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Solvent Extraction from Halide Solutions. Part VI. t Complexing Con- 
stants for Ferric Thiocyanates and the Temperature Dependence of Their 
Extract ion 

By Alfred G. Maddock and (the late) Luis 0. Medeiros, University Chemical Laboratories, Lensfield Road, 
Cambridge 

Analysis of data on the solvent extraction of iron from thiocyanate solutions by trioctylphosphine oxide in carbon 
tetrachloride gives for the logarithms of the successive stability constants for the species Fe(SCN),,S-n(n = 1-6) : 
2.09. 1-48. 1 .OO, 0.67. 0.18, and -0.6 at  20 “C and in an aqueous phase 0.2M in acid and 2M in total perchlorate. 
Succession constants are assumed to be related by K,/K,+, = n(6 - n) / (6  - n + l ) ( n  + 1)k. The partition 
coefficient for the extracting Fe(SCN), is 52.3 with a 2-2 x 1 O-6M-phosphine oxide solution. Partition coefficients 
are also obtained for Fe(SCN), and Fe(SCN),- with solutions of butyl dibutylphosphinate, dibutyl butylphos- 
phonate, and tributyl phosphate in carbon tetrachloride. The temperature-dependence of the extraction has been 
measured and an attempt is made to interpret the data in terms of the various enthalpy changes involved. Com- 
parative data on the extraction of ferric chloride and bromide have been obtained and the differences between 
extraction in the thiocyanate and halide systems discussed. 

The Stability Constants.-Solvent extraction data 
are frequently used to determine stability constants 
and of the five1-5 sets of successive constants for the 
complexing of ferric ion by thiocyanate so far reported, 
two2s5 are dependent on such data. In the first such 
investigation the authors used dimethyl ether as 

t Part V, Z. MaksfmoviE and A. G. Maddock, J. Chem. 
SOC. ( A ) ,  1971, 650. 

A. K. Babko, Zhur. obshchei Khim., 1946, 16, 1649; 
Doklady Akud. Nuuk S.S.S.R., 1946, 52, 37. 

J. Y. Macdonald, K. M. Mitchell, and A. T. S. Mitchell, J. 
C ~ P ~ N .  Soc., 1951, 1674. 

soIvent and extracted from 0.18~-acid thiocyanate 
solutions. Molecular weight studies on the ethereal 
extract had suggested that the extracting species 
was a solvate of the neutral Fe(CNS),. The stability 

3 E. Jdzefowicz and J. Maslowska, in Proc. Wroclaw Conf., 
1962, ed. B. Jezowska-Trzebiatowska, Pergamon, Oxford, 1964, 
p. 630. 

V. P. Vasil’ev and P. S. Mukhina, Z h w .  weorg. Khi,m., 1964, 
9, 1134. 

V. E. Kironov and Yu. I. Rutkovskii, Zhur. neorg. Khitn., 
1966, 10, 1069. 

K. M. Mitchell and J. Y .  Macdonald, J. CAenr. Soc., 1951, 
1310. 
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constants were calculated on the assumption that 
only this species is extracted. The accuracy with 
which the third and fourth constants were evaluated 
was rather unsatisfactory. In a more recent investiga- 
t i ~ n , ~  with use of the same solvent and a similar acidity 
of the aqueous phase, analysis of the organic phase 
suggested that an ion pair was extracted, which con- 
tained a, possibly solvated, Fe(CNS),- ion. Stability 
constants were calculated on the basis of the extraction 
of this species. Perhaps not unexpectedly the agree- 
ment between the two sets of results was not very good, 
the differences being especially marked for K,  with 
?a > 2. 

suggested 
that a solvent such as ether may well extract both the 
neutral and the singly negatively charged thiocyanate 
complexes. But the same study showed that solutions 
of trioctylphosphine oxide (C8H,,)3P0 in carbon tetra- 
chloride are only likely to extract the neutral complex. 

In this paper we use our data on the extraction of 
iron by 2 x 1O4~-(C8H1,),PO in carbon tetrachloride 
from aqueous thiocyanate solutions of various con- 
centrations to calculate the stability constants of the 
thiocyanate complexes of iron and the partition co- 
efficient for the neutral complex. We then apply these 
constants to our data for other solvent dilutions and 
obtain partition coefficients for both the neutral and 
singly negatively charged species. 

The results obtained in a previous Part 

EXPERIMENTAL 

The methods were reported in Part IV.' The ionic 
strength of the aqueous phase was maintained a t  2nf 
by sodium perchlorate and its acidity a t  0 . 0 1 ~  by per- 
chloric acid. The iron concentration was ca. 10-SM. 
The organic phases used were (i) 2 x 10-4~-trioctylphos- 
phine oxide [(C,H,,),PO] in carbon tetrachloride, (ii) 
5.4 x 10-3~-butyl dibutylphosphinate (Bu,PO-OBu) in 
carbon tetrachloride, (iii) 10-2M-dibutyl butylphosphonate 
[BuPO(OBu),] in carbon tetrachloride, and (iv) 1.47 x 
IO-lM-tributyl phosphate [(BuO),PO]. 

Equilibration was conducted in a thermostat maintained 
at  20-00 f 0.01 "C. Measurement was made of the dis- 
tribution coefficient as a function of the concentration of 
thiocyanate in the aqueous phase. For solutions con- 
taining less than 0-Oh-thiocyanate a correction was made 
for ferric perchlorate extraction. Between 30 and 40 
measurements were made on each system. 

RESULTS AND DISCUSSION 

The primary data are shown in the four plots in T'g '1 ure 
1. If the usual assumption is made that under the con- 
ditions of these measurements the activity coefficients 
can be considered constant, in a system where only a 
single complex is extracted the distribution coefficient, 
D, is given by expression (1) where the pi are the cumu- 
lative stability constants, [L] the concentration of the 
ligand, P the partition coefficient for the extracting 
complex, and c the number of ligand units in the ex- 
tracting species. In experiments with dilute solutions 
' Part IV. A. G. Maddock and [the late) L. 0. Medeiros. T .  

Chem. SOC. ( A ) ,  1969, 1946. 

of an active extractant in an inert diluent, P will be a 
function of the concentration of the extractant. Ex- 
pression (1) can easily be transformed into the more 
convenient polynomial form (2) where y = [LlG/D; 
x = [L], and ai = pi/Pfic. If J experimental deter- 
minations have been made of x and y a least-squares 
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The extraction of tracer iron into organophosphorus 
solvents as a function of the thiocyanate concentration : 
A, theoretical contribution of neutral complex ; B, theoretical 
contribution of anionic complex; (a) (C8H1J3PO; (b) 
Bu,PO.OBu; (c) BuPO(OBu),; (c) (BuO),PO 

FIGURE 1 

calculation of the a,., and hence the pi, leads to the 
determination of the minimum of expression (2), where 

.T n 

the W j  are the weights assigned to the experimental 
values (s,yj). These weights are calculated from the 
relation q = l/~r, where the a j  are the standard 
deviations of the measurements. Differentiation of 
#2 with respect to the adjustable parameters ai gives a 
system of linear equations such as (4) and (5). These 

are solved for the desired parameters a,.. The array 
of equations such as (4) and (5) can be expressed in 
matrix notation WA = Y where W is the (n + 1) x 
(n + 1) matrix of the coefficients C j w j X j " ,  A is the column 
vector defined bv the ar. and Y is the column vector 
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of the coefficients ‘&uJyp?. Thus the ai can be deter- 
mined by calculating the inverse matrix W-l and 
multiplying both sides of equation (4), so that A = 
w-1Y. 

Computer treatment of such data is rather simple 
when a matrix inversion subroutine is available. How- 
ever when a programme written on this basis was applied 
to the data, negative values for some of the stability 
const ants were obtained. 

Rydberg et aZ.8 and others have had similar difficulties 
using equivalent procedures for the analysis of solvent 
extraction data. They considered that this was, in 
fact , an advantage of the least-squares technique: 
such results simply meant that the data were not good 
enough to enable all the constants to  be obtained. 
If values could be estimated from the data in some other 
way, for example by use of a graphical procedure, this 

log IC, 
2.3 
2-00 
1-95 
2.35 
2.1 
2-1 8 
(2.09) 

log Ii2 
1.94 
1.75 
2.02 
1-55 
1.3 
1.42 
1-48 

log I<, 
1.4 

- 0.74 
- 0.41 

1-31 
0.5 
1-40 
1.00 

log K4 
0.8 
1.80 

- 1.14 
0.66 
0 
1-30 
0-67 

Such an assumption is often made in the graphical 
treatment of such data.1° Calculations have been 
carried out on two alternative assumptions. The first 
is to suppose Ki/Ki+, is constant, k.  The second 
induces a statistical term and supposed KC/Ki+, = 
i(n - ~ ) / ( T z  - i + l)(i + 1)k‘. However, solution for 
P,  k (or k’), and K ,  is not a simple linear problem 
involving a polynomial, so we chose a best value of K ,  
from the literature2s5t11 and a method of successive 
approximation for P and k (or K‘) .  The value IS, = 
125 was taken as appropriate to the ionic strength and 
temperature in this study. For each set of pi thus 
calculated the P was determined by least squares, 
the extraction curve was drawn by the computer, 
and the variance of the fit with the prime data was 
calculated. This method is essentially Sillh’s two- 
parameter method but with the computer to calculate 

TABLE 1 
Successive stability constants 

log K ,  
0.02 

-0.70 
- 1.57 

0.2 1 
-0.1 
- 0.07 

0.1 8 

simply reflected the fact that other procedures often 
fail to yield standard errors and if these were determined 
they would exceed 100%. 

The argument that if particular parameters cannot 
be established by this least-squares procedure, they 
also cannot be evaluated by methods of successive 
approximation or graphical procedures seems quite 
secure. But the numerical process of matrix inversion 
can be liable to errors. If the matrix is ill-conditioned: 
which may occur if two rows of the matrix W define 
planes which are almost parallel and the determinant 
of W becomes very small, quite large errors may enter 
the inversion process. Alternative treatments of the 
data have therefore been sought. 

The logarithmic plot of the data (Figure 1 ,A) seemed 
to display the symmetry with respect to a vertical line 
drawn at  [SCN] = ca. 0-21M noted by Macdonald 
ct aL2 As the latter authors have shown, such sym- 
metry implies a relation between Po and ps, p1 and P5, 
and p2 and p4. The solution of the data is thus reduced 
to the evaluation of only three parameters, if use is made 
of spectroscopic data for pl. However, when these 
data were treated in this way a negative value for p3 
was obtained and the +z of the fit to the data was poor. 
Macdonald e l  aL2 also failed to obtain any reasonable 
precision in their evaluation of p3. 

There remains the possibility of assuming a relation- 
ship between all the successive stability constants. 

J .  Rydberg, Acta Chem. Scand., 1961, 15, 1723. 
T. R. McCalla, ‘ Introduction to Numerical Methods and 

FORTRAN Programming,’ Wiley, New York, 1967. 
lo F. J .  C. Rossotti and H. Rossotti, ‘ The Determination of 

Stability Constants,’ McGraw-Hill, New York, 1961. 

log ri‘, t / ”C 
Room 

- 1.03 18 
- 1.51 18 

ca. 18 
-0.1 22 
- 0.09 25 
- 0.6 20 

Salt concii. 
? 

1 -8h1-NaC10, 
1.8~1-KNOz 
1 . 4 ~ - I I C l 0 ,  

~ M - N ~ N O ,  

2M-NaC10, 
3M-LiC10, 

[Hf]/ar Ref. 
? 1 

0.18 - 0 

0.1 8 2 
1-4 3 
0.2 4 
0-2 5 
0-2 This work 

and draw the curves and assess the quality of the 
fit. A short computation soon showed that the as- 
sumption &/&+, = k would not give a good fit. But 
a value of K’ = 1-65 gave a satisfactory fit. 

Rydberg l2 has observed that the consistency of the 
calculated parameters, measured values, and their 
estimated errors, can be assessed by comparing the 
quality of the fit, measured by the sum of the weighted, 
squared residuals with the value expected for a $2 

distribution. For the solution mentioned above the 
sum of the squared residuals was very large if the weights 
were calculated entirely on the basis of the counting 
errors in the measurements. If however they were 
calculated from the errors estimated from the spread 
of repetitive but independent measurements, or from 
the scatter of the measurements about a smooth curve, 
this sum fell to ca. 40, that is to say about the number 
of degrees of freedom of the system. Equally satis- 
factory agreement was obtained in the further calcula- 
tions made for the other system so that we believe that 
our calculated stability constants are significant, The 
full line in Figure l , A  shows the fit of the calculated 
curve to our data. Table 1 compares the successive 
stability constants Ki with previously reported values. 

The other extractant solutions used are more likely 
to extract both Fe(SCN), and Fe(SCN),-. The ex- 
pression appropriate for the distributive coefficient 

l1 V. E. Miranov and Tu.  I. Rutkovslcii, Zhur. rreorg. K h i m ,  
1965, 10, 2670; V. N. Vasil’eva and V. P. Vasil’ev, Izvest. 
V. U.Z. Khim. i Khim. Teknol., 1966, 9, 185; J .  Maslowska! 
Roczniki Chem.. 1968, 42, 1819. 

l5 J .  Rydberg and J .  C,. Sullivan, A d a  Chem. Scand., 1950, 13, 
2057. 
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depends on whether or not the Fe(SCX),- dissociates 
from its co-cation in the organic phase. If there is 
negligible dissociation we may write equation (6) 

?I n 

while if dissociation is almost complete we have 
equation (7), assuming extraction of the complex acid 

11 n 

and tracer concentration of the metal. 
Attempts were made to fit the data for Bu,PO*OBu, 

BuPO(OBu),, and (BuO),PO solutions to these equations 
by use of the p i  established above and a least-squares 
approach. Equation (6) was found to describe the 
data satisfactorily while (7) did not. With values of 
P, and P, evaluated in this way the +2 of the fit was 
close to the number of degrees of freedom for both 

trustworthy. If two complexes can extract (Scheme l), 
only three of K ,  K, P,, and P, can be independent. 

- 
K - -  

F e X , - e  FeX,S + X-S,, 

h- 
FeX,- FeX,S + X- 

or Fe(SCN) S2- Fe(SCN), S ,  + SCN-S, 

(The bars denote species in the organic phase.) By 
considering P, or Pa as the dependent variable one can 
see that whether the extraction of the anionic or neutral 
species dominates the system will depend on the co- 
ordination competition of the ligand and the solvent 
as well as the independent partition coefficient. Thus 
one can expect that with poorly donating but high 
dielectric constant solvents extraction of the anionic 

SCHEME 1 

TABLE 2 
Partition coefficients for ferric thiocyanate coiiiplexes 

p3.  
Mole fraction 

Solvent ex tract ant Fe(SCK) , 
(C8H,,),PO 2.20 x 10-5 53.3 

BuPO(OBu), 1-00 x 1 0 - 3  1.02 
Bu,PO-OBu 5-30 x 10-5 186 

(BuO),PO 1.47 x lom2 27.4 

the Bu,PO*OBu and BuPO(OBu), data, the same order 
of errors being assumed in the measurements as in the 
calculation of the pi.  The (BuO),PO data however 
gave nearly twice as large a +,. 

The partition coefficients calculated in this way 
are shown in Table 2. The values in the third and 
fourth columns are those relating to the dilutions used. 
The values in the fifth and sixth columns are calculated 
values for the pure solvents from the dilution data 
established in a previous paper.’ 

The results suggest that extraction of both species 
is important over a considerable range of thiocyanate 
concentrations. 

The symmetrical shape of the plots of log D against 
[SCNI- and the underlying relation between the ki 
reflect the result, reported in a previous paper, that all 
the thiocyanate complexes are six-co-ordinate. In  the 
bromo- and, especially, the chloro-systems where there 
is reason to suppose that a change in co-ordination 
number from 6 to 4 takes place, no simple relation be- 
tween all ki can be expected and indeed the experimental 
data yield markedly asymmetric curves. Some results 
were given in Figure 4 in Part IV for the chloride and 
bromide systems. 

It may be observed that the dilution data (cj. Part 
IV7)  gave no evidence for the presence of two thio- 
cyanate species with any of the extractants, but reasons 
for distrusting a naive analysis of dilution data have been 
given and the present evidence is regarded as much more 

l3 A. G. Maddock, W. Smulek, and -4. J.  Tcnch, Trans. 
Faraday SOC., 1962, 58, 923. 

p 4  Extrapolated to pure solvent 
Fe(SCN),- 

154 1-24 x lo’* 1.02 X 101z 

80.1 8-61 x lo6 25.1 x lo6 

Fe (SCN) 4- Fe(SCN) , 
fi x 1015 

2-33 1-03 x 109 2-33 x 109 

complex will be favoured. But that strong donor 
solvents like (C,H,,),PO will favour the extraction of 
neutral species. 

The Temperati,tre-coe$cieizt of the Extraction.-Al- 
though there are many data on the effect of temperature 
on the solvent extraction of different inorganic species, a 
detailed analysis of the factors involved has seldom 
been made. 

Let us examine the case of a single extracting com- 
plex, ML,. Equilibria (8)-( 10) are involved, besides 

S + S  (81 

(9) ML, + nS __ ML,S, 

the complexing of the metal, M ,  by the ligand, L, 
where the complex ML, extracts as the solvate M L c S ,  
and the bars indicate the organic phase. These equili- 
bria are determined by the constants ks ,  k,, and k E ,  

respectively. If very little of the solvated extracting 
complex remains in the aqueous phase, as found above, 
then for ideal behaviour we obtain equation (11) where 

8 i 

the square brackets denote concentrations. For real 
systems this becomes (12) where gL is the activity co- 
efficient of the ligand in the aqueous phase, gi is the 
activity coefficient of the ith complex in the aqueous 
phase, is the activity coefficient of the solvating 
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solvent in the organic phase, and h is the activity 
coefficient of the solvated extracting complex in the 

organic phase. Differentiating (12) in logarithmic 
form one obtains equation (13) where C.C. means constant 

a log(kc KE/h") 4 a log Pc I a log(p/h) 
C.C. aT aT aT 

composition of the system. Now the first term is 
AHE/RT2 and the second AHc"/RTL, where AHE is 
the standard enthalpy of extraction of the complex 
and AH," its standard enthalpy of formation. Further, 
we have equations (14) and (15) where ai is the fraction 

of the complex MLi. Thus we have equation (16). 

ZlogD AH," AHx"  AH^" a ioggLc -=- %T RT2 f F - 2 a i v f T  

For the standard state it is convenient to  choose 
for the ligand, metal ion, and the complexes the hypo- 
thetical aqueous solution where the analytical concen- 
trations of the metal and ligand are unity but the ionic 
strength is equal to that of the aqueous phase used in the 
experiments. This aqueous phase is taken to be in 
equilibrium with the standard state of the organic 
phase. Thus gL, gi, and h _+ 1 as [L] and [MI 0. 
Thus for tracer concentration of the extracting metal 
(16) may be approximated by (17). where R T 2 m s  = 
( a  log7)/aT and H ,  is the partial entropy of mixing 

of the solvents in the organic phase (solvating solvent 
and diluent). This term can be eliminated by choosing 
as standard state the particular solvent-diluent mixture 
used in the experiments, but for comparing solvents at 
different dilutions it is perhaps better to choose a par- 
ticular molarity as the standard. For athermal 

mixtures the term vanishes and for the moment this will 
be assumed to be the case. 

A more useful equation for deciding what approxim- 
ations are valid can be obtained as follows. At constant 
temperature, we obtain equation (18) when f i ,  given 

a log ai . - -- a log [L] - - 

by (19), is Bjerrum's degree of formation of the system. 
But we also have equation (20) and thus (21). In- 

tegrating between two ligand concentrations Lo and L,  
we obtain equation (22) [or (23)] whence equation (24) 

d log q - h' d log D = (i - c) [ d log [L] 
(22) 

or 

follows. Equation (24) shows that when DJD, < 1 
with L, < Lo/10 the terms in (ad)oAHco for i > c can be 
ignored and, in principle, the temperature dependence 
of D involves only c + 1 unknowns. One can conclude 
that plots of log D against T (or 1/T) will, in general, 
be curved. Explicit equations for such curves cannot 
be obtained and we shall treat our data by fitting it to 
a polynomial by a least-squares method, increasing 
the order until the fit first becomes acceptable (+2 test) 
and then differentiating the equation obtained. 
(a) Ferric Thiocyanate.-The effect of temperature 

on the distribution coefficient of ferric thiocyanate was 
explored by use of solvents in which extraction of the 
uncharged complex is dominant .7 Measurements were 
carried out by the techniques already described, at an 
acidity of 0 . 0 1 ~  and ionic strength of 2 ~ .  Results 
for 2 x 1O4M-(C8H,,),PO in CCl, are shown in Figure 2 
for several concentrations of thiocyanate in the aqueous 
layer. The data could be fitted satisfactorily to quad- 
ratic expressions in T log D = a + bT + cT2. The re- 
sults are given in Table 3, together with data for the 
other solvents, although for the other three solvents 
measurements were only made at  one concentration 
of thiocyanate. 

Figure 2 shows that the extraction of ferric thio- 
cyanate is very exothermic ; the distribution coefficient 
almost doubles if the temperature is lowered by only 
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5 K. Careful thermostatic control is essential for the 
study of this system. 

The data in Table 3 give a difference in slope a t  
20 "C in 0.01 and 0.1M-thiocyanate which is not much 
different from the uncertainty in the data. The com- 
position of the aqueous phase, as was seen above changes 
considerably between these concentrations; the per- 
centage of Fe(SCN), rises from 1.52% in 0.01M-NaSCN 

the proportion of the six Fe(SCN), (n = 1-43) com- 
plexes to be 10.8, 34.3, 35-1, 16-4, 2.4, and 0.09%. 
Supposing all the AHi" are of the order of -1.5 kcal 
mol-l, then AH," - cciAHi" = ca. 0 cal mol-l or, if we 
take AH," zAH," = 1.5i kcal mol-l, then AH," - 
2 U i A H i O  = ca. - 800 cal mol-l. The experimental 
error, however, corresponds to about &2 kcal mol-l. 
Thus AHE" can be taken as -17 & 2 kcal mol-l. The 

TABLE 3 
Temperature dependence of the extraction of ferric thiocyanate 

(1nD = a -k bT f cT2)  
a 

Solvent [NaSCN] /hi ~ A--, 
(C8H17) P O  0.01 1.82 f 0.16 

0.015 2.46 f- 0.06 
0.025 3.25 -& 0.21 
0.04 4.02 f 0-05 
0.06 4-27 & 0-5 
0.10 4-29 f 0.1 

Bu,PO.OBu 0.01 0.23 f 0.05 
BuPO(OBu), 0.01 -2.28 f 0.02 
(BuO),PO 0.01 0.77 & 0-05 

b 
7 --L-- 

-0.13 & 0.02 
-0.123 f- 0.007 
-0.134 f 0.004 
-0.147 f 0.004 

-0.15 f 0.01 
-0.10 & 0.002 

-0.155 f 0.006 
-0.131 & 0.003 
-(9.78 & 0.7) x lo-' 

to 35-17,' in O-lM-NaSCN. This shows that the enthal- 
pies of formation of the complexes make only a small 

10-1 

10 20 30 
t l " C  

FIGURE 2 The influence of the temperature on the extraction of 
ferric thiocyanate into trioctylphosphine oxide from solutions 
of different concentrations of sodium thiocyanate. The curves 
are quadratics, fitted by the method of least-squares; molarity 
of NaSCN: A, 0 . 1 ~ ;  B, 0 . 0 6 ~ ;  C, 0 . 0 4 ~ ;  D, 0 . 0 2 5 ~ ;  E, 
0.015M; F, 0*01M 

contribution to the temperature coefficient in this 
system, too small for any estimate of their value. 
Published values of AH: are -1.6 and -1.9 kcal 
mol-l re~pective1y.l~ The dependence of (a log D)/aT on 
the concentration of sodium thiocyanate arises only from 
the term -2 a,AH;* in equation (17) and the above 

values suggest only a weak dependence, as observed. 
In 0-lM-NaSCN the data from the Introduction show 

i 

c 
r-----h----1 
(1.5 f 2.5) x lo--' 
(0.5 & 1.7) x 10-5 
(5.1 f 1.9) x 
(7.3 f 0.9) x 10-4 
(1-1 f 0.5) x 10-3 
(0-3 2) x 10-4 

(7.6 1) x 10-4 
(7 f 1.5) x 

(0.7 & 2) x 

RT2 d In DldT 
kcal mol-l a t  20 "C 

-22.4 -& 3 
-21.2 & 1 
-19.6 & 2 
-20.1 f 1 
-18.9 f 2 
-17.2 & 2 
-21.8 & 2 
-17.4 f 0.7 
-16.3 Ifr 2 

temperature-dependence studies on the four organo- 
phosphorus solvents were carried out only from 0.01~- 
NaSCN. At this concentration the percentage of iron 
present in the anionic forms in the aqueous layer is 
very small (see Introduction). The concentrations 
of Bu,PO*OBu, BuPO(OBu,), and (BuO),PO were 
5.4 x 0.01, and 0 . 1 4 ~  respectively in CC1,. 
The corrections necessary for the contribution from the 
complexing equilibria in the aqueous phase can be  
estimated from the (C,H,,),PO data. These give 
equation (25). The data are in Figure 3. Combining 

= 5.2 kcal mol-l (25) 

these data with the equilibrium data (Introduction) 
one obtains for the thermodynamic functions for the 
extraction processes the values given in Table 4. It is 

TABLE 4 

Thermodynamics of the extraction of ferric thiocyanate 

Solvent kcal 'mol-l' kcal mo1-1 cal mol-' I<-l 
AGO AH" A S o  

-21.2 - 17.2 14 
Bu,PO*OBu - 16.3 - 16.6 1 
(C8%)3PO 

BuPO(OBu), - 12.2 - 12.2 0 
(BuO) ,PO - 9.3 -11.1 -6 

interesting to compare these data with those reported 
for the same solvents for uranyl nitrate.f6 The lowest 
enthalpy change for ferric thiocyanate, 11.1 kcal mol-l, 
is significantly higher than for the uranium salt. The 
trends in the entropy changes are similar for the two 
metals. It will be noted that the favourable positive 
entropy change in the case of trioctylphosphine oxide 

1 4  V, P. Vasil'ev and P. S. Mukhina, Izvest V .  U.2: Khim. i. 
Khim. Teknol., 1969, 12, 258; G. S. Laurense, Trans. Faraday 
SOC., 1956, 52, 236; K. €3. Betts and F. S. Dainton, J .  Amer. 
Chem. SOC., 1953, 75, 5721. 

15 T. H. Siddall, J .  Amer. Chem. SOC., 1954, 81, 4176. 
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makes an appreciable contribution to the free energy 
of extraction. 

10- ' 

lo-* 

I L 

5 10 15 20 25 30 35 
t / " C  

FIGURE 3 The influence of the temperature on the extraction 
of ferric thiocyanate from 0-Olw-NaSCN solutions into A, 
(C8Hl,),PO; B, Bu,PO-OBu; C, BuPO(OBu),; and D, 
(BuO),PO. The curves are quadratics, fitted by the method 
of least squares. For curves B and C, values of D have been 
multiplied by 0.1 and for curve D by 0-001 

(b) Ferric Halides.-For comparison some nieasure- 
ments have also been made on ferric chloride and 
bromide extraction. For ferric bromide an 0 . 0 1 ~  solu- 
tion of trioctylphosphine oxide in CCl, was used as 
extractant. The aqueous phase was 0 . 0 5 ~  in acid. The 
results obtained a t  different concentrations of sodium 
bromide are shown in Figure 4. 

I 

l o2  c 

I I I I I  

5 10 15 20 25 30 35 
t / " C  

The influence of the temperature on the extraction of 
ferric bromidc into 0-Olu-trioctylphosphine oxide in CCI, from 
solutions of the following NaBr concentrations : A, 0.631 ; 
0, 0 . 4 ~ ;  A, 0 . 3 ~ ;  a, 0 . 2 5 ~ ;  v,  0 . 2 ~ ;  0 ,  0 . 1 5 ~  

FIGURE 4 

For each solution the extraction shows a maximum 
at a temperature which is dependent on the sodium 

bromide concentration. This behaviour is exactly 
what can be expected if AHEO and AHi" have different 
signs, with AH," negative. In fact, the published 
enthalpy of formation of the first bromo-complex of 
the ferric ion, 6.1 kcal mol-1 is indeed positive.16 

Figure 4 also shows that a t  high enough temperatures 
all the distribution coefficients lie on the same curve, 
independent of the concentration of bromide. This is 
only possible if a t  high enough temperature the aqueous 
phase contains predominantly the extractable complex. 
This implies that for the concentrations of bromide 
explored comparatively little formation of anionic 
complexes occurs. The decrease in extraction in the 
high-temperature region is thus determined by the 
enthalpy of extraction. Graphical differentiation gives 
AH," = -7 kcal mol-l, but the probable error is large, 
&30%. Data for the extraction of ferric chloride are 
in Figure 5. The general features are similar to the 

5 10 15 20 25 30 35 
t l " C  

FIGURE 5 The influence of the temperature on the extractioii of 
ferric chloride into 0-Olni-trioctylphosphine oxide in CCl, from 
solutions of the following NaCl concentrations : v,  0.1211 ; 
A, 0.085h1; 0. 0.065~; [I, 0 . 0 4 5 ~ ;  A, 0 . 0 3 ~ ;  0 ,  0-02h1 

bromide data and imply that AH$;,:" and AH," are of 
opposite sign. The published enthalpy of formation 
of the first chloro-complex is 8.5 kcal rnol-l,16 in agrec- 
ment with this interpretation. The chloride data 
do not, however, tend to chloride concentration- 
independent values at high temperatures, a t  least in the 
range of temperatures studied, suggesting that form- 
ation of anionic complexes is inuch more important 
in this system. If one supposes that a t  the highest 
concentration of chloride used, 0 . 1 2 ~ ~  the descending 
portion of the curve is entirely clue to the enthalpy of 
extraction, one obtains a AH," of -10.5 kcal mol-l. 
The data of Gamlen and Jordan l7 indeed support the 
hypothesis that the neutral chloro-complex will pre- 
dominate in such situations. At least the results sug- 

Soc., 1942, 84, 335. 
E. Rabinowitch and W. H. Stockmeyer, J .  Anzer. Chrin. 

l7 G. A. Gamlen and D. 0. Jordan, ./. CAeni. SUG.,  1953, 1435. 

http://dx.doi.org/10.1039/DT9730001088


1973 1095 

gest that the enthalpies of extraction of the chloro- 
and bromo-complexes are not greatly different, with 
the latter being a little less negative. Combining these 
data with the free energies of extraction of -2 and 
-2.5 kcal mol-l for the chloro- and bromo-complexes 
one obtains entropies of extraction of -29 and -15 
cal mol-l K-l. Thus the less favourable enthalpy of 
extraction of the bromo-complex is compensated by a 
more favourable entropy term so that both halides show 
comparable extractions. 

Finally one can compare the extraction of the thio- 
cyanztes with the halides. In poorly donating solvents, 
such as nitrobenzene, their behaviour is not greatly 
different. Figure 2 in Part IV shows that the bromide 
and thiocyanate systems give very similar extraction 
from weakly acid aqueous phases. With the strongly 
donating trioctylphosphine oxide, however, the thio- 
cyanate shows a distribution coefficient of lo6 under 
conditions where the bromide system gives 70. 

The changes in thermodynamic functions associated 
with the extraction process have not been very 
precisely established but some conclusions seem secure. 
Table 5 gives values for the chloride, bromide, and 
thiocyanate systems calculated for O-O~M-(C,H,,),PO 

in CCl,. The favourable extraction of the thiocyanate 
must be attributed to the favourable enthalpy term. 
Since the Mossbauer data suggest similar co-ordination 

TABLE 5 

Approximate values of the thermodynamic functions of 
extraction of ferric chloride, bromide, and thiocyanate 
into 0.0 1M-trioctylphosphine oxide 

AG" AH0 AS" 
kcal niol-I kcal 11101-I cal mol-1 I<-1 

Chloride -2 - 10 - 28 
Bromide - 2.6 -i - 16 
Thiocyanate -9-1 -- 17.2 - 27 

for the thiocyanate and bromide complexes and since 
it seems unreasonable that the enthalpies of trans- 
ferring the complexes from one phase to the other 
should be much different, one must conclude that the 
solvent-metal bonds are stronger in the thiocyanate 
than in the bromo-complexes. 
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