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Abstract

Phenol has been introduced as a priority pollutant by the US Environmental Protection Agency. Advanced oxidation pro-
cesses (AOPs) are one of the most efficient methods for removal of non-degradable organic pollutants in aqueous solutions.
The removal efficiencies of phenol and COD under optimal conditions pH =3, phenol concentration=>5 mg/L, CaO, con-
centration =0.025 mg/L, temperature 25 °C, 1 g/min ozonation rate and contact time =90 min in synthetic and real samples
(Zarand coal washing factory in Kerman) were obtained 97.8%, 87% and 80%, 65.4%, respectively. The kinetics of phenol
decomposition follows from the pseudo-first-order equation. Thermodynamic studies show that phenol decomposition with
ozonation and calcium peroxide is an endothermic process. The use of ozonation process with calcium peroxide is an efficient
method and can be recommended as a coefficient method for the removal of phenol.
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Introduction

Phenol is present in the sewage of various industries such
as coal, resin, paint, fungicides and herbicides, textile, pulp,
petrochemicals, pharmacy and plastics (Busca et al. 2008;
Kidak and Ince 2007; Leitdo et al. 2007). Phenol is fatal for
fish at low concentrations (5-25 mg/L), and at concentration
of about 0.5 mg/L, it creates an unpleasant taste in drinking
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water. Phenol has been introduced as a priority pollutant by
the US Environmental Protection Agency. The amount of
phenol in drinking water should be less than 0.5 pg/L. Indus-
tries that produce and consume phenol often produce pol-
luted sewage with significant amounts of this chemical sub-
stance (0.1-10 wt%) (Xiao et al. 2006, Idris and Sade 2002,
Pimentel et al. 2008). The entry of phenol into sources of
drinking water disinfected with chlorine compounds creates
chlorophenol compounds that have important environmental
and health problems, and creating an inappropriate flavor in
water is obvious effect. Phenol enters the water resources via
natural and artificial sources, and also, it is found in most
chemical compounds due to its physical structure. Phenol
is important due to its sustainability in the environment,
solubility in water and health problems (Busca et al. 2008;
Manojlovic et al. 2007; Roostaei and Tezel 2004).
Therefore, in order to prevent health and environmental
hazards, treatment of phenol-containing wastewater is nec-
essary before discharging into the environment. Advanced
oxidation processes are the most effective technology for
the decomposition and removal of hazardous, resistant pol-
lutants and toxic substances in aqueous solutions. In recent
years, advanced chemical oxidation processes have been pro-
posed to treat sewage containing non-biodegradable or toxic
substances as well as to treat sewage with very high concen-
trations of pollutants (Jamshidi et al. 2009; Sun et al. 2017).
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In advanced oxidation processes, hydroxyl radicals which
are the most powerful oxidizing agents are used to decom-
pose and remove pollutants. Different advanced oxidation
processes have been used for the removal of organic pol-
lutants from water and wastewater such as ozonation (Khan
et al. 2010; Honarmandrad et al. 2017; Honarmandrad and
Malakootian 2018), photo-fenton (Bautitz and Nogueira
2007), photocatalytic processes (Malakootian et al. 2016,
2015, 2013, 2018; Gharaghani and Malakootian 2017;
Honarmandrad et al. 2017; Honarmandrad and Malakoot-
ian 2018) and the use of ultrasonic (Seid-Mohammadi et al.
2016). Advanced oxidation processes (AOPs) are based on
physicochemical processes that produce in situ powerful
transitory species, principally hydroxyl radicals (HO®), by
using chemical and/or other forms of energy, and have a
high efficiency for organic matter oxidation; in fact, under
proper conditions the species to be removed are converted
completely to CO,, H,0 and innocuous mineral salts. The
principal mechanism of AOPs function is the generation of
highly reactive free radicals. Consequently, combination of
two or more AOPs expectedly enhances free radical genera-
tion, which eventually leads to higher oxidation rates (Agus-
tina et al. 2005).

In recent years, combination processes such as ozone and
hydrogen peroxide as Proxan (Qian et al. 2013; Honarman-
drad et al. 2017; Honarmandrad and Malakootian 2018),
ozone and ultraviolet light (Northup and Cassidy 2008) and
ozonation in combination with Fenton process and cata-
lytic ozonation process have been used (Roma et al. 2011).
Calcium peroxide is an effective source for the production
of hydrogen peroxide (Khodaveisi et al. 2011). The unique
features of calcium peroxide include dissolving slowly in
water and releasing oxygen molecules (Northup and Cassidy
2008). In addition, calcium peroxide decomposes in water
and is converted to hydrogen peroxide and calcium oxide.
Among the advantages of calcium peroxide, environmentally
compatible, easy handling, low cost compared to other sub-
stances, long term and high impact can be noted (Cassidy
and Irvine 1999).

Xiao et al. (2006) in China by using an extractive mem-
brane reactor with silicone rubber, Pimentel et al. (2008) in
France by using electro-Fenton with a carbon felt cathode,
Tryba et al. (2003) in Poland by using TiO,-mounted acti-
vated carbon, Barrocas et al. (2017) in Portugal by using
titanate nanofibers sensitized with ZnS and Ag,S nanoparti-
cles as novel photocatalysts and Sun et al. (2017) in China by
using polypropylene hollow fiber were able to successfully
remove phenol, and Malakootian et al. (2018) in Iran by
using ozonation process with calcium peroxide for removal
metronidazole and reactive blue 19 dye (Honarmandrad
et al. 2017; Honarmandrad and Malakootian 2018).

The aim of this study is using ozonation process with cal-
cium peroxide for removal of phenol from aqueous solutions.
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Materials and methods

The research is experimental that was conducted in the
second half of 2018 at the Research Center of Environ-
mental Health Engineering in Kerman University of Medi-
cal Sciences. The stock solution with a concentration of
1000 ppm of phenol was prepared with dissolved in deion-
ized water on a daily basis. Then phenol was scanned by
spectrophotometer, and its maximum absorption rate was
obtained at a wavelength of 500 nm. Concentrations of
5, 10, 15, 20, 25 and 30 mg/L of the phenol stock solu-
tion were taken. Thereafter, the concentrations that were
obtained with stock solution were blended with concentra-
tions of (0.025, 0.05, 0.075 and 0.1 mg/L) of calcium per-
oxide in pH (3, 5, 7,9 and 11), temperature (25, 35, 45 °C)
and then were stirred by a shaker. Then it was ozonized
at 30, 60 and 90 min. The solution was centrifuged. In
the next step, the phenol absorption rate in the synthetic
sample was read by the spectrophotometer.

In order to set the exact temperature, the chamber’s
temperature was continuously controlled by a sensor,
which was placed inside the chamber. The sensor acted
quickly when the temperature was changed. If the chamber
temperature was reduced from the desired temperature,
the electronic thermostat quickly turned the heater on and
if it was increased from the considered temperature, the
thermostat turned the heater off. A sensor was connected
to the thermostat, which kept the temperature at 25, 35
and 45 °C.

The amount of ozone of 1 g per minute was distinguished.
The gas output from ozone generator was passed for 10 min
from two containers containing 2% solution of potas-
sium iodide. Both containers contained 250 ml of potas-
sium iodide solution. After 10 min of ozonation, 200 ml
of potassium iodide solution was taken. Thereafter, 10 ml
of sulfuric acid 2 N was added. In the following, the solu-
tion was titrated by using sodium thiosulfate 0.005 N until
the disappearance of the yellow color of iodine. Thereaf-
ter, 1 to 2 drops of starch was added and the titration was
continued until the disappearance of the blue color. At the
end, the volume of consumption of sodium thiosulfate was
recorded. The ozone produced was determined from Eq. (1).
The kinetics of reactions and thermodynamics were obtained
for the synthetic sample. The schematic figure for the experi-
mental setup is shown in Fig. 1.

Real sample was prepared by Zarand coal washing fac-
tory in Kerman, and its quality was determined in terms
of phenol content, and because its amount of phenol was
low, a little amount of phenol was added in order to reach
optimal conditions in the synthetic solution.

The experiments were repeated three times and the
results were reported as mean. Data analysis was carried
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Fig. 1 Schematic figure for experimental setup

out using descriptive statistics. At the end, phenol removal
efficiency was calculated from Eq. 2 (Sarmah et al. 2006):

mg

. . (A+B)xNx24
Ozone concentration < T )l =

T (min) M

A: consumption of sodium thiosulfate for the first container
(mL), B: consumption of sodium thiosulfate for the second
container (mL), T: ozonation time (min), N: normality of
sodium thiosulfate.

Gy

Removal efficiency(%) = x 100 2)

C;: the initial concentration of phenol (mg/L), C;: the
residue concentration of phenol (mg/L).

Phenol in the form of solid with purity of 99%, calcium
peroxide with purity of 98%, sulfuric acid and sodium
hydroxide were purchased from Merck Company. In this
study, ozone-generating devices such as ARDA (model
MOG-5 G/H France), air compressor (model FL25 Iran),
pH meter (Model HANNA, Japan), flow meter, centrifuge
(model-150) and spectrophotometer (model Schimadzu/
UV 1800 Japan) were used.

Results
Effect of pH

The results of tests for the effect of pH on removal efficiency
of phenol from aqueous solutions are shown in Fig. 2.

90 min after the process with pH =3, maximum removal
efficiency of phenol in synthetic samples and real sample
were 97.8, and 87%, respectively. Removal efficiency was
decreased by increasing pH so that removal efficiency with
contact time of 90 min and pH=11 in synthetic sample was
45%.

The mean removal efficiency of phenol
(%)
)

0 2 4 6 8 10 12
pH

Fig.2 Effect of pH on removal efficiency of phenol by ozonation
process with calcium peroxide from aqueous solutions (phenol con-
centration=>5 mg/L, CaCo, concentration=0.025 mg/L, temperature
25 °C, 1 g/min ozonation rate and contact time 90 min)
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Effect of calcium peroxide concentration

The results of tests for the effect of calcium peroxide con-
centration on removal efficiency of phenol from aqueous
solutions are shown in Fig. 3.

With calcium peroxide concentration of 0.025 mg/L,
removal efficiency of phenol in synthetic samples and real
sample was 97.8 and 87%, respectively. Removal efficiency
was decreased when the calcium peroxide concentration
was increased. When the amount of calcium peroxide was
0 mg/L, removal efficiency of phenol in synthetic samples
was 43.4%.

Effect of phenol concentration

The results of tests for the effect of phenol concentration
on removal efficiency of phenol from aqueous solutions are
shown in Fig. 4.

Removal efficiency was decreased when the initial phe-
nol concentration was increased so that maximum removal
efficiency of phenol with phenol concentration of 5 mg/L in
synthetic samples and real sample was 97.8, 87% and mini-
mum removal efficiency of phenol with phenol concentration
of 30 mg/L in synthetic sample was 53.3%.

Effect of contact time

The results of tests for the effect of contact time on removal
efficiency of phenol from aqueous solutions are shown in
Fig. 5.

It was observed that as contact time increases, the removal
efficiency increases so that maximum removal efficiency of
phenol with contact time of 90 min in synthetic samples and
real sample was 97.8, 87% and minimum removal efficiency

The mean removal efiiciency of phenol

0 0.02 0.04 0.06 0.08 0.1 0.12
Calcium peroxide concentration (mg/L)

Fig. 3 Effect of calcium peroxide concentration on removal efficiency
of phenol by ozonation process with calcium peroxide from aqueous
solutions (phenol concentration=5 mg/L, pH =3, temperature 25 °C,
1 g/min ozonation rate and contact time 90 min)
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of phenol with contact time of 30 min in synthetic sample
was 77%.

Effects of ozonation process alone and ozonation
process with calcium peroxide

The effects of ozonation process alone and ozonation pro-
cess with calcium peroxide for removal of phenol are shown
in Fig. 6. The maximum removal rates by ozonation process
alone and ozonation process with calcium peroxide were
43.5% and 97.8%, respectively. The removal efficiency of
ozonation with calcium peroxide was greater than ozonation
process alone. According to Egs. (3)—(6), calcium perox-
ide produced hydrogen peroxide and reacted with ozone to
produce radical OH® and radical OH® has a great effect on
phenol removal (Rahmani et al. 2018; Wijannatrongl et al.
2013).

= =
] o 1N
=] S o

phenol (%)
3

20

The mean removal efficency of

0 5 10 15 20 25 30 35
Initial concentration of phenol (mg/L)

Fig.4 Effect of initial concentration of phenol on removal efficiency
of phenol by ozonation process with calcium peroxide from aqueous
solutions (CaCO,=concentration=0.025 mg/L, pH=3, temperature
25 °C, 1 g/min ozonation rate and contact time 90 min)
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The mean removal efficiency of phenol
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Contact time (min)

Fig.5 Effect of contact time on removal efficiency of phenol by ozo-
nation process with calcium peroxide from aqueous solutions (phe-
nol concentration=5 mg/L, CaCo, concentration=0.025 mg/L and
pH=3, temperature 25 °C and 1 g/min ozonation rate)
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Fig. 6 Effects of ozonation process alone and ozonation process with
calcium peroxide on removal of phenol

Determination of kinetics of phenol
degradation

In order to determine the kinetics of phenol decompo-
sition, the kinetics of the reactions were investigated.
According to the results, the kinetics of decomposition
follows the pseudo-first-order equation. The first-order
equation is shown in Eq. 3.

Ln(ct/CO) = _kobst 3)

kyps constant first-order decomposition rate (min™), C,, ini-
tial concentration of phenol (mg L™).

Correlation coefficient was obtained by calculating Ln
(Cy/C,) against time in different concentrations of phenol.
The results obtained from the kinetics study are presented
in Table 1.

According to the results, the kinetic of the pseudo-
first-order equation follows the correlation coefficients
R*=0.9971. The results of this study are in line with the
results of the studies by Laoufi et al. in 2008 and Yan
Huy et al. in 2012 by using the advanced oxidation pro-
cess in the removal of phenol. These studies show that

Table 1 Results of pseudo-first-order kinetics at different concentra-
tions of phenol

decomposition kinetics of phenol follows pseudo-first-
order kinetic (Laoufi et al. 2008).

Determination of phenol degradation
thermodynamics

The constant thermodynamic equilibrium (K°) for tempera-
ture variations can be used to calculate the functions of ther-
modynamic, such as enthalpy changes and standard entropy
(AH° and AS°®), as well as the standard energy-change based
on Gibbs changes (AG°®).

AG = —RTLnK @)
ge
k=2
o )
AH® (1Y . AS
Lnk® = — (-) )
n () + 5 ©)

In these relations, R, T and K° are the total gas concentra-
tion (8.314 J/ K mol), the absolute temperature (K) and the
distribution coefficient, respectively. AH and AS could be
calculated from the slope and intercept of linear plot of in K
versus 1/T. With the aid of Eq. (6) and the LnK® replacement
to 1/T, we can obtain the enthalpy changes and standard
entropy from the gradient and width of the origin of the
drawn line, respectively. The thermodynamic variables are
shown in Table 2.

According to the results, the enthalpy is positive and the
standard entropy is negative. Also changes in the Gibbs free
energy will increase with increasing temperature.

The positive value of AH ° and negative AS°, respec-
tively, indicates the thermostability in the process of phenol
decomposition with ozonation and calcium peroxide. The
evaluation of free energy changes in the Gibbs Standard also
shows that the phenol decomposition was acquired at 25 °C.
This temperature was the optimum temperature and with
increasing temperature, the degradation conditions would be
unfavorable, and the spontaneous reaction would be reduced.
Thermodynamic studies show that phenol decomposition
with ozonation and calcium peroxide is an endothermic
process.

Table 2 The thermodynamic variables

C, (mg/L) R2 Kops (1/min) Line Eqe Temperature  AG°(KJ/mol) AH®(KJ/mol) AS°(J/mol)
kO
5 0.9971 0.0421 y=0.0421x — 0.0863 e
10 0.9916 0.0257 y=0.0257x - 0.1136 298 17.29 8.6 -21.117
15 0.9687 0.0176 y=0.0176x — 0.1098 308 15.34
20 0.9592 0.0103 y=0.0103x — 0.0383 318 14.68
Ger s ) springer
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Removal of phenol from real wastewater

The quality of Zarand coal washing factory’s sewage after
adding phenol as optimum conditions is shown in Table 3.

After determining the quality of Zarand coal washing fac-
tory’s sewage, the amount of phenol in the real sample was
less than optimal conditions and was added manually to the
real sample in order to bring the amount of phenol to opti-
mal conditions. In optimal conditions, the phenol removal
efficiency for real sample was 87%, and its efficiency was
less than the synthetic sample. Also, COD reduction was
obtained as 65.4% for the real sample.

Maximum removal efficiencies of phenol and COD by
ozonation process with calcium peroxide under optimal
conditions including contact time of 90 min, pH =3, phe-
nol concentration of 5 mg/L, concentration of 0.025 mg/L
of calcium peroxide in real sample were 87 and 65.4%,
respectively. There was a decrease in the removal efficiency
of phenol in Zarand coal washing factory’s sewage. This
decrease in removal efficiency was due to impurities in real
sample, including turbidity, TSS and sulfate ion. The sulfate
ion combines with free hydroxyl radicals, and they are con-
verted into mineral hydroxyl radicals. Because the power of

Table 3 Quality of COD, TSS,

Parameter Amount
pH and phenol of Zarand coal
washing factory’s sewage COD 315 mg/L
Phenol 1.332 mg/L
TSS 136 mg/L
pH 8.1

OH OH OH
OH
) °
OH OH
—_— R —_—
OH

Phenol Catechol

Organic acids decompose

Hydroquinone

mineral hydroxyl radical is much lower than free hydroxyl
radicals, the phenol removal efficiency in the real sample is
less than the synthetic sample.

Degradation of phenol

According to study of articles about degradation and
removal of phenol by advanced oxidation processes, it can
be concluded that the phenol eventually decomposes into
water and carbon dioxide. According to Fig. 7, phenol is
first oxidized to catechol and hydroquinone and then oxi-
dizes to o-benzoquinone and p-benzoquinone, respectively.
By OH radicals and O3, aromatic rings are broken down into
organic acids. Then o-benzoquinone and p-benzoquinone are
decomposed into organic acids such as oxalic acid, propi-
onic acid, formic acid and acetic acid, and eventually these
organic acids oxidize to H,O and CO, (Pimentel et al. 2008;
Suzuki et al. 2015; Yang et al. 2010; Li et al. 2005; Chiou
et al. 2008).

Discussion
Effect of pH

The removal efficiency decreased with increasing pH,
because in acidic condition calcium peroxide reacted with
H™ and produced hydrogen peroxide according to Egs. 7-15
(Rahmani et al. 2018; Azizah and Widiasa 2018).

(@) O
O
° )
OH OH
—»
(e}

O-benzoquinone p-benzoquinone

OH

Oxalic acid

Propionic acid

CO, and H,O ¢

Fig.7 Reaction pathway of phenol degradation by AOP
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Ca0, + 2H* - Ca, + (aq) + 2H,0, @)
OH’ + H,0, - H,0 + HO, ®)
OH° + HO, » H,0 + O, )
HO, + HO, -» H,0, + O, (10)
O;+ OH™ - HO; + O, a1
0; + HO; — O + HO, (12)
0; + H" - HO;, 13)
HO; - OH + O, (14)
O; + (H,0) — OH + O, + OH~ (15)

The results of this study are in line with the results of the
studies carried out by Qian et al. in 2013 in China where
calcium peroxide was used in removing toluene (Qian et al.
2013), Northup et al. in 2008 in USA for modification of fen-
ton method by calcium peroxide (Northup and Cassidy 2008),
Roma et al. in 2011 in England for removal of ciprofloxacin by
UV/H,0, method (Roma et al. 2011) and Khan et al. in 2010
in South Korea for tetracycline degradation by ozonation in
the aqueous phase (Khan et al. 2010). Calcium peroxide has
stability and high solubility in low pH and produces hydrogen
peroxide (Rahmani et al. 2018). Therefore, the main purpose
of using calcium peroxide is to produce hydrogen peroxide.

Effect of calcium peroxide concentration

Ozone can decompose to oxygen by split to radical such as
hydroxyl radical OH® and super oxide (O,”) (Wijannatrongl
et al. 2013). The radical that occurs is very strong oxidant
to react with various substances. The mechanism of ozone
decomposition with hydrogen peroxide was shown in Eq. (3)
that cause product of hydroxyl radicals. Simultaneously,
Egs. (16 to 18) are also involved in the aquatic solution that
reduces the efficiency of the process when increasing the pres-
ence of hydroxyl radicals in the solution (Rahmani et al. 2018):

OH’ + H,0, - H,0 + HOJ (16)
OH’ + HO, - H,0 + O, (17)
HOS + HO, - H,0, + O, (18)

Removal efficiency of phenol was decreased when the
calcium peroxide concentration was increased. The results
of this study are consistent with the results of the studies
by Rahmani et al.in 2015 in Iran about the efficiency of
ciprofloxacin removal by ozonation process with calcium
peroxide from aqueous solutions (Rahmani et al. 2018)
and Malakootian et al. (2016) in Iran where ozonation pro-
cess with calcium peroxide was used for the removal of
metronidazole antibiotic from aqueous solutions (Honar-
mandrad et al. 2017). The high presence of oxidant in the
environment reduces radicals and converts the oxidant
radicals to intermediate substances and other compounds
(Olyaie et al. 2012).

Effect of phenol concentration

Removal efficiency was decreased when the initial phe-
nol concentration was increased. The results of this study
are in line with the results of the studies by Olyaie et al.
(2012) in Iran where arsenic contamination was removed
from aqueous solutions by calcium peroxide nanoparticles,
Bahrami et al. (2014) in Iran where metronidazole was
removed from aqueous solution using ozonation process,
Sidmohammadi et al. (2016) in Iran where phenol was
removed by using modified zolite (Clinoptilolite) with
FeCl; from aqueous solutions (Seid-Mohammadi et al.
2016) and Nurul Azizah et al. (2018) in Indonesia by using
AOPs Refinery Wastewater Treatment Contains High Phe-
nol Concentration (Azizah and Widiasa 2018).

With an increase in the concentration of pollutants, oxi-
dizing materials such as the ozone molecule and hydroxyl
radical increase. When the concentration of pollutants is
lower, the removal efficiency is increased and the break-
down of pollutants will be complete and the production of
intermediate materials will be less (Rahmani et al. 2018).

Effect of contact time

Removal efficiency increased when contact time was
increased. The results of this study are in line with the
results of the studies by Bahrami et al. (2014) in Iran, Sid-
mohammadi et al. (2016) in Iran and Barrocas et al. (2017)
in Portugal where titanate nanofibers were sensitized with
ZnS and Ag,S nanoparticles as novel photocatalysts. As
contact time increases, the production of hydroxyl radi-
cal and ozone molecule is increased. Finally, the removal
efficiency was increased.
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Conclusions

The removal efficiencies of phenol and COD under optimal
conditions pH =3, phenol concentration=35 mg/L, CaO,
concentration =0.025 mg/L, temperature 25 C°, 1 g/min
ozonation rate and contact time =90 min in synthetic and
real samples (Zarand coal washing factory in Kerman)
were obtained 97.8%, 87% and 80%, 65.4%, respectively.
The kinetics of phenol decomposition follows from the
pseudo-first-order equation. Thermodynamic studies show
that phenol decomposition with ozonation and calcium
peroxide was an endothermic process.

The use of ozonation process with calcium peroxide is a
good method due to the high removal efficiency of phenol
and advantages such as strong oxidation, decomposition of
resistant organic compounds and can be recommended as
an efficient method for the removal of phenol from indus-
trial wastewater.
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