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ABSTRACT

Carbon dioxide was absorbed into water-in-oil (w/o emulsion) composed

of aqueous droplets as dispersed phase and benzene solutions of

polybutene (PB) and polyisobutylene (PIB) as continuous phase in an

agitated vessel to get the liquid-side volumetric mass transfer coefficient

(kLa). The effect of viscosity, pseudoplasticity, viscoelasticity, and

interfacial tension of the emulsion, and speed and size of impeller on the

gas– liquid mass transfer were investigated. The elastic properties,

considered in the form of the Deborah number, were found to decrease

the volumetric mass-transfer coefficient. On the basis of experimental
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data of kLa, a dimensionless empirical equation for kLa was proposed

using the Deborah number and interfacial tension as follows:

kLad2=Deff ¼ 6:348 � 10�9ðd2Nr=ZÞ2:536ðZ=ZoÞ2:397

�ð1 þ 2461:3DeÞ�0:274ðs=soÞ�0:039

Key Words: Carbon dioxide; Gas absorption; Non-Newtonian liquid;

Viscoelasticiy; Mass transfer coefficient; Emulsion; Interfacial tension.

INTRODUCTION

Gas–liquid mass transfer in non-Newtonian liquid is an important

example of gas absorption in pseudoplastic flow relevant to industrial

process such as a fermentation broth, slurry, and fluidized bed. Variation of

the volumetric liquid–phase mass-transfer coefficient, kLa, in gas-dispersed

systems consists of the variation of the mass-transfer coefficient, kL, and

that of the specific gas–liquid interfacial area, a. The former could be

correlated with the Reynolds and Schmidt numbers, which include liquid

viscosity. It is likely that the latter varies not only with Newtonian liquid

properties, such as surface tension, but also with some non-Newtonian and/or

viscoelastic fluid properties.

Mere use of the apparent viscosity of non-Newtonian fluids was not

sufficient to obtain a unified correlation for kLa values. Due to the

complexities of gas absorption in non-Newtonian media, the correlations

obtained by these studies were limited to just a few kinds of non-Newtonian

fluids, such as Carbopol, carboxymethylcellulose (CMC), polyacrylate

(PA), polyethylene-oxide (PEO), and polyacrylamide (PAA) solutions. If

some substance is to be given to the suggestion that the considerable

reduction of kLa is due to the viscoelasticity of the aqueous solution, then

the extent to which data for the viscoelastic solution, such 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

the Deborah number, De, defined as product of the characteristic material

time and the agitation speed, or the Weissenberg number, Wi, defined as

the ratio of the first normal stress difference to the shear rate.

Unified correlations have been proposed for kLa in Newtonian as well

as non-Newtonian solutions by introducing the dimensionless term such as

(1 + n1Den2)n3, which is listed in Table 1. As shown in Table 1, figures in

the dimensionless term are different one another.
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Suh et al.[4] have also proposed the dimensionless term such as

(1 + 0.18Wi0.93)�1 to fit the experimental kLa of O2 absorption in a bubble

column using CMC, PAA, and Xanthan as non-Newtonian liquids. Vlaev

et al.[5] used the apparent viscosity of the non-Newtonian liquid, and pro-

posed the dimensionless equation, such as Sh = 9.71 � 10�7Re2.47(m/mw)2.1

for the oxygen transfer in colloidal dispersions of cornstarch in water using

a stirred vessel.

Kawase et al.[6] presented a theoretical model for kLa in bubble

columns using non-Newtonian fluids based on Higbie’s penetration theory

and Kolmogoroff’s theory of isotropic turbulence. They used the flow

behavior index, n, in the power law liquid of Ostwald de Waele to correlate

kLa with the modified Schmidt and Reynolds number.

If the system is w/o type emulsion such that the dispersed phase is the

aqueous-solution containing reactant, and the continuous phase is the

organic solvent having larger solubility of gas than water, then the specific

rate of absorption may be enhanced because of larger solubility and

chemical reaction. A qualitative explanation of this phenomenon has been

given by various authors:[7 – 10] small droplets of a liquid immiscible with

the continuous liquid phase absorb the gas in the hydrodynamic mass-

transfer film, after which, 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 water-in-oil emulsion composed of aqueous droplets as

dispersed phase and non-Newtonian liquid as continuous phase. Park

et al.[11] presented the dimensionless term, such as (1 + n1Den2)n3, as shown

in Table 1, to fit the experimental kLa of CO2 absorption into non-

Newtonian liquid, such as benzene solution of polybutene and polyisobu-

tylene, in an agitated vessel.

The present work as a series of studies[11] about the absorption of CO2

into non-Newtonian liquids was intended to obtain a unified correlation for

kLa in the w/o emulsion composed of water as a dispersed phase and non-

Newtonian fluids as a continuous phase in a flat agitated vessel, and to

Table 1. Coefficients of dimensionless group gas– liquid mass transfer.

Investigator n1 n2 n3 Polymer Contactor

Yagi and Yoshida[1] 2 0.5 � 0.67 CMC, PA Agitated vessel

Ranade and Ulbrecht[2] 100 1 � 0.67 CMC, PAA Stirred tank

Nakanoh and Yoshida[3] 0.13 0.55 � 1 CMC, PA Bubble column

Park et al.[11] 100 1 � 0.42 PB, PIB Agitated vessel

Absorption of Carbon Dioxide. II 3985

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



observe the effect of elasticity of non-Newtonian liquid in emulsion on kLa.

The particular system chosen for this study was carbon dioxide absorption

into emulsion with continuous phase of benzene solutions of polybutene

(PB) and polyisobutylene (PIB) with varying the rheological properties.

EXPERIMENTAL

Chemicals

All chemicals in this study were reagent grade and used without further

purification. Purity of both CO2 and N2 was more than 99.9%. The polymer

additives used in this study were PB with a mean molecular weight of 680

supplied by Daelim Industry Co. Ltd., Korea, and PIB with a mean

molecular weight of 1,000,000 supplied by Aldrich, USA. 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 volume fraction of water in

emulsion was fixed as a value of 0.4.

w/o Emulsion

The w/o type emulsion made from benzene solution of PB and PIB and

water was made by the same procedure as those reported elsewhere[10] by

adding Tween 80 (Aldrich Chemical Co.) and Arlacel 83 (Aldrich Chemical

Co.) as surfactant, by using a homogenizer (Fisher Scientific Co.) in the

range of agitation speed of 1500 to 10,000 rev/min. The mean size of

aqueous droplets was measured by an image analyzer (Leitz TAS Plus Co.,

Germany), and its value was 4 � 10�5m.

Rheological Properties of Emulsion

The rheological properties of w/o emulsion were measured by the

parallel disk-type rheometer 0.05 m in diameter with a gap of 0.001 m

(Ares, Rheometrics, USA).

Volumetric Mass Transfer Coefficient

Absorption experiments were carried out in an agitated vessel. The

absorption vessel was constructed of glass with a 0.102 m inside diameter

and 0.151 m in height. Four equally spaced vertical baffles, each one-tenth

3986 Park et al.
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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 CO2

gas. A straight impeller with 0.05 and 0.07 m length and 0.02 m 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

agitation speeds of 200, 300, and 400 rev/min. The absorption rates of CO2

were measured along a procedure similar to those reported elsewhere[10,11]

at 25�C and at atmospheric pressure. The volumetric mass-transfer co-

efficient, kLa, was obtained using the observed values of the cumulative

volume of CO2 for the change of absorption time if the gas–liquid interface

was kept constant or not. The experimental procedure was duplicated that

as reported in published research[10,11] in detail.

Solubility of CO2 in Emulsion

In general, the concentration of CO2 dissolved in aqueous solution to

get the solubility of CO2 can be measured by the titration method with a

dilute HCl solution,[12] but the amount of CO2 dissolved in the benzene

solution in this study cannot be measured by this method, because CO2

does not dissociate in the benzene solution. The pressure measuring method

was used in this study by measuring the pressure difference of the CO2

between before and after equilibrium between gas and liquid phase similar

to the procedure reported elsewhere[13] to get the solubility of CO2 in the

emulsion at 25�C. A digital pressure gauge, made by Meriam Instrument

(Meriam Merigauge, USA) was used to measure the pressure inside the

saturator within ± 0.01 kPa. From the mass of CO2 dissolved in the emulsion

and the known volume of emulsion in the saturator, the solubility of CO2,

CAi, was calculated. The experimental procedure to get the solubility of CO2

was duplicated that as reported in published research[11] in detail.

Density of Emulsion

The densities of the emulsion with benzene solution of PB and PIB

were measured at 25�C within ± 0.1 kg/m3 by weighing with a pycnometer

(Fisher Scientific Co., USA) and were found to be identical within

experimental accuracy to the density of water.

Interfacial Tension Between Water and Benzene Solution

The surface tension of benzene and the interfacial tension between

water and benzene solution of various concentrations of PIB and PB were

Absorption of Carbon Dioxide. II 3987
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measured by the double capillary technique with a glass capillary with an

inside radius of 7.65 � 10�4 and 1.55 � 10�3 cm, with a procedure similar

to those reported elsewhere.[14]

Solubility of CO2, density of emulsion, and interfacial tension are given

in Table 2.

RESULTS AND DISCUSSION

Rheological and Physicochemical Properties
of the Emulsion and CO2

We assumed that a power-law model, which has been widely used for

shear-dependent viscosity, can represent the non-Newtonian flow behavior

of emulsions.

t ¼ Kgn ð1Þ

Z ¼ Kgn�1 ð2Þ

N1 ¼ Agb ð3Þ

where n, K, b, and A are material parameters depending on temperature.

These parameters were obtained from the dependence of t and N1 on g. To

observe the dependence of t and N1 on g, t and N1 of the w/o emulsion

were measured according to the change of g by the rheometer.

Figure 1 shows the typical logarithmic plot of shear stress vs shear rate

for the emulsion with benzene solutions of PB of 30 wt% and of PB of

30 wt% containing PIB of 1 wt%, respectively. The best straight-line fit

was determined by the least-squares method with the plots in Figure 1.

From the intercept and slope of the line, the values of K and n were

evaluated. Also, Figure 2 shows the logarithmic plot of primary normal

stress difference vs shear rate for the same solution in Figure 1. As shown

in Figure 2, 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

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.

As shown in Table 2, the w/o emulsion with benzene and benzene

solution of PB show non-Newtonian liquid, and only the emulsion with

benzene solutions of PIB show any measurable primary stress difference.

Therefore, they are considered to be viscoelastic.

Absorption of Carbon Dioxide. II 3989
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One of parameters used frequently to represent the characteristics of

viscoelasticity is known as the characteristic time of the liquid defined as

l ¼ N1

Zg2
ð4Þ

In terms of the parameters K, A, n, and b defined by Eqs. 1 and 3, the

characteristic time, l, can be expressed as

l ¼ A

K
gb�n�1 ð5Þ

From Eq. 5, the characteristic time is plotted against shear rate in Figure 3

with concentrations of PIB as a parameter in the benzene solution of PB 20

wt% using the rheological properties in Table 2. As shown in Figure 3, l
decreases as the shear rate increases, and the concentration of PIB

Figure 1. Shear stress of H2O/(PIB/PB/Bz) emulsion as a function of shear rate.

(4: Bz, 5: Bz(30)/Bz, 6: PIB(1)/PB(30)/Bz).

3990 Park et al.
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decreases. This means that the more the concentration of PIB increases, the

more the emulsion depends on the elasticity.

The dimensionless numbers, which relate the elastic properties with the

process parameters, are either the Deborah number, or the Weissenberg

number. In the 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. 5 as follows.

De ¼ lN ¼ A

K
gb�n�1N ð6Þ

It is obvious from Eq. 2 that the viscosity, Z, depends on the shear rate,

and thus Z is not a material parameter. It is particularly difficult to

determine the value of Z in the stirred tank where the shear rate is linked to

Figure 2. Normal stress difference of H2O/(PIB/PB/Bz) emulsion as a function of

shear rate. (4: Bz, 5: Bz(30)/Bz, 6: PIB(1)/PB(30)/Bz).
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the impeller speed. The shear rate of a non-Newtonian fluid is of

importance in fixing the rheological or viscometric behavior of such a

material, and it depends on the hydrodynamic characteristics of the fluid.

An apparent viscosity based on an average shear rate in the agitated

vessel as proposed by Nishikawa et al.[15] is defined as

Z ¼ t=gavg ð7Þ

Metzner and Otto[16] found that in applying Eq. 7 to correlate rates of

viscous dissipation in agitated vessels, the average shear rate gavg could be

simply related to the impeller speed by

gavg ¼ AsN ð8Þ

Figure 3. Characteristic times of emulsion as a function of shear rate at PB of

20 wt%.

3992 Park et al.
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where As is a proportionality constant. They gave a general equation from

use in viscometric equipment approximating a long cylinder rotating in an

infinite fluid as follows:

gavg ¼ 4p
n

N ð9Þ

The viscosity of the power-law liquid is a function of shear rate, as

shown in Eq. 2, and the average shear rate depends on the impeller speed

in the baffled tank, as shown in Eq. 9. Therefore, the apparent viscosity

can be estimated from the following equation, which is derived Eqs. 2

and 9.

Z ¼ Kn1�nð4pNÞn�1 ð10Þ

Nishikawa et al.[15] correlated the average shear rate with the super-

ficial gas velocity of air, UG, in CMC solution of the bubble column by the

equation, gavg = 50 UG. Yagi and Yoshida[1] related the average shear rate

to the impeller speed, N, in the sparged agitated vessel by gavg = 11.5 N.

Suh et al.[4] presented the effective shear rate correlatd with UG
1/(n + 1) in the

bubble column.

Calderbank and Moo-Young[17] extended the Metzner–Otto approach

to allow the proportionality constant, As, in Eq. 8 to be a function of the

flow behavior index, n

gavg ¼ BN
4n

3n þ 1

� � n
1�nð Þ

ð11Þ

For pseudoplastic fluids, they determined the value of the constant B

by matching power numbers for non-Newtonian agitation to the cor-

responding correlation for Newtonian agitation. The reported value for B

for turbines and propellers was 11 ( ± 10%).

Perez and Sandall[18] derived the apparent viscosity for the liquid and

impeller used in their work from Eqs. 2 and 11.

Z ¼ Kð11NÞn�1 3n þ 1

4n

� �n

ð12Þ

The apparent viscosity given by Eq. 10 or Eq. 12 depends upon not

only the rheological properties, but also the agitation speed of impeller.

To observe the effect of the concentration of PIB and the speed of

impeller on Deborah number, De, calculated from Eq. 6, is plotted against

the concentration of PIB with the speed of the impeller as a parameter

Absorption of Carbon Dioxide. II 3993

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



in Figure 4, with the shear rate obtained from Eq. 9 for the typical

concentration of PB of 20 wt%. As shown in Figure 4, De increases with an

increase in the concentration of PIB and the speed of the impeller.

Dependence of De on the concentration of PIB is reasonable because of the

elasticity of PIB, and the impeller speed makes the Deborah number

increase in the agitated vessel with the viscoelasticity liquid.

The diffusion coefficient of a solute of a small size, such as CO2, O2,

or CH4, in a polymer solution depends on the viscosity of the solution and

the molecular weight of the polymer. The diffusion coefficient of CO2 in

the benzene solution was obtained from the following equation, suggested

by Lohse et al.[19] which was modified from the Stoke–Einstein equation

and correlated with the molecular weight of the polymer in the solution.

Dc=Do ¼ ðZo=ZÞ3:7
ffiffiffiffiffiffiffiffiffiffiffi
Mo=Mp

p
ð13Þ

Figure 4. Effect of concentration of PIB on Deborah number at PB of 20 wt%.
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The molecular weight of the polymer in the benzene solution of PB and

PIB was calculated by the addition rule as follows:

MP ¼ xPB � MPB þ xPIB � MPIB ð14Þ

where, xPB and xPIB are mole fraction of PB and PIB, respectively.

The diffusion coefficient of CO2 in benzene at 25�C, Do, was obtained

from the Wilke–Chang equation,[20] and its value was 3.85 � 10�9 m2/s.

In case 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, Deff, was obtained by

the empirical equation[21] as follows:

Deff

Dc

¼ 1 þ 1:209ða� 1Þe
ð1 � aÞe1=3 þ 0:806a

ð15Þ

where

a ¼ 2z
z� 1

z
z� 1

ln z� 1

� �
; z ¼ mADd

Dc

The parameter, z 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, mA.

The effective diffusivity of CO2 in the w/o emulsion with the benzene

solution of various concentrations of PB and PIB was calculated from

Eq. 15 with Dc from Eq. 13, and are given in Table 2. As shown in Table

2, the effective diffusivity decreased as the concentration of PB decreased

and as the concentration of PIB increased because of the elastic behavior

of PIB.

Empirical Correlation

There have been several studies of gas absorption by agitated New-

tonian liquids across a gas–liquid interface. Sandall and Patel[22] sum-

marized this work and obtained data of their own. A dimensional analysis

indicates that the mass-transfer coefficient may be corrected by an equation

of form

kLd=DL ¼ Cðd2Nr=ZÞbðZ=rDLÞc ð16Þ

Sideman et al.[23] provide a review of mass transfer in mechanically

agitated gas–liquid dispersions. For these cases, the gas flow rate and the
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physical properties of the gas will affect the mass-transfer rate. These

authors point out the form that the mass transfer correlations take for the

bubbling case.

kLad2=DL ¼ Cðd2Nr=ZÞbðZ=rDLÞcðdvs=sÞeðZg=ZÞf ð17Þ

The term on the left side of Eq. 17 is a modified Sherwood number, which

includes the effective interfacial area; the terms on the right side are the

impeller Reynolds number, the Schmidt number, a dimensionless gas flow

group, and the ratio of dispersed phase and continuous phase viscosities.

Eqs. 16 and 17 cannot be used directly to correlate mass-transfer data

with non-Newtonian liquids since the liquid viscosity that appears in these

equations is not defined for non-Newtonian liquids. However in their

work,[23] it is proposed to use an apparent viscosity as used by Sandall and

Patel,[22] and Skelland and Dimmick[24] in correlating heat-transfer rates to

non-Newtonian liquids in agitated vessels.

To observe the effect of the concentration of PIB with the impeller

speed and size as parameters on the volumetric mass-transfer coefficient,

the measured values of kLa in the emulsion with a concentration of PB of

20 wt% and 30 wt% were plotted against PIB concentrations in Figures 5

and 6. As shown in Figures 5 and 6, kLa increased with an increase in the

speed, size of the impeller, and concentration of PIB. Also, kLa with PB of

20 wt% was larger than those of 30 wt%. PIB increased kLa in the range of

PIB concentration below 0.2 wt% at an impeller size of 0.05 m and

agitation speed of 200 rev/min.

In analyzing the relationship between the volumetric mass-transfer

coefficient and the experimental variables, such as the concentration of PB

and PIB, and the speed and size of the impeller, the following influences

may be considered: diffusivity, viscosity, and rheological properties of the

liquid phase.

It is customary to express the influence of viscosity on the mass-

transfer coefficient in terms of a Schmidt number, defined as Z/r DL, in

which the viscosity is related to the diffusion coefficient. As shown in

Table 2, the effective diffusivity of CO2 in the emulsion does not vary

significantly from that for PB solution, and thus the use of a dimensionless

Schmidt number is not warranted. Instead, the dimensionless ratio of

viscosity (Z/Zo) was used to correlate the effect of viscosity, because the

viscosity of the emulsion in the agitated vessel depends on the speed of

impeller and the rheological properties, as shown in Eq. 10 or Eq. 12.

To correlate the volumetric mass-transfer coefficient with the

experimental variables, such as the concentrations of PIB and PB, the

speed and size of the impeller, and the rheological properties of the
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emulsion, Sherwood number, Sh, and Reynolds number, Re, are defined

as follows:

Sh ¼ kLad2=Deff ð18Þ

Re ¼ d2Nr=Z ð19Þ

To correlate the volumetric mass-transfer coefficient with the opera-

tional variables by the dimensionless group, the Sherwood number is

plotted against the Reynolds number with the experimental variables, such

as the measured values of kLa of CO2 in the emulsion with the benzene

solution of PIB of 0 	 1 wt%, and PB of 20 and 30 wt% at an impeller

speed of 200 to 400 rev/min, with an impeller size of 0.05 and 0.07 m, the

viscosity of the emulsion using Eq. 10, and physical properties, such as Deff

and r, in Table 2.

Figure 5. Effect of PIB concentration on the volumetric mass-transfer coefficient

with impeller speed and size as parameters at PB of 20 wt%.

Absorption of Carbon Dioxide. II 3997

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 7 shows logarithmic plots of Sh against Re with several kinds

of absorbents, in which the black circles, the black squares, and the empty

circles represent the plots for benzene, emulsion with benzene and

benzene solution of PB as continuous phase, and emulsion with benzene

solution of PIB and PB as continuous phase, respectively. As shown in

Figure 7, the plots in benzene are linear, but other plots are nonlinear and

scattered far from the plots in benzene. The slope and intercept from the

straight line of the plots in benzene by the least-squares method were

obtained. Their values are 2.536 and 6.348 � 10�9, with a standard

deviation of 5.4%, respectively.

To lessen the deviation of the plots for emulsion of H2O/Bz, H2O/PB/

Bz, and H2O/PIB/PB/Bz from those in benzene as shown in Figure 7, a

simple multiple regression exercise was used for the plots of Sh combined

with the dimensionless ratio of viscosity, Z/Z0, against Re in the case of

Figure 6. Effect of PIB concentration on the volumetric mass-transfer coefficient

with impeller speed and size as parameters at PB of 30 wt%.
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emulsion of H2O/Bz, H2O/PB/Bz, H2O/PIB/PB/Bz. The best value of the

exponent of the viscosity ratio is 2.397, with a standard deviation of 14.6%,

for the emulsion with H2O/Bz, H2O/PB/Bz, and a standard deviation of

18.4%, for the emulsion with H2O/PIB/PB/Bz, and the correlation is plotted

in Figure 8. As shown in Figure 8, the plots for the emulsion of H2O/Bz,

H2O/PB/Bz lie on a straight line, which presents the non-Newtonian

behavior of pseudoplastic behavior.

It can be seen that all the data for the viscoelastic PIB solutions

deviated considerably from the inelastic PB solutions. A new term of

Sh(Z/Z0)�2.397 combined with the elasticity, such as (1 + m1De)m2 against

Re, was used to apply the behavior of non-Newtonian viscoelastic liquid

to the empirical term of Sh(Z/Z0)�2.397 in case of the emulsion with

PB/Bz solution. A simple multiple regression exercise gave the values of

m1 and m2, and their values are 2461.3 and 0.274, with a standard

Figure 7. Dimensionless correlation of volumetric mass-transfer coefficient of CO2

in Bz, H2O/Bz, H2O/PB-Bz, and H2O/(PIB/PB/Bz) emulsion.
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deviation of 13.9%, respectively, as shown in Figure 9. Figure 9 shows

that this deviation can be eliminated by including the Deborah number in

the correlation.

It was reported that the effect of surface tension as one of the

properties of liquids on the volumetric mass-transfer coefficient was found

to be significant in a bubble or sparged column for the gas absorption into

Newtonian and non-Newtonian fluids.[3 – 6,18] They showed an empirical

dimensionless equation containing Sh correlated with a Bond number, B0,

defined as gd2r/s. Because the contact type and the absorbent in this study

are different from those used in the previously cited research, the

dimensionless group is used as the ratio of interfacial tension between

water and the benzene solution of PIB and PB to that between water and

Figure 8. Dimensionless correlation of volumetric mass-transfer coefficient of CO2

in Bz, H2O/Bz, H2O/(PB/Bz), and H2O/(PIB/PB/Bz) emulsion with corrected specific

viscosity.
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the benzene solution of PB, s/s0, rather than to use B0 to effect the

interfacial tension on kLa.

A new term of Sh(Z/Z0)�2.397 (1 + 2461.3De)0.274 combined the ratio

of the interfacial tension, (s/s0)m3 against Re was used to apply the

behavior of non-Newtonian liquid to the empirical term of Sh(Z/Z0)�2.397

(1 + 2461.3De)0.274 in case of the emulsion with PIB/PB/Bz solution. A

simple multiple regression exercise gave the value of m3, and its value is

0.039 with a standard deviation of 13.8%, as shown in Figure 10.

Comparing, Figure 9 to Figure 10, the standard deviations of the data;

the former of 13.9%, the latter of 13.8%, are the same as each other,

because the change of the interfacial tension according to the change of PIB

concentration are small in the range of PIB concentrations used in this

Figure 9. Dimensionless correlation of volumetric mass-transfer coefficient of

CO2 in Bz, H2O/Bz, H2O/(PB/Bz), H2O/(PIB/PB/Bz) emulsion incorporating Deborah

number.
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study. But the term explaining the corrected interfacial tension could be

used to correlate the volumetric mass-transfer coefficient with the dimen-

sionless groups.

Using a total of 77 data points for twelve different solutions, multiple

regression analysis came up with a correlation as follows:

kLad2=Deff ¼ 6:348 � 10�9ðd2Nr=ZÞ2:536ðZ=ZoÞ2:397

�ð1 þ 2461:3DeÞ�0:274ðs=soÞ�0:039 ð20Þ

When we analyze Eq. 20 for the overall effect of viscosity on the mass-

transfer coefficient, it comes out as kLa/Z�0.139, which compares with the

findings of Yagi and Yoshida,[1] Ranade and Ulbrecht,[2] and Perez and

Sandall,[18] where their values were � 0.36.

Figure 11 shows that all of the kLa data with Newtonian (benzene) and

non-Newtonian liquids of the emulsion with H2O/Bz, H2O/PB/Bz, and H2O/

Figure 10. Dimensionless correlation of volumetric mass-transfer coefficient of

CO2 in Bz, H2O/Bz, H2O/(PB/Bz), H2O/(PIB/PB/Bz) emulsion with corrected

interfacial tension.
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PIB/PB/Bz of various concentrations of PB and PIB at impeller sizes of

0.05 and 0.07m and agitation speeds of 200, 300, and 400 rev/min agree

with a standard deviation of 13.8% and a mean deviation of 29.4%, with

the prediction by Eq. 20.

CONCLUSION

Absorption rates of carbon dioxide into the emulsion consisted of a

benzene solution of PB and PIB as continuous phase, and water as

dispersed phase, were measured in an agitated vessel of 0.1-m diameter

with two sizes of impellers, 0.05 and 0.07 m, at an agitation speed of 200,

300, and 400 rev/min, where the concentration range of PIB were 0.1 to 1.0

wt%, and those of PB, 20 and 30 wt%. The emulsion of H2O/Bz and H2O/

Figure 11. Comparison of volumetric mass-transfer coefficient data for non-

Newtonian liquids with proposed correlation.
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PB/Bz looks like a pseudoplasic fluid, and that of H2O/PIB/PB/Bz does like

viscoelastic fluid. The measured rheological properties of the emulsion,

such as n, K, b, and A, were used to correlate the characteristic time

presenting the elastic properties with the volumetric mass-transfer

coefficient based on Newtonian liquid of benzene. The elastic properties,

considered in the form of a Deborah number, were found to decrease the

value of the volumetric mass transfer coefficient.

An empirical correlation of the volumetric mass-transfer coefficient

incorporating the Deborah number was obtained as follows:

kLad2=Deff ¼ 6:348 � 10�9ðd2Nr=ZÞ2:536ðZ=ZoÞ
2:397

�ð1 þ 2461:3DeÞ�0:274ðs=soÞ�0:039
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NOMENCLATURE

A rheological properties defined as in Eq. 3, (Nsb/m2)

a contact area at interface of gas–liquid per liquid volume, (1/m)

b rheological properties defined as in Eq. 3

Bo Bond number defined as gd2/s
CAi solubilities of CO2 in absorbent, (kmol/m3)

d diameter of impeller, (m)

Dc diffusivity of CO2 in benzene solution, (m2/s)

De Deborah number defined as in Eq. 6

Deff effective diffusivity of CO2 in emulsion, (m2/s)

Do diffusivity of CO2 in benzene, (m2/s)

K rheological properties defined as in Eq. 1, (Nsn/m2)

kL liquid side mass-transfer coefficient of CO2, (m/s)

kLa volumetric mass-transfer coefficient, (1/s)

Mo molecular weight of benzene, (kg/kmol)

Mp molecular weight of polymer, (kg/kmol)

MPB molecular weight of PB, (kg/kmol)

MPIB molecular weight of PIB, (kg/kmol)

mA ratio of the solubility of CO2 in water to that in benzene solution

n rheological properties defined as in Eq. 1
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N impeller speed, (1/s)

N1 primary normal stress difference defined as in Eq. 3, (N/m2)

Re modified Reynold number defined as d2Nr/Z
Sh modified Sherwood number defined as kLad2/Deff

vs superficial gas velocity, (m/s)

xPB mole fraction of PB

xPIB mole fraction of PIB

Greek Letters

g shear rate, (1/s)

gavg average shear rate, (1/s)

l characteristic liquid time (s)

Z viscosity of non-Newtonian liquid, (Ns/m2)

Zg viscosity of gas, (Ns/m2)

Zo viscosity of benzene, (Ns/m2)

r density, (kg/m3)

s interfacial surface tension between water and benzene solution of PIB

and PB, (N/m)

so interfacial surface tension between water and benzene solution of PB,

(N/m)

t shear stress, (N/m2)
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