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Application of the Danckwerts method in a bubble column
Effects of surfactants on mass transfer coefficient and interfacial area
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Abstract

We determined interfacial areas,A, and individual mass transfer coefficients,kL , for the absorption of CO2 in a bubble column, with an
anionic surfactant in the absorbent liquid. The results of experiments to determine the dependence ofkL on surface tension of the liquid
phase and the superficial velocity of the gas were fitted to within a 10% error by expressions of the form

kL = K4 σ 1.35 u0.5
G

whereK4 depends exclusively on the kind of bubbling device.
Likewise, the experimental values of specific area,a, were correlated with the column diameterdc and the physical properties by means

the following equation:

adc = K · Re0.98 · Sc0.57 · Fr0.09 · Bo−0.70
(

dp

dc

)−0.19

that reproduces satisfactorily the experimental values. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Bubble columns are frequently used in the chemical in-
dustry as absorbers, fermenters and reactors in which het-
erogeneous gas–liquid or gas–solid reactions take place, in
processes that require high contact areas between phases.
They are particularly used with gas–liquid systems in which
the liquid phase controls mass transfer, that is, the absorption
of gases that are relatively insoluble [1]. In these columns,
the gas is dispersed in the liquid phase in the form of small
bubbles that provide high contact areas; mass transfer occurs
during bubble formation and also during bubble rise.

Characteristic design criteria for this apparatus are:
gas–liquid interfacial area, individual mass transfer coef-
ficients, flow regime, bubble size distribution and coales-
cence of bubbles. Thus, most studies on bubble columns are
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devoted to the experimental determination of some of these
parameters, and more specifically, of volumetric mass trans-
fer coefficient. This parameter depends fundamentally on
the gas flow and on the physical properties of the absorbent
liquid. There are numerous correlations proposed for the
superficial velocity of the gas as well as for the viscosity
and surface tension of the liquid phase [2,3].

For absorption through a flat surface, the reduction of in-
dividual mass transfer coefficient,kL, by use of a surfactant,
whether due to hydrodynamic or barrier effects [4,5], can be
offset by stirring [6], which renews the surface; but there are
few quantitative data on the influence of surface tension on
the volumetric mass transfer coefficientkLa when the gas to
be absorbed is bubbled through the liquid phase. Since the
presence of surfactants undoubtedly affects the formation
and coalescence of bubbles, and hence the interfacial area,
it is possible that surfactant-induced reduction ofkL due to
barrier effects may be offset by increased area to afford in-
creased values ofkLa [7,8].

The volumetric mass transfer coefficient includes the
specific gas–liquid area and the individual mass transfer
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coefficient, so to obtain the latter, it is necessary to first
determine the interfacial area.

There are several methods for determining interfacial ar-
eas, the chemical methods are the most frequently used,
the most common of these being the Danckwerts method,
based on the absorption of CO2 in sodium or potassium
carbonate–bicarbonate buffer solutions. The application of
this method requires the reaction to be first-order and mod-
erately fast: the first condition is achieved working with a
pH between 8 and 10, and the second using a catalyst. As
proposed, catalysts are carbonic anhydrase [9,10], hypochlo-
rite ions [11,12] sodium or potassium arsenite [13–15], the
latter solute being the most commonly used.

In this work, we studied variations in gas–liquid interfacial
area and individual mass transfer coefficient, determined by
the Danckwerts method, with liquid phase surface tension
and gas flow. We performed CO2 absorption experiments in
Na2CO3–NaHCO3 (0.5–0.5 M) buffer solutions, in the pres-
ence of NaAsO2 as catalyst; we used an anionic surfactant,
sodium lauryl sulphate (SLS), to modify surface tension and
analyze how it can influence the interfacial area and the indi-
vidual mass transfer coefficient. Both parameters were corre-
lated, individually and/or jointly, as a function of the surface
rate of the gas and the surface tension of the liquid phase.

2. Theory

The chemical methods used to calculate interfacial area
are based on the study of certain gas–liquid systems, and
under specific conditions, absorption rate is directly pro-
portional to the interfacial area. The method proposed by
Danckwerts [13] requires that the gas absorbed undergoes
a moderately fast pseudo-first-order reaction with some of
the solutes in the liquid phase. Under these conditions, the
absorption rate is given by

n = CeA

√
k2

L + k1D (1)

with n being the absorption rate, mol s−1; A the effec-
tive interfacial area, m2; Ce the gas solubility, mol l−1;
D the gas diffusivity, m2 s−1; kL the mass transfer indi-
vidual coefficient, m s−1; k1 the kinetic coefficient of the
pseudo-first-order reaction, s−1.

The valueA is obtained from the slope of the straight line
that results from the graphical plot ofN2 versusk1, while
the valuekL is calculated from the ordinate at the origin.

Under certain conditions, CO2 reaction in carbonate–
bicarbonate buffer solutions catalyzed by sodium or potas-
sium arsenite can be considered pseudo-first-order. In this
case, dissolved CO2 reacts with hydroxyl ions and water,
this last reaction being catalyzed by arsenite ions, to give
the global reaction

CO2 + CO3
= + H2O → 2HCO3

−

For the reaction to be pseudo-first-order, it is necessary that
CO3

=, HCO3
− and O− ion concentrations remain constant,

without decreasing near the interface. For this, the following
condition must be fulfilled [16]:

Ce =
[

1

[CO3
=]

+ 2

[HCO3
−]

] [√
1 + Dk1

K2
L

− 1

]
� 1 (2)

The kinetics coefficient of the global process,k1, is being
given by

k1 = kH2O + kOH− [OH−] + kc[Cat] = k0 + kc[Cat] (3)

wherek0 andkc are the contributions of the not catalyzed
and catalyzed reactions, respectively, and [Cat] represents
the concentration of the catalyst, that is, the arsenite ion.

Under our working conditions, coefficientsk0 andkc are
0.86 s−1 and 350 l ion g−1 s−1, respectively [16,17]; thus,
the global kinetic coefficient is expressed as

k1 = 0.86+ 350[AsO2
−] (4)

This method has the advantage that appreciable differences
of k1 are obtained using very small catalyst concentra-
tions, thereby, not affecting the physical properties of the
absorbent.

3. Materials and methods

3.1. Mass transfer measurements

Mass transfer measurements were carried out using the
apparatus shown in Fig. 1. Except for the contact device, this
setup has been described in detail in previous papers [18].

A bubble column (1) 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.

The upper cover of the column, that easily comes apart, is
a methacrylate sheet with three openings; the center orifice
is for a thermometer (2), and the two off-centre orifices
are for the inflow of liquid (3), and the outflow of gas (4),
respectively. The lower cover also possesses three openings:
the middle one is for a porous plate of 4 cm in diameter
(5), and the outer ones are for a thermometer (6), and the
outflow of liquid (7). The liquid enters the column through
the top sheet, via a vertical glass tube that is slightly bent
at the lower end to avoid gas leakage, while the gas inlet
is through a porous plate. Bubble size is varied using three
porous plates (the pore sizes of the plates used in this work
are listed in Table 1).

The liquid phases used in this work (sodium carbonate–
bicarbonate (0.5–0.5 M) buffer solutions with sodium
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Fig. 1. Experimental setup for gas absorption measurements.

arsenite, as catalyst, and with SLS) were thermostated to
25◦C before entering the contact device. For batch runs, the
liquid load was 10.3 l. The concentration ranges used are
0–10−2 mol l−1 for sodium arsenite, and 0–5×10−4 mass%,
for SLS.

The gas to be absorbed, pure CO2, was passed through a
humidifier at 25◦C (8) and it entered the contact device at
a constant flow rate measured with a bubble flowmeter (9).
Gas outflow through the top-plate outflow port was measured
with another bubble flowmeter (10) before its release into the
atmosphere. The gas absorption rate was calculated as the
difference between inflow and outflow rates. In our experi-
ments, we used inflow between 3 and 8.5×10−4 mol s−1.

3.2. Physical properties

Interpretation and correlation of the mass transfer data
obtained require knowledge of the densities, viscosities and
surface tension of the liquid phases used, and the solubilities
and diffusivities of the gas in these phases.

The densities and viscosities of the sodium carbonate–
bicarbonate buffer solutions, with surfactant and sodium
arsenite, were measured at 25◦C using Gay–Lussac-type

Table 1
Equivalent pore size ranges of the bubbling plates used

Plate Equivalent pore diameter×106 (m)

0 150–200
1 90–150
2 40–90

pycnometers of 25 cm3 and a Schott Geräte AVS 350
automatic Ubbelohde viscometer, respectively. However,
neither of these properties differed significantly from the
values for the buffer solutions,ρ=1075.1 kg m−3 and
µ=1.31× 10−3 kg m−1 s−1.

The surface tension,σ , of the liquid phase changes notably
with surfactant addition (see Table 2), thus having necessar-
ily to be precisely measured. In view of the scarceness of
data in the literature, we have proceeded to its experimental
determination using a stalagmometer previously calibrated
with distilled and deionized water. The surface tension of
water was determined with a Prolabo tensiometer and its
value differs by less than 0.07% of that found in the literature
[19]. The temperature of the solution was held constant by
placing it in a container equipped with an isothermal jacket,
and was controlled with a precision of±0.02 K.

The solubilities and diffusivities of CO2 in the buffer
solutions with SLS were calculated from the correlation
equations found in the literature [20–22]. Since the addi-
tion of SLS did not modify the viscosity of the solution,
the diffusivity and the solubility of CO2 were also assumed
equal to their values for buffer solutions. Diffusivity,D,
was calculated from the expression proposed by Joosten and

Table 2
Surface tension of the different solutions at 25◦C

[SLS]×105 (mass%) σ×103 (N m−1)

0 75.01
5 74.42

10 71.06
50 65.96
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Danckwerts [20]:

D

Dd
=

(
µd

µ

)α

(5)

whereµ and µd are the viscosities of the buffer solution
and of the solvent (water), respectively,α is a parameter
whose value for solutions of this nature is 0.82 andDd is
the diffusivity of CO2 in water, which was calculated from
the equation of Wilke and Chang [21].

The solubility of CO2 in buffer solutions with SLS and/or
sodium arsenite, due to the electrolytic nature of these, was
calculated from the equation proposed by Danckwerts and
Gillham [22] for solutions containing more than one elec-
trolyte:

log

(
Ce

Ce
d

)
= −

∑
i

KsiIi (6)

whereIi andKsi are the ionic strength and the salting out
parameter for each electrolyte andCe

d is the solubility of CO2
in the solvent. The values ofKsi for Na2CO3 and NaHCO3
are 0.097 and 0.199, respectively.

It was proved that the addition of sodium arsenite does
not affect either the diffusivity or the solubility of CO2, due
to its low concentration. Therefore, the diffusivity and the
solubility of CO2 will be considered constant for all the
buffer solutions used and equal to 1.54×10−9 m2 s−1 and
1.925×10−2 mol l−1, respectively.

4. Results and discussion

The amount of CO2 absorbed per unit volume and time,
N, depends on gas flow rate, pore size, and catalyst and
surfactant concentrations, as shown in Fig. 2 for one of the
systems tested. In Fig. 2, we observe thatN increases with

Fig. 2. Time-dependence ofN for different gas flow rates and surfac-
tant concentrations: plate 0 and without SLS, in Danckwerts method.
(d) 0.0008 mol s−1 and [sodium arsenite]=4×10−3 M; (s) 0.0008
mol s−1 and [sodium arsenite]=0 M; (j) 0.0059 mol s−1 and [sodium
arsenite]=4×10−3 M; (h) 0.0059 mol s−1 and [sodium arsenite]=0 M.

Fig. 3. Danckwerts plots, plate 0 and different gas flow rates. (s)
8.1×10−4 mol s−1, (h) 6.7×10−4 mol s−1, (1) 5.8×10−4 mol s−1, (∇)
5.l×10−4 mol s−1, (d) 4.6×10−4 mol s−1, (j) 4.1×10−4 mol s−1 (m)
3.1×1−4 mol s−1.

the gas flow rate and with the concentration of catalyst, for
a given pore size and SLS concentration.

When the amount of CO2 absorbed is evaluated, the
Danckwerts method is applied to determine the interfacial
area,A, and the individual mass transfer coefficient,kL. In
accord with the method of Danckwerts, Fig. 3 showsn2

plotted versusk1 (Eq. (1)) for one of the SLS concentra-
tions and for different gas flow rates. The interfacial areas
were calculated from the slopes of the resulting lines, and
the values of the corresponding mass transfer coefficients
from the intercepts.

For the calculated values ofA andkL, we observe a de-
crease with the concentration of SLS, that is, as the sur-
face tension decreases. The reduction may be attributed to
the effect of the surface agents, since they reduce interfacial
movements because they occupy part of the surface of the
bubbles. The surface concentration of surfactant increases
with the surfactant concentration in the liquid bulk and as
the surface tension decreases [23]. In systems with intense
coalescence rate, the area can be considerably modified with
respect to the expected area as a function of bubble size and
gas flow. However, for systems with high viscosity, coales-
cence decreases, and for a given gas flow, the effective area
is modified with the concentration of the surface agent [24].

The individual mass transfer coefficients have been corre-
lated, individually and globally, with superficial gas veloc-
ity and with surface tension, to quantify the effect of these
variables. We have first studied the influence of superficial
gas velocity,uG, over the individual mass transfer coeffi-
cient for each concentration of SLS (Fig. 4). This influence
has been quantified, giving an expression that is similar to
that proposed by Sotelo [2]:

kL = K2 u0.5
G (7)

with the empirically determined values ofK2 listed in
Table 3. The values ofK2 decreased with increasing
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Fig. 4. Dependence of the individual mass transfer coefficientkL on the
gas flow rate. (d) without SLS and plate 0, (j) without SLS and plate
1, (m) without SLS and plate 2, (s) [SLS]=5×10−4 mass% and plate
0, (h) [SLS]=5×10−4 mass% and plate 1, (1) [SLS]=5×10−4 mass%
and plate 2.

surfactant concentration and with increasing bubble-plate
pore size (see Fig. 4).

There is an obvious dependence between of the individual
mass transfer coefficient and surface tension in solutions that
contain surfactants as seen in Fig. 5. When analyzing the
influence of surface tension, in an individualized way, we
obtain the following expression:

kL = K3 σ 1.35 (8)

in which K3 is a function of the superficial gas rate and
bubble-plate pore size (Table 4). The values ofK3 in-
creased with increasing gas flow rate and with decreasing
bubble-plate pore size (see Fig. 5). We can conclude that the
influence of pore size is lower than that of gas flow, since the
value of the parameter oscillates considerably with gas flow.

The joint analysis of the dependence ofkL with the surface
rate of the gas and with the surface tension leads to an
expression in the form

kL = K4 σ 1.35u0.5
G (9)

where the parameterK4 depends exclusively on the
bubble-plate pore size and its values are shown in Table 5.

Table 3
Values of the parameterK2 in Eq. (7)

[SLS] (mass%) K2×103 (m0.5 s0.5)

Plate 0 Plate 1 Plate 2

0 5.4761 5.7127 5.8041
5×10−5 5.1325 5.3074 5.4585
1×10−4 4.8749 5.0480 5.1837
5×10−4 4.5541 4.7024 4.8493

Fig. 5. Dependence of the individual mass transfer coefficientkL on
surface tension. [SLS]=10−4 mass%. (d) 4.1×10−4 mol s−1 and plate 0,
(j) 4.1×10−4 mol s−1 and plate 1, (m) 4.1×10−4 mol s−1 and plate 2,
(s) 8.1×10−4 mol s−1 and plate 0, (h) 8.l×10−4 mol s−1 and plate 1,
(1) 8.1×10 mol s−1 and plate 2.

Table 4
Values of the parameterK3 in Eq. (8)

uG×103 (m s−1) K3×102 (m s1.70 kg−1.35)

Plate 0 Plate 1 Plate 2

1.81 7.5489 7.7956 8.0555
1.53 6.7121 7.0416 7.1957
1.33 6.4343 6.6447 6.7899
1.17 5.9708 6.2990 6.4478
1.05 5.8340 5.9843 6.0983
0.95 5.4838 5.6337 5.7831
0.87 5.1175 5.2716 5.4056

If we consider a single value for this parameter, we would
make an error of 6%.

In Fig. 6, the experimental values ofkL and those cal-
culated from Eq. (9) are compared, for one of the porous
plates employed. The deviation between both values is, in
all cases, less than 10%.

On the other hand, the experimental interfacial areas vary
with gas flow rate in a linear dependence; this behaviour is
similar to that observed for all plates (Fig. 7). The depen-
dence of area with surface tension is a non-linear relation;
interfacial area decreases with increasing surfactant con-
centration, that is, when the surface tension decreases. This

Table 5
Values of the parameterK4 in Eq. (9)

K4 (m0.5 s22 kg−1.35)

Plate 0 0.17587
Plate 1 0.18233
Plate 2 0.18689
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Fig. 6. kL calculated with Eq. (9) vs. experimentalkL , for two porous
plates and different gas flow rates. (s) plate 0; (1) plate 1; (+) plate 2.

behaviour is due to the fact that the presence of surfactant in
the medium reduces turbulence; the relation between both
variables can be quantified by the exponent 0.7. In Fig. 8,
we observe the influence of this variable over area.

At last, an analysis of specific area,a, was carried out
as a function of the dimensionless modules, affording the
following equation:

adc = K5 · Re0.98 · Sc0.57 · Fr0.09 · Bo−0.70
(

dp

dc

)−0.19

(10)

It is worth pointing out that, for the first term, instead of in-
troducing the interfacial area, we use the product of specific
area by the diameter of the column that is a dimensionless
product. Bo, Fr, Re and Sc are the modules of Bond, Froud,

Fig. 7. Dependence of interfacial area on the gas flow rate. (d) without
SLS and plate 0, (j) without SLS and plate 1, (m) without SLS and plate
2, (s) [SLS]=1×10−4 mass% and plate 0, (h) [SLS]=l×10−4 mass%
and plate 1, (1) [SLS]=l×10−4 mass% and plate 2.

Fig. 8. Dependence of interfacial area on surface tension. (d)
4.1×10−4 mol s−1 and plate 0, (j) 4.l×10−4 mol s−1 and plate 1, (m)
4.1×10−4 mol s−1 and plate 2, (s) 8.1×10−4 mol s−1 and plate 0, (h)
8.1×10−4 mol s−1 and plate 1, (1) 8.1×10−4 mol s−1 and plate 2.

Fig. 9. Experimental interfacial areas vs. calculated values (Eq. (10)), for
different SLS solutions and two porous plates: (s) plate 0, (m) plate 2.

Reynolds, and Schmidt, respectively,dp anddc are the pore
diameter and the column diameter, respectively, andK5 is an
adjustment parameter of value 4.8×10−2. Fig. 9 shows, for
one of the porous plates, the value of the experimental area
versus the calculated one (Eq. (10)), the deviations always
being lower than 10%.

5. Conclusions

In view of our results, we can conclude that, in the sys-
tems tested, the presence of the surfactant induces reduction
of the interfacial area as well as of the individual transfer
coefficient, and that both increase with gas flow rate, and
decrease with increasing bubble-plate pore size.
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6. Notation

a specific area (m−1)
A effective interfacial area (m2)
Ce gas solubility (mol l−1)
Ce

d gas solubility in the bulk liquid (mol l−1)
dc column diameter (m)
dp pore diameter (m)
D gas diffusivity (m2 s−1)
Dd gas diffusivity in the bulk liquid (m2 s−1)
g gravitational acceleration (m s−2)
Ii ionic strength of the electrolytei
kL mass transfer individual coefficient (m s−1)
k1 kinetic coefficient (s−1)
K1 salting-out parameter of electrolytei
K2 parameter in Eq. (7) (m0.5 s−0.5)
K3 parameter in Eq. (8) (m s1.70 kg−1.35)
K4 parameter in Eq. (9) (m0.5 s2.2 kg−1.35)
K5 parameter in Eq. (10)
n absorption rate (mol s−1)
N absorption rate per unit volume (mol l−1 s)
qg gas flow rate (mol s−1)
uG superficial gas velocity (m s−1)

Greek symbols
α parameter in Eq. (5)
µ buffer solution viscosity (kg m−1 s−1)
µd viscosity of the solvent (kg m−1 s−1)
ρ density (kg m−3)
σ surface tension (N m−1)

Dimensionless modules
Bo Bond number (g d2 ρ/σ )
Fr Froud number (u2

G/dg)
Re Reynolds number (ρ u2

G d/µ)
Sc Schmidt number (µ/ρD)
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