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a b s t r a c t
Humic acid (HA) is a natural organic matter, which is naturally present in raw water sources due to 
the decomposition of dead animals and plants. Therefore, the catalytic properties of a carbonaceous 
nanocomposite in the catalytic ozonation process (COP) of HA were investigated, and the results 
were compared with those obtained from the single ozonation process (SOP). Magnetic carbona-
ceous nanocomposite, as a novel catalyst, was applied to optimize the conditions for the removal 
of HA in the COP, and the influential parameters such as pH, retention time, catalyst dosage, and 
addition of radical scavengers were all evaluated. This is an experimental study in which the 
removal of HA by a COP was investigated in a cylindrical glass reactor (a useful volume of 250 mL) 
with a semi-continuous flow. Catalyst raw material was the granular activated carbon (GAC) that 
has been stabilized on Fe3O4 nanoparticles by the calcination method. The results revealed that 
by increasing the retention time, pH, and catalyst dosage, HA and TOC removal efficiencies by 
both process (SOP and COP) was increased. The highest removal efficiencies of HA and TOC in 
the COP process were 95% and 87.67%, respectively while their removal efficiencies in the SOP 
process were 76.8% and 67.1% under the conditions including pH of 9, contact time of 60 min, and 
HA concentrations of 15 mg/L. The highest removal of the HA by the SOP and catalyst adsorption 
was obtained to be 76% and 5.8% after 60 min, respectively; however, it was observed to be 95.7% 
in the COP, in the same contact time. The presence of tert-butanol alcohol (TBA) did not signifi-
cantly affect the removal of the HA in the COP. Practically, this study revealed that the magnetically 
activated carbon catalyst could be potentially employed in the COP for the treatment of the water 
having average concentrations of HA substances.
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1. Introduction

Organic compounds are harmful compounds, which 
have a natural or synthetic origin and can be easily found 
in surface water. Natural organic matter (NOMs) is a 

heterogeneous mixture of organic compounds that are 
derived from plants, animals, living and dead microorgan-
isms, and their waste products and enter the water resources 
through decomposition [1]. Natural organic compounds 
are a group of organic substances that naturally occur in all 
surface and groundwater. Wherever organic matter is being 
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biodegraded, these compounds are produced and trans-
ported to water sources [1,2]. These compounds range from 
large colorless aliphatic to highly colorful aromatic com-
pounds [3]. Some of these compounds are hydrophobic and 
others are hydrophilic. Humic acid (HA), fulvic acid (FA), 
humin, phenolic structures, and compounds with conju-
gated double bonds belong to hydrophobic natural organic 
compounds (HNOC), which account for approximately 55% 
of the amount of total organic carbon (TOC) in water [2,3]. 
Humic compounds are one of the most important natural 
organic substances [4,5]. HA is macromolecules that con-
tain humic substances, which have dispersed in soil, natural 
waters, and sediments and have produced in the decompo-
sition of plants and organic residues [6]. Commercial humic 
acid is extracted from coal [6]. It is very difficult to deter-
mine the exact properties of HA. The molecular weight of 
HA is 2,000 to 1,300,000 Dabson and has many functional 
groups, including phenolic, carboxylic acid, anolic, quinol, 
and ether groups, as well as carbohydrates and peptides. 
However, phenolic and carboxylic acid functional groups 
are abundantly discernible in the HA structure [5,7]. One 
of the major problems with NOMs such as HA in natural 
water sources (even at very low concentrations) is the for-
mation of disinfection byproducts (DBPs) at the stage of 
disinfection with chlorine compounds [8,9]. More than 700 
types of DBPs have been identified, among which trihalo-
methanes (THMs) and haloacetic acids (HAAs) have been 
introduced as two major groups with high concentrations 
in drinking water sources worldwide [8]. These compounds 
are toxic, carcinogenic, and mutagenic. THMs cause cancer 
of the bladder, kidney, colon, and bowel (10). THMs include 
trichloromethane (chloroform), bromodichloromethane, 
dibromochloromethane, tribromomethane (bromoform) 
[10,11]. The formation of cancer in laboratory animals by 
chloroform has been reported in many studies, and the asso-
ciation between these compounds and stillbirths has been 
reported by some researchers [11]. Public concern about 
the risk associated with THMs began after approving the 
carcinogenic potential of chloroform, and it was introduced 
as and classified a carcinogen for humans by the United 
State Environmental Protection Agency (USEPA) in 1975 
[12,13]. Since most of the soluble organic matter in natural 
water is composed of humic substances and conventional 
water treatment processes can only remove a small per-
centage of these substances. Thus, the choice of methods 
that are highly effective in the removal of the precursors 
of THMs and HAAs should be considered [13–15].

Proportionally, some techniques such as electrocoagu-
lation [2], advanced oxidation [14–17], membrane separa-
tion [8], adsorption [15,18], and sono-photocatalyst [19,20] 
have been assessed for removal of HA from aqueous solution.

Each of these removal methods has advantages and 
disadvantages that limit their use. In general, these meth-
ods have disadvantages such as cost, the complexity of 
application in developing countries, high sludge produc-
tion, membrane clogging, and low adsorption capacity. 
Today, advanced oxidation processes (AOPs) have been 
considered for the degradation of toxic and resistant and 
non-degradable compounds [21,22]. The basis of AOPs is 
the formation of free and active radicals, which results in 
the effective and rapid oxidation of organic pollutants; 

these processes can also convert organic compounds to 
water and carbon dioxide completely [23–25]. Ozone, as a 
strong oxidizing agent, is one of the effective methods to 
oxidize organic pollutants in water; however, the ozona-
tion process has problems such as low solubility of ozone 
in water, incomplete oxidation of organic compounds in 
water, and low stability in water [26]. For this reason, a cat-
alyst is recently added to the ozone process, which is led 
to further decomposition of ozone and the generation of 
active radicals [27]. The catalytic ozonation process (COP) 
is used in both homogeneous and heterogeneous processes. 
The pollutant mineralization mechanisms are accomplished 
by two following methods: direct method using ozone 
molecules and indirect method through the production of 
hydroxyl radicals [28]. The heterogeneous ozonation pro-
cess has been widely used due to the lack of production of 
secondary pollutants, catalyst recyclability, and low cost [28].

Many materials, such as activated carbon (AC), Al2O3, 
and TiO2, have been employed as a catalyst in the ozona-
tion process [29–31]. In a variety of studies, the presence of 
a catalyst in the ozonation process is led to increasing the 
degradation rate of HA. For instance, Lee et al. [32] have 
conducted a study for catalytic ozonation of HA with Fe/
MgO and have addressed that ozonation in presence of Fe/
MgO is led to a drastic reduction in HA compared to ozo-
nation alone. Thus, catalysts can effectively lead to improve 
the removal of HA in the ozonation process.

Therefore, this study estimated the magnetically AC cat-
alyzed ozonation process for the removal of HA and TOC 
from an aqueous solution. Considering the previous stud-
ies and lack of application of magnetic activated carbon 
as a catalyst in the ozonation process, its application can 
increase the production of ozone gas to the liquid phase and 
can enhance the production of hydroxyl radicals and recy-
cling catalyst, which can finally lead to reducing the costs; 
this can be considered as one of the innovations of this study.

2. Materials and methods

2.1. Materials

Humic acid (the purity of 99.5%, CAS NO: 1415-93-6) 
was purchased from Sigma Aldrich (St. Louis, MO, USA) 
(Table 1). Other required chemicals such as potassium 
iodide (KI), sodium hydroxide (NaOH), sodium thiosul-
fate (Na2S2O3·5H2O), sodium sulfide (Na2S·9H2O), ammo-
nia (NH3), ferric chloride (FeCl3), sulfuric acid (H2SO4), 
hydrochloric acid (HCl), sodium chloride (NaCl), and nitric 
acid (HNO3) were purchased from Merck Co., (Darmstadt, 
Germany). To adjust the pH solution, 1 N HCl and NaOH 
were applied. In order to synthesize the catalyst, the gran-
ular activated carbon (GAC; purity of 99.99% and CAS NO: 
1.02183) was used as raw material for the synthesis of the 
catalyst.

2.2. Synthesis of catalyst

This catalyst has a superparamagnetic property and 
its raw material is the GAC that has stabilized on Fe3O4 
nanoparticles by calcination method. First, 50 g of GAC 
was crushed in a crucible and passed through a sieve with 
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a mesh size of 30 (MESH = 30). Afterward, it was mixed in 
nitric acid solution with a magnet (36%) and stirred using 
a magnetic stirrer at 80°C for 3 h to obtain the hydrophilic 
property, and it was then washed with distilled water 
and dried at 105°C during the night. 25 g of modified car-
bon was placed in a 200 mL solution containing 100 g of 
Fe(NO3)3·9H2O and placed in an ultrasonic bath for 1 h. 
After filtering and drying, the sample was exposed to high 
purity nitrogen gas flow at 750°C for 1 h to form the Fe3O4 
nanoparticles on the carbon substrate [33]. To determine the 
surface structural properties of the catalyst and morphology, 
the specific surface area and its elemental distribution were 
analyzed by scanning electron microscopy (SEM), X-ray dif-
fraction (XRD) analysis by X’Pert Pro diffractometer (Rigaku 
RINT2200, Japan), and energy dispersive X-ray spectroscopy 
(EDS). It should be noted that the characteristics of the 
catalyst have been reported in our previous study [34].

To determine the status of the distribution of elec-
tric charge on the surface of the synthesized catalyst, the 
value of pHpzc  was measured. This parameter of catalysts 
is an indicator to determine and interpret the mechanism 
of the COP. NaCl (0.01 M), hydrochloric acid (0.1 M), and 
NaOH (0.1 M) were used to determine pHpzc.

2.3. Catalytic ozonation process

This study was an experimental study in which the 
removal of HA by a COP was investigated in a cylindri-
cal glass reactor (with a useful volume of 250 cc) with a 
semi-continuous flow. In this process, the ozone-contain-
ing airflow was discharged from the reactor after contact 

with the solution. After trapping the surplus ozone, gas 
has been discharged into the gas washing bottle contain-
ing potassium iodide (20%). The connections between the 
reactor components were made of ozone-resistant silicone 
hoses. Fig. 1 shows the schematic of the catalytic ozone pilot. 
The ozone was injected into the reactor with an ozone gen-
erator (model ARDA-COG 0, France). The inlet gas to the 
reactor was adjusted by a rotameter (nominal capacity of 
5 L/min) with a flow of 1 L/min. Potassium iodide concen-
tration was adjusted to 11.67 mg/L.

The experiments are designed as One Factor at the 
Time method, which the operational factors as initial pH 
(5–9), retention time (10–60 min), and catalyst concentration 
(0.5–3 g/L). The concentration of HA in all samples was con-
stant (15 mg/L), and it was prepared and used by a stock 
solution (1 g of HA powder in 1,000 mL of distilled water). 
It should be noted that in all the experiments investigated 
in the present study, the blank sample (which contains all 
the studied parameters except the HA pollutant) was first 
tested, and the test was then performed on HA degradation.

2.4. Analytical methods

At the end of experiments and for determination of the 
HA concentration, the samples collected at predetermined 
time intervals were filtered through a 0.45 µm membrane 
filter, and were analyzed using a UV-vis spectrophotom-
eter (JENWAY, England) at the maximum wavelength 
(λmax = 254 nm). In addition, the TOC content of the humic 
acid was estimated using a TOC analyzer (Multi N/C 3100, 
Germany). It should be noted that 0.5 M sodium sulfite 

Table 1
Chemical characteristics of humic acid (35)

Physical and chemical properties Specifications

Appearance features Black granular appearance
Odor Slightly moldy
Solubility in water Completely soluble
Melting point >300°C
Color Black granule
Storage at 70 F° >1 y
pH Not available

Chemical structure
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(0.15 mL per 15 cc sample) was used to remove residual 
ozone before the detection of humic acid.

The efficiency of the magnetically activated carbon cat-
alyzed ozonation process in the removal of HA was calcu-
lated using Eq. (1), and the removal efficiency of TOC in 
this process was determined using Eq. (2) [35]:

HA Removal
HA HA

HA
%( ) =

  −  
 

×0

0

100t  (1)

TOC removal
TOC TOC

TOC
%( ) =

  −  
 

×0

0

100t  (2)

where HA removal (%) indicates HA removal efficiency; 
[HA]0 and [HA]t show the initial concentration of humic 
acid at the time 0 min and the concentration of humic 
acid at time t, respectively. [TOC]0 and [TOC]t are related 
to the TOC before and after treatment, respectively. 
All experiments were performed at lab temperature (25°C).

To obtain limits of detection (LOD) and limits of quan-
tification (LOQ), a blank was first prepared and measured 
with the device, and it was repeated at least 5 times, and 
then the standard blank deviation (Sb) was obtained. After 
that, LOD and LOQ were obtained using LOD = 3 Sb/m 
and LOQ = 10 Sb/m, respectively. According to the results, 
LOD and LOQ were 3.7 × 10–7 and 1.2 × 10–6, respectively.

2.5. Effect of different parameters

2.5.1. Effect of initial pH

In order to investigate the effect of pH range (5–9) on the 
HA and TOC removal efficiencies by catalytic ozonation and 

single ozonation processes (SOPs), HA solutions (15 mg/L) 
containing catalyst dose of 1.25 g/L were prepared. The sam-
ples were taken at the time interval in the range of 0–60 min.

2.5.2. Effect of catalyst dose

In order to study the effect of catalyst dose on the HA 
and TOC removal efficiencies by catalytic ozonation and 
SOPs, some runs were conducted under the fol lowing con-
ditions, for example, catalyst concentration of 0.5–1.0 g/L, 
pH of 7, HA of 15 mg/L, and the reaction time between 
0 and 60 min.

2.5.3. Effect of scavenger radical

To determine the effect of radical scavenging on the 
catalytic ozonation and SOPs, tert-butanol was added to 
the samples at optimum pH and constant concentration of 
catalyst for the preparing the concentration of 1 mole per 
250 cc, and the HA removal efficiency was measured in 
the catalytic ozonation system and the single ozonation 
system at different times.

2.5.4. Synergistic effect of the catalyst

In order to determine the synergistic effect of the cata-
lyst on the HA removal mechanism, the catalyst was first 
contacted with water in absence of the ozonation pro-
cess, and then sampling was done and the amount of con-
taminant adsorption by the catalyst was obtained using a 
spectrophotometer device at 254 nm. Afterward, the rate 
of contaminant removal under ozonation conditions was 
determined in the absence and the presence of catalyst by 
the device, and the synergistic effect of the catalyst was 
calculated using Eq. (3):

Fig. 1. Pilot of the catalytic ozonation system: (1) high purity oxygen capsule, (2) rotameter, (3) ozone generator, (4) reactor solution, 
and (5) potassium iodide.
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Synergistic effect = [COP efficiency – (single ozonation  
 efficiency + adsorption efficiency)]  (3)

2.6. Kinetic study

One of the fundamental and significant parameters in 
chemical studies is the determination of the reaction speed. 
Hence, the kinetics studies were employed to determine the 
quality of the HA and TOC removal reaction and modeling 
and executing the process on an applied. The kinetic stud-
ies were carried out using the pseudo-first-order kinetic 
studies at the optimum condition achieved. The pseudo-
first- order model for HA and TOC removal was calculated 
using Eq. (4) [36,37]:

ln
C
C

kt
e

 
 












=0  (4)

where [C]0 and [C]e represent the initial and final concen-
trations of HA and TOC, respectively, and k is the constant 
of removal value; the rate constants (k) was calculated by 
plotting ln([C]0/[C]t) vs. electrolysis time (t).

3. Results and discussion

3.1. Characterization of the synthesized catalyst

SEM studies afford valuable information about the 
surface morphology of the materials. The SEM micro-
graphs of the magnetically activated carbon catalyst are 
shown in Fig. 2a [34].

The XRD spectra are represented in Figs. 2b and c have 
introduced the Fe3O4 particles as the ferrous compound 
found in the carbon-based catalyst, which has superpara-
magnetic properties. It means that it is absorbed by mag-
nets, but does not have a stable magnetic property. The 
graph peaks at 2θ = 24° show that the chemical structure of 
the catalyst is not destroyed after calcination and contains 
pure superparamagnetic Fe3O4 particles and carbon. The 
size of these particles is about 25–30 nm based on the 
SEM image shown in Fig. 2a, which due to the high sur-
face area of the nanoparticles, their chemical reactions are 
greatly enhanced. Fig. 2b shows the constituents of the 
catalysts with different patterns. Most peaks are related 
to magnetite, and this indicates the magnetization of the 
catalyst. Also, in Fig. 2, the type of ferrous compound 
present in the carbon-based catalyst has been shown. The 
XRD spectrum test on the catalyst shows the compar-
ison of its compounds with different patterns; so that the 
magnetite is the most possible type of composition [34].

Surface properties and chemical constituents of a cata-
lyst are among the most important properties involved in 
the conversion of ozone to active radicals [38]. The EDS 
spectrum test showed that the types of catalyst constituents 
were oxygen, carbon, and iron; the percentage of these ele-
ments were shown in Fig. 2d, and their weight and atomic 
percentages were represented in Table 2. According to the 
results of the EDS spectrum test in Fig. 2d and Table 2, the 
catalysts were composed of carbon, iron, and oxygen, which 
their atomic percentages were 89.20%, 5.04%, and 5.76%, 
respectively, and no other impurities can be observed. 

Furthermore, the weight percentages of carbon, iron, and 
oxygen were 75.14%, 18.39%, and 6.47%, respectively. In 
addition, the pHpzc of the synthesized catalyst was calcu-
lated to be 7.6 [34].

One of the most important features of catalysts is their 
specific surface area, which is directly related to the rate and 
speed of chemical reactions [39]. The specific surface area 
of activated carbon as the raw material of this catalyst was 
907 m2/g, and the specific surface area of the catalyst was 
814 m2/g (Table 2). According to the results, the synthesized 
catalyst had a 10% reduction in surface area, which could 
be due to the filling of carbon holes by Fe3O4 nanoparticles. 
The ozonation process causes physical and chemical cata-
lyst changes. For example, the addition of oxygenated func-
tional groups to the catalyst surface during the ozonation 
process modifies it and dramatically increases the specific 
surface area of the cavities [39,40]. However, in some stud-
ies, it was reported that the specific surface area of activated 
carbon decrease when it was ozonated [41]. Thus, as 
observed in the results, the effect of ozone on carbon-based 
catalysts depends on their properties and structure. The 
most important catalysts used in the COPs are metal oxides, 
and Fe3O4 particles are found as one of the most important 
metal oxides [42]. These particles act as active sites in the 
decomposition of ozone and participate in the formation 
of functional groups on the surface of activated carbon; 
when they immersed in water, they are coated with decom-
posed molecules of water, and they produce the metallic 
functional groups on the surface of activated carbon [43].

3.2. Effect of solution pH

In the chemical processes, especially AOPs, the pH of 
the environment plays a crucial role and affects the effi-
ciency of the process in two ways, that is, the transfer of 
ozone from the gas phase to the liquid phase (direct effect) 
and the decomposition of ozone into hydroxyl radicals 
(indirect effect) [26,44]. The effect of pH changes on the 
efficiency of both SOP and COP in the removal of HA and 
TOC was evaluated by varying pH values in the range of 
5–9 at catalyst concentration of 1.25 g/L and initial HA 
concentration of 15 mg/L. The results of determining the 
effect of pH changes were presented in Fig. 3. As can be 
seen in the figure, the process efficiency was increased by 
increasing pH from 5 to 9 in both processes until reaching 
its maximum value at a pH of 9. Thus, in general, it can be 
said that, at pH values higher than 7 and alkali, this pro-
cess has more efficiency than acidic pH. According to the 
results of Fig. 3, in the SOP process, increasing the pH from 
5 (53%) to 9 (77%) was led to a 24% increase in HA removal 
efficiency. However, the highest HA removal efficiency in 
COP was obtained at pH of 7 (95%), which indicates fur-
ther degradation of HA by the catalyst. The results also 
showed that the degradation rate of HA increased about 
2 fold by increasing pH from 5 (0.012 min–1) to 9 (0.024 min–

1), while this increase was 1.7 fold by the addition of the 
catalyst. In the COP, the highest rate of HA degradation 
was obtained at pH of 7 and had a 2.3 fold increase com-
pare to pH of 5. According to the results of Fig. 3, in the SOP 
process, an increase in pH values from 5 (60%) to 9 (67.4%) 
was led to a 6.9% increase in the removal efficiency of TOC, 
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(a)

Fig. 2. (a) SEM images of the surface morphology at different magnifications, (b) XRD diffractograms of the catalyst, 
(c) identification of catalyst compounds based on spectrum pattern XRD, and (d) EDS diffractograms of the catalyst.

Table 2
Mass ratio of the catalyst constituents by EDS experiment and characteristics of Fe3O4/AC nanocomposite and granular activated 
carbon

Elements Atomic number Weight percentage (%) Atomic percentage (%)

Carbon 6 75.14 89.2
Iron 26 18.39 5.04
Oxygen 8 6.47 5.76

Parameters Granular activated carbon Nanocomposite

Specific surface area (m2/g) 907 814
pHzpc 8.9 7.6
Size of Fe3O4 nanoparticles – 25–30
Purity percentage (in carbon) 99.99 89.2
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while the highest TOC removal efficiency in the COP process 
was obtained at pH of 7 (87.67%). Pollutant degradation is 
accomplished by the ozonation process in two ways includ-
ing direct oxidation (using ozone molecules) and indirect 
oxidation (using hydroxyl radicals produced by ozone). The 
pollutant is indirectly oxidized in alkaline conditions and 
is directly degraded in acidic conditions. Indirect oxidation 
system has higher efficiency than direct oxidation due to 
the presence of hydroxyl radicals and their higher oxida-
tion power compared to ozone [45,46]. In the COP process, 
changes in pH can cause changes in the amount of soluble 
ions, the ionizing state of the pollutant, and the properties 
of the catalyst surface. The pH of the solution also directly 
affects the shape of the pollutant molecules. Therefore, as 
the pH increases, the efficiency of the COP for the removal 
of HA and TOC increases, this is consistent with the study 
of Asgari and Salari [47]. Asgari and Salari [47] observed 
that the highest rate of HA removal by catalytic ozonation 
at alkaline pH (pH = 9.5) was 94%. They also revealed that  
direct oxidation is the chief mechanism involved in the deg-
radation of HA at acidic pH, which occurs through attack-
ing ozone molecules to a pollutant, while the oxidation 
pathway is generally accompanied with lower efficiency 
for refractory organic pollutants. With an increase in solu-
tion pH, indirect oxidation becomes the dominant path-
way in the oxidation of HA; however, direct oxidation may 

partially participate in the oxidation process [47]. In the 
alkaline pH, active radical species, including •OH, O3

•–, and 
O2
•–, are produced through the reaction between ozone mol-

ecules and OH− ions, and ozone molecules and the C–MgO, 
which have an advanced oxidation potential compared to 
the direct pathway of the oxidation process [47,48].

As previously shown, pH affects the structural prop-
erties of the pollutants and its effect on the catalytic deg-
radation is described as electrostatic interaction between 
target contaminant and the catalyst surface properties 
measured by pHzpc [49]. Thus, the pH of the solution and 
the pHzpc of the catalyst are the important factors in the 
oxidation process, which influences the contaminant treat-
ment mechanism [50]. The results show that the pH of the 
solution was effective on the decomposition of pollutants 
in the COP and is both dependents on the structure and 
composition of pollutants, as well as the characteristics of 
the catalyst surface.

According to Table 2, the pHzpc of the catalyst was 7.7; 
this illuminates that the catalyst surface has basic proper-
ties, and these basic functional groups located on the sur-
face of the catalyst are thought to be responsible for ozone 
decomposition, which is led to the generation of reac-
tive radical species and better oxidation of pollutant [51]. 
Therefore, the most appropriate pH for COP is selected 
according to the specific needs of each experiment.
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Fig. 3. Effect of initial pH on humic acid (HA) and TOC removal from aqueous solutions using single ozonation process (SOP) and 
catalytic ozonation process (COP) (initial HA concentration = 15 mg/L and catalyst dose = 1.25 g/L).



323M.A. Zazouli et al. / Desalination and Water Treatment 220 (2021) 316–328

Furthermore,  Gümüş  and  Akbal  [3]  investigated  the 
removal of HA from aqueous solutions using ozonation 
processes, iron-coated zeolite catalyzed ozonation and 
GAC catalyzed ozonation. The results illuminated that 
the highest removal of HA was achieved at alkaline pH so 
that increasing the pH from 6.5 to 11 was led to enhance 
the HA removal efficiency from 65% to 80% [3]. The kinet-
ics of degradation of HA and TOC at different pH values 
in the COP and SOP process were presented in Table 3. 
As observed, by increasing pH from pH = 5 (0.017 min–1) 
to pH = 9 (0.018 min–1), the degradation rate of TOC was 
increased by about 1.1 fold, whereas this rate was observed to 
be 1.18 fold after the addition of the catalyst. In the COP, the 
degra dation rate of HA was increased about 1.2 fold at pH = 7.

3.3. Effect of catalyst concentration

To determine the effect of catalyst dosage changes on 
the efficiency of the COP for the removal of HA and TOC, 
different dosages of catalyst in the range of 0.5 to 3 g/L were 
investigated. The results showed that there is a direct rela-
tionship between increasing catalyst dosage and removal 
efficiency of HA and TOC; so that by increasing catalyst 
dosage from 0.5 to 3 g/L, the efficiency of COP process in 
the removal of HA and TOC was increased from 89.3% 
to 95.7% and 81.9% to 89.5%, respectively. In addition, 
according to the results, the efficiency of the SOP pro-
cess in the removal of HA and TOC was 76.8% and 67%, 
respectively. The results indicate the positive effect of the 
catalyst dosage on the COP process efficiency on pollutant 
removal, compared to its effect on the SOP process (Fig. 4). 
According to the results presented in Fig. 4, increasing the 
presence of the catalyst to a certain extent, as a source of 
hydroxyl radical production (the strongest oxidizing rad-
ical in the environment), increases the production of this 
radical and thereby increases the degradation of the HA. 
The addition of the catalyst increases the surface area and 
the active site, which can increase ozone adsorption on the 
surface of the catalyst and thus increase the surface reac-
tions and the production of hydroxyl radicals [52]. Catalysts 

act as initiators for the production of hydroxyl radicals, 
and the adsorption of ozone on their surface destroys 
the ozone molecules and produces active radicals [52].

The mechanism of the HA degradation reaction by the 
COP process takes place in two direct and indirect path-
ways. The steps of the HA degradation reaction mech-
anism are as follows: The direct pathway (according to 
Eq. (5)) is carried out through attacking the ozone to HA 
molecules for generating intermediates. However, cata-
lyst, in an indirect pathway, decomposes the ozone mole-
cules and forms free radicals and, subsequently degrades 
the HA, as shown in Eqs. (6)–(8) [53,54]. After that, as 
observed in Eqs. (9)–(12), formed O3

•– radicals contribute 
to the formation of some free radicals and H2O2 mole-
cules [53,55]. It is also capable of the decomposition rate of 
ozone for the formation of •OH radicals:

O Humic Acid HA degradation products O Direct3 3+ ( ) → + ( )•−

 
 (5)

O OH HO O Indirect3 2 2+ → + ( )− − •−  (6)

O OH HO O Indirect3 2 2+ → + ( )− −  (7)

O HO HO O Indirect3 2 2 3+ → + ( )− −• •  (8)

O H HO3 3
•− + •+ →  (9)

HO HO O3 2
• •→ +  (10)

HO HO O H O3 3 2 2 22• •+ → +  (11)

HO HO O H O3 2 2 2
• •+ → +  (12)

In the COP, three major mechanisms occur due to the 
presence of the catalyst: at the first, the ozone is adsorbed 

Table 3
Kinetics of degradation of humic acid and TOC at different pHs in the COP and SOP process (humic acid = 15 mg/L and 
catalyst = 1.25 g/L)

Process Parameters pH = 5 pH = 7 pH = 9

Humic acid (HA)

COP
k (min–1) 0.021 0.049 0.035
R2 0.901 0.979 0.963
Intercept (lnC0) 1.244 0.0319 0.46

SOP
k (min–1) 0.012 0.013 0.024
R2 0.98 0.639 0.948
Intercept (lnC0) 1.943 1.755 1.219

TOC

COP
k (min–1) 0.026 0.031 0.03
R2 0.971 0.959 0.984
Intercept (lnC0) 1.4242 1.099 1.23

SOP
k (min–1) 0.017 0.016 0.018
R2 0.871 0.886 0.99
Intercept (lnC0) 2.197 2.041 1.946
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on the catalyst surface and rapidly decomposed in the 
presence of surface hydroxyl groups. Subsequently, after 
the decomposition of ozone, active atomic oxygen is pro-
duced and reacted with the hydroxyl groups present at the 
catalyst surface. Therefore, increasing the catalyst concen-
tration in the solution increases the density of the surface 
hydroxyl groups, which is consequently led to increasing 
the decomposition of ozone molecules on the catalyst sur-
face [56]. With the increase in ozone decomposition, the 
production of active hydroxyl radicals, and subsequently 
the oxidation of organic molecules will increase [56]. The 
lower effect of the catalyst at concentrations higher than  
the optimum value can be described as follows: the optimal 
catalyst concentration is strongly dependent on the type of 
catalyst, the reaction conditions, the target compound, and 
its surface area [56]. In a study conducted by Yang et al. 
[57], the rate of atrazine removal using a COP with TiO2 
nanoparticles was studied. The results showed that there is 
a direct relationship between pollutant removal efficiency 
and catalyst concentration [57]. Dadban et al. [33] con-
ducted a study to assess the removal of 4,2-dinitrophenol 
from aqueous solutions by catalytic ozonation. The results 
showed that by increasing the catalyst dosage from zero to 
4 g/L, the removal efficiency of Dinitrophenol from wastewa-
ter was increased [33]. Increasing the pollutant degradation 
is due to increasing the surface area of the catalyst and active 
sites of ozone adsorption, which in turn results in increas-
ing the adsorption and decomposition of ozone and release 
of hydroxyl radicals into the liquid, which is consistent 
with the present study [33,57]. The kinetics of HA and TOC 
removal in presence of different catalyst concentrations 
and in absence of catalyst are also presented in Table 4. The 
results showed that there is a direct relationship between 
the degradation rate of HA and the increase in catalyst 
concentration; so that an increase in catalyst concentration 
from 0 (0.025 min–1) to 3 g/L (0.052 min–1) was led to increas-
ing the degradation rate by the COP process. This can be 

due to the addition of ferrous compounds to the catalyst 
compound, which results in faster and effective removal of 
the pollutant in the COP process than in the SOP process.

3.4. Effect of radical scavengers on the COP and SOP process

The most important mechanism proposed in AOPs, 
including catalytic ozonation, is the production of active 
hydroxyl radicals with high oxidation potential [58]. To 
determine the effect of different radicals on the ozonation 
process, tert-butyl alcohol (TBA) was used as a hydroxyl 
radical scavenger [59,60], which has the lowest reaction rate 
with ozone (3 × 10–5 mol/s) and the highest reaction rate with 
hydroxyl radical (8 × 108 mol/s). For this purpose, the effi-
ciency of HA and TOC removal under single and catalytic 
ozonation were investigated in the presence of tert-butanol.

As shown in Fig. 5, the addition of TBA radical to the 
SOP process significantly reduced the HA removal effi-
ciency, which had the least effect on the COP. According 
to the results presented in Fig. 5, with the addition of 
tert-butanol, the removal efficiencies of HA and TOC in 
the COP process was decreased from 95.7% to 88.6% and 
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Fig. 4. Effect of catalyst dose on (a) humic acid (HA) and (b) TOC removal from aqueous solutions in catalytic ozonation process 
(COP) and SOP (HA concentration = 15 mg/L and pH = 7).

Table 4
Kinetics of humic acid and TOC removal in present of dif-
ferent concentrations of catalyst and without catalyst (humic 
acid = 15 mg/L and pH = 7)

Parameters SOP 0.5 g/L 1 g/L 3 g/L

Humic acid 
(HA)

k (min–1) 0.025 0.035 0.036 0.052
R2 0.951 0.97 0.931 0.995
Intercept (lnC0) 1.244 0.562 0.46 –0.444

TOC
k (min–1) 0.018 0.027 0.032 0.034
R2 0.99 0.978 0.967 0.963
Intercept (lnC0) 2.708 1.526 1.386 1.065
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89.85% to 82.08%, respectively while the removal efficien-
cies in the SOP were decreased from 76.8% to 58.9% and 
67.1% to 51.0%, respectively. In other words, the reduc-
tion of HA removal efficiency by the hydroxyl radical ini-
tiator in SOP was about 2.5 fold compared to COP. Since 
hydroxyl radicals have higher oxidation potential compared 
to ozone [61] and tert-butanol also acts as a hydroxyl radi-
cal, the results show that indirect radical oxidation is the 
predominant mechanism in the process of HA degrada-
tion; but it does not pose problems associated with other 
AOPs processes, such as process inhibitors, such as carbon-
ate, nitrate, and sulfate [61]. Asgari and Salari [47] studied 
the removal of HA from aqueous solutions using the COP, 
and their obtained results illustrated that the HA removal 
efficiency decreases by increasing the radical scavengers.

3.5. Synergetic effect of catalyst on removal of humic acid

The synergistic effect in the COP was evaluated after 
optimizing the effective parameters in the removal of the 
HA in the COP. For this purpose, the removal of the HA 
as a function of contact time was investigated in the SOP, 
COP, and adsorption process by catalyst. As represented in 
Fig. 6, the highest removal of the HA by the SOP and cat-
alyst adsorption after 60 min was 76% and 5.8%, respec-
tively, whereas it was increased by 95.7% in the COP, in 
the same contact time. One reason for the high synergistic 
effect of the catalyst is its modification via the ozonation 

process itself [62]. In other words, ozone improves the cat-
alyst property by increasing the specific surface area of 
the catalyst and creating fine holes as well as by creating 
various functional groups, such as oxygenated groups, 
which decompose ozone into active radicals [63].

3.6. Mineralization of humic acid

To identify the efficiency of degradation and miner-
alization of humic acid by the catalytic ozonation and 
ozonation alone processes, the removal efficiencies of 
TOC was assessed using the obtained optimum condi-
tions (HA concentration = 15 mg/L and pH = 7) in differ-
ent catalyst dose (0.5–3 g/L) for COP process (Fig. 4b). 
The results showed that in the COP process, increasing 
the catalyst dose enhanced the TOC removal rates; so that 
increasing the catalyst dose from 0.5 to 3 g/L was led to 
increasing the TOC removal from 81.9% to 89.5% using 
the COP. Additionally, the TOC removal was increased 
from 16.0% to 67.0% for the SOP process by increasing the 
reaction time from 10 to 60 min (Fig. 4b).

3.7. Comparison of removal of humic acid using other methods

The comparison of the results obtained by the present 
study with the results of the other studies conducted for the 
removal of humic acid (HA) is represented in Table 5. Based 
on our observation, the removal of the HA has been evaluated 
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Fig. 5. Effect of scavenger radical on humic acid and TOC removal from aqueous solutions in (a) catalytic ozonation process 
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by various methods such as adsorption process, electrocoag-
ulation process, sono-photocatalyst process, photocatalytic 
process, and catalyzed ozonation process [2–4,18,19,63,64]. 
The comparison between our studied system and other 
studies used for removal of HA was performed with taking 
into account the various factors, that is, initial pH, reaction 
time, initial HA concentration, HA removal efficiency, and it 
can be concluded that our system can be a reasonably suc-
cessful method to provide greater HA removal efficiency, 
compared to the mentioned studies.

4. Conclusion

This study assessed the capacity of a COP with magneti-
cally activated carbon for humic acid (HA) and TOC removal 
from aqueous solutions. Magnetically activated carbon 
revealed an immense potent for advancing the removal 

efficiency of HA and TOC by ozonation. The results of this 
study showed that by increasing the catalyst dose and pH, 
the removal efficiency and the degradation rate of humic 
acid and TOC were increased. As the concentration of rad-
ical scavengers increased, the humic acid removal effi-
ciency decreased. The synergistic effect of the COP com-
pared to the SOP and adsorption process was observed 
to be about 38.3% after 30 min. According to the results 
obtained, the COP using magnetic activated carbon can be 
a suitable method for the removal of organic compounds 
such as humic acid due to its low cost and high efficiency.
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Table 5
Comparison of degradation of humic acid using other methods

Type of process Parameters HA removal (%) Ref.

Adsorption process Conc. HA (20 mg/L), conc. – PAC-MWCNTs (0.1–1.2 g/L), 
reaction time (60 min), and pH (3–12)

90 [4]

Electrocoagulation process pH (4–8), current density (2–10 mA/cm2), EC time (5–25 min), 
and conc. HA (10–50 mg/L)

98 [2]

Electro/Fenton process Conc. HA (30 mg/L), conc. O3 (5–20 mg/L), ICZ and GAC 
(0.25–2 g/L), reaction time (0–60 min), and pH (6.5–11)

70 [3]

Sono-photocatalyst process Ultrasound power (40–100 w), catalyst dosage (0.25–2), initial 
HA concentration (30–50 mg/L), and time (20–120 min)

88 [20]

Adsorption process Conc. HA (5–40 mg/L), conc. – montmorillonite dose (100 mg), 
reaction time (0–60 min), and pH (3–11)

85 [19]

Catalyzed ozonation 
process

Conc. HA (15 mg/L), catalyzer dose (0.25–1.5 g/250 cc), reaction 
time (0–30 min), and pH (4–12)

95 [53]

Photocatalytic process Conc. HA (2–30 mg/L), intensity of radiation (2,030–3,950 
µw/cm2), reaction time (0–180 min), and pH (3–11)

94 [54]

Magnetically activated 
carbon catalyzed 
ozonation process

Conc. MNZ (15 mg/L), catalyzer dose (0. 5–3.0 g/L), 
reaction time (0–60 min), and pH (5–9)

96 Present study

0 10 20 30 40 50 60
0%

20%

40%

60%

80%

100%
Adsorption, k=0.001 min-1

cop ,  k=0.052 min-1

SOP, k=0.024 min-1

synergestic effect

Time (min)

H
A

 r
em

ov
al

 (%
)

Fig. 6. Adsorption contribution, synergetic effect catalyst on humic acid degradation in COP process (humic acid = 15 mg/L, cata-
lyst = 3 g/L, and pH = 7).



327M.A. Zazouli et al. / Desalination and Water Treatment 220 (2021) 316–328

Research Center for their collaboration, and to the Research 
Deputy of Mazandaran University of Medical Sciences for 
the financial support of this study (project no: 1608). Also, 
thanks to the Research Deputy of Golestan University of 
Medical Sciences for their collaboration.

References
[1] A. Dargahi, M. Pirsaheb, S. Hazrati, M. Fazlzadehdavil, 

R. Khamutian, T. Amirian, Evaluating efficiency of H2O2 on 
removal of organic matter from drinking water, Desal. Water 
Treat., 54 (2015) 1589–1593.

[2] A. Almasi, A. Dargahi, M. Ahagh, H. Janjani, M. Mohammadi, 
L. Tabandeh, Efficiency of a constructed wetland in controlling 
organic pollutants, nitrogen, and heavy metals from sewage, 
J. Chem. Pharm. Sci., 9 (2016) 2924–2928.

[3]  D. Gümüş,  F. Akbal, A  comparative  study  of  ozonation,  iron 
coated zeolite catalyzed ozonation and granular activated 
carbon catalyzed ozonation of humic acid, Chemosphere, 
174 (2017) 218–231.

[4] S. Li, Z. Li, B. Ke, Z. He, Y. Cui, Z. Pan, D. Li, S. Huang, 
C. Lai, J. Su, Magnetic multi-walled carbon nanotubes modified 
with polyaluminium chloride for removal of humic acid 
from aqueous solution, J. Mol. Liq., 279 (2019) 241–250.

[5] J. Song, X. Jin, X.C. Wang, P. Jin, Preferential binding properties 
of carboxyl and hydroxyl groups with aluminium salts for 
humic acid removal, Chemosphere, 234 (2019) 478–487.

[6] H. Särkkä, M. Vepsäläinen, M. Sillanpää, Natural organic 
matter (NOM) removal by electrochemical methods—a review, 
J. Electroanal. Chem., 755 (2015) 100–108.

[7] B.A.G. de Melo, F.L. Motta, M.H.A. Santana, Humic acids: 
structural properties and multiple functionalities for novel 
technological developments, Mater. Sci. Eng., C, 62 (2016) 
967–974.

[8] N. Abdullah, M.A. Rahman, M.H.D. Othman, J. Jaafar, 
A. Abd Aziz, Preparation, characterizations and performance 
evaluations of alumina hollow fiber membrane incorporated 
with UiO-66 particles for humic acid removal, J. Membr. Sci., 
563 (2018) 162–174.

[9] M. Pirsaheb, A. Ejraei, Evaluating the performance of inorganic 
coagulants (Poly aluminum chloride, ferrous sulfate, ferric 
chloride and al minum sulfate) in removing the turbidity from 
aqueous solutions, Int. J. Pharm. Technol., 8 (2016) 13168–13181.

[10] K. Babi, K. Koumenides, A. Nikolaou, C. Makri, F. Tzoumerkas, 
T. Lekkas, Pilot study of the removal of THMs, HAAs and 
DOC from drinking water by GAC adsorption, Desalination, 
210 (2007) 215–224.

[11] M.R. Samarghandi, D. Nematollahi, G. Asgari, R. Shokoohi, 
A. Ansari, A. Dargahi, Electrochemical process for 2,4-D 
herbicide removal from aqueous solutions using stainless steel 
316 and graphite anodes: optimization using response surface 
methodology, Sep. Sci. Technol., 4 (2019) 478–493.

[12] S. Alizadeh, H. Sadeghi, M. Vosoughi, A. Dargahi, 
S.A. Mokhtari, Removal of humic acid from aqueous media 
using sono-persulphate process: optimization and modelling 
with response surface methodology (RSM), Int. J. Environ. 
Anal. Chem., (2020) 1–15, doi: 10.1080/03067319.2020.1772777.

[13] A. Dargahi, Y. Poureshgh, Removal of natural organic matter 
(NOMs) from water using air stripping system, J. Health, 
4 (2013) 77–83.

[14] L.-W. Lu, Y.-P. Peng, C.-N. Chang, Catalytic ozonation by 
palladium–manganese for the decomposition of natural 
organic matter, Sep. Purif. Technol., 194 (2018) 396–403.

[15] M. Pirsaheb, A. Karami, K. Sharafi, A. Dargahi, A. Ejraei, 
Evaluating the performance of inorganic coagulants (poly 
aluminum chloride, ferrous sulfate, ferric chloride and 
aluminum sulfate) in removing the turbidity from aqueous 
solutions, Int. J. Pharm. Technol., 8 (2016) 13168–13181.

[16] M. Afsharnia, M. Kianmehr, H. Biglari, A. Dargahi, A. Karimi, 
Disinfection of dairy wastewater effluent through solar 
photocatalysis processes, Water Sci. Eng., 11 (2018) 214–219.

[17] H. Wang, Y.-n. Wang, X. Li, Y. Sun, H. Wu, D. Chen, Removal of 
humic substances from reverse osmosis (RO) and nanofiltration 
(NF) concentrated leachate using continuously ozone 
generation-reaction treatment equipment, Waste Manage., 
56 (2016) 271–279.

[18] E. Derakhshani, A. Naghizadeh, Optimization of humic acid 
removal by adsorption onto bentonite and montmorillonite 
nanoparticles, J. Mol. Liq., 259 (2018) 76–81.

[19] N. Geng, W. Chen, H. Xu, M. Ding, Z. Liu, Z. Shen, A sono-
photocatalyst for humic acid removal from water: operational 
parameters, kinetics and mechanism, Ultrason. Sonochem., 
57 (2019) 242–252.

[20] B. Hu, C. Wu, Z. Zhang, L. Wang, Sonophotocatalytic 
degradation of trichloroacetic acid in aqueous solution, Ceram. 
Int., 40 (2014) 7015–7021.

[21] A. Seid-Mohammadi, G. Asgarai, Z. Ghorbanian, A. Dargahi, 
The removal of cephalexin antibiotic in aqueous solutions by 
ultrasonic waves/hydrogen peroxide/nickel oxide nanoparticles 
(US/H2O2/NiO) hybrid process, Sep. Sci. Technol., 55 (2020) 
1558–1568.

[22] A. Dargahi, A. Ansari, D. Nematollahi, G. Asgari, R. Sho-
koohi, M.R. Samarghandi, Parameter optimization and 
degradation mechanism for electrocatalytic degradation of 
2,4-diclorophenoxyacetic acid (2,4-D) herbicide by lead dioxide 
electrodes, RSC Adv., 9 (2019) 5064–5075.

[23] M. Samarghandi, A. Rahmani, G. Asgari, G. Ahmadidoost, 
A. Dargahi, Photocatalytic removal of cefazolin from aqueous 
solution  by AC  prepared  from  mango  seed+  ZnO  under  uv 
irradiation, Global Nest J., 20 (2018) 399–407.

[24] F. Veisi, M.A. Zazouli, M.A. Ebrahimzadeh, J.Y. Charati, 
A.S. Dezfoli, Photocatalytic degradation of furfural in aqueous 
solution by N-doped titanium dioxide nanoparticles, Environ. 
Sci. Pollut. Res., 23 (2016) 21846–21860.

[25] Y.D. Shahamat, M.A. Zazouli, M.R. Zare, N. Mengelizadeh, 
Catalytic degradation of diclofenac from aqueous solutions 
using peroxymonosulfate activated by magnetic MWCNTs-
CoFe3O4 nanoparticles, RSC Adv., 9 (2019) 16496–16508.

[26] Y.D. Shahamat, M.A. Zazouli, H. Asgharnia, E. Dehghanifard, 
Evaluation of rapid purification of high concentrations of 
2,4-Dinitrophenol in wastewater using catalytic ozonation 
with carboneus nanocomposite, J. Mazandaran Univ. Med. Sci., 
25 (2016) 138–149.

[27] E. Rahimi, Y.D. Shahamat, B. Kamarehei, A. Zafarzadeh, 
M. Khani, Rapid decolorization and mineralization of molasses 
by catalytic ozonation process with a nanocomposite from 
fermentation industry wastewater, Int. J. Environ. Sci. Technol., 
15 (2018) 1941–1948.

[28] L. Jothinathan, J. Hu, Kinetic evaluation of graphene oxide 
based heterogenous catalytic ozonation for the removal of 
ibuprofen, Water Res., 134 (2018) 63–73.

[29] M. Ernst, F. Lurot, J.-C. Schrotter, Catalytic ozonation of 
refractory organic model compounds in aqueous solution by 
aluminum oxide, Appl. Catal., B, 47 (2004) 15–25.

[30] P. Faria, J. Órfão, M. Pereira, Activated carbon and ceria 
catalysts applied to the catalytic ozonation of dyes and textile 
effluents, Appl. Catal., B, 88 (2009) 341–350.

[31] S. Song, Z. Liu, Z. He, A. Zhang, J. Chen, Y. Yang, X. Xu, Impacts 
of morphology and crystallite phases of titanium oxide on the 
catalytic ozonation of phenol, Environ. Sci. Technol., 44 (2010) 
3913–3918.

[32] J.-E. Lee, B.-S. Jin, S.-H. Cho, S.-H. Han, O.-S. Joo, K.-D. Jung, 
Catalytic ozonation of humic acids with Fe/MgO, Korean, 
J. Chem. Eng., 22 (2005) 536–540.

[33] Y. Dadban Shahamat, M. Sadeghi, A. Shahryari, N. Okhovat, 
F. Bahrami Asl, M.M. Baneshi, Heterogeneous catalytic 
ozonation of 2,4-dinitrophenol in aqueous solution by 
magnetic carbonaceous nanocomposite: catalytic activity and 
mechanism, Desal. Water Treat., 57 (2016) 20447–20456.

[34] M.A. Zazouli, Y. Dadban Shahamat, J. Yazdani Charati, 
M. Roohafzaee, Humic substances in water treatment plants 
in Sari and Gorgan and efficacy of catalytic ozonation in their 
removal and mineralization, J. Mazandaran Univ. Med. Sci., 
27 (2017) 112–127.



M.A. Zazouli et al. / Desalination and Water Treatment 220 (2021) 316–328328

[35] R. Shokoohi, A.J. Jafari, A. Dargahi, Z. Torkshavand, Study 
of the efficiency of bio-filter and activated sludge (BF/AS) 
combined process in phenol removal from aqueous solution: 
determination of removing model according to response 
surface methodology (RSM), Desal. Water Treat., 77 (2017) 
256–263.

[36] M.R. Samarghandi, A. Dargahi, A. Shabanloo, H.Z. Nasab, 
Y. Vaziri, A. Ansari, Electrochemical degradation of methylene 
blue dye using a graphite doped PbO2 anode: optimization of 
operational parameters, degradation pathway and improving 
the biodegradability of textile wastewater, Arabian J. Chem., 
13 (2020) 6847–6864.

[37] A. Dargahi, D. Nematollahi, G. Asgari, R. Shokoohi, 
A. Ansari, M.R. Samarghandi, Electrodegradation of 
2,4-dichlorophenoxyacetic acid herbicide from aqueous 
solution  using  three-dimensional  electrode  reactor  with  G/β-
PbO2 anode: taguchi optimization and degradation mechanism 
determination, RSC adv., 8 (2018) 39256–39268.

[38] W.-L. Wang, H.-Y. Hu, X. Liu, H.-X. Shi, T.-H. Zhou, C. Wang, 
Z.-Y. Huo, Q.-Y. Wu, Combination of catalytic ozonation by 
regenerated granular activated carbon (rGAC) and biological 
activated carbon in the advanced treatment of textile wastewater 
for reclamation, Chemosphere, 231 (2019) 369–377.

[39]  J. Feng, B. Xing, H. Chen, Catalytic ozonation of humic acid 
in water with modified activated carbon: enhancement and 
restoration of the activity of an activated carbon catalyst, 
J. Environ. Manage., 237 (2019) 114–118.

[40] J. Akhtar, N.S. Amin, A. Aris, Combined adsorption and 
catalytic ozonation for removal of sulfamethoxazole using 
Fe2O3/CeO2 loaded activated carbon, Chem. Eng. J., 170 (2011) 
136–144.

[41] M. Sánchez-Polo, U. von Gunten, J. Rivera-Utrilla, Efficiency of 
activated carbon to transform ozone into OH radicals: influence 
of operational parameters, Water Res., 39 (2005) 3189–3198.

[42] S. Tong, R. Shi, H. Zhang, C. Ma, Catalytic performance of Fe3O4-
CoO/Al2O3 catalyst in ozonation of 2-(2,4-dichlorophenoxy) 
propionic acid, nitrobenzene and oxalic acid in water, 
J. Environ. Sci., 22 (2010) 1623–1628.

[43] H. Valdés, V.J. Farfán, J.A. Manoli, C.A. Zaror, Catalytic ozone 
aqueous decomposition promoted by natural zeolite and 
volcanic sand, J. Hazard. Mater., 165 (2009) 915–922.

[44] M.A. Zazouli, F. Ghanbari, M. Yousefi, S. Madihi-Bidgoli, 
Photocatalytic degradation of food dye by Fe3O4–TiO2 
nanoparticles in presence of peroxymonosulfate: the effect 
of UV sources, J. Environ. Chem. Eng., 5 (2017) 2459–2468.

[45] L. Yang, M. Sheng, Y. Li, W. Xue, K. Li, G. Cao, A hybrid 
process of Fe-based catalytic ozonation and biodegradation 
for the treatment of industrial wastewater reverse osmosis 
concentrate, Chemosphere, 238 (2020) 124639, doi: 10.1016/j.
chemosphere.2019.124639.

[46] A. Seid-Mohammadi, Z. Ghorbanian, G. Asgari, A. Dargahi, 
Photocatalytic degradation of metronidazole (MNZ) antibiotic 
in aqueous media using copper oxide nanoparticles activated 
by H2O2/UV process: biodegradability and kinetic studies, 
Desal. Water Treat., 193 (2020) 369–380.

[47] G. Asgari, M. Salari, Optimized synthesis of carbon-doped 
nano-MgO and its performance study in catalyzed ozonation of 
humic acid in aqueous solutions: modeling based on response 
surface methodology, J. Environ. Manage., 239 (2019) 198–210.

[48] S.P. Ghuge, A.K. Saroha, Catalytic ozonation for the 
treatment of synthetic and industrial effluents-Application 
of mesoporous materials: a review, J. Environ. Manage., 
211 (2018) 83–102.

[49] R.R. Kalantary, Y. Dadban Shahamat, M. Farzadkia, A. Esrafili, 
H. Asgharnia, Photocatalytic degradation and mineralization of 
diazinon in aqueous solution using nano-TiO2 (Degussa, P25): 
kinetic and statistical analysis, Desal. Water Treat., 55 (2015) 
555–563.

[50] M. Kermani, F. Bahrami Asl, M. Farzadkia, A. Esrafili, 
S. Salahshour Arian, M. Khazaei, Y. Dadban Shahamat, 
D. Zeynalzadeh, Heterogeneous catalytic ozonation by 
nano-MgO is better than sole ozonation for metronidazole 
degradation, toxicity reduction, and biodegradability 
improvement, Desal. Water Treat., 57 (2016) 16435–16444.

[51] G. Moussavi, R. Khosravi, Preparation and characterization of 
a biochar from pistachio hull biomass and its catalytic potential 
for ozonation of water recalcitrant contaminants, Bioresour. 
Technol., 119 (2012) 66–71.

[52] Y.D. Shahamat, M. Farzadkia, S. Nasseri, A.H. Mahvi, 
M. Gholami, A. Esrafili, Magnetic heterogeneous catalytic 
ozonation: a new removal method for phenol in industrial 
wastewater, J. Environ. Health Sci. Eng., 12 (2014) 50–59, 
doi: 10.1186/2052-336X-12-50.

[53] M. Kermani, B. Kakavandi, M. Farzadkia, A. Esrafili, 
S.F. Jokandan, A. Shahsavani, Catalytic ozonation of high 
concentrations of catechol over TiO2@Fe3O4 magnetic core-shell 
nanocatalyst: optimization, toxicity and degradation pathway 
studies, J. Cleaner Prod., 192 (2018) 597–607.

[54] K.C. Chen, Y.H. Wang, The effects of Fe–Mn oxide and TiO2/ 
α-Al2O3 on the formation of disinfection by-products in 
catalytic ozonation, Chem. Eng. J., 253 (2014) 84–92.

[55] M. Fathinia, A. Khataee, Photocatalytic ozonation of 
phenazopyridine using TiO2 nanoparticles coated on ceramic 
plates: mechanistic studies, degradation intermediates and 
ecotoxicological assessments, Appl. Catal., A, 491 (2015) 136–154.

[56] G. Li, Y. Lu, C. Lu, M. Zhu, C. Zhai, Y. Du, P. Yang, Efficient 
catalytic ozonation of bisphenol-A over reduced graphene 
oxide modified sea urchin-like α-MnO2 architectures, J. Hazard. 
Mater., 294 (2015) 201–208.

[57] Y. Yang, H. Cao, P. Peng, H. Bo, Degradation and transfor-
mation of atrazine under catalyzed ozonation process with 
TiO2 as catalyst, J. Hazard. Mater., 279 (2014) 444–451.

[58] L. Fu, C. Wu, Y. Zhou, J. Zuo, G. Song, Y. Tan, Ozonation 
reactivity characteristics of dissolved organic matter in 
secondary petrochemical wastewater by single ozone, ozone/
H2O2, and ozone/catalyst, Chemosphere, 233 (2019) 34–43.

[59] N. Hien, L.H. Nguyen, H.T. Van, T.D. Nguyen, T.H.V. Nguyen, 
T.H.H. Chu, T.V. Nguyen, X.H. Vu, K.H.H. Aziz, Heterogeneous 
catalyst ozonation of Direct Black 22 from aqueous solution in 
the presence of metal slags originating from industrial solid 
wastes, Sep. Purif. Technol., 233 (2020) 115961, doi: 10.1016/j.
seppur.2019.115961.

[60] X. Li, W. Chen, L. Ma, Y. Huang, H. Wang, Characteristics 
and mechanisms of catalytic ozonation with Fe-shaving-
based catalyst in industrial wastewater advanced treatment, 
J. Cleaner Prod., 222 (2019) 174–181.

[61] G. Wu, T.-s. Jeong, C.-H. Won, L. Cui, Comparison of catalytic 
ozonation of phenol by activated carbon and manganese-
supported activated carbon prepared from brewing yeast, 
Korean, J. Chem. Eng., 27 (2010) 168–173.

[62] J. Chaichanawong, T. Yamamoto, T. Ohmori, Enhancement 
effect of carbon adsorbent on ozonation of aqueous phenol, 
J. Hazard. Mater., 175 (2010) 673–679.

[63] G. Asgari, S. Mortazavi, S. Hashemian, S.G. Mousavi, Evaluation 
of performance catalytic ozonation process with activated 
carbon in the removal of humic acids from aqueous solutions, 
Avicenna J. Clin. Med., 17 (2011) 25–33.

[64] M. Mansoury, H. Godini, G. Shams Khorramabadi, 
Photocatalytic removal of natural organic matter from aqueous 
solutions using zinc oxide nanoparticles immobilized on 
glass, Iran. J. Health Environ., 8 (2015) 181–190.


