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Abstract: Phenol acts as a pollutant even at very low concentrations in water. It is classified as one of
the main priority pollutants that need to be treated before being discharged into the environment.
If phenolic-based compounds are discharged into the environment without any treatments, they pose
serious health risks to humans, animals, and aquatic systems. This review emphasizes the develop-
ment of advanced technologies for phenol removal. Several technologies have been developed to
remove phenol to prevent environmental pollution, such as biological treatment, conventional tech-
nologies, and advanced technologies. Among these technologies, heterogeneous catalytic ozonation
has received great attention as an effective, environmentally friendly, and sustainable process for the
degradation of phenolic-based compounds, which can overcome some of the disadvantages of other
technologies. Recently, zeolites have been widely used as one of the most promising catalysts in the
heterogeneous catalytic ozonation process to degrade phenol and its derivatives because they provide
a large specific surface area, high active site density, and excellent shape-selective properties as a
catalyst. Rational design of zeolite-based catalysts with various synthesis methods and pre-defined
physiochemical properties including framework, ratio of silica to alumina (SiO2/Al2O3), specific
surface area, size, and porosity, must be considered to understand the reaction mechanism of phenol
removal. Ultimately, recommendations for future research related to the application of catalytic
ozonation technology using a zeolite-based catalyst for phenol removal are also described.

Keywords: phenol removal; technology advances; catalytic ozonation; zeolite

1. Introduction

At present, about 80% of all wastewater is discharged into the world’s waterways,
wherein it creates health, environmental, and climate-associated hazards [1]. Phenol
and phenolic compounds are found in several industrial wastewater processes such as
refineries, coking operations, coal processing, petrochemicals, pulp, paper, etc., as shown
in Figure 1. In addition, phenolic-based compounds (cresols, xylenols, etc.) are also found
in wastewater of biomass gasification plants due to the formation of tar (a group of organic
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compounds) in the process, especially if wet scrubbers are an effective method of removing
tar from the syngas stream [2].
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Due to its high toxicity and poor biodegradability, phenol acts as a pollutant even
in very low concentrations. According to the United States Environmental Protection
Agency (USEPA) and the National Pollutant Release Inventory (NPRI) of Canada, phenol
is classified as one of 129 priority pollutants [4–7]. It is toxic, carcinogenic, mutagenic,
teratogenic, and when the concentration in wastewater is higher than 50 mg/L, it can
inhibit the rate of biodegradation [7,8]. As a result, if phenolic compounds are discharged
into the environment without any treatment, they can cause serious health risks to hu-
mans, animals, and aquatic systems. It can cause irregular breathing, muscle weakness,
tremors, coma, and breathing cessation at lethal doses in humans with prolonged exposure.
The level of toxicity of phenol for humans varies between 10 to 24 mg/L, and the lethal
blood concentration is approximately 1.5 mg/mL [8]. In addition, exposure to phenolic
compounds can cause eating disorders, weight loss, diarrhea, vertigo, salivation, and dark
stools, as well as irritation of the ducts and the central nervous systems and liver, kidneys,
and vascular tissues in animals. Therefore, phenol compounds must be removed from
wastewater before being discharged into the environment to meet the maximum allowable
phenol limit in wastewater stream, which is less than 1 mg/L (1 ppm). The levels of phenol
concentration in some industrial wastewaters are shown in Table 1.

Table 1. The reported levels of phenol in industrial wastewater. Adapted from ref. [9]. Copyright
2006 Elsevier.

Industrial Sources Phenol Concentration (mg/L)

Paint manufacturing 1.1
Rubber industry 3–10
Leather 4.4–5.5
Ferrous industry 5.6–9.1
Pulp and paper industry 22
Petroleum refineries 40–185
Fiberglass manufacturing 40–2564
Wood preserving industry 50–953
Textile 100–150
Petrochemical 200–1220
Coke ovens (without dephenolization) 600–3900
Phenolic resin 1270–1345
Phenolic resin production 1600
Coal conversion 1700–7000
Biomass-based gasification 772–4630
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Various treatment techniques have been applied to remove phenol and phenolic com-
pounds from aqueous effluent, including biological treatment, conventional treatments,
and advanced treatments. Figure 2 shows the number of publications related to various
conventional and advanced technologies for phenol removal. This review article pro-
vides a comprehensive summary of effective and potential methods for removing phenol
from wastewater.
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Figure 2. The number of annual publications related to various methods to degrade phenol in 2010–2021. Indexed by
Scopus (TITLE-ABS-KEY (terms); terms: distillation, adsorption, extraction, oxidation, electrochemical, Fenton process,
membrane, ozonation, catalytic ozonation phenol degradation) [10].

2. Phenol Compounds in Wastewater

Wastewater is polluted water that contains physical, chemical, and biological pol-
lutants caused by human use and has a negative impact on the environment. Domestic
wastewater from households, municipal wastewater from communities, and industrial
wastewater are some types of wastewaters that are all around us. Phenol is an important
organic chemical intermediate and raw material in wastewater. The main application of
phenol is in the production of phenolic resin, bisphenol A, and caprolactam [11]. Due
to its high harmful effect, phenol is classified as a pollutant even at very low concentra-
tions. It can be found in several wastewater treatment industries, such as oil refining,
petrochemicals, and pharmaceuticals industries.

2.1. Chemical Structure and Properties of Phenol

Several types of phenolic compounds in nature, such as eugenol, thymol, pyrogallol,
guaiacol, or pyrocatechol, occur naturally. However, some are formed as byproducts of
industrial, agricultural, and human activities that can pose serious environmental risks.
Phenol with a chemical structure of C6H5OH represents an aromatic compound with one
or more hydroxyl groups (-OH) connected directly to an aromatic system (e.g., phenyl,
naphthyl). Moreover, all the carbon atoms that make up aromatic rings are sp2 hybridized.
Therefore, phenyl has a hexagonal planar structure with all bond angles of 120◦ and
delocalized electrons distributed over the ring. Thus, Csp2–Osp3 forms C–O and O–H
bonds made from Osp3–H1s, and unattached electron pairs occupy the other two oxygen
atomic orbitals. As shown in Figure 3 the hydroxyl functional group of C–O–H has a bent
shape that is close to a tetrahedral bond perspective with a bond angle of 109.5◦. Both C–O
and O–H are polar because oxygen is more electronegative than carbon and hydrogen [12].
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Phenol has a cross-sectional area of 4.20 × 10−10 m, a volume of 87.8 × 10−6 m3/mol,
a saturated concentration in water of 912 mol/m3, and pKa of 9.99 [13]. Phenol is classified
as an acid that is weaker than carbonic acid (pKa of carbonic acid is 6.4) but stronger
than water (pKa of water is 15.7). Substituted phenol derivatives do not dissolve well
in water (solubility does not exceed 30 g/L), but unsubstituted phenols are relatively
soluble in water (83 g/L). Alkyl and halogen groups can be used as substituents to increase
the hydrophobicity of the aromatic ring (decrease its solubility in water). Adsorption
or extraction of phenolic compounds is challenging at very low concentrations because
phenols have a large variety of physicochemical properties, especially the electron den-
sity of the aromatic ring that affects the solubility of phenol compounds in water [13].
The physiochemical properties of phenol are shown in Table 2.

Table 2. Chemical and physical properties of phenol. Adapted from ref. [14]. Copyright 2015 Taylor & Francis Online.

Properties Value Units

Reactivity 0 (normally stable) -
Flammability 2 -

Health 4 (serious temporary or residual injury) -
Special COR Corrosive -

Molecular weight 94.11 g/mol
Tmelting 40.91 ◦C
Tboiling 181.75 ◦C
Density 1.07 g/cm3

Flash point 79 ◦C
Acidity in water (pKa) 9.89 -

Water solubility (at 20 ◦C) 8.3 g phenol/100 mL H2O (wt.%)
Water solubility (at 25 ◦C) 8 g phenol/100 mL H2O (wt.%)
Vapor pressure (at 25 ◦C) 0.35 mmHg

2.2. Phenol Toxicity

Phenol is one of the top priority contaminants and also a potentially carcinogenic
pollutant [13]. Phenol is a toxic, carcinogenic, mutagenic, and teratogenic substance that
can inhibit the rate of biodegradation at concentrations of more than 50 mg/L in wastew-
ater [7]. For human and aquatic life, the levels of toxicity vary between 9 and 25 mg/L.
Exposure to phenolic compounds can cause eating disorders, weight loss, diarrhea, vertigo,
salivation, and dark coloration of feces [15]. According to the Health Protection Agency
(HPA), there is about 60–88% of phenol exposure through inhalation and followed by oral
and dermal exposure [16]. The toxicological properties of phenol have been contributed
mainly by the formation of organic species and free radical species and their hydrophobicity.
The structure of phenol itself shows its reactivity, which leads to its properties such as per-
sistence in the environment, toxicity, and possible carcinogenicity to living organisms [17].
The presence of phenol in wastewater during disinfection and oxidation processes can
also form substituted compounds and toxic intermediates as secondary pollutants that
can inhibit microorganisms in biological treatment processes [14]. Therefore, the re-
moval and mineralization of phenolic compounds from wastewater is necessary before
being discharged into the environment. Consequently, wastewater treatment with phenol
species has attracted a lot of attention due to the toxicity and low biodegradability of
phenolic compounds.
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3. Development of Technologies for Phenol Treatment

Various types of processes have been investigated to remove phenol content from
wastewater. These processes can be classified into three types: biological treatment, con-
ventional technologies (such as distillation, adsorption, and extraction), and advanced
technologies (such as chemical oxidation, Fenton process, electrochemical oxidation, mem-
brane processes ozonation, and catalytic ozonation). In addition to the main technical
considerations, environmental and economic control aspects should also be considered to
select appropriate, sustainable, and environmentally friendly technologies [18].

3.1. Biological Treatments

Biological wastewater treatment is a useful process in which processes are utilized to
decompose organic substances. Biological treatments generally rely on bacteria, nematodes,
or other small organisms to break down organic wastes using normal cellular processes.
Due to the ease of use of biological treatment systems, it is commonly used as a compari-
son with other phenol processing technologies. Although biological treatment provides
environmentally friendly and energy-efficient technology compared to physiochemical
treatment, the presence of toxic or bio recalcitrant pollutants in the treated water can inhibit
biological reactions and is not feasible for high phenol concentrations [7,15]. It has been re-
ported by Marrot et al. [19] that the biological treatment of phenol removal was economical
and practical at a low concentration of phenol. However, phenol or its derivatives can also
cause deflocculation, resulting in settling problems in the clarifier. Thus, in order to achieve
satisfactory phenol removal efficiency, the phenol concentration needs to be kept below the
threshold of 420 mg/L [20], and acclimatization of microorganisms to wastewater must be
fulfilled [20].

In a typical biological process, microorganisms degrade phenol into other non-toxic
compounds. The aerobic biodegradation by activated sludge is the most commonly used
method to degrade phenol. The activated sludge process can be defined as a system of
activated biomass that is recirculated, and the oxidation of organic content occurs in the
presence of oxygen. Activated sludge generally consists of microorganisms, inanimate
organic matter, and inorganic compounds. Activated sludge has been successfully applied
for phenol degradation using a batch reactor up to 1500 mg/L at pH 6 [20,21]. It has been
reported that acclimatized active biomass degrades phenolic compounds more effectively
than pure strains one or more orders of magnitude faster. The ability of active biomass
to degrade pollutants is also influenced by natural carbon sources. In general, focusing
on various concentrations of nutrients such as glucose, yeast, and ammonium sulfate can
increase the ability to degrade phenols. Furthermore, phenol biodegradation increases at
higher concentrations of inorganic nutrients.

Biological techniques can be combined with enzymatic treatment to remove phenolic
compounds [19]. Bevilaqua et al. revealed that phenol could be degraded even at a
concentration of 420 mg/L by using an integration of enzymatic treatment and aerobic
biological process [22]. Another effective process in biological treatment is sequencing
batch reactor (SBR), a variation of the activated sludge process. This process takes place in
a batch system where all phases of the biological process occur in one tank. The SBR system
consists of two or more reactor tanks that are operated in parallel. First, the influent stream
goes through a screening process before entering the SBR. Then, the waste is processed
in a series of batch phases in SBR to achieve the desired effluent concentration. Then,
the discharged sludge from SBR flows into the treatment unit. Finally, the SBR output
(liquid) flows into the disinfection tank, and the resulting treated water is free of pollutant
compounds. In an SBR cycle, there are usually five phases, including fill, react, settle,
decant, and idle (Figure 4). The duration of each phase is controlled by a programmable
logic controller (PLC). In the fill phase, wastewater enters the tank, mixing with the biomass
from the previous cycle. Some aeration may occur during this phase. Then the aeration
process is carried out in the reaction phase so as to allow oxidation and nitrification to
occur. During the settling phase, aeration and mixing are suspended, and the stationary
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solids settle. The treated wastewater is then discharged from the tub in the decantation
phase. In the last phase (idle), the pool cannot operate because it is waiting for the start
of the next cycle. Meanwhile, some solids are removed from the tub and discharged as
sewage sludge. The average time to complete the process in the sequencing batch reactor
is approximately 16–36 h [23].
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3.2. Conventional Technologies
3.2.1. Steam Distillation

Steam distillation is a method of separating two immiscible liquids based on the
volatility of the steam. In the liquid phase, phenol has limited miscibility with water
(close to 10–70% (w/w) phenol approaches the limit at room temperature), but this immis-
cibility completely disappears at temperatures above 68 ◦C. The phenol–water solution
has a minimum azeotrope, at 9.21% phenol (w/w), according to a molar fraction of 0.019,
at temperature and pressure of 94.5 ◦C and 1 atm, respectively. Based on the relative
volatility of phenol, steam or azeotropic distillation can separate phenolic contaminants
from wastewater [14,15,24,25] (Figure 5).
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In general, the removal of phenolic compounds from wastewater using steam distilla-
tion can be illustrated in Figure 6a. Wastewater enters the distillation column, operating
at 1 atm. The temperature around the boiling point of water, the rich water evaporates
to the top of the column and then condenses into clean wastewater while rich phenol
comes out from the bottom of the column. The steam distillation method is not suitable
for wastewater with low phenol concentration due to the high energy costs. There are few
data on steam distillation to remove phenol from wastewater because it is used for high
concentration phenol solutions (more than 3000 mg/L), which are not very common in
wastewater treatment processes [14].
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A simultaneous distillation-extraction process has been developed to purify wastewa-
ter from phenol contaminants. Figure 6b shows a continuous steam distillation-continuous
liquid-liquid extraction scheme using diethyl ether as the extraction solvent, which has a
very low boiling point. In this case, the vapor pressure of the sample compounds can be as
little as possible above the extraction solvent. As shown in Figure 6b, the phenol-containing
wastewater is distilled from flask 1, and the extraction solvent is distilled from flask 3.
The cold finger condenses the vapors. The organic compounds (phenols) are extracted
from the condensate using a continuous supply of extraction solvent. Then, the aqueous
and the organic phase are separated at the bottom of the central part of apparatus 2 and
returned through their return arms 4 and 5 to flasks 1 and 3 [27]. The comparison of the
efficiency of phenol removal from water with the distillation process is shown in Table 3.

Table 3. Comparison of phenol recovery using distillation-based process.

Technique Operating Conditions Additional Chemical Recovery of Phenol Ref.

Steam distillation using
ultraviolet spectrometry

pH ≤ 4
λmax: 271 nm - 95.3% [28]

Steam distillation Cphenol: 0.4 mg/L Sodium chloride 100.0% [29]

Distillation-extraction

Extractant: diethyl ether
Cphenol: 26 mg/L
t: 1.5 h
pH: 1
Toil bath: 130 ◦C
Twater bath: 55 ◦C

Sodium chloride 91.1% [27]

Distillation-extraction

Extractant: diethyl ether
t: 1.5 h
Toil bath: 160 ◦C
Twater bath: 50 ◦C

Sodium chloride 91.8% [30]

Notes: t = time, T = temperature, Cphenol = initial phenol concentration, λmax = maximum wavelength.
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3.2.2. Adsorption

Adsorption is a surface phenomenon and can be defined by increasing the concentra-
tion of a particular component at the surface or interface between two phases (Figure 7).
Several factors affecting the adsorption process are temperature, nature of adsorbates
and adsorbents, presence of other pollutants, and other operating conditions such as pH,
temperature, pollutants concentration, contact time, and adsorbent particle size [31]. Ad-
sorption methods are widely used in wastewater purification from organic and inorganic
pollutants without producing harmful by-products [24,32]. The adsorption process is
effective in reducing the concentration of phenol in the water. However, economic fac-
tors (including energy) of using and recycling required secondary materials, adsorbents,
or extractants also need to be considered [33]. The main advantages of the adsorption
process to remove phenolic pollutants are that it is a very effective process, flexibility and
simplicity of design, ease of operation, and it does not produce harmful by-products [34].
On the other hand, the main drawbacks of the adsorption technology are that it requires a
large amount of adsorbent, the high cost of adsorbent, and it is very difficult to separate
adsorbent from adsorbates [35].
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Activated carbon is the most commonly used adsorbent for phenol removal from
water in the adsorption process, but its low stability and the difficulty to regenerate
it are the main drawbacks [15,24,32,36]. The adsorption capacity of activated carbon
in the liquid-phase adsorptions for aromatic compounds (phenols) depends on several
factors including the physical properties of the adsorbent (pore structure, ash content,
and functional groups) and also depends on its precursor material and preparation method,
the properties of the adsorbate (solubility, pKa, functional groups, polarity, molecular
weight, and size) and solution conditions (pH, ionic strength, adsorbate concentration,
and oxygen availability) [24].

Ma et al. [37] studied the batch adsorption of phenol using powdered activated carbon
(PAC) as an adsorbent. They investigated the effect of carbon type, carbon loading, initial
pH solution, temperature, and pre-oxidation. The results showed that phenol removal
using PAC bamboo charcoal had the most effective adsorbent. It has the largest specific
surface area among the prepared catalysts such as coconut shell charcoal and coal charcoal.
The phenol adsorption significantly increased more than 80% of PAC adsorption capacity
within 10 min under identical condition (PAC loading = 20 mgL−1, initial phenol concen-
tration = 1000 µgL−1, temperature = 25 ◦C). Increasing the PAC loading also increases the
removal of phenol from the water due to an increase in the surface area of the adsorbent
and the availability of more vacant surface sites. The pKa value of phenol is 9.9, and the
pH of the zero-point charge of the PAC is about 6.2, and results showed that pH 9 is the
optimum pH for phenol removal. Phenol removal decreased with increasing solution
temperature from 15 ◦C to 35 ◦C. Further thermodynamic study must be carried out to
clarify the effect of temperature on phenol adsorption. Another study by Mandal and
Das [38] assessed the efficiency of phenol removal from wastewater using sludge produced
from basic oxygen furnaces in steel mills as an adsorbent. The maximum phenol removal
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achieved was about 63% with the adsorbent loading of 20 g/L, initial phenol concentration
of 10 mg/L, pH 7, adsorption time of 240 min, and temperature of 35 ◦C.

A recent study by Catizzone et al. [39] investigated wastewater purification using a
biomass-derived syngas scrubber containing phenol using biochar and activated carbons.
This experiment used phenol solution as the model solution. Two activated carbons (SP800
and SP1000) and two biochar obtained during the pyrolysis (SPBCP) and gasification
(SPBCG) processes were used as adsorbers. Both batch and continuous test data were
obtained for the comparison of reaction kinetics. However, to investigate the efficiency
of the absorber in purification, the batch condition is easier to analyze. The best carbons
among the adsorbents used in this experiment were SP1000 and SPBCG. For SPBCG,
the phenol removal was about 64% and the wastewater purification rate was about 25%.
For SP1000, the phenol removal was about 96% and the wastewater purification rate was
about 92% with an initial phenol concentration of 5 g/L and at a temperature of 25 ◦C.

The comparison of removal efficiency using various adsorbents for phenol removal is
summarized in Table 4.

Table 4. The effectiveness comparison of various adsorbents for removing phenolic-based compounds in the solution.

No Adsorbent Phenolic Compound Operating Conditions Efficiency of Removal Ref.

1 Activated carbon from
Lantana camara Phenol

Cadsorbent: 1 gL−1

Cphenol: 150 mgL−1

pH: 8.5; T: 25 ◦C
t: 7 h

91.1% [40]

2

Chicken manure biochar
(CBC)

Phenol

Cadsorbent: 0.3 gL−1

Cphenol: 87.2 mgL−1

pH: 9.98; T: 22 ◦C
t: 90 min

78.5% [32]

3 2,4-dinitrophenol

Cadsorbent: 0.3 gL−1

Cphenol: 108.1 mgL−1

pH: 5.37; T: 22 ◦C
t: 90 min

83.4% [32]

4 Clarified sludge from basic
oxygen furnace Phenol

Cadsorbent: 20 gL−1

Cphenol: 10 mgL−1

pH: 7.00; T: 35 ◦C
t: 240 min

63.0% [38]

5 Fe-nano zeolite (Fe-Nz) Phenol, 2-chlorophenol,
2-nitrophenol

Cadsorbent: 2.5 gL−1

Cphenol: 1000 mgL−1

pH: 5.00; T: 20 ◦C
t: 230 min

Phenol: 86.4%
2-chlorophenol: 89.8%
2-nitrophenol: 97.2%

[41]

6 Hybrid (CNT/PEG) Phenol

Cadsorbent: 20 mgL−1

Cphenol: 20 ppm
pH: 7.00; T: 25 ◦C
t: 20 min

97.0% [42]

7 PAC Phenol

Cadsorbent: 20 mgL−1

Cphenol: 1000 µgL−1

no pH adjustment; T: 25 ◦C
t: 120 min

65.8% [37]

8 Zeolite FAU (100)

Phenol

Cadsorbent: 20 gL−1

Cphenol: 1.6 gL−1

no pH adjustment; T: 25 ◦C
t: 60 min

65.0%

[36]9 Zeolite MOR (80) 50.0%

10 Zeolite MFI (500) 70.0%

11 Zeolite BEA (∞) 85.0%

12 Activated carbon (SP1000)
Phenol, real real syngas
scrubber wastewater

Cadsorbent: 80 gL−1

Cphenol: 5 gL−1

no pH adjustment; T: 25 ◦C
t: 24 h

Phenol: 96.0%
Real wastewater: 92.0% [39]

13 Biochar (SPBCG) Phenol: 64.0%
Real wastewater: 25.0% [39]

Notes: Cadsorbent = adsorbent concentration, Cphenol = initial phenol concentration, T = temperature, t = adsorption time.
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3.2.3. Liquid-Liquid Extraction

Liquid-liquid extraction (LLE) is a non-destructive method for separating compounds
based on their relative solubility. LLE process is applicable to treat phenolic compounds in
water at various phenol concentrations [43]. The variables that affect LLE using cumene
to remove phenol from aqueous solution are pH and temperature. Phenol removal in-
creases with increasing temperature. Therefore, this method can be used in various phenol
concentrations (50–2200 mg/L) [44].

The main principle of LLE for separating phenol from wastewater is to choose an
appropriate extractant with the solubility of phenol in extractant must be much higher
than the solubility of phenol in water. Then, after mixing, the equilibrium of phenol
concentration between the wastewater phase (W) and extractant phase (R) is completed
and completely separated (Figure 8) [45].
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Jiang et al. [45] investigated the removal of phenol from wastewater containing
6000 mg/L of phenol by the LLE method using octanol (C8H17OH) as an extractant. Phe-
nolic wastewater and extractant were mixed at 1 atm, ambient temperature, and pH 3.0.
Optimum phenol removal efficiency from wastewater (more than 99%) could be achieved
if the separation factor (Sf) = 750, with a rotational speed of 1300 rpm, and oar diameter of
2 cm. The extractive and separated times were 2 h so that the mass transfer and phases
separation were completed. Rao et al. [46] also studied batch liquid-liquid extraction of phe-
nol in sebacic acid wastewater (SAWW) with a phenol concentration of about 2500 mg/L.
This experiment used a variety of extractants, such as hexanol, heptanol, octanol, castor
oil, aliquat-336, and mixture of octanol—aliquat-336. The optimum result obtained at
a temperature of 30 ◦C showed a phenol removal efficiency of 92% in the presence of
a mixture of octanol—Aliquat-336 (5:5 ratio) as an extractant. In another study, methyl
isobutyl ketone (MIBK) was also used as an extractant in the LLE batch of phenol removal
from an aqueous solution [14]. A comparison of the efficiency of phenol degradation in
wastewater through the LLE process is shown in Table 5. Based on Table 5, the optimum
pH, temperature, and pressure for the LLE process are 3–5, 25 ◦C, and 1 atm.

Table 5. Comparison of phenol removal efficiency in wastewater using various extractants via liquid-liquid extraction
(LLE) process.

Extractant Phenolic Compound Operating Conditions Efficiency of Removal Ref.

Ethyl acetate Phenols in olive mill wastewater

P: 1 atm
T: 25 ◦C
pH: 2
t: 5 min

87.0% [47]

Ethyl acetate

Phenolic compounds in olive
mill waste water (OMWW)

P: 1 atm
T: n.a.
pH: n.a.
t: n.a.

85.5% [48]

Ethyl acetate

P: 1 atm
T: 100 ◦C
pH: n.a.
t: 30 min

>90.0% [49]
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Table 5. Cont.

Extractant Phenolic Compound Operating Conditions Efficiency of Removal Ref.

Cumene Phenol

P: 1 atm
T: 25 ◦C
pH: 7
t: 30 min

~80.0% [44]

C8H17OH Phenol

P: 1 atm
T: 25 ◦C
pH: 3
t: 2 h 3 min

>99.0% [45]

Octanol–Aliquat-336 Phenol in sebacic acid
wastewater (SAWW)

P: 1 atm
T: 30 ◦C
pH: n.a.
t: 40 min

92.0% [46]

Methyl isobutyl ketone (MIBK) Phenol

P: 1 atm
T: 25 ◦C
pH: 8
t: 120 min

>93.0% [50]

Combination of 20%
tributyl-phosphane (TBP), 20%
diethyl carbonate (DEC),
and 60% cyclohexane

Phenol

P: 1 atm
T: 25 ◦C
pH: 5.05
t: 5 min

>99.8% [51]

Notes: P = pressure, T = temperature, t = extraction time.

3.3. Advanced Technologies
3.3.1. Chemical Oxidation

Chemical oxidation is a destructive method for treating aqueous phenol wastewater.
The most common chemicals used in this process are ozone, chlorine, chlorine dioxide,
chloramines, ferrate [Fe (VI)], and permanganate [Mn (VII)]. This process has several
advantages such as a low amount of reagent, low energy costs, operating under mild
temperatures, and pH conditions [15]. However, the formation of recalcitrant chemicals
may occur during some of these processes [35]. This technique can also be combined
with biological treatment for phenolic compound removal. Rubalcaba et al. reported
promising results by combining these two processes to treat toxic and non-biodegradable
contaminants [52].

Chamberlin et al. [53] investigated the chemical oxidation of phenolic effluents with
chlorine on the laboratory scale and pilot plant scale. Combining chlorine with higher
phenolic compounds usually produces chloro-derivatives that are more complex than
phenol itself to degrade. These compounds give rise to taste and odors in the water,
but significantly higher concentrations can be tolerated. Therefore, even discharges from
various manufacturing plants contain small amounts of various phenolic compounds and
it will bring problems to the stream indicating that phenol must be completely removed
from the effluent, either by recovery or destruction. The reaction between phenols and
chlorine relies on the pH of the solution after chlorination. Chlorination at a pH above
7 can damage phenol. However, when the following solution shows a pH below 7, it leads
to the formation of chloro-phenolic derivatives. In this study, chlorine was applied as
hypochlorite, the pH was adjusted, the chlorine dose and reaction period also varied. It has
been proven that phenol not only can be oxidized rapidly with chlorine with an efficiency
of removal of almost 100% but it can also remove color and odor. Another study stated
that when phenol solution was reacted with a low dose of hypochlorite, chlorophenol was
formed. Otherwise, phenol can be destroyed in larger amounts of hypochlorite [54].

The Fenton oxidation process is one of the most suitable and effective methods for
reducing organic pollutants. Some of the advantages of the oxidation process are its wide
application range, strong anti-interference ability, easy operation, and fast degradation
and mineralization [55,56]. However, the disadvantages of this process are the narrow
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working pH range, high costs and risks associated with handling, transport, and storage
of reagents (H2O2 and catalysts), significant iron sludge associated with problematic
secondary pollution, and expensive disposal [57]. Eisenhauer et al. [54] investigated
the application of Fenton’s reagent as an oxidant to remove phenol from synthetic and
industrial wastewater. Fenton’s reagent was successfully used under mild conditions in a
synthetic phenol solution to completely oxidize phenol. However, when the reagent was
applied to certain industrial phenolic wastewater, three to six times hydrogen peroxide
was required to produce the same yield as that in synthetic phenol solution. The chemical
cost required to use Fenton’s reagent to remove phenol from industrial wastewater was
calculated to be around USD 5.30/kg phenol destroyed, which is more expensive compared
to biological oxidation processes. However, the chemical oxidation of phenol effluent
with hydrogen peroxide can be applied to industries specializing in intermittent batch
operations. Table 6 shows the comparison of the efficiency of phenolic compound removal
using chemical oxidation processes with various oxidants. The optimum pH, temperature,
and pressure for phenol removal using the chemical oxidation process are in the range of
8–12, 20–45 ◦C, and 1 atm, respectively.

Table 6. Effectiveness comparison of various oxidants for phenol-based removal via chemical oxidation process in the
aqueous phase.

Oxidant Phenolic Compound Operating Conditions Efficiency of Organic
Compound Removal Ref.

KMnO4

Phenolic wastes

P: 1 atm
T: 95 ◦C
pH: >7
t: n.a.
Cphenol: 125 ppm
CKMnO4: n.a.

62.4%

[53]
ClO−

P: 1 atm
T: 45 ◦C
pH: 10.5–12
t: 20 h
Cphenol: n.a.
CClO

−: 0–7500 ppm

~100.0%

Chlorine Phenol with chlorine

P: 1 atm
T: 45 ◦C
pH: >7
t: 12–18 min
Cphenol: n.a.
Cchlorine: 4000 ppm

96.6%

K2FeO4

Phenol

P: 1 atm
T: n.a.

CK2FeO4: 63 mg/L 57.0%

[58]
KMnO4 CKMnO4: 50 mg/L 70.0%

Ca(ClO)2

Cphenol: 30 mg/L
pH: 9
t: 1 h

CCaClO2: 22.8 mg/L 61.0%

KMnO4 Bisphenol A (BPA)

P: 1 atm
T: 20 ◦C
pH: 7
t: 15 min
CBPA = 5 µM
CKMnO4 = 10 µM

>99.0% [59]

Notes: P = pressure, T = temperature, t = oxidation time, C = concentration.



Catalysts 2021, 11, 998 13 of 45

3.3.2. Electrochemical Oxidation

Electrochemical oxidation is an effective way to treat aqueous phenol effluent without
the need for reagents but requires incurring equipment and energy costs. In addition,
electrochemical oxidation can be applied to processes that have low capacity and have
safety concerns in handling hazardous chemicals [15,35]. This method is divided into direct
and indirect oxidation. Direct oxidation or anodic treatment occurs through the adsorption
of the pollutants to the surface of the anode without the participation of other substances
in solutions, except for electrons which are referred to as “pure reagents”. Pt, PbO2,
SnO2, IrO2, and boron-doped diamond (BDD) are among the various anodes used in this
method. Parameters that affect processing efficiency are current density, pH, anode material,
and electrolyte. Phenol degradation follows pseudo-first-order kinetics, and the effective-
ness of the process is indicated by clear current efficiency, electrochemical oxidation index,
or intermittent current efficiency [60,61]. However, the main problem of direct oxidation is
electrode fouling, which decreases its catalytic activity. Figure 9 shows a schematic of the
anodic oxidation mechanism of organic compounds with simultaneous oxygen evolution
at the inactive anode (reactions a, b, and e) and at the active anode (reactions a, c, d, and f)
where M, MO, and R attributed to metal, metal oxide, and organic compounds, respectively.
The step by step mechanisms of electrochemical oxidation are shown in Equations (1)–(6)
as follows: [60]
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Formation of hydroxyl radical, •OH;

M + H2O→M(•OH) + H+ + e− (1)

Oxygen evolution of hydroxyl radicals by electrochemical oxidation;

M(•OH)→MO + H+ + e− (2)

Formation of the higher metal oxide, MO;

MO + R→M + RO (3)

Oxygen evolution of MO by chemical decomposition;

MO→M + 1/2 O2 (4)

Electrochemical combustion of the organic compound via hydroxyl radicals;

M(•OH) + R→M + mCO2 + nH2O + H+ + e− (5)



Catalysts 2021, 11, 998 14 of 45

Electrochemical conversion of the organic compound, R, via metal oxide.

M(•OH)→M + 1/2 O2 + H+ + e− (6)

Moreover, indirect oxidation utilizes a redox intermediate reagent to affect the direct
electron transfer between the electrode and the pollutant and consequently avoids fouling
of the electrode by contaminants. The oxidizing agents can be a metal redox partner with
a high oxidation potential, such as Ag (I/II), Ce (III/IV), Co (II/III), or strong oxidizing
agents such as activated chlorine, ozone, hydrogen peroxide, persulphate, percarbonate,
and perphosphate. The existence of chloride ions in wastewater increases phenol removal
through the formation of Cl2 or ClO−. This process is called electrochemical oxidation of
activated chlorine (Figure 10) [60].
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Saratale et al. [62] studied the electrochemical oxidation of phenol in wastewater using
Ti/PbO2 as an electrode. The Ti/PbO2 electrode included PbO2 coated on Ti prepared
by the electrodeposition method. Experiments have focused on the optimization of vari-
ous parameters such as current density, initial concentration of phenol, initial pH of the
solution, temperature, and dose of Fe2+ on the electrochemical degradation of phenol
using Ti/PbO2. As a result, the complete removal of phenol (250 mg/L) was observed at
a temperature of 50 ◦C, with potential differences of 5 V, and at pH 2 after 9 h. Table 7
shows the comparison of phenol degradation using different types of electrodes via the
electrochemical oxidation process.

Table 7. Comparison of phenol degradation study using different types of electrodes via the electrochemical
oxidation process.

Electrode Phenolic Compound Phenol Concentration
(mg/L)

Operating
Conditions

Efficiency of
Removal Ref.

Ti/PbO2 Phenol 50

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

72% [63]

Ti/PbO2.Sn Phenol 500

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

89% [64]

Ti/PbO2.Sb/PbO2 4-chloro-3-methyl phenol 99.8

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

100% [65]
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Table 7. Cont.

Electrode Phenolic Compound Phenol Concentration
(mg/L)

Operating
Conditions

Efficiency of
Removal Ref.

Ti/RuO2 p-nitrophenol 100

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

100% [66]

Ti/Sb-SnO2 4-chlorophenol 128.6

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

51% [67]

Ti/SnO2.Sb2O3.Nb2O5/PbO2 Phenol 500

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

78.6% [68]

Er-chitosan-F-PbO2 2,4-dichlorophenol 90

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

95% [69]

Ti-base CeO2/β-PbO2
4,4′-(propane-2,2-diyl)
diphenol 20

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

100% [70]

Ti/PbO2 phenol 250

pH: 5.5
T: 30 ◦C
t: 180 min
J: 20 mA cm−2

100% [62]

Notes: T = temperature, t = time, J = current density.

3.3.3. Membrane Process

Membrane technology is a definite and economically feasible process for remov-
ing phenol from aqueous solutions. Membrane-based solvent extraction (MBSE) tech-
nology is one of the most commonly used technologies in phenol treatment includ-
ing liquid membranes, membrane bioreactors (MBR), extractive membrane bioreactors
(EMBR), hollow fiber membranes, photocatalytic membrane reactors, reverse osmosis,
high-pressure membrane processes (nanofiltration and pervaporation) and membrane dis-
tillation. Membrane processes are divided based on driving forces, such as concentration-
driven (liquid membranes), pressure-driven (nanofiltration, reverse osmosis, pervapora-
tion), and thermal-driven (membrane distillation). In general, several factors affect mem-
brane performance [71]: (1) membrane properties: pore size, hydrophilicity/hydrophobicity,
residence time, permeability, surface charge; (2) properties of the target compounds: molec-
ular size, charge, solubility, diffusivity, pH, polarity; and (3) operating conditions (feed
temperature, feed quality, flux, rejection/recovery). Membrane technology has many ad-
vantages, such as high-quality effluent, low power consumption, small footprint, and easy
scalability with membrane modules. However, membrane fouling, which can occur due to
particles and colloids present in the feed stream, should be considered [14,15].

MBR is a membrane-based biological separation and is sufficient to degrade priority
pollutants. MBR uses membranes (micro- or ultrafiltration) coupled with conventional
biological processes, and this process is efficient for removing phenol with high concen-
trations of phenolic compound in the feed stream. In contrast, EMBR is a combination
of biodegradation and membrane extraction processes. First, EMBR uses a non-porous
membrane responsible for solution diffusion to transport the target substance controlled
by a concentration difference. Then the membrane transport target substance is degraded
using microorganisms at the receiving end [3,72].

The principle of the MBSE process combines solvent extraction with high compact-
ness and the interfacial exchange area provided by the hollow fiber membrane contactor.
In phenol removal from solution, the membrane acts as a physical barrier between phenol
and water to facilitate immobilization of the aqueous phase by applying transmembrane
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pressure difference. The concentration gradient that drives the extraction and the transfer
operation is independent of the transmembrane pressure [3,14].

Reverse osmosis is a membrane-based demineralization technique for separating
dissolved solids from water-based solutions, especially ions. Nanofiltration is a membrane-
based filtration method that uses nanometer-sized pores (1–10 nm) and a widely used
separation technique to remove organic pollutants, inorganic salts, color, and hardness
from aqueous solutions [15].

Pervaporation is a membrane-based separation technique to remove low-volatility
organic compounds from wastewater. The pervaporation separation ability is also related
to both the relative diffusivity and solubility of the components in the membrane. As a
result, the water separates on the feed side, and steam separates on the permeate side
and simultaneously evaporates the permeating compound (Figure 11). Some of the ad-
vantages of the pervaporation method are minimal energy consumption, no secondary
contamination, high efficiency, and easy operation [15,24,73].
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The membrane distillation process is a non-isothermal membrane-based separation
that is effective in repelling non-volatile substances. Membrane distillation is driven by
the vapor pressure difference across the membrane and uses a hydrophobic membrane
that acts as a barrier to hold the liquid/vapor interfaces at the entrance pores [74]. Table 8
shows several types of membrane technologies that have been applied to remove phenol
from aqueous solutions. The optimum temperature and pressure for phenol removal using
membrane technologies are under ambient conditions (temperature of 25 ◦C and pressure
of 1 atm), respectively.

Table 8. Comparison of the efficiency for phenolic compounds removal using different types of membrane materials and
membrane technologies.

No Membrane
Technology Membrane Material Phenolic

Compound
Operating
Condition

Efficiency of
Removal (%) Ref.

1 ELM SPAN80 Phenol
P: 1 atm
T: 25 ◦C
t: 4 min

98 [75]

2 MBR (sludge) PVDF hollow fiber Bisphenol A
dan BHT

P: 1 atm
T: 25 ◦C
t: 500 days

90 [76]

3 Nanofiltration Polysulfone 2,4-
Dinitrophenol

P: 1 atm
T: 25 ◦C
t: 25 h

>95 [77]

4 Nanofiltration Polysulfone p-Nitrophenol 90 [77]
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Table 8. Cont.

No Membrane
Technology Membrane Material Phenolic

Compound
Operating
Condition

Efficiency of
Removal (%) Ref.

5 Reverse
osmosis RO 99 Phenol

P: 4 bar
T: 50 ◦C
t: 30 min

93 [78]

6 Reverse
osmosis SW Phenol 81 [78]

7 Reverse
osmosis RO98pHt Phenol 84 [78]

8 TPPOMBr
(P. putida)

Commercial flat-sheet
cellulose triacetate FO
membranes

Phenol
P: 1 atm
T: 25 ◦C
t: 5–6 days

100 [79]

Notes: T = temperature, P = pressure, t = time.

3.3.4. Supercritical Water Gasification

Supercritical water gasification (SCWG) is a technology that allows the conversion
of organic wastewaters into gaseous fuel with a high amount of hydrogen and light hy-
drocarbons [80]. Gasification is mainly controlled by the density, viscosity, and dielectric
constant of water [81]. Supercritical water gasification (SCWG) is a reaction that uses water
above its thermodynamic critical point (Tc = 374 ◦C, Pc = 22.1 MPa) as the reactant and
reaction medium [82]. This process usually operates at temperatures range of 400–650 ◦C
and pressure range of 250–350 bar [80]. SCWG exploits the unique properties of water
in a supercritical state that exhibits transitional behavior between liquid and gas. It has
a fairly high density and good resistance like a liquid, but still has the characteristics of
diffusivity and gas reactivity [83]. Gas-like viscosity and liquid-like density are two prop-
erties that enhance mass transfer and solvation properties. Furthermore, when entering
the supercritical phase, the dielectric constant of water decreases drastically. Changes
in the thermophysical properties, especially loss of phase boundaries and non-polarity,
provide opportunities for salt separation and gasification of tar-free biomass [81]. Under
supercritical water conditions, phenol can be decomposed effectively. Phenol is also mainly
gasified into H2, CO2, and CH4 under certain operating conditions (above 600 ◦C) and an
appropriate catalyst. Phenol and its derivatives are not only wastewater pollutants but
also major components of lignin [84]. The main objective of SCWG is to produce hydrogen
from wet biomass, concentrated organic wastewater, and organic solid waste at a relatively
low temperature compared to conventional gasification processes [85,86]. Disadvantages
of this method are thermal efficiency, clogging, and corrosion problems [81].

Guan et al. [84] studied the partial oxidative gasification of phenol in real coke wastew-
ater in the temperature range of 573–753 K with an alkali salt (Na2CO3) catalyst. The result
showed that 75.6% of phenol could be removed in 40 s, 69.3% of TOC was gasified in
180 s as 2.7 mol/mol of hydrogen was produced at temperature, pressure, and the molar
ratio of oxygen to phenol are 723 K, 24 MPa, and 7:1, respectively. The partially catalyzed
oxidative gasification of phenol in supercritical water was also studied by Xu et al. [87].
The experiments used 1wt-% phenol with different oxidation coefficients and temperatures
ranging from 430 to 550 ◦C with or without 0.1wt-% Na2CO3 as a catalyst. The gasifica-
tion process occurred in a continuous tubular-flow reaction plant in supercritical water.
The results showed that phenol was difficult to be gasified to produce hydrogen at the
experimental temperatures, thus the catalyst had an important role in this experiment.
The highest hydrogen yield reached its maximum value (0.477 mol/mol), which was
two-folds that without the catalyst when 0.1 wt% Na2CO3 was added at n = 0.6,
the temperature of 500 ◦C, and the residence time of 2.96 min. [87].

Zhang et al. [86] investigated the effect of NaOH as a catalyst and H2O2 as an oxidant
on the partial oxidation of phenol in supercritical water for hydrogen production and
phenol polymerization. This experiment used a mini-batch reactor, which is built by
sealing one end of a quartz tube. The experimental results showed that the presence of
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NaOH at a lower coefficient increased hydrogen production. In addition, the reaction
with NaOH and H2O2 simultaneously increased hydrogen production and inhibited the
formation of polycyclic polymers at oxidant to catalyst ratios below 0.5 compared to the
individual catalytic partial oxidation of phenol. The optimum efficiency of hydrogen
gasification was achieved around 62.35% at 400 ◦C, 22.5 MPa, and 900 s. It was carried
out at an oxidant to catalyst ratio of 0.3 with 1.0 wt% NaOH, and the removal efficiency of
phenol was close to 75% [86]. Figure 12 shows the reaction network model for catalytic
supercritical water oxidation based on a phenol supercritical water gasification reaction
network while Table 9 shows the comparison of the effectiveness of phenol removal from
an aqueous solution through the supercritical water gasification process.
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Table 9. Comparison of the effectiveness of phenol removal through the supercritical water gasification process.

Catalyst Oxidant Reactor Type Operating Condition Hydrogen Production Efficiency of Phenol
Removal Ref.

Na2CO3 Oxygen Flow-type reactor
P: 24 MPa
T: 450 ◦C
t: 40 s

2.7 mol/mol 75.6% [84]

Na2CO3 Oxygen Continuous
flow-tubular

P: 36 MPa
T: 500 ◦C
t: 178 s

0.477 mol/mol 96.7% [87]

NaOH H2O2
Mini batch
reactor

P: 22.5 MPa
T: 400 ◦C
t: 900 s

62.35% 75.0% [86]

Notes: T = temperature, P = pressure, t = time.

3.3.5. Ozonation

Ozone is an unstable gas with a pungent odor and is partially soluble in water. In alka-
line solutions, ozone is also a strong oxidizing agent with a redox potential of 2.07 V, which
is greater than the hypochlorite ion (1.49 V) or chlorine (1.36 V) [88]. The physiochemical
properties of ozone are shown in Table 10.

The solubility of ozone strongly depends on temperature and is about 10 times more
soluble in water than oxygen. These conditions make it possible to obtain relatively high
ozone concentrations by saturating the water with an ozone/oxygen mixture from an
oxygen-rich ozone generator. For example, the solubility of ozone is about twice as high as
at 0 ◦C than at room temperature, as shown in Figure 13 [90].

Ozone is a chemical compound that can react selectively with many inorganic and
organic substances, such as sulfites, nitrites, olefinic, phenols, polyaromatic hydrocarbon,
organic amines, and sulfides [80]. In general, ozonation of contaminants can be carried
out in two ways (Figure 14) namely direct reaction by ozone (O3) molecules and indirect
oxidation by •OH (hydroxyl radicals) produced by O3 decomposition.
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Table 10. Physiochemical properties of ozone. Reproduced from Ref. [89]. Copyright 2020 Elsevier.

Property Value

Melting point, ◦C −251
Boiling point, ◦C −112
Critical pressure, atm 54.62
Critical temperature, ◦C −12.1
Specific gravity 1.658 higher than air 1.71 g cm−3 (at −183 ◦C)
Critical density, kg m−3 436
Heat of vaporization, cal mol−1

a 2980
Heat of formation, cal mol−1

b 33,880
Free energy of formation, cal mol−1

b 38,860
Redox potential, Vc 2.07

a: at boiling point; b: at 1 atm and 25 ◦C; c: at pH = 0.
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Molecular ozone is capable of oxidizing water pollutants through direct, selective
reactions or can undergo decomposition through a chain reaction mechanism resulting
in the production of free hydroxyl radicals, namely the indirect pathway. The chemical
properties of ozone depend on its molecular structure. Ozone molecules can be found in
two types of chemical structures as shown in Figure 15.
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Molecular ozone reacts as a dipole, electrophilic, or nucleophilic agent due to its
chemical structure. Ozone is very unstable in water, it varies in half-life, a few seconds to
several minutes, depending on pH, water temperature, and concentrations of organic and
inorganic compounds in the water [91]. Ozone decomposition follows a pseudo-first-order
kinetic law as shown in Equation (7) [92]:

−
(

d[O3]

dt

)
pH

= k′[O3] (7)

where k′ is a pseudo-first-order constant for a given pH value. The direct reaction of
ozonation of contaminant by ozone (O3) molecule can be in the form of an oxidation-
reduction reaction. Since ozone has a high standard redox potential (Table 9), it can react
with many pollutants via an oxidation-reduction reaction, such as the reactions between
O3 and HO2

− as shown in Equations (8) and (9) [93]:

O3+ HO2
− → O3

− + HO2 (8)

O3 + O2
− → O3

− + O2 (9)

Free hydroxyl radicals can be formed during ozone decomposition through indirect re-
action and ozone decomposition can be reduced in the presence of hydroxyl radicals. The re-
action proceeds through the following five-step chain as shown in Equations (10)–(14) [91]:

O3 + H2O→ 2 •OH + O2, k = 1.1 × 10−4 M−1 s−1 (10)

O3 + OH− → •O2
− + HO2•, k = 70 M−1 s−1 (11)

O3 + •OH→ O2 +HO2•
 •O2
− + H+ (12)

O3 + HO2•
 2O2 + •OH, k = 1.6 × 109 M−1 s−1 (13)

2HO2*→ O2 + H2O2 (14)

The pH value of the solution greatly affects ozone decomposition in the water.
The basic pH causes an increase in ozone decomposition. At pH < 3, hydroxyl radi-
cals do not affect ozone decomposition. For 7 < pH < 10, the typical half-life time of ozone
is from 15 to 25 min [91].

The ozonation process for the degradation of organic compounds has been widely
developed for water purification. Some of the advantages of this process are as follows:
(1) ozone can be converted into hydroxyl radicals and oxygen; (2) by using electricity or
ultraviolet light, ozone can be generated easily; (3) ozone has a strong reactivity, which
makes it effective in degrading organic compounds; (4) to improve water purification,
ozone can be combined with other methods [94]. However, due to the selective oxidation
between O3 and pollutants, the oxidation of some organic pollutants is relatively slow,
resulting in incomplete removal of contaminants or generate toxic intermediate products.
In addition, during the degradation of some organic pollutants by molecular ozone, some
short-chain organic acids, such as carboxylic acids and aldehydes, may form and accumu-
late, which cannot be mineralized by ozone, leading to low mineralization efficiency [91].
In addition, the low solubility of ozone in the water will also cause low ozone efficiency, re-
sulting in high operating costs. Generation of the disinfection by-products (DBPs) is also an
important problem, which needs to be solved in the practical application of the ozonation
process [89,95]. To overcome this problem, several advanced oxidation processes (AOPs)
were developed [89]. Table 11 shows a comparison of the phenol removal effectiveness
from an aqueous solution by ozone-based methods.
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Table 11. Comparison of the efficiency for phenolic compounds removal using ozonation and AOPs ozone-based technologies.

Method Reactor Phenolic Compound Operating Conditions Efficiency of
Removal Ref.

Ozonation Tubular reactor Phenol

P: 1 atm
T: 25 ◦C
t: 60 min
pH: 9–10
CO3: 2.5 g O3/g phenol
Cphenol: 2000 mg/L

35% [95]

Ozonation Ozone bubble
column Phenol

P: 1 atm
T: 25 ◦C
pH: 9
t: 40 min
CO3: 2; 4; 6 g/L
Cphenol: 50; 75; 100 mg/L

~100% [96]

Ozonation
Multi-injection
bubble column
reactor

Phenol P: 1 atm

T: 29 ◦C
t: 60 min
pH: 12
CO3: 0.6 mg/L
Cphenol: 50 mg/L

98.7%

[97]
2,4-dichloro-phenol 99.83%

O3-Fenton Rotating packed
bed reactor Phenol

P: 1 atm
T: 25 ◦C
pH: 6.8
CO3: 60 mg/L
Cphenol: 60 mg/L
CH2O2: 1 mM
CFe(II): 0.1mM

87.5% [98]

Ozonation-
adsorption
with GAC

Rotating packed
bed reactor Phenol

P: 1 atm
T: 20 ◦C
t: 60 min
pH: 10
QO3: 3.31 mg/min
Cphenol: 100 mg/L
mGAC: 100 g

78.62% [99]

O3-Ca(OH)2
System

Micro Bubble
Gas-Liquid
Reactor

Phenol

P: 0.25 Mpa
T: 25 ◦C
t: 30 min
pH: 12
QO3: 3.5 L/min
CO3: 65 mg/L
Cphenol: 450 mg/L
CCa(OH)2: 3 g/L

~100% [100]

O3-UV-TiO2 AOP reactor Phenol

P: 1 atm
T: 25 ◦C
t: 120 min
pH: 6
QO3: 0.03 mg/min
Cphenol: 50 mg/L
λ: <400 nm

100% [101]

US-H2O2-CuO 520-kHz Undatim
Ortho Reactor Phenol

P: 1 atm
T: 25 ◦C
t: 136 min
Cphenol: 58.1 mg/L
CH2O2: 10 mg/L
CCuO: 1 mg/mL

84.81% [102]
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Table 11. Cont.

Method Reactor Phenolic Compound Operating Conditions Efficiency of
Removal Ref.

US-UV-O3

Ultrasonic reactor
equipped with a
piezo-electric
transducer

Phenol

P: 1 atm
T: 25 ◦C
t: 90 min
pH: 2
QO3: 2 mg/L
Cphenol: 235.28 mg/L
λ: 254 nm

90% [103]

SonaFenton The reactor of 35
kHz (Sonitubee) Phenol

P: 1 atm
T: 25 ◦C
t: 36.69 min
Cphenol: 63 mg/l

90% [104]

UV-H2O2

Batch cylindrical
glass photoreactor
of 0.8 L

Phenol

P: 1 atm
T: 25 ◦C
t: 90 min
pH: 3.5–4
Cphenol:1000 mg/L
CH2O2: 0–1.5 M
λ: 200–450 nm

99.49% [105]

O3-UV
Two identical
stainless steel
O3/UV reactors

PPCPs

P: 1 atm
T: 25 ◦C
t: 5, 10 min
QO3: 0.5 L/min
λ = 254 nm

81.58% [106]

Notes: T = temperature, P = pressure, t = time, Q = flow rate, C = concentration, λ = wavelength.

3.3.6. Advanced Oxidation Processes (AOPs)

The advanced oxidation processes (AOPs) are based on the generation of a sufficient
amount of reactive oxygen species, i.e., adsorbed oxygen species, superoxide, and hydroxyl
radi-cals [107–109]. The hydroxyl radical is one of the most reactive free radicals and
the strongest oxidant [91,110,111]. Therefore, AOPs were developed to overcome the
limitations of ozone utilization. In this case, AOPs such as the O3/UV processes, O3/H2O2
processes, a combination of O3 with biological treatment, or other AOPs were investigated
to overcome this issue. The catalytic ozonation process has been extensively studied among
these technologies and was found to be a promising technique for effectively mineralizing
organic contaminants to CO2 and H2O [89]. The outcomes of several studies on phenol
removal using AOPs are presented in Table 11.

O3/UV Process

Photolysis of O3 by UV in the aqueous system forms hydroxyl radical, which can
mineralize various types of pollutants into CO2, H2O, or harmless products. Ozone has
a molar absorption coefficient (ε) of 2952 mol−1 dm3 cm−1 at the wavelength of 254 nm,
which is sufficient to generate hydroxyl radical. Hence, the O3/UV process can increase
the formation of hydroxyl radicals and then reduce organic pollutants. Although O3/UV
treatment is a promising technology, further comprehensive understanding is needed
especially in the reaction kinetics, decomposition pathways, by-products generation, and
the toxicity of wastewater treated by the O3/UV process [106].

O3/H2O2 Process

Active free radicals such as hydroxyl radicals formed from the decomposition of
O3 in an aqueous solution are non-selective so that they can oxidize almost all organic
compounds. Unfortunately, the formation of hydroxyl radicals is very limited in neutral
or acidic environments due to the relatively low stability of ozone molecules under these
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conditions. Therefore, the addition of H2O2 can increase the formation of hydroxyl radical
to some extent and lead to a rapid transformation of O3. However, in the O3/H2O2 process,
the increase in hydroxyl radical formation is limited like some other AOPs. As a result,
the yield of hydroxyl radicals in this process is about 50% of the amount of O3 consumed
(on a molar basis). In addition, H2O2 residues in the solution need to be destroyed before
being discharged into the environment [89].

O3/Biological Treatment

The presence of toxic or bio recalcitrant pollutants in the treated water, such as phenol,
pesticides, pharmaceuticals, and other contaminants, is difficult to remove by conventional
biological processes due to their toxicity and/or low biodegradability. Ozonation and AOPs
are generally considered to be highly efficient processing technology for removing these
recalcitrant pollutants from the water. Combining ozonation with biological treatment to
reduce operating costs has also been widely investigated and developed [89].

Generally, ozonation/biological treatment innovations can be divided into two types.
First, the use of ozonation is utilized as a pre-treatment, for example, ozone-biological acti-
vated carbon process, ozonation/batch aerobic biological system, ozonation/biological aer-
ation filter. The second is employing ozonation as a post-treatment, for example, membrane
bioreactor/ozonation, activated-sludge biological treatment/ozonation, and sequencing
batch biofilm reactor/ozonation. Ozonation and ozone-based processes form intermediate
products that are usually more readily biodegradable and eliminated by biological pro-
cesses than their precursors. Therefore, pre-treated ozonation is suitable for application
in water, which contains large amounts of inhibitory compounds that may be toxic to
biological cultures [112].

Catalytic Ozonation

One of the main drawbacks of the ozonation process is that it produces toxic by-
products and cannot complete the mineralization of contaminants in water or wastewater
treatments. Thus, the utilization of catalysts and ozone can be used simultaneously to
overcome these limitations; this process is called catalytic ozonation. Catalytic ozonation is
a potential way to reduce ozone consumption, increase selectivity and increase the reaction
rate of contaminants [113]. The catalyst added to the ozonation reactor can increase the
rate of O3 decomposition to produce more active free radicals, such as hydroxyl radicals.
Operational cost in the catalytic ozonation process can be reduced since this process does
not require other energy costs (such as UV) or pH adjustments costs due to its effectiveness
in a wide range of pH values. In addition, the catalytic ozonation process showed excellent
performance for phenol degradation. Many catalysts have been used for this process, such
as metal oxides, minerals, carbonaceous materials, and metals on catalyst supports [89].

In general, catalytic ozonation is divided into homogeneous catalytic ozonation and
heterogeneous catalytic ozonation, as shown in Figure 16. Homogeneous catalytic ozona-
tion is based on the activation of ozone by metal ions as a catalyst. In contrast, heteroge-
neous catalytic ozonation is based on the presence of heterogeneous catalysts such as metal
oxides or metals on metal oxides supports, carbon, and mesoporous materials.

The homogeneous catalytic ozonation reactor only consists of two phases (gas for
ozone and liquid for wastewater and catalyst). In comparison, a heterogeneous catalytic
ozonation reactor consists of three phases (gas for ozone, liquid for wastewater, and solid
for catalyst). Generally, experiments using ozone are produced by an ozone generator
through converting oxygen or air. There are various types of reactors used in the catalytic
ozonation process. Batch system reactors are most commonly used in laboratory-scale
research, although this does not rule out continuous system reactors. Figure 17 shows the
example of a series of catalytic ozonation reactor apparatus.
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4. Catalytic Ozonation Mechanisms
4.1. Homogeneous Catalytic Ozonation

Homogeneous catalytic ozonation usually uses transition metal ions catalysts, such as
Fe2+, Mn2+, Ni2+, Co2+, Cd2+, Cu2+, Ag+, Cr3+, and Zn2+. The mechanism of homogeneous
catalytic ozonation in solutions can be explained by the fact that: (1) Metal ions initiate the
ozone decomposition reaction by generating superoxide radicals (•O2

−); (2) The transfer
of electrons from •O2

− molecules to O3 causes the formation of •O3
−; (3) Formation

of hydroxyl radicals (•OH); (4) The formation of complexes between the catalyst and
organics followed by a final oxidation reaction. However, it is important to note that the
efficiency and the mechanism of homogeneous catalytic ozonation can also be influenced
by several factors, including the pH of a solution, the types and concentration of metal ions,
and organic pollutants [89,91].

The mechanism of homogeneous catalytic ozonation is shown in Equations (15)–(22)
as follows [114]:

O3 + OH− → HO2• + O2 (15)



Catalysts 2021, 11, 998 25 of 45

O3 + H2O− → HO2• + •O3
− (16)

O3 + In→ •O3
− + ln+ (17)

HO2•
 •O2
− + H+ (18)

O3 + •O2
− → •O3

− + O2 (19)

•O3
− + H+ → HO3• (20)

HO3• → HO• + O2 (21)

HO3• + P→ end products (22)

where ln is the initiator of ozone decomposition, and P is the scavenger of hydroxyl radicals.
The Fe2+/O3 system, which involves the direct reaction between Fe2+ and ozone,

further generates hydroxyl radicals (•OH) as shown in Equations (23) and (24) [91]:

Fe2+ + O3 → FeO2+ + O2 (23)

FeO2+ + H2O→ Fe3+ + •OH + OH− (24)

Excess metal ions will scavenge the resulting hydroxyl radicals, so optimization of the
catalyst loading is also important for the catalytic ozonation process. The transition metal
ions will be oxidized and eventually regenerated to their initial form, ensuring that the
catalytic reaction can be recycled. Generally, the ozonation process strongly depends on the
pH value of the solution. At pH < 4, direct ozonation will dominate the process while pH of
solution about 4–9, indirect ozonation or hydroxyl radicals will degrade pollutants. Metal
ions increase the decomposition of O3 to generate hydroxyl radicals, which act as a vital
compound for pollutants degradation. In catalytic ozonation, even though the solution
has a low pH value (for example, pH = 2), hydroxyl radicals also play an important role in
the degradation of pollutants [89]. Table 12 shows the comparison of various catalysts for
phenol removal via the homogenous catalytic ozonation process.

Table 12. Comparison of the efficiency of total organic carbon (TOC) removal using various homogeneous catalysts for
phenolic compounds removal from aqueous solution through the catalytic ozonation process.

Reactor Catalyst Phenolic
Compound

Operating
Conditions

Efficiency of TOC
Removal Ref.

Cylindrical glass
reactor 5L

Mn2+-OCNTs

Phenol

T: 25 ◦C

t: 90 min
pH: 3.5–7.8
QO3: 0.2 L/min
CO3: 10 mg/L
CMn2+-OCNTs:
0.035 g/L

96%

[102]
Mn2+ 70%

Batch reactor

Pb+

2-chloro phenol
(2-CP)

T: 25 ◦C
t: 60 min
pH: 3
QO3: 18 mg/min
C2-CP: 100 mg/L
Ccatalyst: 1 mg/L

13.2%

[115]

Cu2+ 14.3%

Zn2+ 14.3%

Fe2+ 20.4%

Ti2+ 20.8%

Mn2+ 29.9%

Batch reactor Ce3+ Phenol

T: 25 ◦C
t: 180 min
pH: n.a.
QO3: 0.1 L/min
Cphenol: 2.7 mM
CCe3+: 50 mM

93% [116]

Notes: T = temperature, t = reaction time, C = concentration, Q = flow rate.
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In some cases, homogeneous catalytic ozonation processes can effectively improve
the removal of organic pollutants in water, but the addition of metal ions can result in
secondary pollution. In addition, the homogeneous catalyst is often irrecoverable after the
reaction has run to completion. Thus, this process is not efficient and economically viable
if implemented on an industrial scale. Therefore, heterogeneous catalytic ozonation has
received remarkable interest in recent years to overcome these issues.

4.2. Heterogeneous Catalytic Ozonation

Various types of heterogeneous catalysts in solid form with high stability and ef-
ficiency have been used in catalytic ozonation to overcome the shortcomings of homo-
geneous catalysts. The main catalysts commonly used for the process of heterogeneous
catalytic ozonation are metal oxides (MnO2, TiO2, Al2O3) and metals or metal oxides on
supports (e.g., Cu-Al2O3, Cu-TiO2, Ru-CeO2, V-O/TiO2, V-O/silica gel, and TiO2/Al2O3,
Fe2O3/Al2O3). The main catalytic activity is based on catalytic ozone decomposition to
enhance the generation of hydroxyl radicals. Several factors that affect the efficiency of
the catalytic ozonation process are the types of catalyst and its physiochemical properties,
the pollutant target, the pH value of the solution that affects the surface active site proper-
ties, and ozone decomposition reactions in aqueous solution [89,91,117].

The heterogeneous catalytic ozonation system consists of three phases including gas
(ozone gas), liquid (water), and solid (catalyst), which makes it complex. Catalysts provide
reaction sites for the adsorption and catalysis process. Three possible situations (Figure 18)
would occur in the heterogeneous catalytic ozonation system based on the interactions
between the catalyst, ozone (O3), and organic compounds [89]:

1. Catalytic adsorption of O3 and organic compounds then reacted.
2. Catalytic adsorption of O3 and then decomposed to produce free radicals, then the

free radicals are reacted with organic compounds in bulk solution.
3. Catalytic adsorption of organic compounds, then, is attacked by O3 molecules or

other reactive oxygen species.
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based on the values of the pH range as follows [114]:

pH 2–6:
O3 + S 
 O3-S (25)

O3-S 
 O-S + O2 (26)

O3 + O-S 
 2O2 + S (27)



Catalysts 2021, 11, 998 27 of 45

pH > 6:
OH− + S 
 OH-S (28)

O3 + OH-S 
 •O3-S + HO• (29)

•O3-S 
 •O-S + O2 (30)

O3 + •O2
− → •O3

− + O2 (31)

•O3
− + H+ → HO3• (32)

HO3• → HO• + O2 (33)

HO3• + P→ end products (34)

where S is the catalyst surface and P is the hydroxyl radical scavenger. The classification of
the mechanism proposed above based on the pH value also depends on the type of catalyst
used which also has the characteristic of surface acidity/basicity strength as reported by
Malaika, et al. [119].

There are several considerations on the physical and chemical properties of metal
oxides when selecting a catalyst. Physical properties including surface area, density, pore
volume, porosity, pore size distribution, mechanical strength, purity, and commercial
availability. Chemical properties are chemical stability and active surface sites such as
Lewis acid sites, which are responsible for catalytic reactions. The catalytic properties of
metal oxides are determined by their acidity and basicity. The number and the properties
of the hydroxyl groups depend on the metal oxide and formed on the surface of the
metal oxide behaves as Brönsted acid sites. The Lewis acid and base sites are located
on the coordinated metal cations and unsaturated oxygen. The Brönsted and Lewis acid
sites are considered to be the catalytic centers of metal oxides [91]. Table 13 shows the
comparison of various catalysts via heterogeneous catalytic ozonation process for phenolic
compounds removal.

Table 13. Comparison of the efficiency of phenolic compounds removal from aqueous solution using various heterogeneous
catalysts via catalytic ozonation process.

Reactor Catalyst Phenolic
Compound Operating Conditions Efficiency of

Removal Ref.

Semi-batch stirred
reactor γ-alumina 2-chlorophenol

P: 1 atm
T: 25 ◦C
pH: 9
t: 60 min
QO3: 18 mg/min
Cphenol: 100 mg/L
mcatalyst: 5 g

45.8% [120]

Fluid bed reactor Activated carbon
fiber (ACF) Phenol

P: 1 atm
T: 25 ◦C
pH: 6.1
t: 10 min
QO2: 5 L/min
CO3: 9.8 mg/L
Cphenol: 100–500 mg/L
mcatalyst: 2 g

99.8% [7]

Semi-continuous
reactor

H-ZSM-5 (80)

Phenol

P: 1 atm
T: 30 ◦C
pH: 9
t: 60 min
CO3: 4 g/L
QO3: 10 L/min
Cphenol:100 ppm
mcatalyst: 1 g

75.0%

[4]

H-Beta 60.0%

H-USY 58.0%

H-Modernite 54.0%
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Table 13. Cont.

Reactor Catalyst Phenolic
Compound Operating Conditions Efficiency of

Removal Ref.

Semi-continuous
flow reactor

Co3O4
Nanoparticles Phenol

P: 1 atm
T: 25 ◦C
pH: 6.3
t: 60 min
QO3: 0.4 mg/min
Cphenol: 100 mg/L
mcatalyst: 0.5 g

82.6% [6]

Well-mixed semi
batch reactor NiO/Al2O3

2,4,6-
Trichlorophenol
(TCP)

P: 1 atm
T: 26–27 ◦C
pH: 4
t: 40 min
CO3: 9.8 mg/L
CTCP: 75 mg/L
Ccatalyst: 5 g/L

83.4% [121]

Rotating packed
bed reactor (RPB)

Fe-Mn-Cu/γ-
Al2O3
catalyst

Phenol

P: 1 atm
T: 25 ◦C
pH: 6
t: 30 min
QO3: 1 L/min
Cphenol: 100–500 mg/L
mcatalist: 40 g

96.4% [122]

Bubble reactor Activated carbon phenol

P: 1 atm
T: 25 ◦C
pH: 7
t: 5 h
QO3: 3 L/min
Cphenol: 100–400 mg/L
Ccatalyst: 1 g/L

51.5% [123]

Notes: P = pressure, T = temperature, t = reaction time, C = concentration, Q = flow rate, m = mass.

5. Development of Catalysts for Phenolic Compounds Removal via Heterogeneous
Catalytic Ozonation
5.1. Metal-Based Catalyst

Ma et al. investigated a pilot-scale study of heterogeneous catalytic ozonation under
neutral pH using recycled waste iron shavings (zero valent iron, ZVI) as a catalyst for the
removal of organic pollutants from wastewater. The experiment was carried out using
batch and continuous reactors. The catalytic ozonation performance in batch mode reduced
COD from 133 mg/L to 65 mg/L in just 13 min, corresponding to a COD removal efficiency
of 51% when the ozone dose was 14.6 g-O3/min. On the other hand, the performance
of catalytic ozonation in continuous mode reduced COD from 165 mg/L to 54 mg/L in
30 min, corresponding to a COD removal efficiency of 67% when the ozone loading was
10.2 g-O3/min and hydraulic retention time (HRT) of 30 min [5].

Li et al. evaluated the catalytic ozonation process in industrial wastewater treatment
using a Fe-based catalyst prepared by immersing, soaking, and oxidizing iron shavings
using NaOH, HCl, and H2O2, respectively. The experiment was carried out for 180 min at
a pH of 6.81. The use of 200 g/L of catalyst in batch mode resulted in an increase in TOC
removal from industrial wastewater to 78.7%, compared to 31.6% TOC removal by using
ozonation alone (without catalyst [124].

5.2. Metal Oxides-Based Catalysts

Some metal oxides commonly used as catalysts in the catalytic ozonation process are
TiO2, MnO2, and Al2O3. The O3/TiO2 system was efficient for oxalic acid degradation
in water at acidic pH. An increase in the rate of oxidation was obtained as a result of
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an increase in the concentration of ozone. However, the effect of the catalyst dose was
increased to only 3 g/L. The effect of temperature is positive in the range of 10–20 ◦C,
and there is only a slight difference at higher temperatures (40 ◦C) [114].

Ni et al. [120] reported that an alumina-based (Al2O3) catalyst was an effective catalyst
for the catalytic ozonation of 2-chlorophenol. Compared with ozonation alone at neutral
pH, the efficiency of catalytic ozonation showed two-fold enhancement. At acidic pH values
compared to ozonation alone, the catalytic ozonation process using Al2O3 as a catalyst has
increased 83.7% of TOC degradation. However, at alkaline pH, it only increased 17% of
the catalytic efficiency of ozonation. This is mainly because, in an alkaline environment,
oxidation with ozone is already strong.

Catalytic ozonation using MnO2 synthesized with cetyltrimethylammonium bromide
and commercial MnO2 (0.1 g/L) as a catalyst increased the degradation of 4-nitrophenol
(4-NP) (100 mg/L) with an ozone flow rate of 100 mL/min and an initial concentration of
50 mg/L at an initial pH of 5.8–5.9, and the removal efficiencies of 4-NP were 97% and 75%
at 45 min, respectively [125].

The mechanisms of catalytic ozonation by metal oxides summarized by Wang et al. [89]
as shown in Figure 19 and Equations (35)–(39) as follows:

O3 + Me-OH2
+ →Me-OH+• + HO3• (35)

2O3 + Me-OH→Me-O2
−• + HO3• + O2 (36)

Me-OH+• + H2O→Me-OH2 + •OH (37)

Me-O2
−• + O3 + H2O→Me-OH + O2 + HO3• (38)

HO3• → •OH + O2 (39)

where Me is attributed to metal or metal oxide surfaces. Initially, dissolved ozone (O3)
is transferred from the liquid bulk to the catalyst surface, then O3 and organic compounds
are adsorbed onto the catalyst surface. After that, the radical reaction of the adsorbed O3
combined with the hydroxyl group bonded to metal/metal oxide surface (Me-OH) groups
and at the surface-active sites (such as Lewis acid sites or alkaline sites) of the metal oxides
started. The resulting free active species, such as •OH and HO3•, can then react with O3 to
directly produce •OH or directly attack and degrade organic pollutants.
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5.3. Metal/Metal Oxides on Support-Based Catalysts

Catalyst support, that is, metal oxides, plays an important role in supporting metal-
based catalysts in the heterogeneous catalytic ozonation process by providing high specific
surface area, good mechanical stability, and facilitating good charge transfer [93].
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Hayek et al. [126] investigated the efficiency of the Fe (III)/Al2O3/O3 system for
removing phenol and its ozonation by-products from water. A significant decrease in TOC
in aqueous solutions was obtained when catalytic ozonation was applied. The increased
yield was explained by three pathways: (i) the adsorption of ozone and phenol on the
alumina support, (ii) decomposition of hydrogen peroxide formed by the reaction of ozone
molecules and unsaturated organics, and (iii) decomposition of ozone on the metal catalyst
sites. The decompositions of hydrogen peroxide and ozone generate hydroxyl radicals,
a strong oxidizing agent but less selective than ozone molecules.

Kruanak et al. [121] investigated the removal efficiency of 2,4,6-trichlorophenol (2,4,6-TCP)
in synthetic wastewater using a catalytic ozonation process with nickel oxide doped on
alumina support (NiO/Al2O3) as a catalyst. Catalytic ozonation occurred in a batch reactor
for 40 min at room temperature (25–27 ◦C) with a catalyst loading of 5 g/L in the pH range
of 4–12. The removal efficiency of 2,4,6-TCP using catalytic ozonation with NiO/Al2O3
catalyst was consistent at intervals of 84.30–86.58%.

5.4. Carbon-Based Catalysts

Various carbon-based materials such as activated carbon, carbon nanotubes, and graphene
have been used as catalysts in the catalytic ozonation process and showed good catalytic
activity. For example, apart from acting as an adsorbent, activated carbon can also act as a
catalyst in promoting ozone oxidation [89,91].

Moussavi et al. [127] investigated the ability of the presence of granular activated
carbon (GAC) in an integrated catalytic ozonation/biological process to remove phenol
from synthetic saline wastewater. The catalytic ozonation process could reduce the con-
centration of phenols and COD from about 1150 and 2600 mg/L to lower than 100 and
600 mg/L after 10 min of reaction time. In the effluent, after being treated in a bioreactor
in a relatively short retention time to increase efficiency, resulting in the removal of phenol
and COD was reduced to below 30 mg/L.

5.5. Mesoporous Catalysts

The use of mesoporous materials has been widely used in various chemical fields and
is found as an active catalyst for the catalytic ozonation process. Zhang et al. [128] reported
that a mesoporous MnO2 prepared by nano casting method with SBA-15 as a template
showed a higher adsorption capacity and TOC removal efficiency by eight- and two-fold
compared to the control MnO2 catalyst, respectively. Hydroxyl radical was identified
as the main reactive oxygen species during phenol removal via the catalytic ozonation
process using mesoporous MnO2 with the yield of hydroxyl radical generation about
two times enhanced compared with control MnO2 catalyst. In addition, Nawaz et al. [129]
reported that mesoporous Fe3O4/MnO2 composite exhibited higher activity and stability
compared to neat Fe3O4 and MnO2 in catalytic ozonation of chlorophenol with degradation
efficiency of 99.5%, 75.8%, and 89.4%, respectively. This was due to Fe3O4/MnO2 had
rich porosity and high surface area, which provides more active sites on the surface of
the catalyst. In general, mesoporous materials only can be used towards small molecules
since the ideal adsorption is only suitable for relatively small pore sizes (~4–5 nm) which
will play a significant active role in catalytic ozonation process [130]. However, the main
drawbacks of mesoporous materials are difficulty in the preparation of well-ordered
structure, scattered size distribution, and formation of stable colloidal suspension [131].
Thus, recently, porous materials, such as zeolites, have been widely developed on an
industrial scale as catalysts and catalyst support for wide-range applications due to their
good thermal and chemical stability, high surface area, and classified as a shape-selective
catalyst resulting in excellent selectivity towards certain products. Therefore, the zeolite-
based catalyst can be a promising catalyst candidate in catalytic ozonation to remove
phenol or phenolic compounds.
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6. Zeolite as Heterogeneous Catalyst for Phenol Removal Using Heterogeneous
Catalytic Ozonation Process
6.1. Zeolite Structures and General Mechanism of Phenol Removal Using Heterogeneous Catalytic
Ozonation Process

Microporous aluminosilicates are the origin of zeolites, but today the word “zeolites”
is no longer restricted to this kind of material. The main building blocks of zeolites are those
of [SiO4]4− and [AlO4]5− tetrahedral, which are infinitely extended in a 3D network linked
together by shared oxygen atoms. T-atom occupies a tetrahedral position in the tetrahedral
units TO4 structure of zeolites (Figure 20) with shared oxygen vertices (T represents Si4+ or
Al3+ ion while the O4 represents each oxygen atom shared by two T atoms) [132].
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Zeolite can act as a catalyst in the catalytic ozonation process, given the presence of
several metal oxides in its composition. Zeolite contains Al2O3, which has been proven
to remove organic compounds during the catalytic ozonation process [133]. Zeolites have
excellent shape selectivity related to uniform pore size and dimension that allow molecular
separation. In general, zeolites have a large specific surface area, high thermal and chemical
stability, and controllable hydrophilicity/hydrophobicity properties. Therefore, zeolites can
be applied in various processes such as catalysis, ion exchange, and molecular sieving [134].

Kitada et al. investigated the application of dealuminated Y zeolite as a catalyst in
catalytic ozonation for phenol degradation and the removal of chemical oxygen demand
(COD) in aqueous solutions [135]. Dealuminated Y zeolite has a Si/Al ratio of 3.83,
a specific surface area of 532 m2/g, and the particle sizes of Y zeolite are in the range
of 0.5–1 mm. The catalytic ozonation experiment was carried out in a semi-continuous flow
mode at 293 K with an ozone flow rate of 0.30 mg/min and 0.5 g amount of dealuminated
Y zeolite. The initial concentration of phenol was 100 mg/L, and COD was 254 mg/L in the
synthetic wastewater. After 45 min, uncatalyzed ozonation exhibited a reduction of phenol
concentration by up to 42.0 mg/L and 30.4%, respectively. On the other hand, catalytic
ozonation resulted in a COD removal of 47.5% with a phenol concentration degradation
up to 12.5 mg/L It can be concluded that the COD removal efficiency increased 56.3%,
and the phenol removal efficiency increased 50.9% compared to ozonation alone [136].

The interaction of the phenol molecules with zeolite structure depends on several
factors. During catalytic ozonation phenol removal, zeolite mainly acted as adsorbents
for both ozone gas and phenol. This action increases the probability of reactions between
ozone and pollutant species. Ozone decomposition on the zeolite surface was considerably
low except at high pH values. ZSM-5 has the ability to adsorb high concentrations of ozone.
Several previous studies have shown that hydrophobic zeolite can adsorb pollutant and
oxidant species on its surface to support better interactions. It is postulated that adsorption
and surface reactions are significant pathways for phenol removal on the zeolite surfaces,
as shown in Figure 21 [4].
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A schematic of the catalytic ozonation process using ZSM-5 zeolite as a catalyst is
shown in Figure 22. Initially, this process proceeds through the initial adsorption of
pollutants and ozone on the surface of the zeolite and is followed by a subsequent reaction,
which results in the degradation of pollutants and the formation of oxidation by-products
such as organic acids. The molecular reaction of ozone is noticeable at acidic pH. However,
at higher pH values, both ozone molecules and hydroxyl radicals (in the bulk solution)
are capable of removing organic pollutants [137].
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Sano et al. investigated the catalytic ozonation process with NaX zeolite, metal-loaded
NaX zeolite, zeolite 4A, and metal-loaded zeolites 4A catalysts for phenol degradation in
aqueous solution [94]. The experiment used a packed bed reactor with a constant tempera-
ture (20 ◦C), an ozone flow rate of 1500 cm3/min, and an initial phenol concentration was
400 mg/L. The results showed that the rate of phenol degradation through ozone reaction
with a zeolite-based catalysts was higher than the rate of single ozonation. Furthermore,
the degradation of phenol using a zeolite-4A-based catalyst was higher than that of the
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NaX-based zeolite catalyst. This might be due to the diameter of the inlet pore cage of A4
is 0.42 nm, smaller than NaX (0.74 nm).

The catalytic ozonation process using four zeolites in the H-form (HZSM-5, H-Beta,
H-Mordenite, and H-USY) as catalysts and operating under different conditions for removal
of phenol and COD was investigated by Amin et al. [4]. The process variables used
were phenol concentration in solution, ozonation airflow rates, solution pH, temperature,
and reaction time. The combination of zeolite and ozone was able to remove phenol and
COD more effectively compared to ozonation alone. Zeolites mainly act as adsorbents,
providing a surface for the reaction between ozone and phenol. The adsorption capacity of
zeolite decreases at higher pH due to the formation of hydroxyl radicals. The high ozonated
airflow rates at room temperature were suitable for removing phenol and COD. HZSM-
5(80) showed a phenol removal efficiency of 50.5% using an initial phenol concentration
of 100 mg/L. HZSM-5(80) was the best catalyst for phenol and COD removal among all
catalysts used in the process. However, at a higher phenol concentration, H-USY showed a
better catalytic performance.

Table 14 shows the various types of zeolite catalysts and actual operating conditions
that greatly influence the efficiency of phenol removal through catalytic ozonation processes.
The most influential operating conditions include: solution pH, temperature, initial phenol
concentration, ozone level, amount of catalyst, residence time, and the type of reactor used.
The pH promotes phenol removal for all types of zeolites. Increasing the pH will reduce
the adsorption capacity of phenol on the zeolite surface. On the other hand, increasing
the pH of the solution increased the ozone adsorption and ozone decomposition on the
zeolite surface. This condition increases the removal of phenol in the bulk phase due to the
increased formation of hydroxyl radicals which are greater oxidants than ozone [4,36].

Table 14. The effectiveness comparison of zeolites-based catalyst for phenol removal via catalytic ozonation process.

Catalyst Zeolites Operating Conditions Reactor Efficiency of Removal Ref.

Dealuminated Y-zeolite

P: 1 atm
T: 20 ◦C
Cphenol: 100 mg/L
QO3: 0.3 mg/min
Ccatalyst: 4.2 g/L
t: 45 min
no pH adjustment

Semi-continuous flow
stirred reactor 50.9% [136]

Zeolite NaX

P: 1 atm
T: 20 ◦C
Cphenol: 400 mg/L
Qair: 1.5 L/min
mcatalyst: n.a.
t: 30 min
pH: 6.7

Batch reactor ~100% [94]

H-ZSM-5 P: 1 atm
T: 30 ◦C
Cphenol: 100 mg/L
Qair: 1 L/min
mCatalyst: 1.0 g
t: 60 min
pH: 9

Semi-continuous
reactor

75.0%

[4]

H-Beta 60.0%

H-USY 58.0%

H-Modernite 54.0%

Notes: P = pressure, T = temperature, t = reaction time, C = concentration, Q = flow rate, m = mass.

The reaction between pollutants and ozone on the zeolite surface increases with in-
creasing temperature. However, high temperature involves a sharp reduction in ozone
dissolution [138]. The non-catalytic and catalytic ozonation removal performance increased
with increasing the initial concentration of phenol. In other words, the phenol removal in-
creases in the bulk phase. Increasing the amount of catalyst, ozone level and residence time
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will also enhance the phenol removal through the catalytic ozonation process. The effect of
different zeolites related to the characteristics of each zeolite, in particular the structure,
surface area, pore size diameter, hydrophobicity must be considered to achieve optimum
phenol removal efficiency.

6.2. Effect of Zeolite Characteristics on Phenol Removal Using Heterogeneous Catalytic
Ozonation Process

During phenol ozonation, zeolite mainly acted as an adsorbent for ozone gas and
phenol. The ability of zeolites to adsorb phenolic compounds is influenced by structure,
surface area, pore size diameter, hydrophobicity, etc. The adsorption properties of a ze-
olite and its ability to act as a molecular sieve and catalyst are affected by the size and
shape of the pores present in the zeolite framework. Zeolite is a size-selective adsorbent:
the adsorbed molecules must be smaller than the pore size of the adsorbent. Pollutant
molecules with a size larger than the zeolite pore opening can only be adsorbed on the
outer surface of the zeolite, and in this case, the adsorption capacity is greatly decreased.
The type of pore opening system in the zeolite framework affects the catalytic process
and its adsorption and is currently classified into three types: (i) 8 member rings (small
pore size zeolite), for example, zeolite A, (ii) 10 member rings (medium pore size zeolite),
for example, zeolite ZSM-5, (iii) 12 member ring (large pore size zeolite), for example, zeo-
lites X and Y [34,127]. To remove phenol from the solution, one of the main characteristics
of zeolites that can be used as an ideal catalyst must have a pore size that matches the size
of the phenol compound. Since phenol has a diameter of about 4.2 Å, the range of ideal
pore diameter of zeolites is about 4.2–8.0 Å. Several candidates for zeolite-based catalysts
that fulfill these requirements are summarized in Table 15.

Table 15. Type of zeolites materials with their corresponding limiting rings, ring members, and dimensional.

Code Materials Limiting Rings (Å) Member of Rings Dimensional Ref.

BOF UCSB-15GaGe 5.2 × 5.4 10 1D [139]

CON CIT-1 4.5 × 5.1 10 3D [140]

CSV CIT-7 5.0 × 6.2 10 2D [141]

FER ZSM-35 4.2 × 5.4 10 2D [142]

ITH IM-7 4.8 × 5.3
4.8 × 5.1 10 3D [143]

ITR ITQ-34 4.8 × 6.0
4.7 × 5.8 10 3D [144]

IWR ITQ-24 4.6 × 5.3 10 3D [145]

IWW ITQ-22 4.9 × 4.9 10 3D [145]

JST GaGeO-CJ63 5.6 × 5.6 10 3D [139]

MEL TS-2 5.3 × 5.4 10 3D [146]

MFI ZSM-5 5.1 × 5.5
5.3 × 5.6 10 3D [147]

MFS ZSM-57 5.1 × 5.4 10 2D [148]

MSE MCM-68 5.2 × 5.8
5.2 × 5.2 10 3D [149]

MTT ZSM-23 4.5 × 5.2 10 1D [150]

NES NU-87 4.8 × 5.7 10 2D [151]

OKO COK-14 4.7 × 6.1 10 2D [145]

PSI PST-6 5.0 × 5.6 10 1D [152]

PUN PKU-9 4.7 × 7.0 10 3D [153]



Catalysts 2021, 11, 998 35 of 45

Table 15. Cont.

Code Materials Limiting Rings (Å) Member of Rings Dimensional Ref.

PWW PST-22 5.2 × 6.0 10 2D [154]

SEW SSZ-82 4.9 × 5.1 10 2D [155]

SFF SSZ-44 5.4 × 5.7 10 1D [156]

SFG SSZ-58 5.2 × 5.7
4.8 × 5.7 10 2D [157]

SFS SSZ-56 5.1 × 5.5 10 2D [158]

STF SSZ-35 5.4 × 5.7 10 1D [156]

STI TNU-10 4.7 × 5.0 10 2D [159]

STW SU-32 6.0 × 6.0 10 3D [160]

-SVR SSZ-74
5.5 × 5.7
5.2 × 5.9
5.2 × 5.6

10 3D [161]

TON Tetha-1 4.6 × 5.7 10 1D [162]

UOV IM-17 4.7 × 5.9 10 3D [163]

It has been reported by Amin et al. [4] that at high phenol concentration, surface
area, and pore volume of zeolite were the dominant parameters due to high diffusion of
phenol molecules and high collision while at low phenol concentration, the hydrophobic
surface became the main parameter and exhibited better catalytic performance. In zeolites,
the hydrophobicity depends on the Si/Al framework. When the Si/Al molar ratio increases,
the hydrophilic properties will decrease or get closer to the hydrophobic characteristics.
Therefore, decreasing the amount of aluminum framework will linearly decrease the water
adsorption capacity. However, BEA and MFI, which possess a high Si/Al ratio, were more
efficient for phenol removal [36].

Si/Al ratio also affects the acidity of zeolite. The lower the Si/Al ratio, the more
acidic the zeolites are. The strength of Lewis acidity in zeolites is highly dependent on
crystallinity. After the crystal collapses, Lewis acidity decreased both in strength and
quantity [164]. Observations in favor of acidity correspond to high steaming temperatures,
which increases the initial selectivity to phenol, prolongs service life, and reduces side
reactions at the same time [11]. The use of zeolite as a catalyst is based on the catalytic
properties resulting from the combination of the intrinsic properties contained in zeolites.
These properties are responsible for its overall catalytic behavior. The production of active
sites in zeolite-based catalysts, also known as Bronsted sites, results from the exchange
of cations with ammonium hydroxide and calcination is one of the most important steps.
These sites are referred to as linking hydroxyl are formed at each oxygen bridge site near
the Si-O-Al grouping, where protons represent cations that neutralize the negative charge.
The Bronsted site is the main reason why zeolites are used as catalysts in several industries,
and this is the result of the formation of the hydroxyl groups in the pore structure of zeolite
which has a high electrostatic field that attracts organic molecular reactants resulting in
chemical bonds [132,165].

Table 16 shows the characteristics of zeolite used as a catalyst in the catalytic ozona-
tion process to remove phenol. Although zeolite has good properties as an adsorbent,
the efficiency of phenol removal also depends on the operating conditions. Typically, zeolite
crystal size is about 1 µm. The smaller the zeolite crystal size will produce a larger surface
area compared to the zeolites that have a larger crystal size [166]. With a large surface area
and short diffusion path length, nano-sized zeolites provide an active site that is more acces-
sible to the reactants [11]. Based on Table 16, the highest efficiency of phenol removal can
be achieved when it has the lowest value of Si/Al ratio and three-dimensional structures
with 12 member rings. In contrast, the highest surface area is not linearly related to the
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resulting phenol removal efficiency Thus, overall zeolite characteristics including specific
surface area, Si/Al ratio, hydrophilicity, acidity strength, porosity, shape and dimension
must be considered to understand the physiochemical properties—activity relationship.
In order to achieve the desired physiochemical properties of zeolite, selection of synthesis
method is crucial. Therefore, many researchers are developing nano-sized zeolites with
various synthesis methods.

Table 16. Comparison of zeolite characteristics on phenol removal efficiency using catalytic ozonation process.

Catalyst
Zeolites Framework Limiting

Rings (Å)
Number of

Rings Dimensional Si/Al
Surface

Area
(m2/g)

Efficiency
of Phenol
Removal

Ref.

Dealuminated
Y-zeolite FAU 7.4 × 7.4 12 3 3.83 532 50.9% [136]

Zeolite NaX FAU 7.4 × 7.4 12 3 1.16 476 ~100% [94]

H-ZSM-5 MFI 5.1 × 5.5
5.3 × 5.6 10 3 80 339 75.0%

[4]H-Beta BEA 6.6 × 6.7
5.6 × 5.6 12 3 25 501 60.0%

H-USY FAU 7.4 × 7.4 12 3 30 743 58.0%

H-Modernite MOR 7.0 × 6.5
5.7 × 2.6 12 2 20 481 54.0%

6.3. Effect of Synthesis Method on Physiochemical Characteristics of Zeolite and Phenol Removal
Using Heterogeneous Catalytic Ozonation Process

In order to exhibit a good impact in the catalytic ozonation process, zeolite must
provide excellent catalytic properties. There are several characteristics of zeolites that
are influenced by molar composition of zeolite precursor, duration, and temperature
of the synthesis during synthesis process, namely the size and Si/Al ratio of zeolite.
For zeolite structure, organic structure directing agent (OSDA) has an important role,
but currently synthetic zeolites have been developed without OSDA [167], at low pH in
fluoride media [168], and at low operation temperature [169]. Therefore, it is important to
study the effect of the synthetic method on the physiochemical characteristics and catalytic
activity of phenolic compounds removal using zeolite-based catalyst.

In general, the most commonly used method for synthesis of zeolites catalysts is
attained through the sol-gel process. Initially, it produces an amorphous gel with a small
core with interactions between aluminate and silicate or silica sol. In general, the starting
materials used for the synthesis of zeolites are metal salts (metal aluminates and metal
silicates or silica sol) or metal alkoxides. Metal alkoxides are sometimes used to enhance the
self-assembling capability since their organic components can be incorporated in micelles.
Its hydrolytic inertness increases the size of the organic components (steric effect) and the
number of alcohol groups in the ligand (chelate or cage effect). Additional hydrothermal
treatment is required to obtain the crystalline phase. This treatment can be conducted
using conventional hydrothermal, microwave heating, or ultrafast synthesis [170,171].
In hydrothermal treatment, the core grows into smaller crystals around the template. Then
it becomes a larger crystal. Holding the reaction in the first step as it grows into small
crystals gives small particles more surface area resulting in more catalytic activity [172].
Recently, zeolite synthesis method has been developed without a hydrothermal process.
Table 17 presents the comparison of various zeolite synthesis methods on phenol removal
efficiency and physiochemical characteristic of zeolites. Further research related to the use
of zeolite-based catalysts as one of the promising catalyst candidates in removing phenolic-
based waste by using heterogeneous catalytic ozonation still need to be developed.
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Table 17. Comparison of various zeolites synthesis methods on physiochemical characteristics and the efficiency of
phenol removal.

Method
Precursors/Synthesis
Operating Condition

Zeolite
Types

Zeolite characteristics
Efficiency of

Phenol
Removal

Ref.Specific Surface
Area (m2/g)

Si/Al
Ratio

Pore Diameter
(nm)

Particle Size
(µm)

Calcination
of commercial

zeolite

Commercial zeolites/
T = 450–500 ◦C

H-ZSM-
5 339 80 0.51 <100 75%

[4]H-USY 743 30 0.74 <100 58%

H-
Modernite 481 20 0.70 <100 54%

H-Beta 501 25 0.67 <100 60%

NaX 476 1.12 0.74 1400–2360 ~100%
[94]

4A 12 0.99 0.42 1400–2360 ~100%

Dealumination
of commercial

zeolite by
water vapor

Commercial Zeolite Y Dealuminated
Y-zeolite 532 3.83 0.74 0.5–1.0 51% [136]

Sieved and
crushed of
commercial

zeolite

Commercial zeolite Natural
zeolite 13.7 5.63 n.a. n.a. <50% [173]

Hydrothermal

60 SiO2: 1 Al2O3: 15
TPAOH: 5 Na2O: 500

H2O/T: 170 ◦C
t: 24 h

ZSM-5 310 45 n.a. ~0.1 n.a. [174]

Na2O: Al2O3: 20SiO2:
8TMCAH: 448.5H2O/T:

160 ◦C
t: 144 h

ZSM-35 296 7.6 n.a. ~0.1 n.a. [175]

Microwave

1TEOS: 0.22NaCl:
0.19TPAOH:

0.023NaAlO2:
178H2O/T:120 ◦C

t: 3 h
Power: 250–400 W

ZSM-5 19.8 n.a. n.a. 0.34–0.44 n.a. [176]

4.0Na2O: 1Al2O3: 20SiO2:
900H2O/T:180 ◦C

t: 5 h
Power: 800 W

ZSM-35 n.a. 17 n.a. 0.4–3.0 n.a. [177]

Ultrafast
synthesis

50 NaOH: Al2O3: 300
SiO2: 20 TPAOH: 2300

H2O/T: 370 ◦C
t: 6 s

ZSM-5 n.a. 105 n.a. 0.2 n.a. [170]

0.1–0.15TEAOH:
0.2–0.6NaOH:

0.017–0.031Al2O3:
1.0SiO2: 18H2O/T: 210 ◦C

t: 30 min

*BEA n.a. 45.4 0.67 0.4 n.a. [178]

1.0Al2O3: 1.2P2O5:
2.0TEAOH: 0.6SiO2:

40H2O

SAPO-
34 536–623 n.a. n.a. 0.1–0.5 n.a. [179]

7. Summary and Outlook

Phenol acts as a harmful pollutant even in very low concentrations in water. Several
methods have been developed to remove phenolic compounds from wastewater. Chemical
adsorption and oxidation are the most common methods, but they still have some draw-
backs including requiring higher energy consumption, maintenance (corrosion, sediment,
and scale), high operating cost, and being unsustainable. As an alternative, ozone-based
technology has been widely used to degrade organic pollutants because ozone has a high
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oxidizing ability. However, single ozonation exhibits very low efficiency, requires a large
amount of ozone, low solubility in water, low reaction rate with organic compounds,
and slow mineralization rate. Therefore, to overcome this problem, the involvement of a
catalyst in the ozonation process is able to increase the degradation efficiency and reduce
the use of ozone because there are reactive oxygen species formed from the decomposition
of ozone involved in the reaction (i.e., hydroxyl radicals).

Catalytic ozonation consists of homogeneous catalytic ozonation and heterogeneous
catalytic ozonation. Heterogeneous catalytic ozonation has the tremendous advantage of
no secondary pollutant produced and an easier catalyst regeneration process than homo-
geneous catalytic ozonation. The degradation of phenol in solution using heterogeneous
catalytic ozonation processes has been developed by many researchers. Of the various
types of catalysts that have been developed, zeolite has the potential to be a promising
catalyst in the catalytic ozonation process for the degradation of phenol waste. Zeolites
have a large specific surface area, good thermal and chemical stability, and controllable hy-
drophilic/hydrophobic properties. Several parameters need to be reviewed to produce an
ideal zeolite for the catalytic ozonation process of phenol waste removal, namely the Si/Al
ratio, suitable pore size for adsorption of phenolic compounds, morphology, acidity level,
and specific surface area. Furthermore, with a large surface area and short diffusion path
length, nano-sized zeolites provide an active site that is more accessible to the pollutants so
that the production of nano-sized zeolites is currently being developed.

There is still a lack of research with regard to the use of heterogeneous catalytic
ozonation for phenol removals. Thus, to fulfill this research gap, the following strategies
can be set for the future directions:

(i) Necessities of standardized performance evaluation.

In the literature, the choice of reactor type configuration is well reported to play a
role in determining phenol removal efficiency. In fact, the number of parameters such
as operating testing conditions (pH, ozone concentration and flow rate, temperature,
and pressure) and reactor configuration greatly affect the catalytic performance. As a result,
we propose the necessity of a standardized performance evaluation technique so that the
different catalysts developed for phenol removal can be appropriately compared.

(ii) Development of zeolite-based catalyst for phenol removal

Most research in heterogeneous catalytic ozonation for phenol removal has been to de-
velop metal oxides-based catalysts. In fact, there are many types of zeolite-based catalysts
as listed in Table 15 that can be further developed by tuning their physiochemical prop-
erties in order to exhibit excellent catalytic activity and stability towards phenol removal.
Furthermore, developing an advanced synthetic method, that is, ultrafast synthesis using
continuous flow to synthesis various types of zeolites in the order of seconds, provides
great potential to facilitate the large-scale production of zeolite.

(iii) Elucidation of active sites in zeolite-based catalyst

Besides the mass production of zeolite, the understanding of fundamental reaction
mechanisms, in particular, the catalytic active sites in heterogeneous catalytic ozonation
are not fully understood. Thus, the utilization of in situ and operando characterizations
will be beneficial to fully understand the active sites especially in zeolite-based catalysts
for phenol removal.

(iv) Application of artificial intelligence (AI) for catalyst development

The development of an ideal catalyst for heterogeneous catalytic ozonation for phenol
removal is still an important issue. An automatic machine learning framework based on
artificial intelligence is advocated to allow the development of high-throughput catalysts
with desired physiochemical properties for phenol removal in large-scale applications.

(v) Techno-economic evaluation of heterogeneous catalytic ozonation
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After finding the most optimum catalyst and suitable synthetic methods as well as
reactor configuration process, techno-economic evaluation is necessary to be conducted in
order to analyze the economic performance of the implementation of an industrial process.
Ultimately, heterogeneous catalytic ozonation technology supported with the ease of the re-
covery and reuse of catalyst will lead to the creation of green, sustainable, environmentally
friendly technology and will be the embodiment of the circular economy concept.
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