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of oil refineries, petrochemical plants, ceramic plants, 
coking plants, resin and dye manufactures, steel plants, 
coal conversion processes, phenolic resin industries and 
pharmaceutical industries (3-6). Phenol is a potential 
carcinogen of human, which raises considerable health 
concerns, even at low concentrations. Its toxic effects 
include permeabilisation of cellular membranes and 
cytoplasmic coagulation (3, 6). Chlorophenol, which is 
formed by phenols in the presence of chlorine in drink-

1. Background
Industrial activities can contaminate aquatic environ-

ments via industrial wastes and wastewater discharges 
(1). Industrial wastewater includes some contaminants, 
therefore treatment of industrial wastewaters seems to 
be essential (2). Phenol and phenolic compounds are 
the most prevalent forms of organic chemical pollut-
ants in industrial wastewaters (3). High concentrations 
of phenol and phenolic compounds exists in effluents 
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ing water, has a medicinal taste, which is quite pro-
nounced and objectionable (7). Phenol is classified by 
the USEPA as a priority pollutant and represents as one 
of the most challenging classes of pollutants requiring 
urgent removal from waste streams (1, 7). Many technol-
ogies such as adsorption, enzymatic treatments, electro-
chemical methods, advanced oxidation and combined 
techniques have been applied in order to removing and 
degradation of phenolic compounds from wastewaters 
(2, 3, 8-10). However these methods have some problems 
such as high costs, low efficiency, and generation of toxic 
by-products (2). Whereas, Electrochemical processes has 
little or no harmful effects on the environment. Addition-
ally, electrochemical reactions are independent from 
conditions of wastewaters (2). Electrochemical methods 
are frequently used for treating wastewaters contain-
ing organic and inorganic compounds (8). According 
to previous studies, electrocoagulation has been known 
as an effective method to decontaminate various waste-
waters such as landfill leachate, restaurant wastewaters, 
saline wastewaters, tar sand and oil shale wastewaters, 
urban wastewaters, laundry waste waters, nitrate and 
arsenic bearing wastewaters and chemical mechanical 
polishing waste waters (9). Electrocoagulation is based 
on the in situ formation of the coagulants as the sacrifi-
cial anode corrodes due to an applied current, while the 
simultaneous evolution of hydrogen at the cathode al-
lows for pollutant removal by flotation. In this process, 
the flocculating agent is generated by electro oxidation 
of a sacrificial anode, generally made of iron or alumi-
num (5, 9). Many studies have been performed on phe-
nol removal by the electrocoagulation process using 
aluminum & Iron electrodes (2, 8, 10-12). Despite the fact, 
those researches have investigated the effects of some 
parameters such as pH, voltage, concentration, but there 
are not enough data about the effects of natural organic 
matters such as humic and aliginic acid on the removal 
efficiency. Natural organic matter (NOM) is one of the 
components that are usually present in many aqueous 
feed streams. NOM can be generally divided into two 
fractions, i. e. , hydrophobic (humic) and hydrophilic 
(non-humic) divisions. NOM typically comprises a wide 
range of compounds, often measured as dissolved or-
ganic carbon (DOC), ranging from low to high molecular 
weight compounds. Among these, polysaccharides and 
humic substances are some of the most hydrophilic and 
hydrophobic macromolecules, respectively. In addition 
to these, monomeric species such as simple sugars and 
amino acids, proteins, and other classes of biopolymers 
are also contributed to NOM and are present in water 
sources. Alginate is an acidic polysaccharide produced 
by bacteria, microalgae, and macroalgae, and is typically 
made up of repetitive manuronic and guluronic acids. 
This may influence the removal efficiency of phenol by 
electrocoagulation. 

2. Objectives
The main objective of this work is to focus on the re-

moval of phenol by the electrocoagulation process using 
aluminum electrodes. In addition, the effects of solution 
chemistry such as pH, reaction time, current density, ini-
tial concentration of phenol and presence of polymeric 
natural organic matter on removal performance are de-
scribed and discussed. Furthermore, it is expected that 
the results of this research will complement and recon-
cile the findings of previous publications. 

3. Materials and Methods
3. 1. Materials

All chemicals, including sodium hydroxide pellets 
(NaOH), concentrated sulfuric acid (H2SO4), sodium chlo-
ride (NaCl), Ammonium hydroxide (NH4OH), Dipotas-
sium phosphate (K2HPO4), Monopotassium phosphate 
(KH2PO4), Potassium ferricyanide (K3fe (CN)6) and Phenol 
were purchased from Merck (Germany), 4-Aminoantipy-
rine from Sigma-Aldrich (America) and Alginate acid so-
dium salt from Fluka Biochemical (America). Analytical 
reagent chemicals and distilled water were used to pre-
pare all stock solutions. Desired concentrations of Phe-
nol solution were prepared by mixing proper amounts of 
Phenol with distilled water. 

3. 2. Electrocoagulation Experiments

In this study, synthetic wastewater was prepared by dis-
solving1000 mg L-1 of phenol into distilled water and ad-
justing pH with H2SO4 to 2 ± 0. 1 for stabilization of the solu-
tion. There are six monopolar electrodes, three anodes and 
three cathodes of the same dimensions. Both aluminum 
cathodes and anodes were made from plates with dimen-
sions of 10 × 12 × 0. 2 cm. the distance between electrodes 
was 2 cm and the electrodes were connected to a digital 
DC power supply (MPS-3005D, 30V, 5A). The Plexiglas cell as 
an electrolytic reactor having dimensions of 12 cm × 12 cm 
× 16 cm with a working volume of about 1. 5 L was used to 
conduct the experiments, and a constant stirring speed of 
200 rpm was applied during all experiments. Before each 
run, the aluminum electrodes were washed with tap wa-
ter, dipped in HCl solution (5% v/v) for at least 15 min and 
then rinsed again with Distilled water water. In each run, 1. 
5 L of synthetic wastewater was placed into the electrolytic 
cell and the pH was adjusted to the desire value. In order to 
increase the conductivity of the solution, sodium chloride 
was added to the solution. The current density was adjust-
ed to a desired value and then the experimental run was 
started. At different time intervals, the samples were taken 
from the reactor and centrifuged for 30 min at 4000 rpm 
before analysis. Analyses were performed for examination 
of water and wastewater according to the standard meth-
ods (13). Briefly, concentrations of phenol were determined 
by spectrophotometer (Hach DR2800 spectrophotometer) 
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according to the analysis of the color resulted from the re-
action of phenol with 4-aminoantipyrine at 500 nm (13). 

4. Results
In the present study the effects of some parameters 

such as phenol concentration, current density, concen-
tration of electrolyte solution, initial pH and Alginic 
acid concentration have been investigated on the final 
phenol removal efficiency. Percentage of phenol removal 
has been calculated using the formula [ (1− (C/Co)) × 100], 
where, Co and C are concentrations of phenol before and 
after treatment, respectively. 

4. 1 Effect of pH 

An important operating factor that influences the perfor-
mance of EC process is pH (14, 15). EC process would change 
the pH of the solution during the process, which depends 
on the type of electrodes material and also the initial pH. 
Meanwhile, this process exhibits some buffering capacity, 
especially in alkaline solutions, which prevents high chang-
es in pH (6). The effect of initial pH on phenol removal effi-
ciencies is presented in Figure 1. As shown, very low ranges 
of pH are not desirable. The highest removal efficiency has 
been achieved near neutral pH. At this point the phenol 
removal was as high as 78%, while it has dropped dramati-
cally above pH 7. These results are in accordance with other 
researchers who have reported the maximum performance 
for the ECP at pHs between 7 to 8 when using Al as the sacri-

removal efficiency with a constant time of 60min. In this 
study, selected range of applied current density was from 5 
to 25 mA/cm2 and selected optimum value of current densi-
ty was 25 mA/cm2 for which 91% removal efficiency has been 
achieved. This result is due to the fact that at high current 

Figure 1. The Effect of pH on Phenol Removal by Electrocoagulation

c. d = 10mA/cm2, NaCl = 2g/L, phenol = 100mg/l, T = 20 °C, time = 60 min
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Figure 2. The Effect of Current Density on Phenol Removal by Electro-
coagulation

pH = 7, NaCl = 2g/L, phenol = 100mg/l, T = 20 °C , time = 60min
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Figure 3. The Effect of Initial Phenol Concentration on Phenol Removal 
by Electrocoagulation

pH = 7, c. d = 25mA/cm2, NaCl = 2g/L, T = 20 °C , time = 60 min
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ficial electrode (2, 14, 15) . This behavior was attributed to the 
amphoteric character of aluminum hydroxide which does 
not precipitate at very low pHs. On the other hand, high pHs 
lead to formation of Al (OH)4−, which is soluble and imprac-
tical for adsorption of Phenol (2, 11). 

4. 2 Effect of Current Density 

Figure 2 depicts the effect of current density on phenol 

densities, the extent of anodic dissolution of aluminum in-
creases, resulting in a greater amount of precipitate for the 
removal of pollutants. Moreover, bubble generation rate 
increases and the bubble size decreases with increasing cur-
rent density. These effects are both beneficial for high pol-
lutant removal by H2 flotation (16-19). 

4. 3 Effect of Initial Phenol Concentration

Effect of phenol concentration from 25 to 200 mg/L on 
the removal efficiency has been shown in Figure 3. It can 
be observed that an increase in concentration for same 
electrocoagulation time and current density results in a 
decrease in removal efficiency. The results of this study 
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are consistent with the result of the research conducted 
by Yusuf Yavuz and Savas Koparal on electrochemical 
oxidation of phenol in a parallel plate reactor using ru-
thenium mixed metal oxide electrode (12). This can be 
attributed to the fact that at a constant current density, 
a same number of aluminum ions passes to the solution 
at different phenol concentrations. Consequently, the 
formed amount of complex aluminum hydroxide was 
insufficient to coagulate the greater number of phenol 
molecules at higher phenol concentrations (2). 

4. 4 Effect of Ionic Strength

It is well known that increasing the electrical conductiv-
ity causes an increase in the current density at constant 
cell voltages, or a decrease in the cell voltage at constant 
current densities (14). To study the effect of ionic strength 
on efficiency of phenol removal, the salt content of the 
feed solution was adjusted with NaCl (0. 5, 1, 2 and 3 
mg/l). Figure 4 shows the effect of ion strength on the 
performance of the EC process. As seen, with increasing 

constant, a nominal value of Alginic acid concentration 
ranging from 5 to 15 mg/l was added to synthetic aqueous 
solutions. Figure 5 illustrates the influence of Alginic acid 
concentrations on phenol removal. It was observed that 
increasing Alginic acid concentrations decreased the re-
moval efficiency of phenol. It seems that one reason can 
be negative charge of the Alginic acid. pHzpc is defined 
as the pH at which the total surface charge becomes zero. 
It means that at a pH range upper than pHzpc, the sur-
face of biomass shows a negative charge. Jeon et al. have 
determined the pHzpc of Alginic acid as about 2. 83 (20). 
While, in this step of experiment, the pH of solution was 
7. So, the surface charge of the Alginic acid will be nega-
tive, and therefore it would attract small parts of the 
metal ions produced. Furthermore, Alginic acid has been 
shown to be effective at removing many cationic met-

Figure 4. The Effect of NaCl Concentrations on Phenol Removal by Elec-
trocoagulation

pH = 7, c. d = 25mA/cm2, phenol = 100mg/l, T = 20 °C , time = 60 min
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Figure 5. The Effect of Alginic Acid Concentrations on Phenol Removal 
by Electrocoagulation

pH = 7, c. d = 25mA/cm2, NaCl = 2g/L, phenol = 100 mg/l, T = 20 °C, time = 60min
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ion strength, the phenol removal efficiency is consider-
ably enhanced. Conductivity of the solution depends on 
the number of ions present. Increase in the concentra-
tion of electrolytes results in an increase in the number 
of ions. Thus, ultimately solution becomes more conduc-
tive, which results in passage of more electrons per a unit 
time. Hence, we can have more removal efficiency (15). 

4. 5 Effect of Alginic Acid Concentration

In this study, alginate or Alginic acid was selected as a 
model of natural organic matter (NOM). Effect of NOM 
was investigated by introducing alginate at three differ-
ent concentrations (5, 10 and 15 mg/L) into the feed solu-
tions. To examine the effect of Alginic acid on the phenol 
removal efficiency, while other parameters were kept 

als from some solutions (21). As a result, increasing the 
amount of Alginic acid will decrease efficiency of phe-
nol removal by electrocoagulation. Electrocoagulation 
processes remove the organic matters as the researchers 
have reported that these processes have the potential to 
be utilized for a cost-effective removal of HA from aque-
ous environments (22). Thus when PNOM is precipitat-
ing, it may remove the phenol. 

5. Discussions
In the present work, phenol removal from synthetic 

aqueous solutions containing different concentrations 
of phenol up to 200 mg/L by electrocoagulation, with 
aluminum electrodes, has been investigated. According 
to the results, an increase in current density and NaCl 
concentration can increase the efficiency of phenol re-
moval. Conversely, increasing initial phenol and Alginic 
acid concentrations result in decreasing phenol removal 
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by electrocoagulation. It occurs because of the negative 
surface charge of the Alginic acid in neutral and alkaline 
pH which attracts small parts of the metal ions produced 
and will consequently compete with phenol. The opti-
mum value of current density, allowing high removal 
rates (91%) of phenol, was found to be 25 mA /cm2. The 
highest removal efficiency was achieved near neutral pH 
(78%). High conductivity is in favor of high process per-
formances. Based on the results of this study, the phenol 
removal by electrocoagulation using aluminum elec-
trodes seems to be a very efficient method for decontami-
nationof wastewaters containing high concentrations of 
phenol. 
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