer visuell 
erkennbaren Vedinderung des Tropfens (z.B. Farbiin- 
derung) Rihrt. 

Hier soil die Anwendung dieser Technik ftir kine- 
tisch-katalytische Analysenmethoden diskutiert 
werden. Die Reaktanten reagieren miteinander unter 
sonst gleichen Bedingungen je nach der Konzen- 
tration des zu bestimmenden Katalysators unter- 
schiedlich schnell. Je mehr Katalysator im System 
vorhanden ist desto eher (d.h. also nach desto 
kiirzerer FaUtiefe!) wird eine bestimmte Menge eines 
Reaktanten verbraucht oder eine bestimmte Menge 
des Reaktionsprodukt gebildet ("fixed concentration 
method"); dies bedeutet, dab sich aus der Falltiefe 
die Konzentration des Katalysators bestimmen liiBt. 
Der Katalysator, also die Probe, kann je nach dem 
Reaktionssystem in der ieichteren, ruhenden oder in 
der schwereren fallenden Phase enthalten sein. 

Drei Beispiele sollen im weiteren diese neue Metho- 
de illustrieren. 

E X P E R 1 M E N T E L L E R  T E l L  

Abbildung 1 zeigt eine schematische DarsteUung der ver- 
wendeten Apparatur: das Fallrohr (a) wird yon unten mit 
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der leichteren L6sung (Pl) geftillt. Durch die geeignete Stel- 
lung der beiden Dreiweghiihne (b und c) wird die jeweils 
leichtere Phase mit Hilfe einer Koibenspritze (e) aus dem 
Vorratsbeh~iter (d) bis etwa 1 cra unter den oberen Rand 
des Fallrohres gedrtickt. 

b 0 J e 

i | 

I 

Abb. 1. Schematische Darstellung der Apparatur. 
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Die zweite schwerere Phase (Pz) wird tropfenweise, z.B. 
mit einer Kolbenbiirette (f) (lnfusionspumpe, Fa. Braun, 
Melsungen) durch die Kapillarspitze (g) direkt in die erste, 
leichtere Phase eingebracht. Durchmesser und Form dieser 
Spitze bedingen die GrtiBe, die Geschwindigkeit der Kol- 
benbiirette (z.B. 75 #l/min) die zeitliche Folge der Tropfen. 
Bei gleicher Tropfengr~Be ist die Failgeschwindigkeit der 
Tropfen durch das Dichteverhiiltnis der beiden Phasen 
regelbar. Soil etwa ein Tropfen der schwereren organischen 
Phase dutch eine leichtere w~iBrige Phase fallen, so kann 
z.B. durch das Mischungsverhifltnis yon Chloroform und 
Petroliither die Dichte der organischen Phase variiert 
werden. 

L~iuft eine Reaktion verl~fltnismiiBig langsam ab (Re- 
tinge Katalysatorkonzentration), dann ist zur Erzielung 
einer ausreichend langen Reaktionszeit eine eher langsame 
Fallgeschwindigkeit und somit ein nur geringer Unter- 
schied der Dichten der beiden Phasen wiinschenswert. Die 
ablaufende Reaktion muB ja im (oder am) Tropfen eine 
erkennbare Veriinderung liefern, ehe dieser das untere 
Ende des Fallrohres erreichL 

Bei den hier beschriebenen Beispielen wird diese Vertin- 
derung ausschlieBiich visuell beobachtet. Zwei Ph~inomene 
werden zur Indikation herangezogen. 

Ein gasfdrmiges Reaktionsprodukt (Stickstoff, Sauer- 
stofl) wird bevorzugt an der Tropfenoberfliiche sorbiert 
und macht den Tropfen spezifisch leichter, so lange, his 
er nicht mehr weiter f~iilt, sondern nach einem Stilistand 
wieder aufsteigt. MeBgffiBe ist die Falltiefe (Fallweg) des 
Tropfens oder die Zeit bis der Tropfen wieder am oberen 
Ende des Fallrohres angelangt ist. 

Als zweites Ph~inomen dient die Entfdrbung des fal- 
lenden Tropfens; MeBgr6Be ist hier die dazu ben6tigte 
Falltiefe. 

Bestimmuno yon Thiosulfat 
ThioSulfat katalysiert die Reaktion von Jod mit Azid 

zu Jodid und Stickstoff. ~'~ 
Zur Bcreitung der leichteren w~iflrigen Phase werden 

jeweils 10 ml ¢iner Natriumazidi6sung (10 g NaN3 + 15 g 

NaJ + I-I20 ad 1000 ml) mit 5 ml der zu bestimmenden 
Thiosulfatl6sung versetzt; davon werden 12 ml in das Fall- 
rohr (95 cm lang, ~ 4 mm innerer Durchmesser) gegeben 
wie w¢iter oben beschrieben. Der Fliissigkeitsspiegel steht 
etwa I cm unter dem oberen Rand, die Kapillare taucht 
1 cm tier in die w~iBrige L6sung ein. 

Eine ges§ttigte L~sung yon Jod in Chloroform ist die 
sehwerere Phase; sie wird durch die Kapillare tropfenweise 
eingegeben. Etwa alle 1,5 see f~illt ein Tropfen (ca. 3 #h 
75/zl/min Pumpgeschwindigkeit). Nach je 2 Tropfen wird 
die Biirette gestoppt und das Fallen der Tropfen beobach- 
tet; dies wird 5-10 mal wiederholt. 

Wiihrend ein Tropfen der Jodl6sung durch die w~i8rige 
Phase f~illt, welche Azid und den Katalysator entl'fiflt, l~iuft 
die Reaktion ab; der dabei entstehende Stickstoff wird 
bevorzugt am Tropfen sorbiert, der Tropfen (CHCI 3 + N2) 
wird insgesamt fortschreitend spezifisch leifhter so lange 
his er die Dichte der ihn umgebenden wiiBrigen Phase un- 
tersehreitet und wieder aufsteigt. 

Je h6her die Konzentration des Katalysators Thiosulfat 
ist, desto schneller verPiuft die Reaktion, desto weniger tief 
f~illt der Tropfen, desto schneller kommt er oben (bei der 
Kapiilarspitze) wieder an. Daher sind sowohl Falltiefe (in 
cm), als auch Rfickkehrzeit (in see) ein MaB f'ur die Kataly- 
satorkonzentration. 

Abbildung 2 zeigt die mit Thiosulfat-Standardl6sungen 
erhaltenen Eichkurven (47-470 pg $20~-/12 ml). Die 
MeBwerte sind jeweiis Mitteiwerte aus der etwa zehnfachen 
Wiederholung der Beobaehtung yon je 2 Tropfen. Tabelle 1 
zeigt die Resultate' der Bestimmung yon Thiosulfatproben. 

Thioharnstoff, welcher gleichfalls die Jod-Azidreaktion 
katalysiert, wurde bei gleicher Arbeitsweise (12-120/~g/12 
ml) bestimmt. 

Bestimmun 0 yon Kupfer als Katalysator des Zerfalls yon 
Wasserst offpero xid 

Kupfer ais Tetramminkomplex katalysiert den Zerfall 
yon Wasserstoffperoxid, wobei Sauerstoff gebildet wird. 3'4 
Auch in diesem System wird wieder das Aufsteigen des 
Tropfens durch das gasf'6rmige Reaktionsprodukt bewirkt. 
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Abb. 2. Eichkurven zur Bestimmung von Thiosulfat; A = Auswertung der Falltiefe; B -: Auswertung 
der Riickkehrzeit. 
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TabeUe 1. Bestimmung yon Thiosulfat (alle Werte in #g 
s2o~ ' /12  ml) 
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Tabelle 2. Bestimmung yon Kupfer (alle Wefts in /ag 
Cu2+/10 ml urspriinglicher w~sriger Probel6sung) 

gegeben 48 61 90 99 179 198 273 368 396 472 gegeben 10 18 24 32 40 50 59 70 82 98 

gefunden 48 61 87 99 188 221 283 354 401 458 gefunden 10 24 25 31 35 50 60 67 80 100 
aus der aus der 
Falltiefe Falltiefe 

gefunden 49 60 90 96 175 215 295 360 388 430 gefunden 10 20 28 33 40 48 60 70 85 110 
aus der aus der 
Rtickkehrzeit Rtickkehrzeit 

In diesem Beispiel aber befindet sich der zu bestimmende 
Katalysator selbst in der schwereren Phase: I f  mi der 
w~ifrigen Kupferl6sung werden mit 2 ml einer Dithizonl~- 
sung (50 rag Dithizon in einer Mischung aus 200 ml 
Chloroform mit 40 ml Dichlor~ithan) extrahiert. Der so 
erhaltene Extrakt wird mittels der Kolbenbiirette durch 
die w~ifrige leichtere Phase (H202 30% + 2M Ammoniak 
3: l) tropfen gelassen (Tropfenvolumen ca. 2,2/~1). 

Der bei der Reaktion gebildete Sauerstoff wird am 
Tropfen sorbiert und bewirkt Stillstand und Wiederauf- 
steigen des Tropfens. Ausgewertet werden wiederum Fall- 
tiefe und Riickkehrzeit. Die Eichkurven sehen sehr ~ihnlich 
aus wie die im vorhergehenden Beispiel. 

Die Standardl6sungen enthalten 10 bis 100 /~g Kupfer 
in 10 ml urspriinglich wiifriger L~sung; dies bedeutet, daft 
in den einzelnen Tropfen jeweils nur etwa 10-100 ng Cu 
enthaiten sind. 

Tabelle 2 gibt einige Ergebnisse solcher Bestimmungen. 

Bestimmun O yon Kupfer als Katalysator der Reduktion yon 
Eisen(lll)  durch Thiosulfat s 

In diesem Beispiei wird die Entf'~irbung des fallenden 
Tropfens visuell beobachtet. Kupfer katalysiert die Reduk- 
tion yon Eisen(III) durch Thiosulfat; tier Ablauf der Reak- 
tion wird durch das Verschwinden der Rotflirbung yon 
Eisen(III)thiocyanat (in der schwereren organischen Phase) 
erkannt; der zu bestimmende Katalysator (Cu) befindet 
sich gemeinsam mit Thiosulfat in tier leichteren w~iBrigen 
Phase. 

Zur Bereitung der organischen Phase werden 1 g 
Kaliumthiocyanat und 1 g Eisen(III)chiorid (FeCla-2H20) 
in 50 ml dest. Wasser gel~st: Eisen(III)thiocyanat wird mit 
25 ml ,~ther extrahiert. Die ~itherische LSsung wird mit 

50 ml Wasser einmal gewaschen und dann mit 50 ml 
Chloroform und 40 ml Aceton versetzt. 

Die Zusammensetzung der organischen Phase hat fol- 
gende Griinde: Eisen(III)thiocyanat l~t~t sich besonders gut 
mit ~,ther extrahieren. Um die nt~tige Dichte ZU erhalten, 
muBte Chloroform zu dieser L6sun.~ zugesetzt werden. 
Dann ergab sich allerdings, daft der Ubergang des Eisens 
in die w~ifrige Phase nicht ausreichte. Durch Hinzufiigen 
yon Aceton konnte der zur Reaktion n~tige Kontakt 
erreicht werden. 

Die organische Phase wird in die Glasspritze (Infusions- 
pumpe) geftillt, sie ist nur wenig spezifisch dichter als die 
w~iBrige Phase, daher fallen die Tropfen sehr langsam (72 
cm/min). 

Die w~iBrige Phase ist eine Mischung von 30 ml einer 
0,1M Thiosulfatl~sung mit 10 ml der Kupfer-Probel~sung; 
25 ml dieser Mischung werden in das Glasrohr (110 cm 
lang, ca. 5,5 mm innerer Durchmesser) gefiilit. 

Die Eisenl~isung im organischen Medium wird mit 50 
#i/rain in die w~ifrige Phase gepumpt. AIle 5 sec fdllt ein 
Tropfen (ca. 4/~1) ab. Nach ieweils 4-6 Tropfen wird die 
Pumpe wieder gestoppt, um die Entt'~bung der fallenden 
Tropfen zu beobachten. 

Die Entfdrbung der Tropfen wird gegen eine beleuchtete 
weiSe Fl~iche beobachtet. 

Die Fallstrecke entspricht einer Fallzeit (Reaktionszeit). 
Gemessen wird die Strecke his der Tropfen eine immer 
gleiche schwache Gelbfdrbung erreicht hat. Dieser Farbton 
ist besser zu erkennen als die volist~indige Entfdrbung. 

Die in Abb. 3 gezeigte Eichkurve wurde mit Kupferl& 
sungen erhalten, die in dem Volumen, das zur Messung 
verwendet wird, 62,5-625 pg Cu gel~st enthalten. Tabelle 3 
zeigt einige Ergebnisse yon Kupferbestimmungen. 
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Abb. 3. Eichkurve zur Bestimmung yon Kupfer (Enffdrbung). 
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Tabelle 3. Bestimmung yon Kupfer (alle Werte in #g 
Cu2 +/25 ml) 

gegeben 63 87 144 238 266 338 406 463 544 609 
gefunden 66 88 163 222 281 344 438 525 500 613 

DISKUSSION 

Wie die Ergebnisse (vgl. Tab. 1-3) zeigen, erlaubt 
die yon uns als "Fallrohrtechnik" bezeichnete Meth- 
ode die bequeme Durchfiihrung yon kinetisch-kata- 
lytischen lks t immungen mit zufriedenstellender 
Genauigkeit. Wenn der zu bestimmende Katalysator 
in der leichteren (in den angef~hrten Beispielen also 
in tier w~iBrxgen) Phase vorliegt, ist natfirlich die Emp- 
findlichkeit viel geringer als in jenen F~illen, bei denen 
der fallende Tropfen selbst den Katalysator enth~ilt. 

Die an sich wohl schon r ~ h t  einfache Versuchs- 
anordnung kann noCh welter vereinfacht werden; so 
kann etwa die Tropfenzugabe auch mit Hilfe einer 
manuell bedienten Kolbenbfirette erfolgen. 

Als Fallrohr kann ein einfaches Glasrohr ohne jede 
Vorrichtung zum Ffillen dienen, doch ist die in Abb. 1 
(b-d) dargestellte Anordnung bequemer und erm6g- 

iicht vor aUem einen raschen Wechsel der leichteren 
Phase. Es sei darauf hingewiesen, dab die Erneuerung 
der Phase im Glasrohr (die ja off den zu bestim- 
menden Katalysator enth~ilt) wohi leicht auch kon- 
tinuierlich (ira Durchflul3) ausf'dhrbar ist. 

Zum SchluB sei noch erw~ihnt, dab in unserem 
Arbeitskreis einige katalytisch-kinetische Bestim- 
mungen in einera Reaktionssystem mit zwei ruhenden 
fltissigen tibereinandergeschichteten nicht mischbaren 
Phasen ausgeftihrt wurden. Die Verfolgung des Reak- 
tionsablaufs geschah thermometrisch; in jede der 
beiden Phasen tauchte dabei ein Thermistor. Das 
Maximum tier auftretenden Teraperaturdifferenz stellt 
ein MaB dtir die Konzentration des zu bestimmenden 
Katalysators dar. 6 
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Sammm'y--A rather simple method for kinetic-catalytic determinations is described, in which the reac- 
tants are dissolved in two immiscible liquid phases. Drops of the heavier phase fall through the lighter 
one contained in a vertical glass tube. As the drops fall, the reactants come into contact with each 
other at the interface, thus causing a change in the drops, The length of fall needed for completion 
of reaction is a measure of the concentration of the catalyst (e.g., decolorization of the drops in the 
determination of copper by the reaction between iron(III) and thiosulphate). If a gaseous reaction 
product is formed (e.g., N2 or 05) and adsorbed on the falling drop, then the drop stops falling 
and rises again. The depth of fall or the time needed for the drop to return to the upper end of 
the tube can be used as a measure for the concentration of catalyst (e.g., determination of thiosulphate 
with the iodine/azide reaction, or of copper as catalyst for the decomposition of hydrogen peroxide). 
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(Eingegangen am 30. Januar 1979. Angenommen am 14. Februar 1979) 

Znsammeafasmng~Die Verdtinnung der Probe in der fliissigkeitschromatographischen S~ule nimmt 
quadratisch mit dem lnnendurchmesser der S~ule zu, falls alle anderen Parameter konstant gehalten 
werden. Sind die Probemengen (-volumina) sehr klein, k6nnen die getrennten Komponenten nicht 
mehr nachgewiesen werden. Fiir gefmge Probemengen w~ren die irtegul~ir gepackten Kapillarkolonnen 
mit einem Innendurchmesser welt unter I mm die ideale L6sung. Da die Masse der station~ren Phase 
pro Volumeneinheit in diesen S~ulen sehr gering ist (kleine k'-Werte und groBe Totzeiten), werden 
die Analysenzeiten and die Verdiinnung der Probe im Eluenten groB und es treten wesentlicbe appara- 
tire Schwierigkeiten auf. Apparatur and Methode for die Packung yon Glassiiulen mit einem lnnen- 
durchmesser yon 1,3 mm his 2 mm werden beschrieben. Die S~ulen werden mit Silikagel und mit 
Umkehrphasen (d r -- 10 /~m) gepackt und es werden h/dfWerte zwiscben 2,5 and 4 erzielt. Wie bei 
den S~iulen mit grSBerern Innendurchmesser sind die h-Werte for die beiden station~ren Phasen sehr 
iihnlich (Eluent: n-Heptan und Methanol). Es wird gezeigt, dab die cls- und trans-Isomeren der Abscisin- 
stiure getrennt werden k~nnen bei einer Probemenge yon 10-to g, allerdings sind die molaren Extink- 
tionskoeflizienten groB. 

Bei der "Spurenanalyse" in der Fltissigkeits-Chroma- 
tographie sind zwei grunds~tzlich verschiedene Pro- 
bleme zu unterscbeiden. 

I. Die Konzentration einer oder e/niger Kom- 
ponenten in der Probe ist gering, es stehen jedoch 
praktisch unbegrenzte Probemengen zur Verf'tigung. 
In diesem Fall kann man mit beliebigem S~iulen- 
durchmesser arbeiten solange die Belastbarkeit der 
SSule (d.h. Probemasse pro Gramm station~ire Phase) 
konstant gehalten wird. Typisches Beispiel for diesen 
Fall ist die Bestimmung von organischen Verunreini- 
gungen in Wasser, wobei das Problem der Aufkon- 
zentrierung hier nicht diskutiert werden soil. 

II. Die zur Verf'tigung stehende Probemenge ist 
auBergewShnlich klein. Derartige Probleme treten in 
der Biologie oder der Medizin des 6fteren auf. Hier 
sind Heine Stiulendurchmesser gefordert, um die un- 
erwiinschte Verdiinnung der Probe im Eluenten 
(Detektionsprobleme) zu vermeiden) 

Bisher gait es als Effahrungstatsacbe, dab ¢lie Efli- 
zienz der gepackten S~ulen mit einem Innendurch- 
messer yon weniger als 3 mm mit abnehmendem In- 
nendurchmesser auBergew~hnlich stark sinkt. 2.3 In 
dieser Arbeit soil eine Packungsmethode beschrieben 
werden, die die Herstellung yon S~iulem mit i.D. yon 
1,3 mm his 2,1 mm--ohne Verlust an Effizienz und 
Permeabilit~t--zul~iBt. 

SYMBOLVERZEICHNIS 

A* Konstante in GL (4) 
C* Konstante in GI. (4) 
d, lnnendurchmesser der Stiule 
Dm Diffusionskoeffizient der Probe im Eluenten 

d r Teilchendurchmesser 
F VolumenfluBgeschwindigkeit 
h HSheniiquivalent eines theoretischen Bodens 
h ÷ h-Wen fiir u = I mm/sec berechnet 
K Permeabilit~it 
k' Kapazifiit sver h~iltnis 
K~ Permeabilit~it auf die Leerrohrgeschwindigkeit 

bezogen 
L. Siiulenl[inge 
N Zahl der effektiven B6den 
n Zahl der theoretischen Biklen 
r Siiulenradius 
s Probemasse 
u lineare Geschwindigkeit 

relative Retention 
Ap DruckabfaU 
~T totale PorositSt 
• ~ molarer Extinktionskoefliziem 
t/ Viskositiit 
w Standardabweichung des Peaks in Volumeneinheiten 

Diese S~ulen sollen mitProbenvolumina yon 1 bis 
10 #1 beschickt werden k6nnen, da diese Volumina 
experimentell bequem handhabbar sind. Weiterhin 
soUte die chromatographische Apparatur weitgehend 
aus handelstiblichen Bauelementen zusammengestellt 
werden. 

In der Fliissigkeits-Chrornatographie kann erfah- 
rungsgemiifl* eine SSule dann als gut gepackt betrach- 
tet werden, wenn ihre Effizienz mit der Gleichung: 

h = 3d r + 6 + d2u 

beschrieben werden kann. In Gleichung (1) wird die 
relative Bandenverbreiterung h (oder H6hen~qui- 
valent eines theoretischen Bodens) und die Teil- 
chengr~13e d r in/~m und die lineare Geschwindigkeit 
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des Eluenten u mm/sec Einheiten angegeben, Es wird 
ein Diffusionskoeffizient von etwa 3.10=5cm2/sec 
(d.h. der Eluent ist Heptan oder Methylenchlorid) und 
ein Kapazit~itsverh~iltnis k' zwischen 0 and 2 voraus- 
gesetzt. Die Gleichung (1) ist nur giiltig, falls dp an 
Hand chromatographischer Messungen mit 

dp -- 10aKF = 10aFr/L 
r27t Ap (2) 

definiert ist. 
Analytische Anwendungen yon Siiulen mit i.D. < 3 

mm wurden schon beschrieben. Horwitz et al. s be- 
richten tiber "mini columns" mit 2-3 mm i.D. und 2-4 
cm Liinge [dp "- 5/zm]. Um das kleine Kolonnenvo- 
lumen zu kompensieren, sind die Kapazitiitsverhiilt- 
nisse aul3ergew6hnlich hoch ( k ' =  10-30). AuBerdem 
wird ein sehr empfindlicher radiochemischer Detektor 
verwendet. 

Ishii et al. 6 packen 8-50 crn lange Teflonschliiuche 
von 0,25-0,5 mm i.D. mit Silikagel (dp-~ 10 /an). 
Allerdings mul3 ein ungew6hnliches Probenaufgabe- 
system mit "stop flow" Technik und ein UV-Detektor 
mit einem Zellenvolumen yon ca. 0,4 /zl eingesetzt 
werden. Die Effizienz dieser Siiulea ist gut solange 
die Probenvolumina kleiner sind als 0,01 /~l. 7 Nach 
Zitaten 1 und 8 liiBt sich jedoch berechnen, dab bei 
Siiulen mit den angegebenen Dimensionen und Effi- 
zienzen erst Probevolumena, die tiber 20mal gr6Bber 
sind, eine ,merkliche (fiber 10%) zusiitzliche Banden- 
verbreiterung hervorrufen soilten. 

Verwendbarkeit der irreguli~r gepackten Kapillarko- 
lonnen in der Fliissigkeits-Chromatographie 

Ist die zur Verftigung stehende Probemenge sehr 
klein, so scheinen die gepackten Kapillarkolonnen 9a° 
mit einem i.D. weit unter 1 mm die ideale L/Ssung 
zu sein. Diese irregul/ir gepackten S~iulen sind 
dadurch gekennzeichnet, dab das Verhiiltnis Innen- 
durchmesser/Teilchengr61M (dc/dp) kleiner als 5 ist 
(vorzugsweise 2-4). In der Gaschromatographie war 
die Effizienz h dieser Siiulen vergleichbar mit den 
entsprechenden Werten, die n'fit gepackten Stiulen 
erzielt wurden, falls die Teilchengr/SBen identisch 
waren. Allerdings war die Permeabilitiit K der irre- 
gu l~  gepackten S/iulen mit einem Faktor yon ca. l0 
besser als die der reguliir gepackten. Demzufolge 
konnte man liingere irregul/ir gepackte S/iulen mit 
identischem Druckabfall verwenden. Bedingt dutch 
die kleinere Masse an station~irer Phase pro Volu- 
meneinheit der Siiule war es nachteilig, dab bei den 
irreguliir gepackten Siiulen 

(a) die zul~issigen Probemassen sehr gering waren, 
deshalb muBte die injizierte Probe gesplittet werden, 
und 

(b) nur Systeme mit groBen Bunsen'schen Vertei- 
lungskoeffizienten zul/issig waren, um die Kapazitiits- 
verhiiltnisse k' der Proben grol3 zu halten. 

In der Fliissigkeits-Chromatographie wurden Kup- 
fers~ulen (de = 2 ram) mit Glasperlen (dp = 0,5 mm) 
nach der klassischen gaschromatographischen Me- 

thode gepackt (dc/dp-.~ 4). 11 FUr den Inertpeak 
konnte bei hohen Geschwindigkeiten zwischen 10 und 
30 cm/sec h = 2 mm erzielt werden, was einem 
h/dp = 4 Verhiiltnis entsprach, 

Arbeitet¢ man mit irregul~ir gepackten Kapillarko- 
lonnen aus Glas, die nach den beschriebenen Me- 
thoden 9'1° gezogen wurden, so waren die S~ulen nicht 
gut reproduzierbar, die h-Werte nahmen mit zuneh- 
mender Retention steil zu und s~ntliche Probleme 
dieses S~ulentyps in der Fltissigkeits-Chromatogra- 
phie wurden sichtbar. ~2 

Diese Probleme sollen an Hand der MeBergebnisse 
von Tsuda und Novotny 13 diskutiert werden. S~mt- 
liche Daten wurden aus der einzigen Trennung in 
dieser Arbeit (Abb. 8) entnommen. Die Kolonne ist 
29 m lang (de = 75 gin) und mit Aluminiumoxid 
(dp = 30 lan)gepackt (dc/dp = 2,5). Die mobile Phase 
ist n-Hexan mit 0,05% Methanol (r /= 0,3 cP). Die 
lineare Geschwindigkeit des Eluenten ist mit u = 0,65 
cm/sec angegeben. Um die nicht angegebene Volu- 
mengeschwindigkeit F zu errechnen, mu8 die totale 
Porositiit ¢T angenommen werden. ErfahrungsgemiiB 
ist bei k!assisch gepackten Siiulen eT > 0,8. Wegen der 
loseren Packung ~and besseren Permeabilitiit soil hier 
er = 0,9 angenommen werden. Dies steht mit eigenen 
Messungen im Bereich der Gaschromatographie bzw. 
Fliissigkeits-Chromatographie in Einklang. Dement- 
sprechend berechnet sich die FluBgeschwindigkeit zu 
F = 1,55 gl/min. Die Permeabiiit~it wird mit 
6,1.10-acm 2 angegeben und ist somit ca. 7 mal 
besser als die entsprechender regul~ir gepackter 
Siiulen. Der Druckabfall an der S~iule betriigt 102 
atm. Wegen der geringen FluBgeschwindigkeit bei 
hohem Druck wird zwischen Probenaufgabe und 
Siiuleneingang 1:1000 gesplittet. Der Vergleich mit 
der angegebenen Eluentengeschwindigkeit zeigt, dab 
Benzol in etwa inert durchbricht (k' "~ 0). Ffir Chino- 
lin---die Probe mit der l~ngsten Retentionszeit in der 
Trennung--ist das Kapazi~tsverhiiltnis sehr klein 
( k '=  0,24). Arbeitete man mit "trockenem" Heptan 
als Eluent, so wiirden die Retentionen wachsen, 
allerdings ist die Konstanthaltung des geringen Was- 
sergehaltes schwierig und die Peaks werden asymme- 
trischer. Ffir Chinolin werden 85,000 theoretische 
B6den (h = 341/an) innerhalb 100 Minuten erzielt. 
Der h-Weft stimmt mit dem, nach Gleichung (1) ffir 
gepackte Siiulen errechneten, gut tiberein. Wegen des 
kleinen k'-Wertes entspricht dies abet nur 3184 effek- 
riven BOden N und dadurch kann man nut bei einer 
relativen Retention ~ = 1,12 Basislinientrennung 
erzielen. Derartige Trennungen sind mit gepackten 
Siiulen ohne Schwierigkeiten innerhalb wesentlich 
kiirzerer Zeiten zu erreichen. Mit dieser gepackten 
Kapillarsiiule werden nur 0,53 effektive BiSden pro 
Sekunde erzielt. 

Charakterisiert man das Peakvolumen des Chino- 
lins mit der vierfachen Standardabweichung des 
Peaks, so errechnet man aus den h, L und d~ Werten 
ca. 1,5 #1. Da das Zellenvolumen des verwendeten 
Detektors abet 8 gl betriigt, wird der Strom zwischen 
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S~ulenausgang und Detektoreingang mit zus~tZlichen 
Eluenten verdiinnt ("make up flow"). Diese Zusatz- 
fluBgeschwindigkeit wird mit 20-50 /A/min ange- 
geben. Setzt man die geringste Verdtinnung (20/1,55 = 
13) voraus, so betriigt das verdtinnte Peakvolumen 
ca. 20 IA und die Detektionsprobleme sind gel~st. Die 
Probemenge wird mit ca. 10 - s  g angegeben. Dies 
entspricht am Peakmaximum in etwa 1 ppm Chinolin 
in Hexan. Wesentlich grSBere Verdtinnung w~e  auch 
nicht gestattet, da das Detektorsignal bei dem obigen 
Peakmaximum unweit vom Rauschpegel des Detek- 
tors liegt. 

Zusammenfassend. Die h-Werte in irreguliir 
gepackten Kapillarkolonnen in der Fltissigkeits-Chro- 
matographie sind vergleichbar mit denen, die in klas- 
sisch gepackten S~iulen erzielt werden, falls beide 
S~iulen mit einer identischen Charge der stationiiren 
Phase gepackt wurden. Die Permeabilit~iten sind in 
den irregul~ir gepackten S~iulen 5-10 real gr6Ber, 
Demzufolge kann man hier liingere S~iulen mit glei- 
chem Druckabfall (u = const.) verwenden. Bedingt 
dutch die geringere Masse an station~irer Phase sind 
die folgenden Nachteile in Kauf zu nehmen: (1) Pro- 
bemengen in der Gr6Benordnung von 10-s g zwingen 
zum Splitten vor der S~iule, (2) die Kapazit~itsverhiilt- 
nisse der Proben sind klein; demzufolge werden zwar 
hohe theoretische Bodenzahlen produziert, alas Aufl~i- 
sungsvermiSgen ist aber, an den n Werten gemessen, 
bescheiden, (3) wegen tier kleinen Peakvolumina muB 
nach der S/iule verdiinnt werden ("make up flow") 
und dadurch sinkt die Nachweisgrenze der einzelnen 
Komponenten, (4) die Analysengeschwindigkeiten 
sind wesentlich kleiner als mit klassisch gepackten 
S~iulen, (5) der Autbau der Apparatur ist, wegen der 
beiden Splitt-Systeme, aufwendig. 

Klassisch gepackte S~ulen mit geringem lnnendurch- 
messer 

Stehen nur sehr kleine Probemengen zur Vefftigung 
(s < 10- ~ g), so ist eines der zentralen Probleme in 
der Fltissigkeits-Chromatographie die unvermeidliche 
Verdtinnung dieser Probemenge im Eluenten 
m6glichst niedrig zu halten, um die Nachweisgrenze 
im Detektor zu gew~ihrleisten. Selbstversfiindlich mu6 
die Probe wenn m6glich in gro6er Konzentration bei 
der Probenaufgabe vorhanden sein. Das Peakvo- 
lumen am Ende der S~iule 4co soil klein werden, wobei 

09 ---- r27geT~/-~ = r2~LET 
(3) 

(r der Radius der Kolonne undcr  die totale Porosit~t 
ist). Ftir Kieselgel liegt letztere bei klassisch 
gepackten Siiulen um 0,84, bei irregular gepackten 
S~iulen zwischen 0,9 und 0,95. Die Verdtinnung nimmt 
alsoquadratisch mit dem S~ulenradius und linear mit 
der Liinge der Sh'ule zu, ist abet umgekehrt propor- 
tional mit ~/n. Will man die Verdtinnung klein halten, 
so mu6 das S~iulenvolumen, insbesondere aber der 

Durchmesser der Siiule, kleitt und die Bodenzahl n 
gro6 gehalten werden. 

Die Bandenverbreiterung au~rha lb  tier Stiule (Pro- 
benaufgabe, Verbindungsr~hre, Detektorvolumen, 
usw.) kann zwar klein-gehalten werden, abet  mit 
abnehmendem Kolonnenvolumen nimmt die Banden- 
verbreiterung, die durch diesen Effekt verursacht 
wurde, relative immer zu. [Sind die Bandenverbreiter- 
ungseffekte au~rha lb  tier Siiule nicht zu vernachliis- 
sigen, so nehmen effahrungsgemtiB die h-Werte mit 
zunehmender Retentionszeit (k'-Werte) ab.] Zwangs- 
l~iufig treten also apparative Schwierigkeiten auf, 
wenn das Volumen der Siiule sehr stark abnimmt. 
Erfahrungsgem~ifl sind diese Probleme zu beherrschen 
solange der Innendurchmesser der Siiule grt~Ber als 
1 mm und die L~nge tiber 10 cm ist. 

Die Verdtinnungseffekte wurden im vorherigen 
Kapitel an numerischen Beispielen demonstriert. Sie 
kSnnen in tragbarer N~iherung auch quantitativ 
abgesch~itzt werden. T M  

An Hand dieser Oberlegungen soil eine Packungs- 
methode f'tir S~ulen mit einem Innendurchmesser 
zwischen 1 und 3 mm beschrieben werden, wobei die 
Effizienz dieser S~iulen vergleichbar sein soil mit 
denen, die einen Innendurchmesser von 3-10 mm 
haben und deren Effizienz mit den Gleichungen (1) 
und (2) gut angen~ihert wurde. 

EXPERIMENTELLER TElL 

Packung der S~ulen 

Sdulenmaterial. Zahlreiche Versuche in unserem T M  und 
anderen Labarotorien 3.~ haben gezeigt, daft StahlrShren 
mit einem lnnendurchmesser unter 3 mm wesentlich unefl~- 
zienter sind als die mit einem Innendurchmesser zwischen 
3 und 8 ram. Um Glasrt~hren mit hohen Eingangsdrticken 
packen zu k~nnen, wurde eine Trennsiiule der Firma Rie- 
delve Haen, Seelze-Hannover, verwendet. Diese Glassiiule 
ist mit einem Druckmantel aus Stahl umgeben, so daft der 
Druck yon aulkn nach innen wirkt. Die Innendurchmesser 
derartiger Stiulen waren 1,3, 1,5, 1,9, 2,0 und 2,1 ram, die 
S~ulenl~nge betrug 30 bzw. 30,5 cm. 

Stationdre Phasen. Die S~ulen wurden sowohl mit 
Kieselgel ais auch mit Umkehrphasen gepackt. Das ver- 
wendete, kommerziell erwerbliche Kieselgel (LiChrosorb 
Si 100, Fa. Merck AG, Darmstadt) hare eine Teil- 
chengr6Be yon l0 #m. Die Cjs-Umkehrphase wurde auf 
diesem Silikagel nach der Methode yon SchmidP 7 herges- 
tellt. Der Kohlenstoffgehalt dieser Umkehrphase betrug 
17,2 Gew, %. 

Packunossuspensionen. Die Kieselgels~ulen wurden nach 
dem "balance-density-slurry',-Verfahren ~8,~9 gepackt. Die 
Suspension setzte sieh aus 40 Vol. % 1,1,2,2-Tetrabrom- 
[ithan, 30 Voi. % Tetrachlorkohlenstoff und'30 Voi. % 
Dioxan zusammen. Die Umkehrphasen wurden nach der 
Viskosititsmethode t9 gepackt. Die Zusamrnensetzung der 
Packungssuspension war 40 Vol. % Cyclohexanol in Pro- 
pan-2-oL 

Das Volumen am Suspensionsmittel wurde so gewithlt, 
daft die Konzentration der festen station~iren 'Phase etwa 
40 mg/ml Suspension betrug. Die Menge der Suspension 
wurde so gewithlt, daft am Ende der Packungsprozedur 
ein geringer Teil des Packungstopfes auch noch mit sta- 
tioniirer Phase geffillt war. Dadurch wurde eine homogene 
Packung innerhalb der S~ule bis zu ihrem oberen Ende 
erzielt. 
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Packungsapparatur und Methode. Wurde die S/iule mit 
Kieselgel gepackt, so wurde eine Pumpe verwendet, deren 
maximaler Ausgangsdruck 600 arm betrug (Typ AE 10 der 
Fa. Orlita, GieBen). Ftir die Viskositiitsmethode muBte 
eine Pumpe mit einem maximalen Ausgangsdruck yon 
1500 arm (Typ MK I S 80 der Firma Orlita), verwendet 
werden. 

Die Anfangsflul3geschwindigkeit betrug bei 2 mm lnnen- 
durchmesser etwa 2,5 ml/min und bei 1,3 mm lnnendurch- 
messer ca, 1,5 ml/min. Das Hubvolumen der Pumpe wurde 
am Anfang so eingestellt, dab die obigen Werte erzielt 
wurden. Wlihrend des Packungsvorganges nimmt der 
pneumatische Widerstand der S~iuie konstant zu. Da Kol- 
benmembranpumpen verwendet wurden, sank--entspre- 
chend der F6rdercharakteristik---die FluBgeschwindigkeit. 
Deswegen sank die FlulSgeschwindigkeit nach 1 min auf 
die Hiilfte bis 1/3 des Anfangsflusses. Man erh6hte das 
Hubvolumen der Pumpe kontinuierlieh so, dab die Flul3ge- 
schwindigkeit his zum Ende des Packungsvorganges bei 
den Werten, die nach I min erreicht waxen, konstant blieb. 
Bis zum Ende des Packunssvorganges stieg der Druck bei 
der Viskosittitsmethode auf max. 1100 arm. 

Die Packungssuspension werde mit n-Heptan tiber- 
schichtet und der Durchbruch des Heptans {Ende des 
Packungsvorganges] wurde dutch den wesentlichen Abfaii 
des Eingangsdruckes angezeigt. Nach lkendigung des 
Packungsvorganges wurden die S~ulen etwa 10rain bei 
hohen FiuBgeschwindigkeiten {10-20 mm/sec) mit 
n-Heptan gesptilt. 

Wie aus den oben angegebenen Daten ersichtlich, soil 
man mit abnehmendem lnnendurchmesser tier S~iule 
zunehmende Packungsgesehwindigkeiten verwenden, um 
gute S~ulenpackungen zu erzielen. 

Nach unseren Erfahrungen konnte man Glass~ulen mit 
einem lnnendurchmesser unter 2.1 mm and mit einem 
Au~ndurchmesser yon 8-9 mm mit Eingangsdrticken bis 
zu 100 atm ohne Druekmantei belasten. Dementsprechend 
wurden die Glas~ulen nach dem Packungsvorgang aus 
dem Stahlmantei ausgebaut. An beiden Enden wurden mit 
einem handelsiiblichen Zweikomponenten-Epoxykleber 
Metallfitt/ngs angebracht. Die Enffernung des Druckman- 
tels war notwendig, da dadurch optimaie Effizienz in der 
Fitissigkeits-Chromatographie Apparatur erzielt wurde. 

A pparatur 

Pumpe. Zwei-Kopf Membranpumpe (Typ: DMP-AE 
10.4 der Firma Orlita, Gielkn). Zwisehen Pumpe and Pro- 
benaufgabe wurde ein Pulsationsd~impferger~it der Firma 
Orlita eingebaut. 

Probenaufgabe. Type 7120 der Firma Rbeodyne, Berke- 

der Siiule kleiner war als 1,5 mm {L = 30 cm). In den 
letztgenannten F~iilen wurde die Probe direckt auf das 
Siiuienpackungsmaterial aufgegeben Septuminjektor. 2° 

Detektor. Die Zelivolumina des im Eigenbau herges- 
tellten UV-Detektors {254 ± 8 nm) betrugen I0 bzw. I #1. 
Die gr6Bere MeBzelle verursachte keine Verf~ilschung der 
Peakformen solange tier lnnendurchmesser der S~iule nicht 
kleiner war ais 2 mm. 

Eluent. Der Eluent war n-Heptan und die Proben 
brachen an den Silikagels~ulen mit den folgenden Kapa- 
zitiitsverhiiitnissen durch: Tetrachlor~ithylen TC)~ (k' = 0), 
Anthracen (k' ~ 0,6) und Chrysen (k' ~ 1,1). 

In den mit Umkehrphasen gepackten Siiulen war der 
Eluent Methanol und als Proben wurden die folgenden 
Substanzen eingesetzt: Nitromethan (k '=  0), Anthraoen 
{k' - 0,6) und Chrysen (k' ~ 1,25). 

Slimtliche Messungen wurden bei Zimmertemperatur 
durchgefiihrt. Die linearen Geschwindigkeiten des 
Eluenten lagen zwischen 1 und 6 mm/sec und der Druck- 
abfall an der S~uie war immer kleiner all3 100 bar. 

MESSERGEBNISSE 

FiJr aUe S~iulen, die in dieser Arbeit beschrieben 
werden, gilt, dab der Asymmetriefaktor A 2 kleiner als 
I,I war)  9 Eine weitere Grundvoraussetzung war die 
Best~ndigkeit gegen mehrmaligen Eluentenwechsel. 
Dabei mu6ten Efli~ienz und Permeabilit~it der S~ule 
unveriindert bleiben, wenn bei den mit Silikagel 
gepackten S~iulen n-Heptan und Methylenchlorid und 
bei den mit Umkehrphase gepackten S~iulen n-Hep- 
tan-Methylenchlorid-Methanol-Wasser  des 6fteren 
gewechselt wurden. 

In dem untersuchten Geschwindigkeitsbereich 
(u = I -6  mm/sec) konnte man die MeBergebnisse in 
sehr guter N~iherung mit der folgenden Gleichung 
beschreiben: 

h =  A* + C*u (4) 

Selbstverst/indlich sind die Konstanten A* und C* 
mit den korrespondierenden Konstanten der van 
Deemter-Gleichung nicht identisch. In Tabelle 1 sind 
diese Konstanten und die h-Werte bei einer Gesch- 
windigkeit yon 1 mm/sec (hier h +) eingetragen. Die 

iey, Calif., mit 20/,d Schleifenvolumen. Dieses kommerziell letztgenannten Werte kOnnen als typisch betrachtet 
erwerbliche Probenaufgabesystem verursachte nicht trag- werden, da es aus mehreren Griinden empfehlenswert 
bare Bandenverbreiterungen falls der Innendurchmesser ist, bei S~ulen, die mit lO-/zm Teilchen gepackt sind, 

Tabelle I. Konstanten der Gieichung: h = A* + C*u 

TC~, (k'--- o) 
i.D., dp, A*, C*, h +, 
mm l~m /an msec #m 

Anthracen (k' ~ 0,6) Chrysen (k' ~. 1,25) 
A*. C*, h +, A*. C*. h +, 
pm msec I~m lan msec Izm 

2, I I 0,I I" 35,3 6,3 41,6 35.3 8,2 43,5 30,4 10.3 40,7 
2,0 9.7~ 29.2 3,8 33,0 30,0 5,7 35.7 30,8 6,8 37,6 
2,0 9.6~ 22.6 8,9 31.5 25. I 9,0 34.1 20.9 12,0 32.9 
1.5 9.7~ 19,1 6,2 25,3 17,4 9,0 26.4 14,5 10.3 24.5 

Nitromethan (k' -- 0) Anthracen Chrysen 
1.9 9,8§ 26.6 5,8 32,4 21,7 11.3 33,0 22,2 12,9 35,1 
1.3 9,5§ 35,2 I 1,4 46,6 36,1 I 1,4 47,5 34,6 12,5 47,1 

h" = h bei u = I mm/sec. 
Station~re Phase: Silikagel, Eluent: n-Heptan. 
Stationtire Phase: CI s Umkehrphase, Eluent: Methanol. 
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bei dieser Geschwindigkeit zu arbeiten. Die Vorteile 
sind u.a.: der Druckabfall an der Sttule wird relafiv 
gering gehalten, die Stinlenliinge kann kurz gewithlt 
werden und die Effizienz ist kaum eine Funktion der 
Kapazifi/tsverh~iltnisse der Probesubstanzen. In der 
Tabelle 1 sind die h, A* und dp-Werte in /an, die 
C*-Werte in msec und u in mm/sec-EinheJten anzu- 
geben, da diese Einheiten typisch und charakteristisch 

derartige Siiulen sind. Die in der Spalte 2 dec 
Tabelle 1 angegebenen TeilchengrOlkn dp wurden mit 
Hilfe yon Gieichung (2) chromatographisch bestimmt. 
Es soil darauf hingewiesen werden, dab diese d f  
Werte nicht nur von der Giite der Siebfraktion tier 
verwendeten station~ren Phase abhitngig sind, son- 
dern sie beinhalten auch die Giite bzw Reproduzier- 
barkeit der Packungsmethode. Nur ein Tell der 
Meflergebnisse ist in Tabelle 1 angegeben. Es wurden 
bewuBt St/ulen ausgewithlt, mit deren Hilfe man die 
maximale Streuung der MeBergebnisse charakteri- 
sieren kann. 

S~ntlichl in der Tabeile I angegebenen Kolonnen 
wurden mi~ derselben Silikagelcharge gepackt. Die 
geringe Streuung der chromatographisch bestimmten 
dfWerte (9,5-10,I/m~) weisen auf die Reproduzier- 
barkeit der S~iulenpackung betreffend deren Permea- 
bilit~t hin. 

Betrachtet man die Streuung der A* und C*-Werte 
for eine Probesubstanz als Funktion des Innendurch- 
messers tier SAule (z.B. die dritte und vierte Kolonne 
in Tabelle 1), so sind die Streuungen gro/3. Dies kmm 
mit wenig Erfahrungen bei der Packung derartiger 
Siulen erkl~t werden. ~hnliches gilt ftir die Strmmn8 
der h+-Werte innerhalb einer Kolonne. Allerdings 
werden ithnliche E/fizienzen erzielt, wie sie mit Glei- 
chung (l) zu berechnen sind und die typisch sind f ~  
Siiulen mit Innendurchmessern yon 3 his 8 mm. Die 
h+-Werte (bei u = 1 mm/sec) entsprechen einem h/dp 
Verh~ltnis yon 2,5-4. 

Uberraschenderweise sind die A*, C* und h +- 
Werte innerhalb einer Sk'ule (also eine Zeile in 
Tabelle 1) in erster Ntthenmg unabMiugig yon der 
Qualit~t bzw~ dem KapazitA'tsverhtiltnis der einzelnea 
Probesubstanzen. Vergleicht man die Konstante~ yon 
S~ulen, die mit Silikagel bzw. mit Umkehrphase 

gepackt wurclen, so sind die Werte i/hnlich. Dies ist 
iiberraschend, da die Diffusionskoetfizienten der Pro- 
besubstanzen in n-Heptan bzw. Methanol sich 
voneinander unterscheiden. 

Die Daten der Tabelle 1 zeigen, dab man Silulen 
mit einem Innendurchmesser yon 1,3 bis 2,1 mm mit 
der in dieser Arbeit angegebenen Methode einiser- 
malkn reproduzierbar packen kann und die Effizienz 
dieser Siiulen vergleichbar ist mit der der in der Rou- 
tine der Chromatographie eingesetzten Siiulen mit 
einem Innendurchmesser yon 4,2 mm. 2s 

Um anf die apparativen Schwierigkeiten hinzu- 
weisen, die auftreten, falls man mit Sk'ulen geringerer 
Durchmesser arbeitet, sind in Tabelle 2 die Peakvolu- 
mina (4 oj) aufgelistet. Dime Werte wurden an Hand 
der experimentell bestimmten Eflizienzen mit Hilfe 
der Gleichung (3) errechnet. Wie ersichtfich, werden 
auch Peakvolumina unter 16 /A bestimmt. Selbst- 
verst~tndlich kann man in diesen Filllen keine Detek- 
toren mit einem Zellenvolumea yon 10 /AI einsetzen 
und man muB auch darauf achttm, dab sowohl bei 
dec Probenanfgabe als auch in den Verbindungsri~xren 
nur sehr geringe Banden~.-rbreiterunsen auftreten. 

Die von¢inander etwas abweichenden Kapaziti/ts- 
verhgltnisse in der Tabelle 2 wurden durch die mini- 
malen Vertinderungen des Wassergehaltes im 
Eiuenten (n-Heptan) verursacht. 

Bei den Messungen, die in Tabelle 1 eingetragen 
sind, betrug die Probemenge immer 6.10 -7 g und 
das Probevolumen war 1 ~1. Dementsprechend war 
die Konzentration der Probe im l.~songsmittel ca. 
600 ppm. Da die Peakvolumina in TabeIle 2 in /d -  
Einheiten angegeben s~nd, ergeben dime Zahlenwerte 
auch die Verdflnnung der Probe bedingt dutch die 
Wanderung innerhalb der Stiule. lktrtigt das Peak- 
volumen ~.B. 65 ~l, so ist die Konzentration der 
Probe am Ende der S~tule < 10 ppm. 

E~zienz als Funktkm des Probevolumens 

Je gr~ler das Probevolumea, um so weniger wird 
die wtinschenswerte Randbedingung erfdHt, dab die 
Probe "punkh~kmig" auf den Einsang der Slule auf- 
gegeben wird. In Abbildung 1 werden die h-Werte--- 
bei sonst unvergnderten Bedingungen---als Funktion 

Tabelle 2. Peakvolumin~t (4w) in verschiedenen Siulen bei u == I mm/sec 

TC~ Anthracen Chrysen 

11,, i.d., u, h, 
System cm nun mm/sec k' Ion 

4w h, 4w h~ 4w 
/d k' ~,n /~! k' /am ~/ 

SiOz/nC7 30 4,6 1,27 0,0 24,1 146,6 0,51 
SiO2/nC 7 30,5 2,0 0,88 0,0 32,6 32,5 0,52 
CIs/CHsOH 30,0 1,9 0,81 0,0* 29,9 27.9 0,61 
SiO2/nC7 30,5 1,5 1,37 0,0 24,9 16,0 0,62 
Ct s/CH30H 30,5 1,3 1,13 0,0* 41 15,4 0,60 

266 232,6 1,04t 29 ,5  330,8 
33,1 49,8 0,99 35,9 67,9 
31,7 462 1"25 32,7 65,5 
25,9 26,4 1,17 26,7 35,9 
41,7 24,9 1,24 41,1 34,5 

* Bei den Umkehrphasen (Cls) war Nitromethan die inane Prol~substan~ 
t Probesubstanz: Perylen. 
Probemenge: 6.10 -~ g. 
Probevolumen: 1 ~. 
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Abb. 1. Relative Bandenverbreiterung h als Funktion des 
Probevolumens. Ausgezogene Linie: Experimentelte Werte. 
Gestrichelte Linie: Nach Zitat 8 theoretisch errechnete 
Werte. Innendurchmesser der Siule: 13 mm, L~nge: 30 
cra, Kolonnenvo!umen: 851/d. Schleifenprobenaufgabe mit 
einem Schleifenvolumen yon 20 pl. Stationiire Phase: 
Cts-SI 100 mit dp = 9 , 8 / a n ,  total¢ POrositiit: 0,71. Eluent: 
Methanol, lineare Geschwindigkeit: 0,83 mm/sec. Probe: 
Nitromethan gel6st in Methanol (k' -- 0), konstante. Pro- 
bemasse: 0,6 #g, Konzentration des Nitromethans in 
Methanol: 30-600 ppm. Zeilenvolumen des UV-Detektors: 

I pl. 

des Probe¥olumcns aufgetragen. Wie ersichtlich 
nehmen die expcrimentell bestimmten h-Werte mit 
einem Faktor > 2 zu, wenn das Probevolumen yon 
I auf 20#1 erhiSht wird. G r o ~  Probevolumina 
k6nnen wiinschenswert sein, wenn die Konzentration 
der Probesubstanz in der Probei6sung sehr gering ist. 
In Abb. 1 wurde die auf die Kolonne injizierte Probe- 
menge konstant gehalten, dementspr~hend nahm die 
Konzentration des Nitromethans in der Probel6sung 
yon 600 ppm (1 #1 Probevolumen) auf 30 ppm (20 
~! Probevolumen) at). 

Vergleicht man die experimentell bestimmte Kurve 
in Abb. 1 mit den theoretisch errechneten Werten, t's 
so ist ersichtlich, dab die experimentellen Werte nur 
unwesentlich h/iher sind als die erwarteten, wobei die 
Kurvenverliiufe ~hnlich sind. 

/ ~ / % / %  

I I \ ° .  I 
O~ ~ ~ C~H 

2- cis -4- trans - Abs cisinsi iure 

II , 

f(minl 3 2 1 0 

Abb. 2. Trennung yon 1 ng cis- und trans-ABA in einer 
Siiule mit 4,6 ram lnnendurchmesser. 1, Inert Peak; 2, 
trans-ABA [2-trans-4-trans ABA ] ; 3, cis-ABA [2-cis-4-trans 
ABA]; 4, Verunreinigung. S~iulenl/inge: 30 em. Eluent: 
Methanol/Wasser (Vol. 1:1) und 1 Gew. % Kochsaiz. 
Umkehrphase C~s aus 10 pm Lichrosorb SI 100. Detektor 
(254 nm)-Zellenvolumen: 1 pl. Molare Extinktion yon AVA 

bei 254 nm: ca. 2,2. I 0 ~ 1" mole- 2. cm - 2. 

Anwendungsbeispiel 

Die Trennung der cis- und trans-Isomeren der 
Abscisinsiiure (ABA), ist in der Botanik yon Interesse. 
Problematisch ist die Trennung, da sowohl die zur 
Verfiigung stehende Probemasse als auch die Konzen- 
tration der ABA in der LiSsung sehr gering sind. 2z 

Zuerst wurde diese Trennung an einer 4,6 mm i.D. 
(L = 30 era) S~iule, die mit C1 s-Umkehrphase gepackt 
war, optimiert. Wie in Abb. 2 gezeigt, konnte eine 
Basislinientrennung erreicht werden mit einer Eluent- 
zusammensetzung von Methanol/Wasser (1:1) mit 1% 
Natriumchlorid Zusatz. Auf die S~ule wurde 1 pi 
Probe aufgegeben, die ABA-Konzentration in der 
Probe betrug ca. 1 ppm. Die aufgegebene, getrennte 
und nachweisbare Probemenge betrug also 1.10 - 9  g.  

Die Nachweisgrenze yon ABA konnte in diesem Ex- 
periment deswegen so niedrig gehalten werden, weil 
der molare Extinktionskoeflizient von ABA bei 254 

2 

Abb. 3. Trennung yon 1 ng cis- und trans-ABA in einer S/iule mit 1,3 mm lnnendurchmesser. Parameter 
wie in Abb. 2. 



S~ulen zur Bestimmung kleiner Probemengen 

/' 2 
3 

t ['min | 6 5 ~ ~1 ! 2 

779 

Abb. 4. Trennung yon 0,1 ng cis- und trans-ABA in einer Siiule mit 1,3 mm lnnendurchmesser. Sonstige 
Parameter wie in Abb. 2. 

nm etwa 22-104 l - m o l e - ~ . c m  -~ betr~igt. Die Tren- 
nung w~ire nicht ungiinstiger gewesen, falls man noch 
kleinere Probemengen mit entsprechend hiSheren 
Konzentrationen aufgegeben h/itte. In Abb. 3 ist die- 
selbe Trennung auf einer 1,3 mm S/iule gezeigt, wobei 
alle anderen Versuchsparameter konstant gehalten 
wurden. AuBerdem wurde auf diese S~iule ebenfalls 
1/~1 Probe, allerdings mit zehnmal kleinerer Konzen- 
tration aufgegeben. Die Nachweisgrenze lag hier also 
bei 0,1 ng. In Abb. 3 wird ein Nebeneftekt deutlich. 
Da die Verdiinnung der aufgegebene Probe kleiner 
ist als in Abb. 2, erscheint als Peak Nr. 4 eine Verun- 
reinigung. Ob  diese Verunreinigung aus dem 
LiSsungsmittel stammt oder yon der S~iule verdr~ingt 
wurde, soil often gelassen werden. Die untere Nach- 
weisgrenze zu trennender Substanzen in der Fliissig- 
" ~its-Chromatographie wird u.a. durch Verunreini- 
gungen im Eluenten bzw. durcb die S~ule mitbe- 
stimmt. In Abb. 4 sind die Versuchsbedingungen wie 
in Abb. 3, nut  die aufgegebene Probemenge betr~igt 
(wie in Abb. 2) 1 ng. 

Anerkennunoen--Die Autoren danken der Deutschen For- 
schungsgemeinschaft for die finanzielle Unterstiitzung 
dieser Arbeit. 

LITERATUR 

1. B. L. Karger, M. Martin und G. Guiochon, Anal. 
Chem., 1974, 46, 1640. 

2. W. B/~hme, Diplomarbeit, Universittit Saarbriicken, 
1973. 

3. J. J. Kirkland, W. W. Yau, H. J. Stoklasa und C. H. 
Diliks, 2. Chromatog. Sci., 1977, 15, 303. 

4. I. Halfisz, H. Schmidt und P. Vogtel, J. Chromatog., 
1976, 126, 19. 

5. E. P. Horwitz, C. A. A. Bloomquist, und W. H. Del- 
phin, J. Chromatog. Sci., 1977, Ifh 41. 

6. D. Ishii, K. Asai, K. Hibi, T. Jonokuchi und M. 
Nagaya, J. Chromatog., 1977, 144, 157. 

7. D. lshii, K. Hibi, K. Asai und T, Jonokuchi, ibid., 1978, 
151, 147. 

8. G. Deininger und I. Hal/tsz, J. Chromatog. Sci., 1971, 
9, 83. 

9. i. Halfisz und E. Heine, Nature, 1962, 194, 971. 
10. ldem, in Advances in Chromatography, Vol. 4 (eds. 

J. C. Giddings and R. A. Keller), p. 206. Dekker, New 
York, 1967. 

1 I. I. Halfisz und P. Walkling, 2. Chromatog. Sci., 1969, 
7, 129. 

12. R. Endele, Promotionsarbeit, Universitiit Saarbriicken. 
1974. 

13. T. Tsuda und M. Novotny, Anal. Chem., 1978, 50, 271. 
14. G. Gi~rlitz, z.Zt. unver~ffentlicht. 
15. ldem, Diplomarbeit, Universit/it Saarbriicken, 1977. 
16. J. P. Wolf III, Anal. Chem., 1973, 45, 1248. 
i 7. H. Schmidt, Promotiensarbeit, Universifiit Saarbriicken. 

1978. 
18. W. Strubert, Chromatographia, 1973, 6, 50. 
19. J. Asshauer und I. Haldsz, J. Chromatog. Sci., 1974~ 

12, 139. 
20. I. Hal~sz, A. Kroneisen, H. O. Gerlach und P. 

Walkling, Z. Anal. Chem., 1968, 234, 81. 
21. H. Eigass, H. Engelhardt und I. Hal/tsz, ibid., 1979, 

294, 97. 
22. W. Sauerteig, Staatsexamenarbeit, Saarbriicken, i976. 

Summary--The dilution of the sample in liquid chromatographic columns increases with the square 
of the internal diameter of the tube if all other parameters are kept constant. If the mass or the 
volume of the sample is extremely small the Separated peaks become undetectable. Irregularly packed 
capillary columns with an internal diameter of less than I mm seem to be the best solution. Unfortu- 
nately the mass of the stationary phase per unit column volume is then very small (low k'-values 
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and long hold-up times), and consequently the analysis time is increased, the dilution of the sample 
in the column becomes high and the instrumental problems are not negligible. The equipment and 
methods for packing glass columns with internal diameters between 1.3 and 2.0 mm are described. 
The columns are packed with silica gel or with reversed-phase packing (particle size ~ 10 /~m), and 
h/dp values between 2.5 and 4 are achieved. This ratio is more or less independent of the stationary 
phase and of the ¢luent (n-heptane or methanol). The cis, and trans-isomers of abseisinic acid are 
separated and detected even when the sample size is only 10 - t °  g, thanks to the high molar absorptivi- 
ties. 
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SIMPLE AND SENSITIVE DETERMINATION 
OF HEPATIC COPPER BY USE OF AN 

EXTRACTIVE CATALYTIC METHOD 

M. OTTO, H. MUELLER and G. WER~R 
Department of Chemistry, Karl-Marx-University, Leipzig, GDR 

(Received 19 December 1978. Accepted 14 February 1979) 

Summary For determination of copper in liver tissue and in liver biopsy samples an extractive catalytic 
determination is proposed. After digestion of the liver samples with nitric acid, copper is extracted 
as the salicylate-pyridine complex into chloroform and determined catalytically directly in the organic 
extract by addition of ethanolic solutions of sulphanilic acid, pyridine and hydrogen peroxide. Copper 
can be determined in the range from 10 to 350 ppm (dry weight basis) with a relative standard deviation 
of 5-15%. The method enables copper to be determined in liver biopsy samples of about 5 mg dry 
weight by use of a simple spectrophotometer, and can be used in diagnosis of Wilson's disease. 

For clinical diagnosis the estimation of trace elements 
in blood, urine or tissue grows in importance. Copper 
is one of the elements most frequently detected. 

For example, early discernment of increased copper 
content in human liver may reveal Wilson's disease 
at a stage where the classical neurological symptoms 
have still not appeared. The normal values of copper 
in human liver range from 20 to 75 ppm. 1 This rela- 
tively high concentration allows the copper to be 
determined by all analytical methods of metal trace 
analysis. However, rather small samples often have 
to be used. Thus, in diagnosis of Wiison's disease cop- 
per has to be detected in only 10-15 rag of liver 
sample (wet weight) taken by biopsy. 

For that reason the simple spectrophotometric 
methods cannot be used, and the more sensitive but 
also more expensive and troublesome methods, such 
as neutron-activation analysis 1-3 or flameless atomic- 
absorption spectrophotometry 4 have to be used. 

To avoid the need for expensive instrumental 
equipment a kinetic-catalytic method has been tested 
for determination of copper in liver biopsy samples. 
This technique needs only a simple spectrophoto- 
meter as measuring instrument. The sensitivity of 
catalytic methods of determination is very high s and 
their lack of selectivity can be overcome by combina- 
tion of the catalytic determination with a suitable sep- 
aration step. 6 

The method chosen is based on the catalytic effect 
of copper on the oxidation of sulphanilic acid with 
hydrogen peroxide in presence of pyridine as acti- 
vator. 7 The absorbance of the reaction system is 
measured at 370 nm after 30 rain (fixed-time method). 
The absorbance of the oxidation products of sul- 
phanilic acid is directly correlated with the copper 
concentration. 

The copper can be separated from the matrix by 
preliminary extraction of the mixed pyridine-sa!icyl- 
ate complex into chloroform, s 

Liver biopsy samples of about 5 mg dry weight 
are mineralized with nitric acid. the residue is dis- 
solved by use of the extracting agents and the copper 
extracted into chloroform. After dilution of the 
extract with ethanolic reagent solutions, copper in the 
range from 10 to 350 ppm (dry weight) can be deter- 
mined. 

EXPERIMENTAL 

Reagents 
All reagents were analytical grade. Redistilled water and 

96% ethanol were used throughout the work. For mineraliz- 
ation of samples concentrated nitric acid (65% HNO3, 

"Suprapur, Merck, FRG)and fuming nitricacid (98-100% 
HNO3, VEB Feinchemie Sebnitz, GDR) were used. 

Sulphanilic acid (O.02M)/pyridine (0.6M) solution (A). In 
a 50-mi standard flask dissolve 173 mg of sulphanilic acid 
and 2.4 ml of pyridine in ethanol by shaking and heating 
on a water-bath. Cool, then dilute the solution to 50 ml 
with ethanol. The solution is stable for 2 weeks. 

Hydrogen peroxide solution (0.44M). Prepare by dilution 
of 30% hydrogen peroxide solution to 50 ml with ethanol. 
Analyse by permanganate titration. 

Copper(ll) standard solution (0.0IM). Dissolve 170 rag of 
CuCI2 .H20 in 100 ml of water and standardize by EDTA 
titration with PAN as indicator. 9 

Salicylate (O.IM)/pyridine (O.IM)/fluoride (0.gM) solutum 
(B). In a 250-ml standard flask dissolve 4.0 g of sodium 
salicylate, 8.4 g of sodium fluoride and 2.0 ml of pyridinc 
in about 200 ml of water. Adjust the pH to 6.3 and dilute 
to 250 ml. Filter before use, if necessary. 

Apparatus 
Liver samples in the lower milligram range were weighed 

on a Sartorius electronic microbalanee. 
A "Spekor spectrophotometer equipped with a tempera- 

ture-controlled cell holder was used. 
Copper was determined by flameless atomic-absorption 

spectrophotometry with a JarreI-Ash double-beam dual- 
channel atomic-absorption spectrophotometer type 81 I 
equipped with a Fisher microthermal atomizer MTA 2. 
Tantalum ribbon was used as sample holder. 
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Tissue processing 
Deep-frozen liver samples were sliced thin by a scalpel 

and dried at 100 ° for 15 hr. About 150 mg of the dried 
liver were placed in a porcelain crucible on a hot-plate 
and about 5 ml of concentrated nitric acid were added 
dropwise until a white residue with dark patches was 
obtained. Mineralization was completed by stepwise addi- 
tion of about 2 ml of fuming nitric acid. The white residue 
was dissolved in about 5 ml of 5% hydrochloric acid with 
warming. After cooling, the solution was made up to 50 
ml. Aliquots of the solution were used for analysis. 

Extractive catalytic determination 
In a separatory funnel up to 2 ml of sample solution 

and 2 ml of solution B were made up to 4 ml with water. 
Then the aqueous solution was shaken with 4 ml of chloro- 
form for about 3 rain. After separation of the organic phase 
2.40 ml of the chloroform extract were put into a test-tube 
together with 3.60 ml of hydrogen peroxide solution. The 
mixture was put in a thermostat at 45 ° for l0 rain and 
then the reaction was started by addition of 2 ml of solu- 
tion A (also at 45 °) and mixing by shaking the test-tube. 
The reaction was left to proceed for 30 rain at 45 ° and 
was stopped by cooling the reaction vessel in a water-bath 
(20) for 5 rain. The solution was transferred to a 50-ram 
cell and the absorbance measured at 370 nm. 

The difference in absorbance between the blank and the 
sample was a direct measure for the copper concentration. 

The absorbance of the blanks, measured against water, 
was about 0.24. These relatively high values were not pro- 
duced by impurities in the reagents but resulted from the 
uncatalysed reaction. 

Analysis of liver biopsy samples 
In a porcelain crucible on a hot-plate 3-8 mg of dried 

liver or liver from a biopsy were dissolved by addition 
of 0.2 ml of concentrated nitric acid. After addition of some 
drops of fuming nitric acid a white residue was obtained. 
For complete mineralization the samples were kept in a 
muffle furnace at 550 ° overnight. The residue was dissolved 
with 1.5 ml of hot water and 1.5 ml of solution B. The 
solution was carefully transferred to a 25-ml separatory 
funnel and shaken with 3 ml of chloroform for 3 rain. 
Then a mixture of 1.2 ml of chloroform extract with 1.8 
ml of hydrogen peroxide solution in a test-tube was placed 
in the thermostat at 45 ° for 10 rain. Then 1 ml of solution 
A (at 45 °) was added, and the reaction started by shaking 
the test-tube. After reaction for 30 rain at 45 ° the solution 
was cooled and the absorbance measured as described 
above. 

Atomic-absorption measurements 
For atomization, solutions of digested l i a r  samtales were 

diluted to give a final hydrochloric acid concentration of 
0.01M and put directly on the tantalum ribbon by micro- 
pipette. The most suitable parameters for the copper deter- 
mination are listed in Table 1. 

RESULTS 

For reproducible results to be obtained, the copper 
has to be completely freed from the organic matrix. 
For  that  reason mineral izat ion of liver is a necessary 
preliminary to the catalytic determination.  The best 
results are obtained if both  concentrated and fuming 
nitric acid are used. 

After digestion the residue is dissolved in dilute hy- 
drochloric acid and  the copper is extracted into 
chloroform after addit ion of salicylate and pyridine. 
(For analysis of liver biopsy samples the residue is 

Table 1. Working conditions for flameless atomic-absorp- 
tion spectroscopic determination of copper 

Resonance line 
Background 

correction 
Lamp current 
Gas flow-rate 

Drying step 
Ashing step 
Atomization 
Sample volume 

324.7 nm (channel A) 

323.0 nm (channel B) 
10 mA (Jarrel-Ash zinc lamp) 
Argon 390 l./hr and 

"H, 2" for hydrogen 
30 see at 130°C 
24 see at 700°C 
2 sec at 1650°C 
10 #1 

dissolved in the extracting agent solution alone; the 
chloroform phase with the extracted copper is then 
used directly for the catalytic determinat ion by dilu- 
t ion with the ethanolic  reagent solut ions)  The cali- 
brat ion curve for copper is linear in the range from 
5 to 100 ng/ml (Fig. 1, curve C~). 

The only interference results from the relatively 
high content  of iron in liver tissues. With salicylate 
iron forms a stable red complex which is partially 
extracted into the chloroform phase and does inter- 
fere with the catalytic determination.  

In order to eliminate this interference sodium fluor- 
ide was tested as masking agent for iron(III). Fluoride 
up to a concentrat ion of 0.5M has  no  influence on 
the extraction catalytic procedure. For  the analysis 
a fluoride concentra i ion of O.4M was used, which pro- 
duces a constant  ionic strength and  binds up to 10% 
of iron in the liver (dry weight) (the usual iron con- 
tent 1° is about  0.06%, dry weight). 

The accuracy of the method was checked by sys- 
tematic investigations ~ as well as by independent  
determinat ions by a tomic-absorpt ion spectrophoto- 
metry. 

The existence of a constant  systematic error  was 
tested for by determinat ion of copper in different 
amounts  of calf liver. The error calculated (Table 2) 
was found to be statistically not  significant, ~ which 
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Fig. 1. Calibration graphs for extractive catalytic and AAS 
determinations of copper in aqueous solution and in calf 
liver. Extractive catalytic determination: Cl--aqueous 
solution (b = 6.06 x 10 -3 mi/ng); Cz---calf liver. AAS 
determination: A~--without matrix (b = 3.1 x 10 -3 

ml/ng); Az--calf liver. 
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Table 2. Results of copper determination in calf liver 

Extraction 
catalytic 
method AAS 

Constant error I 1, 
[Cu], a0/m/ 0.8 26.2 

Proportional error ~ 1 1.00 0.84 
Sensitivity, b,t ruling 6.06 x 10 -3 2.6 x 10 -3 
Mean content*, 5, ppm 103 107 
Number of determinations 12 17 
Standard deviation, S, ppm 8.7 16 
Coefficient of variation, 

S 100~, % 8.5 15 

* Refers to dried liver. 
t According to the calibration function AA -- b[Cul + a 

where [Cu] B in ng/mi and A is the intercept of the regres- 
sion line. 

Table 3. Extractive catalytic determination in biopsy 
samples of human liver 

Dry weight 
Sample used, m0 AA* [C'u], ppm 

1 Blank -0.004 
2 4.82 0.227 77.1 + 3.2 
3 8.27 0.270 53.9 5:2.0 
4 4.14 0.116 46.4 -I- 2.0 
5 4.54 0.155 57,4 5:3.7 
6 4.46 0.488 192,0 + 3.7 

* Duplicate determinations. 

means that there is no proof of the existence of a 
constant error. 

To evaluate any proportional systematic error. It 
calf-liver samples were spiked with known amounts 
of copper before the digestion procedure, and the 
slope of the resulting calibration curve was compared 
with that for aqueous solutions containing the same 
amounts of added copper. The slopes were identical 
(Fig. 1, curves C1 and C2), establishing that there is 
no proportional error. ~ Thus the extraction catalytic 
procedure can be used without recourse to the stan- 
dard-addition method. 

The catalytically determined copper content in calf 
liver was in agreement with the value obtained by 

AAS determinations (Table 2), but the AAS results 
had both a constant and a proportional error (Table 2 
and Fig. 1 curves At and A2). 

The standard deviation of extractive catalytic deter- 
minations in calf (Table 2) and human liver (Table 3) 
was found to vary from about 5 to 10 ppm Cu. 
Depending on the sample weight and the copper con- 
tent the coefficient of variation is between 5 and 15% 
(cf. Tables 2 and 3). 

The limit of detection was calculated according to 
the 3s-criterion It on the basis of the standard devi- 
ation of 14 blanks measured during a two-month 
period. The limit of detection was 5 ng of Cu per 
ml, which allows down to 10 ppm of copper to be 
determined in 5 nag of dried liver. 

Because of the high sensitivity the method was used 
for copper determination in biopsy samples. 

By use of Menghini needles biopsy samples of 
about 10-15 mg of wet liver were obtained. The 
weight loss on drying was about 70%, i.e., about 5 
mg of dried liver was available for determination of 
copper, which was adequate for use with modified 
procedure. 

The results for normal persons (1-5) and for one 
patient (6) suspected to have Wilson's disease are 
presented in Table 3. The coefficient of variation of 
the determinations was established by duplicate 
analysis of 4 different portions of liver from sample 
No. 4 (Table 3) and found to be 12.7%. 

These copper concentrations in human liver are 
relatively high compared to those reported in the 
literature t-4 but still in a range which is described 
as normal by many authors (co., 12-75 ppm, dry 
weighP). 

DISCUSSION 

The determination of copper in biopsy samples by 
use of conventional spectrophotometry is scarcely 
possible, because the sensitivity of the common re- 
agents is too low, e.g., neocuproine (¢ = 7,9 × 103 
1. mole -  t .  c m -  1)7 or bathophenanthroline (¢ = 1.3 × 

' lff* l . m o l e - 1 . c m  - t).12 The sensitivity of the extrac- 
tive catalytic procedure is 5-10 times greater 
(E = 7.6 × 104 1. mole -  1. c m -  1), which makes the 

Table 4. Comparison of different methods for determination of copper in human liver biopsy samples 

Flameless Extractive 
Parameter Neutron-activation ~ AAS catalytic method 

Concentration 5-700 1 0- 100 10-350 
range*, ppm 

Amount of liver 0.4 I 5 
necessary for analysis, mg 

Coefficient of 10-12 9-15 10--15 
variation, % 

Pretreatment of Mineralization Mineralization Mineralization. 
sample lion-exchangel extraction 

* Refers to dry weight. 

TAL 26/8--L 



784 M. OTTO. H. MUELLER and O. WERNE~ 

method applicable for analysis of liver biopsy samples 
for copper. 

Of  course, the sensitivity cannot compete with that 
of methods such as neutron-activation analysis I-3 
and tameless atomic-absorption spectroscopy 4 but 
the procedure has the advantage of  needing only a 
simple spectrophotometer and allows copper to be 
determined in duplicate in 5 mg of dried liver samples 
over the clinically interesting range from 10 to 100 
ppm or higher. 

A comparison of methods according to the most 
important parameters ts presented in Table 4. 

The extractive catalytic method is now being tested 
for routine analysis in diagnosis of Wilson's disease, 
which should be suspected if the copper content is 
in the range 150--250 ppm. Because the reproduc- 
ibility improves with increasing copper content, 
duplicate determinations are adequate for reliable 
diagnosis. 
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U N T E R S U C H U N G E N  ZUR INDIREKTEN 
MECHANISIERTEN KATALYTISCH- 

SPEKTRALPHOTOMETRISCHEN BESTIMMUNG 
YON ct-AMINOPOLYCARBONSAUREN 

U N D  PHOSPHATEN 

H. Mt)LLER, H. SCHURIG und G. WER~r.~ 
Analytisches Zentrum der Sektion Chemie der Karl-Marx-Universifiit Leipzig, DDR 

(Einoeoanoen am 3. Januar 1979. Anoenommen am 14. Februar 1979) 

Zummmenfassung--~-Aminopolycarbons~uren und kondensierte Phosphate inhibiexen die Fe-kataly- 
sierte Oxydation yon p-Phenetidin mit Wasserstoffperoxid. Mittels eines Durchfluflanalysators wurden 
die Inhibitorwirkung yon sieben ,,-Aminopolycarbons~uren und technisch wichtigen Phosphaten unter- 
sucht und die Ergebnisse komplexchemisch interpretiert. Eine mechanisierte Bestimmung ist fOr einige 
~-Aminopolycarbons~uren (Tetra-, Penta- und Hexas~uren) im Konzentrationsbereich yon 2,5-10 -7 
bis 2,5. l0 -e M bei guter Reproduzierbarkeit (relative Standardabweichungen im mittleren Konzentra- 
tionsbereich um + 2%) m6glich. 

Die Notwendigkeit der Bestimmung von synthe- 
tischen ct-Aminopolycarbonsiiuren Und kondensierten 
Phosphaten ergibt sich in immer breiterem Malk  
durch den zunehmenden Einsatz dieser Produkte in 
der Industrie, der Land- und Hauswirtschaft sowie 
in der Medizin. Dabei mug die Analytik neben einer 
Oberwachungsfunktion beim Herstellungsproze8 
(ProzelSkontrolle) auch eine KontroUfunktion in 
umweltrelevanten Bereichen iibernehmen. Gelangen 
z.B. ct-Aminopolycarbon~uren oder ihre Metallkom- 
plexe unkontrolliert in die Umwelt, k~nnen 
Sttirungen des Okosystems auftreten, da durch die 
Wechselwirkung Metall-Ligand die Wanderung yon 
Metallen im Geo- und Biozyklus wesentlich beein- 
fluBt wird. t 

Von den c~-Aminopolycarbonsiiuren werden tech- 
nisch als Ersatz yon Polyphosphaten in Waschmitteln 
vor allem Athylendiamintetraessigs~ure (ADTE) und 
Nitrilotriessigs~ure (NTE) als Sequestrierungsmittel 
angewendet. Eine umfassende Obersicht iiber das 
breite Applikationsspektrum der synthetischen anor- 
ganischen und organischen Komplexbildner gibt die 
Monographie yon Chaberek und Martell. 2 

Als Konsequenz der vielf~iltigen Verwendung 
wurden zahlreiche Analysenmethoden zur Bestim- 
mung synthetischer Komplexbildner fiir die einzelnen 
Anwendungsgebiete und f'tir die Umweltiiberwachung 
entwickelt. Dabei dominieren chemische Analysenver- 
fahren in Verbindung mit Trennoperationen. 

Besonders die Bestimmung von Sequestrierungs- 
mitteln in umweltrelevanten Matrices erfordert wegen 
der hohen Probenzahlen und des damit verbundenen 
Arbeitsaufwandes die Anwendung einer weitgehend 
mechanisierten Analysenmefltechnik. 

Bisher sind aber nur wenige mechanisiert ausge- 
f'tihrte Bestimmungen f ~  ct-Aminopolycarbon~uren 
bzw. Polyphosphate bekannt. 

Eine recht nachweisstarke Methode (Doppelzellen- 
Gieichstrom-Osziliopolarographie) zur Bestimmtmg 
von 'NTE in nattirlichen Wtissern, Abwiissern und 
Detergentien wird yon Afghan und Mitarbeitern s vor- 
geschlagen. Die Anwendbarkeit dieser Methode wird 
jedoch durch die aufwendige Detektoreinheit 
begrenzt. Eine photometrische Bestimmung for 025 
bis l%ige NTE-L~sungen wird von Vanwelssenaeres 
und Clinckemaillie* beschrieben. Eine photometrisch 
indizierte Metallverdriingungsreaktion zur lkstim- 
mung yon NTE im Bereich yon 1 bis 10 rag NTE/i 
ist in einer Ubersicht automatisierter Methoden zur 
Wasserqualitiitskontrolle yon DuCros und Salpeter s 
erwiihnt. 

Ziel unserer Untersuchungen war es, eine emp- 
findliche mechanisierte Bestimmungsmethode ffir 
Sequestrierungsmittel auszuarbeiten, die sich mit ver- 
tretbarem apparativen Aufwand mechanisieren itiBt. 
Unter dem Gesichtspunkt einer Spurenbestimmung in 
Liisung sind wegen ihres hohen Nachweisverm6gens 
auch kinetisch-katalytische Analysenmethoden inter- 
essant. Dabei kann sowohl ein aktivierender als auch 
ein inhibierender EinfluB der zu bestimmenden Kom- 
plexbildner auf das Katalyseverhaiten yon Metali- 
katalysatoren ausgenutzt werden. Obersichten tiber 
Arbeiten auf diesem Gebiet wurden u.a. yon Mot- 
tola, e Miiller und Werner 7 und Greinke und Mark s 
referiert. 

Zur kinetisch-katalytischen Bestimmung yon 
~,-Aminopolycarbons~uren und kondensierten Phos- 
phaten wurde in der vorliegenden Arbeit der lnhibi- 
toreffekt dieser Verbindungen auf die Fe-katalysierte 
und durch 1,10-Phenanthrolin aktivierte Redoxreak- 
tion zwischen p-Phenetidin und Wasserstoffperoxid 9 
genutzt. Eine Anwendung dieser lndikatorreaktion 
zur indirekten kinefisch-katalytischen lkstimmung 
yon Komplexbildnern sollte sehr geeignet sein, weil 
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(i) EisergllI) mit ~t-Aminopolycarbonsiiuren und 
Phosphaten sehr stabile Komplexe bildet, 

(ii) die Indikatorreaktion sehr nachweisstark auf 
Eisen ist und damit empfindliche Bestimmungsmeth- 
oden fiir Komplexbildner zu erwarten waren, 

(iii) der Aktivator 1,10-Phenanthrolin dureh Kon- 
kurrenzreaktion mit dem Katalysator Eisen die In- 
hibitorwirkung der untersehiedlichen Komplexbildner 
abstufen kann. 

Eine mechanistische Deutung der Fe-katalysierten 
Reaktion zwischen p-Phenetidin und H202 wird yon 
Bontchev 1° wie folgt gegcben: 

M + S ..k'. , M '  +S" 

S" "--'--* P 

M' + B-2-~ M + Red 

O)  

(2) 

(3) 

mit M / M ' =  Katalysator in der oxydierten bzw. 
reduzierten Form; S = p-Phenetidin; P = Oxyda- 
tionsprodukt des Substrates; B = HzO2. 

Die Wirkung des Aktivators 1,10-Phenanthrolin 
wird dabei dureh die Komplexbildung mit M' und 
der dadureh bewirkten Verschiebung des Gleich- 
gewiehtes in Gleichung 1 naeh reehts erkl~irt. 

In Anwesenheit eines Liganden L (zu bestimmender 
Komplexbildner) muB (bei Annahme einer 1 : 1-Kom- 
plexbildung) noch der Schritt 

L k~ . ML (4) M + "k_~ 

beriicksichtigt werden. 

Alloemeine Betrachtun#en zur Inhibitorwirkung von 
Liganden 

Der in der L6sung vorliegende Ligand L bildet 
mit dem Katalysator M eine Komplexverbindung 
ML. Dieser Komplex kann entweder katalytisch 
inaktiv sein (Voilinhibition) oder seine katalytischen 
Eigensehaften unterscheiden sich yon den katalytischen 
Eigenschaften des Ausgangskatalysators (Teilinhibi- 
tion). Betrachtet man den einfachsten Fall der Voll- 
inhibition u nd zieht zu ihrer allgemeinen Erki~irung 
die w n  Yatsimirskii 11 in die formal-kinetische 
Behandlung homogen katalysierter Reaktionen einge- 
fiihrte Graphentheorie herart, k6nnen die Reaktionen 
(1), (3) und (4) durch folgenden Graph (Abb. 1) 
repr~isentiert werden. Die Geschwindigkeit der 
Gesamtreaktion ergibt sich dann bei Anwendung der 
Bilanzgleichung yon Meson und Zimmermann 12 zu 

klkz[S ] [B]C~ 
v = (5) 

kl[S] + k2[B] + K[B][L]k2 

mit K = k f fk -a  = KMt.; CK = Gesamtkonzentration 
des Katalysators = ([M] + [M']  + [ML]). 

Diese Gleichung zeigt die Abhiingigkeit der In- 
hibitorwirkung eines Liganden L von der Komplex- 

stabilitiitskonstanten KML. Geht KML gegen Null. so 
geht Gleichung (5) in die Geschwindigkeitsgleichung 
ffi'r die nicht-inhibierte Reaktion 

klk2[S] [B] C~ 
v = (6) 

kt[S] + kzCB] 

fiber und der Knoten ML im Graphen der Abbildung 
1 versehwindet. Wiichst dagegen KMt. an, so wird 
auch der Nenner des Bruches in Gleichung (5) griSfler 
und die katalysierte Reaktion kommt zum Stillstand. 
Bei sehr groBen Werten yon KML werden schon iiqui- 
molare Mengen elnes Liganden in bezug auf den 
Katalysator die Reaktion vollst~ndig stoppen, bei 
entspreehend h6heren Konzentrationen an Inhibitor 
ki~nnen auch nieht so "starke" Liganden einen Reak- 
tionsstillstand bewirken. 

Die Verringerung der katalytischen Aktivitiit eines 
Katalysators durch Komplexbildung mit einem 
Liganden L erm5glicht zwei Aussagen: 

(i) die Abnahme der katalytischen Aktivit/it ist eine 
Funktion tier Konzentration des Inhibitors und ge- 
stattet dadurch dessen Bestimmung; 

(ii) beim Vergleich unterschiedlicher Inhibitoren 
gleicher Konzentration ist die Abnahme der kataly- 
tischen Aktivitiit ein Marl f'tir die St~irke der Wechsel- 
wirkung Katalysator-Inhibitor und erm6glicht, ver- 
gleichende Aussagen fiber die Komplexbildung 
(Gr6Be yon KUL) ZU machen (siehe dazu auch Zitat 
13). 

Die Voraussetzung ffir diese allgemeinen Betrach- 
tungen, dab die gebildeten Komplexe katalytisch 
nicht aktiv sind (Vollinhibition) best~itigte sich in den 
weiteren Experimenten. Dies ist nicht iJberraschend, 
da sowohl die mehrziihnigen ~t-Aminopolycarbon- 
s~iuren ais auch die Phosphate und Polyphosphate 
den Katalysator in der Regel koordinativ s~ttigen und 
ihn so gegen Wechselwirkungen mit den Reaktanten 
der Indikatorreaktion abschirmen. 

Abb. l. Graph for den Ablauf der Fe-katalysierten Reak- 
tion zwischen p-Phenetidin und H202 in Anwesenheit 

eines lnhibitors L. 
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EXPERIMENTELLER TElL 

Geriite und Versuchsauswertung 

AUe Glasgeriite wurden dutch Chromschwefels~ure und 
mehrfaches Spfilen mit bidestiiliertem Wasser gereinigt. 
Die Untersuchungen und Bestimmungen wurden mit 
einem Durchfluflanalysator "Kontinuierlicher Analysen- 
automat" des VEB MLW PriifgerJitewerk Medingen, Sitz 
Freital, DDR, durchgefdhrt (siehe dazu auch Zitat 14). Die 
entsprechenden Versuchsparameter sind dem FlieBschema 
in Abb. 2 zu entnehmen. Experimentel! erfolgte die Bestim- 
mung der Inhibitorwirkung und -konzentration fiber 
Extinktions~inderungen pro Zcit, die aus den unterschied- 
lichen Bildungsgeschwindigkeiten des Reaktionsproduktes 
der Indikatorreaktion in An- bzw. Abwesenheit der inhi- 
bierend wirkenden Liganden (weniger oder mehr kataiy- 
sierend wirkendes "freies" Eisen) resultieren. Vorausset- 
zung ['dr eine einfache Auswertung ist, dab die verschie- 
denen Inhibitoren nur eine Komplexierung (Biidung yon 
ML) bewirken, den Wirkmechanismus (Gleichung 1 bis 3) 
aber nicht ver'dndern. Die Wechselwirkung zwischen Kata- 
lysator und Ligand wird graphisch dargestellt, indem man 
die Restkonzentration an katalytisch wirkendem Eisen 
(ermittelt aus dem Extinktions-Zeit-Verlauf der lndikator- 
reaktion) gegen die Inhibitorkonzentration auftr~lgt. Da 
jede ExtinktionsiLqderung einer definierten Konzentration 
an katalytisch wirksamen Eisen entspricht, k~nnen die 
ermittelten Werte mittels entsprechender Eichkurven m 
(Eisen)-Konzentrationswerte transformiert werden. In 
einem Koordinatensystem mit der Konzentration an kata- 
lytisch aktivem Eisen (Fe*. siehe Abb. 3 und 4) als 
Ordinaten- und der Ligandkonzentration ais Abszissen- 

, wert liefert der Schnittpunkt der Kurve mit der Ordina- 
, tenachse dann den Konzentrationswert des reinen Eisen- 

standards (bei allen Versuchen 2,5.10 -6 M). 

Versuchsdurchf~hrung 
Zur Aufnahme yon Eichkurven werden 0,1 ml der Eisen- 

stamml6sung (2,5.10 -+ M) in einem 10-mi Ma6k~lbchen 

mit steigenden Mengen an Inhibitorl~sung versetzt, mit 
Wasser auf 10 ml aufgeffilit und die katalytisch noch wirk- 
same Eisenkonzentration mit dem DurchfluBanalysator 
(fiber die Extinktions~nderung bei konstanter Zeit) ermit- 
telt. Alle weiteren Manipulationen wie Proben- und Rea- 
genziendosierung, Vermischen der Reaktanten, Inkubation 
des Reaktionsansatzes und photometrische Indikation der 
Reaktionsprodukte erfolgen durch den Analysator analog 
einter frfiher beschriebenen Eisenbestimmung ira Trink- 
wasser. 2+ 

Eine nicht-mechanisierte spektralphotometrische Ermitt- 
lung der ReaktionsgeschwJndigkeit der Indikatorreaktion 
und daraus fiber das katalytisch noch wirksame Eisen der 
lnhibitorkonzentration ist nach Zugabe der emspre- 
chenden Reaktanten zur Untersuchungsl6sung und Starten 
der Reaktion mit H202-L6sung ebenfalls m~glich (siehe 
dazu z.B. Zitat 9). 

Rea#enzien und Probel6sungen 
p-Phenetidin-HCI, 1,4%ige L~sung (ta'glich frisch zube- 

reitet), p-Phenetidin-HCl wurde aus frisch destilliertem 
(Vakuum, Stickstoffatmosph~ire) p-Pbenetidin und Salz- 
s~ure erhalten. In einer braunen Flasche aufbewahrt, ist 
es fiber Monate haltbar. 

l,lO-Phenanthrolin-HCI-H20. Stamml~Ssung 1,1-10- 2M. 
Arbeitsi~sung 1,t-10-3M (ttiglich frisch zubereitet). 

Wasserstoffperoxid, 0,3M. Gehalt pcrmanganometrisch 
bestimmt. 

Puffer. Nach Clark und Lubb~ pH = 2.8:51,08 g 
Kaliumhydrogenphthalat (reinst), zweimal umkristaUisiert, 
in ca. 2 1 Wasser 16sen, 1325 ml 0,2M Salz~ure zugeben 
und auf 5 ! autfdllen. 

SpEll6suru 3, 0.01M Salzsfiure. 
FeCl3-L6sun 0. Aus einer 5" 10-2M L~sung in 0,SM Salz- 

s~iure wurde tiiglich die 2,5" 10-+M Arbeitsl~sung sow]e 
andere ben~tigte StandardliSsungen in IM Saizs~ure her- 
gestellt. 

Die Stammlbsungen der =-Aminopolycarbonsiiuren 
sowie der Phosphate wurden dutch Auflibsen der entspre- 

J cO c~.021 , 
I o ' , 

0 i; .55i  I 
0 io,so) ! 

I 
11.02) I 
{2.55) 

13.o41 
.8o} 

I , i 

Do~,erpumpe 

DP 2-2 
Thermostot 40°C 

Reoktionswende| 40ml 

Stotron Photometer Schreiber 
DFK 1 (Line Recorder 

d=bcm. A=bS0nm TZ 212S] 

Probe 

Luft 

H202 0.3M 

Puffer 
1.10- Phen 1.1x 10-3 M 

p-Phenetidin 1A%ig 

Sputtosung 0.01M HCt 

Abfott 

i , 

Recht eckpr obenspe,cher 
30 Proben I h 

Abb. 2. Flieflschema zur mechanisierten katalytischen Eisenbestimmung mittels der p-Phenetidin-H202- 
Reaktion. In Klammern FiSrderleistung in ml/min. 
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chenden Handeis- und Laborpriiparate bzw. der tech- 
nischen Produkte in Wasser erhaiten. Die Stamml6sungen 
der ,,-AminopolycarbonHuren wurden in Poly/ithylen- 
flaschen aufbewahrt, die Konzentration w~chentlich poten- 
tiometrisch iiberprtift. 

Die L6sungen der kondensierten Phosphate wurden 
fiiglich frisch zubereitet. Eine Gehaltsbestimmung der 
Phosphatl6sungen erfolgte durch pH-Messungen yon 
1.0%igen StammlSsungen, die mit Literaturwerten Is verg- 
lichen wurden. 

• -A mlnol~lycarbonsi~uren 
lminodiessigHure (IDE), 10- 2M. 
N-Hydroxy[/thyleniminodiessigHure (HIDE), 5' 10-3M. 
2-Amin ocyclohex anol- N,N-diessigs~iure (ACDE), 

5.10-3M. 
NitrilotriessigHure (NTE), 5.10-3M. 
,~[thylendiamintetraessigHure (,~DTE), 5" 10- 2M. 
1,2- Diamin ocyciohexantetraessigHu re (DCTE), 

1.10-2M. 
DiithylentriaminpentaessigHure {DTPE), 2.10-2M, 
Triilthylentetraminhexaessis~iure (TTHE), 2-10-3M. 

Phosphate und Polyphosphate 
Natriumdihydrogenphosphat, NaH,PO,, 0,1M. 
Tetranatriumdiphosphat (reinst), Na,tP2OT, 0,0175M. 
Pentanatriumtriphosphat (PTP), technisch, NasP3Olo, 

l%ige L~sung. 
Grahamsches Salz, technisch, l~'oige L6sung, 
MetaphosphorHure, HP03, 35%ig. 
Natriummetaphosphat, NaPO3, l~oige L6sun& 

(Herrn Prol~ Dr. E. Hoyer, Sektion Chemie der Kari-Marx- 
Universitiit, Leipzig, danken wit fiir die Oberlassung 
einiger ~-AminopolycarbonHuren. dem VEB Stickstoff- 
werke Piesteritz, DDR, ffir die Bereitstellung yon tech- 
nischen Phosphaten). 

ERGEBNISSE UND DISKUSSION 

Die Komplexchemie der ~-Aminopolycarbonsiiuren 
und der Phosphate ist in der Literatur br¢it behandelt 
worden. 1~-22 In dieser Admit sollen deshalb nur die 
wichtigsten und analytisch relevanten Ergebnisse un- 
serer Untersuchungen diskutiert werden. Eine 
ausftihrliche komplexchemische Interpretation aller 
Untersuchungsbefunde wird yon Schurig 23 vor- 
genommen. 

Unter Beriicksichtigung aller Wechselwirkungen 
des Katalysators mit den potentiellen Liganden in der 
L~sung (1,10-Phenanthrolin, Chloridionen, Wasser, 
p-Phenetidin, Reaktionsprodukte, HzO2 u.a.) ergab 
sich, daft bei einer konditionellen Stabilit~tskon- 
stanten der Metall-Inhibitor-Komplexe Kt4*L, >-- 
2" 101° Reaktionsstillstand schon bei einem ~iquimo- 
laren Verh~iltnis des Liganden zum Metall einsetzt. 
Komplexbildner wie )i, DTE, DTPE, DCTE und 
TTAHE erfiillen diese Bedingung, bei den anderen 
untersuchten Inhibitoren wird be/einem ~iquimolaren 
Ligand-Metall-Verhgltnis nut eine teilweise Inhibition 
beobachtet (Abb. 3). 

Bei den Diessigsiiuren kann nur bei einem hohen 
0berschuB eine weitgehende Inhibition der kataly- 
tischen Aktivifiit des Eisens beobachtet werden. 
Zwischen der Abnahme der katalytischen Aktivit~t 
des Eisenstandards und der Ligandkonzentration be- 
steht keine Linearit~it, so dab eine analytische Auswer- 
tung mit einer einfachen Auswertetechnik nicht 
m6glich ist. Wie Abbildung 3 zeigt, besteht f'~ die 
NTE im Konzentrationsbereich yon 0,5 bis 
2,5" 10-6M NTE eine strenge lineare Abh~ingigkeit 
zwischen der lnhibitorwirkung und der Konzen- 
tration, die zu einer Gehaltsbestimmung genutzt 
werden kann. Proben h6herer Konzentration 
verdiinnt man entsprechenck um im linearen Bereich 
arbeiten zu k~nnen. In diesem Fall sind dann f'tir eine 
Bestimmung mindestens zwei Ansiitze erforderlich. 

Die /i, DTE, DCTE, DTPE und TTAHE komple- 
xieren alas ira Reaktionsgemisch vorliegende Eisen in- 
folge der hohen konditionellen Stabilit~tskonstanten 
K,.L, bei fiquimolaren Verh~iltnissen vollst~ndig. In 
einem Konzentrationsbereich yon 0,25 his 2,5" 10-6M 
,,-Aminopolycarbonsiiure besteht ein linearer Zusam- 
menhang, der quantitative Bestimmungen erm6glicht 
(Tab. 1). 

Aus den Untersuchungsergebnissen (Abb. 3) geht 
hervor, dab TTHE neben einem l:l-Komplex in der 
Reaktionsmischung noch einen Zweikernkomplex bil- 

J 0 , , , h , I  

~-7 ,6~ jo 5 ~y4 ,63 ,o-~ 
Mol Koml~gon / I Probe" 

Abb. 3. Obersicht iiber die lnhibitorwirkung yon ~-Aminopolycarbon~uren auf die Fc-katalysierte 
Reaktion zwischen p-Phenetidin und HzO2: DCTE, DTPE und TTAHE wie .~DTE. 
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Abb. 4. Ubersicht fiber die Inhibitorwirkung yon Phosphaten auf die Fe-katalysierte Reaktion zwischen 
p-Phenetidin und H202. 

det. Auch hier ist. ~ihnlich wie bei der NTE, nur der 
lineare Teil zwischen 0,2 und 2,5.10- 6M TTHE ana- 
lytisch auswertbar. 

Die Reaktionshemmung durch Orthophosphat, 
Pyrophosphat und Triphosphat (Abb. 4) kann als 
teilweise Inhibition im Sinne einer unvollsttindigen 
Komplexbildung aufgrund tier zu geringen kondi- 
tionellen Stabilita'tskonstanten der Eisen-Phosphat- 
Komplexe gedeutet werden. Die Einordnung des hihi- 
bitionseffektes des Grahamschen Salzes und des 
Metaphosphates ist problematisch, da tiber das 
Molekulargewicht und somit tiber die Anzahl tier 
m6glichen Koordinationsstellen ftir die beiden Ver- 
bindungen keine genauen Angaben vorliegen. Von 
den untersuchten Phosphaten existiert nur ftir das 
Pentanatriumtriphosphat (PTP) ein linearer Zusam- 
menhang zwischen tier Inhibitorkonzentration yon 
0,27 bis 2,7.10-6M und tier freien, katalytisch aktiven 
Eisenkonzentration. Die erhaltene Kurve (Abb. 4) ist 
mit der yon NTE praktisch identisch. Eine Hydrolyse 
des PTP zum Orthophosphat ist unter den gew~ihiten 
experimentellen Bedingungen nicht zu erwarten, da 
die Halbwertszeit flir PTP bei pH = 2 (Arbeits-pH- 
Wert) trod 25 ° c a .  700 Stunden betfiigt. Ftir die 
anderen Phosphate sind spezifische Eichkurven 

notwendig, die aber durch ihren gekrtimmten Verlauf 
die praktiscbe Auswendung stark einschfiinken, 

Die gewiihlte Indikatorreaktion (Fe-katalysierte 
Oxydation yon p-Phenetidin mit Wasserstoffperoxid) 
ist ftir die Bestimmung yon Tri-bis Hexa-~-Aminopoly- 
carbon~uren geeignet. Der funktionale Zusammen- 
hang zwischen der Inhibitorkonzentration und der 
Reaktionsgeschwindigkeit (ausgewertet tiber die kata- 
lytisch noch wirksame Eisenkonzentration} ist in 
Form yon Geradengleichungen, die mittels linearer 
Regression errechnet wurden, in Tabelle 1 zusammen- 
gefaBt. 

Die relativen Standardabweichungen der Bestim- 
mungen liegen f@r alle Gt-Aminopo|ycarbon~uren bei 
+2% yon der unteren Grenze des Arbeitsbereiches 
bis zu mitfleren Konzentrationen. Ftir 2,25-10-6M 
,~DTE, DCTE, DTPE und TI'AHE muff man mit 
relativen Fehlern zwischen 10 und 209/o rechnen. Das 
Arbeiten an der oberen Grenze (2,5.10-6M) sollte 
man vermeiden, weil dann das katalytisch wirkende 
Eisen fast vollsfiindig komplexiert ist und sich 
dadurch ~iuBerst geringe Extinktionsiinderungen 
ergeben, die in der Niihe der Blindwerte liegen. 

Die ausgearbeiteten mechanisierten Bestimmungs- 
methoden sind ftir u-Aminopolycarbonsa'uren mit 

Tabelle 1. Funktionaler Zusammenhang.zwischen Inhibitorkonzentration und Restkonzentration an 
katalytisch wirksamen Eisen 

Konz. Bereich, 
Inhibitor ftM Gleichung r s N 

NTE 0,5-2,5 y = -0,634x + '2,493 -0,998 0,0033 36 
ADTE 0,25-2,5 y -- - 1,004x + 2,511 -0#99 0,0455 72 
DCTE 0,25-2,5 y = -1,025x + 2,541 -0#99 0,0434 72 
DTPE 0,25-2,5 y = -1,025x + 2,505 -0,999 0,0427 72 
TTAHE 0,25-2,5 y = -0,993x + 2,512 -0,999 0,0498 62 
TTHE 0,20-1,2 y -- -1,715x + 2,516 -0,998 0,0477 44 

y = Konzentration an katalytisch wirksamen Eisen,/~M. 
x = Konzentration an Ligand in der Probe,/~M. 
s = Gesamtstandardabweichung yon y, ~M. 
r -- Korrelationskoefl~zient. 

N = Zahl der Bestimmungen, 
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ausgepriigtem Komplexbildungsverm6gen (KM, L, 
2.10 l°) sehr empfindlich, aber in bezug auf die ein- 
zelnen Liganden unspezifisch. Bei einem Gemisch ist 
deshalb nur  eine summariscbe Bestimmung m6glich. 
Allerdings liegen in der Praxis selten Gemische yon 
Sequestrierungsmitteln vor, da meist gezielt nur  ein 
bestimmter Komplexbildner eingesetzt wird, der dann 
mit den o.g. Einschr'~inkungen bestimmt werden kann. 
Ausgehend yon der guten Linearitiit zwischen 
MeBgr6~ (Extinktion) und Inhibitorkonzentration 
konnten empfindliche mechanisierte Bestimmungsver- 
fahren fiir einige ~-Aminopolycarbons~uren ausgear- 
beitet werden. Ausflihrlich wurde eine ~,DTE, Bestim- 
mung in nattirfichen (auch eisenreichen) Wtissern 
getestet, tiber die an anderer Stelle 24 berichtet wird. 
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Semmary---a-Aminopolycarbonic acids and condensed phosphates are inhibitors in the iron-catalysed 
oxidation of p-phenetidine with hydrogen peroxide. By means of a flow-through system the inhibiting 
properties of seven ~,-aminopoiycarbonic acids and technically important phosphates were investigated 
and the results are explained in terms of complex formation by the inhibitors, An automated determina- 
tion is possible for some ~-aminopolycarbonic acids (tetra-, penta- and hexa-acids) in a concentration 
range from 2.5 x 10 -7 to 2.5 x lO-SM with good reproducibility (relative standard deviation about 
-6 2% in the middle concentration range). 
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Summary-Scandium is quantitatively extracted with 4% Amberlite LA-1 or Amberlite LA-2 in xylene 
at pH 2.5-5.5 from O.lM malonic acid. Scandium is stripped from the organic phase with OSM hydro- 
chloric acid and determined spectrophotometrically at 525 nm, as its complex with Alizarin Red S. 
Primene JM-T, tri-iso-octylamine, tributylamine and tribenzylamine have also been studied as extractants, 
but found to be unsatisfactory for various reasons. Xylene, toluene, benzene, chloroform, carbon tetra- 
chloride, hexane, cyclohexane and kerosene’ have been studied as diluents. Xylene is found to be the 
most efficient. Scandium can be separated from most metals by selective extraction, and from gallium, 
thallium(III), bismuth, antimony(III), chromium(III), copper( iron(III), uranium(VI), curium, zir- 
conium, indium, thorium and titanium by selective stripping, in some cases combined with use of 
suitable complexing media to retain the other metals in the organic phase. 

dium has been separated by extraction into sol- 
g solvents, or by anion-exchange chroma- 
lphy in various acid media, but few liquid anion- 
angers have been used. It can be separated from 
Ianides with a 10% solution of Amberlite LA-2 
ylene, from O.lM sulphuric acid containing 
.onium sulphate, but iron, zirconium and vana- 
I interfere strongly.’ The separation of scan- 
I from thorium, uranium and zirconium in sul- 
: media has also been attempted with Amberlite 
I2 It has been observed that extraction of scan- ,* 
I is best with primary amines. Scandium has also 
extracted with ethyl tri-iododecyl ammonium 

lide in xylene in the presence of Xylenol Orange.4 
e of these methods are selective and many anions 
as phosphate, chloride and nitrate interfere. Sys- 

.tic studies with liquid anion-exchangers in 
nit acid media are almost completely lacking. 
paper presents a method for the solvent extrac- 
of scandium and its separation from thorium, 

nium, uranium, yttrium, lanthanides and many 
r elements which are associated with it in 
:rals. 

Buffer (pH 3.5) was prepared by dissolving 10.423 g of 
potassium hydrogen phthalate in 250 ml of water, adding 
78.5 ml of O.lM hydrochloric acid and diluting to 1 litre 
with demineralized water. 

General procedure 

A portion of solution containing 45 fig of scandium 
was mixed with 5 ml of O.lM malonic acid, the pH was 
adjusted to 3.0 with O.OlM sodium hydroxide or malonic 
acid, and the volume made up to 10 ml. The solution was 
transferred into a separating funnel and shaken with 10 
ml of 4% Amberlite LA-1 solution in xylene for 5 min 
(wrist-action shaker). The aqueous phase was discarded 
and the organic phase equilibrated with 10 ml of 0.5M 
hydrochloric acid to strip scandium. The aqueous layer 
ias withdrawn, evaporatdd almost to dryness and treated 
with 5 ml of water. Five ml of buffer solution (DH 3.5) 
were added, followed by 2 ml of 0.1% Alizarin Red solu: 
tion. The volume was made up to 25 ml with demineralized 
water and the absorbance measured at 525 nm against 
a reagent blank. The amount of scandium was computed 
from the calibration curve.’ 

RESULTS AND DISCUSSION 

EXPERIMENTAL 

ents 

)ck scandium solution was prepared by dissolving 
g of scandium oxide in 80 ml of cont. nitric acid 
BiIina until a clear solution was obtained, and diluting 
.itrewith demineralized water. The solution was Stan- 
zed by EDTA titration with Xylenol Orange as indi- 
.5 It was further diluted as required. 
lberlite LA- 1 [N-dodecyl(trialkylmethyl)amin~], 
:rlite LA-2 [N-lauryl(trialkylmethyl)amine]. Primene 
[mixture of primary amines in the C, .+Z,, range], 

>;tylamine, &so-octylamine and i&eniylaiine 
dissolved in suitable diluents. The liquid anion- 

lngers were converted into the malonate iorm as de- 
:d earlier.6 

Extraction as a function of pH 

The pH for quantitative extraction was ascertained 
by extracting scandium with 4% solutions of the 
various liquid anion-exchangers used, at pH-values 
in the range 1.0-7.0 (Fig. 1). The optimum pH for 
u&e of Amberlite LA-1 or LA-2 was 255.5. Extrac- 
tion was not quantitative with tri-iso-octylamine, tri- 
butylamine and tribenzylamine. With Primene JM-T, 
although the extraction was quantitative, emulsifica- 
tion caused serious difficulty. Amberlite LA-1 was 
selected for further study. 

Effect of various diluents 

Solutions (4%) of Amberlite LA-l in various diluents 
were used (Table 1). T’he phase-volume ratio was kept 
at 1, as otherwise an emulsion was formed. Xylene 

892 
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Fig. 1. Extraction of SC from malonic acid solution by 
various 4% amine solutions in xylene. 1, Amberlite LA-l: 
2, Amberlite LA-2; 3, Primene JM-T; 4, tri-iso-octyl- 

amine; 5, tributylamine; 6, tribenzylamine. 

was found to he the most effective diluent. Benzene, 
toluene, chloroform or carbon tetrachloride caused 
either turbidity or emulsion formation. Hexane, cyclo- 
hexane and kerosene proved to be poor diluents. 
Extraction was found to be complete in 2 min, and 
a 5-min shaking period is recommended. 

Reagent concentrations 

Table 2 shows that extraction with 4% Amberlite 
LA-1 in xylene starts when the malonic acid concen- 
tration is 1 x IO-‘M and is quantitative from 
7 x 10e3A4 malonic acid. For all practical purposes, 
0.1 M concentration is recommended. 

The optimum concentration of Amberlite LA-1 is 
>3% (Table 3), and a 4% solution is recommended. 

Stripping agents 

The stripping agents tested were sodium hydroxide 
(O.Ol-2.5M) ammonia (O.l-5M), hydrochloric acid 
(0.25-lOM), nitric acid (l-&V) and sulphuric acid 
(0.25-4M), in 1:l volume ratio to the organic phase. 

Stripping was complete with 0.5-10M hydrochloric 
acid, 1-8M nitric acid and 0.5-4M sulphuric acid. 
With more dilute sulphuric acid (O.OS%O.ZM), recovery 

Table 1. Elect of various diluents. Sc(III)45ng; pH 3.0; 4% 
Amberllte LA-l solution 

Diluent 

Benzene 
Toluene 
Xylene 
Chloroform 
Carbon tetrachloride 
Hexane 
Cyclohexane 
Kerosene 

Dielectric 
constant, 

E 

2.28 
2.38 
2.30 
4.80 
2.24 
1.89 
2.05 
(2) 

Extraction, 
& % 

99.0 
98.8 

100.0 
99.5 
95.1 
66.0 
44.5 
66.0 

Table 2. Effect of malonic acid con- 
centration. SC 45 pg; 4% Amberlite 

LA-1 in xylene 

Malonic acid ’ 
concentration, 

t?lM. 

0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

Extraction, 
E, % 

0.0 
22.0 
58.0 
78.0 
91.1 
95.0 
97.8 

100.0 
100.0 

was incomplete, as a negatively-charged sulphate 

complex of scandium was formed, which was re- 
extracted by the exchanger. Although nitric acid gave 
satisfactory recovery, nitrate ions interfere strongly 
in the calorimetric determination of scandium.’ 
Sodium hydroxide and ammonia were incapable of 
completely stripping the scandium from the organic 
phase. For all practical purposes 10 ml of 0.5M hy- 
drochloric acid should be used for the stripping. 

Species extracted 

The extraction mechanism appears to be: 

Sc(NO,), + 3malonic acid+ 
Sc(malonate):- + 3HN03 

3 [(RrNH&-malonate] + 2Sc(malonate):- + 
2(R2NH2)sSc(malonate)s + 3(malonate)2- 

This was confirmed graphically. The slopes of plots 
of IogD VS. log of ihe amine concentration at a fixed 
aqueous ligand concentration and of log D vs. log of 
ligand concentration at fixed amine concentration will 
give the composition of the extracted species. The 
slopes were 3.1 and 2.8 respectively, confirming 
therefore the composition of the extracted species as 
(R,NH,)sSc(malonate)s. 

Eflect of diverse ions 

Scandium was extracted in the presence of various 
ions (Table 4); the tolerance limit was set as described 

Table 3. Effect of Amberlite LA-l 
concentration. SC 45 pg; pH 3.0; 

diluent xylene 

Amberlite LA-l, Extraction, 
% E, % 

0.5 10.0 
1.0 54.5 
1.5 77.5 
2.0 90.3 
2.5 94.4 
3.0 97.75 
3.5 loo.0 
4.0 100.0 
5.0 100.0 
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earlier.6 The alkali and alkaline-earth metal ions, thal- 
lium(I), iron( silver, arsenic(IIIk yttrium, tin(IV) 
and all lanthanides except lanthanum, cerium(III), 
praseodymium and neodymium are not extracted 
with scandium, as they do not form malonate 
complexes. Zinc, cadmium, nickel, copper (II), co- 
balt(II), chromium(III), aluminium, lead, lanthanum, 
praseodymium, neodymium, thallium (III) and 
manganese(I1) form very weak complexes, and hence 
are very easily washed into the aqueous phase with 
water before scandium is stripped. 

Gallium, bismuth, antimony(III), iron(III) and 
uranium(V1) form complexes with malonic acid and 
are therefore extracted along with scandium. How- 

Table 4. Effect of diverse ions. SC 45 pg; 4% Amberlite 
in xylene; pH 2.5 

Foreign ion Added as 

Tolerance 
limit, 
mg 

Ag+ 
Tl+ 
T13+ 
In3+ 
Ga’+ 
cuz+ 
Cd2 + 
AS’+ 
Sb3+ 
Bi’+ 
pt4+ 
Fe’+ 
Fe3 + 
Cr’+ 
A13+ 
Ti4 + 
Sn4+ 
Th4+ 
Zr4+ 
u6+ 
Y’+ 
La”+ 
Ce’+ 
Nd’ + 
Pr3 + 
Sm’+ 
Gd3+ 
Dy”+ 
Be2 + 
Mn2+ 
coz+ 
Nil+ 
Mg2+ 
Ca2+ 
Sr*+ 
Ba2+ 
Li+ 
Na+ 
K+ 
Rb+ 
CS+ 
SeO:- 
TeO:- 
wo:- 
Mo,O;; 
CN- 

WW&fGL,.4H~O 

AgNO, 
-&so4 

KCN 

TlCl, 
In,(S04), .5HzO 
GaCl, 
CuSO,. 5Hz0 
Cd(N03), .4H20 
AsCl, 
SbCl, .3H20 
Bi(NO’)‘. 5H,O 
H,PtCl, . xH,O 
FeS04. 7Hz0 
Fe,(S04)‘. 7H20 
Cr(NO,), .9H,O 
Al(NO& .9H,O 
Ti (S04), 
SnCl, 
Th(N03)4.4H20 
Zr(N03)4.5HZ0 
U02(N03h .6H,O 
YPJO3)3 

La2o3 

WN03)3 

NW3 

Prdh 1 

ho3 

GW3 

Dy203 

Be(NO,), .3H,O 
MnS04. 7HZ0 
Co(NO,), .6H20 
Ni(NO,),.6H,O 
MgS04. 7H,O 
Ca(NO,), 
Sr (NO,), . 2H20 
Ba(NO,), .4H20 
Li2S04. II,0 
NaCl 
KC1 
RbCl 
CsCl 
Na,SeO, 
Na,TeO, 
Na,WO, 

0.50 

0.11 

0.51 
0.22 

0.20 

0.13 
0.11 
0.99 
0.51 
0.28 
0.19 
0.25 
0.28 
0.48 
0.20 
0.22 
0.50 
0.05 
0.45 
0.05 
0.10 
0.11 
0.50 
0.23 
0.16 
0.19 
0.20 
0.20 
0.21 
0.20 
0.51 
0.25 
0.50 
0.52 
1.00 
1.00 
1.00 
0.41 
4.5 
5.0 
5.0 
1.0 
1.1 
0.20 
0.20 
0.20 

ever, scandium does not form a strong complex with 
hydrochloric acid, so it is stripped with hydrochloric 
acid, the chloro-complexes of the other metals being 
re-extracted by the exchanger.s They can be stripped 
with 1M sodium hydroxide. 

Scandium can be separated from cerium and zir- 
conium in sulphate media, and from indium and thor- 
ium in nitrate media. Cerium is first stripped with 
0.05M sulphuric acid and then scandium with 1M 
hydrochloric acid.s Zirconium is separated by first 
stripping scandium with 0.75M sulphuric acid, fol- 
lowed by stripping of zirconium with 5M hydro- 
chloric acid.’ Indium and scandium are separated by 
first stripping scandium with 4M nitric acid, followed 
by stripping of indium with 1M hydrochloric acid. 
Scandium is separated from thorium by stripping it 
with 8M nitric acid, followed by stripping of thorium 
with 5M hydrochloric acid. Titanium and scandium 
are separated by first stripping scandium with O.lM 
oxalic acidj0.25M hydrochloric acid, followed by 
stripping of titanium with 1 M hydrochloric acid.’ The 
interference of the nitric acid used in the stripping 
step is eliminated by evaporation to dryness after 
addition of hydrochloric acid, followed by taking up 
of the residue with water. Scandium is separated from 
anions such as selenite, tellurite, tungstate, molybdate 
and cyanide by selective stripping of scandium with 
hydrochloric acid, followed by stripping of all the 
oxyanions with 1M sodium carbonate or sodium 
hydroxide. 

The separation of scandium from titanium, zir- 
conium, thorium and yttrium is important as these 
elements are generally associated with it in minerals. 
The separation of uranium, silver, antimony, bismuth 
and selenium is important in fission product separ- 
ation. From ten runs with 45 ng of scandium, the 
recovery was 99.8 + 0.2%. The optimum range is 
l&1200 ng of scandium. The proposed method is 
rapid, simple and selective. 
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Summary-The preconcentration of “inorganic” and methyl mercury cations from aqueous solution is 
described. The procedure involves collection of mercury on dithizone-coated macroreticular resin beads 
prior to analysis by cold-vapour atomic absorption spectroscopy. The beads are readily prepared before 
use and give rise to quantitative selective recovery of “inorganic” and methyl mercury from fresh and 
saline water samples. 

Several different approaches have been proposed for 
the preconcentration of mercury from natural waters, 

including solvent extraction1 ion-exchange,* freeze- 
drying concentration3 and co-precipitation.4*5 In 
general, however, these techniques either lack speci- 
ficity or require a lot of work and reagents in the 
preparation of samples. 

Chow and Buksak6 have reported the use of dithi- 
zone-treated polyurethane foams for the preconcen- 
tration of ionic mercury from aqueous samples. The 
dithizone foam is unstable and since it cannot be 
rapidly prepared, is difficult to use. In order to mini- 
mize decomposition of the dithizone, resin saturated 
with dithizone stabilized as its zinc complex has been 
used for the preconcentration of mercury.7 Although 
the dithizone is effectively stabilized as zinc dithi- 
zonate, recovery of the mercury from materials coated 
with zinc dithizonate is frequently poor and subject 
to high levels of contamination. In this paper we de- 
scribe the use of dithizone-coated macroreticular resin 
beads for the preconcentration of both “inorganic” 
and methylmercury cations from aqueous solution. 
The beads can be coated rapidly before use, thus 
overcoming the problems of instability of dithizone, 
and recovery of the mercury species approaches 

looo/,. 

EXPERIMENTAL 

Instruments 

Cold-vapour atomic-absorption spectroscopy was per- 
formed with a Varian Techtron AA175AB soectrometer 
with deuterium-lamp background-correction. The mercury 
generator was similar in design to that described by Simp- 
son and Nickless* but was a single-channel device. The 
mercury compounds were reduced to metallic mercury 
with sodium borohydride, since reduction of methylmer- 
cury with stannous chloride was incomplete. 

Throughout the work the 253.7 nm mercury absorption 
line was used, with 1 nm band-width, and the absorbance 
was corrected. The mercury generator was operated with 
nitrogen as carrier gas at a flow-rate of 300 ml/min, and 
the reductant was 1% (w/v) sodium borohydride in O.lM 
sodium hydroxide. 

Reagents 

Unless otherwise stated, all reagents were of analytical- 
reagent grade. Glassware was soaked overnight in acidic 
sodium dichromate solution, rinsed with distilled water 
and oven-dried. It was then rinsed with a 1% solution of 
trimethylchlorosilane in petroleum ether (b.p. 4G60”) to 
deactivate the surface of the glass. 

Stock 1000 pg/ml mercury(H) solution was prepared by 
dissolving mercury(H) sulphate in 50% v/v sulphuric acid. 
Methylmercury chloride solution (Hg 1000 pg/ml) was pre- 
pared in 1M hydrochloric acid. Lower concentrations were 
obtained by serial dilution. Macroreticular resin beads 
(Amberlite XAD series, Rohm and Hass Co., Philadelphia, 
USA) were washed with distilled water and methanol 
before use. 

Preparation of dithizone-coated beads 

Although several methods of coating the beads with 
dithizone have been tried, the following procedure has 
been found to give high-capacity beads of reproducible 
performance. 

Five g of wet beads are swirled in 20 ‘ml of distilled 
water in a conical flask whilst 10 ml of 0.005M dithizone 
solution in acetone (freshly prepared) are added. The swirl- 
ing is continued for 2 min, then the beads are rinsed several 
times with distilled water. Excess of dithizone is readily 
removed by flotation. The coated beads will keep for 
several days if stored under water in the dark in a refrigera- 
tor. 

RESULTS 

Properties of dithizone-coated beads 

The effect of pH on the uptake of mercury and 
methylmercury cations by dithizone-coated beads has 
been studied by batch equilibration of 2.0 g of damp 
coated beads with 10 ml of 20-ng/ml mercury solution, 
for 30 min. Uptake of both mercury(I1) and methyl- 
mercury was 100% over the pH range l-10. However, 
at hydrochloric acid concentrations above 8M the 
uptake of mercury dropped to zero, allowing quanti- 
tative recovery of the mercury collected (Fig. 1). In 
order to achieve maximum selectivity of metal uptake 
a pH of between 1 and 2 was chosen, as within this 
pH range only copper, mercury, palladium and silver 
are expected to be taken up by the beads. Mercury 
is effectively eluted from the beads with 9M hydro- 
chloric acid. 
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20 - 

Fig. 1. Mercury uptake by dithizone-coated beads as a 
function of acidity. 

A range of macroreticular resin beads was com- 
pared by batch equilibration of coated resin beads 
(1 g damp weight) with mercury solutions at pH 1.5 
(Table 1). 

The loading of the Amberlite XAD-2 beads with 
dithizone has been estimated by removal of the dithi- 
zone from the beads by washing with acetone, and 
measurement of the absorbance of the resulting solu- 
tion at 612 nm. The loading was found to be 
1.23 + 0.17% w/w, on a dry weight basis, but dropped 
to 0.83 + 0.22% after the beads had been washed with 
9M hydrochloric acid. 

Collection of mercury on a column of dithizone-coated 
beads 

The effect of flow-rate on mercury uptake has been 
studied by passing 25-ml portions of 1-yg/ml standard 
mercury solution (adjusted to pH 1.5 with sulphuric 
acid) through 2-g (1.5-cm diameter) columns of 
Amberlite XAD-2 coated with dithizone. The uptake 
of mercury by the coated beads was assessed by 
analysis of the eluates (Fig. 2). In similar experiments, 
the rate of elution of mercury with 9M hydrochloric 
acid was varied, and 99.0 k 1.0% recovery of mercury 
was found over the flow-rate range 0.5-8.3 ml/min. 

To assess potential cation interferences, 50 ml of 
lo-ng/ml mercury(I1) solution (pH 1.5) containing 20 
ng of copper and silver per ml were preconcentrated 
on 2-g coated-bead columns. Recovery of mercury 
was 99 k 1% for solutions containing both copper 

I I , I 

IO 20 30 

Flow rate (ml/mini 

Fig. 2. Effect of flow-rate on the preconcentration of mer- 
cury from dilute solution. 

and silver. The presence of 0.1 g of fluoride, chloride, 
bromide and iodide (as their sodium salts) per 100 ml 
did not affect the recovery. Sulphuric acid was used 
for sample acidification and, at moderate concen- 
trations, had no effect on mercury recovery. High 
concentrations of sodium chloride, as found in marine 
waters, were studied by the analysis of samples and 
are dealt with in a following section. 

Optimum preconcentration of mercury on columns 

For the optimum collection of mercury from 
aqueous solution, samples were acidified to pH l-2 
with sulphuric acid. The samples were then passed 
through 1.5-cm diameter glass columns, containing 2 g 
of dithizone-coated Amberlite XAD-2 resin beads, at 
a flow-rate of less than 5 ml/min. Mercury was eluted 
from the columns with 25 ml of 9M hydrochloric 
acid, at a flow-rate of approximately 5 ml/min. 

Preconcentration of low-concentration mercury solu- 
tions 

Unless the coated beads are washed with 9M hy- 
drochloric acid before use, unacceptably high blank 
values are obtained. After such treatment, recovery 
of mercury from 1-litre standard solutions containing 
50, 100 or 150 ng of mercury was found to be 
97.0 + 9.00/ with a preconcentration factor of 40. In 
similar experiments recovery of methylmercury was 
94.2 k 9.5%. 

Table 1. Uptake of mercury(I1) by 1.0 g of dithizone-coated macroreticular 
resin equilibrated with 10 ml of standard mercury(H) solutions 

Uptake, %, from solution 
of concentration 

Amberlite resin Nature 1 pglml 10 pgiml 100 pg/ml 

XAD-1 Polystyrene 100 81.5 12.5 
XAD-2 Polystyrene 100 93.0 71.5 
XAD-4 Polystyrene 100 80.0 75.0 
XAD-7 Acrylic ester 100 53.5 62.5 
XAD-8 Acrylic ester 100 80.0 71.5 
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Table 2. Analysis of sea-water* 

Method 

Direct analysis 
without preconcentrationt 

Direct analysis 
with preconcentration 

Standard addition 
before preconcentration 

Preconcentration Mercury content, 
factor null 

- 290 f 42 

4 328 + 57 

4 305 * 45 

*The mercury content of the sample is rather high for coastal water, but 
the results are intended only to demonstrate the validity of the method. 

t Sample 50 ml. 

The preconcentration procedure was applied to 
sea-water collected from a very shallow beach near 
a busy harbour, and filtered through a Millipore 
0.4%pm pore-size membrane. The sample was ana- 
lysed both directly and after preconcentration by a 
factor of four. Results of these analyses are given in 
Table 2. 

DISCUSSION 

Owing to the volatility of mercury, contamination 
from the atmosphere is a major risk during the pre- 
concentration of mercury under normal laboratory 
conditions. In order to minimize such contamination, 
preconcentration and sample “clean-up” procedures 
should be designed to reduce to a minimum the con- 
tact of the sample with the atmosphere and to involve 
only minimal sample manipulation. Such conditions 
are inconsistent with preconcentration methods based 
on solvent extraction or co-precipitation procedures 
and in general column preconcentration procedures 
lack specificity. However, by immobilizing one of the 
most specific mercury-complexing agents on a solid 
support material it has proved possible to preconcen- 
trate both mercury and methylmercury cations effi- 
ciently by collection on a column. In order to mini- 
mize contamination this collection is beat carried out 
in a flow-through system either at the sampling site 
or in the laboratory. 

Although dithizone is highly selective, thin layers 
and solutions of the complexing agent are relatively 

unstable. Macroreticular resin beads can be rapidly 
coated by precipitation of dithizone onto the bead 
surface immediately before use, thus avoiding the long 
soaking times required for the adsorption of dithizone 
onto support surfaces. It is believed that the coating 
is largely the result of precipitation of dithizone onto 
the polymer bead surface but the extent of dithizone 
penetration into the macroreticular matrix is not yet 
known. The beads coated with precipitate are 
rapidly and cheaply produced and, are conveniently 
prepared before use. Once used, the beads can be 
either discarded or recoated. 

The beads are highly selective and quantitative re- 
covery of mercury from both fresh-water and saline 
samples can be achieved. Since the mercury is re- 
covered from the beads into aqueous solution, the 
procedure is compatible with most assay techniques. 
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mmary-A simple, rapid and selective procedure for spectrophotometric determination of cobalt 
been developed. Cobalt(H) forms two water-soluble complexes with 2-[di-(2_pyridyl)methylidene- 

razino]quinoline, an orange-yellow complex (i,,, 510 nm) in the pH range 2-12 and a pink complex 
u 530 nm) in 0.1-6M perchloric acid medium. The molar absorptivities for the orange-yellow 

pink complexes are 3.65 x lo4 and 4.1 x 10“ l.mole-‘.cm-’ and Beer’s law is obeyed-up to 
1 and 2.0 ppm of cobalt(H) respectively. Cobalt(H) has also been determined in alloys. 

:s, particularly hydrazones of nitrogen-con- 
erocyclics have attracted much attention as 
reagents, because of their high sensitivity 
vity. Lions et al. l** first reported the ana- 

xrties of these compounds. Their analyti- 
ations have recently been reviewed by 
01.~7~ Various substituted hydrazones [for 
pyridine-2-aldehyde-2-quinolylhydrazone,5 
yridine-2-pyridylhydrazone,6 benzil mono- 
tydrazone’]* have been used for the spectro- 
IC determination of cobalt.*-” In the 
nmunication the synthesis of 2-[di-(2-pyri- 
idenehydrazino]quinoline (DPMHQ) and 
ion in the determination of micro amounts 
.re described. 

DUS solution, DPMHQ reacts with Co(I1) 
I orange-yellow complex (A,,, 510 nm). On 
if perchloric acid this complex shows a 
mic shift from 510 to 530 nm and gives 
nplex that is stable even in 5M perchloric 
ium. Since all other transition metal- 
complexes are decomposed in 5M per- 

d medium, this property has been utilized 
ling a selective method for determination 

;t two of these names are comparatively in- 
ut not precise: more precise but less informa- 
for these two compounds are 2-(2-picolinyl- 

:ino)quinoline and 2-[phenyl(2-pyridyhmethyl- 
:ino]pyridine [Ed.]. 

Reagents 

EXPERIMENTAL 

DPMHQ was synthesized by refluxing equimolar quan- 
tities of di-2-pyridyl ketone with 2-hyclrazinoquinoline in 
ethanohc medium for about 6 hr. The crude compound 
which separated on cooling was crystallized from ethanol 
to give pale yellow needles, m.p. 155”. The purity was 
checked by thin-layer chromatography. Elemental analysis 
confirmed the synthesis (found. C 73.2’/: H 4.6%: N 
21.8%: required, C 73.8%;‘H, 4.6%; N, 21&). DPMHQ 
solutions were prepared in ethanol (95%) and stored in 
amber glass bottles. 

Standard solutions of Co(H) were prepared by dissolving 
pure cobalt metal in perchloric acid and standardized volu- 
metrically. 

Dilute perchloric acid and sodium hydroxide solutions 
were used for pH adjustments. 

Solutions for interference studies were prepared by 
dissolving analytical reagent grade chemicals in doubly 
distilled water. 

Procedure with orange-yellow complex 

To a suitable aliquot containing 2.2-17.3 pg of cobalt(II), 
add 2 ml of 10m2M ethanolic DPMHQ solution. Adjust 
the pH to 6. Dilute to 10 ml so that the final ethanol 
content is 50% v/v. Measure the absorbance at 510 nm 
against a reagent blank prepared under identical condi- 
tions. 

Procedure with pink complex 

To a suitable aliquot containing 2.2-18.5 ng of cobalt(H) 
add 2 ml of 10e2&f ethanolic DPMHQ solution. Adjust 
the acidity to 3M perchloric acid. Dilute to 10 ml. Measure 
the absorbance at 530 nm against a reagent blank prepared 
under identical conditions. 

RESULTS AND DISCUSSION 

Spectral behaviarr of complexes 

A pH study of the complexation of DPMHQ with 
Co(I1) showed that the orange-yellow complex (,l,,, 
510 nm) has constant absorbance in the pH range 
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2-12. This complex shows a bathochromic shift to 530 
nm on addition of perchloric acid. The new pink 
complex is stable even in 5M perchloric acid medium. 

E&ct of DPMHQ concentration and stability of the 
complexes 

For complete complexation a 3: 1 ratio of ligand 
to metal is sufficient in both cases. The reagent does 
not absorb at the wavelength of maximal absorption 
of either cobalt complex. This is advantageous 
because the excess of reagent is not critical and a 
blank is necessary only to check the purity of the 
reagents used to adjust the conditions for the reae 
tion. Both complexes are stable for up to 24 hours. 

Characteristics of the complexes 

The Co(II)-DPMHQ complex is formed in the pH 
range 2-12 but not in highly acidic medium, because 
of strong protonation of the ligand. Both complexes 
have a ligand: metal ratio of 2: 1. 

Orange-ye&w complex. Beer’s law is obeyed up to 
1.84 ppm. The optimum concentration range evalu- 
ated by Ringbom’s method is 0.22-1.73 ppm. The 
molar absorptivity is 3.65 x lo4 1 .mole- ‘.cm- ’ at 
510 nm. 

Pink complex. Beer’s law is obeyed up to 2.0 ppm. 
The optimum concentration range evaluated by Ring- 
born’s method is 0.22-1.85 ppm. The molar absorp- 
tivity is 4.1 x lo4 l.moleC’.cm-’ at 530 nm. 

Interferences 

An error of +2% in the absorbance reading was 
considered tolerable. The concentrations of other ions 
tolerable (in ppm) the determination of 0.59 ppm of 
cobalt are given below in parentheses for both the 
complexes. 

Table 1. Determination of cobalt (%) in alloys (n 
determinations) 

Alloy 

“K” Monel wire 
Nilo-K wire 

co co Relative 
reported found n SD % 

0.51 0.50 8 4.0 
17.4 17.7 8 1.5 

Orange-yellow complex. Bromide, iodide, chloride, 
nitrate, phosphate, fluoride, acetate, citrate, tartrate, 
thiourea, thiosulphate, borate, thiocyanate (2ooO ppm 
each); nitrite, sulphite, sulphate (1000 ppm each); oxa- 
late (500 ppm); Ca, Sr, Ba, Mg, Pb, Ti, Sn(II), Al, 
Sb(III), Mo(VI), W(VI), Ag, Ni, Zn (40-60 ppm each),; 
Cu(II), Mn(II), Fe(II), Cd and Hg(I1) interfered ser- 
iously. However, Cu(I1) (40 ppm); Mn(I1) (40 ppm); 
Cd (30 ppm); Hg(I1) (50 ppm) and Fe(I1) (20 ppm) 
are tolerated if masked with thiosemicarbazide, 
citrate, thiocyanate, iodide and phosphate, respect- 
ively. EDTA, cyanide, persulphate and V(V) interfere 
seriously. 

Pink complex. Bromide, iodide, chloride, fluoride, 
sulphite, sulphate, nitrate, thiosulphate, thiourea, 
citrate, borate (2000 ppm each); nitrate, acetate, phos- 
phate, tartrate, oxalate (1000 ppm each); thiocyanate 
(500 ppm); Ca, Sr, Ba, Mg, Pb, (400 ppm each); Al, 
Sb(III), Ti (300 ppm each); Mn(II), Mo(VI), W(VI), 
Sn(I1) (200 ppm each); Ni, Zn, Cd, Hg(II), Ag, Fe(I1) 
(100 ppm each). Cu(I1) (80 ppm) and V(V) (20 ppm) 
are tolerated if the perchloric acid concentration is 
increased from 3 to 5M. Serious interference is caused 
by EDTA, cyanide and persulphate. 

Determination of cobalt in alloys 

Cobalt has been determined in alloys with 
DPMHQ in highly acidic conditions, and the results 
are summarized in Table 1. 

Table 2. Sensitivities of methods for the spectrophotometric determination of 
cobalt(H) 

Method 

Pyridine-2-aldehyde-2-quinolyl- 
hydrazone 

2-Benzoylpyridine-2-pyridyl 

Sensitivity, 
pgjcrn’ * k nm Reference 

0.0019 510 5 

0.0020 478 6 
hydrazone 

Benzil mono (Zpyridyl)hydrazone 
Salicylaldehydehydrazone 
*Hydroxybenzaldehyde 

isonicotinolylhydrazone 
2,2’-Pyridil-2-pyridylhydrazone 
Nitroso-R-salt 

o-Nitrosqresorcinol 
Dithio-oxamide 
Di-2-pyridyl ketoxime 
2,3-Quinoxalinedithiol 

Phenanthrenequinonemonoxime 
DPMHQ (pH’-I*) 
DPMHQ (2-W HClOJ 

0.002 1 535 7 
0.0074 450 8 
0.0029 420 9 

0.0021 489 
0.0019 420 
0.0042 520 
0.0025 430 
0.0046 430 
0.0029 388 
0.0016 505 
0.0064 598 
0.0033 420 
0.0016 510 
0.0014 530 

10 
12 

12 
13 
14 
15 

16 
Present 

* For 0.001 absorbance. 
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Comparison with other reagents 

DPMHQ is one of the most sensitive of the substi- 
tuted hydrazones as a reagent for cobalt and com- 
pares favourably with other cobalt reagents. The 
method is simple, works over a wide range of acidity 
and is fairly free from interferences. There is no need 
for extraction. The reaction is instantaneous and the 
complexes formed are stable for a long time. Large 
excesses of ligand do not interfere, which is an advan- 
tage over nitrosonaphthol reagents. The sensitivities 
of the various methods are compared in Table 2. 
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Summary-A method is described for the preconcentration of trace metals Ag and Bi, present as 
impurities in high-purity cobalt and nickel metals and their nitrates. After the metal samples have 
been dissolved in nitric acid (or the salts in water) the trace elements are complexed with ammonium 
pyrrolidinedithiocarbamate (APDC). The sample solution is then filtered through a 2-cm filter paper 
coated with 50 mg of activated carbon, whereby the complexed trace metals are adsorbed on the 
activated carbon and separated from the matrix. The trace elements are dissolved off with nitric acid 
and determined by flame atomic-absorption spectrometry (AAS). The detection limits for the analysis 
of 10 g of metal samples and 50 g of the nitrate samples were 0.002-0.035 ppm Ag and 0.04 ppm 
Bi for the metal samples, and 0.0003-0.0004 ppm Ag and 0.004-0.005 ppm Bi for the nitrate samples. 
The coefficient of variation, in general, is 1@25% for Ag and 33% for Bi. 

Jackwerth et al.’ devised a method for trace enrich- 

ment based on use of activated carbon as an adsor- 
bent. The method depends on the specific and hydro- 
phobic adsorption character of the activated carbon; 
most reagents used for the solvent extraction into 
organic solvents appear to be adsorbed on the acti- 
vated carbon and are thus applicable with this 
method. With ethyl xanthate (EtX) some 10 trace 
metals could be quantitatively separated and enriched 
on the activated carbon from zinc’ and manganese3 

matrices. However, almost none of the trace elements 
could be enriched when other matrices such as cobalt 
and nickel were used. In the present paper, 
ammonium pyrrolidinedithiocarbamate (APDC) is 
examined as the reagent for specific adsorption on 
activated carbon. 

a lOO-ml beaker and dissolved by adding slowly 45 ml 
of concentrated nitric acid for cobalt or 50 ml for nickel. 
The solution was heated on a hot-plate at about 200” for 
8-12 hr to remove excess of nitric acid, and then trans- 
ferred to a 300-ml beaker with water. When the solution 
became turbid because of hydrolysis a little nitric acid was 
added to give a final pH of 3.54.5 in a total volume of 

Table 1. Dependence of trace recovery on pH and the 
amount of APDC* 

Recovery % 

(0.05 mg of APDC) 

Ag Bi 

I II I II 

34 31 23 
85 88 86 
94 87 67 

EXPERIMENTAL 

Reagents 

Cobalt and nickel powder, and guaranteed-reagent grade 
(G.R.) cobalt(H) and nickel(H) nitrates were used as the 
test samples. Activated carbon (G.R.), ammonium pyrroli- 
dinedithiocarbamate (G.R.) and nitric acid of super special 
grade (S.S.G., Wako Pure Chemical Industries Ltd.) were 
used without further purification. Standard solutions were 
the same as described previously.* The water used was 
prepared by distilling demineralized water from dilute 
alkali and permanganate in a glass still. 

PH 
0 30 
1 86 
2 89 
2.5 91 
3.0 83 
3.5 93 
4.0 100 
4.5 94 

APDC, mg (pH 3.54.5) 
0 0 
0.001 32 

95 88 76 
95 89 77 
96 90 82 

100 90 90 
96 85 85 

0.01 89 
0.02 100 

Preparation of sample solutions 

0.05 100 
0.10 100 
0.25 96 

8 68 71 
26 68 80 

100 85 71 
100 87 90 
100 89 91 
100 89 72 
90 68 92 

Co(N0,),.6H20 or Ni(N0,)s.6H20 (50.00 g) was 
weighed out and dissolved in 300 ml of water, and 5 ml 

* Calibration ranges of trace elements were 0.4-2.0 pg 
for Ag and 4-20 pg for Bi. 

of 0.01 mg/ml APDC solution were added. The pH was I-Matrix 50 g of Co(NO,), .6H,O. 
3.5-4.3. Cobalt or nickel powder (10.00 g) was weighed into II-Matrix 50 g of Ni(NOJ)I .6H20. 

TAL. 2619-n 901 
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Fig. 1. Dependence of the AAS signal height of Ag (0.2 pg/ml) and Bi (2 pg/ml) on the concentration 
of cobalt. 

300 ml and 5 ml of 0.01 mg/ml APDC solution were then 
added. 

Procedure 

The concentrations of the trace metals in the solution were 
measured by the injection method4s5 on 100~pl subsamples 
with a Hitachi 518 Atomic Absorption Spectrometer. 

The 300 ml of sample solution containing the given 
amount of APDC were filtered through a 2-cm diameter 
filter paper coated with 50 mg of activated carbon. The 
filter paper was dried at 60” for 30 min and the activated 
carbon was treated with 1 ml of hot nitric acid and the 
solution evaporated to dryness. Then 2 ml of 20% nitric 
acid were added and the carbon was removed by filtration. 

Blank experiments 

Separate 50-ml portions of the concentrated nitric acid 
(S.S.G.) were heated on a hot-plate at about 200” for 7-17 
hr at the same place in the fume-cupboard as that used 
for dissolution of the metal samples. No appreciable 
amount of Ag and Bi could be detected, so blank correc- 
tions for the dissolution procedures were not necessary. 

Table 2. Determination of trace metals Ag and Bi in cobalt and nickel metals and nitrates* 

Sample 
Trace Content, Recovery, C.V. (N = lO),t Limit of detection, Matrix adsorbed, 
metal ppm % % 30 (N = 24),$ ppm mg 

co (10.00 g) Ag 
Bi 

Ni (10.00 g) Ag 
Bi 

Co(NO& 6HZ0 Ag 

(50.00 g) Bi 
Ni(N03)r. 6H,O Ag 

(50.00 g) Bi 

0.009 
0.06 
0.045 

o.cO4 
0.007 
0.002 

_U!!J7 

95-100 
8&90 
95-100 
8(r90 
95-100 
8&90 
95-100 

~8D-90 

23 
32 
24 

19 
33 
12 
33 

0.002 0.090.21 
0.04 
0.0035 0.174.26 
0.04 
0.0003 0.1&0.20 
0.005 
0.0004 0.140.18 
0.004 

*Measurements of trace metals were made with a Hitachi 518 AAS with a C,H,-air flame. 
t C.V. = Coefficient of variation, N = number of replicates. 
$ (r = Standard deviation. 
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RESULTS AND DISCUSSION 

It was found that silver and bismuth could be 
separated from a cobalt or nickel matrix by using 
APDC as auxiliary agent in adsorption of the trace 
elements although traces of metals such as Cu, 
Cd, Fe, Mn, Pb, Tl, and Zn could not. It is 
suggested that this selectivity may be due to cobalt 
or nickel being able to displace Cu etc. from their 
APDC complexes, but not Ag or Bi. The recovery 
strongly depends on the working conditions. Table 
1 shows the pH-dependence of trace recovery for 
preconcentration from 50 g of Co(NO,),.6H,O or 
Ni(N0&.6H,O; the optimum working range would 
be pH 3.5-4.5. Table 1 also gives the dependence of 
recovery on the amount of APDC added. At least 
0.02 mg of APDC will be needed for a cobalt matrix 
and 0.05 mg for a nickel matrix. Therefore, in the 
subsequent experiments 0.05 mg of APDC and pH 
3.5-4.5 were used as working conditions. When 300 
ml of solution at pH 3.5-4.5 and containing 0.05 mg 

of APDC and 10 g of cobalt or nickel, or 50 g of 
Co(NO&.6H,O or Ni(N0,)2 .6Hz0 were filtered 
through a filter paper coated with 50 mg of activated 
carbon, Ag and Bi were retained with 95-100 and 
SO-90% completeness, respectively. For the calibra- 
tion ranges of 0.42.0 pg of Ag and 4-20 pg of Bi 
per 10 g of metal or 50 g of metal nitrate, plots of 
amount of Ag and Bi recovered against amount 
added were linear with slopes of 0.95-1.0 for Ag and 
0.8-0.9 for Bi, but with intercepts on the recovery 
axis, arising (presumably) from impurities in the acti- 
vated carbon, and representing analytical blanks 
which must be subtracted from the values obtained. 
These blank values were 0.075 pg for Ag and below 
the limit of detection for Bi. The sample solutions 
were treated as described above and the amounts of 
trace metals separated from the matrix were deter- 

mined by flame AAS. The results obtained are listed 
in Table 2. 

In flame AAS, a high background of non-atomic 

absorption with a simultaneous and considerable de- 
crease in trace-metal signal occurs because of the high 
salt content of the sample solution. This leads to poor 
sensitivity and detectability for the trace elements. 
Figure 1 shows the inl-luence of cobalt on the AAS 
signals for Ag and Bi; curve 1 represents the signal 
heights given by solutions of increasing cobalt content 
and containing a constant amount of Ag (0.2 pg/ml) 
or Bi (2 pg/ml). The absorption values of the “non- 
atomic” part of the absorption signals, measured with 
a deuterium-lamp, are shown in curve 2. The net sig- 
nal is the difference between the values on curves 1 
and 2. The background signal (curve 2) begins to in- 
crease steeply at a cobalt concentration of more than 
2 mg/ml for the silver signal and 1 mg/ml for the 
bismuth signal. Nickel gave similar behaviour. There- 
fore, if small amounts of silver and bismuth have to 
be determined in samples of cobalt and nickel, it is 
necessary to separate the trace elements from the 
matrix as completely as possible. In the present study 
the amount of matrix metal adsorbed on the activated 
carbon together with the trace metals was 0.14.2 mg 
of cobalt and 0.14-0.26 mg of nickel, which in the 
final 2 ml of solution is insufficient to affect the trace- 
metal signals. 
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Summary-A method for the recovery of uranium from low-level liquid wastes is described. 
Uranium(VI) is reduced to uranium(IV) in sulphuric-phosphoric acid solution with iron(H). The 
uranium(IV) is precipitated as the double fluoride with sodium. The uranium content of the filtrate 
is in the low ppm range. Possible modifications to the procedure are discussed. 

.ge amounts of liquid waste are generated by our ana- 
cal laboratory support of high enriched uranium oper- 
ms. The uranium concentration of process materials is 
ermined by titration with standard potassium dichro- 
te after reduction by one of several possible methods. 
: reducing agents used are iron( amalgamated zinc 
nes reductor) and chromium(I1). Iron(I1) is used in fairly 
[centrated phosphoric acid medium, but the reductions 
h the Jones reductor and chromium(I1) are accom- 
;hed in dilute sulphuric acid. The average waste from 
se analyses is strongly acidic with sulphuric acid and 
stains large amounts of phosphoric acid. About one 
igram of highly enriched uranium is contained in the 
oratory waste accumulated in a month. 
‘he high value of the uranium makes recovery very 
,active. However, attempts to recover the uranium by 
extraction system used routinely in the facility produce 
nerous problems. In the extraction process, the aqueous 
tent used is 3%5M nitric acid containing some hydro- 
uric acid. Aluminium nitrate is added to complex the 
bride. The uranium is extracted with a 300/, solution of 
lutyl phosphate in a refined kerosene. Bleeding the 
ite into aqueous solvent even at a volume ratio as low 
1:40 caused the residual uranium level in the aqueous 
se after extraction to be too high for discharge into 
plant waste system. This was attributed to the high 

rsphate and sulphate level of the laboratory waste. As 
:sult, the rate of addition of waste that could be toler- 
1 was so low that the processing rate was only about 
r the generation rate and a significant stockpile was 
eloping. Without a suitable recovery method, the 
nium would have to be fixed in cement and placed 
drums for burial, a time-consuming and expensive 
cess. 
Iigh enriched operations preferred not to alter the 
.action process to accommodate the waste. A search 
an for alternative methods to isolate the uranium from 
sulphate-phosphate matrix prior to extraction. The 

.hods studied included precipitation with sodium or 
assium hydroxide, partial neutralization with alkali 
owed by precipitation with 8-hydroxyquinoline, and 
aration on ion-exchange resins. The methods had some 
:ess but were time-consuming and inefficient for 
nium recovery. 

Uranium(IV) is precipitated as the insoluble fluoride 
from acid solution. The double fluorides of uranium with 
ammonium, sodium and potassium are even more insolu- 
ble.’ Uranium can be reduced to the quadrivalent state 
by the commonly used reducing agents and also by iron(I1) 
after the addition of excess of hydrofluoric acid.z In the 
present work, the uranium is precipitated from the labora- 
tory waste as the double fluoride with sodium. 

EXPERIMENTAL 

Apparatus 

An Orion Model 801 digital mV/pH meter equipped 
with platinum and calomel electrodes was used for poten- 
tial measurements in the uranium titration. The waste 
liquids were collected in 11-litre polyethylene bottles. A 
peristaltic pump was used to move the sample through 
a 8-m. Btichner funnel containing a medium fast filter 
paper. Trace uranium solutions were spotted on Schleicher 
and Schtill No. 211Y confined-spot test-paper and analysed 
with a Philips Electronics Model XRG 3000 X-ray spec- 
trometer. 

Reagents 

Chemicals used for the analytical determination of 
uranium were reagent grade. Solutions were prepared 
according to ASTM method C-696.’ All other reagents 
were technical grade or better. National Bureau of Stan- 
dards SRM 950a uranium oxide or SRM 960 uranium 
metal was used to prepare standard uranium solutions. 

Procedure 

The laboratory waste is collected in 11-litre polyethylene 
bottles. Each bottle must have about one litre of headspace 
to allow for addition of chemicals. The uranium level is 
determined by ASTM method C-696.a To precipitate the 
uranium, 750 g of sodium hydroxide flake are added 
slowly, in 1&20-g portions, with stirring. One gram of iron 
metal powder is then added for each gram of uranium 
calculated to be present in the solution. A minimum of 
30g should be added. After the iron has dissolved,.about 
450 g of concentrated hydrofluoric acid are added slowly 
and the mixture is left to stand for 3 hr (or, preferably, 

904 
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overnight). The solution is then pumped through a medium 
fast paper on a Biichner funnel. The green precipitate is 
dissolved in nitric acid and extracted with 15% tributyl 
phosphate solution in kerosene to recover the uranium. 
A small portion of the filtrate is dried on spot-test paper. 
The uranium L,i radiation is measured by X-ray emission 
and compared with that of standards prepared in the same 
manner. 

RESULTS AND DISCUSSION 

Preliminary investigations indicated that the phosphoric 
acid level had little effect on the precipitation. The amount 
of free sulphuric acid must be controlled since precipitation 
is not complete at high acidities. Addition of sodium 
hydroxide serves to neutralize a portion of the acid and 
provide a source of sodium. Iron metal powder is a con- 
venient source of iron(I1). Iron(I1) salts are also effective. 
In the presence of excess phosphoric acid or hydro- 
fluoric acid, the IJOff/U4+ and Fe’+/Fe’+ potentials are 
displaced in opposite directions. The uranium is easily re- 
duced. The effect is due to precipitation of the uranium(IV) 
fluoride and/or complexation of iron(III). Typical results 
are shown in Table 1. The uranium measurements are the 
average values for two or more batches of laboratory 
waste. 

Recoveries are excellent, typically above 99.5%. There 
is no clear relationship between the amount of uranium 
present in the solution originally and the amount found 
in the filtrate. Higher filtrate values observed in some cases 
may have been due to leakage around the filter paper. 

Several variations of the proposed process exist. If the 
sulphuric acid level is < lN, addition of sodium hydroxide 
is not necessary; a sodium source, such as sodium sulphate, 
can be used to give the more insoluble double fluoride 
with sodium. Alternatively, in dilute sulphuric acid 
medium, alkali metal fluorides or ammonium fluoride 
could be used to form the respective double fluoride com- 
pounds with uranium. Pu(IV) also forms an insoluble 
double fluoride with sodium and potassium.4 Slight modi- 
fications to the method should allow for recovery of 
plutonium from acid waste solutions. 

Table 1. Fluoride precipitation of uranium 

Waste volume, Initial uranium, Final uranium, 
1. g/l. Ml. 

20 2.0 4 
20 1.5 3 
20 2.0 2 
20 1.8 <2 
20 1.6 <2 
20 2.8 <2 
20 2.8 4 
20 2.3 3 
20 2.6 <2 
20 4.8 <2 
20 1.5 <2 
20 2.4 2 
20 2.7 <2 

200 1.5 I 
200 4.7 10 

The proposed process is shown to be very effective for 
the removal of uranium from waste solutions containing 
sulphuric and phosphoric acids. The waste volume is in- 
creased by only about 10%. Usually, the uranium level 
of the waste filtrate is low enough for it to be diluted 
with the rest of ‘the plant discharge and dumped. The 
amount of fluoride in the filtrate is nearly equal to the 
amount added, and is removed by treatment with lime 
before discharge of the filtrate. 
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Summary-A non-aqueous oxidimetric method is described for the determination of mercaptopyrimi- 
dines with copper perchlorate in acetonitrile, diphenylamine being used as indicator. A bright plati- 
num wire is used as indicator electrode and a modified calomel or an antimony electrode as reference 
for potentiometric titrations. The method, based on the oxidation of the mercapto group to the disul- 
phide, is simple, accurate and reliable. 

The instability of copper(I) in aqueous solution and 
its susceptibility to aerial oxidation have been the 
main difficulties in aqueous redox titrations involving 
copper(I1) as an oxidant. The use of an acetonitrile 
solution of copper(I1) as a redox reagent has the 
advantage that the resulting copper(I) is stabilized by 
solvation’ and is resistant to aerial oxidation. Because 
of the stabilization of copper(I) relative to copper( 
the potential of the copper(IIH1) couple is increased 
markedly. The formal reduction potential for the 
couple is 0.798 V us. a silver/O.OlM silver nitrate refer- 
ence electrode.’ This is higher than the potential of 
the hexanitratocerium(IVt(II1) couple, 0.755 V, in 
this solvent. 

Reagents 

Acelonitri[e. Distilted twice from phosphorus pentoxide 
(5 g/l.). 

Hydrated copper(U) perchlorate, O.O2M, in acetonitrile. 
Prepared and standardized as described earlier.” 

Mercaptopyrimidines. Prepared by the method of 
Mathes” and purified by repeated crystallization until 
their melting points corresponded to those of analytically 
pure samples. 

Indicator solution. A O.lOo/, diphenylamine solution in 
acetonitrile. 

Procedure 

Acetonitrile solution of copper(I1) has been de- 

scribed as a powerful oxidant having the ability to 
oxidize several compounds quantitatively.3-8 Verma 
and Kumar9v’o have recently employed copper(I1) in 
acetonitrile for the determination of xanthates, 
organotrithiocarbonates and ascorbic acid. The deter- 
mination of heterocyclic thiols is of importance since 
the compounds find application as vulcanization ac- 
celerators and have bactericidal activity. The present 
communication reports the non-aqueous oxidimetric 
determination of mercaptopyrimidines with hydrated 

copper(I1) perchlorate in acetonitrile solution. The 
determinations are based on the oxidation of the thiol 
group to the disulphide. 

Portions of solutions of each mercaptopyrimidine in ace- 
tonitrile were transferred to dry titration vessels and 
diluted with 25-30 ml of acetonitrile. For visual titrations, 
2 or 3 drops of the indicator solution were added and 
the solution was titrated at room temperature (25”) with 
the copper(I1) perchlorate solution in acetonitrile from a 
microburette provided with a guard tube containing silica 
gel to protect the titrant from atmospheric moisture. The 
end-point was marked by the appearance of a violet or 
deep blue colour. The solution was mechanically stirred 
(magnetic stirrer) during the potentiometric titration and 
a sharp jump in potential was observed at the equivalence 
point, with either reference electrode. 

RESULTS AND DISCUSSION 

2 -SH + 2Cu(II) --+-S-S- + 2Cu(I) + 2H + 

EXPERIMENTAL 

Apparatus 

Potentiometric titrations were performed with a Tosh- 
niwal-CL06A potentiometer, with a bright platinum wire 
as indicator electrode and a modified calomel (saturated 
methanolic potassium chloride solution instead of 
aqueous) or antimony electrode as reference. 

The results recorded in Table 1 indicate that mer- 
captopyrimidines can be determined by titration with 
copper(I1) in acetonitrile. The results obtained poten- 
tiometrically were the same for both types of reference 
electrode, so only those for the calomel electrode are 
recorded. In potentiometric titrations the potentials 
became stable immediately after each addition of the 
oxidant. A sharp jump in potential of 210-380 mV 
(antimony reference electrode) or 200-400 mV (modi- 
fied calomel reference electrode) for 0.05 ml of 0.02M 
copper(I1) perchlorate was observed at the equiva- 
lence point. The potentials at the inflection points 
were 18&260 mV (antimony electrode) and 20&320 
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Table 1. Titration of mercaptopyrimidines with hydrated copper(U) perchlorate in 
acetonitrile 

Mercapto- 
pyrimidine* 

Amount found?4 
mg 

Visual Potentiometric 
method method 

Amount found93 
mg 

Visual Potentiometric 
method method 

mpA 4.02, 0.038 4.01, 0.031 16.08, 0.043 16.03, 0.041 
mpB 4.03, 0.029 3.99,0.021 15.91, 0.056 16.05, 0.055 
mpC 3.97, 0.03 1 3.99,0.030 15.93, 0.061 16.05, 0.047 
mpD 4.00, 0.037 3.98,0.029 16.11,0.043 15.90, 0.045 
moE 3.97. 0.028 3.97. 0.022 16.08. 0.053 15.91.0.049 

I 

mpF 4.02; 0.032 3.99; 0.021 16.0610.039 15.89; 0.040 
mpG 3.97, 0.032 3.99,0.028 16.00,0.053 16.10, 0.030 
mpH 4.01, 0.028 4.00,0.027 15.88,0.046 15.91,0.029 
mp1 4.03,0.036 4.02,0.022 16.11,0.057 15.99,0.040 

w c 4 ,-c N 

k St-4 
N 

I 

mpA, R = methyl 
mpB, R = n-butyl 
mpC, R = n-pentyl 
mpD, R = phenyl 
ipE, R = &ol;l 
mpF, R = p-tolyl 
mpG, R = o-methoxyphenyl 
mpH, R = p-methoxyphenyl 
mp1, R = naphthyl 

k 
t Amount taken, 4 mg. 
8 Figures quoted are the averages of ten determinations, together with the standard 

deviations. 
$ Amount taken, 16 mg. 

mV (calomel electrode). The overall standard devi- No interferences were observed from glucose, fruc- 
ations calculated from the pooled data (performed tose, maltose, organo-isothiocyanates, isocyanates or 

with 4-mg samples of each mercaptopyrimidine) were carbon disulphide up to 5 times the amount of the 
0.032 and 0.026 mg for the visual and potentiometric mercaptopyrimidines. Amines, mercaptans, thioureas, 

titrations respectively. When 16 mg of each mercapto- xanthates and dithiocarbamates interfere. 

pyrimidine were used, the corresponding values were 
0.050 and 0.042 mg respectively. 

The oxidation of mercaptopyrimidine appears to 

proceed in two stages. 

4 -SH + 2Cu(II) = -S-S- + 2 -SCu + 2H + 

(from the mercaptopyrimidine) 

2-SCu + 2Cu(II) + 16CH&N 
= -S-S- + 4[Cu(CH,CN),]+ 

The resulting copper(I) is stabilized by the formation 
of a complex, [Cu(CH,CN),]+, with acetonitrile. The 
formation of this complex has been established by 
Morgan.12 The appearance of brown precipitates (due 
to the formation of cuprous sulphide) and their disso- 
lution (oxidation to disulphide) may be observed in 
the titrations. 
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CONDENSATION OF SOME SUBSTITUTED 
SALICYLALDEHYDES WITH HYDRAZINE 

M. P. JAIN and SATYA KUMAR 
Chemical Laboratories, D. J. College, Baraut Meerut, India 250611 

(Received 24 November 1978. Accepted 19 December 1978) 

Summary-Hydrazones and azines of S-chloro-, 5-bromo-, 3,5-di-iodo-, 5-nitro- and 3-nitro- salicylalde- 
hydes have been prepared by condensation with hydrazine. They have been characterized by their 
melting points, solubilities, elemental analysis and infrared spectra. Ambiguous literature on some 
of the compounds has also been clarified. Conditions for smooth condensation have been worked out. 
The extent of the condensation is found to depend on the nature of the substituent group in the 
salicylaldehydes. 

Hydrazones in general are prepared by refluxing the 
stoichiometric amounts of the appropriate hydrazine 
and aldehyde (or ketone) dissolved in a suitable sol- 
vent. The reaction with substituted (phenyl-, p-nitro- 
phenyl- and 2,4-dinitrophenyl-) hydrazines is exten- 
sively used in detection, determination and isolation 
of carbonyl compounds. Some substituted hydra- 
zones1.2 have been used in analysis and in the study 
of human and plant physiology but as we pointed 
out earlier,3 the condensation of aromatic aldehydes 
with hydrazine to prepare hydrazones is difficult 
because of formation of the more stable azines, which 
is the main reason for the meagre and ambiguous 
literature on the hydrazones and azines. Though some 
of the azines”’ have been prepared and studied, very 
little work has been done on hydrazoness-” 

In the present study some substituted salicylalde- 
hydes were prepared and condensed with hydrazine 
to yield the corresponding hydrazones or azines. 
Some compounds hitherto not mentioned in the 
literature have been isolated and characterized. An 
attempt has also been made to resolve the ambiguities 
in the literature on some of the known condensation 
products. 

EXPERIMENTAL 

S-Chloro-, S-bromo-, 3,5-di-iodo-, S-nitro- and 3-nitro- 
salicylaldehyde were prepared by standard methods.“-I4 

Formation of hydrazones 

These were prepared by slowly adding 0.1 mole of sub- 
stituted salicylaldehyde (dissolved in alcohol) to 0.1 mole 
of hydrazine hydrate in 50ml of alcohol. A slight excess 
o$,hydrazine hydrate was used to avoid the formation of 
azme. The mixture was shaken thoroughly after each addi- 
tion, refluxed for an hour on a water-bath and cooled; 
the hydrazone then separated. The products were recrystal- 
lized from methyl alcohol as crystalline needles. 

X is the substituent group in the salicylaldehyde. 

Formation of azines 

These were prepared by slowly adding 0.1 mole of hy- 
dradne hydrate to 0.2 mole of substituted salicylaldehyde 
dissolved in alcohol, refluxing on a water-bath for half an 
hour and then cooling. The product was filtered off and 
washed with alcohol. The salicylaldazines were obtained 
(as powders) in good yields. 

-0-H 
2 

-CHO 
t N,H,- 

X 

All the azines are practically insoluble in common polar 
organic solvents, sparingly soluble in non-polar organic 
solvents and aqueous ammonia but soluble in alkalis. 

The identity of the compounds was established by ele- 
mental analysis and infrared spectroscopy. The hydrazones 
and azines were distinguished by the difference in their 
melting points and solubilities. Their characteristics are 
summarized in Table 1. 

RESULTS AND DISCUSSION 

The reaction bf aliphatic aldehydes with hydrazine 
is so rapid that the hydrazones formed as inter- 
mediate products cannot be isolated, and even in 
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Table 1. Characteristics of substituted salicylaldehyde hydrazones and azines 

Substituent 
m.p., 

“C 

*Hydrazones 

Colour Solubility 

Azines 
m.p., 

“C Colour 

5-chloro 84 
5-bromo 80 
5-nitro 186 
3-nitro 175 
3,5-di-iodo 196 

white 
white 
yellow 
yellow 
yellow-white 

288 
305 

>300 
>300 
>300 

yellow 
yellow 
yellow 
orange-yellow 
yellow 

* A-soluble in common organic solvents and alkalis, but insoluble in acids. 
B-soluble in most polar organic solvents, ammonia and alkalis, but practically insoluble in non- 

polar organic solvents and acids. 

presence of excess of hydrazine the azines are practi- 
cally the only products. However, the aromatic hydra- 
zones can be readily isolated by using a slight excess 
of hydrazine. Though salicylaldehyde hydrazones-” 
and salicylaldazine 4-6 have been prepared and their 

metal complexes studied, very little work has been 
done on the condensation of substituted salicylalde- 
hydes and hydrazine. Patwardhan et al.’ have 
reported on the Ti(IV) chelates of azines prepared 
from 5-chlorosalicylaldehyde and 5-bromosalicylalde- 
hyde but gave details only for salicylaldazine. Torrey 
and Brewster4 prepared and studied hydrazones of 
oxyaldehydes and ketones, but found only azines 
when hydrazine was used. At 100” 5-bromosalicylal- 
dazine changes colour from pale yellow to orange, 
and this was confused with its melting point in the 
chemical abstract, though the original paper says the 
compound sinters at 301” and decomposes at 
305-307”. 

Likewise, the only hydrazone of a substituted sah- 
cylaldehyde mentioned in the old literature’* is 
3,5-di-iodosahcylaldehyde, which is said to decom- 
pose at 200”. The same m.p. (200”) is given for 3,5-di- 
iodosalicylaldazine in Beilstein.’ 6 Our work shows 
that the hydrazone decomposes at 196”, but the azine 
is stable up to 300”. 

In optimization of the formation of hydrazones and 
azines, it has been found that for the former, the sub- 
stituted salicylaldehyde should be added to the hydra- 
zine, and for the latter, the order should be the 
reverse, i.e., hydrazine should be added to the substi- 
tuted salicylaldehyde. The reaction is exothermic and 
dropwise addition is therefore required, with either 
cooling or sufficient dilution with alcohol to carry 
out the reaction smoothly. The contents may then 
be refluxed on the water-bath. 

The hydrazones and azines are separated by taking 
advantage of the fact that only the former are appre- 
ciably soluble in alcohol. 

The extent of reaction appears to depend on the 
nature of the substituent group. An electron-attract- 
ing group (nitro- or halo-) is more favourable than 
an electron-releasing group for the formation of hy- 
drazones. This agrees with the observations of Rao 
and Ratnamr ’ on formation of mono-and di-substi- 
tuted benziminazoles by the condensation of o-phenyl- 
ene diamine and substituted aromatic aldehydes. 
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A chelate-forming resin bearing dithizone as the function81 group was proved to be effective 

for selective collection of mercury(I1) even from strongly acidic medium, 8s reported 

briefly.' The resin (called DzS resin hereefter) wa8 prepared simply by mixing a solution 

of the eulphonic acid derivative of dithizone (denoted by DzS hereafter) with a common 

anion-exchenge resin. After the adsorption of mercury(X), the DzS resin could be 

recovered almost completely by treatment with thiourea, and used repeatedly. 
2 

Thus ease 

of preparation and recovery, and good selectivity, characteristics desirable in a chelating 

resin,are features of DzS resin. However, no colnnarcially available thiol-containing 

chelating resin possesses these features simultaneously. The high exchange-capacity of the 

anion-exchange resin for DzS and the high stability of DzS resin are ccnsidered to be due to 

the ion-exchange reaction between the sulphonic acid groups of DzS and the resin and the 

physical adsorption of DzS on the anion-exchange resin. 

In further search for effective chelate-forming resins for collection of heavy metal 

ions, based on properties similar to those of DzS resin, synthesis of a new chelating agent, 

which bears mercapto and azo groups as a chelate-forming site and a sulphwic acid group as 

functional group far ion-exchange ~88 planned, and azothiopyrine sulphonic acid (abbreviated 

to ATPS hereafter), which is a derivstive of thiopyrine previously reported as 8 complexing 

8gsnt, 
3 
was synthesized. The chemical structure of ATPS was confirmed by ultrsviolet and 

NkR spectra and elemental analysis (C,6H,206N4S3Na2 requires C 38.555, 9 2.43$, K 11.245; 

found C 37.9$, H 3.0$,, N lo.@). ATPS is a kinl of thiol but ~unusually stable in solution, 

probably because of hydrogen bonding batween the mercapto and azo groups. The synthesis, 

chemical properties and the complexation reactions of ATPS will be published elsewhere in 

detail, together witn those of azothiopyrine, which is the first example of a chelating 

agent bearing mercapto and azo groups that has been obtained in pure state. A chelate- 

forming resin was easily prepared by stirring the anion-exchange resin (Amberlite IRA 400, 

100-200 mesh) in a solution of ATPS, similsrly to the preparation of DzS resin. The 

exchange-capacity of ATPS was found to be 1.3 mmole/g 3f resin, which is comparable to thst 

of DzS resin. For loading of sufficient ATPS to give a practically useful ATPS resin, 

stirring for 60 min was found to be enough. The absorbance at 395 nm, A_ for ATPS, was 

measured to determine the amount of ATPS in the solution in these experiments. In the 
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course of the ion-exchange reaction, the equivalent amount 

the presence of two sulphonic acid groupa in a molecule of 

ion-exchange reeotion on these groups. ATPS was found to 

when exposed to 111 sodium chloride, O.g_ hydrochloric acid 

In Fig. I. These results indicate that both ion-exchenge 

of chloride released indicated 

ATPS and the oocurrence of the 

be retained on the resin even 

and lK sodium hydroxide, 88 ehown 

and physic81 8d8OrptiOn may 

contribute effectively to the high excbenge-cspaoity of ATPS and the high stability of ATPS 

resin, 86 in the caee of IUS reein. 

Effective edaorption of mercury(II) on ATPS resin in oolumn operation 588 proved by the 

break-through curve shown in Fig. 2. When O.lL nitrio acid containing 50 pprr of meroury(Id 

was peesed through 8 10 x 100 w colunm, the cmoentration of meroury(II) in up to 1 litre 

of affluent oould be reduoed to 88 low a8 0.5 ng/mlby the use of ATPS reain (capacity 0.2 

rnmole/g of reein). 

ATPS resin mey be expeoted to be very useful aa a ohel8ting reein for the collection of 

merCury(II) end probably 8180 for other metal ions. Detailed studies on the propertiee of 

ATPS resin and its application to the collection of varioue metal ione are now under way. 

Fig. I. Release of ATPS from anion-sxchange 
resin. Fifty mg of .4TPS resin 
(0.2 mnole/g of resin) was 
introduced into 8 flask containing 
5 ml of solution, and ATPS released 
into the solution w8s in 24 hr 8t 
20-22’ determined spectrophoto- 
metrically. o HCl, x NaCl, l NaOH. 

Fig. 2. Break-through curve for ATPS-IQ 2t 

system. Flov-rate, 60 ml/hr. 

I. 9. Taneka, M. Chikuma, A. R8r8da9 T. Ued8 and S. Yube, Talanta, 1976, 22, 489. 

2. 1. Nakayams, M. Chikuma and H. Tanaka, unpublished work. 

3. T. T8n8k3, Chem. Ph8rm. Bull (Tokyo), 1978, 26, 3139. 
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INTERFERENCE IN ANODIC STRIPPING 
VOLTAMMETRY FROM THE TEFLON VESSELS 

USED IN PRESSURIZED DIGESTION 

M. OEHME 
Department of Chemistry, University of Oslo, Box 1033, Blindern, Oslo 3, Norway 

(Received 9 January 1979. Accepted 16 February 1979) 

Summary-The insufficient inertness of Teflon vessels towards acids at high temperature and pressure 
is shown to be the source of some interferences in anodic stripping voltammetry. To avoid such 
problems the use of Pyrex glass inserts in Teflon-lined steel bombs. is proposed for the determination 
of non-volatile heavy metals. The procedure is easily applied to commercially available digestion bombs. 
Blank values and recovery tests for blood samples spiked with Cd, Pb and Cu are given, and the 
completeness of the digestioh has been checked. 

In recent years, bombs for pressurized acid digestion 
have found widespread use in the determination of 
trace metals in organic and inorganic .materials.‘-’ 
The main advantage of this method is the relatively 
fast digestion of the sample, and the very low reagent 
blanks. It has been shown that losses of trace ele- 
ments are negligible even for the volatile elements.4,s 
Teflon-lined steel bombs of different designs have 
been developed, .1~3v4-9 the bombs are mainly used to 
decompose inorganic material such as geological 
samples, and biological materials. 

Electrochemical techniques such as differential 
pulse anodic stripping voltammetry (DPASV) are 
relatively seldom used in connection with acid-diges- 
tion under pressure. The main reason is that samples 
with a high organic content are not completely miner- 
alized when nitric acid is used.6:7*Lo In addition the 
formation of electroactive nitrated substances leads 
to high background currents and interfering signals, 
which disturb the determination of heavy metals.’ 
Therefore the use of acid mixtures in the bomb and 
an additional digestion step after the decomposition 
under pressure are often necessary.’ On the other 
hand acid-digestion under pressure may be a suitable 
technique for certain inorganic samples,‘.’ which 
have a relatively low content of organic material.” 

The sample vessels are normally made from Teflon. 
It is well known that Teflon is not completely inert 
towards acids at elevated temperatures and pressures. 
After a few digestions the surface is corroded by the 
acid.‘* 

This paper describes the influence of the decompo- 
sition products of Teflon on the determination of 
heavy metals by DPASV. It is shown that the interfer- 
ences can be avoided by placing Pyrex glass inserts 
inside the Teflon crucibles. This procedure can be 
used for nearly all commercially available systems, 
when non-volatile heavy metals such as Zn, Cd, Pb 
and Cu are determined. No loss of metals by adsorp- 

tion has been found. The blank values obtained are 
similar to those for Teflon crucibles used under rou- 
tine method conditions (see also ref. 7). The complete- 
ness of the digestion with acid mixtures in glass in- 
serts in the bomb has been checked with different 
types of biological material.11*16 The glass insert is 
easy to remove from the bomb and allows the evapor- 
ation of the remaining acid on a thermostatically con- 
trolled hot-plate with a simple dust protection, so that 
expensive equipment for evaporation directly in the 
Teflon vessels is not needed.13 

EXPERIMENTAL 

Apparatus 

A home-made d,igestion bomb similar to that of TSlg 
et aL4 and a thermostatically controlled heating block with 
water cooling, which could accommodate 5 bombs, were 
employed. Teflon vessels with 24 mm outer diameter and 
83 mm height were used. The wall thickness was 4.5 mm 
and the inner volume 10.6 ml (see Fig. la). The glass in- 
serts, with an outer diameter of 14-14.5 mm, a height of 
50 mm and a wall thickness of 1 mm, were made of Pyrex. 
The volume was approximately 5 ml. A glass bar was fused 
on, over the opening, to facilitate the removal of the glass 
insert from the Teflon crucible by means of a glass hook 
(Fig. lb). To evaporate the remaining acid a thermostati- 
cally controlled hot-plate and an aluminium block, which 
could accommodate 4 glass inserts (Fig. lc), were used. 
A glass funnel with a wide stem served as dust protection., 
The circulation of the hot air prevented the contamination 
of the samples by dust. 

The measuring equipment for DPASV was similar to 
that reported previously” and consisted of a Princeton 
Applied Research 174i Polarographic Analyzer with a 
Radiometer REC 51/REA 112 recorder and a home-made 
timer unit. A Metro&m EA 410 hanging mercury drop elec- 
trode, an Ag/AgCl reference electrode with gel-stiffened in- 
ternal electrolyte’4 and a platinum coil counter-electrode 
were used. Thk glass capillary of the HMDE was siliconed 
with hexamethvldisilazane (Fluka AGLL4 Ultranure water 
was made by using a Millipore “Milii-Q” watkr-purifica- 
tion system. 
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a) b) 

Fig 1. (a) Teflon crucible with Pyrex glass insert; (b) 
experimental set-up for the evaporation of the acids. I, 
glass insert; 4, glass hook; 5. thermostatically controlled 

7, glass funnel as dust protectton. 

the glass insert and how to remove it; (c) 
Teflon cover; 2, Teflon container; 3, Pyrex 
hot-plate; 6, aluminium block for 4 inserts; . . 

Reagents 

All reagents used were of high purity (Merck “Supra- 
pur”). The acetate buffer consisted of an equimolar (O.lM) 
mixture of acetic acid and sodium acetate. Standard metal 
solutions were prepared from analytical-grade chloride 
salts. 

Procedure 

Al! glass equipment was cleaned thoroughly with chro- 
mic/sulphuric acid and dilute nitric acid before each series 
of experiments. The polyethylene tips of the micropipettes 
were soaked for one week in dilute nitric acid; the solution 
was changed twice. Afterwards the tips were rinsed with 
distilled water and dried at 4O”.‘” Teflon crucibles and 
glass inserts were cleaned with 0.8 ml of 65% nitric acid 
at 190” under pressure for 2 hr before each experiment (see 
also ref. 7). New equipment was cleaned several times 
before use. 

For the determination of the blank 0.8 ml of 65% nitric 
acid or a mixture of nitric, perchloric and sulphunc acids 
(2 + 1 + I) was placed in the Teflon crucible or in the 
glass insert. After a decomposition time of 2 hr at 190 
the acid was evaporated from the Teflon container by re- 
placing the open bomb in the water-cooled heating block 
at a temperature of 150”. Purified nitrogen was passed over 
the acid to accelerate the evaporation and to avoid con- 
tamination by dust. The acid was evaporated from the 
Pyrex glass inserts by placing them in the aluminium block 
on the hot-plate. The residue was redissolved in 5 ml of 
acetate buffer @H 4.6) or in 0.05 ml of 300/, hydrochloric 
acid and 4 ml of water and then transferred to the electro- 
lytic cell. The solution was deaerated for 10 min with 
highly purified nitrogen, a fresh mercury drop was 
extruded and the stirrer started. After an electrolysis time 
of 5 min at -0.8 V vs. Ag/AgCl, the stirrer was stopped 
and the stripping voltammogram of Cd, Pb and Cu was 
recorded after a waiting time of 30 sec. The following par- 
ameters were used: scan-rate 10 mV/sec, pulse repetition 
time 0.195 set (obtained by a modification of the instru- 
ment) and modulation amplitude 50 mV. 

The completeness of the digestion was checked with 0.4 
ml of blood and 0.8 ml of the acid mixture. The digestion 
procedure was a slight modification of that described 
above. For deiails see ref. 16. 

Sample digestion was carried out overnight under the 
necessary safety ,precautions for steel bombs. Only small 
amounts of perchloric acid (0.2 ml) were used together with 
0.2 ml of sulphuric acid, to lower the risk of explosion 
during uncontrolled evaporation.” During all the experi- 

Cl 

ments no irregularities could be observed. This is in agree- 
ment with earlier investigations using perchloric acid in 
steel bombs6.’ However, the risk of explosion can never 
be totally excluded, even when nitric acid is used. 

To assess losses of metals by adsorption onto the walls 
of the glass inserts, 0.4 ml of blood or 0.8 ml of nitric 
acid was spiked with known amounts of Cd, Pb and Cu 
and treated in the same way as described above. 

2.2ppb L.lppb 

0.8 Q6 01 0.2 0 6.2 

E IV1 vs. AglAgCl 

Fig. 2. Stripping vohammograms obtained after sample 
pretreatment in different digestion bombs. Samples were 
diluted with O.lM acetate buffer (pH 4.6). (a) Blank 
obtained with 0.8 ml of nitric acid in the Teflon vessel. 
(b) Blank obtained with a glass insert in the Teflon cru- 
cible. (c) Digestion of a spiked sample in the glass insert. 
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Table I. Blank values for the digestion bomb used with glass inserts in the Teflon vessels 

Blank obtained with 0.8 ml of HNO, 
Blank of the digestion procedure for 

blood samples with 0.8 ml of acid mixture 

Metal n 

Cd 7 
Pb 7 
cu 7 

Mean .U, Mean X. 
.sur srl. su- ss. 

PPM* n!J ny % ” PpM+ ny nR % 

0.07 0.35 0. I 29 4 0.039 0.16 0.04 25.0 
0.48 2.4 0.6 25 4 0.44 1.76 0.20 11.4 
0.76 3.8 0.9 24 4 0.31 1.24 0.32 25.8 

* After dilution to 5 ml with 0.1 M acetate buffer. 
t After dilution with 0.05 ml of 30% HCI and 4 ml water. 

RESULTS AND DISCUSSION 

DPASV offers a low-cost possibility for determin- 
ing trace metals in the ppM-range (&I.) and below. 
However, the main disadvantage of this method is 
the high susceptibility to trouble from organic impuri- 
ties of various origins. The relatively difficult handling 
of the earlier types of hanging mercury drop elec- 
trodes has led to a rather limited use of this method 
in comparison to atomic-absorption spectrometiy. As 
the origin of interfering substances the following 
sources may be considered: 

-insufficient washing of the equipment (also surface 
active substances) 

-the procedure for siliconing the capillary and the 
electrolytic cell 

-incomplete digestion of the sample. 

The last source often predominates for organic 
samples. However, the use of low-temperature 
ashing’ s or acid digestion with nitric/perchloric/sul- 
phuric acid mixtures under pressure normally gives 
a satisfactory decomposition of the sample.‘*th 

Even so, interfering signals and decreased sensi- 
tivity were observed in the determination of heavy 
metals in inorganic samples such as hydroxyapatite 
after the digestion under pressure in a Teflon-lined 
steel bomb. The same type of interference was 
obtained in the determination of the blank values (see 
Fig. 2a). This, and the clearly visible corrosion of the 
Teflon walls by nitric acid” and other acids indicates 
that the interferences were probably caused by 
decomposition products of the Teflon. 

To examine this phenomenon more closely, the 
determination of blank values was repeated with 
Pyrex glass inserts in the Teflon crucibles (see experi- 
mental section). As shown in Fig. 2b, a high sensitivity 
and a background without any interfering signals 
were obtained. Also, reasonably low blank values 
were obtained by using the glass inserts (see Table 1). 
Under routine conditions the metal blank values were 
similar for Pyrex glass and quartz inserts and for the 
Teflon vessels. In addition the same blank values were 
obtained for nitric acid and for the acid mixture. 
Figure 3 shows typical voltammograms. 

To discover possible losses of metals by adsorption, 
samples were spiked with different known amounts 
of Cd, Pd and Cu. Table 2 shows that no significant 
losses occurred. The loss of nitric acid by condensa- 
tion onto the cover and in the space between the 
glass insert and the Teflon crucible was about 2%. 
No significant increase in the recovery was observed 

Q\ ‘* 
la2 n1.2 

I 
OS pA 

e 

I 
Ct2uA 

Jc\ J b 

I 0.05 uA 
li a 

-66 -0.6 -01, -62 60 
E tV1 vs. AglAgCt 

Fig 3. Stripping vohammograms of digested blood 
samples. ” Blood (0.4 ml) was decomposed with 0.8 ml of 
the acid mixture. in the glass insert in the bomb. After 
heating to dryness. samples were diluted with 0.05 ml of 
30% HCI and 4ml of water. The small letters below the 
signals mark the measuring range, and the numbers above. 
the concentrations in ppM (parts per milliard). A. Blank 
for the digestion procedure in the glass insert: B. sample 
from a person exposed to lead; C, blood sample with low 
metal content, after spiking; D. background current of C 

with zero electrolysis time. 
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Table 2. Recovery of digestion in bomb with glass inserts in the Teflon vessels: 0.4 ml of blood was spiked, digested 
and diluted with 0.05 ml of 30% HCI and 4 ml of water; values are given for the diluted samples 

Metal 

Sample content Quantity found 
Quantity 

x z % added, j2 so Recovery, 
n PPM w ng w n “g w “/, 

Sample 1 
Cd 3 0.29 1.16 0.11 15.7 3 15.1 0.6 96.2 
Pb 4 9.9 40.4 1.4 29.0 4 28.2 1.8 97.2 
cu 4 86.4 350.0 27.0 317.7 3 314.0 10.8 98.8 

Sample 2 
Cd - 4 0.58 2.36 0.35 11.2 4 11.4 0.7 101.8 
Pb 4 57.2 231.6 10.2 103.6 4 106.0 6.8 102.3 
cu 4 36.9 149.6 6.7 317.7 4 316.8 31.7 99.7 

when the Teflon crucible and cover were rinsed with 
small amounts of acetate buffer (pH 4.6) and the rins- 
ings were added to the digestion solution. However, 
small signals of interfering impurities were sometimes 
observed in this case. 

When the presdnt technique is used, the determina- 
tion of non-volatile heavy metals by DPASV cao be 
performed without the problems described above. The 
use of glass inserts is considerably less expensive than 
the recently introduced glassy carbon crucibles.lg 
Another advantage of the glass inserts is the easy 
removal of the digested solution from the Teflon 
vessel. 
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Summary-Titrimetric determination of thioureas, thiols, xanthates and dithiocarbamates with N-iodo- 
succinimide (NE) is described. The method for xanthate can be applied to carbon disulphide (converted 
into xanthate with potassium ethoxide). Acidic and non-aqueous solutions of the oxidizing agent are 
stable. The procedures are rapid and accurate to 0.1% with a precision of 0.2%. Hydrogen sulphide 
and thiocarbonyl compounds interfere. The behaviour of N-bromosuccinimide and NIS with thiols 
in aqueous medium is compared. It is shown that iodine is the oxidizing species in both cases. 
The limitations of iodine as a reagent for thiol determination are discussed. Cysteine, which cannot 
be determined with iodine, can be determined with NIS. The role of methanol in non-aqueous deter- 
mination of thiols is discussed. Methanol accelerates the oxidation, which is otherwise slow in aceto- 
nitrile medium. 

Thioureas are biologically, commercially and medi- 
cinally important compounds.1*2 Several approaches 
for their determination have been reviewed.3-b 
N-Bromosuccinimide has been found to desulphurize 
thioureas in presence of potassium bromide.5 As a 
part of a project on the determination of sulphur-con- 
taming organic compounds through their functional 
groups, reactions of N-iodosuccinimide (NE) have 
been investigated and methods evolved for the deter- 
mination of these sulphur functions. NIS is found to 
oxidize thioureas readily and quantitatively to form- 
a&dine disulphides according to the general equation. 

ZRNHC(NH,)=S + (CH2C0)2NI + 
[RNHC(=NH)S], + (CH,CO),NH + HI 

In presence of mercuric chloride the following stoichi- 
ometry was found. 

RNHCSNH, + (CH2C0)2NI + H,O--t 
RNHCONH2 + (CH2C0)2NH + S + HI 

The wide distribution of the sulphydryl group 
makes the study of thiols important. The many 
methods available for the determination of thiols have 
been reviewed.7-9 Interhalogens,” N-haloamines, 
N-haloamides,’ ’ periodate,’ 2 chloramine-T and 
ch10ramine-B’3 have been successfully employed for 
the assay of thiols. The classical method for the esti- 
mation of cysteine by iodine has been improved.14 
Recently, thiols in general and cysteine in particular 
have been estimated with o-diacetoxyiodoben- 
zoate’5*‘6 and ferricyanide.” N-Bromosuccinimide 
(NBS) in the presence of acid and potassium iodide 
has been proposed for determination of thiols, includ- 
ing 3-mercaptopropionic and mercaptosuccinic 
acid. ’ ’ In the presence of acid and potassium iodide 

* 171. Bhaldarpura, Jabalpur 482002, India. 

the reactions of NBS are essentially those of iodine. 
Danehy and Oester 19s2’ have discussed in detail the 
limitations of iodine for the determination of such 
thiols and cysteine. In a systematic study on the deter- 
mination of sulphydryl compounds, consideration has 
been given to the behaviour of NIS and NBS, which 
have similar structures, towards thiols. NIS has 
aroused a great deal of interest in synthetic organic 
chemistry. Solutions of NBS are unstable and liberate 
bromine on keeping, but NIS is very stable in acidic 
as well as non-aqueous media. Conditions have been 
found for quantitative oxidation of cysteine to cystine, 
by varying the pH and iodide concentration. 

The utility of xanthates has been widely dis- 
cussed.2’*22 Numerous methods23-2s dealing with the 
dithiocarbonate functional group are primarily con- 
cerned with the determination of a specific alkyl xan- 
thate in the presence of impurities, e.g., sulphides. NIS 
oxidizes xanthates to dixanthogens. The titration is 
done in methanol with an acetonitrile solution of NIS 
or in neutral aqueous medium. The procedure can 
be applied to carbon disulphide after its conversion 
into xanthate with potassium ethbxide: 

CS2 + C2H,0H + C2HSOCSSK 

Formation of xanthate by this reaction is quantitative 
provided that significant amounts of water are absent. 

The analytical importance of dithiocarbamates .has 
been reviewed.29,30 Various reactions for their detec- 
tion3’ and determinationj2 have been discussed. 
Although hypoiodite quantitatively oxidizes dithio- 
carbamates derived from primary amines, non-stoi- 
chiometric results are obtained for those derived from 
secondary amines. Of the methods proposed, direct 
titration with iodine33-35 appears to be the best, but 
in aqueous medium the thiuram disulphide formed 
hampers the end-point. Linch33 proposed titration 
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with iodine in ethanolic solution, the appearance of 
iodine being taken as the end-point, but the colour 
is fugitive and over-titration is required for a definite 
end-point. The method is rapid but furnishes only 
approximate results. The mercurimetric method36 is 
excellent only for dithiocarbamates derived from 
secondary amines. N-Iodosuccinimide quantitatively 
oxidizes dithiocarbamates in non-aqueous medium to 
thiuram disulphides: 

ZR,NCSSK + (CH,CO),NI --* 
(R,NCSS-), + (CH2C0)2NK + KI 

Samples are titrated in methanol with acetonitrile 
solution of the reagent. 

EXPERIMENTAL 

Reagents 

N-Iodosuccinimide was prepared by the method of 
Djerassi and Lenk.37 A 0.02M solution was prepared by 
dissolving the compound in dilute hydrochloric acid or 
acetonitrile, filtering off any insohrble residue, diluting 
and standardizing iodimetrically. It was kept in the dark. 

Samples 

Most of the thiols were used as received from Evans 
Chemetics, New York, and the sodium diethyldithiocarba- 
mate was also a commercial product. Thioureas, xanthates 
and the other dithiocarbamates were prepared and puri- 
fied3s by the author. All other chemicals used were of 
reagent grade. 

Thioureas in aqueous medium 

Procedure A. Samples containing 0.01-0.1 meq of the 
thiourea group were used. For alkylthioureas the sample 
was dissolved in water and enough sulphuric or hydro- 
chloric acid was added to make the acid concentration 
1N. Aryl derivatives were dissolved in I@-15 ml of 18N 
sulphuric acid, which was diluted to 3.5N and cooled just 
before the titration. One ml of 1% starch solution was 
added as indicator, for visual end-point detection. Poten- 
tiometric titrations were done as described for procedure 
B. 

Procedure B. An aliquot of aqueous alkylthiourea solu- 
tion containing about 0.1 mmole of sample was treated 
with 5 ml of saturated aqueous mercuric chloride solution 
and 5 ml of chloroform, and titrated with 0.05N N-iodo- 
succinimide. Appearance of the colour of iodine in the 
chloroform served to indicate the end-point. 

For potentiometric titration, no chloroform was added 
and a modified calomel or antimony electrode was used 
as reference electrode and a bright platinum wire as indi- 
cator electrode. 

L-Cysteine and a-substituted D or L-cysteines 

A portion of test solution was added to sufficient phos- 
phate buffer to maintain the pH at 7 during the titration 
and 1 g of potassium iodide was added. The mixture was 
titrated with NIS until a slight yellowing of the solution 
occurred. Then 1 ml of starch solution was added, and 
the titration continued to a blue end-point that persisted 
for 30 sec. 

Thiols in aqueous medium 

A sample containing 0.1-1.0 meq of thiol was dissolved 
in 30-50 ml of water. For water-insoluble thiols 5-10 ml 
of glacial acetic acid were used to dissolve the sample, 
and twice as much water was added just before the titra- 
It&. ‘X%te, ml of 1% starch and 2 ml of 4% acetic ‘acid’ 

were added, and the solution titrated with NIS to a blue 
end-point. Alternatively, a potentiometric titration was 
done, with an antimony or modified calomel reference elec- 
trode and a bright platinum wire as indicator electrode. 

Xanthates in aqueous medium 

A sample containing 0.1-1.0 meq of the sodium or potas- 
sium xanthate was dissolved in 30-50 ml of water, I ml 
of 1% starch solution was added and the solution was 
titrated with NIS. 

The dixanthogen precipitates as it is formed but does 
not affect the reaction or the end-point. The mixture 
should be shaken vigorously during the titration. 

Carbon disulphide in aqueous media 

A sample containing 0.1-1.0 meq of carbon disulphide 
was weighed in a small sealed glass bulb and placed in 
0.5-2.0 ml of 10% potassium ethoxide solution and 5 ml 
of absolute ethanol in a 150-ml conical flask. A sharp rap 
against the sides of the flask was sufficient to break the 
bulb and release the sample. The contents were swirled 
for 2 min. then the flask was cooled in an ice-bath and 
30 ml of water and 2-3 drops of phenolphthalein indicator 
were added. The solution was just acifidied with 1 M acetic 
solution and the potassium ethyl xanthate formed was 
titrated with NIS as described for xanthates. 

Thiols in non-aqueous media 

A sample containing 0.1-1.0 meq of mercapto group was 
dissolved in 30 ml of methanol containing 50 mg of potas- 
sium iodide. The solution was titrated with 0.05N NIS 
in acetonitrile, the end-point being indicated by the 
appearance of the colour of iodine or potentiometrically. 
Enough methanol must be added for it to constitute about 
80% of the total solvent at the end-point. 

Dithiocarbamates and xanthates in non-aqueous media 

A sample containing 0.1-1.0 meq of -CSSK group was 
dissolved-in 40 ml of methanol; 50 mg of potassium iodide 
were added and the solution was titrated with 0.05N NIS 
in acetonitrile from a microburette provided with a guard 
tube to keep out atmospheric moisture. The end-point was 
detected by the appearance of a yellow tint or potentiome- 
trically. 

RESULTS 

Some typical results are summarized in Tables 1 
and 2. Cysteine, methionine, and thiourea interfere 
seriously in all the procedures, while acetaldehyde 
(75:1), ally1 alcohol (1OO:l) and diacetone alcohol 
(4O:l) give results that are 3.5% low, and 4% and 
6% high respectively, when present in the molar ratio 
to determine and that is shown in parentheses. Serine, 
gfycine, alanine, glutamic acid, valine, glutamine, pro- 
line, leucine, threonine urea, acrylonitrile, dimethyl- 
sulphoxide, dibenzyl sulphide, thiophene and 
diphenyl disulphide (OS mmole) do not interfere. 

Unlike the aqueous solution, the acetonitrile solu- 
tion of NIS does not liberate molecular iodine on 
storage (for at least 7 days at 20”). The burette should 
be .fitted with a guard-tube to protect the oxidant 
from atmospheric moisture. 

DlSCU!SSlON 

NIS has been reported’* to react stoichiometrically 
with mercaptosuccinic and o-mercaptobenzoic acids, 



Determination of sulphur functions 

Table 1. Determination of thioureas, dithiocarbamates and xanthates with N-iodosuccinimide 
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Sample 

Purity, % 

Present method* 

Visual Potentiometric 

Comparison 

method 

Average 
deviation, 

% 

Thiourea 
Thioureas 

N,N’-Dimethyl 
Butyl 
Ally1 
Isoamyl 
Phenyl 
o_Tolyl 
o-Ethoxylphenyl 

Na and K dithiocarbamates 
Dimethyl 
Di-isopropyl 
Phenylethyl 
Diamyl 
Tetraethyl 

Na and K xanthates 
Methyl 
Isopropyl 
Ally1 
Cyclohexyl 
Benzyl 

98.5 99.8 99.7” 0.1 

97.0 97.1 97.2’ 0.2 
99.6 99.7 99.4” 0.3 
98.7 98.8 98.9’ 0.2 
96.5 96.5 96.2” 0.3 
96.4 96.2 96.1b 0.2 
97.6 97.3 97.4b 0.2 
98.3 98.2 98.5” 0.3 

76.6 76.8 76.5’ 0.2 
88.6 88.4 88.4d 0.4 
83.3 83.0 83.1’ 0.3 
93.8 93.7 93.9c 0.2 
82.5 82.6 82.3d 0.3 

99.8 99.8 99.6d 0.2 
99.7 99.6 99.8’ 0.1 
99.5 99.6 99.4d 0.2 
99.4 99.5 99.2’ 0.3 
99.6 99.7 99.4d 0.3 

l Average of 10 determinations. 
a Sodium hypoiodite3 
b Iodine titration’ 
c Mercurimetric titration23*‘6 
d Iodine titration36 

these results being compared with those from the of these two acids and 3-mercaptopropionic acid, 
iodine titration3’ method, but others have found that there being a variable positive error; 
neither NBS nor NIS is suitable for determination In our opinion, iodine is the oxidizing species in 

Table 2. Determination of thiols with N-iodosuccinimide 

Purity, % 

Sample 

L-Cysteine and 
u-substituted ot-cysteines 

Ethane thiol 
Glutathione 
2-Mercaptopropionic acid 
ZDiethylaminoethane 

thiol hydrochloride 
Benzyl mercaptan 
Thioglycollic acid 
Thiobenzoic acid 
2-Mercaptobenzothiozole 
Methyl 3-mercaptopropionate 
Benzene thiol 
ZNaphthalene thiol 
Glycerol-1-thiol 
Cyclohexane thiol 
I-Pentane thiol 

* Mean of 10 determinations. 
a o-Diacetoxyiodobenxoate’5 
b Iodimetry3’ 
c Iodimetry43 
d Iodine monochloride titration”’ 
e Mercurimetryz3 

Present method* Comparison 

Visual Potentiometric method 

99.1 99.3 99.4’ 
91.9 98.0 98.1b 

.97.9 97.6 97.8’ 
96.7 96.2 96.6b 

98.1 98.5 98.2d 
96.1 98.0 98.2’ 
80.5 80.5 80.3’ 
94.9 95.2 95.0b 
97.6 97.5 97.5’ 
96.3 96.2 96.0b 
99.2 98.8 99.0’ 
98.9 99.4 99.1’ 
88.1 80.0 79.7” 
99.4 99.5 99.8b 
88.6 88.2 88.4b 

Average 
deviation, 

% 

0.4 . 
0.2 
0.3 
0.2 

0.2 
0.3 
0.1 
0.2 
0.5 
0.2 
0.2 
0.3 
0.2 
0.5 
0.2 



920 ASHUT~~H SRIVASTAVA 

NBS titrations in which notassium iodide is added 4. B. Singh and B. C. Verma, J. Sci. Ind. Res. India, 1965, 

as additional reagent. NBS contains unstably bound 
bromine and it might be assumed that the actual oxi- 
dizing agent is either hypobromous acid formed by 
hydrolysis of NBS, or Br+, but this is not so because 
oxidation of thiols with bromine is known to be non- 
stoichiometric4’ The amino group in 2-mercaptoeth- 
ylammonium chloride or glutathione remains intact 
and N-bromosuccinimide attacks only the sulphur 
atom. Moreover, in the present determinations gly- 
tine, alanine and serine do not interfere. This further 
indicates that bromine is not the oxidizing species in 
N-bromosuccinimide titrations. 

Danehv19,20 studied thiol-iodine reactions and 

24, 536. 
5. R. D. Tiwari and U. C. Pandey, Analyst, 1969, 94, 

813. 
6. .I. H. Karchmer, The Analytical Chemistry of Suijiir 

and its Compounds, Part II, 668. Wiley-Interscience, 
New York, 1972. 

7. J. H. Karchmer, op. cit., Part I. 
8. P. C. Jocelyn, Biochemistry of the -SH Group, Aca- 

demic Press, New York, 1972. 
9. M. R. F. Ashworth, The Determination of Sulphur-con- 

raining Groups, Vol. II, pp. l-55. Academic Press, New 
York, 1976. 

10. A. Srivastava and S. Bose, J. Indian Chem. Sot.. 1974. 
51, 736. 

II. Idem, ibid., 1975, 52, 217. 
12. ldem. ibid.. 1975. 52. 214. * 

suggested that a carboxyl group on a carbon atom 13. ldem, Cur;. Sci. India, 1977, 46, 562. 

/I to the thiol group causes an intramolecular dis- 14. A. Srivastava, Z. Anal. Chem., 1977, 287, 316. 

placement reaction and that a five-membered cyclic 
15. A. Srivastava and S. Bose, Talanta, 1977, 24, 517. 
16. A. Srivastava, K. K. Verma, J. Ahmed and S. Bose. 

intermediate is formed. This intermediate can un- J. Indian Chem. Sot., 1977, 54, 985. 

dergo further oxidation to sulphenic acid and higher 17. A. Srivastava and S. Bose, Analyst, in the press. 
oxidation states instead of forming the disulphide, 18. J. M. Bachhawat, N. S. Ramegowda, A. K. Koul, C. 

which vitiates the titration. On the other hand, thiols K. Narang and N. K. Mathur, Indian J. Chcm., 1973, 

such as 2-mercaptopropionic, mercaptoacetic and m- 
11. 614. 

19. J. P. Danehy and M. Y. Oester, J. Org. Chem., 1967, 
and p-mercaptobenzoic acids without a /I-carboxyl 32, 1491. 
group give the correct stoichiometry. Finally gluta- 20. J. P. Danehy, Quart. Rept. Sulphur Chem., 1977.2, 325; 

thione shows minimal tendency to be over-oxidized Int. J. Sulfur Ckem., 1971, C6, 159. 

because the mercapto group is too remote from the 
21. S. R. Rae, Xanthates and Related Comoounds. Dekker. 

New York, 1971. 
carboxyl groups. 

Although in acetonitrile or glacial acetic acid, either 
alone or mixed, the reactions of thiols with N-iodc- 
succinimide are slow and iodine appears during the 
course of titration, in methanol either alone or 
mixed with acetonitrile (about 80% methanol at the 
end-point), the reactions are instantaneous and the 
end-points accurate. The function of the methanol is 
to deprotonate the complex. 

MeCN R 
RSH+&_____-_ 

-2 2 
S-1 

=[RS,j= RSI + I- 

HI + &OH 

RSI + RSH = RSSR+ HI 
xiii 

This scheme has the merit of suggesting that if it 
is the basicity of methanol which induces the reaction 
chain, then a more basic species should fulfil this 
function even more effectively. It may be mentioned 
here that pyridine is used as catalyst in the titration 
of thiois with iodine in benzene medium.44 

Acknowledgements-Sincere thanks are due to Dr. S. Bose 
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Crown ethers or cryptands are known as selective 

PHOTOMETRIC REAGENTS FOR ALKALI METAL 
IONS, BASED ON CROWN-ETHER COMPLEX 

FORMATION-III* 
4’-PICRYLAMINOBENZO-15-CROWN-5 DERIVATIVES 

HIROSHI NAKAMURA, MAKOTO TAKAGI and KEIHEI UENO 
Department of Organic Synthesis, Faculty of Engineering, 

Kyushu University, Hakozaki, Higashi-ku, Fukuoka, 812 Japan 

(Received 20 February 1978. Revised 7 March 1979. Accepted 14 March 1979) 

Summary-An extraction study of alkali metal cations has been made with crown-ether reagents, 
4’-picrylaminobenzo-15-crown-5 derivatives (HL). On dissociation in alkaline medium, the orange HL 
gives the blood-red anion L- and extracts alkali metal ions into chloroform as coloured complexes 
of composition ML.HL or ML. The ease of extraction decreases in the order, KC > Rb+ > Cs+ > 
Na+ >> Li+. The extracted complexes are ML.HL for K+ and Rb+. and both ML.HL and ML 
for Na+. The Li+ complex is not extracted. The photometric determination of IO-8OOppm of K+ 
is possible in the presence of other alkali and alkaline earth metal ions. 

neutral ligands for various alkali or alkaline earth 
metal ions and some of the cationic metal complexes 
are readily extractable from the aqueous into an 
organic phase. The selectivity principally depends on 
the cavity size within the ligand molecule,‘-4 and 
several extraction studies on specific metal ions are 
described in the literature.5-s In such extraction 
studies, bulky or lipophilic anions are usually pre- 
ferred as the pairing anion, and some of them are 
highly coloured, e.g., the picrate anion. The fact that 
the extracted complex is coloured immediately sug- 
gests that the applications may be extended to include 
extractive photometric determination of alkali metal 
ions, but rather surprisingly few publications have 
been concerned specifically with this.’ On the other 
hand, if a light-absorbing anion is incorporated into 
the ligand molecule, a new series of photometric re- 
agents for alkali or alkaline earth metal ions should 
be realized.” Chromogenic complexing reagents 
which show a distinct colour change on interaction 
with alkali metal ions are practically unknown.” 

In the absence of satisfactory photometric methods, 
traces of alkali metal ions are generally dbtermined 
by techniques based either on potentiometry or 
atomic spectra. However, we believe that the photo- 
metric method still deserves extensive exploration, 
first in its own right from the methodological point 
of view and secondly to broaden the choice of method 
for individual samples in practical alkali metal analy- 
sis. The present series of studies is devoted to this 
aim mainly through the two types of approach out- 
lined above, i.e., ion-pair extraction of the conven- 
tional crown-ether cation complex with an anionic 
dye and the development of specifically designed 

* Contribution No. 480 from the Department of Organic 
Synthesis, Kyushu University. 

chromogenic crown-ether reagents for alkali metal 
ions. In this report, the synthesis of 4’-picrylamino- 

NO> 

L : R-H 

2_ : R-NO2 
1: R=Br 

benzo-15-crown-5 derivatives (HL: 1, R = H; 2, 
R = NOz ; 3, R = Br), first chromogenic reagents for 
alkali metal, and their application to the photometric 
determination of IO--8OOppm of K+ are described. 
Part of the work has been published in a preliminary 
note.‘O 

EXPERIMENTAL 

Synthesis 

1. 4’-Nitrobenzo-15-crown-5 (0.50 g) was catalytically 
reduced to 4’-aminobenzo-l5-crown-5 in ethanol.‘* The 
crude product, after removal of the catalyst and the sol- 
vent, was redissolved in 2 ml of methanol, followed by 
the addition of picryl chloride (0.45 g). Sodium hydrogen 
carbonate (0.25 g) was then added in portions, and the 
mixture stirred at room temperature for 15 min. The. deep 
red mixture was acidified with dilute hydrochloric acid and 
evaporated under reduced pressure, and the residue was 
extracted with chloroform. The chloroform layer, after 
evaporation, was khromatographed on a silica gel column 
(2 x 15 cm) with ether-chloroform (1 :I, v/v) aseluent. The 
major band was collected and the product was recrystal- 
lized from methanol m.p. 155” (uncorrected). Yield, 570 mg 
(72%). Found: C. 48.5%;.H, 4.4%; N, 11.2%. Calculated 
for C20H22N4011: C, 48.59%; H, 4.49%; N, 11.33%. 
Electronic spectrum (Fig. 1): I,, 395 nm; E 1.08 x IO4 
I.mole-*.cm-’ (chloroform, c = IOm4M). pK,. 10.55 
c/r 0.10 (LiCl); 10% dioxan; 25’1. 

921 
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nm 

05. 

Fig I. Electronic spectra of HL and KL.HL in chloroform. Crown reagents 1, 2 and 3. 

2 A mixture of acetic acid, chloroform and fuming nitric tone-water (I :2), m.p. 208-209” (uncorrected). Yield, 270 
acid (sg. 1.42) (0.5 ml each) was added dropwise to a mg (82%). Found: C, 44.4%; H, 3.9%; N, 12.9%. Calculated I 
chloroform solution (10 ml) of 1 (300 mg) at room tempera- 
ture. After 10 min, the reaction mixture was washed with 

for .CIOH2,N5.01,: C, 44.53%; H, 3.92%; N, 12.98%. 
Electronic spectrum (Fig 1): ,J,,, 424nm; l 1.43 x 10’ 

water (10 ml) four times and evaporated. The crude 2 Lmole-‘.cm-’ (chloroform, c = I x IO-‘M). PK., 8.63 
obtained as an orange solid was recrystallized from ace- [pO.lO (LiCI); 10% dioxan; 25”]. 
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3. Bromine (100 mg) was added to 1 (300 mg) in glacial 
acetic acid (2 ml). After heating at 80” for IO mitt, the 
reaction mixture was cooled to room temperature, and the 
precipitate formed was filtered off. The product was recrys- 
tallized from chloroform-methanol, m.p. 216217” (uncor- 
rected). Yield, 210 mg (60%). Found: C, 41.5%; H, 3.6%; 
N, 9.6%. Calculated for C2cH2,,N4011Br: C, 41.90%; 
H, 3.69%; N, 9.77%. Electronic spectrum (Fig 1): A,,, 
402 nm; l 1.02 x lo4 l.mole-‘.cm-’ (chloroform, 
c = 1 x 10-4M). PK., 9.32 [rO.lO (NaCl); 200/, dioxan]. 

Extraction study 
1. An aqueous solution of alkali metal salt (5’ ml) was 

shaken with a chloroform solution (5 ml) of 1 (1.83 x 
IO-“M unless otherwise noted) and triethylamine (l.OM) 
at 25”. After phase separation, the absorbance of the 
organic layer was measured at 560 nm in a l-cm standard 
cell at 30” (Hitachi spectrometer type 200). In this medium, 
the pH of the aqueous layer was constant at 11.46. 

2 An aqueous solution of alkali metal salt and trieth- 
anolamine (OSM) (5 ml) was shaken with a chloroform 
solution (5 ml) of 2 in a similar manner to that described 
above. The absorbance was measured at 550 nm. 

RESULTS AND DlSCUSSlON 

Extraction equilibria 

The effective equilibria in which i or 2 takes part 
are summarized in Scheme I and in expressions 

(lH% 

<HLIae 
(L-1 3 (ML) 

+=- b a 

‘r 
( He& 

Aqueous 
phase 

* \ 

( HL), (ML.HL+ --&(ML), *;ra;b’ 
0 

Scheme 1. 

VW, = 0-U :DHL 

@-IL), z$ (H’), + (L-), :K, 

(L-), + (M+), s (ML), :KYL 

(ML), = (ML), :DML 

(ML), + (HL), G= (ML. HL), :K&$..HL 

The extraction constants are defined by 

(HL),, + (M+), = (ML), + (H +), 

KFL = KMLK~DMLIDHL = 
WUJ CW + ) J 

CU-Ul C&f ‘Xl 

and 

2(HL),, + (M+), + (ML. HL), + (H+), 

G!.;L.tu_ = &~LK&~LKDMLPHL 

= CWL.WJC(H+Ll 
C(HL)J2E(M+)J * 

(1) 

(2) 
(3) 

(4) 

(5) 

(6) 

Q 

The distribution ratio of metal ion, qu. is then given 

by 

C(ML)J + [(ML. WJ 
qM = C(M+)J + IXWal 

C(ML)J + [(ML. WJ z 
C(M+)J 

(8) 

the concentration of the metal complex in the 
aqueous phase usually being negligibly small com- 
pared with that of the free metal ion: The quantity 
in the numerator in equation (8) is obtained experi- 
mentally by the relation, 

or 

[(ML. =),I = AA/&a.. HL (94 

C(ML)ol = W&,L W 

where AA is the absorbance of the organic phase 
measured against the reagent blank (the organic 
phase when the alkali metal ion is not involved), and 

b.IL . HL and &AL are the “apparent” molar absorp 
tivities of the extracted species when the absorbance 
is measured against the reagent blank. AcEyL .HL and 
hEML are in fact taken as the differences in the molar 
absorptivities (e ML .HL - %HL) and f&L - CHL), re- 

spectively, in the organic phase, and must be deter- 
mined by a separate series of experiments. They are 
different from the values measured in the aqueous 
phase. In the absence of detailed structural informa- 
tion on the chromophoric interaction in the complex 
ML.HL, eML.uL may be equated (to a first approxi- 
mation) to the sum of l ML and l uL. In that case 
kuL. uL becomes equal to huL (=&), and, thus, 
when both complexes are involved. in the extraction, 

and 

[(ML)J + [(ML.HL)J = AA/k (W 

AAIAe 

The concentration [(M’),] can be approximately 
equated, under ordinary conditions, to the concen- 
tration of the metal ion in the original aqueous solu- 
tion, since in our conditions the amount of the metal 
ion transferred to ‘the organic phase is small when 
compared with that remaining in the aqueous phase 
(about 2% for K+, see below). By introduction of the 
extraction constants [equations (6) and (7)] into equa- 
tion (8) another expression for qM is derived: 

qM = $& CWL)J 

!!!!h [(HL),]2. 
+ C(H’)J 

Equation (11) indicates that the slope of a plot of 
log qM against log [(HL),] at constant pH is either 
1 or 2, depending on the stoichiometry of the 
extracted complexes The [(HL),] values for the plot 
are obtained from the total concentration of HL in 
the original organic solution, [HL],, after correction 
for the fraction converted into ML and ML.HL or 
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Fig. 2. Linear plot according to equation (15). Crown reagents 1 and 2. 

distributed into the aqueous phase [oide infra, e.g., 

equation (I 3)]. 

Determination of A6 

In order to obtain the value of h, a modified New- 
ton method7 was used. In the case of extraction of 
potassium, the complex KL.HL is preferentially 
formed. If it is assumed that equal volumes of the 
organic and aqueous solutions are used and recalled 
that there is virtually no distribution of HL into 
aqueous phase, the following equations are obtained: 

A 

’ = [(HL),J + Z[(KL. HL),] 

A 

= LYLI, - C&-M - W-M 

A 

zz W-1, - CO--Ll 
(12) 

[(HL)J = [HL], - 2C(KL.HL)J - [(L-),1 (13) 

[(KL.HL),,] = y ([HL], - [(L-),-J) (14) 

A stands for the absorbance of the organic phase 
measured against pure chloroform. E” is the value 
of E for the reagent blank and is equal to l HL. [HL], 
represents the total (analytical) concentration of HL 
in the original chloroform solution. Combination of 
equations (7), (I 3) and (14) gives 

J E - E” 

(W-1, - L-U-MNW+M 

= 
J 

J;;;; l {h - 2(E - E”)}. (15) 
L1 

Equation (15) means that, at constant pH, a plot of 
the quantity on the left-side of the equation against 
(E - E”) should be linear. Figure 2 verifies this expec- 
tation. In the calculation, [(M+),] was replaced by 
the metal concentration in the original aqueous solu- 

tion, and [(L-),I for 1 was derived from the measured 
absorbance of the aqueous phase by using c,. -,lq,,cour, 
= 2.04 x IO4 l.mole-‘.cm-’ at 445 nm. In the case 
of 2, [(L-)J was found to be negligible. The inter- 
cepts with the co-ordinates of the plot at pH 11.46 
gave Af (at 560 nm) = 4.58 x IO3 l.mole-‘.cm-’ 
and K$, “,_ = 10-‘,~55 for 1. Similarly, the plot at pH 
10.70 for 2 gave k (at 550 nm) = 7.57 x IO3 
I.mole-‘.cm-’ and Kn,,,. = 10-7.‘. Plots at differ- 
ent pH values gave the same h value, but the extrac- 
tion constants were slightly different from one 
another (Table 1). The h value obtained for K+ was 
used in the calculation of the extraction constants for 
other metal ions. All of the approximations intro- 
duced in the treatments above proved to be self- 
consistent within the experimental error. 

Extraction constants of alkali metal ions 

The extraction constants for Na+, K+, Rb+ and 
Cs+ were obtained by plotting log qM against log 
[(HL),] according to equation (1 I). Such plots over 
the concentration range of [(HL),] between 5 x 10m4 
and 1.6 x 10V3M are shown in Figs. 3 and 4. All 
the slopes are quite close to 2.0 except in the case 
of Na+ with 1, where an upward curvature with vary- 
ing slopes between I and 1.7 was obtained.” This 
indicates that K+, Rbf and C.s+ are extracted only 
as the complex ML.HL, while Na+ is extracted as 
both ML.and ML.HL. No extraction occurred with 
Li+. The extraction constants evaluated are summar- 
ized in Table 2. It is obvious that the trend in magni- 
tude of these constants reflects the compatibility 
between the hole-size of the crown-ether ligand and 

Table I. Effect of triethylamine concentration on K;;XL.HI. 

Concentration of 
triethylamine in pH of aqueous 
chloroform, M solution PK&. HI. 

1.0 11.46 7.55 
0.5 1 I.28 7.13 
0.2 11.10 7.83 
0.0 12.31 7.93 
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Rb+ 

-5. 

-4 -3 -2 

log [(HL),l 

Fig. 3. Log yu us. log [(HL),] according to equation (I I). 
Crown reagent 1. 

the ionic radius of the incoming metal ion. Benzo-15 
crown-5 forms a 1:2 (metal to ligand) complex of 
sandwich structure with Kt,r3*‘* and it is probable 
that the complex ML. HL in the present study in- 
volves a similar structure. The order of extractability 
K+ > Rb+ > Cs+ for both 1 and 2 also suggests that 
the extraction is not a simple ion-pairing mechanism 
as was the case for the extraction of alkali metal- 
dipicrylamine species into nitrobenzene, for which the 
reversed order, K* < Rb+ < Cs+, is reported.‘5 The 
differences between the extraction constants of 1 and 
2 with the same cation can be attributed to the differ- 
ence both in pK, of HL and in the distribution ratios 
of HL, ML.HL or ML. Since the pK, of 2 is smaller 
than 1 by 1.8, and the distribution of HL into water 
is much smaller for 2, the extraction of ML.HL 
should be much more efficient with 2 than with 1 
(Table 2). The extraction constants in Table 2 indicate 
that 1 or 2 is a rather poor extraction reagent even 
for K+. Thus, in our typical conditions (pH 11.46; 
[(K+)J 1 x IO-‘M; [HL], 1.83 x 10m3M; 25”) only 
19% of the total amount of 1 employed is converted 
into ML.HL and extracted into chloroform. This is 
probably due to the large charge separation in the 

log L(HL)ol 

Fig. 4. Log qM vs. log [(HL),] according to equation (I 1). 
Crown reagent 2. 

extracted complex. A reagent which allows the forma- 
tion of tight ion-pair or chelate-type interaction 
between the anion and metal would improve the 
extraction. Alkaline earth metals could not be 
extracted with 1 or 2 under the conditions used in 
the present study. The properties of 3 were examined 
only briefly. The pK,, (9.32) falls between those of 1 
and 2, and the extraction behaviour is also inter- 
mediate between that of the other two. 

Extraction solvent 

Chloroform combined with triethylamine was used 
in the case of 1. The primary aim of using triethyl- 
amine is to allow the dissociation of HL and assist 
the formation of the neutral complex ML or ML. HL. 
In this context, the selection of triethylamine was 
rather arbitrary, and the amine had to be used in 
fairly large amount to attain the required alkalinity 
(pH > 1.1). Thus, in our experimental practice, the pH 
values 11.46, 11.28 and 11.10 for the aqueous solution 
in equilibrium with chloroform were achieved only 
by employing 1.0, 0.5 and 0.2M triethylamine in 
chloroform. respectively. Since 0.2-l.OM triethyla- 
mine contains approximately 3-14% by volume of the 
amine, the nature of the extraction solvent may well 
be different from that of pure chloroform and depen- 

Table 2. Extraction constants of alkali metal ions 

Crown 
ether Li+ Na’ K+ Rb+ CS+ 

1* PGL -13 - 
PG., HI. - 10 7.55 8.5 10.4 

2t PG.. HL - 8.8 -7.1 -7.9 z 8.3 

* Water-chloroform (I .OM ttiethylamine). 
t Water-chloroform (OSM triethanolamine). 
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0 400 

WI ppm 

800 

Fig. 5. Calibration curve for the calorimetric determination 
of KC. Water-chloroform (I.OM triethylamine in chloro- 

formh [Na’] = 0-lo-*M. 

dent on the concentration. Thus, the K;;Z..ni. value 
determined from the slopes of the plots in Fig. 2 de- 
creases with decreasing concentrations of triethyla- 
mine in chloroform (Table 1). This indicates that the 
amine assists the extraction by acting both as base 
and co-solvent. In the extraction study of 2, however, 
the triethylamine+chloroform solvent could not be 
used, because 2 dissociated in this solvent, even in 
the absence of metal ions in the aqueous phase. Thus, 
pure chloroform was used for 2, and pH of the 
aqueous phase was adjusted to 10.70 by use of trieth- 
anolamine, which does not distribute into chloroform. 
The use of other solvents, e.g., benzene, nitrobenzene 
or MIBK, proved less successful for both 1 and 2. 

Application to potassium determination 

Rearrangement of equation (7) gives equation (16) 
which is convenient for analytical applications: 

AA 

(ci - AA)’ 
= BC(K+)J 

where tl and /I stand for the experimental constants 
given by 

CI = ;.([HL], - [(I-),]) 2. ;-WI, (17) 

and 

~KL.HL 

' = Ae[(H+),] ’ 
(18) 

For the purpose of constructing a calibration graph 
according to equation (16) a may be calculated by 
using equation (17), while fi is conveniently obtained 
experimentally with the aid of a series of standard 
solutions containing a known amount of potassium 
ion. A calibration graph according to equation (16) 
was found to be linear up to 800 ppm of K+. At 
the low concentration of K+ where AA is small com- 
pared with a, equation (16) reduces to a simple linear 
relationship between AA and [(K+)J. The calibration 
graph thus obtained for I is shown in Fig. 5, and 
though there is strong curvature at high K+ concen- 
tration, is valuable for practical purposes in the low 
concentration range below 100 ppm of K+. 

Though the extraction study suggests that most of 

I.0 

a 
P 

0.: 

0 ‘L 
-2 -I 

log CNdl 

Fig. 6. Interference of NaC in the determination of Kf. 
Water-chloroform (l.OM triethylamine in chloroform). 

the alkali and alkaline earth metals (except for Rb+) 
do not interfere in the calorimetric determination of 
K+ unless they are present in a large excess, this indi- 
cation requires experimental support. The effect of 
Na+ and Ca2+ on the determination of K+ is illus- 
trated in Figs. 6 and 7. The presence of Na+ up to 
3 x lo-‘M concentration does not affect the 
measurement. Determination in presence of Na+ 
above this limit is still possible, if necessary, with the 
aid of appropriate calibration curves constructed by 
use of standards containing specified amounts of 
sodium. No interference is observed with multivalent 
metal ions when they were properly masked with the 
lithium salt of EDTA. Use of EDTA dilithium salt, 
followed by the addition of lithium hydroxide to 
adjust the pH to 11.46, is recommended, since the 
use of the EDTA salt alone causes the pH to be low- 
ered too far for restoration by triethylamine buffer. 
Of the interfering cations, calcium does not interact 

2- 

: ‘- 

O- 

IK+l 

= 4x10S2M 

- lxlo-2 

: 4x10-3 

- IXJO-3 

-3 ’ -2 -I 

log [Co”1 

Fig. 7. Interference of Ca’+ in the determination of K+. 
Water-chloroform (l.OM triethylamine in chloroform), Li- 

EDTA, pH = 11.46 k 0.03. 
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Table 3. Determination of potassium in sea-water 

Sample 
Present method, Gravimetric analysis 

M M 

A (Hakata Bay) 
B (Nippon Sea near Fukuoka) 

1.00 x 1o-2 0.998 x 10-l 
1.04 x 1o-2 1.038 x IO-’ 

with 1, and the masking itself is not an essential in 
the present method. However, the presence of 
O.l-O.OlM Ca2+ causes a considerable pH drop 
owing to hydrolysis of the metal ion under the 
proposed conditions. Readjustment of the pH by 
addition of lithium hydroxide allows the K+ to be 
determined in the ordinary manner. On the other 
hand, the use of EDTA is indispensable when Mg2+ 
and other multivalent metal ions having insoluble 
hydroxides are present. Unless EDTA is employed, 
the extraction photometry cannot be used, because 
of extensive precipitation of the metal hydroxide. 

In a practical application, potassium in sea-water 
was determined photometrically with the reagent 1. 
The sea-water (2.5 ml) and 0.4M (EDTA)3Lis salt solu- 
tion (adjusted to pH 11.46, 2.5 ml) were shaken with 
a chloroform solution of 1 (1.8 x 10e3M, 5 ml) that 
was also 1M in triethylamine, and the absorbance 
of the organic phase was measured in the same way 
as in the extraction study of 1. When the EDTA salt 
was not added, magnesium and calcium interfered 
seriously. The results in Table 3 verify the validity 
of the photometric analysis. 
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Summary-The methods currently used for the determination of aluminium, calcium, iron and magne- 
sium in sewage sludge are time-consuming A rapid flameless atomic-absorption procedure, utilizing 
homogenization of diluted samples as the only pretreatment, has been compared with wet and dry 
analytical methods followed by flame atomic-absorption analysis, in a statistically designed experiment. 
Low-sensitivity (secondary absorption) lines have been used for the flameless analysis. The flameless 
atomic-absorption method described is better than all the other methods tested, with the exception of 
the nitric-perchloric-hydrofluoric acid digestion procedure. The t/me saved is substantial and the 
method could he used advantageously for routine analysis. 

One of the major problems confronting waste water 
treatment authorities today is the disposal of large 
volumes of sewage sludges. Because of cost and the 
environmental objections to some of the alternatives 
(incineration, landfill, disposal at sea), the disposal of 
liquid or dewatered sludges on land is common prac- 
tice. In the United Kingdom it is estimated’ that 80% 
of the sludges from all inland sewage treatment works 
are disposed of on land. Approximately half is applied 
to agricultural land; the value of its nutrient content 
has been demonstrated’ and the organic matter 
present’ may be valuable as a soil conditioner, 
though this has not been assessed quantitatively. 

Because of the toxic nature of some of the elements 
present in sewage sludge, their concentrations must 
be determined before disposal, to ensure that the 
maximum concentrations permissible’ are not 
exceeded. 

Though not mentioned in current guidelines,2 alu- 
minium may be phytotoxic in acidic soils.3 In addi- 
tion, the need also exists to estimate the concen- 
trations of certain plant nutrients such as calcium,2 
magnesium2 and iron.4 Iron deficiency has been 
encountered in calcareous soils but rarely arises in 
acidic soils. 5 

The concentrations of calcium and magnesium in 
sewage sludge may be up to five times greater than 
those typically found in soils;6 the average aluminium 
concentration in sewage sludge is lower than that in 
soil and, generally, so is that of iron. The concen- 
trations are likely to be high in sludges that are inor- 
ganically conditioned, in order to facilitate dewater- 
ing, with compounds such as ferrous sulphate (cop- 
peras), ferric chloride, lime or hydrated aluminium 
chloride (aluminium chlorohydrate) in dosages that 
can be as high as 30% of the total solid contents 
of sludges.’ 

A range of methods has been applied to the deter- 
mination of these metals in waters, waste waters and 
sewage sludges; these include neutron-activation 
analysis,*v9 X-ray fluorescence,” calorimetry’ 1 and 
atomic-absorption spectrophotometry.’ ’ Of these 
methods atomic-absorption spectrophotometry is 
probably the one most frequently employed for 
environmental samples.‘3*14 

When applied to samples where organic and inor- 
ganic matrices are present, these methods generally 
require some form of pretreatment. Of the pretreat- 
ment methods available,‘5*‘6 a limited number have 
achieved general use. Dry ashing is a common pro- 
cedure for the destruction of organic matter”~’ s 
although low calcium results may occur if nitric acid 
dissolution is used.‘8*‘9 Digestion with perchloric 
acid in conjunction with nitric acid is claimed to yield 
good recoveries, I4 but it is necessary to add hydro- 
tluoric acid if aluminium is to be completely re- 
covered from siliceous materials.20 Procedures based 
on the use of sulphuric acid and nitric acid have been 
recommended for sludges” but some metals may be 
lost as insoluble sulphates. l6 Recently, methods using 
hydrogen peroxide and nitric acid have been success- 
fully applied to environmental samples.2 l m 

The use of flameless atomizers allows sample pre- 
treatment to be minimized for those samples with. 
largely organic matrices. ‘3.23 Since flameless atom- 
izers give better sensitivity than flame atomizers, low- 
sensitivity (secondary absorption) lines may be used 
when the concentration of the analyte is high. thus 
avoiding the need for excessive dilution.24 

A rapid flameless atomic-absorption method has 
been used for the determination of cadmium, chro- 
mium, copper, lead, nickel and zinc in sewage 
sludges’ 5-2 ’ and in sewages and effluents.2s The 
results presented here have been obtained from a stat- 

TAL. 26/lIh~ 929 
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Table 1. Conditions for flame atomic-absorption analysis 

Metal 

Spectral Working 
Wavelength, bandwidth, range, 

nm nm Flame type &ml 

Al 

Ca 

Fe 

Mg 

309.3 

422.7 

248.3 

285.2 

0.7 

0.7 

0.2 

0.7 

Nitrous oxide-acetylene 
Reducing (rich, red) 
Air-acetylene 
Oxidizing (lean, blue) 
Air-acetylene 
Oxidizing (lean, blue) 
Air-acetylene 
Oxidizing (lean, blue) 

l-50 

0.05-5.0 

0.05-5.0 

0.005-0.5 

Table 2. Conditions for flameless atomic-absorption analysis 

Metal 
Wavelength, 

nm 

Spectral Sample 
bandwidth, volume, 

nm PI 

Working range, 
sglml 

istically designed experiment to compare the rapid 
flameless method using low-sensitivity lines for the 
analysis of a homogenized sample, and the flame 
method using high-sensitivity lines for ashed and 

acid-digested samples. Three digestion procedures 
have been used, a sulphuric-nitric acid method, a 

‘nitric acid-hydrogen peroxide method and a nitric- 
pexchloric-hydrofluoric acid method. An ashing pro- 
cedure, using a temperature of 450”, has also been 
evaluated. 

EXPERIMENTAL 

Instrumental 

A Perkin-Elmer model 603 atomic-absorption spectro- 
photometer equipped with deuterium background-correc- 
tion was used for flame analysis. The conditions for analy- 
sis and the working ranges used are presented in Table 1. 
In order to remove interferences or suppress ionization, 
the samples and standards to be analysed for aluminium 
were made up to contain ,200Opg of potassium chloride 
per ml and those to be analysed for calcium and magne- 
sium were made up to contain 0.5% w/v of lanthanum.2g 

The same spectrophotometer and a Perkin-Elmer HGA 
76 heated-graphite atomizer were used for flameless analy- 
sis. The conditions and working ranges for flameless 
atomic-absorption analysis are presented in Table 2. The 
atomization programme consisted of drying at loo” for 
30 sec. twd-stage thermal decomposition with temperature 
increase from 100” to 400” in 45 set (rate 2) followed by 
isothermal decomposition at 1200” for 30 set and atomiza- 
tion at 2770” for 5 sec. for all metals except aluminium 
(8sec). The first stage in the thermal decomposition 
avoided spattering of the sample which would have 
occurred if the temperature had been suddenly increased 
from 100” to 1200”. 

Reagents 

The hydrogen peroxide and the acids used were of 
“Aristar” quality. 

Homogenization 

Approximately 250ml of the sludge sample, previously 
diluted fiftyfold and acidified with 1% of its volume of 
nitric acid, were homogenized in a 2-litre tall-form Pyrex 
beaker with an Ultra Turrax T45N homogenizer (Scientific 
Instrument Co. Ltd., London) for S min at 8000 rpm. Ali- 
quots of 20 pl were injected into the flameleas atomizer 
with an Eppendorf micropipette (Anderman & Co. Ltd., 
Surrey). Analysis was performed by direct comparison with 
standards prepared in 1% v/v nitric acid and checked by 
the method of standard additions. 

Sulphuric-nitric acid digestion 

Digestions were carried out as recommended.” The 
apparatus was modified slightly by the substitution of a 
500-ml flask for the original 250-ml one, permitting larger 
samples (50 ml) to be treated. Heat was provided by an 
electric heating mantle. 

To 50 ml of undiluted sludge in a 500-ml round-bot- 
tomed flask were added two glass anti-bumping granules 
(previously leached in 10% v/v nitric acid), 50 ml of cont. 
nitric acid and 20 ml of cont. sulphuric acid. The digestion 
was started at approximately 120” and when the volume 
was reduced to 10 ml the mixture was allowed to cool 
before addition of a further 20 ml of nitric acid. Successive 
20-ml portions of nitric acid were added until white fumes 
were evolved and the solution was pale straw in colour. 
At this point the digestion was deemed complete. The mix- 
ture was allowed to cool and 10 ml of distilled water were 
carefully added. Insoluble matter was allowed to settle, and 
the solution was filtered through a Whatman GF/C glass- 
fibre filter (previously leached with 10% v/v nitric acid) 
into a 100-ml standard flask. 

The 500-m] flasks were leached twice by boiling 15 ml 
of 10% v/v hydrochloric acid in them for 10 min. the acid 
and two distilled-water washes being added to the standard 
flask and the volume made up to 100 ml. 

Nitric acid-hydrogen peroxide digestion 

The method used was essentially that described.” How- 
ever, 20 ml of sample were digested instead of the 5 ml 
originally proposed, thus reducing the errors involved in 

Al 257.5 0.2 20 0.20-4.0 
Ca 239.9 0.7 20 I .&20.0 
Fe 305.9 0.2 20 0.20-5.0 
Mg 202.6 0.7 20 0.02-0.50 
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the estimation of the volume of thick sludges. Digestions 
were done on a thermostatically controlled hot-plate. 

To 20 ml of sample were added 30 ml of cont. nitric 
acid and two glass anti-bumping granules (previously 
leached overnight with 10% v/v nitric acid). When 30 ml 
had evaporated, a further 10 ml of acid were added and 
the digestion was continued until the volume was reduced 
to approximately 5 ml. At this point 2 ml of IOO-vol. 
hydrogen peroxide and 2 ml of nitric acid were added, 
the addition being repeated until the solution was pale 
straw in colour. 

The contents of the beaker were filtered into a IOO-ml 
standard flask through a Whatman GF/C glass-fibre filter 
(previously leached with 10% v/v nitric acid). The beaker 
was then leached twice by boiling 15 ml of loo/, v/v hydro- 
chloric acid in it for 10 min. The acid and two distilled- 
water washes were added to the standard flask and the 
volume was made up to 100 ml. 

Nitric-perchloric-hydroj7uoric acid digestion 

The method used was similar to that previously de- 
scribed,“’ with minor modifications. To 10 ml of sludge 
in a lO@ml PTFE beaker 30 ml of cont. nitric acid were 
added and the sample was evaporated nearly to dryness 
on a hot-plate. The beaker was cooled and 5 ml of cont. 
nitric acid, 2 ml of 60% perchloric acid and 6 ml of 40% 
hydrofluoric acid were added. The mixture was evaporated 
nearly to dryness on a hot-plate at a temperature not 
exceeding 280”. A further 2 ml of nitric acid and 2 ml 
of perchloric acid were added and evaporated to ensure 
that silicon and fluoride were removed. The beaker was 
cooled and 20 ml of 5% v/v nitric acid were added to 
dissolve the salts. The solution was transferred to a lOO-ml 
standard flask, and made up to 100 ml with distilled-water 
washings from the digestion beaker. 

Destruction of organic matter by ashing 

Samples (25 ml) were placed in lOO-ml Pyrex beakers 
which were then covered with porcelain crucibles to pre- 
vent contamination by clay dust from the firebrick lining 
of the muffle furnace. Initially the samples were charred 
at 200” for 1 hr. after which the temperature of the furnace 
was gradually increased over a period of 2 hr to 450”. 
Ashing was continued for 14 hr at this temperature. When 
it was completed, the beakers were removed and allowed 
to cool, after which 1 ml of cont. nitric acid was added 
to each and the residues were then heated to dryness on 
a hot-plate. The beakers were returned to the muffle fur- 
nace and the contents ashed at 450” for a further hour. 
The beakers were cooled, 10 ml of extraction acid were 
added to each (100 ml of cont. hydrochloric acid, 650 ml 
of distilled water and 150 ml of cont. nitric acid) and the 
contents heated almost at boiling point, on a hot-plate, 
for 10 min. The extracted samples were filtered through 
a Whalman GF/C glass-fibre filter (previously leached with 
10% v/v nitric acid) into lOO-ml standard flasks. The 
beakers were rinsed twice with 15 ml of distilled water, 
the washings added to the contints of the volumetric flasks 
and the volumes made up to 100 ml with distilled water. 

RESULTS AND DISCUSSION 

A sample of mixed primary sludge (total solids 
3.04%) was collected in a polythene container that 
had twice been leached with 10% v/v nitric acid solu- 
tion; the sample was acidified with 1% of its volume 
of nitric acid to keep metals in solution. For each 
pretreatment (digestion, ashing and homogenization) 
five replicates and two blanks were done. .The ashed 
and digested samples were analysed by flame atomic- 
absorption spectrophotometry and the homogenized 

samples by flameless atomic-absorption spectropho- 
tometry. The results obtained by flameless analysis 
were compared with results obtained by the standard- 
additions method and aqueous standard solutions 
and found to be in good agreement. The values 
reported are those obtained by direct comparison 
with aqueous standards. 

The results were statistically treated; the mean 
values, within-group relative standard deviation and 
the results of an analysis of variance by the F-test” 
are reported in Table 3. Tukey’s test” was used to 
identify which means were statistically different at the 
0.05 significance level. The reproducibility of flameless 
analysis, based on ten injections of the same diluted 
sample, is indicated in Table 4. 

No significant differences were found between the 
treatments in the determination of iron, but for the 
determination of aluminium, calcium and magnesium, 
highly significant differences were found between 
treatments. A comparison of the means by Tukey’s 
test indicated that the sulphuric-nitric acid digestion 
procedure yielded lower results for calcium, but that 
there were no significant differences between the other 
pretreatments for this element. 

For both aluminium and magnesium, Tukey’s test 
indicated that no more than two of the pretreatments 
were in agreement for either element. It is perhaps 
significant that for both these elements the nitric- 
perchloric-hydrofluoric acid treatment in conjunction 
with flame atomic-absorption spectrophotometry, and 
homogenization in conjunction with flameless atomic- 
absorption spectrophotometry, are in agreement. 
Moreover these two treatments also yielded the 
highest recoveries for these two elements. It would 
be expected that the nitric-perchloric-hydrofluoric 
acid digestion procedure would give complete recov- 
ery, which further substantiates the suitability of the 
flameless atomic-absorption method for the deter- 
mination of total concentrations of aluminium and 
magnesium. 

For the analysis of lake sediments it has been 
reported14 that a nitric-perchloric-hydrofluoric acid 
digestion method extracts slightly more calcium and 
magnesium and considerably more aluminium and 
iron than other digestion procedures similar to those 
employed in the work reported here. This is consis- 
tent with the results presented for aluminium and 
magnesium, but not for calcium and iron. For cal- 
cium only the nitric-sulphuric acid digestion method 
yielded low recoveries, which is probably a result of 
the formation of slightly insoluble calcium sulphate. 
All digestions performed equally well for iron, which 
might be a result of the absence of mineralized iron 
in this sample. 

It has been reported that dry-ashing procedures 
give almost complete recovery of iron’7**8 and mag- 
nesium,18 but low results for calcium were observed 
when a hydrochloric-nitric acid recovery was 
employed. Problems associated with the preparation 
of botanical samples to be analysed for calcium have 
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Table 3. Comparison of aluminium. calcium, iron and magnesium concentrations in 
sewage sludges, found by using sulphuric-nitric acid digestion, hydrogen peroxide- 
nitric acid digestion, perchloric-nitric-hydrofluoric acid digestion, and ashing at 450°C 
followed by flame atomic-absorption analysis, with those found for homogenized 

samples analysed by flameless atomic-absorption analysis 

Metal 

Al 

F-test Mean 
Analytical level of cont. RSD 

Pretreatment method significance &ml % 

H,S04-HN03 F 14Oa’ 6.2 
H,O,-HNO, F l20ac 6.4 
HCIO,-HF-HNO, F 0.01 223b 4.7 
Ashing (450”) F 107c 4.0 
Homogenization FL 230b 7.8 

Ca 

H,SOb-HNO, 
H,OI-HNOB 
HCIOcHF-HNO, 
Ashing (450”) 
Homogenization 

F 764a 3.2 
F 838b 2.3 
F 0.01 828b 2.0 
F 854b 2.4 
FL 836b 2.0 

Fl? 

H,SOd-HNO, 
H,OI-HNOJ 
HClO,-HF-HNO, 
Ashing (450”) 
Homogenization 

F ll3a 3.1 
F llOa 5.7 
F NS 113a 3.7 
F 108a 4.1 
FL llla 3.1 

H,SOd-HNO, F 71ac 3.3 
H202-HNOs F 71a 2.1 

Mg HCIOd-HF-HNO, F 0.01 83b 2.3 
Ashing (450”) F 67c 2.7 
Homogenization FL 82b 2.3 

* = means having a common following letter are not significantly different at the 
0.05 probability level. 

NS = not significant at the 0.05 probability level. 
RSD = relative standard deviation. 
F = flame analysis. 
FL = flameless analysis. 
H,SO,-HNO, = sulphuricnitric acid digestion. 
H202-HN03 = hydrogen peroxide-nitric acid digestion. 
HCIOcHF-HNO, = perchloric-hydrofluoricnitric acid digestion. 
Ashing (450”~) = ashing at 450°C for 16 hr followed by dissolution. 
Homogenization = pretreatment by homogenization. 

been investigated” and show that the recovery of cal- 
cium froth ashed samples can be almost complete, 
which agrees with the results reported here. The low 
recoveries for aluminium and magnesium could be 
due to the formation of insoluble materials that 
would require fusion with sodium carbonate32*33 if 
complete recovery were to be achieved, so incomplete 
dissolution could have taken place. For magnesium, 
another possible cause of error may have been the 
temperature used for ashing; in the analysis of shrimp 

Table 4. Reproducibility of flameless analysis of diluted 
sewage sludge sampies (10 injections) 

Metal 

Al best* 
worst 

Ca 
Fe 
Mg 

* See text. 

Concentration, rg/mI 
Mean SD 

2.2 0.13 
2.3 0.25 

16.6 0.29 
2.28 0.06 
0.415 0.008 

RSD, % 

5.9 
10.8 

1.7 
2.6 
1.9 

tissue, an increase in recovery of approximately 20% 
was achieved by increasing the ashing temperature 
from 460” to between 535” and 620”.34 

The homogenization procedure coupled with flame- 
less atomic-absorption analysis and direct compari- 
son with aqueous standards has proved to be a suit- 
able method for the determination of aluminium, 
calcium, iron and magnesium in sewage sludges. This 
dispenses with the need for drastic pretreatments such 
as the nitric-perchloric-hydrofluoric acid digestion 
procedure and also the need to add different inter- 
ference-removal agents to permit analysis by flame 
atomic-absorption spectrophotometry. 

For aluminium, the precision of the results varied 
with the time of day at which they were obtained. 
The relative standard deviation of ten injections for 
a sample of approximately 1.0 pg/ml concentration 
varied from 6% to apprhximately I 1% (Table 4). This 
could have been due to variations in voltage that 
resulted in slight temperature variations in the fur- 
nace at the time of atomization, yielding different 
results. Reported values for the flameless analysis of 
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biological samples quote relative standard deviations 
of 8% for the determination of aluminium in whole 
blood35 at the O.+pg/ml level and 10% for biological 
tissuez3 (approximately 1 fig/ml). Deuterium back- 
ground-correction was not required for the deter- 
mination of aluminium. 

The use of low-sensitivity lines for the determina- 
tion of calcium and magnesium by flameless atomic- 
absorption spectrophotometry substantially reduces 
the amount of dilution that would be needed and 
so the amount of contamination which might occur 
if very sensitive lines were used. The analysis is simple 
and there is no need to use deuterium background- 
correction, which agrees with previously reported 
results.36 

Determination of iron by flameless atomic-absorp 
tion yielded reproducible results, did not require the 
use of deuterium background-correction, and the use 
of low-sensitivity lines substantially reduced the dilu- 
tion required. Non-sensitive lines have been used pre- 
viously with similar results for blood serum,37 soils 
and sediments.24 

CONCLUSION 

The rapid flameless procedure de&bed here can 
be used advantageously for routine analysis. The time 
saved is considerable since homogenization takes only 
5 min as opposed to 34 hr for digestion or approxi- 
mately one day for ashing. This more than compen- 
sates for the additional time (2-3 min) required for 
flameless analysis as opposed to flame analysis. The 
method has a further advantage over flame atomic- 
absorption in that it does not require interference- 
removal agents to be added to samples and standards 
before analysis. 

This method, based as it is on the analysis of a 
single, albeit typical, sewage sludge, should be evalu- 

ated against the nitric-perchloric-hydrofluoric acid 
digestion procedure followed by flame analysis, for 
a range of such materials before it can be applied 
as a routine method in sewage treatment works. 
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Summary-Molybdenum and vanadium, in the range 0.1-l ppm, have been determined with a relative 
precision of l-2% with iron(III) in the presence of Ferrozine. The separation of molybdenum and 
vanadium from interfering elements has been achieved by ion-exchange with either cation-exchange 
RG 50 followed by anion exchanger AG I-X8, or the exchange-resin NBL 17. 

Micro amounts of molybdenum are commonly deter- 
mined spoctrophotometrically by the thiocyanate 
stannous chloride,‘,’ xanthate,3 and other colori- 
metric methods.“’ In many of these methods 
molybdenum(W) is reduced in acid medium; it is then 

complexed, concentrated by extraction or ion- 
exchange, and finally determined calorimetrically by 
the peroxide,” phosphovanadotungstic acid” and 
other spectrophotometric methods.‘3-‘6 

An indirect method for the determination of molyb- 
denum and vanadium has been developed and is de- 
scribed in this note; iron(II1) is used in the presence 
of Ferrozine, which forms a complex with the iron(I1) 
produced by reduction with molybdenum(II1) or 
vanadium(I1) in acid solution. In this manner, concen- 
trations as low as 0.15 ppm have been determined 
by measuring the absorbance of Fe(II)(Fer&- at 562 
nm. Molybdenum and vanadium have been separated 
from many other cations by use of cation- and anion- 
exchange resins, or Poly Cycle NBL 17 special resin. 

EXPERIMENTAL 

Reagents 

All reagents were of reagent grade, and were us& with- 
out further purification. Demineralized water was used to 
prepare ail the solutions. Stock solutions of molyb- 
denum(W) and vanadium(V) were prepared by dissolving 
weighed amounts of pure ammonium molybdate and 
ammonium metavanadate, and analysed by the redox 
method.” Five-ml aliquots of the standardized molyb- 
denum(V1) and vanadium(V) solutions were added to 60 
ml of concentrated hydrochloric acid and diluted accu- 
rately to 500 ml. The solutions were stored in Teflon bot- 
tles and suitable aliquots were used for analyses. 

A 0.03&f iron(III) solution was prepared by dissolving 
0.7233 g of ferric ammonium sulphate 1Zhydrate in about 
100 ml of water plus 3 ml of concentrated perchloric acid 
and 1 ml of concentrated nitric acid. The solution was 
heated until perchloric acid fumes appeared, cooled and 
diluted to 500 ml. 

Ferrozine, 3-(2-pyridyl)-5,6-bis(4-phenylsulphonic acidb 
1,2&triaxine monosodium salt monohydrate, was pur- 
chased from Hach Chemical Co., Ames, Iowa. A 0.012M 
stock solution was prepared by dissolving 0.6125 g of it 
in 100 ml of water. Concentrated hydrochloric, perchloric 
and hydrobromic acids were used to prepare dilute acid 
solutions for elution purposes. A 1% ammonium hydrogen 
fluoride solution and 0.1 M sodium chloride were prepared 
by dissolving weighed amounts of each salt in 100 ml of 
water. Sodium bicarbonate was used to neutralize free acid, 
and 0.3M pH-3.5 monochloroacetate buffer was used to 
achieve the optimum pH. The zinc amalgam for the Jones 
reductor was prepared by the conventional methods. 

AG l-X8, 100-200 mesh, anion-exchange resin was pur- 
chased from, BioRad Chemicals; the NBL-17 resin was 
purchased from Poly Cycle, Inc., Palo Alto, Ca., and the 
RG 50 (H+-form) cation-exchanger was. purchased from 
Fisher Scientific Company. 

Procedure 

Determination of molybdenum and uanadium alone. Suit- 
able amounts of molybdenum(W) and vanadium(V) stock 
solutions, which had beeu adjusted to have a hydrochloric 
acid concentration of about l&M, were passed through 
a Jones reductor, which was made by filling a 5-ml volume 
of a 30-ml burette with 20-mesh amalgamated zinc. &fore 
each use, the reductor was washed with water and 12% 
hydrochloric acid. The hydrochloric acid concentration 
was kept in the range 1.361.55M for all samples and wash 
solutions. The tip of the reductor was inserted into one 
of two holes in a rubber stopper in the top of an 80-ml 
beaker, wrapped in aluminium foil to prevent direct expo- 
sure to light. Two ml of 0.003M iron(II1) were added 
through the other hole and the solution was then purged 
with nitrogen gas. Molybdenum(V1) was then allowed to 
pass through the Jones reductor into the beaker at a rate 
of one drop every 2 sec. The reductor was then washed 
three times with approximately 1.44M hydrochloric acid 
so as to bring the total volume in the beaker to approxi- 
mately 19 ml. The nitrogen was turned OR, and 2 ml of 
0.012M Ferrozine were added. Sodium bicarbonate 
powder was then added slowly to bring the pH to 3.5, 
followed by addition of 10 ml of chloroacetate buffer, pH 
3.5. The solution was then transferred into a 50-ml volu- 
metric flask, 1 ml of 1% ammonium hydrogen fluoride 
solution was added, and the solution was diluted to 
volume. The absorbance of the complex was measured at 
562 nm in a l-cm cell. Vanadium was determined in the 
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same way, but after the adjustment of the pH, the solution 
was allowed to stand for 20 min before the addition of 
the fluoride solution. The reaction of vanadium(H) with 
iron(II1) is slower than that of molybdenum(II1). 

Dererminarion of molybdenum in mixtures. Mixtures con- 
taining Mn’+, Co’+, Ni’+, Fe’+, CL?+, molybdenum(V1) 
and vanadium(V) in O.lM hydrochloric acid were made 
by taking suitable aliquots of various stock solutions. 

Molybdenum(V1) and vanadium(V) were separated from 
the other ions by using either a combination of cation- 
and anion-exchange resins when the amount of cations was 
not too large relative to that of the molybdenum and vana- 
dium, or by using the NBL 17 resin. The cation-exchange 
resin was first conditioned with 0.1M hydrochloric acid, 
then a suitable aliquot of the mixture was passed through 
it (2 cm bed length, 0.5 cm diameter) and the ions were 
eluted with 17 ml of O.lM hydrochloric acid, followed by 
13 ml of O.lM sodium chloride. The eluate, containing only 
molybdenum(W) and vanadium(V), was collected and eva- 
porated to 5 ml, and the acidity was adjusted to 6M with 
hydrochloric acid. The solution was then placed on the 
anion-exchanger, AG 1-X8, 200 mesh, (2 cm bed length, 
0.5 cm diameter) which had been equilibrated with 6M 
hydrochloric acid. Vanadium(V) was eluted with 10 ml of 
6M hydrochloric acid. The acidity of the eluate was 
adjusted to approximately 1.44M with concentrated 
sodium hydroxide solution, and the solution was then 
passed through the Jones reductor and washed with 15 
ml of 12% hydrochloric acid into iron(II1) solution purged 
with nitrogen; the procedure followed was then the same 
as that for vanadium alone. The molybdenum(V1) remain- 
ing in the anion-exchanger was eluted with 13 ml of 0.5M 
hydrochloric acid. The acidity of the eluate was adjusted 
to about 12% hydrochloric acid by addition of the concen- 
trated acid and the solution was treated in the same man- 
ner as for molybdenum alone. 

The highly selective NBL 17 resin was used to separate 
molybdenum from other cations present in high concen- 
trations. The resin was conditioned with concentrated hy- 
drobromic acid and washed with 10 ml of distilled water 
and 5 ml of O.OlM hydrochloric acid. Then a suitable ali- 
quot containing high concentrations of Fe3+, Fe’+, Cr3+, 
Cu*+ and Ni*+ together with small amounts of molyb- 
denum(V1) and vanadium(IV) was passed through the NBL 
I7 resin (2.0 cm bed length, 0.5 cm diameter) at the rate 
of one drop in 3 sec. The resin was washed with 3 ml 
of O.OlM hvdrochloric acid followed bv 15 ml of deminera- 
lized wate;. Molybdenum(V1) was efuted with 10 ml of 
l.OM hydrobromic acid at the rate of one drop every 4 
sec. The acidity of the eluate was adjusted to about l.44M 
with concentrated hydrochloric acid, yielding a solution 
_ 0.9M in hydrobromic acid and 4 0.54M in hydrochloric 
acid. This solution was then passed through the Jones 
reductor, preconditioned and washed with 12% hydro- 
chloric acid, into deaerated iron(II1) solution. The resulting 
solution was then treated in the same manner as for 
molybdenum alone. 

The molybdenum(V1) was also eluted from the NBL 17 
resin with 1 ml of 8M perchloric acid followed by 11 ml 
of 2M perchloric acid. The acidity was then adjusted to 
2M with demineralized water and the solution passed 
through the Jones reductor. After neutralization of the 
acid, the colour developed slowly and the absorbance was 
measured after 30 min. 

The NBS-15-F steel sample was analysed for molyb- 
denum by dissolving a weighed amount of steel in hy- 
drochloric-nitric acid mixture (5:l). The solution was 
heated until most of the nitric acid was evaporated. Then 
a few crystals of ammonium ferrous sulphate were added 
to reduce vanadium(V) to vanadium(IV). The excess of acid 
was evaporated, the pH was adjusted to approximately 
1.5-2.0, and the solution was then passed through the NBL 
I7 resin, leaving the molybdenum(V1) on the resin. The 

molybdenum was then eluted with l.OM hydrobromic acid, 
and after adjustment of the acidity with hydrochloric acid 
to about l&M, the solution was passed through the Jones 
reductor into deaerated iron(II1) solution as in the pro- 
cedure described previously. 

In all cases, the blanks were prepared in identical man- 
ner to the samples, except that the aliquots contained no 
molybdenum. The absorbance was read against water and 
then corrected for the blank. 

RESULTS AND DISCUSSION 

The determination of molybdenum and vanadium 
is achieved indirectly. First, both are reduced by the 
Jones reductor as follows: 

Mo(V1) + V(V) 
ZMHCIO~. 1.44MHClorO.94MHBr + 0.5OMHCI 

+ 
ZNHg) 

Mo(III) + V(H) 

Secondly, molybdenum(II1) and vanadium(I1) in 
acid media and in the absence of oxygen are oxidized 
by iron(II1): 

Mo(II1) + 4Hz0 + 3Fe(III) 
slowin2MHCI0, 

> 
mod.fastin 1.44MHClandHBr 

and 

MOO:- + 3Fe(II) + 8H+ 

V(II) + HZ0 + 2Fe(III) m V02+ 
+ 2Fe(II).+ 2H+ 

Finally, the liberated iron(I1) is chelated with 
Ferrozine in the pH range 3.2-4.0: 

Fe(I1) + 3Ferz*- pH taz4.’ ) Fe(II)(Ferz)$-. 

Since the molar absorptivity for Fe(II)(Ferz):- at 
562 nm is 2.8 x lo4 l.mole-‘.cm-‘, the apparent 
molar absorptivities expected for molybdenum and 
vanadium are 8.40 x lo4 and 5.60 x IO4 1. mole- I. 
cm-’ respectively; the values found were 8.37 x IO4 
and 5.46 x lo4 respectively (Table 1). 

In carrying out these reactions, some precautions 
should be taken. 

1. The amalgamated zinc in the Jones reductor 
should be kept under water and the reductor should 
be flushed with dilute acid before use. 

2. The acidity of the solutions before the passage 
through the Jones reductor should be within the 
range 1.36-1.51 M hydrochloric acid. Otherwise the 
reduction is incomplete. 

3. Molybdenum and vanadium solutions should be 
passed through the reductor at a slow rate, one drop 
every 2 set, otherwise the reduction may be incom- 
plete. 

4. The iron(II1) solution used to collect the effluent 
from the Jones reductor should be purged with 
nitrogen tb prevent oxidation of molybdenum(II1) 
and vanadium(U) with dissolved oxygen. 

5. The resulting acid solution should be cautiously 
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Table 1. Absorbance as a function of molybdenum and vanadium concentrations 

Element Amount, ppm Absorbance* Absorptivity, I.mole- ’ . cm-’ 

MO(W) 0.095 0.082 8.28 x IO4 
0.190 0.166 8.38 x 10’ 
0.474 0.414 8.38 x lo4 
0.948 0.834 8.44 x IO4 E,,,~ = (8.37 f 0.07) x IO4 

V(V) 0.078 0.082 5.36 x lo4 
0.157 0.170 5.52 x lo4 
0.236 0.259 5.59 x lo4 
0.47 1 0.487 5.27 x IO4 
0.785 0.859 5.57 x lo4 fapp = (5.46 k 0.10) x lo4 

* Based on 5 independent measurements and corrected for the blank absorbance. 
The absorbance is measured at 562 nm, pH 3.2. 

Correlation coefficient 
Slope 
Intercept 

Molybdenum 

0.9999 

0.877 

- 0.002 

Vanadium 

0.9992 

1.087 

- 0.004 

neutralized with powdered sodium bicarbonate; 
otherwise some of the solution may be lost as spray 
in the evolution of carbon dioxide. 

6. The reaction time allowed for iron(II1) with 
molybdenum(II1) and vanadium(I1) in perchloric acid 
must be about 30 min, but in l&M hydrochloric 
+ hydrobromic acid it can be less than 10 min. 
Chloride and bromide apparently catalyse the reac- 
tion. 

Interference of cations such as iron(H) and (III), 
cobalt(H), chromium (III) or (VI) is serious, and thus 
these ions must be removed before passage of the 
solutions through the Jones reductor. The separation 
is achieved either by the cation-exchanger’s followed 
by the anion-exchanger” or by the special NBL 17 

- 2M HCIO, 
-O- IM HBr 

ELUENT, ml 

Fig. 1. Elution profiles for molybdenum(V1) and vana- 
dium(V) from the AG l-X8 resin with 6.OM HCl for V(V) 

and 0.5M HCl for MO(W). 

resin alone.” In the first case, after the passage 
through the cation-exchanger, vanadium(V) is separ- 
ated from molybdenum(V1) by an anion-exchanger in 
6M hydrochloric acid medium. In this manner, 
molybdenum(V1) is retained and is then eluted by 
changing the hydrochloric acid concentration to 
OSM. Elution patterns for molybdenum(V1) and 
vanadium(V) from the anion-exchange resin AG l-X8 
and the special resin NBL 17 are shown in Figs. 1 
and 2. 

When using the cation-exchange resin it is necess- 
ary to ensure that the vanadium(V) is eluted as VO: 
or V(OH)i with O.lM sodium chloride. 

The results for the analyses of mixtures containing 
various cations, vanadium(V) and. molybdenum(VI), 
as well as the results of the analyses of the NBS-F-15 
steel samples, are summarized in Table 2. With the 
cation- and an ion-exchange resins used in combina- 
tion with hydrochloric acid, the experimental results 

_ 6M HCI for VW 

-.- Q5M HCI forMoW 

QUENT, ml 

Fig. 2. Elution profiles for molybdenum(V1) from the NBL 
17 resin with 1M HBr and 2M HC104. 
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Table 2. Summary of results for the determination of molybdenum 

Sample/Mixture* Type of resin Eluent 
Total amount taken, 

Ion Pg. Found, &# Net absorbance, A 

A Cation, RG-50 

Anion. AG- I -X8 

B 

c 

Cation, RG-50 

Anion, Ag- I-X8 

NBL-I7 

D NBL-I7 

E NBL-17 
F NBL-17 
G NBL-17 

NBS-1 5-F NBL-I7 
NBS-IS-F NBL-17 

O.lM HCI 
0.1 M NaCl 
6M HCI 
0.5M HCI 
O.IM HCI 
0.1 M NaCl 
6.OM HCI 
OSM HCI 
8M and 
2M HC104 
8M and 
2M HC104 
IM HBr 
IM HBr 
IM HBr 
1M HBr 
2M HCIO,, 

V 

V 
MO 

V 

MO 49.0 
MO 48.0 

MO 38.4 

MO 41.1 41.5 0.363 
MO 24.6 23.9 0.209 
MO 57.5 57.3 0.502 
MO 21.0 20.4 0.178 
MO 18.0 18.5 0.161 

31.0 
34.0 

31.0 

30.3 * 0.1 
33.4 f 0.1 

30.4 + 0.1 

49.6 f 0.1 
46.5 * 0.2 

37.2 f 0.2 

0.333 
0.292 

0.334 

0.434 
0.407 

0.326 

* Composition of mixtures, fig/l 00 ml 

Mixture MoWI) V(V) Fe(III) Fe(II) Mn(I1) Co(I1) Cr(II1) Ni(I1) Cu(I1) 

A 34.0 31.0 22 - I7 31 
_‘_ 

41 - 
B 49.0 31.0 17 - - 29 
C 48.0 51.0 112 559 118 104 117 127 
D 38.4 41.0 101 449 - 106 94 105 114 
E 41.1 25.5 - 6OW - 118 104 - 127 
F 24.6 30.6 112 6000 - 59 II7 127 
G 57.5 15.3 II2 4000 - - 156 - 64 

t Amount of molybdenum found per 100 ml of solution. 
3 Statistical data 

Eluent HCI HBr HCIO, 
Element V MO MO MO 

Correlation coefficient 0.9999 0.9996 0.9996 0.9999 
Slope 0.959 I 0.8794 0.8906 0.8406 
Intercept 0.0362 -0.003 0.085 0.003 

for the molybdenum and vanadium are in good agree- 
ment with the theoretical values for those mixtures 
containing iron, chromium, and other cations in no 
greater amount than l&20 times that of molybdenum 
or vanadium (it is important not to overload the 
cation-exchanger). These results are determined with 
a relative precision better than 1% for the solutions 
containing 1 ppm of molybdenum or vanadium in 
the solutions measured. In hydrochloric acid or in 
hydrochloric-hydrobromic acid mixture the reaction 
of iron(III) with molybdenum(II1) is moderately fast, 
while the reaction of vanadium(I1) is slow and the 
colour is not readily developed. In perchloric acid 
medium, molybdenum(II1) as well as vanadium(I1) 
reacts slowly with iron(II1). 

The NBL 17 resin retains molybdenum(VI), vana- 
dium(V) and tungsten(V1) quantitatively at pH 1.52.0 
(O.OlM acid solution) while cations such as iron( 
iron(III), cobalt(II), chromium(III), copper( vana- 

dium(V1) are not retained by the resin. Vanadium(V) 
is reduced by the addition of iron(I1) before passage 
of the solutions through the resin. The V02+ pro-. 
duced is not retained by the NBL 17 resin. Once the 
molybdenum(V1) is sorbed on the NBL 17 resin it 
must be eluted immediately, otherwise some of the 
molybdenum(V1) interacts with the resin on standing 
and is not readily eluted. Tungsten(W) behaves like 
molybdenum in all respects and interferes seriously. 
The Mo(V1) is eluted from the NBL 17 resin with 
1M hydrobromic rather than 2M perchloric acid 
since doing so cuts down the amount of acid used 
and the time needed for colour development. Further- 
more; the relative precision for the determination of 
molybdenum at the l-ppm level in perchloric acid 
is approximately 2% while in hydrobromic-hydro- 
chloric acid mixture it is 1%. 

After the elution of molybdenum(V1) with hydro- 
bromic acid and before the passage through the Jones 
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reductor, the acidity is adjusted to approximately 
1.44M with hydrochloric acid rather than with hydro- 
bromic acid, as this gives lower blank values. 
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Summary-The adsorption characteristics of mercury(H) on several kinds of styrene+iivinylbenzene 
copolymer beads having different surface properties were studied. It was found that the polymer beads 
selectively adsorbed mercury(H) from solutions over a wide range of pH with high efficiency. The 
amount of mercury(I1) adsorbed increased with increase in specific surface area of the polymer beads 
and the adsorption behaviour was found to be of the Langmuir type. The presence of chloride strongly 
reduced the adsorption, but this interference was not observed with nitrate, sulphate, perchlorate. 
cadmium(II), cobalt(II), copper(I1). nickel(II), silver(I) and zinc(I1). More than 95% of the ‘mercury(I1) 
adsorbed on a column of polymer beads could be recovered with dilute hydrochloric acid. 

Macroreticular (MR) styrene-divinylbenzene copoly- 
mers, such as Amberlite XAD-2 and -4, have been 
widely used as adsorbents for a variety of organic 
substances. However, little is known of their adsorp- 
tion of metal ions, except in the presence of chelating 
agents.lm3 Previdusly, we have suggested that physical 
sorption, as well as chelate formation, contributes to 
mercury uptake on MR-type chelating resins contain- 
ing oxine and thioureido groups.’ 

Adsorption of metal ions by batch operation 

Aliquots (10-50 ml) of aqueous metal ion solutions 
(O.I-O.OOlM) were shaken with weighed amounts of the 
swollen polymer beads (100 mg of dry beads) for a selected 
time, with a mechanical shaker. The amount of each metal 
ion adsorbed on the polymer beads was determined by 
measurement of the gamma-activity of equal portions of 
the solution, before and after the adsorption of metal ions. 
Nickel and copper were determined by titration with 
EDTA. 

This paper deals with the adsorption of mercury(H) 
on several kinds of MR polymer beads prepared by 
the copolymerization of styrene and divinylbenzene. 
The applicability of these polymer beads to separ- 
ation and concentration of mercury(U) is discussed. 
The adsorption and desorption behaviour of mer- 
cury(H) is compared with that observed for Amberlite 
XAD-2 and -4. 

Column operation 

A glass column (length 30 cm, bore IO mm) was tilled 
with swollen polymer beads (4 g of dry beads). The bed- 
volumes for the MR-50 and XAD-4 columns were 12.9 
and 11.8 ml, respectively. The column was washed with 50 
bed-volumes of buffer or acid solutions. The sample mer- 
cury(I1) solution was passed through the column at a flow- 
rate of I ml/min. The column was then washed with 10 
bed-volumes of the buffer or acid solutions used for condi- 
tioning. The mercury(I1) retained was eluted with hydro- 
chloric acid and determined as described above. 

EXPERIMENTAL Adsorption isotherms 

Materials and reagents 

Styrene (or ethylstyreneHivinylbenzene (DVB) copoly- 
mer beads (MR-7.5, -15, -30 and -50) were prepared by 
the method reported previously.s Gel-type copolymer 
(Gel-50) was prepared by the copolymerization of commer- 
cial DVB solution (about 50-55x) which had been pre- 
treated to remove stabilizer. A fraction, 35-60 mesh, of 
the polymer beads was collected. The commercially avail- 
able Amberlite XAD-2 and -4 were also used after washing 
with large amounts of methanol. Beads, fully swollen in 
30% ethanol, were used in adsorption studies of metal ions. 

A flask containing the swollen MR-50 or XAD-4 (2-200 
mg of dry beads) and 100 ml of 1 x 10m4M mercuric 
nitrate (in 0.2M acetic acid-0.2M sodium acetate, pH 5.0) 
containing the radioactive tracer (203Hg) was shaken at 
20” for 24 hr. After the shaking, the radioactivity of the 
filtrate was measured. 

RESULTS AND DlSCUSSlON 

The stock metal ion solutions. approximately 0.1 M, were 
prepared by dissolving reagent grade nitrates or chlorides 
in water and standardized by titration with EDTA. The 
solutions used for adsorption studies were prepared by 
diluting aliquots of the stock solutions with the desired 
background acid or buffer solutions (0.2M acetic acid- 
0.2M sodium acetate). 

The radioisotopes, 6oCo, 6sZn, lo9Cd, ‘lomAg and 
“‘Hg, as chlorides or nitrates, were supplied by the New 
England Nuclear Corp. and the Radiochemical Centre and 
were used as tracers. 

The surface properties of the polymer beads used 
in this study are listed in Table I. In the MR-series 
of beads, the specific surface areas increase with the 
amount of cross-linking. In a preliminary experiment. 
it was found that mercury(I1) was strongly adsorbed 
over a wide pH range on those polymer beads having 
a large surface area. However, these beads show no 
affinity for other metal ions such as cadmium. co- 
balt(H), copper(H), nickel, silver and zinc. 

Table 2 summarizes the adsorption behaviour of 
mercury(H) on the polymer beads. The efficiency of 

941 
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Table 1. Physical properties of polymer beads 

DVB 
content Specific Average 

of surface Pore pore 
Polymer monomer,* area, volume, diameter, 
beads % m2/t7 cm3/t7 nm 

G-50 50 0 0 - 
MR-7.5 7.5 19 0.43 90.5 
MR-15 15 61 1.22 80.0 
MR-30 30 149 1.32 35.0 
MR-50 50 378 1.44 15.0 
XAD-2i* - 300 0.69 9.0 
XAD-4” - 784 1.00 5.0 

* The commercial DVB solution was regarded as having 
50% DVB content. 

adsorption of mercury(U) is affected by the physical 
properties of the beads, the amount adsorbed increas- 
ing with increase of surface area. MR-50 XAD-2 and 
XAD-4 show a strong affinity for mercury(I1) even 
in strongly acidic solutions. 

The rate of adsorption of mercury(U) was deter- 
mined by batch operation with MR-50 and XADJ. 
Figure 1 illustrates the experimental results, indicat- 
ing that the adsorption from a buffer solution of pH 
5.0 is rapid. Most of the mercury(U) is adsorbed in 
1 hr. However, the rate of adsorption of mercury(I1) 
from O.OlM nitric acid medium is relatively slow, and 
this feature was particularly marked for XAD-4. 

It can be seen from Fig. 2 that the adsorption be- 
haviour of mercury(I1) is of the Langmuir type.6 The 
capacity of MR-50 and XAD4 for mercury(I1) (qm) 
at pH 5.0 was calculated by using the Langmuir equa- 
tion: 

c c 1 _=-+- 
4 4, &a 

where q, c and a are the amount of mercury(U) 
adsorbed (mg/g), the equilibrium concentration (mg/l.) 
and the equilibrium constant (l./mg), respectively. The 
qm values for MR-50 and XAD4 were calculated to 
be 42.1 and 55.6 mg/g, respectively. 

Table 3 summarizes the adsorption behaviour of 
mercury(I1) on MR-50 and XAD4 from strong acid 
media. The amount of adsorption of mercury(II) 
decreases with increase of acid concentration. The 
adsorption of mercury(I1) is greatly reduced in hydro- 
chloric acid. This observation may be explained by 
assuming the formation of complex mercury(I1) 

I I I I I 

1 2 3 4 5 6 

Shaking time (hr) 

Fig. 1. Effect of shaking time on adsorption of mercury(H) 
on MR-50 and XAD4, --+- MR-50 (pH 5.0), -A-- 
XAD-4 (pH 5.0), -c- MR-50 (O.OlM HNO,), -A- 

XAD-4 (O.OlM HNOs). 

anions such as HgCli- and HgCl;, which have a 
low affinity for polymer beads. 

A similar effect was observed in the presence of 
neutral salts at pH 5.0. As shown in Table 4, mer- 
cury(I1) adsorption is affected by the presence of 
sodium chloride and potassium chloride, present at 
high concentration in a O.OOlM mercury(I1) solution. 
Sanemasa et al.’ have reported that loss of mer- 
cury(H), kept in a polyethylene container, can be pre- 
vented by the addition of sodium chloride, in agree- 
ment with the present work, i.e., the marked reduction 
in the amount of mercury(I1) adsorbed in the presence 
of chloride ion. A reduction in the amount of mer- 
cury(I1) adsorbed was also clearly observed in the 
presence of EDTA. 

So far, the mechanism of the adsorption of mer- 
cury(I1) has not been identified. It may be associated 
with various chemical forms of mercury(II), such as 

Hg 3 ‘+ Hg(OH)+, HgCI, and Hg(OH),, because the 
adsorption takes place over a wide range of pH 
values. 

The adsorption of mercury(I1) on columns of 
polymer beads in the presence of foreign metal ions 
was also studied. When a column packed with 4 g 
of MR-50 was used, the presence of silver, cadmium, 
cobalt(II), copper( nickel and zinc did not interfere 

Table 2. Adsorption of mercury(H) from acidic media on polymer beads* 

Adsorption, % 
Media G-50 MR-7.5 MR-15 MR-30 MR-50 XAD-2 XAD-4 

O.lM HNOJ 1.0 22 4.9 20.3 88.6 78.6 89.4 
O.OlM HNO, 1.1 1.2 4.4 19.4 97.3 83.9 95.0 
Acetate buffer, pH 5.0 1.1 1.8 4.5 23.7 97.0 85.0 97.5 

* Mercury solution: 1 x lo-“M Hg(NOs),, 10 ml. Polymer beads: 100 mg. Shaking time: 24 hr. 
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Equilibrium concentration (mg/U 

Fig 2. Adsorption isotherms of mercury(H) on MR-50 (+) and XAD4 (-A-) (A) Langmuir 
plot (B) at 20”. 

Table 3. Adsorption of mercury(H) on MR-SO and XAD-4 
from acidic media* 

with the adsorption of mercury(H) from 100 ml of 
5 x lO-‘M mercuric nitrate (p-H 4.0, acetate buffer) 
containing 100 times as much foreign ion as mer- 
cury(U). 

Acid 

Adsorption, % 
Concentration, 

M MR-50 XAD4 

HNO, 1 64.0 70.4 
0.1 88.6 89.4 
0.01 91.3 95.0 

HCl I 6.7 10.0 
0.1 6.6 14.5 
0.01 6.8 14.5 
0.001 96.8 97.0 

HCIO* I 58.0 78.7 
0. I 88.0 89.4 
0.01 96.3 94.2 

HzS04 0.1 82.7 84.7 
0.01 96.7 95.7 

Hz0 - 97.0 97.5 

* Conditions as in Table 2. 

Table 4. Adsorption of mercury(H) from various salt solu- 
tions (PH 5.0) on MR-50* 

Concentration, Adsorption. 
Salt M % 

NaCl 0.01 66.9 
0.001 94.8 
O.C@Ol 96.9 

KCI 0.01 69.9 
0.001 95.0 
O.oool 91.2 

NaNOs 0.01 96.9 
0.001 97.0 

KNO, 0.01 96.6 
0.001 97.2 

Table 5 shows the recovery of mercury(n) from 
MR-50 and XAD-4 columns with hydrochloric acid 
and sodium chloride solutions. Although the interfer- 
ence caused by the chloride would be expected to 
promote the elution of the mercury(U), the effect of 
sodium chloride solution as an effluent was negligible. 
In the case of MR-50, mercury(U) could be recovered 
with 8 bed-volumes of hydrochloric acid (> 0.1 M) and 
a sharp elution curve was obtained, as shown in 
Fig. 3, but 17 bed-volumes of 1 M hydrochloric acid 
were required for the recovery of mercury(I1) from 
the XAD-4 column (Fig. 3). 

In conclusion, XAD-4 is superior to MR-50 in the 
adsorption of mercury(II), but MR-50 give the better 
recovery. The surface area of the polymer beads in- 
fluences the adsorption of mercury(II), while the 
desorption of mercury(I1) may be affected by other 
properties of the polymer beads, such as pore size 
and pore volume. It is known that activated carbon 
adsorbs heavy metal ions, especially mercury(II), in 
the presence of hydrochloric acid.aQ9 However, its 
adsorption behaviour is different from that of the 
polymer beads, which have a low affinity for the 
complex anions of mercury(I1). Application of 
polymer beads in the separation and selective enrich- 
ment of mercury(I1) may be of interest in water purifi- 
cation. However, the range of application is limited 
because the affinity for mercury(H) decreases in the 
presence of chloride ions and chelating agents The 
polymer beads may be useful in the selective removal 
of mercury(H) from strongly acidic solutions, with the * Conditions as in Table 2. 
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Table 5. Recovery of mercury by column operation 

Eluent 

Recovery of mercury, % 
Eluent volume, 

ml MR-50 XAD-4 

HCI O.OlM 100 73.8 0 
200 82.1 0 

O.lM 100 95.1 1.6 
200 - 14.8 

IM 100 96.6 85.1 
200 - 95.7 

NaCl 1M 200 3.1 0 

exception of hydrochloric acid. The high stability of 
the polymer beads, which have no reactive functional 
groups, suggests that they are suitable for repetitive 
long-term use. The MR type polymer beads, including 
XAD-2 and -4, are often used as a support in extrac- 
tion chromatography,“*’ ’ and so particular attention 
should be paid to the adsorption of mercury(H) on 
the polymer matrix. 
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Summary-Extraction of alkali metal picrates by new poly- and bis(crown ether)s containing benzo-15 
crown-5 and benxo-18-crown-6 moieties was carried out with chloroform as water-immiscible solvent. 
The poly- and bis(crown ether)s were found to extract the picrates more effectively than the correspond- 
ing monocyclic crown ethers. In particular, poly- and bis(benxo-15-crown-5). and bis(benxo-18-crown-6) 
are remarkably effective extracting reagents for potassium and rubidium, and for caesium, respectively. 
Extraction equilibrium constants and the complexation constants in the chloroform phase ,were also 
evaluated and the contribution of the complexation constants to the extractability is discussed. 

Solvent extraction is one of the most important tech- 
niques of analytical chemistry, and has been applied 
to separation of ions and to pretreatment in various 
analyses. Macrocyclic polyethers, compounds com- 
monly referred to as crown ethers, are known to have 
attractive cation-complexing abilities, which result in 
conversion of inorganic cations into lipophihc species. 
This property of crown ether derivatives has been 
utilized in solvent extraction.14 Moreover, since the 
complexing properties of the crown ether derivatives 
depend on the relative sizes of the cation and the 
hole in the crown ether ring, the number and variety 
of hetero atoms, and other structural factors, their sel- 
ectivity in complexing cations varies and causes some 
selectivity in the extraction of cations. Conversely, 
solvent extraction can be applied for rapid screening 
of the cation-complexing ability of crown ethers. 

It seems likely that poly- and bis(crown ether)s con- 
taining more than one adjacent crown ether moiety 
may exhibit a kind of co-operative effect in complex- 
ing cations, especially by forming sandwich-type 2:l 
complexe&5-7 and such complexes are generally more 
lipophilic than those of the corresponding monocyclic 
crown ethers. These compounds are, therefore, 

CH~CHCON 
CO w 1 

0 w ” 

I(n.1.2) 

II(n.1.2) III rn=r,21 

Fig. 1. Crown ether derivatives used in this study. 

expected to be effective extracting reagents for various 
cations. 

The poly- and bis(crown ether)s II and 111 (n = 1.2) 
shown in Fig. 1 have already been reported as new 
extracting reagents.’ This paper deals in detail with 
their use for the extraction of alkali metal cations.’ 
In this study, chloroform was chosen as the water- 
immiscible solvent and the picrates as the alkali metal 
salts. Attempts were also made to determine extrac- 
tion equilibrium constants and complexation con- 
stants in the chloroform phase. 

EXPERIMENTAL 

Materials 

The synthesis of the monocyclic crown ether I (a = 1,2) 
and the poly- and bis(crown ether)s II and III (n = 1,2) 
has been described elsewhere.* Sodium, potassium, rubi- 
dium and caesium picrates were prepared according to 
Fuoss’s methodeg The chloroform was purified by washing 
it several times with water, followed by fractional distilla- 
tion, Demineralized water was used. The solvents were 
saturated with each other before use, to prevent volume 
changes in the phases during extraction. The concentration 
of the poly- and bis(crown ether) chloroform solutions is 
defined in terms of the number of crown ether monomer 
units, e.g., for 11, C,, = x x nominal polymer concen- 
tration. 

Extraction 

Equal volumes (10 ml) of chloroform solution of crown 
ether and aqueous alkali metal picrate solution were intro- 
duced into a stoppered flask, and shaken for 40 min at 
25 k 0.1”. After phase separation, 3 ml of acetonitrile were 
added to 3 ml of the chloroform phase, and the picrate 
concentration in the mixture was determined by measuring 
the absorbance. The molar absorptivities of the extracted 
complexes were estimated in a separate experiment (i.,,, 
374nm:r Na+ 1.86 x 104. K+ 1.87 x 104. Rb+ 1.88 x IO*. 
Cs+ 1.86 x IO“ l.mole-‘.cm-‘). Distribution constants 
(K,,) of the alkali metal picrates in the absence of crown 
ether were determined as follows. Equal volumes (200 ml) 
of picrate solutions of known concentrations in deminera- 
lized water and of chloroform were shaken at 25’. The 
phases were left for 20 hr to separate and clarify. Half 

TM.. 26/l t&r 945 
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Table I. Distribution ratio in extraction of alkali metal picrates 
with crown ethers I. II and 111 (25°C) 

log D 

Crown ether Na+ K+ Rb+ cs+ 

I (n = 1) (-2.28y - 1.94 - 2.28 (-3.15)” 
11 (n = 1) - 1.66 (0.097)” ( -0.284)b - 1.05 

111 (n = 1) -2.21 - 0.565 -0.747 - 1.51 
1 (n = 2) (-2.21)’ - 1.16 - 1.64 - 2.05 

II (n = 2) - 1.54 -0.669 -0.832 -0.926 
III (n = 2) -2.82 -0.952 - 0.986 - 0.620 

Crown ether concentration for crown unit: 5 x 10M4M. 
Picrate concentration: except a and b, 1 x 10-3M; a, 

1 x 10-ZM; b, 1 x 10-4M. 
“D is too small to determine spectrophotometrically for 

1 x 10e3M picrate. 
“Some precipitate was observed for I x IO-3M picrate. 

the chloroform phase (100 ml) was evaporated to dryness 
and the residue taken up in 5 ml of acetonitrile. The con- 
centration of picrate in this solution was then determined 
spectrophotometrically and the values of K, were calcu- 
lated by use of equation (8) (K,: Na+ 1.20 x lo-“, K+ 
2.67 x lo-‘. Rb’ 3.66 x 10W3, Cs+ 6.60 x 10e3 I./mole). 

RESULTS AND DISCUSSION 

Distribution ratio 

Extractions were carried out at 25” from 
1 x 10-‘-l x 10m4M aqueous alkali metal picrate 
solution with 1 x 10m4-5 x 10e4M* poly- and bis- 
(crown ether) solutions in chloroform. For compari- 
son, their monomeric analogues I (n = 1,2) were also 
used. The results are expressed as 0, the distribution 
ratio of alkali metal cation between the two phases. 
The results of extraction with 5 x 10m4M crown 
ether solution are shown in Table 1. Assuming that 
the metal cations are transferred to the chloroform 
phase as 1 :l complexes of cation and crown ether, 
the theoretical maximal value of D is 1 (log D = 0) 
for the initial picrate concentration of 1 x 10Y3M. 
On the other hand, for 2: 1 crown ether-cation stoichi- 
ometry of complex formation, the maximal value is 
0.333 (log D = -0.48) for the same initial picrate con- 
centration. According to the D values obtained for the 
same conditions, poly- and bis(crown ether)s II and 
III (n = 1,2) give higher log D values than their 
monomeric analogues I (n = 1,2). It is particularly 
noteworthy that the values for the potassium-bis- 
(crown ether) III (n = 1) and caesium-bis(crown 
ether) III (n = 2) system approach the theoretical 
maximum for 2: 1 stoichiometry. 

It is known that these two cations can form sand- 
wich-type 2:l crown ether-cation complexes with 
benzo- l S-crown-5 or benzo-18-crown-6, lo and the 
bis(crown ether)s could easily form 2:l complexes 

* i.e., moles of monomer unit (benzo-l5-crown-5 or 
benzo-18-crown-6) per litre. 

with these cations by co-operative action of the two 
adjacent crown ether units. This co-operative effect 
may explain the increase in distribution coefficient 
with these polymeric crown ethers. 

Extraction equilibrium constant K, 

The extraction equilibrium between an aqueous 
solution of metal cation (M+), picrate anion (A-) and 
a chloroform solution of crown ether (CE) can be 
defined for the 1: 1 crown,ether-cation complex by the 
equations 

M.’ + A&, + CE,,,+M(CE)A,, 

K = C~~~~~~I,,,,/~C~+l,,C~-l~~C~~I,,). (1) 

Attempts were made to estimate the K, value 
graphically.4 Since chloroform is used as the organic 
solvent, the dissociation of the ion-pair M(CE)A is 
negligible,6 and the concentration of uncomplexed 
cation in the chloroform phase is extremely low com- 
pared with that of the complex. The concentration 
of crown ether in the aqueous phase was also con- 
firmed to be quite low, in a preliminary experiment. 
The following assumptions can, therefore, be made: 

PfW)AI,,/CM +]a,, = D (2) 

CM’],, = [A-]., = M” - A (3) 

[CE],,, = (CE)o - A (4) 

where M” and (CE)” denote the initial concentrations 
of alkali metal and crown ether, respectively, and A 

the concentration of picrate transferred to the organic 
phase, which can be determined spectrophotometri- 
tally. Equation (1) can then be rewritten as equation 

(5). 

D = KJM” c NCW)” - Al (5) 

If these assumptions are reasonable, the plots of -log 
D vs. -log (M” - A)[(CE)” - A] should give a 
straight line with a slope of 1, and log K, could be 
obtained from the intercept of the straight line. 
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1 2 3 4 

III ( n=l) 

(CE unit)/(Salt) (CE unit)/(Salt) 

Fig. 2. Plots of equivalent conductance A DS. the ratio [CE unit]/[salt]. for I and III (n = I) systems 
[Salt]: 5 x 10e4 M BPh., in acetone, at 25°C. Na+ (0). K (0), Rb+ (A), Cs+ (Cl). 

If 2:1 complexes of crown ether and metal cation 
exist (which occurs mainly in the monocyclic crown 
ether systems) equation (6) can be applied. 

D = K,(M” - A)[(CE)” - 2A]’ (6) 

However, 2:1 complexes of this type, formed by a 
cation and two separate crown ether units, are pro- 
duced by poly- and bis(crown ether)s only when the 
concentration of the crown ether is extremely high. 
That is to say, the poly- and bis(crown ether)s mainly 
form the 2: 1 complexes only intramolecularly. Conse- 
quently, two adjacent crown ether units of the poly- 
and bis(crown ether)s can be considered as a single 
entity, and equation (7) can be used. 

D = K,(M” - A)[(CE)” - 2A] (7) 

The stoichiometry of the complexes was determined 
indirectly by measuring the conductance of alkali 
metal tetraphenylborate-crown ether acetone solu- 
tions at 25”. Plots of equivalent conductance A vs. 
the ratio [CE unit]/[Salt] for the monocyclic crown 
ether I (n = 1,2) and bis(crown ether) III (n = 1,2) sys- 
tems are shown in Figs. 2 and 3. It is considered 
from the break-points of the plots that monocyclic 
crown ether I (n = 1) forms a 1: 1 complex with 
sodium and 2:l complexes with the other three 
cations. Monocyclic crown ether I (n = 2) forms I : I 
complexes with all four cations. In addition. 
bis(crown ether) III (n = 1) gives 2:l complexes with 
potassium, rubidium and caesium, and bis(crown 
ether) III (n = 2) does so with caesium. The plots for 
the other bis(crown ether) III (n = 1.2) systems show 

1 (n-2) III (n=2) 

0 1 

[CEuni:]/ [Sit] 

4 

Fig. 3. Plots of equivalent conductance A us. the ratio [CE unit]/[salt] for 1 and III (n = 2) systems 
[Salt]: 5 x 10-4M BPh4 in acetone, at 25°C. The symbols are identical with those in Fig. 2. 
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-log(M’-A)[ (CE)“-A3 
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Fig. 4. Plots of -log D vs.-log (M” - A)[(CE)o - xAy for I (n = 1,2) systems (x = 1 or 2). 
Na+ (a), K* (0), Rb+ (A), Cs+ (0). 

smooth curves although some of them could be inter- 
preted as indicating 2:1 complex formation. Efforts 
were made to use the same technique to elucidate 
the stoichiometry of complexes formed by the poly- 
(crown ether) but no sharp break-point was observed 
because of increasing steric hindrance or electrostatic 
repulsion as the fraction of the crown ether complexes 
increased.” However, the poly(crown ether)s are 
expected to resemble the corresponding bis(crown 
ether)s in the stoichiometry of complex formation. 

On the basis of this assumption, plots were made 
for equations (5), (6) and (7),. 

All gave straight lines with slopes of approximately 
1, which indicates that the assumption is reasonable. 
Figure 4 shows a typical set of plots. In the potas- 
sium, rubidium and caesium systems with crown ether 
I (n = I), some deviation from the straight line was 
observed at lower crown ether concentrations or 
higher picrate concentrations than used here, which 
suggests a change of stoichiometry from 2:l to 1: 1. 
From the intercepts of these plots the values of log 
K, were calculated, and these are tabulated in Table 2. 

Although the K, values derived from different 
equations cannot be compared directly, the values de- 
rived from the same equation can. If the extractability 
is dependent only on the distribution constant of the 
alkali metal picrates in the absence of a crown ether, 
the order should be Cs+ > Rb+ > K+ > Na+. How- 
ever, the order found is quite different. In particular, 
the high K, values for the potassium and rubidium 
systems of poly- and bis(crown ether)s II, III (n = 1) 
and the caesium system of bis(crown ether) III (n = 2) 
are remarkable. The complexing properties of the 

crown ethers must also play an important role in 
determining the extractability. 

Complexation constant for the chloroform phase 

The extraction equilibrium for the 1: 1 complexes 
may be broken down into the following set of equili- 
br~6,1” 

M,+ + A; G= MA,, 

& = CMAl,,,/l?W,,CA-I,, (8) 

MA,,, + F-E),,, = WWA,, 

Kc = CM(CE)AI,,,/CMAl.,,C(CE)l,,,, (9) 

K, = K,K, (10) 

where Kd and K, refer to the distribution constant 
of the alkali metal picrate for the absence of a crown 
ether and the complexation constant in the chloro- 
form phase, respectively. K, can be estimated from 

Table 2. Extraction equilibrium constants (K,) at 25°C 

log K, 

Crown ether, Na+ K+ Rb+ Cs+ 

I(n= 1) 3.10 (7.10) (5.59) 
II@= 1) 3.80 7.75 

(y;) 

III (n = 1) 3.46 6.63 6:13 
5.44 
4.85 

I (n = 2) 3.16 5.22 4.64 4.24 
II (n = 2) 3.61 5.82 5.59 5.62 

III (n = 2) 3.41 5.46 5.35 6.36 

The units for K, are 12/mole2 (13/mole3 for values in 
parentheses). 
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Table 3. Complexation constants for the chloroform phase 
at 25°C 

log K. 

Crown ether Na+ K+ Rb+ Cs+ 

I (n = 1) 6.02 (9.67) (8.98) (7.77) 
II (n = 1) 6.72 10.3 9.64 7.62 

III (n = I) 6.38 9.20 8.57 7.03 
I (n = 2) 6.08 7.79 7.08 6.42 

II (n = 2) 6.53 8.39 8.03 7.80 
III (n = 2) 6.33 8.03 7.79 8.54 

The units for K, are l/mole (12/mole2 for values in paren- 
theses). 

equation (lo), provided Kd is known. In the prelimi- 
nary experiments, the K,, values of these four alkali 
metal picrates were determined at 25” (see Experimen- 
tal). In extraction of the 2:l complexes, the K, values 
can be obtained in a similar manner. The K, values 
are summarized in Table 3. 

Comparisons can be made between K, values for 
complexes with identical stoichiometry and dimen- 
sions. For 1: 1 complexes,. bis(crown ether)s III 
(n = 1,2) give slightly higher K, values for a given 
cation than their monomeric analoguel (a = 1,2), and 
the poly(crown ether)s II (n = 1,2) give still higher 
values than the bis@rown ether)s. This suggests that 
some co-operative effect of adjacent crown ether units 
may influence the complexation of metal cations with 
the poly- and bis(crown ether)s. However, for the 2:l 
complexes, the poly(crown ether) systems do not have 
the same K, values for a given cation as the bis(crown 
ether) systems, and this cannot be explained simply 

in terms of co-operative effects of neighbouring crown 
ether moieties in forming the 2:l complex. It is, how- 
ever, safe to say that the high extractability and selec- 
tivity of these complexes of poly- and bis(crown 
ether)s with alkali metal cations are mainly a conse- 
quence of the high K, values. 

The K, values for the 2:l complexes of poly- and 
bis(crown ether)s seem to depend partly on the chain- 
length between two adjacent crown ether moieties.7 
It is also of interest to see how the chain length of 
bis(crown ether)s affects their extractability. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 

12. 
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Summary-A method bas been developed for the determination of bismuth by generation of its gaseous 
hydride and introduction of the hydride into a premixed argon (entrained air)-hydrogen flame, the 
atomic-fluorescence lines from which are all detected by use of a non-dispersive system. The detection 
limit is 5 pg/ml. or 0.1 ng of bismuth, but the reagent blank found in a 20-ml sample volume was 
approximately 2 ng of bismuth. Analytical working curves obtained by measuring peak-heights and 
integrated peak-areas of the signals are linear over a range of about four orders of magnitude from the 
detection limit. Perchloric, phosphoric and sulphuric acids up to 2.OM concentration give no interfer- 
ence, but nitric acid gives slight depression of the signal. The presence of silver, gold, nickel, palladium, 
platinum, selenium and tellurium in HMO-fold ratio to bismuth causes pronounced depression of the 
signal, whereas mercury and tin slightly enhance the atomic-fluorescence signal. The method has been 
applied to the determination of bismuth in aluminium-base alloys and sulpbide ores with use of the 
standard additions method. The results are in good agreement with those obtained by flame atomic- 
absorption spectrometry and optical emission spectrometry with an inductively coupled plasma. 

In atomic-fluorescence spectrometry by direct nebuli- 
zation of solutions into a flame, some authors’-i3 
have reported detection limits in the 0.005 10 pg/ml 
range for bismuth, with a dispersive system mostly 
used at 302.5 and 306.8 nm and a high-intensity hol- 
low-cathode lamp or microwave-excited electrodeless 
discharge lamp (EDL) as narrow-line excitation 
source and others7*‘3*14 have obtained detection 
limits bf 0.2-200 pg/ml by using a xenon arc lamp 
as a continuum excitation source. Larkins” has 
reported a detection limit of 0.25-30 pg/ml of bismuth 
with a non-dispersive system. The atomic-fluorescence 
method has successfully been applied to the deter- 
mination of bismuth in steels.i5*16 Weeks et al.” have 
obtained a detection limit of 3 ng/ml by. using a 
pulsed tunable dye-laser as an excitation source. All 
these authors have used air-hydrogen, air-acetylene 
(normal or separated), oxygen-hydrogen or argon (en- 
trained air)-hydrogen flames for the atomization. Cly- 
burn et al.‘* have obtained a bismuth detection limit 
of 10 ng/ml at 306.8 nm by employing .a specially 
designed graphite furnace and a 150-W xenon arc 
continuum. 

tubeZ6-28 or heated graphite furnace.22 The detection 
limits obtained range from 1 to 50 ng of bismuth. 
Moreover, Thompson et a1.29,30 have applied the 
hydride-generation technique to the determination of 
bismuth by optical emission spectrometry with an in- 
ductively coupled plasma and obtained a detection 
limit of 0.8 ng/ml for bismuth, which is better by a 
factor of about 50 than that obtained by utilizing a 
conventional direct nebulization of solutions. How- 
ever, there has so far been no paper on the combina- 
tion of atomic-fluorescence spectrometry for bismuth 
with a hydride-generation technique. 

On the other hand, in atomic-absorption spec- 
trometry, the sensitivity for bismuth has been mark- 
edly improved by using a hydride-generation tech- 
nique based on reduction of bismuth to its hydride 
BiH3 (bismuthine) with sodium borohydride (or TiCI 
and Mg rod),lg introduction of the generated gaseous 
bismuthine into an atom reservoir, such as an argon 
entrained air)-hydrogen flame,‘9-25 heated silica 

Recently we constructed a versatile atomic-flubres- 
cence spectrometer which can be easily used for dis- 
persive and non-dispersive systems and have demon- 
strated its performance for determination of mer- 
cury,” arsenic3zS33 and antimonyJ4 (on essentially 
the principle described by ThompsonJS). Dagnall et 
al.’ and Hobbs et al. lo have made thorough studies 
of the spectral characteristics of all the atomic-fluores- 
cence lines of bismuth. In our preliminary itudy, the 
non-dispersive atomic-fluorescence sensitivity for .bis- 
muth was found to be at least two orders of magni- 
tude better than that obtained with the dispersive sys- 
tem at the 206.5 302.5 and 306.8-nm atomic-fluores- 
cence lines of bismuth. The non-dispersive system has 
the advantage of higher throughput (larger solid 
angle, exit and input apertures and higher trans- 
mission) and simultaneous measurement of all the flu- 
orescence lines, but is susceptible to increased flame 
background noise and sometimes to spectral interfer- 
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Fig. 1. Schematic diagram of the experimental system. 

ence. This paper describes the non-dispersive atomic- 
fluorescence spectrometry of bismuth by use of a hy- 
dride-generation technique and a premixed argon (en- 
trained air)-hydrogen flame with a home-made 
burner, and its application to the determination of 
bismuth in aluminium-base alloys and sulphide ores. 

Reagents 
EXPERIMENTAL 

All reagents used were of analytical-reagent grade, unless 
otherwise stated. The stock standard solution of bismuth 
(loo0 /.&ml) was prepared by dissolving 1.00 g of high-pur- 
ity bismuth metal (99.999%) in 10 ml of concentrated nitric 

acid and diluting ta 1 litre with distilled water. Dilute bis- 
muth solutions were prepared immediately before use by 
dilution of the stock solution 

Portions of sodium borohydride (3&100 mg) were 
weighed, wrapped in a sheet of wafer (9 cm diameter, 
Kodomo-Odori Oblate Co.) and stored in a desiccator. In 
our preliminary study, bismuthine was f&nd to be much 
more efficiently produced by sodium borohydride as reduc- 
tant than by zinc and tin(H) chloride, so this reagent was 
used throughout this work. The wafer was made of starch 
and agar-agar. 

lnstrumentarion 

A block diagram of the experimental arrangement is 
given in Fig. 1. The components are listed in Table 1. 

Table 1. Experimental components 

Item Description and manufacturer 

Light-source and power 
Lamp 
Power supply 

Resonant cavity 

Light chopper 
Lenses 
Burner 
Nebulizer chamber 
Gas controller 
Photomultiplier 

Housing 
Diaphragm 
Power supply 

Pre-amplifier 
Power supply 

Lock-in amplifier 
Line-power stabilizer 
Oscilloscope 
Pen recorder 
Digital integrator 
Hydride generation unit 

Bismuth EDL, laboratory-made 
Microtron 200, 2450 k 25 MHz, Electro- 
Medical Supplies 
Model 214 L, l/Cwave resonant cavity, 
Electra-Medical Supplies 
Laboratory-made 
30 mm diameter, 75 mm focal length, quartz 
Laboratory-made 
Techtron 
Laboratory-made 
R-166 UH, “solar-blind” type, Hamamatsu TV 
Nippon Jarrell-Ash 
C-25, Chuo Precision Industrial 
412 B, John-Fluke 
Jp 406, Nippon JarreWAsh 
f 15 V, Laboratory-made 
572 B, NF Circuit Design Block 
A-133, NF Circuit Design Block 
CS-1351, Trio 
QPDs4, Hitachi 
RD-01, Tokyo Kagaku 
ASD-IA, Nippon Jarrell-Ash 
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The right half of Fig. 1 represents a non-dispersive atomic- 
fluorescence spectrometer with lame atomization. For a 
dispersive measuring system, the photomultiplier (with 
housing) is readily replaced by a monochromator (0.3-m 
Ebert mounting, Model JE-30, Nippon Jarrell-Ash Co.) 
equipped with another photomultiplier (R-106 UW, Hama- 
matsu TV Co.). Light from a bismuth EDL is focused by 
a single lens into the centre of a premixed argon (entrained 
air)-hydrogen flame at a fixed height above the burner 
top. The diameter of the focused beam at the centre of 
the flame is approximately 5 mm. The atomic-fluorescence 
radiation is measured at right angles to the axis of the 
optical path from the light source to the flame. A nitrogen- 
sheathed, water-coole8 burner (18 mm in diameter), 
alreadv described in detail.3Z is fitted on a Techtron nebu- 
lizer chamber. The position of the burner/nebulizer system 
is laterally and vertically adjusted with a screwed cramp 
(Nippon Jarrell-Ash Model HR-65). 

We have successfully prepared a number of EDL sources 
for bismuth by the general method described elsewhere.‘] 
The bismuth lamps, fabricated from “Suprasil” quartz tub- 
ing, were 33 mm in length, with 10mm outer diameter 
and 1 mm wall thickness, and contained co. 6 mg of bis- 
muth tri-iodide. They were sealed at a final argon pressure 
of 2 mmHg (cu. 266 Pa). The EDL sources prepared in 
this work were operated in a resonant cavity with air-cool- 
ing to the base of the lamp. 

Procedure and experimental conditions 

The experimental conditions used throughout this study 
are summarized in Table 2. All ~m~nents were aperated 
according to the manufacturers’ directions except where 
otherwise noted. 

The sample solution is transferred to a reaction Bask, 
a known amount of hydrochloric acid is added and the 
mixture is diluted to approximately 20 ml with distilled 
water. A packet of sodium borohydride powder is added 
and the, reaction flask is immediately connected to the 
apparatus with the argon flow by-passing it, with the four- 
way stopcock in the “by-pass” position. The mixture is 
agitated with a magnetic stirrer and the reaction is allowed 
to continue at room temperature. The four-way stopcock 
is then turned to the “sweep” position, allowing the argon 
to carry the bismuthine into the flame. The .atomic-fluores- 
cence signal is simultaneously recorded both on a pen- 
recorder for peak-height measurement and on a digital in- 
tegrator for peak-area measurement. After recording of the 
signal, the four-way stopcock is again turned to the “by- 
pass” position and the reaction flask is removed from the 

apparatus. Argon serves both as carrier gas and as auxili- 
ary gas for the premixed argon (entrained air)-hydrogen 
flame. 

The amount of bismuth in the test solutions used 
throughout. this work was 400 ng, equivalent to 20 ng/ml, 
except where stated otherwise. Blanks were run through- 
out, and their values subtracted from the gross values to 
obtain the net values reported here. 

RESULTS AND DlSCUSSlON 

Comparistin of EDLs and dispersive study 

Thorough studies of the atomic fluorescence of bis- 
muthi.9,io have made it clear that bismuth fluor- 
escence can be easily excited either with an iodine 
EDL (owing to spectral overlap of the bismuth 
resonance line at 206.17 nm with the iodine line at 
206.16 nm) or with a bismuth EDL. It was ascertained 
in our previous work 34 that the antimony EDL avail- 
able emitted the very intense 206.16~nm iodine line, 
possibly because of the antimony t&iodide con$ained;, 
in the lamp. In our preliminary work the most useful 
bismuth EDL prepared in this laboratory was com- 
pared with the above-mentioned antimony EDL 
(EMI. Electronics, operated in an EMS 211,. L, 
3/4-wave resonant cavity, Electra-Medical Supplies 
Ltd., without air-cooling) and an iodine EDL (Han+- 
matsu TV, Type L978, operated with a ~arna~~u 
TV microwave power supply, Model C977). Table 3 
shows the relative emission intensities of the bismuth 
lines observed from the three EDLs and the reiative 
atomic-fluorescence intensities observed at four major 
bismuth lines under optimum source and flame ocrrtdi- 
tions. With the non-dispersive system the relative 
atomic-fluore~n~ intensities were found to be. ltXl, 
15.6 and 8.0 at the 200-ng bismuth level with the Bi-, 
Sb- and Ix-EDLs, respectively. As a result, the: bis- 
muth EDL was used as the source for excitation of 
line spectra’throughout the f&owing study. 

Table 2. Experimental conditions for the non-dispersive measurement of bismuth 
atomic-fluore~en~ 

Microwave power for EDL 

Flow-rate of air for cooling EDL 
Photomultiplier voltage 
Diaphragm aperture 
Load resistance 
Modulation frequency 
RC time constant 
Integration time for peak-area 

measurement 
Sample size 
Amount of sodium borohydride 
Acidity 
Reaction time 
Flame 

Hydrogen gow-rate 
Argon Aow-rates 

Flame height 

32 W (incident power, 35 W; 
reflected power, 3 W) 
6.0 i./min 
400V 
5.0 mm 
470 k&-I 
240 Hz 
1.0 set 
15 set 

20 ml 
.0.05 g 
l.OM HCf 
60 set 

1.0 1Jmin 
4.0 l./min for carrier gas and 
1.5 l./min for auxiliary gas 
50 mm above the top of burner head 
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Table 3. Source emission and atomic-guorescence intensities of bismuth lines with 
electrodeless discharge lamps 

Wavelength, 
nm 

Relative emission Relative atomic- 
intensity of source* fluorescence intensityt 

Bi-EDLg Sb-EDLg I*-EDLg Bi-EDLy Sb-EDL$ I,-EDL$ 

206.17 25 10 3 4.3 7.5 1.9 
269.67 7 J _. 0.9 -’ _. 

302.46 89 _. _. 4.1 5.7 1.4 
306.77 100 _. _. 100 2.1 1.1 

* Relative to 100 for the bismuth emission line at 306.77 nm. All values obtained 
with identical measuring conditions. 

t Relative to 100 for the atomic-fluorescence line at 306.77 nm. All values 
obtained for 2OW tq Bi with identical measuring conditions. 

#Operated at 32,. 19 and lfl W for Bi-, Sb- and I,-EDLs, respectively, which 
gave the most intense and stable emission. 

’ Not measurable. 

Effect of flame composition and pame. height 

To find the optimum flame conditions the hydrogen 
flow was varied in the range l.O-KOl./min with the 
total flow-of argon kept constant at 6.0 I./min. The 
results obtained with peak-height measurement are 
sh,own in Fig.2, together with the flame noise. The 
flame height is the distance from the top of the burner 
head to the level of the centre of the diaphragm 
attached to the photomultiplier housing. The fluor- 
escence intensity and flame noise were more affected 
by hydrogen flow-rate than by flame height. The opti- 
mum conditions are shown in Table 2. At a hydrogen 
flow-rate ,below 1.0 l./min the flame was often 
exthtguished. The flow-rate ‘of nitrogen as a sheath 
gas for the flame was fixed at 1.0 I./min throughout 
this work: 

E$2ct of flow-rate of carrier gas 

The fluorescence intensity increased with car- 
rier-gas ,flow-rate in the range ‘2.0-5.0 l./min at differ- 
ent auxiliary gas flow-rates in the range 1.0-3.0 l./min. 
However, the reproducibility became exceedingly 
poor if the flow-rate of carrier gas was greater than 
about 5.0 l./min. Below 3.0 l./min’ flow of a carrier 
gas, though there was little or no variation in the 
atomic-fluorescence intensity by peak-area measure- 
ment, the fluorescence signal was broadened because 
of slow introduction of the generated bismuthine into 
the flame, resulting in a decreased peak-height. The 
optimum flow-rates of argon as carrier and auxiliary 
gas are shown in Table 2. 

Effect of amount of sodium borohydride and reaction 
time 

For bismuthine generation the sodium borohydride 
is generally added as an alkaline solution23*26-2s or 
as a peIlet.19-2’*24*25 In this work, however, it was 
wrapped in a wafer sheet, on account of the character- 
istics of the generation unit. The effect of the amount 
of sodium borohydride was examined in the range 
0.03-0.1 g. More than 0.1 g caused poorer reproduci- 

bility of the signals, because of rapid introduction of 
the excess of hydrogen at high pressure into the flame. 
The fluorescence intensity was maximal when around 
0.05 g of borohydride was used. The reaction time 
of 60 set was sufficient to complete the generation 
of bismuthine. , 

Effect of acidity 

All samples and blanks were acidified with hydro- 
chloric acid, as generally described in atomic-absorp- 
tion spectrometry.19-23*25-28 Varying the acidity 
from 0.1 to 2.OM scarcely affected the bismuth signal 
but the signal from the reagent blank increased to 
some extent with an increase in acid concentration. 
The optimum acidity was l.OM. 

Analytical working curve, sensitivity and precision 

Under the optimum conditions (Table 2), analytical 
working curves were obtained by using freshly pre- 

f zool 
z 
s 

-20 E 
t 

2 
; 

-10 B 
e 

Flame height , mm 

Fig. 2. Effect of flame conditions on bismuth atomic-fluor- 
escence intensity (Hz flow-rates, I./min: 0, 1.0; A, 2.0; 0, 
3.0; 0, 4.0; V, 5.0) and flame noise (Hz flow-rates, I./min: 

0, 1.0; A, 2.0; n , 3.0; + 4.0; V’, 5.0). 
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Fig. 3. Analytical working curves for bismuth obtained by peak-height measurement (0) and peak-area 
measurement (0). 

pared bismuth standard solutions. Figure 3 shows the 

curves simultaneously obtained by the peak-height 
method and integration method. The peak-area 
method gave a shghtly higher upper limit of linearity. 
The curves are linear over about four orders of mag- 
nitude from the detection limit. 

The detection limit, calculated on the basis of a 
signal-to-noise ratio of 3 as recommended by 
IUPAC,36 was 0.1 ng of bismuth, equivalent to 5, 
pg/ml in a 20-ml sample. Larger samples can be used, 
with a corresponding improvement in the concen- 
tration detection limit. The reagent blank had a 
value of approximately 2ng of bismuth in 20ml of 
sample volume, however, so the practical detection 
limit is much higher than the “IUPAC” limit. There 
was no difference in detection limit between the two 
methods of measuring the signals. 

The fluorescence intensities for standards contain- 
ing 5, 50, 500 and 5OflO ng of bismuth were repeatedly 
measured simultaneously by the both methods. The 
results are given in Table 4. The peak-area method 
gave somewhat better reproducibility. 

Effect of acids 

The effect of nitric, perchloric, phosphoric and sul- 
phuric acids in the concentration range O.l-2.OM on 
the fluorescence signals from bismuth solutions in 
l.OM hydrochloric acid was examined. Except for 
nitric acid there was little or no effect. Concentrations 
of nitric acid greater than l.OM, however, caused a 
depression in the signal. For example, 2.OM nitric 
acid reduced the signal by ca. 40%. 

Effect of diverse elements 

The elements most likely to interfere are those hav- 
ing ions which react with sodium borohydride in 
acidic media to form a volatile hydride or the ele- 
ment. The interference may result from the alteration 
of the rate of reaction or co-precipitation of the ana- 
lyte or both The elements which ‘form volatile hy- 
drides are those of groups IVA, VA and VIA, and 
those with ions which are reduced are some of those 
in groups IB, IIB and VIII. The effect of various ele- 
ments at the level of 1000-fold ratio to bismuth was 
first examined. The compounds used were the same 
as in our previous work.37*3s The results obtained are 
shown in Table 5. Interference is deemed to, occur 
when the tluorescence intensity is changed by over 
+_lOo/, from that for bismuth alone. The following 
did not interfere: Al, As, B, Ba, Be, Ca, Cd, Ce, Co, 
Cr, Cs, Ga, Ge, In, K, La, Li, Mg, Mn, Na, Pb, Rb, 
Sb, Si, Sr, Th, Tl, V, W, Y, Zn and Zr. In the interfer- 
ence study there was no significant difference between 

Table 4. Precision in the measurement of atomic- 
fluorescence 

Relative standard deviation*, 7; 

Peak-height Peak-area 
Bismuth, ng measurement measurement 

5000 3.2 3.0 
500 3.5 29 

50 4.8 3.9 
5 6.4 5.9 

l . Calculated from 10 replicate measurements. 
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Table 5. Effect of other elements on the bismuth atomic-fluorescence intensity 

Element Compound added 
Relative atomic- 

fluorescence intensity* 
Tolerance 

limit? 

Ai3 AgNOs 0.15 2 
Au HAuC14 0.04 0.8 
cu CufNWz 0.54 70 
Fe FeCIs 0.81 800 
MO fNH.&Mo,Oz4 0.73 500 
Ni Nit& 0.05 1.5 
Pd PdC& 0.02 0.04 
Pt HsPtCl, 0.08 0.3 
Se SeOs 0.09 15 
Te metal in HCI 0.07 20 
Hg metal in HNOs 1.54 3 
Sn SnCI, 1.20 200 

* Relative to 1.00 for the atomic-fluorescence intensity of bismuth alone. 
t Ratio [M]/[Bi] found to have no interfering effect. 

the peak-area and peak-height methods of measure- 
ment. The large depression caused by elements such 
as Ag, Au, Ni, Pd and Pt is very similar to that in 
atomic-absorption spectrometry.23 The enhancement 
by mercury may be due to simultaneous measurement 
of the atomic-fluorescence signals from the bismuth- 
ine and from the mercury vapour excited by the bis- 
muth EDL, since mercury atomic-fluorescence at 
253.7 nm was definitely observed by use of the disper- 
sive system. A trace of mercury was therefore pre- 
sumed to be trapped in the bismuth EDL from the 
mercury manometer attached to the vacuum line.3’ 
With the dispersive system used at the 306.8-nm of 
bismuth line, mercury at lOOO-fold ratio reduced the 
bismuth atomic-fluorescence intensity by approxi- 
mately 800/ as in the optical emission spectrometry 
of bismuth with an inductively coupled plasma com- 
bined with a hydride-generation technique.30 

Finally the tolerance limits were determined and 
are reported in Table 5. Elimination of interferences 
was not investigated. 

Application to aluminium-base alloys and sulphide ores 

For aluminium-base alloys, a OS-l.0 g sample was 
dissolved in 50 ml of 6M hydrochloric acid and 2 
ml of concentrated nitric acid by gentle heating on 
a hot-plate. After cooling, the solution was diluted 
to volume in a lOO-ml standard flask, with distilled 
water. This solution was diluted by a factor of 
100600, depending on the bismuth content, with 
l.OM hydrochloric acid. A 20-ml aliquot was taken 
for atomic-fluorescence measurement, both the peak- 
height and peak-area methods being used. The stan- 
dard additions mzthod was used. The results are 
shown in Table 6 and are in good agreement with 
those obtained either by flame atomic-absorption 

Table 6. Results for the determination of bismuth in aluminium-base alloys and sulphide ores 

This work* 

Sample 

Peak-height measurement Peak-area measurement 

Relative Relative 
standard standard 

Average value, deviation, Average value, deviation, Other atomic spectrometry, 
WI9 % ms/s % msls 

Aluminium-base 
alloy 

2011 
5052 
6000 

Sulphide ore 
A mine ore 

(Cu cont.) 
B mine ore 

5.8 2.9 5.7 2.3 5.6t 
0.087 4.0 0.085 3.5 0.08-o. 15 
4.4 5.3 4.4 3.9 4.3t 

0.037 2.7 0.039 2.6 0.038-0.@44 

0.068 4.4 0.065 2.9 0.064-0.07~ 
(S cont.) 

* Calculated from 5 replicate determinations. 
t Certificate value obtained by flame atomic-absorption spectrometry. 
g Obtained by optical emission spectrometry with an inductively coupled plasma. 
l Obtained by flame atomic-absorption spectrometry.3g 
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Table 7. Experimental conditions for optical emission 
spectrometry of bismuth with an inductively coupled 

plasma 

Plasma frequency 
Forward RF power 
Argon coolant gas flow-rate 
Argon plasma gas flow-rate 
Argon sample transport gas flow-rate 
Sample uptake rate 
Height of observation zone above 

27.12 MHz 
1.6 kW 
1.3 l./min 
0.8 l./min 
0.4 l./min 
1.0 ml/min 

work coil 
Photomultiplier voltage 
Wavelength 
Entrance slit-width 
Exit slit-width 
Integration time for measuring the 

15 mm 
464 v 
306.8 nm 
10 pm 
10 pm 

signals 10 set 

spectrometry or optical emission spectrometry with 
an inductively coupled plasma (Nippon Jarrell-Ash 
Model ICAP-500, experimental conditions in Table 7). 

For sulphide ores, a 2.0-2.5 g sample was dissolved 
in 50 ml of aqua regiu (1: 1) by gentle heating on 
a hot-plate. The solution was cooled, 10 mi of 25% 
ammonium citrate solution were added and the in- 
soluble matter was filtered off. The filtrate was diluted 
to volume in a lOO-ml standard flask with distilled 
water. The solution was diluted 200-fold with l.OA4 
hydrochloric acid and analysed in the same way as 
the aluminium-base alloys. The results are given in 
Table 6 and are in good agreement with those by 
flame atomic-absorption spectrometry.3g 

CONCLUSIONS 

The system described has proved to be highly sensi- 
tive and reliable for the determination of bismuth at 
the nanogram level. The light scattering due to non- 
volatilized aerosol particles when direct nebulization 
of solutions is used was markedly reduced by the use 
of the bismuthine-generation technique, resulting in 
improvement in signal-to-noise ratio for the bismuth 
atomic-fluorescence measurement. The use of the bis- 
muth EDL containing bismuth tri-iodide led to a 
great improvement in sensitivity because the iodine 
line at 206.16 nm was also available for the excitation 
of bismuth atoms. 

The detection limit and linear dynamic range could 
be further improved by use of other atomization 
sources (e.g., heated quartz cell, inductively coupled 
plasma, etc.) instead of a flame, and with a filter (such 
as a chlorine filter) to reduce flame background 
noise.40*4’ Experiments are in progress to investigate 
this possibility. However, the reagent blank is the 
main factor determining the detection limit. 

Acknowledgements-We thank Nippon Jarrell-Ash Co. 
Ltd. for providing an ICAP- optical emission spec- 
trometer equipped with an inductively coupled plasma. 
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Snmnmry-Cadmium has been determined by dual-wavelength spectrophotometry with cadion, p-nitro- 
benzenediaxoaminobenzene-p-azobenxene, and a non-ionic surfactant, Triton X-100. Cadion and its 
cadmium chelate are dissolved in a micehar solution of the surfactant. The absorbance difference 
at the wavelength of maximum absorption of the cadmium chelate (477 nm) and that of cadion (566 
nm) is measured. A combination of triethanolamine, iminodiacetate and citrate is very effective for 
masking other ions. Cadmium in zinc metal can be determined without prior separation. 

Cadion, p-nitrobenxenediazoaminobenzene-p-azoben- 
xene, was first introduced by Dwyer’ as a highly sen- 
sitive reagent for detecting cadmium, which forms a 
red water-insoluble chelate. Recently cadion has been 
used for the determination of cadmium by the ring- 
oven technique.2 Cadion and its derivatives.have also 
been applied to the spectrophotometric determination 
of cadmium with gelatin3 or vinylpyrrolidone4 as dis- 
persing agent. However, cadmium must be separated 
from other ions before the determination because of 
their serious interference.5*6 

In the present study a combination of triethanol- 
amine (TEA), iminodiacetate (IDA) and citrate was 
found to be very effective for masking other ions. It 
was also found that a non-ionic surfactant, Triton 
X-100, was a good substitute for the dispersing agents. 
The cadion and its cadmium chelate are dissolved 
in a micellar solution of the surfactant, so cadion can 
be used as if it were a water-soluble reagent. Further- 
more, the present method is very sensitive. The sensi- 
tivity according to Sandell’s criterion is half of the 
previous value for cadion. 3*4 The absorbance differ- 
ence at the wavelength of maximum absorption of 
the chelate (477 nm) and that of cadion (566 nm) was 
measured with a dual-wavelength spectrophotometer 
(Hitachi Model 356). 

EXPERIMENTAL 

Reagents 

Standard metal-ion solutions. Prepared from high-purity 
reagents or metals dissolved in 2M hydrochloric acid and 
then diluted as necessary with water. 

Cadion solution 0.0125$& Prepared by dissolving 0.0125 g 
of the compound in a mixture of 20 K of Triton X-100 
and 80 g of water. 

Masking-reagenr solution. TEA, 0.001 M, sodium imino- 
diacetate, O.OOlM and sodium citrate, 0:OlM adjusted to 
pH 12 with 0.2M sodium hydroxide. 

Procedure 
A known volume of ,a standard solution containing less 

than 2.0 pg of cadmium was taken in a 2%mI standard 
flask. Then 1 ml of the masking-reagent solution, 1 ml 
of cadion solution aiid 2.5 ml of 0.2M sodium hydroxide 
were added succ&siveIy. The mixture was made, up ‘to 
volume with water and mixed welLThe difference in absor- 
bance at 477 and’566 nm, A477_-566r was determined (l-cm 
cells), with a full-scale range of O-0.3. 

RESULTS AND DlSCUiSlON 
- 

The absorption spectra of cadion and its cadmium 
chelate at pH 12.5 are presented in Fig. 1. The 
absorption peak of cadion is at 566 nm and that of 
the chelate at 477 nm. 

Figure 2 shows the effect of pH. in the presence 
of the masking reagents, on the absorbance of cadion 
at 566 nm against water and that of the chelate at 
477 nm against a reagent blank. In this case the 
absorbance was measured with a conventional single- 
wavelength spectrophotometer. In the pH range 
11.5-13.0 the absorbance of the chelate at 477 nm 
is constant, while that of cadion at 566 nm is constant 
if the pH is 2 12.2. Hence the pH chosen was 12.5 
for the determination of cadmium. 

Two wavelengths were chosen such that the differ- 
ence in absorbance wasJmaximal:‘** 477 and 566 nm. 
In common absorption spectroscopy the intensity 
ratio of light of the same wavelength transmitted or 
absorbed by a sample and reference material in separ- 
ate cells is measured. In dual-wavelength spec- 
troscopy, light of two different wavelengths is passed 
through the same sample and the difference in absor- 
bance is measured. Before this measurement, the bila- 
teral optical attenuators of the dual-wavelength spec- 
trophotometer are adjusted so as to compensate for 
the intensity difference at the two &avelengths, a rea- 
gent-blank, prepared according to the procedure, 
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a 0.8 

1.2 
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0 

400 500 600 
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700 

Fig. 1. Absorption spectra of cadion and its cadmium chelate at pH 12.5. I: reagent blank, ref. water; 
II: Cd(U) 5.00 pg; ref. water; III: Cd(I1) 5.00 pg; ref. reagent blank. 

being used for this purpose. Thus the absorbance dif- 
ference at 477 and 566 nm for a ,sample containing 
the cadmium chelate, which is expected to form the 
1:3 chelate (mole ratio of cadmium to cadion), is 
measured. It can be expressed as follows: 

A477-sss = k%CML31 - 3di77CML31) 

- (&CMLal - %,,CML31). (1) 

To a first approximation, if &77 and eEjkLd are ignored, 
equation (1) can be rewritten as equation (2). which 
will illustrate well the usefulness of dual-wavelength 
spectroscopy. The first term in equation (2) 

A477-set5 = &DfL31 + %eCML31 (2) 

1.2 

0.8 

0.6 

0.4 

0.2 

0 

gives the increase in the absorbance at 477 nm due to 
the formation of the chelate, and the second the de- 
crease in the absorbance at 566 nm due to consump- 
tion of cadion consumed for the formation of the 
chelate. In dual-wavelength spectrophotometry, there- 
fore, three times the decrease in the absorbance of the 
cadion is added to the increase in the absorbance of 
the chelate, thus making it possible to increase the 
sensitivity. 

From Fig. 1 ei77 and l ie6 were found to be 
1.7 x lo4 and 6.7 x lo4 l.mole-‘.cm-i respectively. 
On the basis of these values and other results& and 

& were estimated to be 18.4 x lo* and 
1.7 x 1041.mole-‘.cm-1 respectively. With these 

9 10 11 12 13 

Ph 

Fig. 2. Effect of pH on the absorbance of cadion at 566 nm and that of the cadmium chelate at 
477 nm (l-cm cell). I: cadion; ref. water; II: cadmium chelate, Cd(I1) 5.00 pgg: ref. reagent blank. 
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Table 1. Influence of foreign ions on the determination 
of 0.60 pg of cadmium(H) 

Foreign 
ion 

None 

g:: 
cos+ 
Mg2+ 
Mn2+ 

2:: 
Ca2+ 
Zn2+ 

Added, erg 

30 
: 
40 

200 

;: 
4 x 103 
1 x 104 

A 477-566 

0.0754 

0.0704 0.0717 
0.0783 
0.0730 
0.0751 

0.0770 0.0732 
0.0730 
0.0742 

Table 2. Average of five determinations of cadmium(H) in zinc metal 

Cd” found 
Sample* Cd” added 

’ 
Coefficient 

taken, ml I(B i&47? - .4S66) &3 wig of variation. % 

A 
: 1% 

0.0930 0.914 239 3.8 
B 0.1956 1.923 241 7.9 

*0.1916 P of zinc metal was dissolved in 3 ml of 6M hydr~hlo~~ acid and then diluted 
to 100 ml &th water. 

numerical values, the sum of the constant factors in been developed. Although many spectrophotometric 
equation (1) becomes 31.7 x 104 The apparent molar methods for cadmium have been reported, most of 
abso~tivity calculated from the slope of a ~libration them require prior ~paration of the cadmium. The 
curve prepared according to the procedure was interference of zinc is generally serious. Since the use 
32.0 x 104. Beer’s law is obeyed over the range of TEA, IDA and citrate is very effective for masking 
0.20-2.00 kg of cadmium(H). The Sandell sensitivity is other ions, the present method will provide a simple 
0.33 ng/cm2 for 0.001 absorbance, which is superior to means for the determination of amounts of cadmium 
that of other reagents for cadmium except a&y,& from several micrograms down to fractions of a 
tetraph~ylporphinet~sulphonic acid (0.26 ng/~‘)~’ micro~am. 

Table 1 shows the influence of other ions on the 
determination of 0.60 pg of cadmium. When large 
amounts of zinc, copper(H) and lead are present in 
the test solution more than 3 ml of 0.2M sodium 
hydroxide should be added to maintain the correct 
pH. Up to 10 mg of zinc, 0.5 mg of copper(IIf and 
0.5 mg of lead can be tolerated. These tolerance limits 
are 10-lOO-fold higher than those of the cadion 
methods3*4 previously reported. Iron and nickel inter- 
fere. 
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Summary-A new spectrophotometric method for the determination of formaldehyde is described, 
based on a colour reaction with oxalyldihydrazide and copper(H). The optimum reaction conditions, 
and other analytical parameters such as interferences, Beer’s law, sensitivity, collection efficiency, etc. 
have been studied. 

Aldehydes are considered to be one of the major pol- 
lutant groups present in air, as they are very irritative 
to skin, eyes and mucous membranes.’ The principal 
source of aldehydes in the free atmosphere is the par- 
tial oxidation of organic matter and fuel. Aldehydes 
are also present at various work sites, where they are 
used as a raw material. lS2 Various methods have been 
reported for determining aliphatic aldehydes in the 
atmosphere3-a and in most of them the aliphatic alde- 
hydes are reported as formaldehyde, owing to its sta- 
bility and predominance in the polluted atmos- 
phere. 9*10 The present work describes a new spectro- 
photometric method for determination of formalde- 
hyde, based on a sensitive colour reaction with oxalyl- 
dihydrazide (ODH) and copper(H). A blue water- 
soluble complex is formed. The optimum reaction 
conditions and other analytical parameters of the 
colour reaction have been investigated. The proposed 
method is simple and reasonably sensitive.5*7 

EXPERIMENTAL 

Reagents 

Standardformaldehyde solution. Prepared by diluting 1 ml 
of 3840% formaldehyde solution to 250 ml, standardizing 
titrimetrically,” and diluting to give a standard solution 
containing 20 pg of formaldehyde per ml. 

Saturated oxalyldihydrazide (ODH) solution. The reagent 
was prepared by the addition of hydrazine hydrate (0.1 
mole, dissolved in alcohol) to diethyl oxalate (0.05 mole 
in alcohol). The white solid obtained was crystallized from 
water (m.p. 238-239”). 

Copper solution, I x IOe3M. Prepared by dissolving 
metallic copper in nitric acid [other cupric salts can also 
be used]. 

Ammonium acetate soluiion, 20%. 
All chemicals used were of analytical reagent grade. 

Procedure 
An absorption solution was prepared by mixing 10 ml 

of ODH solution and 5 ml of ammonium acetate solution 
and divided between 2 impingers of 35 ml capacity, which 
were then connected in series to a source of suction. Air 
was drawn through the absorption solution at not more 
than 1.5 l./min. After the sampling, the solutions were 
quantitatively transferred to a 25ml standard flask. After 
5 min 0.6 ml of copper(H) solution was added and 10 min 
later 1.4 ml of copper(H) solution was added and the solu- 

tion made up to the mark. The absorbance of the blue 
colour developed was measured at 620 nm, 25 min after 
the final reagent addition, against a reagent blank prepared 
under the same conditions. The amount of formaldehyde 
was deduced from a calibration curve prepared in the same 
manner and covering the range 15-90 pg/25 ml. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The formaldehyde-ODH reaction product forms a 
blue complex with copper(H). The absorption spectrum 
is shown in Fig. 1. The complex exhibits maximum 
absorption at 615625 nm. The blank absorption is 
negligible in this region, so for all practical purposes 
distilled water can be used as reference. All sub- 
sequent studies were carried out at 620 nm. 

Effect of experimental conditions 

The absorbance was found to be maximal and un- 
affected by pH in the range 5.6-6.8. Hence 5 ml of 
20% ammonium acetate solution were used for 
adjusting the pH in further studies. 

The effect of ODH was studied by taking various 
molar ratios of the reagent and formaldehyde and 
developing the colour as recommended in the pro- 
cedure. The maximum absorbance was obtained at 
an ODH: HCHO ratio of 4: 1 and remained constant 
at higher ratios. However, lower ODH concentrations 
cause instability of the colour, hence, a saturated solu- 
tion of oxalyldihydrazide in water was used for all 
experimental work. 

Maximal absorbance was obtained with a 
Cu(II):HCHO ratio between 1:2 and 3: 1. At higher 
ratios turbidity occurs. It was also found that addi- 
tion of the copper(H) in one lot causes low results 
at lower concentrations of formaldehyde. This behav- 
iour was reported earlier, in a different connection, 
by Jacobson et aLI2 However, if the copper(I1) is 
added in two lots, with an interval between them, 
good results are obtained. 

The amount of ammonium acetate is not very sig- 
nificant but its absence cause slow colour develop- 
ment. It provides the pH required for colour develop- 
ment and checks precipitation of lead, zinc, cadmium 
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a7- 
Table I. Tolerance limits in the determination of 0.03 mg 

of HCHO in 25 ml 

Tolerance limit 
Species added my 

Aniline 45 
Benzene 60 
Toluene 60 
Formic acid 40 
Acetic acid 40 
Nitrobenzene 30 
Ethanol 50 
Phenol 30 
Urea 30 
Methylamine 5 

I Carbon 500 550 600 650 7w 750 disulphide Interferes 
Wx8length.n.rn Nitrogen dioxide 1 - 

“Nitrogen dioxide 3 
Fig. I. Absorption spectrum of formaldehyde-oxalhydihy- Sulphur dioxide 0.015 
drazide-copper(Il)com in water. HCHO = 6Opg/25 ml. Carbon dioxide 25 

and mercury(H). Maximum absorbance is attained 25 

min after the final reagent addition and is stable for 

up to 180 min, then starts decreasing. 
The colour system is found to obey Beer’s law at 

620 nm from 15 to 90 pg of formaldehyde in 25 ml. 
The optimal concentration evaluated from a Ringbom 
curveI is 20-70 pg/25 ml. The molar absorptivity 
is 7.70 f 0.05 x IO3 l.mole-‘.cm-‘. 

.E&ct of other species 

The effect of 20 foreign species on the formaldehyde 
determination was studied by adding the species in 
question to a solution containing 0.03 mg of formal- 
dehyde, and applying the procedure. The tolerance 
limits are tabulated in Table I. Sulphur-bearing com- 
pounds interfere. Other aliphatic aldehydes also give 
the colour reaction, but the wavelengths of maximum 
absorption and the molar absorptivities differ. 

Collection ejiciency 

A modification of Wilson’s procedure’ was used 
for investigating the collection efficiency of the 
absorption solution. Purified air was passed through 
a formaldehyde-evaporation chamber; preheated to 
60-70”. Known amounts of formaldehyde were eva- 
porated from the chamber and absorbed in the solu- 
tion; 95-96x absorption was achieved by using 2 
impingers with 7.5 ml of absorption solution in each, 
at a flow-rate of I.5 l./min. 

Composition of the complex 

The composition of the complex was determined 
by Job’s method. l4 The results indicate a reacting 
ratio of 2:2:1 for formaldehyde:ODH:Cu(II), which 
would agree with Nilsson’s postulate’5 of in situ for- 
mation of an oxalydihydrazone which can then hyd- 
rolyse. to form the monohydrazone and its blue cop- 
per complex. 

The present method is very simple and the reagents 
are readily available in high purity. The 9>96% col- 
lection efficiency is the one of the main advantages 

Hydrogen sulphide Interferes 
hPbz+ 0.5 
“Cd’ + 0.5 
hZnz+ 0.5 
“Hg’ + 0.5 
Ammonia 25 

’ In the presence of 2 ml of 2% sodium azide. 
h Higher concentrations yield precipitation. 

of the method. The method has a high tolerance limit 
for aniline, phenol and urea, which are the expected 
co-pollutants from various industries such a‘s the resin 
industry. 
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Summary-Naphthalene powder doped with l-(2-thiazolylazo)-2-naphthol is used as collector for traces 
of metals, which are then determined by X-ray fluorescence analysis of the naphthalene. The method 
is used for traces of nickel. 

One of us has alriady proposed a method of extract- 
ing metal ions from aqueous solutions with an oxine- 
doped naphthalene pellet,’ depending on the fact that 
naphthalene melts at 80”. The method has been 
applied to trace analysis for various metal ions.2*3 
In the present study, it was found that metal ions 
can be gathered with naphthalene powder doped with 
1-(2ihiazolylazo)-2-naphthol (TAN) from aqueous 
solutions at room temperature. The naphthalene is 
then pressed into a disk, which is examined by X-ray 
fluorescence. The new method is applied to deter- 
mination of traces of nickel. 

EXPERIMENTAL 

Reagents 

A nickel solution was prepared by dissolving nickel 
chloride (analytical grade) in O.lM hydrochloric acid. 
TAN, napbthalene and other reagents used were of analyti- 
cal grade. A buffer solution of pH 6.9 was prepared from 
ammonia and ammonium dihydrogen phosphate. 

Preparation of TAN-doped naphthalene powder 

TAN (0.050 g), naphthalene (25.00 g) and 200 ml of dis- 
tilled water were warmed in a 500-ml Erlemneyer flask 
on a water-bath to melt the naphthalene completely, and 
then shaken vigorously. When the mixture is cooled to 
room temperature, the naphthalene solidifies to form 
granules. The granules, TAN-doped naphthalene, are fil- 
tered off on paper, dried, and finally crushed into powder 
with an agate mortar. A 2.00-g portion of this powder 
is used to collect metal ions from aqueous solutions. 

Separation and determination of nickel 

Place the nickel solution (containing < 18.0 pg of nickel) 
in a 50-ml Erlenmeyer flask. Add 5 ml of pH 6.9 buffer 
solution and then dilute to ca. 40 ml with distilled water. 
Add 2.00 g of TAN-doped naphthalene powder to the solu- 
tion and stir the mixture for 45 min at room temperature, 
to collect the nickel. Filter off the powder and wash it 
with a small amount of distilled water. Dry the powder 
at room temperature. Transfer 1.50 g of the dried powder 
into an aluminium ring (5 mm thick and 43 mm in dia- 
meter) placed on a stainless-steel plate. Press the powder 

at 25 tons to prepare a disk. Measure the intensity of the 
Ka line emitted from the nickel in the disk. 

RESULTS AND DISCUSSION 

A 10.0~pg amount of nickel was recovered quanti- 
tatively from up to 200 ml of aqueous solution. No 
nickel could be detected in the residual aqueous 
phase. A calibration graph was linear in the range 
from 0 to 18.0 pg of nickel (in 40 ml of sample solu- 
tion). The main advantage of this method is that the 
preparation of TAN-doped naphthalene powder is 
quite simple. This method can be applied in the same 
manner to the determination of metal ions other than 
nickel since TAN is a rather non-specific reagent; 
other chelating agents may also be used in a similar 
way. The method should be suitable for water analy- 
sis since the metal ions concerned are easily separated 
and concentrated onto the naphthalene powder 
doped with chelating agent; the powder can be used 
in the field for collection of the metal ions, and then 
analysed in the laboratory. The optimum pH for reac- 
tion of TAN with nickel is 6.9.4p5 The method has 
been applied to determination of nickel6 zinc7 and 
cobalt7 and is also applicable for copper and manga- 
nese. 
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Summary-An analytical method for the determination of carbohydrates is described, which is based 
on the enthalpimetric signal obtained at the beginning of the reaction with periodate. The apparatus 
is described and relevant aspects of the procedure are discussed. Single carbohydrates can be determined 
in a few minutes with a precision of 1%. Analysis of mixtures of glucose and fructose is reported. 

Determination of carbohydrates is mainly based on 
their reducing properties, and frequently involves 
colour measurements. A common method of assay 
make use of the oxidation with periodate, the excess 
of which is determined by addition of potassium 
iodide and thiosulphate titration of the iodine liber- 
ated or by reduction with arsenite followed by ti- 
tration of the arsenite excess with iodine. These 
methods, as well as those involving oxidation by cop 
per ions, are subject to various shortcomings1-3 and 
satisfactory results are obtained only by use of strictly 
observed conditions.3 

Many industrial products containing carbohydrates 
are coloured because of partial caramelization or the 
presence of food additives. For these samples optical 
methods may be subject to error and for this reason 
thermometric methods of assay have been suggested, 
in which the excess of periodate is titrated with hydra- 
zine sulphate4 or mannitol.5 

In the thermometric or enthalpimetric methods, it 
would be advantageous to use the periodate oxidation 
reaction directly. Although there is a favourable 
enthalpy change, the rate of the overall reaction is 
too slow for practical applications. However, under 
certain conditions, the first stage of the reaction is 
fast whereas the following one is slow. In these cir- 
cumstances the measurements can be done during a 
time when the fast portion of the reaction is substan- 
tially complete, but the slow step has still scarcely 
begun. This is the basis of the analytical method de- 
scribed in this report. 

EXPERIMENTAL 

Apparatus 

The apparatus consisted of a reaction cell, a Wheatstone 
bridge (Leads & Northrup, cat. number 4760) and a strip- 
chart recorder (Servogor S, model RE541). The reaction 
cell, shown in Fig. 1, is a lOO-ml Dewar flask which con- 
tains the thermistor probe, a magnetic stirring bar and 
a spiral made of polyethylene tube of about 2 mm outside 
diameter. The length of this tube is about 1 m and it is 

held in the spiral form with Teflon strips. The syringe (or 
pipette) connection to the spiral is made of polyethylene 
tube of larger diameter. The thermistor used had a nominal 
resistance of 2200 ohms at 25”. A Dewar-type closure is 
used. 

Reagents 

Reagent-grade chemicals were used throughout. The 
sodium periodate solution was prepared by weighing 7.353 g 
of HI04.2H20, adding 22.5 ml of 0.96OM sodium hy- 
droxide and diluting to 50 ml. Phosphate buffer, containing 
4.00 g of NH4H2P04 and 17.57 g of (NH&HP04 per 
litre, was used for determinations at pH 7.2. 

Procedure 

Buffer solution (50 ml) is placed in the reaction cell. 
A sample containing up to 25 mg of carbohydrate is dis- 
solved in the buffer solution, with the total volume being 
equal to 55 ml. With a pipette, 2 ml of periodate solution 
are put into the polyethylene-tube spiral, and this is im- 
mersed in the Dewar, as shown in Fig. 1. The Dewar is 

IL E 

A- >< 

,F 

G 

Fig. 1. Reaction cell; (A) thermistor leads; (B) glass tube; 
(C) thermistor immersed in mineral oil; (D) Dewar flask; 
(E) syringe; (F) polyethylene tube; (G) solution level; (H) 

magnetic stirring bar. 
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closed and the baseline is recorded during 3-5 min. Air 
is injected into the spiral by depressing the syringe, so 
that the periodate solution is expelled. The enthalpogram 
is recorded and the deflection is read at a chosen time, 
varying from 2 to 5 min. The carbohydrate concentration 
is calculated by using the equation obtained from the cali- 
bration points. 

RESULTS AND DISCUSSION 

Heat of dilution and initial temperature difference 

A major drawback of enthalpimetric analysis is the 
influence of heat effects due to dilution and to the 
initial temperature difference between the two react- 
ing solutions. This last effect may become serious. 
Simple calculations’s show that a significant error in 
the determinations may be caused by a difference of 
only 0.2” between the initial temperatures of the per- 
iodate and carbohydrate solutions. It is for this 
reason that in the enthalpimetric method of deter- 
mination of a-diols proposed by Jeff&s and Fresco,’ 
the reacting solutions were allowed to stand overnight 
for temperature equilibration. In our work the prob- 
lem has been solved by placing the periodate solution 
inside the spiral which is immersed in the carbo- 
hydrate solution. Owing to the large contact area, 
temperature equilibrium is reached almost instan- 
taneously, as can be seen from the behaviour of the 
recorded baseline. 

The dilution of sodium periodate in the buffer sol- 
ution (pH = 7.2) was found to be exothermic and the 
heat evolved equal to about 40% of the average signal 
measured. Although calibration curves could be used 
which take this effect into account, it certainly intro- 
duces a great source of uncertainty. However, in the 
same buffer, the dilution of periodic acid is endother- 
mic and of comparable magnitude. A solution 
obtained by partial neutralization of periodic acid (see 

Fig. 2. Typical enthalpograms. (A) 12.5 mg of arabinose: 
(B) 10.0 mg of fructose; (C) 7.5 mg of xylose. 

experimental section) was found to have virtually no 
heat of dilution and was, therefore, chosen for use 
in our procedure. 

Determination of single carbohydrates 

The influence of acidity on the rate of reaction and 
on the magnitude of the signal was studied in the 
pH range from 1 to 10. Several experiments were per- 
formed, mainly with fructose and glucose, using differ- 
ent buffer solutions and an excess of periodate. The 
results agreed with the general description in the 
literatures for this reaction. The optimum pH for the 
determination of single carbohydrates was found to 
be around 7.2. At this pH the first stage of the reac- 
tion is fast and the following step is very slow. Also. 
the magnitude of the AT obtained is more favourable. 

Figure 2 shows typical enthalpograms and gives an 
example of the deflection measurements. The time 
chosen for the measurements varies from 2 to 5 min. 
being smaller for carbohydrates which react faster. 
Under the experimental conditions used, a chart de- 
flection of 1 mm corresponded to a temperature 
change of 0.0026”, estimated9 from the thermistor 
parameters. 

The calibration curves were linear for all carbo- 
hydrates and passed through the origin. This is what 
is expected for reactions which follow pseudo-first- 
order kinetics, as seems to be the case here. It is 
believed that the first exothermic stage of the reaction 
represents consumption of one or more moles Of 
periodate per mole of sugar. It is interesting to note 
that the slope of the calibration curve for ribose 
(1.3 mm/mg) was much smaller than for the other 
sugars (3.648 mm/mg). This fact probably reflects 
formation of the rather stable complex’* of ribose 
with periodate. 

Determination of known samples of carbohydrates 
by the proposed method yielded the results given in 
Table 1. The amounts found were calculated by read- 
ing the enthalpogram deflections and substituting 
them in the equations obtained by linear regression 
analysis of the calibration points. Each concentration 
is the mean of three runs. The average uncertainty 
of the determinations, as shown by Table 1, is less 
than l”/,. This seems to be quite good precision, es- 
pecially considering that the determination can be 
completed within a few minutes. About the same 
dependability is reported by Bark and Prachuabpai- 
bul” and Bark and Edwardss for thermometric 

Table 1. Results obtained for different carbohydrates 

Compound 

Arabinose 
Fructose 
Galactose 
Glucose 
Ribose 
Xylose 

Amount Amount Relative 
taken, rrry found, rrrg error, ‘,; 

12.50 12.66 +I.3 
7.50 7.43 - 0.9 

12.00 12.20 + 1.7 
2.50 2.49 -0.4 

17.50 17.55 f0.3 
13.50 13.41 -0.7 
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methods of determination of carbohydrates. The pro- the uncertainty increased rapidly as the ratio of con- 
cedure proposed in this report is, however, simpler centrations departed from unity. However, procedures 
and faster. which involve the hydrolysis of saccharose give mix- 

Mixtures of glucose and fructose 
tures containing comparable amounts of these two 
reducing sugars. For such samples this method may 

Analysis of mixtures of glucose and fructose is im- find application, because of its simplicity, great rapidity 
portant because of their common occurrence in and ease of automation. 
nature. In some cases, such as in the analysis of 
molasses, it is sufficient to h&e a knowledge of the 
total sugar content. It was found that the enthalpi- 

Acknowledgements-The authors are grateful to PLANAL- 
SUCAR, Brazil, for leave of absence given to one of them 

metric signals given by glucose and fructose at (A.A.R.). 

pH = 7.2, when read at a time equal to 2.5 min, were 
about the same. The enthalpograms gave calibration 
points which fitted straight-line equations almost per- 
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Summary--It is observed that 2-hydroxyacetophenone oxime can be used for the quantitative extraction 
of nickel in the pH range 6.67.8 into methyl isobutyl ketone. The organic layer shows maximum 
absorbance at 375 nm. Beer’s law is obeyed over the range l-6 ppm. The colour of the organic 
layer is stable for more than 48 hr. Interferences have been studied and methods are suggested for 
their elimination. Copper and nickel are both quantitatively extracted at pH 7 and can be determined 
simultaneously and accurately in the range l-6 pg/ml for copper and l-4 fig/ml for nickel. 

2-Hydroxyacetophenone oxime (HAO) has been used 
as a gravimetric reagent for the determination of cop- 
per, nickel and palladium.’ Poddar also used it for 
the spectrophotometric determination of uranium* 
and vanadium.3 We have now examined its use as 
an extraction reagent. The extraction and photo- 
metric determination of copper have already been 
reported.4 It is now shown that nickel can be simi- 
larly determined. 

Reagenrs 
EXPERIMENTAL 

HA0 was prepared from 2-hydroxyacetophenone by the 
usual procedure,s and a 1.5% solution in SPA aqueous 
methanol was used. Stock 0.M solutions of ammonium 
nickel sulphate and copper sulphate were prepared in con- 
ductivity water and standardized gravimetrically with 
dimethylglyoxime6 and titrimetrically’ respectively. The 
stock solutions were diluted as required. 

General procedure 

A portion of solution (containing l&60 pg of nickel) 
and 1 ml of the reagent solution were taken in a 25-ml 
separatory funnel and diluted to 15 ml with ammonia- 
ammonium chloride buffer (pH 7). and shaken vigorously 
with 10 ml of MIBK for about 3 min. then allowed to 
stand for 5 min for the layers to separate. The green 
organic layer was removed, dried over anhydrous sodium 
sulphate and measured spectrophotometrically at 375 nm 
against a reagent blank. 

Procedure for simulraneous determination 
A known volume of the solution containing copper and 

nickel is treated in the same way as a nickel solution, 
except that the MIBK/aqueous phase mixture is shaken 
for 5 min instead of only 2, and the absorbance is 
measured at 355 and 375 nm. 

RESULTS AND DISCUSSION 

The absorption spectrum of the organic layer has 
a maximum at 375 nm (Fig. 1). At this wavelength 
the reagent shows negligible absorbance. Beer’s law 
is obeyed in the nickel concentration range l-6 pg/ml 

in the organic phase. The molar absorptivity is 
(4.1 + 0.1) x lo3 l.mole-‘.cm-‘. The absorbance is 
constant for up t; 48 hr. 

Variation of the pH from 1.0 to 10.0 (Fig. 2) shows 
that there is no extraction at pH below 4.5. Quantita- 
tive extraction is achieved in the pH range 6.6-7.8. 
Of the various organic solvents tried, only chloroform 
and MIBK were found to extract the complex quanti- 
tatively. MIBK was chosen because its volatility is 
less than that of chloroform. For complete extraction 
the reagent concentration must be at least 60 times 
the metal concentration. Variation of the shaking 
time from 1 to 5 min shows that extraction is quanti- 
tative after 2 min of shaking. 

Various ions were examined for their effect on the 
determination of nickel. The tolerance limit was taken 
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Fig. 1. Absorption spectra: A = Cu(II)-OHAPO complex 
against reagent blank; B = Ni(II)-OHAPO complex 
against reagent blank; C = Reagent blank against MIBK; 
Cu(I1) = 1 x 10e4M; Ni(I1) = 1 x 10b4M; OHAPO = 

1 x 10-ZM. 
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Fig. 2. Absorbance of extracted Ni(II)-OHAPO as a func- 
tion of pH; Ni(I1) = 1 x 10m4M: OHAPO = 1 x lo-*MM. 

Table 1. Tolerance limit for various ions in the determina- 
tion of 35 pg of Ni by extraction at pH 7.0 

Tolerance 
limit, 

/@ 

5 x lo4 
1 x lo4 

1 x lo4 

5 x lo3 
2 x lo3 
1 x lo3 
5 x lo2 
1 x lo2 

Foreign ion 

Sr*+ Na+, ClO; 
Mg2’ Cazf, Ba’+, K+, V5+, 
Mo6+: W6+, Cd’+ 
CH3COO-, S20$-, Br-, F-, 
Cl-, PO:-, CO:-, NO;, tartrate 
Pbz+ SCN-, AsO:- 
Sn’+: Ag+ 
Zn’+, Bi3+, C20:- 
Citrate 
UO:‘, Ce4+, Cr3+ 

Table 2. Simultaneous determination of copper and nickel 

Taken, w Found, w Error % 

Cu2+ Ni’+ Cu*+ Ni2+ Cu2+ Ni’+ 

55.6 + 23.5 57.0 + 23.7 2.6 0.7 
47.7 + 35.2 47.6 + 35.1 0.5 
47.7 + 29.4 48.0 + 30.0 0.8 2.6 
47.7 + 23.5 48.1 + 24.2 0.9 3.2 
47.7 -t 17.6 47.8 + 17.9 0.3 1.4 
55.6 + 29.4 55.2 + 29.8 0.8 1.5 
39.9 + 29.4 40.5. + 29.6 1.5 0.9 
31.8 + 29.4 31.5 + 29.4 0.9 - 

Table 3. Determination of copper and nickel in German 
silver 

Amount taken, Amount found, 
/%Y /47 Error % 

Sample Cu Ni Cu Ni Cu Ni 

I 48.1 18.6 47.7 18.4 0.8 1.2 
2 56.1 21.7 55.5 21.5 I.1 1.3 

* From analysis by standard methods.9 

as the amount (pg) of the foreign ion required to 
cause 2% error in the absorbance of the organic layer. 
The results are presented in Table 1. Cobalt interferes 
seriously and must first be separated by extraction 
with thiocyanate into isoamyl alcohol. This treatment 
does not affect the nickel. Zr4+, Th4+, A13+ are preci- 
pitated and Fe3+ interferes by forming a coloured 
complex. However, thorium, zirconium, aluminium 

and amounts of iron less than 100 pg can be masked 
with fluoride. Larger amounts of iron and Cr3+ must 
be removed before extraction of nickel. This is 
achieved by extraction with mesityl oxide.’ EDTA 
prevents the colour reactions with HAO. 

Simultaneous determination of copper and nickel 

Both copper and nickel are extracted quantitatively 
into MIBK at pH 7.0. The organic layer shows two 
absorption maxima at 355 and 375 nm corresponding 
to copper and nickel respectively, but the individual 
peaks overlap considerably. The absorbances of the 
two complexes are additive at both 35.5 and 375 nm, 
so can be used for simultaneous determination of the 
two metals, the amounts of the two metals in the 
10 ml of organic phase being found by solving the 
necessary equations: 

Ni = 
A cc” 375 35s -A ecu 

3ss 37s Ni 
E37&5 - &&s 

x 0.587g 

A3s&s - A37s&s 

E$& -E;;& 
x 0.635g 

where AJSs and A37s are the absorbances at 355 and 
375 nm and the E values are the molar absorptivities 
for the nickel and copper complexes at these wave- 
lengths. 

Typical results for synthetic mixtures are given in 
Table 2 and for German silver in Table 3. Nickel 
can be determined in 20 min. 
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Snmniary-& macroreticular polystyrene-based chelating resin with the nitrosoresorcinol group as the 
functional group has been synthesized. The resin shows selectivity for copper(H), iron(III), and cobalt(I1). 
The sorption behaviour of cobalt(I1) is examined in detail, with the intention of using the resin analyti- 
cally. Iron(II1) and cobalt(I1) are separated in a column operation by stepwise elution with oxalic 
acid solution and hydrochloric acid respectively. 

Since 1-nitroso-2-naphthol was first used for the sep- 
aration of cobalt from nickel by Ilinski and von 
Knorre,’ this reagent has been widely utilized in inor- 

ganic analysis, mainly as a reagent for cobalt. It is 
well known that some analogous compounds contain- 
ing adjacent nitroso and hydroxyl (phenolic) groups 
form complexes with a number of metal ions, such 
as cobalt(I1, III), copper(H), iron(I1, III), nickel(II), 
and palladium(II).2 

The incorporation of these functional groups into 
a polymer matrix is of interest in connection with 
trace concentration and separation of heavy metal 
ions. Previously, Eccles and Vernon3 have synthesized 
a macroreticular chelating resin containing 4-(2-pyri- 
dylazo)resorcinol, and studied its properties with nine 
metal ions. They suggested that the nitroso group 
produced from the azo group and phenol group in 
the resin would appear to play an important role in 
the sorption of metal ions. This paper describes the 
preparation and metal-sorption behaviour of a mac- 
roreticular resin containing the nitrosoresorcinol 

group. 

EXPERIMENTAL 

Apparatus and reagents 

Infrared spectra (KBr disks) were recorded with a 
JASCO DS-701G spectrophotometer. Radioactivity was 
measured with a single-channel spectrometer equipped 
with an NaI detector (Aloka Co., Ltd. Models TDC-5U 
and NDW-351). The stock metal-ion solutions were pre- 
pared by dissolving reagent grade nitrates and chlorides 
in water or approximately O.l-0.5M, acid and were then 
standardized by titration with EDTA. The radioisotopes. 
s9Fe and 69Co (as the chlorides in hydrochloric acid solu- 
tion) were supplied by the New England Nuclear Corp. 
and the Radiochemical Centre, and were used as tracers. 

Preparation of resin 

Resin 11. TO 50 g of resin I“ (chloromethylated styrene- 
divinylbenzene copolymer, 7.5% divinylbenzene, Cl; 
19.3X), 200 ml of dioxan were added and the mixture was 
stirred for 1 hr at room temperature to allow swelling. 
To this suspension 45 g of resorcinol and 25 g of powdered 

anhydrous zinc chloride (freshly fused) were added. Then 
the mixture was heated to 10~110” and kept at this tem- 
perature for 10 hr. with stirring. The product was filtered 
off, and washed with methanol, 10% hydrochloric acid. 
water and methanol, successively. After drying in a vacuum 
desiccator, 57.4 g of light brown resin were obtained. 

Resin I//. To 500 ml of 1M sodium hvdroxide containing 
22 g of sodium nitrite, 55 g of resin i1 were added, and 
the suspension was stirred for 1 hr. After cooling to 0”. 
33 ml of 38% sulphuric acid were added dropwise to the 
mixture at (X5” with stirring. After addition of the sul- 
phuric acid, the stirring was continued at 5” for 2 hr more. 
The reaction product was filtered off and washed with 
water and methanol. A brown resin (62 g), which contained 
2.9% of nitrogen and l.l”/; of chlorine, was obtained. 

Sorption of metal ions 
Experimental conditions were the same as described in 

the previous paper.’ 

Separation of iron(fll) and cobalt(l1) by column operatiorl 

A glass column was filled with 5 g of resin III (1.0 x 15.5 
cm). After conditioning with 30 bed-volumes of acetate 
buffer (O.ZSM, pH 4.0). 2 ml of sample solution, which con- 
tained 1 pmole each of ferric chloride and cobaltous chlor- 
ide, together with the radioisotope tracers, in the acetate 
buffer. was fed into the column. The column was then 
washed with the acetate buffer at a flow-rate of 2.5 ml/min. 
and the iron(II1) retained was eluted with 35 ml of O.OlM 
oxalic acid, then 3M hydrochloric acid was used for the 
elution of cobalt(I1). The metal contents in the effluents 
were determined by y-counting. 

RESULTS AND DISCUSSION 

Preparation and stability of resin 

The resin presented in this study was synthesized 
from 3>100-mesh chloromethylated styrene- 
divinylbenzene beads (divinylbeqene 7.5%)4 through 
the steps of the reaction shown in Scheme 1. Figure 1 
shows the infrared spectra of resins II and III. A 
characteristic feature in the spectrum of III was the 
presence of bands corresponding to the nitroso group. 
at 950, 1350 and 1410cm-‘, and a band at 1600-1700 
cm-’ due to the tautomeric oxime group. 
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I II 

Scheme I. 

The nitrogen content and hydrogen-sodium 
exchange-capacity of resin III were 2.09 mmole/g and 
4.41 meq/g, respectively, whereas the calculated values 
based on the chlorine content of resin I were 3.5 
mmole/g for the nitrogen content and 7.0 meq/g for 
the hydrogen-sodium exchange-capacity. Therefore, 
we estimated the yield of resin III was about 60”/,. 

In order to examine its stability, resin III was 
shaken with O.l-3M hydrochloric acid and O.l-2M 
sodium hydroxide at room temperature for 4 days. 
No significant change in the infrared spectra and no 
decrease in the nigrogen content of resin 111 were 
observed after the treatment with the acid and alka- 
line solutions. 

When hydroquinone was used in the reaction illus- 

trated in Scheme 1, nitrosation of the hydroquinone 
resin6 (which has a similar structure to resin II) was 
unsuccessful because of oxidation of the hydro- 
quinone group with the nitrous acid.’ 

Sorption of metal ions 

The sorption of eight metal ions on resin III at 
different pH values is shown in Fig. 2; that of 
iron(III), copper(H), and cobalt(I1) is characteristic. 
On the other hand, resin II, which has no nitroso 
group, shows no affinity for these ions under the same 
conditions. Although the affinity of resin III for 
cobalt(I1) is not so strong as that for iron(II1) and 
copper(H), the selectivity for cobalt(I1) at pH 35 is 
of interest because few resins3**Vg are known which 
have selectivity for cobalt(H) in acidic media, and the 
sorption of cobalt(H) was therefore examined in 
detail. 

The rate of sorption was determined for cobalt(I1) 
at pH 4.0 by batch operation, with both the hy- 
drogen- and sodium-form of resin III. In the case of 
the sodium-form, the sorption is relatively rapid, and 

2000 1500 1000 

Wave numbers (cm-1l 

Fig. 1. Infrared spectra of resins in KBr disks. 

1 2 3 4 5 6 

PH 
Fig. 2. Effect of pH on sorption of metal ions. Shaking time 24 hr; resin 111 100 mg; metal ions 

1 x lo-*MM, 10 ml. 
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I I 
acetate: 0.01 M 3 M lie1 
buffer ’ oxalic acid 

* pli 4 

5 10 15 2 

Fraction number (5 ml/tube) 

Fig. 3. Separation of iron(ii1) and cobalt(H) on resin III. 

the time required for 50% uptake of cobalt(H) from 
the buffer solution was found to he 30 min. However, 
it was 60 min in the case of the hydrogen-form. The 
sodium-form was therefore used for column oper- 
ation, to attain equilibrium quickly. 

In Table 1, the effect of diverse substances on the 
sorption of cobalt(H) is shown. The presence of gly- 
tine does not interfere with sorption of cobalt(II). 
Ethylenediaminetetra-acetic acid., which forms a more 
stable chelate with cobalt(H), caused a significant de- 
crease in the sorption of cobalt(U). 

In a column study (0.5 x 11.5 cm, resin III 1 g), 
cobalt(I1) could be retained from 50 ml of 1 x 1O-sY 
solution (pH 4.0) almost quantitatively at a flow-rate 
of 2 ml/min. In addition, similar experiments were 
carried out in the presence of sodium chloride 
(O&3”/,). No leakage of cobalt(H) was observed under 
the experimental conditions. Hence it is expected that 
this resin can be applied to the concentration and 
separation of cobalt(I1) from sea-water. A sea-water 
sample spiked with 1 ppm of cobalt(H) was passed 
through the column at a flow-rate of 1 ml/min. The 
leakage of cobalt(I1) after passage of 120 and 320 bed- 
volumes of sample was 3.4 and 4.6”/, respectively. 

Table 1. Effect of chelating agents on sorption of cobalt(U) 
(1 x 10m4M, 10 ml) 

Chelating agents 

Glycine 1 x 10T4M 
1 x lo-jr+4 

EDTA 1 x 10-*M 
1 x 10-3&f 

None 

Cobalt(H) sorbed, % 
PH 3 PH 4 

89 loo 
loo 

:; 46 
0 0 

89 100 

As an example ‘of the application of resin III, 
iron(II1) and cobalt(H) were separated. As shown in 
Fig. 3, iron(II1) and cobalt~I1~ which are both 
retained on the column, could be almost quantitat- 
ively recovered by stepwise elution with oxalic acid 
solution and hydrochloric acid. However, in this pro- 
cedure, only SOo/, of the cobalt(I1) was recovered when 
the column was allowed to stand for 24 hr after sorp- 
tion of the metal ions. This is accounted for by the 
oxidation of cobalt(I1) to the tervalent species, which 
forms a more stable chelate with the functional 
groups on the resin. 
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TITRATIONS WITH A DROPPING INDIUM 
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1018 WV Amsterdam, The Netherlands 

(Received 12 January 1979. Accepted 14 February 1979) 

Summary-The applicability of a dropping indium amalgam electrode for the determination of metal 
ions in the presence of large concentrations of halides by means of amperometric complex-formation 
titrations using normal pulse polarography has been investigated. Titrations appear to be possible 
in the presence of 4M potassium iodide, 1 M .potassium bromide and 1 M potassium chloride. 

In previous papers,1*2 amperometric complex-forma- 
tion titrations of metal ions with end-point indication 
by means of a dropping bismuth amalgam electrode 
and a dropping lead amalgam electrade have been 
discussed. With the bismuth amalgam electrode the 
interference from halides was considerably lower than 
that with the DME and rotating mercury electrode 
(RME). With the use of a lead amalgam electrode 
the interference from chloride and bromide ions was 
almost completely eliminated and even titrations in 
O.OlM iodide appeared to be possible. To complete 
this investigation other amalgams such as those of 
cadmium and indium would be worth considering 
with a view to making titrations possible in the pres- 
ence of larger iodide concentrations. Indium was 
chosen because of the high value of the stability con- 
stant for the In(III)-EDTA complex and because of 
the low values of the stability constants for In(III)- 
halide complexes, particularly those with iodide. 
According to the literature3 the values of log /?1_-4 
are 2.70, 3.20, 4.20 and 3.30 for chloride, 2.10, 2.40, 
2.50, and 0.60 for bromide and 1.35, 1.40, 1.30 and 
0.50 for iodide. The value of log KlnulljEDTA is 24.95.4 

EXPERIMENTAL 

The amalgam for the dropping amalgam electrode was 
prepared by dissolving pure metallic indium (99.99%) ‘in 
mercury in the same way as described earlier for the lead 
amalgam.’ The concentration of indium in the amalgam 
was 1.6 x IO-‘M. The apparatus, including the titration 
cell used, was the same as in the case of the bismuth amal- 
gam electrode’ but the coulometer and platinum electrode 
were left out. The indium amalgam was prepared and 
stored under nitrogen. Even then, the concentration of the 
indium in the amalgam was found to be considerably lower 
after 3 days. This was caused by oxidation of indium from 
the amalgam by traces of oxygen. The oxidation was 
avoided by maintaining the amalgam at -0.85 V us. SCE 
when not in use, by means of a voltage source (Knick 
S16) and an SCE placed in the sunernatant solution (made 
0.1 M in potassium chloride) in the amalgam reservoir. 

The amalgam at the narrow outlet at the bottom of 
the titration cell was maintained at -0.85 V us. SCE in 

order to eliminate oxidation of the indium from the amal- 
gam. For this purpose another SCE was placed in the titra- 
tion vessel. 

All experiments were performed with a PAR model 174 
polarographic analyser in the normal pulse mode if not 
stated otherwise. Al) potentials were referred to the SCE. 

Reagents and procedure were the same as given before.’ 

RESULTS AND DISCUSSION 

From the literature’-’ it is known that the reduc- 
tion of In(II1) to In and the reverse reaction are step 
wise processes. If the rate-determining step becomes 
slow, for instance in solutions containing perchlorate. 
sulphate and hydroxide ions only, an irreversible elec- 
trode process is observed. However, in solutions con- 
taining halide ions the electrode process is reversible. 

IO- 

0, 
I I m 

- 0.6 -0.5 

Evs. SCE 

Fig. 1. Current-sampled d.c. polarogram of 1 M KI at pH 
4.8 in 0.02M acetate buffer in the presence (---) and 

absence (-) of about 2.5 x IO-*M EDTA. 
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Table I. Titrations of metal ions with EDTA in the presence of halide ions 

Indication 
potential Species titrated, 
us. SCE, Cont. of the ~1116 ml Error, Std. devn., 2, 

V other ions Taken Found % (no. of detns.) 

- 0.625 

-0.625 

-0.625 

- 0.630 

-0.600 

- 0.640 

-0.630 

- 0.625 

- 0.625 

0.1M KI 
0.02M acetate 
buffer pH 4.8 
O.lM KI 
0.02M acetate 
buffer pH 4.8 
IM KI 
0.02M acetate 
buffer pH 4.8 
4M KI 
0.02M acetate 
buffer pH 4.8 
1M KI 
O.OOlM HCI 
pH 3.2 
IM KC1 
0.02M acetate 
buffer pH 4.8 
1M KBr 
0.02M acetate 
buffer pH 4.8 
1M KI 
0.02 M acetate 
buffer pH 4.8 
IM KI 
0.02M acetate 
buffer pH 4.8 

6.54 

6.54 

6.54 

6.54 

6.54 

6.54 

6.54 

6.70 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

vo2+ 

0.654 Zn(I1) 

7.07 

6.52 

6.64 

6.59 

6.51 

6.92 

6.97 

6.54 

0.641 

+8.1 

-0.3 

+1.5 

+0.7 

+0.5 

f5.8 

+6.5 

-2.3 

-1.1 

7.6 (6) 

2.6 (4) 

4.0 (4) 

6.8 (5) 

5. I (4) 

7.0 (4) 

2.0 (5) 

1.3 (6) 

8.4 (5) 

*Without cathodic protection of the amalgam at the bottom of the titration cell. 

The stepwise oxidation of indium implies that lower 
oxidation states than In(III), although dispropor- 
tionating at high concentrations to In(II1) and In, 
may exist at low concentration.’ The dispropor- 
tionation of indium(1) is catalysed by diluted indium 
amalgam. However, in the presence of iodide, 
insoluble brownish-red In1 may be deposited at the 
electrode surface, particularly at solid electrodes 
(Kg’ = 2.2 x lo-‘).’ 

From an experiment with a dropping indium amal- 
gam electrode at a potential in the region of the limit- 
ing current for the oxidation of In to In(III), in a 
4M potassium iodide solution, no insoluble In1 could 
be observed at the electrode surface. This suggested 
that no complications of this kind were to be expected 
during the investigation. 

In order to investigate the applicability of the in- 
dium amalgam electrode as an end-point detector in 

amperometric complex-formation titrations, current- 
sampled d.c. polarograms obtained with a dropping 
indium amalgam electrode in acetate medium at pH 
4.8 were recorded in the presence and absence of 
EDTA in solutions containing halide ions. Figure 1 
shows such a polarogram in 1 M iodide. A linear rela- 
tionship was found between the height of the anodic 
ligand wave and the concentration of the ligand, as 
in the case of other amalgams investigated pre- 
viously. l e2 

The applicability of the indium amalgam electrode 
in halide medium is summarized in Table 1. From 
this table it can be seen that a systematic error is 
observed if the amalgam on the bottom of the titra- 
tion cell is not maintained at a potential of -0.85 
V us. SCE. The concentration of the acetate buffer 
used was 0.02M. At higher concentrations, e.g., about 
O.lM, acetate interferes owing to the relatively large 

Table 2. Maximum allowable values for halide ion concentrations at pH c 5 in anodic amperometric complex-formation 
titrations with EDTA 

‘Rotating mercury 
electrode 

Dropping bismuth- 
amalgam electrode 

Dropping lead- 
amalgam electrode 

Dropping indium 
amalgam electrode 

cl- 

;r- 

Ref. 

lo-'M 
lo-‘M 

Impossible 
8 

5 x lo-‘M-O.lM 
lo-‘M 

Impossible 
1 

-4M 
1M 

lo-‘M 
2 

1M 
1M 
4M 

This work 
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value of the stability constant of the In(III)-acetate REFERENCES 

complex (log j?J = 1O).4 Titrations at pH 3 can be 1. J. W. Dieker, W. E. van der Linden and G. den Boef, 

performed in dilute hydrochloric acid solution. Tulanta, 1971, 24, 597. 

The su: given in the previous paper’ for the 2. Idem* jbid., *979, M* ‘93. 
interferences from halide ions at about pH 5 for ano- 

3. P. Kondziela and J. Biernat. J. Electroanal. Chem., 
1975, 61, 281. 

die amperometric complex-formation titrations using 4. L. G. Sillbn and A. E. Martell, Stability Constants of 
a DME/RME and different dropping amalgam elec- Metal Ion Complexes, Chemical Society Spec. Publ. 
trodes for the indication of the end-point can be No. 17, 1964; No. 25, 1971. 

extended as given in Table 2. 
5. Encyclopedia of Electrochemistry of the Elements, Vol.’ 

VI, A. J. Bard, ed., Dekker, New York, 1976. 
6. R. Piercy and N. A. Hampson, J. Appl. Electrochem., 

1975, 5;1. 
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DETERMINATION OF’ SULPHUR BY 
ELECTROLYTIC HYDROGENATION 

MIECZYSLAW WROIGSKI 
Department of Chemical Technology, University of todi, Poland 

(Received 6 November 1978. Revised 26 January 1979. Accepted 9 February 1979) 

Summary-Certain sulphur compounds such as thiosulphuric acid, polythionic acids, thiocyanic acid, 
thioureas, thioamides and 2-mercapto-acids are readily electrolytically hydrogenated in 1 N sulphuric 
acid to form hydrogen sulphide which is absorbed in potassium hydroxide solution and titrated with 
o-hydroxymercuribenzoic acid in the presence of dithizone as indicator. The electrolytic cell consists 
of a lead anode in 5N sulphuric acid, a porous ceramic tube as diaphragm, and a cathode made 
of soft iron. The first-order rate-constants of hydrogenation and the results of determination of sulphur 
in some sulphur compounds are presented. The limit of determination is 0.1 ppm. 

The hydrogenation of sulphur in sulphur compounds 
to form hydrogen sulphide offers a very attractive 
analytical approach because hydrogen sulphide can 
be determined with a good accuracy and sensitivity. 
The observation that hydrogen sulphide is evolved 
in the course of electrolysis of certain sulphur com- 
pounds is reported in the literature, but without ana- 
lytical application. The electrolytic hydrogenation of 
some thioamides to yield amines and hydrogen sul- 
phide was investigated by Kindler.’ Similar results 
have been obtained in hydrogenation of thiocaprolac- 
tam2 and rhodanine. Rambacher and Make4 have 
discovered that 2-mercapto-acids are electrolytically 
hydrogenated to give sulphur-free acids and hydrogen 
sulphide. 

The present investigation was stimulated by the 
need for the control of effluents and of pollution of 
natural water containing sulphur compounds. It 
seems that the approach based on electrolytical hy- 
drogenation should be a very useful one, and may 
be adapted. for automatic ana1ysi.s. 

EXPERIMETAL 

Apparatus 

The cell recommended for electrolytic hydrogenation of 
sulphur compounds is shown in Fig. 1. It is composed 
of two glass vessels, a lead anode, a porous ceramic tube 
(outer diameter 12 mm, inner diameter 9 mm, length 220 
mm), and a strip (8 mm breadth) of soft iron as cathode. 
The iron strip tapers to 2 mm at the top and penetrates 
the rubber plug. The two glass vessels are tightly joined 
together by means of a plug formed of a silicone rubber 
tube with the ceramic tube inserted in its upper end, and 
the glass capillary tube in its lower end. The inlet and 
outlet of the outer vessel are used for circulating water 
from a thermostat. The anode compartment is filled with 
SN_sulphuric acid. The hydrogen and hydrogen sulphide 
evolved are directed from one of the outlets at the top 
of the cathode compartment (the other being closed) 
through a PVC tube (bore 1.5 mm) and a glass capillary 
tube into a conical absorption and titration vessel (top 
diameter 20 mm. bottom diameter 6 mm, height 100 mm). 

Reagents 

The preparation of o-hydroxymercuribenzoic acid 
(HMB) and titration of sulphide have already been de- 
scribed.’ The concentrations of the test suiphur com- 
pounds were calculated either from the weights used or 
determined by a well established procedure. 

Procedure 

Adjust the temperature by means of a stream of water 
passing through the outer mantle from the thermostat. Fill 
the anode compartment with 5N sulphuric acid. Rinse the 
cathode compartment with 1N sulphuric acid and close 
the capillary tube at the bottom of the cathode compart- 
ment with a tight rubber cap. By means of a rubber tube. 
attach a small funnel to one outlet at the top of the cath- 
ode compartment, keeping the other one open, and 
through it transfer 10 ml of the neutral sample and I ml 
of I I N-sulphuric acid into the cathode compartment, close 
the open outlet with ,a rubber cap, remove the funnel 
and attach the PVC’ tube leading to the capillary tube 
dipping into 5 ml of 0.2M potassium hydroxide in the 
absorption vessel. The hydrogen sulphide absorbed can be 
directly titrated with HMB. with dithizone as indicator. 
Adjust the electrolysis current to 3.5 A and titrate the solu- 
tion in the absorption vessel at 5-min intervals with 
2 x 10-4-0.05N HMB solution until the purple colour 
does not change back to yellow within 5 min. At 25” most 
determinations are completed in 20 mitt, and a few in 30 
min. If this is not the case the hydrogenation should be 
repeated at a higher temperature. 

Note. The procedure is not directly applicable to alka- 
line samples containing compounds which are rapidly 
decomposed in acid solution. Such compounds should be 
removed first, and an extraction with O.OlM tributyltin 
chloride in iso-octanol is recommended. The following pH- 
values are suitable for extraction of interfering compounds: 
sulphide 10-l 1, polysulphide 8-9, dithiocarbamates 7-9, 
xanthates 6-8. Sulphite, if any, can be oxidized to sulphate 
by adding the sample (10 ml) with stirring to 10 ml of 
a solution containing the previously determined quantity 
of iodine needed for oxidation of the sample in acid solu- 
tion, and enough sulphuric acid to give the final sulphuric 
acid concentration of 1N. The oxidation of sulphur com- 
pounds other than sulphite with iodine in acidic solution 
does uot influence the hydregenation to hydrogen sulphide 
because the oxidation products are readily reducible. 

RESULTS AND DISCUSSION 

The rate of hydrogenation, expressed as the rate 
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- c/n 
0 I L? 3 4 5 

of evolution of hydrogen sulphide, approximates to a 
first-order relationship: 

sulphuric acid but only very slightly at sulphuric acid 
concentrations of about IN. 

k= fln& 
x 1 

Increase in temperature from 25” to 75” increases 
the rate constant by a factor of 6 for thiourea and 
24hiouracil. and 2.5 for ethylene thiourea. 

The influence of the cathode material on the rate where X, is the total hydrogen sulphide evolved, X, 
is the hydrogen sulphide evolved after time t. The 
rate constants calculated from this formula are sum- 
marized in Table 1. Calculation of the rate constant 
may be of interest for characterization of an unknown 
sample. Many sulphur compounds cannot be electro- 
lytically hydrogenated under the mild conditions sug- 
gested in this paper; they include sulphuric acid, sul- 
phamic acid, aliphatic and aromatic sulphonic acids, 
sulphonamides, thioethers and thiols (with the excep 
tion of 2-mercapto-acids). Sulphur dioxide is about 
50% converted into hydrogen sulphide, the rest being 
converted into elemental sulphur. The rate of hydro- 
genation increases with increasing concentration of 

Fig. I. Vertical and horizontal cross-sections of the electrolytic ~4) for hydrogenation of sulphur com- 
pounds. l-Cathode. Z-ceramic tube, 3-lead anode, 4-inner glass VeSSel. S-Outer glass Vessel (the 
thermostatic mantle). bsilicone rubber tube, I-glass capillary tube. 8-rubber plug. 9-tightening 

ring. IO-glass tube with outlets. 

of hydrogenation is different for different compounds. 
As may be seen from Table I the rate of hydro- 
genation of thiosulphate is not seriously influenced 
by the cathode material. On the other hand, the rate 
of hydrogenation of thioglycollic acid and thioaceta- 
mide is drastically reduced when the iron cathode is 
replaced by a silver cathode. The hydrogenation of 
thiccyanic acid to form hydrogen sulphide depends 
strongly upon the cathode material. At an iron cath- 
ode the conversion is quantitative, but with silver or 
lead is only fractional, the rest being converted into 
an unidentified compound. A copper cathode is not 
suitable for analysis of sulphur compounds because 
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Table 1. Electrolytic hydrogenation of sulphur compounds to hydrogen sulphide: area of cathode-32 cmz, current 
density at cathode 11 A/dm’, volume of catholyte 11.5 ml, temperature 25” 

Compound Cathode 

Suiphur 

Taken, mg Found, mg 
Recovery, Rate constant, 

% min-’ 

Thiosulphate Iron 
Trithionate Iron 
Tetrathionate Iron 
Thiocyanate Iron 
Thioglycollic acid Iron 
Thiomalic acid Iron 
Rubeanic acid Iron 
Thioacetamide Iron 
Thiocaprolactam Iron 
6-Mercaptopurine Iron 
Thiourea Iron 
Thiourea* Iron 
Ethylene thiourea Iron 
Ethylene thiourea’ Iron 
2-Thiouracil Iron 
2-Thiouracil* Iron 
Thiosulphate Lead 
Trithionate 
Tetrathionate 

Lead 
Lead 

Tetrathionate Silver 
Thioglycollic acid Silver 
Thioacetamide Silver 
Tetrathionate Copper 
Thiocyanate Copper 
Thioglycollic acid Copper 
Thioacetamide Copper 

1.28 
0.765 
1.28 
1.28 
1.39 
0.70 
1.35 
1.10 
1.20 
1.10 
1.06 
1.06 
1.45 
1.45 
1.49 
1.49 
1.28 
1.28 
1.28 
1.28 
1.39 
1.10 
1.28 
1.28 
1.39 
1.10 

1.25 
0.756 
1.27 
1.28 
1.38 
0.71 
1.36 
1.09 
1.20 
1.12 
- 
1.07 
- 
1.46 
- 
1.49 
1.26 
1.27 
1.27 
1.27 
- 
- 
1.24 
1.22 
1.20 
b.98 

97.6 
98.8 
99.2 

100.0 
99.3 

101.4 
100.7 
99.1 

100.0 
101.8 

- 
100.9 

loo.7 

100.0 
98.4 
99.2 
99.2 
99.2 

96.8 
95.4 
86.3 
89.1 

0.37 
0.22 
0.31 
0.18 
0.17 
0.26 
0.24 
0.25 
0.22 
0.10 
0.025 
0.15 
0.053 
0.13 
0.040 
0.24 
0.35 
0.27 
0.36 
0.32 
0.067 
0.080 
0.30 
0.20 
0.31 
0.20 

* Temperature 75”. 

part of the sulphur is retained on the surface as cop- 
per sulphide. So far, the iron cathode has proved best. 

The results of determination of sulphur in a group 
of sulphur compounds are listed in Table 1. Most 
are satisfactory, the error being less than 1%. In order 
to increase the rate of hydrogenation some com- 
pounds were treated at 75”. 

Table 2 presents the results of determination of 
reducible sulphur in trace quantities, as exemplified 
by sodium tetrathionate. In this case the hydrogen 
sulphide was titrated with 1O-3 and 2 x 10-4N 
HMB. At the level of 25 pg of reducible sulphur in 
10 ml of sample, the error is still only about l%, and 
at the S-fig level it amounts to about 5%. The practi- 
cal lowest limit of estimation may be accepted as 1 pg 
in 10 ml, i.e., 0.1 ppm of reducible sulphur. 

Table 2. Determination of sulphur in sodium tetrathionate 
by electrolytic hydrogenation at 25” on iron cathode 

Sulphur 
Mean 

Taken, ys Found, pg recovery, y0 

25.6 25.4, 25.6, 25.8, 
25.4, 25.1 99.6 

5.12 5.42. 5.53, 5.08, 
5.31. 5.25 104 

CONCLUSIONS 

The analytical procedure based on the electrolytic 
hydrogenation of sulphur compounds to hydrogen 
sulphide may be recommended for use in the follow- 
ing fields. 

1. Estimation of sulphur pollution in effluents and 
in natural water, involving thiosulphate, trithionate, 
tetrathionate, thiocyanate, thioureas, thioamides and 
2-mercaptoacids. On the other hand sulphide, poly- 
sulphides, sulphite, xanthates, dithiocarbamates and 
sulphate must be determined separately. 

2. Determination of reducible sulphur compounds 
in different preparations and in the presence of non- 
reducible sulphur compounds, e.g., selective deter- 
mination of thiomalic acid in the presence of cysteine, 
cysteamine, methionine, 3-mercaptopropionic acid, 
2-mercaptoethanol and thioglucose. 
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METAL CHELATES OF PHOSPHONATE-CONTAINING 
LIGANDS-II 

STABILITY CONSTANTS OF SOME /3-STYRYLPHOSPHONIC 

ACID METAL CHELATES 

E. N. RIZKALLA and M. T. M. ZAKI 
Department of Chemistry, Ain Shams University, Abbassia. Cairo, Egypt 

(Received I8 January 1979. Accepted 2 March 1979) 

Summary-The synthesis and properties of /?-styrylphosphonic acid (SPA) are reported. The values 
of the protonation constants of the l&and were determined potentiometrically at different ionic strengths 
and in the temperature range O-65”. The enthalpy and entropy of protonation have been calculated 
by using the van? Hoff isochore. The protonation process is endothermic and is stabilized by a relatively 
large positive entropy change. The stability constants of the complexes formed between SPA and 
the bivalent Mg, Ca, Ba, Co, Ni and Pd ions at 25” and ionic strength of 0.12M KNOs were also 
determined. All measurements were carried out in 18% dimethylformamide-water mixture. 

Although the complexes of metal ions and phos- 
phonate-containing ligands has been studied by 
several authors,-” the work has been confined to 

certain types of organic phosphonate complexes. 
The present paper describes the preparation and 

the properties of fl-styrylphosphonic acid monomer. 
The values of the protonation and stability constants 
of the bivalent magnesium, calcium, barium, cobalt, 
nickel and palladium complexes were measured; 

EXPERIMENTAL 

Reagents and procedure 

Pure recrystallized, /?-styrylphosphonic acid, monoso- 
dium salt, (C6HS-CH=CH-POsHNa), was prepared by 
adding a suspension of phosphorus pentachloride in dry 
benzene (0.2 mole) to a benzene solution of styrene (0.1 
mole). The mixture was stirred and left overnight. The yel- 
lowish suspension of the PCI, addition-product of styrene 
(CsHs-CHCI-CH2PC14 .PCIs) was then filtered off and 
hydrolysed with ice to give /?-styrylphosphonic acid. The 
acid was purified by slowly adding a solution of it in dilute 
sodium hydroxide, with stirring, to warm dilute hydro- 
chloric aicd. White needles of the monosodium salt (m.p. 
230”) were isolated. The compound was then characterized 
by means of chemical analysis, and electronic and infrared 
spectroscopy (vide in@). 

A stock solution of the ligand was prepared by dissolv- 
ing the appropriate amount in 30% warm pure dimethyl- 
formamide. Metal nitrate solutions (exceot for ualladium, 
for which the chloride salt was usedj were prepared, stan- 
dardized with EDTA and diluted as reauired. All reagents 
were of analytical grade. 

The procedure involved a potentiometric titration of an 
acidified solution of /I-styrylphosphonic acid monosodium 
salt (6 x 10v3M) with standard potassium hydroxide solu- 
tion in the absence and presence of magnesium, calcium 

and barium ions at I :3 and I :6 molar ratios of metal 
to ligand. For nickel, cobalt and palladium the molar ratio 
was ‘kept as high as I : 15 in order to prevent precipitation 
during the titration. The volume of the titration solution 
was 50 ml and the ionic strength was maintained at 0.12~ 
with potassium nitrate. 

The potentiometric measurements were made with a 
digital Radiometer pH M62 pH meter fitted with a com- 
bined glass-calomel electrode and kept thermostatically at 
the required temperature. The electronic spectrum of the 
ligand was obtained with a Unicam SP 800 spectrometer. 
The infrared spectrum was recorded (KBr disc) in the 
range 3800-625 cm-’ with a Unicam SP ICOO spec- 
trometer. 

RESULTS AND DISCWSION 

The strongest bands obtained in the infrared spec- 
trum of the ligand at 738 and 695 cm- ’ suggest the 
presence of a monosubstituted benzene ring. The 
prominent band at 985 cm-’ together with the bands 
at ca. 16351620 and 1583 cm-’ are taken as evidence 
for the presence of a vinyl group attached to the ring. 
The intense K-band in the ultraviolet spectrum (ct 
Table 1) at 269 nm (log E,,, = 4.134) argues for this 
conjugation. The next most intense bands in the in- 
frared spectrum at 1452 and 1202 cm-’ are probably 

due to the presence of the P-C and hydrogen- 
bonded P=O groups respectively. The presence of the 
P-OH group is indicated by the shallow broad band 
at 2800-2700 cm-‘, which disappears upon chela- 
tion 12-14 

The titration curve of the free ligand shows two 
inflections at a = 2 and a = 1, corresponding to the 
first and second protonation steps respectively. 
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Table 1. Spectral data for Table 2. Protonation constants of j-styrylphos- 
/&styrylphosphonic acid phonic acid at various ionic strengths in 18% 

(monosodium salt) DMF-water mixture (25°C) 

A maxr *m 1% %a, 

269 4.134 
280 (s) 3.435 
292 3.192 

(s) = shoulder. 

I log KI log K2 

0 (extrapolated) 8.36 3.60 
0.08 7.74 3.31 
0.12 7.61 3.23 
0.20 7.38 3.14 
0.30 7.41 3.18 

Since the difference in the logarjthms of the success- 
ive protonation constants is greater than 2.8,r5 equa- 
tion (1) was used to calculate the values of K1 (i = 1 
or 2). 

log KI 

p ,og (3 - c - i&s, - CH ‘I + [OH -1 
(a - 2 + I)CHISP + [H’] - [OH-] + pH (‘) 

where C,, is the total ligand concentration and a is 
the number of meq of base added per mole of ligand. 

The values of the stability constants were deter- 
mined graphically after the method of Rossotti and 
Rossotti.” The function, 

F=(l 

fi (2 - ?i) 
- fi)[Spr-] = I31 + I32 (1 - fi) -[sPr-] (2) 

was used, where [SP2-] is the concentration of the 
free unprotonated styrylphosphonate ligand. Calcu- 
lated values of ri and [SP’-] were obtained from the 
titration graphs by using the functions 

Esp~-l I (2 - WHSP - W’l + [OH-I 
[H+]K, + 2[H+]*K,Kr 

f3j 

where 

a,.,@. = f + K,[H+] + K1K2[H+]’ (5) 

and CM is the total metal concentration. 
For calculating the hydrogen-ion concentration 

from pH measurements, the activity coefficients, f*, 
were obtained by using the Davies equation.’ 5 

Table 2 summarizes the values of log K, obtained, 
as a function of the ionic strength (I) at 25” in 18% 
dimethylformamide-water mixture. A plot of log K, 
us. Jl gives a straight line at low values of I (cJ 
Fig. 1). The deviation of the values of log K, at 
1 = 0.3 is probably due to the increase in the degree 
of association of the supporting electrolyte with the 
ligand. Extrapolation of the linear part to zero ionic 
strength gives the values of 8.36 and 3.6 for log K1 
and log K2 respectively. 

The values of the enthalpy of protonation, AH’, 
were obtained from the protonation constants 
measured over the temperature range O-65” (cf: 
Table 3) by means of the relationship 

AHO =~*JO~RTITZ lDg(KTJKT,) 

(Tz-T,) * 
0% 

C fi= H$P-[SPZ-IaH~P The free-energy change, AGO, and entropy change, 

Chl 
(4) AS’. were calculated for the two protonation reactions 

6.2 -36 

0 01 
-30 

02 03 04 . 05 06 

Fig. 1. A plot of log K1 (log K2) vs. the square root of the ionic strength. 
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Table 3. Protonation constants of /I-styrylphos- 
phonic acid determined at different temperatures 
(I = 0.2M KNOJ in 18% DMF-water mixture) 

Temperature, “C log K, log Kz 

0 1.25 3.08 
25 7.38 3.14 
37 7.43 3.21 
65 7.58 3.35 

Table 4. Thermodynamic parameters for the protonation 
of p-styrylphosphonic acid (I = 0.2M KNOa in 18% 

DMF-water mixture) 

Protonation AH”, 
step kcal/mole 

First 2.09 
Second 1.88 

AGO25 
keallmole 

- 10.03 
-4.27 

As”, 
cal.mole-‘. 

deg- ’ 

40.7 
20.6 

involved, by using equations (7) and (8). 

A@= -RTlnK (7) 

AS0 = AHo - AGo 
T 

where R is the gas constant and T is the absolute 
temperature. 

The values are given in Table 4. The results suggest 
that the driving force for protonation is the positive 
entropy change and that the reaction is opposed by 
the positive enthalpy change. 

Evidence obtained from the titration curves shows 
that the stability sequence is in the order Mg < Ca K 
Ba < Co < Ni 2 Pd and complex formation takes 
place only at a = 1 except for Ni and Pd. This 
excludes the possibility of having protonated complex 
species present in appreciable amounts in solu- 
tion. All the curves are characterized by two sharp 
inflections at a = 1 and a = 2. The equilibrium con- 
stants calculated for the systems studied are given in 
Table 5. In all cases, except for Pd(II), the values of 
ri did not exceed unity. 

For the alkaline earth metals, the values of log /It 
increase with increasiug radius of the metal ion. The 
values obtained are, in general, higher than those 
reported for many monodentate organic acids.” 

Table 5. Formation constants of 
/I-styrylphosphonic acid with biva- 
lent ions at 25°C in 18% DMF- 
water mixture (I = 0.12M KNOJ 

log 81 log 82 

Mg2+. 1.96 - 
Ca2+ 2.05 - 
Ba’ + 2.50 
co2 + 2.56 - 
Ni’+ 3.67 - 
Pd2 + 3.33 6.55 

Acknowledgement-The authors are indebted to Professor 
Dr. R. Sh. Mikhail for his permission to publish these 
results, which were obtained in the course of a. project 
dealing with the physico-chemical and engineering proper- 
ties 
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OF VANADIUM(IV) WITH PICOLINIC ACID AND 

SALICYLIC OR 5-SULPHOSALICYLIC ACID 
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J. P. TANDDN 
University of Rajasthan, Jaipur, India 
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Summary-The formation constants, jJYAI., for the reaction VOzc + A- + L*- + VOAL- [where 

HA = picolinic acid and H2L = salicylic or S-sulphosalicylic acid] have been determined at 30 + 1” 
(p = 0.1, KNO,). Potentiometric evidence is presented for the simultaneous addition of both ligands 
to the metal ion to form the 1: 1: 1 ternary complex. 

Studies have been madelm of a number of systems 
where a ternary complex is formed in two steps which 
partly overlap, the pH-ranges for formation of the 
individual 1:l complexes being different. They are 
now extended to ternary systems where both ligands 
form 1: 1 complexes with the metal ion almost in the 
same pH range and ternary complex formation occurs 
in a single step. 

EXPERIMENTAL 

Standard solution of vanadyl sulphate was prepared as 
described earlier.4 Solutions of pure picolinic (PA), salicylic 
(SA) and 5-sulphosalicylic (SSA) acids were prepared by 
direct weighing and standardized potentiometrically with 
potassium hydroxide. The pH-titrations were carried out 
at 30 f 0.5% with a Cambridge pH-meter standardized 
with 0.05M potassium hydrogen phthalate. The ionic 
strength of the reaction mixture was kept approximately 
constant at 0.1 with potassium nitrate. 

RESULTS AND DISCUSSION 

The calculations of the dissociation constants of the 
ligands (PA, SA and SSA), and the equilibrium, che- 
late formation and hydrolysis constants for the 1:l 
V02+-PA (SA or SSA) complexes and the corre- 
sponding mixed-ligand hydroxo complexes were de- 
scribed earlier. ‘*’ 

The potentiometric titration curves for PA, SA and 
SSA exhibited a sharp inflection at m = 1 (m = moles 
of base added per mole of metal ion or ligand), indi- 
cating the neutralization of the proton of the carboxy- 
lit group at low pH. 

As reported earlier, ‘.’ the potentiometric titration 
curves of vanadyl sulphate in the presence of an equi- 
molar concentration of picolinic acid, SA or SSA may 
be explained on the basis of the formation of the 1: 1 
chelate and its further conversion into the corre- 
sponding monohydroxo complex. 

When equimolar mixtures of vanadyl sulphate, PA 
and SA or SSA are titrated, only well-defined inflec- 
tion is observed, at m = 3, attributable to the neutral- 
ization of the proton of picolinic acid and both pro- 
tons of SA or SSA, the second being liberated as a 
result of chelation. These titration curves are at lower 
pH than those for the 1:l systems’ from the very 
beginning, indicating the formation of a new species 
which can only be a 1: 1: 1 ternary complex. Further, 
it also indicates the simultaneous addition of both 
ligands to the metal ion. This is confirmed by the 
analysis of the potentiometric data, given below. 

The equilibria involved in the mixed-ligand chelate 
formation, on the assumption that VOALi-, 
VOA2L2- etc. (HA = picolinic acid, H2L = SA or 
SSA) are absent when the ratio of the reactants is 
1:l: 1, may be represented by: 

VO’+ + HA + H,L=VOAL- + 3H+ 

The equilibrium constant (K) of this reaction and 
the formation constant (/?& of the 1 :l :l mixed- 
ligand chelate may then be given by the relations: 

[VOAL-] [H+]j 

K = [V02 +] ([HA] [H,L] (1) 

and 

B 
[VOAL -1 K 

MAL = [V02+][A-][Lz-] = klk;k; 
(2) 

where k, is the dissociation constant of picolinic acid 

and k; and k; are the first and second dissociation 
constants respectively of SA or SSA. 

If TM, TA and 7;. represent the total concentrations 
of the metal, primary ligand (HA) and secondary 
ligand (H&) species respectively and ‘I;),, is the con- 
centration of base added to the reaction mixture dur- 
ing the titration, then assuming that only mono- 
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Table 1. Dissociation constants of ligands and equilibrium and hydrolysis con- 
stants of 1:l chelates [30 f 1°C Jo = 0.1 (KNO,)] 

983 

Ligand pk, 

PA 5.28* 
SA 2.99t 
SSA 2.68t 

pkz 

13.6Ot 
11.42t 

PKl P&, wL,I 

T.35. 3.32’ 11..17* 
3.41t 8.04t 
2.73-l 7.07t - 

* Data from ref. 5. 
t Data from ref. 1. 

nuclear metal chelate species are formed, it follows 
that: 

TM = [V02+] + [VOA’] + Ck’O(OH)AI 
+ [VOL] + [VO(OH)L-] + [VOAL-] (3) 

TOH + [H’] = [VOA’] + Z[VO(OH)AI 
+ 2[VOL] + 3wO(OH)L-] 
+ 3[VOAL-] + [A-] + [HL-] (4) 

TA = [VOA+] + [VO(OH)A] + [VOAL-] 
+ [HA] + [A-l (5) 

T,_ = [VOL] + [VO(OH)L-] + [VOAL-] 
+ [H,L] + [HL-I (6) 

The concentrations of OH-, L2- and hydrolysed 
species of the free vanadyl ions can be neglected, in 
the pH range studied, compared to those of other 
species present. For a 1:l: 1 reaction mixture, by 
using equations (3x6) and the relations for the 
dissociation constants of the ligands and the 
equilibrium constants K,, K,, K; and Kh of the 
reactions 

V02+ + HA=VOA+ + H+; 
V02+ + HA + H,O=VO(OH)A + 2H+; 

V02+ + H2L z$ VOL + 2H+ and 
V02 + + H2L + H20 = VO(OH)L- + 3H+ 

respectively, it may be shown that: 

- a[V02+]3 + b[V02+]2 + c[vo2+] - d = 0 (7) 

where 

K&r_ 
a=m+ 

K;I CA 

CH+13 

b = CA + C, + {(3 - r;r)T, - [H+]}C,C, 

KAY G-x --- 
+ [H’] [H+13 

c=x+y+xy 

d = {(3 - m)T, - [H+]}xy 

Table 2. Equilibrium and formation constants of mixed- 
ligand complexes [30 * l”C, p = 0.1 (KNOs)] 

System -log K log BMAL 

V02+-PA-SA 3.24 + 0.07 18.63 f 0.07 
V02+-PA-SSA 2.94 f 0.17 16.44 k 0.17 

CA = 

K, KH - - 
[H’, + [H+]2 

y=(l +&J. 

The equilibrium concentration of free vanadyl 
ions present in the reaction mixtures at various points 
of the titration curves for the ternary systems was 
obtained by solving equation (7), with the help of 
the Newton-Raphson method.6 By substitution of the 
values of K1, KH, K; and Ku given in Table 1, the 
concentrations of the other species involved in 
the equilibrium relations were then calculated from 
the equations above, and so were the values of the 
equilibrium constant K and the formation constants 
/IhlA,.. The values are presented in Table 2. 

Comparison of the data in Table 2 reveals that 
the order of the overall stability constants of ternary 
complexes is the same as that of the 1 :l V02+- 
hydroxy-acid complexes and can be explained as 
earlier.’ It is interesting to note that though the hyd- 
roxy-acids (SA and SSA) form a 1: 1:l mixed-ligand 
chelate in presence of picolinic acid, they have no 
tendency to form 1:2 simple complexes with vanadium- 
(IV). The formation of the mixed complex is due 
to the coloumbic attraction between the VOA+ and 
the negatively charged carboxylate group present in 
the hydroxy-acids. 
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ANNOTATION 

BUFFERS FOR FLUORIDE ELECTRODE CALIBRATION 
IN THE LOW CONCENTRATION RANGE 

MAREK TROJANOWICZ 

Department of Chemistry. Warsaw University, Warsaw, Poland 

(Receioed 15 November !978. Accepted 20 March 1979) 

Computer calculations were performed in the Institute 
of Mathematical Machines, Warsaw University, with the 
CDC Cyber system. 

The detection limit for the lanthanum fluoride ion- 
selective electrode is often quoted as 10v6M fluoride. 
However, it has been pointed out1v2 that this is not 
the intrinsic detection limit due to’solubility of the 
membrane material or adsorption at the membrane 
surface, but is a limit set by contamination in the 
distilled water or reagents used. Baumann3 has shown 
that this electrode continues to give a Nernstian re- 
sponse down to very low levels of free fluoride 
(10-7-10-9M) in the presence of cations strongly 
complexed by fluoride. It therefore seemed of interest 
to develop a suitable range of metal-buffered fluoride 
standards. 

RESULTS 

The results for electrode calibration with the buf- 
fered fluoride solutions are given in Fig 1. Because 
these buffered solutions were prepared in OSM 
sodium perchlorate, the same medium was used for 
electrode calibration by dilution of standard fluoride 
solutions., The potentials were recorded after at least 
30min, when they were changing by less than 1 mV 
jn’a 1CLmin interval (Table 2). Taking into account 
the potential measured for OSM sodium perchlorate 
without addition of fluoride, the level at which trace 
contamination will have an effect can be estimated 
as’ 5 x lo-‘M. It causes the calibration curve to 
deviate from linearity at pF > 6. In the thorium-buf- 
fered fluoride solutions steady potential values were 
obtained after 20-60 min. All measurements were 
made on solutions stirred at constant speed, the 
potential being recorded at I-min intervals. For both 
sets of calibrations the solutions were used in order 
of increasing fluoride-ion concentration. 

Summary-Thorium-buffered fluoride standards for calibration of fluoride electrodes at low fluoride 
concentrafion are described. Fluoride electrodes give Nernstian response down to very low fluoride 
levels, but the practical limit is set at about pF 6 by contamination from distilled water, reagents 
etc. 

EXPERIMENTAL 

Measurements were performed with a home-made fluor- 
ide electrode employing an LaF, crystal doped with 0.05% 
of europium, and a reference calomel electrode Radiometer 
model K 401. A Metrohm EA 109 glass electrode was used 
for pH control. A Digital Ionalyzer model 801 A interfaced 
with an Orion digital printer model 751 was used. 

All chemicals used were of analytical grade and the 
water was triply distilled from quartz apparatus. 

Preparation of Juoride buffer solutions 
To 10 ml of O.OlM thorium nitrate, 7.00 g of sodium 

perchlorate monohydrate and an appropriate volume of 
0.01 or O.OOlM sodium fluoride solution were added. The 
mixture was diluted to the mark, transferred to a poly- 
propylene beaker and adjusted to pH 2.00 It 0.05 with per- 
chloric acid. This uncertainty in the pH causes an error 
of less than 0.01 in pF. Adjusting the pH in this way causes 
only a negligible increase (0.2-0.3%) in the volume. 

Table 1. The total fluoride concentration in the solutions 
used for electrode calibration. Each solution 0.5M in 
NaC104, O.OOlM in Th(NO& and adjusted to pH 

2.00 f 0.05 with HCIOI 

Calculation of pF 

To check the extent of Nernstian response of the elec- 
trode at low concentrations of fluoride, the composition 
of 10m3M thorium(IV) solutions containing fluoride that 
would give free fluoride concentrations within the pF range 
7.5-10.0 was calculated (Table 1) by means of the program 
HALTAFALL, translated from the original ALGOL ver- 
sion4 into FORTRAN, with the equilibrium constants for 
the three-component system F-, Th(IV), H+ selected 
earlier by Anfalt et al.’ 

PF 

10.0 
9.5 
9.0 

Total fluoride 
concentration, M 

4.0 x lo-” 
1.3 x 10-r 
4.0 x lo-’ 

1.18 x lo-’ 
3.06 x 10-4 
6.30 x lo-’ 

985 
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Table 2. Changes of fluoride electrode potentials in fluoride buffer solutions 

PF 
Potentials, mV vs. SCE 

10 min 20 min 30 min 40 min 50 min 60 min 70 min 

10.0 455.6 473.1 483.3 486.0 487.6 489.1 489.9 
9.5 482.5 485.8 488.0 488.8 
9.0 490.5 491.5 492.0 
8.5 472.1 468.6 464.9 462.2 460.4 459.6 
8.0 436.5 435.4 434.1 433.1 
7.5 400.9 399.6 398.9 

500- 

400- 

! 

; ml- 

$ 

f 

200- 

‘, \ 
0 0 

\ . 

l \ 

t 

‘1; 
‘\ 

‘\ 
‘\ 

1 1 

lo 8 6 4 

PF 
Fig. 1. The calibration curve for fluoride ion-selective elec- 
trode in 0.5M NaClO,: l calibration in diluted-fluoride 
standard solutions, 0 calibration in fluoride ion buffered 

solutions. 

The results obtained clearly indicate that the elec- 
trode gives Nernstian response to fluoride down to 
lo-‘M. The procedure is analogous to the determina- 
tion of the sensitivity of cationic membrane electrodes 
by use of the cation-buffered solutions introduced by 
Blum and Fog.6 The results also suggest that the 
fluoride contamination in distilled water or chemicals, 
usually below the 10e6M level, will cause errors only 
if pF is 10 or more. 
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POLAROGRAPHIC DETERMINATION OF INDIUM(II1) 
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BROMIDE COMPLEX INTO ACETONITRILE 
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Summary-A simple and sensitive method has been developed for the polarographic determination 
of indium(II1) after solvent extraction into acetonitrile, salted-out from aqueous solution with sodium 
bromide. The extracted indium(III)-bromide complex gives a well-defined d.c. wave with E,,2 = -0.69 
V vs. SCE. The wave-height is directly proportional to the concentration of indium(II1) from 1.6 x lO-6 
to 3.0 x 10-4M with respect to the original aqueous solution. In the a.c. polarographic method, a 
linear calibration curve is obtained for indium(II1) over the concentration range from 1.6 x 10e6 to 
1.5 x 10-‘M, and interference from most foreign ions can be eliminated. In particular, 10.0 mg of 
Fe(II1) and 2.5 mg of Tl(II1) are tolerated when 1.0 g of ascorbic acid is added. The lower limit 
of determination is 8 x 10e8M indium(II1) by the square-wave polarographic method. 

Indium(II1) in aqueous solution can be determined 
polarographically with good sensitivity, as it under- 
goes a reversible three-electron reduction at a drop 
ping mercury electrode.’ Interference from Cd(II), 
Tl(II1) and Pb(I1) is avoided by adding a suitable 
complexing agent such as potassium iodide’ or potas- 
sium chloride.’ A solvent-extraction procedure has 
been used for the removal of major constituents such 
as Tl(II1) and Fe(III), before polarographic determina- 
tion of indium(III).4 Several studies have been 
reported on the direct polarographic determination 
of indium(II1) after solvent extraction with oxine,’ 
DDTC6 or acetylacetone.’ Although these extrac- 
tion-polarographic methods are sensitive and selec- 
tive, they are troublesome to use because the extract 
has to be mixed with other solvents for the polar@ 
graphic measurement. It was the aim of the present 
study to develop a simple and selective procedure 
for the extraction-polarographic determination of 
indium(II1). 

In a previous investigation,* acetonitrile (AN) was 
exploited as the solvent for an extraction-polaro- 
graphic determination of cadmium(I1) based on the 
fact that the solvent can be separated from its 
aqueous solution by salting-out with ammonium sul- 
phate. In the present study, this polarographic 
method of analysis has been applied to the direct 
determination of indium(II1) in the AN extract, in 
which the ion is isolated and concentrated from 
aqueous solution. Sodium bromide is used as both 
the salting-out agent for the phase separation and the 
complexing ligand for the indium, and tetrabutylam- 
monium bromide (TBAB) as both the counter-ion in 
the extracted ion-pair and the supporting electrolyte 
in the polarographic measurement. The proposed 
method is simple, selective and sensitive. 

EXPERIMENTAL 

Apparatus 
A Yanagimoto polarograph, Model PA-202, was used or - 

square-wave (swf polarography. Other instiuments used 
were the same as described previouslv.” The DME had the 
following characteristics: m = 0.783 &/sec, t = 4.70 s&z in 
AN at a mercury head of 6O:O cm. 

Standard indium(lZ1) solution. Indium sulphate (0.339 g) 
was dissolved in 1 litre of water containing a small amount 
of shlphuric acid, to give an approximately 10e3M solu- 
tion which was then standardized by complexometric titra- 
tion. 

Sodium bromide (Wako Junyaku Chemicals) and TBAB 
(Tokyo Kasei Chemicals) were used without further purifi- 
cation. AN was purified by distillation once from phos- 
phorus pentoxide to remove reducible impurities.’ Other 
reagents were of guaranteed reagent grade. 

Procedure 

To 25.0 ml of acidic aqueous solution containing indium: 
(III), 20.0 ml of 0.05M TBAB solution in AN were added, 
‘followed by IS.0 g of sodium bromide as the salting-out 
agent. The mixture was shaken for 1 min. then allowed 
to stand for 1 min. A portion of the extract was transferred 
into a polarographic cell, deaerated with nitrogen gas for 
3 min, and the polarogram was recorded (us. S.C.E.) at 
25 + 0.1”. 

RESULTS AND DISCUSSION 

Ternary phase diagram 

Acetonitrile is separated from aqueous solutions by 
salting-out with sodium bromide. In this investigation 
the volumes of the resulting phases were measured 
when different amounts of sodium bromide were 
added to water-AN mixtures. The results are shown 
in Fig. 1. The ternary diagram obtained is expressed 
in terms of percentage by weight and represents the 

TAL. 2611 I-A 
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100 

NaBr 

Fig. I. Phase diagram of acetonitrile/water/sodium hro- 
mide 1, VW/V, = I; 2, VW/V, = 2; 3, VW/V, = 5; 4. 
VW/V, = 10; 5 represents the compositions producing a 

homogeneous solution on dilution with water. 

composition of water, AN and sodium bromide mix- 
tures. The dotted line indicates the compositions from 
which a homogeneous solution is produced on addi- 
tion of an excess of water, while the solid lines rep- 
resent the compositions for which the volume-ratios 
of the two phases (VW/V,) are 1, 2, 5 and 10 after 
phase separation. The volume-ratio was 3.9 under the 
conditions of the procedure described. 

Polarograms 

Figure 2 illustrates the d.c. and a.c. polarograms 
of several metal bromides observed under the condi- 
tions described. The available potential range is from 
-0.36 to - 1.45 V us. SCE. The extracted In(M) 
complex gave a well-defined d.c. wave with 
E 1,2 = -0.69 V and a sharp a.c. peak at the same 
potential. The d.c. wave of In(II1) was diffusion con- 
trolled, and represented a three-electron reaction. The 
polarographic determination of the In(II1) is con- 
sidered to be reasonably selective since the E,,, is 

2 
f- 

In(m) 
O.~JIA 

Tl(Ill 

!+ 

E vs SCE, V 

Fig 2. Polarograms (d.c. and ac.) of various metal bromides after extraction into acetonitrile. [Tl(III) 1 
2.55 x 10e5M, [Pb(II)] 2.41 x IO-‘M, [In( __ III)] 1.44 x 10v5M, fCd(II)] 4.46 x 10e5M. The broken 

line is the d.c. polarogram of 1.44 x 10F5M In@I) in.i.C IM NaBr. 

Table 1. Effect of tetrabutylammonium bromide (TBAB) 
concentration on the d.c. wave- and a.c. peak-heights for 

IO-‘M In(III) 

Volume 
of AN 

TBAB, recovered, El/z, 
M id, IAA i, ml V 

0.005 - 218 10.0 
0.010 0.276 222 10.0 -0.68 
0.025 0.252 215 10.1 -0.69 
0.040 0.255 210 10.2 -0.69 
0.050 0.248 204 10.3 -0.69 
0.060 0.240 196 10.5 -0.70 
0.075 0.240 190 10.8 -0.71 
0.100 0.211 169 11.0 -0.73 

0.15 V or more apart from those of the other metal 
complexes. The Tl(II1) complex gave two d.c. waves 
with Elj2 = -0.35 and -0.54 V. The second wave, 
which corresponds to T&I) 4 Tl(0) exhibited a maxi- 
mum and the a.c. peak was distorted. The Pb(I1) 
complex gave a dc. wave with maxima and a fair 
a.c. peak at -0.45 V. An ill-defined d.c. wave and 
no a.c. peak were observed in the caSe of the Cd(I1) 
complex. 

Effect of TBAB concentration 

Table 1 shows the effect of increasing TBAB con-’ 
centration on the dc. and a.c. polarographic waves 
for an initial concentration of 10-‘M In(II1). It was 
noted that the d.c. polarogram became well-defined 
at TBAB concentration above O.OlM. As the concen- 
tration of TBAB is increased, the dc. wave-height (id) 
and a.c. peak-height (i,) decrease and the half-wave 
potential shifts towards more negative potentials. The 
decrease in the heights is probably ascribable to 
increase in the final volume and the viscosity of the 
AN phase and a salting-in effect due to TBAB. The 
shift of the E,,Z is mainly correlated with the increase 
in the TBAB concentration of the AN phase, where 

In(m) 

40 

scale units 

Tl(m) 
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5 10 15 20 25 

NaBr , g 

Fig 3. Effect of sodium bromide concentration on d.c. wave-height and a.c. peak-height for 10-5M 
In(II1). 

TBAB acts as both the counter-ion in the complex 
extracted and the supporting electrolyte. The 10.0 ml 
of extract obtained by following the recommended 
procedure had an electrolytic conductivity of 1.73 x 
lo-’ ohm-‘.cm-‘, a water content of 14.70/ a vis- 
cosity of 0.463 cP, and a sodium bromide content 
of 68.0 mg (0.066/M). A concentration of O.OSM TBAB 
in AN was chosen as being most suitable for the 
reagent. 

Effect of sodium bromide concentration 

The amount of sodium bromide taken was varied 
between 7.0 and 25.0 g. The results are shown in 
Fig. 3, from which it can be seen that i, and i, were 
approximately constant for the addition of amounts 
between 10 and 20 g. The volume of AN phase re- 
covered increased with increasing amounts of sodium 
bromide up to 10 g, and became constant for amounts 
between 10 and 25 g. The half-wave potential shifted 
towards more negative potentials with increasing 
amounts of the salt, probably because of increase in 

0.3 

4 
5 
- 0.2 

.P 

0.1 

0 

15 20 25 30 35 

300 

200 
a 

.r 

100 

0 

Initial volume of aqueous ~0117.. ml 

Fig. 4. Effect of initial volume of aqueous phase on d.c. 
wave-height and a.c. peak-height for lo-‘A4 In(II1). 

the sodium bromide concentration in the AN phase, 
since the TBAB concentration in the AN phase 
remained constant. Hence 15 g was the amount of 
sodium bromide chosen for use in the standard 
procedure. 

Effect of volume of aqueous phase 

Values of i, and i, were obtained for extractions 
from different volumes of the original aqueous phase 
from 15 to 35 ml, as shown in Fig. 4. The heights 
increased greatly with increasing volume of the 
aqueous phase, because of the high degree of extrac- 
tion and the decrease in volume of the AN phase. 
The volume of original aqueous phase taken must 
therefore be kept constant (25.0 ml). 

Efict of pH 

Extractions were carried out at different pH-values, 

adjusted by addition of l.OM sulphuric acid or 1.0~ 
sodium hydroxide. Figure 5 shows the plots of i, and 

200 

100 
p. 

.r 

012 3 4 5 6 

PH 

Fig. 5. Effect of pH on d.c. wave-height and a.~. peak- 
height for IO-‘A4 In(II1). 
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Table 2. Effect of diverse ions on the determination of 
27.7 pg of indium(III) 

Species added 

Amount of indium(II1) 
added, found, Error,? 

mg &I % 

Cu(II)’ 
Fe(III)* 
Fe + ascorbic acid, 1 g 
Pb(II)* 
Cd(H) 
Tl(III)* 
Tl + ascorbic acid, 1 g 
Hg(II)* 
Bi(III)* 
Ca(I1) 
Al(II1) 
NiIII) 
ZniIi) 
Co(II) 
AidI) 
F- 
PO:- 
SCN - 

0.5 
0.5 

10.0 
2.5 

IO.0 
0.5 
2.5 
0.5 
0.5 

116.0 
100.0 
100.0 
100.0 
100.0 

1.0 
12.9 
13.2 
11.4 
12.9 

116.0 
10.2 

1.0 
1.0 
1.0 

27.9 +0.9 
27.1 -2.1 
29.7 +0.9 
28.0 +1.4 
27.4 -0.9 
28.5 +3.1 
28.6 +3.3 
26.8 -3.2 
28.2 +1.9 
28.7 +3.8 
27.5 -0.7 
27.8 +0.2 
28.0 +1.3 
26.8 -3.2 
26.2 -5.3 
26.5 -4.3 
27.1 -2.0 
27.9 +0.9 
27.3 -1.4 
26.1 -5.8 
27.5 -0.5 
27.4 -0.8 
25.5 -8.0 
27.3 -1.4 

* Denotes maximum amount tolerable within an error 
of +‘4%. 

t Based on mean of three determinations. 

i, against pH of the aqueous phase after extraction. 
It was found that the heights were approximately con- 
stant over the pH range 0.4-4.6. Over this pH range, 
the volume of AN phase recovered was constant (10.3 
ml) and 99.5% of the In(II1) complex was extracted 
in a single extraction. 

Calibration curves 

On the basis of these results, the procedure for the 
polarogrrfphic determination of In(II1) was estab- 
lished. The d.c. and a.c. polarograms were recorded 
at various concentrations of In(W), while other condi- 
tions were kept constant. The calibration curves 
obtained were linear over the concentration ranges 
1.6 x 10m6-3.0 x 10e4M In(III) for d.c. and 
1.6 x 10-6-l.5 x 10-5A4 for a.c. polarography. The 
diffusion current constant of In(W) in the AN extract 
was 9.50 @. 1 .mmole-’ . mg-2’3. se~‘/~, about 4 

times that obtained in 1M aqueous sodium bromide, 
as shown in Fig. 2. The relative standard deviation 
was 2.1% for 27.7 pg of indium(II1) (10 determinations 
by a.c. polarography). 

E$ect of diverse ions 

Possible interferences were investigated by a.c. 
polarography, which gave considerably better resolu- 

, tion for substances reduced at potentials close to each 
other. The results are summarized in Table 2. Cu(II), 
Fe(III), Pb(II), Cd(H), Tl(III), H&II) and Bi(III) were 
found to be tolerable at the levels tested. The interfer- 
ence caused by 10.0 mg of Fe(II1) and 2.5 mg of Tl(III) 
could be eliminated by the addition of 1.0 g of ascor- 
bic acid before the extraction step. Other cations such 
as Al(W), Ni(II), Zn(I1) and Mn(I1) showed no effect 
on the determination. Among the anions tested, 
MnO;, CrO:- and EDTA interfere seriously even 
in small amounts and must be excluded. Thiosulphate 
and tungstate were tolerable at levels up to 1 mg. 

Square-wave polarography 

Since the extract had a high electrical conductivity, 
an attempt was made to use square-wave polaro- 
graphy. It was found that a sharp peak for In(II1) 
was observed at -0.69 V and that the lower limit 
of determination was 8 x IO-‘M (9 ppM) with 
respect to the original aqueous phase. 
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Summary-Fire-assay and wet-extraction methods of determining platinum in ores have been evaluated. 
The fire-assay procedure using lead as a collector was used in combination with flame and flameless 
atomic-absorption, emission spectroscopy and X-ray fluorescence. In this last method flattened silver 
beads were analysed directly, whereas for the other methods the beads were dissolved in aqua regia 
and the solutions made up with concentrated hydrochloric acid before analysis. The: wet procedures 
involved treatment of the ores with acids and subsequent analysis by flame atomic-absorption or 
by spectrophotometry after treatment with tin(B) chloride. Chromatographic, ion-exchange and solvent- 
extraction procedures were used to isolate platinum from base metals, the other platinum metals and 
gold. Results for each ore by fire assay-flame atomic-absorption, fire assay-emission spectroscopy, 
and wet extraction combined with spectrophotometry, showed no difference at the 99% confidence 
level. X-Ray fluorescence and flameless atomic-absorption results tended to be high and low respectively. 
The most precise method was wet extraction followed by spectrophotometric determination. Emission 
spectroscopy and X-ray fluorescence generally yielded the poorest precision. Wet-extraction methods 
were time-consuming and since no advantage was gained in accuracy over the fire.-assay methods, 
a combined fire assay-flame atomic-absorption system was the preferred method of analysis. 

An accurate determination of platinum in ores is 
essential. The high cost of this metal means that a 
relatively small error in an assay can result in a large 
monetary gain or loss. Early determinations for plati- 
num included gravimetric and titrimetric methods, 
but as it becomes economically feasible to extract 
lower-grade ores, more sensitive methods of analysis 
must be utilized. Spectrophotometric and spectroche- 
mica1 methods have now extended determinations to 
the microgram and in some cases even submicrogram 
levels. 

Classically, lead was used as a collector for plati- 
num in the fire-assay process, despite claims some- 
times made that this form of collection is ineffective.’ 
Other collectors2-5 have been used, but lead still 
remains superior for the determination of platinum.6 
The use of a wet-extraction procedure serves as an 
alternative to the fire assay and provides a check on 
the efficiency. Wet extraction has the advantage of 
converting the metals into forms suitable for’separa- 
tional techniques such as chromatography and ion- 
exchange.’ 

It is the purpose of this paper to evaluate classical 
fire-assay and wet-chemistry procedures for the deter- 
mination of platinum in ores, and to provide a com- 
parison of the accuracy and precision to be expected 
for the spectrophotometric, flame and flameless ato- 
mic-absorption, emission spectroscopic, and X-ray 
fluorescence techniques. Results are also compared 
with previous analyses obtained from independent 
sources. 

The combined fire assay-flameless atomic-absorp- 
tion method, and combined fire assay-X-ray fluor- 

escence method described in this paper have been 
published in greater detail elsewhere.**g 

EXPERIMENTAL 

Apparatus 

Atomic-absorption spectrophotometers. Perkin-Elmer, 
Model 306 and Model 403 fitted with.an HGA-70 flameless 
atomization device and a deuterium background-corrector. 
Varian and Intensitron platinum hollow-cathode lamps 
were used. 

Spectrograph. Jarrell Ash, with 3.4-m Ebert mounted 
grating with 5000 lines/in., giving a reciprocal linear disper- 
sion of 0.5 nm/mm in the first order. A Jarrell Ash 21-000 
non-recording densitometer was used. 

X-Ray jluorescence spectrometer. University of vani- 
toba,’ Physics Department. 

Spectrophotometer. Unicam SPSOO. 
Calibrated glassware was used. 

Instrumental conditions 

Flame atomic-absorption 
Wavelength 265.9 nm 
Slit setting 4 
Lamp current 25 mA 
Acetylene flow-rate 3.8 I./min 
Air flow-rate 24.0 I./min 
Scale expansion X5 

Burner positions and aspiration rates ,were adjusted for 
optimum absorbance each time. 

Emission spectroscopy 

Excitation source 
Primary power source 

Ignited a.c. arc 
Full-wave rectified 230-V, 60-Hz 
power supply, initiated by a high- 
voltage condensed spark 
synchronized to initiate each half- 
cycle. 
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Radiofreauencv current 2.0 A 
Capacitaice - 
Inductance 
Discharge voltage 
Arc current 
Slit-width 
Analytical gap 
Transmission* 
Exposure 

‘Emulsion 
Electrodes 

0.0025 PF 
15 PH (residual) 
2400v 
7.5 A 
20 pm 
3 mm 
Steps 1 and 2 of a 7-step filter 
20 set 
Kodak SA-1 
Anode-ASTM 8 (flat end) 
Cathode-ASTM 5 (flat end) 

X-Ray Juorescence 
Tube 
Voltage 
Filament current 
Detector 

Counting time 

Molybdenum 
40 kV 
20 mA 
Kevex Si(Li) with an active area 
of 30 mm2 and resolution of 195 
eV full-width at half maximum 
(FWHM) at 5.9 keV 
8 min 

X-Rays from the molybdenum tube are filtered (5-mm MO 
foil) so as to be largely monochromatic, collimated and 
allowed to fall on the sample. The Si(Li) detector is placed 
immediately below the sample out of the path of the main 
beam and operated at the temperature of liquid nitrogen. 
The detector output signals are amplified and shaped for 
sorting by a 1024-channel pulse-height analyser. The 
memory of the pulse-height analyser may be continuously 
monitored by a display oscilloscope, allowing the entire 
range to be inspected at a single glance. The data are 
recorded in digital form as a teletype read-out of the 
memory of the analyser. 

Flameless atomic-absorption 

Wavelength 
Slit setting 
Lamp current 
Drying time 
Charring time 
Atomization time 

265.9 nm 
4 
28 mA 
40 set 
35sec 
15 set 

Drying temperature 
Charring temperature 

100 
1100” 

Atomization iemperature 2600” (10 v) 
Water flow 3 l./min 
Argon flow 3-5 arbitrary setting 
Chart speed 51 mm/min 
Sample volume 50 pl 

Several graphite tubes were used in this work. They had 
been used to some extent before the platinum injections. 
Before each analysis, the tube was fired to maximum tem- 
perature for 2-3 sec. The platinum solutions were then 
injected. In all cases consistent results were obtained im- 
mediately. 

Reagents 

PIatinum solution (I mg/m/). Dissolve 1 g of pure plati- 
num wire in aqua regia. Remove nitrous oxides by repeated 
evaporation with concentrated hydrochloric acid. Filter 
into a 1-litre flask, washing and making up to volume with 
O.lM hydrochloric acid. Standardize with thiophenol,” or 
spectrophotometrically.” 

Palladium and gold solutions (I mgiml). Dissolve 1 g of 
the pure metal in aqua regia, evaporate several times with 
concentrated hydrochloric acid and make up to volume 
in 0.1M hydrochloric acid. 

* Neutral filters with deposited aluminium bands of dif- 
ferent transmittance placed at the slit of the spectrograph. 
Prepared at A.E.C.L. Pinawa, Manitoba. Transmission of 
step 1 is 100% and of step 2 is 62.1%. 

Rhodium solurion (I mg/m/). Dissolve 0.5838 g of sodium 
hexachlororhodate in 100 ml of O.lM of O.lM hvdrochloric 
acid. 

Iridium solution (I mg/m/). Dissolve 0.7292 g of sodium 
chloroiridate in 100 ml of O.lM hydrochloric acid. 

Siloer nitrate so/utions (2 and 20 n&m/). Dissolve 0.3148 
and 3.148 g of silver nitrate in 100 ml of doubly distilled, 
doubly demineralized water. 

Lead. Foil, 0.004-in. thick. 
Stannous chloride solution. Dissolve 19 g of stannous 

chloride in 100 ml of 3M hydrochloric acid. 
Lanthanum chloride solution. Dissolve 6.45 g of lan- 

thanum oxide in 100 ml of 6M hydrochloric acid. 
Mo/ybdenum chloride solution. Dissolve 0.15 g of molyb- 

denum trioxide in 100 ml of 3M hydrochloric acid. 
Tri-n-bury/ phosphate. Equilibrated with 6M hydro- 

chloric acid before use. 
Buffer solution. Mix 50 ml of 4M sodium acetate with 

53 ml of 4M hydrochloric acid to give a solution of pH 
2.2 f 0.2. 

Cation-exchange resin. Bio-Rad AG 50W X 8 analytical 
grade, 50-mesh, hydrogen form. 

Porasil C. Waters Associates, Inc., 80-100 mesh. 

Preparation of chromatographic columns 

Bio-Rad AC 5OWX8. The resin was cleaned by gentle 
heating with 50% v/v hydrochloric acid and washed several 
times by decantation with water. The ion-exchange column 
(2.5 x 40 cm) was,fiIled to a height of 25 cm with the 
resin and the resin was washed with water until the pH 
of the eluate was the same as that of the water.’ After 
use, the resin was regenerated with 35% v/v hydrochloric 
acid and again washed until the pH of the eluate was the 
same as that of the water. The smalj cation-exchange 
column was 1.2 x 30 cm filled to a height of 10 cm. 

Porasil C treated with tri-n-bury/ phosphate. TBP (5 g) 
dissolved in chloroform was added to 15 g of Porasil C 
that had previously been washed with concentrated hydro- 
chloric acid, then with water, and finally dried. The slurry 
was stirred to remove most of the chloroform, and then 
left overnight in a drying oven at 75”. Some of the TBP- 
treated Porasil C (1.5 g) was transferred to a glass column 
(1.2 x 30 cm) with water, and conditioned with 10 ml of 
O.lM hydrochloric acid before ~se.~’ 

Ores 
The ores were obtained from the Merensky Reef in the 

Bushveld Igneous Complex, South Africa. The major com- 
ponent of such ores is pyroxene [silicates of calcium, mag- 
nesium, iron, aluminium and lithium, mainly broruite 
(Mg,Fe)$i206]. Minor components include chromite 
[Fe(Cr,Fe),O,], chalcopyrite (CuFeS& pyrrhotite (FeS) 
and pentlandite [(Fe,Ni)&]. Trace constituents include a 
variety of sulphides of iron, copper and nickel. Platinum 
metals are present as native platinum, sperylite (PtAs,), 
braggite’(Pt,PdNiS,), stibiopalladinite (Pd,S,), copperite 
(PtS), and laurite (Ru&). A proportion of the platinum 
metals is also present ii solid sblution in the dulphides 
of iron, copper and nickel. Each ore, designated by name 
or number, had previously been analysed for the platinum 
metals and gold.13,14 Results for platinum, together with 
the methods of analysis, are shown in Table 1. The results 
quoted for USBM 31 are from laboratories taking part 
in a “round-robin” analysis. The values rejected in averag- 
inc. were reiected by the U.S. Bureau of Mines. Where 
p&sible, pr&ision has been quoted at the 95% confidence 
level. 

Fire assay of ores 

The procedure used was developed in this laboratory 
from various methods.7 Ores received in this laboratory 
had been crushed to pass sieves of 100 and 200 mesh. 
The entire ore sample, weighing 1-2 lb, was placed on 
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Table 1. Previous analyses of ores for platinum 

Method S4’O 
Concentration of platinum ppm 

Float concentrate’0 USBM 31r’ 

Fire assay and flame atomic-absorption 
Fire assay and flame atomic-absorption 
Fire assay and flame atomic-absorption 
Fire assay and emission spectrography 
Fire assay and emission spectrography 
Fire assay and emission spectrography 
Fire assay and emission spectrography 
Fire assay and emission spectrography 
Fire assay and spectrophotometry 
Fire assay and spectrophotometry 
Fire assay and spectrophotometry 

5.23 82.60 5.04 f 0.17 
8.1* 
2.1* 

4.6 +_ 1.0 
5.04 + 0.28 
4.78 + 0.96t 

5.1 Ifr 0.2 
3.4* 
4.63 

4.5 + 0.2 
5.61 f 0.32 

Average = 4.9 

* Not included in average value for platinum. 
t No confidence limits quoted. 

a large cellophane sheet and rolled or tumbled by lifting 
alternate corners of the sheet. After 25 min of mixing, the 
ore was spread out evenly and marked off into 2.5-cm 
squares. The sample for assay was then obtained by taking 
small portions from each square with a spatula, with care 
taken to ensure that the spatula reached the bottom of 
the square. With practice, approximately equal portions 
could be taken from each square, thus keeping variations 
to a minimum. This procedure was repeated to obtain ore 
samples for further assays except that the rolling and tum- 
bling was reduced to 5 min. 

The ore samples were then added to small polyethylene 
bags containing 85 g of PbO, 21.1 g of Na&, 4.5 g 
of CaO and 2 g of flour. Depending on the weight of 
ore, various amounts of silica were added so that the flux 
was not too basic. Silica (15 g) was used as a blank ore. 
The “float concentrate” and USBM 31 were roasted in 
air for 1 hr at 700” before being added to the flux. A 
known amount of silver, in the form of silver nitrate solu- 
tion, was added to each flux. Each bag was placed in a 
crucible pot and the pots were placed in a drying oven 
at 70” for several hours. After the drying, lumps were 
broken up and the mixture was thoroughly shaken for 4-5 
min. 

The crucible pots were placed in the furnace at 950 
and raised to 1200” at the maximum heating rate of the 
furnace. This normally required 75-90 min. After 15 min 
at this temperature, the pots were removed from the fur- 
nace and the molten contents poured into conical iron 
moulds. When cool, the slags could be separated,from the 
lead buttons by gentle tapping with a small hammer. 

The lead buttons were added. as quickly as possible to 
magnesia cupels placed in the furnace at 960”; the cupels 
had been heated for at least 10 min before use. The furnace 
door was kept closed for 5 min to allow the lead to melt 
and then kept open with a 0.6-cm thick steel plate under 
it. Under these conditions the driving of the lead occurred 
at a rate of approximately 1 g/min. When the driving was 
complete, the furnace door was closed and cupellation con- 
tinued for a further 5 min. The cupels were then slowly 
withdrawn from the furnace and allowed to cool. The silver 
beads were then analysed for their platinum content by 
the methods outlined below. 

Flame atomic-absorption 

Silver beads weighing 6 mg, obtained from the fire assay 
of approximately 15 g of S4 and 11 g of USBM 31, were 
placed in lo-ml standard flasks containing 0.5 ml of con- 
centrated nitric acid. The flasks were immersed in hot 
water until dissolution of the silver was complete. Concen- 

trated hydrochloric acid (3.75 ml) was added and heating 
continued to dissolve the platinum. The flasks were cooled, 
usually overnight, 2 ml of lanthanum chloride solution 
were added and the solutions made up to volume with 
distilled water. Platinum absorbances were measured by 
running a lower concentration standard, followed by two 
samples and a higher concentration standard in quick suc- 
cession. Standards were prepared by adding ~1 quantities 
of stock solutions of platinum and silver nitrate, 2 ml of 
lanthanum chloride solution and the required amounts of 
concentrated nitric and hydrochloric acids to lO-ml stan- 
dard flasks and making up to volume. 

Silver beads, weighing 25 mg, obtained from the fire 
assay of approximately 8 g of float concentrate were added 
to 25-ml standard flasks and dissolved acid in the manner 
described above, with enough of the reagents to give the 
same final concentrations. Lanthanum concentration was 
maintained constant by adding 5 ml of the lanthanum 
chloride solution. 

Results from these analyses are shown in Table 2. 

Emission spectroscopy 

The method was developed by the A.E.C.L. at Pinawa, 
Mantoba, from a procedure bv Hafftv and Rilev.r6 Silver 
beads, weighing 20 mg, were- placed in 25-m{ standard 
flasks containing 0.5 ml of concentrated nitric acid. The 
flasks were immersed in hot water to encourage dissolution 

Table 2. Analysis of ores by combined fire assay and flame 
atomic-absorption 

Concentration of platinum, ppm 
s4 Float concentrate USBM 31 

5.21 79.2 
5.78 79.6 
5.36 81.8 
4.91 80.0 
4.59’ 78.3 
5.03 79.9 
4.93 78.6 
5.37 79.3 
5.47 77.5 
5.51 85.2; 
5.07 81.2 

Averages: 5.26 + 0.2Ot 79.5 f 0.9t 

5.73 
5.84 
5.03 
5.30 
5.39 
5.95 
5.83 

.5.07 

5.52 + 0.31t 

* Values rejected at the 95% confidence level. 
t + values quoted at the 95% confidence level. 
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Table 3. Analysis of ores by combined fire assay and Table 4. Analysis of ores by combined fire assay and X-ray 
ignited a.c. arc fluorescence 

Concentration of platinum, ppin Concentration of platinum, ppm 
s4 Float concentrate USBM 31 s4 Float concentrate USBM 31 

5.61 
4.16 
4.19 
5.60 
6.02 
6.04 
5.79 
4.76 

Averages: 5.43 -+ 0.49t 

78.9 5.98 
79.4 4.38 
84.7 6.10 
78.8 4.52 
69.6 4.03 
71.2 5.09 
77.2 4.79 

77.1 * 5.w 4.98 It: 0.73t 

5.45 
4.54 
6.02 
6.32 
4.97 
5.59 
4.29 

Averages: 5.31 k 0.69t 

90.8 5.19 
92.0 8.26 
80.3* 6.88 
89.0 6.74 
90.6 6.08 
92.6 6.23 

7.04 
6.01 

91.0 + 1.7t 6.55 + 0.75t 

t & values quoted at the 95% confidence level. 

of the silver, 2 ml of concentrated hydrochloric acid were 
added and the heating continued until the platinum was 
dissolved. To the cooled solutions, 40 ~1 of lOOO-ppm 
molybdenum solution were added and the solutions were 
made up to volume with concentrated hydrochloric acid. 
Then 200 pl were added in 50-p] portions to the flat end 
of an electrode that had first been waterproofed with 20 
pl of 1% solution of polystyrene in benzene; each portion 
was evaporated to dryness under a heat lamp before the 
next was added. A final 20-p] portion of polystyrene solu- 
tion was applied before arcing. 

The residues were excited with an ignited a.c. arc for 
20 sec. Photographic plates were calibrated with an iron 
spectrum excited with a d.c. arc at 7 A for 8 set, with 
a slit-width of 20 pm. The intensities of the Pt 306.471 
and MO 281.615 nm lines were measured and the intensity 
ratio was used to determine the amount of platinum, from 
a calibration curve. 

Standards were prepared by cupelling lead boats con- 
taining 0 (blank), 10, 20, 40, and 60 pg of platinum to 
give 20-mg silver beads. Solutions of each bead were pre- 
pared as described above and a calibration curve was 
drawn from the results for each standard run in triplicate. 

Several plates were used to accommodate all the ore 
samples and cupellation standards were run on each plate 
to check the calibration. 

Ore weights were such that between 20 and 50 pg of 
platinum were present. Results are shown in Table 3. 

X-Ray juorescence’ 

Silver beads, weighing approximately 11 mg, were flat- 
tened between two steel blocks in order to present as large 
a surface area as possible to the X-ray beam. This was 
accomplished in two stages: after cupellation any adhering 
cupel material was carefully scraped away with a spatula 
and the beads were flattened till about 0.5 mm thick; the 
beads were then annealed by heating in a porcelain cru- 
cible at red heat for 2-3 min, and finally flattened under 
weight of 10 tons with a hydraulic press. The bead thick- 
ness was 0.10-0.12 mm; the diameters were 3.70-4.10 mm. 

The beads were mounted on “Mvlar” foil (450 &cm’) 
stretched over aluminium foil and held in ‘posit& by 
vacuum grease. The holder was placed in the specimen 
chamber, which was then evacuated. The sample was at 
45” to the beam. Each bead was counted for 8 min. The 
intensity ratio Pt,/Agx, was measured and the percentage 
of platinum read from a calibration curve. 

Standards were prepared by salting lead boats with 
0.184.2% of platinum and cupelling to give 11-mg silver 
beads. Standard beads (21 in all) were prepared in triplicate 
for each concentration. The concentration of platinum in 
the beads was calculated from the weights of the platinum 
added and of the bead after cupellation. Pt, intensities 
were corrected for blank values; no correction was applied 

* Value rejected at the 95% confidence level. 
t + values quoted at the 95% confidence level. 

to the Ag,, line. The calibration curve was drawn by using 
the method of least squares. 

The weights taken of ores S4 and USBM 31 were such 
that a minimum of 40 pg of platinum was determined. 
For the float concentrate l-2 g was taken. Results are 
shown in Table 4. 

Flameless atomic-absorption” 

Silver beads, weighing 2 mg, obtained from the fire assay 
of ores S4 and USBM 31 were added to lo-ml standard 
flasks containing 0.5 ml of concentrated nitric acid. The 
flasks were placed in hot water as before, 5 ml of concen- 
trated hydrochloric acid were added and .heating continued 
until the platinum had dissolved. After cooling the solu- 
tions were diluted to volume with distilled water. 

Silver beads weighing 20 mg, obtained from the fire 
assay of the float concentrate were added to 100-m] stan- 
dard flasks and dissolved in the same way, with ten times 
as much acid, and the solutions diluted to volume. 

Ore samples and standards were analysed with 2 or 3 
samples being fired between standards. Ore samples were 
chosen at random for each firing. Standards were prepared 
by adding ~1 quantities of stock solutions of platinum and 
silver nitrate to IO-ml standard flasks and making up to 
give 5% v/v nitric acid and 50% v/v hydrochloric acid in 
the final solution. The calibration curve was drawn by the 
least-squares method. 

The weights taken were l-2 g of float concentrate and 
3-7 g of S4 and USBM 31. 

Results are shown in Table 5. 

Table 5.. Analysis of ores by combined fire assay and fla- 
meless atomic-absorption 

Concentration of platinum ppm 
s4 Float concentrate USBM 315; 

5.43 
4.61* 
5.61 
5.61 
5.50 
5.58 
5.46 
4.92 

Averages: 5.44 f 0.22t 

77.0 
143.5* 
103.7* 
76.2 
68.2 
71.9 
78.4 
73.2 

74.2 f 4.07 

4.56 
4.25 
4.88 
5.04 
4.25 
4.69 
4.28 
4.63 

4.57 f 0.287 

* Values rejected at the 95% confidence level. 
t f values quoted at the 95% confidence level. 
fi Average of at least 3 injections. 
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Wet extraction for ores’.7.‘2 

After roasting at 700” for 1 hr, the float concentrate 
samples (weighing 3-7 g) were placed in Nalgene beakers 
and each treated with three 2%ml portions of hydrofluoric 
acid, followed by three 25-ml portions of aqua regio, fol- 
lowed finally by three 25-ml portions of concentrated 
hydrochloric acid, with evaporation to dryness on a steam- 
bath after each addition, and with stirring at frequent inter- 
vals. Finally 25 ml of concentrated hydrochloric acid were 
added to each, followed by 25 ml of water, and the solu- 
tions were filtered (Whatman No. 42 paper) into 200-ml 
beakers. The papers and residues. were washed well with 
hot 1M hydrochloric acid. The solutions were evaporated 
to dryness on a steam-bath and 50 ml of O.lM hydro- 
chloric acid added to each. Residual silica was filtered off, 
and the solution (plus washings) was passed through the 
TBP-treated Porasil C column at the maximum rate of 
the column, into a 400-ml beaker, the column being 
washed with O.lM hydrochloric acid until the total volume 
was about 300 ml. This solution was passed through’a 
Bio-Rad 5OW-X8 cation-exchanger at a rate of 1 drop/set. 
The cation-exchanger was washed free from platinum 
metals with 150-200 ml of O.lM hydrochloric acid. The 
solution was evaporated to dryness on a steam-bath after 
the addition of 25 ml of concentrated hydrochloric acid. 

Concentrated hydrochloric acid (2 ml), 72% perchloric 
acid (15 ml) and concentrated nitric acid (5 ml) were added 
and the mixture was gently boiled for 15 min to remove 
organic matter. This treatment also served to remove 
osmium and ruthenium, if present, as the tetroxides. The 
mixture was then slowly evaporated to dryness and the 
salts were boiled with concentrated hydrochloric acid to 
convert the platinum metals into their respective chloro- 
complexes. The solution was evaporated to dryness and 
the treatment with concentrated hydrochloric acid 
repeated twice more. The platinum metal salts were finally 
dissolved in a small amount of water, the solution was 
filtered through Whatman No. 541 paper and washed with 
water into a 25ml standard flask containing 5 ml of lan- 
thanum chloride solution. The solutions were analysed for 
platinum content by flame atomic-absorption, by first 
aspirating a standard of lower platinum concentration, fol- 
lowed by two ore samples, and finally a standard of higher 
platinum concentration. Standards were prepared with the 
same amount of lanthanum solution and known concen- 
trations of platinum obtained by dilution of a stock solu- 
tion. Reagent blanks were put through the method but 
no platinum was detected. The results of these analyses 
are shown in Table 6. 

The float concentrate residues were fire-assayed, with the 
carbon content of the filter papers taken into account. The 
silver beads obtained were analysed by flame atomic- 
absorption, but no platinum was detected. 

Samples of ores S4 and USBM 31 (510 g) after roasting 
at 700” for 1 hr were treated similarly to the float concen- 
trate samples until after the passage through &he cation- 
exchange column. On evaporation of the effluents from 
the cation-exchanger, a white precipitate settled out at low 
volume and the solutions turned green. Repeated filtrations 
failed to remove the precipitate, identified as silica by 
X-ray fluorescence, and so an additional evaporation step 
with 3-4 ml of hydrofluoric acid was included in the ana- 
lytical scheme. 

The green solid obtained on evaporating to dryness was 
found to contain chromium (by the diphenylcarbazide test) 
and this was confirmed by atomic absorption. Also, on 
boiling with perchloric acid, the solution turned red and 
a red solid precipitated on cooling; this is further evidence 
of chromium.” Chromium(I11) is oxidized to chro- 
mium(V1) which is precipitated in cold perchloric acid. On 
evaporation of the perchloric acid and addition of hydro- 
chloric acid, the chromium(VI) is reduced to chromium(III), 
giving the green colour. Repeated passage through the 

cation-exchanger failed to remove the chromium(III), but 
its presence was not detrimental because it is not extracted 
into TBP,i* and so is not likely to interfere in the platinum 
determinationJg Hence, the platinum was determined 
without any further attempts at removal of chromium(II1). 

After treatment with hydrofluoric acid, each residue was 
evaporated to dryness several times in the presence of con- 
centrated hydrochloric acid. Organic matter was removed 
by boiling with a mixture of hydrochloric, perchloric and 
nitric acids. The mixture was then slowly evaporated to 
dryness and the residue again treated several times with 
concentrated hydrochloric acid, with evaporation to dry- 
ness each time. The residue was dissolved in 10 ml of 6M 
hydrochloric acid and the solution transferred to a 60-ml 
separatory funnel with an additional 10 ml of acid. The 
solution was shaken with 5 ml of 4% sodium iodide solu- 
tion and the mixture allowed to stand for at least 10 min. 
The iodo-complexes of platinum and palladium were then 
extracted with two 15-ml portions of 15% TBP solution 
in hexane. The aqueous layer was washed with 10 ml of 
hexane and the hexane portion added to the combined 
TBP extracts. The aqueous phase, containing iridium and 
rhodium, was discarded. 

The combined TBP extracts were shaken with three 
lo-ml portions of concentrated nitric acid for 30 set each 
time. The combined acid extract was diluted with an equal 
volume of water and washed with 10 ml of hexane. The 
organic phases were discarded. The acid solution was eva- 
porated to dryness on a steam-bath after addition of 1 
ml of 5% sodium chloride solution. Platinum and palla- 
dium were converted into their chloro-complexes by 
repeated evaporation with concentrated hydrochloric acid. 
Two ml of buffer solution and 10 ml of water were added 
and the solution was warmed to dissolve the residue, then 
cooled to room temperature. One ml of 0.5% solution of 
p-nitrosodimethylaniline in alcohol was added and the 
solution transferred to a 60-ml separatory funnel with the 
minimum of water. The red palladium complex was 
extracted with two 15-ml portions of chloroform and dis- 
carded. The aqueous layer was filtered through Whatman 
No. 541 paper into a 200-ml beaker and the paper was 
washed with water. Approximately 2’ml of concentrated 
sulfuric acid and 5 ml of perchloric acid were added and 
the mixture was evaporated to fuming (until only 2-3 ml 
were left). The mixture was quickly cooled by immersion 
of the beaker in cold water, and then added to a 25-ml 

Table 6. Analysis of ores by wet extraction 

Concentration of platinum ppm 
S4 Float concentrate USBM 31$ 

5.09” 
5.19 
4.51* 
5.15 
5.37 
5.11 
5.30 

Averages: 5.20 & 0.12t 

80.1b 5.78” 4.90b 
82.3 5.92 4.28 
82.4 4.20 4.21 
84.6’ 5.40 5.35 
81.9 5.30 
80.2 5.14 
81.8 3.92 
81.2 
79.8 
79.1’ 
80.2 

80.9 + 0.87 4,95 +0.46t 

a Spectrophotometric determination. 
b Hame atomic-absorption determination. 
l Values reiected at the 95’/, confidence level. 
t f values-quoted at the 9& confidence level. 
4 Results quoted are for wet extraction of ores followed 

by fire assay of residues. 
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standard flask containing 5 ml of stannous chloride solu- 
tion. Platinum was determined spectrophotometrically at 
400 nm, in 4-cm cells. Reagent blanks were also carried 
through the procedure. Results are recorded in Table 6. 

The residues from the acid extractions were fire-assayed. 
The silver beads obtained from cupellation were dissolved 
in aqua regia and the solutions evaporated to dryness. 
Residues were treated several times with concentrated hy- 
drochloric acid and finally dissolved in O.lM hydrochloric 
acid. The solutions were filtered to remove silver and lead, 
the filters washed with O.lM hydrochloric acid, and the 
solutions then analysed for platinum in the same way as 
the ore samples except that the small cation-exchange 
column was used. No platinum was recovered from USBM 
31. The results quoted in Table 6 for USBM 31 are there- 
fore for a combined fire assay and wet extraction pro- 
cedure. 

In another experiment two USBM 31 ore samples were 
boiled with perchloric acid for 3 hr before the usual acid 
treatment (perchloric acid is frequently used for dissolution 
of chromium ores). r’ However, low results were again 
obtained and the ore residues still had to be fire-assayed 
for complete recovery. 

Analyses of USBM 31 were obtained without using the 
solvent-extraction procedure, by atomic-absorption 
measurements directly on the solutions after passage 
through the cation-exchange column. Chromium is known 
to cause interference in the atomic-absorption determina- 
tion of platinum when present in the ratio 5O:l (Cr:Pt), 
even in the presence of releasing agents.” Thus, it was 
deemed necessary to try to remove as much of the chro- 
mium as possible before final determination. This was done 
by adding concentrated hydrochloric acid in 2 or 3 por- 
tions to the hot solution in perchloric acid, to volatilize 
chromium as chromyl chloride.” The addition was 
repeated until no more chromyl chloride was evolved. 

It was assumed that platinum was not volatilized under 
these conditions. Platinum metals were converted into 
their chloro-complexes by repeated evaporation with con- 
centrated hydrochloric acid, dissolved in water and finally 
transferred to lo-ml standard flasks containing 2 ml of 
lanthanum chloride solution. Results are shown in Table 6. 
Recoveries were still low and ore residues had to be lire- 
assayed for complete recovery. Twice as much ore as usual 
was used for this analysis. 

RESULTS AND DISCUSSION 

The results obtained for the analysis of each ore 
and the precision obtained by each method are sum- 
marized in Table 7. These results are compared with 
values obtained independently as described in Table 1. 
Good agreement with previous analyses is demon- 
strated for each ore, except for X-ray fluorescence of 
the float concentrate and USBM 31, and flameless 
atomic-absorption of the float concentrate. 

The Student r-test was used to determine if there 
was any difference in the averages obtained by the 
different procedures for each ore. Results obtained for 
S4 are not statistically different at the 95% confidence 
level. For the float concentrate and USBM 31, flame 
atomic-absorption and emission spectrographic 
results are the same at the 95% confidence level, and 
are the same as for wet extraction, at the 99% confi- 
dence level. The results obtained by X-ray fluor- 
escence and flameless atomic-absorption for the float 
concentrate and USBM are respectively high and low, 

although the flameless atomic-absorption result for 
USBM 31 shows no statistical difference at the 95% 
level from the results obtained by emission spec- 
troscopy and wet extraction. The reason for these 
high and low values is not readily apparent, especially 
in light of the excellent agreement obtained by both 
methods for S4. 

Several generalizations may be made about the pre- 
cision obtained by each method. Emission spec- 
troscopy and X-ray fluorescence yield lower precision. 
This is due in part to the difficulty in preparing stan- 
dards with platinum contents known to a high degree 
of accuracy. Precision for S4 and USBM 31 (of which 
approximately equal amounts were taken) is fairly 
constant except for analysis by wet extraction and 
spectrophotometry. The large difference may be attri- 
buted to the nature of the ores. Recovery of platinum 
was complete for S4 by wet extraction, but USBM 
31 required fire assay of the residue after acid extrac- 
tion to effect complete recovery. Flameless atomic- 
absorption shows precision close to that of flame 
atomic-absorption for S4 and USBM 31. The most 
precise method was wet extraction followed by spec- 
trophotometry. The precision obtained in this study 
by flame atomic-absorption, emission spectroscopy 
and spectrophotometry compares favourably with 
that obtained in the previous analysis of USBM 31 
(Table 1). Emission spectroscopy tends to give lower 
and more variable precision than the other two tech- 
niques, as can be seen from the previous analyses of 
USBM 31 listed in Table 1. The precision obtained 
in the present study is approximately equal to the 
average for the four results in Table 1. 

The precision obtained for emission spectroscopy 
in this study may be improved by using smaller bead 
weights and diluting to smaller volumes, resulting in 
more platinum being applied to the electrode, in the 
same volume taken from the sample solution. 

The use of an ignited a.c. arc requires an explana- 
tion. Initially, 20-mg silver beads were placed in stan- 
dard &-in. cupped graphite electrodes with 6 mg of 
lithium fluoride added as a buffer to prevent bead 
ejection during arcing. The beads were excited by 
means of a de. arc (11.5 A) in an argon-oxygen at- 
mosphere, followed by three photographic exposures. 
Exploratory results gave a linear log-log plot of con- 
centration of platinum us. intensity of the 306.471 nm 
spectral line. Hence, all beads to be used in further 
emission spectrographic work were prepared so that 
they contained 20 mg of silver. Beads to be used as 
standards were prepared by cupellation, and ore 
beads by fire assay. 

Arcing of these beads failed to reproduce the linear 
relationship found in the exploratory work. Indeed, 
in some cases, no platinum was found at all. Close 
examination of the beads during arcing showed that 
after all the silver had volatilized, platinum was left 
on the electrode in the form of a “leaf’. This leaf 
either burnt to completion or was ejected at random 
intervals, causing erratic results. Copper powder was 
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added to the electrode to try to prevent platinum ejec- 
tion. Copper electrodes have successfully been used 

for arcing silver beads.22 However, copper failed to 
overcome the problem, ejection still taking place after 
the volatilization of the copper. Reduction of the arc 
current to 7 A also, proved unsuccessful. This line 
of work was discontinued and silver beads were dis- 
solved and applied to the electrodes as solutions. 

Aliquots were applied to the flat end of the elec- 
trode as described, and the electrode was then 
mounted against a conically tipped graphite electrode 
and arced at 11.5 A in an argon-oxygen atmosphere 
with an analytical gap of 4 mm. A 45-set preburn 
followed by a 35-see exposure was used. Results were 
very erratic, especially at low loadings of platinum, 
e.g., 80 ng. Precision at this fevel, with the Pt 265.945 
and 306.471 nm lines, was f 500/& This may have been 
due to the fact that 80 ng was near the detection 
limit. Internal standardization was not attempted. 
Most of the elements considered were volatilized 
before platinum during the preburn, and those that 
would have been usable, the platinum metals and 
gold, were unsuitable because of their presence in the 
ore samples. However, internal standardization was 
not considered essential, since the arc burned very 
quietly and steadily with minimum wandering and 
was constantly focused on the slit. 

Because of the lack of success with a d.c. arc it 
was decided to utilize the method of Haffty and 
Riley,16 and use an ignited a.c. arc to excite the plati- 
num. For this method 40 ~1 of molybdenum solution 
were added to each solution. Standard solutions were 
prepared by pipetting ~1 quantities of stock platinum 
and silver solutions, together with 40 ~1 of molyb- 
denum solution, into 25-ml standard flasks and 
adding the required amount of. nitric and hydro- 
chloric acids. 

The results obtained for the ore and synthetic fire- 
assay beads by using the intensity ratio of the Pt 
265.945 and MO 281.615 nm lines were 30-50% lower 
than those obtained with the calibration graph 
obiained with standard platinum solutions. When 
cupellation beads were used as calibration standards, 
however, the results indicated quantitative recovery 
of platinum. Because the other methods of analysis 
in this study show that the fire-assay and cupellation 
steps are essentially quantitative for platinum, the 
only tentative explanation to be offered is that some 
interference introduced during one of these common 
steps must reduce the emission intensity. 

The analysis of USBM 31 by X-ray fluorescence 
was high compared with the previous analyses. Bead 
homogeneity was tested by counting the opposite side 
of each bead. The result of this analysis was 
6.36 + 0.60 ppm, indicating homogeneity. ‘The beads 
were also examined for lead. Lead peaks appear on 
the short wavelength side of the platinum peaks and 
hence may cause enhancement of the platinum-silver 
ratio. No evidence of lead was found. Also, from ex- 
perience with lead beads, more lead is usually found 
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on the surface attached to the cupel, and so enhance- 
ment should be much higher on one side of the bead 
than on the other; this was not the case. Thus no 
satisfactory explanation can be given for the high 
result. 

X-Ray fluorescence offers the advantages that the 
samples are not destroyed and the potentially variable 
photographic processes are eliminated. Precision may 
be increased by longer counting times or by using 
a crystal spectrometer and obtaining higher count 
rates in a shorter time. Sensitivity may also be in- 
creased by the use of higher energy X-ray tubes. 

For low values of platinum, flameless atomic- 
absorption and emission spectroscopy have been 
shown to offer feasible alternatives to spectrophoto- 
metric determinations when highest accuracy and pre- 
cision are not required. 

Although the most precise method was wet extrac- 
tion followed by spectrophotometric determination 
for S4, wet-extraction procedures are very time-con- 
suming and no advantage in accuracy is gained over 
fire assay. For spectrophotometric determinations the 
removal of the other platinum metals and gold is 
essential because they all interfere in the stannous 
chloride method. Gold was removed in the float con- 
centrate analysis because under certain conditions it 
exhibits erratic behaviour on cation-exchange 
columns,23 and it was felt that this could affect the 
recovery of platinum. This hypothesis is purely specu- 
lative and no results are produced to support it. 

When the platinum concentration is large enough, 
fire assay followed by flame atomic-absorption is the 
preferred method of analysis. While it may be fortui- 
tous that the ores chosen for this study were amen- 
able to fire assay, the results indicate that when this 
is the case, the method may be used on a routine 
basis. Wet extraction provides an independent 
method for evaluating the fire-assay procedure and 
is especially useful when fire-assay values are in 
doubt. Though this method is time-consuming it 
requires less knowledge of ore composition than is 
needed for fire assay. However, it is sometimes necess- 
ary, as shown in the case of USBM 31, to fire-assay 
the residues for highest accuracy. 

To the authors’ knowledge, this is the first time 
that flameless atomic-absorption, emission spectro- 
graphic and X-ray fluorescence techniques have been 
compared for determination of platinum in ores. 
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Summary-Methods for determining trace and moderate amounts of antimony in copper, nickel, molyb- 
denum, lead and zinc concentrates and in ores are described. Following sample decomposition, 
antimony is oxidized to antimony(V) with aqua regia, then reduced to antimony(III) with sodium 
metabisulphite in 6M hydrochloric acid medium and separated from most of the matrix elements 
by co-precipitation with hydrous ferric and lanthanum oxides. Antimony (2 100 PgJg) can subsequently 
be determined by atomic-absorption spectrophotometry, at 217.6 nm, after dissolution of the precipitate 
in 3M hydrochloric acid. Alternatively, for the determination of antimony at levels of 1 pg/g or more, 
the precipitate is dissolved in 5M hydrochloric acid containing stannous chloride as a reductant for 
iron(W), and thiourea as a complexing agent for copper. Then tin is complexed with hydrofluoric 
acid, and antimony is separated from iron, tin, lead and other co-precipitated elements, including 
lanthanum, by chloroform extraction of its xanthate. It is then determined spectrophotometrically, 
at 331 or 425 ntn, as the iodide. Interference from co-extracted bismuth is eliminated by washing 
the extract with hydrochloric acid of the same acid concentration as the medium used for extraction. 
Interference from co-extracted molybdenum, which causes high results at 331 nm, is avoided by measur- 
ing the absorbance at 425 nm. The proposed methods are also applicable to high-purity copper metal 
and copper- and lead-base alloys. In the spectrophotometric iodide method, the importance of the 
preliminary oxidation of all of the antimony to antimony(V), to avoid the formation of an unreactive 
species, is shown. 

For use in the Canadian Certified Reference Materials 
Project, a method was required for the determination 
of antimony in concentrations as low as 1 PgJg. 
Recent work by the author on the extraction of metal 
ethyl xanthate complexes from hydrochloric acid 
media’ has resulted in methods for determining tel- 
lurium2 and arsenic3 in copper, lead, zinc, nickel and 
molybdenum concentrates. These methods are based 
on the co-precipitation of tellurium(V1) and arsenic(V) 
with hydrous ferric oxide from an ammoniacal 
medium, followed by their separation from iron by 
chloroform extraction as the xanthates from >, 11M 
hydrochloric acid media. It is known that antimony 
can also be separated by the same co-precipitation 
procedure4s5 and that antimony(II1) can be quantitat- 
ively extracted as the xanthate from acid media.‘q6 
Therefore, it was considered that a similar method 
might be developed for antimony. 

Probably the most common methods currently 
used for determining antimony involve atomic- 
absorption finishes, often after prior separation of 
antimony by co-precipitation’-” or extraction tech- 
niques. “*” However, these methods are not sensitive 
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enough for the determination of pg-quantities of anti- 
mony. More sensitive atomic-absorption methods, 
based on hydride-evolution techniques, have been 
reported but these are subject to numerous iriterfer- 
ences.13*‘4 The most widely used spectrophotometric 
methods involve the formation and extraction of 
the ion-association complexes formed between the 
chloro-complex of antimony(V) and xanthene or basic 
triphenylmethane dyes15*‘6 such as Rhodamine 
B”*‘* or Brilliant Green,19v2’ respectively, followed 
by direct measurement of the absorbance of the 
extract. Although these methods are sensitive (molar 
absorptivities up to 4 1 x lo4 l.mole-‘.mm-‘), they 
are not very specific because other elements that form 
chloro-complexes react in a similar manner. “.I6 Fur: 
thermore, reproducibility is generally poor because 
the methods are based on the reaction of anti- 
mony(V), which rapidly hydrolyses to form unreactive 
compounds in the strongly acidic chloride medium 
required for the oxidation of antimony and for the 
extraction of the complex. ’ 1-23 Reasonably reproduc- 
ible results can be obtained only if the time interval 
after the oxidation step, and before the extraction 
step, is rigidly controlled.‘7**9*20*23 

Recently, the author reported the determination of 
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bismuth at the &g-level by the iodide method, after 
its separation by diethyldithiocarbamate and xanthate 
extractions.24 In this work, the sensitivity of the 
method was increased about threefold by measuring 
the absorbance of the complex at the wavelength of 
maximum absorption (337 nm) in the near ultraviolet. 
Because antimony(III) [and antimony(V) which is 
reduced by iodide] forms a similar stable iodide 
complex in dilute sulphuric acid media, and because 
the sensitivity of the method can be increased about 
sevenfold, i.e., to 3.11 x lo3 l.mole-’ .mm-I, by 
measuring the absorbance at 331 nm,*’ the wave- 
length of maximum absorption, this simple and sensi- 
tive spectrophotometric finish was also chosen for use 
in the present work. 

This paper describes both a spectrophotometric 
and an atomic-absorption method for the determina- 
tion of antimony in copper, lead, zinc, nickel and 
molybdenum concentrates, and in ores, high-purity 
copper metal and copper and lead-base alloys. Both 
methods involve the preliminary separation of anti- 
mony(II1) from most of the matrix elements by co- 
precipitation with hydrous ferric and lanthanum 
oxides. The spectrophotometric method, which is 
based on the ultimate formation of antimony(III) 
iodide, involves further separation of antimony by 
chloroform extraction as the xanthate from a 5M hy- 
drochloric acid medium containing tartaric and 
hydrofluoric acids, stannous chloride and thiourea. 
Antimony is subsequently separated from co- 
extracted bismuth by washing the extract with hydro- 
chloric acid of the same acid concentration as the 
medium used for extraction. An advantage of the pro- 
posed spectrophotometric method over those based 
on separations involving the extraction of the anti- 
mony(V) chloro-complex,“*‘* or similar coloured 
ion-association dye complexes, is that the xanthate 
extraction step involves antimony(II1) which is stable 
in acidic chloride media. 

EXPERIMENTAL 

Apparatus 

All results by atomic-absorption spectropbotometry 
were obtained with a Varian Techtron model AA6 spectro- 
photometer equipped with a lo-cm laminar-flow air-acety- 
lene burner. 

For maximum efficiency, the gas-dispersion tubes used 
for aeration were bent to hook over the side of the beakers, 
with the fritted glass tips parallel to the bottoms of the 
beakers. 

Reagents 

Standard antimony solutions, 5, 50 and lOOpt~/rnl. Dis- 
solve 0.2669 g of pure potassium antimony tartrate (dried 
at 105” for 1 hr) in water and dilute to 1 litre with water. 
Transfer a 5-ml aliquot of this 100 &ml stock solution 
to a lOO-ml standard flask, and a 50-ml aliquot to another 
lOO-ml flask. Dilute each solution to volume with water. 
Prepare the diluted 5 and 50 &ml solutions fresh as 
required. 

Potassium iodide-ascorbic acid solution. Components 
35% and 2.5% w/v, respectively. Prepare fresh as required. 

Iron(lll) sulphate solution (1 ml = 1Omg of iron). Dis- 
solve 25 g of ferric sulphate monohydrate in hot water con- 
taining 20ml of 50% v/v sulphuric acid, cool and dilute 
to 5OOml with water. 

Lanthanum chloride solution (1 ml = 10 mg of lanthanum). 
Dissolve 12.5g of lanthanum chloride hexahydrate in 
water and dilute to 500ml with water. 

Hydrochloric acid-stannous chloride-tartaric acid- 
thiourea solution. Prepare a sufficient volume of solution 
just before use., the composition being 43 ml of con- 
centrated hydrochloric acid, 0.5 g of stannous chloride 
dihydrate, 2 g of tartaric acid and 0.5 g of thiourea per 
100 ml. 

Hydrochloric acid-tartaric acid wash solution. Dissolve 
4g of tartaric acid in water, add 430ml of concentrated 
hydrochloric acid and dilute to 1 litre with water. 

Potassium ethyl xanthate, 20% w/v solution. Prepare fresh 
as required. 

Thiourea, 5% w/v solution. Prepare fresh as required. 
Aqua regia. Mix 3 parts of concentrated hydrochloric 

acid with 1 part of concentrated nitric acid. Prepare fresh 
as required. 

Potassium hydroxide, 10% w/v solution. Store in a plastic 
bottle. 

Tartaric acid, 5% w/v solution. 
Ammonia, 10% v/v solution. 
Sulphuric acid, 50% v/v. 
Hydrochloric acid, 25 and 50% v/v. 
Nitric acid, 50% v/v. 
Chloroform. Analytical-reagent grade. 

Determination of anthnony by the spectrophotometric iodide 
method 

Calibration. Add 4ml of 50% sulphuric acid and 1 ml 
of 5% tartaric acid solution to each of fifteen 25-ml stan- 
dard flasks; then, from a burette, add to the first five flasks 
1, 2, 3, 4 and 5 ml respectively, of standard 5-&ml anti- 
mony soiution. Add to the next nine flasks 1, 1.5, 2, 3, 
4, 6, 8, 10 and 12 ml respectively, of standard 50-&ml 
antimony solution. The last flask contains the blank. If 
necessary, dilute each solution to approximately 15 ml with 
water and cool’to room temperature in a water-bath. Add 
5 ml of freshly prepared 35% potassium iodide-2.5% ascor- 
bic acid solution to each flask, dilute to volume with water 
and mix. Allow the solutions to stand for about 30min 
to complete the complex formation, then determine the 
absorbance, at 331 nm, of the blank and each of the five 
solutions in the first series against water as the reference 
solution, using 40-mm cells. Determine the absorbance of 
the blank, the last solution in the first series, and each 
of the first four solutions in the second series in a similar 
manner, at 425 nm, using 40-mm cells. Determine that of 
the blank and each of the last seven solutions in the second 
series, at 425nm, using lO-mm cells. Correct the absor- 
bance value obtained for each antimony iodide solution 
by subtracting the corresponding blank value. Plot pg of 
antimony vs. absorbance for each series of measurements. 

Copper, nickel, zinc and lead concentrates and ores. 
Transfer 0.05-0.5g of sample (see Notes l-3), containing 
up to 2 mg of antimony, to a 400-ml beaker. Add 25 ml 
of freshly prepared aqua regia, cover and heat gently until 
all or most of the sample is decomposed. Add 25 ml of 
50% sulphuric acid, heat until the evolution of oxides of 
nitrogen ceases, then remove the cover, wash down the 
sides of the beaker with water, and carefully evaporate 
the solution to dryness. Cool, add 50ml of 50% hydro- 
chloric acid, cover and, if necessary, heat gently to dissolve 
the salts (particularly lead* sulphate). Cool the resulting 
solution to room temperature, add 3 g of sodium metabi- 
sulpliite, mix, and allow the solution to stand for = 5 min. 
Boil the solution (covered) for _ 10min to remove the 
excess of sulphur dioxide, then add 25 ml of water. Place 
a gas-dispersion tube in the beaker and pass air through 
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the solution at a fairly rapid rate for - 10 min to reoxidize 
any iron(H) present. Remove the tube after washing it thor- 
oughly with water. 

If necessary, add sufficient iron(II1) sulphate solution to 
the resulting solution so that at least 50mg of iron are 
present. Add 5 ml of lanthanum chloride solution and suffi- 
cient concentrated ammonia solution to precipitate iron 
as the hydrous oxide, then add 75 ml in excess and heat 
the solution to the boiling point to coagulate the precipi- 
tate. Allow it to settle and, using a short-stemmed funnel, 
filter the hot solution (Whatman No. 40 paper). If molyb- 
denum and/or more than - 75 mg of copper or nickel are 
absent, wash the beaker twice and the paper and precipi- 
tate three times with 10% ammonia solution (Note 4). Dis- 
card the filtrate and washings. 

If molybdenum and/or more than -75 mg of copper 
or nickel are present, wash the beaker, the paper and pre- 
cipitate once each with 10% ammonia solution. Place the 
original beaker under the funnel and add 25ml of 25% 
hydrochloric acid to the funnel to dissolve the precipitate. 
Wash the paper three times with 25% hydrochloric acid 
added from a plastic wash-bottle, then wash down the sides 
of the beaker with the acid. Reprecipitate the iron and 
lanthanum, and filter off and wash the precipitate as de- 
scribed above (Note 4). Discard the filtrate. Carry a blank, 
with - 50 mg of iron(II1) added, through the whole pro- 
cedure (if some samples have high antimony content and 
some have low, more than one blank will be needed, see 
below). 

Transfer the funnels containing the blank and sample 
precipitates to 250-ml separatory funnels, marked at 100 ml. 
Wash down the sides of each precipitation beaker with 25 
ml of freshly prepared hydrochloric acid-stannous chloride 
tartaric acid-thiourea solution (Note 5). Add each of the 
resulting solution to the funnel containing the correspond- 
ing precipitate and wash the beaker three times with the 
same acid solution added from a plastic wash-bottle. Wash 
the paper three times with the same acid solution, then 
discard the paper. Dilute each solution to the 100-m] mark 
with the acid each solution (Note 6) add 2 ml of concen- 
trated hydrofluoric acid and mix thoroughly (Note 7). 

Add 10 ml of chloroform and then 1 ml of freshly pre- 
pared 20% potassium ethyl xanthate solution (Note 8). 
Stopper and shake for 1 min. Allow several min for the 
layers to separate, then drain the chloroform phase into 
a 125-ml separatory funnel (Note 9). Extract the aqueous 
phase twice more, in a similar manner, with lO- and 5-ml 
portions of chloroform and 1 and 0.5 ml of xanthate solu- 
tion, respectively then wash the aqueous phase by shaking 
it for -30 set with 3 ml of chloroform. Add 30 ml of 
hydrochloric-tartaric acid wash solution and 1 ml of 5% 
thiourea solution (Note 5) to the combined extracts, stop- 
per and shake for 1 min. After the layers have separated, 
drain the chloroform phase into a 100-ml Teflon beaker 
(Note 10). Add 5 ml of chloroform and 0.5 ml of xanthate 
solution to the aqueous phase and shake for 1 min. Allow 
the layers to separate and drain the chloroform phase into 
the beaker containing the initial extract. Wash the aqueous 
phase by shaking it for - 30 set with 5 ml of chloroform. 
then add 8 ml of 50% nitric acid to the combined extracts 
and heat in a hot water-bath to remove the chloroform. 
Add 1 ml of concentrated perchloric acid and 0.5 ml of 
50% sulphuric acid, cover the beaker and heat until the 
evolution of oxides of nitrogen ceases. Remove the cover, 
wash down the sides of the beaker with water and evapor- 
ate the solution to fumes of perchloric acid. Cool to room 
temperature, add 5 drops of freshly prepared aqua regia 
and mix thoroughly. Wash down the sides of the beaker 
with water and evaporate the solution until the diameter of 
the drop remaining in the bottom of the beaker is 3-4 mm. 
Cool the beaker in a water-bath, then wash down the sides 
with 5 ml of 10% potassium hydroxide solution added 
from a pipette, and heat the solution gently for -5 min. 

Cool slightly and add 1 ml of 5% tartaric acid solution and 
4.5 ml (Note I I) of 50% sulphuric acid. Heat the solution 
gently again for - 5 min, then add - 5 ml of water and 
cool the resulting solution to room temperature in a water- 
bath (Note 12). 

If the sample contains 6OOpg or less of antimony, 
transfer the solution to a 25-ml standard flask containing 5 
ml of 35% potassium iodide-2.5% ascorbic acid solution 
(Note 13). Treat the blank similarly. Dilute to volume with 
water, mix and proceed with the subsequent determination 
of antimony as described above (Note 14) using either lO- 
or 40-mm cells and a wavelength of 425 or 331 nm as 
required (Note 15). 

If the sample contains more than 600 pg of antimony, 
transfer the solution to standard a flask of appropriate size 
(25 or 50ml). Add sufficient additional 5% tartaric acid 
solution for 1 ml to be present for each 10 ml of final solu- 
tion and dilute to volume with water. Transfer a lO-ml 
aliquot to a 25-ml standard flask and add sufficient 50% 
sulphuric acid for a total of 4ml to be present. Mix and 
cool the resulting solution to room temperature, then pro- 
ceed with the addition of potassium iodide-ascorbic acid 
solution and the subsequent determination of antimony 
as described for the calibration, using lo- or 40-mm cells 
as required and a wavelength of 425 nm. Treat the blank 
similarly. 

Molybdenum ores and concentrates. Transfer up to 0.5 g 
of sample (see Notes l-3) to a 40&m] beaker. Add 1.5 g 
of potassium chlorate, moisten with a few ml of water, 
cover and carefully add 20ml of concentrated nitric acid. 
Heat gently until the sample is decomposed, then add 
25 ml of 50% sulphuric acid and heat until the evolution 
of oxides of nitrogen ceases. Remove the cover, wash down 
the sides of the beaker with water and carefully evaporate 
the solution to fumes of sulphur trioxide. Cool to room 
temperature, add - 10 ml of water, cover and add 15 ml 
of freshly prepared aqua regia. Heat gently for 5-lOmin, 
then remove the cover and evaporate the solution to dry- 
ness (Note 16). Proceed with the dissolution of the salts 
and the reduction and separation of antimony(I11) by co- 
precipitation with hydrous ferric and lanthanum oxides as 
described above. Dissolve the precipitate, and reprecipitate 
iron and lanthanum as described, then proceed with the 
separation of antimony by chloroform extraction of its 
xanthate complex and its subsequent determination as de- 
scribed above, using a wavelength of 425 nm (Note 15). 

Copper metal and-copper- and-lead-base alloys. Decom- 
uose a suitable weight of samnle (0.1-0.5 a) (Notes 1 and 
17) containing not more than 2 mg‘of antimony, and deter- 
mine antimony by the method described for copper, nickel, 
zinc and lead concentrates. 

Determination of antimony by atomic-absorption spectropho- 
tometry 

Calibration solutions. Add 2 ml of 5% tartaric acid solu- 
tion, 15 ml of concentrated hydrochloric acid and 5 ml 
each of iron(II1) sulphate and lanthanum chloride solutions 
to each of eight 100-m] standard flasks; then, from a 
burette, add to the first seven flasks 1, 3, 5. 7.5, 10, 15 
and 20ml of standard IOO-ng/ml antimony solution. The 
last flask contains the zero calibration solution. Dilute 
each solution to volume with water and mix. 

General procedure. Following the separation of 250 pg 
of antimony by a single co-precipitation with hydrous fer- 
ric and lanthanum oxides as described above (Note 18) 
wash the beaker twice and the paper and precipitate three 
times with 10% ammonia solution. Discard the filtrate and 
washings and under the funnel, place a lOO-ml standard 
flask containing 2ml of 5% tartaric acid solution. Wash 
down the sides of the beaker with 45 ml of 25% hydro- 
chloric acid and add the resulting solution to the funnel 
containing the paper and precipitate. Wash the beaker 
twice with - 5-ml portions of water and add the washings 



to the funnel. Wash the paper three times with -S-ml 
portions of 25% hydrochloric acid added from a plastic 
wash-bottle, then wash it twice with water. Discard the 
paper. Dilute the resulting solution to volume with water, 
mix, and measure the absorbance of the solution, at 
217.6nm, in an oxidizing air-acetylene flame. Determine 
the antimony content of the sample solution by relating 
the resulting value to those obtained concurrently for cali- 
bration solutions of slightly higher and lower antimony 
concentrations. 

Notes 

1. The use of samples containing more than - 150 mg 
of iron is not recommended because the mixed hydrous 
oxide filtration step becomes unduly slow. Low results, 
caused by incomplete co-precipitation of antimony, will 
be obtained at the 2-mg level if more than - 25 mg of 
either, aluminium or tin, or more than - 10 mg of each, 
are present. Up to 50mg of either element, when present 
separately, will not interfere in the co-precipitation of 
< 500 pg of antimony. 

2. If the sample contains an appreciable amount of silica, 
use a Teflon beaker and add 2-3ml of concentrated hy- 
drofluoric acid after the cover has been removed. Evapor- 
ate the solution to fumes of sulphur trioxide, cool to room 
temperature, add - 15 ml of water and heat to dissolve 
the salts. Transfer the solution to a glass beaker, evaporate 
it to dryness and proceed as described. Low results will 
be obtained if the excess of sulphuric acid is not removed 
by evaporation. 

3. If the sample contains an appreciable amount of acid- 
insoluble material or the presence of an insoluble antimony 
compound is suspected, it can be decomposed by fusion 
as follows. Mix a suitable weight of sample, contained in 
a 60-ml nickel (not zirconium or iron) crucible, with 3g 
of sodium peroxide and cautiously fuse the mixture over 
an open flame. Allow the melt to cool, then transfer the 
crucible to a covered 400-ml beaker (Note 2) containing 
50 ml of water and 25 ml of 50% sulphuric acid. Remove 
the crucible immediately after the melt has dissolved and 
add 10ml of 50% nitric acid to prevent (if chloride is 
present) the loss of antimony by volatilization as the chlor- 
ide.26 Evaporate the covered solution to - 30m1, then 
remove the cover and evaporate the solution to fumes of 
sulphur trioxide. Cool to room temperature, add 15ml of 
freshly prepared aqua regia, cover and heat until the evolu- 
tion of oxides of nitrogen ceases. Remove the cover and 
evaporate the solution to dryness., Dissolve the salts in 
75ml of 50% hydrochloric acid and proceed with the 
reduction and a double co-precipitation of antimony as 
described. 

4. If the subsequent xanthate extraction cannot be com- 
pleted the same day, allow the precipitate to stand over- 
night (or longer) at this point. 

5. Thiourea can be omitted if it is known that the sample 
contains little or no copper. 

6. Unless molybdenum is present (pale yellow solution), 
the solution should be colourless at this point. Sufficient 
stannous chloride is present to reduce up to -240mg of 
iron(II1). 

7. To minimize the attack of hydrofluoric acid on glass, 
the antimony(II1) xanthate extraction should be done im- 
mediately after the hydrofluoric acid has been added. Simi- 
larly, the funnel should be washed immediately after the 
extraction has been completed. 

8. The xanthate solution should be added by pipette 
with use of a suction bulb (not by mouth) or by using 
a graduated or marked medicine dropper, and the-extra& 
tion should be carried out in a fume hood. Prolonged 
exposure to xanthate vapour can produce an allergic re&- 
tion. 

Further tests, involving oxidation of antimony(II1) 
xanthate with acids as described above, also usually 
yielded slightly low results when the solution was ulti- 
matelv evaborated to drvness in Teflon beakers and 

9. A reddish or purple extract indicates the presence of . . _ 
molybdenum. 
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10. Glass beakers should not be employed, because the 
potassium hydroxide solution subsequently used may leach 
antimony or lead from the glass. Teflon beakers may 
become partly discoloured (i.e., yellow-brown or black) in- 
side because of the subsequent use of aqua regia to oxidixe 
antimony to antimony(V). Before the beakers are used 
again, this discolouration should be removed by heating 
perchloric acid to dense fumes in the covered beaker. 

11. The additional 0.5 ml of 50% sulphuric acid added 
to the sample solution-as compared to the calibration 
solutions--is required to react with the potassium hydrox- 
ide. 

12. Salts may crystallize from the solution on standing 
but these will redissolve when the solution is ultimately 
diluted and mixed thoroughly. 

13. The presence of arsenic is signified by a deep yellow 
or orange colour due to iodine liberated during the reduc- 
tion of arsenic(V) by potassium iodide. The iodine is subse- 
quently reduced by ascorbic acid when the solution is 
mixed. 

14. If the solution is slightly opalescent, filter it through 
a dry Whatman No. 42 filter paper before the spectro- 
photometric measurement. 

15. If molybdenum was co-extracted as the xanthate 
(Note 9). absorbance measurements should be ma& at 
425 nm, after the solution has been stood overnight to 
ensure complete complex formation. 

16. If the residue becomes deep blue (molybdenum blue) 
on cooling, add -5-10 ml of water and 2 ml of conccn- 
trated perchloric acid and evaporate the solution to dry- 
ness again. 

17. If the expected antimony content is low, up to at 
least 1 g of sample can be used for high-purity copper 
metal and for copper-base alloys of low aluminium and 
tin content (Note 1). 

18. The use of samples containing more than - 100 mg 
of lead is not recommended because the resultant lead 
chloride is not completely soluble in 15% hydrochloric 
acid. 

RESULTS 

Spectrophotometric determination of antimony by the 
iodide method 

In initial tests, low and erratic results were usually 
obtained by the iodide methodz5 after treatment of 
the antimony(II1) xanthate extracts [or pure potas- 
sium antimony(M) tartrate solutions] with nitric, per- 
chloric and sulphuric acids and evaporation of the 
solution to fumes of sulphur trioxide before complex 
formation. This was considered to be due to the for- 
mation of an insoluble basic antimony compound.” 
In subsequent work, bromide was found to interfere 
at low levels of antimony when antimony(II1) xan- 
thate in the extract was oxidized with brominecar- 
bon tetrachloride solution,’ followed by back-extrac- 
tion of antimony(V) into 10% sulphuric acid and 
removal of the excess of bromine by evaporation. The 
amount of bromide formed did not interfere at high 
levels of antimony (2mg) when an aliquot of the 
resultant solution was taken for analysis. Hydrogen 
peroxide was found to be completely ineffective as 
an oxidant for antimony(II1) xanthate. 

. 
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the salts were dissolved in 10% potassium hydroxide 
solution. The final sulphuric-tartaric acid solution 
obtained was also not stable on standing. Further- 
more, the Teflon beakers became contaminated with 
~gquantities of antimony, suggesting the presence of 
a compound that is insoluble in both potassium 
hydroxide solution and dilute sulphuric acid. Ulti- 
mately-as a result of later work involving the co- 
precipitation of antimony(II1) with iron(II1) and 
lanthanum-it was found that complete recovery of 
antimony and a stable solution are obtained if aqua 
regiu is added just before the evaporation of the solu- 
tion to dryness and dissolution of the salts in potas- 
sium hydroxide solution. Low results were still 
obtained if the potassium hydroxide treatment was 
omitted. A probable explanation of this anomalous 
behaviour of antimony is given in the discussion 
below. 

Separation of anfimony(ZZZ) by co-precipitation with 
hydrous ferric and lanthanum oxides 

Previous investigators have recommended the sep- 
aration of antimony by co-precipitation with hydrous 
ferric4*5 or lanthanum oxides”10*14*2s but the oxi- 
dation state of antimony is usually not clearly indi- 
cated. In the present work, tests carried out to deter- 
mine the required oxidation state, and also the effec- 
tiveness of iron and lanthanum individually as collec- 
tors, showed that antimony should be in the tervalent 
state and that lanthanum is a better collector than 
iron(III). Potassium antimony tartrate solutions 
(2OOOpg of antimony) were used in these tests and 
potassium permanganate was employed in a hot, 
fairly concentrated sulphuric acid medium to oxidize 
antimony(II1) to antimony(V) and to destroy tartrate 
which interferes in the co-precipitation step. In the 
tests involving collection of antimony(III), the resul- 
tant antimony(V) was subsequently reduced with 
sodium metabisulphite as described in the proposed 
method, and reduced iron, present in tests with 
iron(III), was oxidized by passing air through the 
solution by means of a gas-dispersion tube fitted with 
a fritted glass disc. Co-precipitation, at -pH 9, with 
iron(II1) (100 mg) was carried out as described pre- 
viously for tellurium* and arsenic.’ Co-precipitation, 
at -pH 10, with lanthanum (1OOmg) was performed 
as described in the proposed method. Antimony was 
ultimately extracted as the xanthate and the extract 
was treated with 5 ml of 20% bromine-carbon tetra- 
chloride solution as described above. Interference 
from bromide, in the spectrophotometric iodide 
finish, was avoided by taking one-fifth of the final 
solution for the determination of antimony. Complete 
recovery of antimony was obtained only in the test 
involving the collection of antimony(II1) with 
lanthanum (Table 1, test 1). In the tests involving col- 
lection of antimony(V), it was found necessary to 
dissolve the hydrous oxide precipitate with SM hy- 
drochloric acid containing stannous chloride so that 
antimony(V) was immediately reduced to anti- 

mony(II1) (for the xanthate extraction) during the dis- 
solution step. Much lower results were obtained if 
SM hydrochloric acid alone was used and antimony 
and iron were subsequently reduced with stannous 
chloride. No doubt, this is due to the formation of 
unreactive antimony(V) hydrolysis compounds in the 
hydrochloric acid medium.*‘*** 

Subsequent work involving collection of anti- 
mony(II1) with lanthanum (100 mg) (see Table l), fol- 
lowed by xanthate extraction and the iodide finish, 
invariably yielded low results when pure anti- 
mony(II1) solutions were treated with nitric acid or 
nitric and perchloric acids. However, complete recov- 
ery of antimony was obtained when an atomic- 
absorption finish was used after dissolution of the lan- 
thanum precipitate. This indicated that the low results 
obtained in the xanthate-iodide scheme were due to 
incomplete formation of antimony(II1) xanthate. The 
results of tests 4 and 5 in Table 1 suggested that the 
pretreatment of the solutions with nitric acid was, in 
some way, responsible for this behaviour. The fact 
that complete recovery of antimony was obtained in 
test 3, in which it was present as antimony(V) before 
the addition of nitric acid, suggested that the use of 
nitric acid probably results in the formation of an 
unreactive oxidized species that is not reduced by 
either sodium metabisulphite or hydrazine sulphate, or 
with stannous chloride during the dissolution of the 
lanthanum precipitate. The formation, during oxidation 
of antimony with nitric acid or nitric and sulphuric 
acids, of an unreactive species which is not easily oxi- 
dized has been described by Maren. However, 
although Maren found that this species, referred to 
as antimony(IV), can be oxidized with perchloric acid 
and easily reduced with sulphite, these properties do 
not agree with those found in the present work (see 
tests 4 and 5, Table 1). 

On the basis of these findings, it was considered 
that complete recovery of antimony by use of the xan- 
thateiodide scheme could only be obtained if it was 
completely oxidized to antimony(V) during the 
decomposition procedure. In this state, it is readily 
reduced to antimony(II1). The results of subsequent 
tests, in which a certified, high-antimony, reference 
ore, CD-l,” was decomposed (in a zirconium cru- 
cible) by an oxidizing fusion with sodium peroxide, 
are given in Table 2. In these tests, hydrazine sulphate 
was used as reductant (see Table 1, test 3 for condi- 
tions) and iron(H) was reoxidized as described in the 
proposed method. Both iron(III) and lanthanum 
(50 mg of each) were used for co-precipitation because 
this mixture produces a more readily filterable pre- 
cipitate than lanthanum alone. The use of nitric acid 
after fusion was tested because it is required in the 
presence of chloride to prevent loss of antimony by 
volatilization as the chloride26 during subsequent 
evapor,ation of the solution. Tests l-4 show that anti- 
mony is not completely oxidized to antimony(V) dur- 
ing fusion with sodium peroxide unless an auxiliary 
oxidizing compound such as potassium nitrate (see 
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Table 1. Effect of preliminary acid treatment on the determination of antimony by the iodide method after lanthanum 
collection and xanthate extraction 

Test 
Preliminary treatment of pure Sb(III) 

solutions* Method of reduction used Sb found, w 

1 KMnO* oxidation in H2S04 medium and 
evaporation to dryness 

2 KMn04 oxidation in HzSOo medium 

3 KMnO, oxidation in H2SOL medium 
+ HNOj and evaporation to fumes 
of SOS 

4 HNO, + H,SO, and evaporation to 
fumes of SO, 

5 HNO, + HClO., + H,S04 and 
evaporation to dryness 

Na&O, (3 g) in 6M HCl 

NzHI. H$O, (1 g) and evaporation 
to dryness + salts dissolved in 

6M HCl 
As in test 2 

2005 

1988 

2012,1992 

As in test 2 1969 

As in test 1 1869 

* Sb(II1) taken, 2000 pg. 
t Required to destroy the excess of reductant. 

tests 6 and 7) is present. This also suggests that an 
unreactive species is formed during fusion with 
sodium peroxide, and that it is not reduced with hy- 
drazine sulphate or sodium metabisulphite (test 81 
and not oxidized with potassium permanganate (test 
3), or with potassium chlorate (test 4) unless nitric 
acid is absent (test 5). Although it was ultimately 
found that zirconium, derived from the crucible, can 
interfere in the co-precipitation of antimony with lan- 
thanum, the results of test 8 in which nickel crucibles 
were used, confirm these conclusions (cJ: test 14). 

A mixture of sodium peroxide and potassium 
nitrate cannot be used for the decomposition of sul- 
phide-containing materials because of the violence of 
the reaction. Consequently, the effectiveness of 

various oxidizing agents was tested in conjunction 
with the decomposition of CD-1 with acids. The 
results of these tests, given in Table 2, ultimately 
showed that a mixture of potassium chlorate and per- 
chloric acid (test 12).is effective in the absence of nitric 
acid, but that saqua regia (test 13) is a superior oxidiz- 
ing agent for antimony. It can be used after fusion 
with sodium peroxide (test 14) and, because of the 
nitric acid content, antimony is not lost as the volatile 
chloride. It was also found that the use of aqua regia 
eliminated the problem of low and erratic results 
which was encountered in initial work involving the 
treatment .of the xanthate extracts with acids. 

Preliminary experiments, in which synthetic con- 
centrates [2ooOpg of antimony(III) added] were 

Table 2. Effect of method of decomposition on the determination of antimony in CD-l* by the iodide method after 
iron-lanthanum collection and xanthate extraction 

Test . Method of decomposition used Sb found, % 

1 

2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 

Na,02 fusion (Zr crucible)--melt dissolved in dilute HISO,--HNOs + HF added 
and evaporation to fumes of SO9 
As for test 1 without the addition of HNO, 
NazOz fusion (Zr crucible)-melt dissolved in water-boiled to remove peroxides- 
HzSO, + KMn04 + HNOs f HF added and evaporation to fumes of SO, 
As for test 1 except KCIOp added just before evaporation to fumes of SO, 
As for test 4 without the addition of HNO, 
NazO, + KNOI$ fusion (Zr cru@ble)--melt dissolved in dilute HISO,-HNOJ + HF 
added and evaporation to fumes of SO, 
As for test 6 without the addition of HNO, 
NazOz fusion (Ni crucible)--as for test 1 except solution evaporated to dryness? 
HzSO,, + HF + HClO, and evaporation to fumes of SO1 
H2S04 + HNO, + HF f KClOs and evaporation to fumes of SO, 
As for test 9 without the addition of HNO, 
H,S04 + HF + HC104 + KC103 and evaporation to fumes of SOB 
Aqua regia + HzSOo + HF and evaporation to fumes of SOa 
NazOz fusion (Ni crucible)--as for test 1 except nqw regia added after evaporation 
to fumes of SOa followed by evaporation to dryness? 

3.45 

3.35 
3.41 

3.38 
3.58 
3.59 

3.62 
3.421) 
3.47 
3.41 
3.49 
3.58 
3.57 
3.58s 

* 50 mg samples taken; certified value 3.57% Sb.“O 
$200 mg added. 
t Antimony reduced with sodium metabisulphite in 50% hydrochloric acid. 
11 Mean of 4 values, viz. 3.38, 3.46, 3.49 and 3.36%. 
T Mean of 2 values, viz. 3.55 and 3.61%. 
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decomposed with aqua regia, and then, except for the 
use of hydrazine sulphate as reductant, were treated 
as described in the proposed spectrophotometric 
method, gave recoveries of 90-95% for copper and 
molybdenum concentrates, and complete recovery for 
lead and zinc concentrates. It was found that this was 
due to the use of hydrazine sulphate as reductant. 
Copper and molybdenum are partially reduced with 
this reagent and cause co-oxidation of antimony(II1) 
during the air-oxidation step.31*32 Complete recovery 
was obtained for copper and molybdenum concen- 
trates when antimony was reduced with sodium meta- 
bisulphite in + 50% hydrochloric acid.‘* Under these 
conditions, minimal reduction of copper and molyb- 
denum occurs. 

Separation of antimony by extraction of its ethyl 
xanthate complex 

Previous work by the author’ showed that anti- 
mony(II1) xanthate can be quantitatively extracted 
into chloroform from O.l-5M hydrochloric acid, and 
that iron( and lead, which forms an insoluble 
iodide,* 5 are not co-extracted from SM acid media. 
Furthermore, although thallium(III), which also forms 
an insoluble coloured iodide, is appreciably extracted 
from SM hydrochloric acid, thallium(I) is not 
extracted from 2 OSM acid media.’ Subsequent work 
by the author resulted in the development of methods 
for tellurium* and arsenic3 in ore concentrates. These 
are based on the separation of tellurium and arsenic 
from iron and lead by xanthate extraction from 
2 11M hydrochloric acid media, after their prelimi- 
nary separation from copper, zinc, nickel and molyb- 
denum matrices by co-precipitation with iron(II1). 
Antimony can also be separated from these elements 
by similar co-precipitation techniques.4*5*~10*14*2* 
Consequently, the development of a similar method 
for small amounts of antimony, based on xanthate 
extraction from a 5M hydrochloric acid medium in 
the presence of a suitable reductant for iron and thal- 
lium, was investigated. 

In a recent method for determining bismuth,24 also 
based on a xanthate-iodide scheme, interference from 
small amounts of lead that are co-extracted as the 
xanthate is eliminated by washing the chloroform 
extract with a solution of the same hydrochloric acid 
concentration as the medium used for extraction. In 
the present work, similar tests showed that washing 
the xanthate extract with 5M hydrochloric acid effec- 
tively removes bismuth, which is partly extracted 
from 5M acid and would interfere in the determina- 
tion of antimony as the iodide.25 No interference was 
observed in tests involving 15 fig of antimony(II1) and 
5 mg of bismuth when absorbance measurements 
were made at 331 nm. Up to 1Omg of bismuth can 
be present during the extraction step without produc- 
ing significant error. Similarly, after the washing step, 
no interference was observed at 331 nm when 300 mg 
of lead were present during the extraction step. In 
these tests, any antimony that entered the wash solu- 

tion was recovered by adding xanthate solution and 
re-extracting the antimony. It was found that up to 
at least 2 mg of antimony(II1) as the xanthate can 
be quantitatively extracted into chloroform in three 
successive extractions. In tests with iron(II1) and thal- 
lium(III), slightly high results were obtained at 
331 nm when stannous chloride was used as a reduc- 
tant for both elements. This was due to the co-extrac- 
tion, as the xanthate, of a small amount of tin that 
was not completely removed by the washing step. 
This was obviated by complexing tin with hydro- 
fluoric acid before the extraction of antimony(III) 
xanthate. 

Effect of diwrse ions 

I Selenium(IV), tellurium(IV), arsenic(III) and palla- 
dium(I1) are completely extracted into chloroform 
as xanthate complexes from 5M hydrochloric acid, 
and copper( platinum(W), gold(III), and molyb- 
denum(V1) are partly extracted. Selenium and tellur- 
ium will not interfere in the proposed iodide method 
because they are reduced to the elemental state with 
stannous chloride before the extraction of anti- 
mony(I11) xanthate. Palladium, platinum and gold are 
almost completely separated from antimony by the 
co-precipitation step. Up to at least 1 mg of each will 
not interfere after a single ammonia separation. Up 
to at least 1Omg of arsenic will not interfere, either 
in the extraction of up to 2 mg of antimony or in 
the determination of small amounts at either 331 or 
425 nm. The co-extraction of copper that is retained’ 
in the mixed hydrous oxide precipitate can be largely 
prevented or inhibited by complexing it with 
thiourea.’ Molybdenum, which is also retained in the 
precipitate and subsequently co-extracted as the xan- 
thate, causes high results for small amounts of anti- 
mony at 331 nm but not at 425 nm. It also slightly 
inhibits complex formation when + 1OOpg or more 
of antimony are present, but this effect can be elimin- 
ated or minimized by allowing the solution to stand 
for _ 24 hr before measuring the absorbance. 

Up to at least 50 mg of manganese will not interfere 
in either the proposed iodide or atomic-absorption 

methods. However, the same amount of vanadium 
causes low results by both methods, probably because 
it is reduced to vanadium(IV) during the initial reduc- 
tion step. This is probably partly oxidized during the 
air-oxidation step and causes some co-oxidation of 
antimony(III). Large amounts of chromium (50mg) 
interfere because an insoluble compound is formed. 
during the co-precipitation step. Small amounts of 
these elements will not interfere. 

It has been reported that other elements that form 
hydrous oxides, notably iron and aluminium, do not 
interfere in the co-precipitation of antimony with lan- 
thanum. However, tests involving an atomic-absorp- 
tion finish, after dissolution of the iron-lanthanum 
precipitate, showed that large amounts (50 mg) of alu- 
minium, zirconium and tin interfere at the 2-mg level 
when 50 mg of lanthanum are used. This is probably 
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because they preferentially form similar compounds 
with lanthanum or partly soluble compounds with 
antimony_ Up to _ 25 mg of each, when present sep- 
arately, or w 10 mg each of aluminium and tin, will 
not interfere in the co-precipitation of up to 2 mg 
of antimony; 50 mg of either aluminium or tin will 
not affect the co-precipitation of ~500 pg. Larger 
amounts can be tolerated if more lanthanum is used 
but this results in a bulkier precipitate that takes 
longer to filter. Furthermore, when the precipitate 
contains 50 mg or more of aluminium, the resultant 
solution passes very slowly through the filter paper. 
In the absence of these and other hydrous oxides, 
50mg of lanthanum will be sufficient for the co-pre- 
cipitation of up to at least 10mg of antimony. Zir- 
conium and iron crucibles are not recommended for 
fusion purposes because zirconium interferes and 
because too much iron would be introduced into the 
resultant sample solution. 

Tests, which were carried out to determine the 
effects of iron and other co-precipitated elements on 
the determination of 5 &ml of antimony by atomic- 
absorption spectrophotometry, showed that up to at 
least 500 &ml of copper, tin, aluminium, nickel, 
molybdenum, manganese and zinc, 1000 pg/ml of lead 
and sodium, 15OO&ml of iron, and 2OOIrglml of 
arsenic will not interfere. More than + loo0 fig/ml of 
lead will cause slightly high results and may result 
in the precipitation of lead chloride in the solution. 

Applications 

The proposed spectrophotometric method was 
applied to the analysis of a series of four synthetic 
concentrates (ground to 200-mesh) in which anti- 
mony, added as antimony(III), was varied from 0.0005 
to 1%. Because a lead sulphide concentrate of low 
antimony content could not be obtained, synthetic 
mixtures of lead sulphate and other elements usually 
found in commercial concentrates were used. Both 
of the proposed methods were applied to a variety 
of certified reference materials, and several commer- 
cial-purity copper rodsJ3 were analysed by the iodide 
method. The results of these analyses are given in 
Tables 3 and 4. 

DISCUSSION 

Table 3 shows that the results obtained for the syn- 
thetic concentrates by the spectrophotometric iodide 
method agree favourably with the calculated values. 
Those obtained for the synthetic nickel concentrate 
are also in reasonably good agreement with the calcu- 
lated values, although it was found that the wncen- 
trate was not homogeneous with respect to antimony; 
the mean value (reported in the footnote to Table 3) 
of seven results was used to calculate the total 
amount present. The results (Table 4) obtained for 

CD-l, CPB-1 and CZN-1 by the spectrophotometric 
iodide method, after sample decomposition both by 
fusion and with acids, are in excellent agreement with 
those obtained by the atomic-absorption method. The 
results by both methods are also in good agreement 
with the corresponding recommended mean values. 
The results for the National Bureau of Standards and 
British Chemical Standards non-ferrous alloys by 
both methods are in good agreement and, in most 
instances, agree well with the certified values. Those 
obtained for the copper rods by the iodide method 
agree with the recommended values. 

This investigation has shown (Tables 1 and 2) that 
the nature of the decomposition method employed, 
before the separations of antimony by co-precipi- 
tation with lanthanum followed by xanthate extrac- 
tion, can cause a significant difference in the results 
obtained for antimony. This is because of the forma- 
tion of an unreactive species when the decomposition 
procedure initially involves the use of nitric and/or 
perchloric acids or fusion with sodium peroxide. 
Although tests involving an atomic-absorption finish 
have shown that this species is completely co-precipi- 
tated with lanthanum apparently it is not reduced 
with tin(I1) during the subsequent dissolution of the 
precipitate with hydrochloric acid containing stan- 
nous chloride. In early work, this apparent and vari- 
able loss of antimony during acid digestions in the 
presence of oxidizing acids such as those listed above 
or hydrogen peroxide34*35 was attributed to volatili- 
zation of antimony.34 Later, Marenz9 showed that 
it was caused by partial oxidation to an unreactive 
state, which he called antimony(IV) because it was 
known that nitric acid oxidation of antimony results 
in partial formation of a tetroxide (Sb,O,). This has 
a definite composition and is still used as a weighing 
form for the gravimetric determination of antimony.’ 
However, titrimetricJ6 and recent Miissbauer 
studies3’ have shown that the tetroxide, which is pre- 
sumably the dehydrated form of the unreactive com- 
pound mentioned above, is a compound containing 
antimony(II1) and antimony(V) in a 1 :l ratio (i.e., 
Sb40s = Sb203 + Sb205). Maren” found that this 
compound, hereafter referred to as antimony 
(III + V), is not readily oxidized [with cerium(IV)] 
to antimony(V), which is required for the formation of 
the Rhodamine B complex, unless it is first reduced to 
antimony(II1) with sulphite. However, he found that it 
can be oxidized with perchloric acid. In the present 
work, it was found that the antimony(II1 + V) species 
is not readily oxidized with perchloric acid, potassium 
permanganate or potassium chlorate, but that it is 
completely oxidized to antimony(V) with aqua regia. 
It was also found, contrary to Maren’s findings, that it 
is not reduced by either sulphite or hydrazine sul- 
phate. However, tests wlth reference ore CD-1 involv- 
ing direct formation of the iodide complex, after 
decomposition under conditions that favour the for- 
mation of the unreactive species, showed that this 
species is reduced by potassium iodide. 



Ni concentrate (33.3 Ni, 30.2 Fe, 
32.1 S, 4.5 Cu, 0.2 As, 0.02 Bi) 

Total Sb found, % 
Matrix and nominal composition, % Sb present, % Iodide method 

Cu concentrate (24.7 Cu, 30.7 Fe, 35.6 S, 0.00050 0.0006, 
3.2 Zn, 1.2 Si) o.OO1oo 0.00115 

o.00500 o.00520 
0.0100 0.010, 
0.0500 0.050, 
0.1000 0.100, 
0.500 0.499 
1.000 1.01, 

MO concentrate (95.9 MO&) o.00190 0.00210 
OsX124~ o.00220 
0.0064, o.00620 
0.0114 O.OlOg 
0.0514 o.0500 
0.1014 0.099, 
0.501 0.49, 
1.001 0.99, 
O.OO234 0.00272 
0.00284 0.0034, 
0.0068., o.00670 
0.0118 0.0119 
0.0518 0.050, 
0.1018 o.lOOo 
0.502 0.49, 
1.002 0.99, 
o.00096 0.0010, 
0.0014, 0.0013, 
0.0054, 0.0054, 
0.0105 O.OlOg 
0.0505 0.049, 
0.1005 0.098~ 
0.501 0.50, 
1.001 0.98, 
0.0005, 0.00tX2 
0.0010, 0.0010, 
0.0050, 0.00520 
0.0101 0.010, 
0.0501 0.0510 
0.1001 o.lOOo 
0.500 0.50, 
1.000 0.99, 

Duplicate determinations of antimony in the Cu, MO, Zn and Pb concentrates by the proposed 
iodide method gave none detected and none detected, 0.0014, and 0.0014s, 0.0005, and 0.0004,, 
and O.OOO1,~O and none detected, respectively. Seven determinations of antimony in the nickel 
concentrate-ranging from 0.0011s to 0.00279%-gave a mean value of 0.0018&. 

Zn concentrate (50.6 Zn, 33.5 S, 
10.1 Fe) 

Pb concentrate (68 Pb, 10 Fe, 0.2 Bi, 
0.4 As, 2 Cu) 
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Table 3. Recovery of antimony from synthetic concentrate samples 

On the basis of the findings above regarding the 
inertness of the antimony(III + V) species to both 
oxidation and reduction, it is emphasized that, decom- 
position procedures that result in the formation of 
this compound, or the use of oxidants or reductants 
that do not completely convert it into the desired 
oxidation state, may ultimately cause low results for 
antimony if the methods used involve complexation 
reactions for separation purposes and/or for spectro- 
photometric finishes. Similarly, low results may also 
be obtained by such methods when antimony(V) is 
present in hydrochloric acid or sulphuric acid-chlor- 
ide media because of the rapid formation of hydra- 
lysed species.21-23,38 Neither the formation of the 
antimony(II1 + V) species nor the hydrolysis 
products of antimony(V) in acidic chloride media 
affect the determination of antimony by atomic- 

absorption spectrophotometry. This suggests that 
these species are present in a true or colloidal solu- 
tion.38 

It is considered that the low and erratic results 
usually obtained in initial tests involving the treat- 
ment of the xanthate extract with nitric, perchloric 
and sulphuric acids were due to the formation of both 
basic antimony(V) and antimony(II1 + V) compounds 
[or to basic antimony(V) compounds alone if aqua 
regia was added before evaporation to fumes of sul- 
phur trioxide] that are not completely soluble in 
dilute sulphuric acid.27 Although antimony(V) com- 
pounds are appreciably soluble in potassium hydrox- 
ide solution, probably the antimony(II1 + V) com- 
pound is not, because it has been reported that the 
tetroxide is not very soluble in sodium hydroxide.36 
This would explain why low results were often 
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obtained, and why the Teflon beakers used became 

contaminated with small amounts of antimony, when 
these acid mixtures were evaporated to dryness and 
the salts were dissolved in potassium hydroxide solu- 
tion before the formation of the iodide complex. This 
view is supported by the fact that complete recovery 
of antimony is obtained when aqua regia is added 
after the removal of nitric acid by evaporation as de- 
scribed in the proposed method. Under these condi- 
tions, the antimony(II1 + V) compound is completely 
oxidized to antimony(V) which, on evaporation of the 
resultant solution to dryness, forms salts that are 
completely soluble in potassium hydroxide solution. 

Although Marenz9 suggests that decomposition. 
with sulphuric acid alone produces only anti- 
mony(III), this was not confirmed later” or in the 
present work. Low results were obtained by the’ 
iodide method, in tests with solutions prepared by 
dissolving antimony metal in hot concentrated sul- 
phuric acid, when antimony was subsequently 
extracted as the xanthate in the absence of stannous 
chloride as reductant. This shows that some oxidized 
antimony was present, as otherwise the extraction 
would have been quantitative. Complete extraction 
was obtained in the presence of stannous chloride. 

In the present work, it is recommended that any 
iron that is reduced to iron(I1) during the initial 
reduction of antimony should be reoxidized to 
iron(III), before the co-precipitation step, by passing 
air through the solution. Antimony(III) is not oxi- 
dized to either antimony(II1 + V) or antimony(V) 
under these conditions. Reoxidation of the reduced 
iron by adding nitric acid and boiling the solution 
before the co-precipitation of antimony(II1) with hy- 
drous ferric oxide has been recommended5 However, 
in initial work it was found that this often produces 
low and erratic results for antimony. It is reasonable 
to assume that some oxidation of antimony(II1) to 
both antimony(II1 + V) and antimony(V) will occur 
under these conditions. 

From the results obtained in the present investiga- 
tion, it is recommended that antimony should be 
present as antimony(II1) before its co-precipitation 
with a mixture of iron(II1) and lanthanum. However, 
trace amounts (pg-quantities), present as antimony(V), 
can probably be separated in a single co-precipi- 
tation with iron and lanthanum without causing sig- 
nificant error in the result. Large amounts of anti- 
mony(V) should not be separated by this method 
because the results obtained will be low. Four tests 
with CD-l (100 mg), involving single co-precipitations 
of antimony(V) and its subsequent determination by 
atomic-absorption spectrophotometry, yielded results 
ranging from 3.33 to 3.45%. Lower results are 
obtained if a double precipitation is performed. 

The prop&d methods are suitable for samples 
containing 5 O.OOO1°/Oor moreof antimony. The atomic- 
absorption method, which involves only a single co- 
precipitation step, is recommended for samples con- 

simpler and much faster than the spectrophotometric 
iodide method. The accuracy with which antimony 
can be determined at the l-&g level depends primar- 
ily on the antimony content of the concentrated 
ammonia solution used for precipitation and neutrali- 
zation purposes. This was found to vary considerably 
from bottle to bottle. In this work, the reagent blank 
obtained after single and double ammonia separ- 
ations contained 5 2-3 and 3-5 vg of antimony, re- 
spectively. 

Acknowledgement-The author thanks P. E. Moloughney 
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SIMULTANEOUS DETERMINATION OF SOz, NO AND NO2 
IN AIR BY DIFFERENTIAL PULSE POLAR.OGRAPHY 
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Istituto di Chimica Analitica dell’Universita, via Amendola 173, 70123 Bari, Italy 

(Received 25 April 1978. Revised 1 February 1979. Accepted 24 February 1979) 

Summary-The method of Garber and Wilson for SO1 determination has been tested on real samples 
of air. The results demonstrate the possibility of simultaneous determination of SOr, NO and. NO, 
in the sample. Detection limits as low as 7 d/m3 for SO1 and about 50 &m” for nitric oxides 
can be reached. 

Sulphur dioxide is considered to be one of the five 
main pollutants in the atmospheric environment, the 
others being carbon monoxide, nitrogen oxides 
(NO,), hydrocarbons and particulate matter. Sulphur 
dioxide is dangerous at levels as low as 30 d/m3 
for vegetation and 0.142 ml/m3 for men.’ Nitrogen 
oxides (NO,) are harmful because they are respon- 
sible for the production, through a complex chain of 
reactions, of some dangerous substances such as 
ozone, free radicals, peroxyacyl nitrates etc., which 
make up the well-known photochemical smog. 

Many methods have been proposed for the analyti- 
cal determination of sulphur dioxide, including spec- 
trophotometry,2 fluorescence,3 chromatography,4 
chemiluminescence,’ infrared,6 microwave7 and mass 
spectroscopy.s Several electroanalytical methods have 
also been suggested - 9 I6 but they generally lack selec- 
tivity or sensitivity. On the other hand, the spectro- 
scopic methods require expensive instrumentation. 

There is also a large choice of methods for NO, 
starting with the classical Saltzman method.” The 
subject has recently been extensively reviewed. ls 

A very promising method has recently been pro- 
posed by Garber and Wilson” for sulphur dioxide 
determination, based on differential pulse polarogra- 
phy (dpp) in dimethylsulphoxide (DdSO). We 
thought it useful to test this method thoroughly. Our 
results differ in some respects from those of Garber 
and Wilson, especially with regard to interferences. 
We find, for instance that NO and NO2 not only 
do not interfere in the SO2 determination but they 
can be determined simultaneously with SO1. We have 
also compared this method with the classical ones 
for analysis of samples of air. 

EXPERIMENTAL 

Reagents 

Dimethylsulphoxide (Carlo Erba R.P.E.) was rekluxed 
over calcium hydride overnight and then distilled at 4 
mmHg and 52”. The fraction distilled was passed through 
molecular sieves and collected under a nitrogen atmos- 
phere. Lithium chloride was recrystallized from ethanol 

and dried in wcuo. SO1, N02, NO, HIS (Matheson) were 
direct!y bubbled from the cylinder into DMSO. In this way 
relatively concentrated solutions were obtained that were 
titrated with ceric ammonium nitrate. Although this re- 
agent is reported not to oxidize DMSOzO**r we have found 
that cerium(IV) solutions in DMSO are not stable. How- 
ever, reduction of the cerium(IV) is very slow and aqueous 
cerimn(IV) solutions can be used for titration of reducing 
agents in DMSO. We have found that renroducible and 
accurate results can be. obtained with nit&e and sulphite. 
It is interesting to note that in DMSO, oxidation of sul- 
phite involves only one electron per ion, whereas in 
aqueous medium it involves ten electrons for seven sulphite 
ions.22 

Apparatus 

A PAR 174 A polarograph with a mercury drop timer 
was employed. Differential pulse polarograms were 
obtained under the following conditions: scan-rate 
2 mV/sec, modulation amplitude 50 mV, drop-time 2 sec. 
The reference electrode was calomel in O.lM lithium chlor- 
ide in DMSO. Its performance is discussed in the following 
section. 

RESULTS AND DISCUSSION 

SO, determination 

The d.c. polarograms of sulphur dioxide in DMSO 
show a wave at Et12 = -875 mV us. our electrode, 
and log (id - i)/i plotted DS. E gives a slope of 57.5 
mV. This is not completely in accordance with 

1 Garber and Wilson,19 who found a slope of 90 mV. 
According to Garber and Wilson, in the dpp mode 

SO2 in DMSO produces a peak between -700 and 
-800 mV. Employing the reference electrode (Ag/ 

1 AgCl/O.lM LiCl in DMSO) they used in their work, 
we have recorded peaks at potentials ranging between 

, -769 and - 888 mV. In our opinion this is due to 
a lack of stability in the reference electrode potential. 
The unsuitability of the Ag/AgCl electrode for use 
in DMSO is kn~wtr.~~-~~ The reason for it is the 
formation of the relatively easily soluble AgCl; 
complex in the presence of excess of chloride ions. 
In contrast, our calomel electrode showed a maxi- 
mum variation in potential of only 1.5 mV over 
several months, in spite of the claim29*30 that it is 
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0 16 24 

tim (hr) 

Fig. 1. Stability of DMSO calomel electrode and Ag/AgCI 
electrode, measured vs. S.C.E. 

unstable. Figure 1 demonstrates the stability of the 
Ag/AgCl and calomel electrodes over a whole day. 
In fact, the dpp polarograms for sulphur dioxide 
show a peak at a potential which, measured with re- 
spect to the calomel electrode, varies by no more than 
5 mV (which is the experimental error). This is par- 
ticularly important in the case of the low sulphur 
dioxide concentrations because oxygen gives a peak 
only about 50 mV less cathodic than that for sulphur 
dioxide (at -860 mV US. our reference electrode) 
which could be erroneously interpreted as the sulphur 
dioxide peak if the potential were not well defined. 
The calibration curve obtained for sulphur dioxide 
had a slope essentially the same as that found by 
Garber and Wilson (14.3 us. 13 nA pmole-‘). 

Using the usual statistical methods3’v3’ we have 
calculated the detection limit (d.1.) defined by the rela- 
tionship 

d.1. = So J N-2 !! 
N-l h 

where 
So = {[X(1 - 1,,,,)2]/(%2)) 1’2, 

N is the number of experimental points, b the slope 
of the straight line and t, the value of Student’s t 
at the chosen confidence limit. For our calibration 
curve, d.1. is 0.18 @4, i.e., 12 pg/l. in DMSO. This 
corresponds to a detectable quantity of about 7 
&l/m3 (or 20 pg/m3) in air by sampling for 30 min 
at a flux of 1 l./min. 

NO and NO2 

Figure .2 shows a polarogram of sulphur dioxide 
in the presence of nitric oxide and nitrogen dioxide. 
No effect on the sulphur dioxide peak-height can be 
detected, but three additional peaks appear at poten- 
tials of - 1298, - 1444, and - 1800 mV. The polaro- 
gram remains unchanged for several hours. No vari- 
ation in the peak-height is observed if nitrogen is bub- 
bled through the solution. 

Separate dpp voltammograms were obtained for 
various concentrations of nitric oxide and nitrogen 
dioxide. Nitric oxide gives two peaks at -1444 and 
- 1800 mV, and nitrogen dioxide shows three peaks 
at - 1298, - 1444 and - 1800 mV. 

Polarographic measurements (d.c.) on the nitrogen 
oxides were performed by Gritzner, Gutmann and 
Schober,33 who found that nitrogen dioxide gave 
waves at - 1060 and - 1530 mV us. SC.E. 

Figure 3 shows the calibration curves for nitric 
oxide and nitrogen dioxide, for the three potentials 
- 1298, -1444 and -1800 mV. Calibration at 
-1298 mV is necessary for nitric oxide because the 
NO peak at - 1444 mV is very broad and overlaps 
the nitrogen dioxide peaks at - 1298. 

When both nitrogen oxides are present, the cur- 
rents obey the relationships 

iizss = 3.87 CNol + 0.52 C,, 

1,444 = 2.33 &or + 2.54 CNO 

‘1.900 = 3.13 CNOl + 3.33 c,, 

where i is in nA and C in pmole/l. 

(1) 

(2) 

(3) 

Fig. 2. Voltammogram (dpp) of SO2 in the presence of NO and NO*. Cm, = 4.4 x IO-‘M, 
CNo = 0.98 x 10-4M, CNo, = 1.05 x IO-“IL’. 
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Fig. 3. Calibration plot of NO2 (upper three lines) and of NO (lower two lines). 

GO and Go2 can be calculated from (1) and (2), 
and the current at -1800 mV is nearly proportional 
to the sum of the concentrations. Table 1 shows the 
results for analysis of various mixtures of nitrogen 
oxides in DMSO. 

Inter$erences 

Table 1. 

AdF PW’~/‘. Found, pole/l. c 
NoI NO CNo + CNOl CNO* CNO C,o + CNl& 

183 18 201 170 26 196 
226 64 290 224 70 294 
116 72 188 122 64 101 

Carbon monoxide and dioxide do not interfere at 75 23 98 82 19 186 

concentrations un to saturation (115 and 6300 ppm 
respectively). Contrary to Garber and Wilson we 
found that hydrogen sulphide causes deformation of 

Water causes an anodic shift of the sulphur dioxide 

the sulphur dioxide peak when present at about the 
peak but, up to concentrations of 12% w/w, has no 

same concentration. Figure 4 shows the dpp polaro- 
effect on the peak height. 

gram of 3.6 x 10T4M sulphur dioxide at various con- 
centrations of hydrogen sulphide. The shape of the Analysis of air 

sulphur dioxide peak is restored by deaeration of the To test the validity of the method we analysed air 
solution. sampled near sites of fuel combustion. 

43- 

-E (mV) 

Fig, 4. Voltammogram (dpp) of SO2 (3.6 x 10e4M) in the presence of various &S CO~~tratiO~S: (a’) 
C HIS = 0; (a) &S = 1.47 x 10-5M; (b) CHIS = 3.6 x to-‘M; (c) CHls = 8.5 x to-‘M. 
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Table 2. 

Sampling Volume of FlUX, 
solvent* air, 1. 

SOz, NOz. NO, NO,, 
l.fmin ppm ppm ppm ppm 

Hz0 28.5 0.95 1.32 - - 

J-I20 20.0 0.67 - - 0.30 
DMSO 33.0 1.10 1.48 0.20 0.08 0.28 

HzG 31.0 1.03 0.26 - - 
Hz0 18.0 0.60 - - - 0.12 
DMSO 34.5 1.15 0.30 0.08 0.03 0.11 

HzG 29.0 0.97 0.17 - 
Hz0 18.0 0.60 - 0.18 
DMSO 35.0 1.17 0.20 0.18 0.03 0.21 

* Water sampies analysed by classical methods; DMSO samples by air method. 

The air was bubbled at known flow-rate for 30 min 
through 30 ml of O.lM lithium chloride solution in 
DMSO, divided between two absorption vessels con- 
nected in series; the absorption solutions were com- 
bined for analysis by the method described in this 
paper. Immediately after this sample had been taken, 
a second sample was collected in the same place, with 
the aqueous trapping solutions recommended by 
Saltzman”’ and Scaringelli er al.,’ which were then 
analysed spectrophotometrically for NO,,” and for 
SO*.* Results are collected in Table 2 and are practi- 
cally the same for both methods. 

The SO2 values are systematically about loo/, 
higher for the DMSO solutions than the water solu- 
tions. There is probably greater efficiency of uptake 
by DMSO. Furthermore, our method allows deter- 
mination of SO*, NO2 and NO in a single operation, 
whereas two separate water samples are needed 
because of the mutual interference of SO2 and NO,. 

Nitrogen oxides in DMSO present interesting 
aspects with respect to the discharge mechanism, that 
are now undergoing investigation in our laboratory. D. R. Cogley and J. N. Butler, J. Electrochem. Sot., 

1966, 113, 1074. 
26. 
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Sunmmry-Polymer films containing a sodium or potassium ion-selective exchanger were coated onto 
platinum wire and incorporated into a potentiometric arrangement. Comparative results obtained by 
utilizing different measuring devices, one a conventional pH-meter and the other a field-effect transistor 
(FET) in series with an electrometer, are discussed. The linear range of either system is comparable 
with that of other electrochemical techniques. Possible applications of such a device are described. 

In a recent report we discussed the potential of 
electrochemical biosensors in trace organic analysis. 1 
A significant advantage of the use of electrogenic pro- 
cesses at lipid membranes is the possibility of appli- 
cation of such “natural” transducers for obtaining 
physiological data. An important problem in this area 
is the facile detection in uivo of transmembrane elec- 
trical properties, for which the FET device appears 
to be particularly suitable. 

The application of the FET to selective ion-sensing 
was first suggested by Bergveld2 in relation to neuro- 
physiological measurements. More recent literature 
pertaining to the field includes a survey of solid-state 
chemical .sensors,3 a review of ion-sensitive field-effect 
transistors (ISFETk4 and reports on the theory of op- 
eration of chemically sensitive semiconductor devices 
(CSSD)s and the fabrication and performance of 
ISFETs for hydrogen, calcium and potassium ions.6 

The general principle of operation of the ISFET 
device is that a known voltage is applied between 
the source and drain leads, causing a current to flow. 
The potential to be measured is then applied to the 
gate lead. The potential, which is generated by stan- 
dard ion-exchange electrode techniques, causes a pro- 
portional change in the current flowing between the 
source and the drain. These devices combine the 
advantages of conventional ion-selective electrodes 
with the useful properties of the FET. The majority 
of ISFETs reported to date have been applied to the 
acquisition of physiological data and hence great 
emphasis has been placed on their miniaturization. 
This partly explains why such a complex procedure 
was developed for their fabrication. In the present 
paper, we report some studies (made with a commer- 
cially available FET) of the well-characterized potas- 
sium-valinomycin system and of the new monensin- 
based selective sensor for sodium ion. 

THEORY OF FET OPERATION 

A conventional MOSFET component (Fig 1) is 

formed by placing a metal gate over a thin insulating 
layer which in turn covers the N-channel of the 
device. The equations governing the operation of an 

0 ss s 
1 Gloss 1 1 

c ate Lead 

t 

Drain (D) 

I Source (S) 

Fig 1. An N-channel depletion-mode field-effect transistor 
in a protective casing as used for the experiments 

described. 
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FET have been described previously;‘J these are 
applicable to the device described in this work. Ad- 
ditional terms for the ISFET have been derived by 
Moss et aL6 The drain current (I,) is given by: 

I D=a[(Vo+E-I/,)-$V,1 

where Vo is the potential applied externally to the 
reference electrode, E is the Nemst potential, V, is 
the threshold voltage, V, is the drain-to-source volt- 
age and a depends on gate capacitance, channel width 
and length, and on the surface-carrier mobility. It can 
be shown that the value of V, applicable in this work 
is: 

VT = Ere, + &_M + @MS - + + 24, - 9 
0 0 

where Erpl is the potential of the reference electrode, 
Q., is the fixed surface-state charge density, & is the 
Fermi potential of the substrate and QB is the charge 
per unit area of the surface-depletion region. The ad- 
ditional work terms &--M and &_s are the chemical 
membrane-metal interface work-function difference 
and metal-semiconductor work-function difference, 
respectively. 

A further important characteristic of the FET 
device is the leakage current across the gate. This 
parameter should be as small as possible so that a 
charge can be efficiently stored across the gate-sub- 
strate capacitor. The component chosen for this work 
has a rated gate leakage of 50 x lo-” A, which com- 
pares favourably with values reported for fabricated 
devices6 

Reagents 

EXPERIMENTAL 

The electroactive materials used were valinomycin 
(Sigma, St. Louis, MO.) and monensin (Eli Lilly, Toronto). 
Di-n-octvl adiuate (DOA) and di-n-octvl Dhthalate (DOP) 
plasticizdrs w&e of iechnkal grade (Poiysciences, W&ring: 
ton, Pa). All other reagents were qf analytical grade and 
were used without further purification. The polymer sup 
port was poly(viny1 chloride) (PVC). 

Apparatus 
The construction of the FET (RCA 3N-153, N-channel 

+15v 

IOkn ELECTROMETER 

-15 v 

The direct use of the FET for analytical experi- 
ments presents the practical problems of susceptibility 
to damage by an improper lead connection, leading 
to a short-circuit, and eventual destruction by immer- 
sion in aqueous solutions. The design shown in Fig. 1 

:_?a~ employed to overcome these problems and to 
insulate the FET from air currents and external elec- 
trical signals. The FET *requires a lo-min warm-up 
peripd and has an average working lifetime of one 
week. 

Fig. 2. Electronic circuit incorporating a field-effect The relationship of drain current to applied gate 
transistor. voltage is shown in Fig. 4. Although the most sensi- 

MONENSIN 

Fig. 3. The complex of monensin with a GpIA metal ion. 

depletion mode, Electrosonics, Toronto) electrode is 
depicted in Fig. 1. FJZT drain-current measurements were 
made with a digital electrometer (Model 616, Keithley, 
Cleveland, Ohio) incorporated into the circuit shown in 
Fig. 2. A digital pH-meter (PHM64, Radiometer, Copen- 
hagen) was used for all pH and potential measurements. 
A single-junction Ag/AgCl reference electrode (Orion, 
Cambridge, Mass.) was used for all experiments. 

Procedure 
Ion-selective electrodes were prepared by dipping a clean 

platinum wire into a polymer solution and allowing it to 
dry in the air. The potassium-selective polymer solution 
consisted of valinomycin (10.0 mg), PVC (0.33 g) and DOA 
or DOP (0.89 ml) in tetrahydrofuran (13.0 ml).’ The dip 
ping was repeated in order to achieve total coverage. Mem- 
brane thickness was in the range 100-300 w, as deter- 
mined by scanning electron microscopy, and the presence 
of valinomycin clusters in the smooth polymer surface was 
visualized by TEM. lo For the sodium-selective polymer 
solution, valinomycin was replaced by monensin 
(25-lOOmg), the structure of which is shown in Fig. 3. 

The characteristics of the FET were measured in order 
to determine the optimum operating conditions. The gate 
lead of the FET was then extended with platinum wire, 
which was dipped into a potassium-selective-polymer solu- 
tion, as described above. The effect of varying potassium- 
ion concentration, with and without ioniestrength control, 
on drain current was then studied. Similar experiments 
were carried out with the sodium-monensin system. 

Parallel experiments were carried out with a standard 
potentiometric arrangement. 

RESULTS AND DISCUSSION 

General FE T properties 
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Fig. 4. Drain current us. applied gate voltage for an unmo- 
dified field-effect transistor. 

tive region for drain-current change is between - 1.0 
and - 2.0 V, we operated at zero applied voltage to 
minimize extraneous electrochemical effects and facili- 
tate correlation with direct potentiometric measure- 
ments. The Nemstian response for the FET device 
in the operating region was 8.2-8.5 fi/pK. 

Potassium-valinomycin system 

The concentration of the electroactive compound 
in the polymer as specified above gave an optimum 
response to potassium ions as indicated by Fiedler 

A BCD E 

, I I I I I II 
IS.60 16.00 16.20 16.40 

ID (Measured at 10T4 A) 

Fig. 5. Drain current vs. potassium-ion concentration for 
a series of polymer coatings. Thickness increases from A 

to E. 

/ 
I .640 - 

1.560- ’ I I I I I 
0 6 

-log ?a+1 
2 

Fig 6. Drain current vs. potassium-ion concentration, 
A-at constant ionic strength; B-with no background 

electrolyte. 

and RiSka.” An increase. in concentration did not 
significantly increase the potential due to potassium 
ions.rz 

The application of various thicknesses of polymer 
to the platinum lead significantly affected the poten- 
tial developed at the gate of the FET. Figure 5 shows- 
the relationship between drain current and potas- 
sium-ion concentration for a series of .polymer coat- 
ings. These results can be explained in terms of two 
capacitors: the insulator separating the N-channel 
from the gate metal and the insulator (PVC) separat- 
ing the platinum base metal from the solution. The 
two in series will charge to values proportional to 
their capacitance, thus distributing derived charge 
and effectively reducing the potential obtained at the 
gate. As polymer thickness increases, the relative 
change in drain current with potassium-ion concen- 
tration will decrease. 

Figure 6 shows the response of the FET device to 
varying potassium-ion concentrations. Curve A shows 
the FET response to potassium ions in a medium 
of constant ionic strength (O.lM sodium chloride). In 
terms of linear range this system compared favour- 
ably with the standard selective-ion electrode and the 
fabricated FET.9 Curve B shows the FET response 
in the absence of sodium chloride. The increased sen- 
sitivity over the linear range is a product of two 
effects: the varying ion-exchange potential and a vary 
ing surface potential, probably a zeta potential de- 
rived from a charged double layer at the electrode 
surface. This would also explain the results at low 
pK values. 

Soditf*monensin system 

The antibiotic monensin has been described as a 
selective carrier for sodium ions across a hexanol 
membrane. The carboxylic acid group of the receptor 
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Fig. 7. Drain current DS. sodium-ion concentration. 

necessitated work with solutions buffered at pH 9.0, 
and membranes formed from 0.2-0.8% monensin 
solutions in tetrahydrofuran showed no significant 
difference in response. After preparation the monen- 
sin-containing membranes required initial precondi- 
tioning (24 hr) in distilled water to remove membrane- 
bound sodium ions, and then 5-10 min to equilibrate 
in the test solution for optimum results. 

The response of the monensin-containing polymer 
to varying sodium-ion concentration in terms of FET 
drain current and direct potential measurement is 
shown in Fig. 7 and 8 respectively. The slopes of these 
curves agree within experimental error, although the 
slope is less than half that expected for a Nernstian 
response (e.g., 19.5 f 0.4 mV/pNa) However the elec- 
trode is at least ten times more selective for sodium 
ions than for potassium ions. 

This selectivity is undoubtedly because the sodium 
complex is more stable than the potassium complex. 
The potential generated by the sodium-monensin sys- 
tem develops in the opposite direction to that of the 
potassium-valinomycin system. This can be explained 
by the fact that when neutral monensin complexes 
a sodium ion, a hydrogen ion is lost to the solution, 

Fig. 8. Potential vs. sodium-ion concentration. 

and a clathrate-like structure is formed around the 
sodium ion (see Fig. 3). l3 This shields the positive 
charge, and a complementary negative charge is dis- 
tributed between the carboxylic and hydroxyl end- 
groups of the monensin. As more sodium is com- 
plexed, the negative charge perceived is increased, 
resulting in an increasingly negative electrode poten- 
tial. Conversely, the potassiumvalinomycin system 
will exhibit a positive increase in potential with in- 
creasing potassium-ion concentration owing to the 
build up of positive (K+) charge at the membrane 
surface. 

CONCLUSIONS 

1. The use of a conventional FET in conjunction 
with ion-selective exchangers provides a remarkably 
cheap ($2) and simple method for the selective deter- 
mination of ions in solution. 

2. The polymer-coated wire has a dynamic range 
comparable with that of the standard ion-selective 
electrode and the fabricated FET devioz6 

3. In conjunction with the FET, the polymer- 
coated wire is ideally suited for continual automatic 
on-site monitoring, and for electronic applications 
such as control and switching devices, although re- 
generation of the active species is necessary after a 
certain time.6 

4. There is considerable scope for trace organic 
determinations by using the system described in tan- 
dem with selective interactions at artificial mem- 
branes. 
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Rf!sum&--Les auteurs ont determine par analyse calorimttrique differentielle le taux de purett de quel- 
ques medicaments organiques choisis parmi les substances psychothtrapeutiques et analgesiques. Apres 
avoir indiqut l’influence de divers paramttres, nature des capsules, vitesse de chauffage, sensibilite, 
base de temps, ils ont montre la reproductibilite et la fiabilitt de cette methode en effectuant selon 
un protocole identique cinq determinations sur chacun des principes actifs. 

L’apprtciation du taux de purett des mkdicarnents 
organiques repose sur deux groupes de methodes; les 
unes sont fondles sur l’indentification et le dosage 
de chacune des impure& (chromatographie, spectros- 
copie, polarographie, fluorescence X), les autres telles 
l’analyse thermometrique en Cvaluent la quantite totale. 

Le principe de l’analyse thermometrique est base 
sur la mesure de l’abaissement de la tempkrature de 
fusion provoquke par la presence d’impuretb ou plus 
rkemment par Etude de la courbe de fusion ou de 
recristallisation. Cette methode s’applique a toutes les 
substances fondant sans decomposition; elle a don& 
lieu a de nombreux memoires, en particulier ceux de 
Clkchet er aI.‘,’ et de Cisse et al.’ L’analyse calorime- 
trique differentielle4~5 occupe une place de choix 
parmi les methodes thermometriques; elle ofie )a 
possibilitt de determiner la purete chimique de medi- 
caments a partir de leur courbe de fusion en appli- 
quant Equation de van? Hoff modifiee. L’applica- 
tion de cette equation est limitke par la concentration 
en impure&s: selon les auteurs les limites ditI&ent 
5% pour Davis et a1.,6 2% d’aprb Joy’ et 1% selon 
De Angelis.’ 

Des echantillons d’aminophenazone renfermant de 
t&s faibles quantitb de phknazone et d’amino-4 
phknazone, impuretb rencontrkes au tours de l’ob- 
tention de ce principe actif, presentent des taux de 
purete en accord avec la quantite d’impurete ajoutke 
pour des teneurs inferieures ou &gales a 1%.9*‘o Settles 
les impure& formant un eutectique avec le compose 
principal seraient d&&es. 

Toutefois selon Marti,” dans le cas de formation 
de solution solide il wait possible d’utiliser cette 

* Ces produits ont ttk fournis aimablement par les 
Laboratoires Ciba-Geigy (V et Vi), Roche (II, IV, VII), 
Paillusseau (III), Specia (I). La phtnazone et l’aminophtna- 
zone sont des produits commercialists par la Cooperation 
Pharmaceutique de Melun, I’aminc-4 phenazone est un 
produit Carlo Erba. 

methode, le diagramme de phase compose principal- 
impurett apportant des don&s relatives aux possibi- 
lit&s et conditions &application. 

I1 est possible d’estimer la purett d’un principe actif 
par examen visuel de sa courbe de fusion,9*‘2 compar- 
ativement a celles obtenues darts les m6mes condi- 
tions opkratoires pour des kchantillons de taux de 
purete connu compris entre 98,8 et 99,8x, limites 
admises par les Pharmacopks. 

Le present m&moire rapporte les resultats relatifs 
a diverses substances psychothCrape.utiques et analg& 
siques dent le comportement thermique a ttt p&al- 
ablement ttudih “J * 

PARTIE EXPERIMENTALE 

Appareils 

Analyseur thermique differentiel Du Pont de Nemours 
990 avec le module pour analyse calorimktrique differen- 
tielle dont le principe a Cte dkrit par Baxter.* 

Appareil Mettler a determination automatique de la 
fusion compose du four FP 51, du programmateur FP 52 
et de l’enregistreur GA Il. 

ComposPs e’tudih* 

Parmi les medicaments psychothtrapeutiques, figurent 
des antipsychotiques, chlorhydrate de chlorpromazine (I), 
chlorprothixene (II), des anxiolytiques, phenprobamate 
(III) medazepam (IV), des antidCwesseurs. chlorhvdrate de 
clomipramine (Vi d’imipramine @IX d’amitriptyiine (VII). 
La uhenazone (VIII) et deux de ses derives I’aminonhtna- 
zonk (IX) et I’amino-4 phtnazone (X), ont et6 egaiement 
Ctudits. Toutes les substances medicamenteuses sont con- 
formes aux normes des Pharmacopkes Francaise et Euro- 
pkenne. 

Comportement thermique 

Lc comportement thermique des composes soumis a des 
cvcles chaugaae-refroidissement lent et ranide a fait I’obiet 
d’une etude &alable par des methodesSdifferentes d&is 
leur principe: analyse calorimttrique diffkrentielle. analyse 
thermique differentielle, thermomicroscopie, mesure de la 
transparence. 

Les rdsultats en relation avec la determination de la 
purete peuvent etre ainsi resumes. Au tours du premier 
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V = I*min-1 
F = fin de fusion 
D=CMdOfWbll 

172,lO 

170 171 172 ITJ 174 

Fig. 1. Courbes de fusion obtenues par enregistrement de la modification de la transparence. 

traitement thermique il n’est pas observe de changement 
de phase solide-solide pour aucune des substances prkcect- 
demment citkes. 

toires pour la determination de la purete par analyse calor- 
imttrique differentielle. 

La plupart d’entre elks prtsentent une solidification 
v&reuse, la recristallisation intervenant par chauffage. Lors 
de la recristallisation du compose fondu et se.lon les condi- 
tions de refroidissement apparaisent tres souvent des 
formes cristallines differentes. 

Mode opkatoire 

Tous les mtdicaments envisages posddant des formes 
polymorphes sont commercialists sous la forme la plus 
stable a haute temperature. 

La courbe de fusion correspondant au premier traite- 
ment thermique des substances commerciahskes a ete 
exploitee. 

Les bhantillons sont homogeneisks par trituration au 
mortier d’agate et les substances prkalablement conservbs 
24 h sous anhydride phosphorique. Les prises d’essai sont 
generalement comprises entre 1,s et 5 mg selon I’enthalpie 
de fusion et la sensibilitt choisie. Les capsules ordinaires 
ou hermetiques serties sont choisies selon la stabilite ther- 
mique de la substance etudike apres fusion. 

Les courbes de fusion obtenues par enregistrement de 
la modification de la transparence (Fig. I), lors de la fusion, 
permettent devaluer avec precision la temperature et I’in- 
tervalle de fusion, difference entre la debut et la fin du 
changement de phase solide hquide. 

Les rksultats obtenus dans les conditions optratoires sui- 
‘vantes, clrauffage a la vitesse de. I”/min, temperature de 
debut de chau!Iage To inferieure de 5” a celle de la fusion 
Tr, sont rapport&s dans le tableau 1. 

L=es courbes de fusion en fonction de la transparence 
renseignent sur la temperature et le domaine de fusion 
dont la connaissance facilite le choix des conditions opera- 

La temperature de depart est infkrieure de 3 a 4 de@ 
a celle de la fusion, la vitesse de chauffage programmke a 
l”/min gkneralement. Toutefois des vitesses de chauffage de 
IO”/min sont exceptionnellement retenues pour des sub- 
stances peu stables thermiquement au voisinage de la tem- 
perature de fusion. 

La choix de la base de temps est dtfini par p&endue 
du domaine de fusion par suite des conditions imposkes 
par le type dknregistreur utilid. 

Ainsi dam le cas du mtdazepam la vitesse de dbplace- 
ment des plumes de l’enregistreur a Cte choisie a 42 min/ 
pouce compte tenu de la valeur de I’intervalle de fusion 
infkrieure a 2.5; pour les autres substances elle a ttC rtduite 
a 45 min/pouce. 

Tableau 1. Temperatures et intervalles de fusion determines a l’aide de I’appareil 
Mettler 

Chlorhydrate de chlorpromazine 
Chlorprothixene 
Phenprobamate 
Medaztpam 
Chlorhydrate d’imipramine 
Chlorhydrate de clomipramine 
Chlorhydrate d’amitriptyline 
Phenazone 
Aminophenazone 
Amino-4 phenazone 

T,, “C 

195,8 + 0;l 
96,9 f 0,1 

103.3 f 0,l 
100,6 f 0.2 
172.1 f 42 
193,5 + OJ 
195.3 f 0,l 
1142 * 0.1 
106,8 f 0,l 
107,9 f 0,l 

Intervalles de 
fusion, “C 

3.3 f 0.2 
2,9 f 0.4 
3,5 + 0.2 
2,2 f 0,l 
3,3 f 0.2 
3.3 f 0,3 
3,5 f 0.3 
2,2 * 44 
2,6 f 0.3 
4,6 + 0.5 
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La courbe de fusion d’une substance de rkfkrence, l’in- 
dium, d’entbalpie de fusion connue 6,79 mcal/mg, est 
realis& dans les memes conditions opkratoires. La relation 
suivante permet d’kvaluer l’enthalpie de fusion d’un 
compost 

AH, = AHw,, x Paid+,, x 
Aire courbe fusion,,,, 

Aire courbe fusion,,, 

Poids,,, 
x PM, 

X = substance d’enthalpie de fusion inconnue 
PM, = poids molbculaire de la substance X 

Les aires peuvent &re mesurkes B l’aide d’un planimQtre 
ou par pede. 

RFSULTATS 

La presence de formes polymorphes apres recristal- 
lisation du compose prealablement fondu oblige t&s 
souvent a utiliser la courbe obtenue lors du premier 
traitement thermique; une solidification vitreuse 
necessiterait de porter le produit fondu a sa tempera- 
ture de recristallisation. La frequence de ces 
phenom&s conduit I prendre en consideration la pre- 
mite courbe de fusion du produit commercial. 

Influence des conditions operatoires 

Le choix des conditions operatoires a pour objectif 
l’obtention de courbes exploitables quant a leur sur- 
face, Ctalement et ligne de base. Ces differents para- 
m&es sont fonction de la prise d’essai en relation 
dire&e avec l’enthalpie de fusion, du choix de la 
vitesse de deplacement des plumes de l’enregistreur, 
base de temps, et de celui de la sensibilitt en meal/ 
pouce. 

Capsules 

L’emploi des capsules hermttiques a ett limit6 aux 
composes volatils ou a ceux qui, aprQ fusion se 
decomposent en alterant la t&e de mesure. De plus 
ces capsules presenteraient une resistance thermique 
plus elev&e. que les capsules nor-males. L’emploi des 
capsules hermttiques a ete retenu pour le chlorproth- 
ix&ne; af%n d’assurer un meilleur contact thermique 
la face convexe du couvercle doit &tre en contact avec 
l’echantillon. La valeur moyenne du taux de puretd 
de ce compost a tte &al&e a partir de cinq manipu- 
lations effect&s sur le mGme tchantillon commer- 
cial; l’enthalpie de fusion est determinCe compara- 
tivement a celle de I’indium: taux de purett 
99,83 + 0,03x; enthalpie de fusion 6,83 k 0,23 kcal/ 
mole. 

Les capsules normales permettant par sertissage un 
excellent contact entre la surface metallique et la sub- 
stance, ont ttC utilis&es pour tous les autres composes 
Ctudies. 

Sensibilith 

L.e choix de la sensibilite a laquelle il convient 

d’op&er s’effectue en fonction de l’enthalpie de fusion 
du produit et du trace de la courbe de fusion dont 
la surface doit couvrir une partie importante de la 
feuille d’enregistrement. Elle peut etre rCgl&e de 0,Ol 
a 10 mcal/pouce. La sensibilite de 42 mcal/pouce a 
et6 principalement retenue. 

Base de temps 

Les courbes sont enregistrees en prenant pour ab- 
s&se le temps exprime en minfpouce et en ordonnee 
la quantite de chaleur en mdal/pouce. Les plumes de 
l’enregistreur sont solidaires dun bras se deplacant 
selon l’axe du temps; leur vitesse de dtplacement tient 
compte dh domaine de fusion a la vitesse de chauffage 
de I”/min. Connaissant la vitesse de chauffage et la 
base de temps, la temperature de l’echantillon est 
CvaluCe sur l’axe des abscisses. Par exemple la base 
de temps fix& a 0,2 min/pouce represente un deplace- 
ment de 5 pouces/min. La vitesse de chauffage Ctant 
de l”/min un degre correspond a 5 pouces; ainsi sont 
tvaluees les temperatures de fusion des fractions de 
substances fondues. 

La valeur moyenne du taux de purete du medaze- 
pam et l’intervalle de confiance ont Cte calculis en 
utilisant les rbultats de cinq manipulations effect&es 
sur des prises d’essai de 3 a 4 mg taux de purett 
99,66 f 0,14x; enthalpie de fusion 514 + 0,18 kcal/ 
mole. 

Vitesse de chau&%ge 

La vitesse de chauffage est choisie la plus faible 
possible afin d’assurer un excellent Cquilibre thermi- 
que. La vitesse de l”/min peut etre generalement 
retenue pour les substances stables au voisinage de 
leur temperature de fusion. Afin de noter l’influence 
tventuelle de la vitesse de chauffage cinq manipula- 
tions ont tte realis& a 1 et 2 deg/min dans le cas 
du chlorhydrate d’imipramine dans les conditions 
retenues: capsules ordinaires. base de temps 05 min/ 
pouce, sensibilitt 0,2 min/pouce: les valeurs du taux 
de purett sont 99,76 + 0,ll et 99,69 f 0.28% respec- 
tivement pour des vitesses de chauffage de 1 et 2 deg/ 
min. 

La comparaison des intervalles de confiance est en 
faveur du choix dune vitesse de chauffage de 1 deg/ 
min. 

Fiabilith de la mPthode 

En vue d’apprecier la reproductibilite des rtsultats 
nous avons defini les conditions operatoires sui- 
vantes: prise d’essai: 250 a 540 mg; base de temps 
0,s min/pouce; vitesse de chauffage 1 deg/min, appli- 
quees a diverses substances dont le comportement 
thermique etudit anterieurement laisse apparaitre une 
stabilitt au voisinage de la temperature de fusion. 

A titre d’exemple nous indiquons le mode d’tvalua- 
tion du taux de purett et de l’enthalpie de fusion du 
chlorhydrate d’imipramine et du chlorhydrate de 
chlorpromazine. 
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Tableau 2. Temperature de fusion 
en fonction de l/F, inverse de la 

fraction de substance fondue 

J/F 

Temp&ature de 
fusion 

aprb correction, “C 

3,45 171,60 
3,95 17155 
4,46 171,50 
4,88 171,45 
5,40 17140 
5,90 171,35 
6,35 171,30 
6,82 171,25 
7,31 171,20 

Chlorhydrate d’imipramine 

L.es courhes de fusion dun echantillon de ce prin- 
cipe actif et de l’indium de reference, rdalis~s dans 
les miSmes conditions expt%mentales sont interpret&s 
selon Plato et Glasgow. I2 La prise d’essai est amenee 
rapidement a 5” au-dessous de la tem+rature de 

,fusion puis, d&s stabilisation, chauffee a la vitesse de 
1 deg/min. 

Les temperatures sont ensuite corrigees en se 
referant aux rectifications impos&s par I’utilisation 
des thermocouples (3” au voisinage de 171,7”) et 
d6finies par le constructeur. 

Les valeurs de l/F et les temperatures corrigees 
donnent une.ligne droite (tableau 2) de pente egale 

a 0,105. L’enthalpie de fusion AHr est de 6,87 kcal/ 
mole et la temperature de fusion corrigee du produit 
pur est 172”. 

En exprimant l’enthalpie de fusion en Cal/mole la 
fraction molaire d’impurete est donnee par l’equation : 

AH, 
x2 = j+ 

R = constante des gaz parfaits 
T = temperature de fusion du produit pur, en 

Kelvin. 

Dans l’exemple choisi : 

x2 = 0,105 x 6870/1,98 x 44S2 = 0,0018. 

Le taux de purett exprime en % est 99,82. 
Les determinations effect&s sur cinq prises d’essai 

d’un mSme echantillon ont donne les rbultats: 99,69; 
99,84; 99,75; 99,87; 99,68; ecart type 911%. Les 
enthalpies de fusion Cvalubs sur les m&mes prises 
d’essai sont: 6,87; 6,78; 6,98; 7,00; 6,90 kcal/mole; 
&art type 0,09 kcal/mole. 

Chlorhydrate de chlorpromazine 

Pour la plupart des composes Ctudib parmi les- 
quels le chlorhydrate de chlorpromazine, la represen- 
tation graphique de l/F, inverse de la fraction fondue, 
en fonction de la temperature conduit a une ligne 
incur&e (Fig. 2). 11 est done necessaire de lineariser 
en ajoutant au numerateur et au dbnominateur une 

Fig, 2. Courbe de l’inverse de la fraction de substance fondue en fonction de sa tempkrature de fusion 
avant et aprbs lint%risation. 
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Tableau 3. Taux de puretk, temperature et enthalpie de fusion des substances ttudiks 

1023 

Taux de pure& % 

Substances 
ktudikes 

Acidimktrie 
en milieu non aqueux ACD 

Enthalpie, 
kCUl/tPK& 

Chlorhydrate de chlorpromazine 194,3 99,8 99,61 k 0,19 6,83 + 0,ll 
Chlorprothixtne 96,8 99,7 99,83 f 0.03 6,75 + 419 
Phenprobamate 103,3 99,7 99,67 If: 0,06 6,63 f 413 
Mtdazkpam 100,6 99.8 99,66 f 0,14 5.14 f 0,18 
Chlorhydrate d’imipramine 172,O 9995 99,76 & 0.11 6,90 f 0.09 
Chlorhydrate de clomipratiine 193,4 100.3 99,77 f 0,09 7,50 f 0,12 
Chlorydrate d’amitriptyline 195,2 99,6 99,45 * 0,20 7,53 f 0,12 
Phtnazone I IO,0 99.8 99,81 + 0.09 6,47 f 0,12 
Amino-4 phknazone 107.8 99,7 99,75 f 0,lO 5,95 f 414 
Aminoph&zone 106.6 . 9998 99,77 f 410 6,58 f 0,15 

m&me quantitt ce qui correspond g corriger la ligne 
de base. La droite coupe l’axe des tempkratures au 
point de fusion r&e1 du composk pur, la temperature 
de fusion de l’kchantillon Ctant donrke par l’intersec- 
tion avec la parallele k l’axe des tempkratures pour 
la valeur l/F &ale li 1 (Fig. 2). Les valeurs de l’enthal- 
pie de fusion sont calculkes en tenant compte de la 
linkirisation. 

L’analyse calorimktrique diffkentielle permet d&a- 
luer le taux de puretk ainsi que l’enthalpie et la tem- 
pkrature de fusion du produit pur; les rksultats relatifs 
aux diffizrentes substances ktudikes sont indiquks dans 
le tableau 3. 

Les valeurs moyennes ont ttk calculkes & partir de 
cinq dkterminations rkaliskes sur un mime kchantillon 
(seuil de probabilitb 405). 

Les tempkratures de fusion dtterminkes par modifi- 
cation de la transparence sont connues avec une 
bonne prkcision; elles dx&%tblement de celles 
obtenues par analyse calorimttrique diffkrentielle. La 
mesure de la transparence constitue une mkthode 
spkcifique d’kvaluation de la temptrature de fusion. 

L’examen des rksultats met en 6vidence la repro- 
ductibilitt de la mtthode dans les conditions opkra- 
toires retenues. Les substances Ctudiks prtsentent par 
analyse calorimktrique diffkrentielle et par acidimktrie 
en milieu non aqueux, un taux de puretC supbrieur 
g 99%, valeur exigte par les PharmacopCes. L’tkart 
parfois observk dans les rksultats donnts par ces 
mtthodes peut s’expliquer par la diffkence de leur 
principe. : 

Par analyse calorimktrique diffkrentielle en effet, 
seules sont prises en compte les impuretb conduisant 
k une fusion eutectique avec le principe actif. Ainsi 
la determination de la puretC intrinskque ntcessite la 
connaissance des impure& principales afin de savoir 
s’il existe une fusion eutectique ou s’il se forme une 
solution solide; dans ce demier cas seul Wablisse- 
ment du diagramme de phase principe actif-impuretk 
permettrait de prkiser les conditions d’application de 
I’analyse calorimktrique diffkrentielle. 

En conclusion la grande sensibilitt de la mtthode 
permet de dkceler la fusion eutectique. L’intk.r& prati- 
que de l’kablissement d’abaque, ii partir de courbes 
de fusion obtenues par analyse calorimktrique dif- 
fkrentielle a CtC rappelC; l’examen de la courbe de 
fusion d’une substance comparativement B l’abaque 
permet d’estimer rapidement et avec prkision des 
taux de puretk compris entre 9940 et 99,80x. 

La reproductibilitk et la fiabilitk de l’analyse calori- 
mktrique diffkrentielle viennent s’ajouter, malgr6 .ses 
limites, aux avantages apprkiables de cette mkthode: 
extcution rapide, faible quantit6 de produit mise en 
jeu, pkision pur les taux de pure3 exigks par les 
Pharmacopkes. Elle est de ce fait susceptible de con- 
naitre de plus larges applications dans le domaine 
de l’analyse des substances organiques et plus particu- 
litrement des mklicaments. 
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Summary-The authors have determined by differential scanning calorimetry the degree of purity of 
some organic psychotherapeutic and analgesic drugs. The influence of parameters such as type of 
cup, heating rate, sensitivity, time-base is discussed and the utility and reproducibility illustrated by 
five determinations, under the same conditions, on each drug. 
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Summary-The iodate formed in the reaction of d-biotin with periodate is determined by reacting 
it with iodide and titrating the iodine with thiosulphate (to determine 90-950 pg of biotin), or the 
t&iodide is measured spectrophotometrically to determine 20-80 pg of the test compound. Excess 
of periodate is masked with molybdate. 

Biotin (vitamin H) is necessary for the growth of ani- 
mals. It has been determined by weighing dried myce- 
lia, and using the weight as a measure of growth, 
related to the concentration of biotin.’ Davidek’ pre- 
pared the nitroso derivative with alkali metal nitrite 
in acid solution and evaluated it polarographically. 
Avidin yields a new absorption band with certain 
anionic dyes, but biotin complexes with avidin and 
reverses this change, which can be followed spectro- 
photometrically. 3*4 A calorimetric method is based on 
the condensation of biotin with Cdimethylaminocin- 
namaldehyde to yield a coloured product.$ 

Some methods involve reaction of the sulphide 
group of biotin. Plinton et al.6 determined the sub- 
stance by oxidation with potassium iodate to a sul- 
phone; after reaction for 30-40 min at 60” the liber- 
ated iodine was extracted and measured colorimetri- 
tally. 

In the present work the reaction of biotin with 
periodate has been investigated and Jound to yield a 
sulphoxide: 

-w 
HN NH “NAN” 
H + KIO, + KlOs 

tCHa),COaH tCH& COaH 
S 

The periodate left after reaction with biotin can 
be determined by reaction with an excess of arsenite, 
the residual amount of which is titrated with iodine. 
As only two equivalents of periodate are consumed 
in the reaction, the resulting difference of two large 
numbers causes inaccuracy in the determination. It 
would be more satisfactory and more sensitive to 
determine the iodate formed (by reaction with iodide 
and titration with thiosulphate) as each mole of biotin 
would then give rise to 6 moles of iodine atoms. This 
can be achieved if the excess of periodate is masked 
with molybdate at pH 3 to form the heteropoly acid, 

6-molybdo-l-periodic acid. Under these conditions 
only iodate, which does not form a heteropoly 
acid, reacts with iodide. This observation’s* has 
been applied to the detection and determination of 
uic-dials,’ iodide”, a-amino-alcohols’ 1 and man- 
ganese(II).12 

EXPERIMENTAL 

Reagents 

Potassium metaperiodate solutions, 0.1 and O.OIM. Pre- 
pared by dissolving metaperiodate previously recrystallized 
from water, and stored in a dark-coloured glass bottle. 

Ammonium molybdate solutions, 20% and 3%. Prepared 
by dissolving (NH4)6M07024.4HZ0 in water. 

Potassium iodate solution, 1.00 x 10m4M. 
Potassium iodide solution, OSM. 
BuJizr solution. A OSM sodium chloroacetate solution 

adjusted to pH 3 with dilute hydrochloric acid. 
Sodium thiosulphate solution, 0.002M. A O.OlM stock 

solution suitably diluted and solution standardized with 
potassium iodate solution of equivalent strength. 

A chromatographically pure sample of d-biotin was 
used. A standard solution was prepared by dissolving 9 
mg bf it in 100 ml of water containing about 20 mg of 
sodium bicarbonate, and diluted as required. 

Procedures 

Visual titration. The aqueous sample (l-10 ml, contain- 
ing 9&950 fig of d-biotin) is taken in a 150-ml Erlenmever 
flask and d&ted to 15 ml. Periodate (5 ml of 0.1 M so>u- 
tion) is added, the contents are swirled and allowed to 
stand for 10 min at room temperature. Freshly prepared 
20% ammonium molybdate solution (5 ml), 5 ml of buffer 
solution and about 0.5 g of potassium iodide. are added 
and the flask is again left for about a minute. The liber- 
ated iodine is titrated with 0.002M thiosulphate, l-2 ml 
of 0.5% starch solution being added tiear the end-point. 
The whole procedure is applied in a blank determination 
on distilled water. 

Spectrophotometric assay 

Preparation of calibration curve. Into 50-ml standard 
flasks 0.5-S ml portions of potassium iodate solution are 
mixed with 2 ml of lo-‘M periodate, 10 ml of 3% 
molybdate and 2 ml of buffer solution, and diluted to 
about 35 ml with water. Iodide solution (10 ml) is added 
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Table 1. Determination of d-biotin by visual titration 
(1 ml of 0.002M thiosulphate = 81.4 pg of biotin) 

Biotin taken, No. of Average Standard 
/@ detns. recovery, % deviation, % 

93 8 101.9 1.8 
188 12 99.9 1.2 
280 5 99.1 OS 
371 6 99.9 0.3 
476 7 99.6 0.2 
554 8 99.8 0.2 
652 10 99.7 0.3 
758 6 99.7 0.2 
846 8 99.6 0.3 
930 10 98.5 0.4 

Table 2. Spectrophotometric determination 
of d-biotin 

Biotin, M No. of Relative 
Taken Found detns. std. devn., % 

21.3 22.4 7 0.6 
32.4 31.2 8 0.4 
46.3 46.6 6 0.3 
52.1 51.9 8 
69.7 69.2 7 ::: 
81.6 82.1 7 0.2 

and the solution diluted to the mark with water. After 
30 min the absorbance of the tri-iodide ion is measured 
at 350-352 nm in l-cm cells, against a reagent blank (i.e., 
without iodate). The absorbance is plotted us. iodate con- 
centration. 

Derermination ofd-&tin. An aqueous test sample (0.2-l 
ml, pH 6.5-8.0, containing 20-80 pg of d-biotin) is mixed 
with 2 ml of IO-‘M periodate in a 50-ml graduated flask. 
The neck of the flask is washed with sufficient water to 
bring the volume to about 5 ml and the contents are 
shaken and left for 20 min. Molybdate solution (10 ml, 
3%), 5 ml of buffer solution and 10 ml of iodide solution 

are added and after 30 min the volume is made up to 
50 ml and the absorbance is measured in a I-cm cell vs. 
a reagent blank. The molar concentration of biotin is the 
same as that of iodate found. 

RESULTS 

In the earlier methods of determining d-biotin, a 
large excess of periodate is used, which is almost im- 
possible to evaluate by conventional iodometry. The 
iodate formed by reduction of periodate can be deter- 
mined after masking the latter with molybdate at 
pH 3. The method is sensitive, accurate and simple 
(Tables 1 and 2). Biotin reacts with iodate only in 
acid medium. 

Citric acid, glycine and alanine in up to IO-fold 
w/w ratio to biotin do not interfere. Glucose, glycerol, 
methionine, cysteine and thiourea interfere even when 
present in traces. 

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 

9. 

I 0. 

Il. 

12. 

REFERENCES 

J. R. Wailer, Appl. Microbial., 1970, 20, 485. 

J. Davidek, Naturwiss., 1961, 48, 403. 
N. M. Green, Biochem. J., 1963,@, 599; 1965, 94, 23C. 
Idem, Methods of EnzymoL, 1970, 18, 418. 

T. Tsuda, Sankyo Kenkyusho Nempo, 1968, 20, 65. 
C. Plinton. F. P. Mahn, M. Hawrylyshyn, V. S. Ventur- 
ella and B. Z. Senkowski, J. Pharm. Sci., 1969, 58, 875. 
D. Burnel, Compt. Rend., 1965, 261, 1982. 

R. Belcher and A. Townshend, Anal. Chim. Acta, 1968, 
41, 395. 
G. Nisli and A. Townshend, Talanta, 1968, 15. 411. 
1377, 1480. 
R. Belcher, J. W. Hamya and A. Townshend, Anal. 
Chim. Acta, 1970, 49, 570. 

A. Besada and Y. A. Gawargious, Talanra, 1974. 21, 
1247. 

J. W. Hamya and A. Townshend, ibid., 1972. 19, 141. 



Tulunru. Vol. 26. pp. 1027 to 1028 
0 Pergamon Press Ltd 1979. Printed in Great Britain 

@X9-9140/79/l 101.1027M2.00/0 

DETERMINATION OF CHLORINE IN SILICATE 
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Summary-The method has been developed fo; determination of chlorine in silicate rocks by ion- 
exchange chromatography and an ion-selective electrode. 

An accurate and convenient method for the deter- 
mination of chlorine in sedimentary rocks was needed 
for geochemical investigation of sedimentary pro- 
cesses.’ Among various methods for determination of 
chlorine in silicate rocks, neutron-activation analysis 
(NAA), with its high sensitivity and accuracy, has 
been considered to be the most reliable.’ However, 
though the results obtained are reliable, NAA is not 
suitable for routine analysis of geological samples. 
Recently, it was reported that the ion-selective elec- 
trode is applicable to the determination of chlorine 
in silicate rocks.3 It has also been used as a detector 
in chromatography.4 In the present work, we show 
that the two uses can be combined. 

EXPERIMENTAL 

Redistilled water and guaranteed-reagent grade inor- 
ganic chemicals were used throughout. Dowex 1 X-10 
(lW200 mesh, Cl--form) was converted into the NO;- 
form. An Orion Model 94-17 chlorideElectrode and Model 
90-02 double junction reference electrode were used, and 
an Orion Model 70l/digital pH-meter combined with a 
Hitachi QPD 53 type recorder was also used. The chroma- 
tographic column was 7 mm in bore and 8 cm long. The 
apparatus for ion-exchange chromatography is shown in 
Figs. 1 and 2. 

The powdered sample (0.500 g) is fused in a platinum 
crucible with 4.00 g of sodium carbonate at 980-1000” for 
30 min and the fusion cake is dissolved in cu. 30 ml of 
water. The solution is neutralized by adding 5.5 ml of con- 
centrated nitric acid, and digested for 2-3 hr at 60-70”. 
The solution is filtered through a porosity-4 glass filter, 
and the volume of filtrate adjusted to 50 ml. A standard 
solution is prepared in the same way with silica (0.500 
g) and a known amount of chloride- (added as sodium 
chloride solution by microsyringe). About 10 ml of the 
sample solution are- transfered onto the column at the in- 
jection port by syringe. Chloride is eluted from the cblumn 
with 0.5M sodium nitrate’ at a flow-rate of 0.85 ml/min 
(obtained by adjusting the height of the eluent reservoir). 
Chloride is determined by comparing the peak heights of 
the chromatograms of the sample and standard. 

RESULTS AND DISCUSSION 

Although ion-selective electrodes are indeed selec- 
tive, interfering ions should be removed in trace 
analysis. In this work, ion-exchange chromatography 
was used for this purpose, and it was confirmed that 
there was no response of the electrode to hydroxide 
ion at pH less than 11.5. Up to 1000 pg each of 
fluoride, carbonate, phosphate, sulphate, nitrate, 
perchlorate and acetate will not interfere with the 
determination. Under the conditions described, chlor- 
ide, bromide and iodide can be completely separated. 

The calibration curve obtained by plotting the peak 
heights on the chromatogram against the chloride 
concentrations of the standard solutions was linear 

(B) I.l 
J L I. waste 

Fig. 1. Schematic diagram of ion-exchange chromato- 
graphic system. A, Eluent reservoir; B, sample-charging 
cohmm (1.0 ml) shown in charging position (flow-through 
position shown in inset);.C, injection port; D, bottle for 
excess of sample during sample-charging; E, syringe; F, 
chromatographic column; G, flow-through cap; H, chlor- 
ide electrode; I, reference electrode; J, beaker (100 ml) 

bridging the column outlet and the reference electrode. 
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Fig. 2. Flow-through cap details. (a) Chloride electrode; 
(b) silicone rubber tube; (c) silicone rubber packing; (d) 
silicone rubber stopper; (e) polyethylene tube; (f) direction 

of liquid flow. 

over the range of 0.2-3 ppm; the linearity is in agree- 
ment with many other experiments and is also 
expected theoretically.6 Reproducibility was tested by 
using siltstone, and a value of 209 ppm chlorine was 
obtained as the average of 6 determinations, the co- 
efficient of variation being 5.5% (Table 1). The results 
agreed well with the value obtained by NAA (204 
ppm).’ An accuracy test based on standard rocks 
issued by the Geological Survey of Japan is shown 
in Table 2, in which particularly good agreement of 
the results obtained by our method with those of 
NAA can be seen. The results show that the present 
method is applicable to geochemical studies. 

Table 1. Reproducibility test 

Cl found, Mean, 
ppm ppm 

Cl found 
by neutron 

Std. devn., activation,’ 
ppm ppm 

195,200 
205, 210 209 11.6 204 
220, 225 

Table 2. Accuracy test 

JG-1 
(granodiorite), 

ppm 

JB-1 
(basalt), 

ppm Analytical method 

53 200 This work 
54 169 Spectrophotometrys’ 
61 165 Spectrophotometry’t 
57 190 Neutron activation’ 
60 170 X-ray fluorescence * o 

* Decomposition with condensed phosphoric acid. 
t Decomposition by fusion with alkali. 
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SIMPLE TITRIMETRIC METHOD FOR THE 
ANALYTICAL CONTROL OF 

MACROMOLECULAR POLYPEPTIDES 
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Summary-A simple potentiometric procedure based on the determination of the primary amino groups 
in macromolecular polypeptides is presented. The method was found suitable for the detection of 
decomposition processes involving splitting of the peptide chain (liberation of primary amino groups) 
and deamination. The method has been applied to analysis of corticotropin fragments (ACTH,_28 
and ACTHI_&, Angiotensin II, and the basic trypsin inhibitor Kunitx base (Trasylol). 

Macromolecular polypeptides may split into smaller 
peptides, and some of their functional groups are also 
sensitive to oxidation. These changes may decrease 
the biological activity of the macromolecule. Most of 
the spectrophotometric’-3 and chemica14*’ pro- 
cedures applied for the analytical control of such 
products measure the decomposition products 
together with the undecomposed molecule. The 
methods based on the determination of the biological 
activity’ O-’ * may measure the biologically active 
decomposition product together with the parent pep 
tide. The course of decomposition can be monitored 
only by chromatographic and electrophoretic separ- 
ation processes.6-9 

However, a simple analytical procedure equally 
suitable for control analysis of macromolecular pep 
tides and monitoring their decomposition has been 
developed and is presented here. . 

The &hi&base formation reaction applied earlier 
for the measurement of amino-acids and smaller pep 
tides by Siirensen’ 3-1 5 serves as the basis for the new 
method. The primary amino-groups of polypeptides, 
present quantitatively in protonated form in a neutral 
solution, react with formaldehyde to produce Schiff- 
bases, accompanied by liberation of the protons ori- 
ginally coordinated to the nitrogen atoms. The acid 
liberated in this way is equivalent to the primary 
amino groups in the sample, and can’be titrated. 

The original macro method of Sijrensen, which 
used visual end-point detection, has been converted 
into a semimicro potentiometric procedure suitable 
for the analysis of pharmaceutical products of low 
peptide content. 

EXPERIMENTAL 

The reaction conditions necessary for quantitative Schiff- 
base formation and deprotonation on the semimicro scale 
were studied with amino-acids as model systems. 

It was shown, that in solutions containing 18% v/v for- 
maldehyde, potentiometric titration with 0.01 M alkali of 
the acid liberated in the course of the Schiff-base formation 
has a reproducibility of *0.5x. The same was found for 
macromolecular polypeptides 

Procedure 

A quantity of polypcptide or its salt equivalent to 2-3 ml 
of 0.01 M sodium hydroxide is dissolved in about 5 ml of 
distilled water and adjusted accurately to pH 7 with 0.01 M 
sodium hydroxide. Then about 5 ml of 35-38% aqueous 
formaldehyde solution, similarly neutralized, are added. 
After 30min, the acid liberated is slowly titrated with 
0.01 M carbonate-free sodium hydroxide. 

A precision pH-meter (e.g., Radiometer pH M64 
Research, reading to 0.1 mV) and an automatic burette (e.g. 
ABU-12, precision +O.oOl ml) are recommended. 

RESULTS AND DISCUSSION 

The practical applicability of the method was tested 
by the analysis of the following macromolecular poly- 
peptides: 

(1) the N-terminal fragment of synthetic human con- 
corticotropin containing 32 amino-acids (ACTH 1_32); 

(2) the analogous fragment ‘containing 28 amino- 
acids (ACTH,_2s); 

(3) the basic pancreatic trypsin inhibitor Kunitz 
base polypeptide (EWII), containing 58 amino-acids; 

(4) Angiotensin II (a polypeptide) containing 8 
amino-acids. 

From the amino-acid se.quences.of the correspond- 
ing peptides the numbers of free primary amino 
groups of the undecomposed polypeptides are known. 
From these numbers, the equivalent weights of the 
compounds can be deduced. The results of the ana- 
lyses are summarized in Table 1. The products exam- 
ined contained as impurity only a small amount of 
water. This was determined by the Karl Fischer 
method. The weights in the third column of the table 
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Table 1. Results of the analysis of polypeptides 

Peptide 

Peptide Consumption Peptide 
Equivalent taken, of O.OlM found, 

weight mg NaOH, ml mg Error, % 

ACTH,_B~ 
(Corticotropin 
acetate) 

ACTH,_s, 
(Corticotropin 
hydrochloride) 

ACTH,-2s 

BPTI 
perchlorate 

BPTI 
(Trasylol) 

1381.4 22.52 
22.52 

Angiotensin II 1081.5 9.19 
9.34 

812.8 17.32 2.18 17.68 +2.1 
17.32 2.10 17.07 -1.5 

841.4 18.06 2.05 17.49 -3.1 
17.88 2.20 18.51 +3.5 

697 
10.79 
3.49 

13.79 
1523 27.58 

39.03 

1.55 10.80 f0.2 
0.50 3.49 -0.1 

0.86 13.10 - 2.0 
1.80 27.41 -0.6 
2.62 39.90 + 2.2 

1.65 22.79 + 1.2 
1.63 22.52 0.0 

0.78 8.96 + 2.5 
0.82 9.42 -0.9 

refer to water-free peptide salts. The data exhibit the 
good reproducibility of the measurements. 

The method was also applied successfully in the 
course of our studies of the co-ordination chemistry 
of polypeptides,16*” to determine the total peptide 
concentration of the starting solutions. 

A characteristic decomposition reaction of polypep 
tide molecules is hydrolytic chain breaking accom- 
panied by production of new terminal amino and car- 
boxy1 groups. There is thus an increase in the number 
of primary amino groups per mole of peptide. 

Hence it was expected that our method could be 
used to follow the decomposition of polypeptides by 
hydrolytic chain splitting. For verification, an 
ACTH,_sz sample was partially decomposed with 
trypsin and the product analysed by the new method 
and by paper electrophoresis in solutions of pH2 
(acetic acid-formic acid-water mixture) and pH 5.7 
(pyridine-acetic acid-water mixture). The electro- 
phoresis results indicated the presence of four decompo- 
sition products beside the undecomposed ACTH1_s2. 

When the electrophoresis was repeated with 
samples taken from different places in the same 
ACTH product, the intensity ratios of the spots char- 
acterizing the decomposition products were found to 
be different. 

The potentiometric analysis of 3 samples also taken 
from different parts of the product examined, showed 
the presence of 8.01, 6.46 and 5.71 primary amino 
groups per ACTH chain. Since the undecomposed 
ACTHi-sI molecule contains 5 primary amino 
groups and each splitting of the peptide chain results 
in the formation of one additional terminal amino 
group, these results also reflected the decomposition 
of the peptide. 

The quantitative splitting of ACTH,_s2 into four 
smaller peptides would result in the occurrence of at 
most 8 primary amino groups per molecule of 
ACTH,_s2. The results 8.01, 6.46 and 5.71 amino 
groups led us to the conclusion that the material 
decomposed only partially and that the degree of 
decomposition was different in the various parts of 
the sample. This explanation is supported by the eleo 
trophoresis results. With homogenized samples, the 
reproducibility of our method was found to be f 1% 
even for decomposed products. 
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Summary-A technique is presented for determination of Fe& in Venezuelan laterites after a sulphuri- 
zation process. The determination is based on a reaction with water followed by a turbidimetric deter- 
mination of sulphate ions in solution. The effect of the reaction time and of the particle size is investi- 
gated. Data are given showing the precision to be better than 3%. and the accuracy was studied 
by preparation of a series of synthetic samples of Fe&, FeS and Venezuelan laterite. 

The objective of this project was to determine the 
amounts of Fe& and FeS in Venezuelan laterites after 
a carbon-sulphurization (treatment with a COZ and 
SO2 gas mixture) reaction. The idea behind the car- 
bon-sulphurization reaction is the separation of iron 
from laterite, leaving a mixture of principally A1203, 
Si02 and Ti02 ,l which can be used instead of bauxite 
as the raw material for production of aluminium. 

In Venezuela, bauxite is relatively scarce compared 
to laterite, but the laterite contains up to 30% of total 
iron (as Fe,OJ).* Figure 1 shows the theoretical reac- 
tion products from the carbon-sulphurization reac- 
tion under different experimental conditions.’ It can 
be seen that FeS, and/or FeS can be formed. Thus 
a technique to determine FeS2 in the presence of FeS 
was explored and is reported here. 

The following reactions’ were studied as a means 

of determining FeS, indirectly in the presence of FeS: 

4FeS + 302 + 6H20 --+ 4 Fe(OH), + 4s (1) 
2FeS2 + 70, + 2H20+ 2 FeS04 + 2H2S0., (2) 

Other reactions with dilute and concentrated acids 
were studied, but without useful results. Also reac- 
tions with water and acids were investigated by deter- 
mination of the iron in solution, but again without 
success. 

EXPERIMENTAL 

The reaction with water 

Weigh 500 mg of 100-250 mesh sample into a 30-ml 
plastic beaker and add 10 ml of distilled water. After 30 
mitt reaction time (with occasional stirring) filter with a 
sintered-glass crucible of fine pore-size (porosity 4). Wash 
the beaker and precipitate with about 10 ml of distilled 

Fig. 1. Phase diagram for Fe-S-0 and Al-S-0 at 500°C. 
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Fig. 2. Calibration curve, plotting ppm of sulphate in the 
final 25 ml of diluted solution measured, us. per cent FeS, 

in the SOO-mg standard samples. 

water. Transfer the filtrate to a 25-ml standard flask and 
dilute to the mark. 

Turbidimetric measurement of sulphate 

Dilute the sample by a factor of 25 with distilled water 
to ensure the concentration of sulphate is in the linear 
range of the calibration curve. Apply any convenient turbi- 
dimetric method for sulphate in water, covering the range 
up to 250 ppm. (We used a Hach Kit portable calorimeter 
and the “SulfaVer Iv” procedure,*” in which the requisite 
dose of the commercial reagent mixture was added to 25 
ml of the diluted sample and another 25-ml portion was 
used as a blank, and 10 min later the absorbance at 450 
nm was measured.) 

Prepare a calibration curve by use of synthetic samples 
prepared by mixing known amounts of FeS, and FeS. The 
graph is linear but gives an intercept on the Fe!& axis 
(Fig. 2). 

RESULTS AND DISCUSSION 

Examination of Fig. 2 shows that a 500-mg sample 
of FeSz will produce an apparent sulphate concen- 
tration of 220 ppm in the solution measured. As 220 
ppm of SOi- in 25 ml corresponds to 1.83 mg of 
sulphur, which is derived from l/25 of the original 
solution, and the 500 mg of FeS, &mains 267 mg 
of sulphur, the extent to which reaction (2) proceeds 
is about 17%. 

* Supplied by Hach Chemical Co., Ames, Iowa, U.S.A. 

The accuracy of the proposed method was studied 
by preparing synthetic samples of known amounts of 
Fe&, FeS and Venezuelan laterite. The results for 
the synthetic samples were in excellent agreement 
with the amounts of FeSl taken. The precision was 
investigated by determination of FeSl in 10 separate 
samples and found to be about +2% for Fe& in 
the range lO-500/,. 

Since the reaction rate should be dependent upon 
the surface area, the effect of different particle sizes 
was studied. It was found that there is little or no 
effect in the range 63-250 mesh-size but a particle 
size finer than 250-mesh would give erroneously high 
results unless corrected for. 

In an experiment to optimize the reaction time it 
was found that the concentration of sulphate released 
increases with time up to about 20 min, and then 
becomes relatively constant. Thus 30 min was decided 
to be optimum for the reaction time. 

Since the Hach Kit procedure suggested that the 
sulphate should be measured IO-15 min after addition 
of the reagent, this was checked. The results showed 
that the reading was constant from 10 min to more 
than 30 min after introduction of the reagent. 

CONCLUSIONS 

It has been shown that the proposed method for 
determining Fe& indirectly by the concentration of 
sulphate after a chemical-phase reaction with water 
is reproducible to about 2%. This is adequate for 
chemical-phase analysis but could probably be im- 
proved by measuring the sulphate concentration with 
a laboratory spectrophotometer rather than the port- 
able Hach Kit instrument. 
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OF PHYTIC ACID 

RONALD J. REEVES, R. TODD CARROLL and GERALD P. GENNARO@ 

Diagnostic Isotopes Incorporated, Bloomfield, NJ 07003, U.S.A. 

(Received 27 February 1979. Accepted 30 April 1979) 

Summary-Titrimetric assays for phytic acid by titration with iron(II1) or thorium are described. Stan- 
nous chloride interferes in both systems, causing negative errors directly proportional to the amount 
of stannous chloride. The thorium:phytate ratio in the complex formed is 2:1, which is interpreted 
as resulting from the possession of two chelating centres by phytic acid. 

Phytic acid and its sodium salt are widely used in 
diagnostic nuclear medicine as chelating agents for 
technetium. The acid is obtained in a reasonably pure 
state from corn steep-liquor and, despite some past 
uncertainty about its structure, is now assumed to 
exist predominantly as the geometric isomer myo-phy- 
tic acid (cis-1,2,3,5-trans+-inositol hexaphosphoric 
acid).’ Examination of a molecular model shows that 
five of the six orthophosphate groups occupy equa- 
torial positions in the preferred chair conformation. 
The formula of the sodium salt (dried at 110’). has 
been established’ as Nar2CsH6P,02,.3H20 and it 
is this material which is .the agent of choice for com- 
mercial preparations. 

Conventional methods of analysis: for phytic acid 
have been reviewed;’ the most widely used procedure 
remains some modification or other of the titration 
with iron(III), developed by Heubner and Stadler.4 
That procedure is reported to be reproducible, though 
based on a non-stoichiometric relationship of 2.8 
moles of iron for each mole of phytic acid. Other 
workers report different relationships.3 

We have evaluated this technique and have 
attempted to develop an alternative based on an inte- 
gral stoichiometric ratio. Since titrations with thor- 
ium have proved useful for determination of anala- 
gous phosphonate compounds,5 this approach was 
pursued. Our major purpose was to produce a pro- 
cedure for the assay of commercial sodium phytate 
in radiopharmaceutical preparations which contain 
stannous chloride as reducing agent. 

EXPERIMENTAL 

Reagents 

Thorium nitrate solution, 0.01 or O.OOlM, standardized 
against EDTA.6 

Xylenol Orange solution, 0.1%. 
Ferric chloride solution, Fe(W) 1 mg/ml in 0.05M hy- 

drochloric acid (e.g., J. T. Baker “Dilut-It” standard). 
S-Sulphosalicylic acid. 
Phytic acid, sodium salt (Sigma Chemical). Found: Na, 

27.15%; P, 18.81%; theory: Na, 28.21%; P, 19.00%. 

Procedure for titration with iron (III) 

The sample (dried at 110” overnight) is dissolved in 50 
ml of water. Approximately 10 mg of 5-sulphosalicylic acid 

are added and the solution is titrated with standard ferric 
chloride solution to the appearance of the first permanent 
pink colour. The factor used in the calculation is that 
recommended by Heubner and Stadler.4 

Sodium phytate (mg) = 6.26 x volume of titrant (ml) 
x concentration of titrant (Fe, mg/ml). 

Procedure for titrution with thorium 

The sample (dried as above) is dissolved in 50 ml of 
water, the pH adjusted to 1.9-2.2 with 0.02iV hydrochloric 
acid and the mixture heated to 60”. After addition of 
1 ml of Xylenol Orange solution, the sample is quickly 
titrated from yellow-orange to pink. 

Sodium phytate (mg) = 489 x volume of titrant (ml) 
x molarity of titrant. 

RESULTS AND DISCUSSION 

Our preliminary observations on the thorium titra- 
tion showed that the metal:phytate ratio in the 
complex formed was 2: 1, so the calculations are based 
on that ratio. For the titrations with iron(II1) our 
observations confirmed that the factor proposed by 
Heubner and Stadler was the most ‘valid of those 
suggested. 5Sulphosalicylic acid was chosen as an in- 
dicator superior to the ammonium thiocyanate ori- 
ginally recommended.4 

A series of ten determinations of 40.87-mg portions 
of sodium phytate trihydrate gave 40.6 + 0.4 mg by 
thorium assay, and 41.0 + 1.1 mg by iron(II1) assay. 
The end-point given by Xylenol Orange was judged 
easier to see than that with S-sulphosalicylic acid and 
this is reflected by the better relative standard devi- 
ation (1.0% us. 2.6%). 

When stannous chloride was added to sodium phy- 
tate samples of approximately 10 mg, the nominal 
amount in commercially available vials of the reageni. 
interference with both methods was observed (Fig. 1). 
the results being low by 0.9 mg of sodium phytate 
trihydrate per mg of stannous chloride present (or 
0.176 mole of phytate per mole of stannous chloride). 
This error was the same for both techniques, suggest- 
ing a common mechanism for interference, presum- 
ably complexation with phytate. Nonetheless, either 
technique may be used for routine analysis of com- 
mercial preparations, since the error is reproducible 
and a correction can be applied. 
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Stonnous Ct&kle Ad&d,mg 

Fig. 1. Effect of stannous chloride on assays of 10.3-mg 
portions of sodium phytate. Thorium assay (0); ferric ion 

assay (A). 

The 2:l combining ratio of thorium and phytate 
may be explained by (a) the presence of 12 anionic 
oxygen atoms on each phytate ion and (b) the unique 
geometry of the predominant isomer, and strongly 
suggests that after chelation of the first thorium ion, 
phosphate oxygen atoms on the other side of the ring 
remain available to chelate a second thorium ion. 
Thus, the fixed geometry of the inositol ring provides 
a singular example of a chelating agent with two sep- 
arate complexing centres. 
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ORGANIC ANALYSIS WITH A NEW Ag+-SELECTIVE 
MEMBRANE ELECTRODE 

V. V. CO$CPRE~, k. $m~xNEscu and A. A. BUNACIIJ* 

Institute of Chemical and Pharmaceutical Research, Bucharest, Sos. Vitan 112, 
74351 Bucharest. Romania 

(Received 29 December 1978. Revised 22 March 1979. Accepted 20 April 1979) 

Summary-A new Ag+-selective membrane electrode obtained by impregnating a graphite rod (attached 
to the end of a Tetlon tube) with the silver(I) chelate of l-(2’,3’,5’-tri-0-benzoyl+~ribofuranosyl)-4- 
thioxo-Smethylthio-6-azauracil dissolved in chloroform gives a stable and reproducible response to 
silver in the 10-‘-10-5M range with a slope of 60 mV/decade. A new method for &termination 
of some &chlorovinyl ketones is based on use of the electrode in potentiometric titration of the chloride 
displaced by tertiary amines from Bchlorovinyl ketones in forming the corresponding quatemary 
ammonium salts. 

Several Ag+-selective electrodes with liquid mem- 
branes have been developed and characterized.1-5 We 
now add a new one. 

EXPERIMENTAL 

Apparatus and reagents 

The emf values were measured at room temperature in 
mechanically stirred solutions, with a digital pH/mV-nieter 
(Pr%itronic, East Germany). The potentiometric titration 
curves were recorded with an automated outfit composed 
of a TTT2 Titrator, ABUl2 Autoburette and SBRZC Titri- 
graph recorder (Radiometer). The indicator electrodes used 
were the Ag+-selective membrane electrode of our own 
construction, and Cl- and Br- selective electrodes 

z;;;;;F Ag+(C**+); 

I I 
KNo3 SCE 

electrode p = OSM (KNO,) satd. 

(Radelkis OP-Cl-7112D and OP-Br-711 ID). A saturated 
calomel electrode (type K401, Radiometer) was used as 
reference electrode, connected to the sample solution 
through a saturated potassium nitrate bridge. 

j-Chlorovinyl ketones were prepared according to Waka- 
yama et aL6 The drugs analyscd were of pharmaceutical 
grade. 

RESULTS AND DISCUSSION 

The new Ag+-selective membrane electrode has as 
liquid membrane the Ag(1) chelate of 1-(2’,3’,5’-tri-O- 
benzoyl-B-o-ribofuranosyl)-4-thioxo-5-methylthio-6- 
azauracil, dissolved in chloroform.7 The reagent, 
denoted by HR (a weak organic acid), was recently 
obtained and characterized by Cristescu.s 

The Ag+ ions from the aqueous phase and HR 
from the organic phase are in equilibrium: 

A.& + U-W,-(AdUo + H.’ (1) 

* National Institute of Chemistry, Department of Ana- 
lytical Chemistry, 77208 Spl. Independenjei 202, Bucharest, 
Romania. 

Following the treatment used previously.3*4 equation 
(2) is obtained for the electrode: 

E = E6 + (RT/F)ln [Ag+],, (2) 

Eb is the conditional standard potential of the elec- 
trode us. SCE, obtained by extrapolating the electrode 
function (Fig. 1) to pAg+ = 0. Its value depends on 
the concentration of silver in the liquid membrane 
in the electrochemical cell 
where C,, is the silver concentration in the test solu- 
tion. The value of Eb is related to the concentration 
of silver in the membrane by Eb - (RT/F’) In (AgR)o 
and thus also depends on the extraction constant. It 
is +530 mV when the concentration of silver in the 
membrane is 5 x 10e4M. The basic characteristics of 
the electrode are given in Table 1. 
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Table I. The basic characteristics of the Ag+-selective membrane electrode 

Membrane 

Concentration of silver complex in the 
membrane 

Slope of the electrode function 
Influence of pH 
Response time 

Selectivity 

Reproducibility of the potential measurements 

I-(2’,3’,5’-tri-O-benzoyl-/3-o-ribofuranosyl)- 
4-thioxo-5-methylthio-6-azauracil in CHCI, 

5 x 10-4&f 

60 mV/decade of concentration 
Depends on the Ag+ concentration 
A few set in concentrated solutions and approx. 2-3 min in 
10-4-10-6M range 
The selectivity coefficients calculated by the separate solution 
method’ have shown that only Hg2+ interferes 
k4 mV in a 5-week period 

ANALYTICAL APPLICATIONS The following aspects were considered: (a) detec- 

Determination of B-chlorovinyl ketones 
tion of trace chloride in B-chlorovinyl ketones; (6) 
kinetics of conversion of /Schlorovinyl ketone into 

/I-Chlorovinyl ketones are a group of organic com- the corresponding quaternary ammonium salt with 
pounds used as intermediates in the synthesis of a EtJN as quatemization agent; (c) influence (on 
wide range of compounds; they have the general for- j?-chlorovinyl ketone degradation) of the nature of the 
mula R-CO-CH=CHCl (R = alkyl). They can be acid used for neutralization of the excess of Et,N (in 
determined by measuring the halide produced by monitoring the reduction reaction). 
treatment with alkali. Because the chlorine atom is The j%chlorovinyl ketones analysed by the method 
strongly activated by the carbonyl group in the are shown in Table 2. No traces of chloride were 
B-position, the /?-chlorovinyl ketones can be decom- I found in any of the compounds mentioned in Table 2. 
posed under even milder conditions, for example they , It was found that acidification of the sample with 
react easily with tertiary amines (e.g., Et,N), forming 1M nitric acid resulted in degradation by up to 20% 
the quaternary ammonium salts,” and these may be within 30 min (see Table 3), so this acid cannot be 
directly determined with an Ag+- or Cl--selective used for the acidification step in the procedure used 
membrane electrode. for monitoring the quaternization reaction, though it 

By means of this last property, we have succeeded is suitable for determination of total jLchloroviny1 
in monitoring the reduction reaction of /I-chlorovinyl ketone. A 5% acetic acid solution was found the most 
ketones (with NaBH.,): 

R-C-CH=CH-Cl 

II 

“,42: . R-CH-CH=CH-Cl 

I 
0 OH 

Q) (II) 

To determine the /%chlorovinyl ketone (I) in the presence of the reduced compound (II), the reaction 

(3) 

R-C-CH=CH-Cl + (C2H&N - [R-C-CH=CH-N+(CzH,)~]Cl- 

II II (4) 
0 

(I) aIIP 

was used to produce the quaternary ammonium salt 
(III) which may be potentiometrically titrated, in. the suitable for the acidification in the monitoring experi 
presence of an Ag+-selective membrane electrode, ment. 
after acidification. To study the kinetics of quaternization we pro- 

Table 2. p-Chlorovinyl ketones analysed potentiometrically with ion-selective 
membrane electrodes 

Name 
Molecular 

R weight C) (%) 

I-Chloro-I-buten-3-one 
I-Chloro-1-heptan-3-one 
I-Chloro- I -octen-3-one 
I-Chloro- 1 -decen-3-one 
I-Chloro-1 -tetradecen-3-one 

CHo 104.53* 33.91 
Cd49 146.62 24.18 
CsH,l 160.64 22.07 
C,H,s 180.70 18.78 
G,H23 244.81 14.48 
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Table 3. Degradation of I-chloro-1-decen-3- 
one in HNO, medium (taken: 21.65 mg) 

Time Found 
min mg 

Degradation 
(%) 

5 1.53 7.07 
10 2.55 11.78 
20 4.08 18.85 
30 4.42 20.42 
40 4.42 20.42 

* The Ag+-selective membrane electrode 
was used. 

Table 4. Kinetics of conversion of I-chloro-1-decen-3-one 
into the corresponding quaternary ammonium salt (taken: 

9.62 mg)* 

Time 
min 

I-Chloro-1-decen-3-one 
found, mg 

Conversion 
(%) 

3 8.76 91.0 
5 9.41 97.8 

10 9.62 100.0 
20 9.62 100.0 
30 9.64 100.2 

* The Ag+-selective membrane electrode was used. 

ceeded as follows: 1 ml of EtJN was added with stir- From Table 4 it is seen that I-chloro-I-decen-3-one 
ring to about 10 mg of /I?-chlorovinyl ketone dissolved is quantitatively converted into the quaternary 
in methanol. After a time t, the sample was neutra- ammonium salt in 10 min (similar conversion times 
lized and then acidified with 5% acetic acid solution were found for the other /I-chlorovinyl ketones). 
and potentiometrically titrated with 0.01 M silver Some results of l-chloro-I-buten-3-one determina- 
nitrate. tions are shown comparatively in Table 5, and show 

Table 5. Potentiometric determination of I-chloro-I-buten-3-one with ion-selective 
membrane electrodes 

Time 
(ms) 

Found, mg 
Ag+-selective Cl--selective 

electrode electrode 

Error, % 
Ag+-selective Cl --selective 

electrode electrode 

1.47 1.46 1.46 0.7 0.7 
2.94 2.96 2.93 0.7 0.3 
4.41 4.43 4.42 0.5 0.2 
5.88 5.85 5.91 0.5 0.5 
7.35 7.34 7.3 1 0.1 0.6 
8.82 8.85 8.86 0.3 0.5 

10.29 10.24 10.26 0.5 0.3 

Table 6. Potentiometric analysis of drugs 

Pharmaceutical 
product 

Therapeutic 
form Composition 

Found 
Age-selective Br --selective 

electrode electrode 

Lauronil 
(Scoponal) 

Tablets 

Tablets 

Scobutil 
(Buscopan) 

Injectable 
aqueous 
solution 
l-ml ampoule 

Injectable 

Algo-buscopan 
aqueous 
solution 
5-ml ampoule 

1 tablet contains: 
Scopolaminium hydro- 
bromicum 0.6 mg 
Acidum phenylaethyl- 
barbituricum 100 mg 
Excipiens q.s. for one tablet 

1 tablet contains: 
N-Butylscopolammonium 
hydrobromicum 10 mg 
Excipiens q.s. for one 
tablet 

1 ampoule contains: 
N-Butylscopolammonium 
hydrobromicum 10 mg 
Glucosum 50 mg 
Aqua distillata ad 1 ml 

1 ampoule contains: 
N-Butylscopolammonium 
hydrobromicum 0.02 g 
Noraminophenaxonium 
2.50 g 

0.67 mg 0.67 mg 
(average of 2 determinations) 

9.72 mg 9.75 mg 
(average of 7 determinations) 

10.85 mg 10.72 mg 
(average of 4 determinations) 

0.020 g 0.021 g 
(average of 7 determinations) 
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that both ion-selective membrane electrodes give membrane electrode (Radelkis, OP-Br-7111 D) (see 
good results for 2-10 mg of the compound. Table 6). 

Determination of scopolamine hydrobromide and REFERENCES 
N-butylscopolammonium bromide 

Scopolamine hydrobromide is mainly used for its 
1. V. V. Cogofret, Reo. Chim. (Bucharest), 1974, 25, 836. 
2. G. E. Baiulescu. V. V. Cosofret and C. Cristescu. ibid.. 

sedative action in psychiatry and surgery (combined 
with morphine and barbiturates). The compound 
N-butylscopolammonium bromide obtained from 
scopolamine by quaternization with C4H9Br is 
recommended as an antispastic drug which causes less 
side-effects than atropine. 

To determine scopolamine hydrobromide in the 
pharmaceutical product known under the trade 
names Scoponal and Lauronil and the N-butylscopol- 
ammonium bromide in the pharmaceutical products 
Scobutil and Algo-buscopan, we suggest a potentio- 
metric method with our Ag+-selective membrane 
electrode. The results obtained compare well with 
those obtained by using a commercial Br--selective 
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1975, 26, 429. 
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Kiad6, Budapest, 1978. 
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POLAROGRAPHIC DETERMINATION OF AMPICILLIN 
IN CAPSULES AND TABLETS 

J. A. SQUELLA and L. J. NUREZ-VERGAF~A 

Department of Chemical Pharmacology and Physical Chemistry, Faculty of Chemical and 
Pharmacological Sciences, University of Chile, Santiago, Chile 

(Received 8 January 1979. Accepted 16 April 1979) 

Summary-A new polarographic method is used fpr quantitative analysis of ampicillin dosage forms. 
The electroactive product is formed by acidic hydrolysis of ampicillin. It gives a well-developed reduc- 
tion wave with half-wave potential of -0.91 V us. SCE. The proposed method has.good precision. 
A major advantage is the selectivity, which makes the determination of ampicillin possible without 
prior separation of the excipient. 

Several methods have been described for the deter- 
mination of ampicillin in aqueous solution, based on 
ultraviolet spectrophotometry,’ reaction with iodine,’ 
colour formation with hydroxamic acids3 and reac- 
tion with ammonium vanadate.4 Fluorometric assay 
of ampicillin in biological fluids has been extensively 
investigated by several authors.5-7 

The present paper describes a new polarographic 
method for ampicillin in tablets and capsules; prior 
separation of excipient is not necessary in this 
method. 

EXPERIMENTAL 

Drugs 

Ampicillin (100% chromatographically pure, 86.8% ac- 
tivity) was obtained as the pure compound from Beecham 
Research Laboratories, England. Standard solutions were 
prepared, covering a concentration range of 2-3 mg/ml. 

Penbritin capsules and Tolomol tablets were obtained 
from Saval Laboratories and Bayer Laboratories respect- 
ively. 

For recovery studies, capsule formulati&s were pre- 
pared according to the manufacturer’s specifications for 
250-mg ampicillin dosages. 

Citrate buffer, pH 5.0 

Citric acid (42 g) was dissolved in 204 ml of 2M sodium 
hydroxide and the mixture diluted to a litre. Fen 990 
ml of buffer were mixed with 10 ml of formaldehyde to 
give 1% concentration of the latter. 

Sample preparation 
A IO-ml portion of aqueous solution containing between 

200 and 360 mg of ampicillin was pipetted into~a lOO-ml 
standard flask containing 5 ml of 1M sodium hydroxide; 
10 min later 5 ml of 1M hydrochloric acid were added, 
followed by dilution to volume with pH 5.0 citrate buffer 
containing 1% of formaldehyde. 

All samples (capsules and tablets) were treated in the 
same way as the standards. Standard and sample solutions 
were heated at 100” for 30 min, allowed to cool and then 
analysed polarographically. 

Poh3graphic analysis 
Polarograms were recorded with a three-electrode polaro- 

graph (Tacussel assembly) employing a three-compart- 
ment polarographic cell. A saturated calomel reference 
electrode (SCE) and platinum-wire counter-electrode were 
used. The dropping mercury electrode (DME) had an 
rt~*%~/~ value of 2.70 (m in mg/sec, t in see). At -1.00 
V vs. SCE in nitrogen-saturated solution, the current range 
was 25-50 pA for full-scale deflection on the recorder. The 
potential was scanned between -0.75 and -1.10 V DS. 
SCE at 2 mV/sec. All solutions were purged with oxygen- 
free nitrogen for 10 min and polarographed at 25”; no 
maximum-suppression was needed. 

RESULTS AND DISCUSSION 

When ampicillin is heated in acid (or alkaline) solu- 
tion, a strongly fluorescent yellow product is formed, 
which gives a polarographic reduction ,wave with half- 
wave potential of -0.91 V us. SCE. The product has 
been suggestedsv9 to be a 2,Miketopiperazine deriva- 
tive formed by an intramolecular nucleophilic attack 
on the a-amino group in the side-chain of ampicillin. 
The polarographic wave can be used for analytical 
purposes, the current being linearly related to the 
concentration, the equation being 

i(d) = 6.57C(mg/ml) + 8.65. 

Table 1. Results of 7 polarographic analyses of ampicillin 
in tablets and capsules 

Ampicillin content (“A) 
Tablets* Capsulest 

77.6 87.2 
81.0 ,90.0 
76.9 89.6 
74.8 91.2 
78.7 89.8 
79.2 88.2 
78.2 90.9 

Average 78.1 $9.5 
Standard deviation 1.9 1.4 

* Bayer Laboratories, Chile; 250 mg of ampicillin + 50 
mg of excipients. 

7 Saval Laboratories, Chile; 250 mg of ampicillin + 25 
mg of excipients. 
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A number of commercial tablets and capsules were 
analysed by this method (Table 1). The relative stan- 
dard deviations are below 2%. Recovery tests showed 
a negative bias of 0.1-1.7x (mean 0.6%). 

The application of this method to detect excretion 
of ampicillin in the urine has been tested, and the 
detection limit found to be 10 pg/ml, adequate if the 
rate of excretion is high enough. Otherwise pulse 
polarography (not available in our laboratories) 
would have to be used. 

The excipients tested, magnesium stearate, steak 
acid, mannitol, starch, saccharine, colloidal silica and 
flavours, were found to have no effect on the method. 

The clear advantage of the proposed method over 
others is that no previous separation is needed, either 
for urine samples or dosage forms. 
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HYDRAZINIUM THIOCYANATE AS A REAGENT FOR 
DETERMINATION OF COPPER 

J. P. VITTAL, C. R. ANANTASUBRAMANIAM, R. SOIJNDARARAJAN and K. C. PAT~L 
Department of Inorganic and Physical Chemistry, Indian Institute of Science, 

Bangalore, 560 012 India 

(Received 6 March 1979. Accepted 16 April 1979) 

Summary-Hydrazinium thiocyanate, N,H,SCN, has been used for the determination of copper in 
copper salts. The reagent reduces the copper ions to the cuprous state and precipitates cuprous 
thiocyanate CU~(SCN)~, quantitatively. 

Recently, we reported’ a novel method for the prep 
aration of hydrazinium derivatives by the reaction of 
solid ammonium salts with hydrazine hydrate. The 
hydrazine content of these hydrazinium compounds 
was determined by titration with potassium iodate. 
However, it was not possible to determine the hydra- 
zine content of N,HJ and NIH,SCN since both I- 
and SCN- also react with iodate, so we had to use 
other methods. During the course of determination 
of thiocyanate in NzHSSCN as Cul(SCN)2, we found 
that reduction of Cu2+ to Cu+ was achieved simul- 
taneously. In the conventional method, Cu2+ is 
usually reduced to Cu+ by the addition of sulphurous 
acid,’ ammonium hydrogen sulphite,’ ascorbic acid,4 
or ferrous sulphate.’ It was thought interesting to try 
to use hydrazinium thiocyanate as a reagent for the 
determination of copper in copper salts. In this com- 
munication we report the results of this investigation. 

EXPERIMENTAL 

Preparation of hydrarinium thiocyanate 

Stoichiometric quantities of ammonium thiocyanate and 
hydrazine hydrate were mixed. The ammonium salt dis- 
solved instantaneously with evolution of ammonia. The 
resulting solution was kept over phosphorus pentoxide in 
a vacuum desiccator for a few days; crystals of N2H5SCN 
were obtained. 

NH,SCN + NrH~HrO+N,H$CN + NH, + HZ0 

A 10% solution of hydrazinium thiceyanate was used. Cop 
per solutions were prepared by dissolving known amounts 
of copper metal in nitric acid. Experiments were also car- 
ried out with different copper salts such as the chloride, 
nitrate and sulphate. 

Procedure 
A copper solution containing up to 0.3 g of copper is 

diluted to 150-200 ml in a 400-ml beaker. A 10% solution 
of hydrazinium thiocyanate is then added slowly with con- 
stant stirring. The solution becomes colourless, a white 
precipitate forms, and the supematant liquid becomes acidic. 

The precipitate is digested on a water-bath for about an 
hour, then filtered off on a porosity-3 sintered-glass 
crucible. The precipitate is washed with cold distilled water 
and finally with alcohol. The precipitate is dried to con- 
stant weight at 110-120” and weighed as Cur(SCN)2. 

Fe3+, Mn2+ and Cr3+ do not interfere, but Ag+ and 
Hg2+ do. 

RESULTS AND DISCUSSION 

The results for determination of copper in solutions 
containing different amounts (SO-350 mg) of it are 
given in Table 1. The results show good agreement. 
The reaction of hydrazinium thiocyanate, N2H5SCN, 
with Cu2+ can be written as follows: 

4Cu2+ + 4N2HSSCN + 2Cu,(SCN), 

+ 3N2H; + SH+ + N2 

The stoichiometry of the reaction was checked by 
determination of the hydrazine content in the filtrate 
after the separation of Cu2(SCN),. The liberation of 
prot,ons accounts for the observed decrease in pH to 
z 2.0. 

This method of determination of copper is con- 
venient, because the reduction to cuprous ions and 
the precipitation of cuprous thiocyanate are achieved 
by a single reagent. Also, the time required for the 
determination is much less than for conventional 

Table 1. Results of gravimetric determination of copper 

Copper taken, g Copper found g 

0.0536 0.0535 
0.0717 0.0715 
0.0770 0.0769 
0.1044 0.1045 
0.1305 0.1300 
0.1750 0.1754 
0.1991 0.1984 
0.3368 0.3381 

Relative standard deviation 0.13%. 

Error, (%) 

-0.2 
-0.3 
-0.1 
40.1 
- 0.4 
+0.2 
-0.4 
+ 0.4 
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methods.‘-’ It is interesting to note that cuprous 
thiocyanate is not precipitated by addition of hydra- 
zine hydrate and thiocyanate to solutions containing 
Cu*+ ions. Hydrazine hydrate is known6 to reduce 
Cuz+ to Cu+ which either forms CuZO or is further 
reduced to metallic copper. 
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When activation energies of electrode processes are 
to be determined, it is necessary to measure the 

A POLAROGRAPHIC CELL SYSTEM WITH A NOVEL 
TEMPERATURE-CONTROLLED REFERENCE 

ELECTRODE FOR THE DETERMINATION OF 
KINETIC PARAMETERS OF ELECTRODE REACTIONS 

D. R. CROW and J. G. SHARP 

Department of Physical Sciences, The Polytechnic, Wolverhampton, England 

(Received 21 February l.979. Accepted 21 May 1979) 

Summary-An improved experimental arrangement for the determination of kinetic data relating to 
polarographic reductions is described. The significant feature is the constant-temperature reference 
electrode; its construction and use in this context are described. A comparison is made of the more 
realistic results obtained by these means, with those obtained with a more conventional cell where 
the temperature of the reference electrode is varied with that of the working solution. 

appropriate electrode potentials over a range of tem- 
peratures. In the case of polarographic reductions, 
half-wave potentials have to be determined over a 
considerable temperature range. When doing this it 
is of prime importance to take account of the tem- 
perature coefficient of the potential of the reference 
electrode, which for polarographic purposes is usually 
the saturated calomel electrode. 

Despite great improvements in the preparation and 
design of the calomel electrode, as suggested by Ives 
and Janz,’ and despite its improved reproducibility 
at 298 K, it has been shown to exhibit unfortunate 
hysteresis effects at elevated temperatures.1-3 Wing- 
field and Acree4 estimated temperature hysteresis 
effects to be as high as 0.5-0.9m.V and found that 
maximum potential changes occurred over a period 
of 2-3 hr for an 8” change in temperature. 

For small temperature variations the potential of 
the saturated calomel electrode may be represented 

by 
E’ = 0.2444 - O.O025(t - 25) 

with t in “C, but at higher temperatures the following 
relationship applies: 

E” = 0.2412-6.61 x 10-4(t - 25) 
-1.75 x lo-? - 25)2 

-9.00 x lo-” (r - 25)3 
where 

E’= E calomrl + J&quid junction and 

E”= E culomol 

Temperature hysteresis has evidently interfered ser- 
iously with the determination of the temperature coef- 
ficient of the calomel electrode. Thus Wingfield and 

The authors have found that more realistic results 
may be obtained by using a separate thermostat- 
itilly-controlled calomel electrode of suitable design, 
which is maintained during its life at a temperature 
of 298 K. The complete cell system is shown schemati- 
cally in Fig. 1. The “H-cell” contains in limb A the 
working solution, dropping electrode and nitrogen 
degassing lines. Agar plug B, separated by sintered 
disc C, provides electrical contact with the saturated 

Fig. I. Schematic representation of cell components (see 
text). 
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Acree estimated the temperature coefficient to be 
-0.25 mV/deg which is in fair agreement with the 
value of -0.20mV/deg obtained by Ewing’ and 
-0.22 mV/deg reported by Bjerrum and Unmack,6 
but differs markedly from the value of -0.7 mV/deg 
quoted by Findlay.’ 

Unless appropriate precautions are taken, these 
variations are carried over to attempted determina- 
tions of half-wave potentials. Not only will uncer- 
tainty be introduced into the measured values of E,,, 

but, more seriously, the slopes of the polarographic 
waves may vary in a non-reproducible manner and 
yield unreliable estimates of transfer coefficients. 
Reliable values of an for an electrochemical process 
are a prime prerequisite for the calculation of kinetic 
data. 
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cm 4 
1.8 I 

I 
292 294 29G 298 300 302 3oL 

Tempratue. K 

Fig. 2. Variation of the quantity anE,,, with temperature for the aquo-Zn’+ system. [Zn”] = 
5 x IOe4M; [KCI] = 0.1 M Curve u--temperature ofxalomel electrode varied. Curve &temperature 

of calomel electrode maintained at 298 K. 

solution of supporting electrolyte in limb D. This cell 
is contained in a water-bath controlled at a prese- 
lected temperature, e.g., by a “Circon” unit, to within 
+ 0.1”. A KCl/agar salt-bridge, E, provides electrical 
contact between the limb D and the saturated calomel 
electrode F, immersed in a separate water-bath main- 
tained at 25 f 0.1 o by a second “Circon” or similar 
unit. 

The design and construction of the calomel elec- 

trode follows the basic stipulations of Ives and Janz:’ 
the geometry of the,electrode compartment, requiring 
a low ratio of mercury area to solution volume, as 
suggested by Covington‘ et al., takes the form of an 
elongated hydrophobically-treated glass tube. The 
thoroughly cleaned and dried tube is heated to 60” 
and filled with a 1% solution of Dow$orning Sili- 
cone Fluid No. 200 in carbon tetrachloride. After 
draining, and heating for 2 hr at 165”, the tube is 

82 - 

0, kJ/mole 

80 - 

78 - 

76 - 

72 - 

\ 

(a) 

0.97 098 0.99, 
E. V vs SCE 

Fig. 3. Variation of electroreduction activation energy, Q, of the Zn’+ aquo-ion. Curve a--temperature 
of calomel electrode varied. Curve h--temperature of calomei electrode maintained at 298 K. 
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rinsed several times with carbon tetrachloride to 
remove unbonded silicones, after which it is ready 
for use. The adverse effect of such treatment upon 
platinum-glass seals makes it necessary to avoid 
using these for making electrical contacts. 

Improvements brought about by taking these pre- 
cautions are shown by a comparison of the tempera- 
ture variation of the quantity anE,,l (a = transfer 
coefficient, n = number of electrons exchanged, 
E ,,2 = half-wave potential) and of the finally deter- 
mined activation energy, Q, for the aquo-zinc system 
shown in Figs. 2 and 3. Experimental results obtained 
with the apparatus described here show the regular 
trends to be expected, while those obtained with .a 
system in which both the reference and indicator elec- 
trodes were subjected to variable temperature show 

erratic variations. Activation energies were calculated 
as described earlier.8 

1. 

2. 

3. 

4. 

5. 
6. 

I. 

8. 
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COLORIMETRIC DETERMINATION OF SOME 
SULPHONAMIDES WITH PHENOTHIAZINE 

H. ABDINE, M. A. KORANY, A. M. WAHBI and F. EL-YAZBI 
Pharmaceutical Analytical Chemistry Department, Faculty of Pharmacy, 

University of AlexBndria, Egypt 

(Received 6 February 1979. Accepted 14 May 1979) 

Summary-Two simple and sensitive calorimetric procedures for determination of some sulphonamides 
with phenothiazine (thiodiphenylamine) are presented. One is based on reaction in aqueous alcohol 
solution in presence of hypochlorite, with direct measurement at 515 nm. The other is based on reaction 
in presence of copper(H) acetate at 70”, extraction with chloroform and measurement at 515 nm. The 
method is applied to the determination of sulphonamides in pure and tablet form, with a coefficient 
of variation less than 2%. 

Various methods have been reported for the deter- 
mination of sulphonamides. These include diazo- 
metric, ‘-’ bromometric,“’ non-aqueous titri- 
metric,7-9 complexometfic, ’ 0-I 3 argentimetric,14 
ultraviolet and infrared spectrophotometric,‘5-20 
polarographic,21S22 and chromatographic2 3-2 ’ 
methods. Calorimetric methods have been based on 
diazotization and coupling with phenols or aryl- 
amines such as N-(1-naphthyl)ethylenediamine 
(Bratton and Marshall reagent),27 N,N-diethyl-N-(l- 
naphthyl)ethylenediamine oxalate,28 a-naphthyl- 
amine,29 thymo13’ and resorcinol,31 and also on reac- 
tion with 1,2-naphthoquinone-4-s~1lphonate,~~ chro- 
motropic acid, 33 9-chloroacridineJ4 and o-diacetyl- 
benzene, 3 ’ or through formation of Schiff bases with 
p-dimethylaminobenzaldehyde,36*37 Cdimethylamino- 
cinnamaldehyde3* and salicylaldehyde.39 

violet thiazine dyestuff, with formula I or II. Primary 
arylamines such as aniline and p-aminobenzoic acid 
have been tested and found to give colours ranging 
from green to blue when reacted with phenothiazine 
under these conditions. Accordingly, we suggest the 
use of phenothiazine in presence of hypochlorite solu- 
tion as a reagent for the calorimetric determination 
of compounds containing the -S02NH group, sul- 
phonamides in particular. 

Feigl and Haguenauer-Castro40-42 used pheno- 
thiazine (thiodiphenylamine) as a chromogenic re- 
agent to detect chloramine-T (sodium N-chloro-p- 
toluenesulphonamide) and other N-halosulphona- 
mides by the production of a red violet thiazine dye-stuff 
soluble in ether, benzene, chloroform or carbon 
disulphide. The chemistry of these colour reactions 
is not known with certainty because the coloured 
product has not been isolated in pure form. Feigl and 
Haguenauer-Castro4S42 suggested that the toluene- 

.,oJX~~“So*. 

Recently Tanaka ef ~1.~’ described a procedure for 
the determination of saccharine in soft drinks by use 
of phenothiazine and copper acetate, but did not 
discuss the nature of the product or the reaction. 
However, the product is presumably similar to that 
in the Feigl reaction, i.e., reaction of the phenothia- 
zine with the sulphonamide is promoted by the oxi- 
dizing power of the Cu2+ ion, the role of Cu2+ and 
OCl- in the two reactions probably being similar. 
This point is now under investigation in our labora- 
tory. 

Here we use both reactions for the calorimetric 
determination of some sulphonamides with pheno- 
thiazine. 

Reagents 

Phenothiazine solution. Dissolve 0.5 g of phenthiazine, 
previously recrystallized twice from alcohol (m.p. 186”), in 
100 ml of ethanol. Prepare fresh daily. 

Hypochlorite solution. Shake 5g of bleaching powder 
(30% w/w available chlorine) with 100 ml of distilled water 
for 1 min. leave to settle and filter. Add to the filtrate 3 ml 
of 10% sodium hydroxide solution and filter. Prepare fresh 
daily. 

Copper acetate solution. A 0.5% solution in 0.5% 
acetic acid. 

Sulphonamide solutions. DiSSOhe, warming if necessary, 
80 mg of sulphonamide in ethanol and dilute to 100 ml 
with ethanol. Dilute lOm1 to lOOmI with 50% aqueous 

p-sulphonamide and sodium hypochlorite produced 
by the hydrolysis of chloramine-T undergo oxidative 
condensation with phenothiazine to produce a red- 
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ethanol. 

Procedure A 

Transfer a 

EXPERIMENTAL 

5-ml portion of sulphonamide solution into 
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Table 1. Analytical data for phenothiazine colour reaction with sulphonamides by the two 
procedures 

Compounds 

Sulphadiazine 
Sulphadimidine 
Sulphathiazole 
Sulphamerazine 
Sulphadimethoxine 
Sulphasomidine 
Sulfisoxazole 
Sulphaguanidine 

Procedure A Procedure B 
range, range, 

mgJ25 ml C.V., %* d mgf25 ml C.V., yO* Et 

0.2-1.0 kO.4 7.16 x lo3 0.1-0.5 *1.07x 1.02 x lo4 
0.1-0.8 kO.4 8.09 x lo3 0.1-0.6 20.85% 9.40 x lo3 
0.1-0.5 +0.3 7.41 x lo3 0.105 +1.95x 9.80 x lo3 
0.10.6 +0.6 7.65 x lo3 0.2-0.6 *1.07x 1.00 x lo4 
0.1-0.5 *0.5x 5.54 x lo3 0.2-0.9 *l/IO% 5.74 x 10s 
0.2-1.0 f0.6% 3.56 x 10” 0.2-1.0 +1.15% 4.64 x 10” 
0.20.8 *0.4X 4.28 x lo3 0.2-1.0 *0.67x 5.16 x 10’ 
0.2-0.8 *1.1X 6.74 x 10” 0.1-0.5 +1.40% 6.03 x lo3 

* 6 separate determinations. 
t E = (A x m.w. of sulphonamide)/lO x sulphonamide concentration (% w/v). 

a 25-ml standard flask. Add Iml of phenothiazine solution, 
5 ml of ethanol, 1 ml of 3.5% acetic acid, and 1 ml of 
hypochlorite solution. Mix, and dilute to volume with eth- 
anol. Measure the absorbance, in l-cm cells, at 515 nm 
against a blank prepared by applying the procedure to 
5 ml of 50% aqueous ethanol. Calculate the concentration 
of the sulphonamide from a calibration graph prepared 
with standard solutions. 

Procedure B 

Transfer a 5-ml portion of sulphonamide solution into 
a test-tube. Add 1 ml of copper acetate solution, 1 ml of 
phenothiazine solution, and 2ml of ethanol. Heat in a 
water-bath at 65-70’ for 1 hr. Cool to room temperature 
and transfer-including any precipitate-to a separating 
funnel with 2 ml of ethanol and 60 ml of distilled water. 

Extract successively with 10, 5-, and 5-ml portions of 
chloroform, shaking each time for 1 min. Collect the 
extracts in a 25-ml standard flask and make up to volume 
with chloroform. Measure the absorbance, in l-cm cells, 
at 515 nm, against a blank prepared by applying the pro- 
cedure to 5 ml of 50% aqueous ethanol. Calculate the con- 
centration of the sulphonamide from a calibration graph 
prepared with standards. 

Procedure for tablets 

Take an accurately weighed amount of the powdered 
tablets equivalent to about 80 mg of sulphonamide. Extract 
with hot ethanol. Filter and make up to the mark in a 
NO-ml standard flask. Dilute 10ml to lOOmI with 50% 
v/v ethanol. Apply procedure A or B to 5-ml of this 
solution. 

Table 2. Results obtained by the proposed methods and by the B.P. method 

Sulphonamides in pure 
form and in tablets* Procedure A 

Recovery, %t 
Procedure B B.P. 1973 

Sulphadiazine 
Powder 100.0 + 0.3 100.0 f 1.1 100.0 + 0.2 
Tablets 100.1 + 0.9 loo.7 f 1.0 99.7 + 0.5 

Sulphadimidine 
Powder 100.0 + 0.4 100.0 f 0.9 99.9 f 0.5 
Tablet@ 99.4 f 1.5 100.4 k 0.6 

Sulphathiazole 
Powder 100.0 * 0.3 100.0 * 1.9 100.3 * 0.4 
Tablet@ 99.6 + 0.7 100.1 * 0.9 - 

Sulphamerazine 
Powder 100.0 + 0.6 100.0 + 1.1 99.9 + 0.6 
Tablet@ 100.1 f 0.8 100.0 k 0.6 - 

Sulphadimethoxine 
Powder 100.0 f 0.5 100.0 + 1.4 100.3 f 0.1 
Tablets 100.8 + 0.8 100.3 f 0.7 100.2 * 1.1 

Sulphasomidine 
Powder 100.0 + 0.6 100.0 + 1.2 100.0 + 0.6 
Tablets 100.3 f 1.0 99.9 f 1.1 100.0 f 0.5 

Sulfisoxazole 
Powder 100.0 + 0.4 100.0 + 0.7 loo.0 f 0.5 
Tablets 99.9 + 1.6 loo.7 + 1.0 99.8 f 0.9 

Sulphaguanidine 
Powder 100.0 + 1.1 100.0 + 1.4 99.8 + 0.4 
Tablets 99.9 f 1.2 99.7 f 0.8 99.6 + 0.7 

* Tablets contain 500 mg in each. 
t Average of 6 experiments, recovery from the nominal or added sulphonamide 

content. 
Ei Tablets prepared in laboratory with lactose, starch, talc and magnesium stearate 

as tablet fillers.. 



1048 SHORT COMMUNICATIONS 

RESULTS AND DISCUSSION 3. J. G. Scholten and K. G. Stone. Anat. Chem., 1952, 
24, 749. 

Eight sulphonamides, namely sulphadiazine, sul- 
phadimidine, sulphathiazole, sulphamerazine, sulpha- 
dimethoxine, sulphasomidine, sulfisoxazole, and sul- 
phaguanidine were found to react with phenothiazine 
to give a rep colour. 

4. 
5. 

6. 

7. 
A study of the effect of the concentrations of the 

different reagents in both procedures, with respect to 
maximum sensitivity, minimum blank and obedience 
to Beer’s law, led to procedures A and B above. 

M. Z. Barakat and M. Shaker, Analyst, 1962, 89, 216. 
M. Gopal and M. C. Pande, Z. Anal. Chem., 1975, 
277, 125. 
H. S. Conway, J. Am. Pharm. Assoc. Sci. Ed., 1945, 
34, 236. 
J. S. Fritz and N. M. Lisicki, Anal. Chem, 1951, 23, 
589. 

8. 
9. 

10. 

The red colour produced in both procedures under 
the conditions described was found to be stable for 
3 hr and to obey Beer’s law over the concentration 
ranges given in Table 1. The correlation coefficients 
were between 0.9993 and 0.9999. Several runs at dif- 
ferent concentration levels of each drug gave a coeffi- 
cient of variation less than 2%. The apparent molar 
absorptivity, E, obtained for each drug by both pro- 
cedures showed that the two methods had similar sen- 
sitivity (Table 1). . 

11. 

12. 

13. 
14. 
15. 

16. 
17. 

J. S. Fritz and S. S. Yamamura, ibid., 1957, 29, 1079. 
P. L. De Reeder, Anal. Chim. Acta, 1954, 10, 413. 
C. Hennart, Chim. Anal. (Paris), 1962, 44, 8; Anal. 
Abstr., 1962, 9, 3423. 
H. Abdine and W. S. Abdel Sayed, J. Pharm. Pharmac., 
1962, 14, 761. 
F. Said, M. M. Amer and M. I. Walash, Bull. Fat. 
Pharm., Cairo, Egypt., 1963, 2, 1. 
Idem, ibid., 1964, 3, 9. 
Lee Kum-Tatt, Analyst, 1957, 82, 185. 
G. Milch, M. Borsai and I. Mogace, Acta Pharm. 
Huna.. 1967. 37. 6: Anal. Abstr.. 1968. 15, 2254. 
A. E: 0. M&yi, knulyst, 1961; 86, 460. 
M. Dolensky, J. Assoc. Ofl Agric. Chem., 1951, 34, 
748. 

Phenothiazine solution in ethanol is yellow but 
under the conditions of procedure A it becomes 
slightly red after addition of the hypochlorite. This 
could be due to an oxidation intermediate which sub- 
sequently enters the reaction with the sulphonamide. 
The absorbance of the blank solution in procedure 
A, measured the solvent medium (50% aqueous eth- 
anol) at 515nm was found to be about 0.335. The 
blank solution of procedure B has a negligible absor- 
bance when measured against chloroform at 515 nm. 

18. 

19. 

20. 

21. 
22. 

R. J. Mosley and E. E. Houghton, J. Phurm. Pharmac., 
1967, 19, 295. 
M. Pernarowski, A. M. Knevel and J. E. Christian, 
J. Pharm. Sci., 1961, SO, 943. 
A. M. Wahbi, H. Abdine, M. A. Korany and F. El- 
Yazbi, J. Assoc. Off: Anal. Chem., 1979, 63, 67. 
J. Heyrovskj, Anal. Chim. Acta, 1955, 12, 600. 

23: A. U. G. R. Fogg Cieri, and J. Y. Z. Ahmed, 1969, ibid., 45, 1974, 421. 70, 241. 
Chromatog., 

24. C. A. Brumer, J. Assoc. 08 Anal. Chem., 1973, 56, 
689. 

25. 

26. 

R. B. Peet and H. H. Pu. J. Pharm. Sci., 1973, 62, 
809. 

Procedure A has the advantage of being rapid, but 
procedure B can be recommended when the other 
ingredients are known to be insoluble in chloroform 
but to interfere with the measurements in aqueous 
media. Procedures A and B have been applied to the 
determination of the above-mentioned sulphonamides 
in pure form and in tablets. The results obtained 
(Table 2) are both precise and accurate. The possibi- 
lity of interfering constituents in tablets cannot be 
overlooked. Therefore, both pr&edures were com- 
pared with the official B.P. method whenever the true 
content per tablet was unknown. Comparable results 
were obtained (Table 2). 

27. 

30. 

31. 
32. 
33. 
34. 

An advantage over the Bratton and Marshall 
method is that the absorbance is stable for 3 hr. In 
the former method, absorbance readings must be 
made within 15 min of colour develdpment, because 
of precipitation of the azo dyes formed.44 

::: 
37. 
38. 
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Summary-The determination of thiourea and some of its organic derivatives with sodium vanadate, 
hexacyanoferrate(III), cerium(IV) sulphate, manganese(II1) and manganese(IV) is described. A mixture of 
iodate and iodide is used as catalyst. Ferroin. N-phenylanthranilic acid and p-ethoxychrysoidine can be 
used as indicators. 

Thiourea possesses several industrial, medicinal and 
analytical applications, and consequently its deter- 
mination has received considerable attention. The 
various methods used are based on its tendency to 
react with metals either to undergo desulphurization 
or complex formation, or on its quantitative oxidation 
to different products by various oxidants in acidic 
and alkaline media. They were reviewed by Gupta’ 
and Singh and Verma.2 The other methods were 
recently well documented by Cyganski3 The present 
work describes the determination of thiourea and 
some organic derivatives oiz., N-phenyl thiourea, 
N,N’-diethyl thiourea and N,N’-diphenyl thiourea 
with sodium vanadate, hexacyanoferrate(III), cerium 
(IV) sulphate, manganese(II1) and manganese(IV) by 
simple and direct titrimetric methods in presence of 
a mixture of iodate and iodide (as catalyst), with 
ferroin, N-phenylanthranilic acid or p-ethoxychryso- 
idine as indicator. 

EXPERIMENTAL 

Reagents 

Thiourea and NJ’-diethyl thiourea: 0.1 M solutions 
were prepared in distilled water and standardized.2*4 

N-Phenyl thiourea and N,iV’-diphenyl thiourea: 0.1 M 
solutions were prepared in 50% v/v sulphuric acid and 
standardized with potassium iodate’ 

Solutions (0.1 M of cerium(IV) sulphate,4 potassium hexa- 
cyanoferrate(III).6 sodium vanadam* and manganese(III)6*7 
and a 0.05M sohition of manaanese(IV)* were nrenared 
and standardized. 

. . 

Catalyst solution was prepared by mixing 20 ml of 0.1 M 
potassium iodide and 4 ml of 0.1 M potassium iodate and 
diluting to 250 ml. 

Ferroin (O.O25M), 0.1% N-phenylanthranilic acid and 
0.1% p-ethoxychrysoidine solutions were prepared in dis- 
tilled water.4 All other reagents used were of analytical 
reagent grade. 

Procedure 

Enough IOM sulphuric acid is added to the sample to 

give 6M acid concentration after titration with sodium 
vanadate, hexacyanoferrate(II1) or cerium(IV) sulphate, or 
4M after titration with manganese(II1) or manganese(N). 
in a total volume of 100 ml. Then 5 ml of catalyst mixture 
are added, followed by dilution with distilled water so that 
the total volume at the equivalence point will be lOOmI. 
The solution is then titrated with the standardized oxidant, 
with 0.05 ml of ferroin or 0.2 ml of N-phenylanthranilic 
acid or p-ethoxychrysoidine solution as indicator. 

RESULTS AND DKXXJSSION 

The difficulties encountered in the determination 
of thiourea and its organic derivatives with cerium- 
(IV) sulphate, potassium hexacyanoferrate(II1) and 
manganese.(III) are widely discussed.1*2 Sodium vana- 
date and manganese(IV) have not previously been 
used for the direct determination of thiourea or its 
organic derivatives. We have now used all five titrants 
for the purpose, in sulphuric acid medium with a mix- 
ture of iodate and iodide as catalyst. The acid and 
the catalyst concentration ranges for a total volume 
of lOOm1 are given in Table 1. At concentrations of 
acid and catalyst below those given in the table, the 
reaction with sodium vanadate. or hexacyanoferrate- 
(III) is slow, and with the other oxidants the reaction 
proceeds beyond the disulphide stage. At acid concen- 
trations above those proposed, the reaction with 
cerium(IV) sulphate is slow, and with the other oxi- 
dants the reaction proceeds beyond the disulphide 
stage because the reaction between the catalyst and 
the reductant is slow. Larger volumes of the catalyst 
have no adverse effect, but small volumes are always 
preferable because the brown colour of larger 
amounts of iodine masks the colour change of the 
indicator. 

In the titration with hexacyanoferrate(II1) a white 
precipitate is formed at sulphuric acid concentrations 
above 4M, and increases as the titration progresses. 
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Table 1. Conditions for the determination of thiourea and some of its organic derivatives 

Species titrated Titrant 
0.1 N solns. 

Acid, M Catalyst, ml 
0.01 N solns. 

Acid, M Catalyst, ml 

N-Phenyl 
thiourea 

Sodium vanadate S-8 1 .O-6.0 5-8 1.04.0 
Hexacyanoferrate(II1) 5-8 0.6-5.0 - - 

Thiourea Cerium(IV) sulphate 4-8 0.2-6.0 4-8 0.24.0 
Manganese(II1) 3-6 2.0-6.0 - - 
Manganese(IV) 24 4.G6.0 - 

Sodium vanadate 58 1.0-6.0 5-8 1 .C%O 
Hexacyanoferrate(II1) 51 2.0-5.0 - - 
Cerium(IV) sulphate 5-8 0.6-6.0 5-8 0.660 
Manganese(II1) 3-5 5.cL6.0 - 
Manganese(IV) 3-5 5.o-6.0 - - 

Sodium vanadate 5-8 2.0-6.0 5-8 l&4.0 
N,N’-Diethyl Hexacyanoferrate(II1) 5-8 l&5.0 5-8 1.0-4.0 
thiourea Cerium(IV) sulphate 5-8 2.5-5.0 5-8 2.ti.o 

Manganese(III) 3-6 4.G6.0 - 

N,N’-Diphenyl 
thiourea 

Sodium vanadate 67 0.5-5.0 5-I 0.5-3.0 
Hexacyanoferrate(II1) 6-7 2.c5.0 5-8 1.54.0 

. Cerium(IV) sulphate 6-8 2.5-5.0 5-8 lG4.0 

It is ferrocyanic acid, as pointed out by Bates et a1.,9 
and confirmed by qualitative tests. 

The iodine produced by the acid and the catalyst 
mixture first oxidizes the thiourea or its derivatives 
to the disulphide, itself being reduced to iodide and 
re-oxidized by the titrant. At the end-point, when all 
the iodide has been converted into iodine, the first 
excess of titrant reacts with the indicator. 

With ferroin as indicator, its normal colour deepens 
and there is a brownish red precipitate just before 
the equivalence point. This is possibly due to the for- 
mation of the Fe(phen):+ -21; complex, as pointed 
out by Gopala Rao et ~1.” The colour change from 
brownish red precipitate to pale blue is sharp and 
the precipitate disappears. The colour change is from 
pink to yellow with p-ethoxychrysoidine and from 
yellow to violet with N-phenylanthranilic acid. Fer- 
roin and p-ethoxychrysoidine can be added at the 
beginning but N-phenylanthranilic acid acid should 
preferably be added near the equivalence point, when 
the colour of iodine starts to appear, since the indi- 
cator is partially destroyed if added at the beginning. 

With hexacyanoferrate(III), only ferroin is satis- 
factory as indicator. The indicator correction is negli- 
gible. The ranges of determination and coefficients of 
variation are given in Table 2. 

Quantitative results are not obtained in the titra- 
tion of N,N’-diphenylthiourea with manganese(II1) 
and of NJ‘-diethylthiourea and of N,N’-diphenyl- 
thiourea with manganese(IV). High values are 
obtained when more than 0.6 mmole of thiourea or 
its derivatives is titrated with manganese(II1) or 
manganese(IV). 

The titrations can also be done with O.OlN solu- 
tions. Accurate results are obtained with sodium 
vanadate, hexacyanoferrate(II1) and cerium(IV) sul- 
phate, but low results are obtained with manganese 
(III) and manganese(IV). The acid and catalyst con- 
centrations are given in Table 1. The indicator correo 
tion is found to be 0.2ml with O.OlN oxidant solu- 

tions. The maximum relative error with respect to 
methods used for standardization ranged from 0.35 
to 0.85%. 

Sastry I1 has reported that the conditional hexa- 

Table 2. Determkation of thiourea and some of its organic derivatives 

Substance Sodium 
determined vanadate 

Range of the substance determined, mg 
Hexacyano- Cerium(IV) Manganese 
ferrate(II1) sulphate (III) 

Manganese 
(IV) 

Thiourea 

N-Phenyl 
thiourea 
N,N’-Diethyl 
thiourea 
N,N’-Diphenyl 
thiourea 

37-150 
(0.2) 

70-280 
(0.2) 

65-264 
(0.2) 

41-416 
(0.2) 

37-150 
(0.2) 

7G280 
(0.2) 

65-264 
(0.2) 

41-416 
(0.2) 

37-l 50 15-37 15-37 
(0.2) (0.3) (0.3) 

70-280 28-70 28-70 
(0.2) (0.3) (0.3) 

65-264 26%6 
(0.2) (0.4) 

4’1416 
(0.2) 

The values given in parentheses represent the maximum coefficient of variation (4 determinations). 
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cyanoferrate(III)/(II) potential increases from 0.675 V 
in 0.48M sulphuric acid to 1.357 V in the 6.65U acid. 
Hence at the acidity used, hexacyanoferrate(II1) can 
oxidize ferroin. 
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Summary-Lead was determined in 13 U.S. Geological Survey standard rocks by graphite furnace 
atomization and atomic-absorption spectrometry after extraction of lead with diethylammonium di- 
ethyldithiccarbamic acid. An analysis of variance of the results obtained from a random sampling 
of three different bottles of each standard rock showed no heterogeneity among bottles, at the Fo,ss 
level, for a IOO-mg sample-size. The relative error of the method, based on the standard deviation 
of the mean within bottles, was generally less than 10%. 

The electrothermal atomic-absorption technique has 
proved to be a very sensitive method for detecting 
small amounts of metals in a variety of materials. 
General reviews of the method have been given in 
the literature.“’ The determination of lead by this 
technique, however, has been shown to be rather 
prone to interference, e.g., from Ca, S, Al, Na, K, 
Sr, Mg and Ba.3-s Although ways have been pro- 
posed for reducing or eliminating some of these prob 
lems, we felt that a quick separation of the major 
interfering elements would give more reliable results 
for a larger variety of samples. Lead has been separ- 
ated from rocks and minerals previously by diethyl- 
ammonium diethyldithiocarbamate extraction.‘.” 
The effectiveness of the separation was tested by 
analysis of a variety of rock samples of known lead 
content. Additionally, an analysis of variance was 
made on three determinations from three different 
splits (bottles) of each standard rock to determine the 
degree of homogeneity among various bottles of the 
same rock standard. 

EXPERIMENTAL 

Reagents 

Lead standard solution (1.000 mg/mi). Dissolve 399.6 mg 
of Pb(NO& in a 250-m] standard flask with 2% nitric 
acid. Prepare a IO-ppm lead standard by IOO-fold dilution 
of the solution with 5% hydrochloric acid. 

Ascorbic acid solution 2%. 
Diethylammonium diethyldithiocarbamate 0.25%. Dissolve 

0.50 g of the salt in 200 ml of xylene. Prepare fresh daily. 

Apparatus 
Atomic-absorption spectrophotometer. A Perkin-Elmer 

model 503 atomic-absorption spectrophotometer equipped 
with a model HGA-2100 graphite furnace, model 56 
recorder, and deuterium background-correction was used 

* Publication authorized by The Director, U.S. Geologi- 
cal Survey. 

for all measurements. The settings used were: wavelength 
283.3 nm, dry at 110” for 20 set, char at 550” for 20 see, 
atomize at 2600” for 8 sec. argon flow 30 ml/min, non-pyro- 
litic graphite tubes. 

Solvent extraction appurutus. Extractions were made by 
mixing the phases in the separatory funnel with a strtam 
of compressed air. I’ Eighteen I-mm bore glass capillary 
tubes were connected with Tygon tubing lo a stainless-steel 
pipe in series with a compressed air supply and inserted 
into the eighteen separatory funnels, and the extraction 
was performed by mixing of the two layers with air bub- 
bles. 

Procedure 

Transfer a IO&mg sample to a Teflon beaker and add 
2 ml of cont. perchloric acid, 5 ml of cont. nitric acid and 
IO ml of cont. hydrofluoric acid. Evaporate to dryness on 
a hot-plate at 200”. Dissolve the residue with IO ml of 10% 
hydrochloric acid with gentle heating for several minutes. 
Transfer the solution to a thoroughly cleaned 60-m] separ- 
atory funnel and add 5 ml of 5% ascorbic acid solution. 
Mix for I min. using the bubbler-extraction apparatus. Add 
IOml of 0.25% DDTC solution in xylene and extract for 
5 min with the bubbler apparatus. Drain and discard the 
aqueous layer. Rinse the funnel wall with approximately 
5 ml of water, drain and discard the aqueous phase. Repeat 
this rinsing step. Add 10 ml of 30% nitric acid and extract 
with the bubbler apparatus for IOmin. Drain the lower 
layer into a 2%ml standard flask, rinse the funnel with 
several ml of water, adding the rinsings to the solution 
in the flask, and make up to volume. Determine the lead 
content by atomic absorption with a 20-4 aliquot, and 
comparing the peak height with those for standard sol- 
utions of lead (l.&6.Opg Pb) treated in the same way. 

RESULTS AND DISCUSSION 

DDTC was chosen for the separation of lead 
because the extraction can be performed in fairly acid 
solutions, thus eliminating the need to control the 
pH precisely, as required in the dithizone methods, 
and at the same time should provide a certain amount 
of separation from other elements.‘* The yield was 
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Table 1. Lead in 13 USGS standard rocks (q standard deviation within-bottles NS = not significant at F,,,,) 

Standard rock Description 
Bottle 

(split/position) Lead PP~ 

Relative 
Mean _+ u, error, 

PPm Cd) F 

AGV-I Andesite 

BCR-1 Basalt 

BHVO-I Basalt 

DTS- 1 Dunite 

G-2 Granite 

GSP-I Granodiorite 

MAG-1 Marine mud 

PCC- I Peridotite 

QLO-I Quartz latite 

RGM-1 Rhyolite 

SCQl Cody shale 

SDC-1 Mica schist 

STM-I Nepheline syenite 

I Of24 35.8,34.3,38.3 
38/l 34.8.36.3.39.3 
56114 37.8,37.8,34.3 

5132 15.0, 13.8, 13.5 
7516 13.3,14.5,13.8 
4111 14.3.13.3.15.3 

62f20 2.3,2.0,2.3 
1017 2.8,2.8,2.8 
31/13 2.8,2.0,2.8 

6117 

5:;3 

6.8,8.0,7.5 
7.3,7.5,8.2 
8.5,7.3,7.0 

3130 29.5,32.0,30.0 
6814 30.0,30.5,29.3 

l16/30 30.5,31.0,29.3 

SO/16 
38132 
44129 

38119 
64/l 1 
6213 

53.8,56.7,57.5 
55.0,56.8,57.0 
56.8,56.3,55.5 

26.5,25.3,24.5 
25.8.27.5.24.3 

4314 
2512 
19132 

27.2; 25.8; 28.8 

8.0,8.3,8.5 
8.0,8.3,8.5 
1.8,8.3,8.4 

5117 
36130 

131 

20.8,20.8,20.3 
21.8.21.0.20.0 
22.5; 21.8; 21.3 

47125 22.3,24.0,23.3 
63119 24.0,24.5,22.5 
l9/18 22.8,23.2,23.3 

3914 
46123 
53129 

31.3,31.0,29.8 
31.3.31.5.33.0 
30.5; 30.3; 30.5 

115/10 23.3.22.4 22.0 
76/13 23.3,23.8,23.0 

120128 23.8.22.0.22.8 

57114 17.5, 18.0, 17.0 
21/l 18.0, 19.3,17.2 
33120 17.3,17.2,17.3 

36.5 f 2.1 

14.1 f 0.8 

2.5 f 0.3 

1.6 + 0.6 

30.2 + 1.0 

56.2 f 1.3 

26.2 +_ 1.4 

8.2 f 0.3 

21.1 + 0.7 

23.3 f 0.8 

31.0 f 0.1 

22.9 k 0.7 

17.6 f 0.7 

5.8 0.08 NS 

5.8 0.21 NS 

11.3 3.34 NS 

8.4 0.11 NS 

3.2 0.25 NS 

2.4 0.03 NS 

5.3 1.42 NS 

3.4 0.13 NS 

3.1 2.96 NS 

3.4 0.44 NS 

2.3 3.83 NS 

3.1 1.27 NS 

3.8 1.43 NS 

tested with radioactive tracer “‘Pb (half-life = 22 y) 
and found to 298%. This high yield was confirmed 
by the fact that the absorbance of standards to which 
the whole procedure was applied was within 5% of 
that of standards measured directly. Ascorbic acid 
was used to reduce Fe(M), which would otherwise 
oxidize the reagent and thereby possibly cause low 
extraction yields. A low concentration of reagent in 
xylene was used to limit the amount of iron co- 
extracted with lead. 

Although a direct quantitative measurement of the 
lead in the organic phase can sometimes be made, 
we found that the lead complex was rather unstable, 
decomposing in a few hours. In addition, data on 
spiked samples showed the existence of a suppressive 

interference which varied from 5% in some samples 
to more than 30% in others. Solutions obtained by 
stripping the lead with nitric acid were stable for 
several days and no interference was observed in any 
of the samples tested 

The graphite furnace conditions chosen were 
mainly those recommended by the manufacturer, and 
variations of 100-200” in the char and atomization 
temperatures caused no difference in the results. The 
sensitivity found was 18 pg for 1% absorption, and 
the calibration was linear up to about 2ooOpg. The 
blank for the entire procedure was 60 f 12 pg, giving 
a detection limit (based on three times the variation 
in the blank) of 0.5 ppm lead in the rock sample. This 
blank was accomplished only by testing the acids 
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Table 2. A comparison of the lead content (ppm) with tape dilution values, differing by less than 5% except 
literature values for the ultrama& rocks DTS-1 and PCC-1. 

Standard rock. This method Literature 

AGV-1 36.5 * 2.1 36 1 I3 36 5316 
BCR-1 14.1 + 0.8 14:3:” 13:56r6 
DTS-1 7.6 f 0.6 9.7t3 
G-2 30.2 + 1.0 30513 3081B 
GSP-1 56.2 f 1.3 56’2” * 3 58’7” 
PCC- 1 8.2 + 0.3 io.213 

1. 

2. 
3. 
4. 

used and choosing only those lots which gave an 
absorbance of ~~0.002 for a 20-d sample. These acid 
solutions were tested without chemical separation of 
the lead, because the matrix did not cause major in- 
terference with the lead signal. Reagent grade 70% 
perchloric acid, doubly distilled from a Vycor flask, 
was used throughout but was not tested directly. 

Table 1 gives a list of the individual results on splits 
from different bottles of each standard rock. A one.- 
way analysis of variance showed that at Fe.,, there 
was no significant difference between bottles of any 
particular standard. Thus-within the precision of this 
method (2.3-l 1.3% relative error) and the stated con- 
fidence limits, the lead content is the same among 
bottles as within any bottle of a particular standard 
rock. 

Table 2 is a comparison of the mean lead concen- 
trations determined by this method with literature 
values. The results are generally in good agreement 
with mass spectrometric and substoichiometric iso- 

5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
14. 

15. 
16. 
17. 
18. 

19. 
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METAL OXIDE REDUCTION: A LOW-TEMPERATURE 
REACTION WITH GRAPHITE IN FLAMELESS 

ATOMIC-ABSORPTION SPECTROMETRY 
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(Received 26 March 1979. Accepted 8 May 1979) 

Snmmary-The ability of graphite to reduce metal oxides to the free metal is discussed. Differential 
thermal analysis and X-ray photoelectron spectroscopy are used to investigate the ,reaction in the 
case of CuSO+ The reduction process is shown to occur at temperatures which are low relative to 
the appearance temperature of Cu. These results suggest that the appearance temperature of the element 
is governed by the vapour pressure of the metal and not by the reduction process. 

The processes by which gaseous metal atoms are tures several hundred degrees lower than the appear- 
formed from the desolvated metal salt are an aspect ante temperature. In the latter case, the formation 
of graphite-furnace atomic-absorption spectroscopy of the metal vapour may depend on the temperature 
which has received attention over the past few years. of the atomizer and the vapour pressure of the metal. 
At relatively low temperatures, many salts decompose Factors such as heating rates, oscillator strengths‘ and 
to form the metal oxide. Upon further heating,. one cell geometry may also play a part. 
mechanism of formation of metal atoms is reduction This paper describes the example of a metal oxide 
of the metal oxide with graphite followed by the which is reduced at temperatures well below that 
vaporization of the metal into the gas phase above required for vaporization of the free metal from the 
the atomizer surface. To ascertain the importance of surface of the atomizer. 
reduction of the metal oxide by graphite, Aggett and 
Sprott’ measured the appearance temperatures for 
various elements, from both a -tantalum and a graph- 
ite atomizer. From their results, they concluded that 
for certain elements, such as Co, Fe, Ni and Sn, 
reduction of the metal oxide by graphite was an im- 
portant factor in the atomization process. Campbell 
and Ottaway’ calculated for 27 elements the tempera- 
ture at which the standard free energy AG” for the 
reaction of the metal oxide with graphite to yield the 
metal vapour and carbon monoxide became equal to 
zero. They found that a good correlation existed 
between this calculated temperature and the 
measured appearance temperature for most of the ele- 
ments studied. More recently, Sturgeon et al.’ were 
able to distinguish between thermal dissociation of 
the metal oxide or halide and graphite reduction of 

EXPERIMENTAL 

A Tracer (Model 202) differential thermal analysis 
(DTA) apparatus, operated at a heating rate of 10°/min, 
was used for these studies. Samples were mixed for 20 min, 
by means of a Wig-L-Bug Platinum sample boats were 
used to minimize reaction of the boat with the sample. 
Alumina was used as a reference material and the sample 
compartment was bathed with nitrogen as a sheath gas. 

A Physical Electronics (Model 548) electron spec- 
trometer was used for the ESCA experiments. The graphite 
filament atomizer* and power supply5 used to prepare the 
filament atomizer for these experiments have been de- 
scribed previously. 

AU chemicals were reagents grade with the exception 
of the graphite powder (200 mesh) which was spectroscopic 
grade. Solutions were made with triply-distilled water. 

the metal oxide, followed by atomization of the metal, 
as mechanisms of atom formation in graphite fur- 

RESULTS AND DISCUSSIONS 
naces. This was achieved by using early time absorp- 
tion measurements to determine activation energies In any study of metal oxide reduction by graphite 
for the vaporization or atomization process. at temperatures lower than the appearance tempera- 

The role of graphite in reducing metal oxides has ture of the metal, restrictions must be placed on the 
usually been studied at the appearance temperature choice of the analyte. Thermal decomposition of the 
of the metal, the vaporization being considered to be metal salt must occur below the upper temperature 
simultaneous with the reduction process.’ In some limit imposed by the DTA apparatus. As the system 
cases this may actually occur, but in others the reduc- was continuously flushed with nitrogen, so reducing 
tion of the metal oxide may take place at tempera- the partial pressure of carbon monoxide to a negli- 
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Fig. 1. Thermograms from 800 to 1200 K for copper sulphate (----A copper sulphate/graphite mixture 
(-----), and graphite (-+. 

gible level, the change in free energy AC was sufficient 
for the reduction of all metal oxides over a wide tem- 
perature range. However, the presence of finite partial 
pressures of carbon monoxide in the system, and other 
kinetic factors, could limit the extent of reduction. To 
minimize these effects, a metal oxide was chosen for 
the reduction of which the standard free energy 
change AC” was negative in the temperature range 
accessible with the DTA apparatus, thereby ensuring 
a favourable driving force for the reaction even in 
the presence of trace amounts of carbon monoxide. 
Finally, the appearance temperature of the metal 
must be higher than the temperature range for these 
reactions to avoid complications due to the vaporiza- 
tion of the analyte. Copper sulphate (CuSOJ was 
selected because it meets these requirements, in that 
significant conversion into copper oxide (CuO) 
occurs at 900 K,6 AC” is negative for the graphite 
reduction at temperatures as low as 400 K and the 
reported appearance temperature for copper (0) is 
1730 K.’ 

Figure 1 shows the thermograms of copper sul- 
phate (C&O,), graphite and a 1: 3 molar ratio mix- 
ture of the two. The thermogram of copper sulphate 
showed the conversion of the salt into copper oxide 

ENDOTHERMIC 

through a CuO*CuSO., intermediate6 at approxi- 
mately 900 K, followed by the formation of Cu,O 
at 1150 K. In the thermogram of graphite there was 
only a large exothermic peak beginning at 1000 K, 
which was the result of oxidation of the graphite by 
trace amounts of oxygen in the system. While thermo- 
dynamics predict that this reaction could occur at 
lower temperatures, reaction kinetics control the rate 
of this reaction below 1370 K.’ The thermogram of 
the CuSO&aphite mixture showed a series of exo- 
thermic peaks beginning at 825 K. The first two peaks 
are believed to be due to the dtiomposition of the 
sulphate in the presence of graphite to CuO, the 
mechanism being that cited above for the decomposi- 
tion of CuSO+ The large peak extending from 870 
to 1100 K is attributed to the reduction of CuO by 
graphite to metallic copper. To confirm this hypoth- 
esis, DTA was used to examine a CuO/graphite mix- 
ture and these results are presented in Fig. 2. The 
thermogram of CuO showed that it underwent no 
reactions until 1150 K was reached, when Cu,O was 
formed. When a 1: 1 molar ratio mixture of CuO and 
graphite was examined, a large exothermic peak 
beginning at 850 K was recorded. The location of 
this peak was similar to that recorded for the CuSO,/ 
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Fig. 2. Thermograms from 800 to 1200 K for copper oxide (--_h copper oxide/graphite mixture 
(-----), and graphite (-+ 
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graphite mixture. Reduction of CuO to Cu by the 
graphite is believed to be responsible for this exother- 
mic peak. When graphite was presept in the CuO 
sample, the peak which corresponded to the forma- 
tion of Cu,O was greatly diminished, thus indicating 
that the amount of CuO in the sample had decreased. 
If the CuO/graphite mixture was subjected to two 
consecutive heating cycles, the exothermic peak corre- 
sponding to the reduction of CuO was absent during 
the second cycle. .While thermodynamics predict that 
reduction of CuO by graphite should occur at a tem- 
perature as low as 400 K, the fact that it did not 
occur until 850 K was reached suggests a kinetic con- 
trol of this reduction process, similar to that discussed 
earlier for the oxidation of graphite. 

Additional evidence for the occurrence of this 
reduction process was obtained by ESCA experiments 
to examine the oxidation state of Cu on the atomizer 
surface. For these studies, a 2.0~~1 sample of a 
lOO-ppm Cu solution (the sulphate was used) was 
pipetted onto the atomizer surface and then desol- 
vated. The binding energy of the Cu peak was then 
determined by X-ray photoelectron spectroscopy. 
Repetition of the experiment in which the sample was 
first desolvated and then heated to 1000 K for 15 
set revealed a 2eV reduction in the binding energy 
of the Cu peak located at 934 eV. This shift to lower 
energy is indicative of a two-electron process, which 
again could be accounted for by CuO being reduced 
to Cu metal by the graphite. 

CONCLUSIONS 

From these studies, it can be seen that graphite 
reduction of the metal oxide may occur at relatively 
low temperatures. Therefore, appearance tempera- 
tures observed for many metals depend on the vapour 
pressure and not on the actual reduction process. In- 
strumental factors such as heating rates and atomizer 
geometry may cause slight shifts in these appearance 
temperatures. Theoretical models of the vaporization 
process assume that the analyte is present on the 
atomizer surface as the free metal.*-” Using the cri- 
terion put forward by L’vov” that vaporization takes 
place rapidly when the partial pressure of the metal 
is equal to or greater than 0.1 mmHg, a fair correla- 

tion between predicted and measured appearance 
temperatures can be made for about half the elements 
studied by Aggett and Sprott.’ Deviations from these 
predictions will occur for metals such as Mg where 
the oxide sublimes before reduction takes place or 
for metals such as Al where the strength of the metal 
oxide bond is so large that vaporization takes plap: 
as soon as reduction occurs. 

This study of graphite reduction may assist in the 
evaluation of potential errors in analysis by flameless 
atomic-absorption. For example, selection of the 
proper ashing conditions can be very important. Even 
though the vapour pressure of the metal oxide may 
be insignificant at the ashing temperature; the metal 
formed in the reduction process may have a signifi- 
cant vapour pressure under the ashing conditions. 
This would result in serious errors due to the volatili- 
zation of the analyte before the atomization step. 
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Summary-Nitrobenxene is found to extract nickel in the presence of l,l@phenanthrohne and Rose 
Bengal as an ion-association complex [Ni(Phen)s *+:2RB-] and not as the complex [Ni(Phen):+:2RB-] 
reported earlier as extracted into chloroform. The molar absorptivity of the nitrobenxene extract 
is markedly higher than that of the chloroform extract. The difference in the composition of the 
extracted species is very interesting A general scheme is proposed to explain this difference on the 
basis of the donicity and dielectric constant of the solvent. Beer’s law is obeyed in the range 0.05-1.05 
ppm of Ni. Interferences of some cations and anions have been studied. Similar observations apply 
when 2,2’-bipyridyl is used in place of l,lO-phenanthroline. 

Ion-association complexes with dye anions are in- 
creasingly investigated because of the high molar ab- 
sorptivity when they are extracted. In general aro- 
matic or chlorinated hydrocarbons are used for 
extraction, usually nitrobenzene or chloroform.’ 

Nickel is extracted into chloroform in the presence 
of l,lO-phenanthroline and Rose Bengal, the extracted 
species having a composition 1: 2: 2 (Ni: Phen: dye).’ 

It is now observed that when nitrobenzene is used 
.for the extraction, both the composition and the 
molar absorptivity are changed. The corresponding 
bipyridyl system behaves similarly. 

EXPERIMENTAL 

Reagents 

Nickel, l,lO-phenanthroline and 2,2’-bipyridyl solutions 
(O.OlM) were prepared from analytical-grade reagents in 
doubly distilled water, slightly acidified with sulphuric 
acid. A 1 x 10e3M solution of Rose Bengal extra was pre- 
pared by dissolving the required amount in doubly distilled 
water rendered slightly alkaline. 

All the solvents were distilled before use. 

Procedure for determination of nickel 

To a known volume of nickel solution (containing 
l-11 Pg of nickel) in a 120-ml separatory funnel, add 2.0 
ml each of 1.0 x 10e3M Rose Bengal and 1.0 x lo-‘M 
l,lO-phenanthroline or 2,2’-bipyridyl and 2.0 ml of 1M 
sodium sulohate. Adiust the DH to 7.0 and dilute to 20 
ml with distilled wa&. Shake the solution with 20.0 ml 
of nitrobenxene for 2 min. After separation, centrifuge the 
organic phase and measure its absorbance at 570 nm, 
against a similarly prepared reagent blank. 

RESULTS AND DISCUSSION 

It is observed that nickel is not extracted into any 
solvent in the presence of either l,lO-phenanthroline 

(or 2,2’-bipyridyl) or Rose Bengal only. Chloroform 
and nitrobenzene extract nickel in the presence of 
both l,lO-phenanthroline (or 2,2’-bipyridyl) and Rose 
Bengal, giving a pink extract, but n-hexane, *benzene 
and carbon tetrachloride do not. Shaking for 1 min 
is sufficient for quantitative extraction. Alcohols, 
ketones and esters extract the dye itself. The forma- 
tion of a third phase at the interface is observed in 
the case of diethyl ether and o-dichlorobenzene, but 
no extraction. 

Absorption spectra 

Figure 1 shows the absorption spectra of the 
nickel-phenanthroline-Rose Bengal and nickel-bi- 
pyridyl-Rose Bengal complexes in nitrobenzene and 
chloroform, recorded against the respective reagent 
blanks. The wavelength of maximum absorption for 
both systems is 570 nm. The molar absorptivities of 
the phenanthroline and bipyridyl complexes in nitro- 
benzene are 1.0 x 10’ and 1.1 x lo5 l.mole-l.cm-l 
(both at 570 nm) respectively The moIar absorptivity 
of the phenanthroline complex in chloroform was 
reported to be 5.0 x lo4 l.mole-l.cm-l (at 570 
nm).2,3 Beer’s law is obeyed (for nitrobenzene solu- 
tions) over the ranges 0.05-1.05 and 0.05-0.9 pg/ml 
for the phenanthroline and bipyridyl systems respect- 
ively. 

Optimum pH for extraction 

The optimum pH for the extraction of the com- 
plexes into nitrobenzene is 6.5-7.5. Easy separation 
of the two phases and hence reproducible values for 
absorbance are facilitated by making the aqueous 
phase O.lM in sodium sulphate. 
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Concentration of the reagents 

A fivefold molar excess of the reagents is sufficient 
for quantitative extraction of nickel into nitrobenzene. 

II 

IO 

0.6 
Composition of the species extracted 

w 

The ratios of the components in the complex z o6 
extracted into nitrobenzene were determined by Job’s 9” 
method of continuous variations and were found to % 
be 1: 3 :2 (Ni :phenanthroline: Rose Bengal). Similar a 0.4 

results were obtained for the bipyridyl complex. 
When chloroform is used as the solvent, a slight 0.2 

amount of solid is observed at the interface. Because 
of this, reproducible results were not obtained. 
However, when the aqueous phase was analysed, the 460 500 520 540 560 560 600 620 

Job curves indicated a composition of 1:2:2 WAVELENGTH.nm 

(Ni:Phen:RB) in agreement with the earlier reports.2 
According to Gutmann, chloroform has donicity 

number zero and acceptor number 23.1, while those 
for nitrobenzene are 4.4 and 14.8 respectively.’ 
Because of the high dielectric constant of nitroben- 
zene, the distance between the cationic and anionic 
components of ion-association complexes in nitroben- 
zene medium is large compared to that in chloroform, 
the dielectric constant of which is low. In view of 
the donor properties of nitrobenzene, it is assumed 
that the solvent co-ordinates with the metal in 2:1 
ratio and is subsequently displaced by phenanthro- 

Fig. 1. Absorption spectra of the nickel complexes in 
chloroform and nitrobenzene at pH 7.0: Nickel 
1.0 x 10a5M, phenanthroline or bipyridyl 5 x 10m5M, 
Rose Bengal 5 x 10T5M. 1. Nickel-phenanthroline-Rose 
Bengal complex in chloroform. 2. Nickel-bipyridyl-Rose 
Bengal complex in chloroform. 3. Nickel-phenanthroline- 
Rose Bengal complex in nitrobenzene. 4. Nickel-dipyridyl- 

Rose Bengal complex in nitrobenzene. 

do not interfere, even when present in lO@fold ratio 
to nickel, but Co’+, CL?+, Zn2+ and Mn*+ interfere 
seriously. 

(A) Ni(Phen)$+ .2A- d CWPhen)i+l,. W-1, 

s = solvent molecules; A = the dye anion 

(B) Ni(Phen)$+ .2A- & [Ni(Phen)2(NB):+],. [2A-1, 

NB = nitrobenzene 

line: 

[Ni(Phen)2(NB)i+],. [2A-1, + Phen -+ [Ni(Phen):+],. [2A-1,. 

Evidence of this type of solvent displacement can 
be found in the work of Harris and McKenzie.’ 
Further, Natarajan et a1.6 observed that octahedral 
RuCl,(AsPh,),L, (L = N2H4, C6H,NHNH2, NH3 
or CH,NH,) complexes decomposed in solvents such 
as chloroform and dichloromethane, and Masoud’ 
reports that octahedral nickel complexes are not 
affected when dissolved in nitrobenzene. 

Interferences 

Acetate, citrate, chloride, nitrate, phosphate and 
tartrate do not interfere even when present in SOO-fold 
ratio to nickel, but perchlorate, even at low concen- 
trations, interferes seriously because Ni(Phen):+ 
forms a’colourless ion-association complex with it in 
preference to the dye. A13+, Ba*+, Mg*+ and Cr3+ 
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Sumnnry - -- Cetyltrimethylammonium bromide is used in the prec:pitation titratim of 

perchlorate, with potentiometric end-point detection. A perchlorate, fluoroborate or 

nitrate ion-selective electrode may be used. The method is more sensitive than the 

commonly used titration with tetraphenylarsonium chloride. It can be used over the pH 

range from 1.20 to at least 12.8. The titrant is much cheaper than tetraph&ylareonium 

chloride. 

Baczuk and Dubois in 1968 reported the potentiometric titration of l.5- 2 mmole of 

perchlorate with 0.0% tetraphenylarsonium chloride.’ The indicating perchlorate ion 

selective electrode (ISE) was an Orion model 92-81; the reference electrode was a double- 

junction model in which the salt bridge was filled with anxnonium nitrate solution. 

Smith and Kanahan2 used the same electrxle system and titrant strength, They considered 

the limit of this method to be near 0.25 annole of perchlorate per 50 ml of solution. They 
‘were, however, able to lower this limit to 0.05 mmole per 50 ml by operating at 2’. This 

decreased the solubility of the tetraphenylarsonixo perchlorate and thus enhanced the 

steepness of the titration curve. 

!Ve have already evaluated tetraphenylarsonium chloride, tetraphenylphoephonium chloride 

and tetra-n-pentylammoniJlr. bromide for the pctentiometric determination of perchlorate. 3 

We found the two tetraphenyl salts equivalent, yielding the same precision and magnitude of 

potentiometric breaks; considerably smaller breaks were obtained with tetra-n-pentyl- 

ammonium bromide. In that work we lowered the limits for the potentiometric titration of 

perchloratg with the tetraphenyl salts to approximately 0.09 mmole per 50 ml. If Gran 

plots are used, this limit can be further lowered to near 0.01 mmole per 50 ml. 

Recently we have reported use of 1,2,4,6_tetraphenylpyridinium acetate (TPPA) as a new 

titrant for soroe large anions, including perchlorate. Although this compound aan be fairly 

easily synthesized, 5 it is, to our knowledge, commercially available from only a single 

source. 

Schaak and iVagner6 reported a gravimetric method for fluoroborate, baaed on cetyltri- 

methylammonium chloride as precipitant. The solubility of the precipitate was only a tenth 

of thst of the corresponding nitron sali. However, the precipitate could not be dried to 
-- _ _I--.-_ 

*#ark performed under the auspices of the U.S. Department of 
Livermore Laboratory under contract nunber W-7405ENG-48. 
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constant weight so excess of precipitant was added, and after the filtration, this excess 

was) in turn, precipitated with an excess of ferrocyanide. After filtration, the excess of 

ferrocyanide was titrated with permanganate. The interfering anions were those also 

precipitated by nitronr molybdate, tungstste, perchlorate, etc. - It. aocaec’ to us surprising 

that large quaternary amine salts had not been tested for use in the precipitation titration 

of large anions such as perchlorate , with IsEs for end-point detection. Quaternary omine 

salts such as cetyltrimathylaamonium bromide (CETAB) are commonly available and considerably 

cheaper than the fairly expensive tetraphenybrsonium chloride (44AsCl). Thus, 2000 ml of 

the 0.0% titrant will cost $1.32, compared with $96.30 fcr the equivalent amount of 64AsCl 

solution. 

The 92-series ISE has recently been replaced by a 93-series model, which is less 

sensitive to air-bubbles and static electricity, does not require perialic refilling with 

two filling solutions, and has a longer operating life. Therefore, in the following work 

the 93 model was used. 

EXPSRIMENTAL 

an& 

The titrants were approximately 0.05bJ aqueous solutions of tetraphenylarsonium chloride 

(44AsCl), tetraphenylpyridinium acetate (TPPA) , and cetyltrimethylamnonium bromide (CmAB) , 

standardized against aprmonium perchlorate. CUPAB can also be standardized by potentic- 

metric titration with silver nitrate. 

Apperatus I__ 
The titraticn system was controlled by a Tektronix 4051 graphics system as previously 

desorioed.4 The emf was monitored with an Orion model 93-81 perchlorate ion-selective 

electrode (1s) and a double-junction reference electrode (salt bridge O.lM ammonium 

fluoride) . The Orion model 93-05 fluoroborate and 93-07 nitrate IsEs are also suitable. 

The magnetic stirrer motor was separated from the titration vessel by a water-cooled 

plate and an earthed aluminium plate. 

Procedure -- 
Samples were pipetted into a 50-ml beaker containtng a stirring bar and diluted to 25 

ml with distilled water before titration at room temperature (23 2 1”). Titration end- 

points were calculated according to Savitsb and Golay.’ The convolute used was for a third- 

order seccnd derivative and 25 points. The zero crossing was found by linear interpolation 

in the region near the change of sign. 

SESULTS AND DISCLSSION 

Representative titration curves for 0.05 mmole of ammonium perchlorate (API with CmAB’, 

04AsC1, and TPPA are shown in Fig. 1. Although the magnitude of the potentiometric breaks 

is quite similar, the CE!l’AB solution yields a slightly steeper titration curve. This is 

confirmed by Table 1 which presents statistics for the standardization of the three titrants. 

With 0.05 mole of AP the lowest standard deviation was obtained with CETAB, followed by 

#4AsCl, and finally TPPA. For larger amoAts of AP (approximately 0.20 mole), the 

standard deviations for the three titrants were similar. It seems, therefcre, that the new 

titrant might prove particularly valuable for low-level titrations. 

We have previously found that ISEs containing exchangers based on disubstituted 

bathophenanthrolines containing 2 benzene rings respond to perchlorate ion, etc.4 - 
Therefore, the Orion 93-81 parchlorate ISE, 93-05 fluoroborate ISE, and 93-07 nitrate ISB 

were compa+ed, as shown in Table 2. Because the fluoroborate ISE yielded the lowest 

standard deviation, it was used throughout this work. A word of caution, however, is in 
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order: although a sensing module should, according to the manufacturer, last 6 months in 

normal use, in time the electrode slope will decrease and readings will start to drift. 

The electrodes we used had been in eporadio use for other work for at least 2 years, and 

atill yielded good responses. A comparison of electrodes under these oonditions ia 

difficult, and we cannot state at thia point that any of the eleotrodea ia preferable. 

Table 1. Titration of ammonium 
perohlorate by we of the 
f luoroborate ISB; comparison 
of titrants 

c10-, 
4 

Titrant 
nun0 e 

0.05 

0.20 

CE!FAB 
4 AeCl 
T#FA 

CWIAB 
4 AaCl 
T PA # 

Lean 
molarity 

0.04809 
0.04921 
0.04827 

0.04871 
0.05008 
O-04848 

Standard 
deviation* ~ 

0.00009 7 
o.ooo25 
0.00212 2 
0.00011 
o.oooo5 
O.O0Oll 

l Range method; 3 repliaates for 0.05 
mmole, 4 for 0.20 mole. 

Table 2. Titration of 0.25 mmole of 
ammonium perchlorate with O.O9d_ 
CHPAB: comparison of sensing 
elements 

Sensing element 
Wean Standard 

molarity deviation 

f luoroborate 0.04871 O.OOOO6 (4)+ 

perchlorate 0.04885 0.00027 (4) 

nitrate 0.04851 0.00011 (5) 

-120 - 

-180 - 

-240 

-3001 I I I I I 
0 0.4 0.8 1.2 1.6 2.0 

Titrant volume - ml . 

Fig. 1. Titration ourves for 0.05 
mole of ammonium perohlorate 
titrated with the three 
titrants; f luoroborate ISE. 

* Wumber of replicates. 

We make it a practice to initiate eaoh aeries of titrations with several known 

perchlorate solutions. We have found that the firat run of a series does not yield emf 

values as stable and end-point breake as large as thoae in subsequent runa. We therefore 

recosrnend a study of how the electrode ehould be stabiliaed and conditioned to render even 

the first run reliable. 

Table 3. Statistics of the titration of small amounts of perchlorate with 
0.0% SEPAB, using the fluoroborate ISE 

Atzmonium perchlorate, ULJ 
cclo4-l,~ 

!Lean recovery, Standard 

taken found $ deviation, 
z 

2.944 2.950 1.0 f 10-j 100.2 (5)* c.3 

1.178 1.220 4.0 II 10-4 103.6 (5) 1.1 

0.471 c-479 1.6 7: V4 101.7 (3) 3.0 

* Eumber of replicates 
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In Table 3 we present statistics for the determination of small amounts of perchlorate 

(as AP) by titration with 0.0511, CETAB, using the fluoroborate ISE. Even at a perchlorate 

level of 1.6 I lO%J reasonable recoveries are still obtained. This is about an order of 

magnitude less than the lowest level previously reported. 

Kost of our titrations were carried out near pH 5.0. Good titration curves were 

obtained over the pE range from 1.2 to 12.8. At a pH of 0.8 the titration curve was 

slightly distorted. However, if the titrant is standardized at this pE then good results 

can be obtained. We previously reported that TPPA can be used over the pli rangs from 2.2 

to 11.0; Baczuk and DuBois’ recommend a pH range of 4-7 for the titration of psrchlorate 

with +4AsC1. 

Further work is in progress with O.Olg CEPAB as titrant , and on its applications for 

potentiomstric titration in conjunction with the fluoroborets (or perohlorete or nitrate) 

ISE. Preliminary experiments have shown that f luoroborate, as expected, can be similarly 

determined. Although the CETAB fluoroborate is more soluble than the corresponding 

perchlorate, it is less soluble than tetraphenylarsonium fluoroborate. Organic anions such 

aa nitroform, C(N02j3-, apd picrate, and detergent anions suah as sodium dodecyl sulphate 

can also be de&mined by potentiotzetric titration with CETAB. 

An additional advantage in using CETAB is its lower toxicity (compared to the arsenic 

compound) and the fact that the perchlorate precipitate does not adhere as strongly as 

trtraphenylarsonium perchlorate to the electrodes and burette tip. The stability of CEPAB 

solutions over extended periods of time has not yet been investigated, 

A limitation, however, is that the electrodes can be used only in aqueous solution. 

Note - This report was prepared as an account of work sponsored by the United States 

Covernizent . Weither the United States nor the United States Department of Energy, nor any 

of their employees, nor any of their contractors, subcontractors, or their employees, sakes 

any warranty, express or implied , or assumes any legal liability or responsibility for the 

accuracy, completeness or usefulness of any information, apparatus, product or process 

disclosed, or represents that its use would not infringe privately-owned rights. 

Eeference to a company or product name does not imply approval or recommendation of the 

product by the University of California or the U.S. Department of Energy to the exclusion of 

othe 

1. 

:: 
4. 

rs that may be suitable. 

EEFEEEWCES 

B.J. Baczuk and R.J. DuBois, Anal. Chem., 1968, & 685. 
‘P.J. Smith and S.E. Manehan, A .nal. Chim. Acts, 1969, @., 3 

,* 4 
W. Selig, Microchem. J., 1977&p 10 
W. Selig, likrochim, Acta, 1978 II, 75. 
T.C. Chadwick, Anal. Chem., 1976, & 1201. 

Wagner, 2. Anal. &em., 
a., 

1955, #- 1 6, 326 
1964, L, 1627. 

-- 
H.J. Schaack and W. --- 
A. Savitsky and M.J.E. Golay, && 

Note - This report ms prepared as an account of work sponsored by the United States 
Oowrnmsnt . Neither the United States nor the United States Department of Energy, nor any 
of their,employees, nor any of their contractors, suboontractors, or their employees, makes 
any warranty, express or implied, , or assumes aw legal liability or reeponsibility for the 
accuracy, completsnsss or usefulness of any information, apparatus, product or process 
disclosed, or represents that it5 use would not infringe privately-owned rights. 

Xteference to a oompany or product name does not imply approval or reoozzaendation of the 
product by the University of ‘California or the U.S. Department of Energy to the exalusion of 
others that may be suitable. 



Tuhtto. Vol. 26, pp. 1065 to 1099 
0 Pergamon Press Ltd 1979. Printed in Great Britain 

TALANTA REVIEW* 

THE APPLICATION OF ‘GAS CHROMATOGRAPHY 
TO FOOD ANALYSIS 

G. J. DICKES 

Avon County Laboratory, 7 Redcross St., Bristol, U.K. 

(Received 8 December 1978. Revised 10 April 1979. Accepted 31 May 1979) 

Sammary-Gas chromatography is widely used in food analysis, especially for trace analysis, determina- 
tion of volatilea and identification of sources of adulteration and undesired flavours. The literature on 
the applications is reviewed. 

Gas chromatography (GC) has been applied to food 
analysis for almost 30 years. Part of the book “Gas 
Chromatography In Food Analysis” by G. J. Dickes 
and P. V. Nicholas (Butterworths, London, 1976) 
reviewed the applications up to 1974 and this review 
updates the book and appraises the current situation. 

There are many areas of food analysis where it is 
desirable to detect or determine a number of com- 
pounds in a given organic class, and the various chro- 
matographic techniques have invariably constituted 
the main weaponry in the analyst’s armoury. Despite 
the advent and impact of high-performance liquid 
chromatography (HPLC) in recent years, GC con- 
tinues to provide a steady flow of analytical methods. 
The emphasis in research and application of GC to 
food analysis has changed according to the problems 
current at the time. In the 195Os, when the basic tech- 
nique was still being developed, applications were re- 
stricted to the classes of organic compounds used in 
that development, e.g., amino-acids, fatty acids, hyd- 
rocarbons and alcohols. When new detector systems 
were developed in the late 1950s and early 196Os, with 
increased specificity and sensitivity designed chiefly to 
help the pesticide-residue analyst, fashion turned to 
the detection and determination of food additives and 
contaminants. 

A re-examination of the determination of quality- 
control parameters came with the development of 
newer volatile derivatives for GC, e.g., trimethylsilyl 
derivatives of sugars, and with the formation of de- 
rivatives having much lower detection limits than the 
parent compound, e.g., the N-trifluoroacetyl deriva- 
tives of amino-acids. 

The art has naturally advanced considerably since 
the early 1950s. Quality control analysis is routine 
and so is the determination of established additives 
and contaminants. However, as new additives are for- 
mulated and legalized or banned, and as the presence 

* For reprints of this review, see Publisher’s announce- 
ment near the end of this issue. 

of new contaminants is discovered, GC is an automa- 
tically considered method of analysis. Currently, there 
is renewed interest in the determination of myco- 
toxins, drug residues and compounds leachable from 
food-packaging materials. 

This review is divided into four parts; the first deals 
with the influence of food analysis on GC technique; 
the second covers the determination of those com- 
pounds naturally present in foods and used to give an 
assessment of quality; the third deals with the deter- 
mination of food additives and contaminants; the 
fourth is a short conclusion which includes value 
judgements. 

INFLUENCE OF FOOD ANALYSIS ON 

GC TECHNIQUE 

The greatest impact that food analysis has had on 
improving GC technique has been in detector techno 
logy and derivative exploitation. Pesticide-residue 
analysis was the impetus for the development of such 
detectors as electron capture (EC), alkali metal flame 
ionization (AFID), flame-photometric (FPD), and 
microcoulometric (MCD). The many methylation and 
trimethylsilylation (TMS) derivative methods have 
been formulated br improved as a result of demands 
by the food analyst, as have sampling techniques, 
such as headspace and preconcentration procedures, 
e.g., solid trapping The difficult task of trapping and 
detecting food volatiles has led to the development of 
cryogenic temperature-programming and some refine- 
ments in capillary column technology. 

Injection and sample concentration 

Because of the complex matrix of many foods, it is 
only drinks e.g., alcoholic beverages, that can nor- 
mally be directly injected into the chromatograph. 
Not surprisingly, this type of sample is suitable for 
automatic injection, and Stockwell and Sawyer’ intro- 
duced such a system, with an internal standard added 
before the injection. This system was a modification of 
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the one designed by Boer. 2 The system was applied to 
automatic sampling of tinctures and essences for 
determination of dutiable spir i t :  

The direct GC analysis of headspace vapours over 
food products eliminates the risk of artefact formation 
in concentration procedures, and is the easiest and 
most convenient way to study volatile flavour and 
aroma components. The container can be fitted with a 
rubber stopper or septum which is penetrated with a 
syringe needle for sampling. 4--6 

Gases may be sampled with gas-sampfing loops or 
large-volume gas-tight syringes, and specially tough- 
ened syringe needles are available for direct insertion 
into the headspace of food cans and other containers, 
without opening them. Such a procedure was used by 
Novfik e t  al. 7 for taking representative liquid or 
gaseous samples from moderately pressurized con- 
tainers, e.g., canned beverages. The headspace techni- 
que was used by Sinclair e t  al. s for the determination 
of dimethyl sulphide in beer. The sample was chilled 
to 0 ° and mixed with sodium chloride, and n-butanol 
was added as internal standard. The mixture was left 
at 30 ° for 1.5 hr before the headspace was sampled. 

Fore e t  al. 9 and Dupuy e t  al. 1° used the headspace 
technique for the determination of residual pro- 
pan-2-ol and acetone in oilseed meals and flours. 
Headspace above wine was analysed for volatiles by 
Bertuccioli and Montedoro, 1~ who used a 2-1itre syr- 
inge as container and so could sample the vapour 
directly; the sample was passed through a Porapak Q 
trap to remove ethanol and water, which would oth- 
erwise swamp the other volatiles. 

For the detection of trace components some advan- 
tage may be obtained by using the cryogenic injection 
technique of Rushneck ~2 in combination with large 
headspac e samples.t 3 In this procedure, successive in- 
jections are made into the GC and the sample is con- 
densed at low temperatures in the initial portion of 
the column. After temperature-programmed GC the 
trace components are thus accumulated in amounts 
sufficient for detection. 

A novel technique was used by Senanayake e t  a l )  4 

for analysis of the root, stem, bark and leaves of cin- 

namon  z e y l a n i c u m  for terpenes. Between 15 and 60 nag 
of thin strips of plant material were placed in a stain- 
less-steel gauze basket fitted inside the injection port, 
and the unit was heated at 180 ° for 5 min, with the 
GC column kept cool; the volatiles were then swept 
on to the column, fl-Caryophyllene was detected in 
greater amount by this technique than b~ others 
which required sample treatment. 

Brown et  al. ~5 also used a liner as a pre-column for 
the study of volatiles from peanuts. Such pre-columns 
in the form of packed injection-port liners have been 
used extensively in the GC determination of volatiles 
where it was necessary to remove the non-volatile 
material. A large sample was diffused into a packed 
liner, which was inserted in the heated injection port 
so that the volatiles could be swept directly on to the 
column. Injection-port liners packed with sand were 

used initially but glass wool appears to be favoured) 6 
Dupuy e t  al. 17 trapped the volatile components of 
salad oils and shortenings in a glass liner containing 
glass wool. The liner was subsequently placed in the 
inlet system of the GC and the volatiles released at 
120 ° . Besides the natural components there would be 
any residues of solvents, e.g., aliphatic hydrocarbons. 
Hexane residues, when present in vegetable oils, can 
be released by this method, is Bonney e t  a l )  9 used a 
system of concentric liners, i.e. an inner one of glass 
surrounded by one of stainless steel, when examining 
hop extracts for methyl esters of fatty acids. Non- 
volatile material trapped in the liners could be perio- 
dically removed. 

The limitation of headspace analysis can be the 
requirement of exceedingly large volumes of head- 
space vapour for detection of trace amounts of many 
components. The minor components may be so 
diluted with carrier gas that they escape detection. 
Low-temperature GC pre-columns are often used to 
concentrate headspace vapours. 2°'2~ Such a method 
for concentration was chosen by Morgan and Day 22 
in the analysis of flavour volatiles. A screw-capped 
vial containing sufficient anhydrous sodium sulphate 
to saturate the aqueous sample was left overnight in 
an oven at 105 °. The sample was then added, a drilled 
cap containing a silicone rubber liner was fitted and 
the vial was attached to the apparatus. The vial was 
heated to the desired entrainment temperature and 
agi'tated intermittently. Carrier gas was passed 
through the apparatus into the GC column where the 
volatiles were condensed in the initial portion of the 
column, which had been cooled in solid carbon diox- 
ide. At the end of the entrainment period the column 
was disconnected from the apparatus and coupled to 
the GC injection port. The oven was heated to the 
analysis temperature and GC carried out in the usual 
manner. 

The other important technique for concentration of 
volatiles is adsorption on an activated solid, such as 
charcoal. 23'24 Hartman e t  al. 25 isolated and concen- 
trated volatiles from vegetable oil by bubbling helium 
through the sample, heated to 350 ° . The volatile com- 
ponents were collected in activated charcoal over a 
period of 2 hr and then extracted with carbon disul- 
phide containing an internal standard. A 400-fold 
concentration of the volatiles was achieved with this 
procedure, which gave good reproducibility. 

The development of porous polymers as trapping 
materials in GC (because of their adsorption and 
retention.properties) has led to a greater use of the 
solid trapping technique. Murray 26 concentrated 
headspace volatiles from wines and spirits on various 
adsorbents, including Chromosorb 102, 105 and 106 
and also Tenax GC (2,6-diphenyl-p-phenylene oxide). 

• Novotny e t  aL 27 used Tenax GC to concentrate the 
volatiles of dried sage leaves. 

Alumina and acid-washed Celite 545 were both 
used as adsorbents by Clark and Cronin 2s for trap- 
ping flavour volatiles. The open-tubular glass column 
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containing the adsorbent was disintegrated in a small 
volume of water to release the volatiles for GC ana- 
lysis. A combination of solid and liquid trapping was 
used by Jennings et a1.s9 to isolate beer volatiles. The 
headspace sample was trapped on a small Porapak 
column which was subsequently back-flushed at 100” 
with carrier gas, the volatiles being condensed in a 
cold trap. This double preconcentration was necess- 
ary to remove ethanol, which otherwise interfered 
with the separation of the minor components. 

Controtled rate of injection through a pressure-lock 
system was used by Grob and Grobz9 to prevent 
decomposition of mustard oil from radishes. 

Column materials and temperature programming 

Food analysis had little impact on the early deve- 
lopment of columns, which was mainly done by the 
petroleum industry. The analysis of polar compounds, 
however, which is the main concern of the food ana- 
lyst, has required some further exploration. 

In a study of column efficiency for determination of 
polychlorinated biphenyls (PCBs) and fatty acid 
methyl esters, Onuska and Comba3’ modified open 
tubular glass columns by etching the internal surface 
with hydrofluoric acid to increase the surface area. 
The resulting “whiskered” column walls produced an 
excellent surface for coating. Similar columns were 
used by Schieke and Pretorius3’ for separation of 
essential oil components. 

It is well known that certain metal columns can 
cause breakdown of some compounds during GC. 
Glass columns are generally accepted as non-reactive 
and Ackman and Sipos32 have gone a stage further 
than most workers and incorporated glass linings in 
the metal connectors in their chromatographs. This 
refinement aided the separation of the methyl esters of 
heptadecanoic, heptadecenoic and eicosanoic acids in 
a lard-corn oil mixture. 

Benzotriazole (1% in acetone) has been used to 
deactivate the stainless-steel transfer lines between 
column and detector,328 to prevent decomposition of 
thiols present in mixtures of food volatiles. 

In a study to obtain an open tubular column coat- 
ing of maximum separating capacity for the deter- 
mination of the fatty acid composition of various fatty 
vegetable oil glycerides, Flanzy et aLJ3 used Car- 
bowax 20M modified by terephthalic acid to give a 
layer thickness of 0.1 jnn. This gave an efficiency of 
greater than 70,000 theoretical plates. In the sepa- 
ration of beer volatiles Witheycombe and Lindsay34 
used a 0.03-in. bore open tubular column to increase 
the capacity of the column coating, compared to the 
conventional O.Ol-in. column. The wider column can 
carry a loading of 1 mg per peak compared to 5 pg 
per peak with the narrower one. 

The current interest in the erucic acid content of 
fats and oils has prompted better separation of its 
methyl ester from the others and Ackman and 
Eaton33P used open tubular columns coated with 
Silar-SCP to achieve this. 

Poly(methy1 methacrylate) and a series of polyesters 
prepared from butanediol and dibasic acids and from 
alkanediol adipates have been used by Vernon33b to 
separate methyl esters of fatty acids of vegetable oils. 
These polymers showed a wide range of polarity 
and high temperature stability, although some, e.g., 
poly(methy1 methacrylate), were inefficient. 

In a study of separation of the methyl esters of the 
fatty acids of rapeseed oil glycerides on a wall-coated 
open tubular column, Mayzaud and Ackmanl’ found 
that the response with helium or hydrogen as carrier 
gas was twice that with either nitrogen or argon. 

Many ways have been used to overcome adsorption 
of compounds on the support during GC. Coch- 
rane,36 in the separation of free fatty acids, incorpor- 
ated formic acid in the helium carrier gas. It was 
assumed that formic acid was preferentially adsorbed 
on the support; there was also the advantage that if 
any excess was eluted from the column it would not 
be detected by the FID. 

The thermostable cyanopropylphenylsiliwne sta- 
tionary phase, SP-2300, has been used to separate 
methyl esters of the fatty acids of rapeseed and peanut 
oils.35a The advantage of this stationary phase lies in 
the relatively short retention times of those com- 
pounds containing more than 20 carbon atoms and 
this results in a speedier analysis. 

In an appraisal of polyhydric alcohols as stationary 
phases for separation of beer volatiles, Verachtert et 
al.” found that loO/, erythritol was the best of the 
seven phases tested, overcoming the swamping effect 
of ethanol and giving good separation of the flavour 
volatiles. 

The separation of 18 alkylamines on various sta- 
tionary phases modified by trisodium phosphate was 
studied by Golovnya and Zhuravleva.3s They used 
equations relating the retention indices to number of 
carbon atoms and to boiling points, for evaluation of 
food aroma components. 

The advantages of temperature programming (TP) 
in GC are well known. The main influence of food 
analysis in this connection is in cryogenic TP. It is 
often necessary to use low temperatures in the sepa- 
ration of flavour constituents, and if it is necessary to 
include the less volatile constituents in the analysis 
then TP is used, starting at temperatures as low as 
-8O”.39 The range of cryogenic temperature-pro- 
grammed GC was widened by Merritt et aL4’ to in- 
clude temperatures starting at - 196”, liquid nitrogen 
being used to cool the wlumn chamber. These 
workers showed the necessity for employing very low 
starting temperatures for complete resolution of mix- 
tures containing many volatile components, e.g., those 
from irradiated samples of beef, Iverson and Shep- 
pard” have shown the advantages of normal TP in 
their separation of the butyl esters of butter fatty 
acids and also of the methyl esters of the fatty acids of 
coconut oil glycerides. 

An alternative to TP is pressure programming; this 
has the advantages of instant re-set following a parti- 
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cular analysis and of less chance of column bleed. 
Scot# 2 used pressure programming to advantage in 
the analysis of lemongrass oil. Both types of pro- 
gramming can be used together in the analysis of 
complex essences to obtain increased resolution in a 
shorter time. 43 

Detectors 

The biggest influence of food analysis on detector 
development is in determination of pesticide residues. 
The EC detector was initially developed to detect and 
determine organoehlorine (OC) pesticide residues and 
the previously low sensitivity in organophosphorus 
(PO) pesticide residue analysis gave the impetus for 
the development of the AFID, FPD 'and MCD. 

Alkali metal flame ionization detector. In addition to 
its normal use in OP pesticide residue analysis, the 
AFID has been used by Lakota and Aue 44 in the 
determination of OC pesticide residues. Using a 
potassium chloride pellet and varying the geometry of 
the electrodes, Verga and Poy 45 obtained good selec- 
tivity between nitrogen and phosphorus in the deter- 
mination of carbamates, triazines and OP pesticides. 
Gough and Sugden 46 used a rubidium chloride 
annulus in order to increase stability of the detector, 
when examining various foods for nitrosamines. They 
obtained a sensitivity ten times better than that of the 
orthodox flame ionization detector, and although the 
sensitivity diminished with age, it could be restored 
by cleaning. Kawabata 47 found that using glass con- 
nections from the column to the detector improved 
sensitivity in the determination of nitrosamines in fish 
products. 

Flame photometric detector. The FPD developed by 
Brody and Chancy 4s has extremely high selectivity 
for both phosphorus and sulphur, together with ade- 
quate sensitivity. This makes it particularly suitable 
for analyses in which the sample solution contains 
large amounts of co-extracted material. Thus, the 
application of this detector to the determination of 
OP pesticide residues in foods has the advantage that 
there is no need for extensive clcan-up before the GC. 
As well as for pesticide residue analysis, this detector 
can be used for the determination of sulphur-contain- 
ing volatiles. One of the problems with the detector is 
that the flame is often quenched by the solvent 
vapour and has to be re-ignited. Hasinski, 49 in deter- 
mining OP pesticide residues in foods, altered the 
geometry of the detector so that less than 50 ttl of 
solvent did not quench the flame. 

Emission spectrometric detector (microwave plasma 
detector). This detector was applied to the determina- 
tion of pesticide residues in foods by Bache and 
Lisk, 5°-53 for both phosphorus and iodine com- 
pounds. Because of the high selectivity, full clean-up 
of food extracts was not always necessary. The same 
workers applied this detector to the determination of 
organic mercury compounds in fish. 3~ 

Electrolytic conductivity detector (Coulson conduCti- 
vity detector). In the determination of nitrogen-con- 

taining pesticide residues, e.g., carbamates, Patchett 55 
made several refinements in the basic detector and 
lowered the limit of detection for nitrogen to 0.1 ng 
from 1 ng. These refinements were incorporated in the 
detector used by Cochrane and Wilson 56 for the 
determination of residues of triazines, substituted 
ureas and carbamates. 

A procedure for the determination of nitrosamines 
in foods and beverages was suggested by Rhoades and 
Johnson.S 7 The detector was converted for determina- 
tion of amines by using argon as the carrier gas and 
substituting an empty quartz tube for the catalyst 
reactor tube. This unit was operated at 400--600 ° since 
in this temperature range ammonia is obtained as a 
degradation product of many amines and nitrosa- 
mines, whereas other organic nitrogen-containing 
compounds produce virtually none. 

In the determination of atrazine residues in pota- 
toes, Lawrence and Moore 5s used a water jacket 
round the detector, and other refinements, to improve 
the sensitivity by a factor of five. 

The Hall micro-electrolytic conductivity detector 
has been used in the pyrolytic mode by yon Rappard 
et al. 59 for the determination of five nitrosamines. 

Microcoulometric detector. Although the main use 
of this detector was originally in the analysis of 
organohalogen and organosulphur compounds, it was 
modified by Burchfield et al. 6°-62 to determine phos- 
phorus in pesticide residue analysis. In this system, 
the detector was optrated in the reductive mode with 
molecular hydrogen at 950 °, phosphine being formed 
from OP compounds, and hydrogen sulphide and 
hydrogen chloride from organosulphur and OC com- 
pounds, respectively. All these products could be 
titrated in the silver-ion cell, and to avoid co-titration 
when determining phosphorus an alumina column 
was inserted after the furnace to remove hydrogen 
sulphide and hydrogen chloride. If silica gel was used 
in place of alumina, hydrogen chloride was removed 
and left the phosphine plus hydrogen sulphide to be 
detected. The MCD is specific and is very useful in 
residue analysis, particularly where clean-up is diffi- 
cult. 

Electron capture detector. The great interest in OC 
pesticide residue analysis, which probably reached its 
peak in the 1960s led to a demand for a detector that 
was specific and sensitive, and the ECD was devised. 
Modifications to the detector have been made, OC 
pesticides or PCBs being used as the analytical 
models. For example, Brechbuehler et al. 63 have pro- 
duced a micro ECD, reducing the internal volume to 
approximately 140/A for use with high-resolution 
capillary columns. 

In a comparison of the efficiency of the ECD with 
the electrolytic conductivity detector, Lawrence and 

• Ryan e4 used the heptafluorobutanoyl derivative of 
stilboestrol from beef liver and also carbofuran resi- 
dues from turnips. They found that the ECD was the 
more sensitive, but the electrolytic conductivity detec- 
tor was more selective. 
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Chemiluminescent detector. Gough et al.,65 in the 
screening of foods for the presence of volatile nitrosa- 
mines, used a chemiluminescent detector which mea- 
sured the infrared emission resulting from the interac- 
tion of NO and ozone. The NO was produced from 
the nitrosamines by oxidation in a catalytic chamber 
and then cooled before detection. 

The human nose as detector. Much has been written 
about the sniffing of effluent vapours from GC col- 
umns but there has been little attempt to rationalize 
the technique, which could be put to better use than 
at present for identification of aroma constituents in 
foods. Tucknott and Williams66 have pointed to 
several disadvantages, which include the distortion of 
the odour owing to the elevated temperature of the 
carrier gas, the speed at which one component often 
follows another, the fact that some components are 
more concentrated in the effluent than in the original 
food matrix and also that only one person at a time 
can conveniently sniff the el%ent. To overcome these 
problems, these workers used lO- or 2@ml disposable 
syringes for effluent collection, with subsequent dis- 
pensing of l-ml portions to individual aroma panel- 
lists. 

Derivative formation 

Because of the sensitivity and resolving power of 
GC, the conversion of involatile species into volatile 
derivatives, though time-consuming, has been found 
worthwhile. In food analysis, alkylation techniques 
for fats, and silylation for sugars, are the most iinpor- 
tant developments. 

Alkylation. The formation of alkyl derivatives has 
probably been the most frequently applied of these 
procedures, and food has frequently been the medium 
for experimentation with alkylation techniques. Meth- 
ylation is most commonly used, followed by propyla- 
tion and butylation. 

Scoggins and Fitzgerald6’ used dimethyl sulphate 
for the methylatioh of chlorophenoxyacetic acid her- 
bicides and found it to be quicker and more quantita- 
tive than acid-catalysed methylation. A simple proce- 
dure for the quantitative methylation of fatty acids 
from the glycerides in fats and oils was described by 
Luddy et al. 68 It was based on alk&catalyseh reac- 
tion of the oil with potassium methoxide in anhyd- 
rous methanol. If the fre& fatty acid content was. high, 
the procedure was modified to include treaiment with 
the acidic catalyst boron trifluoride in methanol after 
initial reaction with the potassium methoxide catalyst. 
A similar procedure was used for methylating the 
fatty acids of the glycerides of peanut oil69 and of 
milk fat.” Triglycerides of soyabean, safflower and 
linseed oils were methylated, in a microreactor, by 
Davison and Dutton. ” A 39~1 por,tion of 2.7M 
sodium methoxide in methanol was injected into the 
microreactor, followed by 2-3 ~1 of vegetable oil sam- 
ple. Trans-esterification occurred. This method per- 
mits the analysis of microsamples. 

Bitner et al.” methylated fatty acids with tetra- 

methyla+nonium hydroxide in a microreactor. Chur- 
chill et al.“’ used trimethylanilinium hydroxide simi- 
larly for methylation of residues of malathion and 
parathion methyl; the detection limit for these insecti- 
cides was 0.4 ng. Sheppard and Iverson73 have 
reviewed the various methods of esterification of the 
fatty acids of glycerides and conclude that careful 
control of conditions is necessary if artefact formation 
is to be avoided. They find that artefacts can occur if 
the temperature of the alkali concentration is too 
high. 

Hydroxyl groups can be converted into methyl 
ethers by reaction with methyl iodide and silver oxide 
in dimethylformamide (DMF), a reaction used in the 
determination of sugars.74 Fedeli et a1.75 prepared the 
methyl ethers of ster6ls from the unsaponifiable frac- 
tion of olive and sunflower seed oils with dimethyl 
phosphite in the presence of toluene-4-sulphonic acid. 

A chromatographic reaction method for the methy- 
lation of OP pesticides was used by Moye.“j It 
entailed trans-esterification achieved by injecting the 
compounds (in methanolic solution) into the chroma- 
tograph injection port (at 225”) which contained glass 
microbeads pretreated with 2M sodium hydroxide. 
Moye ” had previously used a similar method for the 
determination of carbamate pesticide residues. In a 
similar method, Dale et al.‘* injected trimethylani- 
lium hydroxide solutions of residues of the insecticide 
and nematocide, chlorphoxim, obtained from cat-fish, 
into the chromatograph injection port at 280”. This 
gave a 70% yield of methyl ester. 

Johnson and Wong79 used a stainless-steel trap 
containing loo% silver oxide on 60/80 Celite as a reac- 
tion chamber for the methylation of the fatty acids of 
mutton fat. Methyl iodide was injected as methylating 
agerit and the trap was heated at 100” for 2 min to 
complete the reaction. Diazomethane in a pre-column 
of alkaline Celite was used by Schwartz and Brights’ 
to methylate the fatty acids of milk fat. 

Methanolic (3-trifluoromethylphenyl)trimethylam- 
monium hydroxide (0.2M) has recently been used as a 
methylating agent for the trans-esterification of the 
fatty Acids from the glycerides of corn, olive a’nd 
peanut oils. soa The method is rapid and can be car- 
ried out at room temperature. 

Staruszkiewicz et a1.8’*82 used boron trifluoride and. 
propanol to form the propyl ester of /_?-hydroxybu- 
tyric acid in the determination of this indicator of 
putrefaction in eggs. The procedure was a modifica- 
tion of the one used by Salwin and BondE3 for deter- 
mination of lactic and succinic acids in eggs. The 
short-chain fatty acids in butter oil and cheese were 
determined by Iyer et al. 84 by butylation with butanol 
and sulphuric acid, although it was considered that 
boron trifluoride would have been a better catalyst. 

Halogen-esters. After the realization that the EC 
detector could be used for other electron-capturing 
compounds as well as OC pesticides, a conscious 
effort was made to exploit derivatives containing a 
large proportion of halogen. ’ 
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Islam and Darbree5*s6 used the trifluoroacetyl deri- 
vatives of the methyl esters of fatty acids in an ana- 
lysis of protein hydrolysates, these derivatives being 
formed by reaction with trifluoroacetic anhydride. 
Trifluoroacetylated mono-, di-, tri- and tetrasacchar- 
ides were prepared with N-methylhexafluorodiacet- 
amide by Sullivan and Schewe.*’ This reagent, first 
suggest by Donike,*s was found to be very satisfac- 
tory, and in temperature-programmed GC could 
separate 13 components from a sugar syrup in 15 min. 

Heptafluorobutanoyl esters have been favoured in 
the determination of steroids at the picogram level. In 
a study of the sterol contents of virgin and solvent- 
extracted olive oils, Tateos’ used the esterification of 
the sterols with heptatluorobutyric anhydride to pro- 
duce derivatives of /?-sitosterol and stigmasterol, 
which could be completely resolved and measured by 
GC. The same reagent was used by Lawrencego in the 
residue analysis of carbamate insecticides, e.g., pro- 
poxur and methiocarb. 

Silylation. The importance of silylation in GC, i.e., 
substitution of the active hydrogen in the OH, SH 
and NH functions by the trimethylsilyl (TMS) group, 
has increased since its introduction for the prepa- 
ration of volatile derivatives. The increase in popular- 
ity of TMS derivatives is partly due to development of 
easier methods of preparation. Most of the develop 
ment work involved pure organic species, and 
Zuercher and Hadorn’ ’ compared seven silylation 
methods, using a mixture of common sugars as the 
test medium. Sugars may also be reacted with hydrox- 
ylammonium chloride to form oximes before silyla- 
tion. Zuercher et aL9’ used this procedure in the sepa- 
ration and estimation of sugars in honey, orange con- 
centrate, grapejuice, and chocolate for diabetics. The 
silylating agent was heptiuor*N-methyl-N-trimeth- 
ylsilylbutyramide and trimethylchlorosilane. 

In a chromatographic reaction method for the 
separation of cheese volatiles, McGugan and How- 
sam93 used a pracolumn held at between - 140” and 
- 150” and containing 10% OV-101 on 80/100 Chro- 
mosorb W-HP. The silylating reagent, N-methyl-N- 
trimethylsilylfiuoroacetamide was introduced into the 
precolumn, which was then heated to 180” during 5 
min, the ensuing derivatives being swept on to the GC 
column for separation. 

2,4-Dinitrophenylhydrazones. Volatile carbonyl 
compounds are often important flavour components 
of foods, accounting for many off-flavours and also 
pleasant ones. Since the concentration of these vola- 
tiles is generally low, they are frequently difficult to 
detect. Fifteen carbonyls known to be flavour consti- 
tuents were determined as their 2,4_dinitrophenylhyd- 
razones by Kallio et aL94 It was shown that the ECD 
gave greater sensitivity and selectivity than the FID. 

Oxidation and hydrogenation. Oxidation is not a 
popular method of derivative formation in GC ana- 
lysis. However, the oxidation of nitrosamines to nitra- 
mines was used to advantage by Althorpe et al.95 
rhey found that nitramines, detected by EC, gave a 

response about 200 times greater than that for nitros- 
amines detected by FID. A similar procedure was 
used by Sen96 ia the determination of dimethylnitros- 
amine isolated from nitrite-treated fish. 

Several different procedures and types of apparatus 
were described by Beroza’ and Sarmiento” for dir&t 
hydrogenation of many organic compounds; some 
were particularly useful in the quantitative hydro- 
genation of fatty acid esters of glycerides of vegetable 
oils. The hydrogenator, which used 1% palladium on 
60/80 Gas Chrom P, with hydrogen as carrier gas, 
was situated in the GC oven and, consequently, oper- 
ated at the same temperature as the column. Another 
apparatus used the injection .port as reactor so that 
the temperature could be different from that of the 
column. Results showed that the hydrogenation prq- 
cedures were sufficiently powerful to saturate multiple 
bonds in straight-chain, ring and substituted com- 
pounds. If the pre-column was provided with a by- 
pa~s,~* so that part of the sample escaped hydrogena- 
tion, the original and hydrogenated portions 
appeared on the same chromatogram. Consequently, 
the change in retention caused by hydrogenation 
could be directly observed. 

CC IN FOOD QUALITY CONTROL 

Most types of food have been tialysed by GC. 
Dairy products, fats and oils, meat, fish, eggs, fruit, 
vegetables, essential oils, beverages, sugars and cereals 
are examples of foods for which quality control can 
be based, in part, on GC. Before the advent of GC, it 
was not always possible to separate and determine, 
within a matrix such as food, mixtures of aliphatic 
acids, amino-acids, sugars, aicohols, esters, ketones, 
etc., even though these classes of compounds are often 
present in relatively high concentration. It was also 
virtually impossible to detect the low concentrations 
of flavour and other volatile components on which 
the quality of a large number of foods depends. 

Milk, cream and yogurt 

Milk is essentially an emulsion of fatty acid glycer- 
ides, water, proteins and sugars, and it is logical that 
milk quality is assessed by the determination of these 
constituents. The fatty acid constitution of the fatty 
acid glycerides can be assayed by GC of the free acids 
or their alkylated deri’vatives after hydrolysis, or GC 
of the original glycerides. Although the determination 
of the fatty acids has been ~sed,~~*“’ their relative 
non-volatility compared with the alkyl esters often 
causes difficulty and the determination of the methyl 
or butyl esters is preferred. The three basic methods 
of methylation are acid-catalysed methanolysis, meth- 
anol-boron trifluoride reaction, and methanol- 
sodium methoxide reaction under sealed conditions. 
These methods have been critically assessed by de 
Man,‘O’ who concluded that losses of lower fatty 
acids occurred with the 6rst two methods. The third 
method not only produced satisfactory recoveries of 
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butyric, caproic, caprylic and capric acids, but 
also gave better recoveries of linoleic and linolenic 
acids. 

Smith*02 separated the methyl esters of the C&it, 
fatty acids of milk fat, using a small injection volume 
for one chromatogram but a larger injection for 
another chromatogram in order to detect the minor 
constituents, e.g., the Ci S, Ci 5 and Ci , acids. Glass et 
al. lo3 used a trans-esterification technique before GC 
of the methyl esters of the fatty acids in or&r to 
determine the fat content of milk. The technique has 
particular value when the available sample is small, 
e.g., ~60 mg of milk. The fat is extracted into a mix- 
ture of methanol, dimethyl carbonate and benzene, 
and methyl tridecanoate is added as internal stan- 
dard The areas under the peaks are related directly to 
the area given by the internal standard. Several other 
workers70*‘0”‘06 have separated the methyl esters of 
the fatty acids of milk fat. Hadom and Zuercher”’ 
use the butyric acid concentration to calculate milk 
fat content. The milk fat content of milk chocolate 
was estimated by Iverson. lo8 He methylated the fatty 
acids after saponification and used the lauric acid 
concentration as a measure of the milk fat content, 
cocoa butter containing only 0.013% of this acid. 

GC of butyl esters of fatty acids was used by 
Gander et af.,lo9 and led to exploration of a super- 
ior method of preparing butyl esters.“’ The esters 
were prepared in a few minutes by heating the fat 
with di-n-butyl carbonate and sodium butoxide and 
temperature programming was used so that a single 
chro~t~ram covered the whole range of fatty acids 
in milk fat, in contrast to the two chromatograms 
often required for the separation of all the methyl 
esters. 

Lysine has been determined in heat-treated milk 
powder after acid hydroly~s of the protein.’ ioa The 
lysine was converted into homoarginine which was 
chromatographed as the trifluoroacetyl derivative of 
the butyl ester. 

The main interest in the flavour of milk and cream 
is associated with volatiles which give off-flavours to 
these products. Patton” ’ found Gdeca and S-dodeca- 
lactones in processed milk but not in raw milk, and 
Arnold et al.‘12 attributed the stale flavour of stored 
sterilized milk to lactones, ketones and aldehydes. 
Mabbitt and McKinnon113 examined the volatiles 
produced in milk during storage, using a cold trap 
ping technique and GC, and found that the 
2-butanone content increased as souring progressed. 
An off-flavour of heated milk, termed “cooked”, was 
correlated with hydrogen sulphide production by 
Thomas et af.,’ l4 using a headspace sampling techni- 
que; as little as 10 &ml could be detected 

Goitrin, an antithyroid compound, may be found in 
milk from cattle fed on a diet containing rapeseed 
meal and can be determined by means of its hexa- 
fluorobutyryl derivative and EC detection.’ 14a 

2-Hy~oxy-~(methyl~io)buty~c acid residues in 
milk can be determined after extraction and forma- 

tion of the trimethylsilyl derivative; FP detection is 
used (sulphur mode).“4b 

Wong and Patton”’ determined the normal ila- 
vour volatiles of cream, and listed methyl sulphide, 
acetone, 2-butanone and ethanol as important consti- 
tuents. Hempenius and Liska’i6 steam-distilled acetic 
acid from sour cream before GC determination, and a 
rapid method for the determination of lactic acid and 
lactates, as the butyl ester, in whey was used by 
Gray”’ as an improvement on existing wlorimetric 
methods. 

The sugar content of milk has received scant study 
by GC methods. Lactose was determined by Jaynes 
and Asan,“* who used the trimethylsilyl (GYMS) deri- 
.vatives of the a- and ~anomers and the same deriva- 
tives were used by Reineccius et al.“’ in the sepa- 
ration and determination of glucose, galactose and 
lactose from whole and skimmed milk. A similar 
method was used by Mouillet et al.12* in a study of 
the fate of these sugars, particularly lactose, in the 
manufacture and storage of yogurt. More recently, the 
Lane and Eynon method for lactose deter~ation in 
milk was compared with a GC method utilizing the 
TMS derivative of the oxime, good agreement being 
obtained.’ 20a 

Interest has been shown in the vitamin D content 
of milk and non-fat dried milk. Janecke and Bren- 
deli2’ separated the unsaponifiable matter from the 
miIk and, following clean-up, determined the vitamin 
as its TMS derivative. Panalaks’22 isolated vitamins 
Dz and D5 from non-fat dried milk and subjected 
them to GC after m~fi~tion with antimony tri- 
chloride. Vitamin D2 in full-cream dried milk was 
determined as its TMS derivative by Bell and 
Christie’ 23 after saponification and clean-up. GC has 
also’been used to determine the vitamin C content of 
infant milk products.’ 24 

Some concern has been expressed about the possi- 
bility of iodine and its compounds finding their way 
into milk, either through the feeding of cattle with 
iodine-containing mineral supplements, or by conta- 
mination with iodophor di~nf~nts. In this conneo 
tion, Grys’ 25 has produced a GC method suitable for 
the deter~nation of iodine after its conversion into 
iodoacetone. A similar method was used by Gabrio et 

al.‘26 

Butter 

The main interest in butter analysis is whether or 
not it has been adulterated with vegetable oils or hy- 
drogenated oils and, if so, to what degree. Many ana- 
lysts have used GC to enumerate and determine the 
fatty acids present in butter fat and there have been 
two basic approaches in using the results to discover 
adulteration. 

The first is due to W01ff,~~’ who separated the 
methyl esters of butter-fat fatty acids and introduced 
the concept of fatty acid ratios as a means of assessing 
quality. ,He found that butter contained approxima- 
tely 3%‘lauric acid (Cr,), but palm kernel oil and 
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coconut oil contained 47--49%. Either this criterion or 
that of the ratio of lauric to capric acids (C,,/C,,) 
was found to give a very good indication of butter 
purity, the ratio being 1.07-1.13 for 8 French butters 
compared to 1.64 for butter containing 3% palm ker- 
nel oil and 1.96 for butter containing 5% of that oil. 
Many workers followed Wolfl’s lead and looked at 
other fatty acid ratios as indicators of adulteration 
and it is reported that in genuine butter the ratio 
C,/(C, + C,) acids does not exceed 1.8,‘** and that 
the ratio of unsaturated to saturated C,,-acids is 
close to 3.1z9 Methylation techniques improved dur- 
ing the 1960s and the 1968 figures of Luddp et ~1.~~ 
for pure butter oil were C,2/C,0 acids = 1.18; 
C.+/(C, + C,) acids = 1.45; C,,,&z acids = 4.00 and 
unsaturated/saturated Cl s-acids = 2.39. 

The second approach was to take the concentration 
of butyric acid (averaged over many samples) as the 
standard for 100% butter purity, because margarine 
and the oils used in its manufacture contain very little 
butyric acid. In the standard wet chemical method of 
Reichert et a1.13’ for assessing butter quality, the fatty 
acids are divided into three categories, viz., water- 
soluble volatile, water-insoluble volatile, and water- 
soluble volatile forming water-soluble silver salts. GC 
is able to define the acids within each category and 
leads to a more exact interpretation of quality. Kar- 
leskind et al.“’ saponified the glycerides and distilled 
the acidified extract according to the Reichert-Meissl 
method. The methyl esters Were made and GC was 
applied, with methyl valerate as internal standard. 
These authors showed that French butter fat con- 
tained between 3.2 and 4.0% butyric acid, whereas 
lard, tallow, palm oil and palm kernel oil contained 
0.02, 0.04, 0.01 and 0.03% butyric acid respectively. 
These results showed that the amount of butyric acid 
in these oils is equivalent to approximately 1% of that 
in butter. 

Kirschner values, which are directly related to the 
water-soluble volatile acids which form soluble silver 
salts, are essentially a measure of butyric acid con- 
centration in butter; Withington,13’ who trans-esteri- 
fied butter fat with alkaline ethanol, found that the 
average content of ethyl butyrate from 19 pure butters 
of various countries of origin was 4:79%. This value 
was used as the standard for calculation of butter 
content, particularly where butter was present in 
other foods at a concentration of 10% or less. Hadorn 
and Zuercher13’ used a similar method with trans- 
methylated butter fat. 

A semimicro method of determining butter fat in 
fat mixtures was devised by Phillips and Sanders.134 
They found it simpler to measure free butyric acid 
after saponification and acidification, obtaining an 
average figure of 3.6% of the acid for pure butter fat, 
which is in excellent agreement with Withington’s 
4.79% for ethyl butyrate. The method was used in the 
determination of butter fat in such foods as milk cho- 
colate coatings, cream soups, butter confectionery and 
meat or fish pastes containing butter. 

The fact that butter contains no sitosterol, which 
constitutes the main sterol fraction of vegetable oils, is 
another means of detecting the presence of margarine 
in butter. In 1962, Eisner et al.lJ5 extracted sterols 
from the unsaponifiable matter of margarine-butter 

.mixtures and separated B-, y- and b-sitosterol from 
cholesterol. Using the /I-sitosterol peak as a quantita- 
tive indicator for margarine, it Hras possible to detect 
as little as 0.2% margarine in butter. 

Digitonin precipitation followed by acetylation of 
the sterols was used by Cannon,136 who separated the 
acetates of cholesterol and sitosterol and claimed that 
2% margarine in butter could be detected TMS deri- 
vatives of the sterols were used by Cerutti et al.,“’ 
who claimed 1% of margarine in butter could be 
detected. The BSI method for the detection of foreign 
fats in dairy products138 is based on sterol analysis; 
/I-sitosterol is used as the indicator, 0.5% being detec- 
table. 

The flavour constituents of butter, as found by GC 
analysis, include b-lactones,‘39-141 aldehydes14* and 
indole and skatole.143 Most work has been carried 
out on &lactone determination and van der Ver~‘~~ 
concluded that fresh butter contains y- and d-keto 
acids, and that these may be precursors of the corres- 
ponding lactones. 

Cheese 

Most GC investigations of cheese have concerned 
flavour and aroma and particularly the volatiles res- 
ponsible for the subtle differences between varieties of 
cheese. Any interest in fatty-acid analysis of cheese fat 
is invariably a result of the effect on flayour. 

Iyer et a1.s4 studied the fatty-acid composition of 
the glycerides of Provolone cheese fat by using GC to 
separate the butyl esters, and concluded that the 
short-chain volatile fatty acids were important contri- 
butors to flavour. The determination of free acetic, 
propionic and butyric acids in cheese was subse- 
quently facilitated by using Chromosorb 101 in the 
gas-solid chromatography (GSC) method of Keen 
and Walker.144 Fatty acids can have a deleterious 
effect on flavour quality and lead to rancidity. It was 
found by de Man’45 that Cheddar cheese monogly- 
cerides contained short-chain fatty acids and that 
when the cheese became rancid there was a higher 
proportion of these monoglycerides present, particu- 
larly monobutyrin. 

In an examination of cheese for neutral volatile 
constituents, Liebich et a1.146 used the entrainment 
method, placing the sample in a liner attached to the 
injector. The liner was held at 190” for 10 min to 
allow the volatiles to be. swept on to the column by 
the carrier gas, leaving the oil behind. These authors 
examined the Cheddar, Blue, Roquefort, Romano, 
Swiss and Limburger varieties and found that methyl 
ketones were an important flavour group. 

As early ,as 1958, dimethyl sulphide was found in 
Cheddar cheese14’ and was considered to be an im- 
portant good flavour factor. GC, coupled with mass 
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spectrometry (MS), was used by Langler, et a1.148 to 
separate the major volatiles of Swiss cheese. They also 
found that dimethyl sulphide was an important fla- 
vour component, often being present in conccnt- 
rations above its flavour threshold. 

In a series of ripening experiments, Scarpellino and 
Kosikowski’49 found that the acetic acid and ethanol 
content increased during the ripening of Cheddar 
cheese, whereas there was a decrease in the concent- 
ration of the trace constituent, acetyl methyl carbinol. 
Butyric acid, 2-butanol and 2-butanone appeared as 
ripening proceeded. 

Tyramine is an indirectly acting sympathomimetic 
amine that releases noradrenaline from adrenergic 
neurones, and it is found in foods such as cheese, red 
wine and pickled herrings. Kaplan et ~1.“~ deter- 
mined the tyramine in South African cheeses by GC 
of its TFA derivative and found that its concentration 
ranged from 5 ppm for a cream cheese to 775 ppm for 
a mature Cheddar. Phenethylamine, which is also 
known as a “migraine precipitant”, has been detected 
in cheese by means of its TFA derivative. l5 1 Foods 
containing such sympathomimetic amines must not 
be consumed by patients taking monoamine oxidase 
inhibitors as antidepressant drugs. 

Animal fats 

Lard is probably the most important animal fat, if 
the interest in its quality is a yardstick. It has been the 
subject of adulteration by beef and mutton fats, horse 
fat and many hardened vegetable and fish oils. The 
GC examination of the fatty acids of lard glycerides 
has been a popular medium for the testing of presepa- 
ration and methylation methods,6*s ls2* ls3 and also 
for the assessment of adulteration by tallow or horse 
fat. 154,155 

Pascussi and Paolinils6 successfully applied the 
fatty acid ratio to classify pure lard and found that 
the C 14:o+16:o+1s.o/CLB:2 acid ratio lay between 4 
and 5, and considered that a value greater than 5.5 
indicated adulteration. Similarly, the C18: ,/C, s: 1 acid 
ratio lay between 100 and 200 and values greater than 
200 could indicate adulteration. Castledine and 
Davies”’ used a trans-esterification technique to 
obtain methyl esters of the fatty acids of a number of 
animal fats. They calculated the C16:O/C14:0, 

G~GB:o~ CdCl4:0 and Gdc16:0 acid ratios 

for these fats. The C16:o/C14:o and CIs:I/C,4:o acid 
ratios are normally greater than 6 for pure lard, 
whereas beef and lamb tallow give ratios of less than 
4. In addition, lard has a greater total C,s unsatur- 
ated acid concentration than does beef or mutton tal- 
low. 

A different approach to determining adulteration of 
lard was used by Grieco,l 58 who specifically looked 
for branched-chain and minor-constituent fatty acids, 
which were found to be present in small concent- 
ration in beef tallow but absent in lard. Bastijns,ls9 in 
a similar study, found that the concentration of Cl4 
and cc,, branched-chain acids was 5-10 times as high 

in beef fat as in lard. He also discovered that the total 
of CL5 acids present in lard was less than 0.03%, but 
0.2-1.0% in beef fat. 

In a comprehensive survey of animal fats, Hubbard 
and Pocklington160 substantiated the findings of most 
other workers. In their survey they also included the 
fatty acid composition of the fats from chicken, tur- 
key, game birds and rabbit. 

There is some interest in the adulteration of goose 
fat with lard, the fatty acid ratios being successfully 
employed for detection and sometimes simiquantita- 
tive estimation.161-‘63 

It is virtually impossible to differentiate beef and 
lamb fats by chemical methods and the chromato- 
grams of the fatty acid methyl esters are very similar, 
although it is generally acknowledged that beef fat 
has the superior organoleptic quality. HoRnann and 
Meijboom 164 deduced that the major volatiles of 
both fats were 4-heptenal and 2&nonadienal. It can 
be assumed that the fine differences between beef and 
lamb or mutton fats must lie in the minor volatile 
concentrations. 

Horse fat has been used to adulterate beef fat. Sui- 
tably chosen fatty acid ratios can give strong indica- 
tions of such adulteration.‘57J65 

Vegetable oils and fats 

Vegetable oils are used mainly in margarine manu- 
facture, as cooking oils and as salad dressings. The 
suspicions surrounding the possible harmful health 
effects of cholesterol, which is present in animal fats, 
has indirectly created a greater market for vegetable 
oils, particularly those for the cooking of food. Oils 
such as corn, cotton seed, soyabean, peanut and sun- 
flower are used for frying, and palm kernel, coconut, 
soyabean, sunflower and rape seed are used in mar- 
garine manufacture. Margarine is also made from 
hydrogenated vegetable and fish oils. 

Much attention has been paid to the purity and fine 
quality of various vegetable oils and to the presence 
of vegetable oils in animal fats. In the latter case, 
while GC of the fatty acids of the various glycerides 
cari establish the presence of vegetable oils in ahimal 
fat, a superior method is to look for phytosterol in a 
GC sterol analysis because its presence indicates the 
indisputable presence of vegetable oil. 

In contrast to the extensive literature on the ana- 
lysis of the fatty acid and unsaponifiable fraction, the 
determination of flavour constituents of vegetable oils 
has received little attention. General methods have 
been published for the determination in vegetable oils 
of lactones at the 1 ppm level166 and of various car- 
botiyl volatiles by means of their 2,4-dinitrophenyl- 
hydrazones.’ 

The neutral volatiles of mayonnaise have been 
separated after trapping of the acidic volatiles on a 
pre-column of glass wool coated with sodium bicar- 
bonate.‘“* Aliphatic alcohols and aldehydes were pre- 
dominant among the 21 volatiles identified. 

Before hardened vegetable and fish oils were 
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exploited, margarine was produced largely from mix- 
tures of coconut and palm kernel oils. The lauric acid 
concentration in the glycerides of both these oils is 
approximately half that of the total fatty acids. Gly- 
ceride and fatty-acid analyses of both coconut and 
palm kernel oils have been the subject of study by 
many workers.‘69-‘7z 

Some vegetable oil monoglycerides, which result 
from the enzymatic splitting of some of the triglycer- 
ides, are important because they can influence the 
rheological properties of emulsified oils, e.g., margar- 
ine. Halvarson and Ovist,‘73 in a GC method for the 
determination of monoglycerides, found that coconut 
and palm kernel oils contained the abnormally high 
level of 0.5% monoglycerides, which made them 
eminently suitable for margarine manufacture. 

There has been recent interest in the GC deter- 
mination of trans unsaturated fatty acids in margar- 
ine, primarily to check the existing infrared method. 
Ottenstein et ~1.“~ used OV-275 as stationary phase 
to achieve the separation of the methyl esters of truns 

and cis isomers of oleic, linoleic and elaidic acids. The 
same stationary phase and also Silar IOC and 
SP-2340, two other cyanosihcone phases, which are 
highly polar and thermally stable, were used by Con- 
acher et u1175*175a in a similar analysis of margarine. 
Geometric isomers of unsaturated fatty acids have 
also been separated after trans-esterification with 
sodium methoxide.‘75b 

Analysis of the unsaponifiable matter of coconut 
and palm kernel oils has yielded useful information 
about their triterpene alcohol and sterol con- 
tent.‘76-1 ‘* Fedeli et al.’ ‘* investigated the unsaponi- 
fiable matter of all the common vegetable oils They 
found that coconut oil contains &amyrin, whereas 
palm kernel oil does not, and this could be used as a 
distinguishing feature, if required. The volatile flavour 
constituents of coconut oil have been isolated by 
Allen,’ 79 who considered that, among the methyl 
ketones and lactones identified, goctalactone was lar- 
gely responsible for the typical coconut flavour and 
aroma. 

Whereas palm kernel oil is made from the nut part 
of the fruit, palm oil is made from the outer flesh. 
Some study has been made of its glyceride fatty-acid 
composition, 169*‘7’~‘72 palmitic acid being the major 
constituent, and also of its unsaponifiable mat- 
ter 176-l 78 

Cocoa butter and illipe butter contain stearic acid 
as the major fatty acid constituent of their glycerides. 
Cocoa butter is used in chocolate manufacture and, 
on occasion, has been adulterated with coconut and 
palm kernel oils. The glyceride fatty acid composition 
of pure cocoa butter has been deduced’*0-‘s2 and 
Iverson183 showed that the difference in lauric acid 
content of the cocoa butter and these added oils could 
be exploited analytically. Coconut and palm kernel 
oils contain approximately 50% lauric acid whereas 
cocoa butter contains only approximately 0.01%. 
Since it is possible by GC to detect 0.25% of lauric 

acid, it should be possible to detect addition of OS%, 
of either of the two oils to cocoa butter. The sterol 
content of the unsaponitiable matter of cocoa butter 
has been determined by Finckers4 and the triterpene 
alcohols have also been separated.“s 

Those oils which have a predominance of glyceride 
oleic acid include olive, peanut, almond kernel, peach 
kernel and hazel nut. Olive oil is the major ingredient 
of the majority of salad oils and finds particularly 
good commercial outlets in Mediterranean countries. 
Because of its commercial importance, it is prone to 
blending with inferior quality olive oils or adulter- 
ation by other cheaper vegetable oils A large amount 
of work has been done on evaluating the glyceride 
fatty-acid composition of olive oil, that of Youngs and 
Subbaram’s” and Hivon et al.‘s’ being particularly 
noteworthy. 

When it is suspected that low-quality olive oil has 
been used to supplement the top-grade product, an 
analysis may reveal the presence of elaidic acid, which 
is ‘produced by the isomerization of oleic acid, this 
being encouraged by the heat treatment used to 
extract low-quality oil; Averillis6 employed GC to 
separate methyl oleate and methyl elaidate and detect 
and adulteration. The adulteration of olive oil with 
seed oils was investigated by Galanos et al.’ 87 Argen- 
tation-silica gel thin-layer chromatography (TLC) of 
the poly-unsaturated glycerides was followed by GC 
of the methyl esters of the fatty acids containing four 
or more double bonds. In pure olive oils, this fraction 
contained 35-37x linoleic acid, whereas the same 
fraction of most seed oils contained 65-70%. 

The sterol and triterpene alcohol analysis of the 
unsaponifiable matter has been evaluated by Karles- 
kind et ~1.‘~~ and by Fedeli et al.“* 

The importance of the quality of olive oil is illus- 
trated by the 1972 world production of 1.4 x lo6 
tonnes. For quality assessment, the aroma consti- 
tuents were determined by Flath etal.,‘** who listed 
77 components, identified by GC-MS. 

Gonzalez-Quijano et uI.ts9 used a headspace tech- 
nique to trap the volatiles of 13 different varieties of 
Spanish olive oil for statistical evaluation of organo- 
leptic tests with components identified by GC. 

Peanut oil is extensively used as a cooking and 
frying oil and its glyceride fatty-acid composition has 
been evaluated.’ *’ Tests for the presence of peanut oil 
in other oils, e.g., sesame oil, usually depend on the 
presence of arachidic and lignoceric acids in peanut 
oil and their virtual absence in seed oils, the deter- 
mination of these acids being conveniently carried out 
by GC. Fedeli, et ai. I’* have determined the triterpene 
alcohol composition of peanut oil and Murata”’ has 
analysed the triglycerides. 

The free fatty acid content, expressed as oleic acid, 
was determined by Phillips and Singleton by GC of 
the methyl esters, with SP-2340 as the stationary 
phase.“OP 

Peanuts have been used to adulterate sesame seeds, 
and Letan et aLr91 used methylation of the glycerides 
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and a urea-complexation method before GC in order 
to concentrate the methyl behenate. Under standard 
conditions peanut oil was found to contain between 
2.3 and 4.3% behenic acid, and sesame oil a maximum 
of 0.3%. This difference was used to detect the pre- 
sence of peanuts in tehina and halva, which are 
sesame-seed products. Sesame oil is used as a frying 
oil and also as an ingredient of some margarines and 
its glyceride fatty-acid composition has shown that it 
contains mainly linoleic and oleic acids, in approxi- 
mately equal proportions.‘7’*172 

Cotton seed oil is produced relatively cheaply and 
is economically important as a margarine ingredient. 
The glyceride fatty-acid analysis shows that its predo- 
minant acid is linole.ic.171~185*1g2 Schneider et a1.19’. 
specifically looked for cyclopropenoid acids and 
found that 0.5% of the total fatty acid content was 
malvalic and sterculic acids. Cotton seed oil has been 
adulterated with such oils as soyabean, rapeseed and 
rice-bran, and Imai et al.‘94 used both fatty acid and 
sterol analyses to detect this adulteration. They found 
that the presence. of erucic acid pointed to rapeseed 
oil adulteration, and this could be confirmed by iden- 
tification of brassico$terol. Soyabean and rice-bran 
oils were detected by means of the presence of lino- 
lenic acid and stigmasterol. 

Soyabean oil is extensively used in margarine pro- 
duction. Because of this the quality of soyabean oil 
has received considerable analytical appraisal. The 
glyceride fatty acids have been determined by several 
workers “‘J 72*185~192*1 95 and the intact glycerides 
have be& separated by Youngs and Subbaram.lso In 
the identification of triterpene alcohols, Fedeli et 
al.“* found cycloartenol, GI- and fl-amyrin and cyclo- 
audenol. Soyabean oil is unusual in containing cyclo- 
audenol and not containing 24-methylene cycloar- 
tanol and this could be exploited in specifications for 
the oil. One of the major problems in the storage of 
soyabean oil is its tendency to autoxidation, which 
leads to an off-flavour frequently described as 
“beany”. This oxidation is known as reversion and 
has led to investigation of the compounds which are 
responsible for the off-flavour. Hoffmann separ- 
ated the neutral volatiles of the oil into six fractions 
by GC, and described them in terms of odour. The 
fraction called “green beans” was further examined by 
GC and by infrared spectroscopy and was found to 
contain 3-cis-hexenal, which was considered to be the 
major contributor to the oBflavour. On the other 
hand, Chang et ~1.‘~’ attributed the reversion flavour 
to 2-pentylfuran, which was present in soyabean oil to 
the extent of l-10 ppm. Some oil chemists19s*199 have 
shown that formation of pentane is a good indicator 
of the presence and extent of decomposition; it presu- 
mably arises by autoxidation of methyl linoleate. 
Even hydrogenated soyabean oil can develop an off- 
flavour on storage, and Yasuda et al.2oo have attri- 
buted this mainly to 2-trans&tranpoctadienal. 

The glyceride and sterol composition of many other 
oils has been examined by GC, among the more im- 

portant being corn, sunflower, safBower, linseed, rape- 
seed and mustard seed oils. The last two are charao- 
terized by their high concentration of erucic acid. 
Separation of the methyl esters of the higher unsatur- 
ated fatty acids can be difficult but has been achieved 
in a rapid automated method for rapeseed oil analysis 
by Heisz201 MS detection of natural erucic acid (as 
the methyl ester) of rapeseed oil and the ‘*C-labelled 
methyl ester added as internal standard has been used 
to determine erucic acid in the oil.201a Rapeseed oil is 
also characterized by its relatively high concentration 
of brassicosterol (approximately S-10% of the un- 
saponifiable fraction).176*‘77 

Fish oils 

Fish oils contain relatively high concentrations of 
unsaturated fatty acids and are hydrogenated before 
use in margarine manufacture. Many fish oils contain 
polyenoic acids with up to six double bonds and 
Lambertsen et ~1.~‘~ have exploited the different 
numbers of double bonds of the fatty acids by using 
TLC before GC. They found that the major acids 

were C18:4, C20:5, C22:5 and C,,:,. Many fish oils 
were also found to contain branched and unbranched 
C,’ acids, which are uncommon in vegetable oils. 
There is such a broad range of fatty acids in fish oils 
that two chromatograms may be needed to include. 
them all. However, A&man”’ showed that one chro- 
matogram sufficed with EGSP-Z as stationary phase. 

Litchfield et a1.2o4 found that fish oils contain up to 
5% of odd carbon-number fatty acids, although mul- 
let is exceptional in containing approximately 10%; 
vegetable oils contain minimal odd carbon-number 
fatty acids. Most GC work has centred on herring oil 
with some attention paid to the oils of capelin, sal- 
mon, mullet, tuna, menhaden, pilchard, shrimp and 
sardine. Gershbein and Singh205 found that a quarter 
of the unsaponifiable fraction of herring oil consisted 
of hydrocarbons, predominantly pristane and squa- 
lene. GC has been applied to fish liver oils, mainly for 
vitamin assay, e.g., the determination of vitamin D in 
cod liver oil.2o6 

Meat 

Early studies of meat flavour concerned the wnsi- 
derable contribution from meat fat. Homstein et 
~1~” followed the production of free fatty. acids in 
stored cured and cooked meat, using GC of the_ 
methyl esters, and related the total acid content to 
deterioration in quality. Hornstein et aL20* suggested 
that the volatiles of the lean portions of beef and 
whale meat were identical, except that the latter wn- 
tained trimethylamine, and Hornstein and Crowe,20g 
in a review on general meat flavour, opined that the 
volatiles of lean meat of beef, pork and lamb had 
similar compositions and that the true flavbur differ- 
ences lay in the fatty tissues. 

Many procedures ha& been used for the isolation 
of meat volatiles before their separation and deter- 
mination by GC. These include solvent extraction, 
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cold trapping, trapping in chemical reagents and 
headspace sampling. El-Gharbawi and Dugan210 
used steam distillation to isolate carbonyls and sul- 
phur-compounds from freeze-dried beef; acetalde- 
hyde, propanal, pentanal, hexanal, acetone, methyl 
mercaptan and methyl disulphide were positively 
identified, which indicates the types of volatiles fre- 
quently discovered in meat. 

Liebich et al.*” used GC coupled with MS to iden- 
tify roast-beef volatiles in lean and fatty portions. 
They used vacuum distillation for isolation, followed 
by solvent extraction, and ultimately identified 
alkanals, alk-Zenals, alk-2+dienals, 3-hydroxy-2- 
butanone and y-butyrolactone. 

Roedel*” tried several methods of isolating and 
concentrating volatiles from raw and roasted beef and 
concluded that the most efficient was adsorption on 
glass beads (or Gas Chrom Q) cooled in liquid 
nitrogen. In the determination, the GC eluate was 
split so that 90% was sniffed in order to assess the 
matching of aroma with individual peaks. In the exa- 
mination of roast beef, he found that the components 
did not possess the typical aroma and assumed that 
the flavour and aroma came from a combination of 
the volatiles. 

In comparison with cooked meat, raw meat has 
little flavour. However, a hot water extract of meat 
yields a product which has the flavour character of 
the cooked meat itself and this fact has been exploited 
commercially in the production of meat extracts. 
Bender and Ballance” ’ used a 2&dinitrophenylhy- 
drazine solution to trap carbonyls from a beef extract 
before application of GC. 

Irradiation can be used to preserve meat but there 
have been problems associated with the production of 
an off-flavour by this treatment. Wick et ~1.~” consi- 
dered that the major contributor to the unpleasant 
odour and flavour was 3-(methylthio)propionalde- 
hyde. As already mentioned, Merritt et CJ~.~’ used a 
cryogenic temperature-programmed procedure to 
separate and identify volatiles of irradiated beef. 

The components of lamb flavour have not received 
as much attention as those of beef, but Jacobson and 
Koehler214 isolated roast lamb volatiles by cold trap 
ping and GC and used other techniques for identifica- 
tion. The “sweaty” flavour of mutton has been the 
subject of study by Johnson et a1.,*15 who considered 
that Cmethyloctanoic acid was responsible. 

The main interest in pork volatiles has been the 
problem of boar taint. The substance responsible, 
which has been described as “urine-like” and 
“sweaty”, %androst-16-en-3-one, has been extracted 
and identified by GC.2’6,217 

Volatiles from cured and uncured ham were com- 
pared by Cross and Ziegler,2’8 who found that car- 
bonyls and sulphur-compounds were predominant in 
both types. They used either a trapping pre-column of 
1% DC-500 on glass microbeads or a series of chemi- 
cal traps to separate the various classes before GC. In 
a study of bacon volatiles with a LikeneNickerson 

apparatus, Mottram and Puckey2’*” found that the 
artefacts, 2-methyl-3-nitrobutan-2-01 and its nitrate, 
were formed from solvent impurities and the oxides of 
nitrogen produced by nitrite using in the curing pro- 
cess. 

The large increase in consumption of chicken has 
led to interest in its storage and retention of flavour 
quality, particularly after deep-freezing. Pippen and 
Nonaka219 identified n-hexanal and 2,4-decadienal as 
flavour components worth preserving, and Minor et 
al 220 in an examination of the volatiles of cooked 
b;kast and leg portions, emphasised the importanoe of 
sulphides, disulphides and mercaptans. Nonaka et 
d2*l obtained cooked-chicken volatiles by isopen- 
‘tane extraction of an aqueous distillate. From 227 
peaks, they identified 62 compounds by GC-MS. 
Hobson-Frohock*** used a pre-column of molecular 
sieve 5A to remove aromatic hydrocarbons and 
branched cyclic compounds before GC of the remain- 
ing chicken volatiles. The sieve material was extracted 
witi hexadecane for subsequent analysis of n-alkanes. 
Chicken carcass has been analysed by GC for 
n-alkanes in the range Cl2--C3J.223 

The sulphur- and nitrogen-compounds in meat 
volatiles were determined with a multi-detector sys- 
tem by Hfivn% et al. 224 The capillary column effluent 
was split into two streams, and each was split again 
by metal capillaries; detectors used were FID and 
FPD, both in different modes, and “SnifTing”. 

In some countries, there is a restriction on the con- 
centration of sorbitol in cooked sausage products, 
and it has been determined after aqueous extraction 
and formation of trimethylsilyl derivatives.224a 

Fish 

Other than fish oil analysis, the main application of 
GC methods to fish is in the study of flavour volatiles. 
Most fish is transported long distances for sale, and 
even in iced-storage conditions some bacterial degra- 
dation can occur, leading to off-flavours. The com- 
monest volatiles formed as fish ages are amines, parti- 
cularly dimethylamine and trimethylamine. Examples 
studied in this context are cod225-227 and caviar.288 
Mendelsohn et al.*’ used different extraction pro- 
cedures for isolating volatiles from haddock, and 
found that vacuum distillation gave the greatest yield. 

In a study of the carbonyl volatiles of salted salmon 
and caviar, Golovnya and Ura1etz229 used the system 
of isothermal retention indices. They used isothermal 
chromatography at 50” and then at 25” intervals up to 
200” and recorded the retention indices at each tem- 
perature, the information being used to confirm the 
identities of the volatiles 

The headspace volatiles of canned tuna have been 
collected and examined for ethanol content as a 
means of measuring its spoilage.230 As spoilage pro- 
gressed, the size of the ethanol peak increased. 
Staruszkiewicz found that the spoilage of shrimp can 
he judged by the formation of indole. He detected 
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no indole in fresh shrimp and between 0.14 and 1.15 
ppm in decomposed samples. The method was later 
improved by use of a mixture of three internal stan- 
dards.231a 

The organoleptic appeal of certain shellfish has 
been found to be due, in part, to sulphur compounds, 
e.g., in oysters,232 and to carbonyl compounds, e.g., in 
clams.233 

Fish protein concentrate has become a commercial 
product and is used in animal feeding stuffs. The 
degree of “fishiness” is attributed to amines and these 
have been separated and determined.234*235 

Eggs 

The U.S. Food and Drug Administration has &ken 
particular interest in the quality of eggs in shell. When 
microbial or enzymic action proceeds in food, alipha- 
tic hydroxy-acids are frequently produced together 
with other relatively simple organic compounds. 
Bethea and Wong236 examined the volatile acid frac- 
tion of various quality-graded eggs and detected 
butyric, isovaleric and valeric acids. By GC of the 
propyl esters of the aliphatic acids, Salwin and 
Bonds3 found that fresh eggs contained approxima- 
tely 4 mg of lactic acid per 100 g of egg and no 
succinic acid. After the sample had been kept at room 
temperature for 16 hr the lactic acid content rose to 
30.3 mg per 100 g of egg and there was 16.7 mg 
of succinic acid per 100 g of egg. Further work 
with this method confirmed these findings.237* 23s 
Staruszkiewicz et al. *I found that 3-hydroxybutyric 
acid could also be used as an indicator of egg decom- 
position and a collaborative study was conducted to 
establish that “passable” eggs should not contain 
more than 0.3 mg of this acid per 100 g of egg.** 

The benzyl esters of those acids indicative of pro- 
tein decomposition have been used in GC analysis of 
eggs.23*a BC13-benzyl alcohol was used in a one-step 
reaction and has been applied in the determination of 
formic, acetic, propionic, butyric and isobutyric acids. 

The cholesterol content of egg has been used to 
estimate the egg content of cakes and hamburgers.23Y 
GC of trimethylsilyl derivatives of sterols present in 
the unsaponifiable matter showed that whole dried 
egg had a range of l&l-1.81% of cholesterol. Pro- 
vided there was very little or no cholesterol in the 
other constituents of the confectionery, the dried egg 
content could be calculated. The egg ‘content of 
noodles has been estimated by Armandola,240 on the 
basis of the fatty acid composition, particularly the 
oleic/linoleic acid ratio. 

Fruits Ed their products 

The analytical interest in fruits is concerned with a 
variety of organic components which can be divided 
into macro- and micro-constituents. Classical 
methods have been used to determine macro-consti- 
tuents, e.g., sugars and fixed acids. GC methods, 
although facilitating separation of these constituents, 
have found their greatest application in the detection 

and determination of flavour volatiles, which make up 
the bulk of the micro-constituents. 

The major fruit products are extracted oils,‘which 
are either purified and added to suitable foods or are 
diluted with alcohol for use as essences, which are 
used for the same purpose. GC analysis has had a 
great impact in the elucidation of the quality of these 
essential oils; particularly in the detection of terpenes 
and their oxygenated derivatives. 

Fixed fruit acids have been the subject of study by 
Harvey et a1.241 and Fernandez-Flores et aL242 Har- 
vey et al. quantitatively separated the methyl esters of 
malic, citric and oxalic acids extracted from lemon, 
lime, tomato, grape and prune. Femandez-Flores et 
al. made ethanolic extracts of fruits, precipitated the 
acids as their lead salts and converted these into their 
trimethylsilyl (TMS) derivatives. Concentrations of 
glycollic, succinic, fumaric, malic, tartaric, citric, syr- 
ingic and quinic acids in 26 varieties of fruit were 
determined, and in some instances, the chromato- 
graphic “fingerprint” was typical of a fruit or its sub- 
variety. Among the fruits analysed were apple, pear, 
grape, peach, plum, prune, cherry, strawberry, blue- 
berry, orange, lemon, grapefruit, melon and banana. 

Fernandez-Flores et a1.243 have’ determined of 
amino-acids in 22 varieties of fruit, including those 
just listed. They cleaned up the fruit extracts on an 
ion-exchange resin and used the TFA-n-butyl deriva- 
tives for the GC. As little as 0.5 mg of amino-acid per 
100 g of fruit could be detected. Kline et a1.244 have 
also analysed these fruits for sugars (e.g., fructose, glu- 
cose, sucrose and sorbitol) by GC of the TMS deriva- 
tives. The examination of a fruit for fixed acids, 
amino-acids and sugars by GC yields three sets of 
data which, taken together, can help in identification 
of sub-varieties of fruits, and analysis of fruit mix- 
tures. 

Fruit pectin was pyrolysed by Zamorani et aL24s in 
an attempt to obtain compounds suitable for GC. The 
pectin was deposited from solution on to a platinum 
spiral and dried until approximately 1 mg of solid had 
been accumulated. Unfortunately conditions of drying 
and pyrolysis are rather critical. 

The flavour patterns of fruit are very complex, and 
some workers have concentrated on specific organic 
classes while others have attempted to elucidate the 
complete flavour structure. Flavanol glycosides and 
aglycones have been detected as their TMS deriva- 
tives246 and this analysis has been applied to apple, 
pear and strawberry. Much work has been carried out 
in identifying the flavour volatiles of apple and pear, 
and the work of Gasco et al.247 is particularly impor- 
tant because of the different methods used for con- 
centration and clean-up. In a comparison of methods 
for measuring apple fruit-volatiles, Knee and Hat- 
field248 concluded that passing air over pieces of 
apple under headspace-trapping conditions gave the 
most accurate profile of the tlavour volatiles. 

In an early application of GC in fruit analysis, 
Meigh249 studied the evolution of ethylene from 
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stored apples. Ethylene can be used to stimulate the 
ripening of fruits and is emitted naturally from apples. 

More study has been made of the volatiles of wine 
than those of grapes but Mattick er uLzso determined 
the important flavour constituent, methyl anthrani- 
late, in grape juice. The importance of lactones as 
flavour constituents in fruit was illustrated by Jen- 
nings and Sevenantszsl in their analysis of peach. 
Molina et uLzs2 made a similar analysis of apricot. 
4-(4-HydroxyphenyBbutan-Zone has been determined 
specifically in raspberry by Braun and Hiekezs3 who 
suggested that this method could be used to deter- 
mine the raspberry content of essences and other 
raspberry products. 

The importance of aldehydes as flavour volatiles 
was illustrated by Forss et aLzs4 in their analysis of 
cucumber. They found that the important flavour 
constituent was nona-2,6-dienal which has the typical 
flavour of cucumber. Hex-2ena1, non3-enal and 
n-hexanal were other aldehydes found. More recently, 
several alcohols have been discovered in trace 
amounts, as well as aldehydes.255 

An example of GC being used to find an unpleasant 
fruit flavour, is the deduction by Brownzs6 that the 
bitter flavour of unripe avocado was due to C,, oxy- 
genated aliphatic compounds. 

The main analytical interest in capsicum is capsai- 
tin, which is the pungent principle. Mueller-Stock et 
al.“’ made a study of capsaicin and the related com- 
pounds dihydrocapsaicin, nordihydrocapsaicin and 
N-(Chydroxy-3-methoxybenzyl)nonanamide. The 
TMS derivatives of these capsicum constituents were 
separated by Todd et aLz5* and the pungencies of the 
individual compounds were also assessed organolepti- 
tally. A GC method utilizing the TMS derivative of 
capsaicin was found to be more accurate than a 
spectrophotometric method, for determinations at the 
0.5% level in capsicum oleoresins.258” 

Of all’the essential oils prepared from fruits, citrus 
oils have been most often examined. A popular prese- 
paration before GC is into the terpene hydrocarbon 
and oxygenated terpene fractions. Ikeda et aLzsg exa- 
mined the hydrocarbon fractions of the oils of lemon, 
lime, orange and grapefruit. They found that 
d-limonene was the major terpene of lemon, lime and 
orange oils and confirmed that, generally, monoter- 
penes form the greatest portion of the total terpene 
fraction. In oxygenated terpene fraction analysis, 
Stanley et ~1.~~~ separated the aldeydes of lemon, 
orange and grapefruit oils after clean-up utilizing the 
formation of aldehydffiirard T compounds. They 
found that geranial and neral were the major alde- 
hydes of lemon oil. These aldehydes can be reduced 
with sodium borohydride to give the corresponding 
alcohols, which can be determined.261 

Hunter and Moshonas262*263 analysed lemon, lime, 
orange, grapefruit and tangerine oils for alcohols, 
using glycerol or propylene glycol as the separational 
solvent, the extract being cleaned up on alumina and 
subjected to GC-MS analysis. 

The problem of deducing quality from the complex 
array of peaks due to all types of volatiles has been 
helped by computerization, a good example being the 
analysis of orange essential oil.264 

Ikeda et ~1.~~’ have also studied the monoterpene 
composition of several non-citrus essential oils, in- 
cluding bergamot, caraway, nutmeg, cardamom and 
black pepper. 

The analysis of hop oil is particularly important to 
the brewing industry. Brewing chemists have paid 
much attention to the quality of hop oil which 
depends, usually, on the presence of certain com- 
pounds in the oxygenated fraction. Roberts266 found 
that the important hop-oil constituents were myrcene, 
farnesene, /I-caryophyllene and humulene. He also 
maintained that esters and ketones were important 
flavour contributors.26’ More than 120 volatiles have 
been identified in stored hops by GC-MS.267” 

Vegetables and their products 

Although vegetables have been studied less than 
fruits, aroma. and flavour are important parameters in 
their quality control and GC has been used to esti- 
mate major volatiles and detect off-flavours in stored 
materials. 

One of the ftrst recorded headspace-sampling 
methods was used by Buttery and Teranishi16s to 
measure the compounds responsible for oII-flavours 
in stored potato and carrot. The potato off-flavour 
described as “baked” was examined by Pareles and 
Chang26g who found that methylpyrazines were the 
agents responsible. 

Various aldehydes and ketones have been found in 
stored potato crisps by Domseifer and Power~.*‘~ 
Changes occurred in the balance between these fla- 
vour volatiles and were related to the state of autoxi- 
dation of the oil present in the crisps. 

Ayers et aL2” attributed an off-odour of carrots, 
described as “violets” to /I-ionone 5,bepoxide. The 
carbonyl volatiles associated with carrot aroma have 
been determined as their 2+dinitrophenylhydra- 
zones.271a 

It is known that plants of the solanum genus con- 
tain glycoalkaloids which are potentially toxic, e.g., 
a-solanine and a-chaconine. The TMS derivatives of 
these compounds were separated by GC in the ana- 
lysis of potato tubers, sprouts and leaves.272 

Geosmin, (truns-l,lO-dimethyl-trans-9-decalol), con- 
sidered to be one of the characteristic aroma consti- 
tuents of beetroot, has recently been determined by 
GC.272a The.volatiles of cooked artichokes have been 
removed by steam distillation and analysed by capill- 
ary column GC-MS. 272b The major components 
found were the terpenes, selinene and caryophyllene. 

GC in the analysis of onion, garlic and chive has 
centred on sulphur-containing volatiles. Brodnitz and 
Pollock273 identified nine such compounds in onion 
oil, mainly di-I-propyl disulphide and other sul- 
phides. Because the EC detector is more sensitive 
than the FID in its response to di- and trisulphides, a 
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dual channel system, splitting the GC effluent 
between both detectors, was used in an examination 
of garlic oil by Oaks et aL2’* 

Sulphur-containing volatiles are important flavour 
constituents of the cruciferae genus. Thioglucosides 
have been determined in cabbage;275 the interest in 
them arises from the possibility of their metabolism to 
simple toxicants, such as thiocyanates. Alkyl isothic+ 
cyanates have also been determined in cruciferous 
vegetables.275* 

The flavour and aroma volatiles of peas276 and 
mushrooms2” have also been examined. 

Some plants or their leaves or roots are pressed to 
yield essential oils which are employed as llavouring 
agents. A number of these oils have been extensively 
analyzed by GC. 

The peppermint group, which includes rue, penny- 
royal and spearmint oils as well as the parent oil, has 
received considerable attention. Menthol, menthone, 
menthofuran and eucalyptol have been separated and 
determined in Yakima Valley peppermint oil by Ciep- 
linski and Averi112’s and by using discriminant ana- 
lysis, Hartmann and Hawkes2” successfully identified 
the geographical origins of 45 different oils. A similar 
analysis correctly assigned almost all spearmint oils 
to their sources.2so 

A standard method for the determination of 
limonene and l,&cineole has recently been pub- 
lished.280a 

A collaborative study of a method put forward for 
the determination of 1,8-ceneole in various oils, in- 
cluding sage oil, showed that the latter contained 
between 10.8 and 12.1% of the compound. A similar 
collaborative study produced a recommended method 
for the determination of eugenol in bay oil. 

Ginger oil has been analysed for flavour vola- 
tiles2*3 and Clark et aL2s“ specifically looked for par- 
adols in the oil, considering that the pungency charao 
teristics of these compounds might make them attrac- 
tive alternatives to capsaicin additives. 

A comparison of the distribution of the volatiles of 
oil of cinnamon from leaf, stem and root was made by 
Senanayake et al. 2*4a Altogether 72 compounds were 
identified and most of them were present in all three 
oils, but in different proportions, 

Coffee, tea and cocoa 

Since coffee is of great commercial importance, it is 
not surprising that a great deal of research has been 
conducted into the flavour and aroma of different var- 
ieties of roasted and unroasted coffees. GC has sup 
plemented the work of the flavour panellist, and with 
the combination of GC-MS and computerization, 
most of the compounds responsible for the unique 
aroma of coffee have been deduced. 

Rhoades,2s’ in an early paper, described the extrac- 
tion and separation of 19 volatiles from commercial 
cciffees and found that the ratio of diacetyl to acetyl- 
propionyl increased almost linearly with increase in 
the roasting temperature. 

Quantitative analysis, using a GC-computer system 
with measurement of peak heightsand ratios of vola- 
tiles, was used by Biggers et a1.2*6 to differentiate 
between Co@a Arabica and Co$ea robusta. In one 
chromatogram there were 404 peaks or inflections, 32 
of which were used for discriminant analysis. Sulphur- 
containing volatiles of the two varieties were separ- 
ated by temperature-programmed GC and detected 
with the FPD in the sulphur mode.2868 There were 
significant quantitative differences in the amounts of 
some of the volatiles and these were used to estimate 
the presence of as little as 1% Co@a robusta in CoDa 
Arabica. Volatile phenols, 2s6b dihydroxyphenols and 
fury1 derivatives,2s6c and hydrocarbons2s6d have been 
extracted from and determined in various varieties of 
coffees. 

Tassan and Russel12*’ collected the headspace 
vapours over a coffee brew and entrained the volatiles 
on a Porapak Q column before GC, then compared 
the flavour profiles with organoleptic evaluations. 

Although caffeine is normally determined by classi- 
cal methods, the use of a nitrogen-sensitive detector 
facilitates its estimation in coffee.2*s 

Apart from the examination of tea for general fla- 
vour volatiles, e.g., the investigation of black tea con- 
stituents,2s9 GC has been used to determine flavanols 
in green tea. Pierce et a1.290 extracted powdered tea 
and prtpared the TMS derivatives of the flavanols. 
The derivatives of catechin, epicatechin, epigallocate- 
chin and gallate esters were separated and deter- 
mined. 

Several workers have studied the flavour and 
aroma composition of roasted and unroasted co- 
coa beans, not only because of their use as the basis 
for a beverage but also because the nib portion of the 
bean is an essential ingredient of chocolate couver- 
ture. 

Bailey et a1.291 examined several cocoa variei’les 
and found that they contained the same volatiles but 
in differing ratios. They found that aldehydes were 
very important flavour contributors and their ratios 
were related to the roasting temperature. A head- 
space-sampling technique was used for cocoa volatiles 
by van Praag et al.,2g2 who confirmed the presence of 
56 compounds by GC-MS. A similar sampling tech- 
nique has recently been used with temperature pro- 
grammed GC with a stationary phase of Cekachrom 
(styrene-divinyl benzene copolymer).292a 

In the last few years the importance of the contri- 
bution of pyrazines to flavour and aroma in heat- 
treated foods has been recognized, and roasted cocoa 
beans have been analystid accordingly,2g3 trimethyl- 
and tetramethyl-pyrazines being considered the im- 
portant flavour contributors. 

Fogden and UrryZ94 differentiated two dis- 
tinct types of cola drink by GC determination 
of the caffeine content; one type contained less than 
2mg/l. and the second contained between 70 
and 2OOmg/l. A similar method was used by Erndt 
et aL2’& 
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Beer, wort and cider 
The main original criterion for beer was its 

alcoholic content, but this is now supplemented by 
consideration of flavour quality. The well-established 
wet-chemical methods of measuring the ethanol con- 
tent has given way, in part, to GC methods, which are 
usually more specific. GC methods have also been 
used in determining the sugar and amino-acid con- 
tents of wort, since these classes of compounds are 
precursors of some of the flavour volatiles of the beer. 

In the determination of ethanol in beer, Trach- 
manzg5 used a Porapak Q column in a GSC method 
and found good agreement with distillation and gra- 
vity measurement, but the GC method was faster. 
Although the presence of methanol in beer is not such 
a problem as it is in distilled alcoholic beverages, GC 
gives satisfactory results with samples containing 
between 0.01 and 0.35% methanol.2g6 

Before the advent of GC, it was almost impossible 
to separate and ‘determine all the sugars present in 
beer and wort. Clapperton and Holliday,2g7 using 
TMS derivatives, found that the dominant sugar in 
wort was maltose (2.7-4.8x) with smaller concent- 
rations of fructose, glucose, sucrose and maltotriose. 
Jamieson”’ converted the sugars of wort or beer into 
their oximes, before silylation, and this simplified in- 
terpretation of the GC results because each reducing 
sugar gave only one peak instead of one for each 
anomer present. 

Feil and Marinelli 299 determined the glycerol con- 
tent of lager by direct injection onto the stationary 
phase Par 1, which is a macroreticular resin. Eleven 
lagers gave an average value of 1.6 mg/l. 

Analysis of the amino-acids in wort can yield valu- 
able information regarding the proteolytic changes as 
fermentation proceeds and beer is produced. Kurosky 
and Bars300 determined the amino-acid contents of 
beer and wort by using the TFA methyl esters after 
clean-up on an ion-exchange resin, and in a similar 
method, Otter and Taylor301 used the TFA n-butyl 
esters. 

The volatile components in wort and beer, particu- 
larly the fuse1 oils, esters, diketones and sulphur-com- 
pounds, have been the subject of considerable investi- 
gation, especially by GC. The short-chain fatty acids, 
viz., CbX, o, have been determined in wort and 
beer302 as have the long-chain fatty acids which can 
be contributors to the so-called “cardboard” off-fla- 
vour.303 Fuse1 oil and 2-phenylethanol are important 
flavour contributors in beer and Morgan304 has com- 
pared the concentrations of these volatiles in stout, 
pale ale, brown ale and lager. Beers have also been 
analysed for esters and higher alcohols, with isolation 
by distillation into a cold trap, a method preferred to 
headspace analysis.304” EnganJo5 considered 2-phenyl- 
ethanol to be the most important aromatic alcohol of 
beer and found concentrations of between 5.6 and 27 
ppm in Norwegian products. 

The importance of flavour to the brewing chemist is 
illustrated by the large amount of analytical literature 

on the subject, including GC methods in particular. 
Among the most important papers are some on the 
determination of. diketones,306-306b sulphur-contain- 
ing compounds,307-308” phenolic compounds,“’ 
cetechin3” and non-2-enal.” ’ 

An apparatus and procedure for the analysis of a 
whole range of beer volatiles has been recently des- 
cribed by Williams and Strausa3i2 In this method, 
headspace sampling precedes flushing onto a trap of 
Chromosorb 105 and subsequent desorption and GC 
analysis. 

The influence of the flavour constituents of hops on 
the final beers was studied by Tress1 et ~1.~‘~~ and 
that of roasted barley by Harding et al.3’2b 

Kieser et aL313 determined the 2-phenylethanol 
content of various eiders and Pollard et al.“’ deter- 
mined their fuse1 oil contents. Subsequently, a whole 
range of cider flavour constituents was separated and 
identified by using a concentration technique on Por- 
apak Q and GC-MS.31h 

Wine and must 

The methods used for the determination of ethanol 
and methanol in beer and wort can be applied to wine 
or must. 

Fixed acids in wine were determined by Brunelle et 
al 31 ’ as the TMS derivatives after removal of sugars. 
0; various fruit wines examined only grape wine con- 
tained tartaric acid. 

The fuse1 oil content of wines of various origins has 
been determined by Webb and Kepner.3’6 They 
experimented with GC parameters to increase the 
efficiency of separation of the fuse1 oil components 
and found that the major component was always 
3-methyl-1-butanol. 

The quality of wine depends largely on its tlavour 
and aroma and much work has been carried out on 
the analysis of the volatile fraction. One of the funda- 
mental problems in analysis of volatiles is their 
extraction without loss or artefact formation. Hardy 
and Ramshaw3” suggested trichlorofluoromethane 
as extraction solvent since it does not extract water, 
ethanol or higher alcohols. They used GC-MS to 
confirm the identities of 41 volatiles in a Riesling 
wine. 

The anthocyanins of red wines have been deter- 
mined by Drawert and Leupold3 ‘* by use of the TMS 
derivatives. 

Some countries incorporate a tax on carbonated 
wines and Ashmead et aL3” used GSC on a charcoal 
column to determine carbon dioxide in wines. 

Addeo et ai.319a determined cyanide residues in 
wine down to the I-pg/L level after formation of 
cyanogen bromide, which was subjected to GSC with 
EC detection. 

.Ethylidine glycols are thought to be partly respon- 
sible for the characteristic aroma introduced into 
sherry by the flor process, and these compounds have 
been estimated together with other volatiles in AUS- 
tralian sherries.319b 
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Brandy 

Brandy, being the distilled and matured product of 
wine, contains the most volatile constituents of wine 
in addition to newly-formed volatiles. It is to identify 
these, therefore, that GC is mostly used in brandy 
analysis. 

Methanol is concentrated and formed in the distil- 
lation process, and a U.K. Research Committee has 
recommended three GC methods for the determina- 
tion of methanol in brandy and other spirits.“z0 The 
methanol content of brandy was shown by Dyer”’ to 
be between 0.018 and 0.067%. 

In addition to exercising control over the methanol 
content of spirits, the producer should be aware of 
their fuse1 oil contents, since these can also reach 
harmful levels, although the range and balance of low 
concentrations are essential for the flavour and aroma 
of the products. Martin et al.322 examined brandy, 
whisky and rum for fuse1 oil content and in a similar 
study Singer and Stiles 323 found that the sum of the 
concentrations of the C3-Cs alcohols could be taken 
as the total fuse1 oil content of brandy. 

The concept of using the ratios of the fuse1 oil com- 
ponents as a measure of brandy quality was intro- 
duced by Singer;324*32S he used various ratios of the 
concentrations of propanol, 2-methyl-1-propanol, 
2-butanol, 2-methy-1-butanol and 3-methyl-l- 
butanol; in a similar approach, brandies imported 
into Australia have been analysed for the presence of 
fermented fruit juice other than grape.326 

A partially successful attempt has been made 
recently to characterize brands of spirits, including 
brandy, by using fuse1 oil analysis.327 

Esters play an important part in the flavour and 
aroma of spirits and Guymon and Crowel1328 have 
related the characteristic brandy flavours to ethyl 
octanoate, decanoate and dodecanoate. Ethyl acetate 
and higher alcohols have recently been determined in 
brandies.32e” 

Whisky and bourbon 

The quality of whisky and bourbon, which are 
grain-based distilled beverages, depends on their fla- 
vour and aroma compounds and the same analytical 
approach can be used as that for fuse1 oil determina- 
tion in brandy.322-32s Hall32p considered that whis- 
kies could be classified according to the ratio of iso- 
pentanol to isobutanol and successfully showed that a 
whisky labelled as a Scotch blend was in fact a bour- 
bon. 

There has been some interest in the analysis of 
whisky for sugars and glycerol during maturation in 
newly charred white-oak casks; GC of the TMS deri- 
vatives has shown that the glycerol content increased 
from 0.8 to 2.4 g/l. in a 100” proof whisky.330 

The differences between malt and grain whiskies 
are important organoleptically and, therefore, com- 
mercially. Duncan and Philp331 used three different 
sets of GC conditions to evaluate alcohols, phenols, 
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esters and carbonyls in both types of whisky, in an 
‘attempt to produce a method to deduce the propor- 
tion of both types in blends. Malt whisky is,found to 
contain a number of alcohols, carbonyl compounds 
and higher alkanoic acid esters that do not occur in 
grain whisky; there is a particularly high concent- 
ration of 3-methyl-1-butanol(O.l6%). 

i Martin et al.332 specifically looked for ethyl esters 
of fatty acids and isoamyl acetate in whiskies and 
rums, in an attempt to relate their concentrations to 
flavour and aroma character. 

More recently, successful attempts have been made 
to distinguish high-grade and ordinary whiskies by 
applying statistical and pattern-recognition techni- 
ques to the chromatograms of the volatiles.332” 

Gin 

Some of the flavour constituents of gin have been 
identified by GC-MS by Clutton and Evans.332b The 
terpenes, aldehydes and alcohols detected were con- 
sistent with the composition of the essential oils used 
in gin production, e.g., juniper berry, coriander, cinna- 
mon and cassia. 

Rum 

Rum, being the distilled product of sugar cane juice 
or molasses, has a distinctive flavour and aroma. Its 
fuse1 oil content has been measured, and often com- 
pared with that of brandy or whisky, but a great deal 
of research has been applied to the satisfactory sepa- 
ration and detection of rum esters. Stevens and 
Martin333 considered that the quality of rum was 
proportional to the concentration of ethyl esters of 
fatty acids of even carbon number between 8 and 16. 

Vinegar 

Vinegar, being a fermentation product, is character- 
ized by its volatile constituents as well as its fixed 
acetic acid. GC has been applied to the determination 
of volatiles and, in particular, diacetyl and 3-hydroxy- 
butan-2-one.334 In a general analysis of volatiles, 
Kahn et al.“’ determined alcohols, esters and acids 
in spirit and cider vinegars. 

Sugar and its products 

Many sections of the food industry require sugar or 
sugar syrups as a raw material. The determination of 
single sugars in foods is relatively straightforward but 
sugar mixtures often present major analytical prob- 
lems. The development of TMS derivatives of 
sugars336 has resulted in GC often being the method 
of choice for sugar determination. 

There are many methods in the literature for the 
preparation and separation of the TMS derivatives of 
sugars, e.g., that of Brobst and Lott3” for a glucose 
syrup to be used in the brewing industry. However, 
most reducing sugars give more than one peak 
because of the different anomers present. Reduction of 
the sugars with sodium borohydride to the corres- 
ponding alditols, before formation of the TMS deriva- 
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tives, removes anomerization,33* but formation of the 
oximes before alkylation is more convenient.298 With 
an open tubular column the TMS derivative of 
sucrose has been separated in only a minute.339 A 
40 m x 0.5 mm column coated with OV-17 was used. 
Other sugar derivatives have been used in GC 
methods, e.g., methyl glycosides,340 hexa-acetates341 
and TFA derivatives,342 but TMS derivatives remain 
the most popular. 

Pyrolysis has been little used in the application of 
GC to food analysis, but the high-frequency pyrolysis 
of carbohydrates, including glucose, fructose and sue- 
rose, with a Curie-point pyrolyser, was used by Bakes 
and Schmahl.342” The volatile products were sub- 
jected to temperature-programmed GC and detected 
by MS. 

Aconitic acid is the predominant organic acid in 
sugar cane and sorghum cane syrups, and its concent- 
ration is important since high levels can cause clarifi- 
cation problems. Johnson and Fernandez-Flores343 
have devised a GC method for aconitic acid as its 
TMS derivative. 

Some interest has been shown by the sugar industry 
in use of the lactic acid concentration of sugar beet 
juice and molasses as a direct indicator of microbiolo- 
gical action. Oldfield et ~1.~~~ converted lactic acid 
into acetaldehyde for its GC determination. 

Sugars caramelized by heating are used for colouring 
and flavouring. Sugisawa345 has identified glucose 
caramel volatiles and found that acids, aldehydes, 
alcohols, ketones and furans are the main flavour 
constituents. 

Caramel is produced commercially by the reaction 
between sugars and ammonia, and there has been 
some concern that small quantities of substituted imi- 
dazoles are formed in the process. A recent GC 
method for the determination of 4-methylimidazole, 
the main imidazole contaminant, involves solvent 
extraction from alkaline solution and results in a 
detection limit of 0.2 ppm in the caramel.346 

The U.S. Department of Agriculture has produced 
a number of GC methods for the detection and deter- 
mination of volatiles in mapie syrup. Among the more 
important volatiles found are vanillin, syringaldehyde 
and dihydroconiferyl alcohol. Filipic and Under- 
wood347 have been responsible for a great deal of the 
studies. 

The main GC analytical interest in honey is the 
separation and identification of the volatiles. In isolat- 
ing 120 components from a honey, Cremer and Ried- 
mann34E considered that the alcohois, ketones, alde- 
hydes and esters found resulted not only from the 
flowers, but also from the fermentation process. 

i 
Cereals and their products 

GC has been applied in analysis of the fatty acids 
that constitute the glycerides of the lipid portion of 
flour, which can produce up to 4% of the total fat in 
bread. As early as 1958 Coppock et al.349 examined 
wheat flour oil; they considered that some of the fatty 

acids found had an influence on bread aroma and 
flavour. 

Fisher and Broughton 350 have fractionated wheat 
flour lipids. Linoleic acid ( 5 63%) is the dominant acid 
in all fractions, followed by palmitic (17-22%) and 
oleic (9140/,) acid. In an analysis of whole wheat, 
bran, germ and endosperm for free lipids, Burkwall 
and Glass3s’ also found that linoleic was the major 
glyceride fatty acid. 

Franciosi and Giovannini352*333 determined the 
egg content of pastas by analysis of the glyceride fatty 
acids. Even a small addition of egg significantly 
reduced the linoleic to oleic acid ratio of the pasta, 
and other fatty acid ratios were also significantly 
changed. These workers also indicated differences in 
fatty acid ratios in hard and mixed wheat pastas. 

Various aldehydes and ketones were sought in the 
volatiles of’ bread by Hunter and Walden.3s4 They 
used semicarbazide to form derivatives of the car- 
bonyls, regenerating the latter with phosphoric acid 
for GC determination. Recently, 19 carbonyls and 34 
amines have been identified in wheat flour.“’ The 
volatiles of maize and riCeS5’& and of wild rice355b 
have recently been studied by GC methods. 

The amino-acid contents of maize and soyabean 
meal have been determined by GC of the butyl esters 
of their TFA derivatives, following acid hydrolysis of 
the proteins.3s6 Glutamic acid was the predominant 
amino-acid found in both products. 

GC APPLIED TO ANALYSIS OF ADlXl-IVES 

AND CONTAMINANTS 

The widespread use of food additives has necessit- 
ated the development of organic microanalytical 
methods, in which GC has played a prominent part. 
Most countries allow food preservation and the addi- 
tion to food of antioxidants, emulsifiers, stabilizers, 
flavourings and artificial sweeteners. Fashion is ever 
changing and the food manufacturing and legal en- 
forcement analysts have to keep a check on levels of 
these additives. 

Pesticide residue analysis in foods has given great 
impetus to the use and development of GC techniques 
in food laboratories. Other contaminants which are 
determined by GC techniques are PCBs, methylmer- 
cury, nitrosamines, solvent residues, food packaging 
materials, mycotoxins and drug residues. 

Preseruurioes 

With the notable exception of sulphur dioxide, 
most food preservatives can be determined satisfac- 
torily by GC, which has superseded conventional 
calorimetric methods which, in general, are less 
sensitive and less specific. GC has been used in the 
determination of benzoic acid and its hydroxy and 
halogenated derivatives, dehydroacetic acid, acetic 
acid derivatives, propionic acid, sorbic acid, salicylic 
acid, diethyl pyrocarbonate, diphenyl, o-phenyl- 
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phenol, ethylene oxide, nitrous oxide, thiabendazole 
and imazalil. 

Benzoic acid and Chydroxybenzoate esters are 
extensively used as preservatives. Similar methylation 
methods for the separation and determination of 
these preservatives were developed by Vogel and 
DeshussesJ5’ and by Groebel,35* the former also 
separating 2-chlorobenzoic acid, Cchlorobenzoic 
acid, dehydroacetic acid, sorbic acid and salicylic 
acid. Groebel used his method in the analysis of mar- 
garine, mayonnaise and meat and fish pastes. 

A scheme for the GC determination of 22 preserva- 
tives and antioxidants in beer was developed by 
Silbereisen and Wagner,359 using methyl derivatives 
on a capillary column. 

Benzoic acid, sorbic acid and the methyl, ethyl and 
propyl esters of 4-hydroxybenzoic acid have been sue- 
cessfully separated and determined in marmalade, 
margarine, mustard, mayonnaise, canned fish, beer 
and wine, by means of the TMS derivatives.360 Ben- 
zoic and sorbic acids have also been determined in 
fruit juices, syrups and soda-water.360’ 

As little as 5 ng of benzoic acid can be detected in 
margarine by the simple method of GravelandJ61 
which merely entails suspending the sample in solvent 
and analysing the supernatant liquid after centrifuga- 
tion. A similar method has been used to determine 
propionic acid and sorbic acid in rye bread. 

Fogden et al. 362 detected and determined benzoic 
acid, 4-hydroxybenzoates and sorbic acid in a variety 
of foods by a GSC method using tris(hydroxymethylh 
methylamine as an additive at the drying stage before 
the GC, which minimized evaporation losses of the 
preservatives. A rapid method for the determination 
of benzoic acid in soft drinks and sugar syrups has 
recently been published.362a 

Propionic and sorbic acids were extracted together 
from bread by steam distillation before solvent extrac- 
tion and GC determination of the free acids, by 
Walker et al.j6’ Nose et al.364 preferred to form the 
phenacyl ester of propionic acid in their determina- 
tion of this preservative, using 4-chlorophenacyl bro- 
mide as reagent. 

Sorbic acid has been determined in prunes down to 
the 1 mg/kg level by GC-MS of the n-butyl ester.j6” 

Diethyl pyrocarbonate is used as an additive in 
wine, beer and non-alcoholic beverages to prevent un- 
desirable fermentations. Wunderlich365 used a 
method based on the hydrolysis of this preservative to 
yield ethanol which further reacted with the diethyl 
pyrocarbonate to give diethyi carbonate which was 
subsequently determined 

The carcinogen ethyl carbamate can. be formed 
from diethyl pyrocarbonate and ammonia, when the 
latter is present in a beverage with the preservative. 
Joe et al.366 used a GC method to determine ethyl 
carbamate in wine and found between 1 and 20 &l. 

Biphenyl is normally incorporated in the wrapping 
papers of oranges and other citrus fruits, to prevent 
mould growth. o-Phenylphenol or its sodium salt is 

used as a dipping solution for a similar purpose. The 
usual method of isolation of these preservatives is by 
steam distillation and solvent extraction of the distil- 
late, followed by GC determination.367*368 Sweep CO- 

distillation has been used as an isolation technique 
before the determination of these preservatives, but 
lemon-peel essential oil ingredients have to be 
removed with alumina,36sa whereas the combined 
steam distillation and solvent extraction procedure in- 
corporated in the Likens-Nickerson apparatus pro- 
duces a relatively clean extract.36sb Tanaka et al.368c 
used steam distillation isolation and improved the 
specificity of their method by chromatographing the 
pentatIuorobenzy1 derivative of o-phenylphenol and 
using EC detection. Lord et al.,36*d in evaluating 
methods for the determination of these preservatives 
in citrus peel, preferred their own GC technique to 
those specified in certain EEC Recommended 
Methods. 

Biphenyl-impregnated pads used for the packaging 
of citrus fruits in transportation have been extracted 
and analysed for the preservative by GC and the 
results compared with those obtained by HPLC.36g 

Thiabendazole is used in a similar way to biphenyl 
and o-phenylphenol and Mestres et al.370 used a GC 
method with an FPD used in the sulphur mode for 
determining down to 0.1 pg of thiabendazole. The 
methyl derivative3’l and the pentafluorobenzoyl deri- 
vative”” have also been used for GC. 

Imazalil has similar properties to thiabendazole 
and Greenberg and Resnick3’” determined this com- 
pound after its solvent extraction and were able to 
measure down to 0.5 ppm. 

In experiments to discover the reaction products of 
nitrite preservation of meat products, nitrous oxide 
was evolved thermally and determined by GC on a 
Porapak Q column. 374 More recently, nitrite and 
nitrate have been determined in meat products by 
nitrating added benzene and determining the resulting 
nitrobenzene,375 or by nitrating added 2,4_xylenol 
and determining the resulting 6-nitro-2,4-xylenol.375* 

Formaldehyde has been used to preserve certain 
concentrated liquid flavourings, e.g., apple and smoke, 
and may be determined at the 10 mg/kg level by GC 
of its 2,4-dinitrophenylhydrazone.375b 

Antioxidants 

GC has been used in the detection and determina- 
tion of most of the manufactured antioxidants used in 
food. These include butylated hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT), gallate esters, nordi- 
hydroguaiaretic acid (NDGA), dilauryl 3,3’-thiodipro- 
pionate (DLTDP), 3,3’-thiodipropionic acid (TDPA), 
4-hydroxymethyl-2.6-tert-butylphenol (Ionox lOOk 
2,4,5-trihydroxybutyrophenone (THBP), tert-butyl- 
hydroquinone (TBHQ), ethoxyquin, ethyl protocate- 
chuate and guaiac resin. 

GC methods have largely replaced calorimetric 
ones for BHA, BHT and gallate esters. Hartman and 
Rose,376 in their determination of BHA and BHT in 
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vegetable oils, used two different stationary phases to 
confirm their results. BHA is eluted before BHT on 
a DC-200 column; the elution is reversed on a Car- 
bowax 20M column. 

A vacuum-sublimation clean-up procedure was the 
feature of a method for the determination of BHA, 
BHT, propyl gallate, NDGE, DLTDP, TDPA, Ionox 
100 and THBP in lard by McCaulley et ~1.~” These 
antioxidants were clearly separated on a GE-XE-60 
stationary phase. 

TMS derivatives of BHA, BHT, propyl gallate, 
TBHQ and NDGA were used by Stoddard”* for 
their determination in vegetable oils. A two-solvent 
extraction system was used before the GC. If Florisil 
clean-up was used, BHT could be determined without 
forming its derivative. Some of the extraction proce- 
dures have been improved.“*” 

Heptafluorobutanoyl derivatives of BHA, propyl 
gallate and TBHQ were separated on an OV-3 sta- 
tionary phase by Page and Kennedy.379 EC detection 
increased the sensitivity of the method. Unfortunately, 
the BHT derivative is not formed in this method. 

Antioxidants are also added to certain vitamin pre- 
parations and BHA plus BHT have been determined 
in vitamin A concentrates.3s0 

BHA may be well separated from BHT by use of its 
TFA derivative.3s1 

Ethoxyquin is used as an antioxidant on apples in 
‘storage. Winel13*2 used the heptafluorobutanoyl deri- 
vative of ethoxyquin for GC after extraction of the 
antioxidant with hexane. With EC detection, down to 
0.02 ng of ethoxyquin could be detected. 

Citric acid has been used as an antioxidant syner- 
gist and can be determined in fats and oils by means 
of its butyl ester.3*3 

Emulsijers and stabilizers 

GC has been used in the determination of emulsi- 
fiers and stabilizers which are natural to food, e.g., 
glycerides, polyglycerides and polysaccharides, and 
those which have been specifically made to fulfll cer- 
tain needs, e.g., sorbitan esters and their polyoxyethy- 
lene derivatives, brominated vegetable oils, sucrose 
diacetate hexaisobutyrate and triethyl citrate. 

The main problem arising from glyceride and 
polyglyceride determinations is their separation into 
groups before GC. The popular technique is column 
chromatography on silica gel, a good example being 
given by Sahasrabudhe and Legari3s4 who completed 
the analysis by using the TMS derivatives of mono- 
and diglycerides. TMS derivatives are most popular 
in the determination of polyglycerides and Sahasra- 
budhe3s5 applied preparative TLC for their sepa- 
ration before formation of the TMS derivatives of the 
eight fractions. 

An early attempt to determine sorbitan monostear- 
ate depended on the presence in the emulsifier of a 
small concentration of 1+3,6_dianhydrosorbitol. This 
anhydride was determined in cake mixes by Wetterau 
et al.386 and the sorbitan monostearate concentration 

was calculated. The TMS derivative of the anhydride 
has also been used as an indicator of sorbitan ester 
concentrations in various foods.3s7 

Another approach, introduced by Lundquist and 
Meloan, was the hydrolysis of the sorbitan esters and 
GC separation of the resulting polyol~.~ss 

In some countries, brominated vegetable oils (bro- 
mine addition products of vegetable oils such as 
sesame, olive, corn and cotton seed) are used as dis- 
persing agents for the flavouring oils employed in the 
soft drinks industry. 

The GC methods put forward for the separation 
and determination of brominated vegetable oils have 
depended on extraction, hydrolysis, methylation and 
GC, determination. In this way, chromatograms are 
produced which show compounds such as methyl 
tetrabromostearate, methyl dibromostearate and 
other methyl esters of fatty acids. By using standard 
brominated vegetable oils for comparison, Conacher 
et ~1.“~ were able to deduce which oil had been used 
in such samples as citrus soft drinks. 

Brominated vegetable oils are prohibited in foods 
in some countries and sucrose diacetate hexaisobutyr- 
ate has been used in their place. The most satisfactory 
method for the determination of this dispersant is 
through the decyl acetate and decyl isobutyrate 
formed from it after extraction and treatment with 
decanol in sulphuric acid.390 

Triethyl citrate and triacetin are additives used in 
egg whites to facilitate emulsion and so reduce the 
time required to produce whipped egg. Kogan and 
Straleck391 ether-extracted these emulsifiers from egg 
whites in acid medium and determined them on an 
SE-30 stationary phase. 

Polysaccharide gums, such as guar, carob-bean, 
agar, carrageenan, karaya, methyl cellulose, traga- 
canth, pectin, acacia and alginate have been detected 
and, in some cases, determined in foods either by 
extraction, methylation followed by hydrolysiqJ9’ or 
by formation of the TMS derivatives,392 or through 
the aldonitrile acetates of the monosaccharides iso- 
lated from hydrolysis products.393*394 

Artificial sweeteners 

The addition of artificial sweeteners to food, 
although long used for reasons of economy because 
sugar is relatively expensive, has become significant 
for the reason that they reduce the calorific value 
when they replace sugar, and weight-conscious popu- 
lations may benefit. However, the increasing suspi- 
cions that not all artificial sweeteners are toxicologi- 
cally safe have lent weight to their detection and 
determination in food. 

The artificial sweeteners, cyclamates, saccharin, dul- 
tin, sorbitol and the methyl ester of L-aspartyl-t- 
phenylalanine have been determined by GC methods, 
which are usually the most sensitive or selective. 

The GC determination of cyclamates in soft drinks 
was pioneered by Rees,395 using the reaction between 
cyclamate and nitrous acid to yield cyclohexene 
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which he measured on an Apiezon L stationary phase. 
Richardson and Luton,3g6 in a modification of this 
method, used it to determine down to 0.2% sodium 
cyclamate in soft drinks. 

Cyclohexene has also been measured in headspace 
samples, following the same reaction, and the method 
has been applied to the analysis of fruit juices, soft 
drinks, wines and preserves.3g7 

The TFA derivativeJgs and the heptaffuorobu- 
tanoyl derivative of cyclamateJgg have also been uti- 
lized in its determination. 

Cyclohexylamine is the basis of the synthesis of cyc- 
lamate and trace amounts are often carried through 
into the final product and it has been found in various 
citrus and cola beverages which contained cyclamate. 
The GC methods depend on either determining the free 
amine4oo or forming the 2,4dinitrophenyl derivative, 
which has strong electron-capturing properties.401 

Cyclamate often occurs in soft drinks with sao 
charin, which has been used as an artificial sweetener 
for over 50 years. Conacher and G’Brien4’* methy 
lated both sweeteners after their solvent extraction 
and the methyl derivatives were separated on an 
SE-30 stationary phase. 

Koenig403 separated the methyl esters of cyclamate 
and saccharin and also free dulcin, which is a swee- 
tener used some time ago but now in only a few coun- 
tries. 

The TMS derivative of saccharin was utilized by 
Gerstl and Ranfft404 for its determination in foods, a 
mixed stationary phase of OV-7 and OV-22 being 
used 

Toluene-2-sulphonamide is an important trace im- 
purity in saccharin and could be present in detectable 
amounts in foods to which saccharin has been added. 
The TMS derivative of this impurity has been used 
for its GC determination,405 although the free sul- 
phonamide may also be used.405a*405b 

A relatively new dipeptide sweetener, the methyl 
ester of L-aspartyl+phenylalanine, has been deter- 
mined with its degradation products, by GC sepa- 
ration of the TMS derivatives406 

When large amounts of sweetener are needed in a 
dietetic or diabetic food, saccharin and cyclamate are 
unsuitable because they impart a bitter aftertaste on 
the palate when used in high concentration. Sorbitol 
has therefore been used extensively in these special 
foods and GC determination of the hexa-acetate is 
common.4o7,4o* Fernandez-Flores and Blomquist40g 
have employed the TMS derivative, finding it particu- 
larly useful in the determination of sorbitol in dietetic 
candies and cakes. 

Flavourings 

GC has been greatly used in studies of the natural 
flavourings of many foods, such flavourings being 
made up of large numbers of components The ana- 
lysis of synthetic flavourings can be less difficult since 
the number of inherent components is ususlly smaller. 
A great deal of GC analytical work is devoted to the 

detection and determination of certain flavouring 
components which could be present and are either 
known to be toxic or are suspected to be so, e.g., 
benzaldehyde, coumarin, safrole and its derivatives, 
methyl salicylate, /I-asarone, pulegone and thujone. 
GC methods have also been.used for the determina- 
tion of ammonium glycyrrhizinate, monosodium glu- 
tamate, maltol, ethylmaltol and vanilla. 

Benzaldehyde is a major flavour ingredient of 
cherry and almond flavourings. Brunelle and Mar- 
tin410 determined the free aldehyde isolated by steam 
distillation, They found that natural cherry flavour- 
ings contained approximately 0.2% benzaldehyde and 
that imitations contained up to 2.3%. 

Bucci et aL41’ have reviewed the public health 
problems involved in the use of certain flavourings in 
food and produced a quantitative method for cou- 
marin, detecting as little as 0.2 pg. May wine, a light 
grape wine flavoured with woodruff herbs, has also 
been examined for coumarin.4’2 

The recommended method of the International 
Grganisation of the Flavour Industry4”” for the 
determination of coumarin in foods involves solvent 
extraction and direct GC. 

Liddle and de Smedt4i3 used solvent extraction, 
followed by GC-MS analysis, to look for coumarin, 
safrole, &asarone and thujone as flavour agents in 
vermouth. 

Safrole, isosafrole, dihydrosafrole, dihydroanethole 
and methyl salicylate have been determined in non- 
alcoholic beverages by Larry,414 by GC after their 
isolation by steam distillation and solvent extraction. 
The International Organisation of the Flavour In- 
dustry has recently published similar methods for the 
determination of safrole and isosafrole in foods and 
beverages415 and of a- and b-t.hujone.‘16 

/I-Asarone is a component of oil of calamus and 
this oil has been used as part of the flavouring of 
vermouth. A steam distillation, solvent extraction and 
GC method was put forward by Larry4r7 for 5-100 
ppm levels of /I-asarone in vermouth. The recom- 
mended method of the International Organisation of 
the Flavour Industry41 7a for the determination ’ of 
/I-asarone in alcoholic drinks and sugar confectionery 
involves solvent extraction and direct GC. 

fi-Asarone, and u- and /I-thujone have been deter- 
mined in aperitifs, including vermouth, by distillation 
followed by solvent extraction and GC.4’* The limit 
of detection was 0.01 ppm. 

A steam distillation, solvent extraction and GC 
procedure has recently been recommended as a stan- 
dard method for the determination of pulegone by the 
International Organisation of the Flavour Industry in 
the analysis of confectionery, ice cream, beverages and 
essential oils.4’g 

Ammonium glycyrrizinate can be used as a Bavour 
potentiator in chocolate- and caramel-flavoured 
beverages. Larry et aL4*’ have put forward a method 
for its determination as the TMS derivative, formed 
after hydrolysis of the sample. 
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Monosodium glutamate is used primarily as a fla- 
vour potentiator in “meaty” food products. Analytical 
methods usually depend on measurement of glutamic 
acid and Gal and Schilling4” have developed a 
method for its determination as the TFA derivative of 
the butyl ester. They applied their method to the ana- 
lysis of soups and seasonings for monosodium gluta- 
mate concentrations of between 2 and 17%. 

Pesticides 

The technology of GC has benefited from analysis 
for pesticide residues in foods and crops. it is difficult 
to imagine what would have happened to pesticide 
residue analysis without the technique, and it was in 
the late 1950s that GC was given perhaps its biggest 
advertisement as a microanalytical technique, by the 
multiresidue analysis of OC insecticides. In this con- 
text, the development of the EC detector was all- 
important, 422 followed by the development of the MC 
detector.423 No subject has done more to stimulate 
detector technology than pesticide residue analysis 
and by the time analysts became interested in organo- 
phosphorus (OP) residues, most of the methods were 
ready-made, having been developed for organochlor- 
ine (OC) residues, except for a specific and sensitive 
detector; this was to follow in the shape of the 
AFID.424 

Because of the persistence and, therefore, accumula- 
tion of OC pesticides and their possible hazards to 
health, many of them have been replaced by alterna- 
tives, e.g., carbamates and, therefore, GC has been 
applied increasingly to these and other organo- 
nitrogen (ON) pesticides. 

Thousands of papers have been published concern- 
ing the application of GC to pesticide residue analysis 
and it is only possible in this review to include some 
of the more important contributions. 

Organohalogen pesticides. The concern shown inter- 
nationally about the persistence of OC insecticide 
residues and their ecological effects has led to 
numerous surveys of such residues in virtually all 
types of food. Once the detector systems had been 
established, the largest variations in published 
methods were in the extraction and clean-up of the 
residues. 

The initial extraction is mainly done with acetone, 
hexane or petrol, acetonitrile, dimethylformamide, 
dimethylsulphoxide and propylene carbonate. 
Clean-up of samples is usually done by solvent parti- 
dion followed by column chromatography on Florisil, 
alumina or activated carbon. 

In 1960, Goodwin et a1.425 applied GC to the 
detection of aldrin, dieldrin, pp’-DDT and y_BHC at 
the 0.05ppm level in crop extracts, a method later 
improved upon by a change from argon ionization 
detection to EC.426 

Acetone extraction, followed by addition of sodium 
sulphate solution and extraction of OC compounds 
into petrol, was used by Hamence et al.427 in the 

examination of food samples. For clean-up they used 
further partition into acetonitrile, addition of sodium 
sulphate solution to the acetonitrile extract and re- 
extraction into petrol. 

The direct extraction of food samples with acetoni- 
trile, thus omitting acetone, is the main difference in 
the American procedure, e.g., in the official AOAC 
method. The method is used for the analysis of resi- 
dues of both OC and OP pesticides. The sample, 
blended with acetonitrile, is extracted with petrol after 
the addition of water, and the petrol extract is cleaned 
up on Florisil, mixtures of petrol and diethyl ether 
being used for elution. The stationary phase used is 
loO/, DC-200 and detection is by EC for OC com- 
pounds. This official method was based on the ori- 
ginal work of Burke and Giuffrida.429 

Although little work had been carried out until the 
1970s on combining GC with MS detection in residue 
analysis, the fact that PCBs can be co-extracted with 
OC pesticides created interest. Bellman and Barry 
used GC-MS to examine foods for both species.430 

Luckas et aL,430a in a method involving the deter- 
mination of DDT and TDE by means of reaction 
with MgO to produce alkenes for GC, were able to 
separate these OCinsecticides from PCBs, which did 
not react. 

A useful identification method for use before GC of 
OC pesticide residues depends on the partition of the 
compounds between two immiscible solvents, such as 
hexane and acetonitrile. Beroza and B~wman~~’ used 
this technique by determining the characteristic 
degree of extraction (“/,) of individual OC pesticides 
when equal volumes of the two phases were used, and 
applied the values for analysis of crop residues; the 
co-extractives did not affect the degree of extraction. 

In 1965, Storherr and Watts432 introduced the 
clean-up method termed sweep co-distillation as part 
of the determination of both OC and OP pesticides. 
These workers noticed that crop extractives not 
removed by hitherto standard clean-up procedures 
were deposited on the glass-wool packing at the injec- 
tion end of the GC column. Taking advantage of this, 
they produced a heated precolumn of glass wool, 
complete with injection port and carrier gas inlet. 
Large volumes of pesticide extracts were introduced 
into the heated tube and the pesticides were swept 
from it by nitrogen into a cooling coil, before GC. 
The portion of glass wool containing the co-extrac- 
tives was periodically replaced. The technique has 
been found particularly useful in the analysis of fatty 
foods and many variations on the original technique 
have been used, e.g., a silanized glass bead pre-column 
in place of the glass ~001.~~~ 

In an effort to simplify the clean-up procedure, 
Telling et al. 434 have recently used acetone-hexane as 
extractant and a single alumina column for clean-up, 
with hexane as eluent. 

Fumigants are used extensively for the control of 
insects and moulds in stored foods such as grain or 
flour, and many of these are simple halogen-contain- 
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ing aliphatic compounds which are amenable to GC 
separation and determination. 

Bielorai and Alumot435 used a GC method for 
determining the fumigants chloroform, carbon 
tetrachloride, trichloroethylene and carbon disulphide 
in cereal grain, with a steam-distillation step incor- 
porating toluene as co-distilling solvent 

Ragelis et al.456 extracted wheat flour and ground 
pepper by percolating diethyl ether through a column 
of the sample, in a method to determine chlorohyd- 
rins resulting from fumigation of stored food with eth- 
ylene and propylene oxides. The compounds Zchloro- 
ethanol and l-chloro-Zpropanol were directly deter- 
mined in the percolate from the wheat flour, and after 
clean-up on Florisil, in the percolate from the ground 

pepper. 
Ethylene dibromide, methyl bromide and also 

2-chloroethanol from ethylene oxide were determined 
in flour and grain by Heuser and Skidmore. The 
samples was extracted with aqueous acetone, and 
after settling the supematant liquid was examined by 
GC. 

The most widely applied halogen-containing fungi- 
cides are the chlorinated benxenes. Di Muccio et 
~1.~~’ successfully separated the a-, fi-, y-, and 
B-isomers of BHC and hexachlorobenzene, the feature 
of the GC being the mixed stationary phase compris- 
ing 3% OV-61,7’S% QF-1 and 3% XE-60, (2:2: 1 v/v), 
which is necessary to separate these compounds, 
which have short retention times on most phases. 

Residues of the well-known organochlorine herbi- 
cides, 2,4-D, 2,4,5-T, MCPA and MCPB have been 
successfully determined by GC after methylation439 or 
silylation.440 

Orgmophosphorus pesticides. The OP pesticides are 
almost exclusively insecticides and acaricides. Much 
of the experience gained in the extraction and 
clean-up of OC pesticide residues has been applied to 
OP pesticide residues, which has saved time in 
method formulation. Solvents used for extraction in- 
clude chloroform, dichloromethane, ethyl acetate, 
methanol, benzene, hexane and propylene carbonate, 
whereas the column chromatographic materials used 
in the clean-up procedures are the same as those used 
in OC pesticide residue analysis. 

Detectors sensitive to phosphorus have been used 
to advantage, oiz. the AFID, FPD and the plasma 
detector; the MCD has been used in the determina- 
tion of sulphur-containing OP compounds. 

The sweep co-distillation clean-up technique used 
for OC pesticide residues has also been used for OP 
pesticide residues432 and, with initial ethyl acetate 
extraction of food samples, this technique has been 
incorporated into the Official Methods of Analysis of 
the AOAC!2* 

Bowman et al. analysed 39 foods for multiresidues 
of pesticides containing phosphorus and/or sul- 
phur.*” Four extraction procedures were used, 
depending on the nature of the food. OV-101 and 
OV-210 were the stationary phases used and deteo 

tion was by FPD in both the phosphorus- and sul- 
phur-sensing modes. 

The choice of clean-up procedure and detector in 
the GC of OP pesticide residues has overshadowed 
other factors in the analysis. Many stationary phases 
are suitable for single OP compounds, but the choice 
of a phase to separate and determine large numbers of 
OP compounds is limited. Bowman and 
Beroxa442,443 tabulated the retention data of 138 pes- 
ticides on OV-101, OV-17, OV-210 and OV-225 as 
stationary phases and 146 pesticides on Dexsil 300. 

Various methods were recently examined in a colla- 
borative study for the analysis of residues of common 
OP pesticides, including malathion, dichlorvos, 
dimethoate, omethoate, parathion and axinphos 
methyl,444 and certain procedures were recom- 
mended; guidance on the preparation of GC columns 
was also given. 

Residues of thioether OP pesticides, e.g., carbo- 
phenothion and demeton, have been determined in 
fruits and vegetables after oxidation by permanganate 
to the corresponding S,S-dioxides.4”’ 

MS was used as detector in a recent GC method for 
the determination of 23 OP pesticides liable to be 
present in fruits and vegetables.445 Ten pesticides 
were determined at the 40-ppM (parts per milliard) 
level, by fragment measurement with single- and mul- 
tiple-ion detection. 

Orgunonitrogen pesticides. Organonitrogen (ON) 
pesticides include carbamates, substituted ureas, thio- 
carbamates, triazines, substituted phthalimides and 
cyano- and nitro-phenols. 

The detection and determination of sub-ppm levels 
of multiresidues of ON pesticides has lagged behind 
those of OC and OP pesticide analysis. Discourage- 
ment of the use of DDT and other OC pesticides has 
enhanced the use of carbamates, especially carbaryl. 

Martin’s detector,446 which incorporates a furnace 
in which the nitrogen released from the compound is 
reduced to ammonia and titrated coulometrically, is 
an example of detection methods developed for ON 
compounds. 

Co&son”’ used his electrolytic conductivity deiec- 
tor after reductive pyrolysis of ON compounds with a 
nickel-wire catalyst. A method incorporating this type 
of detector system has recently been evaluated for 15 
ON pesticides, including carbamates and triazines.448 

Examples of use of derivatives for the estimation of 
carbamate pesticide residues include 2,4_dinitroaniline 
derivativesM9 and on-column trans.-esterificatidn.” 

For its GC determination, carbaryl has been con- 
verted into its N-methylthio derivative, with methyl- 
sulphenyl chloride.u9’ 

Thiocarbamates are largely used as fungicides, and 
in 1971 Onley and Yip4’0 applied a GC method to 
the determination of ethylene thiourea residues. Ethy- 
lene thiourea is a degradation product of thiocarba- 
mate and although its determination gives neither a 
specific nor quantitative estimation of the former pra 
sence of thiocarbamates, it is a very good indicator of 
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it. Many procedures are based on the same general 
idea. The pentafluorobenzoyl derivative of ethylene 
thiourea was used by Newsome450a for its GC deter- 
mination in vegetables, down to 20 pgpcg. 

The triazines used are almost all herbicides. As 
early as 1962, 6 triazines were separated and deter- 
mined,451 and later 9 triazines from crops were 
extracted, cleaned up and determined by Delley et 
aL4” 

The important substituted phthalimides, namely 
captan, captafol and folpet, are foliar fungicides. 
Baker and Flaherty453 extracted and cleaned up resi- 
dues of these fungicides from samples of fruit and, 
after chemical separation techniques, determined all 
three compounds by GC. 

Pyrethrins. Pyrethrin compounds are used exten- 
sively as insecticides and of several GC methods that 
by Bevenue et al. 454 is recommended. 

Paraquat and diquat. Paraquat may be determined 
in residues on crops by acid-extraction, hydrogena- 
tion and clean-up by column chromatography on alu- 
mina, before GC separation and determination with 
an AFID.455 Diquat in potatoes may be determined 
by extraction, reduction with NaBH4 to yield a dia- 
mine derivative, and GC with a nitrogen-selective 
detector.455a 

Phosphine. This is used as an insecticidal fumigant 
in wheat. Direct headspace sampling has been 
USZd455b and so has gas sampling after the wheat has 
been extracted with dilute sulphuric acid.455c 

Polychlorinated biphenyls. PCBs show plasticizing 
and dielectric properties and have been used in the 
manufacture of paints, rubbers, resins, lubricants and 
dielectric fluids of capacitors and transformers. Like 
OC pesticides, they are fat-soluble and persistent, and 
have found their way into animals and animal pro- 
ducts which may be used for human consumption, viz. 
fish, eggs and game birds. Because PCBs are structur- 
ally similar to OC pesticides, much of the analytical 
literature concerning PCBs deals with their sepa- 
ration from OC pesticides, before GC d&termination, 
usually with EC detection. 

In 1967, Holmes et a1.456 pointed out that analysts 
had long been aware that some bird and fish samples 
produced additional peaks in standard OC pesticide 
residue analysis and that some of these, at least, were 
probably due to co-extracted PCBs. Jensen4” had 
earlier emphasised the presence of PCBs in conjune 
tion with OC pesticide residues. 

Risebrough et al. 458 found that the chromatograms 
resulting from the examination of bird and fish sam- 
ples exhibited mutual interference by DDT-type in- 
secticides and PCBs. It was possible to hydrolyse 
DDT and its metabolites with ethanolic potassium 
hydroxide and record the removal of the signals due 
to these compounds. 

Another method of dealing with the interference is 
to irradiate the GC eflluent with ultraviolet light to 
degrade the PCBs and then to re-chromatograph the 
degradation products.459 

PCBs can also be degraded by reaction with a pal- 
ladium catalyst. Asai et al.460 applied this technique 
to 8 PCB mixtures- and to members of the DDT 
family. The degradation, which can produce hydro- 
genation, dehydrogenation and hydrogenolysis, 
results in biphenyl and cyclohexylbenzene from PCBs, 
and different products from the DDT family. 

There is some concern regarding the presence of 
toxic polychlorinated dibenzodioxins in PCBs and 
these compounds have been separated and deter- 
mined by GC-MS from samples of Yusho oi1.461 

Methylmercury. Mercury compounds have found 
their way into waterways as a result of the depositing 
of mercury-containing industrial effluents, and 
through the leaching of organomercurial fungicides 
from soil. Fish and other aquatic life can accumulate 
mercury residues, most of which is converted into 
methylmercury, and this has a relatively high mam- 
malian toxicity. 

Much of the earlier GC work on methylmercury in 
such foods as fish, meat and eggs, was due to 
Westoo.462*463 These methods were based on benzene 
extraction of the acidified sample and clean-up of the 
extract, and finally chromatography of methylmer- 
curie chloride. A step was later introduced to split 
methyhnercury from certain natural sulphur com- 
pounds with which it can be complexed. 

An atomic-absorption spectrometric detector was 
used by Gonzales and Ross464 in GC studies on 
alkylmercury-containing effluents and fish. The meth- 
ylmercuric halide was separated on the column and 
determined by flame or flameless atomic-absorption. 
The microwave-powered plasma detector has been 
used specifically for the determination of methylmer- 
cury in fish sampless4 

Inorganic mercury compounds have been con- 
verted into methylmercuric halides for subsequent 
GC determination by using such reagents as 
4,4-dimethyl-4-silapentane-l-sulphonate465 and tetra- 
methyltin. 

N-Nitrosamines. N-Nitrosamines may be formed by 
reaction between secondary amines and nitrous acid. 
It is well established that some of the nitrosamineg 
particularly nitrosodimethylamine, have hepatotoxic 
and carcinogenic properties, and there has been some 
concern about the finding of trace amounts of nitrosa- 
mines iti such foods as fish, meat, bacon and cheese. 
Many analytical techniques have been employed for 
their detection and determination but there is general 
agreement among analysts that the only foolproof 
technique is GC coupled to MS. Hence some results 
published before 1970 should be treated with caution 
since MS was not in general use for that purpose 
before that date. 

Go~gh~~~” has reviewed the determination, by 
GC-MS, of those N-nitroso compounds which may 
occur in such foods as bacon, fish and cheese. 

Gough and Webb,467*46* described a membrane 
separator which is capable of transferring nanogram 
quantities of nitrosamines from the GC column to the 



mass spectrometer, a detection limit corresponding to bean and cottonseed meals and flours were examined 
1 pg of nitrosamine per kg of food being obtained. for hexane and acetone residues by Fore and 
This GC-MS method was used successfully by Dup~y,~‘~ by solvent extraction followed by GSC. 
Crosby et al.469 in the confirmatory determination of The same workers have used a headspace-sampling 
steam-volatile nitrosamines in bacon, fish, meat and technique,48o which was subsequently modified by 
cheese samples, which was a development of an ear- using a glass injection port liner in place of a serum 
lier method4’* bottle as the sample container.481 Further improve- 

Telling et a1.471 determined five volatile nitrosa- ment in headspace sampling has recently been 
mines in meat products, e.g., pork luncheon meat, claimed.482 
using a GC-MS method which was subsequently Hop extract, used as a brewing additive, can con- 
made more sensitive4” by monitoring ions other tain residual hexane, and Litchman et a14” used 
than NO+ (which was first used). Fish was examined headspace sampling and GSC, achieving a detection 
for nitrosamines by Fazio et a1.,473 nitrosodimethyl- limit below 25 ppm. 
amine (4-26 pg/kg) being found in sable, salmon and Hirayama and Imai,4s4 in the determination of 
shad. A sample of ham was found to contain 5 pg of hexane in edible oils, pyrolysed samples in a platinum 
nitrosodimethylamine per kg by the same method.474 boat inserted into the pyrolyser, in order to free the 
Recent results for nitrosamines in meat products in- solvent from the oil. 
clude nitrosopyrrolidone in fried bacon samples, in Besides hexane residues in oil samples, 2-methyl- 
the range 5-75 &kg4748 and its 3-hydroxy derivative pentane, 3-methylpentane and methyl cyclopentane 
in fried bacon and sausage, in the range l-10 have also been determined.485 

&/kg474b and also in fried bacon and its “fried-out” Headspace sampling has been used for the deter- 
fat, in the range 0.3-3.9 pg/kg.474c mination of acetone in oilseed meals and flours.‘* 

Nitrosamines in foods have also been determined Chlorinated hydrocarbons. Roberts4s6 conducted a 
as their heptafluorobutanoyl derivatives by EC collaborative study on the GSC determination of di- 
detection4” and also after oxidation to the corres- chloromethane, ethylene dichloride and trichloroethyl- 
ponding nitramines.476 ene in oleoresins of paprika, ginger and capsicum 

Pokrovskii et al.476s*476b converted nitrosamines after their extraction with ethanol. By using vacuum 
into their dansylamides, by means of secondary distillation extraction technique with toluene as 
amines, and chromatographed these derivatives, using carrier, Page and Kennedy4*’ have improved this 
MS detection. analysis. 

Methylguanidine is considered to be a precursor of Dichloromethane is a popular solvent for decaf- 
nitrosamines in fresh beef and certain varieties of fish, feinating coffee and Gal and Schilling48* used steam- 
and a GC method for its determination has recently distillation and GSC for its determination. Page and 
been published.477 Charbonneau4s9 improved the extraction technique 

Solvents. Solvents such as ethanol and 2-propanol by using their co-distillation method in the deter- 
are used for incorporation into foods of such addi- mination of dichloromethane and trichloroethylene 
tives as flavourings, essential oils, colourings and residues in instant and roasted coffees. 
antiaxidants. Solvents such as hexane and acetone Methanol and 2-propanol. Methanol is sometimes 
are used in the food industry to remove fats and oils, used in the production of hop extract additives for the 
and aliphatic chlorinated hydrocarbons are also used brewing industry, and Litchman and Upton490 
to remove caffeine from coffee. As a result of these devised a GC method based on the reaction of meth- 
practices, there is a possibility that trace solvent resi- anol with nitrite and measurement of the product 
dues may remain in the foods and GC is ideally suited after headspace collection. 
to their detection and determination. 2-Propanol has been used to detoxify mould 

Aliphatic hydrocarbons and acetone. In an attempt damage in oilseed meals and flours, and a headspace 
to determine a number of solvent residues liable to be technique has been used for its collection before GSC 
encountered in oils and spice oleoresins, ,Dean et determination.’ 2-Propanol has also been used for de- 
a1.47s used a solid sampling device to avoid a waxing apple peel, and a headspace technique has 
clean-up procedure. The sample was introduced into been used to collect it.491 
a glass capillary which was sealed and enclosed in the 
sampler, which was then connected to the GC column 
and brought to equilibrium temperature; the glass Food packaging materials 

capillary was broken by a plunger and the volatile There has been increasing interest in the migration 
solvents were swept into the column by the carrier of food packaging materials and their additives into 
gas The method can be used for different classes of foods particularly those foods containing oil or fat, 
solvents by using different stationary phases and which are good solvents for these materials. The ear- 
examples of the determination of hexane and tri- lier GC analytical literature was almost exclusively 
chloroethylene in vegetable oils were given. German and concerned the migration of phthalate 

Hexane is the most common residue found in plasticizers. The more recent literature is concerned 
edible oils or their associated meals or flours. Soya- with the migration of vinyl chloride monomer from 
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poly(viny1 chloride) containers into beverages and 
vinegar. 

Phthalate esters. Phthalate esters are used as plasti- 
cizers in a variety of food packaging and solvation 
by fatty or alcoholic foods or beverages can lead to 
the uptake of these esters. 

In 1963, Wandel and Tengler4” investigated the 
possible transfer of diethyl phthalate from plastic 
wrappings into fat-containing foods, using solvent 
extraction and a GC method with a detection limit of 
2 ppm. The same workers493 also devised a method 
for the determination of bis-(2_ethylhexyl) phthalate 
and tributyl CJ-acetyl citrate by means of correspond- 
ing alcohols, produced by hydrolysis. A similar 
method was used by Pfab494 in migration studies of 
dibutyl phthalate and dicyclohexyl phthalate from 
lacquered foil into cheese and lard. 

Because of the wide use of phthalate plasticizers, 
there has been concern that oceans and other water- 
ways may become contaminated and that fish may 
accumulate these esters. Accordingly, dibutyl phtha- 
late and bis-(2-ethylhexyl) phthalate have been sought 
in fish.495 

Vinyl chloride. Vinyl chloride monomer can be pre- 
sent at the ppm level in poly(viny1 chloride) used for 
food packaging. Because it is alcohol- and fat-soluble, 
alcoholic beverages and fatty foods packaged in poly- 
(vinyl chloride) are prone to dissolve any monomer 
present in the container. 

Williams and Miles496 determined vinyl chloride in 
alcoholic beverages, vinegar and peanut oil by head- 
space collection followed by GSC. The presence of 
vinyl chloride can be confirmed by conversion into 
1,2-dibromo-1-chloroethane and detection by EC.497 
A solvent extraction method was used for vinyl chlor- 
ide by Ernest and van Leirop,49* who used an electro- 
lytic conductivity micro detector, the vinyl chloride 
having been converted into hydrogen chloride. The 
method could detect 4 ng of vinyl chloride. A head- 
space collection of vinyl chloride followed by GC-MS 
determination has been successfully used in recovery 
studies on olive oi1.4gg The method is also claimed to 
be suitable for the analysis of wine, soft drinks and 
margarine. A detection limit of 1 ppm has recently 
been obtained in a headspace-GC method for vinyl 
chloride in corn oi1.5oo 

Sryrene. Polystyrene used for food packaging often 
contains small amounts of styrene momomer, which 
is fat-soluble. Roseli and Marek”’ recently deter- 
mined styrene monomer in yogurt, cream and curds 
by a GC method after solvent extraction. 

Acrylonitrile. Polymers containing acrylonitrile are 
used extensively in the manufacture of containers for 
carbonated beverages and other foods, such as lun- 
cheon meat, margarine and vegetable oils. Since the 
small fraction of unreacted monomer in the polymer 
can migrate into the food, GC methods have recently 
been used to detect it, either by direct injectionso’” or 
by headspace sampling for carbonated beverages after 
decarbonation.501b By the latter method, traces (less 

than 5 pg/kg) of acrylonitrile were found in some 
samples of beers and soft drinks. 

Mycotoxins 

* GC has been applied to the determination of the 
following mycotoxins resulting from mouldy or 
damaged foods. 

Patulin. Patulin is a carcinogenic, mutagenic meta- 
bolite produced by certain strains of penicillin. Since 
storage rot in apples is caused by a similar penicillin 
to that known to produce patulin, there is a possibi- 
lity that the mycotoxin could be transmitted to the 
juice, cider or cider vinegar. The presence of patulin 
in apple juice has been tested for by means of the 
trichloroacetate derivative,502 and in cider vinegar by 
means of its acetate.‘03 Rosen and Parelesso4 deter- 
mined patulin as its TMS derivative and this method 
was applied to the analysis of cereals and rice.50s 

Penicillic acid. Penicillic acid is a mycotoxin which 
has been proved to be a carcinogen in rats. It is 
formed from certain species of penicillium and asper- 
gillus. The TMS derivative can be used in its GC 
determination in cereals,50s rice,5os and maize, dried 
beans and apple juice:‘06 

Sterigmatocystin. Sterigmatocystin is a secondary 
metabolite produced by several aspergillus species and 
has exhibited hepatotoxic effects. This toxin has been 
extracted from and determined in grain, with a detec- 
tion limit of 20 ng.507 

Trichothecenes. Mouldy grain ‘can yield trichothe- 
cenes, which are fungal metabolites found in grain. 
Ikediobi et aLso used solvent extraction and GC of 
the TMS derivatives of those trichothecenes which 
contain free hydroxyl groups. A similar method was 
used for trichothecenes in maize and freeze-dried 
potato powder.50sa 

Ipomeamarone. Ipomeamarone is a hepatotoxin 
produced by fungal attack of sweet potato. Boyd and 
Wilsonso extracted the mycotoxin from samples of 
sweet potato by homogenizing with 5% methanol in 
chloroform, and determined the concentration by GC. 
A similar method was used by Wood and Huang.“’ 

Diethylstilboestrol. This is a synthetic oestrogen 
used as an animal feed additive to increase the feeding 
efficiency in cattle and lambs. This hormone has car- 
cinogenic properties and residues have been found in 
tissues of animals treated with it, with concentration 
in the liver and kidneys. Coffin and Pilon”’ des- 
cribed a GC method for the determination of 
diethylstilboestrol in beef, lamb and chicken tissues, 
which involved solvent extraction, clean-up and chro- 
matography of the TFA derivative. Other derivatives 
used in similar methods include the TMS deriva- 
tives * 2 and the dichloroacetate.s l3 Ryan and 
Pilon,514 in an analysis of beef liver, made the TFA 
derivative and, after hydrolysis to yield the free sterol, 
prepared the heptafluorobutanoyl derivative. With 
EC detection, the sensitivity was better by a factor of 
4 than that for the TFA derivative. 
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The synthetic steroid melengestrol has also been 
determined in beef tissues by GC.“’ 

Chbrophenols 

Chlorophenols are used as wood preservatives, and 
shavings of the treated timber have been used as litter 
in broiler poultry houses. Pentachlorophenol and 
2,3,4,6-tetrachlorophenol can permeate the chickens 
and the flesh has been analyzed for these compounds, 
as the 2,4dinitrophenyl ether derivatives, by GC.516 
Milk has been tested for pentachlorophenol residues 
by chromatographing either the acetate516a or the 
methyl derivative 516b after solvent extraction. Broiler 
chickens have also been found to accumulate 
6-chloro-o-cresol from cresylic acid disinfectant, and 
the tainted flesh has been analysed by GC-MS517 
Griffiths and Land51* determined the same cresol in 
biscuits contaminated with a similar disinfectant. 

CONCLUSIONS 

GC has been of inestimable value in the detection 
and determination of the organic constituents of food, 
those organic compounds deliberately added to food 
and those accidentally contaminating it. But what in- 
fluence has food analysis had on GC and where do 
future technology and applications lie? 

The three areas of GC technology where food ana- 
lysis has had greatest impact are sampling, derivative 
formation and detection. 

In sampling, foods which require qualitative and 
quantitative assessment of volatiles have lent them- 
selves to experimentation which has aided the 
chromatographer in other applied fields; headspace 
sampling, preconcentration techniques on solid adsor- 
bents and post-column removal of relatively large 
concentrations of interfering compounds before sepa- 
ration of minor ones, are examples. 

The fatty-acid composition of the glycerides which 
make up edible fats and oils has frequently been the 
driving force behind the development of alkylation 
techniques, particularly methylation. In halogeno- 
esterification. sterols extracted from foods have been 
the media for development of methods in which EC 
detection has enhanced sensitivity. 

The silylation of sugars was a major breakthrough 
in the analysis of sugar mixtures and most sugar-con- 
taining foodshave been used as bases for enhancing 
the knowledge of silylation techniques. 

Detector technology owes a great deal to the im- 
petus afforded by the necessity to determine groups of 
pesticide residues in crops and foods, e.g., the use of 
the EC detector, AFID, FPD and MCD, in the ana- 
lysis of OC, OP and ON pesticide residues. It is pro- 
bably in the advancement of detector technology that 
food contaminant analysis has had greatest impact 

As analytical requirements become more detailed, 
the demand will be for greater sensitivity and selecti- 
vity. This is particularly relevant in the analysis of 
food volatiles where quality assurance and trades des- 

cription requirements combine to demand determina- 
tion of hundreds of minor constituents. In this area, 
the greater availability of MS, the application of pat- 
tern-recognition techniques and the increasing use of 
microprocessors will mean more detailed examination 
of a variety of foods and additives, e.g., beverages, 
essential oils and food flavours. 

The uncertainties and vagaries of biological detec- 
tors, e.g., moths and the human nose, have resulted in 
little use of these. Yet food analysis could clearly 
benefit from use of st@ing of separated components 
concurrently with MS and the other conventional 
detection methods. 

The microprocessor revolution could also mean a 
greater use of pyrolysis techniques in GC applications 
in food analysis, where one drawback has been the 
difficulties in separating and relating pyrolysis pro- 
ducts to the foreign compounds sought within an 
array of compounds derived from the food matrices. 

Although large areas of food quality-control 
methods suitable for GC application have been 
exploited, there remains scope in pattern-recognition 
analyses, particularly for flavour constituents and 
other volatiles of butter, cheese, animal fats, meat fla- 
vours, fruits, vegetables and essential oils. 

Fine differences in the ratios of glyceride fatty acids 
of edible oils continue to be the subject of consider- 
able research as does the balance of volatiles in both 
alcoholic and non-alcoholic beverages to assess qua- 
lity and origin. 

As new additives are put forward for use, analytical 
methods are required and GC is often applicable. 
Changes occur from time to time in permitted lists of 
preservatives, antioxidants, emulsifiers, stabilizers, 
artificial sweeteners and flavouring agents and trends 
in concentrations are usually downward, requiring 
more sensitive methods. 

Similarly, as new contaminants are encountered 
the food analyst usually has to add to his repertoire of 
GC methods. Technology in food packaging is chang- 
ing and very sensitive methods are required for the 
determination of compounds associated with mig- 
ration of contaminants from packaging material’s into 
foods; low levels of monomers are contained in poly- 
meric packaging materials and have been known to 
migrate into foods. 

The large increase in the use of drugs and other 
pharmaceuticals in animal husbandry has alerted ana- 
lysts to seek residues of these substances in such foods 
as milk and meat. New pharmaceuticals are fre- 
quently being introduced in veterinary practice and 
relevant analytical methods are subsequently 
required. 

In conclusion, there is no evidence to suggest any 
reduction in the activities of the food analyst with GC 
applications. New compounds requiring analysis will 
be incorporated into existing systems, which will con- 
tinue to undergo advantageous changes in data-pro- 
cessing, resulting in increased sensitivity and selecti- 
vity. 
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ON THE EXTRACTION OF COBALT, NICKEL, 
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TIME STABILITY OF THE EXTRACTS 
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!Smmnary-The extraction of cobalt, nickel, cadmium and lead ions by means of APDC/MIBK has 
been studied at various acidities of the aqueous phase (pH 0.24. Lead and nickel are extracted 
equally well over this pH-range, while cobalt and cadmium require pH > 1. The time stability of 
the extracted complexes in MIBK increases in the order cadmium < lead < nickel < cobalt. The 
decomposition of the complexing agent or the metal complexes is rapid in the two-phase system 
MIBK/water. 

Several investigators have used the ‘diethyldithiocar- 
bamate (DDC) or the tetramethylenedithiocarbamate 
ion (commonly called pyrrolidinedithiocarbamate, 
PDC) as chelating agents in the determination of 
various heavy metals in trace amounts. The com- 
plexed metal ions are extracted into an organic sol- 
vent and determined by atomic-absorption spectro- 
photometry etc. 

The extraction of the metal complex into the 
organic phase depends upon the hydrogen-ion con- 
centration of the aqueous phase. With other experi- 
mental parameters kept constant, the amount of the 
metal ion extracted will decrease steeply if the pH 
is less than some critical value. Thus, pH-control is 
necessary for complexation and extraction. Many 
analytical procedures require precise (f0.1 unit) 
adjustment of pH, usually in the range 2-4. However, 
some studies indicate that the pH-range for quantita- 
tive extraction with PDC is fairly wide for lead (the 
pH interval is given as 0.1-6,’ or 0.258,‘) and cobalt 
(pH l-10,“) but more restricted for cadmium @H 
14,3). The pH interval suitable for nickel has been 
given as 2-4’ and 3.5-8.4 Extraction us. pH data are 
presented here for these four metal ions, supplement- 
ing the earlier data. 

The chelating agents mentioned above are unstable 
in acidic aqueous solution. The decomposition pro- 
ceeds through the dithiocarbamic acid, according to 
the scheme? 

R,NCS; + 2H+ =R2NCS2H + 
H+ =R,NH: + CSI (1) 

The decomposition is favoured when the pH of the 
solution is less than the pK, value of the R,NHi 
ion. The half-life for decomposition, tl,2. will be inde- 
pendent of pH when the pH is much less than the 
pK, value of the dithiocarbamic acid (pK, 5 4 for 
HDDC, pK, _ 3 for HPDC).’ The half-life is 

reported to be of the order of seconds for HDDC2s6 
and 25-32 min for HPDC2*6 under acidic conditions. 

PDC is often preferred to DDC when extractions 
are performed in acidic solution. Contradictory 
reports have appeared concerning the usefulness of 
DDC for extractions in the pH-range 224.79s 

From a practical point of view, the decomposition 
of pure dithiocarbamic acid in aqueous solution is 
not so important as the time stability of the various 
metal complexes after extraction into an organic sol- 
vent, e.g., methyl isobutyl ketone (MIBK). Several 
reports 24*9-14 have commented on the limited time 
stability of PDC-complexes in MIBK., but a more 
precise comparison of the various values reported is 
difficult, owing to differences in experimental condi- 
tions. It is clear, however, that the time stability is 
different for different metal ions. The manganese- 
PDC extract in MIBK seems to be unstable,i2 but 
the cobalt complex has good stability.4 The lead and 
nickel extracts are said to be stable for 5 and 3 hr, 
respectively,4 and the nickel extract for more than 
15-20 hr.i4 The cadmium complex is said to be stable 

1 for more than 72 hr,” but very easily decomposed 

I during the extraction step.13 
Some difficulties encountered in our laboratory 

4 seemed to be caused by decomposition of the MIBK 
extracts and we have, therefore, investigated the stabi- 
lity of the ligand in water/MIBK mixtures. We have 
also studied the variation in time stability of cobalt, 
nickel, cadmium and lead tetramethylenedithiocarba- 
mate complexes in methyl isobutyl ketone with the 
pH of the aqueous phase and the contact area 
between the MIBK and aqueous phases. 

Apparatus 
EXPERIMENTAL 

A Perkin-Elmer 403 atomic-absorption spectrophot- 
ometer with a IO-cm single slot burner was used and was 
operated as recommended by the manufacturer. 
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Procedures 

To 100 ml of demineralized water were added a suitable 
amount of the metal ion (0.1 qole of Cd, 1 mole of Ni or 
Pb, 2 pmole of Co), 5 ml of 20”/. ascorbic acid solution and 
5 ml of 1% ammonium PDC solution. Ascorbic acid was 
added to imitate the conditions of analysis of some samples 
at this laboratory (it is used to diminish the interference 
from iron). After adjustment of pH, by addition of hydro- 
chloric acid or ammonia solution, the solution was trans- 
ferred to a 200-ml standard flask and extracted with 20.0 
ml of MIBK by vigorous shaking for 1 min. The organic 
phase was raised into the neck of the flask by addition of 
an aqueous solution with the same pH value as the 
aqueous phase. 

The time stability of the extracts was studied under 
various conditions. In some experiments, the MIBK phases 
were separated from the extracted aqueous phase, tram- 
ferred to test-tubes and stored, without water present, or 
with 5 ml of demineralized water. In other experiments, 
the MIBK was kept in contact with the extracted aqueous 
phase. The aqueous phase was stirred with a magnetic stir- 
rer either very gently (cu. 120 r.p.m.) or more vigorously. 

The stability of the cadmium complexes in MIBK solu- 
tion in contact with the extracted aqueous phase was stud- 
ied at different acidities with the aqueous phase either un- 
stirred or stirred very slowly. 

The absorbances of “aged” samples were compared with 
those of freshly prepared standards The experiments were 
duplicated and average values are given in the tables. The 
absorbances are accurate to *3x. 

The rate of decomposition of pyrrolidinedithiocarbamic 
acid, HPDC, was measured by taking samples at various 
time intervals and analysing for PDC by addition of cop 
per chloride solution in excess and spectrophotometric 
determination of the copper complex, extracted into 
chloroformL5 The temperature was 21 f 2”. The pH 
values are the readings given on a pH-meter set calibrated 
with a commercial buffer solution of nominal pH-value as 
near as possible to that of the sample solution (buffers of 
pH = 1, 2, 3, 4, 5 or 6 were used). 

REXJL.TS AND DISCUSSION 

Figure 1 shows the results of the extraction of the 
various metals at different pH-vahrea They confirm 
the earlier observations on the extraction of lead and 
cobalt. The poor extraction of cadmium found by 

Kinrade and Van Loon3 in the pH range 4-6 was 
not found here. The wide extraction range for nickel 
found here has not previously been reported. An 
“optimum” value for the extraction of any of these 
metal ions does not exist, in the sense that there is 
not a particular pH-value that gives better extraction 
than other values slightly different from it. Thus, there 
is no need for precise pH control anywhere in the 
range 1-6. 

Table 1 shows half-life values (t& for PDC in 
water, MIBK and some two-phase systems. The t,,, 
values found here for PDC in water are somewhat 
lower than those reported by Aspila et uL,~ but are 
in fair agreement with those of Everson and Parker.’ 
The rate of decomposition of PDC extracted into 
MIBK is low. However, the rate of decomposition 
of PDC in the two-phase system water/MIBK is very 
much greater than in either single-phase system. The 
t,,2 value was found to depend on the contact area 
between water and MIBK. In keeping with this, shak- 
ing of the mixture greatly promotes the decomposi- 
tion. As tf,2 is not affected very much if the water 
contains 10% of acetone (v/v), the MIBK dissolved 
in the water (about 2%) should not affect the rate 
of decomposition.. This rapid decomposition is also 
observed when instead of MIBK the corresponding 
alcohol, 4-methylpentan-2-d is used. Chloroform 
does not increase the rate of decomposition. The t,,, 
for the water/MIBK system did not change when the 
experiment was performed in the dark and with 
oxygen absent. It is suggested that the decomposition 
of PDC proceeds rapidly at the phase boundary 
between water and MIBK or similar organic com- 
pounds with polar groups. 

Tables 2-4 show that the time stability of the metal 
ion PDC complexes in MIBK depends on the metal 
ion and on the treatment of the extract. 

In the light of the results discussed here, the time 
instability of the extracted metal complexes may be 
described as follows. Kinetically labile complexes will 

Pb 

Cd . 

0 I 2 
w3 

4 s 6 

Fig 1. Effect of pH on the amount (expressed in terms of absorbance) of Co, Ni, Cd and Pb extracted 
with APDC/MIBK. 
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Table 1. Half-life for PDC at 21 f 2” 

Conditions t1/2 

In 0.8M HCI 
In acetate buffer, pH = 5.0 
In acetate buffer, pH = 4.3 
In acetate buffer, pH = 4.5, 
10% v/v acetone added 
In MIBK, extracted from 0.8M HCI 
In MIBK, extracted from acetate 
buffer, pH = 5.0 
Two phases: 
MIBK/0.8M HCI, intermittent shaking* 
MIBK/acetate buffer, pH = 5.0, 
continuous shaking 
MIBK/acetate buffer, pH = 5.0, 
intermittent shaking 
MIBK/acetate buffer, pH = 4.3, 
in dark, stirred by bubbling 
nitrogen gas 
CHCls/acetate buffer, pH = 4.3, 
intermittent shaking 
MIAAt/acetate buffer, pH = 4.3, 
intermittent shaking 

18 f 5 min 
25 f 3hr 
6.0 f 0.5 hr 

6.0 f 0.5 hr 
18 _+ 3 hr 

22 f 3 hr 

4*1mirl 

2.5 f 0.5 min 

12 f 3 min 

2.5 f 1 min 

6.2 f 0.5 hr 

Sflmin 

* The flask was inverted once every minute. 
t CMethylpentan-2-ol. 

Table 2. Time stability of Cd/PDC extracts in MIBK at various pH- 
values of the aqueous phase 

PH 
Absorbance x 1000 

1 hr 4 hr 7 hr 24 hr 30 hr 48 hr 80 hr 

1.0 Unstirred 160 157 157 145 130 22 0 
Stirred 160 155 157 4 0 

2.0 Unstirred 158 157 158 146 149 145 50 
Stirred 159 157 159 142 68 0 

3.0 Unstirred 156 157 156 146 145 144 147 
Stirred 156 158 158 152 152 126 68 

decompose when the concentration of free ligand has decomposition of the ligand will be low and the 
decreased below the level necessary for the formation extracts will be stable for a long time (Table 4). When 
of the extractable (i.e., neutral) complex (the decompo- the MIBK phase is not separated from the aqueous 
sition products of the ligand may also react with the phase, the decomposition will be faster and will 
metal ions to form precipitates). If the MIBK extract depend on the treatment of the extracts. The decom- 
is separated from the aqueous phase, the rate of position is accelerated when there is a large contact 

Table 3. Time stability of Co, Ni, Cd, Pb/PDC solutions in MIBK; extraction 
at pH = 1 

Absorbance x 1000 
45 min 3 hr 7 hr 24 hr 48 hr 105 hr 

MIBK-phase over 
pure water 

MIBK-phase over 
aqueous phase at 
pH = 1: slow stirring 

MIBK-phase over 
aqueous phase 
with pH = 1: 
rapid stirring 

co 104 116 113 113 113 114 
Ni 99 100 102 107 - 112 
Cd 111 110 108 113 111 112 
Pb 101 101 107 111 - 123 
co 103 116 114 112 116 115 
Ni 96 98 104 98 - 81 
Cd 112 109 110 0 
Pb 102 102 111 40 - 0 
co 103 117 120 120 118 116 
Ni 95 100 103 98 - 68 
Cd 110 107 0 
Pb 104 103 112 0 
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Table 4. Time stability of Ni, Cd, Pb/PDC solutions in into the neck of the flask by addition of water. All 
MIBK; extraction at pH = 1.0; MIBK-solution separated of the MIBK should be in the neck of the flask. The 

from the aqueous phase added water will then form a “buffer” between the 

Absorbance x 1000 organic layer and the extracted aqueous sample, 

Element 3 hr 22 days 30 days 70 days where the pH is around 1. Care is taken to avoid 
shaking or stirring the flasks. Even the cadmium 

Ni 258 266 229 209 
Cd 197 198 195 191 

complex will then be stable for at least 2 days. 

Pb 188 190 194 184 
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Summary-From the precipitation borderline in the pM’-pH diagram, determined experimentally under 
COz-free conditions, the stability constants of the mononuclear and polynuclear species of samarium 
hydroxide have been established. The values found are log*& = -7.5, log*b, = -15.0, 
log *& = -22.7, log *& = - 19.5 and log *KS0 = 17.5. They refer to fresh precipitates, prepared at 
room temperature in sodmm perchlorate medium with an ionic strength of 1. 

In a previous paper’ a method was described for .the 
determination of the hydrolysis constants of metals 
from the precipitation borderline in a pM’-pH dia- 
gram. This method was applied to cerium(II1) and 
yielded such promising results that further experi- 
ments were undertaken for the other lanthanides. In 
this paper the hydrolysis of samarium(II1) will be dis- 
cussed. Not all the hydrolysis constants of Sm(III) are 
known, and those published show a remarkable diver- 
sity. Moeller’ reported different values for log*/3,; 
depending on the concentration of the samarium sul- 
phate solution used (0.05-O.OOlM), he found log *jl 
values ranging from -10.7 to -9.1. Baes and 
Mesmer3 applied the empirical relation log*K,.,_ = 
log*KLaL + b, which was proposed by Kumok and 
Serebrennikov,4 and found log *fll = -7.9 (I = O), 
-8.2 (I = 0.05) and -9.6 (I = 3). Furthermore they 
reported log*/?,, = -13.8 (I = 3) and log*Kso = 
16.5 (I = 0); the last constant was deduced from con- 
siderations about lattice parameters. Guillamont et 
al.’ determined log */11 by means of solvent extraction 
and radiochemical measurements. For lithium per- 
chlorate medium (p = 0.1) and pH 2.5-5 they found 
log*fi, = -4.4. Kovalenko et ~1.~ investigated the 
composition of samarium hydroxide complexes by an 
oscillopolarographic method. For solutions contain- 
ing samarium chloride in concentrations between 
2 x 10v4 and 6 x 10e4M they concluded that 
Sm(OH)Cl, was precipitated in the pH range 6.30- 
6.55, and Sm(OH)2Cl in the pH range 6.65-6.80. In 
their opinion, solid Sm(OH), is formed only at pH 
2 6.8; log *K,o = 16.8 (20”, I = 0). From pH-titra- 
tions Meloche and Vrhnt4r7 calculated log *KS0 = 
21.3 (20”, I = 0.1) from the points in the titration 
curves corresponding to precipitation of half of the 

t Part I: Talanta, 1978, 25, 147. 

initial samarium perchlorate. Akselrud et al.8 
reported the composition Sm(OH)2Cl for freshly pre- 
pared precipitate. After aging for a month it was con- 
verted into Sm(OH), ; for this aged precipitate and the 
experimental conditions 25”, Csm = 10-4-10-1M and 
pH 6-7, a value of log *KS,, = 16.4 was calculated. 

The diversity of these results is apparently due to 
the neglect of the presence of polynuclear hydroxide 
complexes and to the difference in the experimental 
conditions used. The ionic strength, the aging of the 
precipitate, the influence of anions which do not 
behave indifferently when present in higher concen- 
trations, and the method of precipitate formation un- 
doubtedly play an important role. 

In our investigations we found that the most repro- 
ducible results were obtained with “fresh precipitates” 
formed under nitrogen, in a glove-box, analogously to 
the case of cerium(III).’ The need to standardize the 
precipitation procedure is related to the fact that the 
release of even trace amounts of hydrogen ions’ in an 
unbuffered system near pH 7 leads to a large decrease 
in pH. The gradual release of hydrogen ions occurs 
because of absorption of CO2 from the air, delayed 
precipitation, and delayed formation of soluble 
(polynuclear) hydroxide complexes. By strict standar- 
dization of the precipitation procedure with respect to 
time and by exclusion of C02, values for. *fil and 
*KS0 could be established that were consistent with 
those found by other investigators. Moreover, values 
for */I*, *& and *&, absent in existing literature, 
have been deduced. 

TVEORY 

In previous publicationsl~g~10 it has been shown 
that the borderline of precipitation in the pM’-pH 
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diagram can be divided into straight-line segments for 
which the following general formula holds 

PM;., = (npq)PH 

-@log *&I + 1% *&.p + logp) (1) 

in which */3,,, is the overall stability constant of the 
complex M,(OH), *I&, is the solubility product? and 
II the charge on the metal ion. 

When the precipitation region in the PM’--pH 
diagram has been established experimentally, the 
straight-line segments, each with its distinct slope 
@p-q) can be shifted so that the envelope curve fits 
the experimental points. From the final position of 
the lines the stability constants and probable compo- 
sition of the hydroxide complexes can be deduced.’ 

The following theoretical remarks can be made 
about the influence of dissolved CO1 on pH. The 
equilibrium molar concentrations of the different 
species derived from CO1 in air-saturated water” are 

[HzCO,] = lo-‘.’ (2) 

[HCO;] = lo- 11.35/[H+] (3) 

[CO:-] = 10-?.7/[H+]2 (4) 

If the normal atmospheric CO2 pressure (10-3.s2 
atm) is decreased by a factor f through flushing of the 
glove-box with nitrogen, the concentrations are all 
decreased by this factor f. 

In the pH-range of interest (pH 6-8) the concen- 
tration of CO:- is negligible relative to [HCO;] and 
[H&O,]. From charge balance it follows that 

[H’] = [OH-] + [HCO;] (5) 

Multiplication of equation (5) by [H’] and substitu- 
tion of equation (3) and K, = lo-l4 leads to 

(6) 

From this equation it follows that the deviation from 
pH 7 (for pure water) caused by dissolved CO2 
becomes negligible for f > 10’. Although strictly 
holding only for pure water, this inequality still in- 
forms us about the extent to which dissolved CO2 
(air) has to be removed from a solution by nitrogen 
in order to make its contribution to the pH-shift 
negligible. 

Another way in which CO2 can contribute to a 
pH-change is by its reaction with the ions Sm3+, 
SmOH’+ and Sm(OH): to form an insoluble car- 
bonate: 

2Sm(OH)!3-i) + 3H20 + 3CO2 
+{Sm2(C03)3}solld + (6 - 2i)H+ + 2iH20 (7) 

Hydrogen ions can also be released by an analogous 
reaction leading to the formation of a basic car- 
bonate. When the CO2 initially present under air- 
saturated conditions has been removed by precipi- 
tation, absorption of CO2 from the air will start and 
cause a slow continuation of reaction (7) (or its ana- 

logue). The pH will change gradually if no pre- 
cautions are taken. It was found experimentally that 
decrease of the CO2 pressure by a factor of 100 was 
sufficient to suppress reaction (7) to such a degree that 
the pH was acceptably reproducible. 

EXPERIMENTAL 

Nearly all manipulations were performed in a lOOO-litre 
glove-box, flushed with nitrogen. The solutions in the box 
were freed from COz by bubbling nitrogen through them. 
The effectiveness of exclusion of CO2 was checked by in- 
troducing 1 litre of helium into the box and measuring 
with a helium leakage detector the He concentration of the 
outlet stream as a function of time. Although at a flushing 
rate of 0.85 I./set the factor f should have been > 10” after 
2 hr, more prolonged flushing (>3 hr) turned out to be 
necessary, because displacement of the air from inside 
apparatus and glassware is rather inefficient. 

The pH-measurements were made with a glass and 
calomel electrode system and a Radiometer pa-meter. The 
calomel electrode was filled with a concentrated solution of 
sodium chloride to prevent clogging of the asbestos liquid- 
junction bridge by the precipitation of potassium perchlor- 
ate that would have occurred if potassium chloride solu- 
tion had been used instead. Bates”. l3 and McBryde.‘4,‘s 
have shown that a glass and calomel electrode system can 
be calibrated in pCH units when used with solutions in 
which an indifferent electrolyte predominates at constant 
ionic strength. A consisfent set of buffer solutions has been 
prepared for calibration in concentration units by making 
use of the dissociation constants of phosphoric acid, boric 
acid and water determined by Baes et al.‘“-” The pCH was 
measured in our perchlorate medium (I = 1) with a preci- 
sion better than 0.02. This was satisfactory in comparison 
with the uncertainty in the experimental results. 

The samarium solutions were prepared by dissolving 
comtiercial 99.9% Sm203 in IM perchloric acid by heat- 
ing. The experiments were performed with lo-*M samar- 
ium stock solutions except for the range pSm’ < 2, in 
which case a O.lM solution was used. 

Procedure 

Add carbonate-free 50% sodium hydroxide solution 
dropwise to 200-300 ml of samarium perchlorate solution 
in 1M perchloric acid, with vigorous stirring, until a pH of 
1 is reached. Add dilute alkali carefully until pH 4 is 
reached and cool fhe solution to room temperature. Add 
dilute alkali until precipitation starts. Remove a 2%ml por- 
tion. Add dilute alkali in small portions to the remainder 
of the solution until the pH has been increased by about 
0.2. Remove a second 25-ml portion. Increase the pH again 
by 0.2 and remove a third 25-ml portion, but finish the 
three steps within a span of 15 min. Separate the precipi- 
tate and solution by decantation after exactly 30 min of 
aging. Centrifuge the decanted solutions in order to collect 
residual and colloidal particles. Withdraw aliquots from 
the tubes, measure the PC, with a pH-meter calibrated in 
concentration units and acidify slightly. Keep the solutions 
for determination of samarium. 

Repeat the whole procedure for the next set of three 
solutions. Proceed until the whole pH-range has been 
covered. Take the acidified solutions out of the glove box 
and determine their samarium content by photometric 
titration with EDTA, with Xylenol Orange as the indi- 
cator.’ 

t According to IUPAC notation’ 1 

eB = C%(OH),I .CHl’ SK CM”‘1 
991’ 

CM]’ ’ .o=CH+3”. 
> 

RESULTS AND CONCLUSIONS 

The experimental results are plotted in Fig. 1. The 
uncertainty in the correction to be made for ionic 
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Fig. 1. The solid curve [the borderline of precipitation of Sm(OH),] has been constructed with the 
values given in Table 2. The dashed line is the borderline for 1% polycomplexation. The numbers 0, 1, 2, 
3 and 5 near the straight lines correspond to the slopes of the straight-line segments approximating the 

exact envelope curve [equation (8a)-(8e)]. The dots denote the experimental results. 

strengths >l is larger than the uncertainty in the 
position of the experimental points. Therefore no 

points have heen determined in the region pSm’ < 1. 
The steep part of the borderline of the precipitation 

region is nearly straight. Regression analysis in the 
range up to pSm’ = 4.6 shows that the slope can be 
estimated as 5.1 + 0.3. From this value it can be con- 
cluded that a polynuclear hydroxide complex has to 
be present, with a positive charge of at least 5. 
Although only speculative remarks can be made 
about the real identity of this species, Sm,(OH)i+ is 
assumed to be the predominant complex for the fol- 
lowing reasons. its charge lies close to the integral 
value ‘(3~ - q) = 5 of the slope of the straight-line 
segment which approximates the envelope curve in 
that region. Other complexes with a charge of 5+, 
such as Smz(OH)5+ and Sm,(OH):+, are much less 
likely for stereochemical and statistical reasons.’ In 
principle a mixture of 2 complexes with charges 
greater and less than 5 + can also lead to a borderline 
with a mean slope of 5 and fitting the steep part well, 
but it is then impossible to fit the bend of the curve to 

the experimental points in the region pSm’ 4.5-5.5, 
because the envelope curve, which in its steep part is 
then composed of two intersecting straight-line 
segments, has an increased curvature in that region, 
which makes the bend of the envelope curve pass 
under the experimental points. 

The supposition that a polymer of charge 5 + is the 
only one formed in solution, leads to the following set 
of equations for the straight-line segments (Table 1). 

‘Assigning equation (ga) to the steep part of the 
borderline (ranging up to pSm’ 4.6) the best fit to the 
points is obtained with the equation 

pSm’ = 5pH - (33.5 f 0.1) (9) 

which leads to the following relation between the 
constants: 

3 log *zC,u + log *p4,3 = 33.0 f 0.1 (10) 

Equation (Se) can be assigned to the horizontal part 
of the borderline. The best fit corresponds to 

pSm’ = 5.20 * 0.02 (11) 

Table 1 

Equation Slope 
number P 4 @P - 4) Equation for the borderline segment 

8a 3 4 5 pSm’ = 5pH - (3log l K.e + log *fi4,9 + 0.5) 
8b 1 0 3 pSm’ = 3pH - log *K,,, 
8c 1 1 2 pSm’ = 2pH - (log *KS,, + log l PI) 
8d 1 2 1 pSm’ = pH - (log *K,a + log */Is) 
8e 1 3 0 pSm’ = -log+K,, = -(log *K.o + log *Sd 

‘/j 
**P 

= csm~(oH)*3~cH+1q. *bq,l E *& and [sm(OH),]_ = ‘K 

[Sm3+lP ’ 
,3 = ‘8,. *Ko. 
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from which can be deduced Table 2. 

log *K,,, + log *j& = -5.20 f 0.02 (12) 

If it is assumed that the straight-line segments corre- 
sponding to equations (9) and (11) are the only ones 
contributing to the envelope curve, the following 
equation holds for this curve: 

log’& = -7.5 
log ‘& = - 15.0 

log *& = - 19.5 
log *I& = + 17.5 

log */& = -22.7 

CSm’L = lo-‘SpH- 33.5) + lo-S.2 
(13) 

With this equation an excellent fit is obtained to the 
experimental points in the rather sharp bend. It 
means that as the term in equation (13) correspond to 
Sm3(OH)i+ and Sm(OH)3 respectively, the fresh pre- 
cipitate will be in equilibrium (more or less defined) 
with these species only. This can be seen as follows. If, 
together with the precipitate, one (or more) of the 
species Sm3+, SmOH2+ or Sm(OH)i is present in 
measurable amount, equation (13) has to be extended 
with the corresponding term. The straight-line seg- 
ment belonging to this term should contribute to the 
shape of the envelope curve. The bend of this curve is 
the first place where such a contribution should 
become manifest, as can be seen by moving the line 
segment (with slope 1, 2 or 3) from left to right. As 
without their contribution the fit of the curve to the 
experimental points is already excellent, it can be con- 
cluded first that there is no contribution of one of the 
lines corresponding to equations (8b), (8~) or (8d), and 
secondly that there is a limiting position for the line 
segments. As the straight-line segments intersect each 
other at pH< = p*KI the limiting position implies that 
these constants cannot exceed certain values. In Fig. 1 
the envelope curve corresponds to equation (13). The 
straight-line approximations to this curve [equations 
(9) and (ll)] intersect at pH = 7.74. Different plots 
have been made with p*K, values approaching 7.74. 
In this way it has been found that the limiting pos- 
ition of the other straight-line segments corresponds 
to p*Ki = 7.5, p*K2 = 7.5 and pZK3 = 7.7. 

p*Kti Correlating this with Fig. 1 it will be obvious 
that the intervals over which the values of p*Ki may 
vary are small. Therefore we assume that Fig. 1 rep- 
resents a situation which does not deviate much from 
reality. It can be noted that at the same time we have 
fulfilled the general rule that the ratio of the con- 
secutive stability constants should be *Ki+ J*Ki < 1. 
Although for an unambiguous establishment of the 
hydrolysis constants more information is necessary, 
preferably directly about the polycomplexation itself, 
we still conclude that the values given in Table 2 can 
be regarded as useful for describing the hydrolysis of 
samarium. 

Baes and Mesmer3 reported the possibility of for- 
mation of M(OH); species by lanthanides. However, 
no data have been found in the literature for such 
species of Sm(II1). From our experiments at high pH 
no conclusions could be drawn as to whether the 
solubility increases or not. A different experimental 
method is necessary to obtain significant results at pH 
above 12. 

DISCUSSION 

In our opinion it is rather speculative to discuss the 
errors in the different constants. It is more appro- 
priate to assign an uncertainty of about 0.1 log unit 
both in pSm’ and pH to the position of the calculated 
precipitation borderline. Comparing our values with 
the literature data, we noticed that polycomplexation 
has often been negiected, 2P4,6*7 that interaction with 
sulphate has not been taken into account’ or that the 
adopted extraction model is obviously too simple.’ 

Consider now the 1% polycomplex borderline as a 
measure for the extent of polycomplexation.l*g*lo The 
steep left-hand side of this borderline can be approxi- 
mated by a straight-line segment given by 

pM:s = 2pH + :(log */I493 + 2.5) (15) 

Through equations (10) and (12) the value of *jI4,3 
is related to the values of the other constants. Thus 
the extent of the polycomplex region depends upon 
the p*Ki values (i = 1,2,3). As an increase in p*Ki 
leads to a decrease of this region, the polycomplex 
region will be minimal for the limiting set of p*Ki 
values already mentioned. Figure 1 is drawn for this 
limiting situation. Now the question remains whether 
p*Ki can adopt lower values. Here we have to rely 
upon information from other investigators.2*4 As lan- 
thanide ions are fairly large, hydrolysis does not 
become appreciable at normal concentrations (10m2- 
10m3M) until fairly high pH values are reached 
(> 5.5). Actually this sets another limit to the extent of 
the polycomplex region and hence lower limits to 

When corrected for differences in ionic strength, 
our value for log*jI, was found to be in fair agree- 
ment with that of Kumok and Serebrennikov,4 al- 
though they used a statistical method, based on data 
for ligands other than OH-. Comparing the log *KS0 
values, also after correcting for differences in ionic 
strength, our value (log * K,, = 18.4; I = 0) and the 
one determined by Meloche et al.’ (log *KS0 = 22.2; 
I = 0) are significantly higher than those determined 
by the other authors (log *KS0 = 16.4-16.8; I = 0). 
These differences can be attributed to different aging 
times of the precipitates (Meloche et a/.’ 2 min, the 
other authors 4 hr-1 month, our work 30 min). 

A fresh precipitate tends to have a higher solubility 
then an aged one.’ It has been concluded that 
Sm,(OH)z+ IS the species which is predominantly 
formed in the polycomplex region. Although this has 
not been established unambiguously, it is at any rate 
certain from the steepness of the corresponding part 
of the precipitation borderline that Sm,(OH):+ is not 
formed to a measurable extent. So the results of 
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Kumok and Serebrennikov* found by interpolation 
are questionable. 

Summarizing, it can be stated that with the method 
previously applied to Ce(II1) valuable information can 

0 be obtained about the occurrence of the various 
samarium hydroxide species and the magnitude of 
their stability constants. Further experiments are in 
preparation for the other lanthanides. 
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Summary-A fully automatic system for combined spectrophotometric and pH titrations was described 
in Part I. Its performance in the titration of weak acids and metal complexes is discussed, along with a 
computer program for numerical treatment of the data, based on Marquardt’s modification of the 
Newton-Gauss non-linear least-squares method. The deprotonation of p-nitrophenol at concentrations 
of 4 x 10-s and 4 x 10m6M was studied in order to test the sensitivity. Results identical within the 
reproducibility of the pH-meter were obtained: pK” = 7.00 + 0.01 and 7.02 f 0.01, res ectively. Three 
complexation reactions were studied: (I) the interaction of SCN- with the Co P+ complex of 
1,4,&l 1-tetramethyl-1,4&l l-tetra-axacyclotetradecane (TMC); five independent experiments gave pK 
[CoTMC (SCN)+ G CoTMC*+ + SCN-] = 3.099 + 0.003: (2) the deprotonation of the Cu2+ complex 
of 3,7-diaxanonanediamide (DANA); five experiments gave pK (CuDANA’+ Z$ CuDANAH? 1 + 
H+) = 7.14 + 0.01 and pK (CuDANAH? , z$ CuDANAH_r + H+) = 8.38 f 0.01: (3) for the reaction 
of CL?’ with 1,3,7-triazacyclodecane (L), data from different 1igand:metal ratios had to be combined to 
obtain pK (CuL’+ e 
(CurLz (OH):+ + 

Cu2+ + L) = 16.19 f. 0.01, pK (CuL;+ z$ CuLzf + L) = 10.30 f 0.01, and pK 
2 CuL’+ + 2 OH-) = 14.58 k 0.03. Titration curves with a total change in absor- 

bance of as little as 0.03 units could be analysed satisfactorily, extending considerably the useful range of 
concentrations for spectrophotometric titrations. In combin:d spectrophotometric/pH titrations the 
accuracy of the glass electrode is normally the limiting factor. Other equilibrium constants can easily be 
reproduced with standard errors of less than 0.01 log unit. 

Although electronic absorption spectrophotometry is 
of very broad potential applicability in the determina- 
tion of equilibrium constants, in practice its use has 
been limited by the need for very precise absorbance 
values’ and numerical treatment of a relatively large 
amount of raw data with a minimum of simplifica- 
tions. Several general programs, based on different 
algorithms, for the calculation of equilibrium con- 
stants from spectrophotometric data can be found in 
the literature. A program by Kankare’ is based on a 
direct search method. Feldberg et aL3 have used 
Sillen’s twist matrix method4 Leggett and McBryde’ 
describe a program based on SCGGS6 which has 
been successfully applied to many equilibrium studies. 
Another Newton-Gauss least-squares refinement pro- 
gram was developed by Lingane and Hugus 
Recently, a program using Marquardt’s’ extension of 
the Newton-Gauss algorithm has been published.’ 

In Part I,” we described a fully automatic system 
for combined spectrophotometric and pH-titrations 
with on-line digital data acquisition by means of an 
HP9820 desk-top calculator. The performance of the 
system was tested critically and absorbance readings 
with a reproducibility of 0.00012-0.00017 were 
obtained for chemically stable test solutions. Here we 

* Part I-Talanta, 1979, 26, 563. 

report the use of this set-up in the determination of 
equilibrium constants for systems of increasing 
degrees of complexity. The reactions studied were: the 
deprotonation of p-nitrophenol (PNP), the interaction 
of SCN- with the Co*+ complex of 1,4,8,11-tetra- 
methyl-1,4,8,11-tetra-azacyclotetradecane (TMC), the 
stepwise deprotonation of the Cu*+ complex of 
3,7-diazanonanediamide (DANA), and the complexa- 
tion of Cu*+ with 1,3,7-triazacyclodecane (TACD). 
Computer programs were developed for the calcula- 
tion of equilibrium constants and molar absorptivities 
by using a general non-linear least-squares analysis of 
the Newton-Gaus*Marquardt* type. The programs 
also allow both the original absorption data and the 
spectra of the individual chemical species, calculated 
from the final set of parameters, to be plotted.. The 
complete numerical treatment was done on a desk top 
calculator, HF’9821, with fully expanded memory. 

EXPERIMENTAL 

Materials 

TMCL’*i2 DANA. 2HCl,i3 and TACD. 3HBr,i4*iS (by 
the tosylate ester method16) were synthesized as described 
in the literature. Standard solutions of CoTMC(C104)2 
were obtained from CZo(C104)2 and TMC after filtering elf 
excess of Co’+ precipitated as ~J(OH)~.” Amine-buffer 
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bases were distilled before use. Other analytical grade rea- 
gents were used without further purification. All experi- 
ments were done at 298 K in doubly distilled water. The 
ionic strength was adjusted to 0.5. The experimental condi- 
tions for the spectrophotometric titrations are summarized 
in Table 1. 

Computer programs 

The computer program for on-line data acquisition was 
described in Part I.” A general program has been deve- 
loped for (i) plotting the absorbance data after correction 
for the baseline, (ii) non-linear least-squares calculation of 
equilibrium constants and molar absorptivities from data 
at specified wavelengths and plotting of the experimental 
and calculated titration curves, and (iii) calculation and 
plotting of the absorption spectra of the individual species 
from the final set of equilibrium constants (weighted mean 
of results obtained at the different wavelengths). Although 
the HP9821 desk-top calculator had a fully expanded 
memory of 1447 registers, space limitations were rather 
severe and it was necessary to take great care to write the 
program as concisely as possible. Six hundred registers 
(roughly 2.5 kbyte) were left for the numerical data and the 
subroutine describing the equilibrium system. In order to 
increase the amount of data which could be treated, the 
program was also divided into three independent parts for 
tasks (+(iii). Because of extensive use of the same subrou- 
tines in all three parts, the effect of splitting is not drama- 
tic, but roughly 100 registers of memory can be saved. 

Below we describe these separate programs, rather than 
the combined one, in some detail. 

(i) Plotting of experimental data. This program is simple 
in concept. First the data accumulated by the on-line tit- 
ration systemi are read in from tape, then the baseline is 
subtracted from the data and the extremes of the absor- 
bance values are found. The program calls a general plot- 
ting subroutine which automatically sets the proper limits 
and labels the axes. Finally the individual corrected absor- 
bance values are plotted and connected by curves obtained 
from fourth-order polynominals. Up to 30 curves are iden- 
tilled by the successive use of ten different symbols and 
solid, broken or dotted lines, respectively. 

(ii) Calculation of equilibrium constants and molar absorp- 
tioities at specified wavelengths. After the subroutine des- 
cribing the chemical system and the data has been read in, 
the baseline correction is applied and the absorbance 
values are ordered according to wavelength and rewritten 
onto the tape in individual data files. The values for equili- 
brium constants known from previous experiments and 
estimates for those to be determined are then read in, fol- 
lowed by the number of absorbing species. Next, the pro- 
gram asks for the wavelength to be used in the calculation. 
Subroutines are called to calculate the concentrations of all 
absorbing species at each point of the titration curve,* the 
absorptivities of all species, the residuals in absorbance 
(difference between experimental and calculated absor- 
bance), and the error-square sum. The latter is printed and 
compared with the previous one. If the error-square sum 
remains constant within one part per thousand and some 
other termination criteria are met (c$ Fig. 1), the final 
values of the equilibrium constants and absorptivities are 
printed, along with their standard errors. If required, the 
calculated and experimental absorbances may be printed 
and/or the titration curve may be plotted. The program 
then asks for the next wavelength to be used. This part can 
easily be made fully automatic if the calculation is to be 
done successively at all wavelengths. 

If the termination criteria are not met after the calcula- 
tion of an error-square sum, the Newton-Gauss-Mar- 
quardt* non-linear regression analysis routine is called for 

* These subroutines are essentially as described earlier.“’ 

calculation of better estimates of the equilibrium constants. 
In cases where sufficiently good estimates for the unknown 
equilibrium constants are available, the normal Newton- 
Gauss procedure is used alone in our program, since this is 
then the most rapid algorithm. A Marquardt correction is 
applied to the diagonal elements of the curvature matrix 
(cJ e.g., Bevington”) only if divergence occurs. A llow dia- 
gram of this part of the program is given in Fig. 1. 

(iii) Calculation and plot of absorption spectra of the indi- 
vidual species. This program is quite similar to (ii) excepr 
that the non-linear iteration procedure is missing. Calcula- 
tion of the absorptivities of all species on the basis of the 
final set of equilibrium constants proceeds automatically 
from the maximum to the minimum wavelength. The 
absorption spectra for the individual species are plotted. 
The final set of absorptivities is stored on tape. 

RESULTS 

As described, equilibrium constants KI and their 
standard errors were calculated at suitable wave- 
lengths L for each system. Unit weights were assigned 
to the individual absorbance readings throughout. 
Weighted means, log K, were obtained from the 
values of log ICI, and are compiled in Table 2 along 
with their standard errors a(log K). In every case the 
weights a1 = a(log K,) were used in the absolute (a,,) 
and the relative (a,) form and the larger value is given 
in Table 2. 

l *f = l/(ii ll4.i) 

I 

1 W:.iNogK,,i - logK)2 
2 _ i=l 

6, - 

(I - 1). i 1 
(2) 

1/5:,t i -= I 
I = number of wavelengths. 

As indicated in Table 2, the standard deviations in 
absorbance o* for individual titration curves were in 
general between 0.0002 and 0.0006, close to the intrin- 
sic precision of the titration system.” Values of u* 
were between 0.0006 and 0.0018 for 4 x lo- ‘M PNP 
and for @+/DANA with higher total changes in 
absorbance (between 0.3 and 0.8 units), reflecting the 
uncertainty of the pH readings through the law of 
error propagation. Equilibrium constants of essen- 
tially the same quality were obtained, whether the 
total change in absorbance was as low as 0.03 or as 
high as 0.8. 

The reproducibility of the titration system was stu- 
died with CoTMC2+/SCN- and Cu2+/DANA, for 
which the experiment was repeated five times and the 
variance between results from different batches could 
be estimated along with the standard errors for log K 

as obtained from a single experiment. The averages of 
log K (log K) and their standard errors u(log K) are 

included in Table 2 for these two systems. 
Individual titration curves for the deprotonation of 

PNP could be fitted very closely: a(log K) values of 
0.001 and 0.002 were obtained for 4 x lo- 5 and 
4 x 10e6M PNP, respectively. The latter result is 



1114 ANDREASD. ZUBERBUHLER ~~~THo~sA. KADEN 

1 

calculate SQ 

,-i 

w 
decrease MP 

clear CM 

differentiatio 

calculate CM 

7 calculate EM, 

no 

& set MP = 0 

1 invert EM 
I 

shifts 
I 

rrj calculate CM 1 

increase MP 

I 

print results 

1 new estimates 1 
I 

Fig. 1. Flow diagram of the non-linear regression analysis. SQ: Error-square sum, sum of squares of 
residuals; MP: Marquardt parameter;* CM: curvature matrix;” EM: error matrix.r9 

remarkable since, depending on the wavelength 
chosen, the total changes in absorbance were as low 
as 0.02-0.06, in the experiment with the lower concen- 
tration of PNP. Since 30 spectra were recorded per 
titration, changes in absorbance between two titration 
steps were typically around 0.001~.002, and appar- 
ently even such small changes could be determined 
quite accurately. 

Probably the main source of error is the glass elec- 
trode. The precision of equilibrium constants 
obtained from combined spectrophotometric and pH- 
titrations was considered to be 40.01 log units at best 

and no standard errors below this limit are listed for 
the final results of such experiments. Within the un- 
certainty expected from the use of the pH-meter the 
results for 4 x lo- ’ and for 4 x lO-‘jM PNP are 
identical. 

The complexation between t&rTMC’+ and SCN- 
was-studied between 340 and 300 nm. Total changes 
in absorbance were between 6.64 and 0.12 (depending 
on the wavelength), sign&antly below the optimum 
range of the spectrophotometer. From five indepen- 
dent experiments, values of 3.101 f 0.005, 
3.089 + 0.006, 3.108 f 0.006, 3.103 f 0.006, and 
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3.094 + 0.006 were obtained ior log K 
(CoTMC*+ + SCN- Q= CoTMC!(SCN)+). No signifi- 
cant differences between the experiments were found: 
log K = 3.099 + 0.003 with almost identical values 
for a, and 6,. Thus the overall uncertainty for such 
complexation reactions, in which no measurement of 
the pH is involved, is well below 0.01 log unit. 

The deprotonation of CuDANA* + to, 
CuDANAHZt and to CuDANAH_* was studied at 
lO-nm intervals between 700 and 640 nm. Formation 
of CuDANA*+ is essentially complete at pH 3 and 
deprotonation occurs in strongly overlapping equili- 
bria.t3 As shown in Fig. 2, hardly any indication,of 
the presence of a two-step equilibrium is obtained 
from visual inspection of a titration curve. Although 
this makes initial estimates of the equilibrium con- 
stants somewhat arbitrary, no difficulties were 
encountered in the refinement process. In fact, the 
final values were always obtained after two refinement 
cycles, once the parameters had been calculated at the 
first wavelength. The time needed for the automatic 
calculation of one complete experiment for all seven 
wavelengths is 55 min on the HF9821. 

The iteration algorithm is rather insensitive to the 
quality of the initial estimates for the parameters. 
With good starting values (within 0.1 log unit), the 
final results are obtained after three refinements; if 
both parameters are wrong by one or two orders of 
magnitude, five and six cycles are needed, respectively. 
No tendency to divergence was observed even with. 
completely erratic initial guesses. 

Standard errors of the equilibrium constants were 
between 0.003 and 0.009 log unit for results from dif- 
ferent wavelengths but a single batch. For reasons 
discussed above, u(log K) was not allowed to be below 
0.01 log unit in the final results. 

TACD (L) and Cu*+ give the complexes CuL*+, 
CuL:+, and Cu,L,(OH):+ according to results from 
potentiometric titrations.r5 Since CuL:+ and 
Cu2L2(OH):+ are formed in essentially the same pH 
region, data from a single titration curve did not yield 
reliable values for the corresponding equilibrium con- 
stants. Data from two different experiments with dif- 
.ferent metal: ligand ratios had to be combined. A 
modification of the standard program was developed 
which allowed the simultaneous treatment of more 
than one titration curve. Also, because of the presence 
of 1: 2 and 2:2 complexes, a more complicated 
subroutine using the Newton-Raphson method for 
iterative calculation of the concentrations of the com- 
plex species had to be applied. This longer subroutine, 
together with the increased number of data points, 
completely filled the available memory and the treat- 
ment of the data from a single wavelength needed 
roughly 100 min. Nevertheless, the results agree well 
with those obtained from purely potentiometric titra- 
tions. Log K values were calculated from data 
obtained between 600 and 780 nm, at 20 nm intervals. 
While log K (Cu*+ + Le CuL*+) could be deter-. 
mined accurately at all wavelengths, the quality of the 
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Fig. 2. Titration of CuDANA” with NaOH. Conditions given in Table 1. ;1 = 700 nm, error bars = Sa 
(absorbance) = 0.002. 

I I I I I I 
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Fig. 3. Titration of Cu’+/TACD with NaOH. TACD = O.O02M, [CL?+] = O.OOO!JM, I = 640 nm, 
error bars = 2a, = 0.001. 

E 
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Fig. 4. Titration of Cu’+/TACD with NaOH. TACD = 0.002M, [Cu*‘] = O.O018M, 2 = 640 nm, 
I = 2u* = 0.001. 
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Fig. 5. Absorption spectra for complexes in the system Cu’+/TACD. Molar absorptivities: 0 Cuic, 
xCuL’+, +CuL:+, *Cu2L2(OH):+. 

results for the other equilibrium constants was 
strongly wavelength-dependent, since either CuL: + or 
Cu,L,(OH):+ had absorptivities very close to those 
of CuL’+ at several 1. Titration curves for 640 nim 
andCtt ‘+ :ligand ratios of 0.45: 1 and 0.9: 1 are given 
in Figs. 3 and 4, respectively. 

Although the total changes in absorbance were 
only 0.035 and 0.1, agreement between experimental 
and calculated absorbances was quite satisfactory 
since the standard deviation in absorbance was only 
0.0005 or less at all wavelengths. Finally, spectra of 
the individual species, as calculated from the “best” 
equilibrium constants, are shown in Fig. 5. Stan- 
dard errors in molar absorptivity were close to 0.1 
l.mole-‘.cm-’ for CuL’+, 0.2 l,mole-l.cm-l for 
CuLi+ and 0.25 1. mole-‘. cm- ’ for Cu2L2(OH):+ at 
all wavelengths. 

DISCUSSION 

The fully automatic system for combined spectro- 
photometric and potentiometric titrations described 
previously” has a stability and precision such that 
even small total changes in absorbance of around 
O.OM.OS&n be analysed without significant loss in 
accuracy or reproducibility. A general non-linear 
least-squares program* was developed for numerical 
treatment of the data with an HP9821 desk-top cal- 
culator with 1447 registers of memory. For the three 
complexation systems studied, earlier values from this 
laboratory were available for comparison, mainly 
from potentiometric titrations.13*1s*2’ As can be seen 
from Table 2, the new results agreed with the previous 
ones within their standard errors. In addition, a signi- 
ficant reduction in the standard errors was obtained 
with the new set-up. 

No difficulties with convergence’*23 were encoun- 
tered in the numerical treatment of the data. For the 

l Listings of the program are available from the authors 
on request. 

systems PNP, CoTMC2+/SCN-, and Cu’+/TACD 
this might be expected since there are no strongly 
overlapping equilibria. For Cu’+/DANA, the preci- 
sion of the initial absorbance readings might be deci- 
sive.’ In addition, a highly effective and reliable 
search procedure is essential if convergence is not to 
depend on very good initial estimates of the para- 
meters. The time required for lengthy graphical pre- 
treatment of the raw data is, in our opinion, better 
used for carefully testing the significance of each new 
parameter introduced into the model describing a 
chemical system, and for adding as much chemical 
reasoning as possible when selecting the mode1.5*24 

A specific problem of spectrophotometric rather 
than potentiometric data is, of course, the introduc- 
tion of additional unknowns in the form of the molar 
absorptivities. Even if data from different wavelengths 
are treated successively rather than simultaneously, 
the number of unknowns is at least doubled relative 
to that of the same system studied potentiometrically. 
Three different possible ways of dealing with this 
problem are described in the literature. (i) Absorptivi- 
ties and equilibrium constants are treated as two dif- 
ferent sets of parameters. The computer alternatively 
calculates the best absorptivities for a given set of 
equilibrium constants, which is a linear problem and 
can be solved by simple matrix manipulation, then 
uses this result to obtain new estimates for the equili- 
brium constants, and so on, back and forth.‘*23 This 
method, while avoiding the manipulation of too large 
matrices, was found to be extremely slow in conver- 
gence for overlapping equilibria, probably because of 
the strong correlation between absorptivities and 
equilibrium constants in such systems.7*23 (ii) Absorp- 
tivities and equilibrium constants are considered to be 
more or less equivalent parameters and are refined 
simultaneously.’ This method needs estimates of both 
the absorptivities Ej [j = 1 to .Z (number of absorbing 
species)] and ki [i = 1 to I (number of equilibrium 
constants)] and the handling of matrices with dimen- 
sions (J + I) x (J + I). We found that convergence 
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was relatively rapid and unproblematic when starting 
from reasonable estimates. (iii) The total number of 
parameters can effectively be reduced to I, the 
number of equilibrium constants to be retined2’ by 
treating the absorbance and thence the error-square 
sum not as a function of the E, values and the ki 
values but of the ki values and the corresponding 
“best” set of absorptivities Zj. 

The absorptivities then disappear from the refining 
process. A closely related algorithm was used in the 
computer program SQUAD,’ which is a modification 
of the well-known general non-linear least-squares 
program SCOGS.6 We found this method to be by far 
the most effective. When it is combined with our own 
version of the Newton-GaussMarquardt algorithm 
for refinement of the non-linear parameters, the need 
for good initial estimates seems to be completely 
abolished and the number of iterations needed seems 
to depend little on the quality of the estimates, as 
mentioned above. 

The results obtained show that equilibrium con- 
stants for simple and relatively complex systems can 
be obtained from automatic on-line spectrophoto- 
metric titrations and non-linear least-squares treat- 
ment of the data with a desk-top calculator. The 
speed of such calculators is, of course, not comparable 
with that of big computers, but we think that this is 
offset by the fact that on-line access to big computers 
is not always available. Slow automatic refinements 
cau easily be done overnight or whenever the calcula- 
tor is idle. The only problem with our particular cal- 
culator is the limited amount of memory (roughly 
6 kbyte for programs and data combined), although 
this did not in fact preclude any of the planned calcu- 
lations. However, combination of data from many 
wavelengths is not possible, unless a large amount of 
reading and writing data from and to tape is done, 
which would be very time-consun@g. With the recent 
introduction of a new series of inexpensive desk com- 
puters with up to 48 kbyte of memory these limi- 
tations can be easily overcome and we are confident 
that the use of such systems will greatly further on- 
line data acquisition and numerical treatment of spec- 
trophotometric and related data. 
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Summary--Two simple, reliable and moderately rapid atomic-absorption methods for determining trace 
and minor amounts of bismuth in copper, nickel, molybdenum, lead and zinc concentrates and ores, 
and in non-ferrous alloys, are described. These methods involve the separation of bismuth from matrix 
elements either by chloroform extraction of its diethyldithiocarbamate (DDTC) complex, at pH 
11.5-12.0, from a sodium hydroxide medium containing citric acid, tartaric acid, EDTA and potassium 
cyanide as complexing agents, or by co-precipitation with hydrous ferric oxide from an ammoniacal 
medium. Bismuth is ultimately determined, at 223.1 nm, after evaporation of the extract to dryness 
in the presence of nitric and perchloric acids and dissolution of the salts in 20% v/v hydrochloric 
acid, or by dissolution of the hydrous oxide precipitate with the same acid solution, respectively. 
Results obtained by both methods are compared with those obtained spectrophotometrieally by the 
iodide method after the separation of bismuth by DDTC and xanthate extractions. 

A current facet of the Canadian Certified Reference 
Materials Project, sponsored by CANMET, is the cer- 
tification of zinc, lead and copper sulphide concen- 
trates, CZN-1, CPB-1 and CCU-1, for a number of 
minor and trace constituents as well as the principal 
metals. Recently, as part of this project, a spectro- 
photometric method was developed for determining 
bismuth, at the #g/g-level, in diverse sulphide ores 
and concentrates) This method involves the prelimi- 
nary separation of bismuth by chloroform extraction 
of its diethyldithiocarbamate (DDTC) complex from a 
strongly alkaline sodium hydroxide medium containing 
citric acid, tartaric acid, EDTA and potassium cyanide 
as complexing agents. This is followed by extraction of 
bismuth as the xanthate and subsequent determina- 
tion as the iodide. In this work, it was suggested that 
moderate amounts of bismuth could probably also 
be readily determined by atomic-absorption spectro- 
photometry after separation by the relatively specific 
DDTC extraction step. The need for a reliable ato- 
mic-absorption method for determining _< 200 #g/g 
of bismuth in sulphide concentrates was apparent 
from the high results obtained in the CANMET 
laboratories for bismuth in CZN-1. It was also evi- 
dent from the wide range of values (19-120 #g/g) 
obtained by atomic-absorption methods by other 
laboratories during the interlaboratory certification 
programme. Most of these methods involved neither 
preliminary separation nor preconcentration steps, 
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nor matrix matching in the calibration solutions. This 
paper describes the application of the DDTC extrac- 
tion-atomic-absorption finish to ores, concentrates 
and non-ferrous alloys. It also describes a simpler and 
more rapid atomic-absorption method based on the 
separation of bismuth by co-precipitation with hyd- 
rous ferric oxide. Results obtained by both methods 
are compared with those obtained previously by the 
iodide method) 

EXPERIMENTAL 

Apparatus 

A Varian Techtron Model AA6 spectrophotometer 
equipped with a 10-cm laminar-flow, air-acetylene burner, 
and the conditions recommended by the manufacturer 
were used for the determination of bismuth. 

Reagents 
Standard bismuth solution, lO00 pxj/ml. Dissolve 0.5000 

g of pure bismuth metal in 20 ml of concentrated nitric 
acid, cool and dilute the solution to 500 ml with water. 
Prepare a 100-#g/ml solution by diluting 25 ml of this 
stock solution to 250 ml with water. Prepare the diluted 
solution fresh as required. 

Citric acid-tartaric acid solution, 25% of each acid. 
EDTA, disodium salt-sodium hydroxide solution, 12% of 

each. 
Sodium hydroxide, 50% solution. 
Potassium cyanide, 20% solution. Prepare fresh as 

required. 
Sodium DDTC, 1% solution. Prepare fresh as required. 

required. 
Iron(III) sulphate solution (1 ml -- 10 rag of iron). Dis- 

solve 25 g of ferric sulphate monohydrate in hot water 

1119 
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containing 5 ml of concentrated sulphuric acid, cool and 
dilute to 500 ml with water. 

Ammonia solution 10% v/v. 
Hydrochloric acid, 20% v/v. 
Sulphuric acid, 50% v/v. 
Nitric acid 50% v/v. 
Chloroform. Analytical-reagent grade. 

Calibration solutions 
Add 20 ml of concentrated hydrochloric acid to eight 

100-ml standard flasks; then, by burette, add to the first 
seven flasks 0.5, l, 2, 3, 5, 7.5 and l0 ml, respectively, 
of the standard 100-#g/ml bismuth solution. The contents 
of the last flask constitute the zero calibration solution. 
If bismuth is separated by co-precipitation with hydrous 
ferric oxide, add 10 ml of iron(III) sulphate solution to 
each flask. Dilute each solution to volume with water and 
mix (Note 1). 

bepar,,,o)t oJ bismuth by extraction of its DDTC complex 
Ores and concentrates. Transfer 0.2-0.5 g of powdered 

sample (Note 2), containing up to approximately 1 mg of 
bismuth, to  a 60-ml zirconium crucible. Add 3 g of sodium 
peroxide and mix thoroughly (Note 3). Cautiously fuse the 
mixture over an open flame and maintain it in the molten 
state for ~ 30 sec to ensure complete decomposition. Allow 
the melt to cool, then transfer the crucible to a covered 
400-ml Teflon beaker containing ~ 80 ml of water and 
25 ml of 50% sulphuric acid. When the melt has dissolved, 
remove the crucible after washing it thoroughly with water, 
then cover the beaker (Note 4) and evaporate the solution 
to ~ 75 ml. Remove the cover, add 5 ml of concentrated 
hydrofluoric acid and evaporate the solution to fumes of 
sulphur trioxide to remove silica and hydrogen peroxide. 
Cool, wash down the sides of the beaker with water, evap- 
orate the solution until ~ 10 ml of sulphuric acid remain 
(Note 5), then cool to room temperature. 

Add ~40 m l o f  water and 5 or 10 g of sodium chloride 
(Note 6) to the resulting solution and heat gently to dis- 
solve the sodium salts and lead sulphate. Add 20 ml of 
25% citric acid-25% tartaric acid solution, mix (Note 7) 
and add 50 ml of 12% EDTA-12% sodium hydroxide solu- 
uon. Using a pH-meter if necessary (Note 8), or a Small 
piece of red litmus paper added to the solution, make the 
solution alkaline (pH 7-11) with 50% sodium hydroxide 
solution. Cool the solution to room temperature in a 
water-bath, then adjust the pH to 11.5--12.0 with 50% 
sodium hydroxide solution. 

Transfer the resulting solution to a 250-ml separatory 
funnel, add 30 ml of freshly prepared 20% potassium 
cyanide solution and mix thoroughly. Add 5 ml of freshly 
prepared 1% sodium DDTC solution, mix, then add 10 
ml of chloroform (Note 9), stopper and shake for 1 min. 
Allow several min for the layers to separate, then drain 
the chloroform phase into a 150-ml beaker. Extract the 
aqueous phase twice more, in a similar manner, with 10- 
and 5-ml portions of chloroform, then wash it by shaking 
it for ~ 30 sec with 5 ml of chloroform. Add 10 ml of 
50% nitric acid to the combined extracts, heat in a hot 
water-bath to remove the chloroform, then cover the 
beaker and add I0 ml of concentrated perchloric acid. 
Evaporate the solution to fumes of perchloric acid and 
continue fuming for ~ 15 min to ensure the complete de- 
struction of organic material. Remove the cover, wash 
down the sides of the beaker with water and evaporate 
the solution to dryness. Add sufficient concentrated hydro- 
chloric acid for the concentration in the final solution to 
be approximately 20% by volume, warm gently to dissolve 

-the salts, transfer the solution to a standard flask of appro- 
priate size (25-100 ml), dilute to volume with water and 
mix. 

Measure the absorbance of the resulting solution, at 
223.1 nrn, in an oxidizing air-acetylene flame (Note 10). 
Determine the bismuth content of the solution by relating 

the resulting value to those obtained concurrently for cali- 
bration solutions of slightly higher and lower bismuth con- 
centrations. 

Lead-, tin- and copper-base alloys. Depending on the 
expected bismuth content, transfer 0.2-0.5 g of sample to 
a 400-ml meaker, cover and add 20 ml of 50% nitric acid. 
When the dissolution of the sample is complete, add 20 
ml of 50% sulphuric acid and heat until the evolution of 
oxides of nitrogen ceases. Remove the cover, wash down 
the sides of the beaker with water and evaporate the solu- 
tion until copious fumes of sulphur trioxide are evolved. 
Cool to room temperature, add ~40 ml of water and, 
depending on the amount of lead sulphate present, 5 or 
10 g of sodium chloride (Note 6). Heat to dissolve the 
salts, then proceed with the addition of citric acid-tartaric 
acid and EDTA-sodium hydroxide solutions, the pH 
adjustment, the extraction of bismuth DDTC and the sub- 
sequent determination of bismuth as described above. 

Separation of bismuth by co-precipitation with hydrous ferric 
oxide 

Following the decomposition of ores and mill products 
and copper-base alloys (Notes 11-13) as described above, 
and the ultimate evaporation of the solution to fumes of 
sulphur trioxide, cool and add ~ 100 ml of water. Add 
5 ml of concentrated hydrochloric acid and, if necessary, 
sufficient iron(Ill) sulphate solution for at least 100 mg 
of iron to be present. Cover and heat to dissolve the sol- 
uble salts. Add sufficient concentrated ammonia solution 
to precipitate iron as the hydrous oxide, then add 5 ml 
in excess and boil the Solution to coagulate the precipitate. 
Allow this to settle, then filter hot (Whatman No. 40 paper) 
and wash the beaker twice and the paper and precipitate 
three times with 10% ammonia solution. Discard the fil- 
trate and washings and place a 100-ml standard flask 
under the funnel. Wash down the sides of the beaker with 
40 ml of 20% hydrochloric acid and add the resulting solu- 
tion to the funnel containing the paper and  precipitate. 
Wash the beaker twice with 20% hydrochloric acid, added 
from a plastic wash-bottle, and add the washings to the 
funnel. Wash the paper three times with the acid solution. 
Discard the paper. Dilute the resulting solution to volume 
with 20% hydrochloric acid, mix and determine the bis- 
muth content of the solution as described above, but by 
comparison with absorbance values obtained for calibra- 
tion solutions containing approximately the same concen- 
tration of iron(Ill). 

Notes 
1. The calibration solutions should be prepared fresh 

every week because they are not stable on prolonged 
standing. 

2. Larger samples should not be used unless the volume 
of EDTA-sodium hydroxide solution that is employed 
subsequently for masking purposes is increased corre- 
spondingly. 

3. If the sample contains little, or no, acid-insoluble 
material, it can be decomposed with acids in a Teflon 
beaker as follows. 

Add 10 ml of 20% v/v bromine-carbon tetrachloride 
solution, cover and add 15 ml of concentrated nitric acid. 
Allow the solution to stand for ~ 15 min, then heat gently 
to remove the bromine and carbon tetrachloride. Add 20 
ml of 50% sulphuric acid, heat gently unt i l  the evolution 
of oxides of nitrogen ceases, then remove the cover and 
add 5 ml of concentrated hydrofluoric acid. Evaporate the 
solution to fumes of sulphur trioxide, then proceed as de- 
scribed. 

4. The solution should be kept almost completely 
covered during the initial evaporation, to avoid loss by 
spray. 

5. Low results will be obtained if the solution is evapor- 
ated to dryness. If this occurs, add 20 ml each of 50% 
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sulphuric acid and water, heat to dissolve the salts, then 
evaporate the solution to fumes of sulphur trioxide and 
proceed as described. 

6. Approximately 10 g of sodium chloride should be used 
if more than about 250 mg of lead is present. It can be 
omitted if lead sulphate is absent. 

7. If the subsequent DDTC extraction cannot be per- 
formed the same day, allow the solution to stand overnight 
at this point. Addition of the EDTA-sodium hydroxide 
solution is not harmful except that the EDTA will precipi- 
tate from the acidic solution during prolonged standing. 

8. A pH-meter is.only necessary for highly coloured cop- 
per and nickel solutions of low iron content. If an appreci- 
able amount of iron is present, add 50% sodium hydroxide 
solution until the solution changes colour because of for- 
mation of the reddish-brown iron(llI)-EDTA complex. 

9. Carbon tetrachloride instead of chloroform is not 
recommended for the extraction of bismuth from solutions 
containing an appreciable amount of lead. Lead DDTC, 
which is less soluble in this solvent, precipitates in the 
organic phase and may interfere mechanically with the 
extraction of bismuth. 

10. Scale expansion (~ 2.5--5-fold) is recommended for 
the determination of approximately 1 #g/ml or less of bis- 
muth. 

11. This method is not recommended for samples con- 
taining more than 50 mg of aluminium, antimony or tin 
or more than 200 mg of lead. 

12. Samples containing more than 1 mg of bismuth can 
be taken if the final solution is diluted to an appropriate 
volume with 20~ hydrochloric acid and if the calibration 
solutions contain approximately the same concentration 
of iron(Ill). 

13. Up to 1 g of sample can be taken if the iron content 
does not exceed approximately 20~o and if large amounts 
of other elements that form insoluble hydrous oxides (Note 
11) are absent. Approximately 4 g of sodium peroxide 
should be used for the decomposition of 1 g of sample. 

RESULTS 

Atomic-absorption finish after separation of bismuth by 
extraction of its DDTC complex 

It was shown previously ~ that lead is partly co- 
extracted into chloroform as the DDTC complex, at 
pH 11.5--12.0, from a sodium hydroxide medium con- 
taining citric acid, tartaric acid, EDTA and potassium 
cyanide as complexing agents. Tests, in which the 
extract was ultimately treated with nitric and per- 
chloric acids as described in the proposed method, 
showed that approximately 14--17 nag of lead are co- 
extracted, at the 300-mg level, when the recommended 
amount of sodium DDTC (50 mg) is used. However, 
up to at least 2000 #g/ml can be present in the final 
solution taken for analysis without interfering in the 
determination of bismuth by atomic-absorption spec- 
trophotometry under the proposed conditions. The 
use of less sodium DDTC to decrease the co-extrac- 
tion of lead is not recommended. It reduces the rate 
of complex formation and may result in incomplete 
extraction of bismuth. Thallium(III) is completely co- 
extracted as the DDTC complex but up to at least 
50 #g/ml will not interfere. 

Atomic-absorption finish after separation of bismuth by 
co-precipitation with hydrous ferric oxide 

Co-precipitation procedures, involving the hydrous 
oxides of lanthanum, 2-5 titanium 6 and zirconium, 7 

followed by an atomic-absorption finish, have been 
used for the separation and determination of bismuth 
and other elements in sulphide concentrates, 4,s vari- 
ous metals 2'7 and leach solutions: Iron(Ill) has also 
been recommended for co-precipitation purposes, s'9 
and has been used previously by the author for the 
preliminary separation of arsenic ~° and tellurium ~ 
from matrix elements in copper, nickel, molybdenum 
and zinc concentrates before their extraction as xan- 
thates and subsequent spectrophotometric determina- 
tion. Consequently, it was considered that this separ- 
ation step, in conjunction with an atomic-absorption 
finish, should also provide a rapid, simple and reliable 
method for determining bismuth in diverse ores and 
concentrates. The use of the other co-precipitants 
mentioned above was not considered necessary or 
desirable, where only bismuth is concerned, because 
most sulphide ores and concentrates usually contain 
sufficient iron to co-precipitate small amounts of bis- 
muth completely. Furthermore, large amounts of 
these elements, in conjunction with a large amount 
of iron, not only increase the metal ion content of 
the final solution, but also produce a bulky precipitate 
that is slow to filter and dissolve. 

Tests, in which bismuth was separated by co-preci- 
pitation with 100 mg of iron(III), as described pre- 
viously, l o.1 ~ followed by dissolution of the precipitate 
in 20% hydrochloric acid, yielded complete recovery 
of 20- and 1000-/ag amounts of bismuth. Further tests 
showed that up to 50 mg (or 500 pg/ml in the final 
solution) of manganese(II), antimony(V), zirconium, 
aluminium and tin(IV), which also form insoluble 
hydrous oxides, will not interfere either in the co- 
precipitation or in the subsequent determination o f  
bismuth by atomic-absorption spectrophotometry. 
Larger amounts of tin and antimony cause low results 
for bismuth because of the slow and incomplete dis- 
solution of the precipitate. A larger amount of alu- 
minium results in a solution that passes very slowly 
through the filter paper. It also causes slightly high 
results for bismuth. Up to at least 2000 pg/ml of lead 
and iron(Ill), 500 pg/ml of nickel, copper(II), sodium 
and zinc, 300 #g/ml of  molybdenum(VI) and 
arsenic(V), and 50/ag/ml of indium and thallium(Ill) 
can be present in the final solution, without interfer- 
ing in the determin~/tion of bismuth. More than 

2000 pg/ml of lead may result in the precipitation 
of lead chloride in the solution. 

Applications 

To test the reliability of the proposed methods, they 
were applied to the analyses of the CCRMP zinc, 
lead and copper concentrates, CZN-1, CPB-1 and 
CCU-I, and to two CCRMP reference ores, MP-1 
and PR-I, that have been certified for bismuth. The 
methods, where applicable, were also applied to certi- 
fied reference copper-, tin- and lead-base alloys. The 
results of these analyses are given in Table 1. Except 
as indicated in the footnotes to Table 1, 0.5-g samples 
were taken in these tests. 
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DISCUSSION 

Table 1 shows that the results obtained for the 
CCRMP reference ores and concentrates and for the 
National Bureau of Standards and British Chemical 
Standards non-ferrous alloys (where applicable) by 
the two methods, which involve completely different 
separation procedures, are in excellent agreement 
with each other, with those obtained previously by 
the author using the DDTC-xanthate extraction- 

iod ide  method, 1 and with the respective certified 
values. Unfortunately, a consensus value is not avail- 
able for the CCRMP copper concentrate, CCU-1, 
because it was not analysed for bismuth during the 
interlaboratory certification programme. Further- 
more, only a consensus value is available for CZN-1 
because it could not be certified for bismuth. The pre- 
cision of the results obtained for CZN-1 by the three 
methods suggests strongly that the wide range of 
values obtained in the interlaboratory certification 
programme is due to uncompensated interelement 
and/or matrix effects. These effects, as shown by the 
results obtained by one laboratory (0.0024%), can be 
minimized by simulating the composition of the 
sample in the calibration solutions. However, the in- 
herent disadvantage in this method is that it is only 
applicable to samples in which the approximate con- 
tent of the predominant matrix elements is known. 
Similarly, although matrix effects can also be elimin- 
ated, to some extent, by using the standard additions 
method, the results obtained by another participating 
laboratory (0.0092%), and work by other investiga- 
tors, t2 has shown that this method is not always reli- 
able. 

In the proposed method based on the separation 
of bismuth by extraction of its DDTC complex, the 
addition of lead, before the extraction, to eliminate 
interference from molybdenum and zinc, as described 
previously, ~ is not necessary. These elements only 
cause low (unexplained) results for bismuth if it is 
subsequently stripped from the extract by shaking it 
with 12M hydrochloric acid. Earlier, ~ the author 
stated that the probable lower limit of this method 
is about 0.01%. However, this estimate was not based 
on the use of scale expansion for the determination 
of bismuth. If an expanded scale is used, the method 

is suitable for samples containing ~ 0.0005% or more 
of bismuth. If desired, this lower limit can be de- 
creased to ~0.0002% if the salts ultimately obtained 
are dissolved in 2 ml of concentrated hydrochloric 
acid and the resultant solution is diluted to 10 ml. 
A method involving the extraction of an analogous 
bismuth complex, formed with ammonium pyrroli- 
dinedithiocarbamate, into methyl isobutyl ketone, at 
pH ~ 10.5, from an EDTA-potassium cyanide-citrate 
medium, followed by the direct atomic-absorption 
determination of bismuth in the extract has been 
reported. 13 However, although it has been shown that 
this method yields excellent results for bismuth in 
non-ferrous alloys, the proposed method is more suit- 
able for routine work because of the greater stability 
and ease of preparation of aqueous calibration solu- 
tions. 

The method based on co-precipitation of bismuth 
with iron(Ill) is suitable for samples containing 
~0.001% or more of bismuth if a 1-g sample is taken. 
This lower limit can also be decreased to ~ 0.0005% 
if the solution obtained after dissolution of the pre- 
cipitate is concentrated by evaporation and ultimately 
diluted to 50 ml. This method is not recommended 
for samples of high aluminium, tin, antimony and/or 
lead contents. Both methods are also applicable to 
nickel and molybdenum ores and concentrates. 
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Summary--The chromatographic behaviour of the platinum metals and gold, silver and copper on 
paper strips treated with liquid anion-exchangers and eluted with mixtures of HNO3 and HCI was 
investigated. It was found that increase of HNO3 concentration in the acid mixture increases the 
R~ values more significantly than does that of HCI. The presence of HNO3 in the development solution 
prevents the reduction of iridium(IV). The Rv values of the noble metals increase in the order 
Au(III) < Os(IV) < Ir(IV) < Pt(IV) < Pd(II) < Ru(III) < Rh(III) ~ Ir(III). Several separations of noble 
metals were carried out on paper strips treated with trioctylamine or quaternary aikylammonium 
salts, as well as the column separation of the mixture Pt-Pd-Rh. The proposed chromatographic 
systems seem to be especially useful for the separation of non-volatile noble metals. 

The classical separation methods are not always satis- 
factorily selective for the platinum metals and it is 
often difficult to obtain the single metals in high pur- 
ity from their mixtures. Therefore, it is not surprising 
that a search is made for rapid and more effective 
separation methods, for analytical and industrial pur- 
poses. The most promising separation methods for 
platinum metals seem to be ion-exchange chroma- 
tography and liquid-liquid extraction; 1-a however, 
the problem of easy and rapid separation of platinum, 
palladium, iridium and rhodium has not yet been 
completely solved. Ion-exchange chromatography has 
been applied successfully for the separation of noble 
metals from other metals and from each other and 
many useful cation- and anion-exchange procedures 
have been described; 1'4'7's however, their use in ana- 
lytical practice is often limited by incomplete elution 
(two bands are often formed for the same metal ion, 
owing to hydrolysis or reduction). 9-11 Further, the 
chloride complexes of platinum(IV) and iridium(IV) 
are very strongly retained on anion-exchange resins 
and can only be eluted with concentrated mineral 
acid solutions, which makes quantitative analysis of 
the eluate more difficult. 

Extraction chromatography appears to be one of 
the most promising separation methods for metals, 12 
but it has seldom been applied for the separation of 
noble metals. Pohlandt and Steele 13 separated the 
non-volatile noble metals on KeI-F treated with tribu- 
tyl phosphate, by stepwise elution with sulphuric and 
hydrochloric acid; however, this interesting procedure 
is rather time-consuming owing to the three success- 
ive column separations required. The separation of 
halide complexes of platinum metals on supports 
treated with tertiary long-chain amine salts or qua- 
ternary alkylammonium salts is difficult owing to the 
very strong affinity of palladium, platinum, iridi- 
um(IV) and osmium(IV) for the stationary phase.14"-16 

Amberlite LA-1 hydrochloride seems a more promis- 
ing liquid anion-exchanger for this purpose, 17'15 but 
the separation of the chloride complexes of palladium 
and platinum is unsatisfactory owing to the small dif- 
ferences between their RF values, and elongated spots 
are obtained in paper chromatography. A better sep- 
aration of Pd and Pt is achieved by paper or thin- 
layer chromatography on supports treated with a 
mixture of Amberlite LA-I hydrochloride and tributyl 
phosphate, t9 but with this system it is impossible to 
separate iridium from other metals owing to the par- 
tial reduction of iridium(IV) to iridium(III) during de- 
velopment with solutions of hydrochloric acid, and 
iridium(III) forms a single zone with rhodium(III), 
moving with the solvent front in all chromatographic 
systems investigated. 

The mixtures of eluting agents which are often use- 
ful in column ion-exchange separations of metal ion 
mixtures have been applied in extraction paper 
chromatography only for some metals in thiocyanate 
systems. 2°-24 It is well known that alkylammonium 
cations have stronger affinity for nitrate than for 
chloride; 25'26 the possibility of altering, by addition 
of nitric acid to the eluent, the RF values for platinum 
metals strongly extracted by TOA or quaternary 
alkylammonium salts, was investigated in the present 
work. Additionally, the possibility of utilization of 
paper chromatographic data for column extraction 
chromatographic separation of the mixture Rh-Pd-Pt  
with an analogous system was also investigated. 

EXPERIMENTAL 
Materials 

Amberlite LA-I (Schuchardt, F.R.G.), Iri-n-octylamine 
(Koch-Light, England) and AliquaI 336 (tricaprylmethyl- 
ammonium chloride; General Mills Chemicals, Inc., 
U.S.A.) were used as the extractants without further purifi-' 
cation. Tri-n-octylbutylammonium nitrate containing 95~o 
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of quaternary ammonium salt was prepared in the manner 
described previously. 27 The following noble metal com- 
pounds, of analytical grade, were used: H2PtCI~ 30% solu- 
tion (Mennica Panstwowa, Poland), (NH4)2OsCI6 (John- 
son-Matthey, England), PdCl2 (POCh, Poland), NazIrC16 
(Pfaltz-Bauer, F.R.G.), (NH,,)aIrCi6 (Johnson-Matthey, 
England). The RhCl3aq. (Fluka, Switzerland) and pla- 
t inum-rhodium alloy containing 10% Rh (Mennica Pads- 
twowa, Poland) were of Pure grade. 

Solutions of noble metals 
The samples were usually in the form of 1% w/v noble 

metal solutions in 6M hydrochloric acid. The platinum 
content was determined gravimetrically 2s and rhodium 
cerimetrically. ~9 More dilute solutions for determination 
of detection limits were prepared by dilution with a mix-  
ture of hydrochloric and nitric acids (cup = 4.5M; 
eHNO~ = 2M). The platinum-rhodium alloy (18.4 rag) was 
dissolved in aqua regia by heating for 5 hr on the water- 
bath. The solution was evaporated almost to dryness and 
the residue treated with 1.5 ml of cone. hydrochloric acid, 
evaporated again and diluted with cone. hydrochloric acid 
to a volume of 1.Sml; 1 ml of this solution contained 
1.24 mg of rhodium and 11.44 mg of platinum. 

Paper chromatographic procedure 
Xylene solutions (0.1M) of Aliquat 336, tri-n-octylbutyl- 

ammonium nitrate and tri-n-octylamine or Amberlite LA-I 
salts were used as impregnating solutions. TOA and 
Amberlite LA-I were converted into their salts by shaking 
a 0.1M solution of the free base with an equal volume of 
aqua regia diluted 1:8 with distilled water, separating the 
phases and filtering the organic phase through cellulose. 
Whatman No. 4 paper strips were passed through the 
organic solution three times and pressed between two 
sheets of paper in order to remove the excess of impregnat- 
ing solution. The paper strips were then air-dried to 
remove the diluent used for the liquid anion-exchanger. 
Then 2-#1 volumes of solutions of the metals investigated 
were spotted on the start line of paper strips and the spots 
were air-dried. Aqueous nitric acid solutions and mixtures 
of nitric and hydrochloric acids were used as developing 
solutions. Descending development over a distance of 
16 cm required 45-55 rain, depending mainly on the 
acid concentration in the mobile phase. 

After development, the paper was air-dried and the 
metals were detected by spraying the chromatograms with 
solutions of suitable reagents: 5% stannous chloride in 2M 
hydrochloric acid (Pt, Pd, Au, Rh), followed by 5% potas- 
sium iodide in water (Pt, Pd, Au, Rh, Os) or 1% eerie 
sulphate in water [Ir(III)]. The yellow spots from iridi- 
um(IV) were visible on the unsprayed chromatograms. 

The detection limits were determined on paper strips 
treated with Aliquat 336 and eluted with an'acid mixture 
(C.c t =4.5M; CHNO~ =2M)  and found to be 0.25#g 
(125 ppm of metal in the sample) for Pd, Pt and Au, 0.5/zg 
for It(IV) and Rh and 1 #g for Os(IV). If the concentration 
is lower than the detection limit, a larger sample should 
be taken by repetitive spotting. The length of the spot after 
chromatography depends on the concentration of the 
sample solution and was found to vary for platinum from 
14 mm (250 ppm) to 33 mm (104 ppm) and for iridium(IV) 
from 12 mm (250 ppm) to 17 mm (6 x 10 a ppm). It was 
also found that the spot corresponding to iridium(III) was 
not formed even when 12 /Jg of iridium(IV) were placed 
on the start line. 

The volumes of stationary and mobile phases [deter- 
mined on the basis of the weights of paper strips (a) unim- 
pregnated, (b) impregnated with T e A  salts and (c) devel- 
oped with a mixture of hydrochloric and nitric acids 
(c.a = 2.25M; CuNo, --- 3M)] were found to be 0.0906 ml 
and 2.93 ml, respectively, so the volume ratio of mobile 

,to stationary phase in the paper chromatography was 32.4. 

Column chromatographic procedure 
Glass tubes (8.2 x 300 mm) were used in this work. 

Silica gel (0.05-0.2 mm), analytical grade (Merck, F.R.G.), 
was used as the support for the stationary phase. Tri-n- 
octylamine was converted into salt form by shaking a 0.4M 
T e A  solution in chloroform with an equal volume of a 
mixture of hydrochloric and nitric acids (c.o = 2.25M; 
C.so~ = 2M). After separation of the phases, the organic 
phase was filtered through a cellulose filter and 50 ml of 
the solution were mixed with 40 g of silica gel. The diluent 
was then evaporated with a vacuum evaporator (Quickfit) 
on a water-bath. The coated support remained a white, 
free-flowing powder containing 0.165 g (0.2 ml) of amine 
salt/g. The dried support (10 g) was then slurried with 40 
ml of the eluent (clio = 2.25M; Cu~o~ = 3M), poured into 
the column, and covered with a Whatman No. 4 cellulose 
filter. The column height was 250 mm, the dead volume 
0.4 ml, the organic phase volume 2 ml and the mobile 
phase volume 10 ml (determined from the retention volume 
for nickel, which is not retained). After the column had 
been washed with 10 ml of the first eluent, 0.6 ml of a 
synthetic mixture containing 1.98 mg of platinum(IV), 0.995 
mg of palladiam(lI) and 1.033 mg of rhodium(IIl) in hydro- 
chloric and nitric acids (eric I = 2.25M) CHNO~ = 3M) was 
introduced into the column. Two-step elution under hydro- 
static pressure (head of 250 mm) was used for the separ- 
ation, 1-ml fractions being collected by a fraction collector 
equipped with a drop-counter. The whole elution needed 
280 min at a flow-rate 0.4 ml/min. 

Palladium and platinum were determined in single frac- 
tions by AAS, with a single-beam (Pye-Unicam) SP 192 
atomic-absorption spectrometer. Rhodium was determined 
in individual fractions or in the total rhodium eluate spec- 
trophotometrically at 500 nm; the calibration graph was 
based on rhodium(III) solutions in the mixture of acids 
used as the first eluent. 

RESULTS AND DISCUSSION 

The Rv values in laminar extraction chroma- 
tography depend mainly on the nature of both the 
organic and aqueous phases. The platinum metals 
have hitherto been separated on supports treated with 
Amberlite LA-1 hydrochloride, tributyl phosphate or 
mixtures of both, and developed with hydrochloric 
acid. From liquid-liquid extraction data it is known 
that tertiary long-chain alkylamines and quaternary 
alkylammonium salts are more selective than primary 
or  secondary high molecular-weight amines 3°'31 as 
extractants for platinum metals in hydrochloric acid. 
Paper or thin-layer chromatography experiments in 
chloride, bromide, iodide and thiocyanate systems 
have indicated that the halide complexes of plati- 
num(IV), palladium(II), iridium(IV) and osmium(IV) 
are too strongly extracted by tertiary amine salts to 
permit their separation even at high concentrations of 
hydrohalic acids in the mobile phase. 14--16'32-a4 It is 
known that decreasing the concentration of extracting 
agent in the impregnating solution decreases the 
capacity of the extractant and that at concentrations 
of extracting agents lower than 0.05M elongated spots 
are usually formed, even with microgram quantities 
of metals. The other way to alter Rr values is to 
change the composition of the aqueous mobile phase. 
Therefore, we first tried to use nitric acid solutions 
as non-complexing-eluents for the platinum metals, 



Extraction chromatography of noble metals 1127 

A 

RF t.O 

0.8 
Pd 

0.6 ~ - 

Pt 

. 0 4  
w 

(~2 Os -- 
~ C A u  

C 

I.O f - 
_~ Rh 

0.8 ~ " ~  

Pd 

Pt 
0.4 

iv 

Os 

U 

i = 

t 2 ~ 

[HNOslM 

Pd 

Pt " 

' v  

I 2 3 
D 

I'- Rh- 
d 

Pt- 
I V  

Os 

I 2 3 

1.0 

0.8 

'0.6 

0.2 

1.0 

0.8 

06 

0.4 

0.2 

Fig. 1. RF values of gold(Ill), osmium(IV), iridium(IV), platinum(IV), palladium(II), rhodium(IlI) and 
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but they proved unsuitable because elongated spots 
(comets) were obtained for palladium, platinum and 
iridium. These are probably due to partial hydrolysis 
of the chloride complexes of these metals to give 
aquo-chloro-complexes or hydroxy-chloro-complexes 
in the absence of chloride ions in the aqueous phase. 1 
Double or triple spots were produced by iridium(Ill), 
one of which had the Rv value corresponding to iri- 
dium(IV). It seems that iridium(III) is partially oxi- 
dized to iridium(IV) during the development with 
nitric acid. 

Earlier experiments using the moist paper tech- 
nique with paper strips impregnated with diluted aqua 
regia and developed with solutions of liquid anion- 
exchangers in organic diluents, had indicated the pos- 
sibility ofseparation of some platinum metals in this 
chromatographic system. 27 Therefore, we decided to 
try mixtures of hydrochloric and nitric acid as eluents 
in the extraction chromatography; the concentrations 
of the acids in the mobile phase Were therefore syste- 
matically varied (Figs. 1-5). The results indicated that 
both acids have a significant influence. Only gold(III) 
.and silver remain at the starting line in all the systems 

investigated, and rhodium(III) and copper(II) are not 
extracted and move with the solvent front. Rutheni- 
um(Ill) forms double spots on paper strips treated 
with T e A  or Aliquat 336 (see Fig. 2) whereas only 
one spot, moving with the solvent front, is found 
when Amberlite LA-1 is used as extractant. It seems 
that at least two complexes of ruthenium are present 
in the aqueous phase at low chloride concentrations 
and that only one of them is extracted by T e A  or 
quaternary alkylammonium salts, but neither by 
Amberlite LA-I. 

Iridium(Ill) is partially oxidized by nitric acid and 
forms two or three spots, the spot of lowest RF value 
corresponding to iridium(IV). On the other hand, 
only one spot is obtained for iridium(IV) when the 
nitric acid concentration in the eluent exceeds 1M 
(Fig. ]), in contrast to the result for iridium(IV) in 
the chloride system. 19 With a constant nitric acid 
concentration of 1M and hydrochloric acid concen- 
trations exceeding 2M, a second and just visible spot 
was formed (on paper strips treated with Aliquat 336 
only), having an RF value corresponding to ir[di- 
um(III). Similar behaviour of iridium(IV) was also 
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observed when diluted aqua regia was used as mobile 
phase (Fig. 5), if the total concentration was lower 
than 1.6M; the iridium(IV) was partially reduced to 
iridium(III), which is not extracted by liquid anion- 
exchangers. From the results reported for iridium it 
is evident that the extraction coefficients obtained in 
various laboratories under somewhat different experi- 
mental conditions in batch extraction of this metal 
by high molecular-weight amines from aqueous hy- 
drochloric acid are often not comparable, since in 
such experiments the total-amount of iridium is 
usually determined in the aqueous or the organic 
phase and the oxidation state of the metal is not 
taken into consideration. 2s On the other hand, the 
double or triple spots often observed for iridium(iv) 
in other chromatographic systems 6'as'36 with hydro- 
chloric acid present in the eluent, make the separ- 
ation of the non-volatile noble metals difficult. Thus 
the use of mixtures of hydrochloric and nitric acids 
as eluents in the extraction chromatography of noble 
metals seems to be useful owing to formation of a 
single spot for iridium(IV) if the nitric acid concen- 

tration is sufficient to prevent reduction of this 
species. 

The RF values for palladium(II), platinum(IV), 
osmium(IV) and iridium(IV) increase with increasing 
concentration of both acids in the developing solu- 
tion, independent of the liquid anion-exchanger used 
as stationary phase. The chromatographic results con- 
firm the suggestion that Amberlite LA-1 gives not 
only the poorest extraction for platinum metals but 
also the lowest selectivity in comparison with other 
liquid anion-exchangers used as a stationary phase. 
At constant concentration of impregnant, and of acid 
mixture in the mobile phase, the Rr values of platinu- 
m(IV), iridium(IV) and osmium(IV) vary with the 
extractant, increasing in the extractant order Aliquat 
336 < tri-n-octylbutylammonium nitrate < TOA < 
Amberlite LA-1. In contrast, palladium(II) is more 
strongly extracted by TOA than by Aliquat 336. 
Sharper separation of the pair Pd-Pt is obtainable on 
paper strips treated with Aliquat 336, but TOA or 
tri-n-octylbutylammonium nitrate can also be suc- 
cessfully used for separation of the non-volatile noble 
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Fig. 5. R~ values of noble metals vs. total concentration of HCI and HNO3 in the mobile phase 
(obtained by dilution of aqua reffia with distilled water). Designations as in Fig. 1. 

metals if the nitric acid concentration in the mobile 
phase is high enough, preferably > IM. The affinity of 
the metals for the stationary phases decreases in the 
order Au(III) > Os(IV) > Ir(IV) > Pt(IV) > Pd(II) 
> Ru(III) > Rh(III) ~ Ir(II1). 

The dependence of Rv on the concentration of, 
nitric or hydrochloric acid (compare Fig. 1 with 
Figs. 3 and 4) indicates the distinctly stronger eluting ' 
properties of nitric acid for platinum metals owing to 
the affinity of nitrate for the stationary phase being 
higher than that of chloride, aT'3a The extraction of 
the platinum metals in the chromatographic systems 
investigated can thus be described by 

2(Am+X-)0 + MeC12+2 

[(Am+)2MeCl,Z;2] o + 2X- 

where Am + denotes the alkylammonium cation and 
X- is CI- or NO;. 

The RE values in the chromatographic systems in- 
vestigated and the low dependence of the length of 
spot on amount of metal offer several possibilities for 
separating various mixtures of non-volatile noble 

metals, a nd  some of the separations performed are 
demonstrated in Figs. 6-8 for synthetic mixtures (con- 
taining 1 #g of each metal ion); the qualitative analy- 
sis for platinum-rhodium alloy was also successfully 
performed. 

Recommended paper chromatographic procedure 
Treat 50 mg of solid sample with 10 ml of aqua regia 

and heat on the water-bath to dissolve, or use an appro- 
priate volume of a liquid sample. Evaporate the solution 
almost to dryness, add a few ml of concentrated hydro- 
chloric acid and evaporate again. Dissolve the residue and 
make up to 5 ml with concentrated hydrochloric acid. Spot 
2 #l of this solution on a paper strip impregnated with 
0.1M Aliquat 336 or tri-n-octylamine salt in xylene and 
dry i L Develop the chromatogram with a mixture of hy- 
drochloric and nitric acids (clio = 4.5M, C, No~ = 2M) over 
a distance of 16 cm, dry the paper with a stream of hot 
air and spray first with 5% stannous chloride in 2M hydro- 
chloric acid and then with 5% potassium iodide in water. 
Control experiments with synthetic solutions containing 
known amounts of noble metals are recommended. If the 
concentration of the metal ions in the test solution is lower 
than the detection limits, a bigger sample must be taken 
by multiple spotting. 

The chromatographic systems recommended 
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SnCl 2 

~Au 

~ Pt 

CelSO4h 
~ i m e  

, ,Os I '.Os 
,,.., ' , , ;  

(") ,-: . t i , 

snch celso~h 

~'Au 

SnCI 2 Thioumo x-Be'c:ir 
oxime 

(~Au ,'~ 

O Pt 

i 

%..;' 
Pd Pd Pd 

3.0H HCl 4.5M HCI 2.25M HCI 4.5M HCI 
2.0M HN03 2.0M HNO3 

2.25M HN03 Z0M HNO 3 

Fig. 6. Examples of chromatographic separation of noble 
metals on paper strips treated with TOA hydrochloride. 
The spots were visible after the chromatograms had been 
sprayed with the reagents mentioned in the upper part of 

the figure. 

(except paper strips treated with Amberlite LA-1) are 
unsuitable for the separation of osmium and ruth- 
enium; however, these metals can be successfully 
separated on paper strips treated with tributyl phos- 
phate and developed with 6M hydrochloric acid. is 

SrCl 2 Thiour~ 

Pd ~ , Pcl 

O Rb 

2251'4 HCl 

1.75M HNOj 

SnCl 2 ~,-8enzo/n- 
oxime 

V ~  

• 0 / " "  
Pd ', IPd 

Cu 

4.5M HCl 

2.0M HN03 

Fig. 7. Examples of chromatographic separation of noble 
metals on paper strips treated with Aliquat 336. 

Fig. 8. Examples of chromatographic separation of noble 
metals on paper strips treated with tri-n-octylbutylam- 

monium nitrate. 

The systems proposed require comparatively short 
developing times (not exoeeding 1 hr) owing to the 
relatively low concentration of acid in the mobile 
phase. 

The results can also be useful in choosing the opti- 
mal conditions for column separation of the noble 
metals because the Rr values are correlated with the 
retention volumes (vR) in column chromatography 
(under analogous experimental conditions) by the fol- 
lowing equation s9 

where Vm and v~ denote the volumes of the mobile 
and stationary phases in the column, respectively, and 
Am and A, are the cross.sectional areas of the mobile 
and stationary phases in paper chromatography, re- 
spectively. In our chromatographic experiments with 
use of tri-n-octylamine salts as the stationary phase 
and a mixture of hydrochloric and nitric acids 
(CHc= = 2.25M; CxNo, - -3M)  as eluents, the ratios of 
A~A, and VJVm were found to be 32,4 and 0.2, re- 
spectively, so the coefficient k was 6.5. The retention 
volumes for rhodium and for platinum calculated 
from the paper chromatographic data and determined 
in column chromatography, as well as the separation 
factors for the pair Pd-Rh, are collected in Table I. 
An example of column separation of the synthetic 
mixture containing milligram quantities of platinum, 
palladium and rhodium is given in Fig. 9. Table 2 
reports the results of the determination of these 
metals (platinum and palladium were determined in 
single fractions, rhodium was determined in the total 
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Table 1. Comparison of experimental retention volumes and separation factors Sv for the pair 
Pd-Rh with those calculated from independent paper chromatographic experiments 

Eluent 
Paper chromatography Column chromatography VR, ..... 

Rr VR,°.ld ml Sr VR,..., ¢, ml SF VR(~I~ 

Rh 2.25M HCI, 0.95 13.6 16 1.2 
3M HNOa &9 8.8 

Pd 0.68 41 63 1.5 
2.25M HCI1, 

Pd 2M HNO3 0.58 59.2 88 1.5 

Table 2. The determination of rho- 
dium, palladium and platinum after 
the separation of the synthetic mix- 

turc by column chromatography 

Added, Found, 
mg r~ 

Rh(III) 1.04 1.03 
Pd(II) 0.99 0.97 
Pt(IV) 1.98 Z01 

rhodium eluate). The reported column chromato- 
graphic results seem to be promising, so the paper 
chromatographic data included in this work should 
be useful in planning column separations of various 
metal- ion mixtures in analogous chromatographic 
systems. 
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ACIDITES ET COMPLEXES DES ACIDES 
(ALKYL-et AMINOALKYL-) PHOSPHONIQUES--IV 

A C I D E S  A M I N O A L K Y L P H O S P H O N I Q U E S  R I R 2 N ( C H 2 ) n C R 3 R 4 P O 3 H 2  

MICHEL WOZNIAK et GuY NOWOGROCKI 
Laboratoire de Physico-chimie des Solutions, Ecole Nationai¢ Sup6rieure de Chimie de Lille, 

B.P. 40, 59650 Villeneuve d'Ascq, France 

(Reeu 1e29 ddcembre 1978.'Acceptd~ 30 avril 1979) 

R~sumt--Les acides 6tudi6s diff6rent par la longueur de lear chalne carbon6e I'I~H3(CH2)~PO3H- 
• " , I 2 + - I avec n = 1, 2, 3], la substltut,on sur lazote [R R NHCH2POsH avec R = H; R 2 = Me, Et et 

R t =  R z =  Me, Et] ou l'encombrement sur le carbone porteur des groupements fonctionnels 
[I~H3CR3R4PO3H - avec R 3 = H; R'* = Me, Et, nPr, iPr, nBu et R 3 = R 4 = Me]. Les constantes 
d'acidit6 et les constantes globales de stabilit6 des complexes form6.s avec Mg(II), Ca(IIg Co(II), Ni(II), 
Cu(lI), Zn(II) sont obtenues A raide des programmes d'atiinements multiparam6triques MUPROT et 
MUCOMP, appliqu6s aux donn6es potentiom6triques, obtenues/i 25 °, en mifieu 0,1M en nitrate de 
potassium. Darts le cas le plus g6n&ai, les esp6ces existantes sont MHA +, MA, M(OH)A-, MHzA2, 
MHAi  et MA 2- (A2-: forme totalement ionis6e du coordinat); rexamen pr61iminaire des r6sultats 
conduit/I d6gager certaines formes microscopiques pr6dominantes. 

Un travail pr6c6dent a permis d'examiner, pour des 
acides alkylphosphoniques simples, la r6percussion de 
l'acidit6 du groupement -POaH2  sur son pouvoir 
complexant)  Nous avons entrepris, d6s 1970, r6va- 
luation des constantes de stabilit6 des complexes 
form6s par les acides NH2(CH2)nCR3R*PO3H2 et 
divers cations parmi Mg(II), Ca(IlL Co(II), Ni(II), 
Cu(II), Zn(II). L'influence de rallongement de la 
chalne carbon6e (R 3 = R 4 = H ;  n = O, 1, 2) 2 4  ou de 
sa ramification (n = 0; R 3 =  H;  R 4 =  Me, Et, nPr, 
iPr, nBu) (n = 0; R 3 = R 4 = Me) s a 6t6 envisag6e. 
Malheureusement, les m6thodes de d6termination uti- 
lis6es alors 6talent essentiellement bas6es sur l'exploi- 
tation graphique des donn6es exp6rimentales. Or, 
cette technique about i t / t  des r6sultats pouvant  prater 

contestation et ceci d'autant plus que le nombre 
de constantes /t d6terminer est important. Depuis, 
nous avons r6alis6 des affmements multiparam6tri- 
ques qui permettent d'obtenir des constantes d'aci- 
dit6 6 et de stabilit6 ~ beaucoup plus fiables. Les 
valeurs ant6rieures ont doric 6t6 remises en question 
et soumises/~ ces ajustements; de plus, des constantes 
in6dites, relatives aux esp6ces form6es avec Mg(II), 
Ca(II) et certains des acides pr6c6dents, ont 6t6 d6ter- 
min6es. 

Finalement, pour compl6ter la description du 
pouvoir complexant de ces compos6s, l'influence de 
l 'encombrement sur razote est examin6e, par l'in- 
term6diaire des complexes cuivriques des addes 
RIR2NCH2PO3H2 (R 1 =  H;  R 2 = Me, Et) (R I - -  
R 2 = Me ,  Et). 

P A R T I E  E X P E R I M E N T A L E  

Prdparations 

La plupart des addes aminophosphoniques sont uc~ 
produits d'origine Calbiochem chromatographiquemenl 
purs ¢t utilis6s sans purification ult6rieure. 

Les acides N-m6thylaminom6thylphosphonique et N- 
6thyihminom~thylphosphonique proviennent de l'amina- 
tion de I'acide chlorom6thylphosphonique ! (0,1 mole), par 
un exc~ (0,4 mole) de Famine primaire appropri6e, en 
presence d'une solution de soude (0,3 mole). II faut op&er 
en autoclave, vers 100 ° pendant environ 6 hr. L'6vapor- 
ation de la solution conduit/t un r6sidu sirupeux qui con- 
tient, en plus du compos6 attendu, les phosphonates 
HOCH2 PO 2- et RN(CH2POa)~-. Le passage du m61ange 
sur r6sine 6changeuse d'ions H + permet d'61iminer ces 
sous-produits qui sont d'abord 61u6s. L'61uat contenant 
l'acide est recueilli et concentr6; l'addition d'6thanol per- 
mettant d'isoler racide (Rdt. 50-60%). 

Les acides N,N-dialkylaminom6thylphosphoniques sont 
pr6par6s par la m6thode propos~¢ par Moedritzer et Irani s 
/t partir d'amine secondaire, de formaldehyde, d'acide 
orthophosphoreux en pr6sence d'acide churhydrique. On 
aboutit/t un chlorhydrate d'acide qui est purifi~, comme 
pr6c6demment, par chromatographie sur 6changeur" d'ions 
H +. Les acides sont obtenus par recristallisations dans des 
m~langes m~thanol, ac6tate d'6thyle (Rdt. 80%). 

L'analyse 616mentaire de ces produits et leur dosage 
pHm6trique donnent des r6sultats en trSs bon accord avec 
ceux attendus. 9 

N eutralisations 
Les donnt~es exp~rimentales (v, pH) sont obtenues ~ par- 

tir des neutralisations, par la!potasse, ~ 25 ° en milieu de 
force ionique "¢onstante", 1 des acides seuls et en pr6sence 
de cations. La cha~me de mesure potentiom6trique est stan- 
dardis6e par les tampons habituels. Le tableau I r6sume 

1135 
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Tableau 1. R6capitulation des conditions exp6rimentales" (force ionique ~ = 0,100 = [KNO3] q- 3C°u; temp6rature de 25 °) 

Acide XPOaH2 Cations M 2+ C ° Ca Rapports R6solution R6solution 
X =  M =  constant constant C~/Cu du pH m6tre de la burette b 

NHzCH2 ) Cu 2.10 -3 0,66; 1; 1,5; 2;: 
2,5; 3 0,005 0,01 

NH2CH2CH~ Mg, Ca, Co, Ni, Zn 4.10-3 1; 2 

NHzCH2CH2CH~| Cu 10 -3 0,66; 1; 1,5; 2; 
NH2CHMe¢ | 2,5; 3 0,005 0,005 
NH2CHBu l . .  
NH2CHiPr ~Mg,  Ca d 2.10 -3 0,2; 0,5; 1 

NHzCMe2 | 
MeNHCH2 ) 

EtNHCH2 "1 Cu 1,5.10 -3 2; 3 0,001 0,005 
M%NCH2 
Et2NCH2 

Remarques. "Les acides non mentionn6s n'ont donn6 lieu qu'h des 6tudes de constantes d'acidit6, b La pr6cision 
sur le volume est toujours meilleure que la r6solution indiqu6e. "Les solutions h neutraliser sont pr6par6es par pes6e 
d'acide et non / t  partir d'une solution stock, d Uniquement darts le cas de l'aeide amino-3 propylphosphonique. 

les conditions op6ratoires: pour plus de d~tails, ainsi que 
pour la description des courbes de neutralisation obtenues, 
nous renvoyons aux publications ant6rieures. 2-5 Cepen- 
dant nous apporterons quelques compl6ments relatifs aux 
pr6cipitations, fi a 6t6 vu clue les acides phosphoniques 
forment g6n6ralement des phosphonates basiques insol- 
ubles RPOaCu.yCu(OH)2.1 Cette pr6cipitation est nette- 
ment retard6e chez les acides aminophosphoniques mais 

elle subsiste toujours et correspond encore h u n  hydroxy- 
phosphonate qui s'enrichit en Cu(OH)2 lorsque le pH 
crolt. Dans les m61anges de Cu(II) et d'acides amino-I 
aikylphosphoniques comportant un exc6s de complexant 
(C^/Cu >! 2) la pr6cipitation est imperceptible. II en va dif- 
f6remment pour les compos6s substitu6s sur l'azote off l'ap- 
parition de sel basique est d'autant plus avanc6e que l'en- 
combrement sur l'azote est important: par exemple, avec 

Tableau 2. Constantes de stabilit6 des complexes de  l'acide aminom6thylphos- 
+ 

phonique NH3CH2POaH- (H2A),/l 25 °, en milieu KNO 3 0,1M 

qjp Esp6ces log pq~p(3a) Litt6rature 

011 HA - 10,05 (0,02) 
021 H2A 15,44 (0,01 s) 
03t HaA + 15,88 
1 ! 1 MgHA + 11,38 (0,02) 
101 MgA 2,03 (0,03) 
111 CallA + 11,14 (0,03) 
101 CaA 1,71 (0,04) 
111 CoHA + 11,79 (0,02) 
I01 CoA 4,45 (0,04) 
122 CoH2A 2 a 
112 CoHA~ 16,75 (0,1) 
102 CoA, z- 8,09 (0,05) 
111 NiHA + 11,69 (0,07) 
101 NiA 5,29 (0,04) 
122 NiH2A2 b 
112 NiHAi  16,4 (0,6) 
102 NiA~- 8,98 (0,05; 
111 CuriA + 12,56 (0,02) 
101 CuA 8,12 (0,02) 

1-11 Cu(OH)A- c 
122 CuH2A2 24,8 (0,2) 
112 CuHAi 20,20 (0,06) 
102 CuA]-  14,65 (0,04) 
111 ZnHA + 1 i,72 (0,06) 
101 ZnA 5,00 (0,08) 

1-11 Zn(OH)A- d 
122 ZnH2A2 23,6 (0,3) 

f 

10,0 9,97 9,86 
15,35 15,29 15,15 
17,2 

12,73 
4,78 

14,1 

8,79 
12,75 

4,94 4,90 

8,5 8,91 
13,25 

7,77 7,85 

26,77 

14,06 
12,72 
5,26 

(ZnA, 2- : 8,68) 

a, b, c, d: avec la pr6cision de nos mesures, la pr6sence de ces complexes s'av6re 
incertaine (a ~ fl); a (log fl122 = 22,9); b (log fit22 =22,6); c (log flt-t t = -0,4); 
d(log/J~_~ = - 1,9). 

c:/~ variable (CA = 0,1). t3 f:25 °, /~ = 0,5 (NaCIO4). t4 s:25°, # = 0,1 (NaCIO4). Is 
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Tableau 3. Constantes de stabilit6 des complexes de l'acide amino-2 6thylphos- 
• -6 

phomque NH3CHzCH2POaH-(H2A) ,  h 25 °, en milieu KNO3 0,1M 

qjp Esp&:es" log//q~p(3a) Litt6rature 

Ol i H A -  11,04 (0,03) 
021 H2A 17,285 (0,02) 
031 H3 A+ 18,41 
111 MgHA + 12,48 (0,07) 
101 MgA 2,13 (0,07) 
111 C a l l a  + 12,22 (0,12) 
101 CaA 1,74 (0,13) 
I I I  CoHA + 12,74 (0,07) 
101 CoA 4,67 (0,06) 

1-11 Co(OH)A - b -- 4,70 (0,06) 
111 NiHA + 12,80 (0,06) 
101 NiA 5,20 (0,05)" 
122 NiH2A2 25,6 (0,5) 
112 N i H A /  18,8 (0,2) 
102 NiA 2-c 10,1 (0,1) 
111 C u r i a  + 13,75 (0,04) 
101 CuA 8,50 (0,02) 

1-1 ! Cu(OH)A- 1,04 (0,07) 
122 CuH2A2 27,1 (0,2) 
112 Cur iAe  21,4 (0,2) 
102 CuA 2- 14,3 (0,5) 
111 ZnHA + 12,99 (0,08) 
101 ZnA 6,16 (0,05) 

1-11 Zn(OH)A-  - 1,70 (0,04) 
122 ZnHzA2 26,2 (0,2) 

d ~ f 

10,8 11,01 10,98 
17,8 17,98 17,27 
20,25 20,09 

13,91 
4,98 

(CoA 2- : 8,07) 
13,90 
5,69 

10,50 
14,56 
7,52 

29,20 

14,76 
13,89 
6,36 

(ZnA 2- : 12,46) 

"une  d6eomposition, m~me faible, de racide de d6part perturbe fortement les 
courbes de neutralisation. 

b flt-11 peut ~tre remplac6 par fllo2 {log flto2 = 8,5 (0,3)}, mais l'6eart-type ~r~ 
est 16g6rement sup6rieur. 

cfllo2 peut ~tre remplac6 par f l l - t l  {log fl1-11 = - 3 , 9  (0,1)}. Dans les cas b 
et c, les param6tres f l l - t l  et fllo2 sont tr6s fortement corr616s. 

d # variable (C^ = 0,1). 16 • conditions non pr6cis6es. 17 f 25 °, # = 0,1 (NaCIO4). 15 

l'acide N,N-dim6thylaminom6thylphosphonique une pr6ci- 
pitation est decel6e pour CA/CM = 2; pH = 7,2; taux de 
neutralisation = 1,6, tandis  qu'elle se produit beaucoup 
plus tbt  avec racide N,N-di6thylaminom6thylphosphoni- 
que (CA/CM = 2; pH = 6,6; taux de neutralisation = 1,1) 

rendant alors ditlicile l'6tude des complexes. L'augmen- 
tation de la chalne carbon6e des acides co-aminoalkylphos- 
phoniques diminue l'acidit6 des solutions: lorsque le 
hombre d 'atomes de carbone croit, ia pr6eipitation in- 
terf6re pour des taux de neutralisation plus faibles. 

Tableau 4. Constantes de stabilit6 des complexes de l'acide amino-3 propylphos- 
4- 

phonique NH3CH2CH2CH2PO3H-  (H2~,),/t 25 °, en milieu KNO3 0,1M 

qjp Esp6ces" log flq~3cr) Litt6rature 

011 H A -  11,065 (0,04) 
021 H2A 17,95 (0,03) 
031 HaA + 19,58 
111 MgHA + 12,57 (0,05) 
101 MgA 2,01 (0,08) 
111 Cal lA + 12,37 (0,05) 
101 CaA 1,68 (0,07) 
111 CuriA + 13,97 (0,05) 
101 CuA 7,15 (0,2) 

1-11 Cu(OH)A- 0,1 (0,2) 

b 

10,55 
17,40 

14,00 
7,10 

(CuH2A2: 28,27) 
(CuA 2- : 13,47) 

• des pr6cipitations pr6matur6es (hydroxydes, phosphonates) rendent les 6tudes 
des complexes difl~ciles (Cu 2 +) ou impossibles (Ni 2+, Co 2 +, Zn  2 +...). 

b 25 o, # = 0,1 (NaCIO4). t5 
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RESULTATS 

Les tableaux 2 h 6 regroupent les constantes glo- 
bales des stabilit6 fl~jp = [M~HjAp]/(m~hJa v) obtenues 

i'aide des programmes d'aflinement M U P R O T  6 et 
M U C O M P .  7 Les domaines de confiance 3a attribu6s 

aux ]/ajp sont g6n&'alemerrt plus importants que ceux 
des aflinements elassiques, vu le plus grand nombre 
de param6tres ajust6s. Les constantes relatives aux 
complexes hydroxyl6s (esp6ee: log/ /¢o)  utilis6es darts 
les calculs ont 6t6 d6termin6es [Cu2(OH)] + -10 ,7 ;  
M g O H  + - l l , 9 s ]  ou sont tir6es de la litt6rature t° 

Tableau 5. Constantes de stabilit6 des complexes des acides amino-I alkylphos- 
phoniques I(IH3CR3R4PO3H-(H2A), fi 25 °, en milieu KNO 30, I M  

R 3 R 4 qjp Esp6ces log fle~p(3a) Litt6rature 

H Me HA- 10,195 (0,025) 
H2A 15,78 (0,015) 
H3A + 16,25 
MgHA + 11,54 (0,06) 
MgA 2,00 (0,08) 
Curia + 12,82 (0,05) 
CuA 8,50 (0,02) 
Cu(OH)A- -0,1 (1) 
CuH2A2 25,9 (0,4) 
CuHA] 21,0 (0,1) 
CuA~ - 15,40 (0,04) 

H Et 

H 

H 

H 

nPr 

iPr 

nBu 

Me Me 

011 
021 
031 
111 
101 
111 
I01 
1-11 
122 
112 
102 

011 HA- 10,255 (0,02) 
021 H2A 15,91 (0,01) 
031 H3 A+ 

011 HA - 10,285 (0,02) 
021 HzA 15,96 (0,01) 
031 H3 A+ 

011 HA- 10,355 (0,04) 
021 H2A 16,15 (0,02) 
031 H3A ÷ 16,77 
111 MgHA + 11,73 (0,1)6) 
101 MgA 2,15 (0,05) 
111 CuriA + 13,71 (0,02) 
101 CuA 9,47 (0,01) 
1-11 Cu(OH)A- 1,7 (0,3) 
122 CuH2A2 26,7 (0,5) 
112 CurtAl 22,53 (0,06) 
102 CuA, 2- 17,32 (0,05) 

011 HA - 10,29 (0,03) 
021 H2A 15,99 (0,02) 
031 H3A + 16,57 
111 MgHA + 11,59 (0,07) 
101 MgA 2,03 (0,05) 
111 Curia  + 13,25 (0,03) 
101 CuA 8,97 (0,01) 

1-11 Cu(OH)A - 0,8 (0,7) 
122 CuH2A2 25,9 (0,6) 
112 CurtAl 21,60 (0,08) 
102 CuA]- 16,27 (0,05) 

011 HA- 10,31 (0,03) • 
021 H2 A 16,115 (0,02) ~ 
031 H3A + 16,67 
111 MgHA + 11,62 (0,07) 
101 MgA 2,01 (0,06) 
111 CuriA + 13,68 (0,08) 
101 CuA 9,13 (0,03) 
122 CuH2A2 27,25 (0,2) 
112 CurtAl 22,32 (0,09) 
102 CuA2, - 16,64 (0,05) 

b 

10,28 
16,03 
17,98 

10,32 
16,15 
18,10 

10,45 
16,45 
18,49 

10,35 
16,17 
18,00 

10,43 
16A8 
18,57 

,._L._, 
I0,31 
16,16 
17,81 

d 

14,39 
8,47 

28,69 

15,29 

"un autre lot de cet aeide donne logPol~ = 10,27 et 1og~8o2 ~ = 16,11. La pr6ci- 
sion des mesures est insuflisante pour pouvoir trancher. Les valeurs retenues sont 
relatives ~ l'aeide utilis~ pour l'6tude des complexes. 

b conditions non pr6eis6es. ,7 "25 °, /t = 0,1 (KCI). is a25 °,/a = 0,1 (KCI). 19 
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Tableau 6. Constantes de stabilit6 des complexes des acides N-alkylaminom6thyl- 
phosphoniques RIR21~H CH2PO3H- (H2A), ~t 25 °, en milieu KNO3 0,1M 

R 1 R 2 qjp Esp6oes log flqjp(3a) Litt6rature 

H Me 011 HA- 10,912 (0,006) 
021 H2 A 16,222 (0,005) 
031 Ha A+ 16,86 
I l l  Curia  + 13,325 (0,01) 
101 CuA 8,29 (0,02) 

1-11 Cu(OH)A - 0,09 (0,09) 
122 CuH2A2 25,9 (0,15) 
112 CurtAl 20,98 (0,1) 
102 CuA2, - 14,59 (0,03) 

H Et 

Me Me 

Et Et 

a 25 o, g = l(KNO3).zo 

011 HA - 11,005 (0,01) 
021 H2 A 16,341 (0,008) 
031 H3 A+ 16,87 
III CuriA + 13,415 (0,01) 
101 CuA 7,72 (0,02) 
1-11 Cu(OH)A- 0,15 (0,06) 
122 CuH2A2 26,31 (0,04) 
112 CuriA2 20,73 (0,05) 
102 CuA~- 13,0 (0,2) 

011 HA- 11,063 (0,009) 
021 H2A 16,247 (0,010) 
031 H 3 A + 16,70 
I l l  CuriA + 13,36 (0,02) 
101 CuA 7,99 (0,03) 
1-11 Cu(OH)A - 0,20 (0,07) 
122 CuH2A2 26,08 (0,1) 
112 CuHA~ 20,84 (0,1) 
102 CuA~- 13,84 (0,06) 

011 HA- 11,81 (0,03) 
021 H2A 17,088 (0,03) 
I l l  CuriA + 14,12 (0,01) 
110 CuA 7,46 (0,05) 
1-11 Cu(OH)A- -0,02 (0,1) 
122 CuH2A 2 27,56 (0,09) 

10,32 
18,11 

(CaOH + -12 ,9 ;  CoOH ÷ - 9 , 8 ;  NiOH + - 9 , 3 ;  
Z n O H  ÷ -9,8). Les constantes globales de formation 
de H3 A+ (fl031) sont calcul6es/L partir des constantes 
d'acidit6s moyennement fortes d6termin6es par ail- 
leurs.l 2 

Pour simplifier la lecture, les r6suitats obtenus par 
d'autres auteurs ont 6t6 mis sous forme de constantes 
globales flq~r Signalons d'autres d6terminfitions non 
mentionn6es dans les tableaux: cUes concernent la 
complexation de Be(II) is et de divers cations 19 par 
l'acide amino-I m6thyl-1 6thylphosphonique, des 
alcalinoterreux par les acides amino-2 hydroxy-1 
alkyl phosphoniques 21 et de Cr(III) par les acides 
amino-2 alkylphosphoniques; 22 des 6tudes chroma- 
tographiques, z3'24 conductim6triques et spectropho- 
torn6triques z4 ayant 6t6 men6es sur les complexes des 
acides aminoalkylphosphoniques. La comparaison 
avec les valeurs de la litt6rature s'avO'e d6cevante. 
En effet, des divergences tr6s importantes sont 
observ6es qui ne peuvent ~tre uniquement imput6es 
aux diff6rences de force ionique ou au mode d'expres- 
sion des constantes (constantes mixtes au lieu de con- 
stantes exprim6es en concentrations). Leur explication 

se trouve dans les m6thodes de d6termination trop 
sommaires ou dans l'omission d'esp6ces non n6glige- 
ables. I1 se pourrait 6galement que la purer6 des pro- 
duits soit en cause: elle serait alors capable d'expli- 
quer les 6carts observ6s sur les constantes d'acidit6 
de l 'acide amino-2 6thylphosphonique (tableau '3). 

DISCUSSION 

Le sch6ma microscopique de dissociation des 
acides aminophosphoniques est repr6sent6 sur la 
figure la. Les constantes d'acidit6 de racide tri- 
m~thylammonium m6thylphosphonique, qui est un 
zwitterion permanent (Me3I~ICHzPOaH- , log kol 1 
= 5,099) 1 et de l'acide dim6thylaminom6thylphos- 
phonique (log flo21 - log floll = 5,184) peuvent ~tre 
consid6r6es comme identiques, compte-tenu de la per- 
turbation provoqu~e par le m6thyle suppl6mentaire. 
Cette similitude indique sans ambiga/it6 qu¢ les acides 
aminophosphoniques sont sous forme dipolaire 

I 



1140 MICHEL WOZN1AK et GuY NOWOGROCKI 

et qu'ils se dissocient pour former ensuite 

I - I ~ - - R - - P O  2 - (HA -). 
J 

Les formes HaA +, H A -  et A 2- correspondent donc 
aux esp6ces microscopiques encadrbes sur la figure 
la. 

L'interaction d'un cation M 2 + avec les formes sym- 
bolisbes par H A -  et A 2- aboutit,  dans le cas le plus 
gbnbral, fi l 'apparit ion des espbces MHA +, M(HA)2, 
M(HA)A-,  MA, MA~-  et M(OH)A- .  Nous exa- 
minerons plus particuli6rement le cas des esp~ces 
MHA ÷, MA et M(OH)A- ,  les autres d6coulant de 
celles-ci par addition de motifs H A -  et A 2-. 

Dans le complexe proton6 MHA ÷ la coordination 
s'effectue essentiellement par  le groupement phos- 
phonate (voir fig. lb). Comme pr6cbdemment, ce 
choix d6coule de la comparaison de la stabilit6 des 
phosphonates Meal~ICH2POaCu (log flOll = 2,18) 1 et 
Me2/~IHCH2POaCu (log #111 - log f o i l  = 2,30): ii 
fallait d'ailleurs s'y attendre 6tant donn6 qu'une pro- 
position consid6rable de H A -  est sous forme de 

I 
Des complexes protonbs ont 6t6 isol6s et 6tudi(~s par 
diverses mbthodes spectroscopiques: 25-2~ il a 6t(: 
montr6 que dans ces espb:es seuls les atomes d'oxy- 
gdne du groupement phosphonate 6changent des 
liaisons avec le m6tal, l 'azote 6tant sous forme 
ammonium. 

Le d6part du proton fix6 sur l 'azote lib6re la fonc- 
tion amine et conduit fi des espdces du type MA. Ce 
complexe doit correspondre en rbalit6 ~ la coexis- 
tence des deux formes microscopiques ies plus prob- 
ables: d'une part le ch61ate oh la liaison azote-m6tal 
s'ajoute ~ la liaison phosphonate-m6tal  et d 'autre 
part l'esp6ce comportant  une fonction amine libre 
(Fig. lb). Ainsi, la stabilit6 des complexes des alcalino- 
terreux et de Ca(II) en particulier est peu am6liorbe 
lorsque Yon passe de la complexation par - P O  2- seul 
(1,09 < log f l l i l  - logflol l  < 1,31; tableaux 2 / t  4) / l  
celle qui ajoute la fonction amine (1,68 < logfllOl 
< 1,74). La contribution de - P O  2-  fi la stabilit6 est 
done importante. En d'autres termes, MA doit corres- 
pondre ~ deux formes I e t  II (Fig. lb), la forme I 
6tant loin d'&re n6gligeable. Ces observations permet- 
tent d'expliquer les r6sultats de Carter e t  al .  29 qui 
ont d6termin6 les constantes de stabilit6 des com- 
plexes de Ca(II) avec l 'acide nitrilotri(m6thyldne 
phosphonique) (logfllot = 6,68) et de son N-oxyde 
(log fllol = 5,69). La faible att6nuation de stabilit6, 
non rencontr6e chez les aminocarboxyliques corres- 
pondants, est explicable si Yon admet, en plus du 
ch61ate, l'existence d'une forme o/1 l 'azote est libre. 
Par contre, dans le cas des m6taux de transition, un 
net regain de stabilit6 est observ6 lorsqu'on l'on passe 
de MHA + fi MA (voir tableaux) traduisant l'inter- 
vention d'une liaison azote--m6tal avec formation 
d'un ch61ate (Fig. lb, forme II). Des 6tudes spectro- 
scopiques men6es sur des complexes du type MA, ont 
mis en 6vidence que le m6tal 6tait lib fi la fois aux 
atomes d'oxyg6ne du groupement phosphonate et 
l 'atome d'azote. 2s's° Une forme CuA, off ramine 

H s A  + H = A  H A  1 A ~- 

I ¢  " - ' ° , . ,  " ! ,  , - "  

"~K, ~N.~-R-...PO3H;t. "'" / 

® 

® 

® 

I 

\~-R 0 \ f - R  - 

o. 

° 

M H A  + . M A  M ( O H ) A -  
Fig. 1. Schemas microscopiques de dissociation des acides aminoalkylphosphoniques (a) et des com- 

plexes MHA +, MA et M(OH)A- (b). 
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- N H z  n'est  pas li6e au cuivre a 6t6 signal6e par  
Jezowska-Trzebiatowska et al. 3t Cependant ,  vu le pH 
de travail (HCI 0,05M) la fonction amine doit &re 
proton6e:  ces auteurs ont  cru ~tre en pr6sence de 
CuA, alors qu'il doit  s'agir de Cur iA ÷. 

Evidemment,  le complexe hydroxyl6 M ( O H ) A -  
r6suite de la fixation d 'un hydroxyle sur les formes 
MA pr6c6dentes (Fig. l b). De plus, une rupture  du 
ch61ate, r6sultant de la comp6ti t ion entre l 'oxyg6ne 
de l 'hydroxyle et l 'azote, est concevable. 

Les nombreuses  constantes disponibles m6ritent  
6videmment  une synth6se approfondie qui fera rob je t  
d 'une publicat ion particuli6re. 
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Summary--The acids under study differed from one another in length of the carbon chain 
+ ÷ 

[NHa(CH2)nPO3H- for n = l, 2, 3], substitution on the nitrogen atom [RIR2NHCH2POaH - for 
R 1 = H; R 2 = Me, Et and R 1 = R 2 = Me, Et] or extent of branching on the carbon atom adjacent to 
functional groups [NHaCR3R4PO3H- for R a = H; R 4 = Me, Et, nPr, iPr, nBu and R 3 = R 4 = Me]. 
Acidity constants and overall stability constants of complexes formed with Ca(II), Mg(II), Co(II), Ni(II), 
Cu(II), Zn(II) were obtained with the multiparametric refinement programs MUPROT and MUCOMP, 
applied to potentiometric data, obtained at 25 °, in a 0.1M potassium nitrate medium. In the most 
general case, the existing species are MHA +, MA, M(OH)A-, MH2A2, MHA~ and MA 2-, where 
A 2- stands for the fully ionized ligand; preliminary examination of results points out some predominant 
microscopic forms. 
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Summary--Different evaluation techniques for triangle-programmed coulometric acid-base titration 
curves obtained with various detector systems are compared. In the case of potentiometric detection, 
hardware differentiation and lincarization of the titration curves was investigated. Photometric end- 
point detection with single or mixed indicators was also studied. It was concluded that among the 
techniques studied the hardware potentiometric differentiation and the photometric detection with 
an indicator mixture are the most advantageous. 

Many of the mechanized or automatic analysers carry 
out the determinations with flowing solutions. Most of 
the segmented or unsegmented flow analysers employ 
the relation between detector signal and concentra- 
tion directly for evaluation of the results. 1-3 Ordinary 
titration to the end-point or the standard-addition 
method is only occasionally used. 6-6 The reliability 
of all these methods depend s on the stability of the 
detectors used. It is commonly accepted that an ana- 
lyrical method using complete titration is much more 
reliable than a direct-relationship method. Recently 
efforts have been made in various laboratories to 
combine the simplicity and high rate of analysis of 
the flow methods with the advantages of the titri- 
metric methods. These efforts led us to introduce the 
so-called triangle-programmed titration technique, 
the theory 7's and practice 9-t2 of which have been 
described. 

The principle of the technique can be given shortly 
as follows. 

The sample solution of constant concentration C~ 
is streamed in the flow-through analytical channel of 
the apparatus a t a  constant rate, V. At a certain point 
in the channel a selective reagent is introduced into 
the flow. After the reagent and. sample streams have 
mixed, any cross-section of the mixed streaming solu- 
tion is almost completely homogeneous. To carry out 
the determination a reagent addition-rate vs. time 
program with the shape of an isosceles triangle is 
used. That is, starting from zero, the reagent addition- 
rate V R is increased according to the equation V R = nt 
where t = time (0 < t ~< r~ After t = ~ the reagent 
addition rate is decreased to zero according to the 
equation V R = (2T - t)n. 

As a result of the reagent-addition program, the 
reagent-sample mixture ratio in each infinitesimally 
thin segment of the streaming solution will be differ- 

ent. The fraction of reagent increases continuously as 
t increases from zero to z and then it decreases again 
to zero. In this way the degree of titration first in- 
creases from segment to segment and then decreases. 
If an appropriate detector cell is placed in the flowing 
solution mixture, the degree of titration can be moni- 
tored. Since there is a delay before the infinitesimally 
thin solution segments of different degrees of titration 
reach the detector section, there will also be a time 
delay between achievement of a particular reagent 
addition-rate and the appearance of the correspond- 
ing detector signal. If the reagent addition-rate (VR) 
well before the turning point t = ~ exceeds the value 
which is stoichiometrically equivalent to the sample 
mass-flow (C,V), then two separate segments will 
have a composition corresponding to 100% titration. 
The recorded detector-signal vs. time curve then 
appears as two titration curves connected to each 
other as mirror images; from the time period (Q) 
between the appearance of the equivalence points 
t~(l) and t~(2), the stoichiometry of the titration reac- 
tion, the parameters of the reagent addition program 
and the sample mass-flow, CsV, the sample concen- 
tration can be calculated. 

That is for the reaction 

aS + bR = cP1 + cP2 (1) 

2~ - p 
C ~ - - -  (2) 

(a/bn). V 

as shown elsewhere, s From the constants and the 
value of Q, C~ can be calculated, or it can be deter- 
mined easily from Q and an appropriate calibration 
graph. 

The coulometric variation of the triangle-pro- 
grammed titration technique has already proved most 
satisfactory in practice and applicable to a variety 
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1144 G~zA NAGY et al. 

" ~ / L -  6 

Fig. 1. Experimental set-up for triangle-programmed titrations with electrolytically generated, reagents 
(for details, see text). 

of analytical tasks. Various detectors and electrolyti- 
tally generated titrants have been used in these 
studies. In continuing our work with this technique 
our aim is to work out appropriate simple automatic 
evaluation methods and apparatus, bearing in mind 
that some types of detector or titration reaction may 
create special problems in the location of the equiva- 
lence point. The aim of the present work was to inves- 
tigate the applicability of various end-point location 
and evaluation methods in coulometric triangle-pro- 
grammed acid-base titrations o f  flowing solutions. 

EXPERIMENTAL 

Apparatus 

Several types of apparatus used in triangie-programmed 
titrations have been described in detail elsewhere. T M  

Parts and units used earlier were employed in constructing 
the experimental set-up for the present studies. 

A schematic view of the apparatus used is given in 
Fig. 1. The titrant (OH- ions) was produced in an electro- 
lysis cell (1) which contained two flow-through compart- 
ments (a,b) separated from each other. Two platinum-wire 
spirals (2), (3) served as generator electrodes and were con- 
nected to the output of a Radelkis type OH-405 current 
generator (4) controlled by a Philips type pM 5168 or PAR 
Model 175) programmer which produced the appropriate 
single triangle-shaped time program. 

The two electrolysis half-cells were in electrical contact 
since in one section of the cell wall between them there 
was a window covered with dialysis membrane (6). Potas- 
sium nitrate solution (0.1M) was pumped through the two 
half-cells by a peristaltic pump (LABOR MIM type 
OL-602). The solution stream passing compartment (a} was 
fed to waste while the stream leaving the cathodic com-  

partment (b) entered a drip vessel (7) which served as a 
mixing chamber of small dead-volume. The sample stream 
(8) was pumped into the mixing chamber at constant rate 
with a peristaltic pump (LKB Varioperpex 12000). From 
the drip vessel the mixed stream of reagent-generation 
solution and sample was passed through the flow-through 
detector compartment (9) and overflowed to waste. The 
detector section (10) was provided with a Keithley Type 
604 differential electrometer for potentiometric measure- 
ments and a Spekol Zeiss spectropho~meter for photo- 
metric measurements. A Radelkis type OH-814/1 recorder 
or occasionally an EMG type TR-1659 digital voltmeter 
(11), an interface (12) and an EMG type 666 computer 
(13) completed the apparatus. 

Detectors 
Three different kinds of detector were used, schematic 

drawings of which are shown in Fig. 2. The potentiometric 
detector (a) contains a microcapiilary pH-sensitive glass 
electrode (14) (Radelkis type OP-7431) and a saturated 
calomel electrode (15): the differential potentiometric 
detector (b) is made of two microcapitlary type glass elec- 
trodes and a delay coil (16) inserted between them; for 
the photometric measurements (c) a flow-through photo- 
metric cuvette was used as the detector section. 

"RESULTS AND DISCUSSION 

Potentiometric methods 

The theoretical titration curve obtained by the 
triangle-programmed titration method consists of two 
symmetrical curves as shown in Fig. 3. This curve 
results from titration of a strong acid. The left-hand 
part of the curve, sections A and B, is exactly the 
same as the  conventional potentiometric titration 
curve. The potential jump gives the equivalence point, 
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Fig. 2. Detectors used for the triangle-programmed titrations, a, Potentiometric detector, b, Differential 
potentiometric detector, c, Photometric detector. 

i.e., the point where the flux of generated hydroxide 
ions is exactly the same as the flux of the acid to 
be determined. After the equivalence point the gener- 
ating current still increases and the mixed stream con- 
tains an excess of hydroxide ions. Once its maximum 
is reached the generating current is decreased and the 
amount of generated hydroxide ions also decreases. 
The equivalence point will be passed again and after 
the generation program is over, the flow consists of 

59mY I 

A 

tel1) 

the original acid solution. This second part of the 
curve, sections C and D, represents the titration of 
a strong base with a strong acid. The time Q elapsed 
between the two equivalence points tE(1 ) and t~:(2) is 
linearly dependent on the concentration of the acid 
as described by equation (2). The experimentally 
obtained curve for titration of 1 x 10-4M hydro- 
chloric acid is shown in Fig. 4. As can be seen, the 
curve is not strictly symmetrical. The part which rep- 

I !t 

Fig. 3. Theoretical titration curve of a strong acid (10-4M)L 
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Fig. 4. Potentiometric triangle-programmed titration curve of lO-4M hydrochloric acid. imsx = 5 mA; 
2z = 130 sec. 

resents the titration of strong base with strong acid, 
sections C and D, is somewhat distorted because of 
tailing. Sometimes fluctuations in the measured 
potential can also be observed on the curve, and this 
is mostly due to electrical noise and incomplete mix- 
ing of the analyte and titrant before the measuring 
point. The disturbances caused by incomplete mixing 
can be overcome by employing a more effective mixer 
or by measuring the potential further away from the 
point of confluence, but unfortunately this can in- 
crease the tailing of the curve and also the time of 
the analysis. 

The equivalence points can be obtained manually 
from the steepest parts of the potential jumps. How- 
ever, various methods are available for the automatic 
evaluation of the titration curves 

Linear transformation o f  the titration curve 

One numerical method for determining the equiva- 
lence point is the linear transformation of the titration 
curve. This method was first introduced by 
Sorensen is and later developed further by Gran t4 
and Ingman and Still)s The derivation of the linear 
equation describing the course of the titration of any 
monobasic acid by the triangle-programmed titration 
method will be given. 

The following equilibria exist in the system: 

[HA] 
n + + A- ~.~ HA KBA = [H+][A_ ] (3) 

H 2 0 ~ - H  + + O H -  Kw = [H+][OH -]  (4) 

where KBA is the stability constant of the acid HA 

and Kw is the ionic product of water. The following 
balances can be written: 

Cs = [HA] + [A-]  (5) 

VR = nt = n([A-] - [H +] + [OH-] )  (6) 

Vs = C sV  (7) 

In the titration of monobasic acids, a = b and at the 
equivalence point: 

V~ = V s (8) 

nt~ = CsV (9) 

Combination of equations (3), (5), (6) and (9) gives 

tE - t = [H+]KHAt + V([H+ ] _ [OH- ] )  
n 

x (1 + [H+]KHA). (10) 

When data from section A in Fig. 3 are evaluated, 
equation (10) can be approximated to: 

V 
rE - t = - - [H+] .  (11) 

n 

In section B the mixed stream contains an excess of 
hydroxide ions and equation (10) can be approximated 
t o :  

V V Kw 
t - tE = -- [ O H - ]  = - - - - .  (12) 

n n [ H  + ]  

If [H +] is measured potentiometrically, e.0., with a 
glass electrode, the Nernst equation holds: 

E = E ° + Slog[H+] .  (13) 
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Fig. & Linear transformed titration curves obtained when data from Fit&. 4 are evaluated by use 
of equation (! ]a) for branch A. and (12a) for branch B. 

If V and n are kept constant, equations (11) and (12) 
can be expressed as follows: 

tE - t = k t  10 ~/s ( l la)  

t - -  tE = k2 10 - r / s .  (t2a) 

It is not  necessary to know the absolute values of 
E °, V, n a n d  K ,  because these parameters can be 
included in the constants kl and k2 which can be 
arbitrarily chosen. The value of S should be known. 

When equations (1 la) and (12a) are plotted as rune- 

tions of t, two straight lines are obtained. These lines 
theoretically intersect each other on the t-axis at the 
point tF. Equation (1 la) can be used for sections A 
and D in the determination of t~(1) and t~(2). Equa- 
tion (12a) is used when data from branches B and 
C are evaluated for the determination of t~(1) and 
rE(2). This means that theoretically the equivalence 
points can be obtained automatically in an easy man- 
ner. When data from a real titration curve (Fig. 4) 
are evaluated by the method described, the curves 
given in Figs. 5 and 6 are obtained. However, as can 

k 2. IOr E/s 

0 7  

Q 6  

0.5 

G4 

Q3 

C 

8 5  9 0  

k~. IO EB 

D g 

I 0 0  10,5 t (see]  

Fig. 6. Linear transformed titration curves obtained when data from Fig. 4 are evaluated with equation 
(1 la) for branch D and (12a) for branch C. 



1148 G~zA NAGv et al. 

be seen in these figures, neither branches A and B 
nor C and D intersect each other on the t-axis as 
in theory they should. The discrepancy is too great to 
be attributed to interference by carbonate in the flow- 
ing solution. The point of intersection of the two lines 
lies below the t-axis but coincides quite well with the 
point of the steepest part of the potential jumps in 
Fig. 4. The time interval corresponding to the dis- 
tance between the two intersection points with the 
t-axis can be as much as 1-3~ of the total program 
length (2z). The smaller the 2z-value and the lower the 
concentration of the acid, the longer this time inter- 
val. [For example, in titration of 10-*M hydrochloric 
acid by a triangle program with a 95-see length, the 
differences of tE(1) and tE(2) from the equivalence 
point were 2.5 and 1.5 sec, but were much shorter 
than 1% of the program length (95 sec) in the case of 
10-3M hydrochloric acid.] 

The same is true for parts C and D of the titration 
curve in certain cases (low concentration, small 
2z-value). The branch D, although linear near the 
t-axis, is curved. This non-linearity is due to the tail- 
ing effect and is a drawback as it can make the auto- 
matic location of t~(2) quite difficult. The calibration 
graph of Q vs. concentration is linear. 

When a weak acid, e.g., acetic acid, is titrated a 
different transformation should be used for the linear- 
ization. Equation (t0) can be approximated to 

t t~-  t = I-H +] Kt~At  (13) 

or, if [H +] is measured potentiometrically: 

tl~ - t = k s l O r / s  t (13a) 

When equation (13a)is used in the determination of 

tt~, the absolute starting point of the titration should 
be known. (In our case, however, t0 is unknown.) This 
disadvantage can be overcome by the method for 
titration of weak acids given by Sorensen in his ori- 
ginal paper, t3 Equation (13a) is divided by t and 
equation (l 3b) is obtained: 

t~ _ 1 = k 3 1 0  z/s.  (13b) 
t 

By plotting I0 E/s as a function of l / t  a straight line 
will be obtained. The line intercepts the l / t  axis at 
the point l/t,~. When t,~ is determined in this way, 
to can be arbitrarily chosen. Equation (13b) can be 
used to evaluate data from sections A and D. Equa- 
tion (12a) should be used for sections B and C in the 
titration of weak acids. When data from a titration 
of 5 x 10-4M acetic acid Fig. 7 are evaluated by 
means of equations (13b) and (12a), the curves in 
Figs. 8 and 9 are obtained. Neither the branches A 
and B nor C and D give the ~me  tt~. In construction 
of the calibration line the averages of the two try(l) 
and tv:(2) values are used. As can be seen in Fig. 8 
the branch A is not linear but with increasing concen- 
tration of the acid, from about 8 x 10-4M, the line 
will be straight. When equation (1 la) is used in the 
evaluation of data from section A in the titration of 
acetic acid at concentrations less than 8 x 10-4M, 
straight lines are obtained. At low concentrations ace- 
tic acid is dissociated to such a degree that the titra- 
tion can be regarded as virtually a titration of a 
strong acid. Equation (12a) gives straight lines with 
data from sections B and C at any concentration. 
Data from section D give linear plots with equation 
(13b). Only at concentrations higher than 8 x 10-4M 
will the line near the equivalence point be curved. 

Y 
Fig. 7. Potentiometric triangle-programmed titration curve of 5 x 10-4M 

23 = 130 see. 

°mv I 
re ~ 

acetic acid, imax = 5 mA; 
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Fig. 8. Linear transformed titration curve obtained when data from Fig. 7 are evaluated with equation 
(13b) for branch A and (12a) for branch B. 

Differentiation of the titration curve 

Software method. The equivalence point of the titra- 
tion can also be determined, as is well known, by 
differentiating the original E =f( t )  curve. The plot 
of dE/dr vs. t forms a peak with tE at the top. 
When the second derivative d2E/dt 2 is plotted as a 
function of t the curve obtained has two peaks, one 
on each side of the t-axis~ The point where the plot 

crosses the t-axis between the peaks gives t~. These 
methods are used only to locate the inflection point 
of the original titration curve. In most practical cases, 
the equivalence point and the inflection point are 
close enough for such techniques to be unnecessary. 
From the shape of the titration curves obtained in 
practice in our method, however, it is obvious that 
if an automatic software differentiation method is to 
be used, it must be combined with a curve-smoothing 
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Fig. 9. Linear transformed titration curve obtained when data from Fig. 7 are evaluated with equation 
(13b) for branch D and (12a) for branch C. 
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Fig. 10. The hardware differential curve of titration of 4 x 10-4M acetic acid, i=, x = 3.75 mA. 23 = 144 
s ec .  

or curve-fitting procedure. In that way the effects of 
statistical and electrical noise can easily be eliminated. 
The curve smoothing or fitting, however, requires 
considerable off-line computer operation and a com- 
puter with considerable memory capacity. The 
detailed results of our studies of the computerized 
evaluation of triangle-programmed titrations with 
software differentiation will be published later. 

Hardware method. A differential curve can also be 
obtained if two electrodes of the same kind are placed 
an appropriate distance apart in the direction of the 
flow. 9 By this method the concentration gradient 
between these two points is measured. The differential 
curve of the titration of acetic acid obtained by the 
hardware method is given in Fig. 10. The curve shows 
well-defined peaks at the two equivalence points. 
These peaks can easily be automatically located by 
digital or analogue methods. 

Photometric methods 

In the triangle-programmed photometric acid-base 

Red and m-Cresol Purple (1.0 mg of each, dissolved 
in 100 ml of ethanol) is used in the titration of hydro- 
chloric acid. Methyl Red changes from red to yellow 
over the pH range 4.4-6.2 and m-Cresol Purple from 
yellow to purple over the pH range 7.2-8.8. Between 
pH 6.2 and 7.2 a solution containing these two indi- 
cators is yellow. When a solution of a strong acid 
is titrated and these two indicators are used, at the 
equivalence point, there is sharp peak in the absor- 
bance. Before the titration l rnl of indicator is added 
to l0 ml of sample (or standard). The experimental 
curve of such a titration of hydrochloric acid is given 
in Fig. 11. Peaks are obtained at the two equivalence 
points tE(1) and tE(2). It is obvious that the peaks 
can conveniently be located automatically. The cali- 
bration curve is linear. 

Linear transformation of  the photometric titration curve 

If a single-colour indicator is used for the titration, 
the evaluation must be based on an appropriate 
transformation of the titration curve: For example the 

titrations an indicator is added to the solution to b e  photometric titration curve can be transformed into 
analysed and the flow goes through a cell where the 
absorbance is measured. The most common method 
in batch titrations is to use an indicator which 
changes colour at the equivalence point. The colour 
change should be sharp and the measurement should 
be made at the wavelength of maximal difference 
between the absorbances of the acid and base forms 
of the indicator. All acid-base indicators which can 
be used in normal titrations are suitable. 

A method, very attractive for automatic photo- 
metric determination of the equivalence point, is 
given by Mullen and Anton. t6 A mixture of Methyl 

a linear plot. 17-19 When the absorbance of the flow- 
stream is measured, [H +] can be calculated from the 
following equation, the usual assumptions being 
made: 

[ H  +]  _ AI, - A (14) 
(A - Ava.)Km, 

where KN, . is the stability constant of the indicator, 
A is the absorbance of the solution, AH,, and A,, are 
the absorbances when the indicator is completely in 
its acid and base form respectively. For the titration 
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Fig. 11. Triangle-programmed photometric titration curve of 5 x 10-4 M hydrochloric acid. A mixture 
of Methyl Red and m-Cresol Purple is used as indicator, imp, = 9.4 mA; 2z = 330 sec; 2 = 565 nm. 

of a strong acid equation (15) is valid: 

k A~ - - A  (15)  
t E - -  t = 4 A _ A x l n  

and when weak acids are titrated, equation (16) can 
be used: 

tE Ai. -- A 
- - -  1 = k s - - .  ( 1 6 )  
t A - An=. 

In both cases the indicator should be chosen so that 

the colour change appears somewhere near the half- 
titration point. Equations (15) and (16) are valid when 
parameters n and V are constant. In the titration of 
a strong acid Quinaldine Red can be used as indi- 
cator. 19 Bromocresol Green 19 and p-ethoxychrysoi- 
dine can be used when acetic acid a n d  other weak 
acids of similar strength are titrated. In the triangle- 
programmed titration technique where the equiva- 
lence point is passed twice an indicator changing its 
colour in the alkaline pH region can also be chosen. 
Phenolphthalein changes its colour in the pH-range 

I 
A i B .  I 

I i 
I Ill 

,! 
6 0  I~'0 

C 

11, ,(2i 
I 
180 ?_AO t(m¢) 

Fig. 12. Triangle programmed photometric titration curve for acetic acid. Phenolphthalein as indicator, 
). = 550 nm; ira,, = 9.4 mA; 2z = 120 sec. 
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Fig. 13. Linear titration curves obtained when data from Fig. 12 are evaluated with equation (17). 

8-10 and can thus be used to determine the equiva- 
lence points tE(1) and re(2) from points in sections B 
and C respectively. Equation (17) should then be used. 

A - Ant. 
t - te = k6 - -  (17) 

A titration curve for 7 x 10-4M acetic acid, 
obtained with phenolphthalein as indicator is given 
in Fig. 12. Two of the transformation graphs are 
shown in Fig. 13. The calibration graph is linear. 

DISCUSSION 

It is obvious from the results shown, that both 
potentiometric and photometric methods can be used 
as detection techniques in triangle-programmed titra- 
tions. 

The evaluation of the titrations basically relies on 
accurate location of the two equivalence points, and 
measurement of the value Q. A calibration curve or 
calculation then gives the unknown concentration. 
Various equivalence-point location methods have 
been investigated. Each has its own advantages and 
drawbacks. The most serious source of error in the 
potentiometric methods is the electrical noise, which 
can sometimes result in failure of the whole method. 
These errors are avoided in the photometric method, 
but the choice of a suitable indicator may be difficult. 
The indicator may also react with the ions generate& 
This indicator error can be avoided by having the 
same concentration of indicator both in the standard 
solution and in the analyte. When the method of 
linear transformation of the photometric titration 
curve is used, i.e., equations 05) and (16), the concen- 
tration of the indicator should be less than 1% of 
the concentration of the acid. Equations 05) and (16) 

have been derived by assuming that only one acid 
reacts with the hydroxide ions generated. If the con- 
centration of the indicator is too high its reaction 
with the hydroxide ions cannot be neglected and the 
solution contains two acids which react with the hy- 
droxide ions. Equations (15) and (16) are then no 
longer valid, and the lines will not be straight either. 
The indicator is also often adsorbed on the walls of 
the tubes and the cell, causing problems when the 
indicator is changed. In the photometric methods the 
problems of electrical coupling between the generat- 
ing and indicating circuits are avoided. 

The determination of the equivalence point by the 
method of linearized plots seems not very attractive 
in the triangle-programmed titration method. Titra- 
tion data both before and after the equivalence point 
are needed in the calculations and different equations 
should be used for the evaluation of data from differ- 
ent sections of the curve. In the potentiometric 
methods the tailing effect can also cause some difficul- 
ties in the automatic evaluation of data from section 
D in titration of strong acid, as can be seen in Fig. 6. 
In titration of weak acids the branch A is slightly 
curved ~ can be seen in Fig. 8 and the linearity of the 
curve also depends on the concentration of the acid 
and makes the determination of te(1) difficult. Some- 
times the calibration curve for weak acids is not linear 
at low concentrations. When the method of linear 
plots is used in the photometric method the absor- 
bance values AI. and A m .  are needed. A~. can easily 
be determined because it is the same as the absor- 
bance of the flow between the two equivalence points. 
The value of Am. can be calculated as the average of 
the absorbance values before and after the titration 
program. The method of linear plots needs a data 
collection and storage device and a small computer to 
perform the calculations. 
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In the potentiometric method, hardware differentia- 
tion seems to be the most advantageous method. It 
is independent of the character of the acids to be 
titrated and can be used for both strong and weak 
acids. Only the appearance of the potential peaks 
must be determined, which can easily be done auto- 
matically. If the acid is very weak a proper potential 
jump is not obtained and the method cannot be used. 

In the photometric method the use of two indi- 
cators gives quite an easy and reliable method in the 
determination of the equivalence points in titration 
of strong acids. The restriction of the method is per- 
haps the lack of suitable indicators for the titration 
of weak adds. 
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SummaryThe interference of trace levels of cyanide with the formation of iodo-mercury complexes 
is made the basis of a method of trace analysis for cyanide. The decrease in absorbance of the iodo- 
mercury complexes is a linear function of total cyanide concentration up to about 5 × 10-SM in 0.1M 
sodium hydroxide medium when the iodide and mercury total concentrations are 0.05M and 
3 x 10- SM respectively. Several cyano-mercury complexes are formed simultaneously, and quite a large 
fraction of the cyanide remains uncomplexed. 

Mercury(II) with excess of iodide solution forms the 
highly stable complexes HgI2, HgI~ and HgI~-, the 
last being the predominant species if the iodide con- 
centration is high enough (e.0., > ~0.01M). The 
measurement of the absorbance at 323 nm of the mer- 
curic tetraiodide complex in I M iodide solution has 

been  used for the estimation of ppm concentrations of 
mercury(II). ! Cyanide interferes by formation of com- 
plex species of the type Hg(CN)~ "-2)- and mixed- 
ligand species Hg(CN),I~4-,~ in neutral media. Penne- 
man and Jones 2 have demonstrated the existence of 
these complexes by infrared studies. The interference 
of cyanide is exploited in the method described here 
(and also by Clyde and Warner 3 in a recent papert). 

The work described here was carried out to identify 
the conditions favouring the  interference of trace 
levels of cyanide, and to utilize the interference for 
estimation of trace cyanide. 

THEORY 

If, in view of the relevant stability constants, we 
neglect the formation of hydroxo-complexes in pres- 
ence of excess of iodide, the general reaction between 
mercury(II) and iodide may be represented by  

Hg 2+ + x I -  ~ H g I ~  -2)- (1) 

The overall equilibrium constants for this reaction are 
given by 

[HgI~X-')-] 
~. = [Hg2+]l.l_]x (2) 

* Present address: Department of Science Technology, 
Institute of Management and Technology, Private Mail 
Bag 1079, Enugu, Nigeria. 

~" The present work was in fact completed in 1976, and 
the delay in publication is due entirely to the insistence of 
the referee and Editor-in-Chief that the theory be explored 
as thoroughly as possible lEd.]. 

~: log t2 = 34.5, log t3 = 38.5, log t (  = 41.6. 

Mercury(lI) also reacts with cyanide: 

Hg 2+ + nCN-  ~- Hg(CN~ . - 2 ' -  (3) 

[-Hg(CN)~ . -2 ) -  ] 
~cN = (4) 

[Hg2+] [ C N - ]  ,"  

The decrease m absorbance, AA, of any of the iodo- 
complexes, will he a function of the iodide, mercury 
and cyanide concentrations since the first two of these 
will govern the distribution of iodo-species, and the 
last two the distribution of cyano-species. 

Complications may be caused by the formation of 
mixed-ligand complexes such as iodo-hydroxo com- 
plexes, but in general the effect on the calculated dis- 
tribution of the mercury species will be comparable 
with that caused by the uncertainties in the published 
stability constants for the complexes. 

From equations (2) and (4) it is evident that if the 
iodide concentration is very much greater than that of 
the mercury and cyanide the change in iodide con- 
centration caused by competitive cyanide complex 
formation will have practically no effect on the distri- 
bution of the mercury iodide complexes. Hence the 
effect of cyanide can he monitored by measuring the 
change in concentration of any of the iodo-complexes. 
Clyde and Warner used the HgI 2- species, measuring 
the decrease in its absorbance at 323 rim. 

The relationship between this decrease in absor- 
bance and the total cyanide concentration will be a 
complex function of various factors, but for fixed total 
iodide and mercury concentrations and a fixed pH 
will he determined by the stabifity constants for the 
cyanomercurate complexes~ It follows from the close- 
hess of/~2,/~3 and /14 for these complexes$ that all 

t h r e e  will he present simultaneously, but Hg(CNh 
will predominate so long as [ C N - ]  < fl2/fla, i.e., 
< 10-*M, and Hg(CN)~- will not predominate until 
[-CN-'] > flair4, i.e., > 10-aM. Since [ C N - ]  is here 
the flee cyanide concentration, then if the total 
cyanide is < I O - ' M ,  the major species will certainly 
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be Hg(CN)2. However, as the cyanide concentration 
increases, the relative proportions of the higher 
cyanide complexes will also increase. It follows that 
the relationship between cyanide concentration and 
decrease in absorbance will not be a linear function of 
the cyanide concentration, though it may approxi- 
mate to one over a certain concentration range. 

The work described here was therefore a systematic 
investigation of the effect of varying the conditions, 
with a view to finding the optimum set. 

EXPERIMENTAL 
Reagents 

Analytical grade chemicals were used where possible. 
Mercury(ll) stock solutions, 5 x IO-3M (1000 ppm). 

Mercuric oxide (1.08 g) and potassium iodide (16.6 g) dis- 
solved in distilled water and diluted to 1 litre or mercuric 
chloride (1.355 g) dissolved in distilled water and made up 
to 1 litre. 

Potassium iodide solution, I.OM. 
Cyanide stock solution, 3.85 x IO- 3 M (1000 ppm). Potas- 

sium cyanide (2.50 g) dissolved in 100 ml of 1.0M sodium 
hydroxide and diluted to 1 litre; standardized weekly by 
titration with 0.05M silver nitrate. 4 

All working solutions, made from the stock solutions by 
suitable dilution and mixing, were 0. I M in sodium hydrox- 
ide unless otherwise stated. 

Procedure 
Solutions of the required composition were prepared by 

suitable dilution and mixing of the stock solutions, and the 
absorbances were measured at the appropriate wave- 
lengths. 

The maximum total concentrations employed were: 
cyanide 6.2 x 10-SM; mercury(II) 5 x 10-SM; iodide 
0.1 M; sodium hydroxide 0.1M. Hence, the ionic strength of 
the reaction medium never exceeded 0.2 (but was mostly 
less than 0.15), and all the free cyanide was in ionic form as 
CN-. 

DISCUSSION OF RESULTS 

lode-mercury complexes 

Provided the free iodide concentration in the 
sample solution, [I-],~ is practically the same as that 
in the reference, [I-]r ,  two peaks are obtained in the 
spectrum (Fig. 1), the peaks shifting towards shorter 
wavelengths with decreasing iodide concentration, 
especially the peak at ,--270 nm. In this work the 
reference solutions were therefore always matched in 
iodide concentration with the test solutions. 

Both peaks must be assigned to the HgI~- com- 
plex, because the molar absorptivity would be of the 
order of 107 l .mole- l .cm - ~, i.e., about 100 times the 
commonly accepted theoretical maximum, if the sole 
absorbing species were HgI~ (see below for equi- 
librium concentrations of" the species). The shift in 
wavelength with decrease in iodide concentration 
may indicate that HgI~ absorbs in the same regions 
as HgI~-, since lower iodide concentration favours 
formation of HgI~ (the two species should be in equi- 

* The stability constants quoted in the literature vary 
considerably. The values used here have been rounded off 
and are used mainly for illustrative purposes. 
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Fig. I. Spectra of iodo-mercury complexes in O.IM potas- 
sium iodide medium, measured against (a) 0.1M potassium 

iodide and (b) water. 

molar ratio when [ I - ]  = fla/fl4 = 1026/1030 = 
10-4M). * The apparent molar absorptivity also 
changes with iodide concentration (Fig. 2); this and 
the wavelength shift could be due to a structural 
change in the solvent or to an ionic strength effect 
and the change in the distribution of the complexes. 

Cyanide interferences 

The cyanide interference, as measured in terms of 
reduction AA in the absorbance of the mercury 
iodide complexes, increases with decreasing iodide 
concentration as expected from the theory (Fig. 3). A 
limiting factor in obtaining higher AA values with a 
fixed amount of cyanide is that the absorbance of the 
mercury iodide complexes decreases sharply as the 
iodide concentration falls below 0.1M. The iodide 
concentration range where maximum absorbance 
readings Ao may be obtained in the absence of 
cyanide, together with large absorbance depressions 
AA in the presence of cyanide, is 0.02-0.1 M, For this 
reason the cyanide interference was studied largely in 
the iodide concentration range 0.005-0.1M. Both 
peaks behave alike towards cyanide interference; the 
sharper peak (at 265-278 nm) was used to study the 
effects of cyanide. 

Cyanide interference is greatly enhanced in strongly 
basic conditions. For example, no absorbance depres- 
sion is observed in neutral or 10-'tM hydroxide 
medium until the cyanide-mercury molar ratios are 
above 2.0 and 1.0, respectively. On the other hand, 
with alkali concentrations above 10-2M in the 
medium, there is depression of the absorbance with 
cyanide-mercury mole ratios from 0.2 to 2.0. The best 
AA values are obtained in 0.05-0.1M hydroxide 
medium. Cyanide interference in such basic media is 
essentially linear in effect up to a cyanide-mercury 
mole ratio of about 2 (Fig. 4), except when the iodide 
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Fig. 2. Absorbance of iodo-mercury complex, as a function of iodide concentration, measured at (a) 
268-273 nm and (b) 323 nm. 

concentration is below about 0.03M. The slopes of 
plots of AA (or .4) against cyanide concentration 
increase only slightly with decreasing iodide concen- 
tration. 

Clyde and Warner 3 stated that the absorbance de- 
creased at pH 11 and attributed this to abstraction of 
mercury(II) from the iodo-complex by the hydroxide. 
As they do not specify which ahsorbance decreases, 
the statement is not very helpful, but as the ratio 
[HglE-]/[Hg(OH)2] should be equal to flXsl4[I-]4/ 
flttatovl):[-on-] 2 ~ 103°/(1022 × 10 - 6 )  '~" l014 for 
[ I - ]  = 1.0M and p H I I  (the conditions used by 
Clyde and Warner), this explanation seems improb- 
able. Figure 4 shows that even at pH 13, with 0.05M 
iodide, the mixed-ligand species Hg(CN)2OH is only 
a minor component of the system; the ratio of 
[HgI2-]/[-Hg(OH)2] under these conditions should 
still be of the order of l0 s, so it seems likely that they 

mean that the absorbance decreases more at pH 11 in 
the presence of cyanide, which could be explained by 
the fact that the cyanide should be almost completely 
in the ionic form at this pH. These authors also stated 
that varying the pH between 5 and 9 had no effect, 
but again they do not make it clear whether the pH 
refers to that of the sample being tested or the final 
solution. The fact that they obtained a linear cali- 
bration curve for [CN-] ,oJ [Hg"  +l,o,a~ ratios ranging 
up to 10:1, when compared with the findings in the 
present paper, seems to indicate that the cyanide was 
in fact protonated to some extent. From pK = 9.2 for 

X xld 

AA 

1,3 

0.S 

0.E 

0 . '  

I I I I I 

I .o 0.6 o 
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Fig 3. Absorbance depression AA as a function of iodide 
concentration (5 x 10-SMHg, 1.94 x 10-4CN-), 

measured at (a) 268 nm and (b) 323 nm. 

( 

o 2 4 6 8 lO 12 
[CN-], Mx10 s 

Fig. 4. Distribution of various species as a function of total 
cyanide concentration (3 x 10-SM Hg. 0.05M I-, 0.1M 

OH-). 
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H C N ,  it would  be expec ted  tha t  a t  p H  9 jus t  over  hal f  o f  cyanide complexes  until  the  cyanide  concen t r a t ion  
the u n c o m p l e x e d  cyanide would  be in p r o t o n a t e d  is at  least 2.1 x 1 0 - 4 M  (or [ C N - ]  > 10-3"7M), in 
form a n d  at  p H  7 over  99% would  be p resen t  as agreement  wi th  this. 
H C N .  This  may  a lso  help  to  accoun t  for their  obser -  The  values o f  n for Hg(CN) ,  (which range be tween  
vat ion tha t  if the mercury  concen t ra t ion  was d o u b l e d  2.0 and  2.2) calculated f rom the s lopes o f  p lo ts  o f  log 
f rom 2.0 x 10=4M to 4 x 1 0 - 4 M  there  was a pro-  
found  effect on  the  a b s o r b a n c e  decrease on add i t i on  
of  cyanide,  but  again there  is a lack of  clari ty in their  
paper .  The  cap t ion  to  their  Fig. 1 does  no t  say 
whe the r  these values refer to the  tota l  mercury  con-  
cent ra t ion  in the  solut ion measured,  or  the  concen-  
t ra t ion o f  the reagent  added.  If  the  lat ter  is the case, it 
is difficult t o  see h o w  use o f  5 x 1 0 - 4 M  mercury(II )  

reagent  ( a s  in t h e  procedure)  could  work ;  if the 
former;  the lower concen t ra t ion  used is a l ready  ten 
t imes tha t  used  in the procedure ,  and  increas ing it 
m a y  s imply result  in a decreased  slope for the  cal ibra-  
t ion curve. F r o m  the  abso rbances  and  mola r  abso rp -  
tivity quo ted  it can be deduced  that  the  concen-  
t ra t ions  refer to  the reagent.  A simplified calcula t ion 
based  on  the  a s sumpt ion  tha t  H g I ~ -  a n d  H g ( C N ) ,  
are  the only  Complexes fo rmed  shows  that  unde r  
Clyde and  Wa r ne r ' s  cond i t ions  the ra t io  [ H g I ~ - ] /  
[Hg(CN)2]  = f la~ ,[ I -]4 / f ln~cn) , [CN-]  z exceeds 1 
when  [ C N - ]  < l 0  -2 '2s,  and  100 when  [ C N - ]  

< 10 -a 'zs .  Clyde  and  W arne r ' s  Fig. l indicates  that  
with t h e  4.0 x 1 0 - 4 M  reagent  there  is n o  fo rma t ion  

A A  vs. log [CN]~ml on  the  simpfifying a s sumpt ion  
that  only  one  complex  is formed,  indicate  tha t  the  
ma jo r  cyanomercu ra t e  complex  in 0 .03-0.06M iodide  
med i um is Hg(CN)z.  

A H A L T A F A L L  calcula t ion of  the d is t r ibut ion  of  
the var ious  species in the  Solution (Table 1) conf i rms  
this observa t ion  for the  cond i t ions  finally selected for 
the de t e rmina t ion :  Hg(CN)2 is fo rmed  predominant ly ,  
especial ly at  the lower  concen t ra t ions  of  cyanide. 
Hg(CN)  2 -  is the cyanide  complex  wi th  the  lowest 
concent ra t ion .  T h e  species next  in impor t ance  to 

Hg(CN)2 is Hg(CN)~." The  ra t io  [ H g ( C N ) ~ ] :  
[Hg(CN)2]  increases  with increas ing cyanide  concen-  
trat ion,  and  [Hg(CN)2]  passes  t h rough  a max imum.  
It is in terest ing tha t  a large fract ion o f  the  cyanide  
r ema ins  uncomplexed .  The  con t r ibu t ion  o f  the mixed-  
l igand species H s ( C N ) z O H -  is compara t ive ly  small. 
M o s t  impor tant ly ,  however ,  the concen t ra t ion  of  
H g I  2 -  decreases  linearly as the  cyanide  concen t ra t ion  
increases  up  to  abou t  6 x 10-SM. 

It  is this last feature tha t  is the basis  for the 
measu remen t  o f  t race  quant i t ies  o f  cyanide.  Advan-  

Table i. HALTAFALL calculation of equilibrium concentrations for 3 x 107SM Hg, 0.05M I - ,  0-12 x 10-SM CN= 
(total concentrations) in 0.1M NaOH medium 

Total 
[ C N - ] ,  
10- SM log[HgI2] l og [Hg l i ]  log[HgI~-]  Iog[CN-]  Constants used 

0 - 7.720 -6.922 -4.525 - -  
l -7.759 -6.961 -4.564 -5.316 
2 - 7.817 - 7.019 -4.621 - 5.107 
3 - 7.884 - 7.086 - 4.689 - 4.978 
4 - 7.962 - 7.163 - 4.766 - 4.877 
5" - 8.050 - 7.252 - 4.854 - 4.789 
6 - 8.151 - 7.352 - 4.955 - 4.707 
7 - 8.265 - 7.466 - 5.069 - 4.628 
8 -8.391 -7.593 -5.195 -4.551 
9 - 8.528 - 7.729 - 5.331 - 4.476 

10 - 8.670 - 7.871 - 5.473 - 4.403 
i I -8.812 -8.013 -5.616 -4.334 
12 -8.951 -8.152 --5.754 -4 .270 

Iogfln~(Cn)2 = 34 
Iogflnj(cr0~ = 38 
log/~us(cn), = 41 
Iogflno: = 24 
IogflnO3 = 26 
Iogfla¢, = 30 
Iogflnj(cN)o n = 14 
log)Sn~cN).oa = 20 

Total 
[ C N - ] ,  
10= 5M log[Hg(CN)z] log[Hg(CN)~] log[Hg(CN)~-] Iog[Hg(CN)OH] log[Hg(CN)2OH - ]  

0 . . . . . .  

1 -- 5,687 - 7.003 - 9.219 -- 6.971 -- 6.487 
2 - 5.327 - 6.434 -- 8.441 - 6.820 -- 6.127 
3 --5.136 -6.113 -7.991 --6.758 --5.936 
4 - 5.012 --5.888 --7.665 --6.735 -5.81 I 
5 - 4.924 - 5.713 -- 71401 -- 6.736 - 5.724 
6 -- 4.862 -- 5.569 -- 7.176 -- 6.755 -- 5.662 
7 -- 4.819 -- 5.447 -- 6.975 -- 6.790 - 5,619 
8 - 4.791 -- 5.342 - -- 6.793 - 6.840 -- 5.591 
9 - 4.777 -- 5.253 -- 6.628 -- 6.901 - 5.577 

l 0 - 4.773 - 5.176 -- 6.479 -- 6.970 - 5.573 
! 1 --4.778 --5.112 --6.346 -7.044 --5.578 
12 -- 4. 789 -- 5.059 -- 6.229 -- 7.119 - 5.589 
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tage is taken of the relation between AA and the 
cyanide concentration, and the relatively large slopes 
of the plots, allowing the determination of cyanide 
concentrations as low as 0.1 #g/ml in suitably alkaline 
iodide solution. 

Determination of cyanide 

From a burette add 25-ml aliquots of a solution 
0.1M in potassium iodide, 6 x 10-SM in mercury(II) 
and 0.1M in sodium hydroxide, to ten 50-ml standard 
flasks. In eight of the flasks place various volumes 
from 0 to 14 ml of 5-ppm cyanide solution in 0.1M 
sodium hydroxide. To the other two flasks add differ- 
ent volumes of the unknown cyanide solution, made 
0.1M in sodium hydroxide. Make all the solutions up 
to the mark with 0.1M sodium hydroxide and mix 
them. Read the absorbances at 268 nm, against 0.05M 
potassium iodide in 0.1M sodium hydroxide. Read 
the cyanide contents of the sample from a calibration 
curve of A (or AA) vs. cyanide concentration in ppm 
or mole/l. 

The only disadvantage is the interference from 
other heavy metals. This is common with most 
methods of cyanide analysis. On the other hand, the 
technique is very fast compared with other chemical 
methods; it is reasonably sensitive, and the inter- 
ference which is usually observed in neutral solutions 
from traces of organic compounds such as aldehydes, 
methanol and acids, is eliminated by use of the alka- 
line medium. 
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Summary--Formation of the red complex between poly(vinyl acetate) and iodine in the presence of 
iodide is quantitatively independent of the method by which the polymer is prepared. In contrast, 
the amount of complex formed in the case of partly hydrolysed products of poly(vinyl acetate) depends 
strongly on the source of this polymer and may vary from sample to sample by as much as a factor 
of five, while the use of different hydrolysis methods gives rise to even greater differences in the amount 
of complex formed by the products. The determination of partly hydrolysed poly(vinyl acetate) through 
the red iodine complex is recommended only when the standard polymer sample and the unknown 
have been prepared in the same batch. Details of these systems are discussed. 

Complexat ion  of poly(vinyl 'acetate) (PVAc) with 
iodine in the presence of iodide has been demon- 
strated as a method  for the determinat ion of this 
polymer.l  In a development  of the method, the absor- 
bance of the red complex at 510 nm (A) yielded accu- 
rately linear calibrat ion curves, .4 = 0.022c, for the 
concentra t ion  range c = 25-100 mg of polymer per 
litre of final solution in the case of two polymers of 
different molecular weight obtained from the same 
source.  2 Certain part ly hydrolysed products  of PVAc 
also form a red complex, a-7 but  no systematic investi- 
gation has  been reported, as far as we are aware, of 
the suitability of this complex as the basis of an ana- 
lytical method. Moreover,  the quanti ty  of red 
complex formed by certain partly hydrolysed 
products  appears to depend on the method of hy- 
drolysis used, s-l'* as this may influence the length and 
frequency of the block sequences of acetate and  alco- 
hol groups along the polymer molecular  chains. 7'15 
We have felt the need, therefore, first to test pure 
PVAc samples obta ined  from all c o m m o n  sources to 
establish whether or no t  the sensitivity of red complex 
format ion can vary at  all with the source of the 
polymer. Then the same polymers have been hydro-  
lysed to an extent within the range of commercial  
interest and the sensitivity of the part ly hydrolysed 
products  for red complex formation has  been deter- 
mined to assess the analytical potent ial  of the pro- 
cedure for these products. 

EXPERIMENTAL 

PVAc samples were obtained from all the known com- 
mercial sources, and three specimens were prepared in the 
laboratory (Table 1). The degree of hydrolysis of the pro- 
ducts resulting from hydrolysis 7 of the PVAc samples was 

determined as previously described 7'16 (Table 2). Methanol 
was of reagent grade, and other reagents were of analytical 
grade unless otherwise stated. The procedures used are 
given below. Details of preliminary exploration are 
omitted. 

The pure PVAc samples were each tested as follows, t.2 
In each of ten 10-ml standard flasks were placed 5 ml 
of 0.0212M methanolic iodine solution. Suitable aliquots 
of 0.03035M methanolic PVAc solution were added 
(molarity based on the vinyl acetate segment of molecular 
weight 86.09), and the volume was made up to 10 ml with 
methanol (a blank containing no polymer was also pre- 
pared). One mi of each of these solutions was diluted to 
25 ml with 0.0169M aqueous potassium iodide with very 
gentle swirling to avoid partially precipitating the colloidal 
red complex. After 1 hr, the spectra of the solutions, which 
had a poly(vinyl acetate) concentration up to 0.000486M, 
were measured in l-cm cells at 20 + 0.2 ° with a Unicam 
SP500 or SP700 spectrophotometer, with the blank solu- 
tion in the reference beam. 

The Aldrich PVAc sample was hydrolysed by three dis- 
tinct methods 7 to within the range 91 + 1 mole% of hy- 
droxyl groups, and accurately linear calibration curves 
were established for iodine complex formation in test solu- 
tions of the products as follows. Ten solutions were made 
up in 50-ml standard flasks from suitable aliquots of 
aqueous polymer solution (80-90% hydrolysed PVAc does 
not dissolve in methanol) diluted to 20 ml with distilled 
water and mixed with aqueous iodine/iodide solution arid 
water to give final total concentrations of 0.0002M iodine 
and 0.0054M iodide. The ranges of polymer concentration 
were varied in proportion to their sensitivity to iodine 
complex formation. Spectra were scanned as before, and 
absorbances per concentration unit (mg/l.) at 2m, x are 
recorded in Table 2. 

Nine of the pure PVAc samples were reliably hydrolysed 
by methoxide-catalysed trans-esterification in methanol 7 to 
within the range 81 + 1 mol~/~ and test solutions of the 
products were compared as follows. Fifty ml of solution 
were made up in standard flasks as above, to give final 
total concentrations of 0.0015M iodine, 0.0045M iodide 
and 0.01M polymer. Results are in Table 2. 
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Table 1. Absorption coefficients for iodine complexes formed at 200C by 
poly(vinyl acetate) from various sources, with 0.000423M iodine and 0.0162M 

potassium iodide in 4% methanol-water mixture 

Source of Molecular 
polymer weight* Absorption coefficient1" 

Hopkin & Williams 33 x 103 2.45 
BDH 45 x 103 2.18 
Koch-Light 45 x 10 a 2.24 
Aldrich 70 x 103 2.28 
Solution polymerization~ 70 x 103 2.43 
BDH 160 x 103 2.28 
K & K 160 x 103 2.25 
UV radiation:~ 160 x 103 2.32 
Fisons 260 x 103 2.23 
Suspension polymerization:[c 1050 x 103 2.13 
Monsanto§ 500 x 103 2.2 (ref. 2) 

* Approximate viscosity average. 
I" For ).,,a, 520 rim; 10 ~ x absorbance/polymer concentration (in 
:~ Polymer prepared in the laboratory. 
§ Gelva V7 and V100 polymers, z 

mg/l.). 

Table 2. Absorption coefficients for iodine complexes formed at 20°C by partly hydro- 
lysed poly(vinyl acetate) polymers with iodide and potassium iodide in water 

Method of Absorption 
Source of PVAc hydrolysis 2 .... nm coefficient* 

(a) Results for 81 tool% hydrolysed PVAct 
Aldrich Trans-esterification 490 0.22 
Hopkin & Williams Trans-esteriflcation 490 0.18 
UV radiation Trans-esteriflcation 500 0.16 
K & K Trans-esterification 500 0.14 
Koch-Light Trans-esterification 490 0.14 
BDH 1 6 0 0 0 0  Trans-esterification 495 0.14 
Suspension polymerization Trans-esterification 495 0.11 
BDH 45000 Trans-esterification 500 ft.06 
Solution polymerization Trans-esterification 510 0.05 

(b) Results for 91 mol% hydrolysed PVAc~ 
Aldrich Saponification 485 0.13 
Aldrich Trans-esterification 485 0.05 
Aldrich Acid equilibration 485 0.0015 

* Defined as in Table 1. 
f With 0.0015M iodine and 0.0045M potassium iodide. 
:~ With 0.0002M iodine and 0.0054M potassium iodide. 

RESULTS AND DISCUSSION 

The absorption coefficients shown in Table 1 for 
complex formation by the ten pure PVAc samples 
studied have the mean value 2.28 and standard devi- 
ation 0.10 (confirming the generality of the result pre- 
viously recordedZ). However, there is probably a tend- 
ency for increases in molecular weight (MW) to cause 
a slight decrease in the coefficients. Nevertheless, the 
general agreement between the results establishes that 
with a calibration curve prepared with any pure 
PVAc polymer as standard, the reported method may 
be applied to the determination of an unknown 
sample of PVAc with an expectation of an error of 
not more than 10%. 

The absorption coefficients shown in Table 2 for 
the hydrolysed PVAc products, on the other hand, 
show wide discrepancies. We are surprised that the 

coefficients in group (a) are spread by a factor as great 
as five, because we have been at pains to carry out 
the hydrolysis as uniformly as possible, and this sug- 
gests that the method of preparation of the PVAc 
from its m o n o m e r  may in some way influence the 
structure of the hydrolysed products and their ability 
to complex with iodine. There is a rough correlation 
between the absorption coefficient and 2m,, but not 
between the coefficient and MW. When different hy- 
drolytic methods are deliberately used, as for group 
(b), and other variables in the system are kept uni- 
form, the range of absorption coefficients is even 
greater. Whilst the individual results were generally 

• reproducible (within -t-2%) 2 and satisfactory linear 
relationships between absorbance and concentration 
of polymer were observed, it is clear that the use of 
the red iodine complex for the determination of hy- 
drolysed PVAc polymers must be subject to gross 
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errors unless a pure sample of the particular polymer 
to be determined can be used as a standard. 

The results in Table 1 and Table 2(a) were obtained 
with the use of iodine and iodide concentrations suffi- 
cient to ensure complete formation of the complex, t'2 
Thus, when the iodide and iodine concentrations were 
reduced by a factor of 4, the absorption coefficients 
in Table 1 were reduced by only ca. 10%. The coefl~- 
dents  for the hydrolysed polymers were slightly sensi- 
tive to iodide concentration, the optimum value of 
this being ca. 0.005M. Addition of 0.05M sodium 
chloride to the test solutions had no appreciable 
effect. In order to verify a Beer's law relationship for 
the polymer hydrolysed by acid equilibration, 
Table 2(b), a lower iodine concentration was used so 
that the broad maximum of the complex centred at 
485 nm should not be swamped by the wing of the 
intense iodine absorption band with 2 , , ,  ~ 460 nm. 3 
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Summary-The reaction of ascorbic acid with ammonium molybdate to give molybdenum blue was 
investigated and used for microestimation of the vitamin in the pure state, dosage forms and plasma. 
The proposed method couples sensitivity (as little as Z&ml can be determined) and specificity since 
no interference was found in the presence of common reducing sugars, antioxidants and degradation 
products of the vitamin. Recovery varied from 98.9 to 102.3% f 0.2-0.5x. 

Various methods have been reported for the estima- 
tion of ascorbic acid. The most widely used are the 
calorimetric or spectrophotometric methods depend- 
ing on the reactions with 2,6-dichloroindophenol,‘*2 
diazotized 4-methoxy-2-nitroaniline,3y4 2,4_dinitro- 
phenylhydrazine,5 4-nitrobenxenediazonium fluoro- 
borate,6 dimethoxyquinone,’ 2,3,5-triphenyltetrao- 
lium chloride,’ and phenylhydrazinium chloride.’ A 
highly specific microff uorometric method is based on 
the reaction of dehydroascorbic acid with o-phenyl- 
enediamine, with a borate blank.” Titrations with 
iodine,’ ’ 2,6-dichloroindophenol,12*13 and N-bromo- 
succinimider4*t5 have been reported. Differential 
pulse polarography has been used.t6 Ascorbic acid 
has also been determined as its molybdophosphate 
complex. 1 ’ 

Ammonium molybdate can be used for detection 
of ascorbic acid in paper chromatography,” and the 
present work was undertaken to examine factors in- 
fluencing this reaction. The optimum conditions 
found were used to establish a method suitable for 
determining ascorbic acid in pharmaceutical dosage 
forms and in plasma. 

EXPERIMENTAL 
Reagents 

Ammonium molybdate, freshly prepared 10% aqueous 
solution; 10% w/v sulphuric acid; 10% trichloroacetic acid 
solution; lactose, dextrin, starch, magnesium stearate, 
sodium metabisulphite, vitamins B,, B,, B,, D, E, K; 
nicotinic acid, nicotinamide. folic acid, calcium nantoth- 
enate; rutin; calcium gluconate; copper sulphate solution; 
1M sodium hydroxide. Stock standard ascorbic acid solu- 
tion, freshly prepared in pure water; working standard pre- 
pared by dilution, to contain 0.1-0.5 mg of ascorbic acid 
per ml. 

General procedure 
Transfer 1 ml of sample solution containing 0.1-0.5 mg 

of ascorbic acid to a 50-ml standard flask, add 2 ml of 

10% sulphuric acid and 4 ml of ammonium molybdate 
solution; mix and leave for 1 hr. Dilute with water to 
the mark and mix. Measure at 730 nm against a reagent 
blank prepared in the same manner but without the ascor- 
bic acid. This blank should remain colourless for several 
days. Construct a calibration curve by using different con- 
centrations (0.1-0.5 mg/ml) of ascorbic acid to develop the 
colour and diluting to obtain 2-10 pg/ml in the final sys- 
tem. 

Analysis of tablets 
Take a portion of the powdered tablets equivalent to 

25 mg of ascorbic acid, extract it with water, filter into 
a suitable standard flask, then make up to volume with 
water. Transfer an aliquot into a suitable standard flask 
and apply the general procedure. 

Analysis of preparations in ampoules 
Dilute the contents of the ampoule to a suitable stan- 

dard volume with water, and apply the general procedure 
to an aliquot. 

RESULTS AND DISCUSSION 

Development of the procedure 

Preliminary experiments showed that the reaction 
is dependent on the ratio of sulphuric acid to ascorbic 
acid, the optimum being 0.2-0.4% w/v sulphuric acid 
in a solution containing 2-10 &ml concentration of 
the vitamin (Table 1). 

For 2-10 pg of the vitamin per ml, the ammonium 
molybdate concentration should lie in the range 
0.7-0.8% w/v in the solution measured (Table 1). 

Raising the temperature accelerates the colour de- 
velopment, the same colour intensity being reached 
in 10 min at 85” and 60 min at 20”. However, interfer- 
ence from other reducing agents such as lactose 
becomes significant at higher temperature. Therefore, 
room temperature (20-25”) is recommended, the opti- 
mum time being 60 min (Fig. 1). 

The blue colour formed is stable for about 20 hr 
under the specified conditions. The absorbance maxi- 
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Table 1. The effect of concentration of reagents on the intensity of the colour 
developed with ascorbic acid 

Sulphuric acid 10% w/u 
Volume, ml? A* 

Ammonium molybdate, 10% w/u 
Volume, ml6 A* 

1.0 0.165 
1.8-2.2 0.285 

3.0 0.150 
4.0 0.065 
5.0 No colour 

1.0 0.010 
2.0 0.050 
3.0 0.195 
4.0 0.285 
5.0 0.280 
6.0 Precipitation 

* A = absorbance for 5-ng/ml ascorbic acid; average of three determinations. 
t Plus 4 ml of 10% ammonium molybdate solution. 
s At a fixed sulphuric acid level of 0.4% w/v. 

mum is at 720-750 nm and Beer’s law is obeyed over is suitable for monitoring the rate or degree of oxi- 
the range 2-10 &ml. dation of the vitamin. 

SpeciJcity of the method 

Some excipients commonly added to dosage forms 
were found not to interfere. The recovery of ascorbic 
acid in the systems studied was 100.0-100.8 f 
0.1-0.4% (Table 2). The recovery was not affected 
even in the presence of a relatively high lactose con- 
tent (1: 1 ratio to ascorbic acid). The possible interfer- 
ence of some pharmaceuticals likely to be formulated 
with vitamin C has been also studied; the results are 
shown in Tables 2 and 3. Rutin, vitamins Br, Bs, B6, 
D, E, K, nicotinic acid, nicotinamide, folic acid and 
calcium pantothenate all gave no interference. 

Determination of vitamin C in dosage forms and plasma 

The results obtained are shown in Table 3. Recov- 
ery for vitamin C tablets was 98.9-102.3 + 0.2-0.7x 
compared to 101.0-103.5 + 0.8% obtained by the B.P. 
method. 

A 1 

0.50 

0.25 

0.2-2 

The specificity of the method for determining ascor- 
bic acid in the presence of its decomposition products 
was also evaluated. Aqueous solutions of ascorbic 
acid which had been kept at 85” in presence of copper 
ions at pH 8.0 for varying periods of time were ana- 
lysed. The results (Table 4) suggest that the method 

Tnme, min 

Fig. i. The effect of time on the colour intensity (5.0~&ml 
ascorbic acid at 20”). 

Table 2. Determination of 10 mg of ascorbic acid in presence of excipients, 
minerals and other substances usually incorporated in ascorbic acid preparations 

Substance 
Taken 

W Ascorbic acid recovery, %* 

Dextrin 
Magnesium stearate 
Lactose 
Starch 
Sodium metabisulphite 
Calcium gluconate 
Ergocalciferol 
Folic acid 
Pyridoxine, HCI 
Riboflavine 
Rutin 
Thiamine, HCI 
a-Tocopherol 
Menadione 
Calcium pantothenate 
Nicotinic acid 

5.0 100.0 + 0.1 
5.0 100.0 f 0.1 

10.0 100.6 + 0.2 
10.0 loo.1 * 0.1 
10.0 100.2 + 0.3 
50.0 101.0 f 0.4 
0.1 100.7 * 0.2 
2.0 100.4 f 0.1 
2.0 100.2 + 0.1 
5.0 loo.1 f 0.3 
5.0 100.8 + 0.3 

10.0 100.1 + 0.1 
10.0 100.2 * 0.2 
10.0 100.5 f 0.1 
25.0 100.6 f 0.2 
50.0 100.0 * 0.4 
50.0 100.1 * 0.1 

* Average of 5 results. 
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Table 3. Determination of ascorbic acid in pure form and d&rent pharmaceutical preparations by the ammonium 
molybdate method, compared with the B.P.1973 method 

Sample 

Spiked samples 
Ammonium molybdate method B.P.1973 (10 mg of ascorbic acid) 

Taken Mean recovery Taken Mean recovery, mean recovery, 
mg %t mg %t F&S %t 

Pure ascorbic acid 25.0 
Tablets 
(1) SOOmg* 25.0 
(2) 500 mg* 25.0 
(3) 150 mg* 25.0 
(4) 160 mg* 25.0 
Ampoules 
(5) 500 mg* 25.0 
(6) 500 mg* 25.0 
Human plasma 
(4 ml + 10 mg of ascorbic acid) 

99.2 & 0.4 100.0 101.0 * 0.5 1.56 

99.6 k 0.6 100.0 102.6 f 0.6 1.00 100.1 + 0.2 
98.9 f 0.7 100.0 103.0 + 0.5 1.96 100.0 * 0.3 
99.5 f 0.7 100.0 102.6 f 0.5 1.96 100.2 + 0.1 

100.8 f 0.2 100.0 103.5 + 0.8 16 100.0 f 0.2 

102.3 + 0.4 100.0 103.3 + 0.6 2.25 100.0 * 0.4 
101.9 * 0.5 100.0 102.8 f 0.7 1.96 101.2 + 0.5 

102.5 It 0.6 

* Nominal content 
t Average of 6 experiments. 
# F#heary 5.05. 
(1) Cebion, Merck; (2) Redoxon, Roche; (3) Supradyn, Roche; (4) Ruta-C 60, Kahira; (5) Cevital, Nile; (6) Calcium 

C, Sandoz. 

Table 4. Measurement of oxidation 
rate of 5-&ml ascorbic acid solution 

Time, min Absorbance 

5.0 0.16 
10.0 0.12 
20.0 0.10 
30.0 0.07 
60.0 0.06 

120.0 0.05 
300.0 0.01 

Experiments on human plasma spiked with vitamin 
C gave a recovery of 101.5 f 0.6%. The plasma was 
treated with trichloroacetic acidI before addition of 
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Summary--A sensitive spectrophotometric method for the determination of uranium with Pyrogallol 
Red (PGR) and cetyltrimethylammonium bromide (CTAB) is described. The sensitivity of the colour 
reaction between uranium and Pyrogallol Red is greatly increased in the presence of cetyltrimethylam- 
monium bromide. The blue ternary complex (2max 580 nm) has composition 1:2:4 [U (VI):PGR:CTAB] 
at pH 5.6. Beer's law is obeyed over the range 19.0S0.24 ppm of uranium and the molar absorptivity 
is 3.3 x 104 l.mole-t.cm - ~ at 620 nm. A tentative structure for the ternary complex is suggested. 
A simple method is suggested for evaluation of stability constants of such ternary complexes. 

Pyrogallol Red (PGR) forms a violet chelate with the 
uranyl ion. 1,2 Other metallochromic indicators widely 
used for the spectrophotometric determination of 
uranium(VI) include PAR, ~ PAN, 4 Eriochrome 
Cyanine R 2 and Chromazurol S. 5'6 These colour 
reactions are not specific, and the sensitivity is also 
not adequate, especially for very small quantities of 
uranium(VI). In our preliminary observations it was 
found that the sensitivity of the uranium(VI)--PGR 
reaction is increased by addition of cetyltrimethyl- 
ammonium bromide, owing to formation of a blue 
ternary complex in the pH range 4--7. There is also 
less interference from foreign ions. We have therefore 
explored the analytical value of this complex. The 
spectrophotometric methods proposed for evaluation 
of formation constants of ternary complexes are 
tedious and in only a few systems 7 have the formation 
constants of ternary complexes of surfactants been 
determined. We therefore propose a new simple pro- 
cedure for determining such stability constants. It 
should be specially useful in the case of outer-sphere 
complexes. 

E X P E R I M E N T A L  

Reagents 

A stock solution of uranyl nitrate was prepared and 
standardized gravimetrically by the oxine method. Work- 
ing solutions were prepared by appropriate dilutfon. A 
stock solution of PGR (0.001M) was prepared by dissolv- 
ing the required amount in 25 ml of methanol and diluting 
to 250 ml with redistilled water. Solutions of CTAB were 
prepared by dissolving the calculated amounts in hot redis- 
tilled water and cooling. Acetate buffer solutions were pre- 
pared from 0.2M sodium acetate and 0.2M acetic acid. 
All chemicals used were analytical-reagent grade. 

R E S U L T S  A N D  D I S C U S S I O N  

All experiments were done at room temperature 
25 ° + 1 °. The total volume of the mixtures was kept 
at 25 ml. The order of addition of the reactants had 
no significant effect on the absorbance and stability 

of the colour, but in the studies described, the order 
of addition was PGR, buffer, uranyl nitrate and 
CTAB. 

Spectral characteristics 

Figure 1 shows the absorption spectra of solutions 
containing PGR, PGR and CTAB, PGR and UO 2+, 
and PGR, UO] + and CTAB at pH 5.6. The wave- 
lengths of maximum absorption were 530, 560, 540 
and 580 nm respectively. The formation of the ternary 
complex is indicated by a pronounced bathochromic 
shift in the spectrum and a marked increase in 
absorbance in comparison with the binary chelate. 
A solution containing PGR and CTAB absorbs 
strongly at 580 nm but at longer wavelengths, e.0., 
6 1 0 a n d  620 nm, the absorbances of PGR and 
PGR-C-q'AB solutions are practically negligible. This 
is the reason for the increased sensitivity. The absorp- 
tion spectra of PGR and the binary chelate solutions 
are almost parallel at wavelengths longer than 530 
nm and so the spectrophotometric method based on 
the binary chelate is not sensitive. 

The absorption spectra of PGR in presence o3 a 
twentyfold molar ratio of CTAB were recorded over 
the pH range 1.9-8.6 (Fig. 2). At between pH 6.0 and 
3.3, 2=ax is 560 nm, and outside this range gradually 
shifts towards the 2=,xof PGR. For solutions contain- 
ing PGR and increasing amounts of CTAB 2max 
gradually shifts to 560 rim, becoming constant when 
the CTAB: PGR mole-ratio is >/4:1 (Fig. 3). 

Mixtures at various pH,values and containing 
UO 2+, PGR and CrAB in the ratio 1:2:10 were 
prepared and the absorption spectra were recorded 
(Fig. 4). The ternary complex has a constant ;t~,x at 
pH between 1.6 and 6.8, but the absorbance is con- 
stant only between pH 5.1 and 6.4. 

Composition of the comple~ 

The UO,2+ :PGR ratio in the ternary complex was 
established as 1:2 by the continuous variations s and 
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Fig. 1. A, PGR (2 x 10-SM); B, PGR (2 x 10-SM); 
UO 2+ (1 x 10-SM); C, PGR (2 x 10-SM); CTAB 
(4 x 10-+M); D, PGR (2 x 10-SM), UO2 2+ (1 x 10-SM), 

(CTAB (4 x 10-+M); pH 5.6. 
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Fig. 2. PGR (2 x 10-SM), CTAB (4 x 10-+M); pH 1.9 
(A), 3.3 (B), 5.6 (C), 8.6 (D). 
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Fig. 3. PGR (2 x 10-SM); CTAB 2 x 10-SM 
4 x 10-SM (B), 6 x 10-SM (C), 8 x 10-SM 

I x 10-*M (E), pH 5.6. 
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Fig. 4. PGR (2 x 10-SM); UO2 2+ (1 x 10-SM); CTAB 
(4 x I0-4M),  pH 1.6 (A), 3.4 (B), 3.8 (C), 5.5 (D), 6.3 (E). 

mole-ratio 9 methods in the presence of a suitable 
excess of CTAB. The proportion of cetyltrimethyl- 
ammonium ions in the complex was determined by 
measuring the absorbances of mixtures containing 
U O  2+ and PGR in the ratio 1:2 and different 
amounts of CTAB, and plotting the absorbances 
against amount  of CRAB. It was found that a fourfold 
(molar) ratio of CTAB to complex is required for 
maximum colour formation. The complex is thus 
formulated as UO2 (PGR)z(CTAh. 

The uranyl ion usually has co-ordination number 
four, which appears to be satisfied by two PGR mol- 
ecules. The CTA cations would in any event be un- 
likely to react with the UO2+(PGR)z chelate at the 
metal co-ordinating centre, and the ternary complex 
thus probably has the following structure: 

'6~- -O 6 + N ( C H s ) s R  

. .~ . C / J ' - . . ~  

~ SO-+NICH3IaR 

Evaluation of  stability constants 

When only solution equilibria involving changes in 
the outer sphere have to be considered, i.e. in systems 
where the inner-sphere complexes are inert, the same 
experimental and calculation methods can be applied 
as in the case of the study of successive complex for- 
mation, t° The ternary complex forms in a stepwise 
manner and can be described in terms of the follow- 
ing equations (charges omitted): 

kt 
M + 2PGR ~ M(PGR)2 (i) 

kz 
M(PGR)2 + 4CTA --~ M(PGR)2(CTA)+ (2) 

[M(PGR)2] (3) 
K a [M] [PGR]  2 

[M(PGR)2 (CTA)4] 
K2 = [M(PGR)2] [CTA]'* 

(4) 

The overall formation constant fl = Kt K2. Kt and K 2 
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are evaluated separately by the mole-ratio method and 
the expressions 

c d l  - ~1) 
Ki  = ~tc1(2~1cl)2 (5) 

c2(1 - ~2) 
K2 - ~2c2(4~2c2)4 (6) 

uranium, the following ions interfere at the levels 
(ppm) given in brackets: CIO~(3), pO3-(4), SO 2-,  
Cu2 + (5), Fe z+, MoO~- ,  WO~- ,  Ni 2+ , Co 2+ , VO2 +(6), 
Cr(VI) (8), In 3+, Ru3+(9), Hg 2+, Ca 2+, pd2+(10), 
Cd2+(l l)  ' Gaa+, Zn2+, Sr2+(12), y3+, A13+(13), 
La 3. ,  Ba 2+, HP+(14), Sm3+(15). 

where ~1 and ~2 are the degrees of dissociation of 
M(PGR)2 and M(PGR)2 (CTA)4 respectively, and c~ 
and Cz are the analytical concentration of UO]  + and 
the actual concentration of M(PGR)2 respectively. 
The results are given in the following table. 

Acknowledgement--The authors are thankful to the Uni- 
versity Grants Commission, New Delhi for financial assist- 
ance. 

cl, M ~q log K 1 c2, M ct 2 log K 2 log fl = log K1K2 

2 x 10 -5 0.043 12.64 1 x 10 -5 0.103 22.48 35.12 

Photometric determination 

For calibration, solutions (25 ml) were prepared 
containing a fixed amount  of PGR, different amounts 
of uranyl nitrate solution and a constant suitable 
excess of CTAB, and adjusted to pH 5.6 with acetate 
buffer. The absorbances at 620 nm were plotted 
against the amount  of uranyl nitrate. Beer's law was 
obeyed over the range 19.0 to 0.24 ppm of uranium. 
The molar absorptivity was found to be 3.3 x 104 
l.mole- 1.cm- 1 at 620 nm. The relative standard devi- 
ation was 1.1% for 5 ppm of uranium. Chloride, 
nitrate, acetate Pt(IV), Rh(III) and Th do not interfere 
even in large excess. In determination of 5 ppm of 
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ANALYTICAL DATA 

PROTONATION CONSTANT OF SOME 
SULPHA-DRUGS IN DIOXAN WATER MEDIUM 

KEEMTI LAL 
Chemistry Department, D.N. College, Meerut-250002, India 

(Received 24 October 1978. Revised 2 January 1979. Accepted 19 May 1979) 

Summary--The dissociation constants of some sulpha-drugs have been determined potentiometrically 
in 10-50% (v/v) dioxan-water media at 25 ° at ionic strength 0.1M (NaCIO4). Correlation of mole 
fraction of dioxan and pK gives a straight line. The pK values do not vary linearly with reciprocal 
of the dielectric constant of the medium at high percentage of dioxan. 

In continuation of our studies on the sulpha-drugs,~'2 
the dissociation constants of sulphanilamide and its 
derivatives have been determined in 10-50% dioxan- 
water media at 25 ° and ionic strength (/~) 0.1M 
(NaCIO4). The effect of dielectric constant and tem- 
perature on the pK values has also been studied. 
Since the sulpha-drugs are insoluble in water the data 
for aqueous media are computed from the linear plot 
of pK vs. mole fraction of dioxan. 

EXPERIMENTAL 

The sulpha-drugs were used as received from the manu- 
facturers. Dioxan was purified and stored as described by 
Vogel. 3 Doubly distilled water was used. Chemically pure 
sodium perchlorate was used to keep the ionic strength 
constant. 

A Systronic pH-meter, type 322, was calibrated at pH 
4.0 and 9.2 with potassium hydrogen phthalate and borax 
buffers. The Un correction (Van Uitert and Haas 4) was 
applied to the measurements. 

Potentiometric titrations of, (0 2.0ml of 0.05M per- 
chloric acid and (i0 2.0 ml of 0.05M perchloric acid + 
5.0 mi of 0.02M sulpha-drug with 0.05M carbonate-free 
sodium hydroxide were performed as described earlier. 5 
The initial total volume was 50.0 ml and the desired 

dioxan-water composition was maintained throughout. 
The ionic strength was kept at 0.1M with 1.0M sodium 
perchlorate. An inert atmosphere was maintained inside 
the titration cell by passage of oxygen-free nitrogen pre- 
saturated with the solvent. Before the titration was started 
the contents of the titration vessel were adjusted to the 
desired temperature, in a thermostat. 

RESULTS AND DISCUSSION 

The Irving and Rossotti method 6 was used for cal- 
culation of ha values from the titration curves (i) and 
(it), and the dissociation constant, pK, was found by 
the Bjerrum half-integral method. 7 The values are 
also calculated by using the formula: 

~ H "  
pK = pH + l o g - -  

l - -  nH 

and by plotting a graph of pH vs. loghn/(1 - hH). The 
values obtained are all in good agreement. The aver- 
age values are reported in Table 1. 

The pK value found for sulphanilamide is slightly 
higher than that reported earlier, s possibly because 
of 'the different experimental conditions. 

Table 1. Dissociation constant (pK) of sulpha-drugs at 25 + 0.2°C in dioxan-water media 

Dioxan, % v/v 
Compound 0* 10 20 30 40 50 m 

Sulphanilamide 10.60 10.82 11.06 11.36 11.75 12.22 9.50 
Sulphafurazole 6.15 6.45 6.70 7.10 7.52 8.10 11.20 
Suiphadiazine 6.35 6.65 6.96 7.31 7.82 8.41 11.74 
Sulphamethoxy pyridazine 6.75 7.02 7.30 7.68 8.12 8.70 11.08 
Sulphamerazine 6.90 7.15 7.40 7.75 8.14 9.68 10.22 
Sulphathiazole 7.12 7.40 7.72 8.08 8.50 9.10 11.43 
Sulphaphanazole 7.50 7.72 8.05 8.40 8.80 9.32 10.52 
Suiphamethizole 7.72 7.95 8.25 8.68 9.00 9.55 10.66 
Sulphadimidine 7.75 8.00 8.31 8.58 9.06 9.56 10.30 
Sulpha dimethoxine 8.05 8.32 8.60 8.97 9.38 9.91 10.80 
Sulphapyridine 8.35 8.60 8.91 9.24 9.62 10.21 10.45 
n 2 0.000 0.023 0.050 0.083 0.123 0.174 - -  
1/¢ 0.0127 0.0146 0 .0165  0.0193 0.0235 0.0303 - -  

* By extrapolation (=C in equation pK =mn 2 + C). 
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The effect of  change in dielectric constant 

The degree of dissociation of an acid depends on 
the dielectric constant (~) of the medium. In a solvent 
of low dielectric constant the electrostatic force 
between the ions is increased, which facilitates the for- 
mation of molecular species and should increase the 
pK value (Table 1) as reported earlier. 9"1° The dielec- 
tric constant decreases with increase in dioxan con- 
centration in the mixtures used here. 11 

The change in pK mole fraction of dioxan (n2) gave 
a linear plot obeying the relationship pK = mn 2 + C, 
where m and C are the slope and intercept (pK value 
at 0.0% dioxan) respectively. The values of m and C 
are reported in Table 1. The pK values do not vary 
linearly with the reciprocal (l/E) of the dielectric con- 
stant of the medium at high percentage of dioxan. 
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R6sum6--La d6termination des constantes d'6quilibre conditionnelles et des constantes de vitesse, /~ 
diverses valeurs de pH, des r6actions entre le s616nium(IV) et cinq orthodiamines aromatiques a permis 
de mettre en 6vidence une r6action principale, d'ordre lI,  qui implique la participation s61ective de 
l'esp6ce monoproton6e de l'orthodiamine et de racide s616nieux non dissoci6. L'ion monohydrog6nos616- 
nieux ou resp6ce diproton6e de l'orthodiamine peuvent prendre part / tune r6action parall~le scion 
une cin6tique plus lente. Les produits de r6action sont tr6s stables. 

Le s616nium,/~ r6tage d'oxydation IV, est susceptible 
de r6agir avec des orthodiamines aromatiques pour 
donner un benzos616nadiazole, souvent appel6 
piazs~16nole, utilisable pour la d6termination analyti- 
que du s616niumY 2 

Le m6canisme r6actionnel propos6 empiriquement 
implique la participation de l'esp6ce monoproton6e 
de rorthodiamine et de l'acide s616nieux non dissoci6 
scion la r6action: 3'~ 

R~,,~NH2 
~l..~,, ~ H3 + 

%>>v~ 

Les solutions de travail (5' 10-4M) ont 6t6 pr6par6es par 
dissolution d'une quantit6 ad6quate du produit dans de 
reau bidistill6e. 

Acide silinieux (Baker PA). La solution de travail 
(5" 10-'*M) a 6t6 pr6parb, e par dilution, ~ raide d'eau bidis- 
till6e, d'une solution m6re (10-ZM) dont le titre a 6t6 v6rifi6 
par iodom6trie. 

Ddtermination spectrophotoradtrique des constantes d'dqui- 
libre 

Mdthode de Job. # A partir des solutions de travail 

R~N'~se + 3H20 + H+ 1) 1.. 

Poursuivant nos travaux ant6rieurs relatifs /~ la 
d6termination des constantes d'ionisation de certaines 
diamines aromatiques s e t  de leurs d6riv6s s616ni6s, 1 
ce travail sera consacr6, clans un premier temps, /~ 
la d6termination spectrophotom6trique des con- 
stantes d'6quilibre des r6actions entre le s616nium(IV) 
et cinq orthodiamines aromatiques, en op6rant darts 
des conditions bien d6finies de temp6rature, force 
ionique et pH. Par la suite, nous 6tablirons, pour cha- 
que d6riv6, une valeur de pI:-I pour laquelle la vitesse 
de r6action est maximale, en suivant les variations 
des constantes de vitesse en fonction du pH. 

PARTIE EXPERIMENTALE 
Rdactifs 

Orthodiamines dtudides. L'orthoph6nyl6nediamine (PD) 
et ses d~riv6s 4-m6thyl (4-CH3-PD), 4-chloro (4-CI-PD), 
4,5-dichloro (4,5-diCI-PD) et 4-nitro (4-NO2-PD). Ces 
deriv6s ont 6t6 obtenus, purifi6s et conserves scion un 
mode op6ratoire d~crit pr6c6demment ;s ils ont 6t~ utilis6s 
sous forme de dichlorhydrate, sauf le d~riv6 nitr6 qui a 
6t6 employ6 sous forme dibasique. La purer6 des produits 
a 6t6 v~rifi6e par dosage potentiom~trique des chlorures. 

plac6es darts des burettes, on r6alise, dans des bailons 
jaug6s de 100 ml, une s6rie de m61anges de m~me concen- 
tration molaire totale en diamine et en s616nium, soit 
10-4M, mais diff6rents par la proportion relative de leurs 
divers constituants. La force ionique de routes les solutions 
est fix6e/t 0,1M /L l'aide de perchlorate de sodium et ie 
pH est ajust6 /~ 1,5 au moyen de solutions 2M d'acide 
perchiorique et d'hydroxyde de sodium. L'absorption de 
ces m61anges, plac6s clans un bain thermostatique /~ 25 °, 
est mesur6e par rapport/~ un r6actif blanc,/~ une longueur 
d'onde pr6cis6e ci-apr6s, jusqu'/l valeur constante. 

M~thode combinde de Bud~insk~ 3"~-9 et de Klausen et 
Lanomyhr. l° A partir des solutions de travail, on r~alise 
une s6rie de m~langes ayant, cette lois, la n~me concen- 
tration en diamine et en s~i6nium et des solutions de com- 
paraison, toujours de concentration ~gale en diamine et 
en s~i6nium, mais dont la concentration molaire totale est 
de moiti6 plus petite. On op~re dans les m~mes conditions 
que pr6c~demment. L'absorption des solutions de compar- 
aison est, en plus, mesur~e darts des cellules de quartz de 
2 cm pour le calcul de la constante selon la m6thode de 
Klausen et Langmyhr. 

Mdthode de Budd~insk~ et Svec. it Le calcul de la con- 
stante se base sur les r6sultats de la n~thode de Job (exc~s 
en s~i6nium) et de la m6thode de Budesinsky (concen- 
tration &tuivalente en s616nium et en diamine). 
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La constante d'6quilibre s'exprime selon l'6quation: 

K = 
[PIS] 

(H2SeO a - [PIS])(Diamine - [PIS]) 

[PIS] = concentration en piazs616nole /t l'6quilibre, 
H2SeO 3 et Diamine = concentrations initiales en acide 
s616nieux et en diamine. 

Ddtermination des constantes de vitesse en fonction du pH 

On mesure l'absorption en fonction du temps de solu- 
tions 6quimol6culaires (5' 10- SM) en s616nium et en ortho- 
diamine, dont le pH a 6t6 ajust6 /l une valeur comprise 
entre 3,5 et 0,3. On op6re dans les mSmes conditions que 
ci-avant. 

La constante de vitesse d'une r6action d'ordre II s'ex- 
prime scion l'6quation: 

l X 
k 

t a(a - x) 

a = concentrations initiales en acide s616ni6ux et en dia- 
mine (6gales), 
x = quantit6 de substance ayant r6agi apr6s un temps t. 

R E S U L T A T S  ET D I S C U S S I O N  

Ddtermination des constantes ardquilibre conditionnelles 

Pour chaque d6riv6, A rexception du 4-NO2-PD, 
il est ais6, en suivant l '6volution spectrale UV-visible 
au cours du temps de r6action entre les orthodiamines 
et le skl6nium (/t 25 °, pH 1,5 et/~i 0,1M), de s61ection- 
ner une longueur d'onde oh l 'absorption du d6riv6 
s616ni6 form6 est maximale tandis que celle de rortho- 
diamine ou de l'acide s616nieux est nulle. 

L'6tude spectrale permet, en outre, de noter l 'appar- 
ition d'un certain nombre de points isosbestiques; 
ceux-ci figurent au tableau 1 qui mentionne 6galement 
les diverses caract6ristiques spectrales observ6es dent 
l'interpr6tation a 6t6 donn6e pr6ckdemment) .5 

La m6thode spectrophotom6trique de d6termina- 
tion des constantes d'6quilibre /l 6t6 pr6f6r6e aux 
autres techniques, en r a i s o n d e s  avantages qu'elle 
pr6sente dans le cas particulier de la r6action 
6tudi6e. 12 

La figure 1 reprend le trac6 exp6rimental d'une 
courbe de Job correspondant ~t l'orthoph6nyl6nedia- 
mine; l'allure de la ¢ourbe est analogue pour tous 
les autres d6riv6s. La pr6sence d'un maximum ~ la 
valeur 0,5 de la fraction molaire en s616nium et en 
diamine et l'absence d'inversions de la convexit6 ou 

\ / 

V 
t 

0,71 

o,s( 

o,21 

0,00 I I I 
) .0  0 ,5  1,0 

Xse 
Fig. 1. Courbe de Job obtenue pour la r6action entre le 
s616nium(IV) et l'orthopb6nyl6nediamine (concentration 

totale 10-'LM, 25 °, pH 1,5 et #~ 0,1M). 

de parties concaves de la courbe exp6rimentale per- 
met d'6tablir que le produit de r6action est de compo- 
sition 1:1 et du type AB. 13.14 Les r6sultats obtenus 
en utilisant le trac6 des tangentes de la courbe de 
Job figurent au tableau 2 dont l 'examen indique qu'~ 
la valeur de pH consid6r6, le produit de r6action est 
tr6s stable. Signalons aussi que, fi 25 ° et /~ pH 1,5, 
un temps tr6s long (souvent deux semaines) est requis 
pour que la r6action soit compl6te. 

Nous avons tent6 d'obtenir des valeurs plus 
pr6cises des constantes d'6quilibre conditionneUes en 
utilisant d'autres techniques: 3"7-1~ les valeurs aux- 
quelles ces derni6res ont conduit figurent au tableau 
2; elles sent parfaitemen t compatibles entre elles mais 
aucune diff6rence statistiquement valable ne peut 6tre 
6tablie entre la stabilit6 des piazskl6noles obtenus. 
Dans tous les  cas, la tr6s grande stabilit6 des d6riv6s 
s616ni6s a n6ckssairement conduit a des valeurs peu 
pr6cises. 

Tableau 1. Principales caract6ristiques spectrales not6es lors de l'6tude UV-visible 
de la r6action entre le skl6nium(IV) et les cinq diamines aromatiques (25 °, pH 

1,5, et #~ 0,1M) 

Diamine pure Piazs616nole 
)- . . . .  nm 2 . . . .  nm Points 

D6riv6 Bande ILa Bande 1L b Bande ~---~n* isosbestiques, nm 

4-CH3-PD 232 282 335 225,5, 241, 263, 293 
PD 230 280 332,5 217, 242, 261, 290,5 
4-CI-PD 236 287 338 227, 259 269, 296,5 
4,5-diCl-PD 242 299 347 231,5, 261, 26~ 306 
4-NO2-PD 361 - -  344 356 
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Tableau 2. D6termination des constantes d'6quilibre conditionnelles des r,~actions 
entre le s616nium(IV) et cinq diamines aromatiques (25 °, pH 1,5 et #l 0,1M) 

log K* 
/~analytique Klausen Bud~insk~ 

D6riv6 nm Job Bud~insk~ et Langmyhr et Svec 

4-CH3-PD 335 6,6 6,3 6,2 6,4 
PD 332,5 7,4 7,1 7,1 7,3 
4-CI-PD 338 7,0 6,8 6,8 6,8 
4,5-diCI-PD 347 6,9 6,7 6,7 6,8 
4-NO2-PD 375 7,5 6,7 6,8 7,3 

* Chaque valeur repr6sente la moyenne d'au moins 6 essais. 

-¢ 4.19 "e 

3 " 1 0 " s ~  
1 2 3 4 

• CH 3 PO o PD pH 
A CL PD 
u d lCtPD 
• NO2 PO 

Fig: 2. Quantit6 en m61e par litre de piazs616nole form6 
/l 1'6quilibre au d6part d'une solution 6quimol6culaire 

(5' 10-SM) en diamine et en s616nium(IV)/~ 25 °. 

I1 faut remarquer qu'il est malais6 de tenir compte 
des coefficients de r6action secondaire car, comme 
nous le montrons dans la suite du travail, plusieurs 
esp6ces r6agissantes contribuent /l la r6action dont 
le m6canisme appara~t alors plus complexe que celui 
d6j/~ sugg6r6 par deux auteurs, ls'16 En outre, signa- 
!ons que, simultan6ment /t la r6action 6tudi6e, une 
degradation de l 'orthodiamine, tr6s limit6e en milieu 
acide peut se produire;  sa nature et son importance 
sont peu connues. 

En ce qui concerne le deriv6 4-NO2, il n 'a  pas 6t6 
possible de s61ectionner une longueur d 'onde off seul 
ie piazs616nole form6 absorbe; nous avons 6t6 con- 
traints de travailler h une longueur d 'onde off l 'ab- 
sorption de la diamine est grande par r appor t / t  celle 
du piazs616nole. Ayant d6termin6 ies coefficients d'ex- 
tinction sp6cifique de la diamine et du piazs616nole, 
/t la longueur d 'onde et au pH consid6r6, nous avons 
pu calculer la quantit6 de piazs616nole form6/t  tout 
instant. 

D e t e r m i n a t i o n  des  c o n s t a n t e s  de  v i tesse  e t  de  ro rdre  

de  la rdac t ion  

Les r6actions des cinq diamines avec le s616nium 
ont 6t6 suivies au tours  du temps, /t 25 ° et h des 
valeurs de pH variant de 0,3/t  3,5. 

A la lecture de la figure 2 qui illustre le r6sultat 
de ces 6volutions on constate que la zone de pH 
situ6e entre 1 et 2 est optimale pour l'6quilibre de 
la r6action directe en ce qui concerne les cinq deriv6s. 

La variation de pH entre 0,3 et 3,5 n'entraine 
aucune modification appr6ciable du spectre UV- 
visible des piazs616noles dont les coefficients d'extinc- 
tion sp6cifique restent donc inchang6s. 1 

Si des diff6rences significatives dans la valeur des 
constantes d'6quilibre ne peuvent &re not6es dans la 
zone de pH situ6e entre 1 et 2, il n'en est pas de 
m~me pour la vitesse de la r6action qui est fortement 
influenc6e par l'acidit6 du milieu r6actionnel. 

Nous avons d6termin6 l 'ordre et la constante de 
vitesse de la r6action par ia m6thode classique d'int6g- 
ration; pour t ous l e s  d6riv6s, pendant environ 24 h, 

Tableau 3. Valeur des constantes de vitesse d'ordre II (k), en fonction du pH pour les cinq r6actions 6tudi6es 

k, l " mole-  ~ . sec-  1 
D6riv6 pH 3,5 3,0 2,5 2,0 1,5 1,0 0,5 0,3 

4-CH 3-PD 0,15 0,33 0,67 0,90 0,82 0,38 0,11 0,07 
0,01 (10)* 0,01 (10) 0,02 (10) 0,02 (10) 0,02 (10) 0,01 (10) 0,02 (10) 0,02 (10) 

PD 0,12 0,34 0,69 1,10 1,22 0,93 0,33 0,19 
0,01 (14) 0,01 (14) 0,01 (14) 0,01 (14) 0,02 (14) 0,01 (14) 0,01 (14) 0,01 (14) 

4-CI-PD 0,11 0,44 0,87 1,26 1,50 1,42 1,03 0,76 
0,01 (8) 0,01 (8) 0,02 (8) 0,01 (8) 0,02 (8) 0,01 (8) 0,01 (8) 0,02 (8) 

4,5-diCl-PD 0,12 0,34 0,92 1,48 1,71 1,74 1.57 1,43 
0,03 (8) 0,03 (8) 0,03 (8) 0,03 (8) 0,02 (8) 0,03 (6) 0,04 (6) 0,06 (6) 

4-NO2-PD 0,02 0,08 0,35 0,61 0,67 0,68 0,73 0,74 
0,01 (10) 0,01 (16) 0,02 (20) 0,02 (20) 0,02 (20) 0,02 (18) 0,04 (16) 0,02 (8) 

* L'6cart 6talon (nombre d'essais). 
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la constante de vitesse r6pond parfaitement A l'6qua- 
tion d'une constante de r6action chimique d'ordre II 
pour laquelle les concentrations des corps r6agissants 
sont 6gales. Cette constatation confirme celle d'autres 
auteurs concernant le diaminonaphtal6ne Is et le 
4-CH3-PD. 15 Le tableau 3 mentionne la valeur 
exp6rimentale des constantes de vitesse d'ordre II. 

L'examen de ce tableau montre clairement que la 
valeur maximale de la constante de vitesse est 
d6plac6e vers des pH plus acides au fur et/L mesure 
que la basicit6 de la diamine diminue. 

Ayant d6termin6 les valeurs des constantes d'ionisa- 
tion des diamines 3 et connaissant celles de racide 
s61~nieux, 15'16 il nous a 6t6 possible de tracer les gra- 
phiques de distribution des esp6ces en fonction du 
pH: pour chaque d6riv6, la valeur maximale de la 
constante de vitesse d'ordre II correspond ~ un pH 
oh la quantit6 relative en acide s616nieux non dissoci6 
et en diamine monoproton6e est la plus grande. La 
diminution de la ~,aleur des constantes de vitesse lors- 
que les pH sont plus 61ev6s est due / l  la diminution 
de la quantit6 d'acide s616nieux non dissoci6 (se trans- 
formant progressivement en monohydrog6nos616- 
niure); la diminution en milieu plus acide est due 
rabaissement de la concentration en esp6ce monopro- 
ton6e (qui se transforme alors en diproton6e). 

Ii semble donc qu'il se produit, dans un premier 
temps, une r6action principale entre l'acide s616nieux 
non dissoci6 et la diamine monoproton6e; des r6ac- 
tions parall61es impliquant d'autres esp6ces ioniques 
se passent simultan6ment mais les constantes de 
vitesse de celles-ci sont beaucoup plus faibles et ne 
perturbent pas, dans un premier stade, la valeur de 
la constante de vitesse d6termin6e exp6rimentalement. 
Parmi les esp6ces r6agissant plus lentement se trou- 
vent l 'anion monohydrog6nos616niure (explique la 

r6action du 4-NOz-PD aux pH moins acides) et ia 
forme diproton6e de la diamine (explique la r6action 
du 4-CH3-PD en milieu plus acide). La r6action avec 
la forme dibasique de la diamine peut, selon toute 
vraissemblance, 8tre exclue. 

Enfin, il nous a 6t6 possible d'6tablir des relations 
entre la somme de deux constantes cr m + ~p de Ham- 
metI ~7-t9 et les constantes de vitesse/t un pH donn6. 
Toutefois, le d6riv6 4-NO2-PD s'6carte totalement des 
trac6s; nous ne pouvons, jusqu'/t pr6sent, expliquer 
ce ph~nom~ne. 
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Summary--The conditional equilibrium and rate constants, at various pH values, of the reaction 
between selenium(IV) and five aromatic orthodiamines, were determined. A main reaction of second 
order occurs first between the monoprotonated species of the diamine and the non-dissociated sclenious 
acid. The hydrogen selenite ion and the diprotonated diamine can also react but more slowly. The 
reaction products are very stable. 
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Summary--A discrepancy which exists in the literature, concerning the derivation of Schubert's ion- 
exchange equations, is resolved. 

The recent paper by Galindo and Zunino, 1 concern- 
ing the application of the ion-exchange method 2 for 
determining conditional stability constants of com- 
plexes, warrants discussion. Galindo and Zunino 1 
erroneously claim that "an examination of Schubert's 
original work revealed that to derive the general ion- 
exchange equation he implicitly made two assump- 
tions which are not valid". In a previous paper, 
Zunino et al. a stated that these alleged erroneous 
assumptions are: 

(/) "that the amount of metal bound to the resin 
at equilibrium would be the same in the presence or 
in the absence of the complexant", 

(ii) "that the free metal ion concentration in solu- 
tion at equilibrium is the same in the presence or 
absence of the complexing anion" 

and further claimed that "both wrong assumptions 
compensate each other" in the case of mononuclear 
complexes, a statement which was reiterated by 
Galindo and Zunino. 1 In fact, Zunino et al. 3 are mis- 
taken in their conclusions and in their criticism, 
although there are indeed some severe communicative 
shortcomings in the Schubert paper. 

First of all, it should be pointed out that the two 
alleged assumptions are, in fact, equivalent, and can- 
not lead to a valid derivation even in the case o f  
mononuclear complexes,  contrary to the claims in the 
literature.l'3 

Establishing the precise source of the problem 
makes quite a story of literary detective work. The 
reader should refer to the original Schubert paper" 
in order to understand the dilemma (and symbols). 
What Schubert actually wrote was: 

"The symbols to be employed in the discussion are 

as follows: 

a = per cent of M +a which has been adsorbed 
by the exchanger at equilibrium when the 
complex-forming anion, A - b  is present 

ao = same as a when A -b is absent" 

the intended meaning being that a0 is the per cent 
of M +a adsorbed by the exchanger at equilibrium 
when A-b is absent. A misreading of these statements 
might suggest that the values of a and ao were the 
same, and thus lead to the erroneous statements of 
Zunino et al. Similar reasoning can be applied to the 
definitions of the fractions of M ÷a left in solution 
(s and So). 

Schubert 2 contributes further to the potential for 
confusion both by writing an incorrect equation and 
by retaining what we conclude must be a printer's 
error. The equation as stated by Schubert is: 

¢ a 0  
(MxAy) = s 2o. (1) 

The correct general form of the equation is: 

a 
s - - -  

c _ 2 o  (M~A,) - - -  (2) 
X 

where the stoichiometric factor, x, is included. Use 
of equation (2)rather than equation (1) yields the cor- 
rect general form of the Schubert equation. The term 
(s - ao/,;.o) in equation (1) is evidently a misprint as 
this term does not appear in subsequent parts of the 
derivation, but the correct expression (s - a/2o) does 
occur. Thus, Schubert's equation is totally consistent 
if the misprint is recognized, and the stoichiometric 

1ii-77 
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factor, x, is included as shown in equation (2) above. 
Omission of this stoichiometric factor is the essential 
reason that equation (8) of Schubert's paper 2 is 
limited to mononuclear complexes. It should be noted 
that a litei-al interpretation of the misprinted equation 
(I) would also lead to the erroneous interpretation 
of Zunino et al. a 

The fallacy in the criticism of Schubert's paper 2 
by Zunino et al. a has been pointed out on previous 
occasions.4'5 

Finally, a major part of Galindo and Zunino's 
paper 1 involves modification of the ion-exchange 
equations to accommodate the sorption of positively 
charged complexes by the cation-exchanger. These 
equations had previously been derived and many such 

systems have already been investigated experimen- 
tally. 6.7 
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Sumnmry--A new selective and sensitive method for the detection of aliphatic amines has been devel- 
oped with chloride-form anion-exchange resins and 2,4-dinitrotoluene. The reaction with tertiary amines 
can only be explained in terms of hitherto postulated zwitterionic intermediates. 

The resin spot-test developed by Fujimoto I has 
several advantages. The resin beads adsorb charged 
complexes and give the characteristic colour of the 
complex. Because of the small surface area of the 
beads, even traces can be detected. Selectivity is 
increased and the charge-type of the complex can be 
determined. 

Resin spot-tests have been widely applied to inor- 
ganic substances but their application to organic 
compounds has been very limited) Qureshi et al. 3-s 
have used ion-exchange beads for the detection of a 
number of organic functional groups. 

A number of zwitterionic intermediates formed 
with amines in alkaline media have been postu- 
lated, 9-~2 but there is little experimental evidence in 
support. While we were developing an ion-exchange 
method for the detection of amines, we found we 
could not explain certain experimental facts except 
in terms of these intermediates. 

EXPERIMENTAL 
Reaoents 

A 3-5% solution of 2,4-dinitrotoluene in distilled eth- 
anol, and solutions of amines in conductivity water. 
Amberlite IR-400 (50-100 mesh) in the CI- form. 
Procedure 

Place 15--20 ion-exchange resin beads in a centrifuge 
tube. Add 1 drop of reagent solution and leave for 2 min. 
Add a drop of the test solution, let stand for I min, then 
heat in a boiling water-bath for half a minute. Add some 
distilled water to the tube and transfer the beads to the 
depression of a white spot-plate. A black to light green 
colour confirms the presence of an amine. 

Observations 
It is important to note at this juncture that when the 

concentration of the amine is high, then primary and 
secondary amines give a positive response even without 
heating. At first the beads turn green, the colour intensifies 
with time, and ultimately becomes deep blue or black. At 
a lower concentration of the amines heating is necessary; 
the beads are coloured light green and after some time 
they turn brown. Tertiary amines do not respond without 
being heated. The green colour is a distinguishing feature 
of the ion-exchange test and at no stage is the green colour 
formed in solution. 

RESULTS 

The following amines gave a positive result: 
1,3-diaminopropane, methylamine, dimethylamine, 

ethylenediamine, piperidine, diethylamine, triethyl- 
amine, n-butylamine, ethanolamine and trimethyl- 
amine. A negative test was obtained with tributyl- 
amine, aniline, o-toluidine and diethylaniline. 

A number of other organic compounds were found 
not to interfere with the test. They include carbo- 
hydrates (xylose, glucose, arabinose, rhamnose, fruc- 
tose, maltose, lactose, galactose, melezitose, starch, 
sucrose); acids (acetic, picric, salicylic, phthalic, gallic, 
fumaric, palmitic, benzoic, cinnamic, lactic); alcohols 
(allyl, n-butyl, methyl, ethyl amyL glycerol); hereto- 
cyclic bases (pyridine); nitriles (aceto-, benzo-); alde- 
hydes (crotonaldehyde, formaldehyde, acetaldehyde, 
cinnamaldehyde, benzaldehyde, salicylaldehyde, 
butyraldehyde, anisaldehyde, p-dimethylaminobenz- 
aldehyde, p-dimethylaminocinnamaldehyde), ketones 
(cyclopentanone, cyclohexanone, benzyl methyl 
ketone, acetone, n-butyl isobutyl ketone, methyl 
n-amyl ketone, propiophenone, methyl n-propyl 
ketone); hydrocarbons and their derivatives (benzene, 
xylene, o-dichlorobenzene, nitrobenzene, bromoben- 
zene, toluene); ethers (diethyl, anisole, 1,4-dioxan); 
amino-acids (L-lysine monochloride, DL-isoleucine, 
DL-a-alanine, DL-threonine, DL-serine, L-tryptophan, 
L-leucine, creatine, L-cysteine hydrochloride, L-pro- 
line, L-histidine monochloride, DL-phenylalanine)~ 
anilides (acetanilide); phenols (phenol, ~-naphthol, 
//-naphthol); amides (acetamide, benzamide). 

The limit of detection for a number of amines 
was determined and the results are summarized in 
Table 1. 

DISCUSSION 

A mechanism for the reaction of amines with 
1-chloro-2,4-dinitrobenzene has been described, ta-t5 
However, no satisfactory explanation is given for the 
reaction with tertiary amines. The assumption for the 
formation of alkyl or aryl halides does not seem to 
be valid, as a carbon-nitrogen bond would not cleave 
so easily. 

It has also been reported 16 that many compounds 
give brilliant colours in alkaline solutions even 
though they do not contain acidic hydrogen atoms, 
and at least two electron-attracting substituents are 
usually found in the recta-position in these molecules. 

1~9 
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Table 1. Limit of detection for amines 

Amine Amount detected, #g 

1,3-Diaminopropane 0.9 
Methylamine 2 
Dimethylamine 2.8 
Ethylenediamine 4.5 
Piperidine 5 
Diethylamine 7 
Triethylamine 7 
n-Butylamine 10 
Ethanolamine 11 

2,4-Dinitrotoluene satisfies this requirement. It has 
also been reported 16 that the colour reactions are 
related to the reaction of m-dinitrobenzene with acti- 
vated anions in alkaline solution to give brilliantly 
coloured anions. 2,4-Dinitrotoluene has considerable 
similarity to m-dinitrobenzene. 

Here the amines themselves provide the alkaline 
medium. This' is why aromatic amines, which have 
a much lower basicity than their aliphatic counter- 
parts, do not give this test. This is shown by the 
behaviour of piperidine (positive test) and pyridine 
(negative test). 

The observed fact that the complex is adsorbed on 
an anion-exchanger in the CI- form confirms the 
assumption that the complex is negatively charged. 
The anion is held by electrostatic attraction to the 
positively-charged matrix of the exchanger. 

The mechanism shown in Scheme 1 is proposed 
for primary and secondary amines. The initial green 
colour can be attributed to a zwitterion of the type 
shown in Scheme 2. However, the positive charge on 
the matrix rePels the positive charge on the nitrogen 
atom and the zwitterion is converted into the anion 
shown in Scheme 1 and HCI is removed. The colour 
of the beads is turned to deep blue or black. Hence 
the zwitterion is a green species and the anion is a 
deep blue or black species. 

In the case of tertiary amines the zwitterion shown 
in Scheme 3(a) is formed. Here the positive charge 
is balanced by the negative charge of Ci- and the 

NO~ ~ R  
NOz HCI. RNHz +Ct- + ~  ~ 

c.~ "~" CH, "T" 
NO2 NO a 

H~/.NHR H~jNHR ~ NO~ .~ ~ N O  2 

c.3 "if 
NO2 NO; 

H ~NHR 
~ NO2j 

CH~ ~ , ,  
NO2 

Scheme 1. Reaction with primary and secondary amines. 

+ 
H~._/NHR2 

~ N02 

P, 
NOz 

Scheme 2. Zwitterion with primary and secondary amines. 

species shown in Scheme 3(b) may be formed. Hence 
the initial zwitterion loses its identity and more 
closely resembles the anion. 

Ct" 
+ 4. 

Noz NO~ 
= b 

Scheme 3. (a) Zwitterion with tertiary amine, (b) Cl- 
balancing positive charge. 

Two factors seem to contribute to the final result, 
basicity and steric factors. In trimethylamine the basi- 
city outweighs the steric factors and hence we get 
a colour even in the cold. In the case of triethylamine 
the basicity dominates only at elevated temperatures 
and hence we get a colour on heating. For tributyl- 
amine the steric factor outweighs the basicity even 
at elevated temperatures and hence we do not obtain 
a colour even on heating. 
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LETTER TO THE EDITOR 

APPROACF~5S USED IN DEDUCING BCHUB~T'S ION-EX~"HANGE EQUATIONS 

S I A ,  

!iacCart~y and Mark I have criticized o u r  article 2 wherein some limiting factors in the 

application of Schubert's ion-exc~hange method are studie~, and repeat the criticisms they 

have already given elsewhere 3 (which were opportunely answered 4) . 

They ~.laim I that Schubert's original paper ~ contains "severe communicative short- 

comings" and conclude tha~ "Schubert's equation is totally consistent if the misprint is 

recognized, and the stoichiometric factor, x, is included". Of course, under these 

circumstances there will be more ~han one possible interpretation, depending on what might 

be supposed Here Schubert's thoughts in writing his paper and also on whether it might be 

considered t~ere is a misprint or not, and this is rather a subjective matter. 

On Zhat basis we can accept YacCarthy and Mark's views but at the same time we must 

state that our reasoning did not arise from misreading Schubert's paper but from an 

interpretation based on a different point of view. Their suggestion that we could have 

misunderstood the definition of a and ~o we consider is especially irrelevant. 

It has already been well established that Schubert's equations (7) and (8) in the 

original paper 5 are incorrect, but his equation (9) is correct because the previous error 

cancels. MacCar~hy and Mark I state that "omission of this s~oichiometric factor is the 

essential reason that equation (8) of Schubert's paper is limited to mononuclear complexes". 

In this respect we suggest the reading of our previous answer; 4 besides, it is of interest 

to examine how Schubert actually worked out the stoichicmetric factor in his subsequent 
6 

paper rather ~han examining again the original one, which appears to have suffered from 

poor presentation. 

Schubert, Russell and ~yers 6 in 19~0 simplified the original Schubert equation to make 

the method applicable to ~L¢-type complexes. The simplified equation they gave has been 

the most widely used for determining apparent stability constants by the ion-exchange 

method. 7 In that paper Schubert ~et al. stated '~uder "Per~inen~ E~ua~ions": 
• . \C . ~C "The dissociation reaction for the complex ion, (~" a ~--, or i~s equivalent (~ . ;--, 

is (~.~)c ~ ~a + n A ~. In these expressions M and A represent cationic a.~L ~. anionic 

groups, x and y the number of such groups in the complex, a arid ~ *.he charges on the 

dissociated cations and anions, respectively, c the net charge ou the complex, and n = 2/X. 

The dissociation constant, ~, for the complex ion follows from the law of mass action: 

Z . (L ~-) (Ab-)~ / (~)~'. - 

'~ith this simple algebraic artifact Schubert e +. .... al. got rid of polynuclear. .... com~nlsx MxAy_ 

to end up with the mononuclear complex ~MA n. Elementary algebra appears to say that this 

step is correct but from the chemical point of view we think it is incorrect, since it 

involves a transformation of structure in the complex and ignores the fact that the average 

number of bound ligands (as a function of the free llgand concentration) will depend on the 

metal ion concentration whereas for mononuclear complexes it is i.ndependent of it. 8 It is 

now very well established that moneuuclear and ~olyauclear complexes have differen~ 

properties, fundamentally because of differences in their structures. : After 1950 Schuber~ 
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an~ co-workers investigated cn~" mononuclear complexes and never again included symbols in 

the nomenclature which could have implied the posmibility of applying tl~ir equations to 

~xAv-type complexes, as Schubert did in the original work. ~ 

' *  types became increasingly iate. ixtie  studies of complexes of the 
O 

im;ortant, especially in relation $o organic macromolecuies in soil. ~ Cur earlier 
10 

discussion of Schubert's equations ~s intended zo demonstrate that they were applicable 

only ~u mononuclear compiexes and, az the same ~img, ts deduce an a!ternazive equation valid 

for the general case, since the only one available at that time (Schubert's equation 8,, 5 

was ineorrecz, whatever She reason for it. The ~in ~:urpose of our paper in Talanta ~ was 

~c give an analytical tool useful for choosing the most appropriate concentration range for 

she complsxanz to be used in connection with ~he ion-exchange method. Reference to the 

Schubert equation was included for completeness. 

We hope that the problem has now been suff~cientl~ discussed $o prevent future 

misinterpretation, and that no further debate will be necessary. 

Departmen~ of Inorganic and Analytical Chemis~r) 
. . . . .  , ¢ . m 

Fscu!taa de C1enc~as ~ulmxcas y Far~co~ogicas 
Universidad de Chile 
Casil!a 233, Santiago, Chile Hugo Zunine 

De~mrtment of Chemistry 
Facultad de Cienci~ 
Universidad T~cnica de l Eetado 
Casilla 5659, Santiago 2, Chile 

13 September I£79. 
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LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publisher of Talanta take great pleasure in announcing that the Louis Gordon 
Memorial Award for the best-written paper published in Talanta in 1978 is made to E. VAN HOYE, F. ADAMS 
and R. GUBELS, University of Antwetp, for their paper “Sensitivity calibration for the spark-source mass-spec- 
trometric analysis of aluminium and its alloys” (Talunta, 1978, 25, 73). 

Professor TAITIRO FUJINAGA presenting the Louis Gordon Memorial Award for 1977 to IAWO TSUKAHARA. 
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THE PHARMACIA PRIZE 

The Editorial Board and Publisher of Tulunta are proud to announce that the Swedish company PHARMA- 
CIA AB have decided to establish a prize to encourage the publication of analytical research done in industrial 
laboratories. The Pharmacia Prize will take the form of a work of art, and will normally be awarded biennially. 
All papers from industrial laboratories, that are published in Tuhntu during each two-year period, will be 
considered by an international panel of judges, and the prize will be awarded to the author(s) of the paper 
ranked best by the panel. The panel’s decision will be final. 

The first award is being made retroactively for the years 1977 and 1978, and goes to J. W. Mitchell 
and V. Gibbs for their paper “Quantitative Ion-Exchange Separation of Submicrogram Amounts of Iron 
from Phosphate Medium” (Tahnta, 1977, 24, 741). 

TN.. 26,6--r 
I 



Tirllulr”. Vol. 26. p. I 
Pergnmon Press Ltd.. 1979. Prmted m Gre;lt Britain 

THE PHARMACIA PRIZE 

The Editorial Board and Publisher of Tulunta are proud to announce that the Swedish company PHARMA- 
CIA AB have decided to establish a prize to encourage the publication of analytical research done in industrial 
laboratories. The Pharmacia Prize will take the form of a work of art, and will normally be awarded biennially. 
All papers from industrial laboratories, that are published in Tuhntu during each two-year period, will be 
considered by an international panel of judges, and the prize will be awarded to the author(s) of the paper 
ranked best by the panel. The panel’s decision will be final. 

The first award is being made retroactively for the years 1977 and 1978, and goes to J. W. Mitchell 
and V. Gibbs for their paper “Quantitative Ion-Exchange Separation of Submicrogram Amounts of Iron 
from Phosphate Medium” (Tahnta, 1977, 24, 741). 

TN.. 26,6--r 
I 



Talama Vol 26. p. i 
Pergamon Press Lid 1979. Printed in Great Britain 

PAPERS RECEIVED 

A comparison of methods for the determination of platinum in ores: R. J, COOMB~ and A. CHOW. (3 January 1979) 

Determination of antimony in concentrates, ores and non-ferrous materials by atomic-absorption spectrophotometry after 
iron-lanthanum collection, or by the iodide method after further xanthate extraction: ELsm M. DONALDSOn. (13 February 
1979) 

Metallochromic indicator: N-E2-hydroxy-5-chloro-6-methyl-3-(2'-carboxy)phenylazo]henzylglycine: N. D. PANDEr, ASHU- 
TOSH and J. K. "MEVn~O~A. (5 February 1979) 

Spectrophotometric determination of pullndium(ll), osmium(VIii) and rutheniam(IlI) with substituted 1,2,4-triazoles: SUR- 
ESH K. G ~ G ,  B. S. GARG and R. P. SINGH. (14 February 1979) 

Simple titrimetric method for the analytical control of macromolecuiar polypeptides: K/~LM/~N BURGER and MkRTA PICKLE 
(15 February 1979) 

Overpressured thin-layer chromatography with circular technique: HUBA KALASZ, EMIL MINCSOVlCS and ERN~ TVm~K. 
(15 February 1979) 

Quantitative determination of organophosphoms pesticides by thin-layer chromatography: M. CURINI, A. LAGAr4~, B. M. 
PETRONIO and M. V. Russo. (16 February 1979) 

9-1mine derivatives of dihydroxyanthraquinones as analytical reagents: M. BLASCO and J. BARnOSA. (16 February 1979) 

Plan et construction d'un apparcil pour titrages thermom6triques: Application a 1'6tude de quelques imidoximes: JAVI~ 
LU~ln|ARR~, CARLOS MO~GAY and VICTOR CERDA. (16 February 1979) 

Protonatiou constants of (1-hydroxynthylidene)bis-phosphnnic acid, diethyleuetriamino-N,N,N',N",N"-penta-acetic acid and 
trans-l,2-diaminncyclohexane-N,N,N',N'-tetra-acetic acid: T. MIODUSKL (20 February 1979) 

Routine accurate determination of silica in silicate materials by atomic-absorption spectrophetometry and subsequent compu- 
tation: F. BEA BARREDO and L. POLO DIEZ. (20 February 1979) 

Requirements of a poiarographic cell for the determination of kinetic parameters of electrode reactions: D. R. CRow 
and J. G. SHARP. (21 February 1979) 

Arseaazo !I1 as a spectrophotometric reagent for determination of lead(ll): V. MICHAYLOVA and N. KULEVA. (22 February 
1979) 

Study on the evaluation of acid-base titration curves obtained with the triangle-programmed titration technique in flowing 
solutions: G|~zA NAc;v. ARI IVASKA. ZSt)FIA FliHI":R. KLARA TOTH and ERNi) PUNGOR. (26 February 1979) 

Titration of phytic acid: RO~ALD J. REEVES, R. TODD CARROLL and GERALD P. GENNARO. (27 February .1979) 

Determination of chlorine in silicate rock by ion-exchange chromatography: HIDEO AKAIWA, HIROSm KAWAMOTO and 
KIYOSH! HASEGAWA. (28 February 1979) 



Tahru, Vol. 26. p. i 
Pergamon Press Ltd 1979. Printed in Great Britain 

EDITORIAL 

UTILITY AND FUTILITY 

It is now 45 years since Lundell wrote his famous paper “On the Analysis of Things as They Are” (Ind. 
Eng. Chem., Anal. Ed., 1933, 5, 231) and though it is treasured by most of those who take the trouble 
to read it, a survey of current literature leaves the impression that these are few in number. Readers see 
only the papers that are thought acceptable by the referees and the editors, and remain unaware of the 
papers that are refused. They therefore see a somewhat biased picture of the present state of analytical 
research, and may deem it to be healthier than it is. Analysis is above all a severely practical branch of 

science, and should be judged by its utility in solving practical everyday problems. Though a good deal 
of analytical research is undoubtedly inventive, ingenious and innovatory in this respect, too large a propor- 
tion is unimaginative, works over old ground that has long been exhausted, and produces procedures 
that are non-selective, subject to unacceptably large errors, and applicable to such a restricted range of 
samples that they are practically worthless. 

Development of such procedures may be justified on the grounds that it is a convenient and well-proven 
method of training students in research methods, and on-one would quarrel with this .view provided no 
attempt were made to publish the results. The objection is to the needless publication of methods that 
are in reality inferior to the ones they seek to replace. The main source of such papers is research on 

organic reagents. In the early days there was great hope that a specific reagent could be found for each 
element. It has long been realized that this was only a dream, but the world is evidently full of optimists 
who refuse to believe it and go on turning out new reagents that are in no way superior to their predecessors, 
and sometimes inferior. Because of the nature of the platinum metals and first row transition metals, new 
reagents will usually react with several of these, resulting in further proliferation of papers (one per element- 
reagent combination) describing the effects. Solvent extraction and ion-exchange also provide ample oppor- 
tunity for permutation and combination, and though useful results can be obtained they are frequently accom- 
panied by a great deal of relatively useless information. Polarographic examination of weak complexes between 
organic acids and various metal ions is another fruitful source of papers which often serve only the function 
of filling gaps (sometimes unreliably) in the compilations of data. The complexes themselves are seldom 
of analytical use, though data on them may be of interest in bio-inorganic chemistry. 

It may be argued that any new knowledge is of value simply because it is something added to our store 
of knowledge. This may have been true in the earliest days of organized research, when insufficient was 
known for value judgements to be formed, but it can scarcely be justified today. Much of the material 
that is published in the modern scientific literature seems to be akin to knowing how many research workers 
died in development of the method of processing cassava to give an edible product-interesting as a curiosity 
but definitely not useful. 

We earnestly beseech our fellow-workers to consider carefully (a) the objectives of their current research, 
(b) the practical utility of the results obtained and (c) whether not publishing would be a loss to the world 
at large and of science in particular. By all means let research students be trained as before, but the results 
of their work should be offered for publication only if they meet the criteria outlined above. 

We couple this appeal with another to industry as well as our colleagues. Industry frequently has problems 
but not the time or facilities to solve them. The academic research centres could provide both the time 
and the workers necessary. True, there are problems of confidentiality in connection with processes, but 
these could be overcome with good will on both sides. Certainly neither party can afford to neglect the 
opportunities available for a truly fruitful collaboration. 

TAL. 26/2-- A 
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When I was a young doctoral research worker in organic chemistry-and that was nearly 
fifty years ago--I, like all practising organic chemists of the day, had quite a problem on 
my hands. Ours was a large and growing subject with a high factual content and a rather 
primitive theoretical base. As a result it was difficult to systematise or abbreviate by 
generalisation. To master it and to use it required real familiarity with the various 
com~und types and with reactions and methods. To this end the practising organic 
chemist needed not just a simple textbook (of which quite a few existed) but something a 
good deal more comprehensive which he could have on his own bookshelf. He needed a 
source book from which he could quickly get basic information on the behaviour and 
reactions of organic compounds and in which he could browse and increase not just his 
factual knowledge but also his chemical insight. But no single work existed to fill this 
need. Of course there were vast encyclopaedic works like Beilstein and many individual 
monographs but no single comprehensive work on a reasonable scale. And so we fell 
back to using two books: (a) a general text, usually Karrer, ~hrbuch der O~u~iscbe~ 
Chemie, and (b) a book on methods like Houben-Weyl, Methoden der Organischen 
Chemie or, if we were hard up, the shorter and cheaper Meyer, Analyse und Konstitu- 
tionserrnittlung Organischer Verbindungen. During the fifty years since then the situation 
has not improved. Certainly we have extensive and detailed works like Rodd’s Chemistry 
of Carbon Compounds which is an invaluable source of factual information, but is so 
large that it can be regarded as essentially a library work of reference rather than one 

which individu~s keep on their own shelves and read regularly. This is perhaps the 
inevitable consequence of the staggering growth of organic chemistry during the past 
half-century; this growth no doubt accounts in part for the enormous expansion of 
Houben-Weyl. The 3rd Edition of that work, which ran to four substantial volumes, 
although immensely valuable was close to the limit in size for the individual reader; but 
the new 4th Edition is so enormous that it is quite beyond the pocket of the individual 
(and perhaps even of some libraries) and has lost some of its original character. Both of 
these reference works inci~nt~ly have a major defect inherent in their slow rate of 
publication: earlier volumes of each are not infrequently out-of-date before some later 
ones appear. 

There remains therefore a gap in the literature of organic chemistry which is even 
more serious today than it was in the past. For this reason one must applaud the task 
which the editors and publishers of Comprehensive Organic ChemiSrry have set them- 
selves in trying to fill this gap and by undertaking to publish the entire work on a mid-1977 
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coverage deadline during the first 3 months of next year. If this is achieved it will be a 
spectacular technical achievement. The intention is to issue the whole work in 6 volumes 
of around I200 pages each and this article is specifically concerned with Volume 1. My 
comments on the work as a whole rest therefore on the ~sumption that Volume I is 

typical of them all; from its layout, its list of contents, and my perusal of the individual 
chapters this would seem a not unreasonable assumption to make. 

I confess that I have been much impressed by Volume 1, largely, of course, because it 
meets my criteria for a personal reference text for the practising organic chemist. The 
coverage is on orthodox lines and comprises aliphatic and alicyclic hydrocarbons, arenes, 
halo-compounds, alcohols, phenols, carbonyl compounds and ethers. It contains the 
essential factual matter on individu~ groups of compounds but employs what I would call 
the Houben-Weyl approach to methods and reactions modernised on the basis of 
mechanistic ideas and it gives copious and, on the whole, well-chosen references to more 
detailed sources of information. Volume 1 includes, in addition to chapters on individual 
compound groups, others on theoretical topics such as stereochemistry and aromaticity 
which are dealt with in a thoroughly up-to-date manner. On first approaching it I felt the 
opening chapter on stereochemistry was curiously located, but on further reflection I 
think that this may be rather unfair. This book is in no sense an introductory text on 
organic chemistry for undergraduates and to give a comprehensive treatment of modern 
stereochemistry as a kind of introduction may well be desirable. One criticism which I 
would make is that the balance is not in my opinion always perfect; for instance I find it 
hard to believe that quinones warrant no more than 12 pages (and these mainly on 
benzoquinones) whereas 40 pages are devoted to annulenes. of course, there are always 
differences of opinion on the relative importance of individual topics just as there are 
differences in style of presentation by individual authors, but although there is, here and 
there, a little unevenness in style, the editors have done such an excellent job in 
controlling general treatment of topics that any unevenness is not obtrusive. Some other 
minor criticisms could be made but they would not affect my view that this promises to 
be a real contribution to the literature of organic chemistry. It is not in competition with 
the encyclopaedic works of reference which we have but is a comprehensive first source 
to which the chemist can turn for info~ation and in which he can browse for inspiration. 
If the other five volumes adequately match the first then Comprehensioe Organic 
C~e~i~f~ will tiU. a long-felt need and should be a success. 

Reviewed by C. Ourisson, Srrasiwwrg: 
Volume 2 (Nitrogen Com~unds, Carboxylic Acids, Phosphors Com~unds; edited by I. 
0. Sutherland, Liverpool). 

The present volume is probably typical of the complete series. It is “medium-sized”, has 
a very wide coverage, relies heavily on existing reviews and books, and is definitely 
up-to-date. 

Its medium size is in line with the British tradition of Rodd’s Chemistry of Carbon 
Compounds, and runs opposite to the German ideal of the exhaustive Handbuch, as well 
as to the American one of the specialised monograph. This intermediate character makes 
it certainly easier for the reader to scan for the essential points in a domain new to him, at 
a level deeper than that made accessible by textbooks, and with the provision of key 
references to the primary literature, and to specialised reviews. In most chapters, the 
bibliography contains the essential recent books, mentions extensively chemical Reviews 
or Organic Reactions, Ho&en-Weyl or Patai, in brief does not make-believe that the 
author has read alI the primary references quoted, and only primary literature. This is of 
course all to the advantage of the reader, who will certainly wan? to begin his reading by 
such reviews. Let us note at this stage that the latest references mentioned are from 1976 
to 1977, and that in most chapters, the patent literature is practically ignored. (In this 
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ERRATA 

In the paper by K. Ametani, Tulanta, 1978, 25, 317, the following corrections should be made. 
In Table 1 on p. 318, in column 5 the flow-rate refers to C2H2. not to C2H2/N,0 as printed. 
Table 2 on p. 319 should be replaced by the following table, which is also supplied on gummed paper 

in this issue, for convenience. 

Table 2. Comparison of measurements for 50 ppm lead 
with and without addition of lanthanum chloride 

Sample solution (in O.lM HCl) 

Foreign 
element*, 

ppm 

No LaCIa 

obsd., error, 
ppm (%) 

5000 ppm 
LaCl, 

obsd., error, 
ppm (%) 

Y 1000 

Eu 2ooO 

Gd 500 

Er 2000 

Y 1000 
Fe 2000 
Ga 200 

Eu 2000 
Fe 2000 
Ga 200 > 

Gd 500 
Fe 2000 
Ga 200 1 

Er 2000 
Fe 2000 
Ga 200 I 

av. 
std. devn. 

52.3 +4.6 

52.6 +5.2 

52.0 + 4.0 

51.3 +2.6 

51.1 + 2.2 

51.2 + 2.4 

51.4 + 2.8 

51.3 + 2.6 

51.61 + 3.30 
3.7, 

50.2 + 0.4 

51.5 +3.0 

50.5 +1.0 

50.1 +0.2 

49.8 -0.4 

50.4 +0.8 

50.5 +1.0 

50.6 +1.2 

50.4, +0.9, 
1.3s 

* Added as chlorides. 

In the paper by A. Olin and B. Walk, Talantu, 1978, 25, 720, the second paragraph on p. 721 should 
begin as follows: 

Relations for specific cases can quickly be derived from 
equation (8). Thus for a sample containing only mono- 
protic acids titrated with base we have U = 0, r = - 1 
and all nl = ml = 1 and obtain the familiar result 

[ 
i U,/(l + K,h) - V = (I’ + V,)(h -[OH])/C.K, = j3,r 

i=1 1 Ki = fi,, is the protonation constant of A,. It is,. . . 
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Glassblowing for Laboratory Technicians, 2nd Ed.: R. BARBOUR, Pergamon, Oxford, 1978. Pp. xv + 265. El5 (hard 
cover). f5 (Rexicover). 

This copiously illustrated handbook covers all aspects of glass-blowing, and will serve all practitioners of the art 
from the tyro to the master craftsman. It is full of useful information, ranging from the severely practical on how 
to perform various operations, to collections of data on the composition and properties of various glasses. Some 
sections, such as the chapter and appendix on vacuum-line technique, can be read with profit by the research worker. 
Even the training of glass-blowers is dealt with, and the flexicover edition is well within the financial reach of all. 
Strongly recommended. and a great bargain. 

Annual Reports on Analytical Atomic Spectroscopy. 1977: J. B. DAW~~N (ed.), The Chemical Society, London, 1978. 
Pp. ix + 291. f17.50. 

Volume 7 of the Annual Reports maintains the standards set by its predecessors, and sets out in text and tabular 
form the developments in analytical atomic spectroscopy during 1977. It is divided into two parts, dealing with principles 
and instrumentation in the first. and applications in the second. Naturally there is some overlap, but that is a benefit 
for the reader, since there is no need to turn back and forth between widely separated passages to collate information. 
The inclusion of authors’ addresses in the list of references, combined with the author index, will prove a boon not 
only to those wishing further direct information from the authors concerned, but also any hard-pressed editors trying 
to find referees for papers. 

The Chemical Analysis of Manganese: ROLAND S. YOUNG. The Manganese Centre, Neuilly. 1978. Pp. 32. Free of charge. 
from The Manganese Centre, I91 Avenue Charles de Gaulle, 92521 Neuilly sur Seine, France. 

This little booklet contains clear instructions for the determination of manganese in many materials and by various 
techniques. and also for analysis of manganese ores for other components. 

Literature Survey on Applications of Uniseal@ Decomposition Vessels in Chemical Analysis by AAS and Other Instrumental 
Methods, l%gl977. Uniseal. Haifa. 1978. Pp. 9. Free of charge from Uniseal Decomposition Vessels Ltd., P.O. Box 
9463. Haifa 31094. Israel. 

A 9-page fully indexed literature review with over 100 references in some 50 areas of application surveys Uniseal@ 
liquid pressure equipment for the decomposition, solubilization. digestion. extraction. hydrolysis and destruction of 
organic matter in inorganic and organic materials before application of AAS and other instrumental methods of analysis. 

Ion-Selective Electrodes in Organic Elemental and Functional Group Analysis: A Review: W. SELIG, U.S. Department 
of Commerce. Springfield. VA 22161. 1978. Pp. iv + 127. 57.25. Supplement 1: pp. iv + 57, $5.25. 

The review covers the literature abstracted by Chemical Ahsrracrs up to the end of Vol. 83 (1975). and the supplement 
extends the coverage to the end of Vol. 88 (1978). It deals with the determination of the major elements and groups 
found in organic compounds, and there is a section on the use of ion-selective electrodes as detectors in chromatography. 
The supplement has an index, but the main review unfortunately does not. However, as most sections are only a 
few pages in length, the absence of the index is not too serious a drawback. 

International Union of Pure and Applied Chemistry, Analytical Chemistry Division, Commission on Microchemical 
Techniques and Trace Analysis. General Aspects of Trace Analytical Methods-D. Standard Reference Materials for 
Trace Analysis: Part I. Present Status of Avaibrbility and Application; Part 2, Available Standard Reference Materials: 
0. G. KOCH. General Aspects of Trace Analytical Methods-III. Contamination in Trace Analysis: A. MIZUIKE and 
M. PINTA. 

Commission on Electroanalytical Chemistry. Proposed Tertufnology and Symbol for the Quantity Representing tbe 
Transfer of Solutes from one Solvent to Another: B. TREMILLON and J. F. COETZEE. Standard Poteatfal of the SilverSilver 
Cdoride Electrode: R. C. BA~~.s and J. B. MACASKILL. 

These are all reprints from Pure and Applied Chemistry, available from Pergamon Press (prices on application). 
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If Book Review 

coverage deadline during the first 3 months of next year. If this is achieved it will be a 
spectacular technical achievement. The intention is to issue the whole work in 6 volumes 
of around I200 pages each and this article is specifically concerned with Volume 1. My 
comments on the work as a whole rest therefore on the ~sumption that Volume I is 

typical of them all; from its layout, its list of contents, and my perusal of the individual 
chapters this would seem a not unreasonable assumption to make. 

I confess that I have been much impressed by Volume 1, largely, of course, because it 
meets my criteria for a personal reference text for the practising organic chemist. The 
coverage is on orthodox lines and comprises aliphatic and alicyclic hydrocarbons, arenes, 
halo-compounds, alcohols, phenols, carbonyl compounds and ethers. It contains the 
essential factual matter on individu~ groups of compounds but employs what I would call 
the Houben-Weyl approach to methods and reactions modernised on the basis of 
mechanistic ideas and it gives copious and, on the whole, well-chosen references to more 
detailed sources of information. Volume 1 includes, in addition to chapters on individual 
compound groups, others on theoretical topics such as stereochemistry and aromaticity 
which are dealt with in a thoroughly up-to-date manner. On first approaching it I felt the 
opening chapter on stereochemistry was curiously located, but on further reflection I 
think that this may be rather unfair. This book is in no sense an introductory text on 
organic chemistry for undergraduates and to give a comprehensive treatment of modern 
stereochemistry as a kind of introduction may well be desirable. One criticism which I 
would make is that the balance is not in my opinion always perfect; for instance I find it 
hard to believe that quinones warrant no more than 12 pages (and these mainly on 
benzoquinones) whereas 40 pages are devoted to annulenes. of course, there are always 
differences of opinion on the relative importance of individual topics just as there are 
differences in style of presentation by individual authors, but although there is, here and 
there, a little unevenness in style, the editors have done such an excellent job in 
controlling general treatment of topics that any unevenness is not obtrusive. Some other 
minor criticisms could be made but they would not affect my view that this promises to 
be a real contribution to the literature of organic chemistry. It is not in competition with 
the encyclopaedic works of reference which we have but is a comprehensive first source 
to which the chemist can turn for info~ation and in which he can browse for inspiration. 
If the other five volumes adequately match the first then Comprehensioe Organic 
C~e~i~f~ will tiU. a long-felt need and should be a success. 

Reviewed by C. Ourisson, Srrasiwwrg: 
Volume 2 (Nitrogen Com~unds, Carboxylic Acids, Phosphors Com~unds; edited by I. 
0. Sutherland, Liverpool). 

The present volume is probably typical of the complete series. It is “medium-sized”, has 
a very wide coverage, relies heavily on existing reviews and books, and is definitely 
up-to-date. 

Its medium size is in line with the British tradition of Rodd’s Chemistry of Carbon 
Compounds, and runs opposite to the German ideal of the exhaustive Handbuch, as well 
as to the American one of the specialised monograph. This intermediate character makes 
it certainly easier for the reader to scan for the essential points in a domain new to him, at 
a level deeper than that made accessible by textbooks, and with the provision of key 
references to the primary literature, and to specialised reviews. In most chapters, the 
bibliography contains the essential recent books, mentions extensively chemical Reviews 
or Organic Reactions, Ho&en-Weyl or Patai, in brief does not make-believe that the 
author has read alI the primary references quoted, and only primary literature. This is of 
course all to the advantage of the reader, who will certainly wan? to begin his reading by 
such reviews. Let us note at this stage that the latest references mentioned are from 1976 
to 1977, and that in most chapters, the patent literature is practically ignored. (In this 



Book Review III 

respect recourse to Ho&en-Weyl would provide often a completely different picture.) 
The coverage is very wide. In this volume of some 1300 pages, eighteen chapters 

describe classical functions (amines of diverse types, nitriles, esters, etc.), as well as more 
special ones (e.g. nitrones, nitroxides, phosphazenes . . . ). In each case, a classical plan is 
followed: prep~ations and reactions are covered in turn, with usually only a very brief 
mention of the physical properties and of structural aspects. in general, mechanisms are 
hardly discussed, except when they have a direct bearing on the preparative aspects. 

‘Ihe various chapters are treated in a similar manner, but not at the same level of 
detail. For instance, the chapter on imines, nitrones, nitriles and isocyanides is ex- 
ceptionally thorough (nearly 200 pages, 650 references), whereas aromatic amines, to 
which certainly much more work has been devoted, are covered in 50 pages, with some 
200 references. In fact, I believe this is probably once again favou~ble for the reader, 
who gets most of what he needs most: help with the less accessible information. 

It is extremely difficult to gauge such a large book by scanning it or by reading parts of 
it; it is also certainly not meant to be read through. An impression can however be gained 
easily in the few hours I have spent probing, reading, comparing. It is definitely very 
favourable. I am convinced that the emphasis is right; that the book, and certainly the 
series, will find daily use in most organic chemical laboratories, for quite a long time. Of 
course, it will be most useful only to those who have access to a well-stocked library, but 
it must be pointed out that, even from that point of view, the reader has been favoured; at 
least the Anglo-Saxon reader, as the bulk of the references are to American and British 
articles, with only occassional intrusion of German (few), Japanese (very few), Swiss, 
Russian or French papers (rare). 

Reviewed by G. Stork, New Yorlr: 
Volume 3 (Sulphur, Selenium, Silicon, Boron, Grganometallic Compounds; edited by D. 
Neville Jones, Shefield). 

This volume starts with the organic chemistry of sulfur, from thiols to thiocarbonyl 
com~unds, via sulfinylamines and thiosulfonates, which it covers in some 480 pages with 
almost 2000 references. This is followed by organoselenium and tellurium compounds (46 
pages, 279 references), organic compounds of silicon (145 pages, 633 references), and of 
boron (251 pages, 842 references). We then encounter organometallic compounds of 
groups I, II, III and IV, and of antimony and bismuth (175 pages, 777 references). The 
volume closes with organic com~unds of the transition metals (1% pages, 179 
references). This is a breath-taking accomplishment for many reasons. 

The sixteen writers of Volume 3 are not only possessed of what appears to be an 
encyclopaedic knowledge of their subject. They are, without exception, deeply involved 
in research in the field they cover and are, indeed, immediately recognized as among the 
foremost contributors to its recent developments. That such a galaxy of authors could be 
assembled, that it could bring such a project to fruition on schedule, that it could maintain 
some unity of presentation and a largely successful concern for relevance to synthetic 
organic chemists, is an extraordinary achievement. The Chairman of the Editorial Board, 
Professor D. H. R. Barton, his Deputy, Professor W. D. Ollis, as well as the Editor of this 
particular volume, Dr. D. N. Jones, have our admiration and deserve our thanks. 

Judging by this volume, which I take to be representative of the whole work, it is clear 
that every serious chemistry library will have to acquire this set. 

This being said, I will now comment more specifically on the material in Volume 3 if 
only to show that my recommendation is based on actual reading of this volume. I will 
start with some minor criticism. The book is completely oriented toward leading the 
pra~tising chemist to recent, o~ration~y useful, literature references on a particular 
reaction. In this it has succeeded, and this is obviously a major strength, but a corollary is 
that this is not a book which can be consulted to get a sense of the history or intellectual 
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Laboratory Handbook of Chromatographic and Allied Methods: edited by O. MIKE], Horwood, Chichester, 1979. Pp. 764. 
£38.50. 

In the reviewer's opinion there are too many books on chromatography and related methods. An earlier book edited by 
Mikel had numerous competitors. Each book should justify its existence. This new one does. It is not a second edition of 
the previous manual but a refreshingly modem book which within its wide range deals clearly and in reasonable depth 
with equipment and materials readily available in the West. The book describes not only the principles involved but gives 
examples of applications and how to select and improve methods. Chromatography is still partly an art, or skill, and a 
particularly attractive feature of this book is that the experience of the contributors is revealed in the way they deal with 
minor handling techniques, and with other, at first sight apparently trivial, matters all of which in fact largely determine 
whether or not a chromatographic method will be found to. be successful. The book is large and for many users should be 
on its own self-sufficient, but it is impossible, and in this field impractical and undesirable, for any text to seek to be 
comprehensive. Reference is made to specialist texts. 

The topics covered include theories of chromatographic and related methods, applications of partition, adsorption, 
ion-exchange, gel, affinity and gas chromatography and techniques of column, paper, thin-layer and other types of 
chromatography. There are chapters on electromigration and countercurrent distribution, and the book ends with a useful 
review of the literature and a list of United Kingdom suppliers of materials and equipment. The chapters vary in style and 
scope but overall the coverage is good. In such a large book it is not surprising that there are a few outdated terms and 
typographical errors. The historical introductions are interesting and well-balanced. The book is indeed what its predeces- 
sor claimed to be, namely a laboratory, or bench, manual and in that appropriate guise it will prove of considerable value 
for reference and browsing. It is an excellent guide through the jungle of competing techniques, chromatographic reagents 
and suppliers, and will be of some help in assisting in decisions about the most suitable commercially available equip- 
ment. Both the novice, and the already experienced worker, will benefit from the expertise displayed. 

K. C. B. WILKIE 

Modern Methods for Trace Element Analysis: M. PINTA, Ann Arbor Science, Ann Arbor, Michigan, 1978. Pp. xii + 492. 
£18.60. 

This text offers a useful introduction to the application of some selected analytical techniques to trace element analysis. 
The techniques included are fluorimetry, emission spectroscopy, atomic-absorption spectrometry, atomic-fluorescence 
spectrometry, X-ray fluorescence spectrometry and activation analysis. For each topic, the theory is discussed briefly, then 
the apparatus and operational procedures are discussed, and finally a wide selection of practical methods is given. 
References to the original literature are extensive. The chapters on atomic-absorption methods, which include extensive 
discussion of non-flame methods, will be particularly useful to the newcomer to modern routine trace analytical practice. 
In his introduction, the author tries to justify the omission of several important modern techniques, including electro- 
chemical stripping methods, differential-pulse polarography, ion-selective electrodes, and spark-source mass spectrometry: 
it would have been preferable if he had merely stated that he did not propose to discuss them. 

I found that the printers' setting of the equations in the text sometimes made them barely comprehensible: no italic 
characters were used, and minus signs, en-rules and era-rules all came out looking like hyphens. 

MARY MASSON 

Analysis with Ion-Selective Electrodes: J. VESELY, D. WEiss and K. ~TUL]~K, Horwood, Chichester, 1978. Pp. 240. £16. 

The core of this book is a 100-page review of'applications of ion-selective electrodes up to 1976-77. A wide range of 
analyses are covered in outline, but one would have to go to the original reference (there are 839 in this section) before 
attempting anything that was not straightforward. The discussions of selectivity and other properties of ISEs are thorough 
and there are useful hints for masking or removing interferences. Given the purpose of the book, a little too mu~h space is 
given to experimental electrodes and it is not made clear which forms of ISE are readily available and from which 
manufacturer. Another weakness is that the authors seem to have little faith in ISEs for trace analysis: in this area the 
reference list is less than comprehensive. 

The first half of the book is a sound general introduction to the subject. Chapter 1 describes the theory briefly but at the 
right level. Chapter 2 is very good on electrode construction (although the air-gap electrode is misunderstood), reference 
electrodes and aspects of intrumentation. Chapter 3 deals adequately with calibration, known addition methods, and 
Gran plots; the section on continuous measurements, being brief and narrowly-based, is not of the same standard. 

The cost per page is comparatively high, especially in view of the poor paper and printing. It is, however, a useful 
compilation for anyone wishing to devise or modify a method and on that basis the price js by no means outrageous. The 
text is clearly written and well illustrated and the book's merits far outweigh any defects I have pointed out. 

DEREK MIDGLEY 
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ment. Both the novice, and the already experienced worker, will benefit from the expertise displayed. 

K. C. B. WILKIE 

Modern Methods for Trace Element Analysis: M. PINTA, Ann Arbor Science, Ann Arbor, Michigan, 1978. Pp. xii + 492. 
£18.60. 

This text offers a useful introduction to the application of some selected analytical techniques to trace element analysis. 
The techniques included are fluorimetry, emission spectroscopy, atomic-absorption spectrometry, atomic-fluorescence 
spectrometry, X-ray fluorescence spectrometry and activation analysis. For each topic, the theory is discussed briefly, then 
the apparatus and operational procedures are discussed, and finally a wide selection of practical methods is given. 
References to the original literature are extensive. The chapters on atomic-absorption methods, which include extensive 
discussion of non-flame methods, will be particularly useful to the newcomer to modern routine trace analytical practice. 
In his introduction, the author tries to justify the omission of several important modern techniques, including electro- 
chemical stripping methods, differential-pulse polarography, ion-selective electrodes, and spark-source mass spectrometry: 
it would have been preferable if he had merely stated that he did not propose to discuss them. 

I found that the printers' setting of the equations in the text sometimes made them barely comprehensible: no italic 
characters were used, and minus signs, en-rules and era-rules all came out looking like hyphens. 

MARY MASSON 

Analysis with Ion-Selective Electrodes: J. VESELY, D. WEiss and K. ~TUL]~K, Horwood, Chichester, 1978. Pp. 240. £16. 

The core of this book is a 100-page review of'applications of ion-selective electrodes up to 1976-77. A wide range of 
analyses are covered in outline, but one would have to go to the original reference (there are 839 in this section) before 
attempting anything that was not straightforward. The discussions of selectivity and other properties of ISEs are thorough 
and there are useful hints for masking or removing interferences. Given the purpose of the book, a little too mu~h space is 
given to experimental electrodes and it is not made clear which forms of ISE are readily available and from which 
manufacturer. Another weakness is that the authors seem to have little faith in ISEs for trace analysis: in this area the 
reference list is less than comprehensive. 

The first half of the book is a sound general introduction to the subject. Chapter 1 describes the theory briefly but at the 
right level. Chapter 2 is very good on electrode construction (although the air-gap electrode is misunderstood), reference 
electrodes and aspects of intrumentation. Chapter 3 deals adequately with calibration, known addition methods, and 
Gran plots; the section on continuous measurements, being brief and narrowly-based, is not of the same standard. 

The cost per page is comparatively high, especially in view of the poor paper and printing. It is, however, a useful 
compilation for anyone wishing to devise or modify a method and on that basis the price js by no means outrageous. The 
text is clearly written and well illustrated and the book's merits far outweigh any defects I have pointed out. 

DEREK MIDGLEY 
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FOREWORD 

The Editorial Board and Publisher of Talanta take great pleasure in presenting this special issue as a 
tribute to the many and varied contributions to the analytical sciences made by chemists in Germany, from 
earliest times to the present. They consider it appropriate to link the issue with the name of CARL FRIED- 
RICH MOHR, in the year of the 100th anniversary of his death. Except for the biographical sketch and a 
few papers specially invited from neighbouring German-speaking countries, all the contributions to this issue 
originate from current analytical research in Germany, and give a picture of the breadth and scope of 
modern interests in analysis. 

The contributions to the issue have not been grouped in any special order of subject matter, since they fall 
into many different parts of the spectrum of modern analytical chemistry, ranging from the simplicity of 
classical methods to the complexities of modern instrumentation and the demands of technology. Taken 
overall, they represent a very good cross-section of current interests in analytical research in Germany and 
show well the close relationship between pure and applied research that has always existed to a far greater 
extent in analysis than in other branches of chemistry. The papers presented here also demonstrate clearly 
that there is indeed a resurgence in analytical chemistry, as Professor Belcher said in his Plenary Lecture at 
the 4th International SAC conference in Birmingham in 1977. It is to be hoped that they will be read by the 
rising generation of students and analysts and help to arouse that interest and enthusiasm so necessary for 
the successful practice of the analyst's craft. 

E. Biasius 
R. A. Chalmers 
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NOTICES 

GORDON RESEARCH CONFERENCES 
New Hampshire 

The 1979 Gordon Research Conferences of major interest to analytical chemists include the following: 

Chemistry at Interfaces, 2-6 July, Kimball Union Academy, Meriden 
Analytical Pyrolysis, 26 July, Holderness School, Plymouth 
Quantitative Structure Analysis, 16-20 July, Plymouth State College. Plymouth 
Point and Line Defects in Semiconductors, 23-27 July, Kimball Union Academy 
Statistics in Chemistry and Chemical Engineering, 30 July-3 August, New Hampton School. New Hampton 
Toxicology and Safety Evaluations, 30 July-3 August, Kimball Union Academy 
Micellar and Macromolecular Catalysis, 6-10 August, Brewster Academy, Wolfeboro 
Separation and Purification, 13-17 August, Colby-Sawyer College, New London 
Analytical Chemistry, 13-17 August, New Hampton School 
Fluids in Permeable Media, 13-17 August, Kimball Union Academy 
Laser Interaction with Matter, 13-17 August, Tilton School, Tilton 
Chemistry and Physics of Liquids, 13-17 August, Holderness School 
Ion Exchange, 2&24 August, Kimball Union Academy 
Elementary Particle Interactions, 2(r24 August, Proctor Academy, Andover 
Inorganic Geochemistry, 20-24 August, Holderness School 
Molten Salts and Metals. 2&24 August, Brewster Academy 
Remote Sensing of the Earth’s Surface from Space, 2&24 August, Plymouth State College 

Full information available from: 
Dr. A. M. Cruickshank, Director. 
Gordon Research Conferences. 
Pastore Chemical Laboratory, 
University of Rhode Island. 
Kingston, Rhode Island 02881, U.S.A. 

ISEC ‘80 

International Solvent Extraction Conference 1980 
Liege, Belgium, 6-12 September 1980 

The intended audience of the conference is one of chemists and chemical engineers from industry, universities and 
research centers who are concerned with all practical or fundamental aspects of solvent extraction. As in the past, 
the conference will be devoted to topics such as chemistry and physical chemistry of extraction, extraction equipment, 
industrial processes and economics, nuclear chemistry, application to petrochemical and pharmaceutical industries. 

ISEC 80 will take place at the University of Liege on the new Sart-Tilman Campus. The University provides the 
convenience of modem conference rooms and of libraries in a woodland setting. The accommodation for delegates 
will be offered either on the Sart-Tilman Campus or in town. 

The scientific programme will include invited plenary lectures and submitted research papers. Specialized papers 
will be presented in poster sessions in order to encourage direct contacts between those most interested. Poster sessions 
proved to be a real success at the ISEC conference in Toronto. 

A sightseeing tour is planned on Sunday, September 7th and technical tours to Belgian and nearby German plants 
and laboratories are planned on Wednesday, September 10th. 

The proceedings will be published by a photographic reduction process in advance of the conference and will be 
distributed to participants on registration at the University of Liege. The language of the conference will be English. 

Authors are invited to submit by July Ist, 1979 an extended abstract (minimum 600 words plus figures). The papers 
should present original unpublished research works and will be submitted to referees. Authors will be notified of 
the provisional acceptance or of the rejection of their contributions in autumn 1979. 

Manuscript of the full papers will be due by February Ist, 1980. 

Conference secretariat: 
ISEC 80. Department of Chemistry, University of Liege, Sart-Tilman, B 4CO0, Liege. Belgium. 

STANDARD REFERENCE SAMPLES OF METALLURGICAL DUSTS 
FOR ENVIRONMENTAL CONTROL ANALYSIS 

In view of existing and probable future legislation regarding the emission of particulate matter into the atmosphere, 
and the high capital cost of meeting these requirements, there is a growing interest in the composition of such dusts 
which are recovered for either re-use or disposal. 

. . . 
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PUBLICATIONS RECEIVED 

Analysis of Drags and Metabolaes by G a s  Chromatography-Mass Speetrumetry, Volume 5: B. J. GuDzllqOWlCZ and 
M. J. GuDzlNowlcz, Dekker, New York, 1978. pp. x + 541. S.Fr. 140.00. 

This latest volume of the exhaustive treatise dealing with medical applications of the combined gas chromatograph- 
mass spectrometric technique is devoted to the analysis of analgesics, local anaesthetics and antibiotics. After a brief 
philosophical introduction outlining the application of narcotics to the relief of pain, there follows a review of the 
methods which have been proposed for the assay and identification of pain-relieving drugs. This material is grouped 
under the headings of naturally-occurring opium alkaloids and their derivatives, synthetic opium-like drugs and narcotic 
antagonists. Succeeding sections describe work on the analysis of other substances used in pain relief, such as the 
antipyretic and anti-inflammatory drugs. The remaining text is concerned with methods for local anaesthetics and 
antibiotics. Full experimental details are often provided and techniques involving newer methods of ionization are 
not neglected. There are also included tables of pharmacokinetic data for some of the substances described. 

J. R. MA~ER 

The Study of Ionic Equilibria: An Introduction: HAZEL Rossorrt, Longmans, London, 1978. Pp. xiv + 194. £5.95. 

This is a readable and readily understandable account of the methods of determining acid-base and metal-ion equilib- 
rium constants. It was written for senior undergraduate students, but it will be equally useful to postgraduate students 
and to others who wish to determine stability constants, but did not have the benefit of being taught by an enthusiast 
like Dr. Rossotti. 

After two brief introductory chapters, the "meat" of the book begins with a discussion of the protonation of monoprotic 
acids. The treatment is done in terms of both dissociation constants and formation constants. Both are clearly defined, 
as is the relationship between them. The various species of constants--activity quotients, concentration quotients, and 
mixed "Bronsted" constants--are defined, and their usefulness in theory and practice is discussed. Methods for studying 
equilibria are then described: the advantages and disadvantages of potentiometry, spectrophotometry, distribution 
methods, and conductivity measurements are compared and contrasted. Step by step, the discussion is extended to 
two-stage protonations, several-stage protonations, and the binding of protons to macromolecules. 

A similar pattern is followed for metal-ion complexes, except that formation constants only are used. The algebra 
is first presented for the formation of a simple complex where no side-reactions are involved. Later, the idea of competi- 
tion with protons is introduced. Again, the appropriate experimental methods are discussed, with just the right amount 
of detail for a treatment at this level. The treatment is extended to ternary and polynuclear complexes in the final 
part of this section. 

In a critical treatment of computational methods, the graphical and computerized approaches are described in detail, 
and their advantages and disadvantages are discussed. The final chapter attempts to show why equilibrium constants 
are determined: it covers calculation of equilibrium concentrations, graphical display of results for systems of widely 
varying complexity, and evaluation of other parameters (including correlation studies). 

! can strongly recommend this book to anyone who is interested in determining equilibrium constants, and especially 
anyone who has found the "tough generalized treatment of acids and metal complexes" (which is how the bibliography 
describes The Determination of Stability Constants, by F. J. C. Rossotti and H. S. Rossotti) just too tough for comfort. 

MARY MASSON 

TolP.ics in Bioeleetrochemistry and Bioenergetics Volume 2: G. Milazzo (ed.), Wiley, New York, 1978. Pp. 204. £13.00. 

This book consists of six chapters in  the form of monographs, each by different authors. The subjects covered 
are (1) Mechanisms of Membrane Excitability, (2) Electrokinetic Phenomena in Biology, (3) A Potential Controlled 
Transient Gating Mechanism in Fixed Charge Membrane Modules, (4) Analytical Electrophoresis, (5) Electrical Events 
During Active Transport of Ions through Biological Membranes, and (6) Semiconducting Biopolymers and their part 
in Biochemical Phenomena. The chapters are mainly of a review nature but some original material is also included. 
In the preface to the series, the editor writes that the chapters are written "at a high level, by authoritative electrochemists 
for the particular benefit of biochemists and biologists, and by authoritative biochemists and biologists for the particular 
benefit of electrochemists", and on the whole this pedagogical aim has been achieved. For those new to the subject, 
the chapters may not make easy reading, but they are clearly and concisely written and the b~liography is extensive 
enough to enable the reader to follow up any points on which he may need further clarification. The detailed derivations 
of some of the equations are given in appendices. Although the authors come from many different countries, all the 
chapters are in English with a consistently clear style. The general presentation and printing of the book is also 
to a high standard. It seems strange that the only reference to Volume 1 of the series is on the dust cover. 

PETER H. LLOYD 

Blood Drugs and Other Analytical Challenges: Eglc REID (ed.) Horwood, Chichester, 1978. Pp. 355. £19.50. 

This book reports the deliberations of a Bioanalytical Forum held at the Wolfs0n Centre of the University of Surrey 
in September 1977. It is the 7th in the series "Methodological Surveys in Biochemistry" and is closely related to 
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NOTICE 

FEDERATION OF EUROPEAN CHEMICAL SOCIETIES (FECS) 

WORKING PARTY ON ANALYTICAL CHEMISTRY (WPAC) 

European Analytical Column 2 

As in 1978, when this European Analytical Column tirst appeared in all major European broad-spectrum 
journals of Analytical Chemistry and outlets of the national member societies, the WPAC/FECS wishes 
to inform the analytical community about recent activities. 

In 1978, two meetings (Nos. 8 and 9) of the WPAC took place in Dublin, Ireland, on the occasion of 
the Euroanalysis III conference. Professor H. Malissa, was re-elected as chairman for a further period of 
3 years. After the nomination of a Spanish representative the WPAC now has 29 members representing 
25 national societies of 19 European countries. 

At the Dublin meetings the following items were discussed. 
(i) Euroanalysis III (20-25 August 1978, Dublin). This latest of the European broad-spectrum conferences 

on Analytical Chemistry was again a very successful event and was attended by more than 700 delegates 
from 38 countries. The scientific programme consisted of 5 plenary, 11 keynote and 180 contributed papers 
and 150 posters. In addition, special sessions on Reference Materials and on Education in Analytical Chemistry 
were of great interest to the participants and provided an excellent survey of these fields in Europe. The 
contributions to the special session on Education will be published in Zeitschrift fii Analytische Chemie: 
the plenary and the keynote lectures will appear as Proceedings of the Conference (editor D. M. Carroll; 
publisher Applied Science, London). 

(2) Reflections on the influence of the copyright laws on the freedom and speed of publication are under 
way. 

(3) Euroanalysis II/ (23-28 August 1981, Helsinki). The next Euroanalysis conference will again be organized 
as a broad spectrum conference, including the treatment of selected topics in special sessions, such as “Extrac- 
tion of Information in Analytical Chemistry”, “ Analytical Chemistry, legislation, execution and responsibility” 
or other topics and a joint special session with IUPAC on “Harmonization of collaborative analytical studies”. 
It was further decided to organize the Euroanulysis V conference (1984) in Cracow. 

(4) FECHEM-conference on Computer-Bused Analytical Chemistry (COBAC), 20th event of the FECS, Por- 
torot, 2428 September 1979. Organizer: Professor D. Ha&i, Ljubljana. This conference will start a new 
series that should treat the pertinent problems which were hitherto dispersed amonst various more general 
meetings. The scope of the COBAC meetings is rather large and includes all aspects of computerization 
of analytical work, i.e., from mathematical and statistical fundamentals to practical solutions of particular 
analytical tasks, wherever computer-based philosophy and technology enter the scene. 

(5) FECHEM-conference on Education in Analytical Chemistry, 21st event of the FECS, Vienna, 10-22 
December 1979. 
Organizer: Professor H. Malissa, Vienna. 
Scientific committee: 

H. Malissa Austria (Chairman) 
D. Betteridge, UK . ’ 
D. Burns, N. Ireland 
W. Fresenius, FRG 
G. den Boef, Netherlands 
E. Pungor, Hungary 
I. Garaj, CSSR 
Y. Zolotov, USSR 
R. Kellner, Austria (Secretary) 

Based on the experiences of the special session in Dublin (1978) and the evaluation of the papers and 
posters presented on that topic, this conference will provide a unique and important possibility to create 
a new picture of education in modem Analytical Chemistry at university level. 

Main emphasis will be given to “Scope and didactic aspects of computers in teaching of Analytical Chemis- 
try” in plenary lectures and small group discussions. 

III 



IV Notice 

(6) Joint venture between WPAC and the Analytical Division of IUPAC. A joint study group was established 
in order to study the possibilities for solving the problems connected with the increasing literature in Analytical 
Chemistry (e.g., use of symbolic language). The members are: 

WPAC: Cserfalvi, Griepink, Kelker, Malissa, Simeonov 
Editors : Fresenius, Macdonald 
IUPAC: to be announced 

(7) It was decided to continue the discussion on Feasibility of standard reference materials (SRM). Experts 
in new fields of Analytical Chemistry are invited to present their opinions. Professor R. Belcher, Birmingham, 
will act as co-ordinator. 

(8) Colleagues who are interested in further details are kindly requested to contact the secretary of the 
WPAC: 

Prof. R. Kellner 
Institut fur Analytische Chemie und Mikrochemie 
Technische Univerversitiit Wien 
Getreidemarkt 9 
A-1060 Wien/Austria 
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NOTICES 

G O R D O N  R E S E A R C H  C O N F E R E N C E S  

N e w  H a m p s h i r e  

The 1979 Gordon Research Conferences of major interest to analytical chemists include the following: 

Chemistry at Interfaces, 2-6 July, Kimball Union Academy, Meriden 
Analytical Pyrolysis, 2-6 July, Holderness School, Plymouth 
Quantitative Structure Analysis. 16--20 July, Plymouth State College. Plymouth 
Point and Line Defects in Semiconductors, 23-27 July, Kimball Union Academy 
Statistics in Chemistry and Chemical Engineering, 30 July-3 August, New Hampton School, New Hampton 
Toxicology and Safety Evaluations, 30 July-3 August, Kimball Union Academy 
Micellar and Macromolecular Catalysis, 6-10 August, Brewster Academy, Wolfeboro 
Separation and Purification. 13-17 August, Colby-Sawyer College, New London 
Analytical Chemistry, 13-17 August, New Hampton School 
Fluids in Permeable Media, 13-17 August. Kimball Union Academy 
Laser Interaction with Matter, 13-17 August. Tilton School, Tilton 
Chemistry and Physics of Liquids, 13-17 August, Holderness School 
Ion Exchange. 20-24 August, Kimball Union Academy 
Elementary Particle Interactions, 20-24 August, Proctor Academy, Andover 
Inorganic Geochemistry, 20-24 August. Holderness School 
Molten Salts and Metals, 20-24 August, Brewster Academy 
Remote Sensing of the Earth's Surface from Space. 20-24 August, Plymouth State College 

Full information available from: 
Dr. A. M. Cruickshank, Director, 
Gordon Research Conferences, 
Pastore Chemical Laboratory, 
University of Rhode Island, 
Kingston. Rhode Island 02881, U.S.A. 

I S E C  '80  

I n t e r n a t i o n a l  S o l v e n t  E x t r a c t i o n  C o n f e r e n c e  1980 

Liege ,  B e l g i u m ,  6 - 1 2  S e p t e m b e r  1980 

The intended audience of the conference is one of chemists and chemical engineers from industry, universities and 
research centers who are concerned with all practical or fundamental aspects of solvent extraction. As in the past, 
the conference will be devoted to topics such as chemistry and physical chemistry of extraction, extraction equipment. 
industrial processes and economics, nuclear chemistry, application to petrochemical and pharmaceutical industries. 

ISEC 80 will take place at the University of Li6ge on the new Sart-Tiiman Campus. The University provides the 
convenience of modern conference rooms and of libraries in a woodland setting. The accommodation for delegates 
will be offered either on the Sart-Tilman Campus or in town. 

The scientific programme will include invited plenary lectures and submitted research papers. Specialized papers 
will be presented in poster sessions in order to encourage direct contacts between those most interested. Poster sessions 
proved to be a real success at the ISEC conference in Toronto. 

A sightseeing tour is planned on Sunday, September 7th and technical tours to Belgian and nearby German plants 
and laboratories are planned on Wednesday, September 10th. 

The proceedings will be published by a photographic reduction process in advance of the conference and will be 
distributed to participants on registration at the University of Li/:ge. The language of the conference will be English. 

Authors are invited to submit by July Ist, 1979 an extended abstract (minimum 600 words plus figures). The papers 
should present original unpublished research works and will be submitted to referees. Authors will be notified of 
the provisional acceptance or of the rejection of their contributions in autumn 1979. 

Manuscript of the full papers will be due by February 1st, 1980. 

Conference secretariat: 
ISEC 80, Department of Chemistry, University of Li6ge, Sart-Tilman, B 4000, Li6ge, Belgium. 

S T A N D A R D  R E F E R E N C E  S A M P L E S  O F  M E T A L L U R G I C A L  D U S T S  

F O R  E N V I R O N M E N T A L  C O N T R O L  A N A L Y S I S  

In view of existing and probable future legislation regarding the emission of particulate matter into the atmosphere, 
and the high capital cost of meeting these requirements, there is a growing interest in the composition of such dusts 
which are recovered for either re-use or disposal. 
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iv Notices 

The control of the chemical composition of metallurgical dusts is, therefore. an important part of the work of steel- 
works laboratories. To assist them in the control of the analysis of these dusts and for the calibration of physical 
analytical instruments. the following Standard Samples have been prepared and certified under the auspices of the 
European Coal and Steel Community: 

ES. 876-l Electric Furnace Dust prepared by IRSID in France, 
ES. 877-l LD Converter Dust prepared by BAS in the UK. 
Each sample has been analysed by approximately 20 European Laboratories and specimens of the Certificates of 

Analyses are supplied with each sample. 
It is expected that these dust standards will also be of interest to many laboratories looking for reference materials 

for environmental control analysis in other industries. 
Supplies of both samples are available in the UK from Bureau of Analysed Samples Limited, Newham Hall. Newby. 

Middlesbrough. 
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Analysis of Drags and Metabolaes by G a s  Chromatography-Mass Speetrumetry, Volume 5: B. J. GuDzllqOWlCZ and 
M. J. GuDzlNowlcz, Dekker, New York, 1978. pp. x + 541. S.Fr. 140.00. 

This latest volume of the exhaustive treatise dealing with medical applications of the combined gas chromatograph- 
mass spectrometric technique is devoted to the analysis of analgesics, local anaesthetics and antibiotics. After a brief 
philosophical introduction outlining the application of narcotics to the relief of pain, there follows a review of the 
methods which have been proposed for the assay and identification of pain-relieving drugs. This material is grouped 
under the headings of naturally-occurring opium alkaloids and their derivatives, synthetic opium-like drugs and narcotic 
antagonists. Succeeding sections describe work on the analysis of other substances used in pain relief, such as the 
antipyretic and anti-inflammatory drugs. The remaining text is concerned with methods for local anaesthetics and 
antibiotics. Full experimental details are often provided and techniques involving newer methods of ionization are 
not neglected. There are also included tables of pharmacokinetic data for some of the substances described. 

J. R. MA~ER 

The Study of Ionic Equilibria: An Introduction: HAZEL Rossorrt, Longmans, London, 1978. Pp. xiv + 194. £5.95. 

This is a readable and readily understandable account of the methods of determining acid-base and metal-ion equilib- 
rium constants. It was written for senior undergraduate students, but it will be equally useful to postgraduate students 
and to others who wish to determine stability constants, but did not have the benefit of being taught by an enthusiast 
like Dr. Rossotti. 

After two brief introductory chapters, the "meat" of the book begins with a discussion of the protonation of monoprotic 
acids. The treatment is done in terms of both dissociation constants and formation constants. Both are clearly defined, 
as is the relationship between them. The various species of constants--activity quotients, concentration quotients, and 
mixed "Bronsted" constants--are defined, and their usefulness in theory and practice is discussed. Methods for studying 
equilibria are then described: the advantages and disadvantages of potentiometry, spectrophotometry, distribution 
methods, and conductivity measurements are compared and contrasted. Step by step, the discussion is extended to 
two-stage protonations, several-stage protonations, and the binding of protons to macromolecules. 

A similar pattern is followed for metal-ion complexes, except that formation constants only are used. The algebra 
is first presented for the formation of a simple complex where no side-reactions are involved. Later, the idea of competi- 
tion with protons is introduced. Again, the appropriate experimental methods are discussed, with just the right amount 
of detail for a treatment at this level. The treatment is extended to ternary and polynuclear complexes in the final 
part of this section. 

In a critical treatment of computational methods, the graphical and computerized approaches are described in detail, 
and their advantages and disadvantages are discussed. The final chapter attempts to show why equilibrium constants 
are determined: it covers calculation of equilibrium concentrations, graphical display of results for systems of widely 
varying complexity, and evaluation of other parameters (including correlation studies). 

! can strongly recommend this book to anyone who is interested in determining equilibrium constants, and especially 
anyone who has found the "tough generalized treatment of acids and metal complexes" (which is how the bibliography 
describes The Determination of Stability Constants, by F. J. C. Rossotti and H. S. Rossotti) just too tough for comfort. 

MARY MASSON 

TolP.ics in Bioeleetrochemistry and Bioenergetics Volume 2: G. Milazzo (ed.), Wiley, New York, 1978. Pp. 204. £13.00. 

This book consists of six chapters in  the form of monographs, each by different authors. The subjects covered 
are (1) Mechanisms of Membrane Excitability, (2) Electrokinetic Phenomena in Biology, (3) A Potential Controlled 
Transient Gating Mechanism in Fixed Charge Membrane Modules, (4) Analytical Electrophoresis, (5) Electrical Events 
During Active Transport of Ions through Biological Membranes, and (6) Semiconducting Biopolymers and their part 
in Biochemical Phenomena. The chapters are mainly of a review nature but some original material is also included. 
In the preface to the series, the editor writes that the chapters are written "at a high level, by authoritative electrochemists 
for the particular benefit of biochemists and biologists, and by authoritative biochemists and biologists for the particular 
benefit of electrochemists", and on the whole this pedagogical aim has been achieved. For those new to the subject, 
the chapters may not make easy reading, but they are clearly and concisely written and the b~liography is extensive 
enough to enable the reader to follow up any points on which he may need further clarification. The detailed derivations 
of some of the equations are given in appendices. Although the authors come from many different countries, all the 
chapters are in English with a consistently clear style. The general presentation and printing of the book is also 
to a high standard. It seems strange that the only reference to Volume 1 of the series is on the dust cover. 

PETER H. LLOYD 

Blood Drugs and Other Analytical Challenges: Eglc REID (ed.) Horwood, Chichester, 1978. Pp. 355. £19.50. 

This book reports the deliberations of a Bioanalytical Forum held at the Wolfs0n Centre of the University of Surrey 
in September 1977. It is the 7th in the series "Methodological Surveys in Biochemistry" and is closely related to 
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Volume 5 Of the same series. In his preface Dr. Reid points out "It may encourage journal referees to press authors 
for methodological rationale rather than recipes", and the book itself lives up to this standard. In early chapters emphasis 
is placed on the importance of Quality Control and Sources of Error (Scales), and of the value of Internal Standardization 
{Curry and Whelpton). The chapter on Glass Capillary GC by Grob is profoundly workmanlike, and it is refreshing 
to meet such down-to-earth subheadings as 'Dirt in parts of the GC assembly'. Schill contributes a useful chapter 
on Ion-pair HPLC, and Kissinger's observations on Reverse Phase HPLC with Amperometric Detection reminded 
the reviewer of long forgotten electrochemistry. Scatt.ered throughout the text are interesting case histories including 
one on the TCDD incident at Seveso. The book concludes with a useful Index of Compound Types which back 
references also to Volume 5. Apart from a very few typographical errors the only criticism which might be offered 
is that it would have been preferable to have the "Comments and Dialogue" appended to each chapter rather than 
to isolate these at the end of the book. This is essentially a "tips" book. and as such should be in any departmental 
library where this kind of analytical work is done. For its content the cost is not high. 

W. B. YEOMAN 

GLC and HPLC Determination of Therapeutic Agents, Part 1: K. TsUJl and W. MOROZOWICH {eds.), Dekker, New 
York, 1978. Pp. xiv + 415. S.Er. 98.00. 

This is the first part of a three-volume work devoted to analysis by gas and liquid chromatography. The ~hree 
parts together will constitute Volume 9 of the series describing various aspects of chromatography. The text is arranged 
in thirteen chapters, written by no less than twenty-two authors, each chapter being concerned with some particular 
facet of the application of the twin techniques to the assay of therapeutic substances. Much of this material has been 
reviewed before, both in the literature and in numerous books. This applies particularly to the chapters dealing with 
the theory of gas chromatography, the properties of stationary phases and the coupling of mass spectrometers with 
gas chromatographs. Less familiar will be those sections outlining the use of derivatives in HPLC and the application 
of the mass spectrometer as a detector in HPLC. In the latter case the technology in this particular form of instrumen- 
tation is advancing at a rapid rate and the inclusion of the most recent developments is welcome. Other topics reviewed 
in detail in succeeding chapters are the scaling-up of chromatographic methods for preparative purposes, the automation 
of chromatographic systems and the use of computers for processing chromatographic data. This will be a useful 
book for the practising analytical chemist, bringing together as it does information on the two complementary chromato- 
graphic techniques and providing a valuable survey of sample pre-treatment methods. 

J. R. MAJER 
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TALANTA ADVISORY BOARD 

The Editorial Board and Publishers of Talanta take pleasure in welcoming the following new members 
to the Advisory Board of the journal. 

D. MIDGLEY 
M. THOMPSON 

They also with to record their sincere thanks for the help given by 

H. FLASCHKA 
J. K. FOREMAN 

who retire from the Advisory Board. 
They also wish to record their sincere thanks and appreciation to Dr. R. PRIBIL who has been a Regional 

Editor of Talanta since its inception, but who has now retired and so will relinquish his editorship and 
join the Advisory Board instead. The new Regional Editor will be Professor E. PUNGOR, who has served 
on the Advisory Board for a number of years. 

DR. DEREK MIDGLEY was born near Manchester in 1944. He obtained a B.Sc. with first class honours 
in chemistry at the University of Glasgow in 1966 and a Ph.D. from the same university for research on 
the thermodynamics of complexing in electrolyte solutions. In 1970 he joined the Central Electricity Generating 
Board to work in the Analytical Chemistry Section of the Central Electricity Research Laboratories in Leather- 
head. His research at C.E.R.L. has been mainly concerned with the use of ion-selective electrodes for the 
analysis of high-purity waters. This has involved working near the limits of capability of electrodes and 
has led to an interest in the problems of limits of detection. Another of his interests is the theory of 
potentiometric titrations and the application of computing methods to titrimetry. He is co-author of a book 
“Potentiometric Water Analysis” and has published some three dozen papers. 
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PROFESSOR M. THOMPSON started his career in traditional fashion for British analysts, as a laboratory 
assistant (in his case with the British Steel Corporation), and by part-time study obtained his Ordinary 
and Higher National Certificates in chemistry before going on to obtain an honours degree in Chemistry 
at University College of Swansea, followed by a Ph.D. from McMaster University in Canada and an F.R.I.C. 
He has been a Post-Doctoral Fellow at Swansea, lecturer at Loughborough University, and successively 
Assistant Professor and now Associate Professor of Analytical Chemistry at the University of Toronto. He 
is very active in various chemical societies, and his research interests lie in the fields of ultraviolet and 
X-ray photoelectron spectroscopy, Auger emission-spectroscopy, design of molecular separators for gas 
chromatography/mass spectrometry, chemoreceptor membranes in trace organic analysis, and use of coated 
electronic devices in selective organic analysis. 



Book Review III 

respect recourse to Ho&en-Weyl would provide often a completely different picture.) 
The coverage is very wide. In this volume of some 1300 pages, eighteen chapters 

describe classical functions (amines of diverse types, nitriles, esters, etc.), as well as more 
special ones (e.g. nitrones, nitroxides, phosphazenes . . . ). In each case, a classical plan is 
followed: prep~ations and reactions are covered in turn, with usually only a very brief 
mention of the physical properties and of structural aspects. in general, mechanisms are 
hardly discussed, except when they have a direct bearing on the preparative aspects. 

‘Ihe various chapters are treated in a similar manner, but not at the same level of 
detail. For instance, the chapter on imines, nitrones, nitriles and isocyanides is ex- 
ceptionally thorough (nearly 200 pages, 650 references), whereas aromatic amines, to 
which certainly much more work has been devoted, are covered in 50 pages, with some 
200 references. In fact, I believe this is probably once again favou~ble for the reader, 
who gets most of what he needs most: help with the less accessible information. 

It is extremely difficult to gauge such a large book by scanning it or by reading parts of 
it; it is also certainly not meant to be read through. An impression can however be gained 
easily in the few hours I have spent probing, reading, comparing. It is definitely very 
favourable. I am convinced that the emphasis is right; that the book, and certainly the 
series, will find daily use in most organic chemical laboratories, for quite a long time. Of 
course, it will be most useful only to those who have access to a well-stocked library, but 
it must be pointed out that, even from that point of view, the reader has been favoured; at 
least the Anglo-Saxon reader, as the bulk of the references are to American and British 
articles, with only occassional intrusion of German (few), Japanese (very few), Swiss, 
Russian or French papers (rare). 

Reviewed by G. Stork, New Yorlr: 
Volume 3 (Sulphur, Selenium, Silicon, Boron, Grganometallic Compounds; edited by D. 
Neville Jones, Shefield). 

This volume starts with the organic chemistry of sulfur, from thiols to thiocarbonyl 
com~unds, via sulfinylamines and thiosulfonates, which it covers in some 480 pages with 
almost 2000 references. This is followed by organoselenium and tellurium compounds (46 
pages, 279 references), organic compounds of silicon (145 pages, 633 references), and of 
boron (251 pages, 842 references). We then encounter organometallic compounds of 
groups I, II, III and IV, and of antimony and bismuth (175 pages, 777 references). The 
volume closes with organic com~unds of the transition metals (1% pages, 179 
references). This is a breath-taking accomplishment for many reasons. 

The sixteen writers of Volume 3 are not only possessed of what appears to be an 
encyclopaedic knowledge of their subject. They are, without exception, deeply involved 
in research in the field they cover and are, indeed, immediately recognized as among the 
foremost contributors to its recent developments. That such a galaxy of authors could be 
assembled, that it could bring such a project to fruition on schedule, that it could maintain 
some unity of presentation and a largely successful concern for relevance to synthetic 
organic chemists, is an extraordinary achievement. The Chairman of the Editorial Board, 
Professor D. H. R. Barton, his Deputy, Professor W. D. Ollis, as well as the Editor of this 
particular volume, Dr. D. N. Jones, have our admiration and deserve our thanks. 

Judging by this volume, which I take to be representative of the whole work, it is clear 
that every serious chemistry library will have to acquire this set. 

This being said, I will now comment more specifically on the material in Volume 3 if 
only to show that my recommendation is based on actual reading of this volume. I will 
start with some minor criticism. The book is completely oriented toward leading the 
pra~tising chemist to recent, o~ration~y useful, literature references on a particular 
reaction. In this it has succeeded, and this is obviously a major strength, but a corollary is 
that this is not a book which can be consulted to get a sense of the history or intellectual 
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background of a method. To give but three examples, the rearrangement of penicillin 
sulfoxide to cephalosporins is discussed without mention of the seminal work of Morin 
and the Lilly Laboratories; the alkylation of carbanions to thiolsulfonates is discussed 
with no references to SmiIes; the contribution of Tsuji in the use of palladium complexes 
to form carbon-carbon bonds is mentioned, but there is no suggestion of its pioneering 
nature. This is not so much a criticism as a reminder to the users of the book. 

The book is not especially concerned with mechanism and its usefulness is, therefore, 
not really affected by the (very few) questionable statements one inevitably encounters, 
such as comments on the addition of benzoylsulfene @ 419), on the reason for the 
formation of allylic alcohols from selenoxides (compare p. 494 with p. 501), on what is, 
perhaps unfo~unateIy, termed 1,3-additions to carbonyl compounds fp. Ssl), on the 
nature of Zn enolates (p. 992). Misleading statements are, as one would expect, extremely 
rare, one such concerning the suggested generality of the addition of Grignard reagents 
to imines. 

There are some surprising omissions, inter alia, no explicit mention of the opening of 
epoxides with ethyny~ alanes, the reduct~n of nitrites to aldehydes with diisobutyl- 
aluminum hydride, the use of &heterosubstituted lithium and magnesium reagents, the 
conjugate reduction of a&unsaturated carbonyl compounds with tin hydrides, oxidative 
and protic destannylation. Some qualitative mechanistic statements would sometimes 
have helped, e.g. formation of aziridines from oximes (p. 978). On the other hand, the 
rather esoteric and somewhat limited opening of epoxides with HCo(C0)4 is mentioned 
twice with equations (p. 1149 and 1236). 

The editors have obviously struggled to minimize differences in style and presentation. 
Even then, two chapters (organic compounds of group I and II metals) do not quite come 
up to the standards of the others. They will probably not add much to the fund of 
knowledge of the average synthetic chemist. This is.perhaps understandable since these 
areas are covered quite extensively in widely available monographs. On the other hand, 
the chapter by Ian Fleming on or~nosilicon chemistry is superb in every respect. I 
recommend its reading not only to the aficionados, but to anyone contemplating writing a 
book or a chapter. This is not meant to slight other chapters or their writers: the chapter 
by D. St. C. Black, J. J. Swan and W. R. Jackson represents a signal accompIishment in 
organising enormous amounts of material, as do the chapters by A. Pelter and K. Smith 
on boron com~unds, to mention only two among several. 

In conclusion, with the very few exceptions noted above, every important reaction 
(that I knew about) is covered here: from thio Claisen rearrangement to the use of 
Burgess’ salt for dehydration, and of methylene thiosulfoxides as carbanion equivalents. 
Many more transformations that one would like to be familiar with are now presented in 
convenient and completely up-to-date fashion. 

Comprehensive Organic Chemistry will be an all but essential companion in synthetic 
explorations. 

RevIewed by R. U. Lemieux, FRS, Edmown. 
Volume 4 (Heterocyclic Compounds; edited by P. G. Sammes, London). 

This fine contribution well surveys the exceedingly complex and ramified field of 
heterocyclic chemistry while remaining pleasantly readable. The focus is on the un- 
saturated heterocyclic ring systems with concentration on synthesis, chemical properties, 
reactions and mechanisms of reaction. These fundamental aspects are discussed and 
interpreted in uniformly competent, modern and critical modes. Some insights are 
provided to the great significance of heterocyclic chemistry to such areas as chemo- 
therapy, photography, agriculture and dyestuffs. The quality of presentation and docu- 
mentation in these latter regards is highly variable. Such a shortcoming was inevitable. 
The work is already of heroic proportions. 
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Solvent Extraction in Flame Spectroscopic Analysis: M. S. CRESSER, Butterworths, London, 1978. Pp. x + 200. £15.00. 

As one would be entitled to expect of a monograph of only 200 pages costing as much as this one, the book is well 
produced and proof-read, pleasant to handle and to read. 

In content I found it disappointing; the author has set out to produce "an introduction with a strong practical bias", yet 
only 61 pages of the 200 are on applications. Of the remainder, there are a total of 50 pages listing over 1000 references, 
795 of which refer to applications. The remaining pages are devoted to the theory of AAS, AFS and AES, the theory of 
solvent extraction and one good chapter on the practicalities of solvent extraction procedures. There is no fault to find 
with the theoretical discussion, but I question the necessity for its inclusion in a practical handbook when so much of it is 
common knowledge or readily available already. For example, the contamination of samples during grinding is a danger 
common to all trace analysis, and has no special relevance to solvent extraction/flame spectroscopy. 

The longest chapter is on applications, and to my mind suffers from a lack of critical appraisal of the work referenced 
and from the attitude expressed in the first two lines. They refer to an analyst "wishing to apply solvent extraction/flame 
spectroscopy to a particular sample", presumably for its own sake; of the 56 elements covered, reading the author's own 
comments suggests that nearly half would be better determined by a different technique. The lack of criticism has led to 
inconsistencies even within sections; under arsenic, the first reference is to "detection limits of 0.I #g ml-1 (or worse)", and 
25 lines later to "an excellent detection limit of 0.07 #g ml -  1". 

I would also have very much liked to see some recommendations based on Dr. Cresser's own wide experience of solvent 
extraction, rather than the mere blanket reporting of large numbers of systems to be found in the literature. Most of us 
use this type of monograph for guidance, and it is lacking. 

Overall, I would not buy the book at this price; as an analyst I would prefer to use a text on solvent extraction 
procedures in general and to decide for myself whether a flame finish would be advantageous or not. 

R. C. ROONEY 
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Volume 5 Of the same series. In his preface Dr. Reid points out "It may encourage journal referees to press authors 
for methodological rationale rather than recipes", and the book itself lives up to this standard. In early chapters emphasis 
is placed on the importance of Quality Control and Sources of Error (Scales), and of the value of Internal Standardization 
{Curry and Whelpton). The chapter on Glass Capillary GC by Grob is profoundly workmanlike, and it is refreshing 
to meet such down-to-earth subheadings as 'Dirt in parts of the GC assembly'. Schill contributes a useful chapter 
on Ion-pair HPLC, and Kissinger's observations on Reverse Phase HPLC with Amperometric Detection reminded 
the reviewer of long forgotten electrochemistry. Scatt.ered throughout the text are interesting case histories including 
one on the TCDD incident at Seveso. The book concludes with a useful Index of Compound Types which back 
references also to Volume 5. Apart from a very few typographical errors the only criticism which might be offered 
is that it would have been preferable to have the "Comments and Dialogue" appended to each chapter rather than 
to isolate these at the end of the book. This is essentially a "tips" book. and as such should be in any departmental 
library where this kind of analytical work is done. For its content the cost is not high. 

W. B. YEOMAN 

GLC and HPLC Determination of Therapeutic Agents, Part 1: K. TsUJl and W. MOROZOWICH {eds.), Dekker, New 
York, 1978. Pp. xiv + 415. S.Er. 98.00. 

This is the first part of a three-volume work devoted to analysis by gas and liquid chromatography. The ~hree 
parts together will constitute Volume 9 of the series describing various aspects of chromatography. The text is arranged 
in thirteen chapters, written by no less than twenty-two authors, each chapter being concerned with some particular 
facet of the application of the twin techniques to the assay of therapeutic substances. Much of this material has been 
reviewed before, both in the literature and in numerous books. This applies particularly to the chapters dealing with 
the theory of gas chromatography, the properties of stationary phases and the coupling of mass spectrometers with 
gas chromatographs. Less familiar will be those sections outlining the use of derivatives in HPLC and the application 
of the mass spectrometer as a detector in HPLC. In the latter case the technology in this particular form of instrumen- 
tation is advancing at a rapid rate and the inclusion of the most recent developments is welcome. Other topics reviewed 
in detail in succeeding chapters are the scaling-up of chromatographic methods for preparative purposes, the automation 
of chromatographic systems and the use of computers for processing chromatographic data. This will be a useful 
book for the practising analytical chemist, bringing together as it does information on the two complementary chromato- 
graphic techniques and providing a valuable survey of sample pre-treatment methods. 

J. R. MAJER 



IV Book Review 

background of a method. To give but three examples, the rearrangement of penicillin 
sulfoxide to cephalosporins is discussed without mention of the seminal work of Morin 
and the Lilly Laboratories; the alkylation of carbanions to thiolsulfonates is discussed 
with no references to SmiIes; the contribution of Tsuji in the use of palladium complexes 
to form carbon-carbon bonds is mentioned, but there is no suggestion of its pioneering 
nature. This is not so much a criticism as a reminder to the users of the book. 

The book is not especially concerned with mechanism and its usefulness is, therefore, 
not really affected by the (very few) questionable statements one inevitably encounters, 
such as comments on the addition of benzoylsulfene @ 419), on the reason for the 
formation of allylic alcohols from selenoxides (compare p. 494 with p. 501), on what is, 
perhaps unfo~unateIy, termed 1,3-additions to carbonyl compounds fp. Ssl), on the 
nature of Zn enolates (p. 992). Misleading statements are, as one would expect, extremely 
rare, one such concerning the suggested generality of the addition of Grignard reagents 
to imines. 

There are some surprising omissions, inter alia, no explicit mention of the opening of 
epoxides with ethyny~ alanes, the reduct~n of nitrites to aldehydes with diisobutyl- 
aluminum hydride, the use of &heterosubstituted lithium and magnesium reagents, the 
conjugate reduction of a&unsaturated carbonyl compounds with tin hydrides, oxidative 
and protic destannylation. Some qualitative mechanistic statements would sometimes 
have helped, e.g. formation of aziridines from oximes (p. 978). On the other hand, the 
rather esoteric and somewhat limited opening of epoxides with HCo(C0)4 is mentioned 
twice with equations (p. 1149 and 1236). 

The editors have obviously struggled to minimize differences in style and presentation. 
Even then, two chapters (organic compounds of group I and II metals) do not quite come 
up to the standards of the others. They will probably not add much to the fund of 
knowledge of the average synthetic chemist. This is.perhaps understandable since these 
areas are covered quite extensively in widely available monographs. On the other hand, 
the chapter by Ian Fleming on or~nosilicon chemistry is superb in every respect. I 
recommend its reading not only to the aficionados, but to anyone contemplating writing a 
book or a chapter. This is not meant to slight other chapters or their writers: the chapter 
by D. St. C. Black, J. J. Swan and W. R. Jackson represents a signal accompIishment in 
organising enormous amounts of material, as do the chapters by A. Pelter and K. Smith 
on boron com~unds, to mention only two among several. 

In conclusion, with the very few exceptions noted above, every important reaction 
(that I knew about) is covered here: from thio Claisen rearrangement to the use of 
Burgess’ salt for dehydration, and of methylene thiosulfoxides as carbanion equivalents. 
Many more transformations that one would like to be familiar with are now presented in 
convenient and completely up-to-date fashion. 

Comprehensive Organic Chemistry will be an all but essential companion in synthetic 
explorations. 

RevIewed by R. U. Lemieux, FRS, Edmown. 
Volume 4 (Heterocyclic Compounds; edited by P. G. Sammes, London). 

This fine contribution well surveys the exceedingly complex and ramified field of 
heterocyclic chemistry while remaining pleasantly readable. The focus is on the un- 
saturated heterocyclic ring systems with concentration on synthesis, chemical properties, 
reactions and mechanisms of reaction. These fundamental aspects are discussed and 
interpreted in uniformly competent, modern and critical modes. Some insights are 
provided to the great significance of heterocyclic chemistry to such areas as chemo- 
therapy, photography, agriculture and dyestuffs. The quality of presentation and docu- 
mentation in these latter regards is highly variable. Such a shortcoming was inevitable. 
The work is already of heroic proportions. 



Book Review V 

The volume is divided into five parts: the azines (7 sections, 272 pages), the azoles (6 
sections, 329 pages), oxygen systems (6 sections, 179 pages), sulphur and other heteroa- 
tom systems (3 sections, 168 pages), and mixed heteroatom systems (4 sections, 267 
pages). All sections are introduced with a table of contents and thereby usefully 
self-indexed. The work by 22 authors and edited by P. G. Sammes contains near 4000 
references to, or to parts of, the near 500 review articles. The vast literature which has 
appeared in the more recent years appears well covered. The texts are assisted by well 
chosen and presented formulae, diagrams and tables. 

The volume will serve as a sound base and guide to a vast field of chemistry which is 
harvested by virtually all chemists. It will undoubtedly find extensive use in both 
industrial and academic libraries. Consultants and research chemists should consider it 
for o&e usage-the retrieval in a coherent fashion of a wide range of important factual 
knowledge has been made reliably convenient. 

Reviewed by W. S. Johnson, Stanford: 
Volume 5 (Biological Compounds; edited by E. Haslam, Sheffield). 

As stated in the Introduction, the contents of this volume have “been assembled not so 
much to be fully comprehensive as to be ComprehensibIe, to reflect what are judged to be 
the truly important facets of the present state of biological organic chemistry”. I am 
pleased to say that these aims have been achieved admirably. To a synthetic organic 
chemist the chapters are not only comprehensible but interesting and highly informative. 
As is seen by the comments below, which include some of those (paraphrased by me) of a 
number of my colleagues who kindly examined selected sections falling within their own 
specialty, the book on the whole does indeed cover the aforementioned important facets 
in a truly scholarly manner. The exceptions noted represent a rather trivia1 part of the 
whole. 

Part 21 Biolog~cu~ Chemisf~: An Znfroducfion by E. Haslam. This is an eloquent 
statement that hits the center of the bullseye. I could have wished only that the term 
“biomimetic” had been adopted in place of the older more awkward expressions 
“biogenetic like” or “biogenetic type’*-a trivial matter indeed, 

Part 22 Nucleic Acids, by G. M. Blackbum ; Nucleosides, by R. T. Walker; Nucleo- 
tides and Related Organic Phosphufes, by D. W. Hutchjnson ; Nucleic Acids: Structure 
and Function, by G. M. Blackbum. Reviewed with G. W. Daub. Besides providing the 
organic chemist with a good exposure to fundamentals of the field, new developments and 
some of the more sophisticated aspects are treated to promote understanding at a higher 
level. The coverage includes work up through 1977. 

Part 23 Proteins: Amino-Acids and Peptides: Introduction, by E. Haslam ; Amino- 
Acids Found in Proteins, by P. hf. Hardy; Peptides and the Primary Structure of Proteins, 
by D. T. Elmore; Naturally Occurring Low Molecular Weight Peptides, by W. Bycroft; 
B-Lactam Antibiotics, by G. Lowe; Peptide Synthesis, by R. C. Sheppard; Conformations 
of Polypeptides, by G. C. Barrett; and Part 24 Proteins: Enzyme Catalysis and 
Functional Proteins: Enzyme Catalysis, by A. J. Kirby; Chemistry of Other Proteins, by 
L). T. Elmore; Coenzymes, by H. C. S. Wood; Vitamin Blz, by B. T. Golding. Reviewed 
with D. H. Rich. Entire monographs have been devoted to each of the major topics 
covered in these sections; hence it has been possible to give only an abbreviated 
treatment. Nevertheless the exposition is eminently suitable for introducing the subject 
matter to chemists lacking biochemical backgrounds. A few minor criticisms are noted. 
The chemistry of bleomycin could well have been covered a little more thoroug~y since 
this antitumor compound is an important therapeutic agent. A rather uncritical view of 
the state-of-the-art of peptide synthesis is projected, in particular some delineation of 
difficulties encountered, with side reactions (including references), ‘would have been 
welcome. A number of important literature citations have been omitted, e.g. in connection 
with the reaction of 89+90 (equation 9) on page 345. 
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ERRATA 

In the paper by D. Klockow, G. F. Graf and J. Auffarth, Talanta, 1979, 26, 733, the term "ppM" (parts per milliard) 
should be replaced wherever it occurs, by the term "ppm" (parts per million) as originally written by the authors, and the 
definition of ppM given in the "Reagents" section on p. 734 should be deleted. 

The title of the paper by R. N. Reddie and D. E. Peters, Talanta, 1979, 26, 389, should read: 

AN EVALUATION OF METHODS OF ANALYSIS FOR 
ALKYLAMINO-OXOMETHANE SULPHONATES 
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ERRATUM 

• In the paper by J. E. Kessler, S. M. Vincent and J. E. Riley, Jr,, Talanta, 1979, 26, 21, the following corrections 
are necessary. 
Page 22, Fig. 2, i tem {4) is a 0.045/~m filter (not 0.22 ~tm), item (6) is a 101~m disc 
Page 23, left-hand column, first line, delete "wall". 
The missing information in reference 12 is 1978. 50, 541, and in reference 14 is 1978, 50, 164 .  



Book Review V 

The volume is divided into five parts: the azines (7 sections, 272 pages), the azoles (6 
sections, 329 pages), oxygen systems (6 sections, 179 pages), sulphur and other heteroa- 
tom systems (3 sections, 168 pages), and mixed heteroatom systems (4 sections, 267 
pages). All sections are introduced with a table of contents and thereby usefully 
self-indexed. The work by 22 authors and edited by P. G. Sammes contains near 4000 
references to, or to parts of, the near 500 review articles. The vast literature which has 
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Part 25 Lipid Chemistry and Biochemistry: Fatty Acids, by F. D. Gunstone; Lipids, 
by F. D. Gunstone; Membranes and Lipoproteins, by P. E &nowles. Reviewed with H. 
M. McConnell. This is a first-class treatment of the subject. Even from the point of view 
of the biochemist or biophysicist its weaknesses are principally matters of omission. It is 
perhaps worth noting that these latter scientists would regard cholesterol (as well as 
natural derivatives of fatty acids) as a lipid. One also might question the implication that 
the majority of proteins occurring in membranes are enzymes. Be that as it may, this is a 

splendid exposition of the subject for a chemical audience. 
Pat? 26 Carbohydrate Chemistry: Monosaccharide Chemistry, by L. Hough and A. C. 

Richardson ; Oligosaccharide Chemistry, by L. Hough and A. C. Richardson ; Polysac- 
charides, by J. F. Kennedy and C. A. White; Polysaccharides: Conformarional Properties 
in Solution, by D. A.’ Rees. Reviewed with G. A. Crosby. In addition to a clear and 
concise treatment of monosaccharide chemistry, an interesting section on sugars contain- 
ing heteroatoms is included, i.e. amino- and halosugars. A timely addition would have 
been some illustration of the use of sugars as chiral synthons and templates for 
asymmetric synthesis of natural products. The four-page section on oligosaccharide 
chemistry is probably too brief as it barely touches on the subject. The polysaccharide 
section is especially good and up-to-date (48% of the references 3 1970). More attention 
could have been given to reactions of polysaccharides. The section on conformation 
seems to be very good and up-to-date (95% of the references b 1970). 

Part 27 Synthesis of Organic Macromolecules and their Uses in Organic Chemistry, by 
P. Hodge. Reviewed with G. A. Crosby. This section is well-written, easy to comprehend, 
accurate and interesiing. However, the coverage is too brief (30 pages) and some 
important topics are almost ignored. For example, the treatment of the synthesis and 
properties of macromolecules covers only I9 pages as compared with 40 in Roberts and 
Caserio’s Basic Principles of Organic Chemistry (2nd ed.). In the section on applications, 
the treatment of cross-linked polymers is excellent, but there are some other important 
subjects which could have been covered, including reactions of soluble polymers and 
selected industrial applications. 

Pari 28 Bio-Organic Chemistry: Biosynthesis, by R. Thomas; Phorosynthesis, 
Nitrogen Fixation and Intermediary Metabolism, by E. Haslam. Part 29 Biosynthetic 
Pathways from Acetate: Polyketide Biosynfhesis, by J. D. Bu’Lock; Terpenoid Biosyn- 
thesis, by J. R. Hanson ; Carotenoid Biosynthesis and Vitamin A, by G. B&on. Part 30 
Biosynthesis-A General Survey: Alkaloid Biosynthesis, by R. B. Herbert; Porphyrin, 
Chlorophyll, and Corrin Biosynthesis, by M. Akhtar and P. M. Jordan ; Shikimic Acid 
Metabolites, by E. Haslam. Reviewed with R. J. Parry. Aside from a slight organizational 
problem, i.e. all of Part 29 seemingly belongs under the heading of Part 30, these chapters 
are extremely well-written. The material is quite up-to-date through 1975, and the 
important aspects of the field have been covered in a scholarly manner. In seeking 
perfection one can find only minor areas for improvement, i.e. Chart 2 on page 919 and 
Chart 4 on page 925, particularly the former, are difficult to interpret; in Scheme 7, p. 
1053, it is incorrectly implied that the mechanism of reduction of the pyridine ring of 
nicotinic acid has been established; the representation of the adduct of thiamine pyro- 
phosphate and a-ketoglutaric acid (in Schemes 16, 33 and 34, pp. 1184, 1200 and 1201) as 
a naked carbonion (having acidic hydrogens) is not very satisfactory. 

In conclusion, Haslam and his collaborating coauthors are to be congratulated for 
producing such a magnificent segment of the Barton-Ollis magnum opus which indeed 
represents a major contribution to scholars of organic chemistry. 

To be reviewed by J. E. Baldwin, FRS, Oxford: 
Volume 6 (Author, Formula, Subject, Reagent, Reaction Indexes; edited by C. J. Drayton, 
Oxford). 
This review will be published in a subsequent issue. 

Comprehensive Organic Chemistry is published in six volumes (approximately 8000 pages) 
by Pergamon Press, Oxford and New York. Price US $1250 (f62.0. 
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N O T I C E S  

FECHEM CONFERENCE 
COMPUTER-BASED ANALYTICAL CHEMISTRY 

24-28 September 1979, Portoro~, Yugoslavia 
The main topics will be: 

fundamentals of computerization of analytical laboratories, 
principles and problems of computer-based instruments and networks, 
analytical information systems (storage, retrieval and computer-based interpretation of instrumental data), 
special topics in computer-based analytical procedures. 

Information from Dr. Jure Zupan, Boris Kidri~ Institute of ChemistrY, 61001 Ljubljana, P.O. Box 380, Yugoslavia. 

J. HEYROVSKY MEMORIAL CONGRESS ON POLAROGRAPHY 
25-29 August 1980, Prague, Czechoslovakia 

The Congress is to take place on the occasion of the 90th anniversary of the birth of Professor Heyrovsk~, and the 
30th anniversary of the foundation of the Heyrovsk~ Institute of Physical Chemistry and Electrochemistry of the Czecho- 
slovak Academy of Sciences. The aim of the Congress is to survey the present state of polarography and related 
methods in the fields of basic research, contemporary instrumental techniques and analytical chemistry, and applications 
in industry, biology, medicine and environmental science. The Congress will be organized in two parallel sections. 
The main topics will be outlined in five plenary and twelve section lectures. Related groups of problems will be discussed 
in five microsymposia and four panel discussions. Contributed papers will be given in poster form and accepted in 
almost unlimited number. Final applications for participation must be sent before 30 November 1979. Information 
from the Secretariat of the J. Heyrovsk~, Memorial Congress on Polarography, Vla~sk~ 9, 118 40 Prague 1, Czecho- 
slovakia. 

HUNGARIAN CHEMICAL SOCIETY 
4th SYMPOSIUM ON ION-EXCHANGE 

27-30 May 1980, Lake Balaton, Hungary 
The topics will be: 

ion-exchange materials, 
theory of ion-exchange, 
analytical applications (laboratory methods, purification, chromatography etc.), 
ion-exchange technology. 

There will be about six invited main lectures and a limited number of contributed papers on original, unpublished, 
work (15 minutes for presentation, 5 minutes discussion). Intending contributors should send a synopsis (25-30 type- 
written lines in English) not later than I September 1979. Information from Prof. J. Incz~dy, Organizing Committee, 
4tb Symposium on Ion-Exchange, P.O.B. 28, Veszpr6m, Hungary H-8201. 
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