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Abstract. In this study, the performance of advanced oxidation process using titanium
and iron oxides based on the natural clinoptilolite zeolite (TiO2/Fe2O3/Clinoptilolite)
as a nanophotocatalyst was studied, and the effects of various factors on the furfural
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nanophotocatalyst. The SEM and XRD analyses showed a uniform distribution of titanium
dioxide and iron nanoparticles on the zeolite. The furfural degradation could successfully
happen at neutral to alkaline solutions. Moreover, increasing the amount of catalyst from
0.5 to 1.5 g/L does not have significant effects on the degradation efficiency. By enhancing
the initial concentration of furfural from 75 to 300 mg/L, the rate of degradation decreases.
The maximum efficiency of 98% could be achieved for 75 mg/L solution by using 1.5 g/L
catalyst in pH equal to 8 within 120 minutes.
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1. Introduction

Due to increased wastewater production and variety of
pollutants, precautionary actions are essential for the
environment protection. One of the main sources of
water pollution is release of chemical compounds from
petrochemical industries, oil refineries, and chemical
plants into the environment. Most of these chemicals
are non-biodegradable and cannot be removed through
biological systems. Nevertheless, they have toxic effects
on living organisms, such that many aromatic and
cyclic organic compounds, such as phenol and furfural,
have these properties. Furfural, a toxic and hazardous
chemical with adverse effects on living organisms, has
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been exceeding in the amount in industrial wastew-
ater, and therefore should be specifically considered
in treatment processes [1-3]. Furfural is widely used
in various processes such as extraction, paper mills,
and separation of colors from other hydrocarbons.
Advanced oxidation processes generally include the
formation and the use of strong oxidizing agents such
as hydroxyl radicals. These processes are relatively
new and have been used in purification of different
industrial waste waters [4]. These processes can break
down the toxic chemicals and compounds that are
resistant to biological treatment methods in the envi-
ronment. Chemical oxidation processes have received
much attention in recent years [1-6]. In these types
of reactions, UV (Ultra Violet) irradiation could be
used solely or combined with other oxidizing agents and
mineral catalysts. Some of these chemical oxidation
processes in the degradation of furfural have been
reported as effective in the removal of various chemical
complexes [1-3,7-9].
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In this regard, Faramarzpour et al. used titania
nano-particles for the photocatalytic degradation of
furfural in a floating-bed photoreactor. According
to their results, a furfural concentration reduction
of more than 95% was observed within 2 hours [8].
Nezamzadeh and Moeinirad removed the furfural by
the NiS-clinoptilolite photocatalyst. The NiS particles
out of the zeolite framework did not show significant
degradation efficiency [9]. Ahmadi et al. used TiO,
nanoparticles immobilized on a glass support, and their
results demonstrated that the furfural photocatalytic
reaction in 140 minutes led to the production of maleic
and tartaric acids as intermediates [6]. Hosseini et al.
immobilized TiOs on leca (light weight expanded clay
aggregate) granules for photocatalytic degradation of
furfural in a batch reactor. Based on their research,
the rate of furfural degradation was positively affected
by using UV radiation [10]. Zhang et al. synthesized
strontium titanate microtubules and investigated their
photocatalytic activity for degradation of furfural in
aqueous solutions. As a result, they found that the
photocatalytic capacity of synthetic strontium titanate
microtubules under the condition of calcinations tem-
perature at 1000°C is the highest [11]. Mousavi-
Mortazavi and Nezamzadeh used supported iron oxide
onto an Iranian clinoptilolite as a heterogeneous cata-
lyst for photodegradation of furfural in a wastewater
sample. Their results have shown that the efficiency of
the process significantly depends on the experimental
factors [12]. Veisi et al. investigated photocatalytic
degradation of furfural in an aqueous solution by N-
doped titanium dioxide nanoparticles. In their re-
search, the efficiency of furfural removal was found
to increase with increased reaction time, nanoparticle
loading, and pH, whereas the efficiency decreased with
increased furfural concentration [13]. Soltan et al.
used nano TiO2/Si0y deposited on cementitious ma-
terials for enhancement of photocatalytic degradation
of furfural and acetophenone in water media. The
results showed that the removal of these pollutants
from water using mentioned photocatalyst under UV
irradiation was performed with greater efficiency, which
does not require an additional separation stage to
recover the photocatalyst. Therefore, it would be
applicable for use in industrial wastewater treatment
at room temperature and atmospheric pressure within
the optimized pH range [14].

These processes are perfect to be substituted with
filtering, adsorption, reverse osmosis, and other meth-
ods that are conventionally applied to remove the non-
biodegradable chemicals. There are various nanoparti-
cle immobilization techniques for synthesis of photocat-
alysts including sol-gel, co-precipitation, hydrothermal,
as well as shrinking methods [1]. Impregnating of
catalyst onto suitable supports is a strategy that has
been used to enhance the photodegradation efficiency.

Among the supports, zeolites are the most famous
candidates due to their good properties such as high
cation exchange capacity, high adsorption capacity, etc.
High cation exchange capacity prevents aggregation of
supported catalysts that increases effective surface area
of the catalyst. High adsorption capacity of supports
can be a cause for bringing molecules of pollutant near
the catalyst, and hence photodegradation efficiency
tends to increase [15]. Due to these advantages, we
have used a cost-effective natural zeolite as a good
support in our experiment.

The main objectives of this research include
studying the effect of a new and efficient synthetic iron
and titanium nanophotocatalyst based on the natural
and cost-effective zeolite (clinoptilolite) on the degra-
dation of the furfural for the first time and evaluation
of the factors effect, such as the contact time, pH,
the initial concentration of furfural, and the amount
of catalyst on the destruction of furfural. The XRD
(X-Rag Diffraction) and the SEM-EDX (Scanning
Electron Microscope-Energy Dispersive Spectroscopy)
analyses are employed to investigate the composition
and morphology of the photocatalysts.

2. Materials and methods

2.1. Materials

Natural clinoptilolite was obtained from Semnan in the
northeastern region of Iran. Furfural, TiCly, FeCl;,
sodium hydroxide, sulphuric acid, hydrogen peroxide,
and all other chemicals in analytical grades were
obtained from Merck, Germany. Moreover, the water
used throughout the experiments was both distilled and
deionized. The pH of the solutions was adjusted by
sodium hydroxide and sulphuric acid solutions when
needed.

2.2. Experimental setup

The photodegradation experiments were performed by
a batch photocatalytic reactor system. The system
was a cylindrical pyrex-glass cell with 250 ml capac-
ity. Irradiation experiments were performed using a
medium pressure Hg UV lamp 8W (6 x 212 mm, 254
nm, Philips, Germany) placed in a quartz tube with
one end tightly sealed by a teflon stopper. The lamp
and the tube were immersed in the photoreactor cell.
A magnetic stirrer was used continuously to guarantee
sufficient mixing of the solutions. The reaction was
carried out at room temperature. Cooling water was
introduced to the jacket, surrounding the photoreac-
tor for cooling and maintaining constant temperature
during the experiments.

2.3. Analytical tests

2.3.1. Photocatalytic tests

The furfural concentration in the samples was mea-
sured by an UV spectrophotometer (Jasco, V-570,
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Japan). For this purpose, the samples were analyzed
at maximum wavelength of 275 nm by a quartz cell
(Starna, England). The Chemical Oxygen Demand
(COD) measurements were carried out by a COD
analyzer of Lovibond (England) based on the standard
methods for the examination of water and sewage [16].
The degradation of the furfural samples in a number of
experiments was also monitored by high-performance
liquid chromatography (KNAUER, manager 5000, Ger-
many). The XRD pattern of samples was prepared
using a Bruker diffractometer (D8 Advance) with a Ni-
filtered copper radiation (K« = 1.5406) in 26 range
of 6-80°. In addition, the surface morphology of
samples was determined using a Philips XLL30 Scanning
Electron Microscope (SEM). The EDX analysis was
also taken for the chemical analysis of the samples using
the ALS2300C model, Germany. The weight percent
of compounds in the samples was measured by X-Ray
Fluorescence (XRF) analyzer (Bruker, S4PIONEER,
Germany).

2.4. Preparation of zeolite sample

For preparation of zeolite, first, impurities of the raw
zeolite samples were separated by mechanical methods
and the zeolite was grounded by a mortar and pestle.
Then, the obtained powder was screened by ASTM
(American Society for Testing and Materials) standard
sieves of 200 to 400 micron sizes. After removal of
the impurities, the samples were washed by deionized
water, and then dried in ambient temperature (25°C)
to get prepared for the next steps.

2.5. Immobilization of titanium and tron
oxides on the natural zeolite
(clinoptilolite)

To immobilize titanium and iron oxide nanoparticles

on the natural zeolite, first, the zeolite powder (25.4%

wt/wt of the photocatalyst) was prepared by mixing

it with distilled water and heating to 70°C. For the
synthesis of the nanophotocatalyst, the solutions of

TiCly (71% wt/wt) and FeCly (3.6% wt/wt) were

simultaneously added to the zeolite powder drop-wise

while mixing together. Meanwhile, the pH of the
suspension was adjusted at 2.0 for producing a steady
solution. Then, the mixture was heated at the same
temperature for 4 hours with vigorous shaking until
the solvent was evaporated. Afterwards, the solution
was placed still for 12 hours until the conversion of

TiCl, and FeCls into their oxides was completed. The

products were repeatedly washed with deionized water,

and then dried in an oven at 80°C for 2 hours. Finally,
the calcination process was performed in a Muffle

furnace at 400°C for 2 hours [17].

2.6. The photocatalytic activity
The degradation efficiency was determined by obtain-
ing the absorbance of the solutions before and after
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Figure 1. Calibration curve of furfural.

photodegradation experiments at the wavelength of
maximum absorption (275 nm) of furfural using a
UV-Visible spectrophotometer. At this wavelength, a
standard graph of absorbance versus the concentration
of furfural calibration curve was prepared that is shown
in Figure 1. This graph shows a linear variation up to
0.01 g/L concentration. Therefore, the samples with
higher furfural concentration were diluted with distilled
water, when needed, to lessen the concentration below
0.01 g/L for accurate determination of the furfural
concentration. Calibration equation:
absorbance = 0.141Cr + 0.013, 72 = 0.991.

2.7. Experimental procedure
In each of the experiments, a certain amount of
nanophotocatalyst was added into a furfural solution
with specified concentrations. Also, for increasing the
amount of radical hydroxyls and the efficiency, 0.4 g/L
H>0, was added into the solution. Then, the prepared
solution was exposed to UV irradiation to determine
the destruction efficiency after a specified period of
time.

The Minitab software version 16 was used for
optimization of experiments due to the multiplicity of
experiments.

2.8. Confirmatory tests

A furfural degradation measurement by applying spec-
trophotometer was compared to the HPLC (High-
Performance Liquid Chromatography) and the COD
analysis results on a 0.1 g/L furfural sample.

3. Results and discussion

3.1. Characterization

3.1.1. Chemical composition of clinoptilolite

The XRF results of the chemical composition of pu-
rified natural clinoptilolite are presented in Table 1.
Si/Al ratio is 4.14 for clinoptilolite, which is within the
ranges reported in literature [18,19]. The agreement
between results of previous studies and the current
obtained results proves that the applied zeolite is
clinoptilolite [9,17]. The results also show that the
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Table 1. The XRF results of natural clinoptilolite and
the synthesized photocatalyst.

Natural zeolite Photocatalyst
Compound concentration concentration
(%W /W) (%owt /wt)
SiOy 72.13 29.83
Al>O3 10.50 4.24
CaO 1.94 0.128
K20 1.77 0.549
Fe2 O3 1.68 4.27
Na»O 1.66 0.705
MgO 0.878 0.206
TiO» 0.220 53.53
SrO 0.209 0.020
SO3 0.140 0.11
7Zn0O - 0.012
Cl - 0.73
BaO 0.058 -
MnO 0.033 -
ZrOy 0.022 -
JuO 0.018 0.028
Rb2O 0.011 -
LOI 8.55 5.597
Total 99.82 99.95

molar ratio (FeyO3/TiOs) of 6 equaling 4% (wt/wt)
of Fe; O3 in the catalyst was successfully achieved, and
a novel photocatalyst was obtained.

5.1.2. XRD patterns

The XRD results of clinoptilolite and the synthesized
catalyst show similar diffraction peaks, indicating that
the zeolite structure did not change due to incorpo-
ration of TiO, and FeyOj3 particles. However, some
differences, such as broadening of the diffraction peaks,
an increase or decrease in the intensity of some peaks,
and the shift in the position of the peaks to slightly
lower angles are observed in the spectra, particularly
in 20 range of 20-40°. The XRD pattern of the
natural zeolite demonstrates the diffraction peaks of
260 = 11.35, 13.01, and 26.1, similar to those reported
in previous studies [20]. In the XRD pattern of the
nanophotocatalyst, the characteristic peak of anatase
TiO5 corresponding to 260 = 25.6 can be seen. Due to
the low amount of Fe in the catalyst structure, there
is no peak related to it in the XRD pattern. In fact,
the intensity of the peaks in the catalyst composite
decreases with respect to that of clinoptilolite. This
decrease in intensity can be related to the presence or
incorporation of the nanoparticles inside the structure.
These changes in the relative intensities of the clinop-
tilolite peaks were found in the XRD pattern after co-
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Figure 2. The XRD patterns of the used clinoptilolite
and the used nanophotocatalyst.

precipitation. The XRD patterns of the used natural
clinoptilolite and photocatalyst are shown in Figure 2.
The similar result was also reported by Li et al. and
Wang et al. [17,21].

3.1.8. SEM-EDX analysis

The surface morphology of zeolite and the synthesized
catalyst was determined through SEM images and
their chemical structure was determined by the EDX
analysis of the samples which are presented in Figure 3.
The crystallites of the unloaded zeolite have very well-
defined layers as in the crystals. The SEM image of
the loaded samples shows the same crystals, indicating
that the zeolite crystallites are not affected by TiOs
and Fe;O3 loadings. The results of the EDX spectra
confirm the loadings of TiO, and Fe3* particles on the
zeolite matrix. The similar results were reported by
Wang et al. [17].

3.2. Catalytic activity

A set of experiments was carried out without UV
irradiation and HyO, addition in the presence of the
catalyst to determine its surface adsorption potential.
Based on these experiments, the adsorption of furfural
by synthesized nanophotocatalyst is negligible. The
degradation kinetics of furfural was fitted with a
polynomial relation:

Crp = 0.002t> — 1.413t + 159,

where Cr represents the final furfural concentration at
time ¢, r? = 0.97.

3.2.1. Optimum conditions of the designed catalyst

In this study, first, the optimum ratio of iron to
titanium dioxide and hydrogen peroxide dosage was
found through Taguchi design. The levels of the
parameters are presented in Table 2. To find the
optimum ratio of Fe;O3/TiOy in the catalyst, 0%,
3%, 6%, 7%, and 100% ratios of FeaO3/TiOs in the
presence of zeolite were prepared in which 0% is pure
TiO, and 100% is pure FeoO3 on the clinoptilolite.
Likewise, to find the optimum amount of hydrogen
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Figure 3. The SEM images and the EDX spectra of (a) the zeolite and (b) the catalyst.

Table 2. The levels of the catalyst type and the amount
Of HQOQ.

Type of the Amount of the
catalyst H,0; (g/L)
TiO, 0
3% 0.075
6% 0.15
% 0.3
Fes O3 0.4

peroxide, different concentrations of 0, 0.1, 0.2, 0.3, and
0.4 g/L for HoOy were tested. Moreover, to examine
higher hydrogen peroxide dosages, the concentrations
of 0.4, 0.55, and 0.7 g/L were also tested. In all
experiments, the test time was fixed at 2 hours based
on previous studies [1,9], and the initial concentration
of furfural was 0.3 g/L. The degradation efficiency
curves of furfural solution with catalysts in different
dosages of FeyO3/TiO, are shown in Figure 4. Tt
can be observed that by utilizing TiO, as a catalyst
in the absence of iron ions, minimum value of the
destruction efficiency is achieved. With increasing
the iron ion/titanium dioxide ratio, the destruction
efficiency of furfural increases. In the molar ratio
of 6%, the highest efficiency is achieved. Then, the
efficiency decreases as the iron concentration increases
to 7 mol%. When the catalyst is formed of pure
iron oxide and clinoptilolite, the degradation is more
efficient compared to the molar ratio of 3%. This

. |.Og/L WO0.lg/L M02g/L MO03g/L MO0.4g/L
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30

Efficiency %

20 4
104

TiO» 3% 6% 7% Fes O3
Ratio of the FeoO3/TiO2 in the catalyst
Figure 4. Degradation efficiency of furfural catalyzed by
photocatalysts doped with different dosage of iron ions in
different HoOg2 concentrations. Time: 2 hours, the initial
concentration of furfural: 0.3 g/L.

result is similar to that of a previous study reported
by Wang et al. [17], which indicates that the photocat-
alytic activities of Fey;O3/TiO4/zeolite photocatalysts
strongly depend on the concentration of iron ions. It
was observed that the hybridized catalysts were more
effective than pure iron and titanium catalysts. It
was due to combination of two semiconductors that
creates a new energy gap laid between the band gap
energies of single semiconductors [22]. The effect of
hydrogen peroxide on furfural degradation efficiency
is shown in Figure 5. With increasing H,O- dosage,
from 0 to 0.4 g/L, the efliciency increases. For the
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higher H,O, dosages, another Taguchi design was
utilized. By increasing HyO5 dosage from 0.4 to 0.55
g/L, the efficiency decreases, then increases within
0.55 to 0.7 g/L, and this trend is shown in Figure 5.
The main effects of the plot of this design are shown
in Figure 6. According to this plot, the efficiency
increases by increasing time and decreasing the furfural
concentration.

In the second design, we used Taguchi method
again in which initial pH value of furfural solution,
concentration of furfural, dosage of the photocatalyst,
and irradiation time were considered as the effective
parameters; other factors, such as temperature, light
intensity, and HyOs content, were kept constant. The
four factors in three different levels within the opti-
mum operating condition (6% catalyst and 400 mg/L
hydrogen peroxide) were studied. The levels of the
parameters are presented in Table 3.

Table 3. Factors and selected levels.

Contact Concentration of Dosage of
pH time furfural catalyst
(min) (mg/L) (8/L)
30 75 0/5
7 60 150 1
10 120 300 1/5

300
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Figure 7. The contour plot of efficiency for furfural
concentration versus time.

3.2.2. Effect of the furfural initial concentration

For examination of the furfural initial concentration,
the experiments were conducted in three levels of
furfural concentrations: 75, 150, and 300 mg/L. The
contour plot of efficiency versus the furfural concen-
tration and time is shown in Figure 7. It can be
observed that the degradation efficiency of furfural
decreases by increasing the initial concentration to
values above 300 mg/L. By increasing the furfural
content, more furfural molecules are adsorbed onto
the surface of the nanophotocatalyst, and the active
sites of the catalyst are reduced. Therefore, by
enhancement of the occupied spaces on the catalyst
surface, the generation of hydroxyl radicals decreases.
Also, increasing the concentration of furfural can lead
to decreasing the number of photons that reaches the
surface of the nanophotocatalyst. Therefore, the UV
light is absorbed by the molecules of furfural, and the
stimulation of nanophotocatalyst particles by photons
is reduced. These results are in accordance with those
of previous studies [9,23].

3.2.3. Effect of the contact time

To study the effect of contact time, the experiments
were performed in 0.5, 1, and 2 hour periods. Figure 8
illustrates that by increasing the contact time, the

300 -

600—m |
250 ————

200+

Furfural concentration (mg/L)

pH

Figure 8. Contour plot of efficiency for furfural
concentration versus pH.
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efficiency increases due to the free radical molecules
of furfural and have more opportunities to attack and
destroy the furfural molecules. The efficiency of above
98% was achieved at contact time of about 2 hours.
These results are in accordance with those of previous
studies [2,3,8,9].

8.2.4. Effect of the pH

Additional experiments were performed to determine
the most effective initial pH for furfural degradation.
The effect of solution pH (in the ranges of 2-10) on the
degradation efficiency of furfural was investigated. The
furfural solutions were adjusted to reach the desired pH
by addition of sulphuric acid and/or sodium hydroxide.
As shown in Figure 8, the degradation efficiency of
furfural is higher in pH ranges of 7 to 10.

In the initial acidic pHs, high amount of conju-
gated base was added to the solution. The sulfate
anion, SO; , reacts with hydroxyl radicals leading
to the formation of inorganic radical ions. These
inorganic radical anions show much lower reactivity
than hydroxyl radical and do not take part in the
furfural degradation. There is also a drastic com-
petition between furfural and anions with respect to
OH~. Hence, an increase in pH leads to an increase in
the degradation efficiency. As the results show, there
is a decrease in the removal efliciency at pH values
higher than 7. Researchers suggested that at high
concentrations of OH™ (pH above 9), two reactions
may take place leading to the deactivation of hydroxyl
radical [9,24]. First, HyO5. and HO,. radicals form
due to the reaction of hydroxyl radical with OH~. The
reactivity of these radicals with organic materials is less
than OH™ [25]. Second, due to the presence of high
amounts of OH™ radicals, the radical-radical reactions
take place at higher pH values [26]. The deactivation
of OH™ radicals in high pH values has been previously
reported [25]. Also, at neutral pH, the adsorption
of furfural is favored on nano-particle’s surface, and
the degradation is increased. The same results were
reported by Houas et al. and Ahmadi et al. [6,27].
However, in this study, the pH changes did not have
significant effect on the efficiency. Moreover, due to
HT cation production, the final solution was acidic in
all the experiments.

3.2.5. Effect of the catalyst dosage

The initial efficiency of photocatalytic degradation of
many pollutants is a function of the photocatalyst
dosage [28]. The effect of photocatalyst amount on
the degradation of furfural was studied in a series of
experiments, and the result of degradation efficiencies
versus catalyst dosages was presented in Figure 9. It is
observed that the amount of catalyst has insignificant
effect on the degradation efficiency of furfural.

3.3. The results of confirmatory tests

3.83.1. The result of HPLC analysis

To evaluate the extent of degradation and mineral-
ization of furfural, a HPLC analyzer was used. For
furfural analysis by HPLC analyzer, first, a calibration
curve was prepared which is shown in Figure 10. The
results of this analysis are shown in Table 4. These
results confirm those for furfural degradation during
the photocatalytic oxidation reactions, measured by
spectrophotometric technique.

3.8.2. The result of COD analyzer

To investigate the toxicity of the photocatalyzed solu-
tion, the COD analysis of furfural before and after the
reaction was determined, which is shown in Table 4. A
significant decrease in the solution COD to above 55%

300

250—u

150 . 1

Furfural concentration (ppm)

0.50 0.75 1.00 1.25 1.50
Catalyst dosage (g/L)

Figure 9. Effect of catalyst dosage on the degradation
efficiency.
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Figure 10. Calibration curve of furfural achieved by
HPLC analyzer.

Table 4. Concentration of furfural before and after
phtocatalytic reaction.

Concentration Concentration
. of furfural of furfural
Type of device . .
before reaction after reaction

(mg/L) (mg/L)

Spectrophotometer 100 4
HPLC 100 5.5
COD 108 48
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is observed. These results confirm the spectrophotome-
ter analysis.

4. Conclusions

According to our research, photocatalytic degradation
is an inexpensive, easy to run, effective and fast process
by which the removal efficiencies more than 95% could
be achieved in only 120 minutes. Furfural can be more
efficiently degraded by TiOs and Fe;Os incorporated
clinoptilolite zeolite in the presence of UV radiation.
The slurry photoreactor used in this work appeared to
be a proper system due to its capability of efficiently
distributing catalyst through the contaminated water.
An important advantage of this method is using a very
small amount of photocatalyst (0.5 g/L). It reduces
the consumption of photocatalyst and photons due
to the reduction of scattering and finally lessens the
contamination of the environment. Besides, maximum
photodegradation efficiency was obtained when the
experiments were performed in the neutral to alkaline
solutions. Furthermore, the experiments were more
efficient in the low initial concentrations of furfural.
The effectiveness of these processes was indicated by
confirmatory tests to evaluate the removal of furfural.
The XRD and SEM analysis on the photpcatalyst
revealed that the method adopted to immobilize ti-
tanium dioxide and iron nano-particles on the zeolite
was suitable for this purpose. No serious structural
changes were detected in the titanium dioxide and iron
particles, and the distribution of these nanoparticles on
the zeolite surface was uniform.
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