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The present study is to investigate the treatment of sodium dodecyl sulfate (SDS) surfactant wastew-
ater by the peroxi-electrocoagulation process. The electrochemical oxidation of aqueous surfactant
solution has been studied by batch electrolysis experiments. Experiments were conducted to exam-
ine the effects of pH, amount of hydrogen peroxide, current density, electrolysis time and time after
the peroxi-electrocoagulation, conductivity and surfactant concentration on the surfactant removal.
The experimental results showed that SDS in aqueous phase was effectively removed by the peroxi-
electrocoagulation method. The batch experimental results revealed that the overall SDS removal
efficiency reached 81.6% for initial concentration 60 mgL-'. The optimum current density, optimum
pH and electrolysis time were 0.5mAcm~2, 5 and 10 min, respectively. Mean energy consumption was
1.63 kWh (kgSDS)~'. Results show that the pseudo-second-order equation provides the best correlation
for the removal rate of SDS.
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1. Introduction

Surfactants are the active ingredients in personal hygiene prod-
ucts and detergents for industrial and household cleaning. There
are four classes (cationic, anionic, amphoteric and non-ionic) based
on the ionic charge (if present) of the hydrophilic portion of the
surfactant in an aqueous solution [1]. Many industrial effluents
contain mixtures of surfactants. Examples are wastewater from cos-
metic and detergent industries, laundry and car washing services
[2-5]. Surfactants are one of the most common organic pollutants
characterized with very high potential to enter the environment,
since their widespread use, primarily in aqueous solutions, leads to
introduction into the environment via wastewater discharges [6].
Surfactants are a group of compounds used daily in huge amounts
mainly in household applications and as industrial cleaning agents.
According to the Council of European Surfactants Producers Statis-
tics the total quantity of surfactants (without soaps) consumed
in Western Europe in 2002 was more than 2.5 million tons [7].
Nowadays, the role of surfactants and surfactant detergents a fac-
tor of surface- and ground-water pollution is comparable to that of
oil pollution of the world oceans. If the 10 million tons of surfac-
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tants annually manufactured worldwide were spread in adsorption
layers, they could cover the surface of our planet with nearly 15
monolayers [8].

A large number of surfactants, including the anionic types
employed in the present study, have relatively low biodegradabil-
ity. Due primarily to economic reasons, it is impractical to replace
those low biodegradable surfactants in all household and industrial
applications. Pretreatment methods of surfactant wastewater thus
need to be developed which allow safe uses of low biodegradable
surfactant [9].

SDS, amember of the linear alkylbenzene sulfonates (LAS) family
is used as detergent, as dispersant, and as anionic surfactant [10].

Advanced oxidation and thermaloxidation wastewater treat-
ment methods have been used to destroy LAS. Ozonation [11] TiO,
photocatalytic treatment [12], Fenton oxidation [13], wet air oxi-
dation [14] and electrochemical treatment [15,16] have all been
assessed. Ozonation and photocatalytic treatment of refractory
surfactant are usually costly methods. However, transformation
products of these processes can be degraded microbially. An alter-
native advanced oxidation method which is as efficient and yet
less expensive to implement would be highly desirable. A method
meeting these requirements and deserving attention is the peroxi-
electrocoagulation process. So far, electrochemical treatment has
been applied successfully for the partial or complete oxidation
of various organic pollutants, particularly for concentrated elec-
trolytes [16,17].
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2. Peroxi-electrocoagulation method

The peroxi-electrocoagulation method is efficient and less
expensive. In this method, hydrogen peroxide was added into
the electrocoagulation system, so Fenton reactive was formed in
the process. In the peroxi-electrocoagulation, H,0; is externally
applied while a sacrificial Fe anode is used as Fe2* source. More-
over, Fe2* may be continuously regenerated at cathode depending
on the setup of electrolytic cell. This process was applied to detox-
ifying herbicide, pesticide and insecticide containing wastewaters,
and polishing biological effluent of a petrochemical wastewater as
well [18].

Advanced oxidation processes (AOPs) are the hydroxyl radical-
mediated oxidations which utilize hydroxyl radicals as their
primary oxidizing species. Hydroxyl radicals are extremely reac-
tive and non-selective due to their unpaired electron. They often
have kinetic rate constants much greater for many organic com-
pounds than other oxidants such as ozone [19,20]. Hydroxyl radical
is the second strongest oxidant (Ey =2.87 V) that is only inferior to
fluoride (Eg =3.06 V).

The FeZ* ions in the electrocoagulation reactor are the common
ions generated the dissolution of iron. In contrast, OH~ ions are
produced at the cathode. By mixing the solution, hydroxide species
are produced which cause the removal of matrices (cations) by
adsorption and coprecipitation. In the study of iron anodes, two
mechanisms for the production of the metal hydroxides have been
proposed [21]:

2.1. Mechanism 1

Anode :  4Fe() — 4Fe(,q)*" +8e~ (1)
4Fe(3q)** +10H,0(j) + Oyaq) — 4Fe(OH)s(s) +8H(aq)* (2)
Cathode : 8H(3q)" +8e™ — 4Hyy (3)
Overall :  4Fe(5) + 10H30(j) + Op(aq) = 4Fe(OH)3(s) + 4Hy (g (4)
2.2. Mechanism 2

Anode :  Fe(s)— Fe(yq)?" +2e” (5)
Fe(aq)>" +20H(aq)” — Fe(OH)ys) (6)
Cathode :  2H;0(jy+2e™ — Hyg)+20Haq)~ (7)
Overall :  Fe(s)+2H20(y — Fe(OH)y(s) + Hy(g) (8)
Oxidation: 2ClI~ — Cl; +2e~ 9)
Clyg)+Ho0 — HOCI + HT +CI™ (10)
Fe(OH); + HOCl — Fe(OH)3() +Cl~ (11)
Fe?t — Fe3* e~ (12)
Fe3* +3H,0 — Fe(OH); + 3H™ (13)

During Fenton reaction, hydrogen peroxide is catalyzed by fer-
rous ions to produce hydroxyl radicals [22],

FeZt + H,0, — Fe3* + OH™ +°*OH (14)

This reaction is propagated from ferrous ion regeneration mainly
by the reduction of the produced ferric species with hydrogen per-
oxide [23],

H,0, + Fe3t — Fe2* + HO,* + H' (15)

ferrous ions are consumed more rapidly than they are produced. In
addition, ferrous ions can be rapidly destroyed by hydroxyl radicals
with the rate constant in the range of 3.2-4.3 x 108 M~1s-1[24].

Fe?™ +*OH — Fe3™ + OH~ (16)

RV
P NG P NP PN s N
0”7 0~ Na*

Fig. 1. Chemical structure of sodium dodecyl sulfate.

Therefore, more ferrous ion dosage is needed to keep the mod-
erate hydroxyl radicals production. This results in the large amount
of ferric hydroxide sludge during neutralization stage of Fenton
process, which requires additional separation process and disposal
[25].

Recently the applications of electrochemical method in Fenton
process have been reported [26,27].

In this work, the peroxi-electrocoagulation oxidation of SDS,
common household surfactant, was investigated. The objective of
the present investigation was to examine the effects of operating
variables on the performance of the peroxi-electrocoagulation oxi-
dation with an aim of determining their optimum conditions. The
influence of several process parameters such as initial pH, bulk
amount of surfactant, electrolyte conductivity, electrolysis time and
current density on surfactant removal has been evaluated.

3. Materials and methods

SDS (M=288.38gmol~!) surfactant solutions were prepared
with deionized water. All chemical reagents used were analytical
grade. Chemical structure of sodium dodecyl sulfate was shown in
Fig. 1.

Batch removal of SDS was performed in an electrolytic cell. The
batch experimental setup is schematically shown in Fig. 2. The EC
unit with bipolar electrodes in parallel connection consists of an
EC cell, a D.C. power supply and electrodes. The iron cathode and

H,0, j
L

Fig. 2. Schematic diagram of experimental setup (1: electrocoagulation cell, 2: dc
power supply, 3; bipolar electrodes, 4: magnetic stirrer).
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iron anode consist of pieces of iron electrodes separated by a space
of 2.5cm and dipped in the wastewater. The EC of SDS wastewa-
ter was carried out in the reactor (650 mL) using magnetic stirrers
to agitate the solutions. There were four electrodes connected in a
bipolar mode in the electrochemical reactor, each one with dimen-
sions of 10 cm x 5cm x 0.2 cm. The total area submerged into the
solution of the electrode plates was 0.02 m2. A stirring intensity
of 100rpm was used in order to get a correct homogenisation of
the wastewater-flocs mixture. EC experiments were carried out at
298 K. The D.C. source was used to power supply the system with
0-15V and 0-3 A. At the beginning of a run, the surfactant solution
was fed into the reactor and the pH and conductivity were adjusted
to a desired value. The pH was adjusted using either 0.1 M NaOH
or 0.1 M HCI as necessary. The conductivity of the solution was
raised by adding NaCl (Merck, 99.80%) into the surfactant solution.
The electrodes were placed into the reactor. In electrocoagulation
system, H,0, was added at desired rates. The reaction was timed
starting when the D.C. power supply was switched on.

Iron salts produce electrode passivation and it causes a 50%
increase in treatment time and power requirements. Eliminating
the salt formation at the anode could reduce this effect [28]. The
cell was cleaned after each experiment to obtain same experimental
conditions. For this reason, the electrodes were rinsed in the diluted
HCI (1 +1) solution after the each experiment. Samples were peri-
odically taken from the reactor. The particulates of colloidal ferric
oxyhydroxides gave yellow-brown colour into the solution after EC.
All the suspended solids were removed by electrocoagulation and
electrolytic flotation. The sludge was separated by filtration with
Whatman fitler paper (pore size 11 wm). Then the liquid was ana-
lyzed for surfactant concentration. Surfactant analysis was carried
out according to Standard Methods for Examination of Water and
Wastewater [29].

4. Results and discussion
4.1. Effect of the conductivity

In general, NaCl is used to obtain the conductivity in EC pro-
cess. The conductivity of the wastewater is adjusted to the desired
levels by adding an appropriate amount of NaCl [21]. The effect of
NaCl concentration on the removal efficiency is shown in Fig. 3.
When the concentration of NaCl salt in solution increases, conduc-
tivity of the solution and the current density increase. The higher
ionic strength will generally cause an increase in current density
at the same cell voltage or, equivalently, the cell voltage decreases
with increasing wastewater conductivity at constant current den-
sity. Consequently, the necessary voltage for attaining to a certain
current density will be diminished and the consumed electrical
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Fig. 3. Effect of the amount of NaCl on the removal efficiency of SDS (SDS: 60 mgL~!
the time after the peroxi-electrocoagulation: 1 min, H;0,: 50 mgL-'; pH 5; electrol-
ysis time: 10 min; current density: 0.5 mAcm~2).
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Fig. 4. Effect of hydrogen peroxide on SDS oxidation. (SDS: 60 mgL~!; current den-
sity: 0.5mAcm~2; NaCl: 1.5gL-!; pH 6.5; electrolysis time: 5min; time after the
peroxi-electrocoagulation: 50 min).

energy will decrease. According to Vlyssides et al. showed that Cl,
and OCI~ are the products from anodic discharge when chlorides
are present in the solution. So, added NaCl not only increases the
conductivity but also contributes strong oxidizing agents [30]. It
can be seen from Fig. 3 that there is an increase in the removal
efficiency of SDS up to 80% when the concentration of NaCl salt
in the solution is 0.5gL~'. It was found that raising the conduc-
tivity of the solution has not a considerable effect on the removal
efficiency but it decreases the energy consumption. According to
the results, high removal percentage with low cell voltages and low
energy consumption can be obtained in SDS solutions with NaCl
of around 1.5gL~'. In this respect, 1.5gL~! NaCl was used in the
experiments.

4.2. Hydrogen peroxide (H,0,) effect

The amount of H,0, required for efficient SDS oxidation is
demonstrated in Fig. 4. From the results observed from here,
for SDS, maximum removal rate was nearly 45% for optimum
50mgL-! H,0, after 5min electrolysis time for current density
of 0.5 mA cm~2. The removal of SDS can be attributed to the fact
that the system suffered both reactions simultaneously, electroco-
agulation and also Fenton process. Due to its chemical nature, the
electrochemical oxidation of the SDS can be assumed to be strongly
dependent on its interaction with specific electro-oxidative species
which are formed in water medium. Hydroxyl radicals (Eq.(14))and
other oxidative species such as active chlorine substances (Eq. (10))
are formed during the peroxi-electrocoagulation process. Presence
of these substances and electrolyte pH play an important role in
the peroxi-electrocoagulation process. The formation of interme-
diate products characterized by double bound or epoxide groups in
the molecular structure during the SDS oxidation by OH®* may be
considered [31].

The degradation process yields products with lower molecular
mass than the precursor. The formation of these compounds can
be explained by the shortening of the alkylic chain until complete
demolition to CO, and water [32]:

C12H250503°N30—H; 12C0O, + H,0 + Na*t + 50427 +H"+CI” (17)
ocl™

Szpyrkowicz et al. [33] compared different electrochemical pro-
cesses with ozonation, Fenton process and hypochlorite oxidation
in the degradation of a composed effluent containing dispersive
dyes, surfactants and chemicals. For such system, they conclude
that the Fenton process was the best for chemical oxidation demand
(COD) and apparent color removal, followed by the electrochemical
process, which removed 90% color and 39% COD.
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Fig. 5. Influence of initial pH on SDS removal (SDS: 60 mgL-!; current density:
0.5mAcm~2; NaCl: 1.5gL™, electrolysis time: 5min; time after the peroxi-
electrocoagulation: 50 min; H0,: 50mgL-1).

4.3. Influence of pH on the SDS removal

The pH effect on the Fenton oxidation has been shown in the
previous studies to be quite significant. Fig. 5 shows the influence
of initial pH on the variation of the SDS during the electrochemical
oxidation. As can be seen from this figure, there was a significant
difference on removal of SDS when using iron electrodes at differ-
ent initial pH conditions. It seemed that the optimal pH value was
5. However, an optimum pH around 3 had been observed by the
previous researchers for the Fenton oxidation process [13]. Above
this pH, Fe3* starts to precipitate out as amorphous Fe(OH)s3(5). A
small amount of Fe(OH)s3(s) is formed at pH 2.5, while most of the
Fe3* precipitates out at pH 3. The formation of Fe(OH)3(5) not only
decreases the dissolved Fe3* concentration, but also inhibits Fe2*
regeneration by partially coating the electrode surface [18]. In acidic
conditions Fe3* can be hydrated and species like Fe(OH)2* Fe(OH),*
and Fe,(OH),** can be present in the electrocoagulation system.
Ionic species like Fe(OH)8~ and Fe(OH)*~ can be found in alkaline
medium. In a homogeneous Fe3* solution in acidic medium, the
major equilibrium hydrolysis reactions exist as follows [34]:

Fe’* +H,0 = FeOH?* +H*  logk; = —3.05 (18)
Fe3* +2H,0 = Fe(OH);* +2H*  logk, = —6.31 (19)
2Fe3t 4 2H,0 = Fey(OH),* +2HT  logks = —2.91 (20)

The Fe(OH)n(s) formed in electrocoagulation remains in the
aqueous stream as a gelatinous suspension at 3 < pH < 11, which can
remove the pollutants from wastewater either by complexation or
by electrostatic attraction, followed by coagulation [35]. Complex-
ation in company Fenton oxidation may occur in electro-Fenton
process at pH 5. In the surface complexation mode, the surfactant
acts as a ligand to chemically bind hydrous iron:

C12H250503N3(aq) + (OH)OFE(S)
— Cq2Hy50S03 — OFE(S) +Nat + OH(1)7 (21)

4.4. Influence of current density

The current density determines the coagulant dosage rate. Thus,
this parameter should have a significant impact on the removal effi-
ciency of the SDS. The influence of the current density on the SDS
removal during the electrolysis with the iron electrodes is reported
in Fig. 6.

The SDS removal efficiency was increased to 81.6% at
0.5mAcm~2 from 59% at 0.15mAcm~2 after 10 min reaction. The
removal efficiency of the SDS at higher current densities than
0.5mAcm2 stayed at the constant value. At a high current den-
sity, the extent of anodic dissolution of iron increases, resulting in
a greater amount of FeZ* and Fe(OH)n(,). In addition, the increasing

90 - 14
T 1]

TP L
c
- 704 2E
2 / +10 2 8
T 601 ¢ £
£ 5l / +8 g‘g
] / S n
= 40+ 21 oo
2 L ® =
30+ o c
g d ls 5§
20+ /' —o— Removal rate (%) 5=

10l /./ —e—kWhikg surfactant) T 2

NS S

015 025 05 075 1 125 15
Current density (mA/cm?)

Fig. 6. Influence of current density on SDS removal (SDS: 60 mgL~"; NaCl: 1.5gL"1,
electrolysis time: 10 min, time after the peroxi-electrocoagulation: 50 min, H,0,:
50mgL-T; pH 5).

concentration of ferrous iron could enhance the reaction, producing
hydroxyl radicals according to Eqs. (14) and (15). Moreover, the rate
of bubble-generation increases and the bubble size decreases with
increasing current density; both of these trends are beneficial in
terms of a high pollutant-removal efficiency by H; flotation [36,37].
The minimum energy consumption was 1.63 kWh(kgSDS)~! at
0.5 mA cm~2 current density for 10 min electrolysis time.

4.5. Influence of electrolysis time

Reactive time also influences the treatment efficiency of the
electrochemical process. Electrolysis time determines the produc-
tion rate of Fe2* or Fe3* jons from iron electrodes. As shown in
Fig. 7, as the time of electrolysis increases comparable changes in
the removed efficiency of SDS are observed. To explore the effect of
operating time, the current density, H,0, dose and pH were held
constant. SDS was decreased as a function of elapsed time. After
10 min of electrolysis SDS, efficiency reached the maximum; 81.6%
SDS removal was achieved under this condition. As the electrol-
ysis time was increased from 10 min to 20 min the SDS removal
efficiency did not change significantly.

4.6. Kinetic studies of the SDS removal

The removal rate of SDS can be represented by the following the
linear pseudo-second-order equation

t 1 1

c Kk Crzn ax,  Cmax

t (22)
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Fig. 7. Influence of electrolysis time on SDS removal (SDS: 60 mgL~'; NaCl: 1.5gL",
time after the peroxi-electrocoagulation: 50 min, H,O,: 50 mgL-'; pH 5; current
density: 0.5 mAcm~2).
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Fig. 8. Plot of the pseudo-second-order equation for SDS electro-Fenton oxidation
at different % removal rates.

where crepresents the % removal rate of SDS at the t time, cmax max-
imum removal rate (%), k, the reaction rate coefficient and t the
time. Fig. 8 shows typical plots of pseudo-second-order equation
for SDS removal t/c vs. t. The straight line in plot of linear pseudo-
second-order equation shows good agreement of experimental
data with the pseudo-second-order kinetic model for different
removal rates. The correlation coefficient for the pseudo-second-
order equation was 0.99. The calculated k, value from Fig. 8 was
0.0156 min—! %~1. As can be seen from Fig. 7, the calculated cpax val-
ues from Eq. (22) also agree very well with the experimental data.
This strongly suggests that the SDS removal rate is most appropri-
ately represented by a pseudo-second-order rate process.

4.7. Influence of initial surfactant concentration

A series of batch experiments with initial surfactant concen-
trations at constant current density were performed to derive
the influence of initial concentrations on SDS removal. Fig. 9
shows the influence of initial concentration on the variation of
the SDS removal during the electrochemical oxidation and the
electrocoagulation. As can be seen from this figure, the removal effi-
ciency decreased from 100% to 37% almost linearly with increase
in concentration of the surfactant after 30mgL-! initial con-
centration. This is possibly due to the formation of insufficient
number of iron hydroxide complexes and hydroxyl radicals pro-
duced by the electrode for a given conductivity and applied cell
voltage to coagulate and oxidize the excessive number of sur-
factant molecules at higher concentrations. It is, therefore, quite
clear that under the present experimental conditions the lower
is the surfactant concentration, the better is the removal effi-
ciency.
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Fig. 9. Influence of initial surfactant concentration on SDS removal (NaCl: 1.5gL",

time after the peroxi-electrocoagulation: 1 min, H,0,: 50 mgL-'; pH 5; electrolysis
time: 10 min; current density: 0.5 mA cm~2).
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Fig. 10. Effect of electrolysis time on the energy consumption and the removal
efficiency of SDS (SDS: 60mgL-!; NaCl: 1.5gL-!, time after the peroxi-
electrocoagulation: 50 min, H,0,: 50 mgL~'; pH 5; electrolysis time: 10 min; current
density: 0.5 mAcm~2).

4.8. Electric energy consumption

Electrical energy consumption and current efficiency are very
important economical parameters in EC process. Electrical energy
consumption was calculated using the equation [38]:

E = Ultgc (23)

where E is the electrical energy in Wh, U the cell voltage in volt
(V), I the current in ampere (A) and tgc is the time of EC process
per hour. As shown from Fig. 10, the minimum energy consumption
was 1.633 kWh (kgSDS)~! at 0.5 mA cm~2 current density for 10 min
electrolysis time.

The current efficiency (¢) of EC process was calculated by Eq.
(24). This calculation was based on the comparison of experimental
weight loss of iron electrodes (mexp) during EC process with theo-
retical amount of iron dissolution (mge, ) according to the Faraday’s
law (Eq. (25)) [38]:

AMexp
= — x 100 24
¢ Amtheo ( )
MIt
Amthen = n;:c (25)

where M is the molar mass of the iron, (gmol-1), tgc the applied
electrolysis time (s), n the number of electron moles and F is the
Faraday constant (F=96487 Cmol-1). As Fe(OH)ys) is supposed to
be the formed species, the number of electron moles in dissolution
reaction is equal to 2.

The specific electrical energy consumption (SEEC) was calcu-
lated as a function of iron electrodes weight consumption during
EC in kWh (kgFe)~! using the Eq. (26) [38]:

SEEC = LUE’ (26)
3.6 x 10° Mg

These calculations were carried out after optimizing the oper-
ational parameters in EC process. The calculated values are shown
in Table 1.

A comparison of the various characteristics with those of some
other SDS removal technologies reported in literature is given in
Table 2 [39-42]. The removal efficiency (%) of SDS and the oper-

Table 1
Characteristics parameters calculated for EC process in optimized conditions?.

Surfactant E (kWh (kg surfactant)-!) (%) SEEC (kWh (kgFe)~1)

SDS 1.63 105 5.36

2 NaCl: 1.5 gL1; after the peroxi-electrocoagulation: 50 min; H,O,: 50 mgL-!; pH
5; electrolysis time: 10 min; current density: 0.5 mAcm~2,
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Table 2

Comparison of some SDS removal technologies.

Method Removal rate (%) Operating time Initial concentration (mgL~") Literature
Fenton-like advanced oxidation 63 60 min 1000 37

Mixed facultative anaerobes 100 120h 4000 38
Photo-oxidative degradation 80 6h 85.5 39

Sand sorption process 48 20 min 1153 40

Peroxi- 81.6 10 min 60 This study
electrocoagulation 100 10 min 30

ating time of this work are fairly suitable compared with other
technologies.

5. Conclusions

Peroxi-electrocoagulation oxidation process was tested for
the removal of a common surfactant, SDS, employed in com-
mercial detergent formulation. The effect of various operational
parameters on SDS removal efficiency was investigated and opti-
mized.

The removal of SDS using iron sacrificial anode and hydrogen
peroxide was affected by the initial pH, the current density, the
amount of NaCl and the initial concentration.

The removal efficiency for SDS was 81.6% when iron was used
as a sacrificial anode under the conditions of initial pH 5, elec-
trolysis time 10min, initial surfactant concentration 60 mgL~!,
current density 0.5mAcm 2, salt concentration 1.5gL~1. It was
found that the removal rate of SDS at the same operating con-
ditions employed was 100% for initial surfactant concentration
0-30mglL-1.

It was investigated whether oxidation continued after peroxi-
electrocoagulation process was completed. It was determined
that SDS removal efficiency remained constant after the peroxi-
electrocoagulation process.

At above optimal conditions the power requirement and SEEC
were 1.63 kWh (kgSDS)~! and 5.36 kWh (kgFe)~!, respectively.

The results showed that pseudo-second-order equation model
was found to be in good agreement with the experimental
results.
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