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Specific experiments are proposed to investigate the effect of surfactants on liquid side mass transfer
coefficients. They are based on the determination of the liquid side mass transfer coefficient k; at a free
gas-liquid interface, under controlled temperature and hydrodynamic conditions. Firstly, the methodol-
ogy is validated in water at various rotation speeds and temperatures. In a second time, it is applied in
aqueous and pure solutions of anionic surfactants: a decrease of ki with an increase of surfactant con-

f\(/[eywirdS: . centrations is then observed until leveling off when the CMC is reached. Deduced from experimental
Suarsf:ctr;:tsser results, the equivalent diffusion coefficients describe an identical behavior. These results demonstrate

that the lowest k; are directly linked to the presence of surfactants at the gas-liquid interface which
makes the diffusion coefficients of oxygen be reduced. At last, a comparison is performed with the data
of Painmanakul et al. and Sardeing et al. [P. Painmanakul, K. Loubiére, G. Hébrard, M. Mietton-Peuchot,
M. Roustan, Effect of surfactants on liquid-side mass transfer coefficients, Chemical Engineering Science
60 (2005) 6480-6491; R. Sardeing, P. Painmanakul, G. Hébrard, Effect of surfactants on liquid-side mass
transfer coefficients in gas-liquid systems: a first step to modelling, Chemical Engineering Science 61
(2006) 6249-6260] obtained from a chain of bubbles having diameters above to 3.5 mm. A quasi-linear
relation between the ki issued from both hydrodynamic configurations is revealed in the whole range
of surfactant concentrations. Such findings would prove that, in both cases, the impact of surfactants on
liquid side mass transfer coefficient is correlated with the changes in the diffusion coefficients of oxygen.

© 2008 Elsevier B.V. All rights reserved.

Diffusion coefficient

1. Introduction e surfactants would create both a modification of the local hydro-
dynamic at the interface and a new resistance to mass transfer
due to a change in local diffusion at the boundary layer film [1,2];

¢ by reducing surface tension, the accumulation of surfactants at
the interface would decrease interfacial renewal and so the dif-

fusion of gas into the liquid [6].

Gas-liquid mass transfer is the object of an active research,
actually focused on the understanding of the elementary mecha-
nisms involved and of their complex interactions. In aerated reactor,
one of the main bottlenecks deals with the effect of surfactants at
the gas-liquid interface. Even if the approach based on Langmuir
isotherm is commonly used to describe the bubble surface area
covered by surfactants, it remains insufficient to well explain how
the presence of surfactants at the gas-liquid interface can influence
the mass transfer efficiency. Many recent articles [1-10] have been
published on this topic and thus give evidence that the effect of sur-

This paper attempts to get a new insight into the understanding
of this phenomenon by means of specific experiments. For that,
the liquid side mass transfer coefficient k. at a free gas-liquid
interface will be determined under controlled hydrodynamic
conditions, at various temperatures and for different surfactant

factants is still under debate. According to [3,9,10], the presence of
surfactants would induce a local modification of the slip velocity at
the interface, responsible for the decrease of liquid side mass trans-
fer coefficients. Some authors have suggested other explanations:
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concentrations. Thanks to the knowledge of both interfacial veloc-
ity and interfacial area involved, the diffusion coefficient of oxygen
will be then deduced. At last, these results, obtained at a free
gas-liquid interface, will be compared with the ones measured by
[1,2] at gas-liquid interfaces formed by a chain of bubbles (having
diameters above to 3.5 mm).

The present communication is composed of two parts: the first
one is devoted to the material and methods, and the second to
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Nomenclature

Notation

a interfacial area (L1)

C dissolved oxygen concentration in the liquid phase
(molL3)

c* dissolved oxygen concentration at saturation in the
liquid phase (molL-3)

Co dissolved oxygen concentration in the liquid phase
at initial time (molL-3)

D diffusion coefficient of oxygen in the liquid phase

under test (L2T-1)

DRB diffusion coefficient of the solute A into the solvent
B in the case of a binary and infinite dilution (L2 T-1)

kia volumetric mass transfer coefficient (T-1)

kL liquid side mass transfer coefficient (LT-1)

N rotation speed of the magnetic agitator (T~1)

s’ renewal rate of liquid elements at the gas-liquid
interface (T-1)

Se surface cover ratio (-)

S signal emitted by the oxygen micro-probe (-)

S* signal emitted by the oxygen micro-probe at satu-
ration (-)

So signal emitted by the oxygen probe at the initial time
)

Ug gas velocity (LT-1)

U interfacial momentum transfer velocity (LT-1)

Up liquid velocity (LT-1)

t time (T)

T temperature (K)

Greek letters

o oxygen solubility (mol M—3)

T interfacial momentum transfer stress (ML~1T~2)
m viscosity (ML-3)

0 density (ML3)

Dimensionless number

Sc Schmidt number, Sc=u; /oD (-)

Indexes

G gas phase

L liquid phase

\ water

the results and comments related to the effects of surfactants at
gas-liquid interfaces.

2. Materials and methods
2.1. Experimental device

Schematically represented in Fig. 1, the experimental device
enables the volumetric mass transfer coefficient, k; a, occurring at a
free gas-liquid interface to be determined under controlled hydro-
dynamic conditions. It consists of a double wall glass vessel, 0.065 m
in internal diameter and tightly closed. The vessel is filled with a
0.035 m height of liquid (H. ). A magnetic agitator enables bulk agi-
tation of liquid without appreciable wave motion. The free surface
remains flat in the whole range of rotation speeds used in the exper-
iments (N=50-120 rpm). The rotation speed is kept very small so
as to maintain a constant surface of the gas-liquid interface offered
to the mass transfer whatever the experiments. The temperature’s

control is ensured by a liquid circulation through the vessel’s jacket
associated to a thermo-regulated system. The temperature in the
cell is measured by means of a thermometer. The experiments are
carried out batch wise with respect to the liquid- and continuous
to the gas-phase. Gas is fed above the liquid surface (connection
through the cell’s cap) and is controlled by a gas flow meter. A gas
flow rate of 2.85 x 10~ m3 s~ is fixed whatever the experiments:
this low value hinders any surface deformation and enables a con-
stant interfacial shear stress to be imposed. A three-way valve is
used to inject either air or nitrogen (atmosphere flushing).

2.2. Gas and liquid phases

Compressed air and nitrogen from laboratory lines are the
gas phases. It is particularly important to clean them to avoid
any unwanted contamination (such as solid particles or organic
substances) in the gas-liquid systems under test. For that, both
particle-retention and activated-carbon filtering are used.

Three kinds of liquid phases are used: water, aqueous solutions
of surfactant and pure solution of surfactant.

Water comes from an ion exchanger and is treated by activated-
carbon filtering. At 20°C, the conductivity of water is 0.2 uScm~!
(WTW® Conductivity Meter LF538), the Total Organic Carbon is
0.216 ppm (Shimadzu® TOC-VCSH analyzer) and the pH is 7.3
(WTW® Microprocessor pH Meter pH539). For different temper-
atures varying between 5 and 50 °C, density and dynamic viscosity
of water are measured by means of a pycnometer and a viscometer
(RM180 Rheomat Rheometric Scientific®) respectively. Their values
are reported in Table 1.

As in [1,2], the surface active agent used is an anionic surfac-
tant, commercially known as Texapon® and mainly composed of
sodium laurylsulfate (molecular weight of 382 gmol-1). It is the
most used surfactant for fabrication of soaps, detergents or emulsi-
fying agents, and thus the most frequently present in wastewaters.
The aqueous solutions of surfactants are prepared with the water
previously described. Various concentrations are tested, ranging
between 0.05 and 10 gL~1. As for water, their densities and dynamic
viscosities are measured: for all solutions, no significant differ-
ences with water are found at T=20°C (Table 2). This result is
not surprising with regard to the small values of concentrations
tested. According to [1,2], this surfactant is characterized by a Crit-
ical Micelle Concentration of 1.9gL~1, a surface concentration at
saturation I"s, of 6.52 x 10~ molm~2 and an adsorption constant
at equilibrium K of 6.25 m3 mol~!. In Table 2 are also reported, for
each aqueous solution, the static surface tension oy (Digidrop GBX®
and Kriiss® tensiometers) and the surface coverage ratio at equi-
librium se. In addition, it is interesting to note that the diffusion
kinetics of this surfactant at gas-liquid interfaces is fast: dynamic
surface tension measurements have shown that the time necessary
to reach the static surface tension is close to 0.2s [11]. This time is
significantly smaller than the characteristic times of mass transfer
1/k.a here measured (Tables 1 and 3). This is a relevant point for
this study.

At last, a pure solution of surfactant is tested. The associated
properties are reported in Table 2.Note that: (i) all the experiments

Table 1

Experiments in water at various temperatures: density (pw), dynamic viscosity
(w), volumetric mass transfer coefficient (koa) and liquid mass coefficient (k)
(N=100rpm)

T(°C) pw (kgm=3) w (cP) kea(s!) fey (ms=1)
5 999.96 1.52 1.80 x 104 6.30 x 106
20 998.20 1.00 2.83x 104 9.91 x 10-6
35 994.03 0.70 4.06x 104 142 x 10-°
50 998.04 0.55 531 x 104 1.86 x 105
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Fig. 1. Schematic representation of the experimental set-up: (1) double wall vessel, (2) oxygen micro-probe Unisense®, (3) acquisition system, (4) thermometer, (5) thermo-
regulation, (6) magnetic agitator, (7) gas flowmeter, (8) nitrogen supply, (9) air supply, (10) three-way valve.

are run between three and six times, (ii) in presence of surfactants,
the temperature is kept at 20°C, and (iii) before each experiment,
a great care is taken for cleaning the experimental device in order
to remove any trace of surfactant.

2.3. Methods

The experiments run are based on the experimental determi-
nation of the liquid mass transfer coefficient occurring at a free
gas-liquid interface (device aforementioned) and, by considering a
theoretical development, on the calculation of the diffusion coeffi-
cient of oxygen.

2.3.1. Gas-liquid mass transfer coefficient measurements

The well-known dynamic gassing-in and gassing-out method
is used to determine the volumetric mass transfer coefficient kj a.
It is based on an oxygen mass balance in the liquid phase under
unsteady-state condition. As the liquid phase is perfectly mixed

and no chemical reaction is in presence, it is written as
dc
kia-(C*-C)= — 1
La-(C'-C) = (1)

where C* is the dissolved oxygen concentration at saturation. When

where Cp is the dissolved oxygen concentration at the initial
time.

The time-variation of the dissolved oxygen concentration, C, is
measured by means of an Unisense® micro-probe (type OX 25-
4046) and an acquisition system connected to a computer. Fig. 2
presents an example of response curve, in where the signal S emit-
ted by the probe is reported versus time. This signal is related to
the dissolved oxygen concentration C as follows:

S-S

S*—5Sp
where « is the solubility of the oxygen into the liquid phase. The
combination of Egs. (2) and (3) leads to

S-S
LnS* 5, = —kia-t (4)
At last, the ki a value is determined from the slope of the curve
defined by Eq. (4), as illustrated in Fig. 3. The response time of the

C=«

(3)

Table 3
Experiments in water at various rotation speeds (T=20°C): liquid mass coefficient
ki and constant C,

) N (rpm) k. (ms—1) G
integrated, Eq. (1) becomes
50 1.02x 107> +0.1 x 102 227 x 1074 +£0.23 x 104

L c*-C k 9 100 9.91 x 10 +£0.95 x 10~ 2.22x1074+0.21x10°%

n C* - (o =-la-t (2) 120 9.35x 107> +£0.84 x 10> 2.09x10°4+£0.21 x 104
Table 2
Properties of the aqueous and pure solutions of surfactant (T=20°C)
Surfactant concentration (gL ") oL (kgm—3) L (cP) oL (mNm) Se (=)
0.2 60.45 0.8
0.05 9982 1.00 69.78 0.4
1.9 - . 39.70 1
10 39.70 1
Pure solution of surfactant 1050.0 35.00 33.00 -
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Fig. 2. Typical response curve obtained with the oxygen micro-probe.

Unisense® micro-probe is equal to 0.5 s and is very short when com-
pared to the experiment duration (102-104 s): no correction is then
necessary.

For each experiment, the following procedure is applied. At
the beginning, the liquid phase is introduced inside the well-
cleaned vessel (H; =0.035 m) and mixed with a small rotation speed
(N=100rpm). When the thermal steady state is reached, nitro-
gen is injected until the dissolved oxygen concentration is reduced
close to zero. Afterwards, nitrogen is replaced by air and the time-
variation of the dissolved oxygen concentration is then recorded
until saturation (Fig. 2).

Whatever the experiments, the free surface is kept flat by apply-
ing both slow agitation rate and gas flow rate. The surface area
offered to gas-liquid mass transfer can thus be reasonably assumed
equal to the liquid surface S (i.e. to the horizontal section area of
the vessel). The interfacial area a is then calculated by

=

(5)
where V is the liquid volume. At last, a is equal to 28.57 m~1. The
liquid side mass transfer coefficient k. is then deduced from
k]_a

ky = e (6)
2.3.2. Determination of the oxygen diffusion coefficient

In the experiments run, a gas flow (Qg=2.85x1076m3s-1) is
moving at a constant velocity Ug above a liquid phase which veloc-
ity (Up) remain very low (the liquid surface being kept flat thanks
to N=100rpm). In such conditions, the gas-liquid mass transfer is
mainly controlled by the level of turbulence imposed by the gas
flow above the interface [12]. The interfacial momentum transfer

time (s)

16000

—_— v =-0.000230x + 0.044205
'4 R® =0.996947 %
4591 I si - *
S -
-5 So

Fig. 3. Graphical determination of the volumetric mass transfer coefficient k;a.

stress t; is then expressed as

ti= 5 po-fi-(Us — U} 7)

where f; is the interfacial friction factor. The interfacial momentum
transfer velocity is then defined by

«_ 0
Ui_\/ oL ®)

Danckwerts [13] proposed a modelling of the liquid side mass
transfer coefficient based on the renewal rate of liquid elements at
the gas-liquid interface s’ with respect to

k]_:\/DXS’ (9)

where D is the diffusion coefficient of the solute in the liquid phase.
Fortescue and Pearson [14] expressed this latter parameter for a free
interface sheared by a gas flow as

S =C3xe (10)

where (3 is a constant and ¢ the ratio between the characteristic
scales of velocity and length. The interfacial shear stress is linked
to the viscosity by the following equation:

ML= — (11)

By combining Egs. (9)-(11), the liquid side mass transfer coefficient
can be expressed as

T
kg=./D-C3.- % 12
L=/ 3 (12)

By introducing the Schmidt number Sc in Eqgs. (8) and (12), the
Danckwerts model becomes

% .5¢%° = ¢ (13)
1
This is the general form of correlations related to absorption coef-
ficients. In fact, the power of the Schmidt number depends on
the nature of interfaces: for solid boundaries, it is equal to 2/3
instead of 1/2 in the present case. Banerjee [15] proposed a con-
stant C; varying between 0.108 and 0.158 in the case of sheared
gas-liquid stratified interfaces. Cockx et al. [16] unified data in hor-
izontal stratified flows and in vertical bubbly flows with respect to

C1=0.1+0.02.

In the experiments run, both low gas flow and agitation rates are
always imposed. It can be then reasonably assumed that the interfa-
cial momentum transfer stress tj, and thus the associated velocity
U}, remains constant for similar phase properties. In such condi-
tions, the diffusion coefficient D in the liquid phase is expressed
as

uw k 2 uL [k 2
L L LKL
D_,OL (Q'Ui*) o (Cz) (14)
where the constant C, is defined by the product between the con-
stant C; and the interfacial momentum transfer velocity U;".
Knowing the liquid mass transfer coefficient k; (kpa measure-
ments and Eq. (6)) and the liquid phase properties (Tables 1 and 2),
the diffusion coefficient of oxygen in the liquid phases under test
will be easily deduced from Eq. (14). In addition, specific exper-
iments will be carried out to determine the constant C; and to
validate the assumptions linked to Eq. (14) with regard to the
present experimental device (see below).
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2.3.3. Empirical correlations for estimating diffusion coefficients

The diffusion coefficients deduced from the present method-
ology will be compared with the estimations issued from several
correlations. Many correlations are available in the literature for dif-
fusion coefficients in the liquid phase. Most are restricted to binary
diffusion at infinite dilution, DOAB, or to self-diffusivity, reflecting
thus the complexity of liquids on a molecular level (volumetric and
thermodynamic effects due to composition variations). Note that,
for concentrations greater than a few mole percent of A (solute) and
B (solvent), these correlations have to be imperatively corrected to
obtain the true diffusivity. Many authors strongly advice to prefer
diffusivity data available at the conditions of interest over the pre-
dictions of any correlations [17]. For oxygen in water, the following
data are found for example:

e at T=20°C,D=18 x 109 m2s! [18],

e at T=20°C,D=21x10"m?2s! [12],

e at T=25°C,D=2.5x 10-9m?2s~! with an estimated error of 20%
[17]; using a constant ratio D - /T leads to D~2.2 x 1079 m2s~!
at T=20°C,

e at T=25°C, D=2.41x10"9m2s~! [19]; by using the previous
temperature-correction, D is found equal to 2.13 x 102 m2s~1 at
T=20°C.

With regard to the previous values, the following average value will
be assumed at T=20°C for the determination of the constant C;,

D=2x10"m?s! (15)

For general mixtures of dilute binary nonelectrolytes, the
Wilke-Chang correlation [20] for DOAB is one of the most widely
used. It is an empirical modification of the Stokes-Einstein equa-
tion. It is not very accurate, however, for water as the solute;
otherwise, it applies to diffusion of very dilute A in B. The asso-
ciated average absolute error has been estimated, for 251 different
systems, to 10% [17]. The Wilke—-Chang correlation is expressed as

0.5
10—12(¢B -Mg)™” - T (16)

D%, =7.4x
A
° g - VA%

where Mg is the molecular weight of solvent (18.015gmol~! for
water), T is the temperature (K), ug is the solvent viscosity (cP)
and V, is the molar volume of the liquid solute at its normal
boiling point (cm3 mol~1). The latter parameter is obtained from
a group contribution approach: for oxygen, V, is taken either as
28.02cm3 mol~! [12] or as 25.6 cm3 mol~! [21]. ¢p is an associa-
tion factor of solvent B: it was originally stated as 2.6 for water
[20], but an empirical best fit with a value of 2.26 was found after
reanalyzing the original data [21].

The Scheibel correlation [22] is also valid for general mixtures of
dilute binary nonelectrolytes. It is established from a modification
of the Wilke-Chang correlation where the association factor ¢p is
eliminated:

-12 2/3
oo _ 8:2x10 T[1 (BVB) } (17)

AB g - Val/3 Va
where Vg is the molar volume of solvent at normal boiling point
(cm3 mol~-1), all the others symbols have the same meaning as in
Eq. (16). Vp is also estimated by a group contribution scheme. For
water, a value of 18.1 cm3 mol~! is commonly accepted [12].
Hayduk and Laudie [23] presented a simple correlation for the
infinite dilution diffusion coefficients of nonelectolytes in water. It
is about the same accuracy (5.9%) as the Wilke-Chang correlation.
There is no explicit temperature dependence, but the 1.14 expo-
nent on g compensates for the absence of Tin the numerator. This

4.5

4 W Wilke-Chang (25.2)
Wilkc-(.‘hﬂng (28.02)
35 OScheibel (25.2)

@ Scheibel (28.02) 2.90.107

-~
Tm 3 B Hayduk-Laudie (25.2) ./
"';:' @ Hayduk-Laudie (28.02) o
ar 29 ® Measured H
=)
= 2
A 15 122.107

1

0.5
0 ?
5 20
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Fig. 4. Comparison between the diffusion coefficients of oxygen in water measured
and those estimated by empirical correlations (Eqgs. (16)-(18)) at various temper-
atures (N=100rpm). The molar volume of oxygen at its normal boiling point (in
cm® mol~') is put in brackets.

correlation is given by

o 13.26x107°

Dap = —51 /0589
My A

(18)
where all symbols have the same meaning as in the previous equa-
tions.

Other correlations in binary liquids, such as the
Reddy-Doraiswamy [24], the Lusis-Ratcliff [25], the Tyn-Calus
[26], the Umesi-Danner [27], the Siddiqi-Lucas [28] correlations,
are also available but less useful and/or adapted. The comparison
with the measured diffusion coefficients will be then limited to
the three correlations related to Egs. (16)-(18).

3. Results and discussion

Firstly, the method implemented will be validated by specific
experiments. Afterwards, the application in presence of surfactants
will be presented and discussed.

3.1. Validation of the method

Firstly, the constant C; has to be defined for deducing the diffu-
sion coefficient from Eq. (14). One possible calibration is to consider
the case of oxygen diffusion in water at 20 °C insofar as the associ-
ated coefficient is well referenced (see above). Six measurements
were run to access the liquid side mass transfer coefficient ki
in this condition: they lead to k. =9.91 x 1076 +£0.95 x 10-6 m s~
(Table 1). The combination of these data with Egs. (14) and (15)
converges toward

C,=222x104£0.21 x 104 ms~! (19)

To evaluate the accuracy of the latter constant, the experiments
are reproduced for the same conditions (oxygen, water) but for dif-
ferent temperatures (5, 35 and 50°C). The averaged values of the
coefficients k; measured are reported in Table 1. They are used to
calculate the associated diffusion coefficients D according to Egs.
(14) and (19). For the same temperatures, the diffusion coefficients
of oxygen in water are also estimated by the Wilke-Chang (Eq. (16)),
Scheibel (Eq. (17)) and Hayduk-Laudie (Eq. (18)) correlations. The
results are regrouped in Fig. 4, dependently if the molar volume
of oxygen Vj, is taken equal to 25.2 or to 28.02 cm3 mol~'. What-
ever the correlations and temperatures, the measured diffusion
coefficients are in agreement with the estimated ones: the rela-
tive deviation never exceeds 10%. This result demonstrates that the
value of the constant C, given in Eq. (19) is valid. This is coherent
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Fig. 5. Liquid side mass transfer coefficient versus surfactant concentration
(N=100rpm, T=20°C): experimental data for different concentrations (®) and for
a pure solution of surfactant (—).

insofar as, whatever the temperatures, the same hydrodynam-
ics conditions (gas flow rate and magnetic agitation) are applied,
conserving thus the slip velocity. This implies that the interfacial
momentum transfer stress 7; remains constant (Eq. (7)) and also
the associated velocity U} (Eq. (8)) as the changes in water densi-
ties are not significant (Table 1), and even if the changes in water
viscosities are important.

The constant C, is defined by the product between the constant
C; and the interfacial momentum transfer velocity U (Eq. (14)).
By taking, in first approximation, a constant C; of 0.1 [16], U} is
found close to 2 x 10-3 ms~1. From this, an order of magnitude of
the mass boundary layer 8y; can be obtained according to [29]

‘%"" =Sc1/3 (20)
where § is the hydrodynamic boundary layer approximate to
26
= 21
= (21)

At last, 8y is found close to 1.5 mm. This low value tends to demon-
strate that, at the liquid side interface, mass transfer is controlled
rather by the shear imposed by the gas flow than by the liquid
motion.

To get definitive confirmation, specific experiments are run in
the same previous conditions (oxygen, water, 20°C, Qg =2.85 x
10-6m3 s-1) but for different rotation speeds N varying between
50 and 120rpm. The mass transfer coefficients k; measured are
reported in Table 3 as well as the constant C; deduced from
these values and Eqgs. (14) and (15). When taking into account
the experimental uncertainties (about 10%), no significant effect
of the rotation speeds on the constant C, is observed, except for the
highest N (120 rpm) where a slight decrease in C, appears. These
data coupled with the previous findings confirm that the approach
implemented for determining diffusion coefficients is relevant if
the rotation speed does not exceed 100 rpm.

3.2. Effect of surfactants on liquid side mass transfer coefficient

The variation of liquid side mass transfer coefficients is pre-
sented as a function of surfactant concentration in Fig. 5. It can be
observed that k; decreases with an increase of the surfactant con-
centration. A plateau is reached when the surfactant concentration
is equal to the Critical Micellar Concentration CMC (1.9 gL~ at20°C
[1]), or in others words when the surface coverage ratio at equilib-
rium, Se, becomes equal to one (Table 2). For higher concentrations,
as the interface is totally covered by surfactants, any change in ki is
obtained. In Fig. 5 (dashed line) is also reported the liquid side mass
transfer coefficient measured for a pure solution of surfactants: it is

significantly lower than those obtained with dilute solutions of sur-
factants, which is not surprising with regard to the higher viscosity
and smaller surface tension of such solution (Table 2).

The associated diffusion coefficients of oxygen are calculated by
using the ki values previously determined and Eq. (14) with:

e (,=2.22x10"4ms~! for aqueous solutions of surfactants (as
their viscosity and density are close to those of water, see Table 2),

* (3 =2.22 x 1074( L. aqueous/OL pure)*> =2.16 x 10~4 ms~! fora pure
solution of surfactants.

In Fig. 6 are compared the experimental diffusion coefficients
of oxygen at various surfactant concentrations with those in a pure
solution of surfactants. A behavior similar to k; (Fig. 5) is observed:
the diffusion coefficient of oxygen, D, decreases with an increase of
surfactant concentration until the CMC is reached (1.9gL~1) and,
for higher surfactant concentrations, D remains constant. More-
over, Fig. 6 reveals that the diffusion coefficient of oxygen obtained
in a pure solution of surfactant has the same order of magnitude
than those measured above the CMC value (5.45 x 10~10 against
6.96 x 10~ 19m? s~ respectively). This result would confirm that
the low ki values observed at high surfactant concentrations (Fig. 5)
are directly linked to the presence of surfactants which make the
diffusion coefficients of oxygen to be reduced.

To better shed light on the effect of surfactants on liquid side
mass transfer coefficient, two different hydrodynamic conditions
are compared: a free gas-liquid interface sheared by a gas flow
(here) and gas-liquid interfaces formed by a chain of bubbles hav-
ing diameters above to 3.5 mm [1,2]. Fig. 7 reports the associated
results in terms of k. at various surfactant concentrations. Firstly,
as commonly observed in literature, the k; values obtained in water
are higher for the bubbling condition than those for the free inter-
face condition; this is directly correlated to the levels of turbulence
(and thus the Reynolds numbers) which are different in both cases
(this effect is usually taken into account in the classical relation-
ships linking the Sherwood number to the Reynolds and Schmidt
numbers). In a second time, a quasi-linear relation between both
hydrodynamics conditions appears in the whole range of surfactant
concentrations. This involves thus that, whatever the hydrody-
namic conditions, the effect of surfactants on liquid side mass
transfer coefficient is similar. As, at a free interface, the decrease of
ki in presence of surfactants is linked to a change in diffusion mech-
anism, Fig. 7 suggests that an identical influence occurs in the case
of the bubbling condition tested by [1]. These findings would thus
demonstrate that, for bubbles having size above 3.5 mm, the effect
of surfactants on k; is mainly correlated to a variation in diffusion
coefficients at the interface. Such a conclusion implies that:
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Fig. 6. Diffusion coefficient of oxygen versus surfactant concentration (N=100rpm,
T=20°C): experimental data for different concentrations (®) and for a pure solution
of surfactant (—).
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Fig. 7. Relation between the liquid side mass transfer coefficients obtained for a
chain of bubbles and for a free gas-liquid interface (at 20 °C and at various surfactant
concentrations).

e the true diffusion coefficient D (i.e. the one established in pres-
ence of surfactants) has to be introduced in the Schmidt number
when the Sh=f{(Re, Sc) relations are used;

e as proposed by [2] for bubble sizes between 1 and 3.5 mm, the
impact of surfactants has to be considered both on local hydro-
dynamics and diffusion coefficient.

4. Conclusions

Specific experiments were proposed to investigate the effect of
surfactants on liquid side mass transfer coefficient. They were based
on the determination, under controlled temperature and hydrody-
namic conditions, of the liquid side mass transfer coefficient k;, at
a free gas-liquid interface.

In a first step, the liquid side mass transfer coefficients ki
were measured in water at various temperatures and the asso-
ciated diffusion coefficient of oxygen D were calculated. The
effect of temperature observed experimentally was well corre-
lated by the predictions issued from the Wilke—-Chang, Scheibel and
Hayduk-Laudie correlations. Coupled with additional experiments
where the influence of the rotation speeds was tested, these data
enabled the approach implemented to be validated.

Secondly, this methodology was applied in presence of surfac-
tants identical to those used by [1,2]. A pure solution and various
aqueous solutions of surfactants (concentrations ranging between
0.05 and 10gL-1) were tested. A decrease of the liquid side mass
transfer coefficient with an increase of surfactant concentrations
was observed as well as a plateau when the CMC was reached (i.e.,
se=1); the smallest value was obtained for a pure solution of sur-
factant. The same behavior existed when the diffusion coefficient
of oxygen was plotted as a function of surfactant concentration.
Above the CMC, the equivalent diffusion coefficients had the same
order of magnitude than the one measured in a pure solution of
surfactant. These results confirmed that the low k; values observed
at high surfactant concentrations were directly linked to diffusion
coefficients reduced by the presence of surfactants in the liquid film
layer.

At last, the present results were compared with those obtained
by [1,2] at gas-liquid interfaces formed by a chain of bubbles having
diameters above to 3.5 mm. A quasi-linear relation between the ki

measured in both hydrodynamic conditions was revealed in the
whole range of surfactant concentrations. This would indicate that,
for both conditions of free interface and of bubbling at dg > 3.5 mm,
the effect of surfactants on k; was mainly correlated with a variation
in diffusion coefficients at the interface.
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