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Abstract: Carbon dioxide was absorbed into water-in-0il (w/0) emulsion composed of aqueous 2-amino-2-methyl-1-
propanol (AMP) droplets as a dispersed phase and benzene solutions of polybutene and polyisobutylene as a continuous
phase in a flat-stirred vessel to investigate the effect of non-Newtonian rheological behavior on the rate of chemical
absorption of CO,, where the reaction between CO, and AMP in the aqueous phase was assumed to be a pseudo-first-order
reaction. It was expressed that PIB with elastic property made the rate of chemical absorption of CO, accelerated by
comparison of mass transfer coefficient of CO, in the non-Newtonian liquid with that in the Newtonian liquid.
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1. Introduction only with Newtonian liquid properties such as surface

tension but also with some non-Newtonian and/or vis-

Gas-liquid mass transfer in non-Newtonian liquid is coelastic fluid properties.

an important example of gas absorption in pseudo- Only use of the apparent viscosity of non-Newtonian
plastic flow of industrial processes such as a fermen- fluids was not sufficient to obtain a unified correlation
tation broth, slurry, and fluidized bed, et al. Variation for kra values. Due to the complexities of gas absor-
of the volumetric liquid-phase mass transfer coefficient ption in non-Newtonian media, the correlations ob-
(kca) in gas-dispersed systems consists of the liquid- tained by these studies were limited to just a few kinds
side mass transfer coefficient (ki) and the specific of non-Newtonian fluids such as Carbopol, carboxy-
gas-liquid interfacial area(a). The former could be methylcellulose(CMC), polyacrylate(PA), polyethylene
correlated with Reynolds and Schmidt numbers including oxide(PEO), polyacrylamide(PAA), and polyisobutylene
liquid viscosity. It is likely that the latter varies not (PIB) solutions. If considerable reduction of k;a is due

to the viscoelasticity of the aqueous solution, then the

T2 2} 2H(e-mail :  swpark@pusan.ac.kr) extent to which data for the viscoelastic solution such
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Table 1. Coefficients of Dimensionless Group Gas-liquid Mass Transfer

Investigator n n; n polymer contactor
Yagi ‘and Yoshida [1] 2 0.5 -0.67 CMC, PA agitated vessel
Ranade and Ulbrecht [2] 100 l -0.67 CMC, PAA stirred tank
Nakanoh and Yoshida [3] 0.13 0.55 -1 CMC, PA bubble column
Park et al. [4] 100 1 -0.42 PB, PIB agitated vessel
Park et al. [5] 2461.3 1 -0.274 PB, PIB agitated vessel

as PAA deviate from those for the inelastic solution
such as CMC should correlate with some measure of
the solution’s elasticity. The dimensionless numbers,
which relate the elastic properties with the process
parameters, are either Deborah number (De) defined as
the ratio of the characteristic material time to the
characteristic process time, or Weissenberg number (Wi)
defined as the ratio of the first normal stress difference
to the shear rate. Unified correlations has been pro-
posed for kia in Newtonian as well as non-Newtonian
solutions by introducing the dimensionless term such as
(1+n;De™)™, which is listed in Table 1. As shown in
Table 1, values of the dimensionless group are different.

If the water-in-oil (w/0) emulsion system consists of
the dispersed phase of the aqueous-solution containing
reactant, and the continuous phase of the organic sol-
vent having larger gas solubility than water, then the
specific rate of absorption may be enhanced due to
larger solubility and chemical reaction. A qualitative
explanation of this phenomenon has been given by
various authors[6-9]: after small droplets of a liquid
immiscible with the continuous liquid phase absorb the
gas in the hydrodynamic mass-transfer film, desorption
of the gas takes place in the gas-poor bulk of the
liquid.

There is little information about the effect of elastic
properties on gas absorption into w/o emulsion com-
posed of aqueous droplets as dispersed phase and
non-Newtonian liquid as continuous phase. Park et al.
presented the dimensionless term such as (1+nDe™)™,
as shown in Table 1, to fit the experimental kia of
CO, absorption into non-Newtonian liquid[4] such as
benzene solution of polybutene (PB) and polyisobu-
tylene (PIB), and w/o emulsion[5] composed of water
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as dispersed phase and benzene solution of PB and
PIB as continuous phase in an agitation vessel.

It is worthwhile to investigate the effect of non-
Newtonian rheological behavior on the rate of chemical
absorption in w/o emulsion, where a reaction between
CO» and reactant occurs in the dispersed phase.

In this study, the chemical absorption mechanism of
CO; into w/o emulsion composed of aqueous AMP
solution and benzene solution of PB and PIB is pre-
sented, and the measured absorption rates of CO, are
compared with those obtained from the model based
on the penetration theory with chemical reaction. AMP
was used ax a reagent of CO, The volumetric mass
transfer coefficient obtained from the previous work]S]
is used to estimate the enhancement factor due to

chemical reaction.

2. Theory

In case of absorption of CO2(A) into w/o emulsion
with benzene solution of PB and PIB-aqueous AMP(B)
solution as shown in Fig. 1, the mathematical model is
developed to describe the absorption of CO; into the
continuous benzene phase through the gas-liquid inter-
face under unsteady-state and transfer into the dispersed
aqueous droplets through the liquid-liquid interface
under steady-state, where the chemical reaction of CO»
occurs.

The following assumptions are made to set up the
conservation equations:

1) Henry’s law holds, 2) the reaction of CO; with
reactant occurs in the aqueous droplets and is first-
order with respect to both CO, and AMP, 3) isothermal
condition prevails, 4) size and shape of the dispersed
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Fig. 1. Chemical absorption path of gas(A) into w/o emul-
sion.

aqueous droplets are uniform and sphere, and 5) although
the solubility[10] of AMP in benzene at 25°C is 2.7%,
this solubility is assumed to be zero.

Under these assumptions, the conservation equations
of CO, transferred into the dispersed aqueous phase

are given as

d’c de

DeA( a’rZA +% a’: ): kocacp (N
d*c de

DeB( rrsE )= vk acs )

Boundary conditions to be imposed are

dCB

r=R; ca=ca=HC,, 7=0 3
_q. dea _ dep _
=0~ =g —0 4

R is a radius of aqueous droplet in the benzene
solution. The stoichiometric coefficients(n) in Eq. (2)
for AMP was obtained from the reference, and its
value was 1]11].

Egs. (1), (2) and the boundary conditions are put

into dimensionless forms as follows:

dZCZA 2 a’a/A 9
aF Ty Tdy T Madas Q)
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.
where aa = Ca/Ca, @B = Cp/Co, Vv = I/R, ma =
*
RV kZCBo/DeA’ B = DCB/DeAa qs = CBO/VCA'
The effectiveness factor here can be defined as

_ 47R%*n , _ 3 da | ©)
(4/3) ﬁRBkzccho mi; dy v=l

Eyf

where na is the flux of CO, defined as Deadca/dr | =r.

The concentration of A in the droplets, « a, is obta-
ined from the numerical solution of Eqgs. (5) and (6) with
the boundary conditions, Eqs. (7) and (8), and then the
value of Er is obtained from Eq. (9). If the concentra-
tion of B in the droplets, cg is constant, the value of
Er can be obtained from the exact solution of Eq. (5).

If cp is equal to the interfacial constant concentration
(cei) between the continuous and dispersed phase, the
reaction of A with B becomes to be a pseudo-1st-order
reaction and the differential equation of Eq. (5) and the
boundary conditions of Eqgs. (7) and (8) are reduced to

dla, 2 das 9

dyz vy dy =(man)‘ay (5a)
y=1 a,=1 (72)
_ o daa

where, 7=V agp, ap=cplcn

The concentration profile of A is derived from the
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exact solution of Eq. (5a) is given as follows:

__sinh(ma7ny)
@477y sinh(m 1) (19)
Using Egs. (9) and (10), Er is derived as

man| tanh(man)  map

To derive @p;, the mass balance between the com-

ponent A and B in the droplets is written as follows:

R
4 2R (cp,— cp) = Ufo 4 — ca)dr

3 (12)

Eq. (12) is put into dimensionless forms as follows:
B S O PR
1-ap="2 | Y- ad

(13)

@i is derived from Eq. (13) with Eqgs. (9) and (10) as

follows:

(14

To derive the enhancement factor( ¢) due to a reac-
tion between CO; and AMP in the dispersed phase, the
conservation equation for the dissolved gas in the con-
tinuous phase with its volume fraction of at unsteady-

state is written as

DA%ZC{" = aaCtA + (1= &)kciacpoEs (15)
Boundary and initial conditions are given as

z=0, 0 Ca=Cy (16)
250, t=0; Ca=0 amn
z=0, 0 Ca=0 (18)
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Egs. (15) - (18) are put into the dimensionless form
as follows:

a;:;‘ = a;;“‘ + ME;Y 4 (19)
x=0, OO0 Ya=1 (20)
x>0, 0=0; Y4=0 2
x=00, 00 Y,=0 (22)

where, YA = CA/CAi, g = kLZ t/DA, X = kLZ/DA, M=
(1- € YkacaoHaDa/k", Ha = ca/Ca

The molar flux of CO; with chemical reaction at

any contact time(t) is defined as

dC4

NA:_DAW b a=o (23)

The mean molar flux of CO, during contact time(t)

is written as

_ t
NAzit fo N.dt (24)

The mean molar flux without chemical reaction
based on the penetration model during contact time has
been derived as follows[12]:

— )
N%ZZCAI' T?

From comparison of the penetration model with the

(25)

film model, the relation between t and kg is derived as
follows[13]:

(26)

The enhancement factor (@) here defined as the
ratio of molar flux with chemical reaction to that without
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chemical reaction, N,/N§, is described by using Egs.
(24) and (25) as follows:

__ VM ' 9Ya
¢= t Jo ox

| x=odt @7)

Because the mass transfer coefficient of CO; in the
dispersed phase(ki) can not be measured, it is calcu-
lated from the mass balance of CO, without chemical
reaction in the aqueous drop transferred from the con-
tinuous phase.

The conservation equation of CO, transferred into
the dispersed phase without chemical reaction from Eq.

(1) at steady state is given as

%(ﬂpm%ho (L.D)

Boundary conditions are given as

*
r=R; cao=cqa

_ . dea _
r=10; dr =)

In Eq. (9), the molar flux of CO; without chemical
reaction is defined as

dc
nAZ_DeA——d—YA l r=R (28)

Integration of Eq. (1.1) gives

1
DeAr

Ca= + ¢ 29)

From the boundary conditions and definition of na
in Eq. (28), the constant ¢; and c; are -Rex” and 0,

respectively. Therefore, na is arranged as follows:

D *
o= (30)

From comparison of Eq. (30) with the film theory,

kip is presented as follows:

D,
k=" 3D

3. Experimental

3.1. Chemicals

All chemicals in this study were reagent grade, and
used without further purification. Purity of both CO;
and N; was more than 99.9%. The polymers used in
this study were PB with the mean molecular weight of
680 (Daelim Industry Co. Ltd., Korea) and PIB with
the mean molecular weight of 1000000(Aldrich, U.S.A.).
The benzene solutions of various concentrations of PB
and PIB were used as Newtonian and non-Newtonian
liquids, respectively. For the absorption experiments,
the concentration of PB in the benzene solution was
20 and 30 wt%, and that of PIB was 0.1, 0.2, 0.5, 1.0
wt%, and that of AMP in the aqueous solution was in
the range of 0~2.0 kmol/m’. Volume fraction of
benzene in emulsion was fixed as a value of 0.6.

3.2. W/o Emulsion

The w/o type emulsion was made from benzene
solution of PB and PIB and water by the same pro-
cedure as those reported elsewhere[9] by adding Tween
80 (Aldrich Chem. Co.) and Arlacel 83 (Aldrich Chem.
Co.) as surfactant, and by using a homogenizer (Fisher
Scientific Co.) in the range of agitation speed of 1500-
10,000 rev/min. The mean size of aqueous droplets
was measured by Image Analyzer (Leitz TAS Plus
Co.), and its value was 4 X 10° m.

3.3. Rheological Properties of Emulsion
The rheological properties of w/o emulsion were

measured by the parallel disk type rheometer (Ares,
Rheometrics, U.S.A.) of the diameter of 0.05 m and
the gap of 0.001 m.

3.4. Rate of Absorption
Absorption experiments were carried out in an agitated

Membrane J. Vol. 14, No. 4, 2004
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vessel. The absorption vessel was constructed of glass
of 0.102 m inside diameter and of 0.151 m in height.
Four equally spaced vertical baffles, each one-tenth of
the vessel diameter in width, were attached to the
internal wall of the vessel. The liquid phase was agitated
with an agitator driven by a 1/4 Hp variable speed
motor without agitation in gas phase because of pure
CO, gas. A straight impeller with 0.05 in length and
0.02 m in width was used as the liquid phase agitator,
and located at the middle position of the liquid phase.
The gas and emulsion in the vessel were agitated with
the agitation speed of 200 rev/min. The absorption
rates of CO, were measured along the procedure
similar to those reported elsewhere[4] at 25°C and an
atmospheric pressure. The absorption rate of CO, was
measured using the observed values of the cumulative
volume of CO, for the change of absorption time. The
experimental procedure was represented in the reported

paper[4] in detail.

3.5. Solubility of CO2 in Emulsion

In general, the concentration of CO; dissolved in the
aqueous solution in order to get the solubility of CO
can be measured by the titration method with a dilute
HCI solution[14], but the amount of CO; dissolved in
the benzene solution in this study can not be measured
by this method, because CO, does not dissociate in the
benzene solution. The solubility of CO, was obtained
from measured the pressure difference of the CO»
between before- and after equilibrium between gas and
liquid phase along the procedure similar to those reported
elsewhere[15]. A digital pressure gauge made by Meriam
Instrument (Meriam Merigauge, U.S.A.) was used to
measure the pressure inside the saturator within *=0.01
kPa. From the mass of CO; dissolved in the emulsion
and the known volume of emulsion in the saturator,
the solubility of CO, was calculated. The experimental
procedure to get the solubility of CO, was represented
in the reported paper[4] in detail.

3.6. Density and Interfacial Tension
The densities of the emulsion with benzene solution

duel, A 14 4 A 4 5, 2004

of PB and PIB were measured by a pycnometer (Fisher
Scientific Co., U.S.A.).

The surface tension of benzene and the interfacial
tension between water and benzene solution of various
concentration of PIB and PB were measured by the
double capillary technique with the glass capillary of
inside radius of 7.65x10™ and 1.55x10° cm along

the procedure similar to those reported elsewhere[16].

4. Rheological and Physicochemical
Poperties of Emulsion and COz

In order to get the values of Er in Eq. (9) and ¢ in
Eq. (27), it is necessary to know the physicochemical
properties such as ki, ko, o, 4, De, o, solubilities of
CO; in dispersed and continuous phase, and diffusivities
of CO, and AMP. These values are obtained as men-

tioned below.

4.1. Rheological Properties
We assume that a power-law model, which has been

widely used for shear-dependent viscosity, can be repre-

sented the non-Newtonian flow behavior of emulsions.

r=Ky" ' 32)
p=Ky"! (33)
N, = Ay (34)

where n, K, b, and A are material parameters de-
pending on temperature.

These parameters were obtained from the dependence
of rand Ny on 7.

In order to observe the dependence of rand N; on
vy, rand N; of the w/o emulsion were measured
according to the change of y by the rheometer.

Fig. 2 shows typically the logarithmic plot of shear
stress versus shear rate for the emulsion with benzene
solutions of PB of 30 wt% containing PIB of 1 wt%,
respectively. The best straight-line fit was determined
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Fig. 2. Shear stress of H,O/(PIB/PB/Bz) emulsion as a
function of shear rate. (A:Bz, [_]: PB(30)/Bz, (O: PIB(1)/
PB(30)/Bz)

by the least-squares method with the plots in Fig. 2.
From the intercept and slope of the line, the values of
K and n were evaluated. Also, Fig. 3 shows the loga-
rithmic plot of primary normal stress difference versus
shear rate for the same solution in Fig. 2. As shown in
Fig. 3, the plots are linear, but the values of the primary
normal stress difference of emulsion with benzene and
benzene solution of 30 wt% PB are zero. From the

intercept and slope of the straight line in benzene
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Fig. 3. Normal stress difference of H,O/(PIB/PB/Bz) emul-
sion as a function of shear rate. (A:Bz, [ : PB(30)/Bz,
(O: PIB(1)/PB(30)/Bz)

solution of 30 wt% PB and 1 wt% PIB, the values of
A and b were evaluated. The parameters, K, n, A and
b for the emulsion with benzene solution of various
concentration of PB and PIB are give in Table 2.
One of parameters used frequently to represent the
characteristics of viscoelasticity is known as the
characteristic time of the liquid defined as

=2 (35)
uy

Table 2. The Physicochemical and Rheological Properties of CO, and w/o Emulsion with Void Fraction of Continuous

Phase of 0.6
PB PIB  Interfacial tension Diffusivity ~Solubility =~ Density Rheological properties
(Wt%)  (Wi%) (N/m) (m¥s)x10°  (kmol/m®)  (kg/m’) n K b A
0 0 34.7 1.98 0.095 949.6 0.560 1.196 0 0
0 25.7 1.38 0.079 953.0 0.458 5.035 0 0
0.1 24.7 1.70 0.077 939.4 0.436 6.974 0.704 0.078
20 02 24.6 1.74 0.074 9424 0.415 8.559 0.735 0.085
0.5 23.4 1.76 0.073 948.3 0.401 9.835 0.798 0.124
1.0 21.8 1.68 0.073 963.9 0.396 17.453 0.897 0274
0 24.5 1.03 0.076 950.7 0.431 6.114 0 0
0.1 24.1 143 0.073 939.6 0417 7.385 0.704 0.086
10 0.2 23.8 1.53 0.071 941.1 0.408 10.641 0.732 0.193
0.5 22.9 1.57 0.069 945.1 0.443 11.239 0.751 0.293
1.0 20.8 1.61 0.067 948.8 0.396 17.350 0.810 0.786

Membrane J. Vol. 14, No. 4, 2004
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Fig. 4. Effect of concentration of PIB on Deborah number
at PB of 20 wt%.

In terms of the parameters K, A, n, and b defined
by Egs. (28) and (30), the characteristic time, A, can
be expressed as

(36)

The dimensionless numbers, which relate the elastic
properties with the process parameters are either Deborah
number, or Weissenberg number. In Deborah number
(De), the characteristic liquid time is measured against
a characteristic process time, which is considered to be
related in same way to the reciprocal of the impeller
speed for stirred tanks, and it is derived with Eq. (36)
as follows:

De=N=4% "'\

(37

The shear rate, A in Eq. (37) is obtained from the
equation, A= 47N/ [5].

To observe the effect of the concentration of PIB
and the speed of impeller on De calculated from Eq.
(37), De is plotted against the concentration of PIB
with speed of impeller as parameter in Fig. 4 with the
shear rate for the typical concentration of PB of 20

wugel, A 14 A A 4 3, 2004

wt%. As shown in Fig. 4, De increases with increase
of the concentration of PIB and the speed of impeller.
Dependence of De on the concentration of PIB is
reasonable because of the clasticity of PIB, and the
impeller speed makes De increase in the agitated
vessel with the viscoelasticity liquid.

4.2. Reaction Rate Constant
In the reaction of CO, with AMP[11], the reaction
rate constants were estimated as follows:

log k= 10.986 — -=221:2

4.3. Solubility of CO2

The solubility of CO, in water was taken as 0.0328
kmol/m3[17] at 25°C and 0.1013 MPa. The solubility
of CO, in AMP[18] solution was estimated as follows:

ca=3.328x1072—3.76x10 Pcp,+4x10 1%,

The solubilitiecs of CO, in benzene solution of PB
and PIB and in the w/o emulsion at 25°C and 0.1013
MPa were measured using the pressure measuring
method, and the measured value
0.1107 kmol/m’.

in benzene was

4.4. Diffusivities of CO2 and AMP

The diffusivity of CO, (Da) in benzene estimated
from the Wilke-Chang equation[19] was 3.853 X 10°
m’/s at 25°C.

The diffusivity of CO» (Dea)[18] in AMP solution
was estimated as follows:

D,y =2.1625x10 ¥ —6.85 <10 Vg +7x10 " Mch,

The diffusivity of AMP (Deg) in aqueous AMP solu-
tion was obtained from assumption that the ratio of
Des to Dea was equal to the ratio in water[20]. The
diffusivities of CO, and AMP in water at 25°C were
taken as 1.97x 10 m%s [17] and 7.24 % 10" m%/s[19)],
respectively.
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The diffusivity of a solute of a small size such as
CO», O, or CHy in a polymer solution depends on the
viscosity of the solution and the molecular weight of
the polymer. The diffusivity of CO; (D) in the benzene
solution of PB and PIB was obtained from the following
equation suggested by Lohse et al.[21], which was
modified from the Stoke-Einstein equation, and correlated
with the molecular weight of the polymer in the solution.

Do/ Dy= (prof ) ¥ MM (38)

The molecular weight of the mixed polymer in the
benzene solution of PB and PIB, Mp, was calculated

by the addition rule as follow:
Mp = xpg X Mpp + X pB X MpB (39)

where, xpg and xpp are mole fraction of PB and PIB,
respectively.

In case that a solute is absorbed into w/o emulsion,
the presence of the microphase(dispersed phase) has an
effect on the diffusivity of the solute in the continuous
phase, and the effective diffusivity (Der ) was obtained
by the empirical equation as follows[22],

Doy 1.209(e— 1)1 —¢&)
D, — Lt (1-a)(1— e +0.806 (40)

where QZTZ_%(“C_E_I1H§—1) and §=—H%DCZA

The parameter, { is the ratio of the diffusivity
through the microphase and the diffusivity through the
continuous phase with a correction for differences in
solubilities in the microphase and continuous phase
expressed by the distribution coefficient (Ha) which is
obtained from the ratio of the solubility of CO: in
benzene to that in aqueous solution.

4.5, Liquid-side Mass Transfer Coefficient
of COq2
The mass transfer coefficient (ki) of CO; in COy/

emulsion system without AMP in the aqueous droplets
was estimated by using the empirical equation[5] cor-
relating the relationship between kra and the experi-
mental variables in the w/o emulsion of non-Newtonian

liquid as follows.

krad®| Doy=6.348x10 ~*(d" No/ )" "/ 11,)**

(1+2461.3De) """(g/q,) """ (41)

The values of solubility of CO,, density of emulsion,
diffusivity of CO, and interfacial tension are given in
Table 2.

5. Results and Discussion

To observe the effect of rheological properties of
w/o emulsion on the rate of chemical absorption, the
absorption rate of CO; into w/o emulsion with the dis-
persed phase of aqueous AMP solution was measured
according to change of reactant concentration in the
aqueous phase under the typical experimental conditions
such as agitation speed of 200 rev/min, aqueous
droplet size of 40 ym in emulsion prepared at agitation
speed of 5000 rev/min using a homogenizer, volume
fraction of continuous phase of 0.6, and the concen-
trations of PB of 20 and 30 wt%, and these of PIB of
0~1.0 wt%.

To observe the effect of viscoelasticity on the mass
transfer coefficient of CO; (ki) in w/o emulsion of
H,O/(PB/PIB/Bz) system, the effect of viscosity on ki
was observed. The viscosity of the w/o emulsion and
ki, were estimated using Eqgs. (29) and (41), respec-
tively, and Fig. 5 and 6 show typically plots of viscosity
of w/o emulsion against the PIB concentration and ki
against 4 at PB of 30 wt%, respectively. As shown in
Fig. 5 and 6, the viscosity increase with increasing
PIB concentration, and k; decreases with increasing the
viscosity. Note that mass transfer coefficient of a solute
in the liquid phase is in inverse proportional to the
viscosity of the liquid phase, because the diffusivity of
the solute is in inverse proportional to the viscosity.

Membrane J. Vol. 14, No. 4, 2004
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Fig. 5. Effect of PIB concentration on viscosity of w/o
emulsion with PB of 30 wt%.
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Fig. 6. Effect of viscosity on the mass transfer coefficient
for w/o emulsion with PB of 30 wt% and PIB of 0.1~1

wt%.

The mass transfer coefficient of CO; in the Newto-
nian liquid under assumption that the non-Newtonian
liquid of the continuous phase with PIB excludes the
elastic property, i.e., D=0, was obtained from the fol-
lowing equation representing the Newtonian behavior
in Eq. (41),

B, A 14 ¥ A 45, 2004

2.0

Symbol | Continuous phase
O non-Newtonian
Newtonian

R, X I\Q8 (kmol/s)

0.0 L . i L
0.0 0.2 0.4 0.6 0.8 1.0

PIB (wWi%)

Fig. 7. Effect of PIB on physical absorption rate in w/o
emulsion with PB of 30 wt%.

kiad?| D = 6.348 %10 ~*(d* No/ 1£) > (42)

The calculated value of ki from Eq. (32) according
to the change of PIB concentration of 0.1 ~1 wt% was
plotted as a triangle symbol in Fig. 6. As shown in
Fig. 6, ki of Newtonian liquid decreases with increasing
the viscosity, and is smaller than that of non-Newtonian
liquid. This means that the elasticity of PIB accelerates
the mass transfer coefficient.

The rate of physical absorption of CO,; (Rao) in the
w/o emulsion was estimated using a equation correlating
Egs. (25) and (26) as follows:

Rao="FkraCy; (43)
where a is the contact interfacial area between gas and
liquid.

Rao were calculated from Eq. (43) using k; of New-
tonian and non-Newtonian liquid in Fig. 6 and plotted
against the PIB concentration, respectively, in Fig. 7.
As shown in Fig. 7, Ra, containing the elasticity of
non-Newtonian behavior is larger than R, without
elastic property. From the results of Fig. 4 and 7, this
means that the elasticity of PIB increases the rate of
physical absorption.
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Table 3. Classification of reaction regime

coo(kmol/m®)  V Doaksdpolkrr  cpoV Deg/Deal (vc)
0.1 4.53 0.92
0.5 10.82 4.62
1.0 16.67 9.24
1.5 22.34 13.86
2.0 28.31 18.48

To ascertain the reaction of CO, with AMP to be a
pseudo-1st-order reaction, it is necessary to observe the
effect of chemical reaction on the rate of mass transfer
of CO, in the heterogeneous reaction system. Depending
on the relative rates of diffusion and reaction, for con-
venience the system may be classified into four regimes
such as very slow reactions, slow reactions, fast reac-
tions, and instantaneous reactions[23].

In this system, the diffusion rate of CO, into the
dispersed aqueous phase from the continuous phase and
the reaction rate of CO; with AMP in the dispersed
phase are considered to determine the reaction regime.
Because the mass transfer coefficient of CO; (ki) in
the dispersed phase can not be measured, it is calculated
from the mass balance of CO, without chemical reaction
in the aqueous drop transferred from the continuous
phase are considered to determine the reaction regime.

The values of VD _ikscpo/Kr; and  CyoV Do/ Don/(vch)
were calculated using the physicochemical properties
such as Dea, Dep, ko, ca in the range of the AMP
concentration of 0.1~2.0 kmol/m3, and were listed in
the Table 3. As shown in Table 3, V D_ik.colks, is
larger than 1, and the value of \ Dkycpo/k;; is larger
than that of cgoV D,s/D.a/(vch). Therefore, the system

of chemical reaction of CO, with AMP is the instan-
taneous reaction regime, and the concentration of B
reagent in the dispersed -aqueous phase may be con-
sidered as a constant value such as cg; during reaction
with CO,. Therefore, eﬁuation (11) can be used to get
the value of Eg which is needed to calculate the
enhancement factor.

To observe the effect of elasticity of PIB on the
chemical reaction of CO. with AMP, the rate of chem-

20

symbol PB
O 20
A 30

R, x10(kmol/s)
N P
\\YE
i

0.5

0.0 . L ) L
0.0 02 0.4 0.6 0.8 1.0

PIB (Wt%)

Fig. 8. Effect of PIB on the rate of chemical absorption
at cae=1 kmol/m’.

ical absorption of CO, into w/o emulsion with dispersed
phase of AMP aqueous solution was measured at PB
of 20 and 30 wt% and PIB of 0.1~1 wt% according
to AMP concentration of 0.1~2.0 kmol/m’. Fig. 8
shows typical plot of the mean molar rate of chemical
absorption (Ra) against the concentration of PIB at
AMP concentration of 1 kmol/m’. The solid line curves
represent the calculated mean molar flux using Eq.
(24) multiplied by contract interfacial area (a) at the
contact time (4Da/ 7k ) which is obtained from Eq.
(26).

As shown in Fig. 8, Ra has a constant value at PIB
of 0.1~1 wt% except PIB of 0. But, R4 should be de-
crease with increasing the PIB concentration because
of a tendency to decrease of Ra, as shown in Fig. 7.
The reason why Ra does not decrease with increasing
PIB concentration may be explained using the enhance-
ment factor, ¢, as below.

Ra is expressed from the definition of as follows.
Ra=¢Ra, (44)

The value of ¢ is calculated using Eq. (27), and
Fig. 9 shows a typical plot of ¢ against the concen-
tration of PIB at AMP concentration of 1 kmol/m’ and

Membrane J. Vol. 14, No. 4, 2004
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Fig. 9. Effect of PIB on the enhancement factor at cp,=1
kmol/m”.

PB of 20 and 30 wt%.

As shown in Fig. 9, the enhancement factor increases
with increasing of PIB concentration, and its value at
PB concentration of 30 wt% is larger than that of 20
wt%.

Decrease of ki with increase of PIB concentration as
shown in Fig. 6 makes the dimensionless parameter,
M, increased, which is a major parameter increasing
the enhancement factor[9]. Meanwhile, decrease of ki,
makes Ra, decreased as shown in Fig. 7. From these
results and Eq. (28), Ra may be almost constant as
shown in Fig. 8.

To observe the effect of concentration of AMP on
the rate of chemical absorption, the rate of chemical
absorption was measured according to the change of
AMP concentration. Fig. 10 shows typically a plot of
Ra against AMP concentration at PB of 30 wt% and
PIB of 1 wt%.

As shown in Fig. 10, Ra increases with increasing
AMP concentration. The rates of chemical absorption
into w/o emulsion with the non-Newtonian and New-
tonian liquid as the continuous phase are shown as a
solid and dotted line in Fig. 10, respectively, which are
calculated using Eq. (44). The value of ki in the
former comes from Eq. (41) and that in the latter from

AeyRl A 14 H A 45, 2004

R, x 10° (kmol/s)

Viscoelastic liquid

Newtonian liquid

Cpo (km/m’ )

Fig. 10. Effect of AMP concentration on the rate of
chemical absorption into the w/o emulsion with PB of 30
wt% and PIB of 1 wt%.

Eq. (42). As shown in Fig. 10, the value of the dotted
line smaller than that of the solid line. This means that
the elastic due to PIB also accelerates the rate of
chemical absorption.

6. Conclusions

Rates of chemical absorption of CO, in w/o emulsion
were measured in a flat-stirred vessel at 25°C. The w/o
emulsion was composed of aqueous AMP droplets as a
dispersed phase and non-Newtonian viscoelastic benzene
solutions of PB and PIB as a continuous phase.

A mathematical model was developed as a combina-
tion of physical absorption into the continuous phase
through the gas-liquid interface on the basis of the
penetration model and chemical absorption into the
dispersed phase through the liquid-liquid interface on
the basis of film model.

The mass transfer coefficient and rate of physical
absorption were increased due to non-Newtonian elas-
ticity compared with that of Newtonian viscosity. The
volumetric mass transfer coefficient containing the elastic
properties such as Deborah number was used to estimate
the enhancement factor for the chemical absorption.
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Nomenclature

Ca concentration of CO in continuous phase,

[kmol/m"’]

ca  concentration of CO, in dispersed phase,
[kmol/m’]

cg  concentration of AMP in dispersed phase,
[kmol/m’]

d diameter of impeller, [m]

ko  2™-order-reaction constant, [m3/kmol s}

M, molecular weight of benzene, [kg/kmol]

Mpg molecular weight of PB, [kg/kmol]

Mpip molecular weight of PIB, [kg/kmol]

N impeller speed, [1/s]

radial distance in aqueous phase,[m]

time, [s]

temperature, {K]

coordinate in film thickness direction in benzene

N g — "

phase, [m]

Greek letters

Y shear rate, [1/s]

o interfacial surface tension between water and
benzene solution of PIB and PB, [N/m]

Co interfacial surface tension between water and
benzene solution of PB, [N/m]

U viscosity of liquid, [Ns/mz]

Lo viscosity of benzene, [Ns/m’]

v stoichiometric coefficient in chemical reaction
of CO, with amine

0 density of non-Newtonian liquid, [kg/m3]
shear stress, [N/m’]

enhancement factor

Subscripts
A CO;
B AMP
€ aqueous

—

gas-liquid interface
bulk body

water phase

*2 o]

liquid-liquid interface
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