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a b s t r a c t

Box–Behnken statistical experiment design and response surface methodology were used to investi-
gate electrochemical oxidation of mature landfill leachate pretreated by sequencing batch reactor (SBR).
Titanium coated with ruthenium dioxide (RuO2) and iridium dioxide (IrO2) was used as the anode
in this study. The variables included current density, inter-electrode gap and reaction time. Response
factors were ammonia nitrogen removal efficiency and COD removal efficiency. The response surface
eywords:
andfill leachate
lectro-oxidation
mmonia removal
OD removal

methodology models were derived based on the results. The predicted values calculated with the model
equations were very close to the experimental values and the models were highly significant. The organic
components before and after electrochemical oxidation were determined by GC–MS.

© 2011 Elsevier B.V. All rights reserved.
C–MS
ox–Behnken method

. Introduction

In the past decades, there has been increased interest in the use
f electrochemical oxidation for the treatment of landfill leachate
1–13]. During the electrolysis, the destruction of pollutants can
e achieved via two different oxidation mechanisms: direct anodic
xidation, where the pollutants are destroyed at the anode sur-
ace, and indirect oxidation, where a mediator is electrochemically
enerated to carry out the oxidation [1,14]. It is believed that
ontaminants in the leachate are primarily destroyed via indirect
xidation by strong oxidants such as hypochlorite generated from
nodic oxidation of chloride, which originally exists or is applied in
he leachate [15]:

Cl− → Cl2 + 2e− (1)

l2 + H2O → HOCl + H+ + Cl− (2)

OCl → H+ + OCl− (3)

In this case, ammonia nitrogen in the leachate could be removed

hrough the mechanism similar to “breakpoint reactions” [15]:

OCl + NH4
+ → NH2Cl + H2O + H+ (4)

OCl + NH2Cl → NHCl2 + H2O (5)

∗ Corresponding author. Tel.: +86 27 68775837; fax: +86 27 68778893.
E-mail address: eeng@whu.edu.cn (H. Zhang).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.097
NHCl2 + H2O → NOH + 2H+ + 2Cl− (6)

NHCl2 + NOH → N2 + HOCl + H+ + Cl− (7)

Hydroxyl radicals or other reactive species may also be gener-
ated and participate in the electrochemical oxidation of organics
[8].

Although electrochemical methods have been successfully
applied to the treatment of landfill leachate, it is fairly expensive
compared with biological treatment. Therefore, electrochemical
oxidation is not considered as a full treatment for landfill leachate
but as a finishing stage in a combined process or as an auxiliary
unit in emergency situations [16]. Cossu et al. used Ti/PbO2 and
Ti/SnO2 anodes to remove chemical oxygen demand (COD) and
ammonia nitrogen from landfill leachate after pretreated by aero-
bic lagooning, denitrification, and activated sludge processes [16].
Sayadi and co-authors employed integrated membrane bioreactor
(MBR)-electrochemical process to remove COD, ammonia nitrogen
and color from the stabilized landfill leachate [8,9]. Ortiz and co-
authors used boron-doped diamond (BDD) electrodes to remove
COD and ammonia nitrogen from biologically/physicochemically
pretreated leachates in both laboratory scale and pilot plant scale
[3–6,11,12]. In these investigations, the traditional one-factor-at-
a-time approach was used to study the effects of various factors

on COD, ammonia nitrogen or color removal. This method esti-
mates the effect of a single variable on electrochemical process
while keeping all other variables at a fixed condition. But this
classical approach is a time consuming method for multivari-
able systems and it cannot estimate the interactions among the

dx.doi.org/10.1016/j.jhazmat.2011.01.097
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:eeng@whu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.01.097
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Table 1
Average characterization of raw, biological pre-treated leachate.

Parameter Raw leachate Biological effluent

pH 8.10 8.85
NH4

+-N (mg/L) 2470 520
COD (mg/L) 2400 560
BOD5 (mg/L) 370 50
BOD /COD 0.154 0.089
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Cl− (mg/L) 2900 831
Alkalinity (CaCO3 mg/L) 10,500 1500

ariables [17–21]. Response surface methodology (RSM), a mul-
ivariate technique which mathematically fits the experimental
omain studied in the theoretical design through a response func-
ion [22], is then proposed to solve these problems [17–21]. The

ain types of RSM designs include three-level factorial design, cen-
ral composite design (CCD), Box–Behnken design and D-optimal
esign [17–19,23]. As one of the RSM designs, Box–Behnken design

s known as a modified central composite experimental design
17–19,23]. It is an independent, rotatable quadratic design with
o embedded factorial or fractional factorial points in which the
ariable combinations are at the midpoints of the edges of the vari-
ble space and at the center [17–19,23]. A comparison between
ox–Behnken design and other RSM designs has demonstrated
hat Box–Behnken design is slightly more efficient than CCD, but

uch more efficient than the three-level full factorial designs
19]. Moreover, it requires fewer experiments than other RSM
esigns with the same number of factors [17–19,23]. For example,
nly 15 runs are needed for a three-factor experimental design.
owever, there was little report on the electrochemical oxida-

ion of raw leachate or biologically/physicochemically pretreated
eachate using RSM or other statistical experiment design approach
10,13,24–26]. As a result, RSM with Box–Behnken design was used
n this study to verify the various interactions of responsible fac-
ors for the objectives such as ammonia nitrogen removal and COD
emoval, as well as to investigate the effects of three variables on
he objectives during the electrochemical oxidation of biologically
reated leachate. The three variables investigated include current
ensity, inter-electrode gap and reaction time. The organic compo-
ents before and after electro-oxidation were also investigated by
C–MS.

. Materials and methods

.1. Landfill leachates sampling

Leachate samples were taken with polyethylene bottles from
pril 2009 to May 2009 from a landfill at Wuhan (China), which
as been in operation since 2003. Samples taken were preserved in
efrigerator at 4 ◦C in accordance with the Standard Methods [27].
he physicochemical characteristics of the raw leachate are shown
n Table 1.

.2. Sequencing batch reactor (SBR)

Biological pretreatment of raw leachate was carried out in a
BR with a working volume of 10 L. An air-compressor was used
or aeration, and a mechanical stirrer with 150 rpm was used
o provide the mixing of substrate and biomass in the reactor.
ffluent and sludge were drawn by siphon, and the solid resi-

ence time was controlled at about 20 days. The SBR system was
perated in the following sequential phases: 0-h feeding (3.5 L
eachate was fed instantaneously), 8-h aeration, 3-h mechani-
al agitation, 6-h aeration, 5-h mechanical agitation, 1-h settling,
nd 0.25-h decant. Initially, the seeding sludge from a landfill
Fig. 1. The ammonia nitrogen (a) and COD (b) removal for various SBR treatment
cycles.

leachate treatment plant was acclimatized to the landfill leachates.
Organic loading was increased progressively till the influent COD
reached 1720–1727 mg/L. Then the SBR system was operated for
six cycles and the results are presented in Fig. 1. The mixed
liquor suspended solids (MLSS) concentration was within the range
of 3500–4000 mg/L during the experiments. The effluent from
the SBR system was stored in a reservoir and its characteris-
tics were analyzed (Table 1) before used in the electro-oxidation
experiments.

2.3. Electrochemical reactor

The electrochemical oxidation experiments were conducted in
a rectangular electrolytic cell which has been used in our pre-
vious studies [28–30]. The reactor containing 200 mL leachate
was immersed in a water bath to maintain the temperature at
35 ± 2 ◦C. Electrolyses were operated under constant current con-
ditions using a direct current (DC) power supply (Model WYK-305,
Yangzhou Jintong Source Co., Ltd., China). A 5 cm × 11.9 cm plate
anode (Ti/RuO2–IrO2) and a plate cathode (stainless steel) of the
same dimensions were arranged parallel to each other and were

dipped in the leachate. The working surface area of the electrode
was 31.5 cm2. A magnetic stirrer (Model 78-1, Hangzhou Instru-
ment Motors Factory, China) provided mixing of the solution in the
reactor.
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Table 2
Experimental range and levels of the independent variables.

Variables Symbol −1 0 +1

T
D

H. Zhang et al. / Journal of Haza

.4. Analytical methods

The solution pH was measured with a Mettler-Toledo FE20/EL20
H meter. Alkalinity was determined using titration method
ccording to the Standard Methods [27]. COD was determined using
closed reflux, colorimetric method based on Standard Methods

27]. Five-day biological oxygen demand (BOD5) was measured by
he respirometric method (WTW Oxitop®IS6, Germany). Ammonia
itrogen was analyzed using Nessler’s reagent colorimetric method
ccording to the National Standard of the People’s Republic of China
GB 7479-87) [31]. Chloride was measured using argentometric

ethod according to the Standard Methods [27].
The intermediate reaction products of reaction were identi-

ed by GC–MS (Shimadzu GCMS-QP2010 Plus, Japan). Samples
or GC–MS analysis were prepared by following the procedure
eported by Lei et al. [2]. A 50 mL leachate sample was initially
xtracted with CH2Cl2 (HPLC grade) under neutral condition, then
n alkaline condition (pH 12) by adding drops of NaOH solution,
nd then in acidic condition (pH 2) by adding some 1/9 (in volume)
2SO4 using separating funnel. Each extraction was done twice
ith 10 mL of CH2Cl2. The combined extract (about 60 mL) was
ehydrated by anhydrous Na2SO4 and concentrated to 0.4 mL at
3 ◦C by rotary evaporation before being used for GC–MS analyses.
HP-5MS capillary column (30 m length × 0.32 mm ID × 0.25 �m

lm thickness) was employed for GC separation. The GC equipment
as operated in a temperature programmed mode with an initial

emperature of 50 ◦C held for 2 min, then ramped to 300 ◦C with
4 ◦C/min rate and held for 15 min. The injector and transfer-line

emperature was 300 ◦C. The injector was in splitless mode with
�L injection volume. Helium was used as a carrier gas at a flow-

ate of 5.5 mL/min. MS detected at voltage 1.05 kV, EI 70 eV, scan
eld 45–500 m/z, and ion source temperature 200 ◦C.

. Experimental design

Box–Behnken statistical experiment design and the response
urface methodology were employed to investigate the effects of
he three independent variables on the response functions. The
ndependent variables were current density (X1), inter-electrode
ap (X2), and reaction time (X3). The low, center and high levels
f each variable are designated as −1, 0, and +1, respectively as
llustrated in Table 2. The experimental levels for each variable

ere selected based on the literature values, available resources

nd results from preliminary experiments.

The dependent variables or objective functions were ammonia
itrogen removal efficiency (Y1) and COD removal efficiency (Y2).
ox–Behnken design requires an experiment number according to
= k2 + k + cp, where (k) is the factor number and (cp) is the repli-

able 3
esign matrix in coded units and the experimental responses.

Standard order Current density (X1) Inter-electrode gap (X2) Reaction

1 −1 −1 0
2 1 −1 0
3 −1 1 0
4 1 1 0
5 −1 0 −1
6 1 0 −1
7 −1 0 1
8 1 0 1
9 0 −1 −1

10 0 1 −1
11 0 −1 1
12 0 1 1
13 0 0 0
14 0 0 0
15 0 0 0
Current density (mA cm−2) X1 26 47 68
Inter-electrode gap (cm) X2 0.7 2.2 3.7
Reaction time (min) X3 30 60 90

cate number of the central point [13,32,33]. The total number of
experiments in this study was 15 based on 3 levels and a 3 fac-
tor experimental design, with three replicates at the center of the
design for estimation of a pure error sum of squares. Experimental
data from the Box–Behnken design could be analyzed and fitted to
a second-order polynomial model using Design Expert software:

Y = ˇ0 +
k∑

i=1

ˇiXi +
j−1∑

i=1

k∑

j=1

ˇijXiXj +
k∑

i=1

ˇiiX
2
i + ei (8)

where Y is the response for ammonia nitrogen removal (Y1) or COD
removal (Y2), Xi and Xj are variables, ˇ0 is a constant coefficient,
ˇi is a coefficient that determines the influence of parameter i in
the response (linear term), ˇij refers to the effect of the interaction
among variables i and j, ˇii is a parameter that determines the shape
of the curve (quadratic effect), k is the number of studied factors
and ei is the error [10]. The coded values of the process parameters
in Eq. (8) could be determined by the following equation [13,34,35]:

Xi = xi − x0

�xi
(9)

where Xi is dimensionless coded value of the ith independent vari-
able, xi is the uncoded value of the ith independent variable, x0 is
the uncoded ith independent variable at the center point, and �xi
is the step change value between low level (−1) and high level (+1).

4. Results and discussion

Table 3 illustrates the experimental results of ammonia nitro-
gen and COD removal efficiencies. Based on Table 3, the main
effects plot and the interaction plots for ammonia nitrogen and COD
removal efficiencies were developed as illustrated in Figs. 2 and 3.

Fig. 2 illustrates the effects of three factors on the response
variable. This type of representation shows the contribution to the
response factor of changing one of the variables selected for electro-
chemical process. As can be seen, the effects of all three factors on

ammonia nitrogen removal efficiency are positive, i.e., the greater
removal efficiency could be achieved at high level (+1) of each fac-
tor than that at low level (−1) of the factor. On the other hand, the
effect of current density or reaction time on COD removal efficiency
is positive, while that of inter-electrode gap is negative. This means

time (X3) Ammonia removal efficiency (%) COD removal efficiency (%)

31.7 34.9
70.5 66.4
33.7 37.1
87.6 47.2
11.9 24.2
47.2 40.2
50.4 44.3
98.4 66.2
17.7 52
27.1 33.6
68.7 63.1
98.4 66.2
60 54
59.3 54
58.8 54.1
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Table 4
ANOVA test for response function Y1 (ammonia removal efficiency).

Source Degree of
freedom

Dum of
squares

Mean
square

F ratio Prob > F

Model 3 9913.40 3304.47 71.64 <0.0001
X1 1 3872.00 3872.00 83.95 <0.0001
X2 1 423.40 423.40 9.18 0.0115
X3 1 5618.00 5618.00 121.80 <0.0001
Residual 11 507.37 46.12
ig. 2. Main effects plot for ammonia nitrogen and COD removal efficiencies
A—current density; B—inter-electrode gap; C—reaction time; (�) ammonia; (�)
OD).

hat high level (+1) of current density or reaction time would lead
o the greater COD removal, but the greater COD removal could be
btained at low level (−1) of inter-electrode gap. Since COD was
emoved mainly through the direct anodic oxidation or by electro-
enerated hydroxyl radicals, the smaller inter-electrode gap would
avor direct oxidation and the diffusion of hydroxyl radicals electro-
hemically generated at the anode. In Fig. 2, the slope of the plot is
ndicative of the importance of the variable on the response factor.
t can be seen that the effect of inter-electrode gap on the response
ariable is much less important than that of current density and
eaction time. It should be noted that Fig. 2 just depicts the main
ffects plot for ammonia nitrogen or COD removal efficiency. The
ependence between the response variable (ammonia nitrogen or
OD removal efficiency) and all the design variables was not nec-
ssarily as linearly as depicted in Fig. 2. This will be revealed from
he quadratic RSM model.

Fig. 3 indicates interaction plots among the three factors. Gen-
rally, an interaction may occur if the change in the response factor
rom the low level to the high level of one independent variable dif-
ers from the change in the response factor at the same two levels of

nother independent variable [13,36,37]. In other words, the effect
f one design variable is dependent upon the other design vari-
ble [36,38]. The interaction effects on ammonia nitrogen removal
etween current density and reaction time and that between inter-
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ig. 3. Interaction plots for ammonia nitrogen and COD removal efficiencies
A—current density; B—inter-electrode gap; C—reaction time; (��) ammonia; (��)
OD).
Lack of fit 9 506.64 56.29 154.94 0.0064
Pure error 2 0.73 0.36
Cor total 14 10420.78

electrode gap and reaction time are insignificant due to almost
parallel plots as shown in Fig. 3 [36]. This was also confirmed
by the high probability values ((Prob > F) > 0.1) through analysis
of variance (ANOVA) [34,39–41]. Although the plot between cur-
rent density and inter-electrode gap is crossed, the Fisher’s F-test
showed the value of Prob > F was 0.28, which was higher than 0.1.
This indicates that the interaction between current density and
inter-electrode gap is insignificant [34,39–41]. Therefore, all the
interaction items (X1X2, X1X3 and X2X3) would be dropped from
the RSM model for ammonia removal.

Although the plot of the interaction effect on COD removal
between current density and reaction time is almost parallel, the
Fisher’s F-test showed the value of Prob > F was 0.02, which was
less than 0.05. This indicates that the interaction between current
density and reaction time is significant [34]. Meanwhile, the plots
of the interactions among other variables are crossed or tending
to cross, indicating that the interaction effects are significant. This
was verified by the low probability value ((Prob > F) < 0.05) through
ANOVA analysis [34].

After all the insignificant factors were removed according to
the confidence level selected ((Prob > F) > 0.1) [34,39–41], the ulti-
mate RSM models were determined to calculate ammonia nitrogen
removal efficiency and COD removal efficiency in terms of the
coded factors:

Y1 = 54.76 + 22X1 + 7.27X2 + 26.5X3 (10)

Y2 = 54.03 + 9.94x1 − 4.04x2 + 11.23x3 − 5.35x1x2 + 1.48x1x3

+ 5.38x2x3 − 8.82x2
1 + 1.18x2

2 − 1.49x2
3 (11)

and in terms of actual factors:

Y1 = −58.15 + 1.05x1 + 4.85x2 + 0.88x3 (12)

Y2 = −27.51 + 2.58x1 − 4.19x2 + 0.20x3 − 0.17x1x2 + 2.3E

+ 03x1x3 + 0.12x2x3 − 0.02x1
2 + 0.52x2

2 − 1.6E − 03x3
2 (13)

ANOVA results of the models presented in Tables 4 and 5 indicate
that they can be used to navigate the design space. The model F-
values of 71.64 and 490.31 in the tables imply that the models are
significant for ammonia removal and COD removal, respectively.
Adequate precision measures the signal to noise ratio and a ratio
greater than 4 is desirable [40,42–44]. Therefore, in the models of
ammonia removal and COD removal, the ratios of 27.66 and 69.28
indicate adequate signals for the models to be used to navigate the
design space.

The normality of the data can be checked by constructing a

normal probability plot of the residuals. The residuals are nor-
mally distributed if the points on the plot follow a straight line
then [10,33,44]. Fig. 4 shows normal probability plot of residual
values. It could be seen that the normality assumption was con-
firmed.
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Table 5
ANOVA test for response function Y2 (COD removal efficiency).

Source Degree of
freedom

Dum of
squares

Mean
square

F ratio Prob > F

Model 9 2470.43 274.49 490.31 <0.0001
X1 1 790.03 790.03 1411.19 <0.0001
X2 1 130.41 130.41 232.95 <0.0001
X3 1 1008.00 1008.00 1800.54 <0.0001
X1X2 1 114.49 114.49 204.51 <0.0001
X1X3 1 8.7 8.7 15.54 0.0109
X2X3 1 115.56 115.56 206.42 <0.0001
X2

1 1 287.02 287.02 512.68 <0.0001
X2

2 1 5.17 5.17 9.24 0.0288
X2

3 1 8.22 8.22 14.68 0.0122
Residual 5 2.8 0.56
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Lack of fit 3 2.79 0.93 279.25 0.0036
Pure error 2 6.667E−003 3.333E−003
Cor total 14 2473.23

The goodness of fit of the models was checked by the deter-

ination coefficient (R2). The closer the R2 values are to 1, the

tronger the models are and the better they predicts ammonia
emoval and COD removal, respectively. The values of the determi-
ation coefficient (R2 = 0.951 for ammonia nitrogen removal and
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ig. 4. Normal probability plot of the internally studentized residuals for the: (a)
mmonia removal and (b) COD removal.
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Fig. 5. Predicted versus actual values plot for (a) ammonia removal and (b) COD
removal.

R2 = 0.999 for COD removal) indicate that only 4.87% (ammonia
nitrogen removal) and 0.11% (COD removal) of the variability in the
response were not explained by the models. In addition, the values
of adjusted determination coefficient (R2

adj = 0.938 for ammonia

nitrogen removal and R2 = 0.997 for COD removal) were also very
high, showing a high significance of the models. The adjusted
determination coefficient corrects the determination coefficient for
the sample size and the number of terms in the model. If there
are many terms in the model and the sample size is not very
large, the R2

adj value may be noticeably smaller than the R2 value

[45]. In this study, the R2
adj value was very close to the R2 value,

which is similar to the reports by Liu et al. [45] and Yetilmez-
soy et al. [35]. In addition, the values of predicted R2 are also
high to support for a high significance of the models. The pre-
dicted R2 of 0.902 for ammonia nitrogen removal and 0.982 for
COD removal are in reasonable agreement with the adjusted R2 of

0.938 for ammonia nitrogen removal and 0.997 for COD removal,
respectively. The statistical significance of the model was further
evident from the fact that the values calculated with the predic-
tive equations were very close to the experimental values (Fig. 5).
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Fig. 6. Response surface plots of perce

his illustrated that the prediction of experimental data is quite
atisfactory.

The response surface plots were developed based on the RSM
quations (10) and (11), which were represented as a function of
wo factors at a time, holding other factors at a fixed level (center
evel). As can be seen in Fig. 5, ammonia nitrogen removal effi-
iencies were much higher than COD removal efficiencies during
he electrolysis. This is agreement with the reports by Feki et al.
8] when biological treated effluent of leachate was oxidized elec-
rochemically using different anode materials such as platinized
itanium grid, PbO2 and graphite plates, and also by Chiang et al.
24] and Zhang et al. [13] when raw leachate was treated in a two-
imensional and three-dimensional electrode reactor respectively.
uring the electrochemical oxidation of landfill leachate, both
mmonia nitrogen and COD would be removed simultaneously and
here would be a competition between ammonia nitrogen removal
nd COD removal. According to the report by Deng and Englehardt
1], the rule of competition between removal of ammonia nitro-
en and COD seems to be that the removal of ammonia nitrogen
s greater than that of COD when indirect oxidation is prevalent,

hereas COD removal takes priority under direct anodic oxidation.
he greater ammonia nitrogen removal than COD removal indi-
ated that indirect oxidation is dominant during electrochemical
eaction [8] (Fig. 6).

Fig. 4(a)–(c) shows that ammonia removal increases with cur-
ent density, inter-electrode gap and reaction time. However, the
ependence of COD removal on current density or inter-electrode
ap was different from that of ammonia removal. COD removal
fficiency increased with the increasing current density, but fur-

her increase of current density would lead to the decrease of COD
emoval efficiency (Fig. 4(d) and (e)). This is similar to our previ-
us study when raw leachate was oxidized in a three-dimensional
lectrochemical reactor [13]. At lower current densities, direct
2

monia (a–c) and COD (d–f) removals.

anodic oxidation of COD is favored against chlorine evolution at
the anode [6]. Hence the increase in current density would lead to
the increase of COD removal. But further increase of current den-
sity would enhance chlorine generation [7], and hence the direct
anodic oxidation of COD would be depressed. In the meantime,
the removal of ammonia nitrogen would be dominant in the com-
petition between ammonia nitrogen removal and COD removal
by the indirect oxidation [24]. Consequently, COD removal effi-
ciency would decrease with current density after the highest COD
removal was achieved. Contrary to the ammonia removal, COD
removal decreased with inter-electrode gap. This is due to the
different oxidation mechanisms of ammonia and COD, i.e., the
removal of ammonia is favored when indirect oxidation is dom-
inant, whereas COD removal takes priority under direct anodic
oxidation [3].

In order to gain insight into the organics in the leachate before
and after electro-oxidation, leachate contents in the influent and
effluent of the electrochemical reactor were analyzed by GC–MS.
The chromatogram shown in Fig. 7 reveals the presence of at least
50 types of organic components in the influent whose match per-
cent was not less than 80%, including 15 alkanes and olefins, 7
alcohols, 3 aldehyde and ketones, 3 amides and nitrile, 1 aromatic
hydrocarbon, 7 carboxylic acids, 10 esters, 2 heterocyclic com-
pounds and 2 hydroxybenzenes. Some of the compounds, such as
phthalates, are known as priority pollutants defined by US EPA [46],
which were also observed in other leachate by Benfenati et al. [47],
Öman and Junestedt [48], and Trzcinski and Stuckey [49,50]. After
electrochemical oxidation, about 20 organic pollutants were not
detected. However, some new compounds were detected in the

effluent of the electrochemical reactor. This is due to the effluent
from SBR mainly contained non-biodegradable dissolved organic
matter (DOM) such as humic acids and fulvic acids which were
hard to be detected by GC–MS [2,51]. After electro-oxidation, DOM
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ig. 7. Chromatogram for organics in the influent (a) and effluent (b) of the electro-
hemical reactor.

ould be oxidized to small organic compounds, which were more
eadily detected by GC–MS.

. Conclusions

Box–Behnken statistical experiment design was proven to be
suitable response surface methodology to determine the effects
f operative variables (current density, inter-electrode gap and
eaction time) and their interactions on the electro-oxidation
f biologically treated landfill leachate. The analysis of variance
ANOVA) indicated neither the interaction effect nor the quadratic
ffect was significant on ammonia nitrogen removal, while both
ffects were significant on COD removal. The response surface
ethodology models were derived after the insignificant terms
ere excluded. The models were significant and could fit the

xperimental data well. About 50 pollutants were detected in the
eachate by GC–MS, of which 20 organics were completely removed
fter electrochemical oxidation.
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