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Solvent extraction of silver(I) from aqueous 1 mol dm™3 Na(SCN, NO3) solutions, where the thiocyanate ion
concentration was higher than 1x 10~ mol dm™> and pH was 3, into chloroform and into 4-methyl-2-pentanone (MIBK)
was studied in the presence of tetrabutylammonium ions (tba*) at 298 K. The extraction equilibria of the ion-pairs,
tba*SCN™ and tha*NO3 ™ into these solvents were also determined. The experimental data were well explained by
extraction of tha* Ag(SCN), ™ into chloroform and both tba* Ag(SCN), ~ and Na*Ag(SCN), ~ into MIBK and by formation
of Ag(SCN),'™", where n was 2 to 4 in the aqueous phase. More than half of the initial amount of tba* in the aqueous
phase was extracted as tha*SCN ™ and tba"NO; ~. The analysis of the extraction data of silver(I) should be made by taking
the decrease in the tba* concentration due to these extractions into account. No dissociation of the ion-pairs was found
in chloroform but the extracted ion-pairs were partially dissociated in MIBK. In the presence of 1x10~* moldm—>
in the initial aqueous phase, the extraction of silver(I) was much better into MIBK than into chloroform under otherwise
identical conditions. The extraction and dissociation constants of the above species and the stability constants of the

1867

anionic thiocyanate complexes of silver(I) in the aqueous phase were calculated.

Several metal ions can be extracted as thiocyanate com-
plexes into polar organic solvents such as 4-methyl-2-pen-
tanone (MIBK)," but the extraction is usually poor into non-
polar organic solvents such as chloroform. In the course of
a further study in our laboratory, it was found that the ex-
traction of metal thiocyanate complexes was much better in
the presence of bulky cations. The extraction was possible
even into chloroform as ion-pairs of anionic thiocyanate com-
plexes with tetrabutylammonium ions (tba*). At the same
time, the thiocyanate ions and the nitrate ions in the aqueous
phase were also extracted as ion-pairs with tba* into chlo-
roform and MIBK. Thus, the extraction equilibrium should
be understood by considering the extraction of not only the
anionic thiocyanate complexes but also that of these anions
in the aqueous phase. Furthermore, the extracted ion-pairs
partially dissociate in the organic phase when the solvent is
MIBK. The statistical analysis of the equilibrium in the sys-
tem should be made by taking the dissociation of ion-pairs
in the organic phase into account.

In the present paper, the solvent extraction of silver(I) in
aqueous 1 moldm—> Na(SCN, NO3) solutions into chloro-
form and into MIBK is described. The thiocyanate concen-
tration is higher than 1x10~3 moldm~3 even though the
solubility of silver(I) thiocyanate is low in aqueous solu-
tions and thus precipitation of silver(I) thiocyanate is negli-
gible. Still silver(I) is present as anionic complexes when the
thiocyanate concentration is not low. Both chloroform and
MIBK are chosen as the solvent in order to discover the ef-
fect of dissociation of ion-pairs which could occur in MIBK

but not in chloroform. The results are statistically analyzed
on the basis of the complex formation in the aqueous phase,
the extraction of anionic complexes as ion-pairs with tba*,
by assuming the dissociation of the ion-pairs in MIBK. The
extraction of tba® with thiocyanate and nitrate ions is also
measured because it causes a decrease in the concentration
of both tba* and thiocyanate ions in the aqueous phase. It is
found that the solvent extraction of anionic silver(I) thiocya-
nate complexes into these solvents is quite different, but still
the equilibrium can be well explained by analyzing the data
on the basis of formation and extraction of the thiocyanate
anionic complexes by similar statistical treatments of the ex-
perimental data. It is also found that the decrease in the tba*
concentration by the extraction of anions and the dissociation
of ion-pairs in the organic phase is very important in order
to understand the extraction equilibria of silver(I).

Experimental

All the solvent extraction experiments were carried out in a ther-
mostated room at 298 K. All the reagents employed were of reagent
grade. Stoppered glass tubes (capacity 20 cm®) were used for the
agitation of the two liquid phases. The MIBK was washed with
dilute perchloric acid, a dilute aqueous sodium hydroxide solution,
and then several times with water. The chloroform was washed
several times with water before use. The concentration of sodium
thiocyanate in the stock solution was determined by titration with
a standard silver nitrate solution. The initial aqueous phase was
1 moldm 3 Na(SCN,NO3) containing 5x 107 mol dm 3 silver(I)
and none or a certain amount of tha*. The pH of this solution was
adjusted at about 3 with a small amount of nitric acid. The volume
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of the two phases was always 5 cm®. The vessels were covered
by an aluminum foil in order to keep the samples in the dark and
to minimize the effect of light. The two phases were agitated by a
mechanical shaker for 30 min and centrifuged off. The extracted
silver(I) in the organic phase was stripped by 1 mol dm™> sodium
thiocyanate solution, which was found to be sufficient in order to
recover the extracted silver(I) into the aqueous phase as anionic
thiocyanate complexes.” The silver(I) content in the aqueous solu-
tions was determined by an atomic absorption method.

The extraction of either SCN™ or NO3 ™ as ion-pairs with tha®
was measured in a similar manner to that explained in previous
papers.>¥ The extracted tba* with SCN~ or NOs ~ was stripped by
repeating agitations with water and then extracted as ion-pairs with
picrate ions into chloroform. The amount of tba* was determined
by spectrophotometry of the extracted picrate ions.

Statistical

All the chemical species in the organic phase are denoted
by the subscript “org” and those in the aqueous phase are
shown without any subscript. The volumes of the two liquid
phases are assumed to be the same.

The formation of anionic silver(I) complexes with thiocy-
anate ions in the aqueous phase can be written by step-wise
formation equilibrium as:

Ag(SCN),_,>™"+SCN™ =—— Ag(SCN),' ™"
K» = [Ag(SCN),'™"1/(IAZ(SCN),_,"I[SCN™]D). (1)

When the uninegative complex, Ag(SCN),~, is extracted
as ion-pairs with tba*, the equilibrium can be written as:

Ag(SCN), ™ +tba" —= tba* Ag(SCN) ~ (org)
Kextba = [tba” Ag(SCN)> ™ Jorg /([tba"I[AZ(SCN) D). (2)
When this ion-pair undergoes dissociation in the organic
phase, the equilibrium can be written as:
tba+Ag(SCN)2_(org) — tha" (o + Ag(SCN)z_(m_g)
Kiiss = [tba+]org[Ag(SCN)2~]org/ [tba+Ag(SCN)2v]0rg- 3)
When the anionic complex is extracted as ion-pairs with
Na* in the aqueous phase, the equilibrium can be written as:
Ag(SCN), ™ +Na" == Na*Ag(SCN): ™ o
Kexna = [Na' Ag(SCN)2 ™ Jorg/(INa"J[Ag(SCN). D). (4)
When the extraction of non-charged complex, AgSCN, is
negligible and this complex is also negligible in the aqueous

phase, the distribution ratio in the solvent extraction system
can be written as: '

D=([Na"Ag(SCN)2 ™ lorg+[tha" Ag(SCN)2 ™ Jorg HAZ(SCN)2 ™ lor)
/(IAg(SCN), " 1+[Ag(SCN)* "]+ [Ag(SCN)s 7). 5)

‘When the solvent is chloroform, the extraction of the ion-
pair, Na*Ag(SCN), ~, is assumed to be negligible. Further-
more, the dissociation of the extracted species with tba*,
tbatAg(SCN),~, should also be negligible in this solvent;
then the distribution ratio of silver(I) can simply be written
as:

Solvent Extraction of Silver(I) Complexes with SCN™

D=[tba* Ag(SCN); " lorg/([A(SCN), "]
+[Ag(SCN);* "]+ [Ag(SCN)s> ). (6)

By introducing Eqgs. 1 and 2, Eq. 6 can be rewritten as:
D = Kexwa[tha'1/(1 + K3[SCN ™1+ K3K4[SCN™ ). @)
By introducing Egs. 1, 2, and 3, Eq. 5 can be rewritten as:

D= (KexnalNa*] + Kexoa[tha ] + KexwaKaiss[tba' 1[tba* Jorg )
/(1+K3[SCN™]+K3K4[SCN ™). ®)

The solvent extraction of thiocyanate ions in the aqueous
phase may be written as:

tha* + SCN™ —— tha"SCN ™ orgy
Kexap = [tha" SCN ™ o /([tha* J[SCN ). ©)

The dissociation equilibrium of the extracted tba*SCN™~ in
the organic phase can be written as:

tba"SCN™— (org) —= tba+(o,—g) +SCN™ (org)
Kiissap = [tba* Torg [SCN ™ org /[tba" SCN ™ Jorg. (10)
The solvent extraction of nitrate ions in the aqueous phase

with tba* and the dissociation of the extracted tba*NO;~
species can be written as:

tba” + NO3 ~ == tba*NOs v(org)
Kexxs = [tba"NO3 ™~ lorg/([tba ][NO3 1) (11

tba"NO3 ™ (orgy &= tha" (org) + NO3 ™ (org)
KdissXB - [ tba+]org [NO3 - ] org / [tba+NO3 - ]org . ( 12)

From the mass and charge balance, the following equations
can be written:

[tba* Tigie = [tha"] + [tba" Jorg + [tha" SCN ™ Jorg + [tba*NO3 ™ Jorg
+[tba* Ag(SCN)2 ™ Jore (13)

[tba+]org = [SCN_ ]org + [N03 _]org + [Ag(SCN)Z_ ]org- (14)

By the extraction of thiocyanate ions as ion-pairs with tba*
and as Ag(SCN),,! " complexes, the thiocyanate concentra-
tion in the aqueous phase at equilibrium should be lower
than the initial one. In order to calculate the thiocyanate
concentration at equilibrium, the following equation may be
used:

[SCN™ T = [SCN™]+2[Ag(SCN), "1+ 3[Ag(SCN);*"]
+4[Ag(SCN)4> ] +[tba"SCN ™ Jogg + [SCN ™ Jorg
+2[tba* Ag(SCN)2 ™ Jorg + 2[tha" Ag(SCN)2 ™ Jorg. (15)

Results

1. Extraction of SCN~ and NO;~ with tha* and Disso-
ciation of Ion-Pairs. The solvent extraction of SCN~ and
NO;~ with tba* was examined in the absence of silver(l).
Figure 1 gives the distribution ratio of tba* between MIBK
or chloroform and 1 moldm™3 NaSCN and also between
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Fig. 1.  Extraction curves of thatSCN™ (open symbols) or
tba*NO; ~ (closed symbols) as a function of aqueous tba*
concentration into chloroform (squares) or MIBK (circles).
The curves are calculated on the basis of Eqs. 18 and 19.

these solvents and 1 moldm—3 NaNOjs as a function of the
concentration of tha* at equilibrium, which was obtained ex-
perimentally. The data were analyzed on the basis of the
following equations:

Dipaa = ([tba*Jorg + [tba” SCN ™ lorg) /[tha "] 16)

Drpax = ([tba+]org + [tba+NO3—]org)/[tba+]- a7

By introducing Egs. 9, 10, 11, and 12, Egs. 16 and 17 can
be rewritten when the anions are only thiocyanate or only
nitrate as in theses experiments:

Duvar = Kexa + Kexan/* Kaissan*[tba™ ]~/ (18)
Divax = Kexxs + Kexxn "/ *Kaissxn /2 [tha* ] ~/2. (19)

The data in Fig. 1 were analyzed on the basis of Egs. 18
and 19 by using a least-squares computer program. The
constants obtained are listed in Table 1. The curves in Fig. 1
were calculated on the basis of Egs. 18 and 19 by introducing
the values of constants in Table 1.

The extraction of NaSCN and NaNOs into chloroform and
into MIBK was found to be slight and thus the extraction of
these species will not be considered in the statistical analysis
of data in the present study.

2. Solvent Extraction of Silver(I) into Chloroform. In
the absence of tba*, the solvent extraction of silver(I) into
chloroform was negligible within the limit of experimental
accuracy. Thus, the extraction of either AgSCN or NatAg-
(SCN),~ should be negligible and, when no dissociation of
the extracted ion-pairs is assumed, Eq. 7 can be employed for
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the data analysis. Figure 2 gives the extraction data of silver-
(I) in the presence of tba* into chloroform by the squares. The
data were analyzed on the basis of Eq. 7. For this analysis,
the concentrations of tba* and SCN™ in the aqueous phase
at equilibrium were calculated on the basis of Eqs. 13 and
15. The analysis of extraction data of silver(I) was made by
using these values of tba* and SCN™ concentrations. The
values of constants obtained are listed in Table 1. The curve
was drawn on the basis of Eq. 7, into which were introduced
the values of the constants in Table 1.

Since the calculated curve fits well with the experimental
data, the following assumptions should be reasonable: (i)

3
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Fig. 2. Extraction curves of silver(I) as a function of thiocya-
nate concentration into chloroform (open squares) or MIBK
in the absence (closed circles) and presence (open circles) of
tba*. The curves are calculated on the basis of Eq. 7 (chloro-
form) or Eq. 8 (MIBK). Since no accurate experimental data
are obtained in the lower thiocyanate concentration range
than 0.01 moldm™> with the open circles, the calculate
extraction curves cannot be compared with experimental
data, thus the calculated curve in this region is drawn by
broken line.

Table 1. Summary of Equilibrium Constants

Solvent  logKexsna  10gKexwa  10gKaiss  10g Kexan log Kexxe log Kissas log Kgissxs log K3 log K4
MIBK 0.98 5.72 —3.30 1.3 —-0.02 —3.31 —3.38 1.83 1.22
CHCl; Nil 538 Nil 22 1.08 Nil Nil 1.83 1.22

Org. phase: MIBK or CHCl3.

Aq phase: 1 mol dm—3 NaNOj3 solution containing a certain amount of NaSCN and none or a certain amount of tba* and the pH of aqueous

phase is kept at 3£0.2.

The values of constants obtained in Ref. 2 under similar experimental conditions were: log Kexna=1.02, log K3=1.81, and log K4=1.27.
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only the tha*Ag(SCN),~ species was extracted from the
aqueous phase in which the anionic silver(I) thiocyanate
complexes were formed, (ii) the dissociation of the extracted
ion-pairs is negligible, and (iii) the extraction of AgSCN and
Na*Ag(SCN),~ species was negligible.

The assumptions that the extracted silver(I) species was
only in the tba*tAg(SCN),~ form and the dissociation of
the ion-pairs was negligible were further examined by mea-
suring the extraction of silver(I) from aqueous 1 mol dm—3
NaNOs solution initially containing 0.01 mol dm—3 NaSCN
as a function of the initial tha* concentration in the aqueous
phase. Figure 3 gives the results by the squares. The ex-
traction curve was also calculated on the basis of Eq. 7 into
which the values of constants in Table 1 were introduced. As
is seen from Fig. 3, the calculated extraction curve fits well
with the experimental data. Thus, it can also be concluded
that the assumptions mentioned above are reasonable.

3. Solvent Extraction of Silver(I) into MIBK. The
extraction data of silver(I) into MIBK in the absence of tba*
were given in Fig. 2 by closed circles. These data were an-
alyzed by the following equation, derived from Eq. 5 by as-
suming that Ag* and AgSCN in the aqueous phase were neg-
ligible and the dissociation of the extracted Na*Ag(SCN), ™~
was negligible:

D = Kewa[Na']/(1+ K3[SCN 1+ K3Ka[SCN™T)  (20)

where [Na*] was unity.

The equilibrium constants obtained by the statistical anal-
ysis of data on the basis of Eq. 20 were listed in Table 1.
The values also agree with those already reported from our
laboratory which were obtained when the pH of the aqueous
phase was 5.5. The extraction was enhanced very much by
an addition of tba* into the aqueous phase. The open circles
in Fig. 2 give the results. It was also assumed that, even

-6 -5 -4 -3
log[tba+]

Fig. 3. Extraction curves of silver(I) as a function of aqueous
tba* concentration into chloroform (squares: [SCN™ Jinita =
0.01 moldm™>) or MIBK (circles: [SCN™ Jiniga =0.1
moldm ™). The solid lines are calculated on the basis of
Eq. 7 (chloroform) or Eq. 8 (MIBK), and the broken line is
calculated when the extracted species, tha" Ag(SCN), ™, is
completely dissociated in MIBK on the basis of Eq. 27. The
curve is tentatively drawn to fit the data at tha* concentration
2x107% mol dm~>.

Solvent Extraction of Silver(I) Complexes with SCN™

in the presence of tba*, the extraction of ion-pairs, Na*Ag-
(SCN),~, which is the dominant extracted species into this
solvent in the absence of tba* should occur. Calculations
were made by assuming the dissociation of the extracted
ion-pairs, tba*tAg(SCN),~, but no dissociation of Na*tAg-
(SCN),~ and also negligible extraction of other species such
as AgSCN and (tba*)zAg(SCN)32_. The dissociation con-
stants of the extracted silver(I) species finally obtained are
listed in Table 1.

The dependence of the extraction into MIBK on the initial
tba* concentration when the thiocyanate concentration is 0.1
mol dm—? is given in Fig. 3 by circles. In order to calculate
the values of Kexp, in Eq. 2 and the dissociation constant in
Eq. 4, the following equation is introduced from Egs. 8, 13,
and 14:

Y= Kextba(l + Kiss [tba+]org - 1) (21)
where Y=D(1+K3[SCN ]+ K3K4[SCN ]2) — Kexnaltha'] ™.

The log Y vs. log [tha*],, plot was made from the data
given in Fig. 3. It has two asymptotes which can be written
as:

log Y =1log Kextba

lim ([tba*Jorg — 00)
log Y= log Kextba + 10g (Kdiss [tba+]org_l)

lim ([tba*Jorg — 0)

From the parameters of each asymptote, the values of
log Kexipa and log Kyiss were determined, as given in Table 1.

The solid curve for the open circles in Fig. 2 and that for
the circles in Fig. 3 were calculated by introducing these
values into Eq. 8 and into Egs. 2, 3, and 8.

Discussion

As is seen from Fig. 1 and also from the results of the
extraction of silver(I) into chloroform in Fig. 2, the curve
calculated by assuming no dissociation of ion-pairs in the
organic phase fits well with the experimental data. Thus it
should be reasonable to assume no dissociation of all the ion-
pairs, tba*NO;3; ~, tba*SCN~, and tba* Ag(SCN), ~ in chloro-
form. These results are reasonable, because the solvation of
chloroform on these species should be slight and the dielec-
tric constant is low (£=4.9 at 20 °C).” On the other hand, the
partial dissociation of ion-pairs with tba* in MIBK should
be taken into account, though it was negligible with Na*Ag-
(SCN),~, as was pointed out in the previous paper? and as
was found in the present study. From the equilibrium and
dissociation constants in Table 1, it was calculated that, when
1x107* to 1x10~2 moldm™3 tba* was initially present in
1 mol dm—3 NaSCN, 99 to 93% of the tba* is extracted into
MIBK and about 87 to 29% of the extracted tba*SCN~— dis-
sociated in the MIBK phase, respectively. When the aqueous
phase is 1 mol dm—3 NaNOs, it is also calculated that, when
1x107* to 1x1072 mol dm~> tba* was initially present, 87
to 60% of the tba™ is extracted together with NO3;~, and 82
to 21% of the extracted ion-pairs dissociate in the organic
phase, respectively. As can be seen from Fig. 1, the ex-
traction of these ion-pairs is better into chloroform that into
MIBK, except in the lower concentration range where more
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dissociation occurs, as is seen from Eqs. 18 and 19.

In Fig. 2, each line was calculated on the basis of Eq. 7
or Eq. 8 into each of which were introduced the values of
constants in Table 1. The lines fit well with the experimental
data. Although the composition of the silver(I) thiocyanate

complexes in the aqueous phase at a certain thiocyanate con-.

centration is the same for all the extraction data of the three
extraction systems, the shapes of the three extraction curves
are quite different. The extraction into MIBK in the absence
of tha* was reported in the previous paper.? The experimen-
tal data and equilibrium constants obtained in the absence of
tba™ in the present paper, which are listed in Table 1, agree
well with those obtained in the previous paper under simi-
lar conditions, which are given in the footnote of Table 1.
No dissociation of the ion-pairs is assumed in the statistical
analysis of the extraction data into MIBK in the absence of
tba™ where only Na*Ag(SCN), ~ is extracted, and into chlo-
roform with tba* where only tba*tAg(SCN),~ is extracted.
However, the shapes of these extraction curves are different.
This is because, when silver(]) is extracted into MIBK, the
concentration of the counter ion, Na*, is always 1 mol dm™3
but with the extraction into chloroform, the concentration
of the counter ion, tba™, is not constant because of its ex-
traction with NO3™~ and also the extraction with SCN™ is
different even when the initial concentration of tba* in the
aqueous phase is constant, 1x1073 moldm™3. Since no
dissociation of ion-pairs was concluded from the extraction
data into chloroform, the [tba*]or, term in Eq. 13 can be ne-
glected. Moreover, since the concentration of silver(I) was
much lower than the total concentration of tha*, the [tba*Ag-
(SCN); 7 lorg term in Eq. 13 could also be neglected. Thus
the following equation can be introduced:

[tha’] =[tba" Jinit.(1+KexaB[SCN ™ +Kexxs [NO3 " 1)
= [tba* Tinit. /{1 +KexaB[SCN ™ [+Kexxs(1—[SCN™1)}. (22)

The slope of the plot in the presence of tba* in Fig. 2
is steeper with the extraction into MIBK than into chloro-
form. Since the extracted species is, in all the cases, only
Ag(SCN), ™, the decrease in the molar ratio of this species to
the total silver(I) in the aqueous phase should decrease the ex-
traction. Figure 4 gives the calculated molar ratio of the silver
species in the aqueous phase as a function of the thiocyanate
concentration by using the stability constants in Table 1. As
is seen from Fig. 4, the extractable species is more than 90%
when [SCN~] is 1x10~3 moldm—3, but it is about 5 and
0.5% when it is 0.1 and 0.3 mol dm—3, respectively. Thus
the formation of higher anionic complexes, Ag(SCN)32~ and
Ag(SCN)43_, lowers the extraction of silver(I) in these sys-
tems. Furthermore, since one anionic complex is extracted
with one tba®, the decrease of the tba® concentration also
decreases the extraction of the silver(I) complex. When the
extraction into MIBK in the absence of tba* is examined,
the counter ion is Na* and its concentration is essentially
constant, 1.0 moldm=3. When the counter ion is tba*, a
decrease in the tba* concentration in the aqueous phase is
caused by an increase in the thiocyanate concentration and,
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Fig. 4. Calculated molar ratio of aqueous Ag(I) species at
equilibrium as a function of thiocyanate concentration by
using equation A /(1+10"[SCN~1+10*%[SCN~1?) where
Ais 1, 10"*[SCN~], and 10**[SCN™]? respectively for
Ag(SCN), ™, Ag(SCN)32~, and Ag(SCN),>~.

consequently, the extraction of silver(I) is decreased, as can
be seen from Eqgs. 7, 13, and 14. This decrease in the tba*
concentration is due to the facts that the extraction of tba*
together with thiocyanate ion is better than that of nitrate ion
as is seen from the values of Kap and K.xg in Table 1.
Figure 5 gives the calculated value of the tba* concentra-
tion in the aqueous phase as a function of the thiocyanate
concentration when the initial tha* concentration is 1x 1073
moldm™3. The tba* concentrations in the aqueous phase at
equilibrium, which were necessary for the calculation of the
curves in the MIBK system, were experimentally obtained;
the values in the chloroform system were calculated on the
basis of Egs. 9, 11, and 13 and the values Kexap and Kexxp
in Table 1. As is seen from Fig. 5, a 92.5% portion of
tba® is already extracted into chloroform when the thiocya-

1x107
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3 L
g 5x1074
_r‘ -
<
£ MIBK
1oL CHCB
0 1 1
-3 -2 -1 0
log [SCN']

Fig. 5. The change in the tha* concentration in the aqueous
phase which s 1 mol dm > Na(SCN, NOs) by the extraction
as tha"NO3 ™ and tha*SCN™ when the initial tba* concen-
tration is 1x107> moldm ™.
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nate concentration is 1x10~> mol dm™> and a portion more
than 96% is extracted when the thiocyanate concentration is
0.1 moldm—3. On the other hand, about a 70% portion is
extracted into MIBK from the aqueous phase when the thio-
cyanate concentration is 1x1073 moldm™3 and a portion
more than 94% is extracted when the thiocyanate concen-
tration is 0.1 moldm~3. The amount of tba* extracted into
the organic phase increases by an increase in the thiocyanate
concentration in both the systems but since the difference in
the extractability of tha*NOs; ™ and tba*SCN™ is larger into
MIBK than into chloroform, an increase in the thiocyanate
concentration causes a greater decrease of the tba* concen-
tration in the MIBK system, as is seen from Fig. 5. This
causes a steeper decrease of the distribution ratio of silver(I)
thiocyanate by an increase in the thiocyanate concentration
in the extraction into MIBK than that into chloroform.

From the statistical analysis, it is assumed that the Ag*
and AgSCN species is negligible under the conditions of the
present study. Since the solubility of AgSCN is very low
in the aqueous phase,® precipitates should be formed when
the Ag* species is present in the aqueous phase containing
SCN~. On the other hand, when silver(I) forms anionic
complexes in the aqueous phase, the precipitation of AgSCN
should be negligible as long as no formation of precipitates
of the anionic complexes with the bulky cations occurs.

It is seen from Fig. 2 that tba* is much more effective than
Na* as the counter ion of Ag(SCN), ~. This is because tba™ is
much bulkier than Na*. As is seen from Table 1, the extrac-
tion constants of Ag(SCN), ™ as ion-pairs with tba* (Kexiha)
is about five orders greater than with Na* (Kexn,)- It can be
calculated that the distribution ratio with the extraction with
tha* into MIBK is 10?7 when the initial thiocyanate con-
centration is 1x1073 moldm™3. This can not be obtained
experimentally because it is too high to be determined ac-
curately. On the other hand, that for the extraction as ion-
pairs with Na* is 1.0, as is seen from Fig. 2. This very large
difference between the Kexna and Keypa due to the difference
in the size of the counter cations also causes the difference in
the dissociation of the extracted species. The dissociation of
Na*Ag(SCN), ™ in MIBK is negligible while that of tba*Ag-
(SCN), ™ is not negligible. If the concentration of dissociated
tba* in the organic phase is changed, it will affect the disso-
ciation of the ion-pairs of the anionic silver(I) complex with
tba*. Therefore, it should also affect the dependence of the
extraction of silver(I) on the thiocyanate concentration. As
1s seen from Fig. 3, the plot of extraction into chloroform
as a function of the aqueous tba* concentration is a straight
line of +1. This can be well explained by Eq. 7; the disso-
ciation of the extracted species is negligible in chloroform.
On the other hand, the slope of the plot for the extraction
into MIBK also in the presence of tba* is smaller. When
silver(I) thiocyanate complex would be extracted only with
tba* and the extracted ion-pairs would dissociate completely,
the extraction equilibrium may be given as:

tha" + Ag(SCN), ™ ¥—= tba" (org) + Ag(SCN), ™~ (org)
Kexdiss = [tba" Jorg [AZ(SCN)2 ™ Jorg /([tba " JLAZ(SCN)2 1. (23)
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Then the distribution ratio should be given by the following
equation instead of Eq. 6:

D=[Ag(SCN)2" Jorg/ ([Ag(SCN)2 "]
+[Ag(SCN)*"1+[Ag(SCN).*7]) 2

= Kexaiss[tha” I[tba" o'/
(1+K3[SCN ™ 1+ K3K4[SCN ”]2). 25)

By assuming that [Ag(SCN); ™ ]ors would be much lower than
[SCN™Jorg and [NO3 ™ lo in Eq. 4, the following equation
can be written:

[tba Jorg=[tba" '/* (Kexap Kaissan [SCN ™ 1+Kexxp Kaissxs [NO3 ~)'/2.
(26)

From Egs. 25 and 26, the following equation can be written:

D=Kexiss[tba"1"/* (Kexan KaissaB [SCN ™ J+Kexxs Kaissxs [NO3 ") ™'/
/ (1+K3 [SCN_]+K3K4[SCN_]2). 27

Thus the slope of log D as a function of [tba*] when [SCN™]
is constant should be +1/2, as was also pointed out. In
Fig. 3, an example of the calculated plot (broken line) when
complete dissociation is assumed. The calculation of the
broken line was made by introducing the values of Kexap,
Kissan, Kexxs, Kaissxs, K3, and K, in Table 1 into Eq. 27 and
by assuming the value Kegiss as 10>7. the value of Kexgiss
is tentatively calculated to fit the line with the data in the
lowest tba* concentration. As is seen from Fig. 3, the slope
of the plot of the experimental data of the extraction with -
MIBK is between +1/2 and +1 and this also indicates partial
dissociation of the extracted tba*Ag(SCN), ™ species in the
organic phase.

In the present study, the extracted silver(I) species is
the “ternary complex”, Na*Ag(SCN),~ or tba*Ag(SCN), .
‘When the change in the concentration of the cation and the
dissociation of the ion-pairs in the organic phase is neg-
ligible, as in the extraction into MIBK in the absence of
tba*, the data analysis is rather simple. However, in the
presence of tba®, the extraction data obtained in the form
of logD as a function of log [SCN™] should be analyzed
by considering the extraction of the third component, tba*.
Furthermore, the partial dissociation of the extracted ion-
pairs, tba*Ag(SCN), ™, tha*SCN~, and tba*NO3;~ makes
the equilibrium complicated. This partial dissociation of the
extracted species seems to have not been considered previ-
ously.

The chemical behavior of silver(I) in aqueous thiocya-
nate solutions has been studied very much. The number
of reported values of stability constants of silver(I) thiocya-
nate complexes is very many.5'? Since the solubility of the
silver(I) thiocyanate is low, most of such studies were made
at rather high thiocyanate concentrations, as in the present
study. This is due to the fact that the precipitation can be
avoided by anionic complex formation. This indicates that
the solvent extraction of the uncharged complex, AgSCN,
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should be difficult: Under the conditions where this com-
plex is extractable, precipitation in the aqueous phase should
make the experiments very difficult. Thus not many have
been studied with the solvent extraction of silver(I) thiocy-
anate.!'='¥ However, the solvent extraction of silver(I) in
thiocyanate solutions seems to be favorable as anionic com-
plexes by using bulky cations.

It was found in the present study that the recovery of
silver(I) from the both phases became poorer when the thio-
cyanate concentration was lower than 1x1073 moldm—3.
This should be due to precipitation of AgSCN on the vessel
wall and/or on the interface.

The assumption that the extracted species into MIBK in
the absence of tba* is Na*Ag(SCN), ™ indicates this diffi-
culty of extraction of AgSCN. The extraction in the absence
of tba* into MIBK is not very effective, but that in the pres-
ence of tha* is effective, especially when the thiocyanate
concentration is low, as is seen from Fig. 2.

The results in the present study show that the solvent ex-
traction of anionic metal complexes with bulky cations is
much more effective than the extraction of the metal ion as
neutral complex. This was also observed when the metal ion
was copper(]) in the thiocyanate complexes.¥ However, the
chemical equilibria involved in the solvent extraction sys-
tems are much more complicated, especially when partial
dissociation of the extracted ion-pairs occurs in the organic
phase. Thus a careful consideration is necessary for the sta-
tistical analysis of the extraction of anionic metal complexes,
especially when the organic solvent is polar.
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