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Chemical reactions of CO gas with copper(I)-tetrachloroaluminate(III)-aromatic hydrocarbon solutions,
namely COSORBsolutions, were investigated from the viewpoint of equilibrium and kinetics.

The equilibrium and the non-equilibrium amounts of COdissolved into COSORBsolutions were measured by
using a batchwise gas-liquid contactor.
Equilibrium properties such as COgas solubility constants or CO-complex stability constants for various solvent

solutions were determined from the experimental data with the aid of the optimization technique. The solubility of
COdecreased with temperature as well as with concentration of CuAlCl4. The stability constants were influenced
by the ^-electron releasing ability of the aromatic hydrocarbon molecule.

A rational reaction mechanism is proposed to explain the non-equilibrium rate data obtained experimentally.
The reaction followed a unimolecular substitution mechanism and was determined to be exothermic. The CO-
complex stability constant calculated from the optimumrate constant was in good agreement with the results of the
equilibrium experiments.

Introduction

The development of an excellent method of sepa-
ration and purification of CO gas is a matter of great
urgency in Cx chemistry processes which utilize CO as
a starting material for the production of many kinds
of chemicals.
There are manywell-knownmethodsto separate

COfromgaseousmixtures such as cryogenic sepa-
ration^ and the ammoniacalcopper liquor process.6)
These processes, however, are not attractive for Q
chemistry because they cannot produce high-purity
COgas economically from refinery or metal furnace
off-gas streams.

However, the COSORBprocess1 2), which is based
on the selective and reversible complexation of CO
with CuAlCl4 in an aromatic hydrocarbon solvent,
and has a substantial capital advantage over other
competing processes, since it produces high-purity
COgas under practical operating conditions.

Regarding the COSORB process, Turner et al9)

clarified the crystal structure of C6H6CuAlCl4 by X-
ray diffraction techniques. Hirai et al.4) studied the
resistance of polystyrene additive against water,
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which deactivates COSORBsolution irreversibly.
Since this process is not well understood, however,

we investigated the reaction of COgas and COSORB
solution from the viewpoint of equilibrium and
kinetics.
By using equilibrium data, the CO gas solubility

constant and CO-complex stability constant were
determined. The resulting properties are discussed
from the viewpoint of the electronic theory of organic
compounds.

A rational reaction mechanism is also proposed to
explain the rate data obtained experimentally.
1. Experimental

The apparatus used to measure the equilibrium and
the rate of reaction was a modification of Loprest's
apparatus7} and is shown schematically in Fig. 1. The
characteristic feature of the apparatus is its ability to
easily change the partial pressure of COin the flask.

COSORB solutions were prepared by dissolving
CuCl and A1C13 into an aromatic hydrocarbon sol-
vent and then homogenized by stirring for several
hours in a mixing flask. All chemicals used were
reagent grade and aromatic solvents were thoroughly
dehydrated with sodium sulfate before use. All these
procedures were done in a dry box. After being
degassed by boiling, the prepared solutions were
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Fig. 1. Schematic diagram of experimental apparatus

stored in a burette.
CO gas from a cylinder was passed through a

packed bed of silica gel and a packed bed of activated
alumina to remove any traces of water, and then
mixed with dry nitrogen. The gas mixture obtained
was subsequently saturated with aromatic hydrocar-
bon solvent vapor. Finally, the gas was introduced to
a gas-liquid contactor flask.
After the flask was filled with the prepared gas, a

fixed amount of solution was introduced to the flask
by mercury overflow. During the reaction period the
liquid was agitated by a magnetic stirrer to maintain
perfect mixing.
By measuring the small pressure change in the gas-

liquid contactor with a manometeror pressure sensor,
the reaction could be followed with the aid of the
following mass balance equation:

n=AP(V-v)/(R - T) (1)

Experimental conditions are listed in Table 1.

2. Results and Discussion
2.1 Chemical equilibrium between CO and COSORB
solution

According to Turner et al.,9) aromatic-CuAlCl4
complex has two tetrahedral structures containing so3

[CO-]T=H - Pco.+0.5{

Table 1. Experimental conditions for measuring equilibrium
and rate of reaction

Solvent
Total CuAlCl4 cone.
Temperature
Partial pressure of CO

Benzene, Toluene, o-Xylene
1 00-1 000 [mol/m3]
274-3 1 3 [K]
5.1 x l03-1.4x l05 [Pa]

hybrid orbitals with respect to each metal atom. Al
has four metal-to-chlorine bonds. Cu(I) has three
metal-to-chlorine bonds and one metal-to-aromatic

ring interaction. Reaction between dissolved COand
COSORBsolution may take place with replacement
of the lone COelectron pair from the 7i-electron of the
aromatic hydrocarbon molecule.

Overall reaction between dissolved CO and

COSORBsolution proceeds reversibly as
CO(dissolved) +Arà"X=COà"X+Ar (2)

where X=CuAlCl4and Ar= aromatic hydrocarbon
By using the equilibrium concentration of each

species, the complex stability constant K can be

expressed mathematically as follows:
K=[COà"X]e à"[Av]J([CO]e à"[Arà"X]J (3)

By assuming Henry's law at the gas-liquid interface
and also uniform concentration in the liquid and gas
phases, the following relation for the CO molecule
can be set up between the gas and liquid phases.

[CO]=H PCO (4)

Mass balance relations of each species in the liquid
phase are given as follows.*1

[CO]T=[CO]+[CO X]

[Ar]r= [Ar]+ [Ar- X]
[X]T=[Ar-X]+[CO X]

(5)

(6)

(7)

Thus, an explicit expression for the total con-
centration of COin the liquid phase can be derived
from Eqs. (3) to (7):

([Ar]r-[X]T+K å  H å  PCOJ2+4K å  H å  [X]T à" Pco,e

-([Ar]T-[X]T-K - H - Pco,J

Figure 2 shows the concentration of COdissolved
in various COSORB solutions under equilibrium
conditions. The ordinate is the total concentration of
chemical species containing CO, which is normalized
by total CuAlCl4 concentration. The solid lines in the
figure represent the results obtained by using esti-

mated equilibrium parameters. The details of the es-
timation will be discussed in a later section. From the
experimental results, it can be seen that equilibrium
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(8)

amount of absorption is greatest when benzene is
used as a solvent and smallest when o-xylene is used.
The order of the uptake capability of COis consis-
tent with the result of Hirai et alV obtained by the
gas burette method.
** A large portion of CuAlCl4 is solvated by forming a stable

coordination compound in a COSORB solution.9) So the con-
centration of free CuAlCl4, [X], can be omitted in the material

balance Eq. (7).
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Table 2. H and Kfor various COSORBsolutions

Total CuAlCl4 _ 1A6 Kx \Q~A Ionization ^x 10~4
4 Temp. //xlO6 , .1M_. . .. . . .

cone. (equilibrium exp.) potential (kinetic model)
[mo l/m3 ] [K] [mol/(m3 - Pa)] [-] [eV] [-]

Toluene 1000 303 8.63 1.52 -

1000 313 5.51 1.45 -
100 303 8.51 1.62 -

100 293 13.32 1.74 9.18 1.77
100 283 21.51 1.87 1.86

100 274 32.67 2.00 2. 16

0 (exp.) 303 69.87 - -
0 (ref.8)) 303 71.65 - -

Benzene 1000 303 15. 10 2.13 2. 14

100 303 17.17 2.03 9.56 -
0 (ref.8)) 303 72.24 - -

o-Xylene 1000 303 7. 30 1.40 9.04 -

Fig. 2. Effect of solvent species on equilibrium amount of
CO dissolved ([CuA1C14]t= 100mol/m3; T=303 K)

Figure 3 shows the effect of total CuAlCl4 con-
centration on the uptake capability at 303K when
benzene or toluene is used as a solvent. It can be seen
that the uptake capability is approximately pro-

portional to total concentration of CuAlCl4.
Figure 4 shows the effect of temperature on the CO-
uptake capability. Here, the solvent is toluene and the
total concentration of CuAlCl4 is 100mol/m3. It can
be seen that the uptake capability decreases with
temperature.

Table 2 shows the optimum values of gas solubility
constant, H, and COcomplex stability constant, K,
obtained by fitting Eq. (8) to experimental data by the
Marquardt method.3) All solid lines in Figs. 2 to 4 are
calculated by using optimum Hand K and show good
agreement with the experimental results.
The solubility of COfor pure solvents,8) benzene
and toluene,*2 are also listed in Table 2. Compared to
these values, the resulting values for COSORB so-

lutions are found to be much smaller.

*2 For toluene, the Henry constant was also determined ex-

perimentally to check the validity of the experiment.
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Fig. 3. Effect of total CuAlCl4 concentration on equilib-
rium amount of CO dissolved (7=303 K)

Fig. 4. Effect of temperature on equilibrium amountof CO
dissolved (Solvent =Toluene; [CuAlCl4]r = 100 mol/m3)

The gas solubility constant in the COSORB so-
ution is greatest when the solvent is benzene and
imallest when the solvent is o-xylene. This order is the
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same for the complex stability constant.
The results for Kcan be explained on the basis of

the ionization potential of each solvent. The values
are also shown in Table 2. Thus, the larger the
ionization potential of aromatic molecule, the smaller
is the affinity of the aromatic ring for Cu(I) atom in
CuAlCl4 complex. In this situation, it is easy for the

lone COelectron pair to coordinate with the Cu(I)
atom.
2.2 Determination of reaction mechanism and estima-
tion of kinetic constants

Since the overall reaction shown in Eq. (2) is a
substitution reaction of the aromatic ring Ti-electrons
with the lone COelectron pair, there are two probable
reaction mechanisms.
One is a unimolecular substitution mechanism as

follows:

Ar-X^=^Ar+X

x+co^co xk-2

The reaction starts with low-speed formation of dis-
sociated intermediate, X, and terminates by the fast
association of the intermediate with CO. This reaction
sequence will be referred to as a SN1 type mechanism
hereinafter.

The other is a bimolecular substitution reaction
mechanism as follows:

k3

Ar X+CO^^Ar X CO (ll)

ArX-CO^COX+Ar (12)
A:_4

This scheme starts with low-speed formation of as-

sociated intermediate ofArà"Xà" COand terminates by
fast decomposition of the intermediate to CO à"Xand
Ar. This sequence will be referred to as a SN2 type
mechanism.

Nowby considering that reactions proceed in a
batchwise gas-liquid contactor, the overall rates of
reaction are expressed as follows for SN1 and SN2

type mechanisms, respectively. (See Appendix):
d[Ar à"X]

dt
fcjfcaCCOj + fc. Jfc. JAr]

k2[CO'] + k- 1[Ai']

d[Ar - X]
r=

dt
/c3fc4[CO] + fe_3/c_4[Ar]

/c4+/c_.

VOL. 21 NO. 2 1988

{[Ar - X]-[Ar -X]J

(13)

{[Ar - X]-[Ar - X]e

(14)

Either of the above equations can be rewritten as
follows:

d[Ar - X]
r-

dt
=a([Ar-X]-[Ar-X]e) (15)

where a are defined as Eqs. (16) and (17), respectively.

«SN1

«SN2

kSco+ik- ik- JkMAil/H

Pco + (k^/k2)lAryH

/c3fc4tfPco + fc_ 3fc_4[Ar]
fc*+fc_.

(16)

(17)

oc can be regarded as constant*3 by considering that
the amount of an aromatic solvent is in excess

compared to that of any other species and further that
the concentration change of CO in the liquid phase
during the reaction period is negligibly small.
A quantitative calculation based on the theory of

gas-liquid mass transfer with chemical reaction10)
indicates that the mass transfer resistance is negligible
under our experimental conditions.

Now, integrating Eq. (15) under the following
initial condition,

[Ar-X] r=0=[Ar-X]0

the result is
[Ar - X]0-[Ar -X]e

[Ar à" X]-[Ar à" X]e

(18)

(=Y)(19)

Experimentally, [Ar-X] can be obtained from AP by
using the following mass balance relation:

[Arà"X]=[Ar X]0-AP(V-v)/(Rà" T-v)

+H- PCO (20)

Reaction time t should be proportional to Y ofEq.
(19), provided that the reaction proceeds by SN1 or
SN2 type mechanism.

Figure 5 shows the results obtained under the
conditions of various temperatures and partial pres-
sures of CO using toluene as a solvent. A linear

relationship exists at every temperature. It can also be
seen that a increases with the COpartial pressure.

According to Eqs. (16) to (17), a should have a

different dependence on Pco.
As indicated by Fig. 6, the reaction proceeds by the

SN1 mechanism.
Solid lines are the calculated results for the SN1

mechanismwith the optimumkinetic parameters
obtained by Marquardt's method. All lines are in
good agreement with experimental data.
By using the following relation,

*3 Since Pco decreased only about 7% with time during the
reaction period, the change of Pco can be ignored for the calcu-
lation of a.
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Fig. 5. Variations of Y with time for various Pco ([CuAlCl4]r=100mol/m3; (a): T-274K; (b): T=
283K; (c): T=293K)

Fig. 6. Relationship between a and Pco based on SN1 type
mechanism ([Ar] = 9400 mol/m3)

r
/_[Ar]e-[CO-X]A kxk2 (21)
V [Arà"X]eà"[CO]J fc_xfc_2

values of the complex stability constant A^ were
calculated from the kinetic parameters and are listed
in the right-hand column of Table 2. They are in good
agreement with the results of equilibrium experi-
ments. The complex, CuAlCl4, has a chain-link struc-
ture possessing a tetrahedral framework. The SN1

mechanismwithout the formation of a 5-coordinated
intermediate is thought to be stereochemically more
likely than the SN2 mechanism with the formation of
a 5-coordinated intermediate.
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Fig. 7. Arrhenius plot for k{, k_2, k_x/k2

Figure 7 shows the Arrhenius plots of the kinetic
parameters, kx, k_2 and k_Jk2. Each plot gives
almost a straight line.

Figure 8 shows the energy variation of the reaction
schematically. From the figure, the overall heat of

reaction can be calculated as
AH= -E_2-(E_i-E2)+El= -6.8KJ/mo\

which indicates an exothermic reaction.

C onclusion
Investigation of the chemical reaction process of

CO with COSORBsolutions was made, leading to the
following conclusions:

The equilibrium amount of COdissolved varied
with temperature, pressure Pco and solvent and was

proportional to [CuAlCl4]r.
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Fig. 8. Energy variation for SN1 type mechanism

COgas solubility constant and CO-complex stabi-
lity constant were obtained for various solvent so-
lutions by an optimization technique. The solubility
of CO decrease with temperature and with total
concentration of CuAlCl4. The complex stability con-
stant was influenced by the 71-electron releasing ability
of the aromatic hydrocarbon molecule.
The reaction followed a unimolecular substitution

mechanism and was determined to be exothermic.
The CO-complex stability constant was in good ag-
reement with the results obtained in equilibrium
experiments.

Appendix
Derivation of Eqs. (13) and (14).
For an isothermal, constant-volume batch gas-liquid contactor,

the rate of reaction ofArà"Xand X for SN1type mechanism can be
written as follows:

<*[Ar - X]

It
=/c1[Ar - X] -/c_1[Ar][X](A-l)

d[X]
=fe1[Ar - X] -fe_1[Ar][X] -fe2[CO][X]

dt
+/c_2[CO - X] (A-2)

Applying the quasi-steady state hypothesis to the intermediate,
X,gives

[Xl =
kJAi - X]+/c_2[CO - X]

(A-3)

fe. iCArl + fejCCO]

Substituting the above equation into Eq. (A-l) yields the follow-
ing equation.

d[Ai -X] /c^2[Ar à"XlCCOJ-Zc-i/c^CArJCCO à"X]

dt fc. JAO + fcjCCO]

(A-4)

Further, mass balance requirement for species X gives the
following relation.

[CO-X]=[Ar-X]0-[Ar-X]-[X]
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(A-5)

Under the assumption ofnegligibly small [X], Eqs. (A-4) and (A-5)
can be manipulated to yield

d[Ar à"X] /c1/c2[CO]+/c_1/c_2[Ar][Ar à"X]

dt /c_ 1[Ar] + /c2[CO]

fe-ifeiCArDCAr - XL

fe_ 1[Ar] + fe2[CO]
(A-6)

At equilibrium, the net reaction rate is zero, and the following
relation can be obtained from Eq. (A-6).

fc-ifc-2[Ar]e- [Ar- X]0

= - {klk2[CO]e +k_ lk_2[Ar]e}[Ar- X]e (A-7)

Finally, substituting Eq. (A-7) into Eq. (A-6) yields Eq. (13) for a
unimolecularsubstitution reaction mechanism.
For a bimolecular substitution reaction mechanism, the rates of

reaction of Arà"Xand Arà"Xà"COare given as follows:

d[Ar à"X]

It
d[Arà"Xà"CO]

dt

=k3[Arà"X][CO]-k-3[Arà"Xà"CO] (A-8)

=fc3[Ar à"X][CO]-/c_3[Ar à"X à"CO]

-/c4[Ar à"X à"CO]+fc_4[Ar][CO à"X]

(A-9)

Applying the quasi-steady state hypothesis to the intermediate,

Ar-X-CO, Eq. (14) can finally be derived.
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Nomenclature

Et(i=1, 2, -1, -2)= activation energy

H = gas solubility coefficient
AH = heat of reaction

[kJ/mol]
[kmol/(m3 - Pa)]

[kJ/mol]

= complex stability const, defined by Eq. (3) [-]
/c.(/=l,4, -2, -3)= rate const, of elementary

reactions
ki(i=2, 3, -1, -4)= rate const, of elementary

reactions
n

P

AP
R

r
T

t
V

v
Y
[]

amountof reaction
pressure
pressure difference
gas constant
reaction rate

[1/min]

[m3/(mol à" min)]
[mol]

[Pa]
[Pa]

[Pa - m3/(mol - K)]
[kmol/(m3 à"min)]

temperature
time
total flask volume
charged volume of COSORBsolution
right-had side of Eq. (19)

[K]
[min]

[m3]
[m3]

[-]
liquid-phase concentration [mol/m3]

a = parameter defined by Eqs. (16) or (17) [1/min]

(Subscripts)
e - equilibrium state
0 = initial value
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EFFECT OF ANODIC AND CATHODIC REACTIONS ON OXIDATIVE
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Both anodic oxidation and generation of hydrogen peroxide through electroreduction of oxygen may be useful
for oxidative degradation of organic compounds.To clarify the effect of electrode reactions of both sides of a
bipolar plate on the current efficiency for oxidative degradation of phenol, experiments were conducted by using an
undivided bipolar electrolyzer having a vertical stack of perforated graphite electrodes. The Faradaic current If was
arranged as a function of the electrode potential difference EB between opposite sides of a bipolar plate. By

analyzing the If - EBcurves for the electrolyses in solutions containing different reactants, separate currents
corresponding to anodic and cathodic reactions were determined. The effect of EBon the CODcurrent efficiency
Ce(COD)for the oxidative degradation of phenol could be well explained by the contribution of the currents of
phenol oxidation and oxygen reduction to the total current. The value of Ce(COD)in case of sparging oxygen
showed a bimodal curve having the maximumvalues with respect to EB.

Introduction

Electrochemical treatments of waste water contain-
ing organic compoundsare classified into two groups:
direct oxidation on the anode and indirect oxidation
using an oxidizing agent, hypochlorite2) or hydrogen
peroxide, which is produced by electrolysis.5)

Hydrogen peroxide is produced through electroreduc-tion of oxygen on the cathode.7'8) In our previous

paper,9) the oxidative degradation of aqueous phenol
effluent with electrogenerated Fenton's reagent in a
catholyte compartmentseparated by a membranein
an H-type cell was reported. In the ideal case, both
anodic oxidation and cathodic reduction in an un-
divided cell may be useful for oxidative degradation.
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In the present work, a divided bipolar electrolyzer

having a vertical stack of perforated graphite elec-
trodes is used experimentally to clarify the effect of
both electrode reactions on total current efficiency for
the oxidative degradation of phenol. The current-vol-
tage curves of the electrolysis in solutions containing
different reactants are analyzed by use of an equiva-
lent circuit model of a bipolar electrolyzer. The
current corresponding to separate electrode reaction
on the anodic or cathodic side of a bipolar plate is
determined and the contribution of the currents con-
nected with the oxidative degradation to the total
current is discussed.

1. Experimental

The bipolar electrolyzer shown in Fig. 1, similar to
the previous one,6) was an acrylic cylindrical column
46mm in inner diameter and 420mm in height. As
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