
* Corresponding author.

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2022.28501

262 (2022) 74–88
June 

Optimized electrocoagulation technology using response surface 
methodology to control H2 production and treatment effect of 
fracturing flowback fluid treated by electrocoagulation

Zhuozhuang Liua,b, Wu Chena,b,*, Da Wuc, Shuxia Weia,b, Mijia Zhua,b

aCollege of Chemical and Environmental Engineering, Yangtze University, Jingzhou, Hubei 434023,  
China, email: ccww91@126.com (W. Chen) 
bState Key Laboratory of Control and Treatment of Petroleum and Petrochemical Pollutants (Yangtze University),  
Jingzhou, Hubei 434023, China 
cCollege of Petroleum Engineering, China University of Petroleum (Huadong), Qingdao, Shandong 266580, China

Received 2 October 2021; Accepted 7 April 2022

a b s t r a c t
Fracturing flowback fluid is the most important contaminant associated with oil and gas explo-
ration and production, which requires low-cost and sustainable technologies for treatment. 
This study proposed an electrocoagulation (EC) method that is time saving, highly efficient, and 
easy to apply to deal with this problem. A Box–Behnken design coupled with the response surface 
methodology (RSM) was used to construct a model of the EC process to intensively control hydro-
gen (H2) production and to reduce potential safety risks while achieving high treatment efficiency. 
The model describes the change in the responses of decolorization rate and H2 production in 
accordance with electrolysis current, plate spacing, electrolysis time, and S/V. Results show that the 
turbidity removal rate, decolorization rate, and H2 production are predicted to be 87.03%, 89.14%, 
and 138.12 mL under the maximum H2 production process. On the contrary, the turbidity removal 
rate, decolorization rate, and H2 production are predicted to be 91.23%, 95.7%, and 7.86 mL, respec-
tively, under minimum H2 production conditions obtained through the model. The relative error 
between all the predicted and measured values is less than 2.5%. Overall, the RSM is feasible to 
optimize and predict the process conditions, treatment effect, and H2 production of EC-treated 
fracturing flowback fluid. This optimization and prediction study can provide a reference for the 
efficient and safe application of EC to improve the treatment effect and control the H2 production 
in the wastewater treatment process.

Keywords:  Response surface methodology; Fracturing flowback fluid; Electrocoagulation; 
H2 production

1. Introduction

At present, more than 80% of oil and gas fields world-
wide need to be developed by using fracturing technol-
ogy [1]. Hydraulic fracturing technology is an important 
technical means in the development and stimulation of 
oil and gas fields [2]. However, a large amount of fractur-
ing flowback fluid (FFF) produces complex components 

after fracturing operations. The FFF has the characteristics 
of high stability, high chemical oxygen demand (COD), 
high viscosity, high total suspended solids (TSS), high 
total dissolved solids (TDS), high toxicity and difficult 
degradation [3]. The disposal methods of FFF in the domes-
tic and international settings include reinjection into the 
formation, discharge or reuse after further treatment [4,5]. 
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Efficient use of FFF is important in the sustainable develop-
ment of oil and gas fields.

At present, domestic studies on the treatment of FFF 
have been conducted by using flocculation, adsorption, 
distillation, membrane filtration, ferrocarbon microelec-
trolysis, oxidation, biochemical method, and combined 
process [6–13]. Although these methods have their own 
advantages, they also have problems, such as easily pol-
luted and scaled filter membrane [14], large amount of 
sludge produced by flocculation method, easily passiv-
ated and blockaded filler of microelectrolysis method, and 
requirement of long-cycle pretreatment in the biochemical 
method, which should be solved [15,16]. The limited COD 
removal by absorption method, high organic content of the 
distillate by distillation [17], high running cost, long time 
consumption, and low efficiency by process complexity 
should be considered [18,19].

Electrocoagulation (EC) is an advanced technology 
integrating electrochemistry, coagulation, and flotation, 
which can remove pollutants efficiently in a short electrol-
ysis time [20]; it has the advantages of small footprint, easy 
operation, easy control, high efficiency, high automation, 
and mild reaction conditions [21]. The EC process includes 
discharge, anodic oxidation, cathodic reduction, coagula-
tion, electrophoretic migration, and adsorption [20]. During 
the EC process, a number of ions are generated from the 
anode and dissolved in the wastewater [22]. Consequently, 
the produced metallic hydroxides and polyhydroxides 
destabilize colloidal suspensions like emulsified oil, caus-
ing coagulation [23]. Destabilized colloids agglomerate 
into floccules and need to be removed. The electrolysis 
of H2O with these impurities occurs at the anode when 
the treated water contains Cl− and organic contaminants, 
resulting in gases, such as O2, Cl2, and CO2 [24,25]. On the 
cathode, the electrolysis of H2O produces H2 [4,26]. The 
evolution of these gases aids in mixing and flocculation 

in the EC process [27,28]. The gas production mechanism 
and reaction of EC process are shown in Fig. 1.

EC technology has been favorably applied because 
of its economic effectiveness, environmental versatility, 
amenability of automation, and low sludge production. 
EC efficiently removes phosphorus [29], microplastics [30], 
Fluorine [31], and tannery wastewater [32], and is used for 
FFF treatment [33]. The EC process effectively removes the 
COD, chromaticity, mineralization, and other undesirable 
components from waste liquid, and the treated water meets 
the fracturing fluid preparation standard [34,35]. Fernanda 
et al. [34,35] presented a new process to integrate EC with 
granular biochar for treating FFF. The results show that 
the EC-biochar system achieves a 99% turbidity and TSS 
removal by only using 0.079 kWh/m3, which is 70% lower 
than traditional DC-EC systems. The COD removal effi-
ciency reaches 78% by using a 3D electrode/ozone system 
to treat the FFF from Shengli oil field in China [36]. The 
COD, ammonia nitrogen, and total hardness of FFF can 
be reduced from 1,010 mg/L; 402.5 mg/L and 234.94 mg/L 
to 211 mg/L, 153.23 mg/L and 230 mg/L by electrochemi-
cal method at the Changning gas field in China [37]. The 
COD and oil content of FFF treated by electrochemical 
method can be reduced from 606.4 mg/L and 153.7 mg/L 
to 68.5 mg/L and 9.1 mg/L [38]. Therefore, electrochemical 
method is effective to treat FFF.

However, most current studies focus on the effect of the 
electrochemical treatment of FFF and on the influence of 
electrochemical process conditions (such as electrode mate-
rials, current density, plate spacing, cell voltage and pH 
value) on the treatment effect of FFF [39] (such as removal 
rate of COD, chromaticity, turbidity, and oil). Few stud-
ies have been conducted on the effects of gas produced 
in the electrochemical treatment of waste liquid. Various 
side reactions easily occur during the electrochemical 
treatment of waste liquid, where hydrogen (H2) is one of 

 
Fig. 1. Gas production mechanism and reaction of EC process.
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the main byproducts of the electrochemical process [26]. 
For security purposes, the gas production in the electro-
chemical treatment of wastewater must be effectively 
controlled in the future application of electrochemical 
technology in high-risk environments, such as oil and gas 
fields, to improve treatment efficiency and reduce energy 
consumption [4,40]. Thus, investigating the factors and 
process conditions that influence gas production during 
electrochemical waste stream treatment is critical.

In this work, the amount of H2 generated during the EC 
treatment of FFF was used as an index, and the response 
surface methodology (RSM) was used to optimize the con-
ditions of maximum/minimum H2 generation by the EC pro-
cess to reduce the electrical consumption and H2 generation 
safety risk while improving the EC treatment effect on FFF.

2. Experimental section

2.1. Experimental materials

The FFF samples used in our experiment are obtained 
from the Fuling Shale Gas Field station 44, Jianghan Oilfield, 
Sinopec, Fuling District, Chongqing, China. Table 1 shows 
its characteristics and analytical methods/instrument.

2.2. Experimental apparatus

Fig. 2a shows a diagram of the EC device. The experi-
mental work was conducted by using a set of devices that 
can continuously monitor the effect of the EC treatment 
of waste liquid and gas production in the electrolytic pro-
cess. The devices used were as follows: (1) The power sup-
ply was WYK–60V30A programmable DC power supply 
type XR (input voltage = AC220 V ± 10%, 50 ± 1 Hz; out-
put voltage = 0–60 V; output current = 0–30 Å) (Shanghai 
Yize Electric Co., Ltd.). (2) An electrolytic tank was used 
to collect gas from waste liquid through the EC treatment 
(total volume = 3,538.08 mL). The main components of the 
electrolytic tank included electrolysis, buffer, and over-
flow rooms. The dimensions of the electrolysis, buffer, 
and overflow rooms were 120 mm × 144 mm × 105 mm 
(total volume = 1,814.4 mL), 20 mm × 144 mm × 135 mm 
(total volume = 388.8 mL), and 30 mm × 144 mm × 105 mm 
(total volume = 583.2 mL), respectively. The tank was 
produced by Feihong Plexiglass Products Company 
in Jianghan District, Wuhan, China. (3) An electrode 

combination made up of a plate-like aluminum anode and 
a plate-like aluminum cathode was placed in parallel and 
vertically with a separation distance of 2.0 cm to 10.0 cm. 
The standard dimensions (length × width × thickness) were 
100 mm × 90 mm × 3 mm. The electrode was produced by 
Baoji Longsheng Nonferrous Pioneer Metals Company, 
China. (4) The gas flow meter and accumulation meter 
type were MFM610–RS232 (range = 0–300 mL/min, Suzhou 
AituoliElectronic Equipment Co., Ltd). (5) A GT-2000 
pumping mixed gas analyzer (accuracy = 1%–3%, Shenzhen 
Kolno Electronic Technology Co., Ltd.) was used.

2.3. Experimental method

2.3.1. Method of EC experiment and H2 production 
measurement

At room temperature, the FFF (800 mL) collected 
from the Fuling oil and gas field was added to an electro-
lytic tank capable of collecting gas generated by the EC 
treatment of waste liquid. The electrode combinations for 
electrochemical experiments were selected as follows: 
plate-like aluminum anode and plate-like aluminum cath-
ode. The electrode in the EC reactor was connected in a 
monopolar arrangement. The FFF was electrochemically 
treated under different conditions (electrolytic conditions: 
I = 0.5–2.5 A, t = 20–70 min, and d = 2.0–10.0 cm, where I 
is the electrolysis current; t is the electrolysis time; d is the 
distance between the cathode and the anode). When the 
DC power was switched on, the gas generated in the treat-
ment process entered the dehumidifier through the duct to 
remove moisture and then entered the gas accumulation 
meter to record the total amount of gas produced. The gen-
erated gas entered the pump-type mixed gas analyzer for 
composition and content analyses, automatically recording 
and storing each component data. The EC treatment and 
gas production monitoring processes are shown in Fig. 2b.

2.3.2. Determination methods of color and turbidity

After each EC treatment, the treated FFF samples were 
collected to determine the color and turbidity. Color was 
determined by spectrophotometry with a 751-GW UV/vis 
spectrophotometer (Inesa Analytical Instrument Co., Ltd., 
Shanghai, China) [4]. The maximum absorption wavelength 

Table 1
Characteristics of the FFF of Fuling

Parameters Values Analytical instruments Methods

pH 8.0 pH meter (PB-10, Sartorius, Germany) [41]
Color 499.53 Spectrophotometrya [42]
TOC (mg/L) 350.73 Total organic carbon analyser (Vario TOC cube, Elementar, Germany) [43]
Salinity (mg/L) 33,227.34 RFIC (ICS-2000, Dionex, USA) [44]
Oil (mg/L) 137.11 Infrared oil spectrometer (JC-OIL-6, Juchuang, China) [45]
COD (mg/L) 1,620.0 / [46]
Turbidity (NTU) 246.0 Digital turbidimeter (AQ2010, Thermo, USA) [47]

TOC: total organic carbon; COD: chemical oxygen demand; SS: suspended solids.
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at 339 nm was obtained by determining the color. Standard 
solution samples were prepared from a commercial con-
centrated platinum cobalt color solution. The samples 
were used for instrument calibration and for the develop-
ment of a standard curve of color and absorbance. The R2 
value associated with this curve was 0.9999. Decolorization 
rate was calculated by using the following equation: 
R% = [(A0 – A)/A0] × 100, where A0 and A are the initial and 
final absorbance of FFF before and after treatment, respec-
tively. Turbidity was determined by using a turbidity meter 
(Orion AQ2010, Thermo Electron Corporation). Turbidity 
removal rate was calculated with the following equation: 
R% = [(T0 – T)/T0] × 100, where T0 and T are the initial and 
final turbidity of FFF before and after treatment, respectively.

2.3.3. Calculated method of anode consumption rate

After each EC treatment, the aluminum anode was 
removed from the electrolytic tank, and its quality was 
weighed after cleaning and drying. The aluminum anode 
plate consumption rate is calculated as follows:

C
M M
S t

% =
−( )
×( ) ×0 100  (1)

where M0 (mg) and M (mg) are the initial and final anode 
aluminum plate qualities, respectively; S (m2) is the area of 
the anode aluminum plate in the solution; t (h) is the EC 
reaction time.

2.4. RSM experimental design

RSM is a comprehensive calculation model based 
on statistics, which is used to explain the effect of mul-
tiple specific variables on a system or structure, and is 
the conversion relationship between input (variables) 
and output (response) of the system or structure [48,49]. 
RSM is considered an effective means in experiment 
design to evaluate the relative importance of variables 
and their interactions and to build a model for pro-
cess optimization and effect prediction for reducing the 
number of experimental trials [50].

In accordance with the principle of RSM, the Box–
Behnken design (BBD) was used to create a set of designed 
experiments on Design Expert 8.0.6 software [51]. This 
experimental design was performed as a BBD composed 
of 29 experiments. The empirical model represented by a 
second-order polynomial regression used to describe the 
system behavior was calculated by using Eq. (2).
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where Y represents the response values, β0, β1…4, β11…44, 
and β12,13,23,24 are the main (linear), interaction, and quadratic 

 

Fig. 2. (a,b) Schematic of the electrochemical device.

Table 2
Table of experimental factors

Original factors (x) Level

−1 0 1

x1 (electrolysis current) (Å) 0.5 1.0 1.5
x2 (plate spacing) (cm) 4.0 6.0 8.0
x3 (electrolysis time) (min) 20.0 30.0 40.0
x4 (S/V) (cm2/mL) 0.10 0.11 0.12
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effect coefficients, x1, x2, x3, x4 are the independent variables, 
and ε is the error.

The BBD for four factors, such as electrolysis cur-
rent (x1), plate spacing (x2), electrolysis time (x3), and the 
ratio of the effective cathode surface to the volume of FFF 
(Abbreviation: S/V) (x4), and decolorization rate (Y1), tur-
bidity removal rate (Y2), and H2 production (Y3) are used as 
the response values to design the experimental scheme. The 
purpose of this experimental design is to analyze the inter-
active effect of the four factors (x1, x2, x3, and x4) and find the 
optimum operational condition in terms of the optimization 
objectives of response values (Y1, Y2, and Y3) by RSM–BBD.

3. Results and discussion

3.1. Effects of the EC operating parameters

In this study, aluminum electrode plates were used 
to treat FFF because the flocs produced by the Al elec-
trode have fast speed, high decolorization rate, and strong 
adsorption capacity, and the H2 production of Al electrode 
plates is under the same conditions, which is convenient 
for the study of H2 production [51].

When aluminum was used as electrode materials, the 
reactions were as follows:

At the anode

Al  Al  e� ��3 3  (3)

At the cathode

3 3 3
2 2H O  e H g + 3OH2 � � � � �  (4)

In the solution

Al Al OHaq H O H aq2
+3

3
3 3+ ( ) + → ( )( ) +  (5)

This experiment mainly aimed to study the influence 
of electrolysis time, current, electrode spacing, and S/V 
on H2 production, decolorization rate, turbidity removal 
rate, and anode consumption to provide a basis for the 
selection of the appropriate level of the four factors of BBD.

3.1.1. Effect of electrolysis current

Electrolysis current is extremely important in EC because 
it is the key operational parameter that can be controlled 
directly and it directly determines coagulant dosage and 
gas generation rates. Thus, the experiment of FFF treated 
by EC was conducted under the condition of S/V = 0.11 cm2/
mL, d = 4.0 cm, and t = 30.0 min. The treatment effect of EC, 
the consumption rate of anode plate, and the H2 produc-
tion were measured under different electrolytic currents. 
The results are shown in Fig. 3a and b.

With the increase in electrolysis current, the decolor-
ization and turbidity removal rates decreased, whereas 
the H2 production and anode plate consumption rates 
increased linearly (Fig. 3a and b). The increase in elec-
trolysis current produced excessive Al3+ [53,54], which 
reversed the colloid’s surface charge, formed colloidal 
repelling, destroyed the floc, and decreased the floccu-
lation ability, thereby increasing the turbidity and color 
of the waste liquid [55]. On the contrary, the electrolytic 
bubble size decreases with the increase in current density. 
However, the nucleated small bubbles coalesced, created 
coarse bubbles, and reduced the treatment efficiency 
when the applied current density surpassed a threshold. 
Therefore, an optimum current density produces the fin-
est bubbles, and the applied current affects the energy 
consumption and the treatment system [56]. When the 
electrolysis current was 0.5 A, H2 production was mini-
mal, plate consumption was low, and the decolorization 
and turbidity removal rates were 95.92% and 88.21%, 
respectively. Thus, 0.5 A was chosen as the follow-up  
electrolysis current.
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Fig. 3. Effect of electrolysis current on (a) decolorization rate and turbidity removal rate and (b) anode plate consumption 
rate and H2 production.
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3.1.2. Effect of plate spacing

The electrode spacing is a control parameter that 
affects the reactor size, reaction, and energy consumption; 
it also has an important influence on the overall treatment 
cost [27]. Therefore, the experiment on FFF treated by 
EC was conducted under the condition of S/V = 0.11 cm2/
mL, t = 30.0 min, and I = 0.5 A, and the treatment effects, 
anode plate consumption rate, and H2 production were 
measured under different plate spacing values. The results 
are shown in Fig. 4a and b.

A narrow space between the plates was unconducive 
to the solution flowing between the two plates (Fig. 4a 
and b). The H2 bubbles generated by electrolysis cause 
the water sample to fluctuate; thus, the pollutants become 
uneven and affect the stability of the treatment effect. 
This result is consistent with the reported results in the 
literature [57]. When the distance between the plates is 
considerably large, the resistance between the two poles 
increases, and the dissolved Al3+ is minimal. Thus, the 
flocculation effect is unremarkable with the minimal Al3+ 
hydrolyzed polymer formed [58]. Excessively large plate 
spacing may increase the activation energy of the elec-
trolysis reaction, decrease the electrode reaction speed, 
prolong the electrolysis time, increase the concentration 
polarization, and reduce the H2 production and electroly-
sis efficiency. If the plate spacing is extremely short, then 
the short circuit and the flocs are easily blocked between 
plates. Therefore, extremely long or short plate spacing is 
unconducive to improving the EC efficiency and reducing 
the energy consumption [59]. When the distance between 
the plates was 8.0 cm, the anode plate consumption rate 
was low, H2 production was small, and the decoloriza-
tion and turbidity removal rates were more than 94%. 
Thus, the plate spacing of 8.0 cm was suitable in this  
experiment.

3.1.3. Effect of electrolysis time

In accordance with Faraday’s law, electrolysis time 
affects the amount of anode dissolved (metal ions, for 
example, Al3+) when the current is constant. Thus, the 
amount of coagulant, the amount of gas (H2 and O2) 
released by electrolysis, and the efficiency of electro-
lytic treatment are affected. Therefore, the experiment on 
FFF treated by EC was conducted under the condition of 
S/V = 0.11 cm2/mL, d = 8.0 cm, and I = 0.5 A. The treatment 
effect of EC, the consumption rate of anode plate, and the 
H2 production were measured under different electrolytic 
periods. The results are shown in Fig. 5a and b.

The turbidity removal and decolorization rates, H2 pro-
duction, and anode plate consumption rate increased with 
the increase in electrolysis time (Fig. 5a and b). With the 
increase in electrolysis time, the anode plate consump-
tion rate increased, the Al3+ produced by electrolysis rap-
idly produced in the form of hydrated ion Al(H2O)6

3+ in 
water, formed a series of mononuclear complexes, such 
as Al(H2O)5OH2+, Al(H2O)4(OH)2

+, and Al(H2O)3(OH)3, and 
transformed into an amorphous [Al(OH)3]n flocculant 
[60,61]. H2 continuously evolved from the cathode plate, the 
concentration polarization of the cathode was effectively 
avoided under the combined action of Al3+ and H2, and the 
decolorization and turbidity removal rates continuously 
increased. If the electrolysis time is extremely long, then the 
electrolysis produced excessive Al3+ to diffuse and floccu-
late. Thus, the treatment effect decreased, and the energy 
consumption increased. Given the treatment effect and 
plate consumption, the electrolysis time was 30.0 min.

3.1.4. Effect of S/V

When I, d, and t are fixed, S/V affects the amount of 
anode dissolved, the amount of gas (H2 and O2) released 
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by electrolysis, and the efficiency of electrolytic treatment. 
The experiment on FFF treated by EC was conducted under 
the conditions of I = 0.5 A, d = 8.0 cm, and t = 30.0 min. 
The effects of the EC treatment of FFF, anode plate con-
sumption rate, and H2 production were measured under 
different S/V values. The results are shown in Fig. 6a and b.

With the increase in S/V, the anode plate consump-
tion rate and H2 production decreased continuously 
(Fig. 6a and b). In the initial electrolysis stage, the S/V was 

probably small, H2 production was high, and the distur-
bance effect was substantial [62], exacerbating the treat-
ment effect. Under a stable current, the S/V increased, the 
effective area of electrodes increased, the current density 
decreased, and the production of Al3+ from Al anode dis-
solution decreased. Thus, the flocculation treatment effect 
and H2 production from the Al cathode decreased. The S/V 
was selected as 0.11 cm2/mL to ensure a certain treatment  
effect.
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3.2. RSM optimization

When I = 0.5 A, d = 8.0 cm, t = 30.0 min, and S/V = 0.11 cm2/
mL, the decolorization and turbidity removal rates were 
above 94% in the single factor experiment.

The results of single factor experiment showed that the 
decolorization and turbidity removal rates are above 94% 
when I = 0.5 A, d = 8.0 cm, t = 30.0 min, and S/V = 0.11 cm2/
mL. The levels of influencing factors x1, x2, x3, and x4 were 
determined on the basis of these results, combined with 
the RSM experimental design, as shown in Table 2.

In accordance with the RSM design principles, 29 
groups of experiments were conducted at the factor level 
shown in Table 2. The test results are shown in Table 3.

Table 3 summarizes the results of the experiments for 
the parameters affecting the evaluation process and the 
prediction values obtained from the model. The results 
obtained from the proposed model are slightly the same 
with the actual results obtained [63]. The regression 
equation was obtained by using Design Expert to con-
duct multivariate regression fitting analysis on the exper-
imental data presented in Table 3.

Y x x x
x

1 1 2 3

4

672 48625 20 01 7 58458 7 64808
16 166 83333 0

� � � � �
� �

. . . .
, . .. . .

. .
71 0 508 265 5

0 16438 102 107 1
1 2 1 3 1 4

2 3 2 4 3 4

x x x x x x
x x x x x x

� �

� � � ��

� � �

3 87167
0 11698 0 049746 89 345 83333

1
2

2
2

3
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4
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.
. . , .

x
x x x  (6)

Y x x x x2 1 2 3 452 7708 4 60667 0 93208 0 18308 342= + − + − +. . . .  (7)

Y x x x
x

3 1 2 3

4

76 61707 154 25667 35 54625 0 99592
576 58333

� � � � �
� �

. . . .
. 44 3525 3 6065 1 956 5

0 10688 312 375
1 2 1 3 1 4

2 3 2 4

. . , .
. .

x x x x x x
x x x x

� �
� � �� 8 625 3 4. x x  (8)

The regression equation indicated that the effect of 
each factor on the decolorization rate, turbidity removal 
rate, and H2 production was an interactive linear rela-
tionship. A variance analysis of the model was performed 
to verify the sufficiency and significance of the response 
surface model in simulating the experimental results. The 
results of variance analysis of the regression model are 
shown in Tables 4–6.

For the decolorization rate (Table 4), the F-value and 
P-value were 2.84 and 0.0302 (less than 0.05), respectively, 
implying that the model was significant and suitable to 
demonstrate the relationship between independent vari-
ables and response. The P-values less than 0.05 indicated 
that the model terms x4, x1x3, x3x4, and x4

2 are significant, as 
described in Table 4. For the in-group rating, the F-value 
and P-value of the turbidity removal rate (Table 5) and 
H2 production (Table 6) show that the effect of the model 
is significant, and the method is reliable. The P-values 
less than 0.05 indicated that the model term x4 is signifi-
cant, as described in Table 5. The P-values less than 0.05 
indicated that the model terms x1, x3, x1x3, and x1x4 are 
significant, as described in Table 6.

Figs. 7–9 show the standardized Pareto charts for decol-
orization rate, turbidity removal rate, and H2 production. 

These Pareto charts display a frequency histogram where the 
length of each bar is proportional to the estimated effect and 
interaction of the factors on the response [64]. In the Pareto 
charts, the cross line indicates the significance of each param-
eter, and the strip across the reference line is statistically 
significant.

In Fig. 7, the interaction between electrolytic time 
and S/V influenced significantly the decolorization rate. 
Table 4 shows that the F-values of the electrolysis current, 
plate spacing, electrolysis time, and S/V are 0.42, 0.37, 
3.07, and 9.26, respectively. Thus, the order of significant 
influence on the decolorization rate is S/V. In Fig. 8, only 
S/V influenced significantly the turbidity removal rate. 
In Fig. 9, electrolysis current, electrolysis time, the inter-
action between electrolytic time and electrolysis current, 
and the interaction between electrolysis current and S/V 
influenced significantly the H2 production. Table 6 illus-
trates that the order of significant influence on H2 produc-
tion is electrolysis current > electrolysis time. The results 
of the variance analyses showed that the regression equa-
tion has a guiding effect on the experiment throughout the 
experimental interval.

The 3D response surface plots of the interaction among 
various factors were drawn to intuitively reflect the influ-
ences of electrolysis current, plate spacing, electrolysis 
time, and S/V on the turbidity removal decolorization 
rates and H2 production (Figs. 10–12). These representa-
tions were extremely useful for evaluating the relationship 
between independent and dependent variables.

As shown in Fig. 10, the graphs represent the effects 
of electrolysis current, plate spacing, electrolysis time, 
and S/V on decolorization by varying two parameters 
while the others are kept constant in their zero level. The 
interaction between electrolysis time and S/V at ultra-
sonic time of electrolysis current (1.0 A) and plate spacing 
(6.0 cm) is illustrated in Fig. 10a6. The elliptical contour 
lines indicated that the interactions are large and import-
ant, thereby verifying the term x3x4 in Eq. (6) and Table 5. 
As illustrated by the gradient in the surface plot, the elec-
trolysis time and S/V were dominant in the interactive 
effect of EC on the decolorization.

Figs. 11 and 12 represent the effects of electrolysis cur-
rent, plate spacing, electrolysis time, and S/V on the tur-
bidity removal rates and H2 production by varying two 
parameters while the others are kept constant in their 
zero level. In Fig. 11b3, for a constant initial plate spacing 
and electrolysis time (with 6.0 cm and 30 min), decreased 
S/V and increased electrolysis current led to signifi-
cantly improved turbidity removal rates (from 80.08% to 
84.15%). In Fig. 12c3, for a constant initial plate spacing, 
S/V, and electrolysis time (with 6.0 cm, 0.11 cm2/mL, and 
40 min), increased electrolysis current led to significantly 
improved H2 production (from 41.33 to 145.38 mL). The 
elliptical contour lines indicated that the interactions are 
large and important, thereby verifying Eqs. (7) and (8) 
and Tables 6 and 7. As illustrated by the gradient in the 
surface plot, the electrolysis current and S/V were dom-
inant in the interactive effect of EC on turbidity removal 
rates, and electrolysis current was dominant in the 
interactive effect of EC on H2 production.
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3.3. Optimization of process parameters and 
verification of the model

The process parameters were optimized by using 
the numerical optimization tool Design Expert 8.0.6. An 
experiment was conducted to verify the optimum results 
obtained from model prediction. In the optimization pro-
cess, different weights were assigned to the response val-
ues, and the weights of decolorization rate (Y1), turbidity 
removal rate (Y2), and H2 production (Y3) were + + +, + + +, 
and + + + + +, respectively, to consider the control of H2 pro-
duction and treatment effect. The optimization objective is 
that Y1 and Y2 should reach the maximum value regardless 
of whether Y3 is the maximum or minimum. The results 
are shown in Table 7.

As shown in Table 7, the maximum H2 production 
process parameters were I = 1.5 A, d = 8.0 cm, t = 40.0 min, 

and S/V = 0.12 cm2/mL. The predicted maximum H2 pro-
duction was 138.12 mL, and the turbidity removal and 
the decolorization rates were 87.03% and 89.14%, respec-
tively. Under this condition, the measured H2 produc-
tion, turbidity removal rate, and decolorization rate were 
140.38 mL, 85.96%, and 87%, respectively, and the relative 
errors were 1.61%, 1.24%, and 2.46%. The results showed 
that the minimum H2 production process parameters were 
I = 0.5 A, d = 8.0 cm, t = 20.0 min, and S/V = 0.11 cm2/mL, 
and the predicted minimum H2 production was 7.86 mL. 
The turbidity removal rate and the decolorization rate 
were 91.23% and 95.7%, respectively. Under this condi-
tion, the measured H2 production, turbidity removal rate, 
and decolorization rate were 7.95 mL, 89.52%, and 95.23%, 
respectively, and the relative errors were 1.13%, 1.91%, 
and 0.49%, respectively. These results indicate that the 
treatment effect of EC with maximum H2 production is 

Table 4
Variance analysis of the decolorization rate regression model

Source Sum of squares df Mean square F-value P-value Significance

Model 1,863.80 14 133.13 2.84 0.0302 significant
x1 19.69 1 19.69 0.42 0.5274 not significant
x2 17.40 1 17.40 0.37 0.5521 not significant
x3 143.73 1 143.73 3.07 0.1018 not significant
x4 433.80 1 433.80 9.26 0.0088 significant
x1x2 2.02 1 2.02 0.043 0.8387 not significant
x1x3 25.81 1 25.81 0.55 0.4704 significant
x1x4 7.05 1 7.05 0.15 0.7040 not significant
x2x3 43.23 1 43.23 0.92 0.3532 not significant
x2x4 16.65 1 16.65 0.36 0.5607 not significant
x3x4 458.82 1 458.82 9.79 0.0074 significant
x1

2 6.08 1 6.08 0.13 0.7242 not significant
x2

2 1.42 1 1.42 0.030 0.8643 not significant
x3

2 160.52 1 160.52 3.42 0.0854 not significant
x4

2 517.80 1 517.80 11.05 0.0050 significant
Residual 656.21 14 46.87
Lack of fit 656.21 10 65.62 1.40 0.2565 not significant
Pure error 187.52 4 46.88
Cor. total 2,520.00 28

Table 5
Variance analysis of the turbidity removal rate regression model

Source Sum of squares df Mean square F-value P-value Significance

Model 285.95 4 71.49 2.82 0.0474 significant
x1 63.66 1 63.66 2.51 0.1260 not significant
x2 41.70 1 41.70 1.65 0.2118 not significant
x3 40.22 1 40.22 1.59 0.2198 not significant
x4 140.36 1 140.36 5.54 0.0271 significant
Residual 608.06 24 25.34
Lack of fit 608.06 20 30.40 1.20 0.4157 not significant
Pure error 101.40 4 25.35
Cor. total 894.00 28
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Table 6
Variance analysis of the H2 production regression model

Source Sum of squares df Mean square F-value P-value Significance

Model 28,488.43 10 2,848.84 40.66 0.0001 significant
x1 16,141.40 1 16,141.40 230.35 0.0001 significant
x2 0.072 1 0.072 0.001029 0.9748 not significant
x3 10,218.25 1 10,218.25 145.82 0.0001 significant
x4 192.08 1 192.08 2.74 0.1151 not significant
x1x2 75.78 1 75.78 1.08 0.3122 not significant
x1x3 1,300.68 1 1,300.68 18.56 0.0004 significant
x1x4 382.79 1 382.79 5.46 0.0312 significant
x2x3 18.28 1 18.28 0.26 0.6158 not significant
x2x4 156.13 1 156.13 2.23 0.1528 not significant
x3x4 2.98 1 2.98 0.042 0.8391 not significant
Residual 1,261.32 18 70.07
Lack of fit 1,261.32 14 90.09 1.29 0.3201 not significant
Pure error 280.24 4 70.06
Cor. total 29,749.76 28

Table 7
RSM predicted and actual values

Minimum/Maximum H2 
production process parameters

Indicators RSM predictive values Actual values Relative error (%)

I = 0.5 A; d = 8.0 cm;
t = 20.0 min;
S/V = 0.11 cm2/mL

Decolorization rate (%) 95.70 95.23 0.49
Turbidity removal rate (%) 91.23 89.52 1.91
H2 production (mL) 7.86 7.95 –1.13

I = 1.5 A; d = 8.0 cm;
t = 40.0 min;
S/V = 0.12 cm2/mL

Decolorization rate (%) 89.14 87.00 2.46
Turbidity removal rate (%) 87.03 85.96 1.24
H2 production (mL) 138.12 140.38 1.61

Fig. 7. Standardized Pareto chart for decolorization rate.
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Fig. 8. Standardized Pareto chart for turbidity removal rate.

Fig. 10. Effects of electrolysis current, plate spacing, electrolysis time, and S/V on decolorization.

Fig. 9. Standardized Pareto chart for H2 production.
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lower than that with minimum H2 production. Thus, gas 
production affects the treatment effect of EC. The relative 
errors between the measured results and the predicted 
results are less than 2.5%, and the measured results are 
in good agreement with the predicted results. This find-
ing indicates that the RSM model is feasible for optimiz-
ing the parameters of EC process to control gas production 
and consider the treatment effect. The actual maximum 
hydrogen production is 140.38 mL/m3 (volume fraction of 

approximately 0.15%), and does not reach the explosion 
limit from a safety point of view. The lower explosion limit 
of H2 is 4% of the bulk volume. The EC process can remove 
turbidity and velocity of FFF better than other processes, 
such as flocculation and adsorption. The parameters of EC 
process explored in this study can ensure safe production 
and efficient treatment. Therefore, the results of this study 
can serve as reference on the treatment of actual FFF in 
oilfield and can ensure the stability of the EC process.

Fig. 11. Effects of electrolysis current, plate spacing, electrolysis time, and S/V on turbidity removal rates.

Fig. 12. Effects of electrolysis current, plate spacing, electrolysis time, and S/V on H2 production.
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4. Conclusions

This study demonstrates that the RSM model can opti-
mize and predict the maximum/minimum H2 production 
process conditions and treatment effect of EC treatment 
of FFF. Under the maximum H2 production condition of 
I = 1.5 A, d = 8.0 cm, t = 40.0 min, and S/V = 0.12 cm2/mL, 
the measured turbidity removal rate, decolorization rate, 
and H2 production are 85.96%, 87%, and 140.38 mL, respec-
tively. However, under the minimum H2 production condi-
tion of I = 0.5 A, d = 8.0 cm, t = 20.0 min, and S/V = 0.11 cm2/
mL, the measured turbidity removal rate, decolorization 
rate, and H2 production are 89.52%, 95.23%, and 7.95 mL, 
respectively. Under the maximum/minimum H2 produc-
tion conditions, the relative error between all the predicted 
response values and the measured value is less than 2.5% 
(Table 7). Therefore, the EC treatment effect and H2 pro-
duction of the FFF can be feasibly controlled by optimizing 
the corresponding technological parameters. Accordingly, 
the RSM can be used to provide scientific reference for the 
selection of process conditions, the control of electrolysis 
H2 production, and the efficient and safe use of EC.
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