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ABSTRACT

This work concerns the treatment of liquid effluents rich in anionic surfactant by the electroflota-
tion process in batch mode. The oxygen transfer was studied considering its importance for the
abatement of the dissolved organic matter in the industrial effluents. The volumetric mass transfer
coefficient (Kya) which is the key parameter in the characterisation of transfer process was evalu-
ated for different values of current density and various surfactant concentrations. The volumetric
mass transfer coefficient was also dissociated to evaluate the liquid-side mass transfer coefficient
(Kp) and specific interfacial area (a). The Ki, decreases with the anionic surfactant concentration
until the critical micelle concentration and then it has undergone a notable increase, the specific
interfacial area decreases with the anionic surfactant. Models of (K;) have been established to
describe the effects of the operational parameters as well as the physicochemical characteristics

of the liquid phase on the oxygen transfer.
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1. Introduction

Anionic surfactants are extensively used in many
fields of technology and research due to their favour-
able physicochemical characteristics [1]. These surfac-
tants enhance the solubility of sparingly soluble
compounds in water and can affect the mass transfer
from the gas to the liquid phase [2-7]. However, waste-
water rich on anionic surfactants issued from different
industrial processes such as lubrication, metallurgy,
petrol and textile finishing industry raises a series of
environmental problems [8]. The electrochemical tech-
niques have an important role to treat this wastewater
emission.
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Electroflotation (EF) is an electrochemical process
that floats pollutants to the surface of water by tiny
bubbles of hydrogen and oxygen generated from elec-
trolysis of aqueous solutions [9-14]. The electrochemi-
cal reactions at the cathode and anode are, therefore,
mainly hydrogen and oxygen evolution, respectively.

Anodicoxidation: 2H,O — O, + 4H" + 4e” (1)

Cathodicreduction: 4H,O + 4e~ — 2H} +40H™ (2

The effectiveness of the process is limited not only to
the elimination of the polluting substances but also to
the abatement of the dissolved organic matter by oxy-
gen generated at the anode. Most available EF process
data has shown the effect of EF process in decreasing



M. Kotti et al. / Desalination and Water Treatment 36 (2011) 34—40 35

chemical oxygen demand (COD) but without detailing
the transfer phenomena [15-18].

The objective of the present study is to investigate
the effect of anionic surfactant solutions on oxygen
transfer rate and to evaluate separately the liquid-
side mass transfer coefficient K; and the interfacial
area (a).

2. Theory

In the absence of chemical reaction, gas-liquid mass
transfer to a low solubility gas bubble is controlled by
molecular diffusion in the liquid phase [19]. Lewis and
Whitman assumed that the gas side resistance is negli-
gible and that the gas transfer may be determined from
considering the liquid side resistance only [20]:

dC .
G Kpa(Cr - C), (3)
where dC/dt is the rate of change of oxygen concentra-
tion with time.

Eq. (3) can be readily integrated to yield the follow-
ing expression for C as a function of time:

C=C"—(C"—Cy) exp(—Kpat), 4)

where Cy is the initial dissolved oxygen concentration
at t = 0. A nonlinear regression analysis based on the
Gauss—Newton method is recommended by ASCE
(American Society of Civil Engineers) to fit Eq. (4) to
experimental data using Kya, C* and Cy as three adjus-
table model parameters [21].

The volumetric mass transfer coefficient must be
corrected to a standard reference temperature of 20°C
by using the Arrhenius relationship [19]:

KLa(ZO"C) = KLLI<T) 9<207T) . (5)

A generally accepted value of the temperature correc-
tion factor, 6 is 1.024 [22].

3. Experimental set-up and measuring techniques
3.1. EF cell

The EF cell, shown in Fig. 1, is used for batch mode.
It is a cylindrical plexiglas vessel and is 9.20 cm in dia-
meter and 71.5 cm in height. It is provided with two
electrodes: titanium coated with ruthenium oxide
anode and a stainless steel cathode. These two electro-
des are supplied by a generator of DC current which
enables the variation of current density. It is also
noticed that the gap between anode and cathode was
maintained at 5 mm to minimize the ohmic loss. The
cathode compared to perforated anode occupies the
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Fig. 1. Experimental set-up.

top position. This perforation allows the evacuation
of bubbles produced at the anode [23].

3.2. Image analysis

The equipments used for the determination of the
bubble size distributions by image analysis were a micro-
scopic zoom digital video camera (model NV-A3E from
Panasonic, Japan), an acquisition card (model Pinnacle
PCTV PRO version 4.02 from Pinnacle systems), a PC
(model Pentium 4, from Fujitsu Siemens) with a digital
image analysis programs namely: Photofiltre (Version
6.2.6), Photoshop (CS2), Ulead Photo Impact (Version
11 Pro) and 700 W power halogen spot.

A wire of known diameter was video taped for use
as the calibration factor for the bubble size. For getting
a sufficient representative bubble size distribution
usually sizes of at least 100 bubbles were determined.

3.2.1. Gas hold-up

Gas hold-up is a dimensionless key parameter
defined as the volume fraction of gas phase occupied
by the gas bubbles [24].

The gas hold-up is calculable in the following way
using image treatment system [19]:

AH
= RH |y ©)

where AH is the increase in liquid level after gassing.

3.2.2. Volumetric mass transfer coefficient

The volumetric mass transfer coefficient K;a was
measured using the unsteady state method with an
oxygen probe (Consort C932) placed mid-way in the
EF cell. The oxygen concentration was reduced to zero
by adding 150 mg/L of sodium sulphite (Na,SOs3) and
2 mg/L of cobalt ions [25].
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Table 1
Chemical characteristics of liquid phases in the ambient conditions
Liquid
density Liquid surface  Liquid
Solution type Surfactant CMC [g/L] GCsrlg/L] [kg/ m®]  tension [N/m] viscosity [Pa.s]
Clean tap water - - - 1,000 0.07275 0.001
Anionic surfactant ~ Sodium polymethacrylate  0.25 0.1 997,455 0.06748 0.00125
0.25 995,866 0.05747 0.00182
0.5 993,144 0.05548 0.00283
1 985,176 0.05447 0.00579
1.5 983,488 0,05315 0,00874

2Na2503 + 02 — 2 Nast4 (7)

Experiments were conducted with different model
anionic surfactant solutions (Table 1) at current density
ranging from 60 to 260 A/m?.

3.2.3. The specific interfacial area

The specific interfacial area is one of the most
important parameters for gas-liquid reactor design.
Once the gas hold-up and bubble diameter are mea-
sured the specific interfacial area (a) could determined
using the following equation [26]:

6eg

dp(1 —eg) ®

a =

3.2.4. The liquid-side mass transfer coefficient Ky

Measurement of mass transfer coefficient Kia and
the specific interfacial area (a) allows the determination
of the liquid-side mass transfer coefficient K :

KL(Z
P

Ky )

3.3. Liquid-phase characterization

Table 1 presents the variety of liquid phase charac-
teristics which allows understanding the effect of sur-
factant solutions on the mass transfer efficiency.

It is well known that surfactants are characterized
by critical micelle concentrations (CMC). The CMC is
the concentration where surfactant molecules arrange
themselves into organized molecular assemblies
known as micelles [27].

The CMC of anionic surfactant in water is deter-
mined from measurements of the specific conductivity
vs. the surfactant concentration by Consort C932 at
20°C [28].

4. Results and discussion

In order to calculate the volumetric mass-transfer
coefficients from the ASCE model using Eq. (4) a series
of unsteady states reoxygenation tests at different cur-
rent densities and concentrations of anionic surfactant
were conducted.

All the data are exploited by a specific data-
processing program which is (DataFit version 8.1.69).
The principle of this method is to make a non-linear
regression of the exponential form of the transfer
equation.

Fig. 2 shows a fast evolution of the oxygen concen-
tration, then stabilization due to the saturation of the
liquid solution with dissolved oxygen time.

4.1. Effect of anionic surfactant on Kpa

The volumetric mass transfer coefficient Kia is
plotted as a function of the anionic surfactant concen-
tration at different current densities.

As shown in Fig. 3 the volumetric mass transfer
coefficient Kya decreases with the anionic surfactant
concentration until the CMC (0.25 g/L), in this case a
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Fig. 2. Example of non-linear regression of experimental data
by DataFit for clean tap water at 100 A/m?
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Fig. 3. Variation of the volumetric mass transfer coefficient as
a function of anionic surfactant concentration.

uniform layer of surfactant is adsorbed at the interface
gas-liquid (screen effect for the passage of the bubble
gas to the interface) which offers an additional resis-
tance to the oxygen transfer and consequently reduc-
tion in Kja.

From the CMC Kpa has undergone a notable
increase: the molecules of surfactant arrange them-
selves into micelles which minimize the initial surface
molecular solvated state in water; this last phenom-
enon decreases the screen effect, thus reduces the resis-
tance of exchange and consequently improves the
oxygen transfer.

The Kia stabilizes for the large concentrations
higher than (0.75 g/L). This stabilization can be
explained by limiting transfer.

Fig. 4 shows that, whatever the liquid phases, the
volumetric mass transfer coefficient K;a increases with
the current density. It is also noted that the volumetric
mass transfer coefficients Kia of anionic surfactant
solution are significantly smaller than those of water.
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Fig. 4. Variation of the volumetric mass transfer coefficient as
a function of current density.
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Fig. 5. Variation of specific interfacial area as a function of
anionic surfactant concentration.

4.2. Effect of anionic surfactant on specific interfacial area

The variations of specific interfacial area with the
anionic surfactant concentration are plotted in Fig. 5 for
different current densities.

Fig. 5 shows that whatever the current densities, the
specific interfacial area decrease with the anionic sur-
factant concentration.

The anionic surfactant has a double effect: on the
one hand it supports coalescence by its viscosity and
on the other hand it decreases the surface tension
[Table 1]. These two effects are opposed: the coales-
cence increases the bubble diameter, but on the other
side the decease of the surface tension reduces the bub-
ble size [29].

According to Fig. 5 we can deduce that the coales-
cence effect carry on the surface tension effect to sup-
port the increase in the bubble diameter and as a
result reduction in the specific interfacial area.

As shown in Fig. 6 whatever the liquid phases, the
specific interfacial area increases with the current
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Fig. 6. Variation of the interfacial area as a function of current
density.
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Fig. 7. Variation of the liquid-side mass transfer coefficient as
a function of anionic surfactant concentration.

density. In fact, when the current density increases, the
number of oxygen bubbles increases, too. This suggests
an amelioration in the exchange surface.

4.3. Effect of anionic surfactant on K

The liquid-side mass transfer coefficient is plotted
as a function of the anionic surfactant concentration
at different current densities.

As shown in Fig. 7 the liquid-side mass transfer
coefficient K; decreases with the anionic surfactant
concentration until the CMC (0.25 g/L), from which
K; has undergone a notable increase.

According to Fig.7, the variation of liquid-side mass
transfer coefficient K; with the concentration of anion
surfactant are similar to that of Kja for different current
densities (Fig. 3), this confirms that liquid-side mass
transfer coefficient Ky, carry on the specific interfacial
surface (a) during the process of transfer.

As showing in Fig. 8, whatever the liquid phase, the
Ky value increases with increasing current density,
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Fig. 8. Variation of the liquid-side mass transfer coefficient as
a function of current density.
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Fig. 9. Experimental values of K. in comparison with the
values considered by the model.

when | reached higher values than 220 A/ m?, (Kp)
trend to stabilize.

When the current density increases, the number of
oxygen bubbles increases, too. The increase of the num-
ber of bubbles generates an intense agitation which
decrease the transfer resistance in the liquid phase and
increase the liquid-side mass transfer coefficient.

The liquid-side mass transfer coefficient Ky, related
to the anionic surfactant solutions are significantly
smaller than those of water.

5. Modeling of data

In order to explain the results of the present studies
the mathematical model that permits to express the
liquid-side mass transfer coefficient according to opera-
tion conditions such as the current density and the anio-
nic surfactant concentrations was selected. For this
objective, an appropriate mathematical program DataFit
(version 8.1.69) that permitted to find this model was
used and the following model was obtained [23].

-7
KL =319 x 107+ 654 x 10°.] — 27 ¥ 107
Cast (10)
7.82 x 107
Chst

The comparison between the experimental values of
the liquid side-mass transfer coefficient and the values
predicted by the model (Eq. (10)) is presented in Fig. 9.
As shown in this figure the obtained model fits the
experimental data very well.

6. Comparison with other aeration system

The results found with the present EF process are
compared with that obtained by gas-distributor [30]
(Table 2).



M. Kotti et al. / Desalination and Water Treatment 36 (2011) 34—40 39

Table 2

Comparison between the results of oxygen transfer parameters obtained by the electroflotation process and gas-distributor

Interfacial aeria () (m?/m°)

Mass transfer coefficient

Kua (s™h Ky (m/s)

Type Aeration systems

Clean tap water Gas-distributor 3.1-11.2
Electroflotation 621.6—1061.7

Anionic surfactant ~ Gas-distributor 3.9-12
Electroflotation 599.9-1042.4

1.02 x 107%-4.07 x 10*

1.94 x 107°-4.14 x 10~°
8.96 x 107°-1.64 x 107
9.33 x 1077-1.88 x 107°

3.67 x 107%-4.13 x 1073
121 x 107%-4.4 x 1073
3.8 x 1074213 x 1073
5.60 x 107%-1.96 x 1073

It is noticed that the volumetric mass transfer coeffi-
cient Ky a provided by the EF process for different liquid
solutions is comparable to other aeration systems.
Indeed, the EF process gives the highest specific interfa-
cial area and a smaller liquid-side mass transfer coeftfi-
cient Ki. A mechanical agitation was proposed in order
to minimize the transfer resistance and improve K;..

7. Conclusion

It appears that the concentration of surfactant affect
significantly the interfacial area and the transfer phe-
nomena gas-liquid. In fact, the results of analysis prove
the presence of the screen effect which disadvantages
oxygen transfer in the presence of anionic surfactant as
well as the influence of the CMC on this phenomenon.

The dissociation of volumetric mass transfer coeffi-
cient K;a enabled us to deduce that:

» The specific interfacial area tends decreases with the
anionic surfactant.

 The effects of anionic surfactant concentration on the
volumetric mass transfer coefficient and the liquid-
side mass transfer coefficient are similar.

The simple model for estimation of K; based on the
current density and anionic surfactant concentration
are established.

Symbols

a specific interfacial area (m?/m?)

C dissolved oxygen concentration in liquid
phase (kg/m?)

c equilibrium oxygen concentration in liquid

phase (kg/m?)

CasT anionic surfactant concentration (kg/ m°)
Cst surfactant concentration (kg/ m?)

CMC critical micelle concentration (kg/m?)

dg bubble diameter (m)

Hyp ungassed liquid height (m)

i current density (A/ m?)

K, liquid-side mass transfer coefficient (m/s)
Kia volumetric mass transfer coefficient (s~ ')
T temperature (°C)

t time (s)

Greek symbols

0 theta factor

Eg gas hold-up

Subscripts

g gas

L liquid

ST surfactant

AST anionic surfactant
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