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Abstract

In the present study, the electro-coagulation (EC) process has been first applied to advanced treatment of

biologically pretreated coking wastewater (BPCW), and the degradation behavior and mechanism were in-

vestigated by means of a lab-scale EC in static methods. The results showed that the percent COD and color

removal can reach 80.5% and 95.4%, respectively, under optimal conditions (initial pH 8.0, reaction time
30 min, current density 14.0 mA/cm?, and NaCl dosage 1.6 g/L). The pseudo-second-order kinetic model fit
well with the kinetic data of COD in the treatment of BPCW by EC process. The compositional evaluation
of EC flocks and treated wastewater by FT-IR and UV-Vis indicates that the residual organics from BPCW
might be removed through electro-oxidation, chemical complexation, and EC sludge adsorption. The energy
consumptions per unit of pollutants were obtained as 12.26 kW-h/kg COD (RMB ¥ 6.13 /kg COD). It is
proved that the treatment of BPCW using the EC process is very effective with a lower operating cost.
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Introduction

Coking wastewater originates from the process of
destructive distillation of coal at high temperature in the
absence of air. The composition of coking wastewater is
very complex due to various factors, such as the quality of
coal, coking temperature, recovery technology for coking
product, and so on. And it is refractory to be treated by
conventional biological processes since it contains high
concentrations of toxic compounds (such as phenols,
cyanides, thiocyanate) [1-2]. Moreover, more and more
attention has been paid to the removal of persistent
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organic pollutants (POPs) such as polycyclic aromatic
hydrocarbon (PAHs) in coking wastewater due to the
long-term environmental toxicity in spite of extremely
low concentrations in coking wastewater [3].

Nowadays in China, some advanced biological
treatment processes such as anaerobic-anoxic-oxic
(A-A-0), anoxic-oxic (A-O), and sequencing batch reactor
(SBR) with long hydraulic retention time have still been
extensively used in most coking wastewater treatment
plants for the reason of lower operating costs. However,
the presence of concentrations of toxic, refractory, and
inhibitory compounds (e.g., phenols, sulfides) in the coking
wastewater sometimes has resulted in effluents containing
high concentrations of chemical oxygen demand (COD)
and other toxic pollutants [4-7].
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It should be noted that coal is still treated as one of
the main energy sources in China, and the discharge of
biological pretreated coking wastewater (BPCW) into the
environment has caused serious health risks in major coal
areas inrecent years [8]. Hence, itis very important to choose
effective and economical processes for advanced treatment
of coking wastewater. The present study shows that some
new processes have achieved positive progress, which has
been extensively applied in advanced treatment on coking
wastewater in order to fulfill environmental discharge
requirements. These technologies include biological
enhancement, adsorption, advanced oxidation processes,
etc. [9-20].

Electro-coagulation (EC) is an electro-chemical method
of treating wastewater. It depends on dissolving sacrificial
anodes to generate active coagulant precursors (usually
iron/aluminum cations), then react with negatively charged
particles in the solution to form flocks. The gases produced
at the cathode during the electrolysis of water and metal
dissolution allow the resulting flocks to float. It was usually
used for the removal of both color and colloidal particles [21-
23]. The mechanism of EC process is generally considered
to involve three possible behaviors: electro-coagulation,
electro-flotation, and electro-oxidation [24-25]. As electro
coagulation processes do not require the addition of any
chemical coagulants, it has been successfully applied on the
industry of effluent treatment, which has been proven to be
an economical and effective process [26-34].

To our best knowledge, little work in the existing
literature has carefully and quantitatively addressed the
advanced treatment process of BPCW via EC technology.
In order to improve the removal of organic pollutants
from BPCW, the effects of various operating conditions
such as current intensity, reaction time, electrolyte dosage,
and initial pH on the elimination of COD and color
were investigated. The compositional evaluation of EC
sludge production and treated wastewater by EC was
assessed by UV-Vis and FT-IR, respectively. In addition,
energy consumption per unit weight COD during the EC
process were also evaluated. The objective of this study
was to investigate the optimal conditions and removal
mechanisms for advanced treatment of BPCW by the
EC process. Particularly, this information is essential for
scaling up the treatment to the industrial level.

Materials and Methods
Raw Wastewater

The tested sample was obtained from the effluent well
of coking wastewater treatment (floatation-anaerobic-
anoxic-oxic) plant located in Wuhu city (Anhui Province
in China). Its color is deep dark red with a certain level of
turbidity. It was characterized by the following relevant
parameters, and the wastewater characteristics are given
in Table 1. It is obvious that the effluent is much too
refractory for further biological treatment (BOD,/COD
<0.085).

Table 1. Characteristics of coking wastewater used in all
experiments.

pH 6.0~9.0

COD (chemical oxygen demand) 425~490 mg/1

TOC (total organic carbon/) 312~334 mg/1

BOD; (biochemical oxygen 34.539.2 mg/l

demand)
NH,-N (ammonia nitrogen) 8.2~22.4 mg/l
TN (total nitrogen) 24~37 mg/l

TSS (total suspended solids) 136~182 mg/1

350~267 ADMI color
unit

1857~2245 mg/L

Color

TDS (total dissolved solids)

Volatile phenol 0.03~0.07 mg/1
Total cyanide 0.15~0.23 mg/1
Oil and grease 0.58~1.25 mg/1
Turbidity 152-179 NTU
Analysis Methods

COD were measured according to the standard
methods for examination of water and wastewater [35].
Color was determined by the APHA platinum-cobalt
method using a spectrometer (721 N, Beijing, China)
set at 455 nm wavelength [27], and distilled water was
used as a blank. pH of solution was measured by a pH
meter (PHS-3C, Leici, Shanghai). The UV-vis spectrum
of tested wastewater sample was analyzed using UV-vis
spectrophotometer (UV-2550, Shimadzu, Japan). FT-
IR analysis of EC treatment flocks were carried out by
FT-IR spectrometer (IRPrestige-21,Shimadzu, Japan)
using potassium bromide pellets (sample: KBr=1:50)
in range 4000-400 cm™ with 2 cm™! resolution. In order
to avoid interference from suspended matter with the
result, the wastewater sample was centrifuged before
examination. The efficiency of the EC process was
determined in terms of the COD/color of the initial and
treated sample, which was calculated using Egs. (1):

Removal (%) = (C-C,))/C, (1)

..where C, and C are the initial and final COD/color
values of the tested samples, respectively.

Equipment and Experimental Procedure

The EC treatment for tested wastewater was performed
in a cylindrical glass cell with a working volume of
500 mL. The contents in the reactor were agitated by a
magnetic stirrer to avoid concentration gradients with
stirring at constant speed (150 r/min). The electrodes
were kept 10 mm above the bottom of the reactor. The
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wastewater was adjusted to the desired pH for each
experiment using sodium hydroxide or sulfuric acid. The
monopolar iron (Fe) plate electrodes (150 mmx>50 mmx2
mm) were employed owing to its innocuity compared
with AI** ions. The distance between both electrodes was
20 mm. Before each test case, electrodes were polished
thoroughly, washed with 0.1 mol/L HCI and 0.1 mol/L
NaOH solution to remove surface rust and grease, and
rinsed with distilled water and dried naturally for use. The
electrodes were connected to terminals of a DC power
supply with an actual total effective immersion area of
130 cm?. After the electro-coagulation process, the treated
wastewater sample was measured for color removal
efficiency, adjusted pH to 9.6, and filtered by 0.45 pum
filter membrane to diminish the interference of Fe*" for
COD measurement. All experiments were carried out in
duplicate three times and in static and batch modes at
room temperature.

Results and Discussion
Effect of Initial pH

Fig. 1 shows actual appearance of the coking
wastewater before and after treatment, showing that the
effluent is clear and transparent compared with raw water.
It has already been established that the initial pH is one of
the key parameters influencing the performance of electro-
coagulation [36]. Fig. 2 depicts the influence of percent
COD and color removal on initial pH from 4.0-11.0. It
can be seen that the effect of COD removal rate could be
improved when the initial pH value increased from 4.0
to 7.0, and then there was a decrease with the increase
of initial pH from 7.0 to 11.0. The higher COD removal
efficiency was obtained in neutral and alkaline medium,
especially within a 7.0-9.0 range. The maximum percent
COD removal rate was 79.4 % when initial pH was
8.0. However, percent color removal had a similar
increasing trend by increasing initial pH from 4.0 to
8.0, and is almost constant from 8.0-11.0 The optimum
percent color removal rate of 92.5% was observed at
pH of 9.0.

This phenomenon can be explained by the fact
that iron hydroxide precipitates, iron complexes, and
iron cations could be replied significantly on the pH of
solution [37]. Fe(OH)*', Fe(OH),", and Fe(OH), species
may be presented under acidic conditions. Under alkaline
conditions, Fe(OH),” and Fe(OH), ions may also be
present. When the acidity of the solution is too high, the
binding capacity of H" and OH" is stronger than Fe*'/Fe’*
in the strong alkaline solution. The cathodic reaction is
suppressed, then current intensity decreased, and the anode
is difficult to be dissolved to generate Fe?'/Fe**. Therefore,
the amount of polymeric species will decrease sharply and
the negatively charged organic pollutants macromolecule
would not be easily adsorbed onto the positively charged
precipitates, resulting in the lower removal rate [38]. The
difference between initial and final pH values diminishes

for the initial pH>9.0, suggesting that electro-coagulation
exhibits some pH buffering capacity. These results were
observed also by other investigators [39]. Considering the
simultaneous percent COD and color removal, pH 8.0 was
adjusted before electrochemical treatment in the following
experiments.

Electrolyte Dosage

Experiments were carried out at various electrolyte
dosages in order to verify the effect of electrolyte on COD
and color removal efficiency. As can be seen in Fig. 3,
percent COD removal rate increased from 52.5% to 81.2%
with increasing the NaCl dosage from 0.2 to 1.6 g/L, and
a further increase in the NaCl dosage between 1.6-2.4 g/L
did not yield any improvement on the percentage COD
removal. Then COD removal efficiency decreased from
81.7 % to 71.2 % with the continuously increasing NaCl
dosage. However, we found that there was an increasing
percent color removal from 55.4% to 95.4% with the
increase of NaCl dosage from 0.2 g/L to 2.4 g/L, and then

a) b)

Fig. 1. Raw wastewater and effluent of electro coagulation
treatment (a. raw wastewater, b. treated effluent).
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Fig. 2. Effect of COD and color removal on initial pH
(conditions: reaction time=40 min, NaCl electrolyte dosage=
1.0 g/L, electrode distance=2 cm, initial COD concentration=
468 mg/L, current density=20 mA/cm?).
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remained constant. The optimum color removal rate was
attainted at NaCl dosage of 2.4 g/L.

The previous studies show that secondary reactions
(see Egs. 2-4) may also occur using NaCl as an electrolyte
if anode potential is sufficiently high [40]. Therefore, the
enhancement of colorremoval in this experiment may imply
that the removal of macromolecule organic pollutants was
due to the intensity of the break of chromogenic chemical
bonds by electro-chemical degradation as a result of the
indirect oxidation by hypochlorite. A similar observation
was also found by Daneshvar et al. [21], who reported that
the color removal was enhanced by electro-coagulation
when treating dyed wastewater. However, excessive NaCl
addition causes the production of extra C1O-, which would
oxidize ferrous ion and polymeric species into ironic
hydroxide and small molecular soluble substance in water
so as to reduce COD adsorption, complexation properties
and floatation performance, but contribute to color removal
[41]. Furthermore, the addition of NaCl can effectively
reduce the voltage of electrolyzer under the stable current
density, thereby reducing energy consumption. Hence the
optimal NaCl dosage is 1.6 g/L in terms of the running
cost and pollutant removal efficiency.

2CI—Cl+ 2e” @)
Cl,+H,0 — HCIO + H" + CI 3)
HCIO — H'+ CIO- &)

Effect of Current Density

It has already been reported by several authors that
current density has significant influence on the efficiency
of the electro-coagulation process [42]. The influence
of COD and color removal efficiency on current density
was investigated. The results are shown in Fig. 4. It
was found that the COD removal efficiencies can reach
35.4% at current density of 4 mA/cm?, and then increased
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Fig. 3. Effect of current density on COD and color removal
(pH=8.0, reaction time=40 min, electrode distance=2 cm, initial
COD concentration=479 mg/L, current density=20 mA/cm?).

Percent removal rate/%

significantly to around 80.5% when the current density
ascended to 14.0 mA/cm® It reached the maximum
percentages of 81.7% at current density of 18 mA/cm?,
and then remained nearly constant with a continuous
increase of current density. These results were similar to
those observed with industrial wastewater [43-44]. The
color removal efficiencies also shows a similar variation
and it was evident that the rapid color elimination of
94.5% can be achieved during 4.0~14.0 mA/cm?, then
percent color removal efficiency present a slow rise as the
current density was raised. Energy consumption went up
t0 0.01 and 0.26 kW-h/kg COD, increasing current density
from 4.0 to 34.0 mA/cm?, and then increased sharply with
a current density increase from 34.0 to 38.0 mA/cm?.

This may be attributed to the fact that a higher
current density would provide a higher oxidation action
[45] and higher rates of anode dissolution, affecting the
production of hydroxyl compounds, complex compounds
with hydroxyl iron, and the growth of coagulant (flocks
formation) [46], thus pollutant removal from BPCW
was influenced by complexation, electrostatic attraction,
and adsorptions, and then COD removal efficiency was
enchanced (see Eq. 5-7) [47],

Anode:
4Fe —>4Fez+(aq) + 8¢~ %)

4Fe” +10 H0, +0, —4Fe(OH)

( +8H+(aq) (©)

3(s)

Cathode:
+ —

8H (ﬂq)+86 —>4H2(g) 7

It was obvious that the decolorization rate was greater

than COD at the same current density, which indicates that

electric-oxidation process by EC just broke the chemical

bond of chromogenic substance from BPCW, and

produced some small organic molecules. Furthermore, a

higher percentage color removal at a lower current density

might account for the electro-oxidation process being the
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Fig. 4. Effect of current density on COD and color removal
(conditions: pH=8.0, reaction time=40 min, electrode distance=2
cm, NaCl electrolyte dosage=1.6 g/L, initial COD concentration
of raw wastewater=485 mg/L).
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main EC reaction mechanism, and increasing high current
density resulted in an increase of energy and electrode
material consumption. Therefore, the optimum current
density of 14 mA/cm? (current of 1.8 A, voltage of 2.5 V)
was selected, taking into account energy consumption and
COD removal efficiency.

Effect of EC Reaction Time
and Reaction Kinetics

Fig. 5 illustrates that the effect of COD removal
efficiency on reaction time at the different initial COD
concentrations of wastewater. A series of experiments
were performed where the reactor performance was as
follows: current density of 14 mA/cm?, pH of 8.0, NaCl
dosages of 1.6 g/L, electrode distance of 2.0 cm, and initial
COD concentration of 228-457 mg/L. It was obviously
found that a fast COD reduction around 75% in the first
30 minwas observed, and then decreased gradually, ranging
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300+

200+

100 ~

COD concentration of the effluent/mg/L

o

0O 20 40 60 8 100 120
Reaction time/min

Fig. 5. Effect of reaction time on COD and color removal (initial
pH=8.0, NaCl electrolyte dosage=1.6 g/L, electrode distance
of 2.0 cm and current density=14.0 mA/cm? initial COD
concentration=457 mg/L).
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Fig. 6. The pseudo-second-order rate linear fitting constants.

30-120 min. Only 5-11% of removals were contributed by
the following 90 min.

In general, the kinetics for the removal of COD were
evaluated with the pseudo-second-order kinetic model
represented in Egs. 8-9, and the equations can be simplified
by assuming the generation of aluminum/ferric hydroxide
constant for a given current density.

ac_ i o (®)
dt @
1 1y ©
cc

...where C, C is the influent and effluent COD
concentration respectively (mg/l), ¢ is the reaction time
(min), and kap is the pseudo-second-order reaction rate
constant (min'), which can be estimated from the plot
[1/C] versus reaction time.

Obviously, kap is mainly related to the initial
concentration of wastewater, which is presented in Fig.
6. The results show that the kinetics modeling fitted very
well with all reactions (R?>0.95), demonstrating that the
electro coagulation degradation of coking wastewater is
adequately described by the pseudo-second order kinetics
model. Moreover, it can be observed that kap of COD
degradation decreased gradually with continuous increase
of C, from 228 mg/L to 457 mg/L.

UV-Vis

The UV-Vis spectra of the raw and the treated wastewater
with different reaction time are shown in Fig. 7. It can be
seen from raw wastewater that there are many strong peaks
over the range of 275-370 nm, which corresponds to the
maximum absorption wavelength band of reprehensive
pollutants for single-ring aromatic compounds such as
phenol, polycyclic aromatic hydrocarbons, and heterocyclic

3.0 O Raw wastewater
1 @ tr=100 min

2.5 O t=15 min

2.0- A tr=60 min

A 1-5_.
1.0
0.5

0.0

200 300 400 500 600 700 800
Wave length/nm
Fig. 7. UV-vis absorption spectra of raw and treated wastewater
(Conditions: initial pH=8.0, NaCl electrolyte dosage=1.6 g/L,
electrode distance of 2.0 cm and current density=14.0 mA/cm,
initial COD concentration=464 mg/L).
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nitrogen compounds such as naphthalene, quinoline,
insole, and acridine. Furthermore, it is interesting to
note that the overall absorbance of the curve decreased
significantly with the increase of EC treatment reaction
times ascended, which may be due to the removal of
colloidal and suspended particles. However, there are no
peaks in the spectra corresponding to components of the
treated wastewater with reaction time of 100 min, but only
a continuous rise over the range of 240-300 nm. Compared
with the percent COD/color removal and UV-Vis at the
different EC reaction times (15 min, 60 min, 100 min),
this suggests that the refractory compounds from BPCW
have been oxidized and decomposed, and not completely
mineralized to CO, and H,O [48]. Some small molecule
organic compounds were produced in the EC reaction,
although chromophoric groups have been destroyed.
Meanwhile, it can be found that the effect of reaction time
on the decolorizing coking water is significant.

FT-IR of Sludge

Fig. 8 shows the FT-IR spectrum of the EC flocks
generated at optimum reaction conditions. Peaks at
3,442 cm’! corresponding to H-O-H bond stretching at
1,637 cm! to hydroxyl bending and y'(OH) water bending
vibration or overtones of hydroxyl bending [49], which
indicates that hydroxide species were the prominent form
of the generated flocks [50]. A band around 2,062 cm'!
represents the complex of CN-Fe precipitates [51], and a
band of 1,521 cm! shows the skeleton-stretching benzene.
Bands at 1,091 and 1,043 cm” were attributed to the
bending vibration of Fe-OH of the lepidocrocite surface.
The previous studies show that wavelengths of 893 cm'!
and 795 cm’! represent the generation a-FeOOH, which
is the distinguished proof of a-FeOOH instead of a-Fe,O,
by IR spectroscopy [52-53]. Thus it can be considered
that the organic pollutants might be removed through
complexation and adsorption by the iron hydroxide
precipitates.

T/%

——Electro-coagulation flocks

25 " T " T " T

4000 3000 2000 1000
Wave length cm”

Fig. 8. FT-IR of flocks (conditions: initial pH=8.0, NaCl

electrolyte dosage=1.6 g/L, electrode distance of 2.0 cm and

current density=14.0 mA/cm?, initial COD concentration=464

mg/L, reaction time=100 min).

Cost Analysis

The cost of the electro-coagulation operation mainly
depends on the sacrificial electrode weight loss and
the electrical energy consumption per unit of removed
pollutants. Energy consumption mainly composed of
the electrical energy consumed as kW-h/kg COD and
the electrical energy price as RMB/kW-h. Eq. 10 can be
used to calculate the cost of electro-coagulation in this
experiment per unit of kg COD.

e

60-V-(C -C.) (10)

E_(jJ A,-U-dt) P+Ly, P,

...where E is the cost per unit removed COD ( RMB/
kgCOD), U is the applied voltage (V), J is the current
density (mA/cm?), 4, is the effective superficial area
(cm?), ¢ is retention time (h), Pe is the electrical energy
price (RMB/kW-h), L, is the sacrificial electrode (Fe) per
unit removed pollutants (kg Fe/kgCOD), P, is the price
of Fe (RMB/kg Fe), C, is the initial COD concentration
(mg/L), C, is the concentration value of COD (mg/L) at
time t, and ¥ is total volume of the wastewater (L).

In general, short contact time is preferred for
operational costs per unit pollutants removal [54]. Fig. 9
represents the operating cost analysis of coking wastewater
treatment by electro-coagulation at an optimum current
density of 14.0 mA/cm? by varying the electrolysis time
from 0 to 120 min. It could be concluded from the figures
that the most economical percent COD removal of 80%
was attained at the reaction time of 30 min, taking into
account the achievement of effluent discharge standards.
When the applied current density is applied as 14 mA/cm?,
unit energy consumptions were obtained as 12.26 kW-h/
kgCOD (RMB ¥ 6.13 /kg COD)-treated biologically
treated wastewater. The total consumed electricity should
be 0.225 kW-h and the sacrificial electrode loss is 9.54 g

of iron when 0.018 kg COD was removed.
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Fig. 9. Cost analysis and sacrificial electrode mass of EC reactor

(Conditions: initial pH=8.0, NaCl electrolyte dosage=1.6 g/L,

electrode distance of 2.0 cm and current density=14.0 mA/cm?,

initial COD concentration=457 mg/L).
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Conclusions

From this work, the following conclusions can be

drawn:
1. The electro-coagulation process has been applied to the

advanced treatment of biologically pretreated coking
wastewater. The results about the discolorations and
organic pollutant degradation showed that the removal
efficiencies of COD and chlorite of organic pollutants
were significantly influenced by initial pH, reaction
time, current density, and electrolyte dosage.

2. Under the optimal conditions (initial pH 8.0, electro

coagulation reaction time 30 min, current density
14.0 mA/cm?, electrolyte dosage of NaCl 1.6 g/L), the
percent removal of COD and color can reach 80.5%
and 95.4%, respectively. The kinetic results indicate
that electro coagulation can be adequately described
by a pseudo-second-order kinetics model that fit well
with all reactions.

3. The UV-Vis analysis suggests that organics produced

in the reaction have been oxidized into small molecule
acids not completely mineralized to CO, and H,0,
although chromophoric groups have been destroyed.
The FT-IR spectrum of the electro coagulation
sludge revealed that the refractory organics might be
removed through electro-oxidation, complexation, and
adsorption with the iron hydroxide precipitates.

4. When the applied current density is 14 mA/cm?,

unit energy consumptions were obtained as
12.26 kW-h/kg COD (RMB ¥ 6.13 /kg COD)
biologically treated wastewater. The total consumed
electricity is 0.225 kW-h, and the sacrificial electrode
loss is 9.54 g of iron when 0.018 kg COD was
removed. This indicated that the advanced treatment
of biologically pretreated coking wastewater by the
EC process is effective for a lower operating cost
(1.11 RMB/kgCOD, 1.25 kg RMB / m?®) than normal
advanced treatment technologies.
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