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Improved photocatalytic removal of acid red 14 by amino-functionalized
Fe O, ~WO, nanoparticles from aqueous solutions in the presence
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ABSTRACT

The Fe,O,~WO,-3-aminopropyltriethoxysilane (APTES) nanoparticles were applied as a heteroge-
neous catalyst in the presence of UV irradiation for acid red 14 (AR14) removal. This nanocatalyst
was synthesized via a facile co-precipitation method and characterized by X-ray diffraction, Fourier
transform infrared spectroscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy,
vibrating sample magnetometer and point of zero charge techniques. The effects of some operating
parameters such as solution pH, nanocatalyst dosage, initial AR14 concentration, H,O, concentration,
different purging gases and type of organic compounds on the removal efficiency were studied. Under
optimal conditions: pH =3, [AR14], =30 mg/L, nanocatalyst dosage = 0.2 g/L.and H,O, =50 mM, 99.99%
of the dye was removed after 120 min. As nanocatalyst dosage increased, the photocatalytic removal of
ARI14 enhanced up to the desired amount of 0.4 g/L. Moreover, the removal efficiency increased with
increasing H,O, concentration and in the presence of different purging gases. And, the photocatalytic
removal of AR14 increased in the presence of oxalate, citric acid, phenol and Ethylenediaminetetraacetic
acid, and decreased in the presence of folic acid and humic acid. Three kinetic models were developed
for this process and the findings showed that the dye removal rate obeyed the first-order kinetic.
Estimation of the E_, value for the UV/Fe,0,-WO-APTES (288.88 kWh/m?®) process, as a function of
the removal efficiency, revealed that this process not only increased the efficiency, but also decreased
the cost of electrical energy consumed by the system. Additionally, the photocatalytic activity was
maintained even after five successive cycles.
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1. Introduction wastewaters is very important because dyes may cause aesthetic
problems in the environment [4,5]. Besides, application of oxi-
dation, hydrolysis or other chemical measures may result in
second by-products, which are by far more dangerous than ini-
tial molecules of dyes [4,5]. Acid red 14 (disodium 4-hydroxy-
2-[(E)-(4-sulfonato-1-naphthyl)diazenyl]naphthalene-1-
sulfonate) has the -N=N- functional group in its structure and

Many industries such as textile, paper, cosmetic, leather,
plastics, food, printing and so on generate a great deal of efflu-
ents containing various dyes [1-3]. Treatment of dye-laden
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is considered as a synthetic red dye [6,7]. This dye is resistant
to biological processes and highly toxic and mutagenic [6,7].
Thus, in order to treat well azo dye-based wastewaters, bene-
ficial methods such as adsorption, chemical coagulation, mem-
brane processes, bioremediation, conventional and advanced
oxidation processes (AOPs) and photocatalyst are needed
[8-10]. In AOPs, hydroxyl radicals with high oxidation power
are generated, which can lead to complete decomposition or
transformation of contaminants to a less harmful combination
[8,11,12]. Some AOPs, which have frequently been utilized for
treating various pollutants, are as follows: UV/O, UV/H,0,,
UV/ZnO, UV/TiO, UV/ZnO-TiO, and solar/nanocatalyst
processes [8,11-15]. Since photocatalysts have high activities,
they have recently been considered to be used in different
environmental usages like water and wastewater disinfection
[8,11,12,16,17]. So as to make the photocatalytic process more
efficient, some procedures like phase and morphological con-
trol, doping, surface sensitization and so forth can be applied
[18,19]. Interestingly, nanoscaled photocatalysts with a con-
trolled morphology possess enhanced photocatalytic activities
due to their high purity, novel morphology and large surface
area [18,19]. In order to prepare nanostructured semiconduc-
tor photocatalysts having high photocatalytic properties, a few
shape-controlled synthesis routes have been used [19]. Great
attention has been taken to nanostructured tungsten oxide
(WO,) because it can be applied in many applications like gas
sensors, photocatalysts, electrochromic devices, field-emission
devices and solar-energy devices [20-24]. One of the main
upsides of WO, is that it can be separated from aquatic sys-
tems by means of filtration and, more importantly, regenerated
for further usage [20-24]. But filtration is a time-consuming
method resulting in blockage in filters [23]. Magnetic separa-
tion is an environmentally benign method because it does not
create any pollutants and can treat huge volumes of effluents
in short time [25]. Since Fe,O, exhibits superparamagnetic char-
acteristics, this magnetic material can be recovered easily via
an external magnetic field and reused without losing the active
sites [26,27]. An alternative to conventional adsorbents is the
process in which the tungsten oxide nanoparticles are applied
in conjunction with Fe,O,; in this case, huge amounts of waste-
water can be treated [26,27]. However, weak photocatalytic
activity is the downside of pure WO, as its conduction-band
level (0.5 V vs. Normalized Hydrogen Electrode (NHE)) is
approximately low [24]. Since the conductivity and conduction
band (CB) level (1 V vs. NHE) of Fe O, are high, which is a suit-
able option to be coupled with WO, and enhances photocata-
lytic performance through increasing charge transport, we did
the current research [24]. Most of the magnetic nanocomposites
suffer from some problems like leaching under acidic condi-
tions, being susceptible to autoxidation and toxicity [28,29]. In
order to decrease these displeasing properties, the surface of
the bare magnetic nanocomposite should be protected [28,29].
Thus, magnetic nanocomposites are embedded in a polymeric,
hybrid or inorganic matrix [28,29]. The performance, capac-
ity and selectivity of these materials can be improved when
functional groups are on the nanoparticles surface, which can
interact with target molecules [28,29]. Cationic and anionic
compounds can be removed from aqueous solutions by the
amino groups, which are of functional groups. Aminosilane
coupling agents can quickly form monolayers on different
surfaces; in this case, the surface properties are changed to

the modified surfaces by introduction of -NH, groups [28,29].
An aminosilane has been used for modification of magnetite
particles’ surfaces for lipase immobilization, wear properties
improvement and DNA purification [28,29].

In this study, the removal efficiency of acid red 14 (AR14)
using the Fe,O,~WO,-3-aminopropyltriethoxysilane (APTES)
nanoparticles was investigated. Moreover, the effects of differ-
ent parameters: solution pH, catalyst dosage, initial AR14 con-
centration, H,O, concentration, different purging gases and
type of organic compounds were studied in the presence of
UV irradiation. Also, a kinetic study was conducted and simu-
lated with the zero, first, second and Langmuir-Hinshelwood
kinetic models. The electrical energy per order (E, ) was calcu-
lated to evaluate the cost-efficiency of the processes.

2. Materials and methods
2.1. Chemicals

All chemicals, including tungsten chloride, FeCl,.6H,O,
FeCl,.4H,O, APTES, sodium hydroxide, folic acid, citric acid,
humic acid, oxalic acid, phenol, Ethylenediaminetetraacetic
acid (EDTA) and hydrochloric acid, were of analytical grade
or of the highest purity available and obtained from Merck
(Darmstadt, Germany). It should be noted that the chemi-
cals were used without further purification. AR14 dye was
purchased from Alvan Sabet Co., Iran. Table 1 presents a
summary of dye properties. A 125 W medium-pressure UVC
lamp emitting a maximum wavelength at 247.3 nm was used
as the light source. The light intensity of the UVC lamp was
1,020 pW/em? recorded by a digital radiometer (Model DRC-
100X, SPECTROLINE) combined with a DIX-365 radiation
sensor (ShokofanTosee, Iran). The photocatalytic reactor
used in a previous work was employed for the removal of
AR14 [30]. A Metrohm model 713 pH meter was applied for
pH measurements and NaOH or HCI (0.1 mol/L) were added
to adjust pH values.

2.2. Synthesis of amino-functionalized of Fe,O,~WO,
nanoparticles

2.2.1. Synthesis of WO, nanoparticles

First, a stock solution (pH 4.83) of 0.1 M tungsten chloride
(WCI,) was prepared by dissolution of WCI, into deionized

Table 1
Chemical structure and characteristics of AR14

C.I acid red 14

OH
Na03$ O N=—=N OO

SO3Na

Color index name

Chemical structure

Chemical class Anionic, azo

Molecular formula C,,H,,Na,N.OS,
Color index number 14720

A, (nm) 515

Molecular weight (g/mol) 502.43
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water [24]. Moreover, an alkaline stock solution (pH 13.8) of
0.6 M sodium hydroxide (NaOH) was prepared by dissolu-
tion of NaOH into deionized water. Then, the synthetic reac-
tions were fundamentally carried out by mixing the stock
WCI, solution, alkali NaOH solution and a certain amount
of deionized water (for 7 h). The final pH of the mixture was
fixed at 12.5. Next, the obtained product was centrifuged
using a centrifuge (Sigma-301, Germany), washed with dis-
tilled water for the removal of free WO, nanoparticles and
then dried at 100°C in an oven for 3 h. Finally, the sample was
calcined at 300°C.

2.2.2. Synthesis of Fe,O,~WO, nanoparticles

First, in alkaline solution, the Fe,O,~WO, nanoparticles
were prepared by means of the co-precipitation and hydro-
thermal methods [24,25,27]. Next, the appropriate amounts
of FeCl,.6H,0O and FeCl,.4H,0 were dissolved in 200 mL
of deionized water and the WO, nanoparticles were added
to the suspension at 1:1 volume ratio. After that, 25 mL of
NH,OH (25%) was added dropwise to the precursor solu-
tion to achieve an alkaline medium (pH = 8) producing a
black and gelatinous precipitate of the Fe,O,~WO, nanopar-
ticles under nitrogen gas. Then, it was heated at 80°C for
2 h with continuous stirring. Next, the desired catalyst of
the Fe,O,~WO, nanoparticles was collected by a permanent
magnet and then washed with deionized water and ethanol
for five times. Finally, it was dried at 80°C in a vacuum oven
for 5 h.

2.2.3. Synthesis of amino-functionalized Fe,O ~WO,
nanoparticles

The amino-functionalized Fe,O,~WO, nanoparticles were
prepared by means of the co-precipitation and hydrothermal
methods. First, the appropriate amount of the Fe,O-WO,
nanoparticles was dispersed in 400 mL of deionized water.
Next, the mixed solutions containing ethanol and APTES
were added to the suspension at 1:1 volume ratio at 70°C
for 6 h under vigorous stirring. Then, the resulting mixture
was washed with deionized water and ethanol for five times.
Finally, it was dried at 80°C in a vacuum oven for 5 h [31].
The crystal structure of the samples was determined by X-ray
diffraction (XRD) at room temperature using a D8 Advance
diffractometer (Bruker, Germany) with monochromatic
high-intensity Cu Ka radiation (I = 1.5406 A), the accelerat-
ing voltage of 40 kV and the emission current of 30 mA. The
functional groups on the surface of the samples were deter-
mined by Fourier transform infrared spectroscopy (FTIR)
analysis (Tensor 27, Bruker, Germany), which was in the
range of 400-4,000 cm™. Also, the surface morphology of the
samples was determined by scanning electron microscopy
(SEM; TESCA MIRA3, Czech Republic). Energy dispersive
X-ray spectroscopy (EDX; TESCA MIRA3, Czech Republic)
was used to characterize the elemental composition of the
samples. And, the magnetic property of the samples was
characterized by a vibrating sample magnetometer (VSM;
MDKED, Iran). The point of zero charge (pH,,) was deter-
mined to investigate the surface charge propertles of catalyst
materials. The pH of the samples was measured based on
the previously reported method [32].

2.3. Experimental setup

The stock solution (1,000 mg/L) of the dye was prepared
by dissolving AR14 into distilled water. The experiments were
conducted with different nanocatalyst doses (0.1-0.8 g/L),
initial AR14 concentrations (10-100 mg/L), initial pHs (3-11),
H,O, concentrations (2-50 mM), oxygen and nitrogen flow
rate (2 L/min) and different organic combinations: humic
acid, oxalate, EDTA, phenol, folic acid and citric acid (equal
to 30 mg/L). All runs were carried out under ambient con-
ditions for 2 h. The batch experiments were performed at
(25°C + 1°C) and continuously stirred. For the photocata-
lytic removal of AR14, a solution containing a known con-
centration of AR14 and the nanocatalyst was prepared and
allowed to equilibrate for 30 min. At each stage, 10 mL of the
suspension was taken at definite time intervals. The nano-
catalyst was separated from the mixture solution by perma-
nent magnet for 2 min. The concentration of AR14 in each
sample was measured using a spectrophotometer (UV/Vis
Spectrophotometer, Hach-DR 5000, USA) at A__ = 515 nm
by a calibration curve, which was depicted based on Beer—
Lambert law [33].

3. Results and discussion
3.1. Characterization of nanocatalyst
3.1.1. XRD analysis

Fig. 1(a)—(d) show the XRD patterns of the nanoparticles.
The crystalline structure of both WO, and Fe O, and Fe,O,—
WO,-APTES is exhibited by these patterns even after coat-
ing of the Fe,O, nanoparticles onto WO,. The main peaks at
20 values of 21.16°, 35.53°, 43.12°, 57.09° and 62.82° corre-
sponded to the (002), (103), (004), (321) and (400) planes of
orthorhombic Fe O, (JCPDS card no. 031156) [27]. And, the
main peaks at 20 values of 23.707°, 24.099°, 26.587°, 28.776°,
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Fig.1.XRDimage of the samples: (a) Fe,O
and (d) Fe,O,-WO,-APTES.
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34.022°, 35.525°, 41.524°, 50.494°, 54.302°, 55.116°, 57.677° and
62.446° corresponded to the (020), (200), (120), (111), (220),
(121), (221), (112), (041), (401), (331) and (430) planes of ort-
horhombic crystalline WO, (JCPDS card no. 36-1451) [34].
The peaks related to the nanoparticles of Fe,O, and WO, were
still observed after the modification with APTES (Fig. 1). This
result presents the growth of the Fe,O, nanoparticle crystal
on the WO, nanoparticles. The Debye-Scherrer’s equation
was used to calculate the average crystalline size of the WO,,
Fe,O, Fe,O,~WO, and Fe,0,~-WO,-APTES nanoparticles. The

3Ty

mean crystallite size of the nanoparticles: WO,, Fe,O,, Fe,O,—

WO, and Fe,O,~-WO,-APTES were estimated to be 23, 8, 19
and 19.3 nm, respectively.

3.1.2. FTIR analysis

The FTIR analysis on the nanoparticles’ surface was car-
ried out ranging between 400 and 4,000 cm™ (Fig. 2(a)—(e)).
Significant absorption peaks at 447, 580, 860, 1,403, 1,623,
3,378, 3,788 and 3,850 cm™ were observed by the Fe,O,
nanoparticles. In addition, the FTIR spectrum of the WO,
nanoparticles showed significant absorption peaks at 817.40,
1,449.94, 1,639.29, 2,360.37 and 3,398.37 cm™. Also, the FT-IR
spectrum of the Fe,O,~WQO, nanoparticles showed significant
absorption peaks at 445.85, 573.99, 813.4, 940.17, 1,395.19,
1,624.45, 2,360.99, 3,385.3 and 3,741.49 cm™. And, the FTIR
spectrum of the Fe,O-WO,-APTES nanoparticles illus-
trated significant absorption peaks at 444.19, 577.47, 793.93,
944.77,1,114.47,1,221.31, 1,385.18, 1,507.55, 1,629.27, 2,361.09,
3,410.10, 3,741.3 and 3,853.91 cm™. The two distinct absorp-
tion peaks at 580 and 447 cm™ are attributed to the vibration

(e}
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Fig. 2. FTIR image of the samples: (a) Fe,O,, (b) WO,, (c) Fe,O,~
WO,, (d) Fe,O,-WO,-APTES and (e) recovery.
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of Fe*-O%* and Fe*—O%, respectively [25,27]. The peaks from
700 to 900 cm™ are assigned to the aromatic C-H stretch-
ing [25,27]. The peak at ~3,400 cm™ belongs to vibration of
—-OH group [25,27]. For the band observed between 600 and
800 cm™ corresponds to v(W-O, -W) and v(W-O,_ _-W)
[34]. For the WO, nanoparticles, the band observed between
2,800 and 3,500 cm™ corresponds to the v(HOH) and v(OH)
[34]. The band seen between 1,600 and 1,650 cm™ corresponds
to ® H,O [34]. The FTIR analysis supported coating of the
Fe,O, nanoparticles onto the WO, nanoparticles. After amine
modified Fe,O,-WO, nanoparticles with APTES, the new
peaks at 1,507.55, 1,385.18, 557.47 and 600-800 cm™ corre-
sponding to N-H, C-N bending vibration, Fe-O vibration of
Fe,O,and v(W-O,_ -W)and v(W-O, -W) were observed in
the spectrum of the Fe,O,~WO,-APTES nanoparticles. These
observations provide evidence that amine groups have been
successfully introduced onto the surface of the Fe,O-WO,
nanoparticles, forming the APTES-Fe,O,-WQO, nanocatalyst.

3.1.3. SEM, EDX and VSM

Scanning electronic microscopy (SEM) was used to inves-
tigate morphology, shape and size of the Fe,O,, WO,, Fe,O-
WO, and Fe,O,~WO,~-APTES nanoparticles. The SEM images
of the Fe,O, WO, Fe,O~-WO, and Fe,O~-WO,-APTES
nanoparticles have been shown in Fig. 3(a)-(d), respectively.
Fig. 3(a) shows the high-magnification SEM images of the
Fe,O, microspheres. It can be seen that the Fe,O, microspheres
have a relatively uniform diameter of about 20 nm. Fig. 3(b)
shows the morphology of the WO, nanoparticles. It can be
seen that there is a collection of spherical particles which
were agglomerated randomly. Many of the particle size were
falling in the range of 10-30 nm, which is in high correla-
tion with the XRD data. Fig. 3(c) presents that the Fe,O,-WO,
precursors are composed of non-uniform sheets with a size
range of 10-20 nm. High-magnification SEM shows that large

15=.16.22nm

L1'=14:37 nm

L4=15.41nm

L

Fig. 3. SEM image of the samples: (a) Fe,O

0, (b) WO,, (c) Fe,O~
WO, and (d) Fe,0,-WO,-APTES.
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numbers of the WO, nanoparticles have radially grown on the
surfaces of the Fe,O, microspheres. Fig. 3(d) clearly illustrates
the distribution of APTES on the surface of the Fe,O,-WO,
nanoparticles. Also, Fig. 3(d) shows sphere structure for the
Fe,O,-WO,-APTES nanoparticles. The EDX patterns of the
FeSO , Fe,O-WO, and Fe,O,-WO,-APTES nanoparticles
have been presented in Fig. 4(a). According to the results of
the EDX analysis, the weight percentages of C, O and Fe in
Fe,O,nanoparticles were 20.94%, 26.07% and 45.28%, respec-
tively; weight percentages of O, Fe and W in Fe,O-WO,
nanoparticles were 12.53%, 78.29% and 11.68%, respectively;
and weight percentages of C, O, Fe and W in Fe,O,-WO,—-
APTES nanoparticles were 2.06%, 21.19%, 64.29% and 9.98%,
respectively. Therefore, the synthesized compound was com-
posed of Fe, O and W, indicating the formation of the Fe,O,—
WO,-APTES nanoparticles. VSM magnetization curve of the
samples at room temperature has been depicted in Fig. 4(b).
The saturated magnetization values were 58.97, 43.83, 42.74
and 0.0043 emu/g, respectively, for the Fe,O,, Fe,O,-WO,—-

3Ty

APTES, Fe,O,~WO, and WO, nanoparticles.

3.2. Effects of operational parameters on the photocatalytic
removal of AR14

3.2.1. Effect of initial pH

Before addition of HCI or NaOH, the pH value of AR14
aqueous solutions was approximately 5.83. The effect of the
variable: solution pH on AR14 (30 mg/L) removal via the pho-
tocatalytic process was studied by changing initial pH at the
constant nanocatalyst dosage (0.2 g/L). An approximate 80%

(a) o Fe30,-WO3-APTES
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Fig. 4. (a) EDX image of the samples and (b) VSM image of the
samples.
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drop was observed in removal efficiency of AR14 when pH
increased from 3 to 11 (Fig. 5). The pH variable played a basic
role in the photocatalytic destruction of this compound under
the UV/Fe,O-WO,-APTES process. After the achievement
of adsorption equilibrium (30 min), adsorptive removal effi-
ciencies were 30.21, 8.2, 2.3, 1.3 and 0.86% at pH values of 3,
5,7, 9 and 11, respectively. The removal efficiency at pH of
3 increased to just over 60% after only 15 min of irradiation,
but it declined under 3% at pH of 11. The pH, was detected
for studying the surface charge of the catalyst “the pH, val-
ues of the nanoparticles: WO,, Fe,O,, Fe,O,-WO, and Fe O,-
WO,-APTES were found to be respectlvely, 5. 09 6,7.03 and
8.22. The surface of the Fe,O,~-WO,-APTES nanoparticles was
positively charged at pH values under 8.22, whereas a reverse
pattern was seen at values over 8.22. But the repulsion between
the negatively charged surfaces of AR14 and the Fe,O-WO,-
APTES nanoparticles declines in acidic conditions [6,8]. Thus,
AR14 adsorption onto the nanoparticles of Fe,O ~-WO,-APTES
goes up, resulting in a better removal efficiency [6,8]. Since
there is a sulfuric group in the structure of this compound, and
it is negatively charged in acidic solutions, the adsorption of
the dye onto the photocatalyst’s surface is higher [6,8]. In addi-
tion, in acidic conditions, the photocatalytic destruction of the
dye happens owing to the formation of *OH (Egs. (1)-(4)) [12].

€+ Ozaas) ™ Olgaa) @)

0304 *H' > HO; @

2HO; -»0,+H,0, (3)

H,0,+°0,,4, > "OH+OH +0, (4)
100

Removal efficiency (%)

0 30 60 90 120
Irradiation Time (min)

Fig. 5. The effect of initial pH on the photocatalytic removal of
AR14 (catalyst dosage = 0.2 g/L. and [AR14], = 30 ppm).
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It should be pointed that in this study the pH value of 3
was selected as the best value. Therefore, the rest runs were
conducted at this value. It was found that this nanocatalyst
was stable at pH > 2, based on the pH, _data.

3.2.2. Effect of catalyst dosage

In this study, it was found that decolorization is depen-
dent on the dosages of the Fe,O,~WO,-APTES nanoparti-
cles. The removal efficiencies of 58.47%, 86.34%, 86.9% and
52.9% were attained at the dosages of 0.1, 0.2, 0.4 and 0.8 g/L,
respectively, at AR14 content of 30 mg/L and pH of 3 (Fig. 6).
The decolorization went up when there was an increase in
the concentration of the catalyst (0.1-0.4 g/L) and then it
decreased. It should be noted that the increase of the catalyst
amount did not lead to the constant degradation of AR14.
The improvement of the removal efficiency can be attributed
to: (1) an increase in the content of the Fe,O,~WO,-APTES
nanoparticles increasing the number of dye molecules
adsorbed on the surface of the catalyst and (2) an increase
in the density of catalyst particles in the area of illumination
[6,7,35]. The amount of the decolorization declined at dos-
ages above 0.4 g/L of the catalyst, which is because of the
aggregation and the reduced activity of the catalyst particles
by light scattering [6,7,35]. Other researchers have claimed
similar findings [1,11,36]. In the present research, the nano-
catalyst dosage of 0.2 g/L was chosen as the optimum amount
and other runs were performed at this amount.

3.2.3. Effect of AR14 initial concentrations

Some experiments under the following conditions: six
concentrations of AR14 (10, 20, 30, 60, 80 and 100 mg/L), ini-
tial pH (3) and constant nanocatalyst dosage (0.2 g/L) were
performed to study the effect of initial AR14 concentrations
on the efficiency (Fig. 7). As can be seen in Fig. 7, the photo-
catalytic removal of the dye declined (from 99.99% to 26.33%)
when there was an increase in concentration (10-100 mg/L)
after 120 min. The dye removal performance can be lessened

100
80 1
S
Z
£ 60
9
g
7
=
>
=}
E 40 1
S =04 g/L
—4—(0.2g/L
—e—0.1 g/L
——0.8 g/L
20 1
0 T T T T T T T
0 15 30 45 60 75 90 105 120

Irradiation Time (min)

Fig. 6. The effect of catalyst dosage on the photocatalytic removal
of AR14 (pH =3 and [AR14]; =30 ppm).

through raising the initial concentration of the dye because
in this case more AR14 molecules are absorbed on the surface
of the nanocatalyst [8,34,37]. When there is a large amount
of adsorbed AR14, the photocatalytic process faces a chal-
lenge of an inhibitive impact between AR14 molecules and
photogenerated holes or hydroxyl radicals as, in this case,
a direct contact does not happen among them [8,34,37].
Furthermore, the path length of photon that enters into the
solution declines when the solution contains high contents of
AR14 [8,34,37]. Accordingly, other researchers have proven
this claim in similar studies [18,38].

3.2.4. Kinetics and electrical energy per order (E, ) studies

In this part, it was tried to find the appropriate chemi-
cal decomposition model, best explaining the experimental
kinetic data. Some kinetics models like the zero-, first- and
second-order models were used to fit the gained data. It
should be pointed that the relationship between initial degra-
dation rate (r) and initial concentration of AR14 can be stud-
ied by the Langmuir-Hinshelwood model. Table 2 presents
a breakdown of the findings of the equations and constants

[23,39,40]. So as to achieve kinetic data for dye removal by
1

the photocatalytic method, C, - C, In[C//C|] and Ci—c— Vs.
t were plotted. The zero-, first- and second-order kinetic
parameters for photocatalytic models and dye degradation,
at different initial contents of AR14 and pH values, have been
given in Tables 3 and 4. In the current study, the first-order
kinetic model provided a good fit to the data. k ,  values for
each initial amount (Table 3) were calculated from the slope
between In([AR14]/[AR14]) vs. reaction time. The reaction
rate of the first-order rate constant (k,) decreased from
0.0798 to 0.0021 min™ with increasing the concentration of
AR14 between 10 and 100 mg/L. E_ values for six concen-
trations have been shown in Table 3. With increasing the dye
content from 10 to 100 mg/L, the E_ value increased from
60.15 to 2,285.71 (kWh/m?). K, and k were 0.08 (L/mg)
and 0.22 (mg/L min) by plotting 1/k__ vs. the initial concen-
tration of AR14, respectively. Additionally, the E_, value for
the UV/Fe,O,-WO,-APTES (288.88 kWh/m®) process was

Removal efficiency (%)

0 30 60 92 120
Irradiation Time (min)

Fig. 7. The effect of initial AR14 concentration on the photocat-
alytic removal of AR14 (catalyst dosage = 0.2 g/L and pH = 3).
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Table 2
Kinetics models, electrical energy per order equations and parameters for the photocatalytic removal of AR14

Kinetic models Electrical energy per order Parameters

Zero order  384xP AR14, (mg/L.), AR14, (mg/L),

AR14,-AP14 =kt Tk ] k,(mol/L)/min, k_,(1/min),

o k, (L/mol)/min, [AR14], (mg/L),
First order pxtx1000 k. (mg/L)/min, K, , (L/mg), P (kW),
AR14, Ey = V (L), E,, (kWh/m®)
In =Ko V %60 xlog| ART4 o

Second order
1 1

=kyt
AR14, AR14,

Langmuir-Hinshelwood

d[AR14]  kK,. [AR14
= KK AR k[ AR14]
dt 1+K ,,,,[AR14],
1__ 1 [aR4]
kuhs chARM kc
Table 3

Kinetic parameters for the photocatalytic removal of AR14 at different initial concentrations of AR14 (catalyst dosage = 0.2 g/L and
pH=3)

[AR14], Zero order b First order E., Second order
(mg/L) k, R? (1/min) 1/k,, R? (kWh/m?) ¢, R?
(mol/L)/min (min) (L/mol)/min

10 0.054 0.4567 0.0798 12.53 0.9369 60.15 0.5502 0.613

20 0.1053 0.5356 0.0194 51.54 0.8693 247.42 0.006 0.9828

30 0.1489 0.573 0.0136 73.52 0.8303 352.94 0.0016 0.9774

60 0.2402 0.6752 0.007 142.859 0.803 685.71 0.0002 0.9198

80 0.2508 0.7134 0.0046 217.39 0.8004 1,043.48 0.0001 0.6153

100 0.1751 0.7576 0.0021 476.19 0.7965 2,285.71 0.0001 0.8333
Table 4

Kinetic parameters for the photocatalytic removal of AR14 at different initial pHs ([AR14]; =30 mg/L and catalyst dosage = 0.2 g/L)

pH Zero order First order Second order
k, R? k, R? k, R?
(mol/L/min) (1/min) (L/molmin)
3 0.1045 0.7431 0.0118 0.9209 0.0016 0.9879
5 0.023 0.9564 0.0012 0.9524 0.0001 0.9479
7 0.0119 0.6003 0.0006 0.6041 0.0001 0.6077
9 0.047 0.0216 0.0003 0.0309 0.0001 0.0416
11 0.0261 0.1412 0.0012 0.1625 0.0001 0.1827

lower than that for the UV/Fe,O-WO, (3,242.47 kWh/m?),
UV/Fe O, (4,770.72 kWh/m?), UV/WO,(2,906.65 kWh/m?) and
UV (2,694.89 kWh/m?) processes.

3.2.5. Effect of hydrogen peroxide concentration

When the optimum amount of H,O, was added to the
solution, the photocatalytic performance boosted. Of course,

the selection of this optimum value is dependent on types
and amounts of contaminants. Thus, the performance of
the Fe,O-WO,-APTES nanoparticles in removing AR14
was surveyed under the following conditions: H,O, con-
centrations of 2-50 mM, AR14 concentration of 30 mg/L,
Fe,O,-WO,-APTES nanoparticles of 0.2 g/L and pH of 3.
An increase in initial content of H,O, (2-50 mM) caused a
15% increase in dye removal (Fig. 8). If H,0, is added in its
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suitable amount, the reaction between H,O, and electron in
the conduction band of the Fe,O,-WO,-APTES nanoparti-
cles can be improved. According to Egs. (5) and (6), H,O,can
inhibit the electron-hole recombination [8,41]. Since H,O, can
act better as an electron acceptor than O,, it performs as an
alternative electron acceptor to O, [8,41]. The removal effi-
ciency is enhanced at high concentrations of H,O, owing to
the electron-hole recombination [8,41].

H,0, +e;; »OH + HO" ®)

H,0, + hv - 2HO" ©6)

In the study conducted by Daneshvar et al. [11], it was
found that addition of H,O, is effective in photodegradation
of AR14 by the UV/ZnO process under the conditions as fol-
lows: irradiation time of 15 min, [AR14], = 20 ppm, ZnO =
160 ppm and pH neutral.

3.2.6. Effect of different purging gases

In the present study, some runs were conducted to deter-
mine the effects of different purging gases under the follow-
ing conditions: oxygen and nitrogen flow rates of 2 L/min,
initial AR14 concentration of 30 mg/L, nanocatalyst dosage
of 0.2 g/L and pH of 3 (Fig. 9). A higher photocatalyst activity
can happen in the situation in which different purging gases
are applied, in comparison with the ambient condition. The
ambient condition increased the efficiency between 62.89%
and 86.34% with increasing time between 15 and 120 min,
whereas the removal efficiencies went up from 71.08% to
98.31% and 66.08% to 92.4% in the situation of applying
gases: oxygen and nitrogen, respectively. Also, detection of
dissolve oxygen (DO) over reaction time illustrated that an
increase in time (from 9 to 15 min) caused dissolve oxygen
concentration to decrease from 17.36 to 13.02 mg/L (Fig. 9).
Generally, it can be concluded that oxygen had the highest
removal efficiency followed by nitrogen and without gas
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Fig. 8. The effect of hydrogen peroxide on the photocatalytic
removal of AR14 (catalyst dosage = 0.2 g/L, pH = 3 and [AR14],
=30 ppm).

[42]. The photocatalysis stage is dependent on oxygen and
nitrogen gases; for example, oxygen is transformed to a
superoxide radical anion (O,7) by grasping an excited elec-
tron in the conduction band of photocatalysts. However, in
the case of a situation, in which no gas is employed, the gen-
eration of superoxide radicals is limited, thereby providing
a less photocatalyst activity for AR14 [42]. In the study by
Saharan et al. [43], it was claimed that the removal efficiency
of Victoria blue and Fast green FCF enhanced the presence of
oxygen gas because of the synergistic effect of Ni doped ZnO
nanoparticles and ultrasonication, the efficiency declined by
in the case of argon gas. Chakrabarti and Dutta [44] studied
photocatalytic destruction of Eosin Y and Methylene Blue
dyes by means of ZnO as a photocatalyst; they explained that
the efficiency increased between 39% and 63% when the air
flow rate was raised between 0 and 11.3 L/min. Pare et al. [45]
described that the purging gas of oxygen led to an increase in
Lissamine Fast Yellow degradation in ZnO suspension, but
the gas of nitrogen declined the efficiency.

3.2.7. Effect of organic compounds

In this research, a few experiments were carried out
to measure the impacts of different organic combinations:
humic acid, oxalate, EDTA, phenol, folic acid and citric acid
(equal to 30 mg/L) under the following conditions: initial
AR14 content of 30 mg/L, Fe,O,~-WO,-APTES nanoparticles
dosage of 0.2 g/L and initial pH of 3. As can be seen in Fig. 10,
the proportions of AR14 removal were 98.23, 97.67, 89.39,
89.31, 86.34, 78.31 and 68.23%, respectively, for oxalate, cit-
ric acid, phenol, EDTA, without organic compounds, folic
acid and humic acid. Organic compounds like citric acid and
phenol and EDTA can scavenge the positive holes created
over the photocatalytic process, thereby increasing AR14
removal via capturing the promoted electron [32]. On the
other hand, folic acid and humic acid declined the perfor-
mance, which can be on account of the interference between
adsorbed organic molecules and AR14 molecules prevent-
ing the access of dye molecules to photocatalyst’s surface
[46]. Also, there are many aliphatic and aromatic organic
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Fig. 9. The effect of different purging gases and variation of dis-
solved oxygen concentration during the photocatalytic removal
of AR14 (catalyst dosage =0.2 g/L, pH =3 and [AR14] =30 ppm).
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molecules in the structure of folic acid and humic acid [46].
These molecules are subject to the same chemistry as the
target analyte and can occupy the photoactive sites on the
nanocatalyst’s surface; in this case, fewer sites are remained
to remove the dye [46]. This competition among molecules
would result in a slower removal of the target analyte, AR14
[46]. In the agreement with our results, Chladkova et al. [47]
explained that the photocatalytic removal of Reactive Red
195 over TiO, was reduced in the presence of humic acid, as
a scavenging agent.

3.2.8. Comparison of each process

In this research, the performance of different photocat-
alytic processes: WO,-alone, Fe,O,~WO,-alone, Fe,O,-alone,
UV/Fe,0,, UV/Fe, O -WO,, UV/WO UV- alone "Fe O~
WO —APTES alone and UV/Fe O, —WO ,—APTES was eval—
uated and compared under the same reactlon conditions.
Initial AR14 concentration, nanoparticle dosage and initial
pH were 30 mg/L, 0.2 g/Land 3, respectively. Fig. 11 shows
that removal efficiencies for each process were: 8.52, 8.86,
9.63, 11.34, 16.25, 17.94, 19.25, 27.63 and 86.34%, respec-
tively. The photocatalytic removal of AR14 via just adsorp-
tion was low. It was found that the UV/Fe,O,~-WO,-APTES
process had the highest removal efficiency. The photocata-
lytic removal of this dye by means of the UV/Fe,O,-WO,-
APTES process was compared with other reported data
Table 5 shows a breakdown of the efficiencies and kinetics
variables for AR14 removal through different methods. The
findings illustrated that UV/Fe, O,~-WO-APTES was capa-
ble of removing AR14 from aqueous solutlons more than
UV/Fe,O,and UV/WO,-alone. In other words, a synergistic
effect happens between FeZO -WO, modified with APTES
playing an important role in the photocatalytlc properties
of UV/Fe ,O,~-WO,-APTES [40].

3.2.9. UV-Vis spectra of AR14 and reusability

The UV-Vis spectra of dye solutions during the pho-
tocatalytic process at some irradiation times have been
shown in Fig. 12. The spectrum of AR14 in the visible region
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Fig. 10. The effect of different organic compounds on the pho-
tocatalytic removal of AR14 (catalyst dosage = 0.2 g/L, pH =3,
[AR14], =30 ppm and organic compounds = 30 ppm).

exhibits a main band with a maximum at 515 nm. As can be
seen, a quick decomposition of azo dye occurred because of
the fact that the absorption peaks of AR14 at A_ =515 nm
decreased [11]. The decrease is also meaningful with respect
to the nitrogen to nitrogen double bond (-N=N-) of the azo
dye, as the most active site for oxidative attack [11]. The
dye was completely degraded after 2 h under the optimum
circumstances.

Because the reusability of a photocatalyst is very import-
ant after the reaction, the photocatalyst loaded with contam-
inant was placed in the 2 M NaOH solution, as a desorbing
agent. All photocatalytic experiments were repeated five times
in this study. Interestingly, the synthesized photocatalyst had
the same photocatalytic activity even after 120 min (Fig. 13).

4. Conclusions

In this study, we synthesized the Fe,O-WO,-APTES
nanoparticles using an easy co- prec1p1tat10n method also,
the photocatalytic activity of these nanoparticles for AR14
removal was investigated. In order to characterize the pro-
duced catalyst, the XRD, FTIR, SEM, EDX, VSM and pH,
techniques were used. Among all process, UV/Fe,O,-WO -
APTES had the highest photocatalytic activity (at pH 3). The
removal efficiency of AR14 increased with raising nanocat-
alyst dose up to 0.4 g/L and then decreased. An increase
in AR14 amount (10-100 mg/L) led to an decrease in reac-
tion rate of the first-order rate constant (k) from 0.0798
to 0.0021 min™. The E_ value increased between 60.15 and
2,285.71 (kWh/m® when the concentration of AR14 was
raised (10-100 mg/L). And, K, ,and k_were, respectively,
0.08 (L/mg) and 0.22 (mg/L min). Moreover, a rise in H,0,
content in the presence of different purging gases enhanced
the performance of the photocatalytic process. Also, the
removal efficiency increased in the presence of oxalate, citric
acid, phenol and EDTA and declined in the presence of folic

100
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<
P —#— Fes0,-WOz-APTES
3 —a— v
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Fig. 11. The contribution of each process involved in the photo-
catalytic removal of AR14 (catalyst dosage = 0.2 g/L, pH =3 and
[AR14],=30 ppm).
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