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a b s t r a c t

In this work, electrocoagulation (EC), electro-oxidation (EOx), consecutive electrocoagulation elec-
tro-oxidation (EC&EOx) and combined electrocoagulation electro-oxidation (EC/EOx) treatment 
methods were executed for the pulp and paper mill wastewater. The performances of the methods 
were compared in terms of pollutant removal and energy consumption amounts. Batch electro-reactor 
was used with Al and Fe electrodes for EC stage and graphite electrodes for EOx stage. The initial pro-
cess conditions were electrical conductivity in 2.10 mS/cm, pH in 5.82, temperature in 20oC and con-
stant current intensity in 1.22 A. The highest removal of turbidity, color and chemical oxygen demand 
(COD) was obtained as 99%, 100% and 90% respectively for both EC & EOx and EC/EOx processes with 
the utilization of Al electrodes. Although EC&EOx method was found to be more energy efficient with 
26.23% less energy consumption than EC/EOx method, usage of a single reactor for EC/EOx technique 
has been considered as a more feasible method for treatment because of the initial investment cost and 
ease of application. Effects of initial pH, electrical conductivity, temperature and current intensity on 
pollutant removal and energy consumption by means of EC/EOx technique were also investigated and 
optimal operational parameters were determined as 6, 5 mS/cm, 20oC and 1A respectively.

Keywords:  Chemical oxygen demand (COD) removal; Electrocoagulation; Electro-oxidation;  
Graphite electrode, Pulp and paper mill wastewater

1. Introduction

The pulp and paper industry has high pollutant dis-
charges to the receiving environment. As one of the most 
water demanding industry, it positions third in the world 
by producing over 60 m3 of wastewater per ton of paper, 
and by resulting in large amounts of wastewater genera-
tion after the primary metals and the chemical industries 
[1–3]. Pulp and paper wastewater contains chlorinated 
compounds; fatty acids such as oleic acid and linoleic acid; 
tannins; resin acids such as abietic acid and dehydroabi-
etic acid; phenols, lignin, and sulphur compounds that are 
responsible for high total organic carbon (TOC), chemical 
oxygen demand (COD), color, turbidity and low biode-
gradability index [4,5]. Discharge of these wastewaters into 

receiving environment without treatment cause several 
problems such as color, slime growth, thermal impacts and 
scum formation. They also affect the ecosystem, enlarge the 
quantity of toxic substances in the receiving water and pol-
lute scenic beauty [6–9].

It is reported that the most commonly used treatment 
methods of pulp and paper effluent are physical adsorption 
[10], chemical oxidation [11], wet oxidation [12] and bio-
chemical [13,14] methods. The low biodegradability index 
of pulp and paper wastewater indicates that this kind of 
effluent cannot be treated effectively through biochemical 
methods [3–5]. On the other hand, chemical methods gen-
erate considerable amount of sludge which needs further 
treatment [15]. Although wet air oxidation reduces COD 
in a large extent, the high energy consumption and the 
usage of high-pressure reactors makes the treatment uneco-
nomical [1]. Due to these disadvantages, there has been an 
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increasing interest in the use of electrochemical technolo-
gies for the treatment of pulp and paper effluent. 

High removal yield is achieved using electrocoagula-
tion (EC) method without adding any chemical coagulant 
or flocculants, thus reducing the amount of sludge, which 
must be disposed [16]. In recent years, EC was considered 
as a simple, efficient and economical method that can suc-
cessfully treat different effluents, such as boron containing 
wastewater [17], municipal wastewater [18], textile waste-
water [19], dairy wastewater [20], industrial area wastewa-
ter [21], tannery wastewater [22], heavy metal removal [23] 
and pulp and paper mill wastewater [1,3–6,24]. EC involves 
the generation of coagulants in situ by electrically dissolv-
ing either aluminium or iron ions from the respective metal 
electrodes. The metal ion generation takes place at the 
anode, while hydrogen gas is produced at the cathode. The 
metal ions form flocculates which trap colloidal and sus-
pended contaminants, while the hydrogen gas floats these 
particles [25]. Reactions at the Al and Fe electrodes and in 
the bulk wastewater were explained in detail by Uğurlu 
et al. [26]. Despite these advantages, EC is an inefficient 
method for the removal of stable and dissolved organic pol-
lutants. Reaction mechanism of EC is given in Table 1.

Electro-oxidation (EOx) was evaluated as one of the 
most promising technologies for the treatment of waste-
water containing soluble organic compounds [25,27]. In 
EOx process, small organic pollutants can be directly and 
indirectly oxidized [28,29]. Indirect electro-oxidation pro-

cess uses chlorine to generate hypochlorite at anode to 
destroy organic pollutants [30]. Contaminants can also 
be degraded by electrochemically generated hydrogen 
peroxide. Direct anodic oxidation of pollutants can also 
occur directly on anodes by generating hydroxyl radi-
cals, which are the most powerful oxidizing agent for the 
treatment of wastewater. The hydroxyl radicals can oxi-
dize substantially all of the organic compounds with an 
oxidation rate 109 times higher than that of ozone. Pollut-
ant removal efficiency is highly affected by the electrode 
material. Stainless steel, RuO2/IrO2/TaO2 coated titanium, 
activated carbon fiber, boron doped diamond, commer-
cial graphite felt, carbon felt, graphite, reticulated vitre-
ous carbon and carbon sponge are some examples of the 
electrode materials used in recent wastewater treatment 
studies. Due to low cost, graphite stands out among other 
materials [31,32]. EOx does not require added chemicals 
or oxygen and does not produce secondary pollutants or 
require complicated accessories [33]. EOx was successfully 
applied for the treatment of fruit-juice production waste-
water [29], textile industry wastewater [30,32], leachate of 
oil-drilling mud [31], olive oil wastewater [34], fertilizer 
production wastewater [35] and soft drinking wastewater 
[27]. Reaction mechanism of EOx was explained in detail 
by Israilides et al. and Körbahti et al. [34,36]. Although 
EOx provides full mineralization of the organic matter con-
tained in the wastewater, if the colloidal and suspended 
solids are present, required treatment time is prolonged 

Table 1
EC mechanism

Anode Cathode

4 4 2 2 2OH e H O O g
− −+ → + ( ) 2 2 23 2 2H O e H H O at acidic conditionsg

+ −+ → + ( )( )   

2 4 42 2H O e O Hg+ → +− +
( ) 2 2 22 2H O e H OH at alkaline conditionsg+ → + ( )− −

( )   

2 2 2Cl e Cl g
− −+ → ( ) O H O e OH2 22 4 4+ + →− −

Cl H O HOCl H Clg2 2( ) + → + ++ −

Al-electrode

Al e Als aq( ) ( )+ →− +3 3 Al OH Al OH e at pHs( ) + → + >( ) ( )− − −4 3 9
4

  

Al H O Al OH Haq( )
3

2 3
3 3+ ++ → +( )

Fe-electrode

Fe e Fes aq( ) ( )+ →− +2 2

Fe H O Fe OH H Oaq( )
2

2 2 22 2+ + → +( ) Fe OH OH Fe OH( ) ( ) + →− −

3 4

Fe OH HOCl Fe OH Cl( ) ( )+ → + −
2 3 Fe OH OH Fe OH at pH( ) ( )  ( )+ → >− − −

4 6 3
2 9 

Fe e Fe2 3+ − ++ →

Fe H O Fe OH H3
2 3

3 3+ ++ → +( ) 
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and the energy consumption is increased. Reaction mech-
anism of EOx is given in Table 2. 

Here, S symbolizes the active sites of the anode sur-
face, R represents the organic matter. It is reported that, 
with the aid of hydrogen peroxide formation during EOx, 
electro-fenton (EF) can also be used as an electrochemical 
treatment method [29]. EF methods broadly include electro-
chemical reactions that are used to generate in situ one or 
both of the reagents for the Fenton reaction according to the 
following mechanism given in Table 3.

Since EC is a fast but incomplete process and EOx is a 
complete but slow process, coupling these two processes 
offers a practical hybrid. COD removal mechanism of a 
combined EC and EOx process includes following steps.

1. Metal ions generation [26].
2. Hydrolysis of metal ions and production of metal 

hydroxides and polyhydroxides [24].
3. Production of small bubbles of oxygen and hydro-

gen at the anode and the cathode, respectively, 
which leads to floatation of pollutants [49].

4. Destabilization of pollutants, suspension of parti-
cles, emulsion breakage and aggregation of destabi-
lized phases to form flocks [24].

5. Precipitation of pollutants [24].
6. Generation of adsorbed hydroxyl radicals [36].
7. Electrochemical combustion of organic pollutants by 

adsorbed hydroxyl radicals [35].
8. Production of indirect oxidizing agents such as chlo-

rine, hypochlorite and hydrogen peroxide on the 
anode [34].

9. Oxidation of organic pollutants by oxidizing agents 
[36].

Table 2
EOx mechanism

Anode Cathode

Direct Oxidation

H O S S OH H e2 + → + +• + −[ ] 2 2 23 2 2H O e H H O at acidic conditions+ −+ → + ( )  

R S OH S RO H e+ → + + +• + −[ ] 2 2 22 2H O e H OH at alkaline conditions+ → + ( )− −   

H O S Cl S ClOH H e2 2+ + → + +− • + −[ ]

R S ClOH S RO H Cl+ → + + +• + −[ ]

H O S OH S O H e2 2 3 3+ → + + +• + −[ ]

O S OH S O H e2 3+ → + + +• + −[ ]

H O S OH S H O H e2 2 2+ → + + +• + −[ ]

H O S ClOH Cl Cl S O H e2 2 2 3 4+ + → + + + +• − + −[ ]

H O S ClOH Cl S ClO H Cl e2 2 2 3 2+ + → + + + +• + − −[ ]

Indirect Oxidation

2 22Cl Cl e− −→ + OCl H O e Cl OH− − − −+ + → +2 2 2

Cl H O HOCl H Cl2 2+ + ++ −


HOCl H OCl

+ −+

6 3 2 4 6
3
2

62 3 2OCl H O ClO Cl H O e− − − + −+ → + + + +

Table 3
EF mechanism

Electrodic Reactions Reactions in liquid

Fe Fe es aq( ) ( )→ ++ −2 2 H O OH OHFe Feaq aq2 2
2 3+ → + ++ + − •

( ) ( ) [ ]

2 4 22 2H O H O e→ + ++ − RH OH ROH H+ → +• +[ ]

O H e H O2 2 22 2+ + →+ −

Fe Feeaq aq( ) ( )
3 2+ +−+ → +
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A simple strength and weakness analysis of EC and 
EOx processes are illustrated in Fig. 1. Several studies cou-
pling EC and EOx were reported in previously published 
work. EC&EOx treatment of synthetic textile wastewater 
were performed by Raju et al. [32] and 91.3% COD removal 
was achieved using Al electrodes for EC and graphite elec-
trodes for EOx processes. Hernandez et al. [25] achieved 
complete COD removal from industrial wastewater using 
Fe electrodes for EC and boron-doped diamond (BDD) 
anode and Fe cathode for EOx processes. Hernandez et 
al. [27] reduced COD of the soft drink wastewater by 85% 
using Cu electrodes for EC, BDD anode and Cu cathode 
for EOx processes. EC/EOx treatment of domestic waste-
waters was reported by Daghrir et al. [28] and 78% of COD 
removal was achieved using graphite as monopolar (MP) 
electrodes and Al as bipolar (BP) sacrificial electrodes. 
Urban wastewater treatment was performed and complete 
turbidity and E. coli removal was achieved by means of 
BDD MP electrodes and Al BP sacrificial electrodes [37]. 
From textile wastewater, COD removal of 93.5% was 
obtained by using MP Ti and BP Al electrodes [38]. Esfan-
dyari et al. [39] reported 96% COD removal from olive mill 
wastewater using RuO2/Ti anode, stainless steel cathode 
and Al as BP sacrificial electrodes.

In the present work, EC, EOx, EC&EOx and EC/EOx 
techniques were performed for pulp and paper mill waste-
water treatment by using Al and Fe electrodes for EC and 
graphite electrodes for EOx processes.

2. Materials and methods

2.1. Wastewater characteristics and analytical method

The wastewater samples used in this study were 
obtained from paper production process of a pulp and craft 
paper plant located in Turkey. Samples were stored in con-
tainers which were kept at 4°C. The characterization of pulp 
and paper mill wastewater is given in Table 4.

COD, color and turbidity analyses were performed 
according to the standard methods SM 5220 D, SM 2120 C 
and SM 2130 B respectively [40]. COD and color were mea-
sured at 600 nm and 456 nm wavelengths respectively by 
using a spectrophotometer (PG Instruments T60V). Turbid-
ity was determined by using a turbidity meter (Aqualytic 
AL250T-IR). A pH meter, a conductivity meter and a ther-
mocouple (Mettler Toledo M200 Easy) were immersed into 
the wastewater for on-line pH, conductivity and tempera-
ture monitoring during treatment.

2.2. Experimental setup and procedure

A batch 1.3 L electro-reactor made of plexiglass was 
constructed with 6 rectangular Al or Fe electrodes in MP 
arrangement for EC. EOx was carried out using 6 graphite 
electrodes with MP arrangement. EC/EOx treatments were 

Fig. 1. Strength and weakness analysis of EC and EOx.

Table 4
Characterization of pulp and paper mill wastewater

Parameter Sedimentation 
status

Value

pH After 5.82 ± 0.05
Electrical conductivity (mS/cm) After 2.10 ± 0.1
Color (Pt-Co) Before 1549 ± 1

After 722 ± 1
COD (mg/L) Before 1045 ± 20

After 413 ± 20
Dissolved 114.93 ± 20

Turbidity (NTU) Before 99 ± 1
After 49 ± 1

Total suspended solids (mg/L) Before 86.71 ± 5
After 44.25 ± 5
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performed using 4 graphite electrodes with MP arrange-
ment and 3 Al or Fe electrodes with BP arrangement. Elec-
trode specifications and configurations are given in Table 5 
and Fig. 2, respectively.

A direct current power supply (MAY 11-PS constant 
current power supply) working in 0–2 ampere range was 
used to conduct experiments at constant current intensity. 
Uniform concentration distribution in the reactor was pro-
vided by a stirrer (MTOPS MS3200), which is operating at 
predetermined speed of 600 rpm. A pH meter, conductivity 
meter and a thermocouple (Mettler Toledo M200 Easy) were 
immersed into the reactor for on-line monitoring during 
treatment. On-line signals from pH meter, conductivity 
meter and thermocouple were sampled and transferred to 
computer through data acquisition device (MAY 11-ESA 
electrophoresis control unit). Experimental setup is given in 
Fig. 3.

In each run, initial values of electrical conductivity 
and pH of the medium was adjusted to the specified 
values using 1 M HCl, 1 M NaOH and saturated NaCl 
solution. To avoid considerable increments in the mix-
ture volume of batch electro-reactor and pollutant dilu-
tion, the minimum amount of NaCl solution addition is 
aimed. 10 ml of samples were taken with variable inter-
vals during the studies. At the end of the run, 250 ml 

sample was taken and settled at 4°C for 6 h [41]. The set-
tling conditions were chosen by considering SM5220D in 
which maximum sample holding time is 28 days at 4°C 
[40]. The settled samples were analyzed in terms of COD, 
color and turbidity to determine removal efficiencies 
according to standard methods [40] except for EC&EOx 
treatment after 15 min. For this exceptional treatment 
period, all samples were directly analyzed as no settle-
ments occurred. EC&EOx experiments were conducted 
according to the procedure given in Fig. 4. To remove 
impurities, electrode surfaces were scrubbed under tap 
water after each run. All removal efficiency and energy 
consumption calculations were made on the basis of 
wastewater characteristics after sedimentation. Energy 
consumption values were calculated per kg of COD 
removed using the logged voltage-time data considering 
Eq. (1) given as follows:

Energy nsumption kWh kgCOD
I V t

COD COD Vr
m

t

co ( / )
([ ] [ ] )

=
× × ×

− ×
1000

0 EE

  (1)

where, I is the applied current intensity in A, Vm is the 
mean potential difference applied in V, t is the duration 
of treatment in h, [COD]0 and [COD]t are the initial and 

Fig. 2. Electrode configurations (a) MP arrangement (b) BP arrangement.

Table 5
Electrode specifications

Treatment 
method

Material Shape Size 
(cm)

Thickness 
(cm)

Number of 
electrode

Spacing 
(cm)

Arrangement Effective area 
(cm2)

EC Al Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504

Fe Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504

EOx Graphite Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504
EC&EOx Al Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504

Graphite Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504

EC&EOx Fe Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504

Graphite Rectangular 7 × 10 0.3 6 1 Monopolar parallel 504

EC/EOx Al Rectangular 7 × 10 0.3 3 1 Bipolar parallel 378

Graphite Rectangular 7 × 10 0.3 4 1 Monopolar parallel 378

EC/EOx Fe Rectangular 7 × 10 0.3 3 1 Bipolar parallel 378

Graphite Rectangular 7 × 10 0.3 4 1 Monopolar parallel 378
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final COD values of the wastewater in mg/L, VE is the 
volume of treated wastewater in L and CODr is the COD 
removed.

3. Results and discussion

3.1. Effect of different treatment methods on pollutant removal 
and energy consumption

Batch treatments of pulp and paper mill wastewater by 
means of EC, EOx, consecutive EC&EOx and combined EC/
EOx were carried out using Al or Fe as sacrificial electrodes 
at initial conditions of 5.82 pH, 2.10 mS/cm electrical con-
ductivity, 1.22 A current intensity, 20ºC temperature. Tur-
bidity, COD and color removal results of EC, EOx, EC&EOx 
and EC/EOx are given in Figs. 5–7, respectively. Results 

show that EC&EOx and EC/EOx treatments were both 
yielded 90% COD removal in 75 min with sacrificial Al 
electrodes. In addition, when Fe was used as the sacrificial 
electrode, 85% and 80% COD removal was obtained with 
EC/EOx and EC&EOx treatments in 90 min, respectively. 
EC treatment of pulp and paper mill wastewater yielded 
73% and 58% removal of COD for Al and Fe electrodes, 
respectively, while EOx yielded only 54% COD removal in 
210 min. Results show that with 15 min of treatment, EC 
achieved the highest COD removal value for both Al and 
Fe electrodes, with no increase in pollutant removal effi-
ciency after this time due to the presence of soluble organic 
pollutants in pulp and paper mill wastewater. In addition, 
during 210 min of EOx treatment, pollutant removal tended 
to level off a lower value due to the presence of suspended 
solids.

Turbidity and color removal by means of EC&EOx and 
EC/EOx with sacrificial Al electrodes were obtained as 98% 
turbidity and 100% color removal in 10 min of treatment, 
while EC yielded 98% turbidity and 95% color removal in 
10 min. EOx removed only 27% of turbidity and 44% of color 
in a 210 min treatment. The certain amount of organic sus-
pended solids in about 87 mg/L of the pulp and paper mill 
wastewater decreased the removal rate of EOx due to mass 
transfer resistances. When Fe was used as the sacrificial 
electrode, 90% turbidity and color removal was achieved in 
30 min with EC/EOx, which was 10% higher than that of the 
maximum removal obtained with both EC and EC&EOx. 
After 30 min treatment, it was noted that the turbidity and 
color removal results of EC and EC/EOx were decreased 
due to formation of rust. 

By applying EOx treatment, 27% turbidity and 44% color 
removal was reached in 210 min. Electrical conductivity, 
temperature and pH variations during EC, EOx, EC&EOx 
and EC/EOx treatments with Al and Fe sacrificial electrodes 
are illustrated in Fig. 8.

Fig. 3. Experimental system (1: EC reactor, 2: heating/cooling jacket, 3: electrodes, 4: pH meter, conductivity meter, thermocouple, 5: 
sample circulation pump, 6: mechanical stirrer, 7: heating/cooling water circulator, 8: pH and temperature display, 9: conductivity 
display, 10: control unit, 11: power supply, 12: computer).

Fig. 4. Experimental procedure of EC&EOx.
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As can be seen from Fig. 8a, with the usage of Al sac-
rificial electrodes, a 0.06 mS/cm decrease in electrical 
conductivity, 1.17 units of increase in pH were monitored 
for EC, while 1.30 mS/cm reduction in electrical conduc-
tivity, 1.05 units of pH drop and 6.20ºC rise in tempera-

ture were observed for EOx. EC was processed at 1.22 A 
current intensity and 18.2 V mean potential difference. 
During the 90 min treatment period, the lowest 4oC of 
temperature rise among the others was observed at 20oC 
room temperature conditions due to low energy con-

 

 (a) (b)
Fig. 5. Turbidity removal results of various treatment methods for (a) Al electrodes (b) Fe electrodes.

 

 (a) (b)
Fig. 6. COD removal results of various treatment methods for (a) Al electrodes (b) Fe electrodes.

 

 (a) (b)
Fig. 7. Color removal results of various treatment methods for (a) Al electrodes (b) Fe electrodes.
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sumption. Throughout EC&EOx treatment, it was noted 
that electrical conductivity and pH values decreased by 
0.26 mS/cm and 0.62 units respectively. A temperature 
increase of 8.08ºC was also observed for EC&EOx. During 
EC/EOx treatment, 0.31 mS/cm electrical conductivity 
reduction and 12.04ºC temperature increase were found. 
The pH value was remained constant at about 6.

Fig. 8b shows that, with Fe electrodes, electrical con-
ductivity, pH and temperature were increased by 0.05 mS/
cm, 3.89 units and 5.5ºC respectively for EC treatment, 
while 1.07 mS/cm reduction in electrical conductivity, 1 
unit of pH increase and 5.45ºC rise in temperature was 
observed for EC&EOx. During EC/EOx treatment, 0.15 
mS/cm electrical conductivity reduction, 1.61 units of 
pH and 12.04ºC of temperature increase were observed.

Energy consumptions per kg of CODr and operational 
costs are illustrated for EC, EOx, EC&EOx and EC/EOx 
treatments with the usage of Al and Fe electrodes (see 
Fig. 9). When Al was used as sacrificial electrode, energy 
consumption of EC process was calculated as 111.5 kWh/
kg CODr, which is 187.4 kWh/kg CODr lower than the 
energy consumption of the EOx. Energy consumption of 
EC/EOx was calculated as 140.8 kWh/kg CODr, which is 
158 kWh/kg CODr less than that of the EOx. This shows 

that the combination of EC and EOx has an interactive 
effect. Therefore, the combined process may remove 
more pollutant by consuming less energy. The least 
energy consumption of 103.9 kWh/kg CODr was evalu-
ated for EC&EOx with Al electrodes among other treat-
ment  methods.

Additionally, by using Fe as sacrificial electrode, energy 
consumptions of EC and EC&EOx were calculated as 170.6 
kWh/kg CODr and 166.47 kWh/kg CODr with the con-
stant current power supply MAY 11-PS, respectively. Those 
values were found to be 34.6% and 37.6% higher than the 
values obtained with Al electrodes due to lower removal 
performance of Fe electrodes under the same initial oper-
ating conditions. Energy consumption of EC/EOx with Fe 
electrodes were the lowest among other treatment methods 
and calculated as 154.6 kWh/kg CODr. If an economical 
evaluation is made, it will be seen that EOx, which was per-
formed using graphite electrodes has the highest operating 
cost as 7.88 $/m3, while EC using Al electrodes has the low-
est operating cost as 3.98 $/m3.

When all the results obtained were taken into account, 
with 98% turbidity, 100% color, 90% COD removal and 
103.9 kWh/kg CODr energy consumption, EC&EOx treat-
ment using Al electrodes is the most adequate method than 

(a)

(b)

Fig. 8. Variation of operational parameters with various treatment methods for (a) Al electrodes (b) Fe electrodes.
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the others studied. EC removed the suspended organic pol-
lutants in 15 min. For the further time period, EOx removed 
the remaining soluble organic pollutants in a relatively 
short treatment time domain. However, sedimentation 
and filtration steps of EC & EOx did not make the process 
feasible in terms of investment and operating costs. On 
the other hand, EC/EOx with Al electrodes has the same 
pollutant removal potential with slightly higher energy 
consumption in a single process. It is also noted that, 
increasing the efficiency of pollutant removal and reduc-
ing  energy consumption simultaneously by determination 
of the optimal values of operating parameters such as pH, 
electrical conductivity, current intensity and temperature 
may be possible.

3.2. Effect of EC/EOx operating parameters on pollutant removal  
and energy consumption

3.2.1. pH effect

Chemical dissolution of metal electrodes is strongly 
influenced by the pH of the solution. The dissolved metal 
ions, at an appropriate pH, can form wide ranges of coag-
ulated species and metal hydroxides that destabilize and 
aggregate suspended particles or precipitate and adsorb 
dissolved contaminants [42,43]. At low pH (2–3) cationic 

monomeric species Al3+ and Al(OH)+2 dominate. When 
pH is between 4 and 9, the Al3+ and OH− ions generated 
by the electrodes react to form various monomeric species 
such as Al(OH)+2, Al(OH)2

2+, and polymeric species such 
as Al6(OH)15

3+, Al7(OH)17
4+, Al13(OH)34

5+ that finally trans-
form into insoluble amorphous Al(OH)3(s) through complex 
precipitation kinetics [44]. When pH is higher than 10, the 
monomeric Al(OH)4− anion concentration increases [45].
Chlorine formed at the electrode as the product of the EOx 
reactions can react in the solution to form hypochlorous 
acid and hypochlorite ion, depending on whether the pH is 
low or high, respectively. Chlorine, hypochlorous acid and 
hypochlorite ions are strong oxidizing species that are often 
collectively referred as active chlorine [46].

In order to investigate the effect of pH on COD removal, 
color removal and energy consumption of the EC/EOx pro-
cess, batch treatments of pulp and paper mill wastewater 
were implemented at varying initial pH between 3 and 9, 
at the operating conditions of 5 mS/cm electrical conduc-
tivity, 1 A current intensity, and 20ºC temperature during 90 
min. Pollutant removal and energy consumption results are 
given in Fig. 10.

Results show that maximum pollutant removal and 
minimum energy consumption values were obtained at pH 
3 as 88% COD removal, 97% color removal and 71.0 kWh/
kg CODr. After 90 min of EC/EOx treatment at the initial pH 
values of 3, 6 and 9, the final pH values were measured as 
9.43, 9.60 and 9.95, respectively. The increase of pH from the 
initial value of 3, depending on the OH– formed in the cath-
ode, resulted in similar pollutant removal amounts com-
pared with the initial pH of 6. Also, 2.70 mS/cm reduction 
of electrical conductivity at pH 3, which was 0.75 mS/cm 
higher than the electrical conductivity drop at pH 6, indi-
cates more active chlorine formation which causes higher 
organic pollutant removal via oxidation. Variations of oper-
ational parameters are shown in Fig. 11. According to the 
similar pollutant removal results, the initial pH value of 6 
was considered to be the most appropriate value for safe 
and economical process operation.

3.2.2. Electrical conductivity effect

Electrical conductivity depends on ion concentrations 
and the temperature of a solution. Due to Ohm’s law of 
resistance, high values of electrical conductivity reduces 
the resistance, the potential difference and power con-
sumption of the EC process under constant current con-
ditions [47]. Serikawa et al. [48] observed strong catalytic 
effect of chloride ion on oxidation of organic pollutants. 
Indirect EOx involving active chlorine is a predominant 
process in removing organic pollutants from chloride 
medium [32].

Effect of initial electrical conductivity on COD removal, 
color removal and energy consumption of the EC/EOx pro-
cess was investigated by conducting batch treatments of 
pulp and paper mill wastewater at varying initial electrical 
conductivity values between 3 mS/cm and 7 mS/cm at the 
operating conditions of pH 6, 1 A current intensity, and 20ºC 
temperature for 90 min. Pollutant removal and energy con-
sumption results are given in Fig. 12.

Results show that maximum pollutant removal val-
ues were obtained at 5 mS/cm electrical conductivity as 

(a)

(b)

Fig. 9. Energy consumptions and operational costs of various 
treatment methods with (a) Al electrodes (b) Fe electrodes.
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87% COD removal, 99% color removal. Energy consump-
tion at 5 mS/cm was calculated as 71.8 kWh/kg CODr, 
which was very close to the value that was calculated 
as 66.0 kWh/kg CODr at 7 mS/cm. After 90 min of EC/
EOx treatment at the initial electrical conductivity values 
of 3mS/cm, 5 mS/cm and 7 mS/cm, final electrical con-
ductivities were measured as 2.03, 3.05 and 4.21 respec-
tively. Variations of operational parameters are shown in 

Fig. 13. Electrical conductivity decrease of 1.95 mS/cm 
from its 5 mS/cm initial value, which was nearly 1 mS/
cm higher than the electrical conductivity reduction from 
the initial value of 3, indicates more active chlorine for-
mation. Although there was a decrease of 2.79 mS/cm 
in electrical conductivity during treatment at the initial 
value of 7 mS/cm, pollutant removal was lower than that 
was obtained at the initial value of 5 mS/cm. At 25ºC and 
normal atmospheric pressure, Cl2(g) that liberated from 
anode can dissolve in water to the extent of 6.413 g/L. If 
its solubility is exceeded locally at the electrode surface, 
then Cl2 bubbles may form [32]. Furthermore, salinity 
decrease was noted by EC/EOx which was attributed to 
reduction of some anions and cations using coagulation 
mechanism [49]. Therefore, at 7 mS/cm initial electrical 
conductivity the active chlorine formation was lower 
than that at 5 mS/cm. According to the obtained results, 
the electrical conductivity value of 5 mS/cm was consid-
ered to be the most appropriate value.

3.2.3. Current intensity effect

As the current intensity increases in the EC/EOx pro-
cess, the amount of dissolved sacrificial BP electrode 

(a)

(b)

Fig. 10. Effect of pH on EC/EOx process in terms of (a) COD and 
color removal; (b) energy consumption.

(a)

(b)

Fig. 12. Effect of electrical conductivity on EC/EOx process in 
terms of (a) COD and color removal; (b) energy consumption.

Fig. 11. Variation of operational parameters with initial pH.
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increases and the dissolution of significant amounts of 
sacrificial electrode material at high current densities 
increases the amount of contaminants removal from the 
wastewater. In the EC/EOx process, not only the amount 
of dissolved metal, but also the rate of formation of active 
chlorine, hydroxyl radicals, gas bubbles (H2, Cl2) and the 
size of the flocks which will affect the yield of the process 
depend on the current intensity. As the current intensity 
increases, the amount of oxidant and the number of gas 
bubbles increase, causing the pollutants to be removed 
more and faster.

In order to investigate the effect of current intensity on 
COD removal, color removal and energy consumption of 
the EC/EOx process, batch treatments of pulp and paper 
mill wastewater were conducted at varying current inten-
sities between 0.5 A and 1.5 A at the operating conditions of 
5 mS/cm electrical conductivity, pH 6, and 20ºC tempera-
ture for 90 min. Pollutant removal and energy consumption 
results are given in Fig. 14.

Maximum pollutant removal values were obtained 
at 1.5 A current intensity as 92% COD removal, 99% color 
removal. Energy consumption at 1.5 A was calculated as 
125.1 kWh/kg CODr, which was found to be higher than 
the value that was calculated as 71.8 kWh/kg CODr at 1 A 
(87% COD removal, 99% color removal). In order to eval-
uate the effect of current intensity on pollutant removal, 
instantaneous current efficiency (ICE) was utilized. ICE val-
ues were calculated using Eq. (2) given below.

ICE
COD COD F V

I t
t E(%)

([ ] [ ] )
=

− × ×
× × × ×

0

3600 1000 8
 (2)

Here, [COD]0 and [COD]t stand for the initial and final 
COD value of the wastewater in mg/L, F represents the Far-
aday constant (96485 C/mole), VE symbolizes the volume 
of treated wastewater in L, I is the applied current intensity 
in A and t is the duration of treatment in h. Variation of ICE 
with current intensity is shown in Fig. 15.

Considering the calculated values, increasing cur-
rent intensity reduced ICE. After 90 minutes of EC/EOx 
treatment at the current intensities of 0.5A, 1 A and 1.5 
A, final electrical conductivities were measured as 3.50 
mS/cm, 3.05 mS/cm and 2.88 mS/cm, respectively. Vari-
ations of operational parameters are shown in Fig. 16. At 
1.5 A, an electrical conductivity decrease of 2.12 mS/cm 

was observed, which is close to the electrical conductivity 
reduction of 1.95 mS/cm at 1 A. The results indicate that, 
similar active chlorine formation occurred at 1 A and 1.5 A 
current intensities. Targeting adequate pollutant removal, 
higher ICE results and less energy consumption (see Fig. 
14b), the current intensity range of 0.5–1 A was consid-
ered to be appropriate for process operation cases.

(a)

(b)

Fig. 14. Effect of current intensity on EC/EOx process in terms of 
(a) COD and color removal (b) energy consumption.

Fig. 13. Variation of operational parameters with initial electri-
cal conductivity.

Fig. 15. Variation of ICE with current intensity.
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3.2.4. Temperature effect

Temperature affects the pollutant removal with respect 
to rate of reactions, solubility of metal hydroxides, liquid 
conductivity and kinetic energy of gas bubbles [50]. In order 
to investigate the effect of temperature on COD removal, 
color removal and energy consumption of the EC/EOx pro-
cess, batch treatments of pulp and paper mill wastewater 
were conducted at varying temperatures between 10ºC and 
30ºC at the operating conditions of 5 mS/cm electrical con-
ductivity, pH 6 and 1 A current intensity for 90 min. Pollut-
ant removal and energy consumption results are given in 
Fig. 17.

Results show that maximum pollutant removal and 
minimum energy consumption values were obtained at 
20ºC and 30ºC as 88% COD removal, 98% color removal and 
70.5 kWh/kg CODr with the constant current power supply 
MAY 11-PS. After 90 min of EC/EOx treatment at the initial 
temperature values of 10ºC, 20ºC and 30ºC, final pH and 
electrical conductivity values were found to be very close 
for 20ºC and 30ºC as about 9.40 and 3.07 mS/cm, respec-
tively. Although temperature change was observed during 
90 min of treatment, a constant 10°C temperature difference 
was remained between the initial and final temperatures. 
Variations of operational parameters are shown in Fig. 18. 
At 10ºC, final pH and electrical conductivity values were 
measured as 9.98 and 4.23 mS/cm respectively. Thus, the 
monomeric Al(OH)4− formation depending on pH value 
and low amount of active chlorine formation depending 
on electrical conductivity drop leads to lower pollutant 
removal. The 10°C difference between the end points of 
wastewater treatments given in Fig. 18 has no significant 
effect on pollutant removal and energy consumption for 
EC/EOx process. Thus any temperature over 10ºC may be 
appropriate for process operation.

4. Conclusion

This research noted successful applications of EC, EOx, 
EC & EOx and EC/EOxtechniques to the treatment of pulp 
and paper mill wastewater using Al or Fe electrodes for EC 
stage and graphite electrodes for EOx stage. The efficiency 
of the methods was assessed by using COD, turbidity, color 
removal and energy consumption per kg removed COD 
amounts. Results showed that application of 15 min EC 

reached the highest COD removal value for both Al and Fe 
electrodes, with no increase in pollutant removal efficiency 
after this time due to the presence of stable organic pollut-
ants in pulp and paper mill wastewater. In addition, during 
210 min of EOx treatment, pollutant removal has increased 
slowly but consistently due to the presence of suspended 
solids. EC has the ability to remove pollutants quickly but 
not completely. EOx is able to remove pollutants slowly but 
consistently. EC&EOx and EC/EOx are combining the best 
abilities of EC and EOx processes with fast and complete 

Fig. 16. Variation of operational parameters with current 
 intensity.

Fig. 18. Variation of operational parameters with temperature.

(a)

(b)

Fig. 17. Effect of temperature on EC/EOx process in terms of (a) 
COD and color removal (b) energy consumption.
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Table 6
Comparison of industrial pulp and paper wastewater treatments 

Reference Treatment 
method

Electrode material Parameters Optimum 
conditions

COD 
removal

Energy 
consumption

Operational 
cost

[1] EC Al Electrolysis time 
Current density 
Initial pH 
NaCl concentration 
Stirring speed 
Inter-electrode distance

20 min 
15 mA/cm2 

7 
1 g/L 
100 rpm 
3 cm

90 % 11.055 kWh/
m3

1.56 $/m3

[4] EC Al Initial pH 
Current density 
Inter-electrode distance 
Electrolysis time

7 
115 mA/cm2 

1.5 cm 
75 min

77 % – –

[5] EC Al/Fe Electrolysis time 
Voltage 
Initial pH 
Current density

60 min 
10 V 
5 
4.167 mA/cm2

85 % 8.334 kWh/m3 –

[3] EC – Current density 
Initial pH 
Initial COD conc. 
Electrode combination 
Inter-electrode distance

0.40 A/dm2

7 
2500 mg/L 
Fe/Fe 
1 cm

85 % 5.16 kWh/m3 –

[7] EC Fe Supporting electrolyte 
conc. 
Current density 
Initial pH 
Stirring speed

0.03 M 
Na2SO4 

30 mA/cm2 

3 
50 rpm

88.5 % 11.5 kWh/m3 –

[49] EC Fe Initial pH 
Current density 
Electrolysis time

6.38 
5.55 mA/cm2 

33.7 min

61.2 % 2.98 kWh/m3

[51] EOx Cathode: graphite 
Anode: Ti /Co /SnO2 
-Sb2O5+AC

Initial pH 
Current density

11 
167 mA/cm2

90 % 650 kWh/kg 
CODr

–

[52] EOx Graphite Initial pH 
Current density 
Catalyst dose

3 
70 mA/cm2 

90 g/L

96.8 % 8 kWh/kg 
CODr

[53] EOx Cathode: Stainless steel 
Anode: RuOx –IrOx–
TiOx coated titanium 
substrate insoluble 
anode

Electrolysis time 
Supporting electrolyte 
conc. 
Current density

5 h 
3 g/L 
2.5 A/dm2

68 % 38.66 kWh/kg 
CODr

–

[54] EC Cathode: Stainless steel 
Anode: 
Mild steel

Electrolysis time 
Current density 
Initial pH

35 min
1.05 A/dm2

7.5

59.86 % 5.14 kWh/kg 
CODr

0.48 $/m3

EOx Cathode: Stainless steel 
Anode: RuOx –IrOx–
TiOx coated titanium 
anode

Electrolysis time 
Current density 
Initial pH

110 min
1.4 A/dm2

7.5

53.41 % 26.85 kWh/kg 
CODr

1.41 $/m3

EC&EOx

&
Biological

Same as used in both EC 
and EOx

Same as used in both EC 
and EOx

Same as used 
in both EC 
and EOx

94.91 % 14.856 kWh/
kg CODr

1.55 $/m3

Present 
study

EC/ EOx MP Graphite 
BP Al

Initial pH 
Electrical Conductivity 
Current intensity 
Temperature

6 
5 mS/cm 
1 A 
20ºC

87 % 31.6 kWh/kg 
CODr

1.33 $/m3
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pollutant removal. When all the results obtained were taken 
into account, with 98% turbidity, 100% color and 90% COD 
removal and 103.9 kWh/kg CODr energy consumption, 
EC&EOx treatment using Al electrodes stands out as the 
most suitable method. However, sedimentation and filtra-
tion steps of EC&EOx made the process inadequate in terms 
of investment and operating costs. Moreover, EC/EOx with 
Al electrodes has the same pollutant removal potential with 
slightly higher energy consumption in a single process and 
it is possible to increase the efficiency of pollutant removal 
and reduce energy consumption simultaneously by opti-
mizing operating parameters. Effects of initial pH, electrical 
conductivity, temperature and current intensity on pollut-
ant removal and energy consumption by means of EC/
EOx were also investigated, optimal operational parameters 
are determined as, 6, 5 mS/cm, 20°C and 1 A respectively. 
Under optimum conditions, turbidity and color were com-
pletely removed, whereas 87% COD removal on the basis of 
sedimented wastewater was achieved. The energy of 71.8 
kWh/kg CODr and 31.6 kWh/kg CODr were consumed 
with the use of constant current power supplies MAY 11-PS 
and SUNLINE PS 305D respectively.

Various electrochemical treatment results of pulp and 
paper mill wastewaters obtained from different sources in 
the previously published work were roughly compared 
with the present study in Table 6. Sridhar et al. [1] reported 
that energy consumption of EC for treatment of pulp and 
paper industry bleaching effluent was 11.055 kWh/m3 for 
20 min treatment under 150 A/m2 current density and the 
operational cost of 90% COD removal was found as 1.56$/
m3. Similarly, Un et al. [7] obtained 88.5% COD removal 
from tissue paper wastewater using EC treatment with 
11.5 kWh/m3 energy consumption under 300 A/m2 current 
density conditions. EOx of paper mill wastewater was per-
formed by Wang et al. [51] and 90% COD removal with the 
energy consumption of 650 kWh/kg CODr was obtained. 
Soloman and Balasubramanian [54] reported operational 
costs of 0.48 $/m3, 1.41 $/m3 and 1.55 $/m3 with 59.86%, 
53.41% and 94.91% COD removal efficiencies for EC, EOx 
and EC & EOx and biological treatment of bleaching efflu-
ent, respectively.

It was observed that the operational ranges were well-
suited with the ones in literature.The energy consumption 
of 31.6 kWh/kg CODr and operational cost of 1.33 $/m3 
obtained under current density of 13.23 A/m2 in 90 min-
utes using the constant current power supply SUNLINE PS 
305D were considered to be highly competitive when com-
pared with those reported in the literature. Although the 
cost of the present work with the constant current power 
supply MAY 11-PS might not be the adequate one, the oper-
ating cost of EC/EOx is reduced from 6.18 $/m3 to 3.04 $/
m3 by using suitable operating parameters and it is noted 
that with the use of a more energy efficient power supply 
such as SUNLINE PS 305D, highly competitive results were 
obtained.
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