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Abstract−Carbon dioxide was absorbed into an aqueous nanometer-sized colloidal silica solution in a flat-stirred
vessel at 25 oC and 101.3 kPa to measure the absorption rate of CO2. The concentrations of silica were in the range
of 0-31 wt% and the sizes were 7, 60, and 111 nm. The solution contained monoethanolamine (MEA) of 0-2.0 kmol/
m3. The volumetric liquid-side mass transfer coefficient (kLa) of CO2 was correlated with the empirical formula re-
presenting the rheological property of silica solution. The use of the aqueous colloidal silica solution resulted in a re-
duction of the absorption rate of CO2 compared with Newtonian liquid based on the same viscosity of the solution.
The chemical absorption rate of CO2 was estimated by film theory using kLa and physicochemical properties of CO2

and MEA.
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INTRODUCTION

In multiphase systems appearing in agitated reactors, the gas-
liquid mass transfer may be the rate-determining step for the overall
process. For the reliable design of such reactors, therefore, a knowl-
edge of the gas-liquid mass transfer rates characterized by the volu-
metric liquid-phase mass transfer coefficient (kLa) is needed and
many researchers [1] have studied how to enhance the mass trans-
fer rate.

The dependence of shear stress on shear rate of a fluid in a hy-
drodynamic system is different according to the type of the fluid,
i.e., Newtonian or non-Newtonian fluid, and the mass transfer co-
efficient (kL) of a solute in one phase is in inverse proportion to the
viscosity of its phase due to the inverse proportion of viscosity to
diffusivity. The use of only the apparent viscosity of non-Newto-
nian fluids is not sufficient to obtain a unified correlation for kLa.
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.

If a considerable proportion of the reduction of kLa is due to the
viscoelasticity of the aqueous solution [2,3], then the extent to which
the data for a viscoelastic solution, such as polyacrylamide (PAA),
deviate from those for an inelastic solution, such as carboxymeth-
ylcellulose (CMC), should be correlated with some measure of the
solution’s elasticity. The dimensionless Deborah number, De, which
relates the elastic properties to the process parameters, is used to
correlate kLa with the properties of non-Newtonian liquids. Unified
correlations have been proposed for kLa in Newtonian as well as
non-Newtonian solutions by introducing a dimensionless term, such
as (1+n1Den2)n3; they are listed in Table 1. As shown in Table 1, the
values of the numbers in the dimensionless group are different from
one another, and the polymers in Table 1 act as a reduction or in-

cremental agent in the absorption rate of the gas.
In slurry or colloidal systems, the effects of milli or micro par-

ticles on the absorption have been studied by many researchers [6-
14]. The absorption of gas into slurries constituted by fine particles
is a fairly common means of intensifying the gas absorption rates
and even of improving selectivity in the case of multiple gaseous
solutes. Improvement of the mass transfer rate by the use of the fine
particles was explained by the mechanism of the grazing effect, first
discovered by Kars and Best [6]. Zhou et al. [14] reviewed the effect
of fine particles on multiphase mass transfer and concluded that
the finer the particles in the slurries were, the stronger their influ-
ence was, and they reported that kL might be increased or reduced
via the variation of the film thickness caused by turbulence or the
lowering of the diffusion coefficient of the gas. The reduction of
the solubility and diffusivity of the dissolved gas in slurries with in-
creasing volume fraction of the slurries may be due to the decrease
[8] in the proportion of continuous phase in the slurries. As the vol-
ume fraction of the slurries is increased, the covering of the gas-
liquid interface by fine particles can hinder the diffusion of the gas
and, hence, reduce kL.

In the recent decade, nanofluids have become one of the most
attractive heat transfer media, due to the development of nano tech-
nology. A nanofluid is a solid/liquid mixture in which nano-sized
particles (dp<100 nm) are suspended evenly in the base liquid. It is
well known [15] that the use of a nanofluid can enhance the effec-
tive thermal conductivity and affect the heat transfer characteristic
of fluid. If the nanofluid is treated as a pseudohomogeneous phase
[12], in which the diffusion of the solutes and the gas-liquid interfa-
cial area are assumed to be unaltered, the hydrodynamics of the nano-
fluid might be used to predict the gas absorption rate in the nanof-
luid/gas system. To the best of our knowledge, no studies have so
far been conducted on the effect of a nanofluid on the mass transfer
performance, although some researchers [16] have actively studied
the enhancement of the heat transfer by using a nanofluid.

In our previous works [17-22], a series of works designed to in-
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vestigate the effect that the behavior of a non-Newtonian liquid has
on the gas absorption, we studied the effect of the elasticity of non-
Newtonian liquid such as polyisobutylene (PIB) [17,18] in a ben-
zene solution of polybutene (PB), PAA [19], polyethylene oxide
(PEO) [20], and xanthan gum [21] on the absorption rate of CO2

and correlated kLa with De as shown in Table 1. They presented
the polymers used in their studies acting as accelerators or reducer
of the absorption rate of CO2 based on the same viscosity of the
solution. Also, they measured kLa of CO2 in an aqueous nano-sized
solution of colloidal silica with a size of 24 nm [22] and correlated
kLa with De as shown in Table 1. The value of kLa is influenced by
the concentration of silica as shown in their work [22]. As a serial
of their work [22], the effect of size of silica on kLa was investi-
gated by using the nano-sized colloidal silica solutions with differ-
ent sizes of silica in this study. Also, the chemical absorption rate
of CO2 by monoethanolamine (MEA) in aqueous colloidal silica
solution was measured and analyzed by using kLa.

THEORY

The overall reaction between CO2 (A) and MEA (B) in aqueous
solution is

CO2+ν MEA→Product (1)

The overall chemical reaction of Eq. (1) is assumed to be sec-
ond-order [23] as follows:

rA=k2CACB (2)

Under the assumptions that MEA is a nonvolatile solute with its
vapor pressure less than 0.2 mmHg at 20 oC, the gas phase resis-
tance to absorption is negligible by using pure CO2, and Raoult’s
law is applied, the mass balances of CO2 and MEA, using film theory
accompanied by chemical reactions, and the boundary conditions
are given as follows:

(3)

(4)

(5)

(6)

The enhancement factor (β) by the chemical reaction is defined
as the ratio of molar flux with a chemical reaction to that without a
chemical reaction:

(7)

Using β, the absorption rate (RA) of CO2 with a chemical reaction
is estimated as follows:

RA=β RAo=β kLaCAiVL (8)

where RAo is the physical absorption rate, which is obtained by multi-
plying the molar flux by the specific contact area between gas and
liquid (aL) and the liquid volume (VL).

EXPERIMENTAL

1. Chemicals
All of the chemicals used in this study were of reagent grade and

used without further purification. The purity of both CO2 and N2

was more than 99.9%.
Colloidal silica was synthesized according to the procedure re-

ported elsewhere [24] using tetraethyl orthosilicate (Aldrich) as the
silicon source and 25% aqueous ammonium hydroxide (Aldrich)
to ensure the alkalinity of the reaction medium used as a catalyst,
as follows: 

Solution A: Tetraethyl orthosilicate (TEOS) of 30 ml was dis-
solved in ethyl alcohol of 325 ml. Solution B: Three volumes (5, 8,
12 ml) of aqueous ammonium hydroxide of 25% were dissolved
in distilled water of 135 ml. Solution A and solution B were poured
into the reactor with a mixer and a reflux condenser in a water bath
and then the mixture was slowly stirred at 50 oC for 3 hours during
which the clear liquid turned into a turbid gel. The solvent of this
gel was removed in a vacuum evaporator below 50 oC to obtain
solid particle of white color, which was dried in vacuum oven for
3 hours as colloidal silica.

Fig. 1 shows the surface pattern (SEM) of the synthesized col-
loidal silica. A uniform and spherical shape of SiO2 are observable
in the material and SEM illustrates average size of 17, 60, and 111
nm of the silica synthesized by NH4OH of 5, 8, and 12 ml, respec-
tively.
2. Absorption Rate of CO2

An agitated semi-batch absorber used for measurement of the
absorption rate of CO2 was constructed of glass (0.102 m inside dia-
meter; 0.151 m in height) with four equally spaced vertical baffles.

DA
d2CA

dz2
----------- = k2CACB

DB
d2CB

dz2
----------- = νk2CACB

z = 0, CA = CAi,
dCB

dz
--------- = 0

z = zL, CA = 0, CB = CBo

β = − 
DA

kLCAi
------------dCA

dz
---------

z=0

Table 1. Coefficients of dimensionless group for gas-liquid mass transfer correlation

Investigator n1 n2 n3 Substance Contactor
Nakanoh and Yoshida [3]
Yagi and Yoshida [4]
Ranade and Ulbrecht [5]
Park et al. [17]
Park et al. [18]
Park, et al. [19]
Park, et al. [20]
Park, et al. [21]
Park, et al. [22]

0.13
2
100
100
2461.3
54.7
8.33
0.5413
9.4

0.55
0.5
1
1
1
1
1.31
0.828
1

−1
−0.67
−0.67
−0.42
−0.274
−0.45
1
1
−0.431

CMC, PAA
CMC, PA
CMC, PAA
PB, PIB
PB, PIB
PAA
PEO
Xanthan gum
silica

Bubble column
agitated vessel
stirred tank
agitated vessel
agitated vessel
agitated vessel
agitated vessel
agitated vessel
agitated vessel
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A straight impeller with 0.05 m in length, 0.017 m in width, and
0.005 m in thickness was used as the liquid phase agitator, and was
located at the middle position of the liquid phase of 0.3 dm3. The

effect of dead stagnant zones was assumed to be negligible by using
the baffles. The contact area between gas and liquid was calculated
from the ratio of the volume to the height of water added in the ab-
sorber, and its value was 43.2 cm2. The absorption rates of CO2 were
measured by a procedure similar to that reported elsewhere [22]
using a semi-batch absorber in the aqueous colloidal silica solution
with silica concentration (Cs) in the range of 0-31 wt%, particle size
(dp) of 17, 60, and 111 nm, and MEA concentration (CBo) in the range
of 0-2.0 kmol/m3 with an impeller speed of 50 rpm at 25 oC and
101.3 kPa.

PHYSICOCHEMICAL AND RHEOLOGICAL
PROPERTIES

The physicochemical and rheological properties of the aqueous
colloidal silica solution, which is assumed to be a nanofluid pseudo-
homogeneous phase [12], were obtained as follows:
1.Physicochemical Properties of the Aqueous Colloidal Sil-
ica Solution

A pressure measuring method similar to the procedure reported
elsewhere [25] was used, in which the pressure difference of CO2

before and after equilibrium was achieved between the gas and liquid
phase was measured to obtain the solubility (CAi) of CO2 in the aque-
ous colloidal silica solution at 25 oC and 101.3 kPa. The experimen-
tal procedure was described in detail in a previous publication [22].
The obtained values of CAi for the various dp and Cs values are given
in Table 2.

The apparent viscosities (µ) of the aqueous colloidal silica solu-
tions with various dp and Cs values were measured with a Brook-
field viscometer (Brookfield Eng. Lab. Inc, USA) and are given in
Table 2.

DA was correlated with the viscosity of the aqueous colloidal silica
solution as follows:

(9)

since the experimental data [26] of the absorption rates are better
correlated through the use of an index of 2/3 than 1. The diffusivi-
ties of CO2 (DAW) and MEA (DBW) in water at 25 oC were taken to
be 1.97×10−9 m2/s [27] and 1.1×10−9 m2/s [28], respectively. The
diffusivity (DB) of MEA in the aqueous colloidal silica solution was
obtained from the assumption that the ratio of DB to DA was equal
to the ratio in water [29].

The stoichiometric coefficient (ν) in Eq. (1) for MEA was ob-
tained from the reference [23] and its value was 2.

The overall reaction rate constant (k2) in the reaction of CO2 with
MEA was estimated as follows [23]:

(10)

2. Rheological Properties of the Aqueous Colloidal Silica Solu-
tion

We assumed that a power-law model, which has been widely used
for the shear-dependent viscosity, can be used to represent the non-
Newtonian flow behavior of the aqueous colloidal silica solution.

τ=Kγ n (11)

DA = DAW
µW

µ
------⎝ ⎠
⎛ ⎞

2/3

k2 =10.99 − 
2152

T
------------log

Fig. 1. SEM image patterns of the surface of silica particle (a: dp=
17 nm, b: dp=60 nm, c: dp=111 nm).
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µ=Kγ n−1 (12)

N1=Aγ b (13)

where n, K, b, and A are material parameters depending on tem-
perature. These parameters were obtained from the measurement
of τ and N1 for the change of γ by a parallel disk type rheometer
(Ares, Rheometrics, U.S.A.) with a diameter of 0.05 m and gap of
0.001 m.

The obtained values of n, K, b, and A for various values of dp

and Cs are given in Table 2. As shown in Table 2, the values of A
increased with increasing Cs and decreasing dp, which means that
the aqueous colloidal silica solution exhibits elastic behavior [5].

One of the parameters used frequently to represent the charac-
teristics of a material’s viscoelasticity is known as the characteristic
relaxation time (λ) of the liquid:

(14)

Using Eqs. (12) and (13), λ is obtained as

(15)

One of the dimensionless numbers, which relate the elastic prop-
erties with the process parameters, is the Deborah number (De).
The characteristic flow time is measured against the characteristic
process time (t), which is related to the reciprocal of the impeller
speed (N) in the case of stirred tanks, and De is derived as follows:

(16)

where the shear rate (γ) is obtained in the case of the agitation of a
liquid in a cylindrical vessel as follows [30]:

γ=4πN/n (17)

The De values for various values of dp and CP at an agitation speed
of 50 rpm in the absorber were calculated by using Eq. (15) and

are given in Table 2. As shown in Table 2, De increased with in-
creasing Cs and decreasing dp. This means that the finer the parti-
cles in the aqueous colloidal silica solution and the higher the con-
centration of silica, the stronger the influence of the elasticity.

RESULTS AND DISCUSSION

1. Empirical Correlation of Volumetric Liquid-side Mass Trans-
fer Coefficient of CO2

To observe the effect of dp and Cs on the absorption rate (RAo)
and volumetric mass transfer coefficient (kLa) of CO2, RAo was meas-
ured in the aqueous colloidal silica solutions of dp of 17, 60, and
111 nm and Cs of 0-31 wt%, and then kLa was obtained from RAo=

λ = 
N1

µγ 2
--------

λ = 
A
K
----γ b−n−1

De = λ/t = 
A
K
----γ b−n−1N

Table 2. Physicochemical and rheological properties of CO2 and aqueous colloidal silica solution

dp (nm) Cs (wt%) Viscosity
(Ns/m2)×103

Solubility
(kmol/m3)

Rheological propertie
n K×103 (Nsn/m2) b A (Nsn/m2) De

17 0.0
09.05
18.27
23.15
30.63

0.890
1.726
2.878
3.361
3.986

0.039
0.033
0.029
0.027
0.026

1.00
0.95
0.89
0.86
0.81

1.00
1.30
1.61
1.75
2.01

0.00
0.18
0.21
0.23
0.25

0.000
0.065
0.094
0.109
0.131

0.000
0.596
0.774
0.883
1.003

60 0.0
09.02
18.17
23.19
30.51

0.894
1.143
1.612
2.087
2.954

0.039
0.033
0.029
0.027
0.026

1.00
0.98
0.95
0.92
0.87

1.00
1.20
1.37
1.42
1.51

0.00
0.09
0.11
0.12
0.13

0.000
0.051
0.073
0.088
0.104

0.000
0.403
0.537
0.649
0.757

111 0.0
09.08
18.63
23.42
30.46

0.894
1.084
1.318
1.563
1.948

0.039
0.033
0.029
0.027
0.026

1.00
0.98
0.96
0.94
0.91

1.00
1.10
1.22
1.29
1.38

0.00
0.04
0.07
0.08
0.09

0.000
0.036
0.052
0.061
0.078

0.000
0.276
0.389
0.445
0.553

Fig. 2. RAo vs. dp for various Cs.
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kLa CAi VL. The values of RAo and kLa were plotted against dp with
the parameters of Cs in Figs. 2 and 3, respectively.

As shown in Figs. 2 and 3, RAo and kLa decrease with decreasing
dp and increasing Cs. Hikita et al. [8] measured the solubility and
diffusivity of CO2 in aqueous slurries of kaolin and explained that
the reduction of the solubility and diffusivity of the dissolved gas
in slurries with increasing volume fraction of the slurries caused by
the increase in their concentration may be due to the decrease in
the proportion of continuous phase in the slurries and the reduction
of kLa due to the hindrance of the diffusion of the gas by the covered
gas-liquid interface. The results in Figs. 2 and 3, which show that
RAo and kLa decrease with increasing Cs, are the same as those re-
ported in the paper [8], and may be due to the increase of the viscosity
caused by the increase of Cs. On the other hand, at same Cs, the total
volume fraction of silica should remain with increasing dp and, hence,
RAo and kLa may be the same despite the increase of dp. However,
RA and kLa increased with increasing dp, as shown in Figs. 2 and 3.
This may be due to the decrease of the viscosity caused by the in-
crease of dp, as shown in Table 2. The solid lines in Figs. 2 and 3
were the calculated values of RAo and kLa, respectively, which were
obtained by using an empirical formula correlated with the rheo-
logical behavior of the solution and will be shown later.

It is customary to express the influence that the viscosity has upon
kL in terms of the Schmidt number (Sc), defined as µ/ρDA, in which
the viscosity is related to the diffusion coefficient. Instead of Sc,
the ratio of viscosity of the solution to that of water was correlated
with kLa, as shown in the paper reported elsewhere [31], because
the viscosity of the aqueous colloidal silica solution was related to
dp and Cs, and the viscosity in the agitated vessel depends on the
rheological properties, as shown in Eq. (11) through Eq. (16). DA is
inversely proportional to µ in Stokes-Einstein equation, and kL is
directly proportional to DA

n, where n=1 in the film theory, 1/2 in
the penetration model, and 2/3 in relation between DA and µ, as shown
in Eq. (9).

Based on the results mentioned above, we propose to correlate
kLa in the aqueous colloidal silica solution with that in water as fol-
lows:

(18)

The values of kLa are calculated from Eq. (18) against various values
of dp and Cs with n1 of 1 and 2/3, respectively, and plotted as solid
lines 1 and 2 in Fig. 4. There were large differences between the
measured kLa and calculated values with the standard deviation of
0.6005.

As shown in Fig. 4, there was a big difference between the cal-
culated (lines 1 and 2) and measured values of kLa with correlation
coefficients larger than 1; the correlation coefficient of line 1 with
respect to the measured kLa is 5.297, and that of line 2 is 7.276. This
means that the aqueous colloidal silica solution in this study does
not follow the behavior of a Newtonian liquid.

Because the rheological properties of the aqueous colloidal silica
solution were dependent on the viscoelasticity, as shown in Table 2,
new terms corrected with the viscosity and De, in order to reduce
the deviation of kLa for line 1 and 2 from the measured kLa, were
used as follows:

A simple multiple regression exercise using the viscosity and De
in Table 2 was tried for the plots of kLa combined with the new terms
such as (µ/µw)n1(1+n2De)n3 against the viscosity of the aqueous col-
loidal silica solution, which gave the values of n1, n2 and n3. A mul-
tiple regression analysis provides the following correlation:

(19)

The values of kLa were calculated from Eq. (19) and shown as line
4 in Fig. 4 with values of n1 of 0.37, n2 of 40.1, and n3 of −0.43. As

kLa = kLWa µW

µ
------⎝ ⎠
⎛ ⎞

n1

kLa = kLWa µW

µ
------⎝ ⎠
⎛ ⎞

n1

1+ n2De( )n3

Fig. 4. Coefficients of dimensionless group for kLa=kLwa (µw/µ)n1

(1+n2De)n3.
Fig. 3. kLa vs. dp for various Cs.
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shown in Fig. 4, the agreement between the measured values of kLa
and those predicted by Eq. (19) is very good with a correlation co-
efficient of 0.998 and standard deviation of 0.0112.

The values of n1, n2, and n3 in this study are the same as those
(n1=0.37, n2=39.4, and n3=−0.43) obtained by using a dp value of
24 nm in the previous work [22]. That is, a Ludox HS-40 suspen-
sion (Aldrich) having a 40% w/w solid content (silica density of
2,200 kg/m3, specific surface area of 220 m2/g, PH of 9.8 as indi-
cated by the manufacturer, Aldrich Chemical.) was used as colloi-
dal silica with a particle size of 24 nm, De of the aqueous silica so-
lution was measured with Cs in the range of 0-40.0 wt%, and kLa
with impeller speed of 50-400 rpm, and impeller size of 0.034, 0.05,
0.075 m, respectively, at 25 oC and 101.3 kPa. The values of kLa
obtained with these numbers using dp of 24 nm were plotted with
triangle symbol in Fig. 4. As shown in Fig. 4.1, the empirical for-
mula of Eq. (19) can be applied to the case of dp with 24 nm by
fitting the triangle with Eq. (19).

It may be concluded that the exponent, m, in the relationship kLaL

∝µ−m for stirred tanks is between 0.35 and 0.6 based on the previ-
ously reported values of m of 0.4 by Yagi and Yoshida [4], 0.41 by
Ranade and Ulbrecht [5], and 0.38 by Moo-Young and Kawase [32].
The value of n1 of 0.37 in this study compares well with the findings
of the papers mentioned above. As a result in Fig. 4, the deviation
of plots of kLa can be eliminated from solid line 3 to 4 by incorpo-
rating De into the correlation.
2. Effect of Rheological Properties on the kLa of CO2

To observe the effect of viscoelasticity on kLa, the value of kLa
was obtained by using Eq. (19) with µ of the aqueous silica solution
and De of 0 and plotted as solid line 3 in Fig. 4. The aqueous silica
solution without elasticity (De=0) of line 3 is an imaginary solu-
tion, which is assumed to be a Newtonian liquid with the same vis-
cosity as that of the aqueous silica solution with elasticity. As shown
in Fig. 4, the value of kLa decreases in the following order: water
line, line 3, line 4. In general, the mass transfer coefficient in the
solution is inversely proportional to the viscosity. The viscosity of
water is smaller than that of the aqueous silica solution, as listed in
Table 2, and the value of kLa in water is larger that that in the aque-
ous silica solution. If the aqueous silica solution in this study only
had viscous behavior, the value of kLa would be represented by line
3. However, the actual kLa of line 4 is smaller than that of line 3.
The decrease of kLa from line 3 to line 4 might be due to the elasticity
of the aqueous silica solution. In other words, the aqueous colloidal
silica solution in this study might have the effect of reducing the
value of kLa based on the same viscosity of the silica concentration.
3.Effect of Rheological Properties on the Chemical Absorp-
tion of CO2

To observe the effect of viscoelasticity on the chemical absorp-
tion rate (RA) of CO2 into the aqueous MEA solution, RA with and
without silica was measured according to the change of CBo, dp, and
Cs.

Fig. 5 shows the plots of RA against CBo using circles as the sym-
bols in the range of 0-2.0 kmol/m3 under a typical dp of 17 nm and
Cs of 23 wt%. On the other hand, RA was measured under the aque-
ous solution of MEA without silica, and plotted using triangles.

As shown in Fig. 5, RA in the aqueous MEA solution with and
without silica increase with increasing CBo, and RA with silica is smaller
than that without silica. Increase of RA with increasing CBo is due to

the reactant of MEA in the chemical absorption of CO2, and the
smaller RA with silica than that without is due to the smaller kLa with
than that without as shown in Eq. (19).
β is estimated by Eq. (7) and the numerical solution of Eq. (3),

(4) by using the finite element method at given dp, Cs, and CBo. RA

estimated from Eq. (8) under the same conditions as those in Fig. 5
was plotted with solid and dotted line symbols for the aqueous solu-
tion with and without silica, respectively. The calculated values of
RA are quite close to the measured values.

Fig. 6 shows the plots of RA against Cs using circles as symbols
in the range of 0-31 wt% under a typical dp of 17 nm and CBo of

Fig. 5. RA vs. CBo at dp=17 nm and Cs=23 wt%.

Fig. 6. RA vs. Cs at CBo=1 kmol/m3 and dp=17 nm.
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1.0 kmol/m3.
As shown in Fig. 6, RA decreases with increasing Cs, which is

due to the decrease of kLa caused by the increase of De through the
increase of Cs as shown in Table 2 and Eq. (19).

Fig. 7 shows the plots of RA against dp using circles as the sym-
bols in the range of 17-111 nm under a typical CBo of 1.0 kmol/m3

and Cs of 23 wt%.
As shown in Fig. 7, RA increases with increasing dp, which is due

to the increase of kLa caused by the decrease of De through the in-
crease of dp as shown in Table 2 and Eq. (19).

CONCLUSIONS

The absorption rates of carbon dioxide in the aqueous colloidal
silica solution were measured by using a flat-stirred vessel to observe
the influence of the rheological properties of the aqueous colloidal
silica solution on kLa under various experimental conditions: Cs in
the range of 0-31 wt%, at dp of 17, 60, and 111 nm, impeller size
of 0.05 m, agitation speed of 50 rev/min 25 oC, and 101.3 kPa. The
reduction effect of the elasticity of the aqueous colloidal silica solu-
tion on kLa was stronger than the effect of the viscosity, and kLa was
correlated with an empirical formula representing the rheological
behavior of the aqueous colloidal silica solution including the Deb-
orah number as follows:

The chemical absorption rate in the aqueous colloidal silica solu-
tion of MEA in the range of 0-2.0 kmol/m3 was estimated from the
mass balance accompanied by chemical reaction based on film the-
ory using the value of kLa, and it was found that the reduction of
kLa caused by the elastic properties of the aqueous colloidal silica
solution causes a decrease of the chemical absorption rate of CO2

at a given MEA concentration.
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NOMENCLATURE

a : specific gas-liquid area [m2/m3]
Ci : concentration of species, i [kmol/m3]
d : diameter of impeller [m]
dp : size of silica [nm]
Di : diffusivity of species, i [m2/s]
De : Deborah number
k2 : reaction rate constant in reaction (1) [m3/kmol·s]
kL : liquid-side mass transfer coefficient of CO2 in absorbent [m/s]
kLa : volumetric liquid-side mass transfer coefficient of CO2 in

absorbent [1/s]
N1 : primary normal stress difference [kg/m·s2]
VL : volume of the liquid phase [m3]
rA : reaction rate in Equation (2) [kmol/m3·s]
RA : chemical absorption rate of CO2 [kmol/s]
RAo : physical absorption rate of CO2 [kmol/s]
T : temperature [oK]
z : diffusion coordinate of CO2 [m]
zL : film thickness [m]

Greek Letters
β : enhancement factor of absorption rate by the chemical reac-

tion
γ : shear rate [1/s]
µ : viscosity of silica solution [N·s/m2]
µw : viscosity of water [N·s/m2]
ρ : density of liquid [kg/m3]
τ : shear stress [N/m2]

Subscripts
A : CO2

B : MEA
i : gas-liquid interface
o : bulk body of the liquid phase
s : silica
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