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bstract

Kinetics of reactive absorption of carbon dioxide with solutions of aniline in commercially available chlorinated hydrocarbon solvents, namely,
arbon tetrachloride and chloroform was studied in stirred cell and model stirred contactor at 303 ± 1 K, at atmospheric pressure. Carbon dioxide
artial pressure was varied from 0.42 to 0.84 atm and concentration of liquid-phase reactant aniline was varied from 0.75 to 4.5 kmol/m3. The
eaction appeared to be first order with respect to carbon dioxide in the case of both the solvents used. The reaction order with respect to aniline was

ound to be zero in carbon tetrachloride and −0.4 in chloroform. The intrinsic kinetic rate constants at 303 ± 1 K were found to be 1.18 × 10−3 s−1

nd 8.93 × 10−4 (kmol/m3)0.4 s−1, in the case of carbon tetrachloride and chloroform, respectively, as solvents. These data are expected to be useful
or the design and scale up of carbon dioxide absorbers in the process development for carbamates/isocyanates.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The reactive absorption of carbon dioxide (CO2) with aniline
issolved in commercially available chlorinated hydrocarbon
olvents, namely, carbon tetrachloride and chloroform was stud-
ed. Industrially, the absorption of acid gases such as CO2,
ydrogen sulfide, and carbonyl sulphide, with aqueous amines
nd amine blends is very important in gas purification processes
nd has been studied extensively [1–3]. In recent years, the
otential of CO2 as a source of carbonyl (in place of phos-
ene) in the synthesis of high value industrial chemicals and
ntermediates, such as carbamates, isocyanates, and urethanes
s being evaluated extensively. The traditional manufacturing
oute for organic isocyanates is by reaction of an amine with
hosgene (COCl2); the intermediate of this reaction is converted
o the corresponding isocyanate in the presence of a nonaque-

us aprotic solvent [4–14]. There are a large number of recent
esearch publications [15–34] as well as patents in this area
35–52]. However, the commercial utilization of this process
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akes the systematic kinetic study necessary. In addition, the
nformation available in the literature on the kinetics of reactive
bsorption of CO2 with solutions of amines in nonaqueous chlo-
inated hydrocarbon solvents is not very comprehensive. It is,
owever, apparent that these reactions are fast and mass trans-
er may be accompanied by chemical reaction in the diffusion
lm. It was, therefore, thought desirable to study the kinetics of
eactive absorption of CO2 with solutions of aniline in commer-
ially available chlorinated hydrocarbon solvents such as carbon
etrachloride and chloroform.

. Previous studies

Recently, Aresta et al. [6] have reported the kinetics and
echanism of the homogeneous reaction of some organic

mines with dimethyl carbonate (DMC) in the presence of dis-
olved CO2. Second-order kinetics was used in the analysis.
aplow [53] has studied the homogeneous uncatalysed and
ydroxide-catalyzed reactions of some secondary amines with
O2. Second-order kinetics was observed. Crooks and Donnel-
an [54,55] have reported the formation of N,N-dialkylcarbamate
rom diethanolamine and CO2 in anhydrous ethanol. The rate
f formation of N,N-dialkylcarbamate from diethanolamine and
O2 in anhydrous ethanol was found to depend on the square of

mailto:avp@che.iitkgp.ernet.in
dx.doi.org/10.1016/j.cej.2007.04.037
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Nomenclature

a- surface area per unit volume (m−1)
A solute gas component (CO2)
AR analytical reagent
B liquid phase reactant (aniline)
cA0 concentration of A in bulk liquid phase (kmol/m3)
cAi concentration of A at gas–liquid interface

(kmol/m3)
cB0 bulk concentration of B in liquid phase (kmol/m3)
DA diffusivity of A in liquid phase (m2 s−1)
DB diffusivity of B in liquid phase (m2 s−1)
fgas 2 fugacity of gas 2, for Eq. (1) (kPa)
fhyp. liq 2 fugacity of hypothetical liquid 2, for Eq. (1) (kPa)
k1 pseudo first-order rate constant (s−1)
kL physical liquid side mass transfer coefficient

(m s−1)
km,n intrinsic kinetic rate constants defined in Eq. (3)

((kmol/m3)1−(m + n) s−1)
k1,n intrinsic kinetic rate constants defined in Eq. (A.6)

((kmol/m3)−n s−1)
l liquid hold-up
LR laboratory reagent
m, n order with respect to solute gas A and liquid-phase

reactant B, respectively
pA partial pressure of A in gas phase (atm)
R universal gas constant
RA specific absorption rate of solute gas

(kmol/(m2 s))
T temperature (K)
v2 molar liquid volume of the solute (m3/kmol)
x2 mole fraction of the solute gas in the liquid phase
z stoichiometric factor for chemical reaction

expressed by Eq. (3)

Greek letters
δ1, δ2 Hildebrand solubility parameter of solvent and

solute gas respectively (MPa1/2)
ε relative dielectric constant of solvent,
ϕ volume fraction of the solvent
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he amine concentration. The rate and activation data are con-
istent with the Danckwerts’ mechanism [53,56,57] in which
zwitterion intermediate is present at very low concentration

nd reacts with a second molecule of amine at the diffusion-
ontrolled limit to give a final salt in the rate-determining step.
li et al. [58] have reported the homogeneous kinetics of reac-

ion of some primary amines with CO2 in ethanol solution, using
he stopped flow technique. The highest conversion to carbamate
on was detected with hexamine. The results favor the zwitterion

ntermediate mechanism proposed by Caplow [53] and Danck-
erts [56,57]. The reaction order was found to increase (ranging

rom 1 to 2) with the basicity of the amine. Very recently,
asuda et al. [59] have studied the solvent dependence of the

s
o
a
c
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arbamic acid formation from ω-(1-naphthyl) alkyl amines and
issolved CO2, in a variety of solvents such as dimethyl sulphox-
de (DMSO), dimethyl formamide (DMF), pyridine, dioxane,
cetonitrile, benzene, chloroform, 2-propanol, methanol, and
ater. Bubbling of CO2 through solutions of naphthyl alkyl

mines in DMSO, DMF or pyridine (protophilic, highly dipolar,
protic solvent) resulted in complete conversion of the amines to
he corresponding carbamic acids. In dioxane (protophilic, dipo-
ar, aprotic solvent), the carbamic acid and a small amount of the
mmonium carbamates were formed. By contrast, in acetonitrile
protophobic, dipolar, aprotic solvent), in benzene or chloroform
polar, aprotic solvent), or in 2-propanol or methanol (dipo-
ar, amphiprotic solvent), ammonium carbamates were formed,
lthough the ammonium bicarbonates/carbonates were compet-
tively formed in methanol.

Most of the reactive CO2 absorption studies have been con-
ucted in aqueous media except in recent research work by
lvarez-Fuster et al. [60] and Sada et al. [61,62]. Alvarez-
uster et al. [60] found that the reaction order with respect to
yclohexylamine in ethanediol to be 1. Sada et al. [61] stud-
ed the heterogeneous kinetics of reactive absorption of CO2
ith mono- and diethanolamine in solvents such as methanol,

thanol, 2-propanol, and water, using a stirred tank absorber
ith a plane gas–liquid interface at 303 K. The reaction was

ound to be first order with respect to CO2 for every solvent.
he order of reaction with respect to ethanolamine was found

o be 1 only for an aqueous solution of monoethanolamine; for
he other solutions, the order ranged from 1.4 to 2, depending
n the solvent species. Sada et al. [62] studied the heteroge-
eous kinetics of reactive absorption of CO2 with solutions of
onoisopropanolamine and cyclohexylamine in solvents such

s methanol, ethanol, 2-propanol, toluene, and water, using a
emi batch stirred tank with a plane gas–liquid interface at
03 K. The reaction was found to be first order with respect
o CO2 for every solvent. The order with respect to monoiso-
ropanolamine was 1 for aqueous solution and had a value
etween 1.46 and 1.93 for the other alcoholic solution sys-
ems. The order with respect to cyclohexylamine was almost

for aqueous and alcoholic solutions and 2 for toluene solu-
ion. Very recently, Dinda et al [63] have studied the kinetics of
eactive absorption of CO2 with solutions of aniline in nonaque-
us aprotic solvents, namely, acetonitrile, methyl ethyl ketone,
oluene, and m-xylene. The reaction was found to be first order
ith respect to CO2 for all the solvents studied. The order of

eaction with respect to aniline was found to be −0.5 in ace-
onitrile, 1 in methyl ethyl ketone, 2 in toluene, and 2.5 in
-xylene.
From the foregoing discussion, it is clear that very limited

ata are available on the kinetics of reactive absorption of CO2
ith solutions of amines in chlorinated hydrocarbon solvents.
hese data will be essential for the potential utilisation of CO2

n the commercial production of many commercially important
arbamates/isocyanates. This work was, therefore, undertaken to

tudy the kinetics of reactive absorption of CO2 with solutions
f aniline (as a model aromatic monoamine) in commercially
vailable nonaqueous chlorinated hydrocarbon solvents such as
arbon tetrachloride and chloroform. It is expected that the data
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btained for aniline will be useful for many more commer-
ially important aromatic and aliphatic mono- and di-amines,
hich are used in the industrial manufacture of carbamates and

socyanates.

. Experimental apparatus and procedure

.1. Stirred cell

Pure CO2 from a cylinder was used. CO2 was stored in a bal-
oon at atmospheric pressure. All the experiments were carried
ut in a 64 mm, i.d. glass stirred cell. The design of the stirred
ell was similar to that used by Patwardhan and Sharma [64,65].
glass stirrer with four blades, which was set just into the liquid,
as used. The gas phase in the stirred cell was also agitated by
sing a cruciform stirrer. The stirrer speed was varied from 50 to
02 rev/min. The effective interfacial area was 31.2 × 10−4 m2.

known amount of a solution was taken, and the volumetric
ate of absorption of pure CO2, stored in a balloon at essen-
ially atmospheric pressure, was noted, using a soap-film meter
f appropriate size. The concentration of aniline was varied from
.75 to 4.5 kmol/m3. Prior to the measurement of the volumetric
ate of absorption, the stirred cell was purged with pure CO2
or a sufficient time. The purging was stopped, and the unit was
onnected to a balloon containing pure CO2 at essentially atmo-
pheric pressure. After about 100 s, the volumetric rate of uptake
f CO2 was noted.

.2. Stirred contactor with a flat gas–liquid interface

This type of contactor, which has independent stirrers for
as and liquid phases and where the interface is kept flat
nd no gas dispersion is allowed, was employed to study the
ffect of CO2 partial pressure on the specific rate of CO2
bsorption with aniline solutions in different solvents. The
esign features of this contactor were akin to those employed
y Patwardhan and Sharma [64,65], and Yadav and Sharma
66]. This model stirred contactor was operated at a gas-side
tirrer speed of 1500 rev/min and liquid-side stirrer speed of
10 rev/min. The mode of operation of contactor was semicon-
inuous. To assess the effect of gas-side resistance, the gas-side

tirrer speed was varied from 720 to 1500 rev/min. All the
xperiments were conducted at 303 ± 1 K and essentially at
tmospheric pressure by employing mixtures of CO2 and nitro-
en. The specific rates of absorption were calculated on the

n
[
w

able 1
redicted solubility of CO2 in pure and aniline solutions of carbon tetrachloride and

[Aniline], cB0 (kmol/m3) [CCl4] (kmol/m3) Predicted solubility o
cAi × 102 (kmol/m3)

0.75 9.39 7.73
1.50 8.70 7.92
2.25 8.00 8.10
3.00 7.31 8.32
4.50 5.93 8.69

redicted solubility of CO2 in pure aniline = 1.06 × 10−1 kmol/m3. Predicted solubili
ure CHCl3 = 7.68 × 10−2 kmol/m3.
g Journal 136 (2008) 349–357 351

asis of chemical analysis of carbamate formed in the liquid
hase.

. Physicochemical data

.1. Solubility of CO2 in solutions of aniline in carbon
etrachloride and chloroform

The equilibrium mole fraction (x2) of CO2 in the mixtures
f aniline in carbon tetrachloride and chloroform was predicted
sing regular solution theory [67], using Eq. (1),

1

x2
= fhyp,liq 2

fgas 2
exp

{
v2(δ1 − δ2)2ϕ2

1

RT

}
(1)

The predicted values of equilibrium mole fraction of the CO2
n pure carbon tetrachloride were crosschecked experimentally
y measuring the dissolved CO2 concentration in CO2-saturated
olutions of carbon tetrachloride and chloroform at 303 ± 1 K.
he predicted as well as experimentally measured values for
arbon tetrachloride and chloroform compared well with those
eported in the literature [68]. Hence, the CO2 solubility (cAi)
alues for the mixtures of aniline in carbon tetrachloride and
hloroform were calculated from predicted mole fraction sol-
bility value (Table 1, Fig. 1). As the concentration of aniline
ncreases the solubility of CO2 increases in both the solvents.

.2. Diffusivity of CO2 in solutions of aniline in carbon
etrachloride and chloroform

The values of diffusivity of CO2 in carbon tetrachloride, chlo-
oform and in the mixtures of aniline in carbon tetrachloride
nd chloroform were predicted using the Wilke–Chang formula
69]. Please refer to Table 2 and Fig. 2. The diffusivity of CO2
ecreases with aniline concentration due to an increase of vis-
osity. The variation of estimated combined physicochemical
roperty (cAiD

1/2
A ) of CO2 in the liquid medium with different

niline concentrations is shown in Fig. 3.

.3. Physical mass transfer coefficient
Values of the physical mass-transfer coefficient, kL, are
eeded to check the conditions for different controlling regimes
70]. The kL values at different speeds of stirring in the stirred cell
ere determined by absorbing pure CO2 in deionized water. The

chloroform solvents and in pure aniline at 303 K and 1 atm total pressure

f CO2, [CHCl3] (kmol/m3) Predicted solubility of CO2,
cAi × 102 (kmol/m3)

11.55 7.78
10.70 7.95
10.14 8.14

8.99 8.30
7.25 8.67

ty of CO2 in pure CCl4 = 7.56 × 10−2 kmol/m3. Predicted solubility of CO2 in
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Fig. 1. Variation in predicted solubility of CO2 in aniline solutions of carbon
tetrachloride and chloroform at 303 K.

Table 2
Predicted diffusivity of CO2 in aniline solutions of carbon tetrachloride and
chloroform at 303 K

[Aniline], cB0

(kmol/m3)
Predicted diffusivity of CO2, DA × 109 (m2 s−1)

Carbon tetrachloride Chloroform

0.75 5.57 6.16
1.50 5.06 5.65
2.25 4.52 5.2
3.00 4.03 4.8
4.50 3.21 4.01

Fig. 2. Variation in predicted diffusivity of CO2 in aniline solutions of carbon
tetrachloride and chloroform at 303 K.

Fig. 3. Estimated variation of cAiD
1/2
A /(cAiD

1/2
A )

cB0=0 with aniline concentra-
tion in carbon tetrachloride and chloroform at 303 K.
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L values at different speeds of stirring in the model stirred con-
actor were obtained from earlier work by Yadav [66], conducted
n a model stirred contactor with identical configuration. The
alues of diffusivity of CO2 in aniline solutions were estimated
rom Eq. (2),

DAμ

T
= constant (2)

. Materials

Aniline of synthesis grade, and carbon tetrachloride and chlo-
oform of LR grade were obtained from Merck Limited. CO2
ylinder containing AR grade CO2 was obtained from BOC
Special Gases) Limited, Mumbai. Nitrogen gas cylinder was
btained from a reputed firm.

. Theory

The following chemical reaction was considered for the anal-
sis of experimental results:

(dissolved gas) + zB(liquid-phase reactant)
km,n−→product (3)

here A = CO2, B = aniline, product = carbamate, z = stoichio-
etric factor = 2, and km,n = (m + n)th order kinetic rate constant

or the reaction between A and B
The theory of mass transfer accompanied by irreversible and

eversible reactions of general order, and the methods of dis-
erning the controlling mechanism has been discussed in detail
y Doraiswamy and Sharma [70]. Please see Appendix A for
elevant equations. A reaction belongs to very slow reaction
egime if the rate of reaction between dissolved A and B is very
uch slower, than the rate of transfer of A into the B phase

nd at any moment B phase is saturated with solute A. Under
his condition, the rate of formation of products will be deter-

ined by the kinetics of homogeneous chemical reaction. For
he very slow reaction regime, the transfer rate of A is given
y Eq. (A.1). The condition to be satisfied for the very slow
eaction regime is given by Eq. (A.2). For slow reaction regime,
he rate of reaction between A and B is faster than the rate at
hich A is transferred to the B phase and the rate is controlled
y the transfer of A into the B phase. When the concentration of
issolved A in the bulk B phase is negligible, then the specific
eaction rate can be given by Eq. (A.3). The conditions to be
atisfied for the slow reaction regime, if the bulk concentration
f A in liquid phase is negligible, are given by Eqs. (A.4) and
A.5). The dissolved gas undergoes a pseudo-first-order reaction
hen the concentration of the reactant in the neighborhood of

he gas–liquid interface is not very different from that in the bulk
nd the concentration of the dissolved gas is very small com-
ared to the reactant concentration. The conditions to be satisfied
re given by Eqs. (A.6) and (A.7). The specific rate of reaction
s given by Eq. (A.8). In some cases, the reaction of dissolved
may occur partly in the film and partly in the bulk and yet
here may be a finite concentration of the dissolved solute A in
he bulk liquid phase, then such a case may be considered as the
verlapping case of very slow, slow and fast reaction regime.
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he rate expression for that overlapping case is given by Eq.
A.9).

. Results and discussion

Most of the experiments were conducted in the stirred cell.
owever, the solubility of CO2 in solutions of aniline in both the

olvents used is not very small (≈8.09 × 10−2 kmol/(m3 atm)
n carbon tetrachloride, ≈8.15 × 10−2 kmol/(m3 atm) in chloro-
orm); hence, it is expected that the gas-side resistance may be
resent when CO2 is absorbed from mixtures of CO2 and nitro-
en. Hence, in order to find out the order of reaction with respect
o CO2, some experiments were conducted in the model stirred
ontactor as well, wherein the gas-side resistance was eliminated
y stirring the gas-phase independently at a very high stirring
peed of about 1500 rev/min.

.1. Absorption of CO2 with solution of aniline in carbon
etrachloride

The influence of CO2 partial pressure on the specific rate of
bsorption was investigated in the model stirred contactor, where
he partial pressure of CO2 was varied from 0.54 to 0.84 atm at
he gas–liquid interface (Fig. 4). It was found from Fig. 4 and
q. (A.8) that m, namely the order of reaction with respect to
olute gas A (CO2), is 1.06, which can be rounded off to 1.

Fig. 5 shows the variation of the specific absorption rate of
ure CO2 with stirring speed in the stirred cell, at different
niline concentrations. The specific rate appeared to be depen-
ent on the hydrodynamic factors in the range of stirring speed
rom 50 to 102 rev/min, for the studied aniline concentrations.
owever, as the aniline concentration increases the slope of the

ines decreases, which means the specific absorption rate was
ess dependent on the hydrodynamic factors at higher aniline
oncentration.

To find out the controlling regime (mechanism) of reaction,
e have calculated the values of RA/(kL cAi). These values are

abulated in Table 3. From the foregoing analysis, the absorption

f CO2 with aniline dissolved in carbon tetrachloride, there-
ore, appears to conform to the intermediate regime between
ery slow, slow and fast reactions regime where the dissolved
O2 reacts partly in the film and partly in the bulk and yet

l
l
w
w

able 3
alculated values of RA/(kL cAi) and (1 + (cB0D

0.5
B /zcAiD

0.5
A )) for the absorption o

A.8))

ontactor Stirring speed (rev/min) pA
a (atm)

tirred cell 102 0.83
tirred cell 102 0.84
tirred cell 102 0.86
tirred cell 102 0.87
tirred cell 102 0.90
tirred contactor 110 0.84
tirred contactor 110 0.74
tirred contactor 110 0.64
tirred contactor 110 0.54

a Values are corrected for the vapor pressure of carbon tetrachloride.
ig. 5. Variation of specific absorption rate of CO2 with stirring speed at different
niline concentrations in carbon tetrachloride (stirred cell) at 303 ± 1 K.

here may be a finite quantity of dissolved CO2 in the bulk
iquid.

Therefore, considering the intermediate reaction regime, we
ave graphically found out the order of reaction with respect
o aniline. Here, instead of plotting ln(RA) versus ln(cBo), we
ave plotted ln(k1) (k1 was obtained using Eq. (A.9)) versus

n(cBo) in Fig. 7, owing to our observation that both cAi and
iquid viscosity (and hence DA) change with a change in cB0. It
as found from this graph that n, namely the order of reaction
ith respect to liquid phase reactant B (aniline), is −0.05, which

f CO2 with aniline dissolved in carbon tetrachloride at 303 K (Eqs. (A.7) and

cB0 (kmol/m3) RA/(kLcAi) 1 + (cB0D
0.5
B /zcAiD

0.5
A )

0.75 0.630 3.68
1.50 0.635 6.23
2.25 0.642 8.68
3.00 0.648 10.96
4.50 0.667 15.29
1.50 0.691 6.25
1.50 0.687 6.96
1.50 0.683 7.89
1.50 0.672 9.17
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Table 4
Absorption of CO2 with aniline dissolved in carbon tetrachloride at 303 ± 1 K with a stirring speed = 102 rev/min

Contactor cB0 (kmol/m3) pA
a (atm) Rate equation k1, −0.05 × 103 (kmol/m3)0.05 s−1 Remarks

Stirred cell 0.75 0.83 (A.9) 1.20 Between very slow, slow and fast reaction regime
Stirred cell 1.50 0.84 (A.9) 1.16 Between very slow, slow and fast reaction regime
Stirred cell 2.25 0.86 (A.9) 1.14 Between very slow, slow and fast reaction regime
Stirred cell 3.00 0.87 (A.9) 1.12 Between very slow, slow and fast reaction regime
Stirred cell 4.50 0.90 (A.9) 1.10 Between very slow, slow and fast reaction regime
Stirred contactor 1.5 0.84 (A.9) 1.20 Between very slow, slow and fast reaction regime
Stirred contactor 1.50 0.74 (A.9) 1.18 Between very slow, slow and fast reaction regime
S 6 Between very slow, slow and fast reaction regime
S 0 Between very slow, slow and fast reaction regime
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Fig. 6. Variation of specific absorption rate of CO2 with stirring speed at different
aniline concentrations in chloroform (stirred cell) 303 ± 1 K.

T
C

C

S
S
S
S
S
S
S
S
S

tirred contactor 1.50 0.64 (A.9) 1.1
tirred contactor 1.50 0.54 (A.9) 1.1

a Values are corrected for the vapor pressure of carbon tetrachloride.

an practically be rounded off to 0. Table 4 gives the pertinent
etails. The average value of the intrinsic kinetic rate constant
k1,0), at 303 ± 1 K, was estimated at 1.18 × 10−3 s−1.

.2. Absorption of CO2 with solution of aniline in
hloroform

The specific rate of absorption in the model stirred contactor
as found to be directly proportional to the partial pressure of
O2, which was varied from 0.42 to 0.72 atm, at the gas–liquid

nterface (Fig. 4). It was found from Fig. 4 and Eq. (A.9) that m,
amely the order of reaction with respect to solute gas A (CO2),
s 1.08, which can be rounded off to 1.

It is apparent from Fig. 6 that the specific rate in the stirred
ell is dependent on the hydrodynamic factors in the range of
tirring speeds from 50 to 102 rev/min, for lower aniline con-
entrations. However, the specific rate was found to be almost
ndependent of the hydrodynamic factors, for higher aniline
oncentrations.

From the foregoing analysis, and from the values of RA/(kL

Ai) as given in Table 5, it appears that the absorption of CO2
ith aniline dissolved in carbon tetrachloride, conforms to the

ntermediate regime between very slow, slow and fast reactions
egime. In this regime, the dissolved CO2 reacts partly in the
lm and partly in the bulk and yet there may be a finite quantity
f dissolved CO2 in the bulk liquid.
k1 was obtained using Eq. (A.9). From the plot of ln(k1) ver-
us ln(cBo) as shown in Fig. 7, it was found that n, namely the
rder of reaction with respect to liquid phase reactant B (ani-
ine), is −0.39, which can be rounded off to −0.4. Table 6

Fig. 7. Variation of k1 with aniline concentration in carbon tetrachloride and
chloroform, at 303 ± 1 K, (stirring speed = 102 rev/min, stirred cell).

able 5
alculated values of RA/(kL cAi) and (1 + (cB0D

0.5
B /zcAiD

0.5
A )) for the absorption of CO2 with aniline dissolved in chloroform at 303 K (Eqs. (A.7) and (A.8))

ontactor Stirring speed (rev/min) pA
a (atm) cB0 (kmol/m3) RA/(kLcAi) 1 + (cB0D

0.5
B /zcAiD

0.5
A )

tirred cell 102 0.70 0.75 0.552 3.66
tirred cell 102 0.72 1.50 0.506 6.21
tirred cell 102 0.74 2.25 0.478 8.63
tirred cell 102 0.76 3.00 0.454 10.97
tirred cell 102 0.80 4.50 0.436 15.32
tirred contactor 110 0.72 1.50 0.567 6.21
tirred contactor 110 0.62 1.50 0.557 7.05
tirred contactor 110 0.52 1.50 0.554 8.22
tirred contactor 110 0.42 1.50 0.544 9.95

a Values are corrected for the vapor pressure of chloroform.
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Table 6
Absorption of CO2 with aniline dissolved in chloroform at 303 ± 1 K with a stirring speed = 102 rev/min

Contactor cB0 (kmol/m3) pA
a (atm) Rate equation k1, −0.4 × 104 (kmol/m3)0.4 s−1 Remarks

Stirred cell 0.75 0.70 (A.9) 8.82 Between very slow, slow and fast reaction regime
Stirred cell 1.50 0.72 (A.9) 9.06 Between very slow, slow and fast reaction regime
Stirred cell 2.25 0.74 (A.9) 9.17 Between very slow, slow and fast reaction regime
Stirred cell 3.00 0.76 (A.9) 9.08 Between very slow, slow and fast reaction regime
Stirred cell 4.50 0.80 (A.9) 9.13 Between very slow, slow and fast reaction regime
Stirred contactor 1.5 0.72 (A.9) 9.29 Between very slow, slow and fast reaction regime
Stirred contactor 1.50 0.62 (A.9) 8.94 Between very slow, slow and fast reaction regime
Stirred contactor 1.50 0.52 (A.9) 8.82 Between very slow, slow and fast reaction regime
Stirred contactor 1.50 0.42 (A.9) 8.47 Between very slow, slow and fast reaction regime

a Values are corrected for the vapor pressure of chloroform.

Table 7
Values of intrinsic kinetic rate constants, solubility parameters, relative dielectric constants, for carbon tetrachloride, chloroform, acetonitrile, methyl ethyl ketone,
toluene and xylene

Properties Carbon tetrachloride Chloroform Acetonitrilea Methyl ethyl ketonea Toluenea m-Xylenea

δ1, MPa1/2, at 298 K 18.0 18.70 24.60 19.05 18.30 18.06
ε, at 298 K 2.23 4.8 36.60 18.50 2.40 2.30
k , at 303 ± 1 K (kmol/m3)−n s−1 1.18 × 10−3 8.93 × 10−4 1.40 × 102 4.90 × 10−1 2.02 × 10−1 2.45 × 10−2

g
k
8

7

i
a
W
k
s
s
W
s
c
f

1,n

a From Dinda et al. [64].

ives the pertinent details. The average value of the intrinsic
inetic rate constant (k1,−0.4), at 303 ± 1 K, was estimated at
.93 × 10−4 (kmol/m3)0.4 s−1.

.3. Effect of solvent on intrinsic kinetic rate constants

For the purpose of observing the effect of solvent on the
ntrinsic kinetic rate constant k1,n, the relevant data of Dinda et
l. [63] has also been considered here (Table 7, Figs. 8 and 9).
ith the exception of chloroform as the solvent, the intrinsic

inetic rate constant of k1,n appeared to increase with Hildebrand
olubility parameter δ1 as well as with the relative dielectric con-
tant ε. The Hildebrand solubility parameter is the total van der

aals force, and is a numerical value that indicates the relative

olvency behavior of a specific solvent. It is derived from the
ohesive energy density of the solvent, which in turn is derived
rom the heat of vaporization.

Fig. 8. Variation of k1,n with solubility parameter.

8

c
t
r
t
t
a
d
fi
t
t
fi
a
I

Fig. 9. Variation of k1,n with relative dielectric constant.

. Conclusions

The absorption of CO2 with solutions of aniline in commer-
ially available chlorinated hydrocarbon solvents such as carbon
etrachloride and chloroform, within the aniline concentration
ange between 0.75 and 4.50 kmol/m3, was found to conform to
he intermediate regime between very slow, slow and fast reac-
ions regime where the dissolved CO2 reacts partly in the film
nd partly in the bulk and yet there may be a finite quantity of
issolved CO2 in the bulk liquid. The reaction was found to be
rst order with respect to CO2. The reaction order with respect

o aniline was found to be 0, and −0.4 in the case of carbon
etrachloride and chloroform, respectively, as solvents. These

ndings will have a direct bearing on the design and scale up of
bsorber in the process development for carbamates/isocyanates.
n addition, there appears to be a correlation between the
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ntrinsic kinetic rate constant and the polarity of the solvent
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ppendix A

Aa- = lkm,n(cAi)
m(cB0)n (A.1)

L(cAi) � lkm,n(cAi)
m(cB0)n (A.2)

A = kL(cAi) (A.3)

L(cAi) � lkm,n(cAi)
m(cB0)n (A.4)

((2/m + 1)DAkm,n(cAi)m−1(cB0)n)
1/2

kL
� 1 (A.5)

(DAk1)1/2

kL
� 1 (A.6)

(DAk1)1/2

kL
� 1 + cB0

zcAi

(
DB

DA

)1/2

(A.7)

A = cAi(DAk1)1/2 (A.8)

A = cAi(DAk1)0.5

tanh[(DAk1)0.5/kL]
×

{
1 −

[
cosh2

〈
(DAk1)0.5

kL

〉

×
〈

lk1

a-

tanh[(DAk1)0.5/kL]

(DAk1)0.5

〉]−1
⎫⎬
⎭ (A.9)
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