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As the pollution and destruction of global water resources become more and more severe,
the treatment of wastewater has attracted significant attention. The template method is a
synthetic method in which the template is the main configuration to control, influence, and
modify the morphology as well as control the dimensions of the material, thus achieving the
properties that determine the material. It is simple, highly reproducible, and predictable,
and more importantly, it can effectively control the pore structure, size, and morphology of
the material, providing a novel platform for the preparation of adsorbent materials with
excellent adsorption properties. This review focuses on the classification of the templates
according to their properties and spatial domain-limiting capabilities, reviews the types of
hard and soft template materials and their synthetic routes, and further discusses the
modulation of the morphological structure of the materials by the introduction of templates.
In addition, the application and adsorption mechanisms of heavy metal ions and dyes are
reviewed based on the regulatory behavior of the template method.
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1 INTRODUCTION

Pollution (Yang et al., 2019; Zhang et al., 2019; Zhao et al., 2019), especially water pollution, has been
a global problem that needs to be addressed immediately , with the rapid development of industrial
economy. Human production and living activities result in a considerable discharge of pollutant into
the water resources, particularly organic dyes and heavy metals, which can pose a serious threat to
people’s living environment if not properly treated. Dyes are extremely harmful to ecosystems due to
their toxicity and the reduction of dissolved oxygen in water, while heavy metals can cause pernicious
health effects on humans and other organisms (Zare et al., 2018). Therefore, there is an urgent need
to develop remediation strategies that effectively mitigate organic dyes and heavy metal pollution.

Nowadays, several techniques have been successfully used for the purification of heavy metal ions
and organic dyes in wastewater, such as chemical precipitation, ion exchange, and adsorption.
Among them, adsorption has become one of the most influential and promising methods (Zhou
et al., 2018) due to its simplicity, low cost, mature process, and low energy consumption (Liu J. et al.,
20165 Yu et al., 2018). At present, various adsorbents such as activated carbon (Ekinci et al., 2002;
Zhou et al., 2015; Kuroki et al., 2019), zeolites (Briao et al., 2017; Zanin et al., 2017), nanomaterials
(Sarma et al., 2019; Madima et al., 2020; Yu et al,, 2021), biochar (Wang et al., 2019a; Wang et al.,
2019b; Wang L. et al., 2020; Wang et al., 2021; Wei et al., 2022), and metal organic framework
polymers (Huang et al., 2018; Pi et al., 2018), have been developed and widely used for the adsorption
of wastewater. However, most adsorbents still have some problems, such as uneven pore size
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FIGURE 1 | Commonly used polymer templates and their removal conditions (Wu et al., 2012).

distribution and difficulty in achieving effective control of pore
size, which directly affect the adsorption capacity of the
adsorbent. The template method, which has been developed in
recent years, is simple, highly reproducible, and predictable (Liu
et al, 2019; Ma et al,, 2019). More importantly, the template
method enables effective control of the pore structure,
dimensions, and morphology of the composite material
(Marrakehi et al., 2017), which is expected to be a solution to
these problems and achieve efficient adsorption of adsorbents.
The template method, essentially a forming or casting
technique, which is different from the conventional methods,
in that it needs to introduce a template agent in advance.
Whether the reaction takes place in the liquid or solid phase,
the template method can effectively modulate the size,
morphology, structure, and even the arrangement of the
sample. The morphology of the product varies depending on
the template chosen, so it is important to select the right
template (Liu et al, 2013). The template method is now
widely used in water treatment [such as photocatalysis
(Ahmad et al,, 2017; Yang et al.,, 2021), adsorption (Libbrecht
et al., 2017; Zhao et al., 2020a), and electrochemistry, as well as
biology and medicine (Miao et al., 2010; Wu and Xu, 20105 Li
et al,, 2013)]. This study outlines the classification of the
template method, focuses on the hard and soft template
methods, discusses the modulating behavior of the template
method on the morphological structure of materials, and further

discusses the current status of the application of the template
method for heavy metal ions and organic dyes in water
treatment.

2 PREPARATION AND CLASSIFICATION OF
THE TEMPLATE METHOD

The template method is based on the morphological
characteristics of the synthetic material, introducing its self-
assembly or organic molecular system as a template, and
effectively regulating and modifying the morphology, structure,
and dimensions of the material through forces like hydrogen
bonding and Van der Waals forces. It is essentially a forming or
casting technique (Thomas et al., 2008), generally speaking,
synthesis of the template method includes three main steps
(Knezevic et al, 2018): 1) preparation of templates; 2)
synthesis of target materials using the templates; and 3)
removal of templates.

In general, there are four requirements for the preparation of
template method : 1) in order to achieve successful replication of
the template, the surface properties of the template used should
be consistent with the raw material; 2) the template should have a
well-defined structure, such as an easily adjustable morphology;
3) the template should be easy to remove. Figure 1 summarizes
the commonly used polymer templates and their removal
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conditions (Wu et al., 2012), such as silica templates, as one of the
most commonly used templates, are usually removed using
hydrofluoric acid or sodium hydroxide; 4) the polymer
template should be robust enough to prevent deformation of
the pores after template removal.

At present, there are various classifications of template agents;
the specific classification is shown in Figure 2. One kind of
classification can be divided into hard templates (porous silica,
silica) and soft templates (biomolecules, surfactants) according to
the templates’ own properties and spatial domain-limiting ability
(Bao et al,, 2016). Depending on the nature of template, it can be
subdivided into physical templates, chemical templates, and
biological templates (Liu et al., 2013; Zhao et al,, 2020b). In
addition, some scholars classify it according to surfactants and
non-surfactants. The former includes anionic template agents,
cationic template agents, non-ionic template agents, and hybrid
template agents; while the latter includes metal cations, organic
molecules, metal-organic complexes, etc. (Figure 2).

Currently, based on different compositions and characteristics
of templates, the most common way to classify them is to divide
into hard and soft templates, both of which provide a tunable
reaction space for the adsorbent. Among them, hard template is
mainly selected from material that is prepared already, such as
mesoporous carbon (Libbrecht et al., 2015), mesoporous silica
(Marciniak et al., 2019), metal oxides (MO) (El-Hankari et al.,
2016), etc. During the preparation process, the raw material is
adsorbed or permeated on the surface or internal lattice of the
template, and the template is removed after the reaction
(Petkovich and Stein, 2013). Materials prepared by the hard
template method can be precisely regulated in terms of size
and structure, but the removal of the template can easily cause
structural damage to the raw material (Liu D. et al,, 2016). In

contrast, soft template is formed during the reaction, that is, a
phase interface is formed between the soft template [such as
polymers (Liu D. et al., 2016), biological macromolecules (Zhao
etal,, 2017), and surfactants (Cao et al., 2014)]; the target product
by micelles and a certain spatial structure is established by the
internal polymerization of the molecules. In comparison, soft
template is easier to remove and the production condition is mild
and simple, which is a current trend in the preparation of
materials by the template method (Xie et al, 2016). The
detailed characteristics and preparation of each of the two
template methods are described below.

2.1 Hard Template

Hard templates are usually connected by covalent bonds, and the
reaction cavity is in dynamic equilibrium, with substances
diffusing in and out through the cavity walls, such as
molecular sieves, metals (Wang H. et al, 2016), and carbons
(Xie et al., 2018). Generally, the preparation process for materials
prepared using hard templates is to wrap or infiltrate the selected
template with a precursor, transforming the precursors into solid
material by chemical or thermal treatment, and then removing
the template by chemical etching or high temperature calcination
(Petkovich and Stein, 2013).

Depending on the inclusion relationship between the hard
template and the precursor, the hard template method can be
divided into exotemplating and endotemplating methods
(Schuth, 2003). As shown in Figure 3A (Wang Y. et al,
2016), endotemplate is the precursor wrapping template.
Template molecules enter the precursor and create pore
channels, and after the removal of the template, a pore system
is formed in the precursor. Exotemplating is the opposite, as
shown in Figure 3B, where the precursor penetrates the template.
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FIGURE 3 | Synthetic mechanism of the hard template method (Wang Y. et al., 2016).
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FIGURE 4 | Different types of hard templates and their corresponding length scales (Zhu et al., 2019).
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Exotemplate can be materials with structural pores, and the
precursor infiltrates into the pore channel. Depending on the
connectivity of the template, a porous or finely split material
remains after the template removal.

Compared to soft templates, hard templates have better
domain limitation and higher stability, so they can achieve a
strict regulation of material size and morphology. And
different template agents can be selected according to the
requirements of the target product to achieve precise

regulation of different specific surface areas, pore sizes,
morphology, and other characteristics. As shown in
Figure 4, Zhu et al. (Zhu et al, 2019) classified various
hard templates according to the pore sizes of different
templates and corresponding composites. It can be seen that
different pore sizes correspond to different template materials,
therefore, based on the performance requirements of the target
product, selecting the most suitable template material, which is
one of the key factors for the successful synthesis of template
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materials. However, hard templates are difficult to be removed;
the majority of these templates act as supports, which limits
the application of hard template method to a certain extent
(Liu D. et al., 2016).

In practice, hard template method has excellent results in the
treatment of industrial wastewater, such as the adsorption of
heavy metal ions. Currently, numerous types of hard templates
have been investigated, such as silica (Fuertes et al, 2005),
metal-organic frameworks (MOF) (Amali et al, 2014),
mesoporous carbon (Libbrecht et al, 2015), poly (methyl
methacrylate) (PMMA) (Liu et al., 2018), etc., and the specific
materials are described below.

2.1.1 Mesoporous Silica Templates

Mesoporous silica has a high specific surface area and good
hydrophobicity. When used as a hard template for wastewater
adsorption treatment, it can improve the morphology and pore
structure of the material very well, and is commonly used as a
hard template for the synthesis of mesoporous carbon materials
in practical applications. Mesoporous silica has a three-
dimensional interconnected pore structure, which offers the
possibility of introducing carbon precursors. On the other
hand, the three-dimensional interconnected pore structure of
mesoporous silica also ensures the successful synthesis of
mesoporous carbon, rather than obtaining carbon materials
with nanowire or rod-like structures.

The preparation process usually starts by immersing the
carbon precursor into the pore channel of the template agent
to cause polymerization, and then removing the mesoporous
silica template with hydrofluoric acid or sodium hydroxide
solution after carbonization. The ordered mesoporous carbon
CMK-1 was successfully prepared using mesoporous silicas
MCM-48 as templates and sucrose as carbon precursors,
heated to 1173K and carbonized, and removed the silicon
template using dissolution in sodium hydroxide solution.
Moreover, they obtained samples Cn-CMK-1 by controlling
the pore size of the template, and the specific surface area and
pore size of the samples were 1700 m*/g, 1.24 cm*/g (C16-CMK-
1), 1800m?%g, 1.21cm’/g (C18-CMK-1), and 1710 m*/g,
1.23 cm3/g (C20-CMK-1), respectively (Kruk et al, 2000).
Similarly, Jun et al. (Jun et al., 2000) used ordered mesoporous
silica SBA-15 as a template agent and sucrose as the carbon
source, carbonized the mixture at 1173 K, and finally the ordered
mesoporous carbon CMK-3 was obtained by removing the
mesoporous silica template using sodium hydroxide or by
washing with hydrofluoric acid. The specific surface area of
CMK-3 was 1520m®/g, and the total pore volume was
1.3 cm’/g.

Kim et al. (2005) used mesoporous silica SBA-16 as a template
agent; and sucrose, furfuryl alcohol, and acenaphthene as carbon
precursors to synthesize cubic mesoporous carbon, respectively.
The reactions were all carbonized at 1173 K, and the mesoporous
silica templates were removed with hydrofluoric acid. The
experimental results showed that the furfuryl alcohol-based
mesoporous carbon has a high specific surface area and total
pore volume (2050 m?/g, 2.33 cm®/g), which is higher than that of
sucrose-based mesoporous carbon (1370 m*/g, 1.20 cm>/g) and
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acenaphthene-based mesoporous carbon (1260 m*/g, 1.68 cm®/
g). It further shows that the selection of suitable silicon templates
and carbon precursors can effectively control the mesoporous
structure of the materials.

2.1.2 Carbon Templates
Carbon materials, such as mesoporous carbon and carbon
nanotubes, are also used as template agents. Among them,
mesoporous carbon is stable and has an ordered pore
structure, so it is often used as a template agent to synthesize
ordered mesoporous materials such as nanoscale zeolite
molecular sieves and mesoporous metal oxides. The process of
synthesizing mesoporous carbon into a mesoporous material
usually involves replicating the pore channels of the
mesoporous carbon into the new mesoporous material and
removing the mesoporous carbon template under certain
conditions. Roggenbuck et al. (2006) chose mesoporous carbon
CMK-3 as a hard template, infiltrated the carbon matrix with
Mg(NO3),, removed the template by heating, and later obtained
mesoporous MgO. The specific surface area and total pore
volume of mesoporous MgO were 280 m*/g and 0.52 cm’/g.
Carbon nanotubes can greatly improve the reactivity of the
material due to their characteristic pentagonal defect structure.
Liu et al. (2015) prepared MWCNTs@carbon nanocables by a
hydrothermal synthetic method using multi-walled carbon
nanotubes (MWCNTSs) as a template agent and glucose as a
carbon source, and used anhydrous ethanol for washing to
remove the template during the preparation.

2.1.3 Metal-Organic Framework Polymer Templates
Metal-organic frameworks (MOFs) are a new class of materials
with a three-dimensional pore structure, in which specific surface
areas are significantly high (in the range of 1000-10000 m?/g),
even higher than that of zeolites (3500 m?/g). Also, based on the
inherent instability of the MOFs, it is easy to remove when they
were used as template agents (Zhao et al., 2021).

ZIF-8, as one of the typical MOF materials, has excellent
chemical and thermal stability and is an ideal template for the
preparation of the material. The ZnS nanocages were prepared
using ZIF-8 as template agents and thioacetamide as the sulfur
precursor, and the ethanol solution was chosen to remove the
template during the preparation process (Jiang et al,, 2012).
Zhang et al. (2018) prepared PDA/PEG@ZIF-8 composite
nanoparticles by grafting polyethylene glycol (PEG) polymers
by the template method using ZIF-8 as a hard template. The ZIF-
8 template was further removed by etching with dilute
hydrochloric acid adjusting the pH to 7 to obtain PDA/PEG
composite nanocapsules.

2.1.4 Other Hard Templates

Nanoporous anodic alumina, palygorskite (Pal) and spherical
particles (PMMA microspheres, CaMg(CO3), microspheres) are
also widely used as hard templates for wastewater adsorption.
Mohajeri et al. (2017) used nanoporous anodic alumina as a
template agent, ethylene as a carbon precursor, and argon as a
carrier gas to synthesize ordered carbon nanotube arrays by
chemical vapor deposition (CVD), and the template was
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FIGURE 5 | Mechanism of the soft template method (Wan and Zhao, 2007).

removed by pyrolysis during the preparation. Zhong et al. (2019)
used modified palygorskite (Pal) as a hard template and glucose as
a carbon source to synthesize carbon-coated palygorskite (Pal@
C) by impregnation and carbonization, with further final acid-
base treatment to remove the Pal template to obtain amorphous
carbon nanotubes (ACNT).

Spherical particles were also successfully applied as hard
templates for the synthesis of adsorbents, such as poly (methyl
methacrylate) (PMMA) microspheres. Using PMMA colloidal
microspheres as template agents can synthesize three-
dimensional hierarchical porous graphene-Fe;O, (3D-HPGF)
nanocomposites, and the PMMA templates were removed by
calcination at 873 K under nitrogen atmosphere (Liu et al., 2018).
Similarly, by using CaMg(COs), microspheres as a template
agent and AI(NO;)-9H,0 as an aluminium source, Al,O;
hollow microspheres can be successfully synthesized with
further calcinations, and the CaMg(COs), microsphere
template was also removed by calcination during the
preparation process (Tian et al., 2016).

2.2 Soft Template

Soft templates mainly rely on intermolecular interaction forces to
maintain the stability of the structure, and the material diffuses
through the cavity walls into the interior of the static pore. Wan
and Zhao (2007)schematically summarized the two mechanisms
for the synthesis of soft templates (Figure 5), including the
cooperative  self-assembly and liquid-crystal —templating
processes. As shown in Figure 5A, cooperative self-assembly is
based on inorganic-organic interactions between inorganic and
surfactants. In this pathway, inorganic species and surfactants
cooperate to nucleate as well as form liquid crystals with

molecular inorganics, removing the template after further
polymerization and condensation of inorganics. As shown in
Figure 5B, the “true” liquid crystal templating process is that the
liquid crystal mesophases are involved in the templating assembly
to synthesize aimed materials, which means the liquid crystals are
incorporated directly with precursors, and the template is
removed after the transformation of the precursor to target
product by reaction.

The advantages of the soft template method typically include
simple construction, relatively mild experimental conditions, and
its capacity to synthesize different materials with various
morphologies. However, it has low structural stability
compared to the hard template method, which results in it
being a less efficient template. Typically, organic molecules are
used as soft templates, such as micelles (Zhao et al., 2006; Gao
et al., 2015), emulsified droplets (Bourret and Lennox, 2010;
Wang B. et al,, 2011; Pang M. et al., 2013), biological molecular
assemblies (Yan et al., 2017; Zhao et al., 2017; Wang Y. et al,
2020), gas bubbles (Fan et al., 2004; Yan and Xue, 2007), etc., and
the specific materials are described below.

2.2.1 Micelle Templates

Micelles, refer to the aggregates by the mutual attraction of
hydrophobic parts of surfactants after they are dissolved in
water, which have excellent solubilization effects, are extremely
common and highly versatile soft template materials. However,
during the preparation process, a single aggregated micellar
template tends to be very sensitive to the solvent, resulting in
it being unstable in the reaction. In the recent years, it has been
found that the introduction of surfactants in the preparation
process can effectively improve this phenomenon. For example,
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Zhao et al. (2006) prepared SnO, hollow spheres using micelles
composed of terephthalic acid and sodium dodecylbenzene
sulfonate (SDBS) as templates, and successfully constructed
hollow structures for the materials. Gao et al. (2015) used
worm-like micelles as soft templates to prepare Au and Au-
based alloy nanowire networks with adjustable composition
ratios. The worm-like micelles were obtained by mixing
HAuCl, and 3-(N,N-dimethylpalmitylammonio)
propanesulfonate (PAPS) in an aqueous solution, and the
AuAg and AuPt alloy nanowire networks were synthesized by
a stepwise reduction method using NaBH,-PAPS and ascorbic
acid (AA)-PAPS mixtures as reductants.

2.2.2 Emulsion-Based Templates

Emulsified droplets, a non-homogeneous system formed within a
mixture of two and more incompatible liquids, are an important
class of soft templates. During the preparation process, emulsion
droplets usually obtain materials with hollow structures through
sol-gel coating, interfacial precipitation, and hydrothermal
reactions. Pang M. et al. (2013) chose polyoxyethylene and
sorbitan trioleate to form emulsified droplets, and used them
as templates to synthesize Fe-soc-MOF cubes via solvothermal
method. After removing the droplets, Fe-soc-MOF cubic hollow
colloids with different sizes and arrangements with a specific
surface area of 1100 m*/g, and a total pore volume of 0.49 cm®/g
were obtained.

QOil-in-water (O/W) microemulsions and water-in-oil (W/O)
microemulsions are two important types of emulsified droplets.
Wang B. et al. (2011) used glycerol/water as emulsion templates
and Fe,O; nanoparticles as raw materials to synthesize a-Fe,O;
hollow spheres with lamellar substituents under hydrothermal
conditions. The prepared templated material has a large cavity
space and well-defined shell layer, and has a specific surface area
of 103.3 m’/g and a wide pore size distribution. Similarly, the
W/O microemulsion templates have been widely applied at
present. For example, Bourret et al. (Bourret and Lennox,
2010) used CH,Cl, solution as the aqueous phase of the
microemulsion and obtained copper hydroxide nanofibers
(NF) by interfacial reaction in a two-phase system (H,O/
CH,CL,). As the reaction proceeds, porous microspheres with
shell-like structures were finally synthesized, and the prepared
CuS nanohollow spheres have a diameter of about 200 nm and a
wall thickness of about 30 nm.

2.2.3 Biological Templates

Biological templates, such as biopolymers, cellular tissues,
bacteria, and DNA, are some of the most common soft
templates, because of their wide source, non-toxicity, non-
contamination, and low cost, they have a great potential in the
development of template agents. Zhao et al. (2017) treated rape
pollen grains with anhydrous ethanol and 8 M hydrochloric acid,
respectively, and dried at room temperature to obtain two types of
pollen templates. These two pollen templates were used to
synthesize ZrO, hollow microspheres with scale-like outer
walls (S-1) and porous hollow ZrO, microspheres (S-2) via the
same experimental method, that is, treated by microwave
solvothermal method at 110°C, washed with distilled water

Templated Material Application in Wastewater

and absolute ethanol, dried, and calcined at 580°C. The
specific surface areas of S-1 and S-2 are 27.99°'m*/g and
40.92°'m*/g, respectively, while the average pore diameters are
14.57 and 10.19°nm, respectively.

In addition, cotton is one of the most common biological
templates. The dried cotton templates were dipped into the
solution for hydrolysis treatment, followed by the reaction in
the reactor under nitrogen atmosphere and washed with
anhydrous ethanol and deionized water, and dried to obtain
the corresponding cotton templated materials. For example,
Yan et al. (2017) prepared fibrous magnesium oxide by
template-directed synthesis using cotton as a template agent
and hydrolyzed in cetyltrimethylammonium bromide
solution. Wang Y. et al. (2020) used cotton as a template
agent and hydrolyzed it in sulfuric acid solution to synthesize
mesoporous carbon lanthanum-doped films (MC-La).

2.2.4 Other Soft Templates

In addition to the template materials mentioned above,
bubbles, vesicles, and amphiphilic polymers are also
excellent materials for soft templates. The preparation
process of bubble templates in the liquid phase usually
consists of the following two steps: preparation of the
template (generation of bubble emulsion), deposition/
adsorption of particles on the template surface, and further
growth/aggregation of particles (Fan et al., 2004). In addition,
Yan and Xue (2007) used the CO, bubbles generated during
the reaction as a template agent to obtain ZnO hollow
microspheres by pyrolysis.

Vesicles, as one of the most important microreactors for
controlled growth, are important materials for soft templates.
Zheng et al. (2002) obtained anionic sodium dodecyl sulfate
(SDS) vesicles by ultrasonic irradiation and used them as soft
templates. The cadmium ions were adsorbed on the surface of the
templates by electrostatic interaction, and after washing with
distilled water and anhydrous ethanol to remove the templates,
CdSe hollow nanoparticles with the size of 100-200 nm were
obtained.

Amphiphilic polymers can also be used as soft templates to
synthesize hollow structural materials, and different
morphologies of materials can be obtained by adjusting the
size and composition of the template. For example, Lin et al.
(Pang X. et al., 2013) used a star-shaped PS-b-PAA-b-PS triblock
copolymer as soft templates to synthesize hollow gold
nanoparticles.

3 MODERATING THE BEHAVIOR OF
MATERIALS BY THE TEMPLATE METHOD

3.1 Pore Structure Tuning

The size and nature of different template agents vary, and their
introduction into the same material or different materials will
result in different specific surface areas, pore sizes, and pore
volumes; the pore sizes and volumes will show a certain
variation with the concentration of the template agent. In
general, smaller sized and more concentrated template
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TABLE 1 | Structural parameters of the samples synthesized with different templates.

Templated Material Application in Wastewater

Sample Template agent Specific Pore Average References
surface volume pore
area (m?%/g) (cm3/g) size (nm)
Al,O3 (CTAB) Cetyltrimethylammonium bromide (CATB) 335.7 0.66 6.1 Bo and Jing
Al,O3 (CA) Sodium laurate (CA) 312.0 0.44 41 (2007)
Al,O3 (P123) PPO-PEO-PPO (P123) 318.8 1.00 9.8
Aluminosilicate materials (CTAB)  Cetyltrimethylammonium bromide (CTAB) 211.5 0.31 4.4 Ma et al. (2020)
Aluminosilicate materials (DETA)  Diethylenetriamine (DETA) 75.2 0.12 4.8
Aluminosilicate materials (CMC)  Sodium carboxymethylcellulose (CMC) 161.5 0.37 6.2
Aluminosilicate materials (SDS)  Sodium dodecy! sulfate (SDS) 144.3 0.27 5.4
Aluminosilicate materials (F68) PEOgo-PPO3z0-PEOg, (F68) 277.6 0.24 6.0
Aluminosilicate materials (F108)  PEO433-PPOso-PEO455 (F108) 289.7 0.24 6.5
S7 F127 (EO+106PO70EO106) 1022 1.35 5.3 Yang et al. (2006)
S14 F127 + PEG 1145 0.82 2.9
Mesoporous Titania (TS-0.1) Cetyltrimethylammonium chloride (CTAC) 83.8 017 9.0 Yusuf et al. (2003)
Mesoporous Titania (TP-0.1) Polyethylene glycol (PEG) 571 0.094 8.4
Mesoporous Titania (TPS-0.01)  CTAC + PEG 39.6 0.076 6.2
Nano ferric oxides (C-FeoOsg) Cetyltrimethylammonium bromide (CTAB) 24.8 0.1 11.9 Lei et al. (2018)
Nano ferric oxides (G-Fe,Os) Glycerine (Gl) 23.6 0.091 10.2
Nano ferric oxides (T-Fex0a) Tartaric acid (TA) 40.8 0.092 4.8
ZSM-5 Zeolite (N2) Tetrapropylammonium hydroxide (TPAOH) 364.0 0.39 — Zhang et al. (2015)
ZSM-5 Zeolite (M2) Cetyltrimethylammonium bromide (CTAB) 374.0 0.45 -
ZSM-5 Zeolite (NSZ) N-octadecyl-N’-hexyl-tetramethyl-1,6-hexanediaminium 505.0 0.63 —

(C1g-6-6Br2)

agents are more favorable for the preparation of templated
materials.

3.1.1 Effect of Template Agent Type on Pore Structure
The specific surface area, pore volume, and pore size of the
synthesized materials varied considerably depending on the
template agent (Table 1). The pore size of the materials
depends on the size of the template agent used. When the
radius of the template agent is smaller than the pore size of the
precursor, it can be easily incorporated into the precursor, thus
limiting the pore shrinkage of the material during the reaction
process. After the reaction, when the radius of the template
agent is still smaller than the pore size of the synthetic material,
the pore structure will remain after the template agent is
removed, resulting in larger pore size of the material and
further increasing its specific surface area and pore volume.
Therefore, the template with a smaller pore diameter than the
material should be selected.

Using different sizes of template agents will produce
materials with different structures. Some synthetic materials
have many mesopores, as well as slit pores formed by the
accumulation of particles, which all can lead to an uneven
distribution of pore sizes in the synthesized material and thus
affect the structural parameters of the material. Therefore, the
specific surface area, pore diameter, and pore volume of the
same material synthesized with different templates are
different. For instance, mesoporous alumina was prepared
using cetyltrimethylammonium bromide (CATB), sodium
laurate (CA), and poly (propylene oxide)-Poly (ethylene

oxide)-Poly (propylene oxide) (PPO-PEO-PPO, P123) as
template agents, respectively (Bo and Jing, 2007);
aluminosilicate mesoporous materials were synthesized
using cetyltrimethylammonium bromide (CTAB),
diethylenetriamine (DETA), sodium carboxymethylcellulose
(CMC), sodium dodecyl sulfate (SDS), and polyethylene
glycol-polypropylene glycol-polyethylene glycol (PEOgo-
PPO30-PE080, F68 and PE0133-PP050-PE0133, F108) as
template agents correspondingly (Ma et al., 2020); and silica
spheres were prepared using pluronic triblock copolymer
(EO196PO70EO¢s, F127), F127, and PEG respectively as
template agents (Yang et al., 2006).

3.1.2 Effect of Template Agent Concentration on Pore
Structure

The concentration of the template agent also has a large effect
on the specific surface area, pore volume, and pore size of the
synthetic material. As the concentration of the template agent
increases, the average pore size of the material gradually
increases, and the pore capacity also increases accordingly.
Nevertheless, the change in specific surface area is related to
the porosity of the synthetic material, so for different synthetic
materials, the specific surface area has a different change
pattern of the change in mass concentration.

For example, the use of polyethylene glycol (PEG) and/or
cetyltrimethylammonium chloride (CTAC) as templates
enables the preparation of mesoporous titanium dioxide
(Table 2). It was shown that with the increase of CTAC and
PEG concentration, the specific surface area, average pore size,
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TABLE 2 | Structural parameters of the samples synthesized with different concentrations of templates.

Template agent Concentrations Specific surface Pore volume Average pore References
(g/ml) area (m?/g) (cm®/g) size (nm)
PEQ;33-PPO50-PEO 35 (F108) 0.01 297.6 0.23 6.0 Ma et al. (2020)
0.02 269.8 0.25 6.4
0.03 237.6 0.26 7.2
0.04 204.6 0.27 1.7
Cetyltrimethylammonium chloride (CATC) 0 38.6 0.063 5.2 Yusuf et al. (2003)
0.001 54.2 0.078 4.6
0.01 56.6 0.088 5.0
0.05 72.8 0.13 7.6
0.1 83.8 0.17 9.0
Polyethylene glycol (PEG) 0.01 27.8 0.041 4.8
0.05 47.3 0.067 4.6
0.1 57.1 0.094 8.4

and NiCo-LDH (F) (Hu et al., 2019).

100 nn

FIGURE 6 | SEM images of D311 resin (A) and PCTOM (B) (Zhang et al., 2011); SiO, (C) and Fe,03/SiO» composite monoliths (D) (Singh et al., 2018); ZIF-67 (E)

and pore volume of the gel increased. These structural
parameters of gels prepared from CTAC solution (TS-0.1),
gels prepared from PEG solution (TP-0.1), and dry gels
prepared from CTAC and PEG were higher than those
without additives (TiO,-0), and the specific surface area and
pore size of TS-0.1 were even about twice as large than those of

Ti0,-0 (Yusuf et al., 2003). The average pore size and pore
volume of the silica-aluminate mesoporous material synthesized
using F108 as a template agent gradually increased with
increasing mass concentration of
F108, but the specific surface area gradually decreased (Ma
et al., 2020).
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SEMMAG: 5.00kx  SEM HV: 20.00 kV
View field: 43.34 um  Del: SE

FIGURE 7 | SEM images of carbon sphere (A) and DP Mn,Og-carbon-PVP cubes (B) (Shao et al., 2017); CTS (C) and TCCTS (D) (Dai et al., 2012); NSC (E) and

crosslinked NSC resin (F) (Sun et al., 2007).

SEM MAG: 5.00 Kx
View field: 43 34 pm Del: SE

SEM HV: 20.00 kv

3.2 Morphology Tuning

The introduction of template will change the microstructure of
materials. Different template agents will get different structures,
such as porous structure, worm-like structure, core-shell
structure, etc. As the mass transfer of contaminants within an
adsorbent is largely dependent on the pore structure of the
material, this section will focus on porous materials, which are
subdivided into disordered and ordered pore structures.

3.2.1 Disordered Porous Structure

The template method is mainly used to make the porous structure
on the surface of materials or to make the surface rough. In some
cases, the porous structure is disordered. Considering the
template to be the skeleton, the material with pore structure
can be obtained by solution etching, for example, using D311
resin as the template skeleton to synthesize porous nano-calcium
titanate microspheres (PCTOM). The D311 resin is a sphere with
a smooth surface (Figure 6A); the surface of the synthesized
material became rough and disordered porous structure was
obtained (Figure 6B; Zhang et al, 2011). SiO, is a spherical
particle with smooth surface (Figure 6C). Considering it to be the
template skeleton and introducing the precursor Fe,Os;, the

Fe,05/Si0, composite monoliths with rough surface and pore
structure can be obtained (Figure 6D; Singh et al., 2018). Zeolitic
imidazolate framework-67 (ZIF-67) is a dodecahedral structure
with a smooth surface (Figure 6E), which is used as a template
skeleton to synthesize hierarchical porous Ni/Co-layered
double hydroxide (NiCo-LDH), and the NiCo-LDH is a
hollow dodecahedron with porous structure (Figure 6F; Hu
et al., 2019).

The disordered porous material with rough surface can also be
obtained by using porous material as the precursor, meanwhile,
taking it as skeleton and introducing template into its pores. The
carbon spheres are smooth spheres (Figure 7A) and when used as
templates for the synthesis of double porous Mn,0O; (DP Mn,0;-
carbon-PVP) cube, the carbon spheres embedded the precursor
well and the final material with rough surface and porous
structure was obtained (Figure 7B; Shao et al, 2017). The
surface of the chitosan (CTS) is relatively smooth and the
structure is compact (Figure 7C). After introducing the
template Fe(IIl), the surface of the thiourea cross-linked
chitosan (TCCTS) obtained is rough and the structure is
incompact and reticular with disordered pore structure
(Figure 7D; Dai et al, 2012). Crosslinked NSC resin was
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FIGURE 9 | (A) Schematic illustration for the synthesis of porous carbon-based framework. SEM images of CoAl-LDH (B), CoAl-LDH@ZIF-67 (C), and LDH@ZIF-

67-800 (D) (Li et al., 2016).

synthesized with N-succinyl-chitosan (NSC) as the precursor
skeleton and Cu (II) as a template agent. After the
introduction of template, the surface structure of crosslinked
NSC resin was denser than that of NSC and has a porous
structure (Figures 7E,F; Sun et al., 2007).

3.2.2 Ordered Porous Structure

Template method can also construct the ordered porous
structure. Metal-organic framework polymer is one of the
most typical examples, although different templates will get
different structural materials, they almost have ordered pore
structure. For instance, metal-organic frameworks (MOFs)
ZIF-8 synthesized by the template-free method has a
dodecahedral shape, but without porous structure (Figure 8A;
Salunkhe et al., 2016). Using polystyrene (PS) as a template agent,
MOFs precursor solution was introduced to infiltrate the
template. After removing the template, HKUST-1 crystal was

obtained. HKUST-1 has three-dimensionally ordered and
interconnected macropores (Figure 8B; Wu et al, 2011). PS
has adjustable and stable morphology in methanol solution
(MeOH). After the precursor infiltrates the template PS, it
exposed the precursor@PS to NH3;/MeOH solution and SOM-
ZIF-8 with three-dimensionally ordered macropores can be
obtained (Figure 8C; Shen et al, 2018). Using CoAl-layered
double hydroxide (CoAl-LDH) as a template skeleton, and
introducing ZIF-67 to synthesize CoAl-LDH@ZIF-67, the final
material LDH@ZIF-67-800 was obtained after the removal of the
template by pyrolysis and the synthetic path is shown in
Figure 9A. LDH®@ZIF-67-800 is a surface ordered porous
structure (Figure 9C; Li et al., 2016).

In addition to MOF materials, ordered porous structures can
also be obtained for some other templated materials. For example,
using nanoporous anodic alumina (NPAA) as the template
skeleton, the synthesized carbon nanotube arrays have a highly
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S0 nm

FIGURE 10 | SEM images of s of CNTs arrays/NPAA composite membrane (A) (Mohajeri et al., 2017); TEM images of C-FDU-18-800 (B) and Si-FDU-18-HC (C)
(Deng et al., 2007); Cr,03 (D), (Jiao et al., 2005), In,O3 (E), and Coz04 (F) (Yue and Zhou, 2007).

ordered pore structure (Mohajeri et al., 2017; Figure 10A). The
mesoporous carbon (C-FDU-18-800) and mesoporous silica (Si-
FDU-18-HC), synthesized using poly (ethylene oxide)-b-
polystyrene (PEO-b-PS) diblock copolymers as templates, have
highly ordered mesoporous structures (Figures 10B,C; Deng
et al, 2007). Similarly, metal oxides such as Cr,0;
(Figure 10D; Jiao et al., 2005), In,O; (Figure 10E), and
Co;0, (Figure 10F; Yue and Zhou, 2007), synthesized with
mesoporous silica as the template skeleton, all have regular
mesoporous structures.

4 APPLICATION TO TYPICAL POLLUTANTS
IN WASTEWATER

Current research on templated materials as adsorbents is focused
on two types of pollutants, namely dyes and heavy metals. As
mentioned above, the template method can effectively modulate
the morphological and structural parameters such as pore size,
pore volume, and specific surface area of materials, which are the
direct factors affecting the adsorption performance. In addition to
enormous specific surface area and rich pore structure, the
introduction of templates to modulate the surface functional
groups and charges can achieve significant improvements in
the adsorption performance of the target pollutants.

4.1 Heavy Metals

Heavy metals in water, even at very low concentrations, are
extremely harmful to humans and the ecology. Currently,
templated materials have been widely used for the adsorption
of heavy metal ions in water like Ni(II), Co(II), Cu(II), Cr(III),
Pb(II), etc., and have exhibited relatively outstanding adsorption

capacities (Table 3). For example, using attapulgite (ATP) as a
template agent, a novel polyaniline/attapulgite (PANI/ATP)
composite material can be obtained by oxidative
polymerization. The PANI/ATP exhibited an excellent
adsorption capacity for Hg(II) (824 mg/g) (Cui et al., 2012),
which was much higher than those of PANI (600 mg/g)
(Wang et al, 2009)- amine resins (156-556 mg/g) (Zhu and
Alexandratos,  2005;  Alexandratos, 2007), aniline-m-
sulfophenylenediamine copolymer (PANSP) (498 mg/g) (Lii
et al., 2007), chitosan beads (323 mg/g) (Li et al, 2005), and
mercaptopropyl mesoporous adsorbent (461 mg/g) (Brown et al.,
2000). Using SiO, monoliths as a template agent to synthesize
metal oxide monoliths (Fe,05/Si0,), the Fe,03/SiO,
demonstrated high adsorption capacities for Pb(II) (850 mg/g)
and Cr(III) (770 mg/g) (Singh et al., 2018), which were much
higher than those of Fe,O; monoliths (166 mg/g) (Singh et al.,
2018), carbon coated monoliths (72 mg/g) (Teoh et al., 2013), and
mesoporous silica (184 mg/g) (Awual and Hasan, 2014) for
Pb(II), and those of Fe,O; monoliths (125 mg/g) (Singh et al,
2018), modified lignin (68 mg/g) (Demirbas, 2005), and borax
sludge (16 mg/g) (Senberber et al., 2017) for Cr(III).

4.1.1 Factors Affecting the Adsorption of Heavy Metals
by Templated Materials

Like conventional adsorbents, adsorbents prepared by the
template method are also mainly influenced by factors such as
pH and temperature.

Solution pH is one of the most critical factors affecting the
adsorption of heavy metal ions by templated materials. Normally,
as the pH increases, the proton concentration decreases and the
adsorption of heavy metal ions increases accordingly.
Nevertheless, when the solution is in an alkaline environment,
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TABLE 3 | Properties of various template materials and their ability to adsorb heavy metals.

Samples

CKIT—G

FeoOs/
SiO,

CF-S-N

PANI/ATP

MCMs

NSHS

MP-Silica

Cst

PCTOM

TP-
CMCBs

MSC

TCCTS

NiCo-LDH

MSNs

Template
agent

KIT-6

SO,

SO,

ATP

SiO,

CaCOg

Citric acid

F127

D311 resin

CaCOq

CTMAB-
MA

Fe(ll)

Ni(NOs)2

CTAB

Surface
area
(m?/g)
821

562

95

682

504

426

53

239

267

675

Adsorbate

Pho(ll)

Adsorption
capacity
(mg/g)

145
148

690
770
850

197
195
187
183

824

294

267

115

126
135

30
30
15

342
262
243

278
390
402
452
201
438

48
72

100

21

Equilibrium
time
(min)

120

200

200

120

30

142
18
24

30
30
30

80
30
80
40
110
60

60

50

50

pH

Kinetics

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Pseudo second
order

Thermodynamics

Spontaneous and
endothermic

Spontaneous and
exothermic

Spontaneous and
endothermic

Spontaneous and
endothermic

Spontaneous and
endothermic

Spontaneous and
endothermic

Spontaneous and
endothermic

Spontaneous and
endothermic

Spontaneous and
endothermic

Isotherms

Langmuir

Freundlich and
Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

Langmuir

References

Marciniak et al. (2019)

Singh et al. (2018)

Ren et al. (2017)

Cui et al. (2012)

Zhang et al. (2017)
Manyangadze et al. (2020)
Pongkitdachoti and Unob
(2018)

Marciniak et al. (2019)

Zhang et al. (2011)

Liu et al. (2021)

Liu et al. (2020)

Dai et al. (2012)

Hu et al. (2019)

Meng et al. (2018)
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hydroxyl ions form precipitates of hydroxides with metal ions,
resulting in a decrease in the adsorption capacity of the adsorbent.
For example, as the pH value of the solution is increased from 1 to
5, the adsorption capacity of both Fe(II) and Fe(II) by the
thiourea crosslinked-chitosan (TCCTS) synthesized with iron
(III) as a template agent gradually increased, and thereby
reaching a maximum at pH = 5. In the higher pH range, the
adsorption capacity of TCCTS decreases sharply (Dai et al., 2012).

Temperature is also one of the important factors affecting the
adsorption of heavy metal ions in solution, as it mainly affects
mobility and chain flexibility of metal ions, resulting in an
increase in the adsorption capacity of the adsorbent with
increasing temperature. For example, as temperature was
increased from 25 to 55°C, the adsorption capacity of Cu(II)
by the templated material CF-S-N increased from 196 mg/g to
199 mg/g. The adsorption of Cu(Il) by polyacrylamide/
functionalized multi-walled carbon nanotube PAAm/
FMWCNTSs) composites (Abo-Zahra et al, 2021) and the
adsorption of Ni(II) and Co(II) by ordered mesoporous
carbon (Marciniak et al., 2019) show this trend.

Furthermore, the adsorption kinetics of the adsorbent
synthesized by template method fit the pseudo-second-order
kinetic model, indicating that chemisorption primarily
promotes the adsorption of heavy metal ions. The relevant
thermodynamic parameters were calculated to confirm that
the adsorption process is spontaneous and endothermic for
most of the adsorbents. And the adsorbents all fit more closely
to the Langmuir adsorption model, therefore the adsorption of
heavy metal ions onto the synthesized adsorbents can be
considered as a monolayer adsorption process.

4.1.2 Mechanisms of Heavy Metal Adsorption
As mentioned in the previous section, the introduction of a
template agent can effectively regulate the specific surface area,
pore diameter, and pore volume of materials and change the
microscopic morphology of materials, all of which provide the
possibility to improve the adsorption performance of the
material. On the one hand, the pore structure constructed by
the template method can provide wider diffusion channels and
lower mass transfer resistance, which facilitates the rapid
diffusion of heavy metal ions in the internal structure of the
adsorbent. On the other hand, the large specific surface area and
pore size distribution formed by the template method provide
more active sites for the adsorbent. For instance, mesoporous
carbon (MCMs), synthesized using ordered mesoporous silica as
a template agent, has a specific surface area of 682 m*/g (Zhang
et al, 2017), which is higher than other carbon-based
nanomaterials such as graphene oxide supported polyaniline
(141 m®/g) (Sun et al, 2013) and carbonaceous nanofibers
(264 mz/g) (Sun et al., 2016). Correspondingly, MCMs have a
good adsorption property for U(VI) of 294 mg/g, which is also
higher than that of graphene oxide-supported polyaniline
(245 mg/g) and carbonaceous nanofibers (125 mg/g) (Table 3).
For templated materials, in addition to the pore adsorption
mechanism, ion exchange, electrostatic interaction, and surface
complexation are also the predominant adsorption mechanisms
of heavy metals. The introduction of templates can alter the

Templated Material Application in Wastewater

surface chemistry of the materials, providing favorable ions and
functional groups for adsorption, as well as altering the surface
charge properties of the material, all of which contribute to the
adsorption performance of the material. For instance, templated
material mesoporous carbons (MCMs) containing a large
number of oxygenated functional groups such as -OH and
-COOH have good adsorption properties for cationic heavy
metals such as U(VI) (Zhang et al., 2017). For materials with
an intrinsic surface charge that is less conducive for the
adsorption of ions, for example, natural attapulgite (ATP),
which has negatively charged functional groups on its surface
and does not have electrophoretic mobility equal to zero, was
used as a template agent to polymerize aniline, the obtained
polyaniline/attapulgite (PANI/ATP) exhibits a point of zero
charge and achieved a maximum adsorption capacity of Hg(II)
over 800 mg/g (Cui et al, 2012). After the introduction of the
template, the positively charged hierarchical porous Ni/Co-
layered double hydroxide (NiCo-LDH) hollow dodecahedra
exhibiting excellent adsorption properties for the negatively
charged Cr(VI) ions in aqueous solution, and the NO- 3 ions
which initially on the surface of the NiCo-LDH were replaced by
Cr(VI) ions after adsorption (Hu et al., 2019; Table 3).

4.2 Dyes

Wastewater discharged from the printing, electroplating, textile,
and leather industries contains large amounts of toxic and non-
biodegradable dyes that have an irreversible effect on humans and
the environment. The use of templated materials for the
adsorption of dyes such as bisphenol A, rhodamine B, and
methylene blue in wastewater exhibit better adsorption
properties than the most conventional adsorbents. For
example, Al,O; hollow microspheres (AHS) adsorbed as much
as 690 mg/g of Congo Red (Tian et al.,, 2016). Its adsorption
performance outperformed many other metal oxide adsorbents
such as Co;04-Fe;0, hollow spheres (123 mg/g) (Wang X. et al,,
2011), NiO nanospheres (440 mg/g) (Zhu et al., 2012), and MgO-
MgFe,O4 composite (498 mg/g) (Han et al, 2014). The new
hollow polydopamine microcapsules (H-PDA-MCs) showed a
capacity of 179 mg/g for methylene blue (Feng et al., 2021),
exceeding that of PDA microspheres (91 mg/g) (Fu et al,
2015), palm kernel fibres (95mg/g) (El-Sayed, 2011), and
magnetic y- Fe,05/SiO, (116 mg/g) (Chen et al., 2016).

4.2.1 Factors Affecting the Adsorption of Dyes by
Templated Materials

The solution pH value is regarded as one of the most important
factors affecting the adsorption of organic dyes. In general, the
adsorption of anionic dyes increases with decreasing pH, while
the opposite is true for cationic dyes. For anionic dyes,
competition between OH and anionic dyes for adsorption is
intense in the high pH range, while at low pH, the hydroxyl and
carboxyl groups will be protonated to form -OH+ 2 groups,
strengthening the electrostatic gravitational force between the
adsorption site and the anionic dyes. For example, poly
(acrylamide-acrylic ~ acid-dimethylaminoethyl methacrylate)
P(AAm-AA-DMAEMA) resin is effective for the adsorption
of indigo carmine and eriochrome black-T anionic dyes, and the
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TABLE 4 | Properties of various template materials and their ability to adsorb organic pollutant.

Sample Template Surface Adsorbate Adsorption  Equilibrium pH Kinetics Isotherms Cycle References
agent area capacity time numbers
(m?/g) (mg/g) (min)
DP Mn,O3- Carbon 37 Congo Red 126 20 — Pseudo Langmuir 4 Shao et al. (2017)
carbon-PVP spheres second
order
AHS CaMg(COg), 318 Congo Red 690 120 5-6  Pseudo Langmuir — Tian et al. (2016)
second
order
MWCNTs@ MWCNTs — Methylene Blue 298 120 89 Pseudo Langmuir — Liu et al. (2015)
carbon Crystal Violet 228 second
order
CNTs Pal 887 Congo Red 468 30 1-13 Pseudo Langmuir — Zhong et al. (2019)
Methyl Orange 253 second
order
CMK-3 CMK 1420 Bisphenol-A 474 20 6 Pseudo Freundlich — Libbrecht et al.
second (2015)
order
TNC MCM-22 660 Amoxicillin 69 - - - Langmuir - Barrera et al. (2014)
Ethinylestradiol 61
NMCS SiO, 789 Methyl Orange 352 200 2 Pseudo Langmuir 5 Jiao et al. (2017)
second
order
3D-HPGF PMMA 486 Methylene Blue 70 25 — Pseudo Langmuir 5 Liu et al. (2018)
second
order
P (AAm-AA- PAAM — Indigo Carmine — 120 2.5 Pseudo Freundlich — Abdel-Aziz and
DMAEMA) Eriochrome — second Siyam, (2011)
Black-T order
SMC SMC 476 Bisphenol-A 154 60 1-7  Pseudo Freundlich — Libbrecht et al.
second (2019)
order
S-2 Rape pollen 41 Congo Red 97 120 - Pseudo Langmuir - Zhao et al. (2017)
second
order
OMCs F127 424 Rhodamine B — 240 5 Pseudo — - Cao et al. (2014)
second
order
C-V-50-T- PEO- 810 Lysozyme 446 — — — Langmuir — Wickramaratne and
50-600 PBO-PEO Jaroniec (2013)
NiCo-LDH Ni(NO3)2 267 Congo red 909 80 — Pseudo Langmuir 5 Hu et al. (2019)
second
order

property of adsorption decreases with increasing pH (Abdel-
Aziz and Siyam, 2011). The adsorption of methylene blue and
crystalline violet by the MWCNTs@carbon with negative
surface charge was low in acidic solutions and increased
significantly with increasing pH (Liu et al., 2015).

However, unlike the templated materials for the adsorption of
heavy metal ions, the templated materials for the adsorption of
dyes are either endothermic or exothermic processes, resulting in
different trends in their temperature dependence. For example, as
the temperature increases, the adsorption of amorphous carbon
nanotubes (ACNTs) increases (Zhong et al., 2019) while the

adsorption of P(AAm-AA-DMAEMA) resin decreases (Abdel-
Aziz and Siyam, 2011).

As can be seen from Table 4, the organic dye molecules
almost always conform to the quasi-secondary kinetic model on
the template materials. Unlike the adsorption of heavy metal
ions, while the adsorption isotherms of most of the template
materials conform to the Langmuir model, a few conform to the
Freundlich model, indicating that for the adsorption of dyes, in
addition to monolayer adsorption, multilayer adsorption can
occur within the pore channels of a small number of template
materials.
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4.2.2 Mechanisms of Dye Adsorption

The excellent performance of the templated materials for dyes is
partly attributed to the porous structure and high specific surface
area. The porous structure and high specific surface area facilitate
the exposure of more active sites, thus promoting the diffusion of
dye molecules, that is, the efficient adsorption of dyes through
adsorption and the filling of pore channels. Dual-porous Mn,0;
(DP Mn,0Os3-carbon-PVP) cubes have a specific surface area of
37 m*/g and the mesopore size of 24 nm, higher than that of the
Mn,03-Ncarbon prepared without polyvinylpyrrolidone (PVP)
(22 mz/g, 23 nm) and without carbon sphere templates (15 m?/ g,
4 nm). Comparing their sorption rates to Congo Red, DP Mn,05-
carbon-PVP had a sorption capacity of 126 mg/g, but 64 mg/g
and 112 mg/g for Mn,03-Ncarbon and Mn,0;-carbon (Shao
et al, 2017). ACNTs have a high specific surface area of
877.09 m*/g, which is much higher than that of raw Pal
(181.14 m*/g), H-Pal (157.50 m*/g), Pal@C (103.41 m*/g). The
maximum adsorption of Congo Red by ACNTs (358 mg/g) was
more than 20-fold times that of raw Pal, and nearly 14-fold higher
than that of H-Pal and Pal@C (Zhong et al., 2019; Table 4).

In addition to the structure of the material, electrostatic
interactions and m-m electron coupling interactions are also
important mechanisms for the adsorption of dyes. For
instance, the adsorption processes of nitrogen-doped
mesoporous carbon spheres (NMCS) on methyl orange (Jiao
et al,, 2017) and ACTNs on Congo red (Zhong et al., 2019) are
electrostatic attraction and m-m electron coupling, respectively,
while the adsorption processes of hollow polydopamine
microcapsules (H-PDAMCs) on methyl blue involve both
electrostatic interaction and m-m stacking mechanisms (Feng
et al., 2021). However, for materials with an intrinsic charge,
the adsorption performance can be unsatisfactory due to
electrostatic repulsion between the functional group of the dye
and the functional group of the material. The introduction of
template to adjust its surface charge can effectively improve this
problem. For example, the large number of oxygen-containing
functional groups such as -OH and -COOH generated on the
surface of MWCNTs@carbon nanocables provides an abundance
of active sites for positively charged dyes compared to the original
MWCNTSs (Zhang et al., 2017). The zero charge of AL,Oj is close
to 9, using it as a template agent, the obtained alumina hollow
microspheres (AHS) still have a high adsorption capacity for
Congo Red when the initial solution pH is beyond 10 (Tian et al.,
2016; Table 4).

5 CONCLUSIONS AND PERSPECTIVES

Based on the properties and spatial domain-limiting capability
of templates, this study introduces the types of templates and
their synthetic routes, and the regulation behavior of materials
by template method and its application in the adsorption of
typical pollutants in wastewater has been reviewed. In
comparison, hard templates are more stable and allow for
precise regulation of material size and structure, but hard

Templated Material Application in Wastewater

templates are often difficult to remove and can easily cause
structural damage to the raw material after removal, while soft
templates are easy to construct and have relatively mild
experimental conditions and allow for the synthesis of
different materials with different morphologies, but soft
templates are less stable and less efficient. The behavior of
the template method in modulating the morphological
structure of the materials was further discussed and it was
found that the adsorbents prepared by the template method
had a high specific surface area and abundant pores and were
able to successfully construct pore channel structures. The type
and concentration of the template agent are found to be the
most crucial factors affecting the morphology of the final
product. Therefore, in practice, the most suitable template
should be selected according to the performance
requirements of the target product and the reaction conditions.

The large specific surface area and porous structure of the
templated materials offer the possibility of efficient adsorption of
heavy metal ions and dyes. The adsorption mechanism for heavy
metal ions includes ion exchange, electrostatic interaction, and
complexation, while electrostatic interaction, m-m electron
stacking, and hydrogen bonding are possible for dyes. The
application of templated materials as effective adsorbents in
wastewater and their adsorption mechanisms are still at the
research stage. Moreover, during the preparation process of
templated materials, the removal of the template may lead to
the collapse of the pore structure. Optimization of the textural
properties and attention to the removal conditions are desired to
ensure the effective diffusion of pollutants within the adsorbent.

Templated materials have good application prospects in
removing pollution However, templated
materials have been less studied for contaminants such as
nutrients, biomolecules, and complex pollutants, and further
research into the regeneration and desorption properties of
adsorbents is required to achieve large-scale commercial use of
templated materials.

in wastewater.
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