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Chapter

Heterogeneous Catalytic Process
for Wastewater Treatment

Ting Zhang

Abstract

This chapter introduced heterogeneous catalysis and described diverse hetero-
geneous catalytic processes for wastewater treatment. The main advantages of
heterogeneous catalysis were explained compared with homogeneous catalysis. The
methods of synthesis and characterization of heterogeneous catalysts with some
examples were then elaborated. The principle of heterogeneous catalytic treatment
process of refractory wastewater was analyzed, and several different types of het-
erogeneous catalytic oxidation processes, technical progresses, and application
examples were presented. The mechanisms of heterogeneous catalytic oxidation
degradation of pollutants in wastewater were also discussed. According to the
review, the heterogeneous catalytic oxidation technology was considered having
a good application prospect, and the further research directions of heterogeneous
catalysis were proposed.

Keywords: heterogeneous catalysis, synthesis, characterization,
wastewater treatment, refractory wastewater, catalytic oxidation processes,
mechanism

1. Introduction

Water pollution, especially organics pollution, has become a global environ-
mental problem. The severity, nature, and harm to organisms and human beings of
organic pollution are continually changing with the development of society and
industry. In recent years, the pollution of refractory organics and their treatment
have become a hot topic to researchers all over the world. Refractory organic
pollutants, such as halogenated organics, surfactants, nitro compounds, heterocy-
clic compounds, phenolic compounds, and polycyclic aromatic hydrocarbon,
among others, with high toxicity, are difficult to be degraded by microorganisms.
Many of these pollutants have toxic effects on humans and organisms, such as
carcinogenic, teratogenic, and mutagenic effects. The harmfulness of refractory
organic compounds has posed a severe threat to human health and ecosystems.
Therefore, how to control the pollution of refractory organics has always been an
important research topic in the field of environmental protection.

Researchers have conducted in-depth studies on the treatment of wastewater
containing refractory organics. Refractory organics can be removed by adsorption,
advanced oxidation, and membrane separation, among others (Figure 1). Among
these technologies, advanced oxidation processes (AOPs) have made remarkable
progress and achievements in the treatment of wastewater containing refractory
organics. AOPs, including photochemical oxidation, catalytic wet oxidation,
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Figure 1.
Refractory organics removing methods.

sonochemical oxidation, electrochemical oxidation, and ozone oxidation, can
decompose and transform toxic, harmful, and refractory macromolecular organics
into nontoxic, harmless, and biodegradable small molecular organics. The final
products of the oxidation are carbon dioxide, water, and inorganic ions, while no
excess sludge is produced.

The catalysis term implies the process of increasing the rate of a chemical
reaction by adding a catalyst, which is ultimately regenerated so that its amount
remains unchanged. Catalysis is inhibited if the catalyst or the reactant is removed,
or inhibitors alter the reaction. Inhibitors are materials that slow down the overall
reaction by shortening the reaction chains, generally by reacting with one of the
chemical components that maintain the chain and entering into a nonchain reac-
tion. A wide variety of substances, such as phenols, sugars, and alcohols, have been
found to act as inhibitors during the catalysis process.

The homogeneous catalysis occurs in a single phase, in which the catalyst is
dispersed in an aqueous solution or gas mixture with the reactants. Conversely,
heterogeneous catalysis occurs in more than one phase; for instance, the reactants
are liquids, and the catalyst is solid [1].

AOPs’ aim is to generate hydroxyl radicals ("OH), which can oxidize most
chemical species, especially hard-to-degrade organics. Hydroxyl radicals are
nonselective when oxidizing organics, while their oxidation potential has been
estimated as 2.8 and 1.9 V at pH 0 and 14, respectively [2].

The heterogeneous Fenton reaction has demonstrated better catalytic perfor-
mance and environmentally friendly characteristics when compared with the
homogeneous Fenton reaction. Although homogeneous catalysts are generally very
efficient for the degradation of organic compounds, the catalysts of iron ions are
dissolved in water, their separation and reuse are rather difficult at the end of
treatment, and ferric ions are generated as by-products. The removal of iron ions
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from the treated water needs a large number of chemicals and manpower, which
will increase the cost of treatment. Another drawback is the tight range of pH in
reactions of homogeneous Fenton systems. The pH of the solution in a Fenton
system should be adjusted to around 3.0 before carrying out the wastewater treat-
ment, and the reagents for acidification are very costly [3].

In this chapter, the preparation processes and characterization methods of het-
erogeneous catalysts, as well as treatment applications, are reviewed. This chapter
aims to provide a basis for further studies on new heterogeneous catalysts for the
treatment of refractory organics.

2. Heterogeneous catalysis

Many catalytic processes, in which the catalyst and the reactants are not present
in the same phase, are heterogeneous catalytic reactions. They include reactions of
gases (or liquids) at the surface of a solid catalyst. The surface is where reactions
take place, so the catalysts are generally prepared to provide large surface areas per
unit. Metals, metals coated onto supporting materials, metalloids, metallic films,
and doped metals have all been used as heterogeneous catalysts.

With solid catalysts, at least two of the reactants are chemisorbed by the cata-
lyst, and they will react at the surface of the catalyst, with which the products are
formed as readily as possible. Then, the products are released from the catalyst
surface, as can be seen in Figure 2.

Heterogeneous catalysts can be divided into two categories: unsupported cata-
lysts (bulk catalyst) and supported catalysts. Unsupported catalysts include metal
oxide catalysts, such as Al,O3, SiO,, and B,03, and zeolite molecular sieve catalysts,
such as ZSM-5, X, Y, and B types of zeolite. Supported catalysts often employ
porous materials as supporters, and active components, metals or metal oxides, for
example, are coated on the surface of the supporters to form the catalysts. Hetero-
geneous catalysts can accelerate many chemical processes, including CO oxidation,
selective oxidation, water-gas shift, selective hydrogenation, electrocatalysis,
photocatalysis, organic reactions, deNOy, and reforming reactions, among others,
as shown in Figure 3.
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@ One of the reactants approaches the catalyst's surface
and settles onto an active site - ADSORPTION

@ Another reactant approaches the catalyst
@ Re-arrangement of electrons takes place - REACTION

@ The products are released from the surface - DESORPTION

Figure 2.
Catalytic processes on a solid catalyst.
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Figure 3.
Types of heterogeneous catalysts and their usages.

The heterogeneous catalytic process, as an efficient green method coping with
organic wastewater, has attracted considerable attention in the last two decades.
The highly reactive and nonselective hydroxyl radicals can oxidize and mineralize
most organic compounds at near diffusion-limited rates, mainly unsaturated
organic compounds.

3. Synthesis and characterization of heterogeneous catalysts

Catalysis is a surface phenomenon occurring on the surface or interface; in order
for the catalyst to have more active sites, it is necessary to maximize its surface area,
that is, to increase the porosity of solid catalysts. There are two ways to increase
porosity. First, if the solid catalyst is composed of nonporous crystals, the catalyst
should be prepared with the smallest grain size (i.e., to increase its external surface
area). Second, if the solid catalyst is composed of grains with regular channels, the
catalyst should be prepared by particles with regular channels (i.e., to increase its
internal surface area). Figure 4 shows the schematic of various catalyst develop-
ment strategies, which aim to increase the number of active sites or increase the
intrinsic activity of each active site.

To characterize heterogeneous catalysts, BET surface area, scanning electron
microscope (SEM), transmission electron microscope (TEM), Fourier transform
infrared spectroscopy (FT-IR), and X-ray diffraction (XRD) are commonly used
characterizing methods.

The specific surface areas and pore volumes of the samples are often determined
by physisorption of nitrogen at —196°C using a Micromeritics ASAP instrument.
The specific surface area is calculated using the BET method and pore size distribu-
tion was obtained by using the BJH method.

A field-emission scanning electron microscope is utilized to determine the crys-
tal morphology and chemical element composition. Measurements are made with
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Figure 4.
Catalyst development strategies.

SEM using a digital imaging processing at room temperature and acceleration volt-
age of 20 kV. The samples are usually prepared as electrically conductive by sputter
coating with a thin layer of gold under vacuum conditions to avoid charge accumu-
lations of nonmetal catalysts, and all samples are dispersed in ethanol before tests.

A transmission electron microscopy is utilized to observe and analyze the
micromorphology and microstructure. FT-IR spectroscopy is used to confirm the
chemical structure, any changes in the compositional or functional group during the
preparation of catalysts. Measurements are made on a FT-IR spectrometer after
samples are mixed with 300 mg of spectroscopic grade KBr and ground in an agate
mortaring in the range of 4000-400 cm ! at room temperature.

To investigate the crystalline structure and stability of catalyst composites,
powder X-ray diffraction patterns are recorded by X-ray diffractometer using Cu
K, radiation (A = 0.1542 nm) at a rate of 0.02°/s in the range of 5-80° with an
operating voltage of 40 kV and electric current of 150 mA.

If the catalysts contain metals, XPS (X-ray photoelectron spectroscopy) of the
samples are often tested. XPS was used to identify metal oxidation states of the
composites.

3.1 Bulk catalysts

Bulk catalyst refers to the whole catalyst particle, its external surface, and inter-
nal components, where almost all of them are active substances. Some examples of
bulk catalysts are silica-aluminum catalysts for catalytic cracking and ammonia
synthesis, zinc-chromium oxide or copper-zinc-aluminum catalysts for hydrogen
production, and iron molybdate catalysts for methanol oxidation [4-7]. The main
chemical processes for the preparation of such catalysts are precipitation, gelation,
and crystallization. Figure 5 shows the synthesis processes of bulk catalysts.

LiFe(WO,); catalyst for decolorization of methylene blue is an example of bulk
catalysts. LiFe(WOQ,), particles are prepared using solid-state reactions. The
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Synthesis process of bulk catalysts.
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Figure 6.
Characterizations of LiFe(WO,), catalyst [8].

powders, consisting of Li,CO3, Fe;03, and WO; with a molar ratio of 1:1:4, are
mixed uniformly in a glass mortar. Then, the mixture is mechanically milled with
hydrous ethanol as a lubricating agent. Afterwards, the powders are dried to
remove the ethanol. Finally, the powder is calcined and yields well-crystallized LiFe

(WO.), [8].



Heterogeneous Catalytic Process for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.90393

The characterizations of LiFe(WO,), can be seen in Figure 6 [8]. The XRD
patterns of the LiFe(WO,), show that the peaks of the sample match well with the
published standard data (PDF 01-072-0751), and LiFe(WO,), has a highly crystal-
line and single-phase structure, without any peaks of unreacted precursors. The
morphological characteristic of the LiFe(WO,), particles shows that the LiFe
(WOy); crystal was rod-like, that the average length of the samples varied over the
range of 300-500 nm, and that the width of the sample was about 200 nm. XPS
spectra show that the binding energy of 711.94 eV belongs to Fe2p3/2. The
binding energy value slightly decreased after 1 h reaction of MB decolorization
due to the transformation of Fe(III) to Fe(II) after heterogeneous photo-Fenton
reaction [8].

3.2 Supported catalysts

Supported catalysts are the most often used catalysts in wastewater treatment
processes. They include the surface-loaded catalysts, core-shell catalysts, and
thin-film catalysts.

3.2.1 The active catalytic components loaded onto the carrier surface

Surface-loaded catalysts mean active catalytic components loaded onto the car-
rier, which can be divided into two categories: one is concentrating the active
components to the surface of porous solid carriers by means of dipping the carriers
into the precursor contained ions or molecules and the other is that the predecessors
or catalyst solid particles are adhered or deposited to the surface of the carrier,
such as sol-gel method.

Carriers are inorganic porous materials, such as alumina, silicon oxide, activated
carbon, zeolite, molecular sieve, and clays, among others. Commonly used catalyst
carriers’ structure data are shown in Table 1.

The most important supported catalysts are metal- or oxide-supported cata-
lysts. Metal precursors are usually metal salts, such as nitrates, carbonates,
sulfates, and chlorides. These salts are also the raw materials for preparing
metal oxide supporters and bulk catalysts. When they dissolve in water, they
will be dissociated into ions, and metal ions will further form hydrated ions. If
the catalyst supporters are added to these metal salt solutions, the active
components can be loaded onto the supporters by impregnation or sol-gel
methods, thereby obtaining heterogeneous catalysts. Figures 7 and 8 are
typical processes of impregnation and sol-gel methods for heterogeneous
catalyst synthesis.

Carriers Specific surface area/ (mzlg) Pore volume/(mL/g)
Oxide AL,O3 200~500 0.3~0.9
SiO, 400~800 0.4~4.0
Si0,-AL,0, 400~600 0.5~0.9
MgO 30~140 0.3
Carbon Activated carbon ~1000 0.3~2.0
Clay Bentonite 150~280 0.3~0.5
Attapulgite 100~200 0.3~0.5
Table 1.

Structure data of commonly used catalyst carriers.
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3.2.1.1 Carbon-based catalysts

Carbon is often used as a catalyst supporter due to its large surface area and
porous structure. There are many types of carbon: activated carbon, activated
carbon fiber, mesoporous carbon, and multiwalled carbon nanotubes, among
others. Here are some examples of carbon supporters for heterogeneous catalysts.

Ordered mesoporous carbon-supported iron catalysts (Fe/OMC) were prepared
by the incipient wetness impregnation method [9]. OMC was prepared by
triconstituent coassembly of resols, oligomer silicates from TEOS, and triblock
copolymer F127 template, followed by carbonization and silica removal. The OMC
was impregnated in an iron nitrate solution; then, the catalyst was dried, followed
by calcination under N, flow.

Characterizations of Fe/OMC are shown in Figure 9 [9]. From the XRD patterns,
all of the samples show a broad peak at 23.5° corresponding to amorphous carbon.
The crystallinity of iron oxides is improved with the increase of calcination tempera-
ture. TEM images showed a highly ordered array in the structure of OMC and Fe/
OMC catalysts, which suggests the preservation of the long ordered arrangement of
the channels after the iron deposition. The iron oxide particles are not clearly seen in
the TEM image at a low calcination temperature of the samples, as the calcination
temperature increases, the iron particles become more prominent and are revealed in
the TEM images. The iron particles are well dispersed from the TEM pictures [9].

Fe;04/multiwalled carbon nanotubes (MWCNTs) were synthesized by in situ
chemical oxidation coprecipitation. MWCNT's were pretreated by stirring in a flask,
containing a mixture of sulfuric acid/nitric acid and refluxing in an ultrasound wave
cleaner. The as-treated MWCNTSs were suspended in deionized water and put into a
95°C water bath. FeSO,4-7H,0 was added into the MWCNT suspended solution and
NaOH and NaNOj solution was added dropwise, which is heated up to 95°C into the
heating MWCNT-metal solution with vigorous stirring as well as stable N, flow
during the entire reaction period. After 2 hours, the Fe;0,/MWCNT
nanocomposites were formed [10].

Characterizations of Fe;0,/MWCNTs are shown in Figure 10 [10]. The TEM
images show the octahedron Fe;O, nanoparticles with diameters ranging from 40 to
100 nm growing on the MWCNTs surface regularly and most of the Fe;O4
nanoparticles were strung by MWCNTs. The room-temperature Raman spectra
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Figure 8.
Typical process of the sol-gel method for heterogeneous catalyst synthesis.

show a difference in the crystallinity of MWCNTSs before and after the Fe;O4
loading process. Some extra peaks were observed at lower wave numbers
corresponding to vibration modes of Fe-O bonds of Fe;0,4 nanoparticles, and Fe-C
bonds confirm the formation of Fe;04 nanoparticles on the surface of MWNTs [10].

3.2.1.2 Oxide-based catalysts

Recently, metal-containing oxide-based (mesoporous silica, Al,O3, and ZnO,
among others) catalysts have attracted much attention because the oxide-based
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Characterizations of Fe/OMC [9].
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Figure 10.
Characterizations of Fe;O0,/MWCNTs [10].

materials have a high surface area, good thermal stability, and favorable hydrother-
mal stability. Numerous oxide-based composites were synthesized for degrading
organic compounds such as methyl orange, acid orange, polyarylamide, and
phenol [11-16].

The porous Fe,03-Si0, composite was prepared by a facile impregnation method
[17]. Typically, silica powder was immersed in Fe(NO3)3 and the mixture was
vigorously stirred for 24 h at room temperature; then, the sample was dried and
calcined. The obtained powder was cooled to room temperature to get as-
synthesized Fe,05-SiO, for catalytic experiments.

Characterizations of Fe,03-SiO, are shown in paper [17]; those figures present
the FE-SEM and TEM images, EDS spectrum and EDS mapping image, XRD

10
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patterns, N, adsorption/desorption isotherms, and FT-IR spectra of as-synthesized
Fe,03:Si0O; and as-synthesized SiO,. As shown in SEM images, silica is like light
clouds and showed an aggregate shape, while the as-synthesized Fe,03-SiO, seems
to become darker and denser after iron-loading, and Fe,03-SiO, composite
exhibited higher aggregation than silica due to impregnation and calcination pro-
cesses, as can be seen in TEM images. Both samples were a bulk shape, which
consisted of many small particles, approximately 10-20 nm in size. In TEM images,
the iron oxide nanoparticles with about 5 nm in size were well dispersed on silica
particles, while the iron oxide was not clearly distinguished from the silica in SEM
images. The elemental composition of Fe,03-SiO, composite from EDS stated that
the composite contained 8.1 wt.% Fe and showed the dispersion of Fe on the surface
of SiO,. The wide-angle XRD diffractions of SiO, and Fe,05-SiO, composite showed
that the diffraction peak of 20.1° belongs to amorphous silica, and the diffraction
peaks at 21.8, 25.0, 35.39, and 49.3° belong to a-Fe,03. The broad and low-intensity
peaks of Fe,03 could result from low loading deposition level, well dispersion, and
poor crystalline structure with a small size of metal oxide particles in the composite.
According to the N, adsorption/desorption isotherms of as-synthesized SiO, and as-
synthesized Fe,03-SiO, and IUPAC classification, both samples clearly showed a
type II with an H1 hysteresis loop indicating material with agglomerates or com-
pacts of approximately uniform spheres. The FT-IR spectra of the sample showed
the small bands found at 685 and 604 cm ™' could be assigned to stretching vibra-
tions of Fe-O and Si-O-Fe, respectively, which confirmed that SiO, indeed binds
with Fe203 [17]

3.2.1.3 Clay-based catalysts

Clays such as montmorillonite, kaolin, and bentonite [18-20] are often
employed as supporters in the use of heterogeneous catalysts, in order to lower the
treatment cost of wastewater. Among the perspective clays, attapulgite clay is also a
promising choice. Attapulgite clay is a kind of clay mineral with attapulgite as its
main component. It is a crystalline hydrated magnesium aluminum silicate mineral
with a unique layer-chain structure. Due to its particular structure, attapulgite has
various excellent properties, such as good adsorption and catalytic properties
[21-23]. Some examples of ATP for catalyst supporters are as below.

The first example is the preparation of the Fe;04/ATP catalyst [24]. ATP clay
was mixed with water evenly and aged 24 h at room temperature. The aged ATP
was granulated to microparticle and dried and then roasted. Spherical ATP particles
were put into the mixture solution of thoroughly mixed oleylamine (or ethanol),
and n-hexane was added with Fe(acac); and immersed for a particular time in an
ultrasonic instrument. After separating ATP particles from the mixture solution,
they were dried at a vacuum drying oven and then the particles were put in a muffle
furnace and roasted without air. Thus, the particle heterogeneous catalyst Fe;0.,/
ATP was obtained. The process of preparing the Fe;0,/ATP catalyst can be seen
in Figure 11.

The characterizations of Fe;04/ATP are shown in Figure 12. Rod-shaped parti-
cles with lengths of 500~700 nm and widths of 100~150 nm are visible in SEM
micrographs. After the introduction of iron species into ATP, nano-Fe;0, particles
were coated evenly onto the surface of ATP.TEM micrographs confirmed that the
Fe3;0,4 nanoparticles with an average diameter of 10~25 nm stuck to the attapulgite
rod-like fibers. The FT-IR results of Fe;04/ATP show some peaks at lower wave
numbers (480 and 565 cm ') corresponding to vibration modes of Fe-O bonds of
Fe;0,4 nanoparticles on the surface of ATP. XRD patterns of Fe;0,/ATP are
contrasted with those of ATP. Sample Fe304/ATP showed the characteristic peaks

11
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Figure 12.
Characterizations of Fe;0,/ATP [24]. (1) SEM micrographs of samples (a) ATP, (b) Fe;0,/ATP. (2) TEM
micrographs of Fe;O,/ATP. (3) FT-IR spectra of samples. (4) XRD patterns of samples.

(5.3, 8.4,19.7, 27.5°34.6, and 42.6°) of cubic spinel structure known from bulk
Fe30, phase [24].

Some researchers organo-modified attapulgite to make it have a larger surface
area and more pores. Fe/OATP is a kind of catalyst for HA-Na degradation, which
employed organo-modified attapulgite as a supporter [25]. Attapulgite (ATP) was
firstly acidified with 1 mol/L of HCI solution, then washed with distilled water three
times, and dried. Octadecyl trimethyl ammonium chloride (OTAC) was weighed
according to a particular proportion and dissolved in distilled water. Then acidified
ATP was added into the OTAC solution at 60°C. The mixture was stirred and
treated in an ultrasonic instrument for 15 minutes. After that, the clay was washed

12
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with distilled water three times and dried in vacuum to obtain the organo-modified
attapulgite (OATP). OATP and FeSO, were put into a beaker containing distilled
water and stirred continuously. Sodium borohydride (NaBH,) was slowly put into
the beaker and stirred continuously. A large number of black floccules were pro-
duced. They were filtered and washed with ethanol for at least three times and dried
in a vacuum drying oven to obtain the catalyst Fe/OATP. The synthesis process of
Fe/OATP can be seen in Figure 13.

Characterizations of Fe/OATP are shown in Figure 14 [25]. From SEM images,
we can see that the length of the rod crystal had not changed after modification, but
the layered structure, the surface area, and pore volume of the particles increase
significantly, which means that the organic modification successfully enlarges the
specific surface area of the ATP particles. After introducing nano-Fe into modified
ATP particles (OATP), the spherical material with a diameter of about 80 nm is
loaded on the rod structure of OATP, which showed that the nanoiron was loaded
on the structure of OATP successfully. Some peaks, observed at 2923 and 2850 cm !
in FT-IR curves of OATP and Fe/OATP samples, are symmetric stretching vibration
peaks of —CH3 and —CH,, respectively. These peaks indicate that organics success-
fully modify attapulgite clay. After introducing the Fe species, the peaks at 2923 and
2850 cm ! become weak. The strong peaks at 5.3, 19.7, 34.6, 35.2, 42.6, and 78.7°
could be found in the XRD patterns of all these three samples, which means the
crystal structure of ATP has not been broken during the process of modification or
preparation. The characteristic peaks at 50.4, 61.9, and 73.14° shown in the sample
of Fe/OATP indicate that Fe® was successfully located on the clay structure [25].

3.2.2 Core-shell structured catalysts

In recent years, the preparation and application of core-shell structured mate-
rials have attracted extensive attention [26-28]. The catalysts compounded with the
core-shell structure often exhibit high overall activity, large specific surface area,
excellent shape-selective catalytic effect, and good thermal stability in catalytic
reactions [29, 30]. The existence of shell layers not only provides available active

Organic modification
OATC

Attapulgitc[ATP) OATP
S— 9909
NaBH, } Oxidation-reduction reactions J 0 FelOATP
Fe nanoparticles

Figure 13.
Synthesis process of Fe/OATP [25].
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Characterizations of Fe/OATP [25] (1) SEM images of the samples (a) ATP (b) OATP (c) Fe/OATP. (2)
FT-IR spectroscopies of the samples (ATP, OATP, and Fe/OATP). (3) XRD patterns of the samples (ATP,
OATP, and Fe/OATP).

sites for catalytic reactions but also protects for the core to avoid the collapse or
sintering of the core catalyst structure leading to deactivation [31, 32].

Moreover, by selecting the chemical compositions of the core and shell, several
inorganic substances with different characteristics can be incorporated into core-
shell structure catalysts by appropriate methods, so that it can reach the goals of
dual-function catalysis or even multifunction catalysis that single-component cata-
lysts cannot achieve. It dramatically simplifies the experimental steps and saves
precious time for researchers. Therefore, core-shell catalysts play an increasingly
important role in the field of catalysis [33, 34]. The core-shell catalysts can comprise
solid cores (such as inorganic, metal, or metal oxides) coated with polymers, inor-
ganics, metal, or metal oxides [35-37]. The shell material can change the function-
ality, reactivity, and charge of the core surface, and also can strengthen the
dispersibility and stability of the colloidal core. Catalytic or magnetic functions
may be easily imparted to the colloidal core matter, depending on the coating
materials. Metal oxides and zeolites are often used supporters of core-shell
structured catalysts.

Ag@Fe;05 core-shell structured catalysts were prepared using a homogeneous
deposition precipitation method [38]. The core of silver colloids was first synthe-
sized through a chemical reduction method using reagent grade silver nitrate as a
precursor, NaBH,, as the reducing agent and polyvinylpyrrolidone as the protecting
agent. Then, an aqueous solution of urea and variable quantities of Fe;(SO4)37H,0
were added to the solution of silver colloids. The mixture was heated for 1 h and
then cooled to room temperature. The precipitate was washed thoroughly with
warm water to remove as much sulfate ions as possible and then separated by
centrifugation. At last, the product was dried. As shown in Figure 15, silver colloids

14
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Figure 15.
Formation of Ag@Fe,0; core-shell composite [38].

with about 40-50 nm in diameter were used as cores and the homogeneous
ferrihydrite was used as shell. After being calcined, the rice-shaped Ag@Fe,03; was
formed, and the diameter and length of the Ag@Fe,0O; core-shell composite were
about 10 and 20 nm, respectively. The calcined core-shell composites were aggre-
gated with the size of 300-500 nm, which showed the porous nature of the
Ag@Fe,05 core-shell composite for catalytic reactions [38].

3.2.3 Thin-film catalysts

Thin films are a reliable and potential way of structuring the materials with
tunable properties and flexible device construction in the field of energy and envi-
ronment. It has gained technological importance as it helps to miniaturize the
devices. Thin films are mostly modification methods to change the physical struc-
ture of materials. For example, the desired photocatalytic materials can be grown
into thin films through the process of depositing molecular phase materials onto a
substrate to form a solid material. The deposited thin films also can be grown along
with the substrate and peeled off from the substrate and utilized as free-standing
thin films. Thin-film catalysts have the potential to be used in the industries because
synthesis processes of thin-film catalysts are simple in the handling of catalytic
materials in several aspects such as their convenient design, adaptable form for the
reactors, recyclability, recovery, etc. Therefore, the design of catalytic thin-film
catalysts would be ideal for their wide applications.

Thin-film catalysts with good quality could be obtained by two methods: chem-
ical depositions and physical depositions. Thin-film catalysts may consist of a layer
and the substrate where the films are deposited on it, or consist of multiple layers.
The following table shows different methods of thin-film deposition (Table 2) [40].

Thin-film catalysts can be used for hydrogen generation, photocatalytic CO,
reduction to valuable chemicals, water treatment of toxic organic dyes, and bacte-
rial disinfection. Table 3 shows some examples of thin-film catalysts for water
treatment.

For instance, Islam et al. have prepared zinc oxide (ZnO) and aluminum-doped
zinc oxide (AZO) thin films onto a microscopic glass substrate using the sol-gel
dip-coating technique at room temperature [49]. For both doped and undoped ZnO
thin films, precursor solutions were prepared by dissolving [Zn(CH3COO),-2H,0]
in ethanol followed by stirring for 1 h; then, DEA was added as a stabilizer and
water was added for hydrolysis. The resultant solution was stirred at room
temperature for two more hours to obtain a clear and homogeneous sol. For AZO
film, sols with different concentration of Al was prepared by dissolving an appro-
priate amount of [AICl3-6H,0] and [Zn(CH3COO0),-2H,0] in ethanol. In both
cases, the precursor solution was deposited on clean glass substrates by the dip-
coating technique. The dip-coated thin films were dried at room temperature
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Physical Evaporation techniques Vacuum thermal evaporation

deposition -
P Electron beam evaporation

Laser beam evaporation

Arc evaporation

Sputtering techniques Direct current sputtering

Radiofrequency sputtering

Chemical Sol-gel technique
deposition

Chemical bath deposition

Spray pyrolysis technique

Plating Electroplating technique

Electroless deposition

Chemical vapor deposition Low pressure chemical vapor deposition
(CVD) (LPCVD)

Plasma-enhanced chemical vapor deposition
(PECVD)

Atomic layer deposition (ALD)

Table 2.
Different methods of thin-film deposition [39].

Thin films Applications Reference
TiO,-anatase films Trichloroethylene degradation [41]
Au-buffered TiO, thin films Methylene blue degradation [42, 43]
TiO,/Si04 Dye degradation [44]
ZnO thin films Methylene blue degradation
ZnO deposited on silicon Dye degradation [45]
ZnO nanorods grown on ZnO film Dye degradation [45]
a-Fe,0j3 thin films on Si(100) substrates Dye degradation [46]
SrTiOza-Fe,05 thin films Dye degradation [47]
PbO/TiO, Stearic acid degradation [48]
Table 3.

Different thin-film catalysts with application in wastewater treatment.

followed by calcinations at 400°C for 1 h to remove the organic compounds from
the thin films.

Characterizations of Al-doped ZnO thin film can be seen in Figure 16(a) [49].
The crystal structure and different structural parameters of the films were analyzed
from the X-ray diffraction (XRD) spectrum of the ZnO and AZO thin films. The
undoped ZnO exhibits well-defined diffraction reflections corresponding to the
wurtzite hexagonal phase of ZnO lattice planes. The intensity of all peaks decreases
with Al doping suggesting deterioration of the crystallinity of ZnO films due to the
incorporation of defects in the lattice site. From FE-SEM images, it can be seen that
nanoparticles are formed and deposited on the film depositing area in all cases. For
the pure ZnO thin film, the nanoparticle size varies from 10 to 70 nm. After the
incorporation of Al, the particle size becomes more uniform, and the distribution of
size is between 15 and 30 nm [49].
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Figure 16.
Characterizations of Al-doped ZnO thin film (a) and Ce-doped ZnO/CNT thin film (b) [49, 50].

Another example is Ce-doped ZnO/carbon nanotube (CNT) thin film, which
was prepared using a sol-gel drop coating method [50]. TEA and zinc acetate
dehydrate were added into anhydrous ethanol under vigorous stirring. CNT and
cerium sulfate were added into the above solution, and the solution was sonicated to
get a uniform dispersion. The solution was heated at (55 + 5)°C with constant
stirring at 200 rpm to get the ZnO/CNT sol, which was transparent and quite stable.
The ZnO/CNT sol aged for 24 h before the preparation of the Ce-doped ZnO/CNT
film. To synthesize Ce-doped ZnO/CNT thin film, the precursor solution was
given dropwise on each of that frosted glass substrate using a pipette and then
heated for 20 min at 80°C. The coating process was repeated twice for a thick film
(~4 mm) preparation, and finally, the film was annealed at 500°C for 2 h using a
muffle furnace.

To evaluate the crystallinity and crystal phases of the prepared thin film, XRD
and FESEM spectra were acquired and are displayed in Figure 16(b) [50]. Ce
and CeO,, Ce,03 or other crystalline forms were not identified in the patterns, so
the authors believed that Ce ions were uniformly substituted by Zn sites or inter-
stitial sites in ZnO crystals. The addition of dopant and functionalized CNTs on the
ZnO matrix presented the sharp and high-intense peak indicating the well-
crystalline phase of ZnO. From the FESEM spectra of Ce-doped ZnO/CNT thin
film, it is observed that that the sample ZnO/CNT is ZnO decorated on the surface
of CNT, and the Ce-doped ZnO sample presents 3D flower-like microstructures
consisting of many nanoflakes. It is worth noting that many different-size pores
were generated in the 3D microstructures, which might act as transport paths for
molecules and active sites for catalytic reaction and improve the catalytic
properties of the thin-film material [50].
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4. Heterogeneous catalysts for wastewater treatment: the process
and mechanism

4.1 Heterogeneous Fenton catalysis

Heterogeneous Fenton catalysis, as one of the advanced oxidation technologies,
is of great interest for environmental remediation owing to its benign process and
general applicability [51]. Heterogeneous Fenton-like reactions on solid catalysts
can effectively catalyze the oxidation of organic pollutants at wide pH conditions,
which is beneficial for in situ remediations of polluted groundwater and soil and can
be reused for further runs. Heterogeneous Fenton-like reaction is a surface-
controlled reaction that depends on the catalyst surface area, on H,0, concentra-
tion, on the reaction temperature, and on solution pH and ionic strength [52]. Kwan
and Voelker [53] have suggested the chain of reactions in the catalyzed oxidation
system as follows:

= Fe(Ill) + H,0, —= Fe(HO,)*" + H* (1)

= Fe(HO,)*" —= Fe(Il) + -HO, 2)

= Fe(Il) + H,0, —= Fe(Ill) + OH — + - OH (3)
‘OH + H,0, — H,0 + -HO, (4)

= Fe(Il) + -0~ —= Fe(Ill) + O, (5)

= Fe(IIl) + -HO, —= Fe(Il) + HO,~ (6)

= Fe(Il) + HO,~ —= Fe(Ill) + -HO, @)

If only Fe(III) is originally present, Fe(II) is slowly generated by reactions (1)
and (2) initiating oxidation reactions. A simple schematic of heterogeneous Fenton
catalysis processes can be seen in Figure 17.

The magnetic Fe;0,@p-CD/MWCNT nanocomposites were prepared by a
hydrothermal method and used as a heterogeneous Fenton-like catalyst to degrade
Tetrabromobisphenol A (TBBPA) [54]. Fe30,@p-CD/MWCNT presented good
catalytic performance when removing TBBPA from water and got about 97%
removal rate of under the optimum condition. Comodification of MWCNT and

H,0,

=Fe(lll) Adsorption and reaction

-OH Degradation
products

Refractory
organics
Adsorption

Refractory organics

Figure 17.
A simple schematic of heterogeneous Fenton catalysis processes.
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p-CD could distinctly promote the removal efficiency of TBBPA, which certified the
existence of the synergistic effect between Fe;0,, p-CD, and MWCNT. The catalyst
has good regeneration ability; it still possessed excellent catalytic activity of TBBPA
removal rate at about 86.2% after three cycles. Debromination and bridge fracture
between two benzene rings were the primary process of TBBPA mineralization.
This catalyst can provide a potential application in the degradation of refractory
pollutants [54].

Except for Fe, Cu also can act as an active component of heterogeneous Fenton
catalysts. Cu-V bimetallic catalyst (CuVOx) with abundant surface defects was
successfully synthesized by the hydrothermal method [55]. Degradation experiment
of emerging pollutant fluconazole confirmed that CuVOx exhibited higher catalytic
activity, broader pH applicability, and more satisfactory reusability than monome-
tallic copper compounds. By the introduction of vanadium into copper-based
materials, several surface properties that are closely related to the reactivity of the
copper catalysts, such as adsorption capacity, surface defects, and active site con-
centration, were improved. The electron-rich center around Cu/V active sites and
surface oxygen vacancies are responsible for the rapid dissociation of H,O, and the
efficient catalytic oxidation of fluconazole in CuVOx Fenton system. The introduc-
tion of vanadium increased active sites and electron density and improved the
surface chemical properties of the bimetallic catalyst. FLC and H,0, were firstly
adsorbed on the surface of CuVOx, which was beneficial to shorten the mass
transfer process of pollutant oxidation. Around oxygen vacancies, there are abun-
dant electrons with high transfer capability, which weaken the O-O bond of
adsorbed H,0, and transfer from the material surface to H,O,. Under the reaction
of catalyst, the adsorbed H,0, was rapidly dissociated to produce a considerable
amount of -OH. Then, -OH attacked FLC adjacent to the active site, thereby achiev-
ing oxidative degradation of the pollutant [55].

4.2 Heterogeneous photocatalysis

Photocatalysis is the process of light-induced redox reactions upon the sur-
rounding molecules to produce radical species for the subsequent utilization in

Photocatalytic Seletive

Structural Coatings for Oxidation &  Environmental Cancer
Applications Healthcare Reduction Applications Treatment
Applications

Self- sterilizing
Self-cleaning coating on Reduction of Water & Air
Paints surgical GO Treatment
equipment

Drug Delivery

Photocatalytic
Synthesis of
Organic
Compounds

Self-cleaning

Self-cleaning
Catheters &
Lancets

Photocatalytic Endoscopic-
Water like
Splitting Instruments

Tiles, Curtains
& roads

Figure 18.
Applications of heterogeneous photocatalysis [57].
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various pollutant degradations, CO, conversion into hydrocarbon fuels, and disin-
fection of microorganisms, and so on, [56] as shown in Figure 18. Photocatalysis
has many advantages: low reaction temperature, high oxidizability, complete puri-
fication, and using solar as an energy source. Furthermore, the careful selection of
materials and structures of photocatalysts for photocatalysis is essential to perform
the photocatalytic reactions efficiently. An ideal photocatalyst is bound to possess
good performances such as narrow band gap energy, suitable band edge potential,
reduced recombination, enhanced charge separation, and improved charge
transportations [58]. For this purpose, photocatalytic materials are modified for
their chemical compositions, which can be done through doping [59], composite
formation [60], metal sensitization, and molecule functionalizations [61], among
others, and physical structures, which include the size, shape, and surface mor-
phology modifications of the materials.

The principle of photocatalysis is based on the theory of a solid energy band.
When the energy of light irradiation absorbed by the semiconductor catalyst is
larger than the photon band gap width, the electron-hole pairs are generated due to
the transition of electrons. The light irradiation on the semiconductor causes the
excitation of electrons from the valence band (VB) to the conduction band (CB)
and the creation of holes in the valence band (VB) [62]. Electrons and holes stimu-
lated by light radiation will migrate to the surface of semiconductor particles after
various interactions and react with water or organics adsorbed on the surface of
semiconductor catalyst particles to produce a photocatalytic effect, as shown in
Figure 19. The typical photocatalytic process toward pollutant degradation can be
described as follows.

SC+hv—e +h" (8)

e +0;,— -0, 9)

h" + OH™ — -OH (10)

h* + H,0 — -OH + H* (11)

-0y + Org.pollutant — Deg.Products (12)
-OH + Org.pollutant — Deg.Products (13)

Here are some examples of photocatalysis and photocatalysts.

Photo-

catalyst

Figure 19.
Photocatalytic process in semiconductor.
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A series of TiO,/biochar composite catalysts were prepared by the hydrolysis
method for the degradation of methyl orange, where biochar was obtained from the
pyrolysis of waste walnut shells [63]. The photocatalytic activity results showed
that TiO,/biochar composite catalysts exhibited higher catalytic activity than that of
pure TiO,. The decolorization efficiency of 96.88% and the mineralization effi-
ciency of 83.23% were obtained, attributed to the synergistic effect of biochar and
TiO,. After repeated uses, the catalyst still exhibited rather high activity toward the
degradation of MO, where the decolorization efficiency and mineralization effi-
ciency of MO achieved 92.45 and 76.56%, and the loss of activity was negligible. The
possible degradation mechanism of MO with TiO,/biochar composites can be
explained as follows. MO molecules firstly adsorbed by biochar due to the well-
developed pore structure, which provides more opportunities for the contact of
catalysts and pollutants. With irradiation of ultraviolet light, TiO, was excited to
generate electrons from the valence band, transferring to the conduction band, and
holes were left in the valence band. Biochar transferred electrons and acted as
acceptors, inhibiting the recombination of electron-hole pairs. Then, the electrons
would react with oxygen molecules and water molecules to generate superoxide
anion radicals and hydroxyl radicals. Holes would also be trapped by water mole-
cules to engender hydroxyl radicals. Thus, holes, superoxide anion radicals, and
hydroxyl radicals cofunctioned as active species would interact with the MO mole-
cules, and finally, carbon dioxide was formed [63].

Sun et al. evaluated the photocatalytic efficiency of activated carbon-supported
TiO; catalyst (AC/TiO;) for degradation of aflatoxin B1 (AFB1) under UV-Vis light.
AC/TiO, was prepared by simple hydrothermal synthesis [64]. According to the
experiments, the higher degradation efficiency of AFB1 by AC/TiO, composite
(98%) than that by bare TiO, (76%) was attributed to a higher surface area of AC/
TiO, and enhanced visible-light intensity by the synergistic effect of TiO, and AC.
Moreover, the catalyst can be easily separated from the solution and can still keep
high activity. The authors found that the hole (h+) and the hydroxyl radicals (-OH)
played an essential role in the degradation of AFB1 and proposed the possible
photocatalytic oxidation mechanism of AC/TiO, for AFB1 degradation. When irra-
diated by UV light, the excited AC/TiO, composite produces electrons (e—) to the
conduction band and holes (h+) on the valence band. The photo-generated elec-
trons can react with O, to produce superoxide radicals (O, -) and further produce
hydroxyl radicals (-OH). The photo-generated holes can react with hydroxide ions
(OH ") in the solution to directly produce -OH. Some of these holes (h+) and -OH
would oxidize AFB1, which is absorbed on the surface of the catalyst [64]. Most of
the photocatalysis processes have the same mechanism and they can be illustrated
by (Figure 20).

4.3 Heterogeneous electrocatalysis

Electrocatalysis is a kind of catalysis that accelerates the charge transfer reaction
at the interface of electrodes and electrolytes. The range of electrode catalysts is
limited to electrical materials such as metals and semiconductors. There are many
kinds of semiconductor oxides, such as skeleton nickel, nickel boride, tungsten
carbide, sodium tungsten bronze, spinel and tungsten minerals, as well as various
metals and phthalocyanines. Electrocatalysis is mainly used in the treatment of
organic wastewater, degradation of chromium-containing wastewater, desulfuriza-
tion of flue gas and raw coal, the simultaneous removal of NOx and SO,, and the
reduction of carbon dioxide and nitrogen. The selection of appropriate electrode
materials plays a critical role in accelerating the electrode reaction. The selected
electrode materials play a catalytic role in the process of electrification, thus
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CO, Refractory organics Refractory organics €O,

Figure 20.
The schematic of photocatalysis processes.

changing the reaction rate or direction of the electrode without any qualitative
change in itself. Electrocatalysis covers two aspects of electrode reaction and catal-
ysis, so electrocatalysts must have two functions at the same time: conductive and
relatively free transfer of electrons; and effective catalytic activation. Therefore, the
teasible way to design electrocatalysts is to modify the electrodes. Combining active
components with conductive base electrodes in the form of covalent bonds or
chemical adsorption can achieve the dual purposes of both transferring electrons
and activating substrates.

Chao Zhang et al. investigated modified iron-carbon with polytetrafluor-
oethylene (PTFE) as a heterogeneous electro-Fenton (EF) catalyst for 2,4-
dichlorophenol (2,4-DCP) degradation in near-neutral pH condition [65]. The deg-
radation performance of the catalyst modification with 20% PTFE maintained well
with low iron leaching. Moreover, the degradation efficiency of 2,4-DCP could
exceed 95% within 120 min treatment at catalyst dosage of 6 g/L, initial pH of 6.7,
and the current intensity of 100 mA. Two-stages of 2, 4-DCP degradation were
observed: the first stage is a slow anodic oxidation stage, and the second one is a
much faster heterogeneous EF oxidation stage. The automatic decrease of pH in the
first stage initiated the Fe”* release from microelectrolysis and benefited to the
subsequent EF reaction. Aromatic intermediates including 2-chlorohydroquinone,
4,6-dichlororesorcinol, and 3,5-dichlorocatechol were detected by GC-MS. A possi-
ble mechanism and degradation pathway for 2,4-DCP were proposed. Air perme-
ated from the prepared ADE cathode and was utilized to produce H,0.
Simultaneously, Fe-C microelectrolysis would produce Fe?*, which reacted with
H,0, as Fenton reagent. Considering the results of GC-MS and IC analyses, 2,4-
DCP can be hydroxylated by -OH addition’s reaction onto the aromatic ring,
resulting in the formation of 3,5-dichlorocatechol and 4,6-dichlororesorcinol.
Meanwhile, the chlorine atom located in the paraposition on the aromatic ring was
substituted by -OH to yield 2-chlorohydroquinone. The aromatic organics men-
tioned above would be further oxidized to organic acids by -OH, such as oxalic,
acetic, and formic acids until mineralized to CO, completely. The possible degrada-
tion paths of 2,4-DCP can be seen in Figure 21.

Nanolayered double hydroxide (NLDH) decorated with Fe and Cu was applied
as a novel heterogeneous catalyst for catalytic degradation of gentamicin by the
electro-Fenton (EF) process [66]. The EF process was equipped with a graphite
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plate under aeration. The highest removal efficiency was 91.3% when the Cu-Fe--
NLDH-equipped EF process applied in comparison with the Fenton (50%) and the
electro-oxidation alone (25.6%). Increasing the current resulted in the enhanced
degradation of gentamicin, while the excessive electrolyte concentration and cata-
lyst dosage led to the tangible drop in the reactor performance. At a specified
reaction time, the injection of O3 gas enhanced the efficiency of the Cu-Fe-NLDH-
equipped EF process. The presence of ethanol led to a more suppressing effect than
benzoquinone, indicating the dominant role of -OH radical in the degradation of
gentamicin compared with other free radical species such as O, - radical. Most of

OH OH
cl HO Cl
-OH -OH
 E— C————> CH;COOH + HOOC-COOH + HCOOH \
-Cr
cl Cl
OH OH
Cl Cl
‘OH -OH H0
——> C———> CH,COOH + HOOC-COOH + HCOOH > N
-Cl co,
HO
cl Cl
oH OH
Cl (ol
on -OH J
— C——————> CH;COOH + HOOC-COOH + HCOOH
-CI -CI
Cl OH

Figure 21.
Proposed degradation pathway of 2,4-DCP [65].
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Figure 22.
The schematic of electrocatalysis processes [66].
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Catalysts Target pollutants Assistant Degradation Reference
efficiency

Fe/OATP HA-Na — 97% [24]
Fe;0,@p-CD/ Tetrabromobisphenol — 97% [54]
MWCNT A

CuVOx Fluconazole — 99% [55]
Fe,03/ATP Methylene blue — 99% [67]
CuO/SiO, RhB — 95% [68]
TiO,/biochar Methyl orange UV-Vis light 98% [63]
AC/TiO, Aflatoxin B1 UV-Vis light 96.88% [64]
Mg-ZnO-AL O3 Caffeine UV-Vis light 98.9% [69]
Fe-C/PTFE 2,4-DCP Electric 95% [65]
Cu-Fe-NLDH Gentamicin Electric 91.3% [66]
DG@Fe;0, Methylene blue Electric 99% [70]

Table 4.

Comparison of some catalysts for different pollutant degradation.

the photocatalysis processes have the same mechanism, they just used different
electrodes and catalysts, and they can be illustrated by (Figure 22).

The comparison of some catalysts for different pollutant degradation was
shown in Table 4.

5. Conclusions

Heterogeneous catalytic processes, as an efficient green method coping with
organic wastewater, have attracted considerable attention. Heterogeneous catalysts,
such as bulk catalysts and supported catalysts (including surface-loaded catalysts,
core-shell catalysts, and thin-film catalysts), are often synthesized by impregnation,
sol-gel, and coprecipitation methods. To characterize heterogeneous catalysts, BET
surface area, scanning electron microscope (SEM), transmission electron micro-
scope (TEM), Fourier transform infrared spectroscopy (FT-IR), and X-ray diffrac-
tion (XRD) are common characterizing methods. Heterogeneous catalytic processes
are efficient in treating organic wastewater due to the generation of highly reactive
and nonselective hydroxyl radicals (-OH), which can oxidize and mineralize most
organic compounds, with the advantages of no secondary pollution, easy separa-
tion, and recycling. The researchers often employed heterogeneous catalysts to
degrade dyes, pesticides, and antibiotics, among others. The reactions and mecha-
nisms of different heterogeneous catalytic processes might be different according to
the target pollutants.

At present, the researches on heterogeneous-supported catalysts should focus on
the following problems: (1) how to prepare heterogeneous catalysts (especially
nanocatalysts) with high efficiency, low cost, and low energy consumption, which
can be widely used in the treatment of industrial wastewater; (2) how to prepare the
catalysts with larger specific surface area and higher activity, and how to make the
loaded active components distribute more evenly on the surface of the carrier; and
(3) how to expand the application fields of heterogeneous catalysts, such as the
application in degradation of microplastics in wastewater.
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