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Abstract: The present work demonstrated preparation of
coal-based electrode materials (CEM)-derived low-rank
coal for simultaneous removal of ammonia nitrogen (NH3-N)
and chemical oxygen demand (COD) from coking waste-
water by a three-dimensional electrode system (3DES).
The influence of important parameters in 3DES such as
processing time, applied voltage, electrode plate spacing,
mass of commercially activated carbon (CAC), and initial pH
were investigated. Based on the central composite design,
the response surface method (RSM) was employed in order
to optimize the variable parameters in removal process of
pollutants. From the analysis of RSM, the optimum condi-
tions for 3DES were 4.5 h of processing time, 5.5 V of applied
voltage, 17mm electrode plate spacing, 4.5 g CAC, and pH of
3 with higher simultaneous removal rate of COD (74.20%)
and NH3-N (51.48%). Besides, the content of N element
(4.9%) and N containing groups were traced by SEM-EDS
and FTIR analysis in order to verify the removal effect. The
experiment results showed the capability of CEM for elec-
trode system removal of pollutants from coking wastewater
and obtained considerable simultaneous removal rate of
NH3-N and COD.

Keywords: NH3-N and COD, simultaneous removal rate,
three-dimensional electrode system, coal-based electrode
materials, response surface method

1 Introduction

Coke industry plays an important role in economic con-
struction and social development in China, and it is also
one of the pillar industries tomaintain the steady economic
growth. In 2019, the total production of coke in China was
about 471.26 million tons, following which millions of tons
of coking wastewater (CW)were produced from coal coking
and its by-products refinement [1]. CW is an extremely
typical refractory wastewater with high concentration of
toxic components and complicated composition owing to
the presence of various refractory compounds [2–4]. For
decades, one of the most popular methods in CW treatment
is the biological treatment, especially the anaerobic–anox-
icoxic (A2/O and A2/O2) are the preeminent selection to deal
with CW at present [5–9]. Certain results in a large number
of research and practice were obtained after the new scien-
tific and effective studies in CW treatment technology; how-
ever, the disadvantages of current treatment still exists in
two aspects: (i) the content of NH3-N and COD in the waste-
water is still high after advanced treatment and the bio-
chemical properties are poor [9] and (ii) in-depth treatment
processes generally have limitations in popularization and
application such as high investment costs, high operating
costs, harsh reaction conditions, and unstable operation.
These problems have attractedmore attention to the field of
CW treatment technology, which restricted the green and
efficient development of coke industry, and thus, more
effective approaches for removing NH3-N and COD in CW
need to be explored.

Electro-adsorption and electrochemical technology
exhibit great potential in industrial wastewater treatment
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due to its features of wide adaptability, simple equip-
ment, and easy operation [10]. The 3DES has recently
drawn considerable attention as an upgraded electroche-
mical technology because of lower energy consumption
in process compared to traditional electrochemical tech-
nology [11–13]. The main difference is that there are par-
ticle electrodes scattered between the cathode and anode.
The particle electrode will be polarized by the applied
voltage to form microelectrodes, further, to improve the
treatment efficiency as well as reduce the energy con-
sumption [14]. 3DES has been utilized in treatment of
dyeing wastewater [14], cyanide wastewater [15], or cya-
nide tailings [16] to remove toxic and recalcitrant organic
contaminants. Therefore, 3DES is suitable to adsorb or
decompose the NH3-N and COD in CW.

Electro-adsorption is not particularly new and has
been used for many years in the field of wastewater treat-
ment. While the effluent of the system was generally diffi-
cult to meet the biodegradation and nitrification standard
of NH3-N and COD, advanced electrochemical oxidation
constitutes a relatively new area which has emerged from
3DES for degradation of the refractory pollutants, better
performance on the removal efficiency, and treatment of
each kind of pollutant. The previous studies were mainly
focused on improving the removal rate of single COD or
other pollutant from CW [17–19], and only very few studies
are available on the simultaneous removal of NH3-N and
COD by the method of 3DES [20]. In view of the sustainable
development of coke industry, the simultaneous removal of
these two main pollutants from CW can promote to solve
the deep purification treatment problem which has great
practical significance.

Hence, a novel 3DES was first constructed in CW treat-
ment. Combining of the electro-adsorption and electroche-
mical reaction aims to improve the simultaneous removal
rate of NH3-N and COD due to its convenience and
economy. The objectives of this work are: (i) to test the
properties of CEMs prepared by lab; (ii) to investigate
the effect of processing time, applied voltage, electrode
plate spacing, mass of commercially activated carbon
(CAC), and initial pH on the process performance, and
try to disclose the possible mechanism of removal effect
of NH3-N and COD; (iii) to optimize the process conditions
with the aim of achieving the maximum of simultaneous
removal rate of NH3-N and COD, while verifying the experi-
mental data and predicted data; and (iv) to characterize
the CEMs after process in order to confirm the removal
effect of 3DES.

2 Experimental raw materials and
characterization methods

2.1 Methods and technological process

First, pre-grading and pyrolysis preprocessing were con-
ducted on the coal sample for further experiment. Next
formation and preparation of CEMs were performed for
electrosorption with NH3-N and COD in CW as shown in
Figure 1.

The de-ashed coal direct liquefaction residue (DCLR)
powder (particle size < 0.15 mm) were used as forming
binder in the present experiment, 2.0 g coal powder from
SJC (Sunjiacha Coal Mine) after pyrolysis process (P-SJC
powder) and DCLR powder were evenly mixed in a stirrer
at a rotation speed of 500 rpm for 30min at a specific
mass ratio after drying (mass percentage of P-SJC and
DCLR was 5:1), and 0.5 g KOH powder were added to
form a tablet sample with the size of Φ30 × 2 mm under
a pressure of 8.0MPa by FYD-40-A powder press machine.
After drying, the samples underwent pyrolysis process (the
final temperature was set as 800°C and the heating rate
was 5°C·min−1) and were then treated with nitric acid with
a concentration of 40wt% (wt% of coal-based materials
and HNO3 was 1:3) for 8.0 h. Finally, the samples were
washed to neutrality and dried. 3DES was composed of
cathode, anode, and particle electrode. Herein the CEMs
were used as the anode and cathode, and the CAC was
used as the particle electrode. Three pieces of CEMs are
connected to the cathode and anode of the DC stabilized
power supply. A quantitative amount of CAC was added to
electrochemical system and stirred them in the whole pro-
cess with a magnetic stirrer. 50.0mL of diluted CW were
consumed for batch experiments, and the removal rates of
NH3-N and COD were measured at different conditions.

2.2 Raw materials and CW characteristics in
the present experiment

Coal samples were collected from SJC and DCLR were
collected from Shenhua Coal Group. Table 1 lists the
proximate analysis and ultimate analysis results of SJC,
P-SJC, and DCLR. Overall, the contents of carbon were
higher with 34.30% volatile, the ash content and sulfur
content were lower with 5.94% and 0.42%, respectively,
which is a typical kind of high-quality low-rank coal. The
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CW was taken from the Sanjiang Coal Group in Shaaxi,
China. The collected samples were tested as quickly as
possible. As shown in Table 2, NH3-N and COD concentra-
tions are 5,916.4 and 45,000.0mg·L−1, respectively. And it
needs to be diluted 100 times before 3DES treatment.

2.3 Calculation and characterization

The potassium dichromate oxidation method was used to
determine the COD concentration with spectrophotometer
(Hach, DR2800, USA). NH3-N was measured by natrium
reagent method according to the Chinese national standard
(HJ 535-2009). Test reagents of NH3-N (LH-N2N3-100) and
COD (LH-DE-100) were both provided by Lian-Hua Tech
Co., Ltd. The removal rate of COD (RC) and NH3-N (RN)
were calculated from the equations. A1 and A2 (in Appendix).

Scanning electron microscope (SEM, Carl Zeiss, Sigma 300,
Germany) was adopted to record and visualize the mor-
phology of the samples. Pore structure and structural
changes were observed on the CEMs. The surface func-
tional groups were characterized by Fourier-transform
infrared spectrometer (FTIR, Bruker, VERTEX70, Germany).
The spectra were recorded from 4,000 to 400 cm−1 using a
KBr window.

2.4 Treatment of wastewater

2.4.1 Effect of processing time

The electro-adsorption means the contact opportunity of
each component interrelates with CEMs, all transfer phe-
nomena such as adsorption is inseparable from contact

Table 1: Proximate and ultimate analysis of SJC and DCLR (%)

Samples Proximate analysis and ultimate analysis

Mt Aad Vad *FCad Cad *Oad Had Nad St,ad

SJC 4.71 5.94 34.30 55.05 73.07 4.94 4.34 0.96 0.42
P-SJC 2.15 16.77 12.07 69.01 72.88 0.30 1.06 0.88 0.60
DCLR 1.15 10.42 32.24 56.19 78.59 3.26 4.22 0.99 1.26

ad: air-dry basis; Mt: total moisture; Aad: ash content; Vad: volatiles; FCad: fixed carbon; Cad: carbon; Oad: oxygen; Had: hydrogen;
Nad: nitrogen; St,ad: total sulfur. * by difference.

Figure 1: Illustration of experimental process. (a) screening (b) pre-pyrolysis (c) forming process (d) activated process (e) electrochemical
system.
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process, therefore the processing time is a fundamental
parameter [18,21–23]. Experiment was executed by mixing
2.0 g CAC with 50.0mL of target dilution CW in a 150.0mL
beaker before setting up the 3EDS. Fixed the applied vol-
tage at 4.0 V and kept the electrode spacing to 15.0mm.
The pH value of dilution CW was maintained at 8.0. After
150 rpm agitation for a certain time (0.5, 1.0, 2.0, 3.0, 4.0,
and 5.0 h), 20mL of the dilution water after treatment was
taken and analyzed for NH3-N and COD concentration. The
results are shown in Figure 2a. Clearly, the RN and RC

increased quickly from the value of 3.2% and 7.5% in the
initial stages of the contact period until 4.0 h to the value
of 22.4% and 37.3%, respectively, and then showed a slight
downward trend with prolonged contact time of 5.0 h. The
increase in removal rate during the initial stages before
4.0 h was contributed to adsorption, electro-adsorption,
or electrical chemistry process, because all the active sites
on the CEMs were vacant during the first stage. However,
after a period of time at 5.0 h, few active sites were avail-
able, which lead to the observation of small increase in the
uptake of removal rate curve, and the system is in equili-
brium. Hence, the suitable time for 3DES treatment process
was 4.0 h, and this option will be carried out for further
experiments.

2.4.2 Effect of applied voltage

Applied voltage, one of the key parameters in the electro-
chemical process and the driving force of the whole 3EDS,
was further investigated to achieve a cost-effective removal
rate. The experimental conditions aremass of CACwas 2.0 g,
dilution CW was 50.0mL, processing time was 4.0 h, pH
value was 8.0, electrode spacing was 15.0mm, and the
applied voltages were 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 V.
The results are shown in Figure 2b, from which the informa-
tion can be obtained that a better COD removal performance
could be achieved with increasing applied voltage. For
instance, when the applied voltage rises from 0.0 to 5.0 V,
the RC had an obvious upward trend and reached to the
maximum value of 49.34%, and theRC wasmaintained close
to this value as the applied voltage continued to increase.
RN also had the same performance. NH3-N and COD were

mainly removed by the several different possible processes
or combined action of adsorption, electro-adsorption, and
anodic oxidation. No voltage was applied in the adsorption
process, whereas applied voltage was conducted at different
values in other processes. Only 2.1% and 1.9% removal rate
of NH3-N and COD were obtained, respectively, by adsorp-
tion, indicating that the adsorption ability of the cathodes
was weak. After a certain applied voltage, there were electric
double layers in the 3EDS on the surface of the electrodes
and the solution which created electro-adsorption condi-
tions, and the electro-adsorption acted as the primary effect
at a lower applied voltage stage. On increasing the applied
voltage gradually from 2.0 to 5.0 V, the value of RC and RN
progressively increased from 24.7% to 49.3% and 16.8% to
55.5%, respectively. This positive tendency could be attrib-
uted to two aspects: on the one hand, the driving force
shared the consistency with applied voltage, leading to a
large number of pollutants quickly migrating via the electric
double layer and were finally adsorbed in the electrode
plate. On the other hand, the oxygen would be produced
by the electrolysis of the anode via Eqs. 1–4, the electrode
reactions were improved at higher applied voltage, gener-
ating some amounts of ˙OH (Eq. 4), resulting in the oxidation
of NH3-N and COD. Thus, the RN and RC were improved by
the combined action of electro-adsorption and oxidation at a
higher applied voltage of 5 V which was the optimal oper-
ating parameter for further experiments.

→ +2H O 2H O2 2 2 (1)

− = +
− −4OH 4e O 2H O2 2 (2)

+ =
+ −4H 4e 2H2 (3)

− →
− − ⋅OH e OH (4)

2.4.3 Effect of electrode plate spacing

The electrode plate spacing is also an important factor of
electrical system because it will affect the mode of the
electric double layers. The experiment was carried out
under the following conditions: mass of CAC was 2.0 g,
dilution CW was 50mL, processing time was 4.0 h, pH
value was 8.0, applied voltage was 5.0 V, and the options
of electrode spacing was 5.0, 10.0, 15.0, and 20.0mm.
The results are shown in Figure 2c. Clearly, RC and RN

increased first and then decreased as the electrode plate
spacing got farther. The maximum value of RC was 55.6%
at the electrode plate spacing of 15.0mm, meanwhile, RN

was also relatively high at 50.8%. Therefore, 15.0 mmwas
a more optimized option in this experiment. Too large or
small electrode plate spacing will affect the function of
the electric field, and further affect the driving force of the

Table 2: Characteristics of the CW

Parameters Values Parameters Values

COD (mg·L−1) 45000.0 SS (mg·L−1) 700
pH (−) 8.2 Cyanide (mg·L−1) 2.6
NH3-N (mg·L−1) 5916.4
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Figure 2: Experiment results of NH3-N and COD removal rate: (a) processing time, (b) applied voltage, (c) electrode plate spacing, (d) mass
of CAC, and (e) initial pH of CW.
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electro-chemical reaction. Furthermore, the electrode plate
spacing will also affect the effect of the particle electrode.
With a suitable distance between the anode and cathode,
the electro-chemical reaction rate will be accelerated and
achieve a good removal effect finally.

2.4.4 Mass of CAC

As the role of the particle electrode had a great effect in
this electrical system because of either the adsorption
or electro-chemical effect [24], it was necessary to study
the mass of CAC in this experiment. Took 50mL of dilu-
tion CW, set the processing time to 4.0 h, kept the pH
value of 8, supplied the applied voltage of 5.0 V, adjusted
the electrode spacing to 15.0mm, and investigated the
removal rate when the CAC mass was 0.0, 1.0, 2.0, 3.0,
4.0, and 5.0 g, and the results are shown in Figure 2d. It
can be seen that RC and RN were 25.4% and 44.7%, respec-
tively, without the CAC addition, which means the two-
dimensional electrode system can also obtain a consider-
able removal effect. Larger mass of CAC was conducive to
the improvement of RC and RN. The mass of CAC had an
obvious impact on RC, while there was a relatively small
impact on RN because the curve maintained a steady
slightly upward trend. The RC and RN could reach to
67.56% and 50.9%, respectively, when the CAC mass
was 4 g, and the removal rate did not increase significantly
when the mass continued to increase. From an economic
perspective, the mass of CAC was determined as 4.0 g.

2.4.5 Effect of initial pH

The pH of the CW is about 8.2, and the optimum pH of the
electrode system for the COD removal is reported to be 3.0
[25]. It is necessary to analyze the effect of initial pH of
dilution CW as a single factor for 3DES treatment [26].
Thus, the degradation performance at different initial
pH values (3.0, 6.0, 9.0, and 12.0) was investigated.
Meanwhile, the pH value was adjusted by adding a few
drops of HCl (1 mol·L−1) and NaOH (1 mol·L−1). Other para-
meters in the process were kept constant, that is, the
mass of CAC was 4.0 g, the processing time was 4.0 h,
the applied voltage was 5.0 V, the electrode spacing
was 15 mm, and the dilution water volume was 50mL.
It was clearly observed from Figure 2e that RC was more
sensitive to pH than RN and better COD removal perfor-
mance could be achieved at lower pH, while a better NH3-N
removal performance could be achieved at higher pH. For
instance, the RC was 72.5% at pH 3.0 whereas it was

19.8% at pH 12, and the RN was 23.7% at pH 3.0, however
it was 32.4% at pH 12.0. More ˙OH will be generated under
acidic conditions according to literature [27], resulting in
higher COD removal efficiency at the lower pH combined
with other actions. In contrast, the RN increased as the
initial pH increased from 3.0 to 12.0, this phenomenon
could be explained by the form of NH3-N in the aqueous
solution. There are two forms of NH3-N, as un-ionized
ammonia (NH3) and ionized ammonia (NH4

+) in the solu-
tion, and they can establish an equilibrium via Eq. 5.
NH4

+ was the dominant at low pH, whereas NH3 was
the dominant at high pH. NH3-N was more likely to be
converted to NO3

− and NO2
− as per Eqs. 6 and 7 and then

converted to N2 as per Eqs. 8 and 9, but the reactions of
Eqs. 6 and 7 occur less often under acidic conditions
which could explain the better removal performance of
NH3-N at higher pH state [27]. In order to give attention to
two effects of RN and RC, pH of 3 was the optimal oper-
ating parameter. The process of degradation is shown in
Figure 3 [27].

+ ⇔ +
+ −NH H O NH OH3 2 4 (5)

+ → +NH 2OH NH OH H O3 2 2 (6)

+ → + + +
− − + −2NH OH 3H O NO NO 12H 10e2 2 2 3 (7)

+ + → +
− − −2NO 6H O 10e N 12OH3 2 2 (8)

+ + → +
− − −2NO 4H O 6e N 8OH2 2 2 (9)

2.5 Response surface method
experiment (RSM)

2.5.1 Design and result

The RSM was adopted to optimize the 3DES treatment and
get a higher simultaneous removal rate of NH3-N and COD.
Experimental design was carried out by custom design

Figure 3: Reaction process diagram of CW treated by 3DES.
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method in JMP software, and the response item were the
RC and RN. Five parameters, including processing time (A),
applied voltage (B), electrode plate spacing (C), mass of
CAC (D), and initial pH of CW (E) were studied and each
parameter was set according to single factor experiment
results, as shown in Table 2. In addition, design and result
are also shown in Table 3, which will be discussed later.

2.5.2 Analysis of the model

The RSM method was employed to analyze the experi-
mental data in Table 4 and the quadratic regression
surface model was established after eliminating the non-
significant items. The model for RC and RN can be calcu-
lated by the obtained quadratic regression equations
given by Eqs. 10 and 11. Analysis results by stepwise
regression method are listed in Tables A1 and A2 (in
Appendix), the correlation coefficient (R2) of the model
is 0.9853 and 0.9372, respectively, which indicated that
the stepwise regression model was suitable for opti-
mizing the experimental data of the process. Significance
tests for the regression model are listed in Tables A3 and
A4, respectively. The significant factor for RC was B and
A as well as A*B, C*C, A*D, B*D, and C*D, which means
these factors were not a simple linear relationship, in
order to get the optimization conditions of the process,
interaction effect among these factors was explored
by three-dimensional RSM of the quadratic polynomial
regression equation, as shown in Figure 4. Sequence for
these key factors of RC was B > A > C > E > D. Meanwhile,
the significant factor for RN was D and A, the sequence
was D > A > E > B > C.

= − + + +

+ + + +

− + + +

+ + + +

− + − −

R x x x x
x x x x x
x x x x x x x

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

70.14 0.48 1.77 0.24 0.086
0.13 0.04 0.39 0.38
0.23 0.02 1.10 0.64

0.70 0.42 0.08 0.24
0.17 0.04 0.41 0.42

C 1 2 3 4

5 1
2

1 2 2
2

1 3 32 3
2

1 4

2 4 3 4 4
2

1 5

2 5 3 5 4 5 5
2

(10)

= + + + +

+ − + +

− − + +

− + + −

− + + +

R x x x x
x x x x x
x x x x x x x

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

40.85 1.58 0.18 0.02 4.16
0.73 0.21 0.19 0.06
0.06 0.48 0.64 1.12
0.005 0.15 2.73 0.96
0.07 0.07 0.54 0.63

N 1 2 3 4

5 1
2

1 2 2
2

1 3 2 3 3
2

1 4

2 4 3 4 4
2

1 5

2 5 3 5 4 5 5
2

(11)

where x1, x2, x3, x4, and x5 are equal to (processing time-
4)/0.5, (applied voltage-5)/0.5, (electrode plate spacing-
15)/2, (mass of CAC-4)/0.5, and (effect of the pH-2.5)/0.5,
respectively.

A stable maximum point in the test range can be seen
on the response surface in Figure 4. Meanwhile, the pre-
dictive value of removal rate will be acquired with certain
conditions according to Eqs. 10 and 11. RN and RC can
reach to 52.65% and 74.78% according to the prediction
with the conditions of A1B3C3D3E1 andA3B3C1D3E3, respec-
tively, whereas the prediction simultaneous removal rate
of NH3-N and COD would be lower at 51.48% and 74.20%
with the conditions of A3B3C3D3E3, which were determined
as the optimal process conditions. Thereafter, three parallel
experiments were performed in the laboratory with the
optimal parameters and the results of RC were 75.03%,

Table 3: Factors and levels for the experimental design

Factor Level

1 2 3

A (h) 3.5 4 4.5
B (V) 4.5 5 5.5
C (mm) 13 15 17
D (g) 3.5 4 4.5
E (−) 2 2.5 3

Table 4: Experimental design and results

No. Condition RC (%) RN (%)

1 A3B2C3D1E3 69.9 41
2 A2B3C3D1E3 71.3 40
3 A2B3C2D2E2 72 41.7
4 A1B1C2D1E2 70 38.9
5 A3B2C1D2E2 70.2 42.3
6 A3B3C1D1E3 72.4 41.1
7 A2B3C3D3E1 73.1 43.6
8 A3B1C1D1E1 68 41.2
9 A2B2C2D2E1 69.5 42.3
10 A3B1C3D3E1 68.9 51.4
11 A3B1C1D3E3 68 51.7
12 A1B3C1D3E3 71.8 48.6
13 A3B3C3D1E1 70.8 41.3
14 A2B1C1D1E3 70.4 40.5
15 A2B1C3D2E2 70 41.7
16 A1B3C2D1E1 72.8 39.1
17 A1B2C1D2E2 71 40.1
18 A3B1C1D2E3 68.4 41.3
19 A2B2C2D3E2 70 50.8
20 A2B2C2D1E1 70.3 39.7
21 A2B2C2D3E2 70.6 43.7
22 A1B2C2D2E3 70 40.6
23 A1B1C1D3E1 68.9 42.9
24 A3B3C1D3E1 73.8 51.1
25 A1B3C2D1E2 72.7 39.4
26 A1B1C3D3E3 69.8 49.7
27 A3B3C3D3E3 74.9 51.4
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Figure 4: Response surface of factors interaction on RC and RN; 1: RC, 2: RN, (a) X1X2, (b) X1X4, (c) X2X4, (d) X32, and (e) X3X4.
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74.94%, and 74.07%, respectively, and the results ofRNwere
50.71%, 50.94%, and 51.57%, respectively. The experimental
data were in good agreement with the predicted data.

2.6 Characterization of CEMs after process

The CEMs after the 3DES treatment were collected for char-
acterization to verify the removal effect of the pollutants.

2.7 SEM-EDS

SEM graphs and EDS analysis of the CEMs are presented
in Figure 5. It shows the CEMs structure of multi-pores
prepared during the pyrolysis and activation processes.
The porous structures were beneficial to the electro-
adsorption or electro-chemical reaction and provided
ion migration channels leading to higher adsorption

capacity or reaction activity. According to the EDS ana-
lysis, the atomic percentage of N element in the sample
was raised from 0.90% before the treatment to 4.92%
after the treatment, indicating the pollutant elements
remain in the inner structure of CEMs to achieve the pur-
pose of removing pollutants and reflecting the potential
removal performance of the electro-chemical combined
oxidation [28].

2.8 FTIR

The FTIR spectra of CEMs before and after the process are
shown in Figure 6. Based on Figure 6a, diagnostic band at
3,450 cm−1 of both the samples recognized the stretching
of hydroxyl group (–OH) which implied that raw materials
could promote the reactivity of –OH, facilitating detach-
ment to produce H2O or conversion to other oxygen-con-
taining functional groups such as C]O and C–O. The peak
adsorption at 3,150 cm−1 on the sample before the process

Figure 5: SEM graph and EDS analysis of samples.
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illustrated the N–H group, which was not observed on the
sample after the process, it may be due to the oxygen
containing functional groups like –OH groups affected it
and shifted its position to lower frequency band intensity
and did not show as a peak. The appearance of peak at
2,330 cm−1 indicates the presence of –NH3 group, whereas
awide absorption peak (wavenumber from 2,250 to 2,450 cm−1)
was formedhere on the sample after theprocess,whichmaybe
the result of the superpositionofmultiple peaks, thus, the curve
fitting was carried out in Figure 6b and it will be discussed
later. 1,610 cm−1 corresponded to C]N– or N]O, it was
strengthened after electro-treatment compared to before treat-
ment, indicating the participation of these groups in CW.
–SO2Cl groups on both the samples before and after electro-
treatment were recognized at 1,400cm−1 and the only differ-
ence between the two curves was the intensity, which may be
caused by the interaction effect of the electro-treatment. Six
fitted peaks related to –C^N, –C^NO, –NH3X (containing
three peaks, and X represents one element of C, N, O, or S),
and –COOH are shown in Figure 6b, which reasonably repre-
sented the corresponding structures in the matters of CEMs
after the process, and certified the removal effect of NH3-N.

3 Conclusion

It can be concluded that the 3EDS with CEMs is efficient in
CW treatment. The method is suitable for simultaneous
removal effect of NH3-N and COD. The optimum condi-
tions for the electrode system of CW treatment using cen-
tral composite design were found to be at 4.5 h processing
time, 5.5 V applied voltage, 17 mm electrode plate spa-
cing, 4.5 g CAC and initial pH of 3 with higher pollutant

removal percentage for COD (74.20%) and NH3-N (51.48%),
and the concentrations of 116.1 and 28.7mg·L−1, respectively,
which nearly conforms to the standard of coke quenching
in China (COD 150mg·L−1 and NH3-N 25mg·L−1). The RSM
greatly optimized the configuration of parameters, and the
experimental data was in good agreement with the predicted
data, which indicated that the maximum value of simulta-
neous removal of two pollutants can be reached stably.
Applied voltage is the most influential factor in the
removal of COD because of the production of hydroxyl
radical (˙OH) with extremely strong redox ability by elec-
trolysis of water molecules or oxygen. Whereas the NH3-N
removal mechanism was more likely to be converted to N2

under low pH conditions. The SEM-EDS and FTIR analysis
for existence of N element or N containing groups in CEMs
after the process confirmed the removal effect of pollutants.
In brief, this 3EDS with CEMs enables the simultaneous
removal effect of NH3-N and COD, which can be used as a
simple and cost-effective system for the treatment of CW.
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where C0 is the initial concentration of COD, mg·L−1 and
C1 is the concentration of COD after treatment, mg·L−1.

′C0 is the initial concentration of NH3-N, mg·L−1 and ′C1 is
the concentration of NH3-N after treatment, mg·L−1.

Table A1: Analysis of variance for the regression model
(R2 = 0.9853)

Source Df Sum of square Mean square F value P value

Model 20 92.1433 4.6072 20.1338 0.0006
Error 6 1.3729 0.2283
Total 26 93.5163

Table A2: Analysis of variance for the regression model
(R2 = 0.9372)

Source Df Sum of square Mean square F value P value

Model 20 507.0214 25.3511 4.4729 0.0356
Error 6 34.0061 5.6677
Total 26 541.0274

Table A3: Significance test for the regression coefficients

Source Df Sum of square F value P value

A 1 3.3815 14.7760 0.0085*
B 1 53.7118 234.7263 0.0001*
C 1 0.8807 3.8490 0.0974
D 1 0.1369 0.5987 0.4685
E 1 0.2913 1.2732 0.3023
A*A 1 0.0067 0.0295 0.8693
A*B 1 1.8251 7.9759 0.0302*
B*B 1 0.5784 2.5279 0.1630
A*C 1 0.5771 2.5219 0.1634
B*C 1 0.0047 0.0206 0.8907
C*C 1 4.2796 18.7022 0.0050*
A*D 1 4.4455 19.4272 0.0045*
B*D 1 6.6128 28.8987 0.0017*
C*D 1 2.2320 9.7540 0.0205*
D*D 1 0.2222 0.0971 0.7658
A*E 1 0.6226 2.7207 0.1501
B*E 1 0.3247 1.4189 0.2786
C*E 1 0.0212 0.0926 0.7712
D*E 1 2.3744 10.3764 0.0181*
E*E 1 0.6217 2.7170 0.1504

“*” means significant influence factor.

Table A4: Significance test for the regression coefficients

Source Df Sum of square F value P value

A 1 36.2393 6.3940 0.0448*
B 1 0.5736 0.1012 0.7612
C 1 0.0035 0.0006 0.9809
D 1 320.2786 56.5097 0.0003*
E 1 9.1064 1.6067 0.2519
A*A 1 0.1794 0.0317 0.8646
A*B 1 0.4500 0.0794 0.7876
B*B 1 0.0136 0.0024 0.9625
A*C 1 0.0357 0.0063 0.9393
B*C 1 2.5664 0.4528 0.5621
C*C 1 1.4702 0.2594 0.6287
A*D 1 13.7521 2.4264 0.1703
B*D 1 0.0003 0.0001 0.9945
C*D 1 0.2729 0.0482 0.8336
D*D 1 27.2507 4.8081 0.0708
A*E 1 10.1499 1.7908 0.2293
B*E 1 0.0608 0.0107 0.9209
C*E 1 0.0608 0.0107 0.9209
D*E 1 4.1301 0.7287 0.4621
E*E 1 1.3543 0.2389 0.6423

“*” means significant influence factor.
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