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a b s t r a c t

Fenton process has been widely used to treat landfill leachate. The “design of experiments” methodology
was used to study the main variables affecting the Fenton process as well as their most relevant inter-
actions. Results of two-level-factorial-design indicated that pH, COD, and the interaction of pH and COD
ccepted 23 April 2008
vailable online 7 May 2008

eywords:
dvanced oxidation process
enton’s reagent

gave negative effects, but Fe(II) dosage and H2O2/Fe(II) mole ratio showed positive effect, respectively.
The quadratic model was derived based on the results of both two-level-factorial-design experiment and
further runs of star points and center points. The response surface plots of quadratic model were obtained
accordingly and the optimal conditions were derived from the quadratic model.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Recently there are numeral reports about the treatment of
andfill leachate by the Fenton process either as a post- or a
re-treatment step [1]. In the Fenton process, iron and hydrogen
eroxide are the two major chemicals that determine not only the
peration costs but also the treatment efficacy. To understand bet-
er and improve the Fenton process, numerous studies have been
onducted to determine the optimal reaction conditions [2]. The
enton process for the treatment of landfill leachate must be opti-
ized in terms of cost and overall performance. However, many

arameters, such as chemical dosages, strength of the leachate, and
H may influence the performance of the Fenton process. In order
o better design the process, major factors that can affect the perfor-

ance and the economy of the Fenton process must be thoroughly
nvestigated and the optimal conditions are established. Generally,
here are two approaches available for process optimization: one-
actor-at-a-time screening and two-level-factorial-design [3].
The traditional one-factor-at-a-time approach has been widely
sed in process optimization. Experimental factors are varied one
t a time, with the remaining factors being held at constant. This
ethod estimates the effects of a single variable on a particular

∗ Corresponding author. Tel.: +86 27 68775837; fax: +86 27 68778893.
E-mail address: eeng@whu.edu.cn (H. Zhang).
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rocess while keeping all other variables at a fixed condition. How-
ver, for such a technique to have general relevance it is necessary
o assume that the effect exhibited by the variable in question
ould remain unchanged in the presence of other variables. Cer-

ainly there remains high degree of uncertainty regarding this
ssumption. Alternatively, other approach such as factorial design
ill have better reliability. For example, technique such as two-

evel-factorial-design can be used to overcome the problem of
nter-variable interaction [4]. There are a few advantages in two-
evel-factorial-design over the one-factor-at-a-time method [3,4].
y initially restricting the tests to only two levels, the number
f experiments can be minimized. The two-level-factorial-design
equires only two runs per factor studied, e.g., low and high lev-
ls. This statistics-based method involves simultaneous adjustment
f experimental factors at only two levels, assuming linearity in
he factor effects. The effect of a factor can be estimated at sev-
ral levels of the other factors, yielding conclusions that are valid
ver a range of experimental conditions. Even though two-level-
actorial-design is unable to explore fully a wide range in the factor
pace, it can indicate major trends. A promising direction for fur-
her experimentation can be determined because the few critical

actors are separated from the insignificant factors. Further inves-
igation of critical factors generates a response surface that can be
sed to approach the process to the optimum condition. Further-
ore, they can detect and estimate interactions among variables.
lthough there are many reports on the application of response

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.2008.04.126
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Fig. 1. Expe

urface methodology (RSM) to Fenton type reaction (including
hoto-Fenton and electro-Fenton) for the treatment of wastewa-
er [5–21], the application to the treatment of landfill leachate was
ew [22]. Therefore, in this paper, the treatment of landfill leachate
sing Fenton process was first evaluated in terms of COD removal
fficiency with two-level-factorial-design. H2O2/Fe(II) mole ratio,
e(II) dosage, pH and initial COD as the key parameters affecting
OD removal were studied in this evaluation. The quadratic model
epicting the response surface was then determined with further
xperiments to the star points and center point, and the favorable
onditions were derived from the model.

. Materials and methods

Leachate samples were taken with polyethylene bottles from
he Central Solid Waste Management Center (CSWMC) at Sand-
own, Delaware, USA. Samples were preserved in refrigerator at
◦C in accordance with the Standard Methods [23]. Prior to the
xperiments, large particles and debris were removed by cen-
rifuge to minimize particulate effects in oxidation reactions. The
eachate samples were centrifuged for 10 min at 10000 rpm (or
2200 g) using Sorvall superspeed refrigerated centrifuge (Dupont
o., Wilmington, DE, Model RC-5). The characteristics of the cen-
rifuged leachate were pH 6.65–6.69, COD 8298–8894 mg L−1, TOC
040–2207 mg L−1, and alkalinity as CaCO3 3500–4600 mg L−1.

All chemicals used were ACS (American Chemical Society) certi-

ed grade and obtained from Fisher Scientific Company, Springfield,
J, or Aldrich Chemical Company, Milwaukee, WI.

The completely-stirred tank reactor (CSTR) experiments were
arried out using a one-liter double jacket spherical plastic reactor
ith four baffles to minimize vortexing and rotational flow (Fig. 1).

w
(
(
p

able 1
ariable levels for two levels, and star and center points

ariables Symbol −2

eaction pH: A X1 2
2O2/Fe(II) mole ratio: B X2 0.625
e(II) dosage (mol/L): C X3 0.0125
OD (mg/L): D X4 500
tal set-up.

ixing was provided by a variable speed motor connected to an
poxy-coated steel shaft and Teflon standard three-blade propeller.
t was vertically mounted above one propeller diameter from the
ank bottom. Mixing speed was about 1750 rpm, which was mea-
ured by strobotac electronic stroboscope (General Readi Co., West
oncord, MA, Type 1531). The acidic condition on the reactor was
ontrolled with an automatic pH controller (New Brunswick Sci-
ntific Co., Model pH-2) using 1-M sulfuric acid and 10-M sodium
ydroxide. The reactor temperature was maintained 25 ± 1 ◦C by a
ater circulator.

Leachate samples were diluted to the desired COD strengths
ith distilled water, and then ferrous iron was dissolved into the

.5-liter diluted leachate. Apply 1-liter leachate-iron solution into
he reactor. Concentrated sulfuric acid was used to adjust pH around
he operating value. The remaining 5.5-liter leachate-iron solution
as stocked in a cylindrical tank. A magnetic stirred bar was used

o keep the stock solution homogenized. To initiate the experiment,
wo peristaltic pumps were switched on and the hydrogen perox-
de solution and the leachate-iron solution were separately injected
nto the reactor. Samples from the overflow were taken for the
nalysis of residual COD by both Hach vials and a closed reflux, col-
rimetric method at 600 nm with Hach spectrophotometer (Hach
R/2000, Loveland, CO.) according to the Standard Methods [23].

. Results and discussion
Major factors that affect the performance of the Fenton process
ere as follows: (1) hydraulic retention time, (2) reaction time,

3) reaction pH, (4) hydrogen peroxide to ferrous iron mole ratio,
5) initial COD, (6) ferrous iron dosage, (7) temperature, (8) final
H and (9) age of leachate. Based on the protocol of two-level-

−1 0 1 2

3 4 5 6
1.750 2.875 4.000 5.125
0.0250 0.0375 0.0500 0.0625

2450 4400 6350 8300
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Table 2
Design matrix for the 24 factorial design of Fenton’s process

Observation
number

pH H2O2/Fe(II)
mole ratio

Fe(II) dosage
(mol/L)

COD
(mg/L)

COD removal
efficiency (%)

1 −1 −1 −1 −1 47.1
2 +1 −1 −1 −1 27.6
3 −1 +1 −1 −1 62.1
4 +1 +1 −1 −1 22.1
5 −1 −1 +1 −1 72.4
6 +1 −1 +1 −1 50.1
7 −1 +1 +1 −1 81.4
8 +1 +1 +1 −1 44.1
9 −1 −1 −1 +1 24.5

10 +1 −1 −1 +1 19.1
11 −1 +1 −1 +1 32.3
12 +1 +1 −1 +1 17.7
13 −1 −1 +1 +1 41.4
14 +1 −1 +1 +1 30.2
15 −1 +1 +1 +1 60.8
16 +1 +1 +1 +1 26.2

Table 3
Design matrix for star points and center point of the 24 factorial design of Fenton’s
process

Observation
number

pH H2O2/Fe(II)
mole ratio

Fe(II) dosage
(mol/L)

COD
(mg/L)

COD removal
efficiency (%)

17 −2 0 0 0 55.8
18 +2 0 0 0 18.6
19 0 −2 0 0 17.1
20 0 +2 0 0 43.9
21 0 0 −2 0 22.8
22 0 0 +2 0 64.3
23 0 0 0 −2 87.8
24 0 0 0 +2 32.1
25 0 0 0 0 45.5
2
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6 0 0 0 0 45.0
27 0 0 0 0 45.1

8 0 0 0 0 45.6

actorial-design, in single replicate, the total number of experiment
un is 29. In a case including a third level for in-depth investiga-
ion, the number of runs becomes excessive. Therefore, first, several
actors were pre-selected based on the results of one-factor-at-a-

ime experiment [24] and excluded from two-level-factorial-design
xperiment. These factors were: (1) hydraulic retention time, (2)
eaction time, (3) temperature, (4) pH, and (5) leachage age. Since
he half-life was 60 min as determined from batch experiments,

f
t
f

able 4
he calculation of average effects by the contrast coefficients

OD removal (%) A B AB C AC BC ABC

7.1 − − + − + + −
7.6 + − − − − + +
2.2 − + − − + − +
2.1 + + + − − − −
2.4 − − + + − − +
0.1 + − − + + − −
1.4 − + − + − + −
4.1 + + + + + + +
4.4 − − + − + + −
9.1 + − − − − + +
2.3 − + − − + − +
7.7 + + + − − − −
1.4 − − + + − − +
0.2 + − − + + − −
0.8 − + − + − + −
6.2 + + + + + + +

verage effect −23.1 4.3 −8.5 19.3 −3.2 0.3 −1.1

ank 1 13 3 15 4 9 8
Fig. 2. ln Pi versus average effect.

he hydraulic retention time was fixed at 60 min. It was assumed
hat the steady state was obtained at three times of the hydraulic
etention time; so that the reaction time was fixed at 180 min.
n field conditions, temperature would not be controlled, so was
xcluded from the factor of two-level-factorial-design experiment
nd fixed at 25 ± 1 ◦C. Temperature effect can be obtained from
rrhenius equation. Final pH was fixed at 7.5–8.0, which was
onfirmed as optimal [25]. It does not seem reasonable to quan-
ify the effect of leachate age because the characteristics change
ontinuously according to the burial age. It was excluded from
he factor of two-level-factorial-design experiment, and young
eachate from area D-phase 1 (burial age 3–5 years) on the Cen-
ral Solid Waste Management Center at Sandtown, Delaware was
sed [26].

Table 1 shows the levels of the four major factors tested in
wo-level-factorial-design study. The notations of (−1) and (+1)
llustrate the low level and the high level of two-level-factorial-
esign experiment, respectively. The notations of (−2) and (+2), and
0) are those levels of star points and center point used in-depth
nvestigation.
At first, 16 (=24) runs of two-level-factorial-design experiment
or four parameters were performed randomly. The response was
he removal efficiencies of COD. Table 2 shows a design matrix
or the experiment. The combination of experimental conditions

D AD BD ABD CD ACD BCD ABCD

− + + − + − − +
− − + + + + − −
− + − + + − + −
− − − − + + + +
− + + − − − + −
− − + + − + + +
− + − + − − − +
− − − − − + − −
+ − − + − − + −
+ + − − − + + +
+ − + − − − − +
+ + + + − + − −
+ − − + + − − +
+ + − − + + − −
+ − + − + − + −
+ + + + + + + +

−19.4 6.7 1.2 0.4 −3.0 −3.2 1.9 −2.5

2 14 11 10 6 5 12 7
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Table 6
The estimated coefficients and the corresponding t-values
Fig. 3. The average effe

ith the levels is shown together. A (−1) sign and a (+1) sign for
quantitative variables represent the low level and the high level,

espectively.

In order to check the assumption of linearity in the factor effects,

urther experiments to the star points and center point were per-
ormed randomly based on the conditions illustrated in Table 3. A
−2) sign, a (+2) sign, and a (0) sign for a quantitative variables rep-

able 5
nalysis of variance for the model

ource Degrees of
freedom

Sum of squares Mean Square F-value

odel 14 9974.29 712.45 27.52
rror 13 336.52 25.89 Prob > F < 0.0001

otal 27 10310.81

Term Coefficient Standard error t-value Prob > |t|
Intercept 45.3 2.5439 17.81 <0.0001
X1 −10.80 1.0385 −10.40 <0.0001
X2 3.67 1.0385 3.53 0.0037
X3 9.88 1.0385 9.51 <0.0001
X4 −11.10 1.0385 −10.68 <0.0001
X1X1 −2.29 1.0385 −2.21 0.0459
X2X1 −4.27 1.2720 −3.36 0.0052
X2X2 −3.97 1.0385 −3.82 0.0021
X3X1 −1.62 1.2720 −12.7 0.2254
X3X2 0.14 1.2720 0.11 0.9117
X3X3 −0.70 1.0385 −0.68 0.5090
X4X1 3.34 1.2720 2.63 0.0208
X4X2 0.58 1.2720 0.46 0.6552
X4X3 −1.49 1.2720 −1.17 0.2613
X4X4 3.39 1.0385 3.27 0.0061
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Fig. 4. (a) Response surface plot of the effect of reaction pH and H2O2/Fe(II) mole ratio on COD removal efficiency (X3 = X4 = 0), (b) response surface plot of the effect of
r urfac
( I) dosa
H and (
r

r
a

l
e

i
b

c
v
o

eaction pH and Fe(II) dosage on COD removal efficiency (X2 = X4 = 0), (c) response s
X2 = X3 = 0), (d) response surface plot of the effect of H2O2/Fe(II) mole ratio and Fe(I
2O2/Fe(II) mole ratio and initial COD value on COD removal efficiency (X1 = X3 = 0)

emoval efficiency (X1 = X2 = 0).

esent the star point of the low level, the star point of the high level,
nd the center point, respectively.

Tables 2 and 3 summarize the results from the two-

evel-factorial-design experiments, and star and center points
xperiment.

The removals of COD from the two-level-factorial-design exper-
ment were between 17.7% and 81.4%. At first, various effects should
e calculated to begin the analysis of the results using the table of

c
s
d
a
t

e plot of the effect of reaction pH and initial COD value on COD removal efficiency
ge on COD removal efficiency (X1 = X4 = 0), (e) response surface plot of the effect of

f) response surface plot of the effect of Fe(II) dosage and initial COD value on COD

ontrast coefficients and Yates’ algorithm. The average effect of one
ariable or interaction between/among variables overall conditions
f the other variables were calculated using the table of contrast

oefficients as shown in Table 4. In order to screen several vital
ignificant factors from those insignificant, a half-normal plot was
rawn. The average effects were simply ranked according to the
bsolute value from low to high. Also, they were assigned cumula-
ive half-normal probability values, Pi, according to the following
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Table 7
F-ratios of the parameters

Source Number of
parameter

Degrees of
freedom

Sum of squares F-ratio Prob > F

X1 1 1 2801 108.2 <0.0001
X2 1 1 323.4 12.49 0.0037
X3 1 1 2342 90.48 <0.0001
X4 1 1 2955 114.1 <0.0001
X1X1 1 1 126.2 4.874 0.0459
X2X1 1 1 291.6 11.26 0.0052
X2X2 1 1 377.8 14.60 0.0021
X3X1 1 1 41.92 1.620 0.2254
X3X2 1 1 0.3306 0.0128 0.9117
X3X3 1 1 11.94 0.4611 0.5090
X4X1 1 1 178.9 6.911 0.0208
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who was the project manager. The first author would like to
acknowledge the additional financial support by SRF for ROCS, SEM,
4X2 1 1 5.406 0.2088 0.6552
4X3 1 1 34.70 1.379 0.2613
4X4 1 1 276.6 10.69 0.0061

ormula:

n Pi(%) = ln
{

100
[

(i − 0.05)
m

]}
(1)

here i is the rank and m is the number of the effects.
Fig. 2 shows the plots of the effects versus their assigned half-

ormal probability. A line was drawn to find the group of near-zero
ffects. Some factors that gave near-zero effects fell on the straight
ine, but significant factors fell off the line. Significant factors were
abeled on the plots, which were found as follows: (1) Fe(II) dosage,
2) pH and COD interaction, (3) H2O2/Fe(II) mole ratio, (4) pH and
2O2/Fe(II) mole ratio, (5) COD, and (6) pH. The average effects
f the significant factors were calculated and shown in Fig. 3.
he pH, COD, and the interaction of pH and COD gave negative
ffects, but Fe(II) dosage and H2O2/Fe(II) mole ratio showed posi-
ive effects, respectively. The interaction of pH and H2O2/Fe(II) mole
atio showed positive effect or negative effect depending on the pH
evels. Here positive effect means that the average effect increases
s the level increases, whereas negative effect means that the aver-
ge effect decreases as the level increases. The negative effect of
OD and the positive effect of Fe(II) dosage mean that more dosage

s necessary to achieve better COD removal for a higher strength
eachate. The interaction of pH and COD showed different impacts,
epending on the pH level. Even though the higher pH gave a less
egative effect than the lower pH, clearly it was better to use a low
H considering the negative effect of pH.

In conclusion, it is desirable to run the process at a low pH and
high H2O2/Fe(II) mole ratio from the negative effect of pH, the

ositive effect of high H2O2/Fe(II) mole ratio, and their interaction.
The results of both two-level-factorial-design experiment (16

uns) and further runs (12 runs) of star points and center point were
sed to optimize the process. By adding these points to the facto-
ial, it is possible to include second-order terms for interactions and
o check the curvature in the response. Standard statistical analy-
es were performed to validate the overall results and individual
ffects using a statistical software package of JMP 3.2 (SAS Institute
nc.). The analysis of variance is summarized in Table 5. They show
reliable confidence in the estimation of COD removal efficiency

R2 = 0.9674).
Significant factors selected were almost same as obtained from

wo-level-factorial- design. When selecting significant factors, both
-ratio (Table 6) and F-ratio (Table 7) were used. These tables
howed comparable results. The negative effects of pH and COD,

nd the positive effects of H2O2/Fe(II) mole ratio and Fe(II) dosage
ere confirmed, and have been discussed in our previous study
hen one-factor-at-a-time experiment was conducted [24]. When

he non-significant coefficients were dropped from the model, the

C
n
2
P

aterials 161 (2009) 1306–1312 1311

odel was reduced as follows,

OD removal efficiency (%) = 44.24 − 10.80X1 + 3.67X2 + 9.88X3

−11.10X4 − 2.12X2
1 − 4.27X1X2

−3.79X2
2 + 3.34X1X4 + 3.57X2

4 (2)

he corresponding response surface plots were obtained from
he above quadratic equation and illustrated in Fig. 4a–f. Some
nteractions between/among variables were significant so that the
urvature of three-dimensional surfaces was obvious, as showed in
ig. 4a–f.

As can be seen in Fig. 4a,d and e, there existed an optimum
2O2/Fe(II) mole ratio (X2) for COD removal. This means that

egardless of the magnitude of H2O2/Fe(II) mole ratio it would cause
he decrease in COD removal. Too low the H2O2/Fe(II) mole ratio,
t would lead to faster disappearance rate of ferrous ion as well as
ydroxyl radical via reaction (3),

e2+ + •OH → Fe3+ + OH− (3)

n the other hand, too high the H2O2/Fe(II) mole ratio, the low
OD removal efficiency was brought by the side reaction between
ydrogen peroxide and hydroxyl radical via reaction (4),

2O2 + •OH → HO2
• + H2O (4)

he above reaction results in the consumption of hydrogen peroxide
s well hydroxyl radical, and the production of hydroperoxyl rad-
cal, a species with much weaker oxidizing power compared with
ydroxyl radical.

It is interesting to note that the optimal H2O2/Fe(II) mole ratio
X2) was independent of initial COD and ferrous iron dosage (Fig. 4d
nd e). However, the optimal value was related to pH and decreased
ith pH (Fig. 4a). Specifically, the optimal H2O2/Fe(II) mole ratio
as 4.7, 4.4, 4.0, 3.7, and 3.4 when the reaction pH was fixed at 2,
.5, 3, 3.5, and 4, respectively.

. Conclusion

The two-level-factorial-design was used to design the Fenton
rocess for the purpose of treating landfill leachate from area
-phase 1 on the Central Solid Waste Management Center at Sand-

own, Delaware. Using the two level experiment results, average
ffects were calculated and plotted a half-normal probability plot.
OD, pH, and the interaction of pH and COD gave negative effects,
ut Fe(II) dosage and H2O2/Fe(II) mole ratio showed positive effect,
espectively. Conclusively, it is desirable to run the process at a low
H and a high H2O2/Fe(II) mole ratio from the negative effect of
H, the positive effect of high H2O2/Fe(II) mole ratio, and their

nteraction.
The results of both two-level-factorial-design experiment and

urther runs of star points and center points were used to optimize
he process. The coefficients of quadratic model were derived and
he corresponding response surface plots were obtained.
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