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a b s t r a c t

It is very challenging to treat raw pistachio processing wastewater (PPW) by one step process due to its
high chemical oxygen demand (COD) and total phenols (TP). In this study, electrochemical (EC) process
and anaerobic digestion are combined to improve treatment efficiency. Central composite design (CCD)
was used in EC experimental design with three factors at three levels of the independent variables.
Impact of current density (50e100 A/m2), electrode distance (2e6 cm), and reaction time (60e300min)
on the removal of COD and TP were systematically investigated. A maximum removal efficiency of 43.7
and 56.4% of COD and TP, respectively, was obtained with the current density of 100 A/m2, electrode
distance of 6 cm, and reaction time of 293min. Specific energy consumption (SEC) was measured as
7.80 kWh/kgCOD for the same experimental conditions. In order to achieve further treatment, a batch
anaerobic reactor was combined with EC process to produce biogas. COD and TP removal efficiency were
measured in the anaerobic reactors at appropriate time intervals (0, 10, 25, 30, 40, and 50th d) and
biochemical methane potential (BMP) tests lasted up to 50 d. BMP enhancement of raw PPW was found
as 35.7 and 16.5% for electrocoagulated PPW under maximum COD and TP removal efficiency condition
(100 A/m2 current density, 6 cm electrode distance, and 293min reaction time) and under cost driven
approach condition (53 A/m2 current density, 2 cm electrode distance, and 182min reaction time)
compared to raw PPW. The results showed that pre-treated PPW with EC process had the highest COD
and TP removal efficiencies and enhanced the biochemical methane production, by decreasing the
concentration of total phenols in the PPW. Energy balance revealed that EC under cost driven approach
condition combined with anaerobic digestion can be used as an energy positive process for the treatment
of PPW.

© 2018 Published by Elsevier Ltd.
1. Introduction

Pistachio (Pistaciavera) is a crustacean fruit from the family of
mastic trees (Anacardiaceae). It has hard shell crust covered with a
yellow-red colored, fibrous, soft sheath which is firmly attached to
the hard shell (Tekin et al., 2001). The top three pistachio producers
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in the world were United States (317,515 t), Turkey (160,000 t) and
Iran (150,000 t) in accordance with Annual Economic Ministry of
Economy e Report, 2016. Turkey is located in one of the two pis-
tachio gene centers and it is the second largest producer of pista-
chio in the world after the United States in 2016. Different pistachio
variety trees are grown in Gaziantep, Şanlıurfa, Adıyaman,
Kahramanmaraş, and Siirt in Turkey (Ministry of Economy Report,
2016).

Pistachio nuts are harvested as covered with organic hull
(Açıkalın et al., 2012). Most of the solid waste is considered as
agricultural waste and it is often mixed with soil. However, a small
portion of the solid waste is used as feedstuff for local livestocks
and herbal medicine (Demirer, 2016; Barreca et al., 2016) and most
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of the portion is disposed improperly to the landfills. The most
important process (De-hulling) in the pistachio industry is to soften
the hull with water and to separate it from the pistachio. During
this process, 8e10 L water is used per 1 kg of product and about
200 g wet crust is formed (Shamsi et al., 2011). The pistachio in-
dustry, which is operated between June and September, produces
approximately 1Mm3 of wastewater and 50,000 t of solid waste per
year. The pistachio processing wastewater is discharged to
receiving environment (e.g., river, lake) without any treatment.
Pistachio processing wastewater (PPW) containing high chemical
oxygen demand (COD), total phenol (TP), and turbidity damages
particularly terrestrial and aquatic ecosystems if it is discharged
without treatment (Celik and Demirer, 2015).

In recent years, electrochemical treatment methods have been
proposed for the treatment of wastewaters containing toxic organic
and inorganic substances which can not be treated by conventional
treatment methods. Electrochemical methods used for the treat-
ment of domestic and industrial wastewaters consist of coagula-
tion, adsorption, absorption, precipitation, and flotation processes
(Ihara et al., 2004). Electrocoagulation (EC) is one of the most
commonly used process for water and wastewater treatment. So
far, EC have been used to remove arsenic and fluoride (Thakur and
Mondal., 2017), toxic metal (Song et al., 2017), polycyclic aromatic
hydrocarbons (Gong et al., 2017), phosphorus (Nguyen et al., 2016),
acetamiprid (John et al., 2016), carboxylic acids (Gandini et al.,
2000), COD and color (Bong-Yul et al., 2015), Orange II dye
(Mollah et al., 2010) from wastewater. In our knowledge, only two
studies have been reported in the literature for the treatment of
PPW using electrochemical methods (Bayar et al., 2014; Güçlü,
2015).

Aluminium and iron electrodes are preferred because of their
low cost and easy availability in EC process (Huang et al., 2017). In
addition, the amorphous metal oxides, hydroxides, and oxy-
hydroxides formed by aluminium and iron electrodes can easily
adsorb pollutants (Gomes et al., 2007). Aluminium electrode has
two important advantages compared to iron electrode. First,
aluminium electrode has very low resolution in neutral pH, which
means that pH adjustment is not usually required for aluminium
electrode. The cost of the treatment is reduced and treatment can
be performed with high efficiency in neutral conditions (Pourbaix,
1974). Second, the formation of polynucleic hydrolytic complexes
provides the adsorption of dissolved and colloidal pollutants in
wastewater (Sposito, 1995). The main electro-chemical reactions
occurred in the anode, cathode, and solution for aluminium elec-
trode is as follow (Mollah et al., 2004):

AlðsÞ4Alþ3
ðaqÞ þ 3e� ðanodeÞ

2H2Oþ 2e�4H2ðgÞ þ 2OH�
ðaqÞ ðcathodeÞ

2AlðaqÞ þ 6H2O42AlðOHÞ3ðsÞ þ 3H2ðgÞ ðoverall reactionÞ
Apart from these general reactions, Al(OH)þ2 and Al2(OH)24þ can

be occurred depending on the pH of the solution. Moreover,
Al(H2O)6þ3, Al(H2O)5OHþ2, Al(H2O)4OHþ2 complex species are
formed by the hydrolysis of Alþ3 ions in the reaction medium. In
addition, the hydrolysis products such as Al(OH)þ2, Al2(OH)2þ4,
Al(OH)�4, Al6(OH)15þ3, Al(OH)þ4, Al8(OH)20þ4, Al13O4(OH)24þ7,
Al13(OH)34þ5 are produced in wide pH range (Sahu and Chaudhari,
2013).

Anaerobic digestion is a widely used and known technique for
treatment of organic wastes and wastewater. Industrial, municipal,
and agricultural wastes in a wide range can be used in anaerobic
process. Anaerobic digestion is also an attractive alternative from
the point of biogas production as energy recovery and production
of valuable soil fertilizers/additives. There is a limited number of
published papers on investigating methane potential of raw
pistachio de-hulling waste and processing waste (Celik and
Demirer, 2015; Demirer, 2016).

Although conventional biological processes, such as anaerobic
or aerobic, are economical ways to remove pollutants and recalci-
trant organic compounds from wastewater, only one treatment
process is not enough to achieve required discharge standart.
Wastewater containing high pollutant concentration requires
combined processes to provide higher treatment efficiency as well
as decreased toxicity effect on microorganisms (Dizge et al., 2018).
Up to date, there is no published result in the literature on inves-
tigating the combination of EC process and anaerobic digestion
(AD) using PPW.

In this study, a combined process including EC process with
anaerobic digestionwas used to treat PPW. The novelty is the use of
EC process as a pre-treatment method and combining with
anaerobic digestion (AD) to remove COD and TP and to produce
sustainable energy methane. First, central composite design (CCD)
of response surface methodology (RSM) was used to optimize the
EC process conditions (current density, electrode distance, and re-
action time) for the removal of COD and TP. The effects of these
three independent variables on pH, COD removal, TP removal, and
specific energy consumption (SEC) were investigated by consid-
ering maximum removal of COD and TP as well as cost driven
approach. Second, pre-treated PPW with EC process at optimized
conditions were used for further treatment in anaerobic digestion
to produce biogas. The main goal of this study is to evaluate PPW
treatment and methane production efficieny of combined EC pre-
treatment and anaerobic digestion. This investigation is moti-
vated by the need of PPW management as an industrial waste in a
sustainable manner. For this purpose, process parameters of EC
were evaluated for PPW for the first time which has crucial
importance for reactor design. EC and AD combination was evalu-
ated for both treatment efficiency and sustainable energy produc-
tion reasons. COD and TP removal rates with the production of
methane were evaluated during the batch biochemical methane
potential (BMP) test. To the best of our knowledge, combination of
EC process with anaerobic digestion and the evaluation of process
performance obtained from this study is the first contribution into
the literature.

2. Materials and methods

2.1. Pistachio processing wastewater (PPW) and anaerobic
inoculum

The composite raw wastewater samples were kindly provided
from a local pistachio processing factory in Gaziantep, Turkey as a
composite sample. Composite sample was collected during a one-
day period in time proportional intervals. Wastewater samples
were kept in polypropylene bottles at 4 �C until used for compo-
sition analysis, electrocoagulation experiments, and anaerobic
biodegradability assays which were all completed within a month.
Anaerobic sludge inoculum was taken from anaerobic digestor
stabilizing sewage sludge generated from municipal wastewater
treatment plant of Hurma-Antalya. Some characteristics of pista-
chio processing factory wastewater used in this study are given in
Table 1. High COD and TP content as well as high conductivity can
be noticed clearly from the measured parameters.

COD analysis of raw PPW and treated samples were performed
according to the standard methods 5220 B (APHA/AWWA/WEF,
2005). TP analysis was performed according to the Folin-Ciocalteu
(Singleton et al., 1999). A pH-meter (Thermo Scientific Orion 3-
star) equipped with a Cole-Micrometer electrode was used for pH
measurements. Samples were filtered through the Whatman
0.45 mm filter before experiments to remove hull residues and



Table 1
The characteristics of pistachio processing factory wastewater used in this study.

Parameter Value

pH 4.84± 0.25
Conductivity, mS/cm 4.4± 0.1
Chemical Oxygen Demand (COD), mg/L 22,000 ± 530
Total Phenol (TP), mg/L 3000± 115
Alkalinity, mgCaCO3/L 70± 5
Hardness, mgCaCO3/L 700± 12
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recreate similar conditions as in a fullscale biological wastewater
treatment unit. All analyses were performed in triplicates and
repeatable results were presented as average results.
2.2. EC experimental setup

EC experiments of PPW were performed in a 1100mL glass
reactor with a working volume of 800mL, immersed in tempera-
ture controlled water bath. EC reactors were cylindrical reactor
made from borosilicate glass (10 cm (radius)� 14 cm (depth)).
Mixing of the reactor content was achieved by a teflon-covered
magnetic stirring bar with a magnetic stirrer (Wisd -Wisestir
msh-20A) at 300 rpm, which provided adequate mixing. Temper-
ature of the water bath was controlled with a temperature
controlled heating and cooling unit to maintain a constant reaction
temperature at room temperature (25± 1 �C). Experimental set-up
for EC system is presented in Fig. 1a.

Aluminium and iron electrodes were used to compare COD and
TP removal efficiency. All electrodes were manufactured in Orga-
nized Industrial Zone of Mersin, Turkey. The same dimensions of
anode and cathode electrodes (in one pair) (6 cm width� 9 cm
high� 1mm thickness) were used in the experiments. Immersed
active surface area of each electrode was 54 cm2. New electrodes
were used for each experiment. The anode and cathode sets were
connected to the positive and negative outlets of a DC power source
(AATech ADC-3303D) with a maximum current rating of 30A.

Pistachio processing factory wastewater without any dilution
was loaded into the reactor and the reaction under pre-determined
conditions was started. Samples were taken from the reactor and
analyzed to measure pH, COD, and TP at appropriate time intervals
(0, 15, 30, 45, 60, 120, 180, 240, 300, 360, 420, and 480min for
deciding electrode material and t¼ 0 with the t¼ final for the
Fig. 1. Experimental set-up of the combined treatment process (A) EC system (1.
Magnetic stirrer, 2. Magnetic bar, 3. Wastewater storage tank, 4. Electrodes, 5. Water
bath, 6. DC power source); (B) Batch anaerobic digestion system (1. Glass serum bottle,
2. Sample port).
optimization of EC process which lasted between 60 and 300min).
All electrocoagulation experiments were performed in duplicates.

2.3. Energy consumption

Specific energy consumption (SEC, kWh/kg) is defined in
Equation (1) as the electrical energy in kilowatt hour (kWh)
required to degrade 1 kg COD equivalent contaminant in the
polluted water.

SEC ¼ Pt

V
�
CODi � CODf

� (1)

where P is the rated time averaged power (kW), t is the time (h), V is
the net treated volume of wastewater (800mL), CODi and CODf are
initial and final concentration of wastewater COD (kg/L), respec-
tively (Güven et al., 2012).

2.4. Experimental design and optimization

Central composite design (CCD) was used in experimental
design. The CCDwith three factors at three levels was applied using
Design-Expert 7.0 (trial version) with the limits of the independent
variables. Current density, electrode distance, and reaction time
were chosen as independent variables since they are directly
related to operational preference. Each independent variable was
coded at three levels between �1 and þ 1 in the ranges of 50e100
A/m2 for current density, 2e6 cm for electrode distance, and
60e300min for reaction time. The total number of experiments
was calculated as seventeen (¼2k þ2k þ 3), where k is the number
of factors (¼3). Fourteen experiments were augmented with three
replications at the design center to evaluate the pure error and
were carried out in randomized order. The treatment process was
evaluated by considering COD and TP removal efficiency (%) along
with the SEC (kWh/kg) as objective functions, which are related to
operational costs and treatment yield, respectively.

The experimental outcomes were also modeled by Design-
Expert® software. In the optimization process, the responses can
simply be related to operational factors by linear or quadratic
models. Evaluations of models were performed according to the
regression coefficients values, analysis of variance (ANOVA) test
and the values of p- and F. The efficiency of models fit was
expressed by the coefficient of determination (R2) and adjusted
determination of coefficient (adj-R2).

Electrocoagulation of PPW was optimized by the optimization
modul of Design-Expert® software. Process optimization of EC
process was performed according to process cost (cost driven
approach) and maximum COD and TP removal by using the models
developed for COD removal (%), TP removal (%) and SEC (kWh/kg).
Goal settings of the Design-Expert® program are expressed with
plus (þ) symbols. For all the dependent and independent variables
in the program, corresponding importance of the goals were
selected as the highest (þþþþþ). These individual goals were
combined into an overall desirability function by Design-Expert®

software for maximization to find the best local maximum.

2.5. Biochemical methane potential (BMP) with the removal of COD
and TP

In batch anaerobic digestion, it was aimed to compare the
production of methane from raw and electrocoagulated PPW at
optimized conditions. Furthermore, COD and TP removal efficiency
were also evaluated during the batch anaerobic digestion. Methane
production efficiency of three different samples, named as raw



Fig. 2. (A) Effect of electrode type on COD removal efficiency. (B) Effect of electrode
type on TP removal efficiency. (C) pH changes over time in reaction media. (Experi-
mental conditions: initial pH, 4.84; conductivity, 4.4mS/cm; influent COD, 22,000mg/
L; influent TP, 3000mg/L; current density, 100 A/m2; electrode distance, 2 cm; reaction
time, 480min; reaction volume, 800mL; stirring rate, 300 rpm; temperature,
25± 0.1 �C).
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PPW, electrocoagulated PPW under cost driven approach condition
(53 A/m2 e 2 cm e 182min) and electrocoagulated PPW under
maximum COD and TP removal condition (100 A/m2 e 6 cm e

293min) were investigated.
Samples containing macro and micro nutrient medium and

buffer solution were incubated in a sealed bottle with a specific
amount of inoculum (Fig. 1b). BMP tests were conducted under
mesophilic conditions (35 �C). Procedures were applied according
to the previous studies of Carrere et al. and Us and Perendeci
(Carr�ere et al., 2009; Us and Perendeci, 2012). For BMP tests, glass
serum bottles (500mL) loaded with sample, inoculum, nutrients,
and buffer solution within a working volume of 400mL. The nu-
trients and buffer solution supplied in BMP reactors were as follows
(the concentrations are presented in mg/L in parenthesis): NaHCO3
(2600) as buffer solution, NH4Cl (172), KH2PO4 (65), MgCI2. 6H2O
(39), CaCl2.2H2O (19), FeCl2.4H2O (20), CoCl2.6H2O (5), MnCl2.4H2O
(1), NiCl2.6H2O (1), ZnCl2 (0.5), H3BO3 (0.5), Na2SeO3 (0.5),
CuCl2.2H2O (0.4) and, Na2(Mo)O4.2H2O (0.1) as nutrients. All BMP
reactors loaded with anaerobic seed sludge (37.06 gVS/kg) inoc-
ulum from anaerobic digester of a municipal wastewater treatment
plant. Inoculum was taken two days before the start of BMP tests.
Fourteen reactors were set up for BMP test, two of them fed with
only inoculum and nutrients to determine the methane potential of
the inoculum on its own. The remaining twelve reactors were
grouped in quadruples and loaded with electrocoagulated samples
for cost driven approach, for maximum COD and TP removal
approach and raw PPW samples, respectively. Anaerobic seed
sludge (3 g/L) is supplied in all BMP reactors. The food to micro-
organism ratio (F/M) was constant for all reactors as 0.5 (gCOD/gVS
inoculum). Initial pH values were set to neutral pH (7.0). Finally,
nitrogen/carbon dioxide (N2/CO2, 70/30%) gas mixture was purged
to maintain the anaerobic conditions in the reactors. BMP tests
lasted up to 50 d. The biogas productionwas measured according to
gas & water displacement method. The composition of biogas was
determined using gas chromatography (GC, Varian 4900) equipped
with a thermal conductivity detector (TCD) and 10m PPQ column.
For the calibration of gas chromatography device, a gas standard
consisting of 60% (v/v) CH4 and 40% (v/v) of CO2 was used. The gas
production of inoculumwas considered in the calculation of biogas
production of samples. The produced methane calculated as mL
methane per added COD (mLCH4/gCOD) to the reactor.

During the batch anaerobic digestion of samples, two reactors of
each reactor group were used to follow COD and TP removal effi-
ciency. For this purpose, samples of 10mL were taken from the
reactors and analyzed to determine the COD and TP at appropriate
time intervals (0, 10, 25, 30, 40, and 50th d). Samples were taken
with a syringe through the biogas sample port without disturbing
the anaerobic integrity of the reactors.
Fig. 3. Effect of electrode distance, current density, and reaction time on (A) COD
removal efficiency. (B) TP removal efficiency. (C) SEC values. (Experimental conditions:
initial pH, 4.84; conductivity, 4.4mS/cm; influent COD, 22,000mg/L; influent TP,
3000mg/L; electrode type, aluminium; reaction volume, 800mL; stirring rate,
300 rpm; temperature, 25± 0.1 �C).
3. Results and discussion

3.1. Optimization study for maximum COD and TP removal with EC
process

The efficiency of EC process for the removal of organic pollutants
in wastewater is strongly dependent on the nature of anodic ma-
terial. Iron and aluminium were selected as electrode materials
since they are relatively low cost and commercially easy available.
The COD, TP removal efficiency (%), and pH changes over time in
batch experiments were measured for iron and aluminium elec-
trodes at 100 A/m2 current density and 2 cm electrode distance at
room temperature. After 480min of reaction time, COD removal
efficiencies reached up to 42.7% and 62.1% for iron and aluminium
electrodes, respectively (Fig. 2a). TP removal efficiencies were 60.6%
and 62.6% for iron and aluminium electrodes, respectively (Fig. 2b).
pH of reaction media increased from 4.84 to 9.71 and 8.68 for iron
and aluminium electrodes, respectively (Fig. 2c). Aluminium elec-
trode was chosen as suitable material for EC process of PPW
treatment due to better removal of COD and TP.

To increase COD and TP remeoval efficiency and reduce oper-
ating costs (SEC value), CCD runs for EC process using aluminium
electrode were performed. SEC value for each CCD run was calcu-
lated by COD removal efficiency. Experimental outcomes for COD
and TP removal efficiency with SEC values from CCD runs are
presented in Fig. 3.

The highest COD removal was found as 41.6% by EC process
performed at 100 A/m2 current density, 6 cm electrode distance,
and 300min reaction time (Fig. 3a). On the other hand, the lowest
COD removal efficiency was observed as 11.2% at 75 A/m2 current
density, 4 cm electrode distance, and 60min reaction time. It was
observed that increasing the reaction time enhanced COD removal
efficiency. COD removal efficiency increased slowly with the in-
crease of current density.

The lowest phenol removal efficiency was observed as 14.4% at
75 A/m2 current density, 4 cm electrode distance, and 60min re-
action time (Fig. 3b) which were the same conditions that the
lowest COD removal efficiency was observed. The highest phenol
removal efficiency was achieved as 63.8% at 50 A/m2 current den-
sity, 6 cm electrode distance, and 300min reaction time. Also,
increasing of reaction time resulted with higher TP removal
efficiency.

During the EC process of PPW, SEC values increased with the
increasing current density, electrode distance, and reaction time.
SEC values increased with the combined effect of current density
and reaction time. The highest SEC value was found as 10.07 kWh/
kgCOD at 100 A/m2 current density, 6 cm electrode distance, and
300min reaction time (Fig. 3c) which were the same conditions
that the highest COD removal efficiency was observed. On the other
hand, the lowest SEC value was observed as 1.34 kWh/kgCOD at 50
A/m2 current density, 2 cm electrode distance, and 60min reaction
time.

To the best of our knowledge, there are only a few research
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papers published in the literature contributing to treatment of
PPW. COD and TP removal results from the optimization of EC
process for PPW is performed for the first time into the literature in
our study. For example, Fil et al. (2017) investigated electro-
oxidation process using stainless steel cathode and graphite anode
for removal of COD, total organic carbon (TOC), and TP from PPW.
The effects of reaction time, stirring speed, electrolyte type with
concentration, initial pH, and current density on electrooxidation
process were enquired without performing process optimization.
Maximum COD, TOC, and TP removal efficiencies were reported as
99.8%, 76.5%, and 100% at 5 h reaction time, 400 rpm stirring speed,
initial pH of 3, 30mA/cm2 current density, and 1.25M NaCI con-
centration. In another study, Güçlü (2015) examined the optimi-
zation of electrocoagulation process with aluminium electrode for
removal of COD from PPW. COD removal efficiency was found 57.4%
at optimized conditions which were 315 A/m2 current density, pH
6, and 29min reaction time.

3.2. Optimization and validation of electrocoagulation process

Response surface methodology (RSM) using CCD was applied to
determine the optimum levels of three independent variables
effective on electrocoagulation process. Transformation, fit sum-
mary, and factorial effects were evaluated. The models for the
removal efficiency of COD and TP with SEC were developed and
Table 2
ANOVA test results for COD removal efficiency, TP removal efficiency, and SEC models.

Source Sum of Square Degrees of Freedom

COD Removal (%)
Quadratic model 2785.98 9

A-Reaction Time 2160.70 1
B-Current Density 212.55 1
C-Distance 1.26 1
AB 1.42 1
AC 66.46 1
BC 39.72 1
A2 142.66 1
B2 14.37 1
C2 2.99 1
Residual 516.29 21
Lack of fit 474.72 5
R2¼ 0.8437 Adj-R2¼ 0.7767 Adeq Precision¼ 12.263 C.V%¼ 18.99
Phenol Removal (%)
Quadratic model 10118.77 9

A-Reaction Time 8388.61 1
B-Current Density 328.70 1
C-Distance 27.14 1
AB 119.03 1
AC 50.41 1
BC 1.23 1
A2 610.93 1
B2 207.21 1
C2 104.05 1
Residual 955.24 21
Lack of Fit 930.33 5

R2¼ 0.9137 Adj-R2¼ 0.8768 Adeq Precision¼ 13.881C.V%¼ 15.20
SEC (kWh/kgCOD)
2FI 154.23 6

A-Reaction Time 39.09 1
B-Current Density 55.24 1
C-Distance 47.22 1
AB 11.54 1
AC 0.34 1
BC 0.80 1
Residual 32.32 24
Lack of Fit 29.91 8

R2¼ 0.8268, Adj-R2¼ 0.7834, Adeq Precision¼ 16.671, C.V%¼ 27.44.
presented in Equations (2)e(4). Analysis of variance (ANOVA) was
applied to test the significance of the fit of the obtained equations
for the models. Two factor interaction (2FI) model for SEC and
quadratic models for the removal of COD and TP were chosen from
the analysis of variance. The results of ANOVA test for the models
are demonstrated in Table 2.

COD Removal Efficiency ¼ -9.33417 þ 0.19085 * Reaction Time þ
0.42066 * Current - 2.50209 * Distance - 9.93750E-005 * ReactionTime
* Current þ 8.49219E-003 * Reaction Time * Distance þ 0.031512 *
Current * Distance - 3.63201E-004 * Reaction Time2 - 2.65616E-003 *
Current2 - 0.18940 * Distance2 (2)

Fenol Removal Efficiency ¼ -61.17212þ0.47985 * Reaction Time þ
1.81641 * Current - 10.09830 * Distance - 9.09167E-004 * Reaction
Time * Current þ 7.39583E-003 * Reaction Time * Distance þ
5.55000E-003 * Current * Distance - 7.51621E-004 * Reaction Time2 -
0.010085 * Current2 þ 1.11666 * Distance2 (3)

SEC ¼ - 0.32851-0.012011 * Reaction Time - 2.33250E-003 *
Current þ 0.32434 * Distance þ 2.83125E-004 * Reaction Time *
Current þ 6.06771E-004 * Reaction Time * Distance þ 4.46250E-
003 * Current * Distance (4)

The significance and adequacy of the model is expected to be
Mean Square F-value Prob> F

309.55 12.59 < 0.0001 significant

2160.70 87.89 <0.0001
212.55 8.65 0.0078
1.26 0.051 0.8234
1.42 0.058 0.8123
66.46 2.70 0.1150
39.72 1.62 0.2176
142.66 5.80 0.0253
14.37 0.58 0.4530
2.99 0.12 0.7306
24.59
94.94 36.55 < 0.0001significant

1124.31 24.72 < 0.0001 significant

8388.61 184.41 <0.0001
328.70 7.23 0.0138
27.14 0.60 0.4484
119.03 2.62 0.1207
50.41 1.11 0.3044
1.23 0.027 0.8708
610.93 13.43 0.0014
207.21 4.56 0.0448
104.05 2.29 0.1453
45.49
186.07 119.47 <0.0001 significant

25.70 19.09 < 0.0001significant

39.09 29.03 < 0.0001
55.24 41.03 < 0.0001
47.22 35.06 < 0.0001
11.54 8.57 0.0074
0.34 0.25 0.6203
0.80 0.59 0.4493
1.35
3.74 24.82 < 0.0001significant
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performed through the ANOVA test. The Fisher variance ratio, the F
value is a statistically reasonable measure of how precisely the
variables identify the variation in the mean of data. The greater F-
value indicates that the variables explain adequately the variation
in the data about its mean, and the estimated variable effects are
real (Bari et al., 2009). Models were highly significant from the
Fisher's F-test with very low probability value (P
model> F¼ 0.0001 for COD removal efficiency, TP removal effi-
ciency, and SEC (Table 2).

Model's fit quality was expressed with the coefficient of deter-
mination, R2 and adjusted determination of coefficient, Adj-R2.
Coefficients of determination, R2 were found as 0.8437, 0.9137 and
0.8268, whereas Adj-R2 were determined as 0.7767, 0.8768, and
0.7834 for COD removal efficiency, TP removal efficiency, and SEC,
respectively, which indicated good fits.

Adequate precisionmeasures the signal to noise ratio and a ratio
greater than 4 is desirable (Design-Expert® User's Guide, 2001).
Therefore, the ratios of 12.263, 13.881, and 16.671 for the models of
COD removal efficiency, TP removal efficiency, and SEC, respec-
tively, indicated that adequate signals for the models could be used
to navigate the design space. The coefficient of variation (CV) in-
dicates the degree of precision with which treatments are
compared. A lower CVmeans a higher reliability of the experiments
(Li et al., 2009). The acceptable values of CV 18.99%, 15.20% and
27.44% for COD removal efficiency, TP removal efficiency, and SEC,
respectively, demonstrated that the performed experiments were
reliable.

Values of Prob> F less than 0.05 indicates that model terms are
significant (Cao et al., 2009). Linear effects of reaction time (A) and
current density (B) with the square term of reaction time (A2) were
significant at the level of p< 0.0001, 0.0078, and 0.0253, respec-
tively, for COD removal efficiency model. It was observed that the
variables reaction time (A), current density (B), and square terms of
reaction time (A2) and current density (B2) were highly significant
for TP removal efficiency model. Furthermore, linear terms of re-
action time (A), current density (B), and electrode distance (C) with
the interactive term of reaction time * current (AB) were significant
at the level of p < 0.0001 for SEC model.

Results of experiments were optimized by Design-Expert®

software using the models of COD removal efficiency, TP removal
efficiency, and SEC in Equations (2)e(4), respectively. In the first
optimization, maximum COD and TP removal efficiencies were
preferred. In this optimization study; COD removal efficiency, TP
removal efficiency, SEC, reaction time, and current density were
maximized where electrode distance and pH were set “in range”.
Optimum process conditions of EC which are dependent to speci-
fied constraints were acquired for the highest desirability (0.979) at
100 A/m2 current density, 6 cm electrode distance, and 293min
reaction time. Under these conditions, 40% COD removal efficiency,
65% TP removal efficiency, and 9.907 kWh/kgCOD SEC were pre-
dicted. In order to validate the optimization, a specific batch run
was performed under these optimum conditions. In this run, COD
and TP removal efficiencies were determined as 43.7% and 56.4%,
respectively whereas SEC was 7.80 kWh/kgCOD, proving models
acceptable predictive power. For the second optimization based on
cost driven approach, electrode distance and pH were set “in
range”; reaction time, current density, and SEC were minimized,
whereas COD and TP removal efficiencies were maximized. Under
these conditions; values of current density, electrode distance, and
reaction time were predicted as 53 A/m2, 2 cm, and 182min,
respectively, with the acceptable desirability (0.705). Under these
conditions, 27.9% COD removal efficiency, 47.8% TP removal effi-
ciency, and 1.41 kWh/kgCOD SEC were predicted. A batch under
optimized conditions was run to validate the optimization. COD
and TP removal efficiencies with the SECwere determined as 23.3%,
50.6%, and 0.96 kWh/kgCOD, respectively, with the acceptable
model capability. Calculated p-values from the COD and TP re-
movals along with the SEC values are 0.0002, 0.0071 and 0.0005,
respectively, between EC treated PPW under cost driven condition
and under maximum removal condition. Since calculated p-values
are smaller than 0.05, findings are statistically significant.

3D response surface plots were used to present the effects of
independent variables on responses under optimum conditions.
Since the current density and reaction time have been found most
effective process variables, effect of current density and reaction
time on COD and TP removal efficiencies with the SEC at 100 A/m2

current density, 6 cm electrode distance, and 293min reaction time
are presented in Fig. 4 (a), (b), and (c), respectively.

Increase in reaction time caused an increase on COD removal.
However, current density was not found to be significantly effective
on COD removal efficiency (Fig. 4a). The maximum COD removal
efficiency was observed when high current density and reaction
time were applied. Gengec et al. (2012) explained three major
interaction mechanisms (co-precipitation, adsorption, and sweep
flocculation) during the EC process. Each of the mechanism was
applicable in different pH ranges. At low pH values, metal species
like Al3þ generated at anode bind to the anionic species, thus
neutralizing their charge and reducing their solubility. This process
of removal terms as precipitation. Adsorption mechanism operates
at a higher pH range (>6.0) and involves adsorption of organic
substances on amorphous metal hydroxide precipitates. At pH
higher than 6, formed amorphous Al(OH)3(s) flocs (sweep flocs)
with the minimum solubility within the pH range 6.5e7.8 had a
large specific surface area that can absorb some soluble organic
compounds onto flocs surface. In this study, with the increasing of
reaction time, pH greater than 7 (between 7e9) enhanced high COD
and TP removal efficiencies (Fig. 3a and b). TP removal efficiency
increased with increasing of reaction time and current density
(Fig. 4b). In addition, it is evident that phenol removal increases
with the increase in reaction time up to 240min, but reaction time
did not affect TP removal efficiency above 240min. SEC increased
linearly both with high current density and reaction time (Fig. 4c).
SEC increased from 1.34 to 10.1 kWh/kgCOD during EC of PPW,
while COD and TP removal efficiencies enhanced from 11.2% to
41.6% and 14.4%e63.8% with corresponding current densities of 50
and 100mA/cm2, respectively. Obviously, high current density in-
creases energy consumption (Un et al., 2008; Güven et al., 2012). To
the best of our knowledge, there are very limited studies investi-
gating energy consumption of EC process of PPW. Güçlü (2015)
calculated SEC values as 0.39e5.72 kWh/kgCOD during the EC
process, while COD removal efficiency increased from 36.1% to
60.6% with corresponding current densities of 143 and 571mA/cm2

and 15e45min reaction time.

3.3. Methane production and corresponding COD and TP removals

The high COD removal requirement for organically high loaded
wastewater may be enhanced by operating hybrid treatment sys-
tems with the combination of electrochemical process and bio-
logical treatment process. EC process as pre- or post-
electrochemical treatment can be integrated to an anaerobic bio-
logical treatment process. The high energy requirement of elec-
trochemical treatments may be reduced with the integration of
energy efficient anaerobic digestion. The inhibition effect of phenol
for anaerobic consortium should be eliminated or reduced (Ergüder
et al., 2000; Demirer, 2016). However, the integration of electro-
chemical process to the anaerobic treatment process requires to
determine the design parameters with the treatment performance.

Methane production with maximum COD and TP removal effi-
ciencies of raw and electrocoagulated PPW at optimized conditions
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Fig. 4. 3D response surface plots. Effects of current density and reaction time on (A)
COD removal efficiency (%), (B) TP removal efficiency (%), (C) SEC (kWh/kg COD).
(Experimental conditions: initial pH, 4.84; conductivity, 4.4mS/cm; influent COD,
22,000mg/L; influent TP, 3000mg/L; current density, 100 A/m2; electrode distance,
6 cm; reaction time, 293min; reaction volume, 800mL; stirring rate, 300 rpm; tem-
perature, 25± 0.1 �C).

Fig. 5. (A) BMP of samples, (B) COD and TP removal efficiencies along with the
normalized BMP values of raw PPW, electrocoagulated PPW under cost driven
approach condition, and electrocoagulated PPW under maximum COD and TP removal
efficiency condition. (Experimental conditions for electrocoagulated PPW under cost
driven approach condition: initial pH, 4.84; conductivity, 4.4mS/cm; influent COD,
21,490mg/L; influent TP, 3100mg/L; current density, 53 A/m2; electrode distance,
2 cm; reaction time, 182min. Experimental conditions for electrocoagulated PPW
under maximum COD and TP removal efficiency condition: initial pH, 4.84; conduc-
tivity, 4.4mS/cm; influent COD, 19,600mg/L; influent TP, 3100mg/L; current density,
100 A/m2; electrode distance, 6 cm; reaction time, 293min. Experimental conditions
for BMP of electrocoagulated PPW under cost driven approach condition: initial pH,
7.0; influent COD, 16,483mg/L; influent TP, 1531mg/L; reaction time, 50 d; tempera-
ture, 35± 0.1 �C. Experimental conditions for BMP of electrocoagulated PPW under
maximum COD and TP removal efficiency condition: initial pH, 7.0; influent COD,
11,037mg/L; influent TP, 1351mg/L; reaction time, 50 d; temperature, 35± 0.1 �C).
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were evaluated by batch anaerobic digestion test. BMP values of
raw PPW, electrocoagulated PPW under maximum COD and TP
removal condition (100 A/m2 e 6 cm e 293min), and
electrocoagulated PPW under cost driven approach condition (53
A/m2 e 2 cm e 182min) are presented in Fig. 5a. Average methane
production of the reactors containing only anaerobic seed sludge
(51.2 mLCH4/gCOD) was subtracted from the samples’ methane
amount to normalize the BMP results of samples. Normalized
average BMP of raw PPWwas found as 167.7 mLCH4/gCOD. Average
BMP values of electrocoagulated PPWunder maximum COD and TP
removal efficiency condition and under cost driven approach con-
dition were also measured as 227.5 and 195.3 mLCH4/gCOD,
respectively. p-value is calculated as 0.0196 between BMP values of
raw PPWand EC treated PPWunder maximum removal conditions.
This result show that methane production between the raw PPW
and EC treated PPW under maximum removal condition is statis-
tically significant. The BMP enhancement compared to raw PPW
was found as 35.7% and 16.5% for electrocoagulated PPW under
maximum COD and TP removal efficiency condition and electro-
coagulated PPW under cost driven approach condition, respec-
tively. The reason behind the improvedmethane production should
be stem from the higher phenol removals calculated as 56.4% and
50.6% for the respective conditions.

COD and TP removal efficiencies of raw and electrocoagulated
PPW at optimized conditions during the batch anaerobic digestion
are also presented in Fig. 5b. COD removal efficiencies of raw PPW,
electrocoagulated PPW under cost driven approach condition, and
electrocoagulated PPW under maximum COD and TP removal ef-
ficiency condition were found as 75.2%, 83.2%, and 86.4%, respec-
tively (Fig. 5b). COD removal efficiency increased 10.6% and 14.9%
for electrocoagulated PPW under cost driven approach condition
and electrocoagulated PPW under maximum COD and TP removal
efficiency condition, respectively, compared to raw PPW. High TP
removal efficiencies were also achived as 87.9%, 89.6%, and 91.1% for
raw PPW, electrocoagulated PPW under cost driven approach
condition, and electrocoagulated PPW under maximum COD and
TP removal efficiency condition, respectively. Since calculated p-
values as 0.0098 and 0.0324 for COD and TP removals between raw
PPW and EC treated PPW under maximum removal condition are
smaller than 0.05, obtained data are statistically significant.

In addition to these findings, regression analysis is performed to
evaluate the siginificance and correlation between COD, TP, and
BMP during the time of batch BMP test. COD and TP are correlated
with BMP with the high correlation coefficient values (Table 3).



Table 3
Removal rates and correlation between COD, TP, and BMP during the time of batch BMP test for raw PPW, electrocoagulated PPW under cost driven approach condition, and
electrocoagulated PPW under maximum COD and TP removal efficiency condition.

Days Raw PPW Cost Driven Aproach Condition Max. Removal Approach Condition

COD Rem. (%) TP Rem. (%) BMP (mLCH4/gCOD) COD Rem. (%) TP Rem. (%) BMP (mLCH4/gCOD) COD Rem. (%) TP Rem (%) BMP (mLCH4/gCOD)

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 56.53 81.51 132.90 67.45 84.68 119.13 59.80 87.77 125.93
24 70.15 84.67 176.72 68.36 88.60 180.91 76.68 92.78 214.03
29 75.92 87.95 173.15 83.40 90.18 183.88 82.56 91.21 210.72
39 74.03 89.09 169.13 85.43 91.53 190.89 87.63 92.79 219.59
50 75.15 87.86 167.67 83.21 89.56 195.31 86.41 91.09 227.52

Max. COD and TP
Removal Approach
Condition

COD e BMP p¼ 0.000273 Significant R2¼ 0.9731 Adj-R2¼ 0.9664
TP e BMP p¼ 0.007892 Significant R2¼ 0.8585 Adj-R2¼ 0.8231
TP e COD p¼ 0.001897 Significant R2¼ 0.9297 Adj-R2¼ 0.9121

Cost Driven Aproach
Condition

COD e BMP p¼ 0.001595 Significant R2¼ 0.9354 Adj-R2¼ 0.9193
TP e BMP p¼ 0.003613 Significant R2¼ 0.9034 Adj-R2¼ 0.8793
TP e COD p¼ 0.000534 Significant R2¼ 0.9624 Adj-R2¼ 0.9530

Raw PPW COD e BMP p¼ 4.41 e�05 Significant R2¼ 0.9891 Adj-R2¼ 0.9864
TP e BMP p¼ 0.000402 Significant R2¼ 0.9674 Adj-R2¼ 0.9593
TP e COD p¼ 0.000339 Significant R2¼ 0.9700 Adj-R2¼ 0.9625
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Moreover, COD is correlated with TP during the 50 d of batch BMP
test for raw PPW, EC treated PPW under cost driven approach
condition, and EC treated PPW under maximum removal approach
condition. Furthermore, with the very low p-values, obtained
removal efficiencies along with the BMP values are significant for
each case during the 50 d of batch BMP test.

More than 60% of COD and TP were treated in approximately
10 d by batch BMP test. It is well known that phenol degradation is
based on the analogy with the anaerobic benzoate pathway pro-
posed for Paracoccus denitrificans. In this pathway, phenol is
carboxylated in the para position to 4-hydroxybenzoate which is
the first step in the anaerobic pathway. The enzyme involved is the
4-hydroxybenzoate carboxylase (Pradeep et al., 2015). It can be
stated that application of electrocoagulation as pre-treatment
process enhanced methane production with COD and TP removal
efficiencies.

Demirer (2016) found BMP values of de-hulling wastewater of
pistachio as 23 mLCH4/gCOD (1 L of de-hulling wastewater (30 g/L
COD) yields 0.7 L of methane). This value is relatively lower than
our findings. Demirer (2016) explained this observation with the
presence of phenolic compounds in pistachio waste that could have
an inhibition effect on microbial communities. Celik and Demirer,
2015 also investigated methane potential of pistachio processing
wastes by combining thermal and chemical pre-treatment pro-
cesses with anaerobic digestion. Two different types of pre-
treatment were applied. First, thermal pre-treatment performed
at 121 �C with two different time periods as 5 and 15min. Second,
chemical pre-treatment was applied by two different chemicals as
2e4% NaOH and 1.8e3.6% HCl concentration for 4 d. They applied
all pre-treatment processes separately and highest COD solubility
obtained samples were subjected to methane potential test. The
highest methane yield of 213.4mL CH4/gCOD was observed from
the samples pretreated at 121 �C and 15min. Observed total COD
Table 4
Net energy values of raw PPW, electrocoagulated PPW under cost driven approach cond
condition.

Sample Consumed Energy for EC SEC
(kWh/kgCOD)

Raw PPW e

Cost Driven Aproach Condition 0.96
Max. COD and TP Removal Approach Condition 7.8
removal of pre-treated samples was 54.9%. They concluded that
pre-treatment yielded higher biogas production compared to raw
samples. Similar to our findings, pre-treatment of PPW improved
the anaerobic degredability by reducing the phenolic compounds.

After acquiring BMP results, energy balance calculation was
performed in order to understand the energy quantities consumed
during EC processes and gainedwith anaerobic digestion. Results of
the calculations are presented in Table 4. It is assumed that 1m3

purified biogas is equal to 9.4 kWh electricity (Martins das Neves
et al., 2009). Obtained BMP values from the samples as mLCH4/
kgCOD are converted to energy produced from per kgCOD (kWh/
kgCOD). As it is seen from Table 4, while application of only
anaerobic digestion and EC under cost driven approach condition
combinedwith anaerobic digestion produced energy, application of
EC under maximum COD, and TP removal approach condition
combined with anaerobic digestion consumed energy. Therefore,
final process configuration can be decided based on the required
discharge criteria.

4. Conclusion

EC process combined with anaerobic digestion was used for
PPW treatment. Aluminium electrode supplied higher COD and TP
removal efficiencies compared to iron electrode. EC process
increased the reduction of organic matters and phenolic com-
pounds in wastewater. Central composite design was used to
optimize EC conditions for maximum COD and TP removal. COD
and TP removal efficiencies were 43.7% and 56.4%, respectively,
when used optimum conditions as current density of 100 A/m2,
electrode distance of 6 cm, and reaction time of 293min. SEC value
was measured as 7.80 kWh/kgCOD. Anaerobic digestion combined
to EC process supplied further COD and TP removal efficiency and
increased the production of biogas. BMP tests showed that pre-
ition, and electrocoagulated PPW under maximum COD and TP removal efficiency

BMP (mLCH4/
kgCOD)

Produced Energy from
AD BMP (kWh/kgCOD)

Net Enegry (kWh/
kgCOD)

167.7 1.58 1.58
195.3 1.84 0.88
227.5 2.14 �5.66
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electrocoagulated PPW by EC process enhanced BMP up to 35.7%
for 50 d. Results showed that pre-treated PPW with EC process
decreased phenolic compound toxicity for methane producing
microorganisms. According to the results it was determined that EC
process combined with anaerobic digestion can be preferable from
the point of removal of COD and TP and energy recovery when
higher discharge criteria are required. Based on literature survey
conducted, this is the first study combining EC with anaerobic
digestion and investigating the removal efficiencies and energy
balance.
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