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bstract

The present work includes studies related to the gas/liquid mass transfer process of carbon dioxide in polluted aqueous solutions with surface
ctive substances. These studies have been carried out employing a thermostated cylindrical bubble column, where the gas phase was fed through

ifferent gas spargers based on glass porous plates. The absorption process has been characterized taking into account the influence of the gas and
he liquid flow-rate, as well as the surfactant liquid phase composition and bubble size. Two opposite effects have been detected in relation to the
nfluence of the surfactant presence upon the mass transfer rate.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bubble contactors are frequently used in the chemical indus-
ry as absorbers, fermenters and reactors, where heterogeneous
as–liquid and gas–solid–liquid operations and reactions take
lace, in processes that require high contact areas among phases.
n these contactors the gas is dispersed in the liquid and/or solid
hases in the shape of bubbles, which provide high contact areas.
he mass transfer process also occurs during both the bubble

ormation and the bubble rise [1].
Determining the mass transfer coefficients governing the

bsorption of gases by liquids in bubble contactors is a growing
oncern due to the frequent use of these equipment in biotech-
ological processes whose rates are often limited by the oxygen
bsorption rate [2].

The influence of liquid phase physical properties upon the
as mass transfer velocity is one of the most important parame-

ers that must be taken into account in gas/liquid processes and
as been detected by numerous studies [3–5]. This influence
auses that the physical characterization of the liquid phases
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nvolved in gas/liquid mass transfer processes will be a previ-
us and necessary step to interpret the absorption experimental
esults. Moreover, this characterization has great importance to
ptimise the process to obtain a better efficiency in the mass
ransfer velocity.

The presence of surfactants undoubtedly affects the forma-
ion and coalescence of bubbles [6], and hence the interfacial
rea. Therefore, it is possible that the surfactant-induced reduc-
ion of kL, due to barrier effects, may be offset by means of
ncreasing the area to afford increased values of kLa. For absorp-
ion through a flat surface, the reduction of the individual mass
ransfer coefficient, kL, by means of a surfactant, due to whether
ydrodynamic or barrier effects [7], can be offset by stirring,
hich renews the surface. However, there are few quantitative
ata relating to the influence of surface tension or surfactant pres-
nce upon the volumetric mass transfer coefficient, kLa, when
he gas to be absorbed is bubbled through the liquid phase.

. Experimental

The surfactant employed in the present study was sodium

odecyl sulphate (SDS) (CAS number 151-21-3) supplied by
luka with a purity of ≥96%, and aqueous solutions of SDS
ere prepared employing an analytic balance with a precision
f ±10−7 kg.
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Nomenclature

a specific interfacial area
C CO2 concentration
C* CO2 solubility
kL liquid mass transfer coefficient
kLa volumetric liquid mass transfer coefficient
n number of bubbles
N absorption intensity
Qg gas phase flow-rate
QL liquid phase flow-rate
SDS sodium dodecyl sulphate
t operation time
Ug superficial gas velocity

Greek symbols
ε gas hold-up
ν kinematic viscosity
ρ liquid phase density
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σ surface tension

The surface tension (at 25 ◦C) was determined employing a

rüss K-11 tensiometer using the Wilhelmy plate method. This
ethod has been employed by our team in different studies and a

lear description of methodology is described in previous papers
8]. The plate employed was a commercial platinum one sup-

t
o
t
d

ig. 1. Experimental set-up employed in continuous absorption experiments. (1) Gas
6) security vessel; (7) gas outlet; (8) soap flowmeter; (9) liquid reservoir; (10) compr
14) heat exchanger; (15) liquid inlet; (16) liquid outlet; (17) bubble liquid height reg
ng Journal 137 (2008) 251–256

lied by Krüss. The platinum plate was cleaned and flame dried
efore each measurement. The surface tension of pure water was
etermined and compared with the literature to confirm that this
ethod provides suitable results [9].
The experimental set-up for absorption experiments has been

escribed in detail in previous papers [5], except for the contact
evice (bubble column). A schematic diagram of the contact
evice and experimental set-up is shown in Fig. 1. A bubble
olumn (10 L of volume) was used as contact device in this work,
ade of two methacrylate concentric cylindrical tubes, 108.6 cm

igh and 4 mm thick, welded to two flat bases made of the same
aterial. The internal and external diameters of the column are

1.3 and 14.8 cm, respectively. On the external tube there are two
ide orifices for the inward and outward flow of the thermostated
iquid which circulates throughout the empty space between the
wo tubes. All absorption experiments were carried out at 25 ◦C
sing a thermostat shown at experimental set-up present in Fig. 1.
he gas to be absorbed was passed through of two humidifiers
t 25 ◦C and entered the contact device at a constant flow-rate.
he gas absorption rate was calculated as the difference between

nflow and outflow rates. The operation regime was continuous
or both phases involved in the absorption process.

The upper cover of the column that is easily removable, is a
ethacrylate sheet with three openings: the centre orifice is for a
hermometer, and the two off-centre orifices are for the outflow
f gas and the inflow of liquid phase. The lower cover has also
hree openings: the middle one is for a sparger plate of 4 cm in
iameter, and one of the others is employed for the outflow of

cylinder; (2) humidifier; (3) thermostatic bath; (4) soap flowmeter; (5) gas inlet;
essor; (11) liquid reservoir; (12) constant level reservoir; (13) liquid flowmeter;
ulator.
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Table 1
Characteristics of gas spargers

Sparger Medium pore
diameter (�m)

N◦ 0 175
N
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Fig. 2. Influence of superficial gas velocity, liquid phase flow-rate and SDS
concentration in the liquid phase upon the volumetric mass transfer coef-
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the experiments to analyse the influence of SDS concentrations.

Absorption experiments with different SDS concentration
liquid phases have been carried out under the experimental con-
ditions of gas and liquid flow-rates previously mentioned. Fig. 3
◦ 1 120
◦ 2 65

he liquid phase. Three glass porous plates with different pore
iameters have been used as gas spargers. The characteristics of
hese spargers are listed in Table 1.

. Results and discussion

The evaluation of mass transfer rate in the absorption process
nder the operation regime employed could be expressed by Eq.
1).

= kLa�Cm log (1)

here N is the absorption intensity, kLa is the volumetric mass
ransfer coefficient and �Cmlog is the driving force. Rochelle
t al. have recommended [10] Eq. (2) for calculation of driving
orce for the experimental procedure employed in the present
tudy.

Cm log = (C∗ − C)2 − (C∗ − C)1

ln (C∗ − C)2/(C∗ − C)1
(2)

here C* is the carbon dioxide solubility, and C1 and C2 are the
oncentration of carbon dioxide absorbed, respectively, at the
utlet and inlet of the bubble column in the liquid phase.

Owing to the fact that the concentration of carbon dioxide
t the inlet stream of the liquid phase is zero (C2 = 0) and the
as solubility values at the inlet and outlet of the bubble column
re the same (C∗

1 = C∗
2 = C∗), the expression to calculate the

olumetric mass transfer coefficient is reduced to Eq. (3).

La = N

C1
ln

C∗

C∗ − C1
(3)

The experimental methodology employed in the present work
mplies the analysis of the gas and liquid flow-rates influence
pon the absorption process. The influences generated by both
ariables upon the mass transfer rate, and more specifically upon
he volumetric mass transfer coefficient value, are summarised
n Fig. 2. The experimental results included in Fig. 2 indicate that
n increase in both operation variables (gas and liquid flow-rates)
roduce an increase in the value of the volumetric mass trans-
er coefficient. High values of gas flow-rate or superficial gas
elocity in the experimental range employed in this work have
ow influence, and then the volumetric mass transfer coefficient
emains almost constant. This behaviour is due to the fact that an
ncrease in the gas flow-rate fed to the bubble column produces

n increase in the quantity of gas phase dispersed in the liquid
hase. Nevertheless, the bubble coalescence phenomenon pro-
uces, at high gas flow-rate values, an inhibition of the interfacial
rea increment when the gas phase fed is increased.

F
t
(

cient. Sparger N◦ 0. [SDS] = 0 M: (©) Ug = 1.8 × 10−3 m s−1 and (�)

g = 1.18 × 10−3 m s−1; [SDS] = 10−3 M: (�) Ug = 1.8 × 10−3 m s−1 and (�)

g = 1.18 × 10−3 m s−1.

In relation to the effect caused by the liquid flow-rate fed to the
ubble column upon the mass transfer rate, a continuous increase
an be observed. This is due to the fact that this variable increases
he value of the driving force, and this behaviour produces an
ncrease in the volumetric mass transfer coefficient.

A first example of the influence of a surface contaminant
SDS) upon the absorption process is shown also in Fig. 2. This
gure shows an effect of the presence of SDS upon the volu-
etric mass transfer process, although no clear influence was

bserved. At high values of gas flow-rates, the experimental
esults show a positive effect of SDS presence enhancing the
ass transfer rate, but a decrease in the gas phase fed to the con-

actor shows a negative influence of SDS upon mass transfer.
his experimental behaviour implies the necessity of improving
ig. 3. Influence of SDS concentration of liquid phase upon the volumetric mass
ransfer coefficient. Sparger N◦ 0. QL = 19 L h−1. (©) Ug = 1.8 × 10−3 m s−1;
�) Ug = 1.34 × 10−3 m s−1; (�) Ug = 0.85 × 10−3 m s−1.
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sparger type has been analysed. This experimental data has
been obtained from a previous study of our research team
[14].
ig. 4. Influence of operation conditions upon volumetric mass transfer
SDS] = 10−3 mol L−1.

hows a summary of the experimental results obtained, which
ndicate that a low surfactant concentration in the liquid phase
nhances the value of the volumetric mass transfer coefficient,
ut a continuous increase in the SDS concentration produces
decrease in the value of this coefficient. This behaviour is

mphasized at high values of the gas flow-rate in the studied
ange.

A similar behaviour was observed in other studies [11] in the
bsorption process of ammonia in aqueous solutions contam-
nated with surfactants. The explanation for this behaviour is
elated with the simultaneous action of two opposite effects:
i) a positive influence due to an increase in the interfacial
urbulence, due to the existence of surface tension gradi-
nts [12] and (ii) a negative effect due to the barrier effect
13].

Fig. 4 shows a complete plot to analyse the combining
nfluences of different operational variables employed in the
resent work. This figure shows the complicated behaviour
bserved by the influence of SDS concentration upon the value
f the volumetric mass transfer coefficient, observing a max-
mum value. In relation to the influence of gas and liquid
ow-rates upon the mass transfer, both variables produce posi-

ive effects increasing the value of the volumetric mass transfer
oefficient.

In relation to the positive effect commented previously,
aused by the interfacial turbulence, Fig. 5 shows the influence
f SDS concentration in aqueous solutions upon the value of
he surface tension. This behaviour shows that small quantities
f contaminant produce important variations in the value of the
hysical property analysed. The differences between the sur-
ace tension in the liquid surface and in the liquid bulk generate
he formation of turbulences in the proximity of the gas–liquid
nterface [11]. As a result, an increase in the frequency of liquid
urface elements renovation at the interface is produced. And
his increase, taken into account the renewal theory, produces an
ncrease in the mass transfer rate.
On the other hand, mass transfer is reduced at high SDS
oncentration due to the barrier effect based on the presence of
urfactant molecules at the gas–liquid interface. The presence
f these molecules produces a reduction on the interfacial area
cient. Left: Sparger N◦ 0. Ug = 1.8 × 10−3 m s−1; Right: Sparger N◦ 0.

nd also certain studies [13] have proposed that the decrease in
he mass transfer rate is due to the reduction in the liquid film by
he presence of surfactants. The described phenomenon causes a
eduction in the volumetric mass transfer coefficient when SDS
oncentration in the liquid phase increases.

Another interesting study related to the absorption process
f gases in aqueous surfactant solutions is the effect of the bub-
le size upon the mass transfer coefficient. Three types of gas
pargers have been employed to develop this study. The charac-
eristics of these spargers in relation to the pore diameter have
een included in the Section 2.

The experimental results for absorption process shown that
he use of a sparger with a smaller pore diameter produces

higher mass transfer rate. Due to the use of a sparger with
mall pores, it produces high interfacial areas because the gen-
rated bubbles are smaller than the others produced by the other
pargers.

In relation with this parameter (interfacial area), the influ-
nce of SDS concentration, superficial gas velocity and gas
Fig. 5. Surface tension of aqueous solutions of SDS.



E. Álvarez et al. / Chemical Engineering Journal 137 (2008) 251–256 255

Fig. 6. Influence of superficial gas velocity and liquid flow-rate upon mass trans-
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er coefficient. (©) QL = 8.2 L h−1; (�) QL = 12.5 L h−1; (�) QL = 16 L h−1; (�)

L = 19 L h−1; (�) QL = 21.3 L h−1; (�) QL = 23.6 L h−1. Sparger N◦ 2.

The interfacial area data shows that surfactant presence pro-
uces a decrease at low surfactant concentration, but at higher
oncentrations, in the studied range, only a slight decrease is
bserved. This behaviour is due to the barrier effect caused at
as–liquid interface by the presence of surfactant molecules that
educe the mass transfer area.

On the other hand, an increase in gas flow-rate (superficial
as velocity) produces a clear increase on interfacial area due
o the higher gas volume fed to contactor. Also the use of a gas
parger with smaller pore diameter generates a higher number
f bubbles and then an increase in interfacial area.

Specific interfacial area values have been used to calculate
iquid side mass transfer coefficient, kL. Fig. 6 resumes the
ehaviour observed about the influence of operational condi-
ions upon mass transfer coefficient. In this figure is possible
bserves two situations: (i) at low liquid phase flow-rate, an
ncrease in superficial gas velocity causes an increase in mass
ransfer coefficient due to a higher turbulence in the liquid phase
nd then a better surface renewal that increases mass transfer.
ii) at high values of liquid flow-rate the effect of superficial gas
elocity is negligible because the influence of liquid flow-rate
s higher than the produced by the gas flow-rate. An increase in
iquid phase flow-rate produces a clear increase in the value of

ass transfer coefficient due to the higher driving force existed
n liquid phase.

In relation with the influence of surfactant presence upon
ass transfer coefficient, a similar behaviour that the previous

ne obtained and commented for volumetric mass transfer coef-
cient, has been observed. Dual behaviour was obtained, an

ncrease in mass transfer coefficient at low concentrations of
DS until a maximum and a slight decrease at high concentra-

ion of surfactant, in the studied range. This behaviour agrees
ith previous studies [11] that employ different systems (i.e.
H3 absorption in water in surfactant presence). This behaviour
s explained on the basis of interfacial turbulence that enhance
ass transfer due to liquid interface surface renewal, but an

ncrease in surfactant concentration produces a reduction in the
ig. 7. Effect of SDS concentration upon mass transfer coefficient.

L = 8.2 L h−1. (©) Ug = 1.8 × 10−3 m s−1; (�) Ug = 1.18 × 10−3 m s−1; (�)

g = 0.85 × 10−3 m s−1. Sparger N◦ 2.

enewal process at liquid interface by the presence of a higher
umber of surfactant molecules at gas–liquid interface (Fig. 7).

. Conclusions

The present paper analyses the gas/liquid mass transfer pro-
ess of a pure gas phase to liquid phases formed by aqueous
olutions of a surface contaminant working in continuous regime
or gas and liquid phases. The flow-rate of both phases pro-
uces a clear increase in mass transfer rate due to the effect
pon the interfacial area (gas flow-rate) or upon driving force
liquid flow-rate).

The presence of surfactant in the liquid phase causes a charac-
eristic behaviour due to the positive effect upon the mass transfer
t very low surfactant concentration, but a negative influence
n the rest of the concentration range. This reduction is due to
he decrease in the mass transfer interfacial area that is caused
y the barrier effect (accumulation of surfactant molecules at
as–liquid interface).

The influence of surfactant concentration upon mass transfer
oefficient confirms that exists an enhancement of mass trans-
er at low surfactant concentration due to interfacial turbulence
ut high concentrations of SDS produce a reduction of this
urbulence by surfactant accumulation at interface.
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