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Evaluation of sonocatalytic degradation of phenol in the presence of zirconium oxide
and cerium oxide nanocatalysts
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This study investigates the phenol sonocatalytic decomposition in the presence of zirconium oxide and cerium oxide
nanoparticles. Different parameters, such as contact time, pH, phenol density, catalyst dose, and temperature on phenol
degradation, were investigated. All experiments were performed at ultrasound frequency of 37 kHz. The results show that
the maximum degradation of phenol in the presence of zirconium oxide and cerium oxide nanocatalysts was 23.64 and
19.01%, respectively. The optimum conditions were: phenol concentration 10 mg/L, time 30 min, pH 3, catalyst dosages
0.4 g/L, and temperature 30 °C. The findings recommend using both zirconium and cerium oxides as nanocatalysts for

phenolic compounds degradation.
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INTRODUCTION

Water contamination with aromatic compounds
such as dyes and phenols and their derivatives with
a long half-life are sustainable in the environment
and supposed to be a potential danger for humans
and the environment [1-4]. These compounds exist
in industrial wastes and are the main source of water
pollution [5-8]. Phenol and its derivatives enter
surface waters naturally through plants and algae
decomposition and non-naturally through industrial
wastewaters [9-11]. Phenol major pollutant sources
include color manufacturing industries in a water
environment, production of pesticides, gasoline,
steel, oil and petrochemicals, leather, detergents,
synthetic textiles, electronics, glass, explosives,
cosmetics, and medical preparations [12-14]. Phenol
compounds are considered priority pollutants due to
their toxicity to the organism [15-17]. These
compounds at low concentrations in drinking water
can cause taste and odor changes [18]. In addition,
they are toxic to aquatic plants and human life.
Phenol and its derivatives are potentially
carcinogenic. Swallowing phenols at a 10 to 240
mg/L concentration for a long time can cause mouth
inflammation, diarrhea, dark urine, and visual
problems. Toxic phenol concentration in blood is
approximately in the range of 4.7 to 130 mg/L [19].
Exposure to excessive phenol can affect the brain,
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gastrointestinal system, eyes, heart, liver, lung, skin,
kidney, and pancreas [20]. According to the World
Health Organization recommendation, an acceptable
concentration of phenol in drinking water is 1 pg/L
[21]. The United States environmental protection
agency determined allowable phenol levels in
industrial wastewater discharged into the rivers as
less than 0.1 mg/L [22].

Different methods were proposed for phenol
removal, such as oxidation, photocatalytic
degradation, biodegradation, chemical coagulation,
solvent extraction, burning, reverse 0smosis,
microfiltration, ultrasonic irradiation, ozonation, and
absorption [5, 14, 18, 23-30]. Nevertheless, these
methods are increasingly limited due to the high
cost. Moreover, such methods are non-destructive
because they just transfer the organic compound
from water to another phase, thus easily making
secondary pollutions [31]. Using new approaches
based on ultrasound waves with advanced oxidation
processes is remarkable [32, 33]. Soundwave may
have more advantages against other advanced
practical treatment methods because of the
accelerating decomposition of organic compounds
that resist water. Practical advanced treatment
methods need chemical materials and input energy
to achieve an acceptable level for decomposition
[34]. In the present method, under ultrasound wave
performance, vapors and trapped gas in a liquid,
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created by cavitation phenomena and through very
high temperature, organic pollutants instantly
decomposed directly or indirectly using hydroxyl
radicals within collapsing cavitation bubbles [21, 35-
37].

However, organic pollutants decomposition
using ultrasound usually needs high energy and high
reaction time [38]. To overcome this problem, the
sonocatalytic destruction process was extended [39,
40]. The sonocatalytic method has high safety,
simplicity, and efficiency [41]. The nanoparticles
used in this study are zirconium oxide (ZrO,) and
cerium oxide (CeO;). ZrO, nanoparticles are used as
a catalyst because of their low price, non-toxicity,
high chemical stability, hydrophilicity, catalyst
activity, etc. [23, 42]. CeO; is another effective
catalyst for organic materials oxidation, such as
phenol and cyclohexane [43]. Several studies about
phenol removal were conducted through
sonocatalysis, but there is no publication related to
phenol removal by sonocatalysis in the presence of
CeO; and ZrO,. Therefore, this study investigates
the efficiency of CeO, and ZrO, nanoparticles as
catalysts for phenol degradation through the
sonocatalytic method.

MATERIAL AND METHOD

This  practical study was  performed
experimentally on a laboratory scale. In this work,
ZrO; and CeO; with 99.95 and 99.97% purity,
respectively, were used as catalysts. At first, a stock
solution (500 mg/L) was prepared by dissolving 0.5
g of phenol in 1000 mL of distilled water. The
phenol removal experiments were performed in the
presence of nanoparticles of ZrO, and CeO: in
Erlenmayer flasks. The used frequency was 37 kHz,
and the studied pH values were in the range of 2-11.
After finding the optimal pH, the optimal dose of the
catalyst was determined. Five dosages of catalyst
(0.1, 0.2, 0.3, 0.4, 0.5 g/L) were examined. After
determining the optimal pH and catalyst dosage,
contact time (10, 20, 30, 40, 50 min) and initial
phenol concentration (10, 20, 30, 40, 50 mg/L) were
optimized. Finally, the experiments were performed
at different temperatures (20, 30, 40, 50, and 60 °C

°C ), and the optimal temperature was found. In the
different stages of research, phenol concentration
was determined on a spectrophotometer at a
wavelength of 500 nm. The structure and
morphology of ZrO, and CeO; nanocatalysts were
characterized using X-ray diffraction (XRD) and
scanning electron microscopy (SEM).
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RESULTS AND DISCUSSION
Zr0O; and CeO: nanocatalysts characterization

XRD patterns and SEM images of ZrO, and CeO;

nanoparticles are shown in Figs. 1 and 2,
respectively.
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Fig. 1. X-ray diffraction patterns for ZrO, (a) and
CeO: (b).

XRD is a technique that is used widely for
determining structural specifications. SEM is used
for investigating surface specifications and
nanoparticle shape. In the two patterns, the number
of peaks and the number of diffraction angles are
different which shows a unique and completely
different crystalline structure. ZrO, and CeO, XRD
patterns are shown in Figs. l1a and 1b, respectively.
Peaks related to ZrO; are located at 24.14, 28.27,
31.56, 34.25, 34.50, 40.83, 49.34 and 50.21°. For
CeQ,, the peaks are located at 28.64, 33.17, 47.56,
56.41,59.16, 69.49, 76.73, and 79.15°, which shows
the tetragonal and cubic property of these
nanoparticles [23, 44, 45]. Data on particle size (Ps),
obtained based on peaks width, show that ZrO, size
is smaller than that of CeO; (38 and 46 nm for ZrO,
and CeQO,, respectively) using the Scherrer equation
(Ps=kA/Bcos®, where k = 0.9, A is the Cu-target
wavelength, f is the full-width at half-maximum of
the diffraction peak, and 0 is the diffraction angle
[46-48].
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Fig. 2. SEM images of ZrO> (a) and CeO; (b).

CeO; nanoparticles are light yellow, of spherical
shape, and the density is equal to 7.132 g/cm?, while
ZrO; nanoparticles are white, of approximately
spherical shape with a density of 5.890 g/cm?, as can be
seen from Fig. 2. The smaller spherical particles of
ZrO; (Fig. 2a) are widely distributed, providing a
larger amount of active centers.

Effect of pH on phenol degradation by
sonocatalytic process

In this study, the amount of phenol removal in the
pH range from 2 to 11 was investigated in the
presence of ZrO, and CeO, nanoparticles. As
displayed in Fig. 3, the maximum amount of phenol
removal by a sonocatalytic process using ultrasound
(US) only and in the presence of ZrO, and CeO- s at
pH 3. The removal ratio was 14.6, 13.73, and 0.38%
using ZrO,, CeO,, and US, respectively. pH has an

essential  effect on  phenol  destruction.
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Fig. 3. pH effect on phenol removal by nanocatalytic
process in the presence of ZrO, and CeO; nanoparticles.

Phenol adsorption and catalyst surface charge
will vary with changes in the pH value. This factor
affects the interpretation of removing pollutants
through the sonocatalytic method because of
different functions of surface ionization, hydroxyl
radical formation, particle aggregation, and pollutant
specifications, which can affect catalyst adsorption
and congestion [49]. It is known that the degradation
reactions can be accelerated under acidic conditions
while under strongly alkaline conditions; due to the
repulsion force from the negatively charged surface,
phenol anions in aqueous solution are mainly
degraded through radical (OH) oxidation, which is a
slow-motion degradation process [5]. When
catalysts are released in the water environment, they
have a tendency to accumulate, which leads to an
increase in catalyst dispersion in the acidic
environment due to the repulsion between catalyst
surfaces. Also, in an acidic environment, hydroxyl
radical production increases, which leads to stronger
decomposition of the nanocatalysts [50]. In alkaline
conditions, the generated phenol ions are
concentrated between water and gas and cannot enter
the cavitation bubbles, and they react with OH"
radicals outside the cavitation bubbles; hence the
rate of degradation is lower [51]. These results agree
with those reported by MacManamon et al. about
phenol photocatalytic decomposition in the presence
of TiO; and ZrO,, which showed a stronger phenol
removal in the acidic environment [52, 53].

Effect of initial dose on phenol degradation by
sonocatalytic process

Fig. 4 shows the removal percentage of phenol at
different concentrations and different times in the
presence of ZrO; and CeO,.
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Fig. 4. Effect of time on phenol removal by sonocatalytic process in the presence of ZrO» (a) and CeO, (b)
nanoparticles.

The phenol removal percentage reaches a
maximum in 30 min, and at 10 mg/L concentration,
which equals 17.77% and 14.98%, respectively.
After this time, the removal is constant. With regard
to Fig. 4, phenol removal amounts of 10, 20, 30, 40,
50 mg/L after 30 min, equal to 14.98, 12.23, 6.06,
4.30, and 3.88%, respectively. As observed, phenol
removal percentage until 30 min, for all
concentrations increases, and there is no increment
beyond this time. In Fig. 4, phenol removal amounts
at 10, 20, 30, 40, 50 mg/L concentrations after 30
min equal to 17.77, 11.71, 7.77, 4.58, and 3.64%,
respectively. Also, in Fig. 4, after 30 min, the phenol
removal reaches a constant value. The reason for
decreasing decomposition efficiency with increasing
primary concentration can be explained as follows:
at the same nanoparticles concentration, constant
time, and pH, the hydroxyl free radical density in
solution is equal, therefore phenol reaction with OH
radicals at low concentration increases and leads to
increasing phenol decomposition by free radicals
[50]. In addition, when phenol concentration
increases in the liquid phase, it may increase the
partial pressure in cavitation bubbles, and finally, the
decreased solvent temperature can be effective for
dissolution. Another reason for these phenomena is
that comparing with lower phenol concentration,
fewer sound waves in the solution can destruct these
molecules because produced sound waves are
constant at different concentrations. Finally, sound
waves do not reach the fundamental particle's
surface, and this factor causes decreasing oxidation.
It can be seen that with increasing contact time,
removal amount increases and then reaches a
plateau. The most important reason for this
phenomenon can be that with passing the time, more
hydroxyl free radicals are produced, which are spent
for phenol molecules oxidation, and as a result,
phenol concentration decreases, moreover in
primary moments, pollutant concentration is high,
and it is possible that more collusions between
phenol molecules and hydroxyl free radicals occur.
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With time passing, the concentration of pollutants
decreases, and the existing hydroxyl free radicals are
spent on phenol metabolites oxidation, which causes
slowing down of the removal amount.

From these data, we can conclude that the
sonocatalytic process is more efficient in phenol
removal in the presence of CeO, and ZrO;
nanoparticles. In the study of Mahvi ef al. performed
in 2015 on tetracycline removal by chemical
sonoprocess they concluded that the percentage of
removed tetracycline increases [50]. A study
conducted by McManamon et al. on phenol removal
by photocatalysis process showed that up to 25 mg/L
concentration, phenol removal increased, but after
that decreased [52]. Research performed by Khataee
et al. in 2015 on color removal by the sonocatalytic
method revealed that with increasing color
concentration, color removal decreased [54].
Another study performed by Hamdaouui ef al. using
the sonochemical method for removing tetra-
chlorophenol showed that the efficiency decreased
with increasing pollutant concentration [55].
Chowdhury ef al. also reported in their study in 2009
about the sonochemical decomposition of organic
compounds in which, with increasing concentration
of organic compounds, removal efficiency decreased
[56].

Effect of catalyst dose on phenol degradation by
sonocatalytic process

As shown in Fig. 5 phenol removal efficiency
with increasing CeO, nanoparticles and ZrO;
particles dose increases from 0.1 to 0.4 g/L and then
is constant. The maximum percentage of phenol
removal is in a 0.4 g/L catalyst for CeO, and ZrO;
nanoparticles, 19.0 and 23.6%, respectively.
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Fig. 5. Catalyst dose effect on phenol removal by
sonocatalytic process in the presence of ZrO, and CeO,.

This can be attributed to the fact that when all phenol
molecules are sitting on the catalyst, adding more
catalyst, because of the absence of phenol molecules
does not affect removal efficiency [50]. Increasing
phenol removal by increased catalyst dose can be
stated because of increasing active sites, and more
hydroxyl radicals produced [54]. As specified, with
increasing catalyst dose from 0.4 g/L, the amount of
removal phenol remained constant because of
decreasing ultrasound waves to nanoparticles, this
action leads to catalyst aggregation, and finally,
available and active sites decreased [20, 57].
Babuponnumsami et al. studied the phenol removal
and showed that phenol removal up to 0.5 g/L of
zero-valent iron nanoparticles increased [58]. Bansal
et al. also reported increasing color removal with
increasing the amount of ZrO, nanoparticles [23].

Effect of temperature on phenol degradation by
sonocatalytic process

Fig. 6 shows the temperature effect on phenol
removal by sonocatalytic process in the presence of
ZrO; and CeO; nanoparticles. Unlike the current
reaction system, the rate of sonochemical reactions
decreases by increasing the solution temperature
beyond a certain limit. Due to the effects of
cavitation, increasing the temperature to reach the
desired level increases covariance activity due to
sufficient energy generation. Subsequently, it
increases the number of cavity bubbles in
sonocatalysis, resulting in an increase in the
production of radicals and the degradation of
pollutants. A higher temperature increase (higher
than optimal) causes a higher solvent vapor pressure
inside the cavitation bubbles filled with water vapor
and leads to increased resistance to movement within
the bubble during the collapse of cavitation cavities
and cavitation energy dissipates [59, 60].
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Fig. 6. Investigation of temperature effect on
sonocatalytic phenol removal in the presence of ZrO, and
C602.

In this study, the amount of phenol sonocatalytic
destruction at 20, 30, 40, 50, and 60 °C was
investigated, and we can see that increasing
temperature does not create a notable difference in
phenol removal slightly increased up to 30 °C and
then decreased. The increase occurred because of
increasing reaction speed and, on the other hand, in
this process, increasing water vapor leads to
decreasing sonocatalysis activity and finally
decreasing phenol removal [61]. Combining these
two actions makes very little increase in phenol
removal. Golash et al. on ultrasonic analysis of
sewage showed an increase in decomposition rates
up to 25 °C followed by a decrease [62]. Also, the
results of the study by Barik et a/. on the degradation
of 2,4-dichlorophenol showed the temperature of 34
°C as optimal for decomposition [59].

Comparison of the activity of various processes in
phenol removal

Under optimal conditions, phenol removal was
performed in the presence of ultrasound waves, and
the efficiency of its removal by CeO; and ZrO,
nanoparticles was determined and compared with
that of the sonocatalysis process. As shown in Fig. 7,
the amount of phenol removal in the presence of
ultrasound waves is very low (0.68%) while the
amounts of phenol removal in the presence of CeO>
and ZrO, nanoparticles were 4.79 and 9.41%,
respectively. This value for the sonocatalytic process
using ultrasound in the presence of CeO; and ZrO;
equals 19.01 and 23.64%, respectively. The
decomposition of organic pollutants by ultrasound
usually needs high energy and high reaction duration
time [38].
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Fig. 7. Comparing phenol removal in the different
processes.

The reasons behind the higher catalytic activity
of ZrOs than CeQO; are the wider bandgap (5 and 3.1
eV, for ZrO, and CeO,, respectively) and higher
stability [63, 64]. In addition, larger amounts of
active centers are available on the smaller particle
size of ZrO, than CeO; (38 and 46 nm, respectively).

Only sonowaves cannot decompose phenol to a
stable compound; therefore, we can add a catalyst to
increase phenol removal efficiency [65]. In the study
of Yehia et al. on phenol removal by a Fenton-
process in the presence of ultrasound it was reported
that the amount of phenol removed in the presence
of ultrasound waves in 60 min is 20% (less than the
Fenton-process) [5].

CONCLUSIONS

Zr0O; and CeOznanocatalysts show tetragonal and
cubic structures with particle size of 38 and 46 nm,
respectively. ZrO, and CeO; nanocatalysts show an
excellent catalytic performance for phenol
degradation using the sonocatalytic method. The
optimum conditions were: phenol concentration 10
mg/L, time 30 min, pH 3, catalyst dosages 0.4 g/L,
and temperature 30 °C. The maximum amounts of
phenol removal using ZrO, and CeO, were 23.63 and
19.01%, respectively. According to these research
results, ZrO; has a higher potential than CeO; as a
catalyst for phenol decomposition using the
sonocatalytic method. The findings recommend
using both zirconium and cerium oxides as
nanocatalysts for phenolic compounds degradation.
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