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ABSTRACT

The wide use of polymers to enhance oil recovery can make pumping and rejecting oilfield
produced water difficult because of the high viscosity of the treated water. To deal with this
problem, this study proposed an electrocoagulation method that is time saving, highly effi-
cient, and easy to apply. A Box–Behnken design coupled with the response surface
methodology (RSM) was used to construct a model of the electrocoagulation process that
considers three key variables: current density, inter-electrode gap, and operation time. The
optimized operational conditions were obtained using second-order polynomial models;
they were a current density of 45.6 mA/cm2, an inter-electrode of 3.2 cm, and an operation
time of 22.8 min. The results under these conditions were a viscosity reduction of 90.9%
and a chemical oxygen demand (COD) reduction of 74.9%. These data strongly correlated
with the predicted values of the RSM models. Based on the single and interactive effect
analysis, it showed that viscosity and COD reduction efficiency enhanced with increasing
operation time. The efficiencies were increased when current density was raised from 20 to
40 mA/cm2 and subsequently decreased from 40 to 60 mA/cm2. They were also increased
while inter-electrode gap was enlarged from 2.0 to 4.0 cm and then decreased from 4.0 to
6.0 cm. Furthermore, the practicability of the polymer-flooding produced water treatment
under the optimized conditions was proved by UV–vis, zeta potential, and particle size
measurement.

Keywords: Polymer-flooding produced water; Electrocoagulation; Response surface
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1. Introduction

Polymer flooding is an enhanced oil recovery
method that can efficiently recover remaining oil by
injecting water with a polymer (polyacrylamide) to
increase its viscosity during the displacing phase. It can
enhance crude oil recovery by up to 12% and plays a
vital role in oil production [1–4]. However, with the
development of the mechanical processing industry, the
amount of oily polymer-flooding produced water
(OPFPW) has increased. This water has deleterious
effects on the operation of wastewater treatment due to
its high viscosity, which reduces the efficiency of pump-
ing and rejecting, and can even destroy pumps.

Previous studies have developed several techniques
for treating this type of wastewater, including chemical
methods [5–8], physical separation [9–11], biological
degradation [12–14], and combined methods [15–18].
However, some of these processes are complex, require
specialized manpower, and are time consuming. In this
study, the electrocoagulation method was proposed
and tested as an OPFPW treatment. This method is not
only fast and requires only simple equipment, but is
very versatile and has been used to treat a wide range
of industrial effluents [19,20]. The process does not use
chemicals; instead, consumable metal plates (such as
aluminum and iron) are used as sacrificial electrodes
that continuously produce ions in the system. Due to
the high adsorption and coagulation efficiency of Al3+

ions, aluminum plates were used as electrode materials
in this experiment [21,22]. In the electrocoagulation pro-
cess, the released cations neutralize the charges of the
headgroups of the polymer molecules and thereby initi-
ate coagulation. The formed flocs are separated from
the aqueous phase by sedimentation or flotation [23,24].
The electrochemical reactions occurring at the anode
are shown below in Eqs. (1)–(4):

AlðsÞ ! Al3þðaqÞ þ 3e� (1)

2H2OðlÞ ! O2ðgÞ þ 4Hþ
ðaqÞ þ 4e� (2)

Al3þðaqÞ þ 3H2OðlÞ ! Al OHð Þ3ðaqÞþ3Hþ
ðaqÞ (3)

nAl OHð Þ3ðaqÞ! Aln OHð Þ3nðaqÞ (4)

The reaction at the cathode is written as follows:

2H2OðlÞ þ 2e� ! H2ðgÞ þ 2 OH�
aqð Þ (5)

Moreover, a large number of chloride ions in the
produced water scavenge oxygen to form hypochlorite
(ClO−) at the electrode, and ClO− ions act as an oxi-
dizing agent that favors the electrochemical reaction
[25]. The following reactions explain the formation of
ClO− ions:

2Cl�aqð Þ ! Cl2ðgÞ þ 2e� (6)

Cl2ðgÞ þH2OðlÞ ! HClOðaqÞ þ Hþ
ðaqÞ þ Cl�aqð Þ (7)

HClOðaqÞ ! ClO�
aqð Þ + Hþ

ðaqÞ (8)

Previous experimental investigations have exam-
ined the effects of different operational parameters,
such as initial pH, salt concentration, temperature,
electric current density, inter-electrode distance, and
operation time, on the electrocoagulation efficiency
[20,26–28]. The one-factor-at-a-time approach has been
used to study the effects of various factors on the
treatment; however, this conventional method is time
consuming for multi-variable systems and fails to esti-
mate the interactive effects among factors [29]. The
response surface methodology (RSM), which generates
a mathematical model, is an alternative method for
defining the effect of all of the independent variables,
alone or in combination [30–32].

The objectives of this study were to investigate the
individual and combined effects of current density,
inter-electrode gap, and operation time on polymer
solution treatment, and to optimize the process
variables for the maximum reduction of the chemical
oxygen demand (COD) and viscosity using a
Box–Behnken response surface design. The results will
be helpful to the design of an EC unit for the pretreat-
ment of OPFPW.

2. Materials and methods

2.1. Preparation of the electrolyte solution

Formation water was collected from the Gangxi
43# oil well. The pH value and ionic composition were
measured using a HQ11D pH meter (Hach Co., Ltd,
USA) and an ionic meter (Hangchuang Co., Ltd,
Shenzhen, Guangdong, China), respectively. To simu-
late the formation water, potassium chloride, sodium
chloride, and other metal salts were added to distilled
water at the dosages as shown in Table 1. The initial
pH value of the solution was adjusted with sodium
hydroxide and sulfuric acid solution. All of the chemi-
cals and reagents used were of analytical grade. A
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polyacrylamide solution of 300 ppm was prepared by
dissolving 0.30 g of polyacrylamide (AP-P4, collected
from Dagang Oilfield Company; the average molecu-
lar weight is 12 million, the solubility in water is 27%)
into 1,000 mL water. The structural formula of AP-P4
can be seen in Fig. 1. To avoid the interference effect
of the oil on the COD and viscosity detection, the lab-
oratory prepared polymer-flooding water (LPPFW,
without add crude oil) was used in a series of batch
experiments with Box–Behnken design.

2.2. Electrolytic cell

The lab-scale reactor is shown in Fig. 2. Electroco-
agulation experiments were carried out in a cylindrical
glass (Φ = 17.5 cm, h = 12 cm2). In this process, alu-
minum plates (purity, ≥98%; thickness, 0.2 cm; size,
10 cm × 10 cm) were 0.2 cm thick with the dimensions
10 cm × 10 cm were used as electrodes. One-half of the
electrodes were immersed in the electrolyte solution,
making the effective surface area of the electrode
50 cm2. The electrolysis solution to be treated with a
volume of 1,000 mL was poured into a magnetically
stirred tank. Agitation at 200 rpm was provided by
means of a magnetic stirrer. A power source (WKY-
505, East Co., Ltd, Huizhou, Guangdong, China) was
used to provide current density to the EC cell. The
electrodes were connected to a digital DC supply
characterized by current range (0–5 A) and volt range
(0–50 V). All of the experiments were conducted at
room temperature (28˚C). At the end of the experi-
ments, samples were filtered to remove any sludge
and analyzed for viscosity and COD reduction.

2.3. Detection methods

To monitor the electrocoagulation, the viscosity of
the water samples was measured using a viscometer
with an LV-1 rotor with a speed of 100 rpm at 55 ˚C.
The COD of the samples was measured with a
QCOD-2E rapid determination meter (Changhong Co.,
Ltd, Shenzhen, Guangdong, China). The COD of the

samples was quantified using the standard methods
for the examination of water and wastewater
(Washington, DC, USA, 1998). The ultraviolet spec-
trum of the samples was detected using a UV-1,800
UV-vis spectrophotometer (Shimadzu Co., Ltd, Kyoto,
Japan). Observations of floc formation in the electroco-
agulation process were carried out after the suspen-
sion stand for 20 min. The pH value of the electrolyte
was measured by PHS-25 pH meter (Yidian Co., Ltd,
Shanghai, China). The sizes and zeta potentials of the
suspensions were detected using a nanozetasizer
(Malven Co., Ltd, UK).

2.4. Determination of the range of process variables

A preliminary study was carried out to narrow
the range of parameters for optimization. In the
preliminary experiments, a current density range of
20–100 mA/cm2, an inter-electrode gap range of
2–8 cm, and an operation time range of 5–40 min were
examined. Based on the preliminary results, the study
ranges chosen for the current density, inter-electrode
gap, and operation time in the final experiment were
20–60 mA/cm2, 2–6 cm, and 15–25 min, respectively.

2.5. Experimental design

The RSM was used for the experimental design,
data analysis, and model construction. The aim was to
investigate the relationship between viscosity, COD
reduction efficiency, and three operating parameters
(i.e. current density, inter-electrode gap, and operation

Table 1
Preparation of laboratory simulated formation water in Gangxi 43# well

Parameter Concentration (mg/L) Parameter Concentration (mg/L)

pH 8.28 Na2SO4 37.26
KCl 25.94 NaHCO3 1,100.04
NaCl 6,679.71 Na2CO3 71.78
CaCl2 334.30 AP-P4 (polyacrylamide) 300.00
MgCl2 216.44

CHCH2

NH2

C O

x

CHCH2

O-Na+

C O

y

CHCH2

z

R

Fig. 1. Structural formula of AP-P4. R: hydrophobic side
group, carbon number: 16–20.
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Fig. 2. Electrocoagulation equipment.
Notes: (1) power source, (2) parallel anode, (3) parallel cathode, (4) electrocoagulation cell, (5) electrolysis solution, (6)
magnetic bar stirrer, (7) magnetic stirrer, (8) pump, (9) produced water tank, (10) treated water collector, (11)
nanozetasizer, and (12) computer.
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Fig. 3. Normal probability plot of the internally studen-
tized residuals in the model of (a) viscosity reduction and
(b) COD reduction efficiency based on Box–Behnken
design.
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Fig. 4. Predicted vs. actual values plot for (a) viscosity
reduction and (b) COD reduction efficiency in response
surface model (linear fitting plot).
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time). The Box–Behnken design (BBD) was specifically
selected as it was more efficient than other RSM
designs when there are three or four variables [29,33].
Table 2 shows the Box–Behnken design matrix. The
three selected process variables, current density,
inter-electrode gap, and operation time, were defined
as X1, X2, and X3, respectively. Each parameter was
coded at three levels, −1 (minimum), 0 (central), and
+1 (maximum), covering the entire study range. The
two responses, viscosity reduction and COD reduction
efficiency, were defined as Y1 and Y2, respectively.

2.6. Statistical analysis

Analysis of variance (ANOVA) was used to
analyze the experimental data. The adequacy of the
developed models was measured by coefficient of
determination (R2) and adjusted coefficient of deter-
mination (R2

adj) analyses. After fitting the models, the
generated data were used for 3D response surface
optimization. All of the statistical analyses were con-
ducted using Design Expert 8.0 software (Stat Ease
Inc., Minneapolis, USA).

2.7. Calculation of operating costs

In the electrocoagulation process, the operating
costs contain consumption of electrical energy, elec-
trode materials (especially sacrificial electrode), cost of
sludge disposal, etc. [34]. In this preliminary economic
calculation, electrical energy and electrode costs were
taken into account as major items and the operating
cost equation was described as follows:

Operating cost ¼ aCenergy þ bCelectrodes (9)

where Cenergy (kW h/m3) and Celectrodes (kg Al/m3) are
consumption quantities for treatment of produced
water, a and b coefficient for Chinese market in 2014
are as follows:

(1) Coefficient a: industrial electrical energy
price = 0.1167$/kW h;

(2) Coefficient b: wholesale electrode material
price = 2.1498$/kg Al.

3. Results and discussion

3.1. Box–Behnken design

A Box–Behnken design requires an experiment
number according to N = k2 + k + Cp, where k is the fac-
tor number and Cp is the replicate number of the central
point. Experimental data from the Box–Behnken design
can be analyzed and fitted to a second-order model
using Design Expert 8.0 software and the following
equation:

Y ¼ b0 þ
Xk

i¼1

biXi þ
Xj�1

i¼1

Xk

j¼1

bijXiXj þ
Xk

i¼1

biiX
2
i þ ei (10)

where Y is the response for viscosity reduction effi-
ciency (Y1) or COD reduction efficiency (Y2), β0 is a
constant coefficient, Xi and Xj are variables, βi is a
coefficient that determines the influence of parameter i
in the response (linear term), βij refers to the effect of
the interaction among variables i and j, βii is a parame-
ter that determines the shape of the curve, k is the
number of studied factors, and ei is the error. The
coded values of the process parameters in Eq. (10) can
be determined by the following equation:

Xi ¼ xi � x0
Dxi

(11)

In Eq. (11), Xi is the dimensionless coded value of
the ith independent variable, xi is the uncoded value
of the ith independent variable, x0 is the uncoded ith
independent variable at the center point, and Δxi is
the step change value between the low level (−1) and
high level (+1) [35]. The low, middle, and high levels
of each variable are illustrated in Table 2.

3.2. ANOVA and model fitting

Table 3 shows the experimental results for the vis-
cosity and COD reduction efficiencies based on the
Box–Behnken design. The results of the ANOVA of
the regression parameters of the predicted response
surface quadratic models for viscosity and COD
reduction efficiency, with insignificant model terms
excluded, are shown in Tables 4 and 5, respectively.
The relationships between viscosity, COD reduction

Table 2
Experimental range and levels of the independent vari-
ables (current density, inter-electrode gap, operation time)
in Box–Behnken design

Variables, unit Factors

Ranges and
levels

−1 0 1

Current density (mA/cm2) X1 20 40 60
Inter-electrode gap (cm) X2 2.0 4.0 6.0
Operation time (min) X3 15 20 25
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efficiency, and the three operating parameters (i.e. cur-
rent density, inter-electrode gap, and operation time)
were fitted to the second-order polynomial Eqs. (12)
and (13) as given below:

Y1 ¼ 90:57þ 1:87X1 � 0:28X2 þ 10:68X3 � 2:25X1X2

� 0:7X1X3 � 1:85X2X3 � 15:06X2
1 � 8:61X2

2

� 8:06X2
3

(12)

Y2 ¼ 75:83þ 2:56X1 þ 1:27X2 þ 9:44X3 þ 2:38X1X2

� 0:45X1X3 � 0:98X2X3 � 7:59X2
1 � 5:62X2

2

� 9:09X2
3

(13)

where Y1 and Y2 denote, respectively, the viscosity
reduction rate (%) and COD reduction rate (%); X1,
X2, and X3 denote the coded values for current density
(mA/cm2), inter-electrode gap (cm), and reaction time
(min), respectively.

For the viscosity reduction efficiency, the F-value
of 27.70 implied that the model was significant. The
p-values less than 0.05 indicated that the model
terms X3, X2

1, X2
2, and X2

3 were significant, as
described in Table 4. Moreover, the lack-of-fit value
of 5.37 implied that it was not significantly relative
to the pure error. There was a 16.09% chance that
such a large lack-of-fit F-value could occur due to
noise. The ANOVA test for the COD reduction effi-
ciency (Table 5) showed that the model’s F-value

Table 3
Design matrix in coded units and the experimental responses

Run
number

Current
density (X1)

Inter-electrode
gap (X2)

Operation
time (X3)

Viscosity reduction
efficiency (Y1, %)

COD reduction
efficiency (Y2, %)

1 −1 1 0 69.1 58.7
2 −1 −1 0 65.3 62.3
3 0 −1 1 86.3 69.2
4 1 0 −1 61.2 52.8
5 1 0 1 81.8 71.5
6 1 1 0 64.0 67.7
7 0 0 0 91.2 78.2
8 −1 0 1 75.1 66.4
9 0 0 0 88.8 73.7
10 −1 0 −1 51.7 45.9
11 0 1 −1 65.2 55.0
12 0 −1 −1 61.9 49.1
13 0 0 0 91.7 75.6
14 0 1 1 82.2 71.2
15 1 −1 0 69.2 61.8

Table 4
ANOVA for response function Y1 (viscosity reduction efficiency) and variables selected to fit a model

Source Sum of squares df Mean square F-value p-value prob. > F Remarka

Model 2,171.06 9 241.23 27.70 0.0010 S
X1 28.13 1 28.13 3.23 0.1322 NS
X2 0.61 1 0.61 0.069 0.8026 NS
X3 911.65 1 911.65 104.69 0.0002 S
X1X2 20.25 1 20.25 2.33 0.1878 NS
X1X3 1.96 1 1.96 0.23 0.6552 NS
X2X3 13.69 1 13.69 1.57 0.2653 NS
X2

1 837.24 1 837.24 96.14 0.0002 S
X2

2 273.61 1 273.61 31.42 0.0025 S
X2

3 239.77 1 239.77 27.53 0.0033 S
Residual 43.54 5 8.71
Lack-of-fit 38.73 3 12.91 5.37 0.1609 NS
Pure error 4.81 2 2.40
Cor total 2,214.60 14

aS: significant at p < 0.05; NS: not significant.
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was 45.22, implying that the model was significant.
The probability of a larger F-value due to the
uncontrollable noise factors were observed to be less
(0.03%). The p-values less than 0.05 indicated that
the model terms X1, X3, X1X2, X2

1, X2
2, and X2

3 were
significant. The lack-of-fit F-value of 0.42 implied
that the lack-of-fit was not significant relative to the
pure error, which further confirmed the reliability of
the models [30,36].

The suitability of the selected models for providing
adequate estimations of real systems was also con-
firmed by plots, such as the normal probability plots
of the studentized residuals and the predicted vs.
actual value plots. Fig. 3(a) and (b) shows the normal
probability plot for the studentized residuals of the
viscosity reduction and COD reduction efficiency,
respectively. It can be deduced from the plots that the
data were evenly distributed.

These models were also tested using the deter-
mination coefficient (R2). The closer the R2 values are
to 1, the stronger the models are and the better they
predict viscosity reduction and COD reduction rate.
The determination coefficients (R2 = 0.9781 for viscos-
ity reduction and R2 = 0.9806 for COD reduction)
showed that only 2.19% (viscosity reduction) and
1.94% (COD reduction) of the variability in the
responses were not explained by the models. In addi-
tion, the values of the adjusted determination coeffi-
cients (R2

adj = 0.9449 for viscosity reduction and
R2
adj = 0.9660 for COD reduction) were also very high,

showing a high significance of the models. Moreover,
the values of the predicted R2 were also high, support-
ing the significance of the models. Thus, the predicted

R2 of 0.9803 for viscosity reduction efficiency and
0.9879 for COD reduction efficiency were in reason-
able agreement with the adjusted R2 of 0.9449 for vis-
cosity reduction efficiency and 0.9660 for COD
reduction efficiency, respectively. These results illus-
trate that the data prediction ability of the response
surface model was satisfactory (Fig. 4(a) and (b)).

3.3. Interactive effect of the process variables

Three-dimensional response surface plots (Fig. 5) of
the models generated by the Design Expert 8.0 soft-
ware were used to evaluate the interactive effect of the
independent variables on the responses. In Fig. 5(a), a
3D-response surface plot was developed as a function
of current density (X1) and inter-electrode gap (X2) at
the operation time of 20 min. At 20 mA/cm2, the vis-
cosity reduction increased by 3.8% (from 65.3 to 69.1%)
as the inter-electrode gap was increased from 2.0 to
6.0 cm; whereas at 60 mA/cm2, the viscosity reduction
decreased by 5.2% (from 69.2 to 64.0%) when the
inter-electrode gap was increased from 2.0 to 6.0 cm.
As illustrated by the gradient in the surface plot, the
current density was dominant in the interactive effect
of current density/inter-electrode gap on the viscosity
reduction. The viscosity reduction efficiency firstly
increased with current density increasing from 20 to
40 mA/cm2 and then reached a plateau when current
density was up to 40 mA/cm2. Due to the higher
current, the amount of metal oxidized increased,
resulting in a greater amount of precipitate for the
fast reduction of organic pollutants [25]. One of

Table 5
ANOVA test for response function Y2 (COD reduction efficiency) and variables selected to fit a model

Source Sum of squares df Mean square F-value p-value prob. > F Remarka

Model 1,359.99 9 151.11 45.22 0.0003 S
X1 52.53 1 52.53 15.72 0.0107 S
X2 13.00 1 13.00 3.89 0.1056 NS
X3 712.53 1 712.53 213.22 <0.0001 S
X1X2 22.56 1 22.56 6.75 0.0483 S
X1X3 0.81 1 0.81 0.24 0.6433 NS
X2X3 3.80 1 3.80 1.14 0.3349 NS
X2

1 212.80 1 212.80 63.68 0.0005 S
X2

2 116.48 1 116.48 34.86 0.0020 S
X2

3 305.20 1 305.20 91.33 0.0002 S
Residual 16.71 5 3.34
Lack-of-fit 6.50 3 2.17 0.42 0.7572 NS
Pure error 10.21 2 5.10
Cor total 1,376.70 14

aS: significant at p < 0.05; NS: not significant.
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the problems caused using aluminum as an electrode
material is the formation of a passive oxide film,
which inhibits the electrocoagulation process. This is
the potential reason for such a slight decline in
the reduction efficiency when the current density
exceeded the optimum condition. Zhu et al. reported
similar phenomenon for the removal of antimony
from antimony mine flotation wastewater by EC
process [28].

Fig. 5(b) describes the interaction between the
current density and operation time with an inter-
electrode gap of 4.0 cm. Increasing the operation time
led to an increase in viscosity reduction in the current
density investigated, and this effect was more signifi-
cant at the operation time of 25 min. At 20 mA/cm2,
the viscosity reduction increased by 23.4% (from 51.7
to 75.1%) as the operation time was increased from 15
to 25 min; whereas at 60 mA/cm2, the viscosity

Fig. 5. Response surface plots of interactive effect among factors on (a–c) viscosity reduction (%) and (d and e) COD
reduction efficiency (%).
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reduction increased by 20.6% (from 61.2 to 81.8%)
when the operation time increased from 15 to 25 min.
Previous studies [26,28,37] have shown that the solu-
bility of Al(OH)3 is less at pH 6–8, whereas at pH 4–8,
the Al3+ and OH− ions generated by electrodes react
to form insoluble amorphous Al(OH)3(S) through a
range of complex reactions. The plots show that an
increase in operation time resulted in an increase in
the viscosity reduction efficiency due to prolonged
interaction between the Al(OH)3 and polymer mole-
cules.

Fig. 5(c) shows the interactive effect between the
inter-electrode gap and operation time on the viscosity
reduction efficiency at a steady state with a current
density of 40 mA/cm2. At 2.0 cm, the viscosity reduc-
tion reached 61.9 and 86.3% for operation times of 15
and 25 min, respectively; whereas at 6.0 cm, 65.2, and
82.2% of the viscosity reduction was obtained at
operation times of 15 and 25 min, respectively. The
rise in the viscosity reduction efficiency might be
attributed to the fact that when the electrolysis time
increased, the concentration of metal ions and hydrox-
ide flocs increased.

Fig. 5(d) shows that COD reduction efficiency
decreased by 3.6% (from 62.3 to 58.7%) and then
increased by 5.9% (from 61.8 to 67.7%) when the cur-
rent density was increased from 20 to 60 mA/cm2 and
the inter-electrode gap increased from 2.0 to 6.0 cm.
At lower current density, as the distance between the
electrodes increased, the resistance provided by the
cell increased, and the electrical conductivity was
proportional to the inter-electrode gap. According to
Faraday’s law, the amount of metal oxidized decreases
with distance, which might explain the decline in the
COD reduction efficiency while the electrode gap ran-
ged from 2.0 to 6.0 cm [39,40]. The efficiency would be
subsequently enhanced by a higher current density,
which increases the rate of production of the
coagulant.

Fig. 5(e) illustrates the interactive effect between
current density and operation time at an inter-
electrode gap of 4.0 cm. Current density and operation
time were considered as the sensitive operating
parameters in the electrocoagulation process. These
two variables determine the coagulant production rate
and total production of the coagulant. From the plot it
was observed that at 15 min, the COD reduction
increased by 6.9% (from 45.9 to 52.8%) as the current
density increased from 20 to 60 mA/cm2; whereas at
25 min, the COD reduction increased by 5.1% (from
66.4 to 71.5%) when the current density increased
from 20 to 60 mA/cm2. This is due to the increase in
the quantity of aluminum released in the solution as a
result of higher current density and longer reaction

time, which enhance the formation of aluminum
hydroxides and leads to higher COD reduction. Sev-
eral studies have confirmed the individual/combined
effect of current density and operation time on
wastewater treatment efficiency. Attour et al. [26]
noted that these parameters are linked, as pH changes
in the process of electrocoagulation are due to the
OH− production flux rate at the cathode. The pH
increased with electrolysis time, resulting in an appre-
ciable effect on the current density. Similar observa-
tions were also reported by other researchers [41].

Fig. 5(f) illustrates the individual/combined effects
of inter-electrode gap and operation time when cur-
rent density was at its zero level. It was obvious that
the interactive effect of operation time and inter-
electrode gap on the COD reduction exhibited the
same tendency as on the viscosity reduction. The effi-
ciency increased with increasing inter-electrode gap
and operation time. There was a gradual increase in
the COD reduction to the maximum with the increase
in inter-electrode (from 2.0 to 4.0 cm) and operation
time (from 15 to 20 min), and then a decrease with
further distance and time enhancements (distance
greater than 4.0 cm, time greater than 20 min).

3.4. Process optimization and model validation

To identify the optimum conditions for maximiz-
ing the reduction efficiency of viscosity and COD
within the experimental ranges studied, the desirable
point prediction function in the experimental design
was applied. The predicted optimal results for viscos-
ity and COD reduction were predicted to occur under
the following conditions: a current density of
45.6 mA/cm2, an inter-electrode gap of 3.2 cm, and an
operation time of 22.8 min. The actual value of viscos-
ity and COD reduction was 90.9 and 74.9%, respec-
tively, which were in good agreement with the actual
values from the regression models, with relatively
small errors of 2.0 and 2.7%, respectively.

To confirm the predicted results, experiments were
conducted using the optimum conditions that were
given by the optimization software. Each experiment
was repeated three times. Table 6 shows that the mean
values for the viscosity and COD reduction were close
to the predicted values.

3.5. Absorbance spectra of the samples

To assess the efficiency of the electrocoagulation
treatment, the Gangxi 43# OPFPW (residual oil con-
tent: 47.2 mg/L, polymer content: 300 mg/L) and
LPPFW were treated under the optimized conditions.
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Fig. 6 shows the evolution of the UV–vis spectra of
the polymer solution before and after the treatment.
The absorption spectra of (a) and (b) represent the
OPFPW and LPPFW samples, respectively. The curves
of (c) and (d) show the spectra of these two water
samples treated under the optimized conditions (i.e. a
current density of 45.6 mA/cm2, inter-electrode gap of
3.2 cm, and electrolysis time of 22.8 min). It is clear
that the intensity of the characteristic band (195–
196 nm) of the polymer solution samples was signifi-
cantly reduced.

3.6. Calculation of zeta potential and operating costs

To calculate the aggregation efficiency, zeta poten-
tial (ζ, mV) measurement was applied in the OPFPW
electrocoagulation process under the optimized condi-
tions. At predetermined time intervals, solution sam-
ples were analyzed by nanozetasizer. There is a slight
rise in absolute zeta potential (ranged from 40.33 to
41.35 mV) and remarkable increase in the average

particle size (ranged from 0 to 12.2 μm) with the reac-
tion time. While pH was increasing, ambient condi-
tions became favorable for aluminum hydroxide
formation [42]. The acceleration in floc size was
observed in the process, this was likely due to the
agglomeration of micro-flocs. During this coagulation
process, micro particles and charged organic matter
were attached to the colloidal flocs by electrostatic
force. As described in Fig. 7, the zeta potential values

Table 6
Verification test of the fitting models

Test number

Operation
parameters Y1 (%) Y2 (%)

X1 X2 X3 Observed value Predicted value % Error Observed vale Predicted value % Error

1 −0.7 −0.5 0.8 84.2 83.6 −1.0 71.2 71.5 0.4
2 −0.3 −0.6 −0.4 77.8 78.5 1.0 64.2 65.9 2.5
3 −0.3 −0.3 0.9 90.2 91.7 1.6 75.1 75.6 0.7
4 −0.5 −0.1 1.0 89.3 88.6 −1.0 72.7 73.5 1.1
5 0.2 0.4 −0.5 81.6 82.9 1.5 71.4 70.1 −1.9
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Fig. 6. Absorption spectra obtained from UV–vis analysis
of the polymer solution samples before and after electroco-
agulation treatment under the optimum conditions (a–d:
diluted 10 times).
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Fig. 7. Zeta potentials and diameters of freshly formed pre-
cipitates in the oilfield produced water treatment (from
0 min to the end) under the optimal conditions (1,000 mL
of 47.2 mg/L oil content, and 300 mg/L polymer content
of electrolysis solution, 45.6 mA/cm2 current density,
3.2 cm inter-electrode gap, and 22.8 min operation time).
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indicated a strong negative charge on the suspensions.
The possible reason for this phenomenon is that ion
adsorption. The surface dissociation has acted between
the solid/aqueous phase. Similar observation was also
reported by other investigators [42]. Under optimum
condition, the energy and electrode consumptions
were calculated to be 1.015 and 0.433 US $/m3. From
Table 7, the total consumption was found to be
1.448 US $/m3.

4. Conclusions

In this study, second-order polynomial equations
were built to describe the electrocoagulation process.
The single variable X3 was significant in terms of vis-
cosity reduction, whereas the single effect of X1 and
X3, the interactive effect of X1X2 significantly affected
the COD reduction efficiency. The optimum conditions
were found at a current density of 45.6 mA/cm2,
inter-electrode gap of 3.2 cm, and operation time of
22.8 min. Under such conditions, a 90.9% viscosity
reduction and 74.9% COD reduction were achieved,
which conformed to the predicted values of the
model. The successful application of the RSM–BBD
suggested that this is a new method for optimizing
OPFPW treatment. Under the optimized conditions,
there is a slight rise in absolute zeta potential and
increase in the average particle size with the operation
time. Future research on the optimization of the
approach should be conducted on a large-scale that
considers both energy consumption and electrode con-
sumption.
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