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ABSTRACT

The response surface methodology coupled with central composite design was applied to
optimize the operational parameters of electro-Fenton (EF) as advanced treatment of
biologically pretreated coal gasification wastewater. The integration of TOC, COD, and total
phenols removal was selected as the response for model establishment and optimization. A
quadratic model with high significance was developed to predict the treatment performance
and optimize process parameters. The optimal parameters were determined as pH 3.83,
1.44 mmol L™ of Fe?** concentration, and 16.28 mA cm™ > of current density, with the
predicted optimal integration removal efficiency of 73.29%. TOC decay in the EF under opti-
mal condition followed pseudo-first-order kinetic reaction with the apparent rate constant
of 0.0103 min~'. The mass transfer constant was determined to be 429x10° ms " at the
optimal current density. The results demonstrated that EF could serve as a technically
feasible and cost-effective method with potential applications for the advanced treatment of
biologically stabilized coal gasification wastewater.

Keywords: Electro-Fenton; Response surface methodology; Central composite design; Coal

gasification wastewater

1. Introduction

Coal gasification wastewater (CGW) generated
from the coal chemical industry plant is a complex
industrial wastewater with poor biodegradability.
Environmental pollution by CGW sets a severe ecolog-
ical problem, which is increased by the fact that most
of them are difficult to be degraded using conven-

*Corresponding author.

tional treatment options. Conventional treatment of
CGW includes a series of biological treatment after a
physical-chemical pretreatment to reduce the concen-
trations of phenols and ammonium due to the low
cost and maximal mineralization of pollutants [1,2].
However, the effectiveness of the traditional treatment
system is unsatisfactory due to the presence of consid-
erable amounts of recalcitrant and toxic compounds
such as ammonia, cyanide, phenols, nitrogen heterocy-
clic compounds, polycyclic aromatic hydrocarbons,
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and other refractory contaminant. Among these toxic
and recalcitrant compounds, phenols are the main
pollutants in the wastewater [3]. Therefore, the biolog-
ically pretreated CGW still contains a large number of
toxic and refractory compounds as well as their deriv-
atives, with lower biodegradability than the raw
wastewater, resulting in the failure to meet current
strict effluent discharge standards [4,5].

Recently, advanced oxidation processes (AOPs)
can be considered as potentially powerful methods
and have been given growing interests in the post-
treatment of industrial wastewater, aiming at the
removal of the hard-to-biodegrade organics residual in
the wastewater. As one of the AOPs, electro-Fenton
(EF) has received great attention for water remediation
because it can generate large amounts of oxidant
hydroxyl radical (‘OH) for an effective and fast miner-
alization of toxic organic pollutants to CO,, water, and
inorganic ions [6,7]. Since OH production does not
involve usage of the harmful chemicals which can be
hazardous for the environment, this process is envi-
ronmentally friendly for wastewater treatment and
seems to be promising for the purification of water.
The electrochemical production of H,O, and regenera-
tion of FeZ" involved in EF avoid the addition of H,O,
and reduce the generation of ferrous sludge [8]. EF
oxidation provides certain advantages for the removal
of recalcitrant pollutants as well as some inorganic
pollutants from the wastewater in cases where the
requirement of the effluent quality is beyond the
capacity of traditional processes [9]. In the EF system,
O, or air gas is injected into either the reaction med-
ium or directly at the cathode to generate H,O, via
reaction (1):

OZ(Q) + 2H+ +2e” — H202 (1)

The cathodes that produce H,O, efficiently are mainly
carbonaceous electrodes such as activated carbon fiber
[10], carbon felt [11,12], carbon-polytetrafluoroethyl-
ene (PTFE) [7,13], carbon nanotubes PTFE [14,15], and
boron-doped diamond (BDD) [16]. The oxidizing
power of electrogenerated H,O, is enhanced by
adding small amounts of Fe** to form Fe** and *OH in
the bulk via Fenton reaction (2). These radicals react
with organic pollutants and thus lead to their
oxidative degradation by hydrogen atom abstraction
reaction, electron transfer, or electrophilic addition to
p systems.

Fe** + H,0, + H" — Fe* +.0H + H,O )
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Fet + e~ — Fe?t ®3)

Reaction (2) is catalytic because it is primordially
propagated from Fe®* regeneration by Fe®* reduction
at the cathode (reaction (3)) [6]. When a one-compart-
ment electrochemical reactor is employed, organic
compounds can also be degraded by adsorbed hydro-
xyl radical (M(OH))) that is formed as intermediate of
water discharge at the anode M by reaction (4) [17]:

M + zH,O — ze~ — M(.OH), + zH" (4)

The BDD anode is preferred to produce absorbed
hydroxyl radical since it generates BDD(*OH) radicals
with greater oxidation power than those of other
anodes like Pt and PbO, as a result of its higher
oxygen overpotential [18,19]. However, the Pt anode
producing less potent Pt(fOH) radicals is widely
employed because it yields lower cost treatments by
the lower potential difference applied to the cell
[19,20].

The process parameters determine the perfor-
mance. Many studies have exploited the probability of
optimizing and predicting the results applying models
based on reaction kinetics [21-23], artificial neural net-
works [24,25], and response surface methodology
(RSM) [26]. Among these methods, RSM is a statisti-
cal-based method with wide application for designing
experiments, evaluating the individual, and interaction
effects of independent variables simultaneously, and
optimizing the process parameters with limited num-
ber of trials according to special experimental design
based on factorial designs [27,28]. Recently, this
methodology has been applied to the optimization of
several AOPs [15,29-31]. The application of RSM has
demonstrated that this modeling can effectively opti-
mize and predict the Fenton processes [24,32,33].

The objective of this study was to optimize the
process parameters and investigate the application of
EF in the advanced treatment of biologically stabilized
CGW. A central composite design (CCD) using RSM
was employed to assess the effects of the key experi-
mental variables. The integration of TOC, COD, and
total phenols removal was selected as the response for
optimization and developing the quadratic model with
the experimental data. The significance of each vari-
able on the treatment performance was assessed and
the optimal parameters were obtained and validated.
The current efficiency and TOC degradation kinetics
were inspected to evaluate the EF technology as
advanced treatment of biologically stabilized CGW,
comprehensively.
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2. Experimental
2.1. Wastewater characteristics

Real CGW wused in this study was collected from
the effluent of a full-scale wastewater treatment facil-
ity of a coal gasification plant setup with anaerobic-
anoxic-oxic (A-A-O) process, Harbin in China. The
qualities of the biologically treated CGW were as fol-
lows: COD, 1633 +14.1 mgL™"; TOC, 43.6 4.2 mgL™};
BODs, 14.6+4.1 mgL™", NHs-N, 6.6+1.8 mgL™"; TN,
29.4+2.6 mgL™"; total phenols 48.3+3.3 mgL™"; and
pH, 6.3-7.0. The effluent is much recalcitrant for
further biological treatment (BODs/COD < 0.09).

2.2. Experimental design and fundamental and principles of
RSM

It is common that the response variable Y (output
variable) exists with a set of predictor variables x,
X,..., X (input variables). In some cases, the underly-
ing relationship between Y and the x might not be
fully understood. Then an empirical model Y =f(xy,
X2,..., Xi) + € is used to express the ambiguous relation-
ship, where ¢ is the random error in the model, and f
represents the unknown response surface. Generally, a
first-order or second-order polynomial is deduced to
describe the special f. This empirical model is called
response surface model and the approximation of the
response function Y = f(xy, x5,..., xi) + ¢ is called RSM.

In order to develop the proper approximation for f,
either first order or second order polynomial models
are employed.

In general, the first order model can be expressed
as:

By =[B1fy - Bi]

And the second order model is

k

k i<j
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where B; and B, are the first and second order
regression coefficient matrices, respectively, k is the
number of independent variables, and fy is the
constant coefficient. The second-order model describes
a curving surface, including all terms in the first-order
model, plus all quadratic terms and all interaction
terms. The second order model was also called
quadratic model.

Experimental design statistical analysis of the
response surfaces were generated by the software
design expert. The CCD consists of eight factorial
points, six axial points, and six central points, consti-
tuting 20 trials. Six replicates in the central point were
made to estimate the pure error. All the trials were
randomly performed to minimize the effect of unex-
plained variability on the observed responses due to
systematic errors. The levels of the variables used in
the experiments were summarized in Table 1. The lev-
els employed in the trials were determined according
to the results of a previous orthogonal test.

The polynomial models developed were statisti-
cally validated by means of analysis of variance
(ANOVA), checking the statistical significances from
the F-test and fit quality from the squared correlation
coefficients (R”). The interaction effect between the
variables was illustrated by the 3-D surface and 2-D
contour plots. The optimal process parameters were
calculated using the fitted models and validated by
the experiments.

2.3. Experiment and analytical procedures

Trials were performed in a one-compartment
electrochemical cell. The anode was a Pt sheet
(4 cm x5 cm x 0.3 cm) and the cathode was a piece of
active carbon fiber (ACF) with the same dimension,
both electrodes were fixed on two plastic brackets
with the distance between the electrodes of 4 cm. The
EF process was conducted in galvanostatic mode.
Direct current was provided by DC stabilized power

k ]
Y:ﬁ0+31X+XB2X+8:ﬁ0+2ﬁ]x]+Zﬁ]]x]2+22ﬂ,]xlx]+8
j=1 i=1i=1

j=1 ]

1/311 3 b1
5B1 P
B, = )

Bi=[p1 B Brl;

15 1
3Ba 3Pe

m

EﬂZk

(6)

B




B. Hou et al. | Desalination and Water Treatment 57 (2016) 8174-8182 8177
Table 1
Coded levels and real values for CCD and RSM analysis

Coded levels Real values® Removal efficiency (%)

Trial X1 X X3 X X5 X3 TOC COD Total phenols Integration
1 -1 -1 -1 3 1 15 49.89 61.87 72.16 61.3
2 1 -1 -1 4 1 15 54.14 65.76 77.88 65.92
3 -1 1 -1 3 2 15 49.26 61.14 72.34 60.91
4 1 1 -1 4 2 15 51.8 63.07 74.67 63.18
5 -1 -1 1 3 1 20 44.7 55.91 65.25 55.28
6 1 -1 1 4 1 20 48.89 59.72 70.87 59.82
7 -1 1 1 3 2 20 53.19 65.66 76.56 65.13
8 1 1 1 4 2 20 55.46 67.27 79.58 67.43
9 -1.68 0 0 2.66 1.5 17.5 49.12 60.98 7141 60.5
10 1.68 0 0 4.34 1.5 17.5 53.27 65.76 77.78 65.6
11 0 -1.68 0 3.5 0.66 17.5 47.4 59.01 68.9 58.43
12 0 1.68 0 35 2.34 17.5 48.75 59.56 70.58 59.63
13 0 0 -1.68 3.5 1.5 13.3 52.18 64.72 75.57 64.15
14 0 0 1.68 3.5 15 21.7 49.39 60.29 7143 60.37
15 0 0 0 35 1.5 17.5 60.19 73.51 85.78 73.16
16 0 0 0 3.5 1.5 17.5 59.97 72.76 85.9 72.87
17 0 0 0 3.5 1.5 17.5 59.83 72.81 84.98 72.54
18 0 0 0 35 1.5 17.5 60.42 73.55 86.48 73.48
19 0 0 0 3.5 1.5 17.5 60.79 73.81 86.22 73.6
20 0 0 0 3.5 15 17.5 59.66 72.94 85.6 72.73
?X;4. pH; X5. Concentration of Fe?* (mmol L™Y); X3. Current density (mA cm3).
supply (WWL-PS) and the voltage and current could
be accurately regulated and measured. Air was CE = (TOC:, — TOC,,)VF x 4 @)

introduced and dispersed at the bottom of the ACF to
provide oxygen for reaction (1) to continuously pro-
duce H,O, and generate stirring in the solution. The
initial pH was adjusted to the defined values by add-
ing NaOH and H,S50, solution and monitored using
pHC101 probe equipped to a multifunction meter
(HACH, USA). Desired quantity of granular ferrous
sulfate (FeSO4-7H,0) was added into the solution fol-
lowed by the adjustment of pH. Then the DC power
was switched on to initiate the reaction. After defined
reaction time, the power was switched off and the
solution pH was adjusted to 8.5 to quench the reaction
and precipitate the ferric ion. Then samples were
taken into 50°C water bath for 30 min to get rid of the
unreacted H,O,, followed by filtration with 0.45 pm
filter paper. Finally, samples were stored at 4°C for
further analysis. All the experiments were performed
in triplicate, and the results were the average of at
least three measurements with an accuracy of +5%.
The mineralization of biologically stabilized CGW was
monitored from the TOC decay, measured with TOC
analyzer (TOC-CPN, Shimadzu, Japan). COD and total
phenols were determined according to standard
methods. The current efficiency (CE) was estimated
from Eq. (7).

1000 x 121(t2 — i’1)

where F is the Faraday constant (96,485.34 Cmol ™),
(t, — #1) is the electrolysis time (s), (TOC;; — TOCy,) is
the environmental TOC decay (mgL™), V is the solu-
tion volume (L), I is the current (A), 4 is the number
of electrons transferred per each TOC molecule, 1,000
is the conversion factor to homogenize units, and 12 is
the molecular weight of TOC (g mol ™).

3. Results and discussion
3.1. Validation of the model

The full factorial CCD and the results of each trial
were presented in Table 1.

According to the data listed in Table 1, a quadratic
model was developed using the RSM. The analysis
of the observed responses (integration removal effi-
ciency) presented in Table 1 yielded the following
adjusted quadratic model at 95% confidence level.

Y = —261.68 + 96.3x1 + 29.81x, + 16.1x3
—12.78x% — 18.47x% — 0.56x
72.3X1X2 — 0.005X1X3 + 2.06XQX3

8)
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Table 2
ANOVA test for the regression model
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Source of variations Sum of squares DF MS F-value Probability (p)
Regression 647.959 9 71.995 40.447 <0.00001
Residual 17.801 10 1.780

Lack of fit 13.747 5 2.749 3.391 0.1031

Pure error 4.054 5 0.811

Total 665.760 19

The F-test from ANOVA was used to statistically
validate the significance of regressions (Table 2). The
F-value calculated for the regression of the model was
40.447, greater than 4.95 theoretically calculated for
99% confidence level, corroborating that the developed
model was statistically significant. The F-value calcu-
lated for the lack of fit was 3.391, lower than 5.05

(@) .

(=)
A EE | E EEN

Residual
| |

55 6b 65 7b 75
Predicted TOC removal efficiency (%)

Predicted TOC removal efficiency (%)

55 60 65 70 75
Observed TOC removal efficiency (%)

Fig. 1. (a) Residual vs. predicted and (b) predicted vs.
observed values of TOC removal efficiency.

tabulated for 95% confidence level, indicating that it
was satisfactory without evidencing a lack of fit. The
F-test of the regression models produced very low
p-value (<0.00001), suggesting high significance of the
model. The squared correlation coefficient (R?=0.9733)
also confirmed the high precision and reliability of the
trials. The residuals were randomly distributed
around the mean in front of predicted values
(Fig.1(a)), thereby discarding systematic errors. The
predicted data were in good agreement with the
observed data (Fig. 1(b)), evidencing the excellent
description of EF by the quadratic model developed
by RSM. The results also demonstrated that the devel-
oped regression model was competent to predict the
response accurately.

3.2. Influence of independent variables on the EF and the
optimization

The 3-D response surface and 2-D contour plots of
the integration removal efficiency regarding the inter-
action effects between independent variables were
illustrated in Fig. 2. All the linear, quadratic, and
interaction effects were significant except the interac-
tion effect between pH and current density (x;x3). An
optimal pH was observed in the response surfaces.
Both lower and exceeding high pH exerted negative
contribution to organics removal. Exceeding high pH
reduced the reactive Fe** since pH affects the ferrous
species. At the optimal pH, Fe(OH), is the dominant
ferrous form and is more reactive than Fe** in the
catalysis of Fenton reaction. Low current efficiency
under extreme acidic solution also restricted treatment
performance since the progressive generation of
H;0," at lower pH makes H,O, more electrophilic
from reaction (9). Current is the power to generate
H,0,. The rise in current density promoted the treat-
ment performance, accounted for the generation of
more amounts of H,O, and hydroxyl radicals (‘OH).
While exceeding high current density presented nega-
tive effect on pollutant removal probably due to the
loss of reactive ("OH) by the enhancement of its
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Fig. 2. Comparative response surfaces generated from
RSM and 2-D contour plots of the integration removal effi-
ciency illustrating the effect of two independent variables.

non-oxidizing reaction involvingfrom reaction (10).
The oxidizing power of hydroperoxyl radical (HO,") is
weaker than that of (*OH).
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H,O, + H — Hgo;— )
H,0, + .OH — HOj; + H,0 (10)

Integration removal efficiency was high when
adequate amount of Fe** was added since it is the
catalyzer in the Fenton reaction. Treatment perfor-
mance worsen with excess addition of Fe?*, which is
related to the rapid attack on "OH from reaction (11),
causing the consumption of (*OH), hence inhibiting
the reaction with organics.

Fe’* +.0H — Fe’" + OH~ (11)

The interaction effect between Fe®* concentration and
current density was notable significance since both
Fe** and electrogenetrated H,O, are the main Fenton
reagents. The increase in both current density and
Fe®* concentration boosts the Fenton reaction, promot-
ing the mineralization process accordingly. The inter-
action effect between pH and current density was
little significant owing to no relation between them in
the EF. The interaction effect between pH and Fe*
was not very significant, which may be explained by
that the range of pH used in this study was close to
the optimal value. According to the developed qua-
dratic model and the response surface, the optimal
parameters and predicted response under optimal
conditions were listed in Table 3. The trial with opti-
mal parameters was done as cross validation.

The removal efficiencies of TOC, COD, and total
phenols under optimal condition were up to 60.41,
73.32, and 85.82%, respectively. When four pairs of
electrodes were employed in this treatment system,
power consumption per ton wastewater was 0.7 kWh
with the effluent TOC, COD, and total phenols con-
centrations of 17.26, 43.56, and 6.84 mg L% The over-
all organics removal efficiency highlighted the
outstanding mineralization power of the EF process.
The results demonstrated that EF could serve as a
technically feasible and cost-effective method with
potential applications for the advanced treatment of
biologically stabilized CGW.

3.3. Decay kinetics for TOC removal

A quick decay of TOC was observed in the EF pro-
cess under optimized condition (Fig. 3). The inset
panel of Fig. 3 illustrated the excellent fitting of the
above concentration decay with a pseudo-first-order
kinetic equation. The apparent rate constant was
determined as 0.0103 min'. The exponential decrease
of TOC evidenced that its oxidative degradation by



8180

B. Hou et al. | Desalination and Water Treatment 57 (2016) 8174-8182

Table 3
The optimal parameters predicted by RSM
[Fe*'] Current density Predicted integration removal Integration removal Current
pH (mmolL™)  (mAcm™) efficiency (%) efficiency (%) efficiency (%)?
3.83 144 16.28 73.29 73.18 36.49
ACurrent efficiency based on TOC removal.
45 = according to the optimization of the quadratic model.
y=0.0103x+0.0096

R’=0.9984

\ 0.8
40 -

351 *

g \§ 0.2
=]
E 0 \ 0.0
O 0 20 40 60 80 100
8 25| \i Time (min)
L}
\i
20 - T
\
(]
15 1 1 1 1
0 20 40 60 80 100

Time (min)

Fig. 3. TOC profile and kinetic fitting in the EF process.

(‘OH) followed a pseudo-first-order reaction kinetic.
Similar results have been reported for the reaction of
hydroxyl radicals with organic compounds [34-36].
The obtained results were consistent with the previous
literatures. It has been revealed that if the applied
current density is greater than the limiting current
density, the electrolysis is mass-transfer controlled and
side reactions (such as oxygen evolution) may be
involved [37]. The TOC decay kinetic within this
range can be expressed by:

dTOC Ak

5 = 5 ToCH (12)

where k., is the mass transfer constant (ms™!), A is
the area of the electrode (m?). The mass transfer con-
stant was 4.29x10° ms !, calculated from Eq. (12)
and kinetic fitting (Fig. 3).

4. Conclusions

Biologically stabilized CGW was treated by the EF
oxidation. A quadratic model with high significance
was developed from the application of RSM coupled
with CCD. The optimal parameters were obtained

The model was competent to predict the response.
The importance of interaction effects were revealed by
the RSM model, which may be ignored by conven-
tional experimental design. In addition, it should be
noted that the information on reaction mechanisms
cannot be reflected from RSM modeling, which is
beyond the capability of RSM. The TOC degradation
followed pseudo-first-order kinetics in the EF process,
with the apparent rate constant of 0.0103 min~'. The
mass transfer constant was determined to be 4.29 x
10° ms™". The results demonstrated that EF could
serve as a technically feasible and cost-effective
method with potential applications for the advanced
treatment of biologically stabilized CGW.
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