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Distribution equilibria of mercury(II) between trioctylamine-hydrochloric acid salt in xylene and acidic solution
containing high or low chloride ion concentrations were measured at 298 K.

Mercury(Il) is extracted as the complexes (RH);HgCl; - H,O and (RH)HgCl,, which are formed respectively by
the reactions of HgCl;~ and HgCl; with the amine salt, from aqueous solution with high chloride ion
concentration. In the extraction from 0.1 mol/dm® hydrochloric acid solution, it is considered that HgCl, also
reacts with the amine salt and then forms the complex (RH),HgCl,-H,O. The formation constants for their

respective reactions were determined.

Introduction

Solvent extraction with high-molecular weight
amines was successfully applied to the purification
of nuclear fuel,® and then the amines were found to
be efficient extractants for the separation and purifi-
cation of metals. In recent years, as environmental
contamination and the exhaustion of resources have
become serious problems, considerable interest has
been directed to the examination of solvent extraction
techniques with the amines as an energy-saving sepa-
ration process in the fields of hydrometallurgy and
industrial waste water treatment.

From this point of view, we have studied the
extraction mechanism of uranium(VI) and cad-
mium(II) with high-molecular weight amines.””® Sol-
vent extraction of mercury(I) with high-molecular
weight amines has been investigated by Chapman et
al.,” Tandon et al.'>'V and others,*® but the equi-
librium relation for the mercury(Il) extraction has
not yet been adequately clarified.

In the present study, the extraction equilibria of
mercury(II) with trioctylamine (TOA) were investi-
gated. Mercury(Il) distribution equilibria between
xylene solutions of TOA-hydrochloric acid salt and
acidic solutions containing high or low chloride ion
concentrations were measured. In addition, water co-
extracted into the organic phase together with
mercury(IT) was determined.

1. Experimental

All the experiments were performed by the batch-
wise method. A known volume of an aqueous
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mercury(IT) solution was equilibrated with an equal
volume of an organic solution in an Erlenmeyer flask
with a stopper by shaking the two phases in an air
bath maintained at 298 K.

The organic phase was prepared by diluting TOA-
hydrochloric acid salt prepared by the ordinary
method® in xylene of commercial GR grade. The
aqueous phase was prepared by dissolving mer-
cury(II) chloride, hydrochloric acid and sodium
chloride of commercial GR grade in deionized
water saturated with xylene.

The concentration of mercury(Il) in the aqueous
phase was determined by chelate titration with a
0.01 mol/dm® EDTA standard solution in the range of
high concentration and by the cold vapor atomic
absorption method in the range of low concentration.
The concentration of mercury(II) in the organic phase
was obtained from the mass balance. The initial
concentration of the amine salt was analyzed by
titrating with sodium hydroxide solution. The water
content in the organic phase was determined by the
Karl Fisher method.

2. Basic Equation of Equilibrium Relation

Mercury(IT) forms chloride complexes by the fol-
lowing reaction in the aqueous chloride solution.

Hg?* +nCl- —=HgCIZ™"

[HgClz ™"
Pmgqay *TY O
The concentration C,, of mercury(II) in the aqueous
phase is described by

QFO+§&Wﬁ©m§T @

351



An amine-hydrochloric acid salt exists as a mono-
mer and a dimer in the organic phase according to
the dimerization reaction'?:

: RHCI
JRACI = RAC), K= icl.]
[RHCI]?

where the overbar refers to the organic phase.

In mercury(Il) extraction with the amine salt from
the aqueous chloride solution, mercury(II) chloride
HgCl, and anion complexes HgCl;, HgClIZ™ are
extracted into the organic phase, and the extraction
reaction is generally expressed as follows:

©)

JRHCI +HgCl2 ™" == (RH);HgCl, , ; + (n—2)C1~
(n=2,3 or 4) G
The equilibrium relation for the above reaction is
given by
_ [RH);HCI, ., J{CI7]"2 5)
[RHCI}’[HgCl2 "]

Equation (5) is transformed by use of Egs. (1) and (2).

o [(RH)ngCIz +j:l

g fCIT)Cy

where gy (=[RHCI]) is the concentration of amine
hydrochloride monomer and

e, j,n

(6)

=Py ™

1+ Y BICIT
i=1

From Eq. (6), the concentration g,, of mercury(Il)
in the organic phase is expressed as:

qdu= Z [(RH)ngClz +j]

=2Ke,j,nf;t([C1_])CMq{-1 (8)

The total concentration Q of amine in the organic
phase is obtained from Egs. (3) and (8).

Q=2 {JK e jnfl[Cl" DCrsth} +2K 35 +qu )

3. Results and Discussion

3.1 Effect of initial concentrations of hydrochloric
acid and sodium chloride on distribution

The effects of the aqueous initial concentrations of
hydrochloric acid and sodium chloride on the distri-
bution equilibria of mercury(II) were examined for a
total amine concentration of 0.1 mol/dm?® and initial
mercury(I) concentrations of 0.01 and 0.025
mol/dm?®. The results are shown in Fig. 1.

The distribution coefficient K decreases with in-
creasing initial concentrations of hydrochloric acid
and sodium chloride, and the effect at higher initial
concentration of mercury(Il) becomes larger than
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Fig. 1. Effect of initial concentration of HCl or NaCl on
distribution coefficient Kj,.

that at lower concentration. However, the lowest
distribution coefficient is about 900 under the present
experimental conditions and mercury(Il) is thus ex-
tracted efficiently from the aqueous solution contain-
ing a high concentration of chloride ion.

3.2 Distribution from the aqueous solution containing
high chloride ion concentration

Mercury(Il) forms several chloride complexes in
the aqueous chloride solution. Figure 2 represents the
fraction of each mercury(Il) complex at various chlo-
ride ion concentrations. This result was calculated
from Eq. (1), using the values of the stability constant
for the formation of mercury(Il) chloride complex in
the ionic strength of 0.5 to 3mol/dm® reported by
Hepler er al.> Only a little Hg?* and HgCl* are
formed and therefore they are not presented in the
figure. In the range of high chloride ion concen-
trations, it is adequate to consider only the two
complexes HgCI2~ and HgCl; .

The distribution equilibria of mercury(Il) from
0.1mol/dm>® hydrochloric acid solution containing
4mol/dm® of sodium chloride were measured by
varying the amine concentration Q@ at mercury(Il).
concentrations of 0.01 and 0.025mol/dm?3. Figure 3.
shows a plot of the distribution coefficient against Q..
The distribution coefficients indicate different curves
for each initial concentration of mercury(Il) in the
aqueous phase.

In this case, as is clear from Fig. 2, a large portion
of mercury(Il) in the aqueous phase exists as HgCl3 ™.
In the higher concentration range of Q in Fig. 3,
where 0> q,,, K, is nearly proportional to the third
power of Q, and thus the following equilibrium
relation obtained from Eq. (8) may be approximately
applied.

_ 4m _ [(RH);HgCls]

Kp= Cur = Cy = Ke,3,4f4([C1_])4;1 (10
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Fig. 2. Kinds of mercury(II) chloride complex existing in
aqueous chloride media.
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Fig. 3. Distribution coefficient K, for total amine con-
centration Q.

The data of Fig. 3 at Cp=0.01mol/dm® in
0>0.05mol/dm® are plotted against gy calculated
from Eq. (9) using a K, value of 40 dm3/mol'® in Fig.
4. A linear relationship with a slope of 3 between K,
and g4 approximately holds. From the result and Eq.
(10), a formation constant K, 3, with a value of
4.6x10°dm?®/mol was obtained by assuming the
chloride ion concentration [Cl™] to be constant at
‘4.1 mol/dm?>.

In the lower concentration range of Q, it is pre-
dicted from Fig. 3 that a complex with one-molecule
mercury(II) and one-molecule amine salt such as
(RH)HgCl, forms. Taking into account the formation
of both the complexes (RH);HgCls and (RH)HgCl,,
the distribution coefficient is expressed as follows
from Eq. (8).

Kp= 2= K, of l[C1 D+ Ko ofSIC1 D (1)

M
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Fig. 4. Distribution coefficient K, for monomer concen-
tration gy of amine-hydrochloric acid salt in the range of

large qy.

Figure 5 shows the result in which the K}, values of
Fig. 3 are plotted against g5 obtained from Eq. (9).
The solid line in the figure is the result calculated from
Eq. (11) by using the above value of K,;, and
adopting a K, 5 value of 1.0 x 10°. The experimental
data agree with the calculated values regardless of the
initial concentration C,,, of mercury(II).
3.3 Distribution from the aqueous solution containing
low chloride ion concentration

The distribution equilibria of mercury(II) from
0.1 mol/dm*® hydrochloric acid solution were mea-
sured. In this case, three mercury(Il) complexes,
HgCl3~, HgCl; and HgCl,, exist in the aqueous
phase. Assuming that HgCl, reacts with two mol-
ecules of the amine salt in addition to the extraction
reactions for HgCI ™ and HgCl; represented above,*
the distribution coefficient is derived from Eq. (8).

KD=2—T4=KQ,3,4f4([C1"])q?1+Ke,z,zfz([Cl‘])q?I
+Ke,1,3f3([C1_])qH (12)

Figure 6 is a plot of K, against gy, the values of which
were evaluated from Eq. (9) by using the same values
of K4and K, ; , as shown above and assuming a K , ,
value of 1.0 x 101° (dm*/mol)?. In this calculation, the
aqueous concentration [Cl™] of chloride ion is nec-
essary to obtain the value of f, (J[C17]). The [Cl7]
value was determined by Eq. (14) derived from Eq.
(13), which describes the condition of electrical neu-

* We carried out a calculation similar to that shown below by
assuming that HgCl, reacts with one or three molecules of the
amine salt, but a good correlation between K, and g5 was not
obtained.
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Fig. 5. Relation between distribution coefficient K, and
monomer concentration gy of amine-hydrochloric acid salt.
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Fig. 6. Relation between distribution coefficient K, and
monomer concentration g5 of amine-hydrochloric acid salt.

trality in the aqueous phase.

[H*]+2[Hg**]+[HgCl*]
=[CI~]+[HgCl; 1+ 2[HgCI2 ] (13)
[H]=[CI"]
<2+ﬁ1[C1‘]—ﬁs[Cl‘]3—2ﬂ4[C1]“)
— £ Cu
1+ ) grar

i=1
(14)
The solid line in the figure is the calculated result
from Eq. (12). The calculated values are in satisfac-
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tory agreement with the experimental data in the
range of gy less than 3 x 1073 mol/dm3. The observed
K, values, however, become nearly constant when gy
is higher than 3 x 103 mol/dm® and deviate from Eq.
(12). Though a similar result has been reported by
Chapman et al.,? it is necessary to investigate such a
phenomenon further.

3.4 Combined water in the organic phase in extrac-
tion of mercury(Il)

The water content combined with the amine salt
produced by the reaction of the amine with hy-
drochloric acid was first measured. Figure 7 shows a
plot of the water content g, in the organic phase
against the concentration Q of the amine salt. Xylene
extracts water at 0.020 mol/dm? at 298 K. g, is the
total water content minus the amount extracted by
xylene in the organic phase, that is, the amount of
water combined with the amine salt. A linear re-
lationship with a slope of 1.0 between gy, and Q holds.
It is inferred from the result that each molecule of the
amine salt combines with one molecule of water and
exists in the forms RHCI-H,0 and (RHC1-H,0),.

Figure 8 shows the water content g, for the
mercury(Il) concentration g,, in the organic phase
observed in the distribution experiments of
mercury(Il) at [C17] of about 4.1 mol/dm>. Assuming
that the extracted mercury(II) complexes exist in the
following forms,"

(RH);HgCls - (H,O)y,
(RH)HgCl; - (H;0)w,

the combined water concentration in the organic
phase is expressed by

gw=0+(W;=3)qy
+ (W, +2-W)I(RH)HgCl; - (H,O0)y,] (15)

The slope of the solid line in Fig. S is nearly 3 in the
range of higher gy, so mercury(Il) is extracted almost
in the form of (RH);HgCls- (H,0)y,. A value of W,
may, therefore, be determined from the experiments
at higher concentration of Q as

2
fim (——qﬁ> —3-W, (16)
Q

This slope is obtained from Fig. 8 to be nearly 2 and
then W, = 1. The solid and broken lines represent the
results calculated from Egs. (6), (8), (9) and (15) by
assuming W, =0 and 1, respectively. The calculated
values for W, =0 approximately agree with the ob-
served ones.

From the experiments of distribution equilibrium
of mercury(Il) from 0.1 mol/dm® hydrochloric acid
solution, it was determined similarly that one mol-
ecule of (RH),HgCl, combines with one molecule of
water. Therefore, it is inferred that the extracted
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Fig. 7. Water content combined with amine-hydrochloric
acid salt.
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Fig. 8. Combined water content in organic phase in extrac-
tion equilibrium of mercury(II).

mercury(Il) complexes exist in the following forms in
the organic phase.

(RH),HgCl, - H,0
(RH)HgCl,
(RH),HgCl,-H,0

Conclusion

The extraction equilibria of mercury(II) from acidic
chloride solutions by TOA-hydrochloric acid salt in
xylene were studied.

The distribution coefficient decreases with an in-
crease of chloride ion concentration, but mercury(II)
is extracted efficiently from the aqueous solution
containing 4 mol/dm? of chloride ion.

In extraction from the aqueous solution containing
high chloride ion concentration, the equilibrium re-
lation was expressed by Eq. (11) and the X, ;, and
K, 3 values of the formation constant were obtained

(-4

as 4.6x10°dm3/mol and 1.0x10° respectively.
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Equation (12) with the X, , , value of 1.0 x 10'° (dm?3/
mol)*> was approximately applied to the distribution
equilibrium from 0.1 mol/dm3 hydrochloric acid so-
lution in the range of gy less than 3 x 103 mol/dm?.
Furthermore, the water co-extracted into the organic
phase together with mercury(IT) was determined.

Nomenclature
Cha = concentration of hydrochloric acid in the
aqueous phase [mol/dm?]
Cy = concentration of mercury(Il) in the aqueous
phase [mol/dm?]
Cract = concentration of sodium chloride in the
aqueous phase [mol/dm?]
SCITD = function of [C]17] defined by Eq. (7)
[(mol/dm*)* ]
J = association number for amine -l
K, = dimerization constant of amine salt defined
by Eq. (3) [dm3/mol]
K, = distribution coefficient of mercury(Il) [—1
Kejm = formation constant for Eq. (4)
[(dm®/moly~"*?]
4] = total coneentration of amine in the organic
phase ‘ [mol/dm?]
qy = monomer concentration of amine-hydrochloric
acid salt in the organic phase [mol/dm?]
Im = concentration of mercury(Il) in the organic
phase [mol/dm?]
qw = concentration of combined water in the
organic phase [mol/dm?]
W, W, = number of combined water [
B, = stability constant defined by Eq. (1)
(n=1-4) [(dm®/mol)"]
[ 1 = concentration [mol/dm?]
overbar = organic phase
{Subscript)
0 = initial
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