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Abstract−Fe-ZnO was synthesized via impregnation and applied to photocatalytic degradation of 2,4-dichlorophenol
(2,4-DCP) under visible light. Conditions of Fe-ZnO synthesis which included a Fe content and a calcination tempera-
ture were focused. From UV-DRS, visible light absorption of Fe-ZnO samples increased with increasing of Fe content
and calcination temperature. TEM images revealed Fe species (FeO, Fe3O4, and Fe2O3) on ZnO as a function of calci-
nation temperature. XANES analysis confirmed the majority of Fe3+ content. Response surface methodology (RSM)
dominating over experimental design and statistical analysis for 2,4-DCP photocatalytic degradation indicated that the
high degradation efficiency was associated with calcination temperature of 680-700 oC, Fe content of 4.5-5.0 mol%, and
catalyst loading of 1.2-1.8 g L−1. Moreover, addition of 2 mM of K2S2O8 in a 5.0Fe-ZnO@700 oC system could enhance
the degradation efficiency to a completion within 90 min. The kinetics of 2,4-DCP photocatalytic degradation well fit
the Langmuir-Hinshelwood model.
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INTRODUCTION

2,4-Dichlorophenol (2,4-DCP) is potentially carcinogenic and
disturbs human and animal endocrine systems [1]. It has been intro-
duced into the environment as a result of several man-made activities
such as uncontrolled uses of pesticides and herbicides and waste-
water effluent. Due to its toxicity and persistence in the environ-
ment, 2,4-DCP is listed in priority control pollutants by the US EPA
Clean Water Act [2].

Various methods have been offered to degrade 2,4-DCP con-
taminant, like biodegradation and adsorption [3], but this com-
pound is highly resistant to bio-treatment, and the need of activated
carbon regeneration renders this process both inconvenient and
costly. Heterogeneous photocatalysis as an advanced oxidation pro-
cess (AOPs) has been extensively developed. This method provides
high degradation efficiency by the generation of hydroxyl radicals
(OH•), and the oxidizing radical allows the strong destruction of
organic pollutants with non-selectivity.

Heterogeneous photocatalysis is based on metal oxide material,
which is classified as a semiconductor, activated by the absorption
of the light. While TiO2 have been used as an effective catalyst,
numerous studies have evaluated the potential of other catalysts.
Among others, ZnO appears to be a suitable alternative to TiO2

and was reported to be more efficient than TiO2 in some photo-
reactions of phenolic compounds [4]. However, the most restrict-
ing factor for ZnO is its wide band gap energy (Eg) about 3.2 eV
[5], which only requires energy of UV light. Unfortunately, the solar
spectrum consists only 3-4% of UV light, while 46% and 47% of
the spectrum are visible light and infrared radiation, respectively.
To extend the photocatalytic properties into the visible light region,
various metal and non-metal ions have been doped into catalysts
[6-8]. Among various dopants, Fe was proved to be a successful
doping element. A modification of catalyst by doping Fe provided
the red shift in the UV-Vis spectra due to the introduction of the
3d electron state of Fe3+, 3d5, in the conduction band of the cata-
lyst [7]. Moreover, Fe-doped catalyst showed a stronger absorp-
tion in the visible region, compared to the non-doped catalyst and
also exhibited good photoactivity for the degradation of organic
pollutant in wastewater under visible light irradiation [9].

Accordingly, we focused on a modification of ZnO by Fe dop-
ing (Fe-ZnO) to increase its application in visible light region and
examined its photocatalytic characteristics by the degradation of
aqueous 2,4-DCP.

EXPERIMENTAL

1. Experimental Design and Statistical Analysis
Response surface methodology (RSM) is an empirical model

used to evaluate the relationship between a set of controllable experi-
mental factors and observed results [10]. RSM analysis is able to
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determine whether a factor is significant by referring to the ‘p-value’
based on the analysis results. To determine whether the factor is
affecting the degradation percentage of 2,4-DCP, the ‘p-value’ should
be less than 0.5.

In this study, RSM experiments based on 3-level factorial were
adopted with a quadratic model to find the optimal operating con-
ditions for the further step of laboratory work. The experimental
data was analyzed statistically using Minitab® 15 software (Minitab
Inc.). Based on three central points and two replicates, the total num-
ber of experiment in this study was 30. Three parameters of Fe con-
tent, calcination temperature, and catalyst loading were studied.
The experiment was performed in a random manner to avoid any
systematic bias for the outcomes.
2. Fe-ZnO Catalyst Preparation

Fe(NO3)3·9H2O (99%, Merck) corresponding to 0.5, 2.5, and 5.0
mol% of Fe in commercial ZnO nanopowder (>99.7%, Inframat®

Advanced Materials) was dissolved in deionized water. The solu-
tion was added via dropping onto ZnO nanopowder. The obtained
material was sonicated for 30 min. After the impregnation process,
it was dried at 70 oC for 36 hr and ground. Finally, the catalyst was
calcined under air at 400, 550, and 700 oC with heating rate of 2 oC
min−1 for 3 hr.

Crystalline structure and phase of Fe-ZnO samples were char-
acterized by X-ray diffractometer (XRD, Bruker-8). XRD spectrum
was determined using Cu Kα radiation at a wavelength of 0.15406
nm, scanned in the 2θ range from 20-80o, and operated at 40 kV
and 40 mA. Specific surface area was obtained by nitrogen adsorp-
tion at −196 oC on a Quantachrome instruments (AUTOSORB-1)
sorption. Prior to the measurement, sample was degassed at 250 oC
for 2 hr. The specific surface area was calculated using Brunauer-
Emmett-Teller (BET) method. Scanning electron microscopy (SEM,
JSM-6400, 20kX) and transmission electron microscopy (TEM, JEM-
2100, 200kV) were used for inspecting morphology of the sample.
Absorption property was investigated on UV-Vis diffuse reflectance
spectroscopy (UV-DRS, Hitachi U-3501), using BaSO4 as a reflec-
tance standard. X-ray absorption near edge structure (XANES) meas-
urement was performed at Beamline 8: XAS, Synchrotron Light
Research Institute, Thailand. A double Ge(220) crystal monochro-
mator was employed for selection of photon energy. The data was
obtained at room temperature in fluorescence mode. The XANES
spectra were analyzed using Athena program. In addition, zeta poten-
tial was measured by a zeta meter (Zeta meter system 3.0+).
3. Photocatalytic Degradation of 2,4-DCP

A batch photoreactor of 250 mL was configured with a 1,500 W
Xenon lamp (visible light intensity 500 Wm−2). Light array was cut
off at 400 nm by 1 M of sodium nitrite (NaNO2). A magnetic stir-

rer was located at the photoreactor’s base to ensure homogeneous
mixing of the solution throughout the reaction. A reaction tem-
perature was controlled at 25 oC. 2,4-DCP solution was prepared
by deionized water. After that, Fe-ZnO catalyst was dispersed into
the solution. The initial pH of the solution was adjusted to pH 8.5
with HNO3 and NaOH. The suspension was stirred in the dark
for 60 min, and then 2 mM K2S2O8 was added. After that, the lamp
was switched on to initiate the reaction. 1.5 mL of the sample was
withdrawn from the reactor at different reaction times. A blank
test was also performed by irradiating 2,4-DCP solution without
the presence of catalyst under visible light irradiation for checking
the photolysis. The concentration of 2,4-DCP in the filtrate was meas-
ured by high performance liquid chromatography with diode-array
detector (HPLC-DAD 1200 series detector, 1100 series pump and
controller, Agilent technologies).

RESULTS AND DISCUSSION

1. Characterization
XRD patterns of Fe-ZnO samples compared with bare ZnO nano-

powder and Fe2O3 are shown in Fig. 1. All samples exhibited the
characteristic peaks of hexagonal wurtzite ZnO at (100), (002), (101),
(102), (110), (103), and (112) planes, which corresponded to the
standard JCPDS file no.36-1451 [11]. However, the content of Fe
might be too small to determine its existence, which possibly indi-
cated that Fe was well dispersed onto the surface of ZnO nano-
powder.

The diffraction peaks at 2θ around 29.5o were observed in bare
ZnO nanopowder, and the 5.0Fe-ZnO samples calcined at 400 and
550 oC. It might be indicated to (111) plane of ZnS which corre-
sponded to cubic zinc blend structure [12-14], or (002) plane of
ZnxSrxS in rocksalt structure [15], which was possibly contaminated
during the production of ZnO nanopowder. This peak also gradu-
ally decreased with increasing calcination temperature. The possi-
ble reason is that high temperature could accelerate the oxidation
of sulfur to obtain ZnO. It can be inferred that both cubic zinc blend

Table 1. Ranges and levels of independent parameters

No. Parameter Unit
Range and level
of actual value
−1 +1

1
2
3

Fe content
Calcination temperature
Catalyst loading

mol%
oC
g L−1

0.5
400
0.50

5.0
700
2.00

Fig. 1. Normalized XRD patterns of Fe-ZnO samples at different
Fe contents calcined at 700 oC and 5.0Fe-ZnO samples at dif-
ferent calcination temperatures.
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structure and rocksalt structure had been transformed into wurtz-
ite phase of ZnO.

Crystalline size of wurtzite ZnO at (101) plane is given in Table 2.
When Fe content increased for Fe-ZnO samples calcined at 700 oC,
the crystalline size was slightly increased. In addition, crystalline
size was found enlarged for 5.0Fe-ZnO samples after raising the
calcination temperature. However, they were not significantly dif-
ferent. Table 2 also presents the specific surface area of Fe-ZnO,
which increased with increasing of Fe content, but decreased with
increasing of calcination temperature. The increment of crystal-
line size and specific surface area at higher calcination tempera-
ture was probably caused by the particle aggregation and sintering.

Surface morphology of the samples observed from SEM images
is shown in Fig. 2. ZnO nanopowder was revealed in rectangular
chunk shape, but Fe-ZnO samples were slightly different with small
spheres on the rectangular chunk [16]. Effect of Fe content in sam-
ples calcined at 700 oC could not be differentiated clearly by SEM.
However, the change of the small spheres for 5.0Fe-ZnO samples
calcined at different temperature was noticed and corresponded to
the specific surface area stated in Table 2.

Fig. 3 shows the UV-DRS spectra of Fe-ZnO prepared at differ-
ent Fe contents and 5.0Fe-ZnO calcined at different temperatures.
It can be seen that the spectrum of ZnO nanopowder hardly pre-

Table 2. Crystalline sizes and specific surface areas of ZnO nano-
powder and Fe-ZnO samples

Sample Crystal size
(nm)

Specific surface
area (m2 g−1)

ZnO nanopowder
0.5Fe-ZnO@700 oC
2.5Fe-ZnO@700 oC
5.0Fe-ZnO@700 oC
5.0Fe-ZnO@550 oC
5.0Fe-ZnO@400 oC

35.93
37.58
37.58
37.74
37.74
35.95

4.48
4.90
4.98
5.52
7.39
7.75

Fig. 2. SEM images of (a) ZnO nanopowder, (b) 0.5Fe-ZnO@700 oC, (c) 2.5Fe-ZnO@700 oC, (d) 5.0Fe-ZnO@400 oC, (e) 5.0Fe-ZnO@550 oC,
and (f) 5.0Fe-ZnO@700 oC.

Fig. 3. UV-DRS spectra of (a) Fe-ZnO samples at different Fe con-
tents calcined at 700 oC and (b) 5.0Fe-ZnO samples at dif-
ferent calcination temperatures.

sented absorption band in the visible region (440-700 nm) related
to other reports [17,18]. A significant increase in the absorption at
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wavelengths shorter than 400 nm could be assigned to the intrin-
sic band gap absorption of ZnO (3.2 eV). Fig. 3(a) reveals that the
samples with higher Fe content displayed stronger absorption band
in the visible range [17,19]. Fig. 3(b) also discloses the superior
adsorption band at the last region of visible wavelength (550-700nm)
of 5.0Fe-ZnO calcined at higher temperature [18]. The absorption
increased with increasing the Fe content and calcination tempera-
ture accompanied by changing the color of the samples from cream
to grey-brown. In addition, the formation of Fe dopant energy level
below conduction band of ZnO might have taken place through
calcination treatment. The band gap energy (Eg) for all samples
was determined by fitting the absorption data to the transition equa-
tion. According to the Tauc plots between (ahν)1/2 versus photon
energy (hν) from the Kubelka-Munk function [20-22], the Eg of
Fe-ZnO samples as well as that of ZnO nanopowder was about 3.11
eV, which was close to the value of ZnO in another report [23].
The unchanged Eg indicated that most Fe ions had not incorpo-
rated in ZnO [18]. In summary, both Fe content and calcination
temperature had no effect on the Eg shift of the samples but on visi-
ble region absorption, contributing the possibility for visible-light-
driven photocatalytic degradation of 2,4-DCP.

The TEM images of ZnO nanopowder and 5.0Fe-ZnO as func-
tion of temperature are in Fig. 4. The particles of ZnO nanopowder
were mostly rectangular, in Fig. 4(a), whereas 5.0Fe-ZnO tended
to appear more spherical, in Figs. 4(b) and 4(c), as found in SEM
results. The agglomeration was clearly observed with the highest
calcination temperature, in Fig. 4(d). Calcination temperature showed
a significant effect on the morphology of 5.0Fe-ZnO catalyst. From
the high resolution TEM image for 5.0Fe-ZnO calcined at 400 oC

in Fig. 4(e), the lattice d-spacing of 0.24 nm corresponding to (111)
plane of FeO [24] was indicated as well as that of 0.48 and 0.29 nm,
complying with (111) and (220) planes of Fe3O4 [25]. Besides, those
two planes of Fe3O4 were discovered in 5.0Fe-ZnO calcined at 550 oC
in Fig. 4(f) together with appearance of α-Fe2O3. For 5.0Fe-ZnO
calcined at 700 oC in Fig. 4(g), the lattice d-spacing of 0.27 nm ac-
cording with (104) plane of α-Fe2O3 was only identified [26]. This
evidence conformed to phase transformation of Fe via calcination
under atmospheric pressure, which started by occurrence of FeO→

Fig. 4. TEM images of (a) ZnO nanopowder, (b) 5.0Fe-ZnO@400 oC with inset (e), (c) 5.0Fe-ZnO@550 oC with inset (f), and (d) 5.0Fe-
ZnO@700 oC with inset (g).

Fig. 5. Fe K-edge XANES spectra of 5.0Fe-ZnO samples at differ-
ent calcination temperatures.
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Fe3O4→α-Fe2O3 [27]. The transformation to Fe2O3 which origi-
nated at calcination temperature higher than 500 oC [28] agreed
with our result from TEM images.

According to the XANES results, the relationship of the Fe2+ and
Fe3+ is displayed in Fig. 5. All the Fe oxide samples showed a pre-edge
energy approximately at 7,113 eV. The pre-edge peak also shifted
to a higher energy with an increase in the valence state of the ab-
sorber atom. We observed that both the pre-edge and white line
peaks of 0.5Fe-ZnO samples are between those of Fe3+ and Fe2+

and closer to Fe3+, which indicated that there was a mix of 2+ and
3+ valence states, and Fe3+ was in the majority. This result was well
consistent with the TEM images of samples presented previously.
A dominant pre-edge peak in XANES spectrum of 0.5Fe-ZnO could
be attributed to the 1s→3d electronic transition in centrosymmet-
ric structure of iron, which confirmed that the major iron cation
in the ZnO matrix was Fe3+ oxidation state. Moreover, the differ-
ences between the XANES spectra of 0.5Fe-ZnO samples calcined
at 400, 500, and 700 oC could be identified by their pre-edge and
white line peaks. The white line curve of 0.5Fe-ZnO calcined at
700 oC shows two main peaks attributed to the features of Fe3O4

and Fe2O3. Moreover, some of the Fe3+ in 0.5Fe-ZnO calcined at
700 oC successfully substituted for the lattice site of Zn2+ and gen-

erates single-phase Zn1− xFexO [29].
Fig. 6 shows the zeta potential of all catalysts with respect to solu-

tion pH. The point of zero charge (pHpzc) of bare ZnO nanopow-
der and Fe-ZnO samples was found at pH 9.5. The pHpzc of the
samples had no shift according to both Fe content and calcination
temperature effects. The surface of catalyst therefore presented a
positive charge with pH<9.5. Considering a pKa of 2,4-DCP, its
value is 7.89 [30], meaning that the pollutant exists mainly in anionic
form with pH of the solution higher than its pKa. It could be inferred
that more 2,4-DCP would be adsorbed on catalysts surface at pH
between the pKa of 2,4-DCP (7.89) and the pHpzc (9.5) of the cata-
lysts due to the opposite charge. Therefore, solution pH was fixed
at 8.5.
2. Photocatalytic Testing of 2,4-DCP
2-1. Experimental Design Analysis

Three-level factorial was used to evaluate 2,4-DCP photocata-
lytic degradation. Parameters of Fe content, calcination temperature,
and catalyst loading were involved as degradation key parameters
while some factors such as initial concentration of 2,4-DCP (5 mg
L−1), pH (8.5), and K2S2O8 concentration (2 mM) were fixed. The
percent degradation was considered as a response variable.
2-2. Model Validation

Significant factors for the degradation were evaluated based on
95% confidence interval and p-values less than 0.05. A degrada-
tion model based quadratic pattern was established, shown in Eq.
(1). All individual factors were significant, while interactive factors
of Fe content-calcination temperature, Fe content-catalyst loading,
and calcination temperature-catalyst loading were significant.

% Degradation=135.97−14.809 Fe content
% Degradation=−0.459 calcination temperature
% Degradation=+28.094 loading
% Degradation=+0.026 Fe content-calcination temperature
% Degradation=−0.616 Fe content-catalyst loading
% Degradation=+0.018 calcination temperature-catalyst loading
% Degradation=+0.559 Fe content2+(3.667×10−4)
% Degradation=×calcination temperature2

−11.571 catalyst loading2 (1)

A parity plot of actual and predicted results is shown in Fig. 7. A

Fig. 6. Zeta potential plots as a function of pH of (a) Fe-ZnO sam-
ples at different Fe contents calcined at 700 oC and (b) 5.0Fe-
ZnO samples calcined at 400-700 oC. Fig. 7. A parity plot of percent degradation.
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correlation factor was approximately equal to 0.824. ANOVA was
used to check the significance and adequacy of the model. Fischer’s
F test (F-value) is a statistically valid measure of how well the fac-
tors describe the variation in the data about its mean [31]. It is the
ratio of sum square regression to sum square residual error. A value
greater than 4.0 is generally desirable. In this work, the ratio of sum
square regression to sum square residual error turned to be 4.819
(2795.44/580.11). It was greater than 4.0, indicating that the model
was adequate significantly for 2,4-DCP photocatalytic degradation.
2-3. Main Effect Investigation

Fig. 8 shows degradation plots of 2,4-DCP on different main fac-
tors. As related to other studies [17,32], the more Fe doped onto ZnO,
the higher percent degradation was observed corresponding to higher
light absorption in visible range as shown in UV-DRS spectra.

Mild calcination temperatures (400 and 550 oC) did not affect
the catalytic activity, while the degradation efficiency was increased
by calcination at 700 oC. This result agreed with the XRD pattern,
which showed that some metal or unstable phase could be taken
out from ZnO at 700 oC.

The removal efficiency tended to be increased with increasing
the catalyst loading from 0.5 to 1.25 g L−1. However, the degrada-
tion efficiency slightly decreased when 2.0g L−1 of the catalyst load-
ing was used. This was probably because excess catalyst particles
led to the excessive opacity and screening effect; therefore, the light
penetration was hindered [33].

The study of the response surfaces and contour graphs provides a
simple method to optimize the efficiency of the treatment and con-
tributes to the identification of the interactions between the vari-
ables. The surface and contour plots are given in Fig. 9. The effect
of calcination temperature and Fe content is shown in Fig. 9(a).
The high degradation efficiency was associated with high calcina-
tion temperature (680-700 oC), and evaluated Fe content (4.5-5.0
mol%). Strong evidence of interaction between catalyst loading
and Fe content is shown in Fig. 9(b). Similarly, the largest percent
degradation was observed for high Fe content (4.5-5.0 mol%) as
the catalyst loading in the level of 1.2-1.8 g L−1. The data presented
in Fig. 9(c) describes the impact of catalyst loading and calcina-
tion temperature. The plot shows that the level of the catalyst load-
ing in range of 1.2-2.0g L−1 was more highly effective with calcination
at high temperature (680-700 oC).

From the 3-level factorial analysis, the optimal operating param-
eter which was selected to apply further in the next our experiment
was of Fe content of 5.0 mol%, calcination temperature of 700 oC,

and catalyst loading of 1.5 g L−1.
3. Kinetic Study

The optimal conditions (1.5g L−1 of 5.0Fe-ZnO@700 oC) obtained
from the 3-level factorial analysis were selected to study the kinet-
ics of 2,4-DCP photodegradation. The study lasted 120 min, shown
in Fig. 10(a). A control experiment under visible light illustrated
that the degradation of 2,4-DCP was less than 4.0% under the direct
photolysis. K2S2O8 alone was not effective much for 2,4-DCP deg-

Fig. 8. Main effect plots for percent degradation of 2,4-DCP.

Fig. 9. Contour and surface plots on effects of (a) calcination tem-
perature (oC) and Fe content (mol%), (b) catalyst loading (g
L−1) and Fe content (mol%), and (c) catalyst loading (g L−1)
and calcination temperature (oC).
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radation (less than 14.0% in 120 min). However, the degradation
efficiency reached 100% within 90 min with a combination of 5.0Fe-
ZnO@700 oC and K2S2O8. This probably could be explained via the
following reactions:

S2O8
2−+e−CB (ZnO)+hν→SO4

2−+SO4
•− (2)

SO4
•−+H2O+hν→SO4

2−+OH•+H+ (3)

SO4
•−+2,4-DCP+hν→SO4

2−+Oxidized species (4)

The presence of S2O8
2− was sufficient to oxidize 2,4-DCP in the

presence of catalyst under visible light irradiation. This is because
S2O8

2− can generate the sulfate radical anions (SO4
2−), which are very

strong oxidizing species. Additionally, SO4
•− increases the degrada-

tion efficiency by minimizing e−-h+ recombination.
According to TEM and XANES results, which indicated the domi-

nation of Fe3+ over other Fe species especially for 5.0Fe-ZnO@700 oC,
the 2,4-DCP photocatalytic degradation efficiency was enhanced
by ZnO doped by Fe3+. Additionally, the positively charge metal
ions on ZnO surface was easily reduced by e− in conduction band,
and thus increased the charge separation as given by following reac-
tions [34]:

Fe3++e−CB (ZnO)→Fe2+ (5)

Fe2++O2→Fe3++O2
− (6)

Fe2++S2O8
2−
→Fe3++SO4

2−+SO4
•− (7)

Fe3++S2O8
2−
→2SO4

•−+Fe2+ (8)

SO4
•−+H2O→SO4

2−+OH•+H+ (9)

The enhancement of degradation by addition of Fe3+ ion was
due to the electron scavenger effect of Fe3+, which prevented an e−-
h+ recombination, resulting in an increase of the efficiency of pho-
todegradation process [17,19].

Kinetic photocatalytic degradation of 2,4-DCP based on initial
rate method was studied. Different initial concentrations of 2,4-
DCP were tested. The degradation profiles are shown in Fig. 10(b).
It was found that 2,4-DCP was degraded by 100, 77.6, 63.3, 60.3,
and 46.3% within 90 min when initial concentration was applied
at 5.0, 7.5, 10.0, 12.5, and 15.0 mg L−1, respectively.

We applied the three point numerical differentiation formula to
find the initial degradation rate (r0) for each initial concentration
(C0). Since the degradation involves surface adsorption simultane-
ously with reaction, a Langmuir-Hinshelwood (L-H) rate expres-
sion was used to express its apparent kinetics [33,35,36]. The linear
form of L-H is expressed in Eq. (10).

(10)

where kr is reaction rate constant (mg L−1 min−1), Kad is the adsorp-
tion equilibrium constant (L mg−1), and C0 is initial concentration
of 2,4-DCP (mg L−1).

As shown in Fig. 11 the linearity of this plot was used to deter-
mine the adsorption constant (Kad) and reaction rate constant (kr).
They were equal to 0.089 L mg−1, and 0.559 mg L−1 min−1, respec-
tively. Consequently, an apparent rate constant (kapp) was equal to
0.050 min−1. The results demonstrated that the kinetics of 2,4-DCP
photocatalytic degradation under our experimental conditions fol-
lowed well the L-H rate equation (R2=0.990).

1
r0
---- = 

1
krKadC0
------------------ + 

1
kr
----

Fig. 10. Percent degradation of 2,4-DCP under (a) various catalytic
conditions at 5.0 mg L−1 of 2,4-DCP, (b) effect of 2,4-DCP
initial concentration using 5.0Fe-ZnO@700 oC (controlled
parameters: 1.5 g L−1 of catalyst loading, and pH 8.5).

Fig. 11. Linearized Langmuir-Hinshelwood plot between 1/r0 and
1/C0.
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CONCLUSIONS

Fe content (0.5, 2.5, and 5.0 mol%) and calcination temperature
(400, 550, and 700 oC) were highlighted on Fe-ZnO synthesis via
impregnation technique. UV-DRS results presented that visible
light absorption of Fe-ZnO samples increased with increasing of
Fe content and calcination temperature. Fe species (FeO, Fe3O4, and
Fe2O3) on ZnO nanopowder as a function of calcinations tempera-
ture were found from TEM images. XANES analysis confirmed
the majority of Fe3+ on ZnO nanopowder. Through RSM, under
controlled parameters of 25 oC, 5.0 mg L−1 of 2,4-DCP, pH 8.5, and
2 mM K2S2O8 as an oxidant, the best condition was observed at Fe
loading of 4.5-5.0 mol%, calcination temperature of 680-700 oC,
and catalyst loading of 1.2-1.8 g L−1. The kinetic study of 2,4-DCP
photodegradation was described by the Langmuir-Hinshelwood
model (R2=0.990). The apparent rate constant (kapp) was 0.050 min−1.
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