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Abstract

Kinetics of reactive absorption of carbon dioxide with solutions of aniline in commercially available chlorinated hydrocarbon solvents, namely,
carbon tetrachloride and chloroform was studied in stirred cell and model stirred contactor at 303 & 1 K, at atmospheric pressure. Carbon dioxide
partial 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/m?. The
reaction 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

found 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 x 1073 s

-1

and 8.93 x 10~* (kmol/m?®)°* s~ in the case of carbon tetrachloride and chloroform, respectively, as solvents. These data are expected to be useful
for 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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1. Introduction

The reactive absorption of carbon dioxide (CO;) with aniline
dissolved in commercially available chlorinated hydrocarbon
solvents, namely, carbon tetrachloride and chloroform was stud-
ied. Industrially, the absorption of acid gases such as CO»,
hydrogen sulfide, and carbonyl sulphide, with aqueous amines
and amine blends is very important in gas purification processes
and has been studied extensively [1-3]. In recent years, the
potential of CO;, as a source of carbonyl (in place of phos-
gene) in the synthesis of high value industrial chemicals and
intermediates, such as carbamates, isocyanates, and urethanes
is being evaluated extensively. The traditional manufacturing
route for organic isocyanates is by reaction of an amine with
phosgene (COCl,); the intermediate of this reaction is converted
to the corresponding isocyanate in the presence of a nonaque-
ous aprotic solvent [4—14]. There are a large number of recent
research publications [15-34] as well as patents in this area
[35-52]. However, the commercial utilization of this process
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makes the systematic kinetic study necessary. In addition, the
information available in the literature on the kinetics of reactive
absorption of CO; with solutions of amines in nonaqueous chlo-
rinated hydrocarbon solvents is not very comprehensive. It is,
however, apparent that these reactions are fast and mass trans-
fer may be accompanied by chemical reaction in the diffusion
film. It was, therefore, thought desirable to study the kinetics of
reactive absorption of CO, with solutions of aniline in commer-
cially available chlorinated hydrocarbon solvents such as carbon
tetrachloride and chloroform.

2. Previous studies

Recently, Aresta et al. [6] have reported the kinetics and
mechanism of the homogeneous reaction of some organic
amines with dimethyl carbonate (DMC) in the presence of dis-
solved CO,. Second-order kinetics was used in the analysis.
Caplow [53] has studied the homogeneous uncatalysed and
hydroxide-catalyzed reactions of some secondary amines with
CO,. Second-order kinetics was observed. Crooks and Donnel-
lan [54,55] have reported the formation of N,N-dialkylcarbamate
from diethanolamine and CO, in anhydrous ethanol. The rate
of formation of N,N-dialkylcarbamate from diethanolamine and
CO» in anhydrous ethanol was found to depend on the square of
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Nomenclature

a surface area per unit volume (m~1)

A solute gas component (CO;)

AR analytical reagent

B liquid phase reactant (aniline)

CAO concentration of A in bulk liquid phase (kmol/m?)

CAi concentration of A at gas-liquid interface
(kmol/m?)

CBO bulk concentration of B in liquid phase (kmol/m?)

Da diffusivity of A in liquid phase (m?s~!)
Dy diffusivity of B in liquid phase (m*s~!)

Seas2 fugacity of gas 2, for Eq. (1) (kPa)

Jhyp.1lig2 fugacity of hypothetical liquid 2, for Eq. (1) (kPa)

k1 pseudo first-order rate constant (s™hH

kr, physical liquid side mass transfer coefficient
(ms™h

kimn intrinsic kinetic rate constants defined in Eq. (3)
((kmol/m?3)1—(m+m) g—1y

kin intrinsic kinetic rate constants defined in Eq. (A.6)
((kmol/m3)~"s~1)

1 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

R specific  absorption rate of solute gas
(kmol/(m? s))

T temperature (K)

v 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

81,62  Hildebrand solubility parameter of solvent and
solute gas respectively (MPa!/?)

£ relative dielectric constant of solvent,

1 volume fraction of the solvent

" viscosity of the components (kg/(m s))

the amine concentration. The rate and activation data are con-
sistent with the Danckwerts’ mechanism [53,56,57] in which
a zwitterion intermediate is present at very low concentration
and reacts with a second molecule of amine at the diffusion-
controlled limit to give a final salt in the rate-determining step.
Ali et al. [58] have reported the homogeneous kinetics of reac-
tion of some primary amines with CO; in ethanol solution, using
the stopped flow technique. The highest conversion to carbamate
ion was detected with hexamine. The results favor the zwitterion
intermediate mechanism proposed by Caplow [53] and Danck-
werts [56,57]. The reaction order was found to increase (ranging
from 1 to 2) with the basicity of the amine. Very recently,
Masuda et al. [59] have studied the solvent dependence of the

carbamic acid formation from w-(1-naphthyl) alkyl amines and
dissolved CO,, in a variety of solvents such as dimethyl sulphox-
ide (DMSO), dimethyl formamide (DMF), pyridine, dioxane,
acetonitrile, benzene, chloroform, 2-propanol, methanol, and
water. Bubbling of CO; through solutions of naphthyl alkyl
amines in DMSO, DMF or pyridine (protophilic, highly dipolar,
aprotic solvent) resulted in complete conversion of the amines to
the corresponding carbamic acids. In dioxane (protophilic, dipo-
lar, aprotic solvent), the carbamic acid and a small amount of the
ammonium 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-
lar, amphiprotic solvent), ammonium carbamates were formed,
although the ammonium bicarbonates/carbonates were compet-
itively formed in methanol.

Most of the reactive CO, absorption studies have been con-
ducted in aqueous media except in recent research work by
Alvarez-Fuster et al. [60] and Sada et al. [61,62]. Alvarez-
Fuster et al. [60] found that the reaction order with respect to
cyclohexylamine in ethanediol to be 1. Sada et al. [61] stud-
ied the heterogeneous kinetics of reactive absorption of CO»
with mono- and diethanolamine in solvents such as methanol,
ethanol, 2-propanol, and water, using a stirred tank absorber
with a plane gas-liquid interface at 303 K. The reaction was
found to be first order with respect to CO; for every solvent.
The order of reaction with respect to ethanolamine was found
to be 1 only for an aqueous solution of monoethanolamine; for
the other solutions, the order ranged from 1.4 to 2, depending
on the solvent species. Sada et al. [62] studied the heteroge-
neous kinetics of reactive absorption of CO, with solutions of
monoisopropanolamine and cyclohexylamine in solvents such
as methanol, ethanol, 2-propanol, toluene, and water, using a
semi batch stirred tank with a plane gas—liquid interface at
303 K. The reaction was found to be first order with respect
to CO, for every solvent. The order with respect to monoiso-
propanolamine was 1 for aqueous solution and had a value
between 1.46 and 1.93 for the other alcoholic solution sys-
tems. The order with respect to cyclohexylamine was almost
1 for aqueous and alcoholic solutions and 2 for toluene solu-
tion. Very recently, Dinda et al [63] have studied the kinetics of
reactive absorption of CO, with solutions of aniline in nonaque-
ous aprotic solvents, namely, acetonitrile, methyl ethyl ketone,
toluene, and m-xylene. The reaction was found to be first order
with respect to CO, for all the solvents studied. The order of
reaction with respect to aniline was found to be —0.5 in ace-
tonitrile, 1 in methyl ethyl ketone, 2 in toluene, and 2.5 in
m-xylene.

From the foregoing discussion, it is clear that very limited
data are available on the kinetics of reactive absorption of CO;
with solutions of amines in chlorinated hydrocarbon solvents.
These data will be essential for the potential utilisation of CO,
in the commercial production of many commercially important
carbamates/isocyanates. This work was, therefore, undertaken to
study the kinetics of reactive absorption of CO; with solutions
of aniline (as a model aromatic monoamine) in commercially
available nonaqueous chlorinated hydrocarbon solvents such as
carbon tetrachloride and chloroform. It is expected that the data
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obtained for aniline will be useful for many more commer-
cially important aromatic and aliphatic mono- and di-amines,
which are used in the industrial manufacture of carbamates and
isocyanates.

3. Experimental apparatus and procedure
3.1. Stirred cell

Pure CO; from a cylinder was used. CO; was stored in a bal-
loon at atmospheric pressure. All the experiments were carried
out in a 64 mm, i.d. glass stirred cell. The design of the stirred
cell was similar to that used by Patwardhan and Sharma [64,65].
A glass stirrer with four blades, which was set just into the liquid,
was used. The gas phase in the stirred cell was also agitated by
using a cruciform stirrer. The stirrer speed was varied from 50 to
102 rev/min. The effective interfacial area was 31.2 x 10~* m?.
A known amount of a solution was taken, and the volumetric
rate of absorption of pure CO;, stored in a balloon at essen-
tially atmospheric pressure, was noted, using a soap-film meter
of appropriate size. The concentration of aniline was varied from
0.75 to 4.5 kmol/m?>. Prior to the measurement of the volumetric
rate of absorption, the stirred cell was purged with pure CO;
for a sufficient time. The purging was stopped, and the unit was
connected to a balloon containing pure CO; at essentially atmo-
spheric pressure. After about 100 s, the volumetric rate of uptake
of CO, was noted.

3.2. Stirred contactor with a flat gas—liquid interface

This type of contactor, which has independent stirrers for
gas and liquid phases and where the interface is kept flat
and no gas dispersion is allowed, was employed to study the
effect of CO, partial pressure on the specific rate of COy
absorption with aniline solutions in different solvents. The
design features of this contactor were akin to those employed
by Patwardhan and Sharma [64,65], and Yadav and Sharma
[66]. This model stirred contactor was operated at a gas-side
stirrer speed of 1500 rev/min and liquid-side stirrer speed of
110 rev/min. The mode of operation of contactor was semicon-
tinuous. To assess the effect of gas-side resistance, the gas-side
stirrer speed was varied from 720 to 1500 rev/min. All the
experiments were conducted at 3034+ 1K and essentially at
atmospheric pressure by employing mixtures of CO» and nitro-
gen. The specific rates of absorption were calculated on the

Table 1

basis of chemical analysis of carbamate formed in the liquid
phase.

4. Physicochemical data

4.1. Solubility of CO3 in solutions of aniline in carbon
tetrachloride and chloroform

The equilibrium mole fraction (x3) of CO» in the mixtures
of aniline in carbon tetrachloride and chloroform was predicted
using regular solution theory [67], using Eq. (1),

1 fhyp,liquXp v — 8)°¢}
X2 fgas2 RT

ey

The predicted values of equilibrium mole fraction of the CO,
in pure carbon tetrachloride were crosschecked experimentally
by measuring the dissolved CO; concentration in CO;-saturated
solutions of carbon tetrachloride and chloroform at 303 £+ 1 K.
The predicted as well as experimentally measured values for
carbon tetrachloride and chloroform compared well with those
reported in the literature [68]. Hence, the CO, solubility (ca;)
values for the mixtures of aniline in carbon tetrachloride and
chloroform were calculated from predicted mole fraction sol-
ubility value (Table 1, Fig. 1). As the concentration of aniline
increases the solubility of CO; increases in both the solvents.

4.2. Diffusivity of CO; in solutions of aniline in carbon
tetrachloride and chloroform

The values of diffusivity of CO; in carbon tetrachloride, chlo-
roform and in the mixtures of aniline in carbon tetrachloride
and chloroform were predicted using the Wilke—Chang formula
[69]. Please refer to Table 2 and Fig. 2. The diffusivity of CO»
decreases with aniline concentration due to an increase of vis-
cosity. The variation of estimated combined physicochemical
property (cai DX 2) of CO» in the liquid medium with different
aniline concentrations is shown in Fig. 3.

4.3. Physical mass transfer coefficient

Values of the physical mass-transfer coefficient, ki, are
needed to check the conditions for different controlling regimes
[70]. The ky, values at different speeds of stirring in the stirred cell
were determined by absorbing pure CO; in deionized water. The

Predicted solubility of CO; in pure and aniline solutions of carbon tetrachloride and chloroform solvents and in pure aniline at 303 K and 1 atm total pressure

[Aniline], cgo (kmol/m?) [CCly] (kmol/m?)

Predicted solubility of CO»,
cai x 10% (kmol/m?)

[CHCI3] (kmol/m?) Predicted solubility of CO»,

cai x 102 (kmol/m?)

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

11.55 7.78
10.70 7.95
10.14 8.14

8.99 8.30
7.25 8.67

Predicted solubility of CO5 in pure aniline = 1.06 x 10~ kmol/m?. Predicted solubility of CO, in pure CCly =7.56 x 10~2 kmol/m?. Predicted solubility of CO; in

pure CHCl3 =7.68 x 102 kmol/m>.
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Fig. 1. Variation in predicted solubility of CO, in aniline solutions of carbon
tetrachloride and chloroform at 303 K.

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

[Aniline], cgo Predicted diffusivity of CO,, Da x 10° (m?s~1)

(kmol/m?) ;
Carbon tetrachloride Chloroform
0.75 5.57 6.16
1.50 5.06 5.65
2.25 4.52 52
3.00 4.03 4.8
4.50 3.21 4.01
10
—M—carbon tetrachloride
sl —@—chloroform
=«
NE 6 L
>
w4t e
<
Q ol
0 L L 1 1
0 1 2 3 4 5
3
Cphy » kmol/m

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

1.1

=0

—&— carbon tetrachloride

@ chloroform
1.0

09r

0.8r

(caiDA%) 1 (€A Da%®)cBo

0.7 L . A L
0 1 2 3 4 5

cpo’ kmol/m3
Fig. 3. Estimated variation of ca; D/L/Z /(cai D/I\/Z)EB(]:() with aniline concentra-
tion in carbon tetrachloride and chloroform at 303 K.

ki, values at different speeds of stirring in the model stirred con-
tactor were obtained from earlier work by Yadav [66], conducted
on a model stirred contactor with identical configuration. The
values of diffusivity of CO; in aniline solutions were estimated
from Eq. (2),

D
%M = constant 2)

5. Materials

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

6. Theory

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

km‘rl
A(dissolved gas) T 2 B (liquid-phase reactant) — product 3)

where A =CO», B =aniline, product=carbamate, z=stoichio-
metric factor =2, and k,, , = (m + n)th order kinetic rate constant
for the reaction between A and B

The theory of mass transfer accompanied by irreversible and
reversible reactions of general order, and the methods of dis-
cerning the controlling mechanism has been discussed in detail
by Doraiswamy and Sharma [70]. Please see Appendix A for
relevant equations. A reaction belongs to very slow reaction
regime if the rate of reaction between dissolved A and B is very
much slower, than the rate of transfer of A into the B phase
and at any moment B phase is saturated with solute A. Under
this condition, the rate of formation of products will be deter-
mined by the kinetics of homogeneous chemical reaction. For
the very slow reaction regime, the transfer rate of A is given
by Eq. (A.1). The condition to be satisfied for the very slow
reaction regime is given by Eq. (A.2). For slow reaction regime,
the rate of reaction between A and B is faster than the rate at
which A is transferred to the B phase and the rate is controlled
by the transfer of A into the B phase. When the concentration of
dissolved A in the bulk B phase is negligible, then the specific
reaction rate can be given by Eq. (A.3). The conditions to be
satisfied for the slow reaction regime, if the bulk concentration
of A in liquid phase is negligible, are given by Eqs. (A.4) and
(A.5). The dissolved gas undergoes a pseudo-first-order reaction
when the concentration of the reactant in the neighborhood of
the gas—liquid interface is not very different from that in the bulk
and the concentration of the dissolved gas is very small com-
pared to the reactant concentration. The conditions to be satisfied
are given by Egs. (A.6) and (A.7). The specific rate of reaction
is given by Eq. (A.8). In some cases, the reaction of dissolved
A may occur partly in the film and partly in the bulk and yet
there may be a finite concentration of the dissolved solute A in
the bulk liquid phase, then such a case may be considered as the
overlapping case of very slow, slow and fast reaction regime.
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The rate expression for that overlapping case is given by Eq.
(A.9).

7. Results and discussion

Most of the experiments were conducted in the stirred cell.
However, the solubility of CO» in solutions of aniline in both the
solvents used is not very small (=8.09 x 1072 kmol/(m3 atm)
in carbon tetrachloride, ~8.15 x 10~2 kmol/(m? atm) in chloro-
form); hence, it is expected that the gas-side resistance may be
present when CO; is absorbed from mixtures of CO; and nitro-
gen. Hence, in order to find out the order of reaction with respect
to CO,, some experiments were conducted in the model stirred
contactor as well, wherein the gas-side resistance was eliminated
by stirring the gas-phase independently at a very high stirring
speed of about 1500 rev/min.

7.1. Absorption of CO, with solution of aniline in carbon
tetrachloride

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

Fig. 5 shows the variation of the specific absorption rate of
pure CO, with stirring speed in the stirred cell, at different
aniline concentrations. The specific rate appeared to be depen-
dent on the hydrodynamic factors in the range of stirring speed
from 50 to 102 rev/min, for the studied aniline concentrations.
However, as the aniline concentration increases the slope of the
lines decreases, which means the specific absorption rate was
less dependent on the hydrodynamic factors at higher aniline
concentration.

To find out the controlling regime (mechanism) of reaction,
we have calculated the values of Ra/(ki, cai). These values are
tabulated in Table 3. From the foregoing analysis, the absorption
of CO, with aniline dissolved in carbon tetrachloride, there-
fore, appears to conform to the intermediate regime between
very slow, slow and fast reactions regime where the dissolved
CO, reacts partly in the film and partly in the bulk and yet

-12.5
—#— carbon tetrachloride
—@— chloroform
-13.0+
“x
&
= .135¢
-14.0 : ' : ‘
-1.0 -08 -06 -04 -02 0.0
In p,)

Fig. 4. Variation of specific absorption rate of CO; with partial pressure of CO»
at 1.50 kmol/m> aniline concentration, in carbon tetrachloride and chloroform,
at 303 £ 1 K, (liquid phase stirring speed = 110 rev/min, stirred contactor).

3.0
sl ™ 0.75 kmol/m’
2 7| —e—2.25 kmol/m’
£ 20l —A—45 kmol/m’
3
E 15/
=
~ 10t
M<
0.5t
0.0 : s s
45 60 75 90 105

stirring speed, rev/min

Fig.5. Variation of specific absorption rate of CO, with stirring speed at different
aniline concentrations in carbon tetrachloride (stirred cell) at 303 + 1 K.

there may be a finite quantity of dissolved CO; in the bulk
liquid.

Therefore, considering the intermediate reaction regime, we
have graphically found out the order of reaction with respect
to aniline. Here, instead of plotting In(R4) versus In(cp,), we
have plotted In(k1) (k1 was obtained using Eq. (A.9)) versus
In(cpo) in Fig. 7, owing to our observation that both ca; and
liquid viscosity (and hence D4 ) change with a change in cpo. It
was found from this graph that n, namely the order of reaction
with respect to liquid phase reactant B (aniline), is —0.05, which

Table 3

Calculated values of Ra/(kp caj) and (1 + (CBOD%5 /ZCAi D%S )) for the absorption of CO, with aniline dissolved in carbon tetrachloride at 303 K (Eqgs. (A.7) and
(A.))

Contactor Stirring speed (rev/min) pa® (atm) cgo (kmol/m?) Ra/(kpcai) 1+ (cpo D%S/chiD%S)
Stirred cell 102 0.83 0.75 0.630 3.68

Stirred cell 102 0.84 1.50 0.635 6.23

Stirred cell 102 0.86 2.25 0.642 8.68

Stirred cell 102 0.87 3.00 0.648 10.96

Stirred cell 102 0.90 4.50 0.667 15.29

Stirred contactor 110 0.84 1.50 0.691 6.25

Stirred contactor 110 0.74 1.50 0.687 6.96

Stirred contactor 110 0.64 1.50 0.683 7.89

Stirred contactor 110 0.54 1.50 0.672 9.17

? Values are corrected for the vapor pressure of carbon tetrachloride.
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Table 4

Absorption of CO; with aniline dissolved in carbon tetrachloride at 303 & 1 K with a stirring speed = 102 rev/min

Contactor cBo (kmol/m?) pa? (atm) Rate equation ki, —0.05 % 103 (kmol/m3)095 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 (A9) 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
Stirred contactor 1.50 0.64 (A.9) 1.16 Between very slow, slow and fast reaction regime
Stirred contactor 1.50 0.54 (A.9) 1.10 Between very slow, slow and fast reaction regime

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

can practically be rounded off to 0. Table 4 gives the pertinent
details. The average value of the intrinsic kinetic rate constant
(k1,0), at 303 £ 1 K, was estimated at 1.18 x 1073 s~1.

7.2. Absorption of CO2 with solution of aniline in
chloroform

The specific rate of absorption in the model stirred contactor
was found to be directly proportional to the partial pressure of
COy, which was varied from 0.42 to 0.72 atm, at the gas—liquid
interface (Fig. 4). It was found from Fig. 4 and Eq. (A.9) that m,
namely the order of reaction with respect to solute gas A (CO»),
is 1.08, which can be rounded off to 1.

It is apparent from Fig. 6 that the specific rate in the stirred
cell is dependent on the hydrodynamic factors in the range of
stirring speeds from 50 to 102 rev/min, for lower aniline con-
centrations. However, the specific rate was found to be almost
independent of the hydrodynamic factors, for higher aniline
concentrations.

From the foregoing analysis, and from the values of Ra/(ki,
caj) as given in Table 5, it appears that the absorption of CO,
with aniline dissolved in carbon tetrachloride, conforms to the
intermediate regime between very slow, slow and fast reactions
regime. In this regime, the dissolved CO; reacts partly in the
film and partly in the bulk and yet there may be a finite quantity
of dissolved CO3 in the bulk liquid.

k1 was obtained using Eq. (A.9). From the plot of In(k{) ver-
sus In(cp,) as shown in Fig. 7, it was found that n, namely the
order of reaction with respect to liquid phase reactant B (ani-
line), is —0.39, which can be rounded off to —0.4. Table 6

Table 5

3.0
— 075 kmol/m’
— 23 —e—2.25 kmol/m’
“g 20ll —4&—4.5kmol/m’ _//"/.
=
Q
E 15}
= 10} g
><
<
& 0.5+
00 1 ! !
45 60 75 90 105

stirring speed, rev/min

Fig. 6. Variation of specific absorption rate of CO, with stirring speed at different
aniline concentrations in chloroform (stirred cell) 303 £+ 1 K.
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5.0+
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-0.5 0.0 0.5 1.0 1.5 2.0
In(c,,)

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

Calculated values of Ra/(kr, cai) and (1 + (cgo Dg‘S/chi D%S)) for the absorption of CO, with aniline dissolved in chloroform at 303 K (Eqs. (A.7) and (A.8))

Contactor Stirring speed (rev/min) pa® (atm) cgo (kmol/m?) Ra/(kpcai) 1+ (cpo ng/chiD%S)
Stirred cell 102 0.70 0.75 0.552 3.66
Stirred cell 102 0.72 1.50 0.506 6.21
Stirred cell 102 0.74 2.25 0.478 8.63
Stirred cell 102 0.76 3.00 0.454 10.97
Stirred cell 102 0.80 4.50 0.436 15.32
Stirred contactor 110 0.72 1.50 0.567 6.21
Stirred contactor 110 0.62 1.50 0.557 7.05
Stirred contactor 110 0.52 1.50 0.554 8.22
Stirred contactor 110 0.42 1.50 0.544 9.95

2 Values are corrected for the vapor pressure of chloroform.
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Absorption of CO; with aniline dissolved in chloroform at 303 & 1 K with a stirring speed = 102 rev/min

Contactor cgo (kmol/m?) pa® (atm) Rate equation ki, —04 % 10* (kmol/m3)%4 s~ 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

2 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 Acetonitrile® Methyl ethyl ketone® Toluene?® m-Xylene®
81, MPa!2 at 298 K 18.0 18.70 24.60 19.05 18.30 18.06
g, at 298 K 2.23 4.8 36.60 18.50 2.40 2.30
ki, at 303 + 1 K (kmol/m3)~" s~ 1.18 x 1073 8.93 x 1074 1.40 x 107 490 x 107! 202x 107" 2.45x 1072

2 From Dinda et al. [64].
gives the pertinent details. The average value of the intrinsic 8
kinetic rate constant (k;,_o4), at 303+ 1K, was estimated at ,
8.93 x 10~* (kmol/m3)%4 s~ A acetonitrile’m
7.3. Effect of solvent on intrinsic kinetic rate constants

~
:_ 0 L
. 2 |
For the purpose of observing the effect of solvent on the = mtoluene’ methyl ethyl ketone”

intrinsic kinetic rate constant ki, the relevant data of Dinda et = 4l .f m-xyleng?
al. [63] has also been considered here (Table 7, Figs. 8 and 9). &
With the exception of chloroform as the solvent, the intrinsic C. ly

o . . . B CHCI
kinetic rate constant of k1 ,, appeared to increase with Hildebrand -8 3 .
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solubility parameter §; as well as with the relative dielectric con-
stant €. The Hildebrand solubility parameter is the total van der
Waals force, and is a numerical value that indicates the relative
solvency behavior of a specific solvent. It is derived from the
cohesive energy density of the solvent, which in turn is derived
from the heat of vaporization.
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Fig. 8. Variation of k;, with solubility parameter.

Relative dielectric constant, &

Fig. 9. Variation of k; , with relative dielectric constant.

8. Conclusions

The absorption of CO;, with solutions of aniline in commer-
cially available chlorinated hydrocarbon solvents such as carbon
tetrachloride and chloroform, within the aniline concentration
range between 0.75 and 4.50 kmol/m3, was found to conform to
the intermediate regime between very slow, slow and fast reac-
tions regime where the dissolved CO» reacts partly in the film
and partly in the bulk and yet there may be a finite quantity of
dissolved CO; in the bulk liquid. The reaction was found to be
first order with respect to CO;. The reaction order with respect
to aniline was found to be 0, and —0.4 in the case of carbon
tetrachloride and chloroform, respectively, as solvents. These
findings will have a direct bearing on the design and scale up of
absorber in the process development for carbamates/isocyanates.
In addition, there appears to be a correlation between the
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intrinsic kinetic rate constant and the polarity of the solvent
employed.
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Appendix A
Raa = lky n(ca))™ (cB0)" (A.1)
ki(cai) > lkm n(cai)™ (cBo)" (A2)
Ra = ki(cai) (A.3)
ki(cai) <tk n(cai)™ (cBo)" (A4)
2/m + DDk a(ca)" ™ (eao))'”’
((2/m + 1)Dp m,Z(CAl) (cB0)™) <1 (A.5)
L
Daki)!'/?
% > 1 (A6)
Daki)l/2 De\ /2
@ <1+ B0 (B (A7)
ky zcai \ Da
Ra = cai(Dak))'/? (A.8)
Rp = —ca@ak)?> L o [ (Dak)®?
tanh[(Dak1)™*/ kL] ki,
Ik tanh[(Dak1) / k
lky tanh[(Dak1)™"/ kL] (A9)

a (Daky)®
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