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ABSTRACT

The degradation of 2,4-dichlorophenol (2,4-DCP) by fluidized-bed Fenton process has been
optimized by using experimental design methodology. Box-Behnken design was applied to
investigate the effects of pH, the amount of carriers, initial H,O, and initial Fe?* concentration on the
treatment performance in terms of 2,4-DCP, chemical oxygen demand (COD) and total iron removal
efficiencies. Results showed that H,O, concentration had more profound effect than F ¢*"in terms of
2,4-DCP removal while, pH and the amount of carriers did not have an obvious effect on 2,4-DCP
degradation. Increasing H,O, concentrations could improve COD removal whereas increasing Fe**
concentration more than 0.55 mM would decrease COD removal. The decreased COD performance
was probably due to hydroxyl radical scavenging effects. Results also revealed the optimum
condition for degrade 2,4-DCP, from the Box-Behnken design prediction: pH 3, 100 g of SiO,, 0.25
mM of Fe*" and 10 mM of H,0,. Under this conditions, 2,4-DCP, COD and total iron removal
efficiencies were > 99, 55 and 14%, respectively. Additionally, the total iron removal efficiency at
the optimum condition in fluidized-bed Fenton was higher than that in Fenton process. This result
demonstrates the advantage of fluidized-bed Fenton process compared with the traditional Fenton

technology.

INTRODUCTION

2,4-dichlorophenol (2,4-DCP) is an organic
halogen hydrocarbon consisting of phenol and chlo-
rine functional group. It is widely used in numerous
industries such as dyes, drugs, pesticides, fungicides,

wood preservative, and pharmaceutical manufacturing.

2,4-DCP also has been found in the effluent of
disinfected water after chlorination, in the flue gas of
municipal waste incineration and in pulp and paper
wastewater [1]. It is considered to be hazardous sub-
stances and priority toxic pollutants by the U.S. Envi-
ronmental Protection Agency [2]. This chemical can
be toxic to human. It can damage the central nervous
system, kidneys, liver, blood-forming organs and it is
also suspected to be human carcinogen [3]. However,
it is difficult to completely treat wastewater containing
2,4-DCP biologically due to its resistance to biodeg-
radation. Therefore, it requires an alternative treat-
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ment method which provides an efficient treatment.

Presently, advanced oxidation processes (AOPs)
have been developed for treating a variety of com-
pounds. AOPs are oxidation processes which generate
hydroxyl radicals (*OH) in the degradation of toxic
organic pollutants [4]. In addition, the Fenton method
is more efficient with a lower cost than other AOPs
[5]. The Fenton process is based on the electron trans-
fer between ferrous ion and hydrogen peroxide, which
acts as a homogenous catalyst, yielding *OH as shown
in Eq. 1 that can degrade organic compounds quickly
through Eq. 4. Several reactions can take place during
the Fenton reaction as shown below [6,7].

Fe** + H,0, — «OH+ OH + Fe’* (1)
Fe’" + H,0, —> Fe-HOO* + H" )
Fe-HOO” + H™ — Fe*" + HO,e (3)
*OH + organics — products 4)
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H,0, + *OH — H,0 + HO,* 5)
Fe’" +«OH — Fe’* + «OH (6)
Fe** + HO,+ — Fe'™ + HO,® (7)
Fe’" + HOy» »> Fe*" + 0, + H (8)

Although Fenton process has been successful in the
degradation of the organic contaminants present in
wastewater. The production of ferric hydroxide sludge
(Fe(OH)3) is consider to be an disadvantage of this

process which requires further separation and disposal.

One of the alternatives to deal with this problem is the
use of fluidized-bed Fenton reactor. The carriers in
fluidized-bed Fenton reactor can initiate the iron pre-
cipitation and/or crystallization process [8], therefore,
the production of sludge was reduced. There are sev-
eral reactions occurring in fluidized-bed Fenton reac-
tor including: (1) homogeneous chemical oxidation
(H,0,/Fe*"), (2) heterogeneous chemical oxidation
(H,Oy/iron oxide), (3) fluidized-bed crystallization,
and (4) reductive dissolution of iron oxides. This
study demonstrates the advantage of fluidized-bed
Fenton process compared with traditional Fenton
process in treating 2,4-DCP. However, the major ob-
jective of this study is to determine the optimum
conditions and investigate the effects of each
parameter on 2,4-DCP degradation by using Box-
Behnken statistical design.

MATERIALS AND METHODS
1. Chemicals

2,4-DCP, ferrous sulfate heptahydrated (FeSO4¢7
H,0), H,O, and all chemical substances used in the
experiment were reagent grade obtained from Merck.
All the preparations and experiments were conducted
at the room temperature. The carriers used in this
study were silica dioxide (SiO,), which has a grain-
shape with particle diameter of 0.84-2.00 mm. A 1.35
L fluidized-bed reactor was operated in batch mode
with a total reaction time of 2 h in all experiments per-
formed. A fluidized-bed reactor is a cylinder vessel
which consists of the outlet, the inlet and a recircula-
tion pump.

2. Analytical Method

The samples taken at selected time intervals
were immediately injected into the tubes containing
NaOH solution to stop further reaction by increasing
pH to 11 [8]. The samples were filtered with 0.20 um
syringe micro-filters to separate precipitated iron from
the solutions. After that, the residual 2,4-DCP was
analyzed by high performance liquid chromatography
(HPLC) with the Spectra System model SN4000
pump through Asahipak ODP-506D column (150 mm
x 6 mm x 5 um) coupled with UV1000 detector at

285 nm. A mixture of 60% acetonitrile in 40 vol% de-
ionized water was used as mobile phase. The Fe*" was
determined by light absorbance measurement at 510
nm after complexed with 1,10-phenanthroline using a
UV-Vis spectrophotometer [9]. Residual H,O, was
analyzed by titanium oxalate method. Samples were
analyzed for residual H,0,, Fe%, total iron, 2,4-DCP,
Total iron concentration were analyzed using a Hi-
tachi Z6100 polarized Zeeman atomic absorption
spectrophotometer and chemical oxygen demand
(COD) was measured by closed reflux titrimetric
method based on the Standard Methods [8].

3. Fluidized-bed Fenton Experiments

At the beginning, the synthetic wastewater con-
taining 2,4-DCP was prepared by using de-ionized
water and then adjusted initial pH by 1.0 M of H,SOs,.
After that, a calculated amount of ferrous sulfate was
added in the volumetric flask containing the synthetic
wastewater. The solution was then added into the re-
actor followed by the carriers. Then, the re-circulated
pump was turned on to suspend the carriers and to mix
the solution. Hydrogen peroxide was finally added to
the solution and the reaction was simultaneously
started.

4. Design of Experiments

Most of studies have only focused on the basic
single-factor-at-a-time approach, studying the effect
of each experimental parameter on the process per-
formance while keeping all other conditions constants
[10]. However, this strategy does not consider cross-
effects from the factors and lead to a poor-
optimization. To overcome this problem, the use of
statistical design experiments has proven to be advan-
tageous, allowing the use of the minimum number of
experiments while simultaneously changing several
variables. Moreover, statistical design experiments
can be used for optimization process in multivariable
system.

The Design-Expert software version 7.0 (Stat-
Ease, Inc., Minneapolis, USA) was used to design the
number of experiments to be performed, calculate the
experimental data and evaluate the experimental re-
sults. In order to investigate the effects of significant
factors and to obtain the optimum condition, in this
study, the Box-Behnken statistical design was used.

The optimization procedure involves studying
the response of statistically designed combination, es-
timating the coefficients by fitting experimental data
to the response functions and predicting the response
of fit model [9].

RESULTS AND DISCUSSION

Four important factors affecting the fluidized —
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bed Fenton process; namely, pH, initial Fe*", H,O,
concentration and the amount of carriers were selected
as a factor in the Box-Behken statistical design. 2,4-
DCP, COD and total iron removal efficiencies were
represent by a response function. Table 1 shows the
levels of the four factors on the Box-Behken statistical
design. The low, center and high levels for each vari-
able are designated as -1, 0 and +1, respectively.

The total number of experiment with four vari-
ables and three-level in Box-Behnken design were 29
experimental runs, including five replications at the
center point (0,0,0,0,0). The complete 29 runs of ex-

perimental data and result are shown in Table 2. Re-
sults from the experiment revealed that the maximum
removal of 2,4-DCP was > 99% while the minimum
removal was 65%. The removal of COD and total iron
were between 37 and 62% and 2-43%, respectively.

1. Correlation of Each Parameter on 2,4-DCP
Removal Efficiency

The correlation of 2,4-DCP removal efficiency
with 4 parameters are shown in Table 3. The best cor-
relation of 2,4-DCP removal efficiency was with H,O,

Table 1. The levels of variables in Box-Behnken statistical design

Variable level

Variables Symbol -

Low (-1) Center (0) High (+1)
pH A 2 3 4
Fe** (mM) B 0.1 0.55 1
H,0, (mM) C 1 5.5 10
Amount of carriers (g) D 50 150 250

Table 2. Design of experimental runs for the Box-Behnken statistical design of fluidized-bed Fenton process with 1

mM of 2,4-dichlorophenol (2,4-DCP)

Run number oH Fe** H,0, Carriers 2,4-DCP COD Total iron
(mM) (mM) (2) removal (%) removal (%) removal (%)

1 2 0.1 5.5 150 93 37 12
2 4 0.1 5.5 150 93 37 17
3 2 1 5.5 150 93 52 2
4 4 1 5.5 150 93 48 15
5 3 0.55 1 50 69 48 5
6 3 0.55 10 50 >99 57 6
7 3 0.55 1 250 79 46 5
8 3 0.55 10 250 >99 48 14
9 2 0.55 5.5 50 96 43 4
10 4 0.55 5.5 50 98 59 22
11 2 0.55 5.5 250 97 53 7
12 4 0.55 5.5 250 97 40 24
13 3 0.1 1 150 71 37 10
14 3 1 1 150 65 49 10
15 3 0.1 10 150 98 56 17
16 3 1 10 150 98 61 12
17 2 0.55 1 150 85 52 4
18 4 0.55 1 150 68 55 12
19 2 0.55 10 150 >99 62 6
20 4 0.55 10 150 >99 53 15
21 3 0.1 5.5 50 98 47 10
22 3 1 5.5 50 93 38 6
23 3 0.1 5.5 250 99 41 43
24 3 1 5.5 250 91 46 10
25 3 0.55 5.5 150 98 52 10
26 3 0.55 5.5 150 98 46 11
27 3 0.55 5.5 150 99 55 8
28 3 0.55 5.5 150 97 47 8
29 3 0.55 5.5 150 97 48 9
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Table 3. The values of correlation in the removal efficiencies of 2,4-DCP, COD and total iron

Variable Correlation

2,4-DCP COD Total iron
pH -0.077 -0.086 0.482
Fe** (mM) -0.096 -0.300 -0.370
H,0, (mM) 0.817 0.109 0.164
Amount of carriers (g) 0.043 -0.127 0.339

concentration. This means that increasing H,O, con-
centration would improve the degradation of 2,4-DCP.
The amount of carriers shows a slight effect on 2,4-
DCP removal with the correlation number 0.043,
while both Fe*" concentration and pH show the nega-
tive correlation. Thus, H,O, has a significant impact
on 2,4-DCP degradation with Fe*", pH and the amount
of carriers less significant parameter.

Although, the initial pH does not have an obvi-
ous effect on the degradation of 2,4-DCP in our study,
the solution pH is an important parameter for Fenton’s
reactions which controls the production rate of *OH
and the concentration of ferrous ion [11]. The reaction
of H,O, with Fe*" is significantly affected in low pH
condition, causing the reduction in *OH. On the other
hand, at high pH condition, the deactivation of
Fe*“causes the reduction of *OH due to the formation
of ferric hydroxide precipitates (Fe(OH);) [11] result-
ing in lower removal efficiency. According to the pre-
vious investigations [12,13], the acidic pH level
around 3 is usually optimum for Fenton oxidation.

Figure 1a shows the positive effect of H,O, con-
centration and the optimum value of the Fe*' for
maximum 2,4-DCP degradation. Using 1 mM of H,0,
and 0.1 mM of Fe*" as the initial concentration can
remove 2,4-DCP 70%. Increasing H,O, concentration
to 10 mM can increase 2,4-DCP removal to 98%,
whereas increasing Fe** concentration to a high level
(0.55 and 1 mM) at 1 mM of H,0, resulted in de-
creased removal of 2,4-DCP. This negative effect at
high Fe*'concentrations can be explained by the fact
that Fe*" concentration competes with the organic
matter for *OH as shown in Eq. 6. However, ferrous
ion and H,0, also compete with 2,4-DCP for the radi-
cal scavenging under certain conditions according to
Eqgs. 2 and 3. These will increase in the rate of hy-
droxyl radical scavenging leading to the reduction in
treatment efficiency [10].

2. Correlation of Each Parameter on COD Removal
Efficiency

The COD removal efficiency depends on the ini-
tial concentration of H,O, and of Fe?" with a positive
correlation (0.11) with H,O, and negative correlation
(-0.30) with Fe*" (Table 3). Or increasing H,O, con-
centration enhances COD removal, and increasing
Fe®" concentration decreases COD removal. pH and
the amount of carriers also exhibit a negative effect on
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Fig. 1. Three-dimensional representation of the response
surface plot of the effect of initial concentration
of Fe 2" and H,0, on the removal efficiencies of
(a) 2,4-DCP, (b) COD and (c) total iron at pH 3,
[Fe’'] = 0.55 mM, [H,0,] =5.5 mM and 150 g
of carrier.

COD removal. This means that increasing pH and the
amount of carrier resulted in decreased COD removal.

It is seen from Fig. 1b that the maximum COD
removal (62%) occurred with the highest H,O, con-
centration and the lowest concentration of Fe®". For
example, increasing Fe*" more than 0.55 mM could
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decrease the COD removal efficiency. This was due to
the high amount of Fe*" causing scavenging effect of
the hydroxyl radicals and hindering the COD degrada-
tion.

3. Correlation of Each Parameter on Total Iron
Removal Efficiency

The correlation of iron removal with pH, ferrous
H,0, concentration and the amount of carriers all
yielded a positive effect. This means that iron removal
increased when pH, H,O, concentration and the
amount of carriers increased. On the other hand, in-
creasing Fe*" concentration could decrease the iron
removal. From the correlation number one can sum-
marize that pH value is the main factor affecting the
iron removal with the correlation number about 0.48.

As can be seen from Fig. 1c, increasing pH value
enhances the total iron removal efficiency. The pre-
cipitation of iron hydroxide at high pHs resulted in the
decreased dissolve iron. Besides, Fe** concentration
also played an important role in iron removal. Increas-
ing Fe’" concentration would slightly decrease iron
removal due to the amount of Fe’* generated from
Fenton reaction which could crystallize on the surface
of carrier.

The application of Box-Behnken design offers
an empirical relationship between the response func-
tion and the variables. The equation for the removal of
2,4-DCP by fluidized-bed Fenton process in terms of
coded factors are shown below:

2,4-DCP removal =97.7 — 1.24A — 1.56B +
13.3C +0.69D - 0.08AB + 4.37AC — 0.32AD
+1.36BC — 0.69BD — 2.48CD — 0.57A>
—3.73B* - 10.3C? + 0.09D? 9)

where A, B,C and D are pH, initial Fe** concentration,
initial H,O, concentration and the amount of carriers,
respectively.

4. Optimization Process

The main objective of this optimization process
was to determine the optimum conditions for removal
of 2,4-DCP, COD and iron in fluidized-bed Fenton
process by predicting from the experimental data. The
optimization module in Design-Expert searches for a
combination of factor levels that simultaneously sat-
isfy the requirements placed on each of the responses
[14]. The optimum condition for the removal of 2,4-
DCP by fluidized-bed Fenton process is pH 3, 100 g
of carriers, 0.25 mM of Fe*" concentration and 10
mM of H,O,. Therefore, the removal efficiencies of
2,4-DCP, COD and total iron were predicted to be >
99, 61 and 14%, respectively. The actual removal effi-
ciencies when followed these predicted optimum con-
dition were 99% for 2,4-DCP, 55% for COD and 16%
for iron. It can be summarized that the experimental
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Fig. 2. Comparison of (a) 2,4-DCP, (b) COD and (c)
total iron remaining between Fenton and
Fluidized-bed Fenton Process with the condition
of [2,4-DCP] = 1 mM, [Fe*'] = 0.25 mM, [H,0,]
=10 mM, pH = 3 and 100 g of SiO..

results obtained under optimized concentration were
close to the predicted results in terms of 2,4-DCP,
COD removal and iron removal, evidencing the reli-
ability of the methodology used within the range of
concentration investigated.

5. Comparison between the Fluidized-bed Fenton
and Fenton Process at the Optimum Condition

The optimum condition obtained from the Box-
Benhnken experiment, in the previous part was pH 3,
1 mM of 2,4-DCP, 0.25 mM of Fe** concentration, 10
mM of H,O, and 100 g of SiO,.

It can be seen from Fig. 2a that the removal effi-
ciency of 2,4-DCP in fluidized-bed Fenton and Fenton
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process was almost the same. In terms of COD re-
moval as shown in Fig. 2b, the COD removal effi-
ciency from Fenton and fluidized-bed Fenton process
were 45 and 51%, respectively.

The iron remaining in the solution from fluid-
ized-bed Fenton and Fenton process is illustrated in
Fig. 2c. There was 6% of iron removal from Fenton
process while 16% of iron could be removed in fluid-
ized-bed Fenton process. It can be explained that 16%
of iron removal was crystallized on the surface of car-
rier and 6% of iron left on the dead end of fluidized-
bed reactor.

Total irons being removed in fluidized-bed Fen-
ton process can reduce 16% of the amount of sludge
occurring after pH adjustment before treatment.
Therefore, decreasing in the amount of sludge was
considered as an advantage of fluidized-bed Fenton
process which also reduces the separation and disposal
costs as well.

CONCLUSIONS

The fluidized-bed Fenton process was found to
be an efficient method for treating synthetic wastewa-
ter containing 2,4-DCP. Box-Behnken design was
proven to yield an optimum condition in the removal
of 2,4-DCP, including the prediction of the interaction
between process variables. Results revealed that under
the studied conditions, H,O, concentration was found
to be a significant factor affecting 2,4-DCP removal,
while the other factors had less effect on 2,4-DCP re-
moval. Increasing H,O, concentration could increase
COD removal whereas increasing Fe*” concentration
more than 0.55 mM decreased COD removal. Higher
concentration of Fe*" adversely affected the COD re-
moval due to the hydroxyl radical scavenging. pH and
Fe®* concentration also played an important role in
terms of iron removal. The optimum condition for re-
move 1 mM of 2,4-DCP were pH 3, 100 g of SiO,,
0.25 mM of Fe*" and 10 mM of H,0, with removal ef-
ficiencies of 2,4-DCP, COD and iron > 99, 61 and
14%, respectively. In addition, the optimum condition
compared with fluidized-bed Fenton and traditional
Fenton process demonstrates the advantage of fluid-
ized-bed Fenton. This process is superior in terms of
iron removal by reducing the iron sludge via crystalli-
zation process.
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