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ABSTRACT 
The aim of this study was the investigation of electrochemical process for sodium dodecyl sulfate (SDS) removal 

from aqueous solutions using different electrode materials. The influence of operating parameters such as current 

density, solution initial pH, surfactant concentrations, retention time, supporting electrolyte concentrations, electrode 

materials (aluminum, titanium, galvanized steel, stainless steel) and electrical energy consumption were evaluated. 

The obtained results indicated that the stainless steel electrode was more efficient than other electrodes. Maximum 

SDS removal was obtained 94.98% at the optimum condition of initial pH 7.0, 60 min retention time, 3.125 mA/cm
2
 

current density, 100 mg/L initial SDS concentration and 0.2 g/L NaCl concentration. The electrical energy 

consumption of stainless steel, aluminum, titanium and galvanized steel was achieved 4, 3.68, 12 and 4.48 KWh/m
3
, 

respectively. It was found that the electrochemical reaction using stainless steel plate electrodes was efficient in SDS 

removal from aquatic environments.  
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INTRODUCTION 
Nowadays, synthetic surfactants are utilized in 

various industries and research fields at primary and 

complex processes. Metal processing, textile, food, 

pharmaceuticals and paper are main industries for 

utilization of the synthetic surfactants. They are also 

applied in some personal care products and 

household cleaning materials [1]. 

Based on the charge of the hydrophilic part of 

synthetic surfactants, they were classified in four 

groups: nonionic, anionic, cationic and zwitterionic 

[2,3]. Ionic surfactants are included anionic and 

cationic surfactants. They are around two-third of 

utilized surfactants [4]. Major groups of surfactants 

utilized in detergent formulations are anionic 

surfactants (AS). The AS include more than 90% of 

the ionic surfactants. The dominant group of anionic 

surfactants is categorized to linear alkyl 

benzenesuffocate (LAS), alkyl benzenesuffocate 

(ABS) and linear alkyl sulfate [4]. Sodium dodecyl 

sulfate (SDS) is one of the linear alkyl sulfates, 

which is a popular surfactant with extensively 

commercialized [4,5]. SDS is utilized at various 

household and industrial cleaners, cosmetics, 

personal care products, and various types of 

industrial manufacturing operations. Also, AS are 

important ingredients of dispersants, that utilize in 

oil-spill cleanup activities. Nowadays, consumption 

of surfactant is progressively increased [4]. 

Large amounts of surfactants are in domestic 

wastewater due to the high application of detergents 

for cleaning and washing purposes [6]. Presence of 

these pollutants in wastewater is considered as one of 

the problems, because low biodegridibility of these 

compounds [2]. Surfactants are produced surface 

tension reduction in water and other fluids [2]. The 

discharge of these compounds to the environment can 

cause foam formation, ground water pollution and 

create an ecological hazard for aquatic organisms. 

They also make many human health problems, 

including dermatitis and adverse effect on aquatic 

flora [6]. 

The standard of detergent discharge to surface and 

ground water was reported 1.5 and 0.5mg/L 

respectively [6]. The main problem of surfactants is 

refractory to biodegradation [5]. Hence, application 

of biological treatment methods needs high retention 

time and subsequently treatment cost will be 

increased [7]. 

 In wastewater treatment experiments containing 

surfactant using combining Fenton oxidation and 

aerobic biological processes, has shown the chemical 

oxygen demand (COD) and LAS of the final effluent 

were less than 100 and 5mg/L, respectively [8]. It has 

been reported that 81.6% surfactant removal could be 

achieved by application of peroxi-electrocoagulation 

process for initial concentration of 60 mg/L [9]. On 

the other hand, advanced oxidation methods for 
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surfactants removal, such as ozonation or photo-

catalytic oxidation have been reported low cost 

methods [7,10]. Between advanced treatment 

processes, electrochemical techniques are a high 

effient technique in wastewater treatment [11,12]. 

Ferrous ions produced at the anode are oxidized to 

the ferric ions then react with hydroxide ions 

generated at the cathode, creating a sediment of 

impurities with the unsolvable ferric hydroxide. The 

electrochemical reactions by metal (M) as anode are 

proposed as follows [11]: 

 
- At the anode:  

M (s )    →    M(aq)n+  +    ne-                           (1) 

2H2O (l)   →   4H+
(aq)  + O2(g)  + 4e- (2) 

- At the cathode :  

M (aq) 
n+  +  ne-  →  M(s) (3) 

2H2O (l)  +  2e-    H2(g) + 2OH- (4) 

 

The aqueous medium chemistry, particularly 

conductivity, particle size, pH, and concentrations of 

chemical constituent are main parameters in an 

electrochemical process [11,12].  

The advantages of electrochemical process are 

including: no need for additional chemicals, less 

sludge generation, well-set equipment, least 

secondary pollutions and easiness of operation 

[13,14]. According to adverse effects of SDS in the 

environment, various electrochemical process was 

proposed for electrochemical treatment of the 

detergents. According to the literature review, some 

studies have been proposed for the surfactant 

removal, but optimization of effective 

electrochemical parameters in multiple electrode 

material like aluminum, titanium, galvanized steel, 

stainless steel and their electrical energy consumption 

has not been evaluated. In this study, the effect of 

different parameters such as current density 

(mA/cm
2
), pH of solution, initial concentration of 

surfactants, retention time, supporting electrolyte and 

different electrode materials (aluminum, titanium, 

galvanized steel, stainless steel) were evaluated on 

the SDS degradation in aquatic environments using 

electrochemical process.  

 

MATERIALS AND METHODS 
Materials 
Sodium dodecyl sulphate [CH3(CH2)11OSO3Na] 

solutions were prepared with deionized water. All 

materials and reagents used in the experiments were 

analytical grade.  

Electrochemical reactor 
The treatment of wastewater containing SDS was 

carried out in 250 mL glass reactor using a magnetic 

stirrer for mixing the solution. A batch 

electrochemical unit with monopolar electrodes was 

consisting of an electrochemical cell, D.C. power 

supply and electrodes. Applied electrodes material 

was aluminum, titanium, galvanized steel, and 

stainless steel. All electrodes had the same 

dimensions (40 mm 40mm × 1mm) by spacing of 

10mm between them. The total area of the electrode 

submerged in the electrolytic solution was 16 cm
2
.  

Experimental procedure 
At the beginning of each run, the SDS solution was 

fed into the reactor. The pH values were adjusted to a 

desired value using NaOH (0.1M) and/or HCl 

(0.1M). The conductivity of the solution was 

enhanced by adding NaCl into the reaction solution. 

The effect of different operating parameters including 

current density (1.5, 3.125, 6.25 and 12.5mA/cm
2
), 

reaction time (15, 30, 45, 60 and 90 min), initial pH 

(3, 7 and 9), supporting electrolyte dosage (100, 200, 

300, 400mg/L), concentration of SDS (50, 100, 200, 

300 and 400mg/L) and electrode materials 

(aluminum, titanium, galvanized steel, and stainless 

steel) were considered. Colloidal metal particulates of 

hydroxides and quantity of foam were observed in 

reaction solution after electrocoagulation. In 

electrocoagulation and electroflotation, the suspended 

solids were removed. The sludge was eliminated by 

filtration using 20 μm Whatman filter paper 

(Sartrious, Germany). At the end of each experiment, 

the electrodes were washed with water and weighed. 

The experiments were done in the room temperature. 

Analysis 
The samples were examined for SDS according to 

standard methods for the examination of water and 

wastewater (part 5540) [15]. Residual SDS 

concentrations were determined at a maximum 

absorbance wavelength of 620nm and the chemical 

oxygen demand (COD) was determined by common 

photometric tests using COD test tubes by UV–

Visible Spectrophotometer (Ray Leigh UV-9200, 

USA). The pH values were adjusted by a portable 

pH-tester (Sension 378, HACH). A magnetic stirrer 

(ALFA HS-8600) was used to homogenized the 

solutions. The DC source was utilized to supply 

power of the system (ATTEN APS3005S-3D, 

China). 

The removal efficiency of SDS in solution was 

calculated as follows:  

 

%η =(SDS0 - SDSt)/SDS0 ×100 
 

Where, η is SDS removal efficiency, SDS0 and SDSt 

are the initial SDS concentration and SDS at t-time in 

solution (mg/L). 

 All experiments were repeated three times and the 

average values were plotted in obtain results.  
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RESULTS AND DISCUSSION 
Effect of electrode material 
In this research, different electrode materials 

including aluminum, titanium, galvanized and 

stainless steel were evaluated on electrochemical 

removal of surfactant. It was found that stainless steel 

plate electrode has better performance on SDS 

removal efficiency (94.98%) compared with other 

applied electrodes (Fig. 1). During treatment, the 

color of solution changed from greenish to brownish 

color. It could be explained by production of Fe
2+

 and 

Fe
3+

. Particles formed at this stage had 35 cm
3
 

thicknesses and precipitated within 2 hours. In 

similar condition, the maximum removed SDS by 

aluminum, titanium, and galvanized steel plate 

electrodes was 67.72%, 30.23%, and 84.37%, 

respectively.  

The particles thicknesses formed in mentioned 

electrodes used were as follows: aluminum (30cm
3
 

particle and 20cm
3
 white, greenish yellow scum), 

titanium (10cm
3
 particle and 10cm

3
 grayish color 

scum) and galvanized (25 cm
3
 particle and 15cm

3
 

amber color scum). These particles precipitated 

within 3, 3 and 2 hours, respectively. Coagulation 

could be occurring by production of metallic 

hydroxide flocs during electrochemical wastewater 

treatment [16]. Applied current leads to anode 

dissolution and subsequently wide variety of 

coagulated types and metal hydroxides form which 

destabilize and gather the suspended solids and 

adsorb dissolved pollutants at appropriate pH values 

[17].  

The obtained result showed that stainless steel is 

more efficient than other electrodes, for SDS removal 

in pH of 7. Nasrullah et al. (2012) had reported that 

the stainless steel electrode was more effective than 

aluminum and iron electrode for wastewater 

treatment, which can reduce 98.07% of COD and 

95.69% of SS, during 30 min reaction time[18]. 

Stainless steels mainly composed of iron with 12-

30% chromium, up to 22% nickel and less amounts 

of carbon, selenium, copper, molybdenum and 

titanium [19]. In solution, Fe
3+

 may create 

compounds such as FeOH
2+

, Fe2(OH)
4+

, Fe(OH)
2+

, 

and Fe(OH)
4−

 according to pH range, which finally 

convert to Fe(OH)3 that is a dense and quickly 

precipitated floc in the reaction solution [11]. The Fe 

(OH)n(s) remains as a gelatinous suspension in the 

aqueous solution. It can treat the wastewater 

pollutants by electrostatic attraction or complexion, 

and finally by coagulation [20]. The H2 generated 

caused by redox reactions can remove dissolved 

materials or any suspended particles by flotation 

[21,22].  

 

 
 

Fig. 1: The comparison between four electrode material on 

SDS removal efficiency; Current density: 3.125mA/cm2, 

pH of solution: 7, NaCl: 0.2g/L and reaction time: 0-90 

min. 

Effect of initial pH  
To study the effect of pH values on the surfactant 

removal, the electrocoagulation method was 

investigated in the pH ranges of 3 – 9. The 

electrolysis process was done under the operating 

conditions as follows: the initial concentration of 

SDS: 100mg/L; current density: 3.125mA/cm
2
; and 

retention time: 0 - 90 min. Results indicated that the 

surfactant removal, enhanced at pH 7 and started to 

decline at pH values of 3 and 9. The optimum pH 

value 7 was obtained (Fig. 2.a, b, c, d). Overall, 

stainless steel electrode is mainly iron based with 

12% to 30% chromium, up to 22% nickel and minor 

amounts of carbon, molybdenum, copper, titanium 

and selenium. During the electrochemical process, a 

small quantity of iron and other metal was gradually 

dissolved into the reaction solution from working 

electrode, and joined with OH
-
 to form flocs that 

precipitate with pollutants in the aqueous solution. 

The studies carried out by some authors were also 

obtained similar results[11,13]. It is reported that the 

Fe(OH)n composed in electrocoagulation - as a 

gelatinous suspension- stays in the aqueous solution 

at 3 < pH < 11. It could remove wastewater pollutants 

with electrostatic absorption followed by coagulation 

[9,11,23]. As shown in Fig. 2b, high removal of 

surfactant(90.39%) was obtained at pH= 3, during the 

90 min reaction time at 100 mg/L SDS concentration. 

The Ti
4+

 ions formed are hydrolyzed and 

subsequently generate titanium hydroxides and 

polyhydroxides. In the process, water is also 

electrolysis in a parallel reaction, generating oxygen 

at the anode and hydrogen at the cathode. These 

gases destabilize the contaminants, such as colloids, 

suspended solids, organic matter, heavy metals, 

microorganisms, and phosphorus. The aggregation of 

destabilized particles occurs, followed by separable 
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precipitation/ flotation of the aggregated flocs )Eqs:1-

7) [24- 25-26]. 

At Anode   

Ti(s) → Ti
4+

 +4e
- 
                                             (Eq.1) 

At Cathode  

4H2O+4e
-
→ 2H(g) + 4OH

- 
                              (Eq.2)  

Ti
4+

+4H2O→Ti(OH)4+ 4H
+
                             (Eq.3) 

Ti (OH) 4
+
 OH

−
→Ti (OH) 4

−
                  (Eq.4) 

The following chemical reactions occur in the 

presence of chlorine ions: 

2Cl
−
+2e

-
→Cl2

.
                                                   (Eq.5)  

Cl2+H2O→HOCl+Cl
−
+H

+
                               (Eq.6) 

HOCl→OCl
−
+H

+
                                              (Eq.7) 

It can be the result of formation of hydroxide 

precipitates with other cations..J. Ge et al. (2004) 

stated that removal of surfactant in acidic to neutral 

pH occurred [31]. Another study found that the 

titanium current efficiencies are higher at either 

acidic or alkaline condition than in neutral.[24-25-

26].  

 

 

 
Fig. 2: The effect of electrode materials on SDS removal 

efficiency. (a) Magnetic stainless steel electrode. (b) 

Titanium plate electrode. (c) Aluminum plate electrode. (d) 

Galvanized steel plate electrode.  
Effect of current density 
Based on reports, the current density has largely an 

effect on the electrocoagulation process[24]. 

Therefore, the efficacy of this parameter was studied 

on the SDS removal in various values of 0.75, 1.56, 

3.125, and 6.25mA/cm
2
 (Fig. 3). It was revealed that 

higher surfactant removal could be achieved by 

increasing current density up to 3.125mA/cm
2
. The 

removal rate stayed unchangeable at higher values of 

current densities. It could be explained that 

increasing the current density could improve the 

production of coagulant on anode and cathode (eg. M 

(OH)3 flocks formations) hence the removal 

efficiency was improved[27].  
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Fig.3: The effect of current density on SDS removal 

efficiency; pH of solution: 7, NaCl: 0.2g/L 

Effect of surfactant concentration 
In this study, the effect of initial doses of SDS was 

considered in the range of 50 to 400mg/L. It was 

found that by increasing the initial dose of surfactant 

more than 100 mg/L, the removal rate slightly 

decreased. The removal of the SDS reached to 55% 

in the presence of 400mg/L SDS. There are three 

major processes that arise during electrocoagulation: 

(I) electrode surface reactions (II) coagulants 

formation in aqueous solution (III) adsorption of 

soluble or suspended pollutants on coagulants and 

removed by precipitation or flotation. Reactions at 

the stainless steel electrodes are similar to iron 

electrode [9,23,28]. Mahmoud et al. (2014) studied 

the effect of initial concentration of surfactant (0-150 

mg/L) on electrocoagulation method using iron 

electrode with similar results [23]. Yuksel et al. 

(2009) indicated that the removal efficiency reduced 

from 100% to 37% with increment of surfactant 

concentration [9]. This is likely caused by formation 

of inadequate amounts of iron hydroxide complexes 

and applied current to coagulate and degrade the 

higher molecules of SDS. The higher removal 

efficiency could be achieved at lower surfactant 

concentrations. Rahmanifar et al. (2006) has 

observed that by increasing the SDS concentration, 

the degradation rate was considerably decreased [28]. 

Effect of NaCl concentration 
At constant current, by adding an electrolyte into the 

reaction solution the conductivity could increase and 

subsequently the voltage between electrodes reduce 

due to cell resistance reduction [29]. In this research, 

the solution conductivity was enhanced by adding 

NaCl to support electrolyte (0.1 to 0.4g/L). It was 

observed that with increasing NaCl concentration up 

to 0.2g/L, the removal efficiency, improved (from 

60% to 90%). Further amount of NaCl concentration 

decreased the electrochemically SDS removal (to 

70%). This trend could be due to higher dissolving 

rate of electrode plates by chemical and 

electrochemical corrosion [30]. The presence of 

chlorine ions in the solution containing Fe (OH)3 can 

cause intermediate species formation like Fe(OH)Cl2 

and FeCl3. It can be concluded, the decrease of metal 

species amounts for coagulation process, resulting in 

less treatment efficiency [31]. 

Effect of electrolysis time 
Generally, reaction time influences on the 

electrochemical process efficiency. This parameter 

was considered in the range of 15 to 90min. Other 

operating conditions were as follows: initial 

concentration of surfactant: 100 mg/L; current 

density: 3.125mA/cm
2
 and pH: 7. As shown in Fig. 4, 

during 60 min of treatment time, process efficiency 

reached to 94.98%. It could be due to increasing the 

amount of metal hydroxide flocs which raises the 

removal efficiency via a coagulation followed by 

precipitation [32]. Further reaction time (more than 

60min) had no significant effect on process 

efficiency. The value of 60 min was chosen as the 

optimum amount.  
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Fig 4: The effect of electrolysis time on SDS removal 

efficiency; Current density: 3.125mA/cm2, pH of solution: 

7, NaCl: 0.2 g/L 

Electrical energy consumption 
Electrical energy consumption has significantly 

effected on economy of electrocoagulation and 

electrofloation processes. This important parameter 

obtains by using the followed equation [26,30]:  

E = u I t                   (Eq.8) 

Where E = electrical energy (Wh), u = cell voltage 

(volt), I = current in ampere (A) and t = 

electrochemical process time (hour). 
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In this study, the energy consumption was calculated 

for different applied electrodes. This parameter for 

stainless steel, aluminum, titanium and galvanized 

steel were 4, 3.68, 12 and 4.48KWh/m
3
, respectively 

(Fig. 5). Abdel-Gawad et al. (2012) reported that the 

optimum amounts of  I, m, pH and time were equals 

to18 mA/cm
2
, 1g/L, 6.5 and 80 min. In this situation, 

the maximum removal of COD was 58.85% and the 

energy consumption was 16.2kWh/m
3
 using iron 

electrodes [34].  

Aluminum

Stainless Steel

Galvanize

Fig.5: Electrical energy consumption by electrode 

materials used on SDS removal efficiency. 

Mineralization of SDS  
Fig.6. Illustrate the COD removal efficiency for 

different concentration of SDS (50–400mg/L). It was 

found that by increasing the initial dose of surfactant 

(more than 100mg/L), the COD removal rate slightly 

decreased. It means that SDS mineralization reached 

by  production of free hydroxyl radicals and 

degradation of the surfactant into inorganic species 

can be accomplished on the stainless steel 

electrode.Wuping Konget et al. (2006) has observed 

that by increasing the SDS concentration, the 

degradation rate was considerably decreased [35]. 

Geert Lissens has shown that surfactants could be 

deactivated and oxidized with total organic carbon 

(TOC) removals up to 82% by the action of 

intermediates of water discharge (e.g. hydroxyl 

radicals) [ 36]. 

 
Fig.6: The COD variation electrochemical oxidation for 

different concentration of SDS (50 – 400mg/L), Current 

density: 3.125mA/cm2, pH of solution: 7, and NaCl: 0.2g/L 

for stainless steel electrode. 
Degradation kinetics of SDS removal 
The removal rate of surfactant can be represented by 

the linear pseudo-second order equation: 

 

 
Where, t is the time of electrolysis, C is the removal 

at time t, k is the reaction rate coefficient and Cmax 

is the maximum removal = 99.99,. 

Fig. 7 shows the surfactant removal (t/C versus t). As 

plotted curve shows the correlation coefficient (R) for 

the pseudo-second order equation was 0.9993. 

Calculated Cmax values from equation agree well with 

the experimental data. This strongly suggests that the 

surfactant removal is most appropriately represented 

by a pseudo-second order. Results of S. S. Mahmoud 

et al. correspond to the results of this research [23]. 

y = 0.0096x + 0.0183

R² = 0.9993
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Fig.7: Degradation kinetics of SDS at pH of solution=7, 60 

min retention time, 3.125mA/cm2 current density, 100 

mg/L initial SDS concentration and 0.2g/L NaCl 

concentration for stainless steel.  

 

CONCLUSION 
In this study, the efficiency of various electrodes 

applying in electrochemical process was considered 

for SDS removal from aqueous solutions. Hence, the 

influence of multiple operating conditions such as 

current density (mA/cm2), pH of solution, different 

initial surfactant concentrations, retention time, 

supporting electrolyte, various electrode materials 

(aluminum, titanium, galvanized steel, stainless steel) 

and electrical energy consumption were evaluated. 

The results indicated that the stainless steel electrode 

is more efficient than other electrodes, for SDS 

removal. The appropriate conditions for 

electrochemical reaction were as follows: pH of 
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solution=7, 60 min retention time, 3.125 (mA/cm2) 

current density, 100 mg/L initial SDS concentration 

and 0.2 g/L NaCl concentration. In the optimum 

condition, 94.98% of surfactant was removed using 

stainless steel as an electrode. The electrical energy 

consumption of stainless steel, aluminum, titanium 

and galvanized steel was achieved 4, 3.68, 12 and 

4.48 KWh/m
3
, respectively. It was found that the 

electrochemical reaction with stainless steel plate 

electrodes is an efficient in SDS removal from 

aquatic environments.  
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