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The equilibria involved in the extraction of HCl by tri-n-octylamine (TOA) in benzene have

been investigated as a function of the HCl and TOA concentrations. Two distinctly different

extractions were observed for two different acidity ranges. From the extraction in the low acidity

range (<0.001M HCl), it has been found that two complexes of TOA・HCl and (TOA・HCl)2

are formed in the organic phase and that the equilibrium constants for the two reactions,

TOA(org)+H+(aq)+Cl-(aq)=TOA・0HCl(org)

and

2TOA(org)+2H+(aq)+2Cl-(aq)=(TOA・HCl)2(org),

are K11=(1.51±0.02)×104 and K22=(2.92±0.07)×109 respectively. For higher concentrations

of HCl>3M, it seems probable that two major complexes of (TOA・HCl)2HCl and (TOA・HCl)3-

(HCl)2 besides the monomer and the dimer, and three minor complcxes of (TOA・HCl)2(HCl)2,

(TOA・HCl)3HCl, and (TOA・HCl)3(HCl)3 are formed in the organic phase.

Since Smith and Page1) extracted various weak
and strong acids with a chloroform solution of
methyl-di-octylamine, the extraction of various
metal ions from acid solutions by high-molecular-
weight amines has been studied and used for various
separation processes and analytical techniques.
Several reviews2-4) of this kind of work have been

published. On the other hand, although many
studies on the extraction mechanism have been
reported, in all of these studies except a few,5-6)
the amine salts have been assumed to be monomeric
and the possibility of the aggregation of amine salts
has been neglected or disregarded.
Since Allen7) tried to explain the insensitivity
of the activity of TOA and di-decylamine sulfates
and bisulfates to change in their concentrations by
assuming them to form large colloidal aggregates,
systematic investigations of the aggregation of
several amine salts in the organic phase have been

carried out using the methods of light scattering,8)

freezing-point lowering,9-10) vapor-pressure lower-

ing,11-12) and two-phase e.m.f. titration.13)
Although it has been found that the amine salts

tend to aggregate in an inert solvent with a low

dielectric constant, there are still many contradic-

tions in the quantitative treatment of the extrac-

tion equilibria.

The main purpose of the work reported here has

been to evolve a quantitative description of the

extraction equilibria and to find the composition

of aggregates of the amine salt in the organic phase.

In the present paper, a study of the extraction of

HCl from an aqueous solution by TOA in benzene

will be reported.

Experimental

Reagents. TOA (supplied by the Kao Saop Co.,

Tokyo) was purified by vacuum distillation (10mmHg,

and 190-200℃). The other chemicals used were of

an analytical grade and were used without further

purification. Laboratory-distilled water was used.

Solutions. The TOA solutions were prepared volu-
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Marinsky, Marcel Dekker, New York (1966), p. 153.



876 Takashi KOJIMA, Hiroshi FUKUTOMI and Hidetake KAKIHANA (Vol. 42, No. 4

metrically from TOA and benzene. Aqueous solutions
of hydrochloric acid were prepared by the dilution of
12M HCl. The ionic strengths of HCl solutions with
low concentrations (<TOA concentration) were
adjusted with 1M NaCl in order to keep the mean
activity coefficient of HCl in the aqueous phase constant,
while no such adjustments were made to solutions with
high HCl concentrations (>1M).
Procedure and Analysis. The TOA solutions
were shaken in the extraction tubes with equal volumes
of HCl aqueous solutions for 15min. After centrifug-
ing, suitable aliquots of the aqueous phase and of the
organic phase were pipetted out for the determination
of HCl concentrations. For the extraction of HCl
from a solution of a low acidity, the activities of hydrogen
ions in the aqueous phase were measured with a pH
meter (Radiometer PHM4c, Copenhagen), the con-
centrations of HCl extracted into the organic phase
were determined from the difference in the HCl con-
centrations of the aqueous phase before and after the

equilibrium. For the extraction of HCl from highly-

acidic solutions, the concentrations of HCl in the aqueous

phase and in the organic phase were determined titri-

metrically by the use of a standard base in an 80%

ethanol aqueous solution with a mixed indicator of

thymol blue and phenolphthalein. Corrections for

the excess HCl extracted by benzene itself were made

for the extractions with concentrations higher than

8M HCl.

The concentrations of TOA solutions were determined

titrimetrically by measuring the concentration of HCl

which was extracted by shaking with a 1M HCl aqueous

solution. All the experiments were performed in a

room with the tempcrature controlled at 25±1℃.

Results and Discussion

It is convenient to present our results in two

parts, since two distinctly different extractions were

TABLE 1. EQUILIBRIUM DATA FOR THE EXTRACTION OF HCl BY TOA IN BENZENE

AT 25±1℃ AND 1M NaCl (AQ.) IONIC MEDIUM

Fig. 1. Z plotted against -log(H+) for the extraction of HCl by TOA in
benzene from (H, 1M Na)Cl aqueous solution.
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observed the two different acidity ranges.

(Ⅰ) Extraction of HCl the in Low-acidity

Range. Since it has been found that the ionic

dissociation of amine salts is practically negligible

in the low dielectric diluents,14) ageneral exprcs-

sion for the extraction of HCl by TOA in benzene

can be written by:

lTOA+mH++mCl-=(TOA)l(HCl)m (1)

where the upperlined species are those in the

organic phase.

The application of the law of mass action to Eq.

(1) gives Eq. (2) on the assumption of ideal behavior

in the organic phase:

[(TOA)l(HCl)m]=Klm[TOA]l(H+)m(Cl-)m (2)

where brackets denote the concentration, and

parentheses, the activity.

Since the ionic strength in the aqueous phase is

adjusted with 1M NaCl, Eq. (2) is replaced by:

[(TOA)l(HCl)m]=K'lm[TOA]l(H+)m (3)

where

K'lm=Klm(Cl-)m1M NaCl (4)

Using Eq. (3), the following equations can be

obtained from the material balance:

[TOA]T=[TOA]+Σ ΣlK'lm[TOA]l(H+)m (5)

[HCI]T=Σ ΣmK'lm[TOA]l(H+)m (6)

where [TOA]T is the total concentration of TOA

and where [HCl]T represents that of HCl in the

organic phase. Using Eq. (5) and Eq. (6) we can

introduce the average number of HCl combined

with TOA, Z:

(7)

The results of Z and log(H+) for TOA concentra-
tions ranging from 1.25% to 10% by volume are

given in Table 1. Plots of Z vs. log(H+) are shown
in Fig. 1. As may be seen by comparing it with
Eq. (7), the disagreement between the plots of
Zvs. log(H+) for different TOA concentrations
indicates that the complexes of l>1 are formed.

The concentrations of free amine, [TOA],
which can not be determined directly, are obtained
as follows. Considering the correlation between
Eq. (5) and Eq. (6), the following partial dif-
ferential equation can be obtained:

(8)

where a=(H+), b=[TOA], A=[HCl]T, and B=

[TOA]T.
The integration of Eq. (8) at the B constant

gives:

(9)

The values of b determined from graphical

integration in Eq. (9), using the values of a, B,

and Z in Table 1, were found to be identical with

(B-A) regardless of B, as is shown in Fig. 2. This

finding leads to the conclusion that the value of

Σ Σ(1-m)K'lmblam is equal to zero, i.e., l=m.

Fig. 2. The comparison between (B-A) and b
determined from graphical integration in Eq. (9)

using the data in Table 1 where A=[HCl]T,

Fig. 3. BZ/u plotted against u for the extraction
of HCl by TOA in benzene where BZ=[HCl]
and u=[TOA](H+).

14) C. Kraus, J. Phys. Chem., 60, 129 (1956).
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Accordingly, Eq. (6) can be rewritten as:

A=BZ=ΣlK'llul (10)

where u=ab and where b=(B-A). The values

of K'll may be easily determined with the values of

BZ and u. The plots of BZ/u vs. u give a straight

line, as is shown in Fig. 3. This relationship cor-

responds to the coexistence of two reactions:

TOA+H++Cl-=TOA・HCl (11)

2TOA+2H++2Cl-=(TOA・HCl)2 (12)

The values of the equilibrium constants of these

reactions have been calculated using the computer

program LETAGROP15) on the data presented in

Table 1; the values of K'11=(9.90±0.11)×103

and K'22=(1.26±0.03)×109 have also been

obtained. By substituting these values into Eq.

(4), the values of:

K11=(1.51±0.02)×104

K22=(2.92±0.07)×109

were determined, in which the mean activity

coefficient of a 1M NaCl aqueous solution16) was

used as the activity coefficient of the chloride ion.

The value of K11=(1.51±0.02)×104 is in good

agreement with the corresponding equilibrium

constants of (1.4±0.4)×109 and (1.3±0.3)×109

when these is no ionic medium and a 2M LiCl

TABLE 2. EQUILIBRIUM DATA FOR THE EXTRACTION OF HCl BY TOA IN BENZENE AT 25±1℃

Fig. 4. (Z-1) plotted against log(HCl) for the extraction of HCl by TOA

in benzene. ● 0.0527M TOA, ▲ 0.1050M TOA, ■ 0.2014M TOA

15) L.G. Sillen and N. Ingri, Arkia Kemi, 23, 97
(1964).

16) R.A. Robinson and R.H. Stokes, "Electrolyte
Solutions, 2nd ed., Butterworths, London (1959),
p. 497.
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aqueous solution at 25℃ respectively, as reported

by Newman and Klotz17)

The equilibrium constant, β2, of the dimer

formation expressed by the equation:

2TOA・HCl=(TOA・HCl)2 (13)

was calculated from β2=K22/K211; the value of

β2=12.9±0.5 was obtained. This vaiue is in

close agreement with that of logβ2=1.1 (at 25℃)

for tri-laurylamine (TLA) chloride in benzene

obtained from the measurement of the vapor-

pressure lowering by Markovits and Kertes,18)

but it is different from that of β2=53(at 25℃)

for TLA chloride in benzene obtained by Scibona

et al.,19) using the same method.

(Ⅱ) Extraction of HCl in the High-acidity

Range. As may be seen in the extraction of HCl

in the low acidity range, Z values approch unity

at (H+)～0.001 regardless of the TOA concentra-

tion, and the relationship of Z=1 seems to be

satisfied until 3M HCl. When the concentration

of HCl is, however, above 3M, the Z values increase

with the HCl and TOA concentrations; this means

that more acid was extracted into amine than cor-

responds to the 1:1 composition. The results are

listed in Table 2. The activities of HCl in Table

2 were calculated using the mean activity coeffi.

cient.20) The plots of (Z-1) vs. log(HCl) are

shown in Fig. 4.

Since the free amine concentrations at high HCl

concentrations are supposed to be negligible in

view of the values of K11=(1.51±0.02)×104 and.

K22=(2.92±0.07)×109, the expression for the

extraction of HCl can be written as:

lTOA・HCl+nHCl=(TOA・HCl)l(HCl)n (14)

Hence, the following equations can be derived from

the material balance:

TABLE 3. THE VALUES OF [TOA・HCl] DETERMINED BY GRAPHICAL INTEGRATION IN EQ. (19)

USNG THE DATA IN TABLE 2

TABLE 4. EQUILIBRIUM CONSTANTS FOR THE REACTION

lTOA・HCl+nHCl=(TOA・HCl)l(HCl)n (t=25±1℃)

17) L. Newman and P. Klotz, J. Phys. Chem., 65,
769 (1961).
18) G. Markovits and A.S. Kertes, "Solvent Extrac-
tion Chemistry," ed. by D. Dyrssen, J.O. Liljenzin
and J. Rydberg, North-Holland Publishing Co., Amster-
dam (1967), p. 390.

19) G. Scibona, S. Basol, P.R. Danesi and F.
Orlandini, J. Inorg. Nucl. Chem., 28, 1441 (1966).
20) R.A. Robinson and R.H. Stokes, "Electrolyte
Solutions," 2nd ed., Butterworths, London (1959),

p. 504
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Fig.5. l[(TOA・HCl)l(HCl)n]/[TOA]T plotted against [HCl] at [TOA]T=

0.1M. The curves were determined from the material balance using β2=

12.9 and the values of Kln in Table 4.

[TOA]T=[TOA・HCl]+2β2[TOA・HCl]2

+Σ ΣlKln[TOA・HCl]l(HCl)n (15)

(16)

where Kln is the equilibrium constant of Eq.

(14) given by:

(17)

The values of [TOA・HCl], which can not be

measured directly, are determined as follows.

From Eq. (15) and Eq. (16),

(18)

where a=(HCl), b=[TOA・HCl], and B=[TOA]T.

By integration at the B constant, Eq. (18)

becomes:

(19)

where a0 is the value of a at Z=1 and b0, the value

ofbat a=a0, which is given by:

The values of b(a,Z-1)B are shown in Table 3;
they were determined by graphical integration in
Eq. (19) using the data in Table 2. In order to
evaluate the values of Kln, it is convenient to
introduce a new parameter:

(20)

The substitution of Eq. (20) into Eq. (16) yields:

(21)

where Aa represents the values of (Z-1)B at the a
constant.

The method of least squares was used to evaluate

the values of Kln fitted to the data in Table 3.

Although several combinations of l and n have

been tried, the data can be best fitted in with the

presence of five species of (TOA・HCl)2HCl,

(TOA・HCl)2(HCl)2, (TOA・HCl)3HCl, (TOA・

HCl)3(HCl)2, and (TOA・HCl)3(HCl)3. The

cquilibrium constants for Eq. (14) are given in

Table 41. The curves shown in Fig. 3 were deter-

mined from the material balance using the values

of Kln in Table 4.

As may be scen in Fig. 3, thc calculated values

of (Z-1) are in good agreement with the experi-

mental values. When the total concentration of

TOA and the concentration of HCl in the aqueous

phase are given, it shouid be possible to calculate

the concentration of each complex in the organic

phase. As an example of the calculation, a graph

of l[(TOA・HCl)l(HCl)n]/[TOA]T against [HCl]

at [TOA]T=0.1M is mapped in Fig. 5. From

Fig. 5 it may be seen that, bcsides the monomer and

the dimer, the two species of (TOA・HCl)2HCl

and (TOA・HCl)3(HCl)2 are the major complcxes,

while the other three specics of (TOA・HCl)2(HCl)2,

(TOA・HCl)3HCl and (TOA・HCl)3(HCl)3 are the

minor complexes.
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