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To investigate the mechanism of extracting organic acids from water by amine, the extraction equilibria of the
ternary systems of tri-n-octylamine (TOA), water, and each of four lower carboxylic acids were measured at 30°C.
The experiments show that the distribution ratio of an organic acid strongly depends on the kind of acid when the
concentration in the aqueous phase is very low. An extraction model where both association and physical
distribution are taken into consideration has been proposed. By this model the experimental data can be explained
well, while the association mechanism of the model is estimated from the excess volumes of TOA forganic acid
binary mixtures. The model suggests that the 1: 1 complex between amine and an organic acid strongly contributes
to the distribution and selectivity of the acid in the region of very low concentration.

Introduction

Recently, many studies have been carried out on
the extraction of organic acids from aqueous so-
lutions using long-chain alkylamines.?*#47) In ge-
neral, a mixture of amine and diluent is used as an
extractant so as to improve the physical properties of
the extractant such as viscosity and density. Hence,
most previous studies have investigated mixed sol-
vents, and concluded that the association between an
amine and an organic acid plays an important role in
the extraction scheme, and also that the distribution
ratio,D,, of the organic acid can be changed by
adding a diluent. For optimum design of an extrac-
tion process, it is necessary to develop a method for
selecting a diluent that gives high D 4 and selectivity.
However, none of the previous models has succeeded
in explaining the effect of the diluent in the extraction
process. Prior to development of such a model, it is
necessary to clarify the mechanism of extraction of
organic acids and water by pure amine without
diluent.

The equilibrium constants of associations between
tri-n-octylamine (TOA) and lower carboxylic acids
can be estimated from the excess volumes." The result
shows that the dominant complexes can represent the
characteristics of their associations. These parameters
may well be applied for evaluating the extraction
equilibrium of organic acid with amine.
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This paper discusses the mechanism of extraction
of lower carboxylic acids such as formic, acetic,
propionic and butyric acids, and water from aqueous
solution with pure TOA. A model of the extraction
mechanism where both chemical and physical in-
teractions are involved simultaneously is proposed.
The applicability of the equilibrium constant of the
dominant association estimated from the excess vo-
lume data is investigated.

1. Experimental

1.1 Reagents

Organic acids (formic, acetic, propionic and butyric
acids), TOA and ethanol of extra-pure grade and ion-
exchanged water were used.
1.2 Measurement of compositions in liquid-liquid
equilibrinm

20 ml TOA, 20 ml water and some amount of acid
were mixed in a flask and shaken in a water bath at
30°C for three hours. Then the mixture was kept at
the same temperature for a further ten hours. The
organic and aqueous phases were separated to mea-
sure the density of the organic phase with a pycnom-
eter. The concentrations of acid and water in each
phase were measured by gas chromatography.
Ethanol was used as the reference substance. The
concentration of TOA was calculated from the den-
sity of the organic phase and the concentrations of
organic acid and water in the organic phase.
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2. Extraction Equilibria of Organic Acids

2.1 Experimental results

Figure 1 shows the relationship between Z,
and C, ,,. Each of the symbols for the experimental
data denotes a different organic acid. Z, is defined as
moles of an organic acid extracted per mole of TOA,
and C, ,, (subscript “aq” denotes aqueous phase and
a symbol without subscript “aq” denotes organic
phase) is the overall concentration of the same acid in
the aqueous phase. In the region of low C, , ., Z,
increses sharply as C, ,, increases, while in the région
of higher C, ,, the relation becomes nearly linear. The
following general conclusion can be drown except for
formic acid. The larger the number of carbon atoms
in the organic acid the larger is Z, at the same C,, .
Also, the lower the critical concentration of C, ,, the
steeper the rise of Z, becomes. The slope of the
straight line for the region of high C,,, becomes
larger with increasing molecular weight of the organic
acid.
2.2 Extraction mechanism
1) Previous work Some models for extraction of
organic acid from aqueous solution with mixed sol-
vent of amine in the presence of a diluent have been
proposed.?* The model proposed by Kawano et al.
distinguishes the contribution of amine from that of
diluent. The contribution of amine is evaluated in
terms of association alone as follows:

B+iA,==BA, K (i=1, - ,n) (1)

Neglecting the non-idealities such as association
between organic acid and water in the aqueous phase,
Z 4 can be calculated as follows:

n n
Z,= iKiC;,aq/<1+ > Kl-CiA,aq> 2)
i=1 i=1
Provided that their extraction scheme with regard
to amine is applicable to the present situation, Eq. (2)
should explain the experimental data shown in Fig. 1.
Assuming the association order, n, the equilibrium
constants K; (i=1 to n) were estimated so as for Eq.
(2) to fit the experimental data. But no matter how n
is chosen, Eq. (2) could not explain the data.
2) Association model with physical distribution
Characterization of association of amine with organ-
ic acid is equivalent to determination of the order
and the equilibrium constant of association. Both can
be estimated on the basis of excess volume data.!
According to those data, it is found that the asso-
ciation model can be simplified so as to be represented
by the dominant complexes BA; (i=N, N+1), and N
depends on the kind of acid. If this assumption can be
applied to the organic phase in equilibrium with an
aqueous phase, the association equilibium is descrived
as follows:
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Fig. 1. Relationship between Z, and C,,

B+iA=BA; K;(i=N,N+1) 3)

Here, it should be noted that A represents the free
acid in the organic phase. Assuming that water in the
organic phase has no influence.on the association
between amine and organic acid, the association is
considered to be independent of the aqueous phase as
seen from Eq. (3). The concentrations of the com-
plexes in the organic phase can be calculated as
follows:

[BA]= K;[B][AT 4

The total concentrations of acid and amine in the
organic phase, C, and Cj, are obtained in terms of
chemical species in organic phase as follows:

N+1

C,=[A]+ Y i[BA]
i=N
N+1 .
=[Al+ Y, iK[B][A] (5)
i=N
N+1

CB:[B]+ Z [BAi]

i=N

N+1
=[B]+ ). K{[BJ[AT ©)

i=N
To describe the extraction equilibrium of the or-
ganic acid, the distribution of the free acid between
the aqueous and organic phases is taken into account

as follows:

A=A K, (N

where K, denotes the distribution coefficient of the
free acid. Neglecting the non-idealities of the aqueous
phase, the concentration of the free acid in the organic
phase is represented as follows:

[Al=K,Cluq ®)

By using the measured data of phase equilibrium



and the values of K, estimated from the excess
volume", the relations among [A], [B], [BA,],
[BAy.{] and C, , can be calculated. Figure 2 shows
such relation in the case of acetic acid. As C,,
increases, [A] always increases but is not proportional
to C, .. In other words, K, is not constant but
depends on C, ,,. In the region where the free amine
in the organic phase is rich, which corresponds to the
region of low C, ., the free acid seems to be distri-
buted predominantly between the aqueous phase and
the free amine in the organic phase. Meanwhile, in the
region of more than 1mol// of C, ,,, free amine is
scarce and the concentrations of the complexes in-
crease, where the free acid is presumed to be distri-
buted between the aqueous phase and the mixed
solvent of the complexes. It is conjectured that the
complexes may behave like solvents, and that the
change in composition of the complexes has a strong
influence on K.

To explain the behavior of distribution of the free
acid between the aqueous and organic phases, a
physical distribution model is employed as shown in
Fig. 3, where K o, K v, K y+; designate the equi-
librium constants of physical distribution of the
free acid between the aqueous phase and the indi-
vidual substances, e.g., the free amine and the dom-
inant complexes in the organic phase.

If the organic phase were composed of a single
substance ““j”, the concentration of the free acid in the
organic phase, [A];, could be described as follows:

[Al;= KiiClaq ©)

In reality, the organic phase is composed of several
substances. Assuming that there is no change in
volume or extracting capacity with mixing, the total
concentration of the free acid in the organic phase is
calclated by

[Al= YAl (10)

where ¢, is the volume fraction of substance *“j”” and is
related to C; by the following equation:

¢;=0,C; (1)

Substituting Egs. (4), (9) and (11) into (10), [A] is
represented as follows:

N+1

[A]=(K,o[Bl+ Y K, ([BA]C,,,

i=N
N+1 )
=[BI(K o+ ¥ K, KI[A])C,, (12)
i=N
where K, ;=K' , v;.
Comparing with Eq. (8), K, is
N+1

K,=[BIK, o+ ¥ K, K[A]) (13)

i=N
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Fig. 3. Model for physical distribution of free acid
According to Egs (5), (6) and (12), as C,,, in-

creases and Ky ,,[A]> Ky, Z, (= C,/Cp) approaches a
straight line with slope K, v, and intercept N+ 1.

The values of K, ; (i=0, N, N+ 1) are estimated by
using SIMPLEX so as to minimize the objective fun-
ction as Eq. (14).

F= ¥

Jj=all data
points

where [A],, is calculated from Eq. (12) and [A]g,, is

Exp
determined from the experimental data as shown in

Fig. 2. The estimated values of K, ; (i=0, N, N+1)
are listed in Table 1.

The calculated results of the proposed model repre-
sented by the broken line in Fig. 1, explain the data of
all acids as well as acetic acid. It is therefore found
that the equilibrium constants of the dominant asso-
ciation estimated from the excess volume can be
applied extensively to the extraction of organic acids
with amine.

2.3 Distribution ratio

Figure 4 shows the distribution ratio, D, (=
Cu/Cuug)» vs. Cy,y, for formic and acetic acids. D,
takes a maximum value at a certain value of C,,, for
both acids. But in the case of formic acid, C A.aq LO giVE
maximum D, is quite near the origin compared to the
case of acetic acid.

If BA is one of the dominant complexes, as

(1= [Alca/[Al g (14)
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Table 1. Equilibrium constants of physical distribution of
free acid and water
unit=[l/mol]

Acid Formic Acetic Propionic Butyric
K, 1.0x107%  9.0x1073 1.8x107! 8.6
K, 2.2 — - —
Ky, 0.0 32x107%  32x107! 5.4
K, e 3.0x1071 1.0 4.1
Ky, 3.2x 1072 —_ — —~
Ky, 94x107%  2.8x107% 1.2x1072 12x1072
Ky 5 — 25%x107%  1.9%x107% 8.8x1073
Ky 4 1.7x107%2  29x107%2  1.5x1072 15x10°2
20 KEY ACID
O  FORMIC
O ACETIC
15
L 10
S
5 L
O f [l 1

15 2.0 25 3.0
[mol/l]

0.0 05 10
CA,aq

Fig. 4. Relationship between D, and C, ,,

Cyag— 0, Dy can be calculated according to the
proposed model as follows:

D =K, oCo(1+K,Cp)|Cy g0 (15)

Eq. (14) contains the parameter K, suggesting that
the formation of a 1:1 complex between amine and
organic acid as well as K, ; strongly contributes to the
value of D, in the region of very low C, . For
example, as shown in Fig. 4, D, of formic acid is
much larger than that of acetic acid, though K, , of
formic acid is very similar to that of acetic acid.
This is because BA is one of the dominant complexes
of formic acid. Although it is known that lower
carboxylic acids other than formic acid form dom-
inant complexes of BA, and BA; with amine, if
there is any means of changing such complexes to the
form of BA, such as application of a diluent,” the
distribution ratio could be modified.

3. Coextraction Equilibrium of Water

3.1 Experimental results

Figure 5 shows the relationships between Zy,, moles
of water extracted per mole of TOA, and C, ,,.
The curves of Z, vs. C,,, have a trend similar to
those of Z, vs. C, ,, for different acids. However, the
solubility of water in pure TOA measured at 30°C is
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0.040 mol//, which is quite small. TOA may have
almost nothing to do with the coextraction of water.
3.2 Coextraction mechanism

Few studies® have been carried out to investigate
the mechanism of coextraction of water along with
organic acid by amine. No appropriate model has
been proposed so far.

Figure 6 shows the relation among Cy, [B], [BA,],
[BA;], [A] and C, ,, in the case of acetic acid. When
the concentrations of complexes and free acid in-
crease, C), becomes large. Especially in the region of
high C,,,. Cy increases in proportion to [A]. It
suggests that substances other than the free amine
may contribute to the free amine may contribute to
the coextraction of water.

If it is assumed that the association of water with
both TOA and organic acid can be neglected, the
coextraction of water is due only to the physical
distribution. Let us consider the distribution mech-
anism of water to be similar to that of the free acid.



The overall distribution equilibrium of water is de-
scribed as follows: :

W, =W K, (16)

where K, is the overall distribution coefficient of

water. The overall concentration of water in the

organic phase can be calculated by
CW = KWCW,aq (17)

As the distribution of water is induced by B, BA,,
BAy .+, as well as A, Ky, can be described as follows:
N+1

K=Ky A1+ Ky o[Bl+ ) Ky, [BA] (18)
i=N
where Ky, ; and Ky, , denote the equilibrium constants
of physical distribution of water between aqueous
phase and the individual substances, e.g., BA;
(i=0, N, N+1) and A in the organic phase.
From Egs. (4), (16) and (17), we have

Cyp= {KW,A[A] +[B] il (Ky ot KiKW,i[A}i)}CW,aq

i=N
(19)
Ky o is determined as Ky o =3.2x 10™*//mol from
the solubility data of water in pure TOA. The un-
known parameters in Eq. (19) are determined by using
an approach similar to that of Eq. (14) as follows:

F= Z (I“CW.Cal/CW,Exp)JZ' (20)

Jj=all data
points

where Cy ¢, is calculated from Eq. (19) and Cy, g, is
from the experimental data. The estimated values of
Ky; (i=0, N, N+1,A) are listed in Table 1. The
calculated values of Z,, in accordance with the pro-
posed model are shown in Fig. 5 with broken lines. It
is seen that the proposed model can explain well the
mechanism of coextraction of water along with the
organic acid by TOA.
3.3 Selectivity

Figure 7 shows the selectivity, S, which is defined as
D /Ky, for formic and acetic acids. S for formic acid
in the region of very low C, ,, is larger than that for
acetic acid, which can also be explained by the
propased model. According to the model, for the case
where BA is one of the dominant complexes and
C 4,440, S is represented as follows:

S=Kyo(1+ K Cp)/Kyo [Chuag—0 (21

Eq. (21) suggest that a 1:1 complex between amine
and an organic acid as well as K, , strong contributes
to Satlow C, .. Again, it is presumed that by giving
the condition under which the formation of BA is
dominant, the selectivity could be modified.

Conclusion
The extraction equilibria of low carboxylic acids
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Fig. 7. Relationship between S and C,,,

and water by pure TOA were measured. It was found
by experiment that the distribution ratio of an organic
acid in the range of very low C,,, depends very
greatly on the kind of acid. An extraction model
involving both association and physical distribution
has been proposed. The experimental data can be
explained well by the model. Especially, the asso-
ciation scheme where the equilibrium constants are
estimated from the excess volume of TOA/organic
acid binary mixture can be applied to the proposed
model. The model suggests that the formation of a
1:1 complex between amine and an organic acid
strongly contributes to the distribution ratio and
selectivity of the acid in the region of very low C .
As the final target of this study is to make clear the
effect of diluent on the distribution of organic acid in
extraction equilibrium, a future paper will extend the
present results to mixed solvent systems.

Nomenclature
c = overall concentration of a component

in a phase [mol//]
D = distribution ratio [—]
K, = distribution coefficient of free acid [—]
Ky = Kjwi [//mol]
K; = equilibrium constant of association

of BA,; [/}/moli]
Ky = distribution coefficient of water [—]
Ky = equilibrium constant of physical distribution

of water between aqueous phase and

substance “i”’ in organic phase [//mol]
Ko = equilibrium constant of physical distribution

of free acid between aqueous phase and

substance “i”” in organic phase -1
N = minimum order of dominant association [—]
n = order of association in Eq. (1) [—1]
S = selectivity [
v = molar volume [//mol]
VA = moles of a component extracted per

mole of TOA [—1]

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



0] = volume fraction [—] Kogaku Ronbunshu, to be published (1988).
[ ] = molar concentration of a substance [mol/!] 2) Inoue, K., K. Tsubonoue and 1. Nakamori: Sep. Sci. Technol.,
15, 1243 (1980).

- <Subscript) ) 3) Jagirdar, G. C. and M. M. Sharma: J. Separ. Proc. Technol.,
A = organic acid 1, 40 (1980).
aq = aqueous phase 4) Kawano, Y., K. Kusano, T. Takahashi, K. Kondo and F.
B = amine Nakashio: Kagaku Kogaku Ronbunshu, 8, 404 (1982).
Cal = calculated value 5) Libor, K. and E. Hogfeldt: Acta Chem. Scand., 21, 1017
Exp = experimental value ‘ (1967).
w - = water 6) Manenok, G. S., V. 1. Korobanova, T. N. Yudina and V. S.

Soldatov: J. Appl. Chem. USSR, 52, 156 (1979).
i 7) Ricker, N. L., J. N. Michaels and C. J. King: J. Separ. Proc.
1) Chen, F., H. Tanaka, Y. Naka, and E. O’Shima: Kagaku Technol., 1, 36 (1979).
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