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Solubility of Chlorine in Mixed Solutions of HCl and CuCl2
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The solubility of chlorine in a mixed solution of HCl and CuCl2 under various conditions
of concentration, temperature, and partial pressure was determined. The concentration of
chlorine in a solution as the sum of Cl2 and Cl3- was found to be proportional to the partial pres-
sure of chlorine in the gas phase; its slope decreased with an increase in the concentration of cupric
ions due to the salting-out effect.

The recovery of chlorine from waste HCl is an
attractive prospect, but the design engineer in this
field requires data on systems consisting of HCl
and Cl2. The present authors have previously
reported on the solubility of Cl2 in concentrated
HCl.1)

The HCl cell with the oxygen-depolarized cathode

developed by Hine et al.,2) the so-called "Kyoto

Process," contains a mixture of HCl and CuCl2

in order to increase the reaction rate at the cathode

represented by:

4H++O2+4e=2H2O (1)

where the cupric ions form a chloride complex

such as CuCl3- in concentrated HCl3) The

solubility of chlorine is, therefore, affected by the

concentration of cupric chloride in the solution.

Experimental

The apparatus for vapor-pressure measurements

reported by Smith et al.4) was modified.5) The tempera-

ture was controlled within a range of ±0.1℃; it caused

a minor variation in the vapor pressure, but this varia-

tion was less than 3mmHg at 90℃, for example.

The equipment and the flow sheet used for solubility

measurements were the same as have previously been

described.1)

The chlorine gas diluted with nitrogen to be sent to

the measurement cell was exactly analyzed, and its

moisture and temperature were brought to equilibrium

before measurement.

The chlorine. dissolved in the solution was titrated by
iodometry. Since cupric ions in the solution also reacted
on KI, the balance, total amount of KI consumed minus
the amount of KI for Cu2+, was taken. The cupric
ions were also examined by iodometry. The composi-
tions of the soiunons examined are listed in Table 1.

Results and Discussion

Since the pressure of water vapor was not negli-

gible in comparison with the total pressure, it was
determined as a function of the temperature and

of the composition of the solution. The data
obtained are listed in Table 2, while an example of
Diihring diagram of a system consisting of HCl

and CuCl2 is shown in Fig. 1. The logarithm of
the vapor pressure is linear to the reciprocal tem-

perature, 1/T, as is shown in Fig. 2; therefore, the
latent heat seems to be independent of the tempera-

Fig. 1. The Duhring diagram of the mixed solu-

tion of HCl and CuCl2 referred to water.
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TABLE 1. ANALYSIS OF SAMPLE SOLUTIONS

TABLE 2. VAPOR PRESSURE OF WATER OVER THE SAMPLE SOLUTION

Fig. 2. The vapor pressure of the aqueous solu-
tion consisting of 5.49N HCl and 0.516M CuCl2
as a function of temperature.

Fig. 3. The solubility of chlorine in 5.49N HCl

+0.516M CuCl2.
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TABLE 3. HENRY'S COEFFICIENT (×102)

ture between 30 and 90℃.

The solubilities of chlorine at various tempera-

tures and concentrations were plotted against the

partial pressure of chlorine. As the example in

Fig. 3 shows, it is clear that the following Henry

equation can be applied:

Sm=Hm・pCl2 (2)

where: Sm: the solubility of chlorine

in a mixed solution mol/l

Hm: Henry's coefficient mol/l・atm

pCl2: the partial pressure of chlorine atm

The Henry coefficient decreases with an increase in

the concentration of cupric ions as is listed in Table

3. However, the slope of the logarithm of the

Hm vs. 1/T curve is independent of the cupric ions,

as is shown in Fig. 4. Therefore, the enthalpy

change upon the dissolution of chlorine in a mixture

of HCl and CuCl2 is equal to that in a solution of

Fig. 4. Henry's coefficient at various conditions
of temperature and concentration.

HCl.6)

Let us discuss the single solution of HCl first.

It is well known that a part of the chlorine forms

trichloride complex ions, Cl3-, in a chloride solu-

tion, and that the other part may dissolve as its

molecule, Cl2.

The total amount of chlorine in HCl, as the sum

of Cl3- and Cl2, is a linear function of the HCl

concentration and of the partial pressure in the gas

phase, as has been described in a previous report,1)

that is,

S=H・pCl2=(αx+β)pCl2 (3)

where: S: the solubility of chlorine mol/l

H=αx+β: Henry's coefficient mol/l・atm

x: the concentration of Cl- mol/l

pCl2: the partial pressure of Cl2 atm

α and β: coefficients

Because the system consisting of Cl2, Cl-
, and

Cl3- is in a state of equilibrium, the concentra-

tion of Cl3- is proportional to x as follows:

(Cl3-)=K・pCl2・x (4)

where K is the equilibrium constant and where

( ) shows the concentration. Therefore, the con-

centration of Cl2 can be represented by the balance

of S minus (Cl3-); it is also linear to the concentra-

tion of Cl- as follows:

(Cl2)=[(α-K)x+β]pCl2 (5)

The effects of the electrolyte on the solubility of

gas as its molecule have been studied by many

authors7,8) as the "Salting-Out Effect." They
reached the important conclusion that a linear

relationship exists between the logarithm of the

solubility and the concentration of electrolytes in

a solution.

At relatively low concentrations of HCl and in

water, the data obtained at 25℃ by Sherrill

et al.9) agree with Eq. (6), as is shown in Fig. 5.

6) See Eq. (12) in Ref. 1.
7) A.E.. Markham and K.A. Kobe, Chem. Revs.,
28, 519 (1941).
8) H. Hikita, Kagaku Kogaku (J. Chem. Eng. Japan),
23, 537 (1959).
9) M.S. Sherrill and E.F. Izzard, J. Am. Chem.
Soc., 53, 1667 (1931).
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Fig. 5. Concentration of Cl2 in HCl solution at

 latm.

That is,

(6)

where (Cl2)0 is the solubility of Cl2 in pure water

and where k is a constant and is very small (about

0.0183). Accordingly, the first approximation;

(Cl2)=(Cl2)0・(1-2.303kx) (7)

is allowable with a variation of less than 2%.

It is essentially the same as Eq. (5).

Zimmerman et al.10) found the equilibrium

constant, K, in Eq. (4) or (5) to be 0.01 at 25℃

using the spectroscopic method; this value is in

good agreement with that of Sherrill.9) The

relationship between K and T has been discussed

in the previous report,1) where the salting-out effect

was not considered. Because the slope of the

logK vs. 1/T curve is independent of the concentra-

tion of HCl, the value of K and, hence, that of α-K

in Eq. (5) at various temperatures between 30

and 90℃ can be predicted to be as listed in Table 4.

TABLE 4. K AND (α-K) (in mol/l・atm)

With these values, the concentrations of Cl2 and

Cl3- shown in Fig. 6 are obtained. The solid line

with open points shows the sum of chlorine dis-

solved at pCl2=1 atm; the data at 25℃, with the

closed point, are quoted from the paper by Sherrill

et al.9) The thin line represents the concentration

of Cl2 predicted by Eq. (5) at a partial pressure of

1 atm. The closed points with the thin line are

Fig. 6. Henry's coefficient as various conditions

of temperature and HCl concentration.

also based on Sherrill's data. Accordingly, the

concentration of Cl3- can be evaluated as the

balance of the two lines.

The effect of cupric chloride on the solubility

of chlorine in a mixture of HCl and CuCl2 was also

examined. The data obtained are shown in Fig. 7,

where the ordinate is the Henry coefficient or the

solubility at pCl2=1 atm and where the abscissa is

the concentration of CuCl2 in HCl. The concentra-

tions of Cl2 and Cl3- can be calculated by the

procedure described above; the results are listed in

Table 5, together with the Henry coefficients.

Now we may consider the mixed solution. It

is well known that cupric ions form a chloride

complex with HCl as follows:

CuCl2+Cl-=CuCl3- (8}

This is according to Hine et al.,8) who obtained the

coordination number of the complex ion by means of

EMF measurements. Therefore, the concentra-

tion of Cl- in the solution decreases with an

increase in the cupric ions; that is,

(Cl-)=x-y (9)

where y is the concentration of cupric chloride in

mol/l. By substituting this into Eq. (4), the next

equation can be obtained:

(Cl3-)=K・pCl2(x-y) (10)

10) G. Zimmerman and F.C. Strong, ibid., 79,
2063 (1957).
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Fig. 7. Henry's coefficient at various conditions
of temperature and concentrations of HCl and
CuCl2.

TABLE 5. SOLUBILITY oF CHLORINE IN 7.23N HCl
AT pCl2=1 atm (mol/l)

We may assume that (Cl2) decreases with an

increase in the concentration of cupric ions due to

the salting-out effect, and that it can be represented

by the following equation:

(Cl2)=(a-ay)pCl2 (11)

where a and b are constants (a should be equal to

(α-K)x+β because (Cl2) is represented by Eq.

(5) at y=0). Accordingly, the solubility of chlorine

as the sum of Cl2 and Cl3- can be formulated as

follows:

Sm=(Cl3-)+(Cl2)=[(αx+β)-(K+b)y]pCl2 (12)

From Eqs. (2), (3) and (12), we have:

(13)

Equation (13) represents the salting-out effect due
to cupric chloride in the HCl solution on the solu-
bility of chlorine; the data obtained are shown in
Fig. 8. The logarithm of b is linear to 1/T with

the slope of 2.

Fig. 8. The coeMcient b as a function of tem-

perature.

Equation (11) is an approximation of the next
equation:

(14)

where km is a coefficient. As is shown in Fig. 7,

km, and, hence, b in Eq. (11) are small and are

functions of the temperature.

Summary

The vapor pressure of the aqueous solution con-

sisting of HCl and CuCl2 was measured. The

solubility of chlorine in the same solution at a

partial pressure of chlorine lower than 1 atm and

at 30-90℃ was also determined. The enthalpy

change upon the dissolution of chlorine in the

mixed solution was equal to that in a solution of

HCl alone. Henry's Law was found to hold good

in this case as well as in pure HCl, while the Henry

coefficient decreases with decrease in the HCl

concentration and increase in the CuCl2 concentra-

tion because of the salting-out effect.


