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Abstract

The physical absorption of pure CO2 in various liquids (water, hexadecane, and sunflower oil) containing micron sized TiO2 particles has
been investigated. Absorption studies were carried out in a batch stirred cell reactor at 298 K and initial pressures of 0.08 MPa. Solid loading
and stirring intensities were varied systematically between 0–15 kg/m3 and 3.3–12.5 s−1, respectively. Gas absorption rates are enhanced
significantly in the presence of TiO2 particles. Enhancement factors are a function of the solids loading and stirring intensity. Maximum
enhancement factors of about 2 were observed for all solvents at low stirring intensities. The rate of gas absorption was theoretically
analyzed using a heterogeneous unsteady state mass transfer model based on the Danckwerts surface renewal theory and a Langmuir-type
of particle to interface adhesion isotherm. This model not only predicts the trends in the observed enhancement factors very well but also
gives an accurate quantitative picture.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:Enhanced gas absorption; TiO2 particles; Stirred cell reactor; Surface renewal model; Particle to interface adhesion isotherm

1. Introduction

The rate of gas absorption in a G–L or G–L–S contactor
may be enhanced considerably by the presence of particles
in the liquid-phase. To be effective, the particles have to be
considerably smaller than the gas–liquid film thickness and
need to have a high affinity for the component to be trans-
ferred[1–8]. Enhancement of the gas absorption rates due to
the presence of small particles is explained by the so-called
grazing or shuttle mechanism. It is assumed that the parti-
cles travel between the stagnant liquid mass transfer layer
and the bulk of the liquid. Near the interface, the adsorptive
particles are loaded with solute and the solute concentra-
tion in the liquid mass transfer layer will be reduced. As a
consequence, the concentration gradient of the solute in the
mass transfer layer will be increased, leading to enhanced
gas absorption. After spending a certain time in the liquid
side mass transfer layer, the particles returns to the bulk of
the liquid where the gas-phase component is desorbed and
the particle regenerated[1–8].

A large number of experimental studies have been per-
formed on the (physical) absorption of various gases in
aqueous activated carbon slurries. The absorption rates

∗ Corresponding author. Tel.:+31-50-363-4174; fax:+31-50-363-4479.
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increase with the activated carbon concentration until a
certain concentration and then level off to a constant value
[1–10]. Several explanations have been put forward to ex-
plain these effects. It is now widely accepted that, due to
the hydrophobic properties of active carbon, the concentra-
tion of particles in the mass transfer zone is much higher
than in the bulk of the suspension, leading to higher lo-
cal absorption rates and higher enhancement factors[5,7,
11,12].

Here, we describe our studies on the application of mi-
cron sized TiO2 particles to enhance the absorption rates
of CO2 in various liquids. TiO2 particles are potentially
interesting to apply for enhanced gas absorption. Studies
indicate that TiO2 particles have a high adsorption affinity
for certain gases (e.g. H2, CO, CO2, NH3, etc.)[13,14]. Al-
though the affinity may change dramatically in the presence
of a liquid-phase, it certainly warrants further investiga-
tions. In addition, TiO2 particles are relatively cheap and
various grades are available with a broad spread in particle
dimensions and distributions.

Enhancements in the gas absorption rates are expected
to be a function of the hydrophobicity/hydrophilicity of the
particles and as such are expected to be solvent depending.
To study these effects for TiO2 particles, the absorption ex-
periments were carried out in three different solvents with a
large spread in physical properties: water, hexadecane and
sunflower oil.

1385-8947/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S1385-8947(02)00188-2
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Nomenclature

a gas–liquid interfacial area (m2/m3)
Cb mass of gas absorbing particles per unit

volume of bulk of the suspension (kg/m3)
Cg concentration of CO2 in the gas-phase

(mol/m3)
CL concentration of CO2 in the liquid-phase

(mol/m3)
C∗

A concentration of component A in the liquid-
phase at the gas–liquid interface (mol/m3)

dp particle diameter (m)
DA solute diffusivity in the liquid-phase (m2/s)
E enhancement factor (–)
H Henry number defined as

(C∗
A/Cg)equilibrium (–)

He Henry’s constant (Pa m3/mol)
JA mass transfer rate for the component A

(mol/m2 s)
k constant as defined inEq. (4)(–)
ka particle adhesion coefficient (m3/kg)
kL liquid side mass transfer coefficient (m/s)
kLS liquid side mass transfer coefficient of the

covered part of the gas–liquid interface (m/s)
KL dimensionless liquid side mass transfer

coefficient (–)
m partition coefficient of the solute between

the solid and the gas-phase (–)
pA partial pressure of the solute gas (Pa)
R gas constant (J/mol K)
t time (s)
T temperature (K)
VG gas volume (m3)
VL liquid volume (m3)

Greek symbols
ζ fraction of the gas–liquid interface covered

by the adhering solid particles (–)
ζmax constant, as defined inEq. (12)(–)
ρPG density of the solid particle (kg/m3)
σ amount of carbon dioxide absorbed per unit

mass of dry particles (mol/kg)

Superscripts
H2O water
0 value at timet = 0
∞ value at timet = ∞

2. Experimental

2.1. Reactor

The experiments were carried out in a thermostatic re-
actor of glass and stainless steel shown inFig. 1. A six

Fig. 1. Stirred cell reactor (1, 2: computer activated valves, 3: thermostated
stainless steel top, 4: thermostated glass reactor wall, 5: medimix magnetic
coupling, 6: gas stirrer, 7: liquid stirrer).

Table 1
Reactor dimensions

Reactor diameter 0.105 m
Reactor volume 1.777× 10−3 m3

Gas–liquid contact area 8.37× 10−3 m2

Liquid impeller type Six bladed turbine, 0.04 m diameter
Gas impeller type Six bladed turbine, 0.06 m diameter

with enlarged blades

bladed Rushton turbine stirrer was located centrally in the
liquid at a height above the reactor bottom equal to half
the reactor diameter. Four symmetrically mounted glass baf-
fles increased the effectiveness of stirring and prevented the
formation of a vortex. The pressure and temperature trans-
ducers together with valves 1 and 2 were connected to an
Olivetti M240 computer, enabling automatic data collection
and programmed reactor operation. The reactor dimensions
are given inTable 1.

2.2. Chemicals

The TiO2 particles were obtained from Degussa, Ger-
many. The average particle size was determined with a Coul-
ter Counter Multisizer II and found to be 3�m. Hexadecane
was purchased from Acros Organics, The Netherlands. The
sunflower oil was a refined grade obtained from Unilever,
Vlaardingen, The Netherlands. CO2 (purity > 99.5%) was
purchased from AGA GAS B.V., The Netherlands.

Table 2
Experimental data

Temperature 298 K
Initial pressure 0.8 × 105 Pa
Volume of slurry 1× 10−3 m3

Gas CO2, purity > 99.5%
Stirrer speed 3–13 s−1

Average particle diameter (dp) 3�m
Density of the particles (ρpg) 3900 kg/m3
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2.3. Experiments

All the experiments were carried out batchwise, both with
respect to gas-phase and the slurry solution. The slurry vol-
ume was 1× 10−3 m3 and the slurry concentration varied
between 0 and 15 kg/m3. The operating conditions are listed
in Table 2.

In a typical experiment, the reactor was filled with the
slurry (TiO2 in distilled water, hexadecane or sunflower oil).
The liquid was degassed by closing valve 1 and opening
valve 2. Once the slurry was equilibrated under the vapor
pressure of water, valve 2 was closed and CO2 was fed to
the reactor up to a fixed pressure (0.08 MPa). After closing
valve 1, the stirrer was started and the decrease of pressure
due to the physical absorption of CO2 was recorded over
time.

The interfacial area at higher speeds (N > 6.5 s−1) where
the gas–liquid interface is no longer flat, was obtained by
the procedure reported by Mehta and Sharma[15]. The in-
terfacial area was found to remain unaffected in the speed
range of 3–15 s−1.

3. Data analysis, gas solubility and enhancement
factors

The solubility of gas A in a liquid defined by Henry’s
law, is expressed by

He = pA

C∗
A

at equilibrium (1)

In the absence of chemical reaction, the Henry coefficient
may be calculated from the experimental data using the fol-
lowing equation:

He = p∞ − pH2O

p0 − p∞
RTVL

VG
(2)

The experimental value of the Henry coefficient for CO2 in
water was found to be close to the value provided in the
literature (3330 Pa m3/mol). The values for CO2 in hexade-
cane and sunflower oil were determined experimentally and
were 3800 and 6600 Pa m3/mol, respectively. These values
are the average of at least three independent experiments.

Volumetric mass transfer coefficients were obtained from
the physical absorption rate with time using the following
equation:

k

k + 1
ln

(
p0

A

(k + 1)pA − kp0
A

)
= kLat (3)

where

k = VGHe

VLRT
(4)

Eq. (3) is obtained from a mass balance for carbon dioxide
for the gas-phase:

d(na)

dt
= VG

RT

d(pA)

dt
= −JAA = −kLA

(pA

He
− CL

)
(5)

The concentration of A in the liquid-phase (CL) is eliminated
by setting up a total mole balance for component A leading
to

CL = VG

RTVL
[pA,0 − pA] (6)

Combination ofEqs. (5) and (6)leads toEq. (3).
The rate of CO2 absorption in the slurry follows from

JAa = VG

VLRT

(−dpA

dt

)
(7)

The experimental enhancement factor was calculated from

E =
(

gas absorption flux in the suspension

gas absorption flux in a particle free liquid

)
similar hydrodynamic conditions

(8)

For various model calculations, e.g. the theoretical enhance-
ment factors, the diffusion coefficients of CO2 in the various
liquids are required. The value for CO2 in water is reported
to be 1.95× 10−9 m2/s and for hexadecane 2.8× 10−9 m2/s
[16]. The diffusion coefficient of CO2 in the sunflower oil
applied in our experimental studies was calculated using the
Wilke–Chang equation and estimated to be 8× 10−11 m2/s.

The partitioning coefficient of CO2 between the solid and
liquid-phase (m) is an important property of the system and
was determined experimentally using the following relation:

m = amount of carbon dioxide per unit volume of particle

amount of carbon dioxide per unit volume of liquid

= σρPG

CGH
(9)

whereσ is the amount of gas absorbed by the particle per unit
mass of dry catalyst particle. This value is determined ex-
perimentally by taking the difference in the moles absorbed
in a slurry and the moles absorbed in pure solvent devoid of
adsorptive particles. The experimental values range between
310 for sunflower oil and 630 for water. For hexadecane, an
intermediate value of 580 was obtained.

4. Theory

Various stationary and instationary models have been de-
veloped to describe the effects of particles on gas absorption
rates[3,5,7,9,17–25]. The early stationary film theory mod-
els developed in the eighties of the previous century were
later shown to be the special cases of a general, unsteady
state theory developed by Mehra[26]. A recent overview
dealing with these theoretical aspects has been provided by
Beenackers and van Swaaij[8].

Wimmers and Fortuin[20,21]developed the first models,
which take into account a non-uniform distribution of the
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particles. Later, Vinke[7] presented an enhanced gas ab-
sorption model (EGAM) based on their work on absorption
of H2 in the aqueous suspensions containing different con-
centrations of small carbon-supported or alumina-supported
catalyst particles. The model is based on the film theory of
mass transfer combined with a particle to interface adhesion
isotherm to take into account a non-uniform distribution of
the particles in the liquid-phase.

Recently, Demmink et al.[12] formulated an unsteady
state version of the EGAM model based on the surface
renewal theory combined with particle to interface adhe-
sion (SRPIA, surface renewal particle to interface adhesion
model). This model has been applied to interpret the results
obtained for acetylene absorption into aqueous solutions of
iron chelates containing fine sulfur particles. This unsteady
state model overcomes one of the basic limitations of the
steady state, film theory based EGAM model, i.e. the inabil-
ity to account for transient effects like solute accumulation
in the particles. For initial enhancement (i.e. enhancement
when the bulk solute concentration is zero), the following
expression for the theoretical enhancement factor was de-
rived:

Eth = JA

kLC∗
A

= 1 + ζ

×
[

1 − tanh[KL/4]

3/(mKL) + [1 + (3/mKL)] tanh[KL/4]

]
(10)

whereζ is the surface fraction covered by particle andKL a
dimensionless mass transfer coefficient defined as

KL = kLdp

DA
(11)

where kL is the mass transfer coefficient,DA the diffu-
sion coefficient of the solute in the liquid-phase anddp
the (average) particle size.ζ is the surface fraction covered
by particles. The relationship betweenζ and the particle
concentrationCb in the liquid bulk is represented by a
Langmuir-type adhesion isotherm:

ζ

ζmax
= kaCb

1 + kaCb
(12)

whereka is the particle-to-gas interface adhesion constant
andζmax the maximum fractional coverage of the G–L in-
terface.ζmax is a measure for the surface capacity of the
particles andka a measure for the exchange equilibrium
from particles moving to and away from the interface. Both
parameters are a function of the speed of agitation. The
values ofζ, ka andζmax are determined from the individual
absorption experiments using a procedure given by Vinke
et al. [7]. The calculated values forka and ζmax for the
various experiments are given inTable 4.

According to the SRPIA model, the enhancement factor
is a function ofm, ζ andKL (seeEq. (10)). When varying the
value ofKL at constant values ofmandζ, the model predicts
a maximum in the enhancement factor. The position and
actual value of this maximum is a function of the values ofm

andζ [12]. This implies the occurrence of two different mass
transfer regimes: one for which the enhancement increases
with an increase inKL (capacity controlled regime) and one
for which the enhancement decreases with increasingKL
values (transport-controlled regime).

In the transport-controlled regime, the effect of particles
on the gas absorption rate is determined solely by the rate at
which the particles adsorb the solute. This situation occurs
when the capacity of the particles is very high, i.e. the parti-
cle may be regarded as an infinite sink. When the gas absorp-
tion process occurs in the transport-controlled regime, higher
stirring intensities will lead to lower enhancement factors.
This is due to the fact that at higher intensities (i.e. highKL
values), the contact time of the particles at the G–L interface
decreases and as a result, the particles leave the interface
with less solute adsorbed, resulting in lower absorption
rates.

The other extreme is called the solubility controlled or
capacity controlled regime. Here, the absorption rate de-
pends solely on the ultimate capacity of the particles and
not on the rate of transport of solute to the particles. An
increase in the stirring intensity and thus the frequency
at which the particles are refreshed at the G–L interface
will result in higher overall absorption rates and enhance-
ment factors. The mass transfer rates of solute from the
liquid-phase to the particles are not important in this regime
and the particles are always fully saturated with solute.

Criteria to determine the regime for the absorption
process have been derived for the SRPIA model. The
transport-controlled regime holds whenK2

Lm � 12. For the
capacity controlled regime, tanh((KL/4)/(3/mKL)) should be
�1 andmKL � 3.

5. Results and discussion

5.1. Absorption of CO2 in aqueous TiO2 slurries

Experiments were performed at different solid concen-
trations in the range of 0–1 kg/m3 and at speeds of agitation
ranging from 3.3 to 9.2 s−1. The observed experimental
enhancement factors as a function of the solid loading are
presented inFig. 2. The results clearly indicate that the en-
hancement factors are depending on both the solids loading
and the stirrer speed. The highest enhancement factor for
this system was observed at the lowest stirring intensity
(3.3 s−1) and found to be 2.0 for a solid loading of 1 kg/m3.

The enhancement factors increase with an increase in
the solid loading, however, appear to level off and ulti-
mately reach a constant value at higher solids loading. The
minimum solids concentration for maximum enhancement
is about 0.5–0.7 kg/m3 for the experiments at a stirring
intensity of 3.3 s−1. This value is at the low end for the
reported minimum solids concentration for various gas ab-
sorption studies in aqueous slurries containing small parti-
cles (0.2–10 kg/m3, seeTable 3). The enhancement-loading
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Fig. 2. Experimental enhancement factors as a function of solid loading at different stirrer speeds for the system TiO2/water (�: 3.3 s−1; 	: 9.2 s−1).
The solid lines represent theoretical curves for enhancement factor calculated usingEq. (10)and the best-fit values ofka and ζmax (Table 4).

profiles, i.e. a leveling off of the enhancement factors at
high loading are typical for hydrophobic particles with a
high affinity for the G–L interface[1–7,9,10].

The enhancement factor was found to decrease with an
increase in the speed of agitation. This is evident when com-
paring the two extremes at a solid loading of 1 kg/m3 (Fig. 2).
The enhancement factor at low stirring intensity (3.3 s−1) is
nearly twice as high as for the highest speed of agitation
(9.2 s−1).

Table 3
Reported values for the solid loading for maximum enhancement

Serial number System Cs,min
a (kg/m3) dP (�m) Speed (s−1) Eb

1 O2/(glucose/Pt+ ac. carbon)[1] 1 ≤5 1–9 3.4
2 CO2/ac. Carbon[1] 2–3 ≤5 2.9–7.8 3.92–2.28
3 Propane/ac. Carbon[3] – 34 – –
4 CO2/(Na2CO3 + ac. carbon)[1] 2–3 ≤5 3 –
5 O2/(Na2SO3 + ac. carbon)[17,27] 1 ≤5 2 –

1 ≤5
6 O2/(Na2S+ ac. carbon)[1,4,10] 0.6–1.6 ≤5 – 1.7

1 �10
1 �100

7 O2/(aq. Glucose/Pt+ ac. carbon)[9,11] 0.4 ≤5 2 3.2
10 ≤5

8 CO2/(aq. Na2SO3 buffer/Pt+ ac. carbon)[9,10,17,28] 2–3 ≤20 1.5 –
9 CO2/(alkanol amines+ ac. carbon)[29] 6 40%< 1 3 2

10 H2/ac. carbon[25] 0.6 10 3 3.3
Ethene/ac. carbon[25] 1.2 10 3 3.6
Propane/ac. carbon[25] 1.2 10 1.4 2

11 CO2/ac. carbon[30] 0.2 4–10 – –
12 H2/(H3PO4 + NH4NO3 + ac. carbon)[31] 1.5 40 13–30 3.6

a Cs,min: minimum solids loading for maximum enhancement.
b E: enhancement factor as defined inEq. (8).

All observations, i.e. a leveling off of the enhancement
factors at high solids loading and the effects of stirring
speed are in accordance with the SRPIA model predictions.
The leveling off at a high solids loading towards a constant
enhancement value is the result of the fact that the surface
fraction covered by particles (ζ) reaches a maximum value
(ζmax). A further increase in the particle loading does not
lead to higher concentration of particles near the G–L inter-
face and beneficial effects on the absorption rates of CO2
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Table 4
Calculated values for the values of Langmuir adhesion constantska and
ζmax

a

System Stirrer speed (s−1)

3.3 7.5 9.2

TiO2/water ζmax 0.1 (0.01) 0.04 (0.01) 0.018 (0.004)
ka 10.6 (2.8) 5.9 (2.6) 7.9 (5.6)

TiO2/hexadecane ζmax 0.13 (0.01) 0.08 (0.003) 0.06 (0.004)
ka 1.3 (0.3) 1.3 (0.3) 0.7 (0.2)

TiO2/sunflower
oil

ζmax 0.34 (0.04) 0.15 (0.002) –

ka 0.28 (0.08) 0.43 (0.1) –

a Values in parentheses are the standard deviation in the values cal-
culated using standard statistical methods.

in the liquid-phase are not expected. The values ofζmax at
different stirring intensities are given inTable 4and were
calculated to be 0.1 at 3.3 s−1 and 0.018 at 9.2 s−1.

The enhancement factors drop dramatically at higher
stirring intensities (at similar solid loading, seeFig. 2).
This may be explained by taking into account both (a) the
fraction of the interface covered with particles and (b) the
contact time of the particles at the G–L interface. Both
factors are affected by the stirring intensity and will be
discussed in the following.

The effective number of particles available for gas ad-
sorption, i.e. the fractional coverage of the interface by
the adsorbing particles (ζ), reduces with an increase in the
speed of rotation. This is clearly expressed by the values
of ka andζmax for the various stirring intensities (Table 4).
Consequently, the gas absorption rates will be lowered at
higher stirring intensities. Similar effects of stirring inten-
sities on enhanced gas absorption were reported by Vinke
et al. [7] for hydrogen absorption in aqueous active carbon
slurries and Demmink et al.[12] for acetylene absorption
in aqueous slurries containing sulfur particles.

Besides affecting the surface coverage, the stirring inten-
sity also has an effect on the (dimensionless) mass transfer
coefficientKL. At higher stirring intensities, the mass trans-
fer coefficient increases and according to the surface renewal
theory, the contact time of the particles at the G–L interface
reduces. Whether this has a positive or negative effect on the
enhancement factors depends on the regime of mass transfer.

Application of the SRPIA and EGAM criteria suggest
that the absorption process of CO2 in aqueous TiO2 slurries
is transport-controlled at high stirrer speeds (K2

L m > 20).
Hence, an increase in the stirring intensity (and an accom-
panying increase in the value of the dimensionless mass
transfer coefficientKL) will result in a lowering of the
enhancement factor. Thus, it may be concluded that the
observed drop in enhancement factors at higher stirring
intensities (at similar solid loading, seeFig. 2) is due to a
reduction in the surface fraction covered by particles and an
increase in the dimensionless mass transfer coefficientKL.

The experimental data were modeled using the SRPIA
model (Table 5). The results for stirrer speeds of 3.3 and

Table 5
CO2 absorption data for TiO2–water slurries

Stirrer speed (s−1) Solid loading
(kg/m3)

Eexperimental Etheoretical
a

3.3 0.05 1.42 1.36
0.1 1.52 1.54
0.3 1.70 1.80
0.5 1.91 1.88
1 2.0 1.96

7.5 0.05 1.04 1.11
0.1 1.23 1.18
0.3 1.35 1.30
0.5 1.40 1.36
1 1.41 1.41

9.2 0.05 1.11 1.07
0.1 1.12 1.11
0.3 1.14 1.17
0.5 1.16 1.19
1 1.28 1.22

a Theoretical enhancement factor according to SRPIA model
(Eq. (10)).

9.2 s−1 are presented inFig. 2. It is evident that the ob-
served trends for the enhancement factors as a function of
the loading (leveling off at higher loading) as well as stirrer
speed (lower enhancement at higher stirring intensities) are
described properly by the model.

5.2. Absorption of CO2 in hexadecane

Experiments were performed at different TiO2 concentra-
tions in the range of 0–10 kg/m3 and at speeds of agitation
ranging from 3.3 to 12.5 s−1. The experimental enhancement
factors as a function of the solid loading are presented in
Fig. 3for the extremes of the stirrer speeds (3.3 and 12.5 s−1,
see alsoTable 6). The highest enhancement factor for this
system was found to be 1.9 for a solid loading of 10 kg/m3

at a stirrer speed of 3.3 s−1.
Analogous to the TiO2/water systems, the enhancement

factors level off at higher solids loading. Beyond a solid
loading of about 4–6 kg/m3, there is no significant enhance-
ment in the rate of gas absorption. This is the minimum
solid loading for maximum enhancement and is an order of
magnitude higher than that found for the TiO2/water system
(0.5–0.7 kg/m3).

It is interesting to compare the experimental enhance-
ment factors at similar solid loading for the TiO2/water
and TiO2/hexadecane system. The enhancement factors for
hexadecane are lower than for water, especially at the low
stirring intensities. For instance, at 3.3 s−1 and a loading of
1 kg/m3, the enhancement factors are 1.57 for hexadecane
and 2.0 for water. According to the SRPIA model, enhance-
ment factors are a function of the surface coverageζ, the
dimensionless mass transfer coefficientKL and the solute
partition coefficientm (seeEq. (10)).

The values for the partitioning coefficient m do not dif-
fer dramatically (630 for water and 580 for hexadecane).
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Fig. 3. Experimental enhancement factors as a function of solid loading at different stirrer speeds for the system TiO2/hexadecane (�: 3.3 s−1; 	:
12.5 s−1). The solid lines represent theoretical curves for enhancement factor calculated usingEq. (10)and the best-fit values ofka and ζmax (Table 4).

Differences are found for both the value of the dimension-
less mass transfer coefficientKL and the surface coverage
ζ. The KL values for water are slightly higher than for
hexadecane, mainly due to the differences in the diffusivity
of carbon dioxide in both media. The fractional coverage

Table 6
CO2 absorption data for TiO2–hexadecane slurries

Stirrer speed (s−1) Solid loading
(kg/m3)

Eexperimental Etheoretical
a

3.3 0.1 1.1 1.11
1 1.57 1.53
3 1.69 1.74
5 1.80 1.81
8 1.85 1.85

10 1.90 1.86

7.5 0.1 1.1 1.08
1 1.42 1.41
3 1.56 1.56
5 1.62 1.62
8 1.68 1.65

10 1.72 1.66

12.5 0.1 1.03 1.01
1 1.11 1.09
3 1.12 1.14
5 1.13 1.15
8 1.19 1.16

10 1.23 1.18

a Theoretical enhancement factor according to SRPIA model
(Eq. (10)).

of the surface with particles under similar hydrodynamic
conditions differs significantly for both solvents. This is
clearly expressed by the value of the particle to gas interface
adhesion constantka (Table 4). The ka values in water are
significantly higher than for hexadecane. This implies that
the titanium dioxide particles in water have a higher affinity
for the G–L interface than in an apolar solvent like hex-
adecane. It suggests that titanium dioxide particles may be
considered as rather hydrophobic. Additional information
to support this conclusion may be obtained from contact
angle measurements. When a liquid is placed on a solid, the
liquid in most cases remains as a drop on the surface with a
definite angle of contact between the liquid and solid-phase
[32]. This contact angle is a measure for wetting tendency of
a liquid. Small contact angles are indicative for a good wet-
ting ability and adhesion between the liquid and solid-phase.
Contact angle measurements for a number of solvents in
combination with TiO2 have been reported[33]. Contact
angles for water are higher than for typical organic solvents,
indicating that titanium dioxide is indeed hydrophobic in
nature.

Application of the SRPIA model to determine the ab-
sorption regime suggest that the absorption of CO2 in
TiO2/hexadecane takes place in an intermediate regime,
i.e. is neither capacity controlled nor transport-controlled.
The solid curves inFig. 3 are the theoretical enhancement
factors calculated using the SRPIA model and the best-fit
values ofka and ζmax. Agreement between experimental
data and model prediction is very satisfactory.
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Fig. 4. Experimental enhancement factors as a function of solid loading at different stirrer speeds for the system TiO2/sunflower oil (�: 3.3 s−1; 	:
7.5 s−1). The solid lines represent theoretical curves for enhancement factor calculated usingEq. (10)and the best-fit values ofka and �max (Table 4).

5.3. Absorption of CO2 in sunflower oil

The results of the CO2 absorption experiments in TiO2
dispersed in sunflower oil are given inTable 7and shown in
Fig. 4 in the form of enhancement factors as a function of
solid loading. The highest enhancement factor for this sys-
tem was found to be 2.2 forCs = 15 kg/m3 at 3.3 s−1. The
qualitative trends are again similar as for the TiO2/water
and TiO2/hexadecane systems, i.e. a leveling off of the en-
hancement factor at higher particle loading and a lowering
of the enhancement at higher stirring intensities. The ma-
jor difference is the value of the minimum solids loading
for maximum enhancement, which is significantly higher
(>5 kg/m3) than for the other two systems. Hence, higher

Table 7
CO2 absorption data for TiO2–sunflower oil slurries

Stirrer speed (s−1) Solid loading
(kg/m3)

Eexperimental Etheoretical
a

3.3 1 1.4 1.30
3 1.6 1.63
8 1.9 1.95

15 2.2 2.11

7.5 1 1.2 1.17
3 1.3 1.30
8 1.4 1.41

15 1.45 1.45

a Theoretical enhancement factor according to SRPIA model
(Eq. (10)).

solids loading are required for maximum enhancement in
gas absorption rates.

Furthermore, the enhancement factors at a particular
solid loading and stirring intensity for the TiO2–sunflower
oil system are always lower than for the other two systems.
This is the result of the large difference in viscosities of the
liquids, resulting in a significant lower value of the diffu-
sion coefficient of CO2 in the relatively viscous sunflower
oil. As a result, the values of the liquid side mass transfer
coefficient (kL) for CO2–sunflower oil are on average a
factor of 2 lower than found for water.

The high viscosity of sunflower oil also has an impact on
the absorption regime. The value of the parameterK2

Lm is
the highest for all solvents studies (>100) and it is evident
that CO2 absorption takes place in the transport-controlled
regime.

6. Conclusions

This research has demonstrated that micron sized TiO2
particles are capable of enhancing the physical absorption
rate of CO2 in various liquids (water, hexadecane, and sun-
flower oil). The maximum enhancement factors were found
to be about 2 for all solvents under study. Enhancement fac-
tors were a function of the solid loading and the stirring in-
tensity. Upon increasing the solid loading, the enhancement
factor increases and then levels off to a constant value. The
minimum solid loading required for maximum enhancement
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was depending on the nature of the liquid-phase and in-
creased upon going from water (0.5–0.7 kg/m3) to hexade-
cane (4–6 kg/m3) and sunflower oil (>5 kg/m3).

The experimental data were modeled using an unsteady
state model based on the Danckwerts surface renewal theory
using a particle to surface adhesion isotherm. This SRPIA
model not only described the observed effects in a qualitative
way but also the quantitative agreement was very satisfac-
tory. This implies that the TiO2 particles are non-uniformly
distributed between the bulk liquid-phase and the liquid
film-layer and have a high affinity to stick to the gas–liquid
interface.

Based on this study, it may be concluded that micron
sized TiO2 particles may be attractive alternatives for active
carbon materials to enhance mass transfer of gaseous com-
ponents to a liquid-phase. Typical experimental problems
encountered when using a natural product like active car-
bon, i.e. strong effects of pre-treatment procedures on the
absorption results, may be overcome by using well-defined
TiO2 particles. Further experimental work in typical in-
dustrial contactors (e.g. bubble column reactors) will be
required to fully assess the potential of these interesting mi-
cron sized TiO2 particles for enhanced mass transfer rates.
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