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Abstract

The influence of a surface-active substance upon the behaviour observed for the gas—liquid interfacial area in a bubble column has been studied

employing two different techniques: chemical and photographic methods.

Important differences between the interfacial area values have been found, and they have been assigned to different phenomena existing in this

kind of systems, especially the Marangoni and barrier effect.

The experimental results obtained in this work under different operational conditions imply that the chemical method is greatly influenced by
the existence of surface tension gradients, and this phenomenon produces high values for the interfacial area.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In gas-liquid systems where the liquid phase controls the
mass transfer — that is, in the absorption of relatively insol-
uble gases — contact devices that produce an increase of the
gas—liquid contact area are used, such as packed and bubble
columns, airlift and bubbling stirred tanks [1]. Bubble contactors
are frequently used in the chemical industry as absorbers, fer-
menters and reactors, where heterogeneous reactions (gas—liquid
or gas—solid-liquid) [2,3] are carried out. In such systems, the
gas is dispersed into the liquid phase in a bubble shape, which
leads to the required increased contact area, and the mass transfer
occurs during the ascent of the bubbles through the liquid.

Bubble columns are easy to use, although they are difficult
to design given the complexity of the flow characteristics and
the lack of knowledge regarding their behaviour with different
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ranges of design parameters. The characteristic design parame-
ters of these systems include the gas—liquid interfacial area, the
individual mass-transfer coefficients, the flow regime and the
bubbles size distribution. An important number of investigations
regarding bubble columns are concerned with the experimental
determination of one of the above parameters [4,5]. The interfa-
cial area is a fundamental parameter in the design of absorption
equipments on the industrial scale because the knowledge of
this parameter is necessary to calculate individual mass-transfer
coefficients. The value of the interfacial area can vary depending
on the kind of contact device, the physical and chemical proper-
ties of the gas—liquid systems, and the operating conditions. For
this reason, precise methods are required for the determination
of the interfacial area, and these methods can be classified as
physical and chemical ones.

Physical methods are based on the modification of some
physical property [6,7] whereas chemical methods are based
on the study of a reaction with well-known kinetic where the
absorption rate is a function of the interfacial gas—liquid area
[8].

The aim of this work is comparing the results obtained by
two different methods: the sulphite oxidation method (SOM)
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and the photographic method. The influence of the surfactant
presence on the interfacial area was also determined for all of
them.

2. Materials and methods

Decyltrimethylammonium bromide (DTABr) has been sup-
plied by Fluka [CAS number 2082-84-0] with a purity of >98%.
Sodium sulphite [no. CAS 7757-83-7] and cobalt sulphate 7-
hydrate [no. CAS 10026-24-1] have been supplied by Panreac,
with purities of >99%.

Surface tension and viscosity of aqueous solutions of DTABr
have been determined using a Kruss K-11 tensiometer and a
Schott-Geratte AVS 350 capillary viscometer. The experimen-
tal procedure is similar than the employed in a previous paper
[9].

The study to determine the interfacial area was carried out
using the experimental set-up employed in previous works
related to the absorption processes [10]. The gas/liquid contac-
tor used in these studies has been a cylindrical bubble column
(internal diameter =7 cm; height =100 cm), made in methacry-
late with a volume of 2.4 L. The gas sparger has been a glass
capillary with only one orifice to produce a small number of
bubbles that allows analyse carefully the influence of surfactant
on bubbles size.

In the case of the sulphite oxidation method, the absorption
process has been carried out at 25 °C. The gas to be absorbed,
oxygen, was passed through two “humidifiers” at 25 °C to pre-
pare the gas phase. This procedure removed other resistance
to mass transport and allowed only the evaluation of the lig-
uid phase resistance to the gas transfer. Pure water was placed
into the “humidifiers”. The gas flow-rate was measured and con-
trolled with mass flow controllers (5850 Brooks Instruments).
The mass flow controllers employed in the present study for
the gas flow-rate and pressures ranges, were calibrated by the
supplier.

The sulphite oxidation method is based on the oxygen
flow-rate absorbed by the liquid phase, consisting in an aque-
ous solution of sodium sulphite that reacts with the previous
absorbed gas in the presence of a homogeneous catalyst (cobalt
sulphate).

The photographic method applied in this study has been
developed using a bubble column with the same gas sparger
employed in the chemical method, although using a bubble
column with a square geometry (10cm x 10cm x 100 cm) to
determine the interface area and remove the influence of the
cylindrical wall upon this measurement.

The bubble diameter was measured using a photographic
method based on images of the bubbles taken along the height
of the column, from bottom to top. A Sony (DCR-TRVIE)
video camera was used to obtain the images. A minimum num-
ber of 80 well-defined bubbles along the bubble column were
used to evaluate the size distribution of the bubbles in the lig-
uid phase employed, and for each gas flow-rate that has been
used. The Image Tool v3.0 software was used to carry out the
necessary measurements of the bubbles geometric characteris-
tics.

3. Fundamentals
3.1. Chemical method (SOM)

Chemical methods used to calculate the interfacial area are
based on the study of certain gas/liquid reactions under specific
conditions that allow the relation of the absorption rate directly
to the interfacial area value. The major drawbacks of the chem-
ical methods are their limitations to certain specific gas/liquid
systems and the necessity of knowing certain physicochemical
properties. All these properties can be characterized since the
absorbed gas reacts with some of the solute in the liquid phase;
that is, because absorption is accompanied by chemical reaction
of well-known kinetics.

In the present paper the sulphite oxidation method has been
chosen to carry out the interfacial area determination because
this chemical method has been successfully employed in our
research group [11]. According to the sulphite method, the
absorption of oxygen in sulphite aqueous solutions has also been
widely used as a method to determine the interfacial areas in
packed columns, bubble columns and vessels, and biological
reactors [12,13]. Oxygen reacts with the sulphite solutions and
the sulphite ion is oxidized to sulphate:

0, +2S03>" — 2S04~ (1)

and in general, the reaction rate is expressed with the expression
shown in Eq. (2).

(=ro,) = k{021 [s03 7" @)

where k is the rate constant.

The conditions (reagents and catalyst concentration) and
experimental procedure of SOM method is resumed in a previous
work [11] for gas-liquid interfacial area determination.

The procedure to carry out the determination of the absorp-
tion rate under the experimental conditions of this work — that
will be used for the calculation of the interfacial area between
the phases involved in the absorption process — has been deter-
mined employing the differences between the inlet and outlet
oxygen gas flow-rate. Some experimental values of interfacial
area obtained using this methodology have been compared with
other ones calculated using the temporal variation of sulphite
concentration by titration with iodine [14].

3.2. Photographic method

The images (i.e., Fig. 1) we obtained of the bubbles in the
liquid phases employed show an ellipsoid shape.

For this reason, major (E) and minor (e) axes of the projected
ellipsoid (in two dimensions) were determined. The diameter of
the equivalent sphere (Eq. (3)) was taken as the representative
bubble dimension.

d=VE2. e A3)

Different authors recommend to use the Sauter mean diam-
eter (d3p) [15], which is possible to determine using the data
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Fig. 1. Image obtained for interfacial area determination using the photographic
method. [DTABr]=10">molL~!. 9, =24Lh~1.

calculated for the equivalent diameter.

Y inid?)
Zi(ni di2 )
where n; is the number of bubbles that have an equivalent diam-
eter (d;).
The Sauter mean diameter and the gas hold-up values allow
the calculation of the specific interfacial area using Eq. (5) [16].
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The overall gas hold-up, eg, was measured using the volume
expansion method:

AV
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where V1, is the ungassed liquid volume and AV is the volume
expansion after gas dispersion, calculated from the liquid level
change and the cross-sectional area. The change in the volume in
the bubble column was calculated based on the change observed
in the liquid level and the increase in this value after gassing.

4. Results and discussion

The first step carried out in the present study has been related
with the suitable application of both methods for the interfacial
area determination (SOM and photographic). We have carried
out experimental measurements to determine the interfacial area
generated into the employed bubble column, using different lig-
uid phases. The gas flow-rate fed to the gas—liquid contactor has
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Fig. 2. Interfacial area in the bubble column determined using the photographic
(@) and chemical (CJ) methods.

also been changed. The experimental results obtained are shown
in Fig. 2, that allow us to extract two conclusions:

(i) An increase in the gas flow-rate produces an increment in
the interfacial area value until a certain gas flow-rate value
from the area is constant. An increase in this operation vari-
able produces, in the low values of gas flow-rate, an increase
in the number of bubbles (hold-up) that produces an incre-
ment in interfacial area. When high gas flow-rates fed were
employed, an increase in the number of bubbles was also
observed, but coalescence was detected due to the effec-
tive collision of bubbles that generate an increase in bubble
diameter, producing then a decrease in interfacial area.

(ii) Differences between experimental values calculated for
interfacial area using both methods were not detected, which
implies the right use of SOM and photographic methods,
and the good results contributed by both methods.

Taken into account the validity of the methods employed in
the present work for gas—liquid interfacial area determination,
the next step in this research is using DTABr aqueous solutions
as liquid phase in the bubble column to determine the influence
of the presence of a surfactant upon the value of interfacial area
generated into the gas—liquid contactor.

Fig. 3 shows the experimental results obtained for the absorp-
tion molar flow in aqueous solutions of sodium sulphite in the
presence of cobalt sulphate (as catalyst), when the gas flow-rate
was changed using an aqueous solution of DTABr employed as
absorbent phase. The experimental results indicate that the mass
transfer process is higher when the gas flow-rate increases, as
well as the presence of small quantities of DTABr in the liquid
phase produces and enhancement of the oxygen mass transfer.

Fig. 3 also shows that the increase in absorption (parameter
related to the value of interfacial area in SOM method) pro-
duced by the increment of gas flow-rate does not reach a constant
value when aqueous solutions of higher DTABr concentration
are employed as absorbent phase, because a continuous increase
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Fig. 3. Influence of gas flow-rate fed to the bubble contactor and DTABr con-
centration upon the absorption rate employing the chemical method.

was observed. These results indicate that the presence of DTABr
could produce some effect that increases the mass transfer rate.

Similar experimental studies have been carried out to analyse
the effect of DTABr concentration in the liquid phase upon the
interfacial area determined using the chemical method (SOM),
and results are shown in Fig. 4. This figure (Fig. 4) shows that
an increase in DTABr concentration produces an increase in the
interfacial area value — or in the absorption rate — until a max-
imum (different for each gas flow-rate employed), producing a
decrease at high values of DTABr concentration in the studied
range. This behaviour has been observed for each value of the
gas flow-rate employed.

The behaviour shown in Fig. 4, related to the increase in inter-
facial area when the surfactant concentration increases (at low
concentration range), is in disagreement with previous studies
developed to analyse the influence of surface-active substances
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Fig. 4. Influence of surfactant concentration and gas flow-rate upon the interfa-
cial area value. (O) Qg =18Lh~!; (@) Q,=24Lh~"; () Q; =30Lh~ .
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Fig. 5. Effect of surfactant concentration upon the surface tension and viscosity
values. (@) Surface tension; (O) kinematic viscosity.

in absorption processes, using the photographic method to deter-
mine de interfacial area [5]. These studies have observed a
continuous reduction in the value of interfacial area when the
surfactant concentration increases in the liquid phase. However,
other studies that employ this method have detected an increase
in this value when the surfactant concentration increases [17].

An increase in the interfacial area value, and in the absorption
rate corresponding to the oxygen of the liquid phase when the
DTABr concentration in the liquid phase increases, is assigned
to surface tension gradients due to the decrease in this physi-
cal property value by the presence of surfactant molecules at
gas-liquid interface (see Fig. 5). The surface tension gradient
produces an interfacial turbulence called Marangoni effect [18],
which produces an increase in the mass transfer rate, the way
our research group has concluded [19,20].

On the other hand, a reduction in the interfacial area value
when the maximum is reached was observed, and this decrease
in the area, at high values of DTABr concentration in the liquid
phase, is due to two different but related effects: the barrier effect
that produces a decrease in the mass transfer gas—liquid area,
and the reduction on turbulence on liquid film by the presence
of surfactant molecules at gas—liquid interface [19]. This is due
to the presence of surfactant molecules at the interface, since
this solute has a hydrophobic character in the hydrocarbonate
chain.

Fig. 4 shows the same behaviour than the previous one
observed in Fig. 3, in relation to the effect of the gas flow-rate
upon the value of the interfacial area. An increase in the gas
flow-rate produces a continuous increase in the gas—liquid inter-
facial area, although at high values of surfactant concentration
the difference between interfacial area for different flow-rates
decreases.

The use of photographs of bubbles taken along the bubble
column height for interfacial area determination has been carried
out. Fig. 6 shows an example of the experimental results obtained
for the sphere equivalent diameter distribution.

The bubble size distribution determined for all the experimen-
tal conditions has been employed to determine the gas—liquid
interfacial area. The effect of the gas flow-rate upon the inter-
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Fig. 6. Bubble diameter distribution in the bubble column. Q, =18 L h=l.

facial area determined using the photographic method is shown
in Fig. 7, and the experimental results indicate that an increase
in the gas flow-rate also produces an increase in the interfa-
cial area. These results are in agreement with the previous ones
determined using the chemical method. Data included in Fig. 7
also indicate that the commented effect of the gas flow-rate is
the same for all the aqueous solutions employed in this work.

Related to the effect of DTABr concentration upon the value
of interfacial area, Fig. 8 shows the results obtained for all the
experimental conditions employed in the present work. This
figure indicates that a DTABr low concentration liquid phase
produces a decrease in the value of the gas—liquid interfacial
area, whereas if the DTABr concentration is increased continu-
ously, a slight increase in the interfacial area is observed. The
slight increase observed at high DTABr concentration of aque-
ous solutions is clearer when the gas flow-rate is higher, but it
could be consider constant [5].

The decrease in the value of interfacial area at low values of
DTABr concentration is assigned to the increase in the bubbles
diameter due to the coalescence process, with higher importance
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Fig. 7. Influence of gas flow-rate fed to the bubble column and DTABr concen-
tration upon gas-liquid interfacial area (photographic method).
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Fig. 8. Influence of surfactant concentration in the liquid phase upon the inter-
facial area. (O) Qg =18Lh~!; (@) 0, =24Lh~!; () 0, =30Lh~.

in the top section of the bubble column. Different studies have
concluded that the reduction in surface tension by the presence
of surfactant molecules (Fig. 5) makes the bubble coalescence
easy [21].

The obtained experimental values of gas-liquid interfacial
area using both methods (chemical and photographic) have been
compared, and the obtained results of area for the minor and
higher values of gas flow-rate are shown in Figs. 9 and 10. Impor-
tant differences between the results obtained for both methods
have been observed, whereas the experimental results shown in
Fig. 2 for till water are similar between them.

The differences observed between the interfacial area results
calculated by means of both methods are due to several effects
that have an influence upon the mass transfer process. More
specifically, the experimental results could be explained on the
basis of the Marangoni effect (enhancement of liquid film tur-
bulence), barrier effect and reduction in liquid renewal.
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Fig. 9. Comparison between the values of interfacial area determined for both
methods. (O) Chemical method; (@) photographic method. Oy =18 Lhl.
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Fig. 10. Comparison between the values of interfacial area determined for both
methods. (O) Chemical method; (@) photographic method. Qg =30L h1l.

In the case of the Marangoni effect, it consists in the inter-
facial turbulence generation near the gas—liquid interface that
produces an increase in the mass transfer process. This effect
has no real influence upon the interfacial area and it only affects
upon the mass transfer coefficient, producing its increase.

On the other hand, the barrier effect consists in a reduction
in the interfacial area by accumulation of surfactant molecules
in the gas—liquid interface. In this case, this effect must be taken
into account in the evaluation of interfacial area since, under
certain conditions, it could occupy an important part of the
mass transfer area. On the other hand, the presence of surfactant
molecules at gas—liquid interface reduces the liquid renewal at
gas—liquid interface and this process reduces the mass transfer
and then, affects on chemical method results.

The photographic method does not take into account either
of the previously commented effects in the determination of the
interfacial area, because this hydrodynamic parameter is only
determined on the basis of geometrical characteristics.

The experimental values contributed by the chemical method
are affected by previously commented effects which act simul-
taneously but in opposite directions. The Marangoni effect
produces an enhancement of the mass transfer rate. Due to the
chemical method, that is based on certain experimental condi-
tions that do not include the interfacial turbulence, it allows the
calculation of high values for interfacial area in relation to the
real value. This behaviour is observed in the experimental results
for area obtained using this methodology (see Figs. 4, 9 and 10).
We can observe an increase in the interfacial area value when the
surfactant concentration increases, because a higher surfactant
concentration produces a more important decrease in surface
tension (see Fig. 5) which generates the interfacial turbulence.

We can also observe in Figs. 4, 9 and 10 that the effect of
surfactant concentration at high values of this variable produces
a decrease in the interfacial area value. This clear decrease is
due to the higher influence of the negative effects upon the mass
transfer process that is sufficient to compensate the interfacial
turbulence.

Different calculations of gas—liquid interfacial area occupied
by surfactant molecules employing Gibbs isotherm allow con-
clude that the occupied area by DTABr on gas-liquid interface
under the experimental conditions employed in present work is
negligible and then, the negative effect caused by the presence
of DTABTr in the liquid phase is due to the reduction caused on
liquid renewal at gas—liquid interface.

The results obtained in the present work for the interfacial
area by means of these two methods allow to conclude that
they do not contribute real values for the interfacial area, since
there must be lower values than the previously ones shown by
the photographic method. Due to the low surfactant concentra-
tion existing in the liquid phase, it is probable that the values
of interfacial area could be similar to the ones calculated using
the bubbles’ geometrical characteristics (photographic method).
Using the chemical method, the effects due to the presence
of surfactants in solution introduce great influences upon the
interfacial area determination.
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