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Abstract

The present work includes studies related to the gas/liquid mass transfer process of carbon dioxide in polluted aqueous solutions with surface
active substances. These studies have been carried out employing a thermostated cylindrical bubble column, where the gas phase was fed through
different gas spargers based on glass porous plates. The absorption process has been characterized taking into account the influence of the gas and
the liquid flow-rate, as well as the surfactant liquid phase composition and bubble size. Two opposite effects have been detected in relation to the

influence of the surfactant presence upon the mass transfer rate.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bubble contactors are frequently used in the chemical indus-
try as absorbers, fermenters and reactors, where heterogeneous
gas—liquid and gas—solid-liquid operations and reactions take
place, in processes that require high contact areas among phases.
In these contactors the gas is dispersed in the liquid and/or solid
phases in the shape of bubbles, which provide high contact areas.
The mass transfer process also occurs during both the bubble
formation and the bubble rise [1].

Determining the mass transfer coefficients governing the
absorption of gases by liquids in bubble contactors is a growing
concern due to the frequent use of these equipment in biotech-
nological processes whose rates are often limited by the oxygen
absorption rate [2].

The influence of liquid phase physical properties upon the
gas mass transfer velocity is one of the most important parame-
ters that must be taken into account in gas/liquid processes and
has been detected by numerous studies [3—5]. This influence
causes that the physical characterization of the liquid phases
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involved in gas/liquid mass transfer processes will be a previ-
ous and necessary step to interpret the absorption experimental
results. Moreover, this characterization has great importance to
optimise the process to obtain a better efficiency in the mass
transfer velocity.

The presence of surfactants undoubtedly affects the forma-
tion and coalescence of bubbles [6], and hence the interfacial
area. Therefore, it is possible that the surfactant-induced reduc-
tion of ki, due to barrier effects, may be offset by means of
increasing the area to afford increased values of k; a. For absorp-
tion through a flat surface, the reduction of the individual mass
transfer coefficient, ki, by means of a surfactant, due to whether
hydrodynamic or barrier effects [7], can be offset by stirring,
which renews the surface. However, there are few quantitative
datarelating to the influence of surface tension or surfactant pres-
ence upon the volumetric mass transfer coefficient, k@, when
the gas to be absorbed is bubbled through the liquid phase.

2. Experimental

The surfactant employed in the present study was sodium
dodecyl sulphate (SDS) (CAS number 151-21-3) supplied by
Fluka with a purity of >96%, and aqueous solutions of SDS
were prepared employing an analytic balance with a precision
of £10~ 7 kg.
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Nomenclature

a specific interfacial area

C CO; concentration

C* CO; solubility

ki, liquid mass transfer coefficient
kra volumetric liquid mass transfer coefficient
n number of bubbles

N absorption intensity

Oy gas phase flow-rate

08 liquid phase flow-rate

SDS sodium dodecyl sulphate

t operation time

U, superficial gas velocity

Greek symbols

e gas hold-up

v kinematic viscosity

o liquid phase density

o surface tension

The surface tension (at 25 °C) was determined employing a
Kiriiss K-11 tensiometer using the Wilhelmy plate method. This
method has been employed by our team in different studies and a
clear description of methodology is described in previous papers
[8]. The plate employed was a commercial platinum one sup-

plied by Kriiss. The platinum plate was cleaned and flame dried
before each measurement. The surface tension of pure water was
determined and compared with the literature to confirm that this
method provides suitable results [9].

The experimental set-up for absorption experiments has been
described in detail in previous papers [5], except for the contact
device (bubble column). A schematic diagram of the contact
device and experimental set-up is shown in Fig. 1. A bubble
column (10 L of volume) was used as contact device in this work,
made of two methacrylate concentric cylindrical tubes, 108.6 cm
high and 4 mm thick, welded to two flat bases made of the same
material. The internal and external diameters of the column are
11.3 and 14.8 cm, respectively. On the external tube there are two
side orifices for the inward and outward flow of the thermostated
liquid which circulates throughout the empty space between the
two tubes. All absorption experiments were carried out at 25 °C
using a thermostat shown at experimental set-up presentin Fig. 1.
The gas to be absorbed was passed through of two humidifiers
at 25 °C and entered the contact device at a constant flow-rate.
The gas absorption rate was calculated as the difference between
inflow and outflow rates. The operation regime was continuous
for both phases involved in the absorption process.

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

.

—
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Fig. 1. Experimental set-up employed in continuous absorption experiments. (1) Gas cylinder; (2) humidifier; (3) thermostatic bath; (4) soap flowmeter; (5) gas inlet;
(6) security vessel; (7) gas outlet; (8) soap flowmeter; (9) liquid reservoir; (10) compressor; (11) liquid reservoir; (12) constant level reservoir; (13) liquid flowmeter;
(14) heat exchanger; (15) liquid inlet; (16) liquid outlet; (17) bubble liquid height regulator.



Table 1
Characteristics of gas spargers
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Sparger Medium pore
diameter (pum)

N° 0 175

N° 1 120

N° 2 65

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

3. Results and discussion

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

(D).
N = kLaACulog (M

where N is the absorption intensity, kza is the volumetric mass
transfer coefficient and ACyo is the driving force. Rochelle
et al. have recommended [10] Eq. (2) for calculation of driving
force for the experimental procedure employed in the present
study.

(C*=C) —(C"=0O),
In(C* = C),/(C* = C)y

ACmiog = (@)

where C™ is the carbon dioxide solubility, and C; and C; are the

concentration of carbon dioxide absorbed, respectively, at the

outlet and inlet of the bubble column in the liquid phase.
Owing to the fact that the concentration of carbon dioxide

at the inlet stream of the liquid phase is zero (C> =0) and the

gas solubility values at the inlet and outlet of the bubble column

are the same (C} = C; = C¥), the expression to calculate the

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

N Cc*

—Iln —— 3)

k =
=c "o —c

The experimental methodology employed in the present work
implies the analysis of the gas and liquid flow-rates influence
upon the absorption process. The influences generated by both
variables upon the mass transfer rate, and more specifically upon
the volumetric mass transfer coefficient value, are summarised
in Fig. 2. The experimental results included in Fig. 2 indicate that
anincrease in both operation variables (gas and liquid flow-rates)
produce an increase in the value of the volumetric mass trans-
fer coefficient. High values of gas flow-rate or superficial gas
velocity in the experimental range employed in this work have
low influence, and then the volumetric mass transfer coefficient
remains almost constant. This behaviour is due to the fact that an
increase in the gas flow-rate fed to the bubble column produces
an increase in the quantity of gas phase dispersed in the liquid
phase. Nevertheless, the bubble coalescence phenomenon pro-
duces, at high gas flow-rate values, an inhibition of the interfacial
area increment when the gas phase fed is increased.
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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-
ficient. Sparger N° 0. [SDS]=0M: (O) Ug=1.8 x 103 ms™! and (O)
Ug=1.18 x 1073 ms™!; [SDS]=103M: (@) Uy=1.8 x 10> ms~! and (M)
Up=1.18 x 1073 ms~L.

Inrelation to the effect caused by the liquid flow-rate fed to the
bubble column upon the mass transfer rate, a continuous increase
can be observed. This is due to the fact that this variable increases
the value of the driving force, and this behaviour produces an
increase 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
figure shows an effect of the presence of SDS upon the volu-
metric mass transfer process, although no clear influence was
observed. At high values of gas flow-rates, the experimental
results show a positive effect of SDS presence enhancing the
mass transfer rate, but a decrease in the gas phase fed to the con-
tactor shows a negative influence of SDS upon mass transfer.
This experimental behaviour implies the necessity of improving
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
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Fig. 3. Influence of SDS concentration of liquid phase upon the volumetric mass
transfer coefficient. Sparger N° 0. Q1 =19Lh~!. () Ug=138x 103 ms™1;
(@) Upy=134x 102 ms™; (@) Uy=0.85x 10> ms~!.
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Fig. 4. Influence of operation conditions upon volumetric mass transfer
[SDS]1=10"2mol L~!.

shows a summary of the experimental results obtained, which
indicate that a low surfactant concentration in the liquid phase
enhances the value of the volumetric mass transfer coefficient,
but a continuous increase in the SDS concentration produces
a decrease in the value of this coefficient. This behaviour is
emphasized at high values of the gas flow-rate in the studied
range.

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

Fig. 4 shows a complete plot to analyse the combining
influences of different operational variables employed in the
present work. This figure shows the complicated behaviour
observed by the influence of SDS concentration upon the value
of the volumetric mass transfer coefficient, observing a max-
imum value. In relation to the influence of gas and liquid
flow-rates upon the mass transfer, both variables produce posi-
tive effects increasing the value of the volumetric mass transfer
coefficient.

In relation to the positive effect commented previously,
caused by the interfacial turbulence, Fig. 5 shows the influence
of SDS concentration in aqueous solutions upon the value of
the surface tension. This behaviour shows that small quantities
of contaminant produce important variations in the value of the
physical property analysed. The differences between the sur-
face tension in the liquid surface and in the liquid bulk generate
the formation of turbulences in the proximity of the gas—liquid
interface [11]. As a result, an increase in the frequency of liquid
surface elements renovation at the interface is produced. And
this increase, taken into account the renewal theory, produces an
increase in the mass transfer rate.

On the other hand, mass transfer is reduced at high SDS
concentration due to the barrier effect based on the presence of
surfactant molecules at the gas-liquid interface. The presence
of these molecules produces a reduction on the interfacial area

coefficient. Left: Sparger N° 0. Ug=1.8 x 103 ms~!; Right: Sparger N° 0.

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

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

The experimental results for absorption process shown that
the use of a sparger with a smaller pore diameter produces
a higher mass transfer rate. Due to the use of a sparger with
small pores, it produces high interfacial areas because the gen-
erated bubbles are smaller than the others produced by the other
spargers.

In relation with this parameter (interfacial area), the influ-
ence of SDS concentration, superficial gas velocity and gas
sparger type has been analysed. This experimental data has
been obtained from a previous study of our research team
[14].
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Fig. 5. Surface tension of aqueous solutions of SDS.
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Fig. 6. Influence of superficial gas velocity and liquid flow-rate upon mass trans-
fer coefficient. (O) QL =8.2Lh™!; (@) QL =12.5Lh~';(0)QL=16Lh~"; (M)
OL=19Lh7';(A) QL =213Lh~"; () QL =23.6Lh~!. Sparger N° 2.

The interfacial area data shows that surfactant presence pro-
duces a decrease at low surfactant concentration, but at higher
concentrations, in the studied range, only a slight decrease is
observed. This behaviour is due to the barrier effect caused at
gas-liquid interface by the presence of surfactant molecules that
reduce the mass transfer area.

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

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

In relation with the influence of surfactant presence upon
mass transfer coefficient, a similar behaviour that the previous
one obtained and commented for volumetric mass transfer coef-
ficient, has been observed. Dual behaviour was obtained, an
increase in mass transfer coefficient at low concentrations of
SDS until a maximum and a slight decrease at high concentra-
tion of surfactant, in the studied range. This behaviour agrees
with previous studies [11] that employ different systems (i.e.
NH3 absorption in water in surfactant presence). This behaviour
is explained on the basis of interfacial turbulence that enhance
mass transfer due to liquid interface surface renewal, but an
increase in surfactant concentration produces a reduction in the
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Fig. 7. Effect of SDS concentration upon mass transfer coefficient.
Q1L=82Lh71 () U =18x 10 ms™!; (@) Uy=1.18 x 1073 ms~!; (O)
Ug=0.85 x 1073 ms~!. Sparger N° 2.

renewal process at liquid interface by the presence of a higher
number of surfactant molecules at gas—liquid interface (Fig. 7).

4. Conclusions

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

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

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