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Abstract: Nitrogen oxides (NOx) are very common air pollutants that are harmful to the environment
and human bodies. Selective catalytic reduction with ammonia (NH3-SCR) is considered an effective
means to remove NOx emissions due to its good environmental adaptability, high catalytic activity,
and remarkable selectivity. In this paper, the preparation methods, types, advantages, and challenges
of ZSM-5 catalysts are reviewed. Special attention is paid to the catalytic properties and influence
factors of ZSM-5 catalysts for NH3-SCR. The SCR performances of ZSM-5 catalysts doped with
single or multiple metal ions are also reviewed. In addition, the environmental adaptabilities (sulfur
resistance, alkali resistance, water resistance, and hydrothermal stability) of ZSM-5 catalysts are
discussed, and the development of ZSM-5 catalysts in denitrification is summarized.

Keywords: NH3-SCR; ZSM-5; catalyst; NOx removal

1. Introduction

1.1. Denitration and Its Necessity

Nitrogen oxides, including nitric oxide, nitrous oxide, nitrogen dioxide, and other
compounds, are very common air pollutants. They cause a series of problems such as
the greenhouse effect, acid rain, acid deposition, and soil acidification, and may induce a
series of diseases in humans such as cough, chest tightness, and pulmonary edema. With
the improvement in people’s living standards, the popularity of cars has increased, and,
thus, has the emission of nitrogen oxides. In addition, the boilers that are used in most
industrial installations, such as power plants and factories, are also an unavoidable source
of nitrogen oxides. From the currently available “China Ecological and Environmental
Statistics Annual Report 2021”, the nitrogen oxide emission data obtained in 2021 in
China, only within the scope of emission sources, was 9.884 million tons. In 2019, China’s
annual emissions of nitrogen oxides were second only to the United States, and the annual
emissions have remained above the level of 10 million tons. The treatment of nitrogen
oxides can prevent acid rain and the greenhouse effect, and all of society can better obtain
sustainable development with a long-term solution for NOx removal [1,2].

There are many methods for treating nitrogen oxides. The emergence and maturity
of denitrification make this method widely used throughout the world. Denitration tech-
nology can be divided into wet denitration (acid absorption, alkali absorption, oxidation
absorption, etc.) and dry denitration (selective catalytic reduction flue gas denitration
and selective non-catalytic reduction denitration). A total of 90% of the flue gas from the
combustion is nitric oxide, whose nature makes it difficult to dissolve in water, so the dry
denitration method receives more attention in academic and industrial circles.

Catalysts 2023, 13, 1381. https://doi.org/10.3390/catal13101381 https://www.mdpi.com/journal/catalysts
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1.2. NH3-SCR Technology

Selective catalytic reduction technology is also named SCR, and its essence is to add a
reducing agent to flue gas to remove the nitrogen oxides with the help of a suitable catalyst.
The catalyst can convert the nitrogen oxides into non-toxic and harmless nitrogen and water
within a certain temperature range [3–6]; if the reducing agent is ammonia, the technology is
named NH3-SCR. There are serval advantages of SCR technology for the flue gas denitration
method. Firstly, the product is non-toxic and harmless nitrogen which can be directly put
into the atmosphere without subsequent recovery operations and will not cause secondary
pollution. Moreover, denitration efficiency is terribly remarkable and can reach more than
85%. Secondly, the SCR technology is relatively mature and reliable in popular use.

SCR can be divided into three types according to its reaction equation, standard SCR,
NO2 SCR, and fast SCR. Most of the SCR catalytic reactions are based on the standard
SCR reaction (1) because the ratio of NO and NO2 in the exhaust is generally more than
9:1. When the concentration of NO2 is larger than NO (NO2/NO ratio is more than 1), the
NO2 can react via the NO2 SCR routes (2). The fast SCR reaction (3) involves an equimolar
mixture of NO and NO2 at lower temperatures, and its reaction rate is over 10 times that of
the standard SCR reaction. Furthermore, the oxidation process of NO to NO2 by O2 is the
rate-limiting step that separates standard SCR from fast SCR [7,8].

4NO + 4NH3 + O2 → 4N2 + 6H2O (1)

6NO2 + 8NH3 → 7N2 + 12H2O (2)

2NO + 4NH3 + 2NO2 → 4N2 + 6H2O (3)

The key to SCR technology is the catalyst, and there are many kinds of catalysts
for NH3-SCR. Precious metal catalysts were investigated earlier than others. Generally,
platinum and palladium are used as active ingredients, and aluminum oxide, titanium
oxide, and molecular sieves are used as carriers. Metal oxide catalysts are widely used at
present, mostly vanadium, tungsten, cerium, manganese, iron, copper, and others. Metal
oxide catalysts can promote the reaction activity of ammonia, and their denitrification
rates are considerable. For molecular sieve catalysts, most of them have certain adsorption
properties and exhibit excellent NH3-SCR activity and N2 selectivity.

1.3. Classification of SCR Catalysts

In general, SCR catalysts for commercial use can be divided into several types, such
as precious metal catalysts, metal oxide catalysts, metal salt catalysts, molecular sieve
catalysts, and carbon-based catalysts [9–13].

1.3.1. Precious Metal Catalysts

The earliest SCR catalysts appeared in the 1970s, and the active ingredients were
basically precious metal catalysts. Precious metal catalysts are made by dispersing small
amounts of precious metals, such as Pt [14] and Ag [15], on the supports (such as TiO2,
Al2O3, etc.). The denitrification efficiency of this kind of catalyst is high, but the reaction
temperature needs to be accurately controlled. Due to the expensive price and limited
production of precious metals, the related catalysts cannot be used widely in industry, so
partial or complete replacement of the precious metals has become a major area of research.

1.3.2. Metal Oxide Catalysts

There are many kinds of metal oxide catalysts, such as vanadium oxides [16], manganese
oxides [17], copper oxides [18], iron oxides [19], cerium oxides [20], nickel oxides, cobalt
oxides, chromium oxides [6], samarium oxides [21], etc. The advantages of metal oxide
catalysts are their high catalytic efficiency, good stability, strong renewable ability, and low cost.
However, at the same time, they have a certain toxicity, poor selectivity, and limited service life.
These disadvantages also limit their use. At present, researchers are mainly investigating the
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synergistic effect of composite oxides on SCR, since the activity of catalysts with composite
oxides was found to be significantly higher compared with that of single oxide catalysts.

1.3.3. Metal Salt Catalysts

Among the metal salt catalysts, ferric sulfate, cerium phosphate, and cupric sulfate
catalysts are the main ones [22–25]. The Fe2(SO4)3/TiO2 catalyst showed about 90% NOx
conversion in the temperature range between 350 and 450 ◦C, and was synthesized by
a solid-state impregnation method [22]. Zr, Co, Mo, or Cu-doped CePO4 catalysts were
prepared via the co-precipitation method for NH3-SCR for NOx removal. Mo-doped
CePO4 catalysts exhibited about 99% NOx conversion at 300 ◦C, illustrating excellent low-
temperature activity, N2 selectivity, long stability, and SO2 and H2O resistances [23]. The
catalyst with a 10 wt% CuSO4 displayed excellent NH3-SCR activity, a broad temperature
window, and remarkable SO2 and H2O tolerance, suggesting great potential for NH3-SCR at
low temperatures [24]. The 0.3 Mn-FeV catalyst showed a superior NH3-SCR performance
(100%) at 250 ◦C. However, the crystal size, acidity, and redox of the catalyst could be
improved and the V species with higher valence states could also be obtained due to the
addition of Mn [25]. Metal salt catalysts have a wide range of applications and they are not
as susceptible to toxic inactivation as metal oxides.

1.3.4. Carbon-Based Catalysts

At present, the main research scope of carbon-based catalysts includes activated
carbon [26], graphene [27], carbon nanotubes [28], and other carbon materials. Carbon-
based catalysts have remarkable and beneficial properties for the NH3-SCR process, which
are large specific surface areas, developed pore structures, oxygen-containing functional
groups, and good adsorption capacity. Meanwhile, carbon-based catalysts are ideal for
use in industrial production because they are low-cost due to their rich storage and wide
sources. However, there are some unavoidable disadvantages for carbon-based catalysts
during the NH3-SCR process, such as low strength and combustibility.

1.3.5. Molecular Sieve Catalysts

A molecular sieve catalyst, also known as a zeolite catalyst, is a ceramic-based catalyst
made of water with alkaline ions and a porous crystalline substance of aluminum silicate in
the form of a pellet or honeycomb. There are various classification methods for molecular
sieve catalysts, such as 3A (potassium type A), 4A (sodium type A), 5A (calcium type A),
10Z (calcium type Z), 13Z (sodium type Z), Y (sodium type Y), sodium mercerite type,
etc., according to the differences in the molecular ratio of SiO2 and Al2O3. Molecular sieve
catalysts demonstrate excellent NH3-SCR performance and good hydrothermal stability,
using ZSM-5, SSZ-13, SAPO, ZK-5, KFI, and CHA molecular sieves as the supports.

A molecular sieve is a kind of artificially synthesized hydrated silicoaluminate (bubble
zeolite) or natural zeolite with the function of screening molecules. It has many pores with
a uniform size that are neatly arranged in the structure; molecular sieves with different
pore sizes can separate molecules of different sizes and shapes. A molecular sieve has the
characteristics of a large specific surface area, rich pore structure, and strong stability. The
thermal stability of a molecular sieve catalyst can be optimized by changing the type and
proportion of added materials when constructing the core–shell structure. By controlling
the content of the supported metal elements, the temperature window of the catalyst can be
adjusted to achieve denitrification at different temperatures [29]. The pore size of molecular
sieves with small grains is shorter than that of large-grain molecular sieves, and its pore
utilization rate and catalytic activity are greatly improved [30]. The molecular sieve catalyst
has good denitrification performance and N2 selectivity [31,32], but the pore size of the
molecular sieve can cause certain restrictions on the diffusion of some molecules, thus
affecting its pore utilization rate and catalytic performance.

In different molecular sieve catalyst systems, the active species of metal ions or oxides
show different physical and chemical properties, affecting the complexity of the redox
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reaction mechanism in NH3-SCR. For Cu-based molecular sieve catalysts, the Si/Al ratio
in zeolite and the metal loadings are the key factors for the distribution of active metal
species, while the main active sites for the standard SCR reaction are Cu2+ species at low
temperatures. For the standard NH3-SCR process over a Fe/SSZ-13 catalyst, isolated Fe3+

species are the primary active sites at low temperatures (<300 ◦C) while [HO-Fe-O-Fe-OH]2+

species are the primary active sites at high temperatures (≥300 ◦C). NO oxidation was
caused by dinuclear Fe3+ species and NH3 oxidation was caused by highly aggregated
FexOy species [33,34]. For the NH3-SCR process over Fe/ZSM-5 zeolites, the main active
sites for standard SCR were Fe3+ species at the α site, while the fast SCR reaction was
promoted by Fe3+ species at the β sites and γ sites [35]. Moreover, due to the presence
of rich metal species with higher value states and oxygen vacancies over the surfaces of
catalysts, the oxidation of NO to NO2 can be accelerated to promote the fast SCR reaction,
causing higher SCR activity at low temperatures.

Due to the high Si–Al ratio and the structurally stable five-membered ring in its
skeleton, ZSM-5 zeolite has high thermal stability. Its acid resistance is also very good,
so it can resist a variety of acids other than hydrofluoric acid corrosion. At the same
time, ZSM-5 does not easily accumulate ash, because there is no large cavity in the ZSM-
5 skeleton, limiting the formation and accumulation of large condensates. ZSM-5 has
good stability in water steam while the structures of other zeolites are destroyed and
irreversibly deactivated when they are subjected to water steam and heat. Therefore, the
ZSM-5 molecular sieve catalyst for NH3-SCR has been a hot topic in recent years [36,37].

2. Preparation Method of ZSM-5 Catalysts

2.1. Catalyst Prepared with the Impregnation Method

The impregnation method is a common method for the preparation of solid catalysts. For
example, the Mg/ZSM-5 catalyst was prepared by impregnation [38]. The carrier ZSM-5 was
placed in contact with an aqueous solution of a certain metal salt (MgX) as the carrier of the
active component so the metal salt solution could be adsorbed or stored in the capillary tube
of the carrier. After filtrating, drying, grinding, activation, and immersing in the solution
containing the co-catalyst precursor, the catalyst was finally obtained after drying.

The principle of the impregnation method is that the active component is impregnated
on the porous carrier in the form of a salt solution and permeates into the inner surface
to form a high-efficiency catalyst. Most of the active components are permeated to the
inner surface, and only a small number of active components are loaded on the carrier
surfaces. The salt of the active component is left on the inner surface of the carrier when
the water evaporates and escapes. The impregnated metal and metal oxide salts are evenly
distributed in the pores of the carrier, and then the highly dispersed carrier catalyst can
be obtained after heating decomposition and activation. The specific surface, pore size,
and strength of the molecular sieve play a significant role in the properties of catalysts [39],
and different active components can also affect the properties of catalysts. For example,
Ebrahim Mohiuddin et al. [40] found that the total acidity of Fe-ZSM-5 was higher than
that of Cr-ZSM-5, which improved the selectivity of the catalyst.

Impregnation methods are mainly divided into four kinds, namely, excessive impreg-
nation, equal amount overflow, multiple impregnation, and impregnation precipitation
methods. Ricardo H. Gil-Horan et al. [41] used multiple impregnation methods to reduce
the interference between different components when preparing P, Fe, and Ni-reinforced
ZSM-5 zeolite catalysts. Compared with the excessive impregnation method, the impreg-
nation solution enters the void of the carrier with the impregnation precipitation method,
and the precipitating agent is added to precipitate the active component on the inner hole
and surface of the carrier.

Impregnation methods do not require special equipment and complex processes,
reducing the preparation cost and preparation difficulty. By adjusting the concentration of
the solution, impregnation time, and temperature, the morphology, size, and distribution
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of catalyst particles can be accurately controlled. However, the impregnation method does
not easily form a uniform distribution for large-scale production.

2.2. Catalyst Prepared with the Ion Exchange Method

Since most of the cations that need to be exchanged can exist in the cation (simple or
complex) state in an aqueous solution, the aqueous ion exchange method is commonly used.
When the pH value of an aqueous solution is adjusted to the extent that the crystal structure
of the molecular sieve cannot be destroyed and the molecular sieve contacts an aqueous
solution of a metal salt, the metal cation in the aqueous solution will exchange with the
original cation of the molecular sieve (usually sodium ions), and the anionic skeleton of the
molecular sieve will be recombined. For example, a Fe-ZSM-5 catalyst was prepared with
the aqueous solution exchange method by Yu Shen et al. [42]. The Fe3+ in ferric chloride
hexahydrate is exchanged with the Na+ ions in a molecular sieve to obtain the catalyst. If a
higher degree of exchange is required in the ion exchange process, intermittent multiple
exchange methods or continuous exchange methods could be used.

The multiple exchange method filters and washes the molecular sieve after the first
exchange. Then, the above molecular sieve is treated with a second exchange, filtration,
and washing. Moreover, the above steps are repeated until the exchange degree reaches
the desired requirements. For multiple exchanges, the exchange degree and exchange rate
can be improved by alternating ion exchange and high-temperature roasting. A variety of
cations can be exchanged into molecular sieves at the same time, and the molecular sieve
after the exchange often has better properties. The ratio of each cation exchange capacity
can be better controlled by using the mixed solution or by successive exchanges, according
to the strength of the selectivity for various cation exchanges.

Regarding molten salt solution technology, the interference of the solvent effect can
be eliminated. Molten salts with high ionization, such as alkali metal halides, sulfates, or
nitrates, can be used to provide a cation exchange molten salt solution, but the melting
point of the molten salt solution must be lower than the destruction temperature of the
zeolite molecular sieve structure. According to a previous study, Houda Jouini prepared
Fe-Cu-ZSM-5 from CuCl molten salt [43]. In addition to the cation exchange reaction
in the molten salt solution, there were some salts contained in the molecular sieve cage,
causing the special properties of zeolites. At the same time, external assistance (such as
microwaves) could also promote ion exchange. Somayeh Taghavi [44] heated a mixture of
copper chloride and zeolite in a microwave oven with a power of 700 W (about 235 ◦C) for
10 min to assist the molten salt exchange to produce Cu-ZSM-5.

Some salts can be sublimed into a gas at low temperatures, and the ion exchange
of zeolites can be carried out in this gaseous environment. For example, ammonium
chloride is sublimed into gas at 300 ◦C, and Na+ in a molecular sieve can be exchanged with
ammonium chloride vapor. Cuprous chloride can also sublimate above 300 ◦C, and the
non-skeleton cation of the molecular sieve can exchange with it to overcome its insolubility
in water and instability in aqueous solution.

No special equipment is required for the preparation of the ion exchange method, so
the production cost is relatively low. The preparation process is simple, and the operation
is convenient. However, the service life of the prepared catalyst is relatively short, and
it needs to be replaced frequently. At the same time, its stability is poor, and it is easily
affected by environmental conditions and operating factors, which leads to the decline of
its catalytic efficiency.

2.3. Catalyst Prepared with the Chemical Vapor Deposition Method

Chemical vapor deposition (CVD) uses gaseous or vapor substances to react at the gas
phase or gas–solid interface to form solid deposits. For example, a manganese (II) acety-
lacetone precursor was used to deposit manganese oxide on a clay-bonded SiC support by
an aerosol-assisted metal–organic chemical vapor deposition (AA-MOCVD) technique [45].
The preparation process of chemical vapor deposition is mainly divided into three steps.
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First, the reaction gas is diffused on the surface of the body. Second, the reaction gas is
adsorbed on the surface of the matrix. Finally, the solid sediment and gaseous by-products
formed on the surface of the matrix are separated from the surface of the matrix.

The advantages of CVD are that a smooth deposition on the surface can be obtained, the
mean free path of molecules (atoms) is relatively larger, and the spatial distribution of molecules
is more uniform. For example, Milad Rasouli introduced ZnO into the HZSM-5 molecular sieve
by chemical vapor deposition in their experiment [46]. In addition, it has excellent product
performance, but there are some problems of pollution and insufficient precision.

2.4. Catalyst Prepared with the Sublimation Method

Under a certain atmospheric pressure, the vapor pressure of a solid substance is equal
to the external pressure, and sublimation occurs not only on the surface of the solid but
also in its interior. In related studies, El-Malki et al. [47] sublimed volatile compounds onto
HZSM-5 to produce Z/ZSM-5 molecular sieve catalysts with Ga, Fe, and Zn. In addition,
the catalytic activity and durability of the Fe/ZSM-5 catalyst prepared by Haiying Chen
in a water-rich environment were promoted by sublimation [48]. The advantage of the
sublimation method is that it does not use a solvent and the product purity is high. Its
disadvantage is that the product loss is larger, and it is generally used for the preparation
of a small number of catalysts.

2.5. Catalyst Prepared with the Hydrothermal Method

The hydrothermal method is adopted to prepare materials in a sealed pressure vessel
after a powder is dissolved and recrystallized with water as a solvent. A certain form of the
precursor is put into an autoclaved aqueous solution, a hydrothermal reaction under high-
temperature and high-pressure conditions is performed, and then separation, washing,
drying, and other operations are carried out.

The advantage of the hydrothermal method is that the powder prepared with it
has complete grain development, a small particle size, and uniform distribution, and it
is convenient to design and characterize its stoichiometry and crystal type. However,
it usually depends on the equipment because the hydrothermal method requires high
temperature and high pressure. At present, some researchers have synthesized ZSM-5
composite membranes by the hydrothermal method [49].

In short, the hydrothermal method can promote the growth of crystals. The catalyst
that is prepared by this method has a smaller crystal size and its catalytic activity is very
high. Meanwhile, a wide variety of catalysts can be synthesized. However, the reaction
rate is slow and there are high temperature and high pressure steps, and a high-precision
reactor is needed to ensure that the reaction conditions are well controlled.

According to the above information, ZSM-5 catalysts can be prepared with the im-
pregnation method, ion exchange method, chemical vapor deposition method, sublimation
method, hydrothermal method, and so on. The preparation method can have a significant
effect on the surface enrichment of active compositions, BET surface area, uniform distri-
bution, acid sites, redox properties, and so on. Therefore, NO conversions especially are
dependent on the preparation methods for ZSM-5 catalysts. Among them, the catalysts that
are prepared by the impregnation method and ion exchange method have a low cost. The
product with the sublimation method has higher purity, but the method is only suitable for
the preparation of a small number of catalysts. The quality of the product that is produced
by the chemical vapor deposition method is low and the product that is prepared by the
hydrothermal method has good SCR performance, but the cost is high.

3. Effect of Single Metal Ion on ZSM-5 Catalysts

3.1. ZSM-5-Cu Catalysts

Marzieh Hamidzadeh et al. proved that the hydrothermal impregnation of copper
chloride and nitrate on HZSM-5 enhanced its denitrification catalytic activity, although
this method could cause the loss of zeolite skeleton. The Cu (Cl)/ZSM-5 catalyst had the
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highest activity among these catalysts. Its activity increased with temperature, remaining
constant until about 300 ◦C, and then weakened with a small slope [50]. At the same
time, Wang’s team [51] found that an excellent Cu/ZSM-5 catalyst was prepared by a
polymer-assisted deposition method. Its excellent catalytic performance could be correlated
with the encapsulation and confinement dispersion of Cu-based active species within the
ZSM-5 molecular sieve channels, which dramatically optimized the catalytic properties
and structural stability of the solid. The catalytic conversions are shown in Figure 1.

Figure 1. High-silica Cu/ZSM-5 with confinement encapsulated Cu-based active species for
NH3-SCR [51].

3.2. ZSM-5-Fe Catalysts

Fe-based zeolites are widely used in the NH3-SCR of NOx at high temperatures,
and the Fe species play significant roles in the NOx conversions, illustrating good sulfur
resistance and SCR activity. Therefore, the relationships between SCR performances and
Fe species over Fe-ZSM-5 were systematically investigated. According to the previous
study [52], the oligomeric Fe and FexOy species could cause weakened high-temperature
acid sites and stronger NH3 oxidation, and the NH3-SCR activity over Fe-ZSM-5 with a high
Fe loading decreased at high temperatures. Due to nitrate decomposition, the formation of
N2O was found to be over 1.0 wt% Fe-ZSM-5. The calculated reaction pathways of NO2
and NH3 depended on the formation rate of [Fe-NO2]-1/[FeO-NO], based on the DFT
results. The catalytic activity and the calculated reaction pathway of the Fe-ZSM-5 catalyst
are shown in Figure 2.

Figure 2. Catalytic activity and calculated reaction pathway of the Fe-ZSM-5 catalyst [52].

In Yu’s study [53], ZSM-5 zeolite catalysts doped with Fe were prepared with the
solution ion-exchange method. The active Fe species, rather than acidity, played a decisive
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role in the SCR activity of Fe-ZSM-5, and the Fe-oxo-related Lewis sites were important
for the low-temperature SCR reaction. Compared to the dimeric [OH-Fe-O-Fe-OH]2+, the
isolated Fe3+ species in Fe-ZSM-5 were shown more active during the SCR process at a
middle temperature of 500 ◦C.

According to Wang’s research [54], a series of Fe/ZSM-5 catalysts with different iron
contents via the impregnation method were prepared to study the effect of iron loading on the
performance and structure of the Fe/ZSM-5 catalyst for NH3-SCR of NO. The optimal loading
capacity of the Fe active component was 10 wt%. In the experiment, the activities of other catalyst
samples under different temperatures were characterized. When the temperature increased
from 350 to 450 ◦C, the conversion rate of the 10 wt% Fe/ZSM-5 catalyst was more than 80%
and reached the highest conversion rate (96.91%) at 431 ◦C. The crystallization of ZSM-5 was
not affected by the Fe contents. The more dispersed nanoparticles as active components on the
surface of the carrier, the more favorable the NH3-SCR reaction was. The redox performance of
the 10 wt% Fe/ZSM-5 catalyst was significant. More Fe3+ species and easier formation of Lewis
acid sites could improve the conversion efficiency of NOx.

3.3. ZSM-5-Co Catalysts

Marzieh Hamidzadeh proved that the hydrothermal impregnation of cobalt chloride
and nitrate on HZSM-5 enhanced its denitrification catalytic activity. The Co (Cl)/ZSM-5
catalyst showed the highest activity around 300 ◦C [50]. However, the related research is
very limited since many previous works focus on the NO-SCR reaction over Co-containing
H-ZSM-5 catalysts with a CxHy reductant instead of NH3 [55].

3.4. ZSM-5-Mn Catalysts

Most Mn in Mn/ZSM-5 exists in the form of oxides. Mn/ZSM-5 molecular sieve
catalysts were prepared by Xue Hongyan’s team with the impregnation method [56]. Below
200 ◦C, the conversion of NH3 with the Mn/ZSM-5 catalyst is negligible. The conversion
rates of NH3 on the Mn/ZSM-5 catalyst increase sharply in the range of 250–300 ◦C, reach-
ing almost 100% at 300 ◦C. In Xiao’s research [57], he found that the Mn/ZSM-5 catalyst
had weak sulfur resistance. The addition of Fe significantly improved the conversion rate of
SO2-SO3, and the presence of appropriate Fe promoted the formation of SO3 and enhanced
the conversion of NOx.

As shown in Figure 3, this work reveals the relationship between the location of MnOx
nanoparticles and the SCR properties, which can provide a new idea for designing low-
temperature zeolite catalysts. MnOx-ZSM-5 catalysts with different MnOx loadings were
explored for the NH3-SCR reaction. The catalyst exhibited superior low-temperature SCR
activity when MnOx was dispersed on the outer surface of ZSM-5. Thus, the confinement
effect could influence the redox properties of the catalysts [58].

Figure 3. ZSM-5 catalyst with a superior low-temperature SCR activity [58].
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3.5. ZSM-5-Ni Catalysts

The Ni in Ni/ZSM-5 exists in the form of NiO crystals (3–50 nm) and charge-compensated
Ni2+ cations. After the introduction of Ni by the initial wet impregnation method, Vu’s
team [59] largely preserved the structure and texture properties of ZSM-5. It was pointed
out that the ZSM-5 molecular sieve functionalized with cheap and abundant transition
metal Ni (Ni/ZSM-5) was a highly active and cost-effective catalyst. In addition, the
excellent (water) thermal stability under harsh operating conditions (e.g., temperature up
to 873 K and pressure up to 60 bar) made this silicon-rich zeolite bifocal catalyst more
attractive, especially for industrially relevant gas applications.

According to Marzieh Hamidzadeh’s study [50], Ni-ZSM5 catalysts were prepared
with the hydrothermal impregnation method, using nickel chloride and nitrate as the
precursors. The catalyst prepared with the chloride precursor system showed higher
activity and higher metal dispersion. However, compared with nickel, copper and cobalt
improved the conversion rate of SCR reaction more significantly.

As shown in Figure 4, double active sites are verified by redox ability:
Cu/ZSM-5 > Mn/ZSM-5 > Ni/ZSM-5. Copper, manganese, and nickel were introduced
into H/ZSM-5 zeolites with the incipient wetness impregnation method. The modified
catalysts were evaluated for the NH3-SCR of nitric oxides, suggesting that the NH3-SCR
route over catalysts was through the Langmuir–Hinshelwood mechanism. Metal clusters
and bulk oxides were the active sites used to adsorb NO and NH3 was adsorbed on the acid
sites. Nonselective NH3 oxidation at higher temperatures appeared at higher temperatures
due to the double active sites [60].

Figure 4. Copper, manganese, and nickel/ZSM-5 catalytic mechanisms for nitric oxide selective
reduction with ammonia [60].

According to Table 1, it can be seen that the molecular sieve catalysts Cu(Cl)/ZSM-5,
Cu-ZSM-5, Co(Cl)/ZSM-5, Mn/ZSM-5, MnOx-ZSM-5, Cu(Cl)/ZSM-5, CO (Cl)/ZSM-5,
and MnOx-ZSM-5 can achieve a catalytic efficiency of 90% at a low temperature (<300 ◦C).
The Ni(Cl)/ZSM-5 molecular sieve catalyst requires a relatively high reaction temperature
(>300 ◦C) for catalysis, but its conversion is slightly lower than that of other catalysts
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at lower temperatures. Meanwhile, the distribution and species of metal elements play
important roles in the SCR reaction and NOx removal.

Table 1. The effect of single metal ions on the performances of ZSM-5 catalysts.

Catalysts Method Conditions Conversion Ref.

Cu(Cl)/ZSM-5 hydrothermal impregnation
method [NO] = [NH3] = 350 ppm, [O2] = 2.6%, GHSV = 30,000 h−1 >90%

(300 ◦C) [50]

Cu-ZSM-5 polymer-assisted deposition
method [NO] = [NH3] = 600 ppm, [O2] = 5%, GHSV = 45,000 h−1 >90% (240–390 ◦C) [51]

Fe-ZSM-5 wet incipient impregnation
method [NO] = [NH3] = 500 ppm, [O2] = 8%, GHSV= 50,000 h−1 >80% (425–680 ◦C) [52]

Fe-ZSM-5 ion exchange method [NO] = [NH3] = 500 ppm, [O2] = 8%, GHSV= 50,000 h−1 >90% (550 ◦C) [53]

Fe/ZSM-5 impregnation method [NO] = [NH3] = 3%, [O2] = 21%, GHSV = 24,000 h−1 96.91%
(431 ◦C) [54]

Co(Cl)/ZSM-5 hydrothermal impregnation [NO] = [NH3] = 350 ppm, [O2] = 2.6%, GHSV = 30,000 h−1 >90%
(300 ◦C) [50]

Mn/ZSM-5 Mn (NO) impregnation method [NO] = [NH3] = 500 ppm, [O2] = 5.0%, GHSV = 80,000 h−1 >90%
(250 ◦C) [55]

MnOx-ZSM-5 impregnation method
T = 150 ◦C [NO] = [NH3] = 500 ppm, [O2] = 4%, GHSV = 30,000 h−1 >80% (157–315 ◦C) [58]

Ni/ZSM-5 incipient wetness impregnation
method [NO] = [NH3] = 500 ppm, [O2] = 5% 90.9%

(460 ◦C) [60]

Ni(Cl)/ZSM-5 hydrothermal impregnation [NO] = [NH3] = 350 ppm, [O2] = 2.6%, GHSV = 30,000 h−1 >80%
(400 ◦C) [50]

Ordinary ZSM-5 catalysts cannot meet the needs of denitration in all environments,
which is why scholars have repeatedly studied the significance of introducing different
metal cations to ZSM-5 catalysts. The introduction of Cu and Co can enhance the denitri-
fication activity over 300 ◦C. Fe enhances the redox capacity of the catalyst and obtains
the maximum conversion rate of nitrogen oxides over 400 ◦C, Mn expands the range of
applications due to its remarkably low temperature (below 300 ◦C) SCR activity, and the
Ni-ZSM-5 catalyst shows excellent SCR activity over 400 ◦C. Moreover, Fe and Ce can
enhance sulfur resistance. Sometimes, adding a single metal ion is not enough to meet
the complex conditions of realistic denitrification, so it is necessary to study the effect of
multiple metal ions on the performance of a ZSM-5 catalyst.

4. Effect of Multiple Metal Ions on ZSM-5 Catalysts

Houda Jouini’s team [43] utilized the solid-state ion exchange method to prepare
Ce-Fe-Cu-ZSM-5 and Fe-Cu-ZSM-5 catalysts. The Fe-Cu-ZSM-5 catalytic system demonstrated
its efficiency in NOx emission reduction at a wide temperature window (180 ◦C–550 ◦C). The
addition of cerium promoted the oxygen transport capacity, and the combination of the three
significantly enhanced the low-temperature SCR activity. Cerium, acting as an oxygen storage
promoter, facilitated the oxidation of NO to NO2, which was a crucial step in NH3-SCR. While
reducing NO emissions in the presence of O2, it also facilitated the oxidation of ammonia.
Therefore, the addition of cerium promoted the catalyst’s activity at high temperatures.

Furthermore, the catalyst (WZZ-SG700) that was prepared by the sol-gel method had
a higher surface enrichment when compared with the impregnation method and grinding
method methods, illustrating the highest NO conversion (as shown in Figure 5) [61]. The
SCR performance at high temperatures was improved by its remarkable surface acidity
and redox property due to the significant interaction between WO3 and ZrO2. Meanwhile,
the high resistance against SO2 and H2O and high N2 selectivity were enhanced for the
WZZ-SG700 catalyst. The main reaction intermediates of monodentate nitrite, ad-NO2
species, NH4

+, surface-adsorbed NH3, and amide (-NH2) were found during the reaction
by the in situ DRIFTS tests.
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Figure 5. The high activity of NH3-SCR at high temperatures compared to W-Zr/ZSM-5 [61].

As shown in Figure 6, Xue’s team [62] employed a combination of ion exchange and
impregnation methods to prepare a series of MnCo/Cu-ZSM-5 (MnCo/Cu-Z) catalysts
with varying Mn/Co ratios for the NH3 selective catalytic reduction of NO. It was found
that the reason for the increase in SCR activity over the MnCo catalyst was the improvement
of the high-price metal ions on the catalyst surface and the reduction of metal oxides. Below
200 ◦C, MnCo/Cu-Z catalysts exhibited higher NH3-SCR activity for NOx compared to
Cu-Z catalysts, with the highest activity observed for Mn1Co2/Cu-Z catalysts.

Figure 6. Proposed reaction mechanism of the NH3-SCR of NOx compared to Cu-Z, Mn1Co2/Z, and
Mn1Co2/Cu-Z catalysts at 150 ◦C [62].

ZSM-5 with Co and Mn was prepared by Zhang’s team with the co-precipitation
method and they tested their catalysts for the low-temperature NH3 selective catalytic
reduction of NOx. The optimal catalyst was found to be 5 wt% Co 10 wt% Mn/ZSM-5(2),
showing a high NOx conversion (98.8%) and N2 selectivity (90.7%) at 150 ◦C [63].

Wen’s team [64] proposed a four-step catalytic mechanism for SCR and fast SCR using
Mn/Co-Al/Ce-doped ZSM-5 and conducted a detailed study on the catalytic mechanism
using quantum chemical methods. It was concluded that when Ce/Al was doped into
ZSM5-Mn/Co and replaced the active center Si, the activation energy for fast SCR was
further reduced to about 40–60 kJ/mol. The catalysts for SCR and fast SCR were not only
related to the supported transition metals such as Mn and Co but also highly correlated
with active centers such as Al and Ce.
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As shown in Figure 7, Wentao Mu [65] discovered that the Fe content and metal ion
ratio of Fe-Mn/ZSM-5 catalysts must be suitable for optimal catalytic performance at low
temperatures. A series of catalysts (Fe-Mn/ZSM-10) were prepared with a different iron
content and constant manganese content (5 wt%) by conventional co-precipitation. The
addition of Fe may bring about a strong synergistic effect between Fe and Mn to produce a
bimetallic active site and establish a multifunctional electron transfer bridge to improve the
catalytic performance of Fe-Mn/ZSM-5 catalyst. However, the bridge transfer rate depends
on the relative contents of iron and manganese ions, so the content of Fe should be moderate.

Figure 7. Fe-Mn/ZSM-5 catalyst for the NH3-SCR of NOx at low temperatures [65].

The effects of different La loadings on Ce-Cu/ZSM-5 catalysts were investigated, and
their performances on the NH3-SCR of NOx were evaluated. The Ce-Cu/ZSM-5 catalyst
doped with 2 wt% La illustrated the best NH3-SCR performance at 200–500 ◦C, suggesting
the promotion of La doping. The redox cycle between Cu and Ce could promote the
oxidation of NO, resulting in a “Fast SCR”. The surface acidic and redox properties could
be improved by the addition of La, causing an increase in NH3-SCR performance [66]. The
related results are shown in Figure 8.

Figure 8. Effect of the V, Cu, and Ce-loading on the simultaneous removal of SO2 and NO [66].

Ma’s team [67] investigated the structure and physicochemical properties of Mn-Ce species-
loaded mesoporous ZSM-5 (MZ) for the selective catalytic reduction of NO with ammonia.
Compared to traditional ZSM-5 and SBA-15, Cu-Ce/MZ exhibited numerous mesopores and
more accessible active sites, facilitating diffusion and improving the internal mass transfer
during the denitrification process. Cu-Ce/MZ displayed a high NO conversion of 55.9% at
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150 ◦C. At 200 ◦C, the Cu-Ce/MZ catalyst showed higher activity than Cu-Ce/ZSM-5 and
Cu-Ce/SBA-15 for fast SCR, maintaining NOx conversion rates of about 92.7%.

According to Xue’s study [68], Ca/ZrCu/ZSM-5 catalysts were synthesized with different
Zr contents using the initial wet impregnation method. It was concluded that the addition of Zr
enhanced the resistance of Cu/ZSM-5 catalysts to calcium poisoning during the SCR process.
Additionally, the acidity of Ca/Cu/ZSM-5 did not change significantly after the addition of Zr.
The optimal Zr content was found to be 0.10%, resulting in the highest catalytic activity.

MnOx-CeO2/ZSM-5 catalysts were prepared by Yang’s team [69] with the impreg-
nation method. Compared to MnOx/ZSM-5, the catalytic performances for the fast SCR
reaction and NO oxidation were significantly improved with the addition of CeO2. The
doping of CeO2 facilitated the absorption and oxidation of NO and therefore promoted the
conversion of NO to NO2. MnCe(0.39)/ZSM-5 exhibited the best performance, maintaining
fast SCR NOx conversion rates above 95% within the temperature range of 150–350 ◦C. The
NOx conversion reached 95.4% at 150 ◦C.

As mentioned above, the introduction of a single metal cation greatly improves the SCR
performance of a catalyst. The complex reality often requires all aspects of the properties of the
catalyst, and the introduction of multiple ions will improve the many catalytic properties of
the catalysts. According to Table 2, it is common to introduce two or more ions into catalysts,
such as Ce, Fe, Cu, Mo, La, Zr, W, and Mn, and the impregnation method and ion exchange
method are commonly used for their preparation. Fe-Mn/ZSM-5, 5% Co 10% Mn/ZSM-5,
Cu-ZSM-5 with MN-Co, Fe-Mn/ZSM-5, CuCe-La/ZSM-5, Cu-Ce /ZSM-5, Ca/ZrCu/ZSM-5,
MnOx-CeO2/ZSM-5, and K0.5/Cu/ZSM-5 showed high activity at low temperature (<300 ◦C),
while (W-Zr-ZSM-5 (WZZ)), W-Zr-ZSM-5 (WZZ), K0.5/Cu/ZSM-5 (WZZ), and Ce-Fe-Cu-ZSM-
5 showed better catalytic performance at high temperatures (>300 ◦C). The temperature window
is not only an important issue to be considered in the laboratory stage, but also a remarkable
factor from the perspective of energy consumption and economy. Moreover, the interaction of
multiple ions over the ZSM-5 catalysts usually can change the catalytic active sites and active
centers, generating active species. Fe and Mn enhance redox properties, Mn and Ce improve
redox activity, Cu and Ce exhibit numerous mesopores and more accessible active sites, and
WO3 and ZrO2 improve remarkable surface acidity and redox properties.

Table 2. Multiple metal ions on the performances of ZSM-5 catalysts.

Catalysts Method Conditions Conversion Ref.

Ce-Fe-Cu-ZSM-5 solid-state ion
exchange method [NO] = [NH3] = 1000 ppm, [O2] = 8%, GHSV = 333,333 h−1 63%

(550 ◦C) [43]

Fe-Cu-ZSM-5 solid-state ion
exchange method [NO] = [NH3] = 1000 ppm, [O2] = 8%, GHSV = 333,333 h−1 72%

(550 ◦C) [43]

Fe-Mn/ZSM-5 wet impregnation method [NO2] = [NO] = 250 ppm, [O2] = 5%, GHSV = 37,500 h−1 99.44%
(250 ◦C) [57]

W-Zr-ZSM-5 (WZZ) sol-gel method, impregnation method,
and grinding method

[NOx] = [NH3] = 500 ppm, [O2] = 5%
GHSV = 15,000 h−1

>90%
(300–650 ◦C) [61]

Cu-ZSM-5
with Mn-Co ion-exchange technique [NOx] = [NH3] = 500 ppm, [O2] = 5% >90%

(185–470 ◦C) [62]

5%Co10%Mn/ZSM-5 impregnation method [NOx] = [NH3] = 500 ppm, [O2] = 5% 98.8%
(150 ◦C) [63]

Fe-Mn/ZSM-5 conventional co-precipitation method [NOx] = [NH3] = 600 ppm, [O2] = 5% 100%
(90 ◦C) [65]

CuCe-La/ZSM-5 ion exchange method [NO] = [NH3] = 500 ppm, [O2] = 5%, GHSV = 17,000 h−1 99.5%
(300 ◦C) [66]

Cu-Ce/ZSM-5 ion exchange method [NO] = [NH3] = 500 ppm, [O2] = 5%, >92.7%
(200 ◦C) [67]

Ca/ZrCu/ZSM-5 impregnation method [NO] = [NH3] = 500 ppm, [O2] = 5%,
GHSV = 80,000 h−1

>90%
(200–250 ◦C) [68]

MnOx-CeO2/ZSM-5 impregnation method [NO] = [NO2] = 500 ppm, [NH3] = 1000 ppm, [O2] = 3%,
GHSV = 30,000 h−1

95.4%
(150 ◦C) [69]

K0.5/Cu/ZSM-5 impregnation method [NO] = [NH3] = 500 ppm, [O2] = 5%, 80,000 mL/g·h >90%
(200–250 ◦C) [70]
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5. Environmental Adaptability and Future Prospect of ZSM-5 Catalyst

5.1. Sulfur Resistance

The sulfur resistance of a catalyst refers to its ability to maintain high denitrification
activity in the presence of sulfides (such as hydrogen sulfide or sulfur oxides). The toxicity
mechanism of SO2 on catalysts can be divided into three ways. The first way is that the
competitive adsorption between SO2 and reactants (NO and NH3) reduces the adsorption
sites, causing poor SC activity. The second way is that the formation of SO3 from SO2
reacts with NH3 to generate the ammonium sulfate salt, covering the active sites. The third
way is that the active metal species are consumed by SO2 to form metal sulfates or sulfites,
reducing the reducibility of metal ions.

ZSM-5 is a commonly used catalyst with excellent denitrification properties. This
kind of catalyst illustrates remarkable sulfur resistance due to its special distribution and
species of metal ions and its characteristic pore structures. Moreover, the introduction
of other specific metal ions or oxides can enhance the sulfur resistance of ZSM-5 [71–73].
Improving the sulfur resistance can prolong the service life of a catalyst by slowing down
the reaction between the sulfide and the active site on the catalyst surface. It can also
reduce the adsorption of sulfide and improve the selective removal efficiency of the catalyst
for nitrogen oxides. The adsorption of sulfide is then reduced and the selective removal
efficiency of nitrogen oxides is improved. Wang [54] discovered that Fe-ZSM-5 catalysts
with different iron contents exhibited high catalytic activity in SCR, along with good sulfur
and water resistance.

5.2. Alkali Resistance

Fuel and lubricant additives may contain a large amount of alkali metals, and their
deposition could significantly reduce the performance of SCR catalysts. Alkaline substances
will competitively adsorb on the active site of ZSM-5, causing the active site to be blocked
and reducing the denitrification performance. If ZSM-5 has good alkaline resistance, it
can reduce the blocking of the active site, improve the selective removal efficiency of the
catalyst for nitrogen oxides, slow down the alkali vapor deactivation rate of the catalyst,
and extend the service life of the catalyst.

Hongyan Xue and his team [70] found that the introduction of potassium reduced
the exposure of active CuO on ZSM-5. To some extent, it inhibited the adsorption of NH3
and NOx, reduced the formation of active bridging nitrates, and promoted the formation
of inactive bidentate nitrates. As shown in Figure 9, the alkali metal deposition on the
SCR catalyst reduces the specific surface area and pore volume of the catalyst, destroys the
active site on the catalyst surface, and eventually leads to catalyst poisoning [74]. The alkali
metal compounds present in the exhaust gases of diesel vehicles and certain factories after
dust removal could severely poison Fe-Cu-ZSM-5 catalysts and affect their activity [75].
Characterization results revealed that the introduction of alkali metals did not decrease
the crystallinity and textural properties (specific surface area and pore volume) of the
parent molecular sieve. On the contrary, it induced new mesoporosity in ZSM-5 materials.
By comparing the pore size distributions (PSD) of the fresh and alkali-treated catalysts
obtained by adsorption branches, the pore size distributions were found to be relatively
wide in the poisoned samples.

Meanwhile, the doping of other metal elements, rational design of catalyst structures,
and effective use of catalyst supports can effectively improve the anti-poisoning ability of
SCR catalysts. Water washing, pickling, and electrophoresis treatment are some common
methods for alkaline poisoning catalyst regeneration.
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Figure 9. Schematic diagram of the poisoning mechanism of alkali metals on different SCR catalysts [74].

5.3. Water Resistance

Water will competitively adsorb on the active site of ZSM-5, causing the active site
to be blocked, thus reducing the denitrification performance. If ZSM-5 has good water
resistance, it can reduce the blocking of the active site, improve the selectivity, slow down
the hydrothermal deactivation rate of the catalyst, and extend the service life of the catalyst.
Guiying Xu and his team [76] focused on the study of different active metals and carriers
on the water resistance and sulfur resistance of Mn-based catalysts and proposed that the
different physical and chemical properties of different carriers have a certain impact on the
performance of catalysts; so, selecting the right carrier can improve the water resistance
and sulfur resistance of the catalyst. At the same time, in the existing research, it is difficult
to study the durability of catalysts in regard to water resistance and sulfur resistance, so it
is one of the important issues that should be further investigated.

When other molecular sieves are exposed to water vapor and heat, their structures
are generally destroyed, leading to irreversible deactivation. However, ZSM-5 was used
as a catalyst for methanol conversion (with water being one of the main products). This
indicated that ZSM-5 had good stability toward water vapor. ZSM-5 molecular sieves had
a high silicon-to-aluminum ratio, resulting in lower surface charge density. H2O, being
a highly polar molecule, was not easily absorbed by ZSM-5 molecular sieves. The core-
shell structure Mn-Ce mixed oxide catalyst designed by Honggen Peng and his team [77]
improved the water resistance of ZSM-5. Additionally, Wang [54] found that a Fe-ZSM-5
(20, 1:1) catalyst exhibited good water resistance under the conditions of a space velocity
of 55,510 h−1, 5% (ϕ) water vapor, and 600 × 10−6 sulfur dioxide. This indicated that the
introduction of other metal ions could alter the water resistance of ZSM-5.

5.4. Hydrothermal Stability

Hydrothermal stability is an important property of molecular sieve catalysts that
needs to be investigated. Many industrial catalytic reactions have high requirements for
hydrothermal stability, which is often the key to determining the catalyst life and reaction
process selection. For molecular sieve catalysts, hydrothermal treatment can cause the
dealumination of zeolites, reducing the surface area and pore volume, inactivating the
active metal species to the aggregation of active metal species, and degrading the structure
due to the mobility of metal oxides [78].
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In order to obtain molecular sieve catalysts with good hydrothermal stability, several
kinds of methods are investigated for the issue. The molecular sieve catalyst can improve
the stability of the active center of the catalytic material under water vapor conditions
by modifying the active center of the porous material with phospho-oxygen compound
assembly and introducing skeleton heteroatoms [79]. Hydrothermal treatment results in
chemical and structural changes that are sometimes irreversible, depending on the stability
of the zeolite frame. In order to maintain the structural integrity of zeolites and improve the
hydrothermal stability of zeolites, high-silicon zeolites have been synthesized. Meanwhile,
small-pore zeolites show stronger resistance to dealumination under hydrothermal condi-
tions, preventing the formation of metal oxide species [78,80]. Therefore, appropriate or
special molecular sieve catalysts should be selected according to the temperature window
of the application situation. Fe-exchanged ZSM-5 catalysts prepared from Na+ and H+

forms of ZSM-5, by Xiaoyan Shi [81], and better hydrothermal stability could be obtained
when Fe-ZSM-5 catalysts had greater quantities of Fe3+ species in ion-exchanged sites and
fewer residual protonic sites. Therefore, modifying the active center, preparing high-silicon
zeolites, selecting special molecular sieves, and forming suitable metal species can promote
the hydrothermal stability of NH3-SCR.

5.5. Future Prospect

The occurrence of side reactions will consume reactants and produce unwanted prod-
ucts, resulting in a waste of resources and secondary pollution. N2O as the side reaction
during the SCR process over molecular sieve catalysts will bring secondary pollution.
Therefore, how to reduce the formation of N2O is also a significant issue for NOx removal.
It is very efficient to choose highly selective catalysts by introducing suitable metal ions to
ensure selectivity.

Metal ions (such as Cu, Fe, Co, Ni, Cr, Zn, Zr, W, Mo, La, Ce, and Mn) are widely
used for preparing ZSM-5 catalysts. During the synthesis and scrapping process, the
residual metal ions resulting in environmental pollution are also a major problem. This
problem can be solved by obtaining a green approach for NOx removal by designing
and selecting an environmentally friendly synthesis and scrapping process. During the
synthesis process, we can choose the appropriate ions and control the concentration and
temperature to improve the ion exchange efficiency. Meanwhile, using ions with good
activity and low toxicity as much as possible can prevent risks to the environment, even
if there are metal ions remaining after preparation. For example, between the Fe ion and
Cr ion, without considering other factors, the Fe ion with good activity and low toxicity is
preferred. Furthermore, in terms of energy, it is important to choose a preparation method
with a low cost and low energy consumption. The hydrothermal method is expensive
and has high energy consumption, while the lower production cost of the impregnation
method and ion exchange method are in line with the theme of green energy. During the
scrapping process, catalyst regeneration is an excellent way to solve the problem of residual
metal ions in the ZSM-5 catalysts, and acid/alkali washing and thermal treatment are the
common regeneration methods for deactivated catalysts [82]. Furthermore, metal ions from
waste ZSM-5 catalysts can be extracted and used to prepare new materials, if the catalysts
have no regeneration value. In conclusion, the green approach for NOx removal can be
further enhanced by controlling the synthesis and scrapping process.

6. Conclusions

Most of the molecular sieve catalysts were prepared with the immersion method, and
some were prepared with the ion exchange method. The more commonly introduced metal
ions are Fe, Co, Ni, Mn, Cr, Cu, Zr, W, Ce, La, and so on. Meanwhile, the SCR activity and
environmental adaptability of multiple metal ions over the ZSM-5 molecular sieve catalysts
were found to be significantly better compared to that of single metal ions, due to the strong
interaction of the multiple metal ions. However, ZSM-5 molecular sieve catalysts still face
many challenges in environmental adaptability, including the poisoning of toxic substances,
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competitive adsorption of volatile substances, influence of water vapor, changes in reaction
conditions, and long-term stability. Overcoming these challenges requires further research
and development to improve catalyst stability and performance.

Denitrification, the process of removing nitrogen oxides from flue gas, is still highly
regarded by the public and has been sharply raised as a worldwide problem. SCR deni-
tration technology is the most widely used technology in China, and the molecular sieve
catalyst is one of the main catalysts that can meet the needs of fixed source denitration in
the future. They demonstrate excellent catalytic activity and selectivity in a variety of fields,
such as exhaust gas purification, petrochemical, biomass conversion, olefin separation, and
conversion. The ZSM-5 molecular sieve catalyst has a highly controllable pore structure
and acid site, and its catalytic performance can be optimized by adjusting its composition,
morphology, and active center. In addition, the ZSM-5 molecular sieve catalyst also has
good environmental adaptability and can resist adverse factors such as sulfur, alkali, and
water, so it has a wide application prospect.
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Abstract: The alkylation of benzene with methanol can effectively generate high-value-added toluene
and xylene out of surplus benzene, which is now achieved primarily using solid acids like H-ZSM-5
zeolites as catalysts. In this work, two H-ZSM-5 samples with distinct framework aluminum (AlF)
distributions, but otherwise quite similar textural and acidic properties, have been prepared by
employing tetrapropylammonium hydroxide (TPAOH) and n-butylamine (NBA) as organic structure-
directing agents (OSDAs). Systematical investigations demonstrate that AlF is preferentially located
at the intersections in MFI topology when TPAOH is adopted. In contrast, less AlF is positioned
therein as NBA is utilized. Density functional theory (DFT) calculations reveal that the transition-
state complexes cannot be formed in the straight and sinusoidal channels due to their much smaller
sizes than the dynamic diameters of transition states, whereas there are adequate spaces for the
formation of transition states at the intersections. Benefitting from abundant AlF at the intersections,
which provides more acid sites therein, H-ZSM-5 synthesized from TPAOH is more active relative
to the counterpart obtained from NBA. At a WHSV of 4 h−1 and 400 ◦C, the former catalyst gives a
52.8% conversion, while the latter one affords a 45.9% conversion. Both catalysts display close total
selectivity towards toluene and xylene (ca. 84%). This study provides an efficient way to regulate
the distribution of acid sites, thereby enhancing the catalytic performance of H-ZSM-5 zeolite in the
titled reaction.

Keywords: benzene alkylation; H-ZSM-5 zeolite; Al spatial distribution; DFT calculation

1. Introduction

Benzene, toluene and xylene are very important chemical raw materials, which are
extensively utilized in the production of organic solvents, gasoline octane number adjusting
additives, vitamins and drugs [1–3]. In recent years, with the upgrading of gasoline
quality, benzene, which was previously allowed to add into gasoline, has been greatly
limited, resulting in a severe surplus, and concurrently, its price has witnessed a steep drop.
However, the added values of toluene and xylene, as homologues of benzene, have kept
growing steadily because of their reduced toxicity and wide usages in the manufacture of
chemical intermediates, fine chemicals and polymers. Hence, the alkylation of benzene
with methanol is a promising way to make better use of the surplus benzene, which has
advantages such as mild operation conditions and an abundant source of methanol. This
process can also seek a new way out for the current aromatic market [4–12].

It is generally accepted that benzene alkylation with methanol is catalyzed by Brønsted
acid sites (BASs) from solid acid catalysts [13,14]; particularly, H-ZSM-5 zeolites are consid-
ered an excellent catalyst, owing to its unique acidity and pore structure. Previous research
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has confirmed that the reaction can proceed via two mechanisms, namely the stepwise
mechanism and the concert mechanism, according to both experimental and theoretical
work [15,16]. In the stepwise mechanism (Figure S1), methanol is firstly adsorbed on a BAS
to be protonated into CH3OH2

+, which is further dehydrated to obtain a methyl moiety
bounced on the framework oxygen of the zeolite, i.e., the formation of surface-bonded
methoxy group from methanol adsorption [17–20]. A benzene molecule then enters into
the zeolite channel, which is adsorbed neighboring to the methoxy group. Thereafter, a
methyl-benzene complex regarded as the transition state is encountered for the addition
of the methoxy group to benzene [14,18]. A protonated toluene cation is subsequently
attained when the energy barrier is overcome, whose back-donating a proton to the zeolite
framework brings about the generation of a toluene molecule. For the concerted pathway
(Figure S1), the dehydration of CH3OH2

+ and the attack from the methyl group on the
benzene molecule simultaneously happen, leading to a transition state in the form of H2O-
CH3-C6H6, while other elementary reactions are close to the stepwise ones [14,18]. It is
rather difficult to quantitively distinguish the relative contributions of two mechanisms;
consequently, the real reaction is possibly a combination of the above-mentioned two path-
ways. Apart from the main reaction, side reactions, including methanol to olefins (MTO),
isomerization and methyl-transfer reaction, will also exist in the system, particularly for
MTO, which gives rise to the generation of C1–C5 hydrocarbons and whose extent can be
enhanced by higher acid density and sluggish diffusion [21].

It is generally considered that low acid density, hierarchical pores and small particle
size of H-ZSM-5 zeolites are conducive to avoiding MTO reactions, reducing the by-product
ethylbenzene (as a product via the alkylation of benzene with ethylene) and improving
catalytic activity [8,22–24]. By far, properties including but not limited to morphology, Si/Al
ratio and structure (core-shell, etc.) of the H-ZSM-5 zeolite have been deliberately explored
to establish their relationships with the catalytic performances [8,25,26], yet there are other
parameters of the H-ZSM-5 zeolite (surface area, crystal size, Al spatial distribution) that
could exert significant influences on the catalytic behavior of H-ZSM-5 in the alkylation of
benzene with methanol.

Numerous studies have shown that the distribution of Al atoms in the zeolite frame-
work is not random but determined by the interaction between organic structural-directing
agents (OSDAs) and zeolites [27–30]. Al sitting variations can be achieved by changing
OSDAs, altering the gel composition, and adjusting the feeding sequence, etc. [30–36],
which then determine the reaction path or carbon deposition rate, finally affecting the
catalytic performance. Accordingly, Brønsted acid sites derived from framework aluminum
(AlF) of H-ZSM-5 can be divided into three types according to their exact locations, i.e., in
the straight channels, sinusoidal channels and intersections. Although these three types of
BASs can all be deemed as active sites, the adsorption enthalpy and entropy may be rather
distinct due to the steric hindrances considering the different sizes between channels and
intersections (5.1 × 5.5 Å for sinusoidal channels, 5.3 × 5.6 Å for straight channels and ca.
9 Å for intersection cavity). In particular, the steric constraints of bulky transition states can
be more prominent for those acid sites located in the straight and sinusoidal channels. In
consequence, previous reports have demonstrated significant differences in the catalytic
performances of ethane and ethylene aromatization, MTO and 1-octene cracking reactions
catalyzed by H-ZSM-5 with AlF concentrated in intersections or channels [37–39]. Wang
et al. found that the location of AlF in H-ZSM-5 could influence catalytic performance
in the alkylation of benzene with methanol, and they attributed this phenomenon to the
co-adsorption effect of benzene and methanol when AlF was located at intersections [40].
However, the chemical environment of AlF at different locations is also believed to be
capable of altering the host–guest interaction between the transition state and the H-ZSM-5
zeolite framework, thus determining catalytic properties. On the one hand, the implemen-
tation of the above catalyst preparation will often introduce other variables aside from the
aluminum location, thereby affecting the accuracy of the results. On the other hand, the
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function of Al sittings on the catalytic performance of H-ZSM-5 in the alkylation of benzene
with methanol is still far from sufficient understanding.

In this work, to study the influence of AlF distribution on benzene alkylation with
methanol from a mechanistic perspective, two H-ZSM-5 samples possessing very similar
textural and acidic properties were synthesized utilizing tetrapropylammonium hydroxide
and n-butylamine as OSDAs (i.e., templates). This work unveils that the acid sites (derived
from AlF) located in the straight and sinusoidal channels are not as active as those at
the intersections due to a confined effect, i.e., the smaller spaces of the channels on the
transition states as demonstrated by DFT calculations, which provides a new insight into
the structure–activity relationship on the titled reaction.

2. Results and Discussion

2.1. Structural and Textural Properties

As shown in Figure 1, XRD patterns of both Z5-NBA and Z5-TPA exhibit typical
diffraction peaks at 8.0◦, 8.9◦, 9.1◦, 23.1◦, 23.3◦, 23.7◦, 24.0◦ and 24.4◦ out of the (101), (020),
(111), (332), (051), (151), (303) and (133) crystal planes in MFI topology (PDF #44-0003),
respectively, indicating the successful formation of the H-ZSM-5 zeolite without detectable
impurities [41,42]. The relative crystallinity was calculated by integrating the areas of
diffraction peaks within 22.5−25◦, and the sum of the areas for Z5-NBA was set as 100%
for reference. As listed in Table 1, the XRD crystallinity of Z5-TPA and Z5-NBA was 105%
and 100%, respectively. The close crystallinity suggests that both TPA+ and NBA OSDAs
are capable of generating H-ZSM-5 zeolites with high crystallinity.

 
Figure 1. XRD patterns of Z5-TPA and Z5-NBA.

Table 1. Textural properties of Z5-TPA and Z5-NBA.

Sample
Si/Al Crystallinity Surface Area (m2/g) Pore Volume (cm3/g)

Ratio a (%) Total Micro b Micro b Meso c

Z5-TPA 151 105 398 361 0.17 0.10
Z5-NBA 149 100 393 358 0.17 0.10

a Determined by XRF; b Micropore volume calculated by the t-plot method; c Mesopore volume.

The SEM images for Z5-TPA and Z5-NBA are displayed in Figure 2. Both Z5-TPA and
Z5-NBA zeolites are composed of spherical particles with diameters of around 3 μm for Z5-
TPA and 2.6 μm for Z5-NBA (Figure 2a,c). The high-resolution micrographs (Figure 2b,d)
evidence that the two samples are constructed by strip-like crystals of ~350 nm in length
and ~100 nm in width for Z5-TPA and ~460 nm in length and ~120 nm in width for Z5-NBA
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with smooth surfaces. The SEM result demonstrates that both Z5-TPA and Z5-NBA zeolites
have the same morphology and similar particle and crystal sizes.

  

  

Figure 2. SEM graphs of Z5-TPA (a,b) and Z5-NBA (c,d).

As shown in Table 1, both Z5-TPA and Z5-NBA samples possess similar BET surface
areas (ca. 395 m2/g) and micropore surface areas (ca. 360 m2/g). The total pore volumes
(0.27 cm3/g) and micropore volumes (0.17 cm3/g) are the same for both samples. The
Si/Al molar ratios measured by XRF are close for both zeolites (151 vs. 149), which are
equivalent to those of the initial gels (150). These observations confirm that both Z5-TPA
and Z5-NBA display very similar textural properties and chemical compositions.

2.2. Acidic Properties

Acidity is an important property of zeolites, which is directly related to the Si/Al
ratio. The surface acidity of H-ZSM-5 samples was determined by NH3-TPD (Figure 3). As
shown on the NH3-TPD curves, both Z5-TPA and Z5-NBA have two distinctive desorption
peaks at 185 ◦C and 376 ◦C, which are attributed to the desorption of NH3 molecules
that interact with the weak acids and strong acids, respectively [43,44]. Judging from
the peak temperature, the acid strength of Z5-TPA is the same as that of Z5-NBA. The
quantitative results listed in Table 2 indicate that both Z5-TPA and Z5-NBA possess quite
similar amounts of weak acid sites (59 vs. 60 μmol/g), strong acid sites (70 vs. 70 μmol/g)
and total acid sites (129 vs. 130 μmol/g). This finding is a consequence of the close Si/Al
ratio for two samples.
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Figure 3. NH3-TPD profiles of Z5-TPA and Z5-NBA.

Table 2. Acidic properties of Z5-TPA and Z5-NBA.

Sample

Acidity by NH3-TPD
(μmol/g)

Acidity by Py-IR
(μmol/g)

BAS Distribution
(%) a Conv. of

Cumene Cracking
(%)Weak Strong Total Brønsted Lewis Total Weak Medium Strong

Z5-TPA 59 70 129 78 17 95 22 31 47 33.9
Z5-NBA 60 70 130 78 17 95 22 31 47 33.6

a The acid strength distribution of Brønsted acid sites (BASs) was estimated from Py-IR after the evacuation at dif-
ferent temperatures; the difference in BAS between 200 and 300 ◦C, the difference in BAS between 300 and 400 ◦C
and the remaining BAS at 400 ◦C correspond to weak, medium and strong acid sites, respectively.

Considering that NH3-TPD cannot distinguish the type of acid sites, Py-IR experiments
were also carried out to determine the amounts of Brønsted acid sites (BASs) and Lewis
acid sites (LASs), as well as the distribution of Brønsted acid strength. On the Py-IR spectra
(Figure 4), the peak at 1455 cm−1 is attributed to pyridine adsorbed on LASs, whereas the
1541 cm−1 band is assigned to pyridine adsorbed on BASs [45,46]. Furthermore, the peak
at 1489 cm−1 is caused by pyridine adsorbed on both BASs and LASs [47]. The quantitative
results are summarized in Table 2, in which the total acidity is measured at 200 ◦C. For the
two samples, the amounts of BAS and LAS are the same. Brønsted acid sites account for
the majority of the overall acid sites with a ratio of Brønsted acidity to Lewis acidity of
4.6. Moreover, the proportions of weak, medium and strong BAS amounts among the total
Brønsted acidity are the same for both Z5-TPA and Z5-NBA samples, indicating that they
have the same distribution across the Brønsted acid strength.

Cumene cracking is a typical reaction catalyzed by Brønsted acid sites [48,49]. As
shown in Table 2, the cumene conversion over the two samples is very close, which is 33.9%
for Z5-TPA and 33.6% for Z5-NBA. This observation demonstrates very similar Brønsted
acidity of the two samples, which is consistent with the result of Py-IR. The above results
demonstrate that both Z5-TPA and Z5-NBA display very close acidic properties, including
the acid amount, acid strength, acid type and the strength distribution of BAS.
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(a) (b) 

Figure 4. Py-IR spectra of (a) Z5-TPA and (b) Z5-NBA after desorption at 200 ◦C, 300 ◦C and 400 ◦C.

2.3. 29Si and 27Al MAS NMR, Constraint Index

As the textural properties, composition, morphology and acidic properties of Z5-NBA
and Z5-TPA are almost identical, solid-state MAS NMR measurements were carried out to
investigate the chemical environments of Si and Al. The 29Si MAS NMR spectra illustrated
in Figure 5 show closely similar features, and four sub-peaks are fitted from the origin
curve at approximately −103, −107, −113 and −116 ppm, respectively. Two peaks of −113
and −116 ppm are attributed to symmetric and slightly asymmetric Q4(0Al) = Si(OSi)4-type
silicon connecting to four Si tetrahedrons in the H-ZSM-5 framework [37,50]. The peak at
−107 ppm in the fitting curve is assigned to Q4(1Al) = Si(OSi)3(OAl)-type silicon linking to
one Al tetrahedron and three Si tetrahedrons in the H-ZSM-5 framework [51–53]. The peak
centered at −103 ppm is associated with Q3(0Al) = Si(OSi)3(OH)-type silicon connecting to
three Si tetrahedrons in the zeolite framework and one hydroxyl, which is located on the
surface of H-ZSM-5 [27,37,54]. The quantitative results given in Table 3 show close relative
proportions of various Si species for Z5-TPA and Z5-NBA, revealing that both zeolites have
quite similar SiO4 environments.

  

(a) (b) 

Figure 5. 29Si MAS NMR spectra of (a) Z5-TPA and (b) Z5-NBA.
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Table 3. Deconvolution results of the 29Si MAS NMR spectra for Z5-TPA and Z5-NBA based on the
normalized peak areas of different Si species.

Sample

Proportion of Various Peaks (%)

Q3(0Al),
−103 ppm

Q4(1Al),
−107 ppm

Q4(0Al),
−113 ppm

Q4(0Al),
−116 ppm

Z5-TPA 4.7 14.4 60.1 20.8
Z5-NBA 4.6 14.5 60.4 20.5

In the 27Al MAS NMR spectra, as shown in Figure 6a, both Z5-TPA and Z5-NBA
samples exhibit one intense resonance peak at 55 ppm corresponding to tetrahedrally
coordinated Al species, while the resonance signal at 0 ppm attributed to octahedrally
coordinated extra-framework Al species is almost invisible, corroborating that the great ma-
jority of Al atoms have been incorporated into the H-ZSM-5 zeolite framework [37,55–58].
The 27Al MAS NMR spectrum at 55 ppm is deconvolved into five peaks located at 48, 52,
55, 57 and 60 ppm, respectively, as illustrated in Figure 6b,c. The peaks centered at 48, 52
and 55 ppm can be assigned to the framework Al atoms at the intersections, whereas the
peaks at 57 and 60 ppm correspond to framework Al atoms in the sinusoidal and straight
channels of the H-ZSM-5 zeolite, respectively [38]. The framework aluminum distribution
was then calculated based on the proportion of various peak areas, and the results are
presented in Table 4. The relative content of Al at the intersections is obviously higher
for Z5-TPA (86.4%) than Z5-NBA (69.0%), while the former sample has noticeably lower
content of Al in the sinusoidal channels than the latter one (9.9% vs. 25.7%). This result
suggests that AlF is more favored to be positioned at the intersections when TPA+ was
employed as OSDA.

Table 4. Aluminum distribution obtained from the curve fitting of 27Al MAS NMR spectra and CI
values for C6 paraffins cracking over Z5-TPA and Z5-NBA.

Sample
Aluminum Distribution (%)

CI a

Straight Sinusoidal Intersection

Z5-TPA 3.7 9.9 86.4 3.4
Z5-NBA 5.3 25.7 69.0 5.0

a Constraint index.

Notably, during the synthesis of aluminosilicate zeolites, the isomorphic substitution of
framework Si4+ by Al3+ leads to the formation of negative charges, which must be balanced
with positively charged species; these species could be OSDAs (e.g., TPA+, hydrolyzed
and dissociated amines), extra-framework Al species (e.g., AlO+, Al(OH)2+) and inorganic
cations (e.g., Na+, K+) [28]. To guarantee a neutral framework and the continuation of
crystallization, the framework Al atoms will be located near positions that are more suitable
for the accommodation of the above-mentioned cations. In the classical crystallization
mechanism of the ZSM-5 zeolite, when the large-sized TPA+ was used as OSDA, it can only
be located at the intersections with larger void spaces [37,59], which leads to the enrichment
of AlF at the intersections. Z5-NBA is obtained with the assistance of NBA and Na+, both
of which are small-sized and will be randomly distributed within the MFI framework
during the crystallization process, resulting in less framework Al atoms distributed at the
intersections than Z5-TPA. The difference in AlF location is further demonstrated by the
following constraint index.
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Figure 6. 27Al MAS NMR spectra of Z5-TPA and Z5-NBA (a) and their corresponding curve fittings
of Z5-TPA (b) and Z5-NBA (c).

The constraint index (CI) is used to estimate the distribution of acid sites derived
from the framework Al atoms. The CI value is determined from the cleavage rate ratio
of n-hexane to 3-methylpentane, which was measured at a conversion rate below 15%.
Considering that both Z5-TPA and Z5-NBA zeolites have an identical MFI structure and
quite similar textural and acidic properties, the variation in the CI value can be attributed
to the difference in the distribution of framework Al atoms. The CI values of H-ZSM-5
zeolites synthesized with different OSDAs are shown in Table 4. The CI value of Z5-
NBA is higher than that of Z5-TPA (5.0 vs. 3.4). This result suggests that the amount
of acid sites at the intersections is greater for Z5-TPA than Z5-NBA, since the cracking
reaction of 3-methylpentane proceeds faster at the intersections than in the straight and
sinusoidal channels due to the larger spaces of intersections that can accommodate the
bulky bimolecular transition state [28]. Combined with the 27Al NMR result, it is clear
that the preferential positioning of TPA+ at the intersections causes more framework Al
atoms to sit therein, leading to more acid sites concentrated at the intersections. Compared
to Z5-TPA, the Z5-NBA sample attained from NBA and Na+ displays less framework Al
atoms and acid sites at the intersections, i.e., more framework Al atoms and acid sites in
the straight and sinusoidal channels.

2.4. Catalytic Performance

The selective alkylation of benzene with methanol to toluene and xylene is catalyzed
by Brønsted acid sites of the zeolites derived from AlF [13,14]. We compared catalytic
behavior of Z5-TPA and Z5-NBA to investigate the effect of AlF distribution. The reaction
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data after 4 h on stream given in Table 5 shows that the total selectivity towards toluene
and xylene is very close for the two samples, which is 84.4% and 84.0% for Z5-TPA and
Z5-NBA, respectively. However, the benzene conversion of Z5-TPA (52.8%) is noticeably
higher than that of Z5-NBA (45.9%), and a higher total yield of toluene and xylene is
also observed over Z5-TPA (44.6%) compared to Z5-NBA (38.6%). In terms of reaction
rate, Z5-TPA displays a much higher rate than Z5-NBA (2445 vs. 1510 mmol/(g h)). The
catalytic activity strongly depends on Brønsted acid properties of the zeolites, i.e., amount,
strength and distribution [60]. Larger surface area provides more accessible acid sites in
the zeolites, resulting in higher conversion of benzene. Hu et al. found that introducing
mesopores in H-ZSM-5 could improve benzene conversion, due to enhanced diffusion of
reactants and products, as well as easier access to the active sites in micropores [23]. The
aforementioned characterization results reveal that both Z5-TPA and Z5-NBA zeolites have
the same mesopores, very similar surface areas and very close acidic properties, including
amount, strength, and strength distribution of the BAS. Therefore, the difference in catalytic
activity should be attributed to the distribution of acid sites, i.e., the AlF distribution.

Table 5. Reaction data of the Z5-TPA and Z5-NBA catalysts at a WHSV of 4 h−1 and 400 ◦C.

Catalyst
Conversion Selectivity (%) a ST+X

b YT+X
c Rate d

(%) T PX MX OX EB C9+ (%) (%) (mmol/(g h))

Z5-TPA 52.8 52.4 8.7 16.5 6.8 10.5 5.1 84.4 44.6 2445
Z5-NBA 45.9 48.5 9.2 18.1 8.2 7.3 8.7 84.0 38.6 1510

a T: toluene; PX: p-xylene; MX: m-xylene; OX: o-xylene; EB: ethylbenzene; C9+: trimethylbenzene and higher alkyl
aromatics. b ST+X refers to the total selectivity of toluene and xylene. c YT+X refers to the total yield of toluene
and xylene. d Millimoles of benzene converted per gram of catalyst per hour at 400 ◦C obtained at a benzene
conversion below 10%.

The apparent activation energies in the temperature range of 375−450 ◦C were mea-
sured for Z5-TPA and Z5-NBA. As illustrated in Figure 7, both zeolites have equivalent
activation energies (90 vs. 89 kJ/mol), suggesting that the reaction mechanism on these
catalysts is the same.

 
Figure 7. Arrhenius plot of the reaction rate on Z5-TPA and Z5-NBA.

Spectroscopic studies have verified that methoxy groups may indeed be formed from
methanol, which is in accordance with a stepwise mechanism [15,60]. On the other hand,
some reports favor the concerted mechanism [61,62]. Quantum chemical calculations have
demonstrated the possibility of both mechanisms [16]. We think that both routes may exist
during the reaction.
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2.5. Periodic Density Functional Study

According to the above analysis, the only difference between Z5-NBA and Z5-TPA lies
in the location of AlF, which determines the sittings of active centers, i.e., the acid sites. To
understand the link between the AlF location and reaction mechanism, a periodic density
functional study was conducted using the Vienna Ab-initio Simulation Package (VASP 4.6).

Firstly, the small size of NBA makes straight channels, sinusoidal channels and channel
intersections all feasible locations for its existence, and the adsorption energies of NBA at
the three locations are all close to −1.47 eV. Both the configurations and energies for NBA
in ZSM-5 concrete the regular dispersion of NBA in ZSM-5; meanwhile, given that NBA
can be positively charged after hydrolyzation and dissociation, a more even distribution of
AlF at the three locations can be anticipated. More importantly, the addition of Na+ cations,
which are randomly distributed in the MFI framework, also contributes significantly to the
uniform dispersion of AlF in Z5-NBA [37]. Different from NBA, it has been found that TPA+

could only be resided at the intersections due to its large size, with an adsorption energy
of −4.18 eV. Considering the fact that no other cations can be found in the synthesis of
Z5-TPA, AlF will be directed into the channel intersections of ZSM-5 zeolite via the charge
interaction between TPA+ and AlO4

−. The simulations are consistent with the 27Al MAS
NMR and CI results, which further corroborates that the AlF is more concentrated at the
intersections for Z5-TPA than Z5-NBA.

Since the acid sites come from the compensating protons adjacent to AlF, various AlF
locations bring about simultaneous changes in the coordinates of acid sites. Specifically,
the acid sites in the straight/sinusoidal channels face confined spaces, yet the acid sites
in the cross-sections (i.e., channel intersections) hold more spacious room. As mentioned
in the introduction, two possible mechanisms are involved in the alkylation of benzene
with methanol, namely the concerted pathway and the stepwise pathway, and the largest
intermediates in the two processes are believed to be transition-state complexes before the
generation of protonated toluene cations. Theoretically, the configurations of transition-
state complexes could exist in the channels or intersections; however, unluckily, only those
at the intersections can be found after searching for a series of potential models no matter
how these precursors are placed, and to the best of our knowledge, no evidence has been
found to support the formation of transition states in the straight and sinusoidal channels.
In the determined configuration of the concerted pathway, an oxygen atom in the water, a
carbon atom in the methyl and a carbon atom in the benzene are aligned almost linearly,
with the angle of 171.8◦, C-O length of 2.2 Å and C-C length of 2.1 Å (Figure 8). Similarly,
in the determined configuration of the stepwise pathway, a framework oxygen atom, a
carbon atom in the methyl and a carbon atom in the benzene are also linearly arranged,
with C-O distance of 2.2 Å, C-C distance of 2.1 Å and O-C-C angle of 178.0◦ (Figure 9).
Accordingly, the dynamic diameters of the two transition-state complexes are calculated
using the method put forward by Mehio et al. [63], which is 7.3 Å for the stepwise pathway
and 9.1 Å for concerted pathway. Obviously, the kinetic diameters are much larger than the
sizes of ZSM-5 apertures (5.1 × 5.5 Å for sinusoidal channels and 5.3 × 5.6 Å for straight
channels). Consequently, there are insufficient spaces for the formation of transition states
in the straight and sinusoidal channels, which hinders the proceeding of the alkylation
reaction.
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Figure 8. The transition-state complex in the optimized geometry by the concerted mechanism (red,
oxygen; purple, aluminum; white, hydrogen; gray, carbon; similarly hereinafter).

Figure 9. The transition-state complex in the optimized geometry by the stepwise mechanism.

Liu et al. [37] reported that Pt-modified ZSM-5 with acid sites mainly located in the
intersections tended to produce more aromatic compounds for ethane aromatization than
a catalyst with acid sites located in the straight and/or sinusoidal channels. The reason
for this is that acid sites located in the intersections with more space void were conducive
for the geometry transformation of intermediates. Zhu et al. [40] studied the effect of
AlF distribution on the catalytic performance in the alkylation of benzene with methanol.
The results demonstrated that H-ZSM-5 with more AlF in the intersections can improve
benzene conversion due to the larger space and co-adsorption effect. Taken everything into
consideration, in the synthesis of ZSM-5, TPA+ will be only located at the intersections,
which causes the preferential enrichment of AlF as well as acid sites therein. As there
are larger spaces near to the acid sites at the intersections, the alkylation of benzene with
methanol could progress smoothly, pertaining to the minimized steric hindrances for the
large transition-state complexes. Compared to TPA+, the engagement of NBA and Na+

induces more acid sites present in the straight and sinusoidal channels. However, these
channel acid sites are incapable of catalyzing the alkylation reaction because of the narrow
spaces which could not hold the large transition-state complexes. Resultantly, Z5-TPA
displays higher activity than Z5-NBA in the alkylation of benzene with methanol attributing
to the rational AlF locations.

3. Materials and Methods

3.1. Synthesis of H-ZSM-5 Zeolites

Two ZSM-5 zeolites were synthesized using the procedures described by Liu et al. with
minor modifications [37]. Typically, silica sol (SiO2, 40 wt%) was added slowly to Al(NO3)3
aqueous solution, and stirred for 1 h. Then, tetrapropylammonium hydroxide (TPAOH,
40 wt%) was added, followed by stirring for 4 h to form a homogeneous suspension with
a molar composition of 1.0 SiO2:0.00333 Al2O3:0.5 TPAOH:50 H2O. The suspension was
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transferred into a Teflon-lined stainless-steel autoclave and statically crystallized at 170 ◦C
for 120 h, followed by centrifuging, rinsing, drying overnight at 120 ◦C and calcining at
550 ◦C in air for 5 h.

Another ZSM-5 zeolite was prepared as follows: silica sol was added slowly to the
mixed aqueous solution containing Al(NO3)3 and NaOH. Then, n-butylamine (NBA)
was added, followed by stirring for 4 h to obtain a gel with a molar composition of 1.0
SiO2:0.00333 Al2O3:0.98 NBA:0.08 Na2O:10 H2O. The prepared mother gel was transferred
into a Teflon-lined stainless-steel autoclave and crystallized at 170 ◦C for 120 h, followed by
centrifuging, rinsing, drying overnight at 120 ◦C and calcining at 550 ◦C in air for 5 h.

The NH4-type zeolites were obtained by ion-exchanging the above ZSM-5 zeolites
with 1 M NH4NO3 solution three times with a solution/zeolite ratio of 10 mL/g at 90 ◦C
for a total of 9 h. The H-type ZSM-5 samples were acquired by calcination of the NH4-type
zeolites at 450 ◦C for 5 h. The resulting H-ZSM-5 catalysts were denoted as Z5-TPA and
Z5-NBA, respectively.

3.2. Characterization of H-ZSM-5 Zeolites

Zeolite topologies were determined from powder X-ray diffraction (XRD) patterns on
a D8 Advance X-ray diffractometer (Brucker, Madison, WI, USA) with a Cu Kα radiation
source at 40 kV and 50 mA. Scanning electron microscopy (SEM) images of the samples
were observed on a Zeiss Merlin scanning electron microscope (Merlin, Carl Zeiss AG,
Oberkochen, Germany). The Si/Al molar ratios of H-ZSM-5 zeolites were determined
by means of an S4 Pioneer X-ray fluorescence (XRF) spectrometer (Bruker, Rheinstetten,
Germany). The surface areas and pore volumes of H-ZSM-5 zeolites were measured by
a Micromeritics TriStar 3000 automatic absorption instrument (Micromeritics, Atlanta,
GA, USA). Magic-angle-spinning nuclear-magnetic-resonance (MAS NMR) spectra of 27Al
and 29Si were collected on a Bruker Avance III 600 MHz Wide Bore spectrometer (Bruker,
Rheinstetten, Germany). The single-pulse sequence was adopted with a 10◦ pulse and a
delay time of 0.3 s. The chemical shifts for 27Al and 29Si were calibrated by referring to
AlCl3 and tetramethylsilane, respectively. The 27Al MAS NMR and 29Si MAS NMR spectra
were deconvoluted by using the mixed Gaussian–Lorentzian equation.

The strength and quantity of acid sites present on H-ZSM-5 zeolites were analyzed
by temperature-programmed desorption of NH3 (NH3-TPD) on a Micrometritics Au-
toChem AMI-3300 apparatus (Micromeritics, Atlanta, GA, USA). A total of 0.1 g of sample
(40−60 mesh) was loaded into a U-type tube and pretreated at 550 ◦C for 1 h in a N2
flow. Then, the sample was cooled to 100 ◦C and exposed to a 10 vol.% NH3/N2 mixture
(30 mL/min) for 0.5 h. After purging with helium (30 mL/min) for an additional 2 h
to remove the physically adsorbed NH3, the temperature was ramped from 100 ◦C to
550 ◦C at a rate of 10 ◦C/min using helium (30 mL/min) as the carrier gas. The desorbed
ammonia was monitored by a thermal conductivity detector. The amounts of Brønsted and
Lewis acid sites were determined by Fourier-transform infrared spectroscopy of pyridine
adsorption (Py-IR) on a Nicolet iS50 spectrometer (Nicolet, Madison, WI, USA). Prior to
each measurement, all samples were pressed into self-support wafers with a diameter of
13 mm and a weight of ca. 15 mg. Then, the sample was degassed at 400 ◦C for 2 h under
vacuum (<10−2 Pa) to remove the impurities and adsorbed water, before being cooled to an
ambient temperature. Thereafter, pyridine was introduced into the testing cell as saturated
vapor for 10 min to allow sufficient adsorption, after which the cell was evacuated again
for 20 min at 200 ◦C, 300 ◦C and 400 ◦C. The spectra were recorded using the background
taken at the same temperature. Brønsted and Lewis acidities were quantified from the
integrated areas of Py-IR bands at ca. 1540 and 1450 cm−1, employing the molar extinction
coefficients of 1.67 and 2.22 cm/μmol, respectively [64,65].

3.3. Computational Method

Density functional theory (DFT) calculations were carried out using Vienna Ab Initio
Simulation Package 5.4. Project augmented wave method and Perdew–Burke–Ernzerhof
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exchange–correlation function were adopted, with a plane wave basis set kinetic energy
cut-off of 400 eV. The Brillouin zone sampling was limited to the Γ-point, and the conver-
gence criterion that forces on each atom was smaller than 0.03 eV/Å. The MFI structure
containing pure SiO2 was downloaded from International Zeolite Association, whose lat-
tice parameters were then optimized to acquire a unit cell of a = 20.32 Å, b = 20.16 Å and
c = 13.46 Å. A Brønsted acid site was created by replacing a Si (T12) atom with an Al atom,
and the neighboring O between Al (T12) and Si (T3) was protonated. The dimer method
was utilized to determine the transition states. The obtained configurations were confirmed
by the existence of one and the only imaginary frequency. The adsorption energy was
calculated by the following equation:

ΔEads = Ezeo+temp − Ezeo − Etemp (1)

wherein ΔEads is the adsorption energy, Ezeo+temp is the total energy of zeolite and template
complexes, and Ezeo and Etemp are the energies of the zeolite framework and the template,
respectively.

3.4. Catalytic Performace Evaluation
3.4.1. Estimation of Constraint Index

A total of 0.2 g of the catalyst (40−60 mesh) was loaded into the constant temperature
zone of the fixed bed reactor. Prior to each test, the H-ZSM-5 zeolite was firstly activated
at 450 ◦C for 3 h in a N2 flow, and the temperature was cooled to 400 ◦C. Next, a mixed
feedstock of n-hexane and 3-methylpentane with a molar ratio of 1:1 was pumped into the
reactor using N2 as the carrier gas to ensure a C6 paraffin conversion below 15%. The reactor
effluent was analyzed online by a gas chromatograph equipped with a flame ionization
detector and a HP-PLOT Q capillary column (30 m × 0.32 mm × 20 μm). The constraint
index (CI) value was calculated by the following equation [66]:

constraint index =
log(fraction of n-hexane remaining)

log(fraction of 3 − methylpentane remaining)
(2)

3.4.2. Benzene Alkylation with Methanol

The alkylation of benzene with methanol was carried out in a fixed bed reactor. The
catalyst (3 g, 20−40 mesh) was loaded into the thermostatic region of the reactor and
pretreated at 450 ◦C for 3 h in a N2 flow. Then, the temperature was cooled to 400 ◦C. Next,
a mixture of benzene/methanol as the reactant (molar ratio of 1:1) was pumped in the
reactor with a co-feed N2 flow (50 mL/min). The weight hourly space velocity (WHSV) was
4.0 h−1. The products were analyzed offline by a gas chromatograph equipped with a flame
ionization detector and a HP-INNOWAX capillary column (50 m × 0.32 mm × 0.5 μm).

3.4.3. Cumene Cracking

The cracking reaction of cumene was used to evaluate Brønsted acidity of H-ZSM-5
zeolites, which was carried at 300 ◦C in a pulsed microreactor loaded with 0.03 g of the
catalyst (40−60 mesh). The catalyst was activated at 450 ◦C for 3 h in a He flow before
reaction. The carrier gas was He (30 mL/min), and the amount of injected cumene was
1 μL.

4. Conclusions

In this work, two micron-sized spherical H-ZSM-5 zeolites with very similar surface
areas, SiO4 environments, acidic properties comprising the acid amount, acid strength, acid
type and the strength distribution of BAS, but different AlF distributions, were synthesized
by using TPAOH and NBA as OSDAs, respectively. When the large-sized TPA+ cations that
could only be located at the intersections with larger void spaces are used, AlF is preferen-
tially concentrated at the intersections. In contrast, the random existence of the small-sized
NBA and Na+ in the MFI framework during the crystallization process leads to less AlF
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distributed at the intersections. DFT calculations unveil that the AlF at the intersections
exerts less steric hindrances for the transition states, whereas there are insufficient spaces for
the formation of transition states in the straight and sinusoidal channels, which hinders the
proceeding of the alkylation reaction. The Z5-TPA zeolite synthesized from TPAOH gives
a 52.8% conversion in benzene alkylation with methanol at a WHSV of 4 h−1 and 400 ◦C,
which is more active than the Z5-NBA zeolite synthesized from NBA (45.9% conversion).
The comparable total selectivity towards toluene and xylene (ca. 84%) was achieved over
both H-ZSM-5 zeolites. The higher activity observed for Z5-TPA than Z5-NBA is attributed
to more AlF distributed at the intersections of the former catalyst, i.e., more Brønsted acid
sites located therein. This work not only provides a feasible method to control the Al distri-
bution in the H-ZSM-5 zeolite framework, thus improving the catalytic performance in the
titled reaction, but is also helpful in understanding the structure–performance relationship.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13091295/s1, Figure S1: Schematic representation of the
stepwise (middle and bottom row) and concerted mechanism (top row) for benzene alkylation with
methanol on H-ZSM-5 zeolite.
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Abstract: The effects of four distinct zinc species (ZnCl2, Zn(NO3)2, ZnSO4, and ZnCO3) on a Mn-Ce co-
doped CuX (MCCX)catalyst were investigated and contrasted in the low-temperature NH3-SCR process.
Aqueous solutions of ZnCl2, Zn(NO3)2, ZnSO4, and ZnCO3 were used to poison the catalysts. The
catalytic activity of all catalysts was assessed, and their physicochemical properties were studied. There
was a notable drop trend in catalytic activity in the low temperature range (200 ◦C) after zinc species
poisoning on MCCX catalyst. Interestingly, ZnSO4 and ZnCO3 on MCCX catalyst had more serious
effect on catalytic activity than Zn(NO3)2 and ZnCl2 from 150 ◦C to 225 ◦C, in which NO conversion of
the MCCX-Zn-S and MCCX-Zn-C catalysts dropped about 20–30% below 200 ◦C compared with the
fresh MCCX catalyst. The zeolite X structure was impacted by Zn species doping on the MCCX catalyst,
and the Zn-poisoned catalysts had less acidic and lower redox ability than fresh Mn-Ce/CuX catalysts.
Through the results of in situ DRIFTS spectroscopy experiments, all catalysts were governed by both
Langmuir–Hinshelwood (L–H) and Eley–Rideal (E–R) mechanisms, and the possible mechanism for
poisoning the Mn-Ce/CuX catalyst using various zinc species was revealed.

Keywords: Mn-Ce/CuX catalyst; zinc species poisoning; low-temperature NH3-SCR

1. Introduction

The worldwide deterioration in air quality has led to the establishment of stronger
rules on the emission of nitrogen oxides (NOx) [1,2]. The selective catalytic reduction (SCR)
of NOx with NH3 is a well-established and widely utilized technology [3]. According to a
number of studies [4–6], despite its popularity, the commercial V2O5-WO3(MoO3)/TiO2
catalyst has a few limitations that prevent it from being truly helpful. It is hazardous to
living things because of vanadium species, does not work well at lower temperature, and
can only be used effectively between 350 and 450 ◦C. This shows how important it is to look
into low-temperature SCR catalysts that do not use vanadium to control NOx emissions.

Compared to vanadium-based catalysts, copper-based catalysts have better redox
properties and thermodynamic stabilities [7,8], making them a viable alternative. It was
discovered by Wang et al. [9] that the maximum NO conversion of the Cu-ZSM-5 catalyst
occurred between 200 and 400 ◦C, with practically full conversion, because of the highly
preferential production of active copper species and the quick flip between Cu2+ and Cu+

species during the NH3-SCR process. Cu-exchanged zeolite catalysts have recently been
the subject of extensive study in NH3-SCR reaction [10,11]. Tarach et al. [12] compared the
activity and stability of Cu-exchanged zeolites with different framework topologies in NH3-
SCR reaction and found that the Cu-ZSM-5 catalyst displayed an extraordinary activity
in the NH3-SCR process, achieving nearly 100% NO conversion at 175 ◦C with almost
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100% N2 selectivity. Our prior research [13,14] found that zeolite X could be generated
cheaply from the blast furnace slag, making ion-exchange techniques a viable option for
producing CuX zeolite catalyst. Doping Mn and Ce oxides on CuX zeolite could improve
its SO2 + H2O resistance and enhance its low-temperature NH3-SCR activity. Generally,
the catalysts nevertheless often experienced severe poisoning by alkali, alkaline earth, and
heavy metals in the actual fuel gas state. The deactivation rate of various poisonous zinc
species was shown to be in the order of ZnCl2 > ZnSO4 > ZnO by Wang et al. [15], who
studied the effects of three distinct zinc species (ZnO, ZnSO4, and ZnCl2) on Sb-CeZr2Ox
catalysts. According to our earlier research [16,17], ZnCl2 had a more severe poisoning
effect on the Mn-Ce/AC catalyst than ZnSO4, and Zn2+ would occupy the acidic site of the
catalyst after loading zinc salts. Nonetheless, the poisoning impact of various zinc species
on Cu-exchanged zeolite catalysts has received insufficient attention till now.

The current research looked into how different zinc ions affected the catalytic perfor-
mance of the Mn-Ce/CuX catalyst in low-temperature denitration reactions. To poison
the Mn-Ce/CuX catalyst, we used an impregnation technique with ZnCl2, Zn(NO3)2,
ZnSO4, and ZnCO3 solutions. The causes of zinc salt poisoning and deactivation of the
Mn-Ce/CuX catalyst have been identified, and the possible mechanism for poisoning the
Mn-Ce/CuX catalyst using various zinc salts has been proposed, by comparing the catalytic
activity, dispersion degree of active component, surface morphology and pore structure,
surface acidity, redox performance, element concentration of active component, and surface
reaction path of the catalyst before and after poisoning.

2. Results and Discussions

2.1. Denitration Performance

The catalytic activity for fresh MCCX and catalysts poisoned with different Zn species
(MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts) can be found in
Figure 1. NO conversion of Zn-poisoned catalysts is much lower than that of the fresh
MCCX catalyst at temperatures below 200 ◦C, as seen in Figure 1a. In detail, NO conversion
of the MCCX-Zn-C catalyst surpassed the other three poisoned catalysts at temperatures
below 125 ◦C, whereas NO conversion of the MCCX-Zn-Cl catalyst outperformed the other
three Zn-poisoned catalysts at temperatures over 150 ◦C, reaching nearly 100% at 275 ◦C.
The NO conversion rate for the MCCX-Zn-S and MCCX-Zn-C catalysts dropped by about
20–30% below 200 ◦C, making it the worst performing catalyst over the whole reaction
temperature range. It was discovered that the conversion of the catalysts is most affected
by the different Zn species in the lower temperature range, whereas they have almost
no effect at higher temperatures. According to Figure 1b, comparing the N2 selectivity
of the MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts to that of the
fresh MCCX catalyst, there was an approximate 20% improvement. Figure 1c displays
the results of a measurement of the concentration of NH3 and N2O in both Zn-poisoned
and new MCCX catalysts. Zn-poisoned catalysts had lower concentrations of N2O and
higher concentrations of NH3 compared to the fresh MCCX catalyst, among which the
MCCX-Zn-S sample also had more NH3 than N2O.

2.2. Structural Properties

X-ray diffraction (XRD) patterns of MCCX, MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S,
and MCCX-Zn-C catalysts are shown in Figure 2. The zeolite X structure was described by
peaks at 2theta = 6.8◦, 15.5◦, 18.5◦, 20.2◦, 23.4◦, 26.8◦, and 30.5◦, while the CuO phases were
characterized by peaks at 2theta = 35.5◦, 38.9◦, 48.8◦, and 61.5◦. It was discovered that the
peak intensity of zeolite X on Zn-poisoned catalysts was lesser than on the fresh catalyst,
whereas the peak intensity of CuO phase on Zn-poisoned catalysts was stronger than on
the fresh one. It was noted that the peak intensity of zeolite X on the MCCX-Zn-Cl catalyst
was much stronger than the other three catalysts, while the peak intensity of zeolite X on
MCCX-Zn-S and MCCX-Zn-C catalysts were weaker. This result suggested that the zeolite
X structure was impacted by Zn species doping on MCCX catalyst, and the zinc species
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contributed to the migration of CuO species. The absence of the Zn species peak indicates
that they are uniformly dispersed on the catalyst surface. Micrographs of the catalysts
(Figure 3) show that Zn-poisoned catalysts had a zeolite X structure that deviated from
the usual octahedron, and some of the zeolite X particles agglomerated. In particular, the
zeolite X structure of the MCCX-Zn-C catalyst had more serious damage than the other
three catalysts. Furthermore, EDS mapping revealed that Cu aggregated on catalysts due
to Zn poisoning, leading to an insufficiency of Cu active sites.

Figure 1. NH3-SCR performance with temperature for MCCX, MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-
S, and MCCX-Zn-C catalysts: (a) NO conversion; (b) N2 selectivity; (c) N2O and NH3 concentration.
Reaction conditions: 500 ppm NO, 500 ppm NH3, 11% O2, N2 as balance, and GHSV of 36,000 h−1.

2.3. XPS Analysis

To find out more about the elemental compositions of the MCCX-Zn-Cl, MCCX-Zn-N,
MCCX-Zn-S, and MCCX-Zn-C catalysts, XPS spectra of Cu 2p, O 1s, Mn 2p, and Zn 2p were
measured, as displayed in Figure 4. Peaks at the 948–966 eV, 940–945 eV, and 930–948 eV
regions in the Cu 2p spectra (Figure 4a) were attributed to Cu 2p1/2, satellite peaks, and
Cu 2p3/2, respectively [11,12]. Additionally, the spectra of Cu 2p3/2 could be divided into
two peaks; one at 935 eV was attributed to Cu2+, and another at 933 eV was attributed to
Cu+ ions [9,10,18,19]. By calculating the area of the corresponding peaks, we were able to
determine the relative abundance of the different Cu species and establish the following
ranking for the concentration of Cu2+ species: the MCCX-Zn-S catalyst (45.1%) was more
effective than the MCCX-Zn-N catalyst (43.5%), MCCX-Zn-Cl catalyst (39.7%), and MCCX-
Zn-C catalyst (37.1%). In general, the isolated state of Cu2+ species in the zeolite lattice was
an active site during the catalytic process [8,20,21].
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Figure 2. XRD patterns of MCCX, MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C
catalysts.

Figure 4b shows the XPS spectra of Mn 2p for MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-
S, and MCCX-Zn-C catalysts. Mn 2p3/2 and Mn 2p1/2 were responsible for the two large
peaks seen at about 642 and 650 eV, respectively [22]. In addition, three fitting peaks at
about 641.5 eV, 640.5 eV, and 639.2 eV were identified in the spectra of Mn 2p3/2, which cor-
responded to Mn4+, Mn3+, and Mn2+ species, respectively [23–25]. The concentration order
of species Mn4+ was as follows: MCCX-Zn-N > (32.5%) > MCCX-Zn-Cl (30.7%) > MCCX-
Zn-C (26.8%) > MCCX-Zn-S (22.5%) catalysts. Previous studies indicated that high valve
state Mn species (Mn4+ species) facilitated NO oxidation to NO2 and accelerated the “fast
SCR” process at low temperatures [26,27].

O 1s spectra of MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C cata-
lysts were depicted in Figure 4c. Three fitting peaks at around 531.6 eV, 529.5 eV, and
533.5 eV belonged to chemosorbed oxygen species (Oα), lattice oxygen species (Oβ), and
chemisorbed oxygen or weakly bound oxygen species (Oγ), respectively [28–30]. Gen-
erally, the catalysts exhibited the increased NH3-SCR activity at higher concentrations
of chemosorbed oxygen species due to their greater mobility in comparison to the other
two oxygen species [13,23,31]. The concentration order of species Oα was as follows:
MCCX-Zn-S (66.7%) > MCCX-Zn-C (57.1%) > MCCX-Zn-Cl (55.8%) > MCCX-Zn-N (50.5%)
catalysts. The SO4

2− and CO3
2− might provide more chemosorbed oxygen species on

catalysts, which was in line with the previous study [32]. In Figure 4d, there is one peak
belonging to Zn 2p3/2 that could be found at Zn-poisoned catalysts [33]. The weakest peak
intensity of the four catalysts was observed in the MCCX-Zn-S catalyst from the summary
XPS spectra displayed in Figure 4e, attesting to the low amount of the surface’s active
components and, consequently, lesser SCR activity.
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Figure 3. SEM images and elements mapping of (a) MCCX-Zn-Cl, (b) MCCX-Zn-N, (c) MCCX-Zn-S,
and (d) MCCX-Zn-C catalysts.
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Figure 4. XPS spectra of MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts: (a) Cu
2p (purple solid dots were assigned to the original data, red line was assigned to the fitting curve);
(b) Mn 2p (green solid dots were assigned to the original data, deep yellow line was assigned to the
fitting curve); (c) O 1 s (golden yellow solid dots were assigned to the original data, green line was
assigned to the fitting curve); (d) Zn 2p; and (e) survey spectrum.

2.4. Acidity and Redox Property

The main factor in SCR activity is the acidity of the catalyst’s surface. Figure 5a–c
shows the NH3-TPD results and in situ DRIFTS spectra of NH3 desorption at temperatures
between 35 and 300 ◦C for MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C
catalysts. Figure 5a shows that all Zn-poisoned catalysts exhibit several fitting peaks
between 100 and 800 ◦C. The peak at 122 ◦C is associated with low acidity, those between ca.
200 and 400 ◦C are linked to medium acidity, and those beyond 400 ◦C are associated with
high acidity [14,32,34]. In addition, as shown in Figure 5b, the area of fitting peaks was used
to determine the amount of adsorbed NH3. All the catalysts were found to have a greater
middle acidity, and the following list shows what they ranked in terms of how much NH3
they were able to absorb: concentrations of MCCX-Zn-Cl (478.1 μmoL/g), MCCX-Zn-C
(435.9 μmoL/g), MCCX-Zn-N (299.1 μmoL/g), and MCCX-Zn-S (219.8 μmoL/g). Figure 5c
shows the in situ DRIFTS spectra of NH3 desorption, which shows multiple bands on
each of the four catalysts between 3000 and 3800 cm−1. These bands were assigned to
Cu2+ absorbed NH3 species (3182 and 3332 cm−1) and NH4

+ species on Brønsted acid sites
(3272 cm−1) [9,35]. Bands corresponding to coordinated adsorbed NH3 species on Lewis
acid sites (1610 and 1260 cm−1) and NH4

+ species on Brønsted acid sites (1390 cm−1) were
also observed [36,37]. The acidity reduced as the reaction temperature increased, which
can be seen from the gradual dropping in peak intensity of the acid sites. Lewis acid sites
on catalysts were also shown to be more stable than Brønsted acid sites, indicating that
Lewis acid sites were the most important acid sites for the reactions.
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Figure 5. (a) NH3-TPD profiles of all catalysts (purple fitting peaks belonged to weak acidity, green
fitting peaks belonged to medium acidity and pink fitting peak belonged to strong acidity) and
(b) integral area of peaks from NH3-TPD profiles; (c) in situ DRIFTS spectra of NH3 adsorption in
35–300 ◦C over MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts. Conditions:
500 ppm NH3 and N2 as balance.

Profiles of H2-TPR for MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C
catalysts are shown in Figure 6. The MCCX-Zn-Cl catalyst was found to have three fitting
peaks at 200–400 ◦C, but the other three Zn-poisoned catalysts only had two fitting peaks
at 200–400 ◦C. For the peak at ca. 200 ◦C, CuO was reduced to Cu0; for the peak at 250 ◦C,
Cu2+ species on the hydroxyl group of zeolite X were reduced; and for the peak at 300 ◦C,
isolated Cu2+ ions located in lattice zeolite X were reduced. The peak over 400 ◦C was
related to the reduction of Cu+ ions, and no peak existed in the Zn-poisoned catalysts. Peaks
at ca. 200–500 ◦C belonged to the reductions of MnO2 to Mn2O3, Mn2O3 to Mn3O4, and
Mn3O4 to MnO. The CeO2 redox process of surface-capping oxygen occurs at temperatures
of ca. 400 ◦C [38–40]. In addition, the consumption of H2 for the Zn-poisoned catalysts
was as follows: MCCX-Zn-C (6.6 mmoL/g) > MCCX-Zn-S (6.2 mmoL/g) > MCCX-Zn-Cl
(5.5 mmoL/g) > MCCX-Zn-N (2.7 mmoL/g). It was discovered that the reduction of MCCX
catalysts was affected by the presence of various Zn species, particularly the isolated Cu2+

ions in lattice zeolite X and Cu+ ions. It could be found that the Zn poisoning produced
more copper oxides on MCCX-Zn-S and MCCX-Zn-C catalysts, and reduced the Cu2+

active sites.

2.5. In Situ DRIFTS Studies
2.5.1. NO + O2 Reacting with Pre-Adsorbed NH3 Species

In order to study the impact of various Zn species on surface acidity types of the
catalysts, the in situ DRIFTS spectra of MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and
MCCX-Zn-C catalysts for NH3 adsorption at 200 ◦C were investigated. As shown in
Figure 7, the bands of Cu2+-absorbing NH3 species at 3182 and 3332 cm−1, NH4

+ species
on Brønsted acid sites at 3272 cm−1 and 1390 cm−1, and coordinated adsorbed NH3 species
on Lewis acid sites at 1610 cm−1 and 1260 cm−1 [9,35] gradually increased in intensity after
NH3 was introduced for 5 min. It could be found that the bands belonging to Lewis acid
sites were much stronger than that of Brønsted acid sites on Zn-poisoned catalysts.
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Figure 6. (a) H2-TPR profiles of all catalyst (green solid dots were assigned to the original data, red
line was assigned to the fitting curve, orange fitting peak related to peak 1, purple peak related to
peak 2, green fitting peak related to peak 3) and (b) integral area of peaks from H2-TPR profiles.

The intermediates of the reaction between NO + O2 and pre-adsorbed NH3 species
at 200 ◦C were studied by performing in situ DRIFTS measurements over MCCX-Zn-
Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts, as shown in Figure 8. When
NH3 was introduced, bands with intensities of Cu2+-absorbing NH3 species (3182 and
3332 cm−1), NH4

+ species on Brønsted acid sites (3272 cm−1 and 1390 cm−1), and coordi-
nated adsorbed NH3 species on Lewis acid sites (1610 cm−1 and 1260 cm−1) were observed
on the four Zn-poisoned catalysts, and these bands disappeared after 20 min of NO + O2
purging. After that, many striations, which could be attributed to various nitrate and
nitrite species, began to show up. Nitrate species at the Cu2+ active site were attributed to
the 1915 cm−1 band [41], while those at 1600–1650 cm−1 were characterized as bidentate
bridging nitrate (M-O2-NO), those at 1500–1570 cm−1 were described as bidentate chelating
nitrate (M-O2NO), those at 1480–1530 cm−1 as monodentate nitrate (M-O-NO2), and those
at 1317–1400 cm−1 as free-NO3

− species of antisymmetric N-O stretches [35,42–44]. Biden-
tate nitrite (M-O2N) and bridging nitrite (M-O2-N) contributed the bands at 1320 cm−1 and
1575 cm−1, respectively [42,45]. It indicated that both the Langmuir–Hinshelwood (L–H)
and Eley–Rideal (E–R) mechanisms were at play in all of the catalysts. ZnCl2 species on
MCCX catalysts had a slight influence on the Cu2+ active site, while the band intensity of
nitrate species on the Cu2+ active site for MCCX-Zn-S was weaker than that of the other
three catalysts.
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Figure 7. In situ DRIFTS spectra of (a) MCCX-Zn-Cl, (b) MCCX-Zn-N, (c) MCCX-Zn-S, and (d) MCCX-
Zn-C catalysts for NH3 adsorption at 200 ◦C. Conditions: 500 ppm NH3 and N2 as balance.

2.5.2. NH3 Reacting with Pre-Adsorbed NO + O2 Species

Figure 9 displays the in situ DRIFTS spectra of NO + O2 co-adsorption at 200 ◦C
over MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts. The bands of
bidentate bridging nitrate (M-O2-NO) (at 1600–1650 cm−1), bidentate chelating nitrate
(M-O2NO) (at 1500–1570 cm−1), monodentate nitrate (M-O-NO2) (at 1480–1530 cm−1),
and the free-NO3

− species (at 1300–1400 cm−1) of antisymmetric N-O stretches appeared,
and the bands of nitrate species on Cu2+ active site (at 1915 cm−1) appeared over the
MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts [35,42–45]. The longer
they were exposed to NO + O2, the stronger their bands became. It was found that the
nitrate species adsorbing on the Cu2+ active site over the MCCX-Zn-Cl, MCCX-Zn-N,
MCCX-Zn-S, and MCCX-Zn-C catalysts had much stronger band intensity than the other
bands of nitrites and nitrates, suggesting that the Cu2+ active site was the primary site
involved in the NO + O2 adsorption. Further, the nitrate and nitrite intermediate products
were significantly affected by the poisoning impact of ZnCl2, Zn(NO3)2, and ZnSO4 on
MCCX catalysts, as compared to ZnCO3.
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Figure 8. In situ DRIFTS spectra of (a) MCCX-Zn-Cl, (b) MCCX-Zn-N, (c) MCCX-Zn-S, and (d) MCCX-
Zn-C catalysts for NO + O2 reacting with pre-adsorbed NH3 species at 200 ◦C; in situ DRIFTS spectra
of (a1) MCCX-Zn-Cl, (b1) MCCX-Zn-N, (c1) MCCX-Zn-S, and (d1) MCCX-Zn-C catalysts for NH3

adsorbed for 38 min and followed by NO + O2 adsorbed for 38 min at 200 ◦C. Conditions: 500 ppm
NH3, 500 ppm NO, 11% O2, and N2 as balance.
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Figure 9. In situ DRIFTS spectra of (a) MCCX-Zn-Cl, (b) MCCX-Zn-N, (c) MCCX-Zn-S, and (d) MCCX-
Zn-C catalysts for NO + O2 co-adsorption at 200 ◦C. Conditions: 500 ppm NO, 11% O2 and N2 as
balance.

Figure 10 displays the in situ DRIFTS measurements performed over the MCCX-Zn-Cl,
MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts at 200 ◦C to investigate the reaction
intermediates between NH3 and pre-adsorbed NO + O2 species. Nitrate species on the
Cu2+ active site (Cu(NO3)x), bidentate bridging nitrate (M-O2-NO), bidentate chelating
nitrate (M-O2NO), monodentate nitrate (M-O-NO2), NH4NO3 species, and the free-NO3

−
species of antisymmetric N-O stretches all showed gradual decreasing trends in band
intensity when NH3 was introduced, which eventually disappeared after 15 min. Then,
bands appeared at increasing intensities with increasing time of NH3 exposure, which
were attributed to Cu2+-absorbing NH3 species (3182 and 3332 cm−1), NH4

+ species on
Brønsted acid sites (3272 cm−1), and coordinated adsorbed NH3 species on Lewis acid sites
(1610 cm−1 and 1260 cm−1).
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Figure 10. In situ DRIFTS spectra of (a) MCCX-Zn-Cl, (b) MCCX-Zn-N, (c) MCCX-Zn-S, and
(d) MCCX-Zn-C catalysts for NH3 reacting with pre-adsorbed NO + O2 species at 200 ◦C; in situ
DRIFTS spectra of (a1) MCCX-Zn-Cl, (b1) MCCX-Zn-N, (c1) MCCX-Zn-S, and (d1) MCCX-Zn-C
catalysts for NO + O2 adsorbed for 38 min and followed by NH3 adsorbed for 38 min at 200 ◦C.
Conditions: 500 ppm NH3, 500 ppm NO, 11% O2, and N2 as balance.
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3. Discussion

From the XRD results, it could be found that the zeolite X structure was impacted by
Zn species doping on the MCCX catalyst, and the zinc species contributed to the migration
of CuO species on the Zn-poisoned catalysts. Some of the zeolite X particles agglomerated,
and Cu species aggregated on catalysts due to Zn poisoning, leading to insufficient Cu
active sites from the SEM and EDS results. Furthermore, the zeolite X structure for the
MCCX-Zn-S and MCCX-Zn-C catalysts had more serious damage. From the XPS analysis, it
could be found that the MCCX-Zn-C catalyst had less Cu2+ species, while the MCCX-Zn-S
catalyst had less Mn4+ species. The Cu2+ species and Mn4+ species were the main active
sites for low-temperature SCR reaction, which might be the reason that the ZnSO4 and
ZnCO3 on the MCCX catalyst had a more serious effect on catalytic activity. The MCCX-
Zn-Cl catalyst had the strongest surface acidity, while the MCCX-Zn-S catalyst had the
weakest surface acidity, which affected the adsorption of NH3. From the H2-TPR analysis,
it could be found that Zn poisoning produced more copper oxides for MCCX-Zn-S and
MCCX-Zn-C catalysts and reduced the Cu2+ active sites, thereby having an influence on
NO and NH3 adsorption. The bands belonging to Lewis acid sites were much stronger
than that of Brønsted acid sites on Zn-poisoned catalysts from the in situ DRIFTS spectra of
NH3 adsorption. Based on the in situ DRIFTS spectra of NO + O2 and NH3 species, both
the Langmuir–Hinshelwood (L–H) and Eley–Rideal (E–R) mechanisms were at play in all
of the catalysts. ZnCl2 species on MCCX catalysts had a slight influence on the Cu2+ active
site, while the band intensity of nitrate species on the Cu2+ active site for MCCX-Zn-S was
weaker than that of the other three catalysts. The scheme of mechanism effect for different
zinc species on the Mn-Ce/CuX catalyst is summarized in Figure 11.

Figure 11. Scheme of mechanism effect for different zinc species on Mn-Ce/CuX catalyst.

4. Materials and Methods

4.1. Catalysts Preparation

The Mn-Ce/CuX catalysts utilized in this study were synthesized using the impregna-
tion method, with the Mn-Ce mixed oxides loading of 5 wt.% (molar ratio of Mn/Ce was
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7:3), and the details of the preparation process were described in our earlier study [19]. The
first synthesis of CuX catalyst included both hydrothermal and ion exchange methods [13].
After obtaining CuX catalysts, they were added into a precursor solution including a prede-
termined amount of manganous nitrate and cerous nitrate, and the resulting slurry was
dried out in a water bath at 80 ◦C. The Mn-Ce/CuX catalyst was produced by drying in an
oven for 10 h at 80 ◦C and then calcining them in a muffle furnace for 3 h at 500 ◦C in air
condition.

A total of 1 wt.% Zn species was used to poison the Mn-Ce/CuX catalysts, which were
then composited using an impregnation approach in a variety of zinc compounds which
were ZnCl2, Zn(NO3)2, ZnSO4, and ZnCO3, respectively. After evaporating the solutions of
ZnCl2, Zn(NO3)2, ZnSO4, and ZnCO3 in an 80 ◦C water bath, the samples were dried in an
80 ◦C oven and then calcinated for 3 h at 500 ◦C in air. MCCX-Zn-Cl, MCCX-Zn-N, MCCX-
Zn-S, and MCCX-Zn-C were the names assigned to the several Zn-poisoned catalysts for
ZnCl2, Zn(NO3)2, ZnSO4, and ZnCO3.

4.2. Catalytic Activity Tests

The NH3-SCR activity of the MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-
Zn-C catalysts was studied in a 10 mm diameter quartz reactor using 0.5 g (40–60 mesh)
samples. The temperature went from 75 to 300 ◦C in increments of 25 ◦C, and each
temperature point was maintained for 30 min. The simulant mixed gas contained 500 ppm
NH3, 500 ppm NO, 11 vol% O2, and N2 as balanced gas with a total flow gas of 100 mL/min
and an hourly space velocity of 36,000 h−1. The amount of NO, NH3, NO2, and N2O
coming out was measured by a gas analyzer (Thermo Scientific, Antaris IGS, Waltham,
MA, USA). The NO conversion and N2 selectivity of the MCCX-Zn-Cl, MCCX-Zn-N,
MCCX-Zn-S, and MCCX-Zn-C catalysts were determined using the following equations
(Equations (1) and (2)) [27,37].

NO conversion (%)= (1 − [NO]out
[NO]in

) × 100% (1)

N2 selectivity (%) = (1− 2[N 2 O]out − [NO 2]out
[NO]in+[NH 3]in −[NO]out − [NH 3]out

) × 100% (2)

4.3. Catalyst Characterization

The X-ray diffraction (XRD) patterns were conducted to examine the composition
and crystallinity of chemicals on the catalyst surface using the Rigaku D/max-2500 PC
diffractometer which was recorded with a 2θ range of 5–90◦ at a scanning speed of 5◦/min.
Scanning electron microscope (SEM) analysis was used to investigate the surface microstruc-
ture of MCCX-Zn-Cl, MCCX-Zn-N, MCCX-Zn-S, and MCCX-Zn-C catalysts by the Thermo
Scientific Quattro SEM. The content and distribution of surface elements were recorded
using energy dispersive X-ray spectrometry (EDS) mapping.

X-ray photoelectron spectroscopy (XPS) experiments were used to measure the Cu 2p,
O 1s, Mn 2p, and Zn 2p by the Thermo ESCALAB 250Xi with Al Kα radiation (1484.6 eV) at
room temperature. The binding energy of the surface elements of the sample was calibrated
using C 1s (284.6 eV), and the sample was degassed in a vacuum for 1 h before testing to
minimize the influence of surface impurities.

A H2-TPR test was used on an Auto Chem II TPR/TPD 2920 detector. The specific
operation process was as follows: 150 mg of catalyst was placed in the U-shaped quartz
reaction tube, and the sample was pretreated under Ar flow of 100 mL/min. Then, the
sample was heated from room temperature to 300 ◦C at a heating rate of 5 ◦C/min and
then cooled to 50 ◦C after purging for 1 h, after which the sample was heated to 600 ◦C
(heating rate of 10 ◦C/min) under 5% H2/Ar atmosphere (flow rate of 50 mL/min). At the
same time, the detector recorded the TCD signal. NH3-TPD tests were conducted by the
Chembet Pulsar TPR/TPD detector (The American Konta Company), and the pretreated
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steps were the same as H2-TPR. The sample was then exposed to a 5% NH3/Ar atmosphere
(flow rate of 100 mL/min) for 1 h and followed by purging in N2 (100 mL/min). Then,
the sample was heated to 800 ◦C at a constant heating rate of 5 ◦C/min under a flow of
100 mL/min Ar, and the TCD signal was detected.

In situ diffuse reflectance infrared Fourier transform (in situ DRIFTS) studies were
investigated on the Thermo Fisher Nicolet iS50 spectrometer. Before the test, all the catalysts
were purged at 300 ◦C for 30 min under N2 and 11 vol% O2 atmosphere (total flow rate
of 100 mL/min); then, the background spectrum at a desired temperature was collected.
Then, the catalysts were exposed under 500 ppm NH3/N2 or 500 ppm NO/N2 and 11 vol%
O2 gas for 40 min (total flow rate of 100 mL/min), after which they were flushed under N2
gas for 60 min.

5. Conclusions

This research investigated and contrasted the effects of four distinct zinc species (ZnCl2,
Zn(NO3)2, ZnSO4, and ZnCO3) on the Mn-Ce co-doped CuX catalyst in a low-temperature
NH3-SCR process. Poisoned catalysts were made by impregnating in aqueous solutions of zinc
chloride, zinc nitrate, zinc sulfate, and zinc carbonate. All catalysts’ NH3-SCR activity were
quantified, and the physicochemical characteristics were studied. There was a notable drop
in catalytic activity for the catalyst in the low temperature range after zinc species poisoning,
with the order of poisoning going as follows: ZnSO4 > ZnCO3 > Zn(NO3)2 > ZnCl2. Zn species
affected the reduction of the MCCX catalyst, especially isolated Cu2+ ions in lattice zeolite X,
leading to a decrease in the SCR activity. ZnSO4’s poisoning effect on MCCX catalysts was
much more pronounced on the nitrate and nitrite intermediate products than that of ZnCO3,
ZnCl2, and Zn(NO3)2, and all the catalysts were governed by both the Langmuir–Hinshelwood
(L–H) and Eley–Rideal (E–R) mechanism as evidenced by the in situ DRIFTS spectra.
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Abstract: The present work theoretically investigated propane oxidation dehydrogenation by utiliz-
ing N2O as an oxidant (N2O-ODHP) over Cu-BEA with three different types of active site, including
monomeric Cu ([Cu]+), dimeric Cu ([Cu−Cu]2+), and distant monomeric Cu sites ([Cu]+—[Cu]+).
Energetically, we calculated that the monomeric [Cu]+ is favorable for the αH dehydrogenation step
(ΔE = 0.05 eV), which, however, suffers from high barriers of N2O dissociation and βH dehydrogena-
tion steps of 1.40 and 1.94 eV, respectively. Although the dimeric [Cu−Cu]2+ site with a Cu—Cu
distance of 4.91 Å is much more favorable for N2O dissociation (0.95 eV), it still needs to overcome an
extremely high barrier (ΔE = 2.15 eV) for βH dehydrogenation. Interestingly, the distant [Cu]+—[Cu]+

site with the Cu—Cu distance of 5.82 Å exhibits low energy barriers for N2O dissociation (0.89 eV)
and ODHP steps (0.01 and 0.33 eV) due to the synergistic effect of distant [Cu]+. The microkinetic
analyses quantitatively verified the superior activity of the distant [Cu]+—[Cu]+ site with a reaction
rate being eight to nine orders of magnitude higher than those of the monomeric and the dimeric Cu
sites, and this is related to its ready charge-transfer ability, as shown by the partial Density of State
(PDOS) analysis and the static charge differential density analysis in this study. Generally, the present
work proposes that the distance between the [Cu]+ sites plays a significant and important role in
N2O-ODHP over the Cu-based zeolite catalyst and modulates Cu—Cu distance, and this constitutes
a promising strategy for highly-efficient Cu-zeolite catalyst design for N2O-ODHP.

Keywords: propane oxidation dehydrogenation (ODHP); N2O; Cu-BEA; density functional theory
(DFT); microkinetic modelling

1. Introduction

Propylene is one of the most important organic raw materials, and it can be used to
synthesize petrochemical products, such as polyurethane, polypropylene, acetone, acry-
lonitrile, polyacrylonitrile, and propylene oxide. The traditional commercial production
of propylene is mainly through fluid catalytic cracking (FCC) and steam cracking (SC) of
petroleum by-products, such as naphtha and light diesel oil [1,2]. However, relatively low
selectivity as well as limited resources cannot meet the growing demand of propylene,
thereby making it highly desirable to develop some efficient and economical methods to
produce propylene [3–5]. The massive exploitation and use of shale gas has increased the
production of low-carbon alkanes, and propane has thus become a cheap chemical raw
material. Converting abundant propane into propylene is not only an important topic
in the field of the petrochemical industry but is also a research hotspot in the field of
heterogeneous catalysis [4,5], and it is a promising means of meeting the huge demand of
the propylene market [2,6].

The catalytic dehydrogenation of propane techniques include the direct dehydro-
genation of propane (PDH) and the oxidative dehydrogenation of propane (ODHP). The
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direct PDH has been industrialized: one example is the Catofin process using chromium
aluminum oxide as a catalyst by the Lummus Company [7,8], and another is the Oleflex
process from UOP utilizing platinum-based catalysts [7,8]. However, the direct PDH is a
reversible and strongly-endothermic reaction that is limited by thermodynamic equilibrium.
Moreover, C−C bond breaking to produce methane/ethylene is much more likely to occur
at high temperatures, which can further lower propylene selectivity [7,8]. Due to these
shortcomings, researchers have conducted studies on the catalytic dehydrogenation of
propane under aerobic conditions. Recently, it has been reported that utilizing N2O as the
oxidant is much more effective than O2 for the ODHP [9–11]. For example, Bulanek et al. [9]
have reported that the N2O-ODHP is much more efficient relative to that of O2-ODHP
by displaying its higher propane conversion rate and its propylene selectivity. Katerinas
et al. [10] have also reported that the selectivity of propylene increased from 33.6% to 68%
when using N2O as the oxidant, which can also improve the conversion rate of propane [12].

At the current stage, researchers are still trying to find the suitable catalyst for the
N2O-ODHP, and the zeolite catalyst is notable here due to its excellent N2O dissociation
activity, which generates αO [13]. The BEA zeolite, with a unique twelve-ring structure,
possesses better N2O dissociation activity than those of Y, MFI, FAU, and MOR [14,15].
Sobalikseta al. [16] have reported that Cu (II) in BEA is the active site of N2O decomposition.
In our previous works, the catalytic dissociation of N2O [17] as well as the N2O oxidation
of methane into methanol [18] were also investigated over the Cu-BEA, and it was found
that both the monomeric and the dimeric Cu sites can function as the active sites for N2O
dissociation to generate αO. In the present work, the N2O-ODHP was theoretically investi-
gated over the Cu-BEA zeolite with diverse active site structures, including monomeric
[Cu]+, dimeric [Cu−Cu]2+, and distant [Cu]+—[Cu]+ sites. The Mars van Krevelen mecha-
nism is related to the reaction between the reactant and the lattice oxygen of the oxidation
catalyst [19,20]. The first step is the oxidation of the reductant by the lattice oxygen of the
catalyst that generates the product, with a simultaneous formation of oxygen vacancy. The
second step is the regeneration of the catalytic active site through the dissociated oxygen
in order to replenish oxygen vacancies. Being similar to such a mechanism, in the present
work, the αO functions as the active site, and it is utilized to oxidize C3H8 into C3H6 and
H2O. The αO would thereby be further regenerated through the reoxidation by N2O. The
specific reaction mechanisms were well illustrated by DFT, and the microkinetic modeling
was further conducted in order to quantitatively compare the reaction rates of the diverse
active sites. Generally, the present work aims to shed a deeper mechanistic light on the
active-site motif structural effect on N2O-ODHP and, moreover, emphasize that modulating
the Cu—Cu distance would constitute a promising method for a highly efficient Cu-based
zeolite catalyst design for the N2O-ODHP.

2. Result and Discussion

2.1. N2O-ODHP Mechanism Simulation over Diverse ACTIVE Site

Three types of Cu-BEA models with different active centers (Figure S1a,c) were con-
structed for the N2O-ODHP mechanism simulations, which comprised three steps: (i) N2O
dissociation to produce αO with the simultaneous release of N2, and the dehydrogenation
of (ii) the αH and (ii) the βH of C3H8. The derived energy diagrams along with a different
reaction route (Routes A–C) over these active sites are depicted in Figure 1a–d, and based
on this, we conducted an in-depth analysis of the specific reaction pathways and the evolu-
tion of the structures intermediately generated, and we then compared the derived energy
barrier in order to determine the optimal active center for N2O-ODHP.

2.1.1. N2O-ODHP over Monomeric [Cu]+ Site of Route A

(a) Dissociation of N2O to form αO (Reaction Step A1). In this part, the N2O-ODHP
over the monomeric [Cu]+ site of Cu-BEA (noted as Za−Cu) was simulated by DFT. Firstly,
the N2O molecule can be adsorbed over the Za−Cu site through the O end with a bond
length of 2.00 Å. After overcoming a relatively high energy barrier of 1.40 eV (TSA1;
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Figure 1a), the αO can be generated. As noted, compared with the structure of the N2O-
adsorption state, the bond of [CuO]−N was elongated from 1.22 to 1.89 Å, and the bond
angle of Cu−O−N2 bent from 121.4 to 124.0◦ (Figure 2a,b). Such structural distortion can
be related to the pre-activation effects of the monomeric [Cu]+. The αO of [Cu−O]+ can be
formed, as shown in Figure 2c, with a [CuO]−N bond of 3.76 Å.

Figure 1. Energy diagram of N2O-ODHP over Cu-BEA with different active sites of (a) Za−Cu
(reaction Route A); (b) Zb−Cu (reaction Route B; (c) Zc−Cu (reaction Route C); and (d) energy barrier
comparisons. Si (yellow), O (red), N (blue), Al (pink), Cu (orange).

(b) Propane dehydrogenation of αH (Reaction Step A2). Reaction Route A2 describes
the propane dehydrogenation of αH over Za−Cu−O, wherein there exists one bond fracture
of H−C3H7 and two bond formations of [Cu−O]−H and [Cu−O]−C3H7 (the αO being
connected with the subtracted H and the radical of C3H7-). As shown in Figure 2d,e, the
distance of O−αH slightly shrunk from 2.26 to 1.84 Å, and the bond of C−αH extended
from 1.11 to 1.13 Å after the adsorption of C3H8 (ΔE = −0.06 eV, Figure 1a). The αH
dehydrogenation occurred by crossing the energy barrier of 0.05 eV through the TSA2,
which can be characterized by the Cu−O−C bond angle of 100.6◦ and the Cu−O−H bond
angle of 97.5◦. After that, the αH can be subtracted from C3H8, forming Za−Cu−OH with
the OH bond of 0.97 Å (Figure 2e). In comparison to 1.49 eV of αH dehydrogenation over
the CeO2(111) [21], it would be easier for αH dehydrogenation to occur over the monomeric
[Cu]+ site of Cu-BEA.

(c) Propane dehydrogenation of βH to form propylene (Reaction Step A3). The
dehydrogenation of βH occurred in Route A3 through another transition state of TSA3
with a greatly higher energy barrier of 1.94 eV (Figure 1a), wherein the βH can migrate
from C3H7 to Za−Cu−OH, finally generating the C3H6 and the H2O. The distance of the
[CuO]−βH shrunk from 2.62 to 1.72 Å, and the bond of C−αH extended from 1.11 to 1.28 Å
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and formed the Za−Cu−H2O−C3H8 that can be seen in Figure 2f,g. Therefore, according to
the above DFT energy calculations, we can derive that the monomeric [Cu]+ site possessing
a relatively high barrier for N2O-ODHP, especially for the βH dehydrogenation step, is not
potentially active for the N2O-ODHP.

Figure 2. Optimized model of Cu-BEA with Za−Cu site for the N2O-ODHP: (a) Za−Cu+N2O
(adsorption fo N2O); (b) TS1A; (c) Za−Cu−O+N2; (d) Za−Cu−O+C3H8 (adsorption of C3H8);
(e) TS2A; (f) Za−Cu−OH−C3H7; (g) TS3A; (h) Za−Cu−H2O−C3H6. Si (yellow), O (red), N (blue),
Al (pink), Cu (orange).

2.1.2. N2O-ODHP over Dimeric [Cu−Cu]2+ Site of Route B

(a) Dissociation of N2O to form αO (Reaction Step B1). In this part, the N2O-ODHP
was simulated over the dimeric [Cu−Cu]2+ site (noted as Zb−Cu). As shown in Figure 3a,
the N2O could be absorbed over Zb−Cu through both its O and N end, with a Cu−ON2
bond of 1.95 Å, a Cu−N2O bond of 1.80 Å, and an N−N−O bond angle of 175.0◦. Much
stronger structural distortion can be observed for the adsorbed N2O relative to that of
the N2O being adsorbed over the monomeric [Cu]+ site, and this is closely related to the
strong synergistic effect of the dimeric [Cu−Cu]2+. Moreover, due to such a synergistic
effect, the N2O can be readily (ΔE = 0.95 eV, Figure 1b) dissociated to generate the αO
([Cu−O−Cu]2+, Figure 3c) and the N2 through the TS1B. Further comparing the structures
of the adsorption state (Figure 3a) and the TS1B (Figure 3b), the bond length of Cu−ON2
shrunk from 1.95 to 1.75 Å, while the N2−O bond enlarged from 1.79 to 1.80 Å, and the
bond angle of N−N−O decreased from 112.9 to 118.9◦.

(b) Propane dehydrogenation of αH (Reaction step B2). The C3H8 can be initially
adsorbed over Zb−Cu−O−Cu (Figure 3d). Subsequently, the αH would migrate from
C3H8 to the αO through the TS2B (Figure 3e), which is characterized by the Cua−O bond
of 1.80 Å, the Cub−O bond of 1.79 Å, and the Cu−O−Cu bond angle of 143.2◦. This
crosses a low energy barrier of 0.30 eV (Figure 1b). After that, an intermediate structure of
Zb−Cu2−C3H7−OH (Figure 3f) with a Cua−OH bond of 1.92 Å, a Cub−C bond of 2.11 Å,
and a C−C−C bond angle of 115.9◦ can be formed, wherein the radical of the C3H7- can be
inserted into the Zb−Cu−O−Cu site.
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Figure 3. Optimized model of Cu-BEA with Zb−Cu site for the N2O-ODHP: (a) Zb−Cu2+N2O
(adsorption fo N2O); (b) TS1B; (c) Zb−Cu−O−Cu+N2; (d) Zb−Cu−O−Cu+C3H8 (adsorption of
C3H8); (e) TS2B; (f) Zb−Cu2−OH−C3H7; (g) TS3B; (h) Zb−Cu2−C3H6−H2O. Si (yellow), O (red),
N (blue), Al (pink), Cu (orange).

(c) Propane dehydrogenation of βH to form propylene (Reaction Step B3). After
Reaction Step B2, the βH further migrates to the αO of the Zb−Cu2−C3H7−OH site,
producing C3H6 and H2O (Figure 3h), which, however, needs to overcome a significantly
high barrier of 2.15 eV (Figure 1b) that is comparable to the value of 1.94 eV (Figure 1b)
for the scenario of the monomeric [Cu]+ site. The TS3B (Figure 3g) can be characterized by
a Cua−O bond of 1.82 Å, an O−βH bond of 1.77Å, a C−βH of 1.15 Å, and a Cu−O−αH
bond angle of 103.9◦. As noted, the Cub site forms a bridge with H and C in TS3B (Cub−H
of 1.71 Å and Cub−C of 2.11 Å). Subsequently, the C−H bond would expand from 1.71 to
1.77 Å, eventually leading to the C−H bond being inviable in Figure 3h. Eventually, the
C3H6 can be produced after the C−βH bond breaking and the Cub−C bond formation
that is associated with the formation of H2O. As noted, such a high barrier of 2.15 eV also
indicates that the dimeric Cu site of Zb−Cu is not suitable for the N2O-ODHP.

2.1.3. N2O-ODHP over Distant [Cu]+—[Cu]+ Site of Route C

(a) Dissociation of N2O to form αO (Reaction step C1). The N2O-ODHP was further
simulated over the distant [Cu]+—[Cu]+ site noted as Zc−Cu and with the Cu—Cu distance
of 5.82 Å.

As shown in Figure 4a, given that it is similar to that of the dimeric [Cu−Cu]2+ site, the
N2O molecule can also be adsorbed over Zc−Cu through both its O and N end, with a bond
length of 1.94 and 1.81 Å and a N−N−O bond angle of 173.8º. Relatively stronger structural
distortion can be observed for the adsorbed N2O over the Zc−Cu site in comparison to
that of the Zb−Cu site, which indicates a stronger synergistic effect of the Zc−Cu site
compared to the Zb−Cu for N2O preactivation. A similar finding can also be observed for
the N2O dissociation step to generate αO, wherein the Zc−Cu exhibits a relatively lower
N2O-dissociation energy barrier (0.89 eV, Figure 1c) than that of the [Cu−Cu]2+ dimeric
site (Zb−Cu of 0.95 eV, Figure 1b), which is due to this type of synergistic effect. The TSC1
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(Figure 4b) can be characterized by a Cua−O bond of the 1.81 Å, an N−N−O bond angle of
127.6◦, and a Zc−Cu-O bond angle of 147.9◦. Most importantly, the Zc−Cu site evolved into
the motif structure of [Cu−O]+—[Cu]+ (Figure 4c, Cu−O bond of 1.71 Å), which contains
two distant monomeric Cu sites that are greatly favorable to the further dehydrogenation
of both the αH and the βH of the C3H8 molecule, as will be detailed below.

Figure 4. Optimized model of Cu-BEA with Zc−Cu site for the N2O-ODHP: (a) Zc−Cu2+N2O
(adsorption fo N2O); (b) TS1C; (c) Zc−Cu−O−Cu+N2; (d) Zc−Cu2−O+C3H8 (adsorption of C3H8);
(e) TS2C; (f) Zc−Cu2−C3H7−OH; (g) TS3C; (h) Zc−Cu2−C3H6−H2O. Si (yellow), O (red), N (blue),
Al (pink), Cu (orange).

(b) Propane dehydrogenation of αH (Reaction step C2). The C3H8 can be adsorbed
over the [Cu]+ site of [Cu−O]+—[Cu]+ through the C end, forming a C−Cu bond of
2.13 Å and a C3H8 (C−C−C) bond angle of 112.2◦. As noted, much stronger structural
distortion of C3H8 can also be observed over the Zc−Cu site than that of the Zb−Cu site,
which eventually leads to an extremely low barrier of 0.01 eV (Figure 1c) during the αH
dehydrogenation through a transition state of TS2C (Figure 4e), and this is characterized
by a Cu−C bond of 2.14 Å, a Cu−O bond of 1.72 Å, a [Cu−O]−αH bond of 2.11 Å, and
a C-C-C bond angle of 112.6◦. Finally, an intermediate structure of Zc−Cu2−C3H7−OH
(Figure 4f) can be formed with the Cua−OH bond of 1.78 Å. As noted, it is interesting to see
that the generated C3H7- radical was well inserted between the distant [Cu−OH]+—[Cu]+

site, forming, respectively, a Cua−C bond of 1.98 Å and a Cub−C bond of 2.16 Å. This
would be greatly favorable for βH dehydrogenation by taking advantage of the synergistic
effect of the distant [Cu−OH]+—[Cu]+ site, as stated below in Reaction Step C3.

(c) Propane dehydrogenation of βH to form propylene (Reaction step C3). In this step,
the βH would migrate from the C3H7- to the [Cua−OH]+ site, generating the adsorbed
H2O and C3H6. Being totally different from the scenarios of both the monomeric and the
dimeric Cu active sites (ΔE = 1.94 and 2.15 eV, respectively; Figure 1a,b), the βH can be
readily dehydrogenated from C3H7- by crossing a significantly lower energy barrier of
0.33 eV (Figure 1c) over the Zc−Cu site due to its strong synergistic effect. The TS3C can
be characterized by a Cu-OH bond of 1.78 Å, a βH-O bond of 2.62 Å, and a C−C−C bond
angle of 99.9◦ (Figure 4g). Carefully analyzing the motif structure of Zb−Cu2-C3H7-OH
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(Figure 3f) and Zc−Cu2-C3H7-OH (Figure 4f), one can find that although the radical of
C3H7- can be inserted between both the Zb−Cu and the Zc−Cu site, the specific adsorption
mode was different for the two. The C3H7- was adsorbed over the Zb−Cu site through the
O−Ca and the Cub−Cc bond, and was adsorbed through the Cua−Ca and the Cub−Cb
bond over the Zc−Cu site. In this regard, the C3H7- has to break up the two bonds of
O−Ca and βH−Cb in order to generate the C3H6 and H2O during the transition state of
the TS3B (as seen in Figure 3g), whereas, on the contrary, the C3H7- only needs to break up
one βH−Cb bond during the transition state of the TS3C (seen in Figure 4g).

In the light of the above statements, we can therefore note that the Zc−Cu site possess-
ing the lowest energy barrier for N2O dissociation (0.89 eV) as well as αH (0.01 eV) and βH
(0.33 eV) dehydrogenation (Figure 1c,d), relative to those of the Zb−Cu and the Za−Cu
sites (especially for the βH dehydrogenation step), is the most active site for N2O-ODHP.
Moreover, this finding also shows that modulating the Cu—Cu distance may constitute a
promising strategy for highly-efficient zeolite-based N2O-ODHP catalyst design.

2.2. Microkinetic Modeling

Based on the above DFT simulations and transition state theory, microkinetic modeling
was further conducted to explore the reaction dynamics (through the intermediate surface
coverage variations) and to determine and compare the reaction rate of the rate of the
determining step (RDS) over the three different Cu active sites. The N2O-ODHP reaction
can be described by five elementary steps, given that it is associated with the kinetic
equations listed in Table 1. The calculated kinetic parameters, including reaction rate
constant, pre-exponential factor, and specific forward and reverse reaction rate, were listed
in Table S1.

Table 1. Elementary steps of micro-dynamics and the equations of reaction rate for the N2O-ODHP
over Cu-BEA.

Step Elementary Steps Reaction Rate Equations

R1 Z−Cu−N2O(g) ↔ Z−Cu−N2O r1 = k1PN2Oθv − k-1θN2O
R2 Z−Cu−N2O → Z−Cu−O+N2(g) r2 = k2θN2O
R3 Z−Cu−O+C3H8(g) ↔ Z−Cu−O−C3H8 r3 = k3PC3H8θO − k-3θO-C3H8

R4 Z−Cu−O−C3H8 ↔ Z−Cu−OH−C3H7 r4 = k4θO-C3H8 − k-4θC3H7-OH
R5 Z−Cu−OH−C3H7 ↔ Z−Cu−H2O−C3H6 r5 = k5θC3H7-OH − k-5θC3H6-H2O

(a) Microkinetic modeling over Za−Cu. Figure 5a displays the intermediate coverage
variations along with reaction time (t) over the Za−Cu (T = 823 K). Initially, the unoccupied
active site coverage (θv) would decrease from 1 to 0.8 ML as it is associated with the
increase of adsorbed N2O (θN2O) from 0 to 0.2 ML. This process corresponds with the N2O
dissociation step that generates αO, wherein the adsorbed N2O (θN2O) constitutes the major
active-site covered species over the Za−Cu due to the relatively high energy barrier of R2
(1.40 eV, Figure 1a, N2O dissociation to generate αO). Along with the reaction, both θv
and θN2O would quickly decrease to 0 ML as they are both accompanied with the rapid
growth of the coverage of the intermediate of propanol (θC3H7-OH), which finally reaches
the equilibrium. This finding indicates that after the formation of αO, it would quickly
participate in the ODHP reaction in order to generate the intermediate of propanol, and
the intermediate of propanol (θC3H7-OH) constitutes the major active-site covered species,
which indicates that the R5 (ΔE = 1.94 eV, Figure 1a) constitutes the RDS during N2O-ODHP
over the Za−Cu site, leading to the accumulation of C3H7−OH over the active site.

63



Catalysts 2023, 13, 1212

r1

r2

r3

r4

r5

10-11 10-5 101 107 1013 1019 1025

Forward reaction rate (s-1)

Re
ac

tio
n 

ste
p

 Za Cu
 Zb Cu
 Zc Cu

0.0

0.2

0.4

0.6

0.8

1.0

  
 N2O

 O

 OC3H8

 C3H7 OH

 C3H6 H2O

Su
rfa

ce
 C

ov
er

ag
e 

(M
L)

823K

30
log t (s)

25 20 15 10 5 0 5 10

0.0

0.2

0.4

0.6

0.8

1.0

30

  
 N2O

 O

 OC3H8

 C3H7-OH

 C3H6-H2O
Su

rfa
ce

 C
ov

er
ag

e 
(M

L)

log t (s)

823K

25 20 15 10 5 0 5 10

0.0

0.2

0.4

0.6

0.8

1.0

  
 N2O

 O

 OC3H8

 C3H7-OH

 C3H6-H2O

Su
rfa

ce
 C

ov
er

ag
e 

(M
L)

823K

30
log t (s)

25 20 15 10 5 0 5 10

(b)

(c)

(a)

(d)

Figure 5. Microkinetic modeling results: the surface coverage variations along with reaction time
(t) over the (a) Za−Cu, (b) Zb−Cu, and (c) Zc−Cu sites of Cu-BEA at 823 K, and (d) the forward
reaction rate comparisons.

(b) Microkinetic modeling over Zb−Cu. Figure 5b displays the variations of the
intermediate coverages during the N2O-ODHP over the Zb−Cu site. Being similar to that
of Za−Cu site, the adsorbed N2O would initially cover the active site by displaying the θN2O
of 0.3 ML. However, the αO, given that it is in the form of [Cu−O−Cu]2+, would shortly
occupy the active site due to the relatively lower N2O dissociation barrier (0.95 versus
1.40 eV of R2) and higher αH dehydrogenation barrier (0.3 versus 0.05 eV of R4) than
that of Za−Cu site, which leads to the short accumulation of the αO over the active site.
Along with the further reaction (reaching equilibrium), the active site would be eventually
covered by the propanol (θC3H7-OH), which is similar to the scenario of the Za−Cu site due
to the extremely high barrier of R5 (2.15 eV). Thus, similar to that of Za−Cu, the R5 would
constitute the RDS during the N2O-ODHP over the Zb−Cu site.

(c) Microkinetic modeling over Zc−Cu. The surface coverage of the reactant as well as
the generated intermediates during N2O-ODHP over the Zc−Cu site were both depicted
in Figure 5c. Being totally different from the scenarios of the Za−Cu and the Zb−Cu sites,
the N2O constitutes the major active-site covered species over the Zc−Cu site at T = 823 K,
wherein the θN2O initially increases up to 1 ML and then decreases to a stable value of above
0.9 ML due to another intermediate αO (θo = 0.1 ML) after the reaction, which reaches the
equilibrium. This finding indicates that the N2O dissociation step (R2) would constitute
the RDS during the N2O-ODHP over the Zc−Cu site. This finding correlates well with the
highest energy barrier of 0.89 eV of R2 during N2O-ODHP (see Figure 1c).

(d) Reaction rate comparisons. Figure 5d displays the forward reaction rate compar-
isons of each elementary step during N2O-ODHP over the different active sites of Za−Cu,
Zb−Cu, and Zc−Cu. Obviously, the Zc−Cu site displays much higher reaction rates than
those of the Za−Cu and the Zb−Cu. Moreover, in the net reaction rate (NRR) compar-
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isons, which were further depicted in Figure S1, the Zc−Cu displays an NRR of 1.25+E8
mol·m−3·s−1, and it is five and six orders of magnitude higher, respectively, than those of
the Za−Cu (120.57 mol·m−3·s−1) and the Zb−Cu (49.21 mol·m−3·s−1) sites. These findings
quantitatively verify the superior activity of the Zc−Cu site relative to those of the Za−Cu
and the Zb−Cu sites.

2.3. Static Charge Difference PDOS and Analyses

To further illustrate the superior activity of the Zc−Cu, the static charge difference
and the partial density of state (PDOS) analyses were further conducted based on TS3 (cor-
responding to the βH dehydrogenation step). As shown in Figure 6a–d, large amounts of
charge transfers occurred during the βH dehydrogenation, and the Cu of Zc−Cu provided
more charges relative to those of the Za−Cu and the Zb−Cu (Figure 6d), which can be
closely related to the smallest band gap between the Cu and C of C3H7-, as shown by the
PDOS analyses of Figure 6e–g (4.97 versus 5.82 and 5.29 eV). This finding indicates that the
Zc−Cu would exhibit a stronger electric field effect on C3H7-, and that it is thereby greatly
favorable for βH dehydrogenation.

Figure 6. The static charge difference (a–c) and partial density of state (PDOS) analyses (e–g) of TS3
models for Za−, Zb−, and Zc−Cu-BEA; (d) bader charges analysis results; (e) partial density of state
(PDOS) of atomic Cu and C over (e) Za−Cu; (f) Zb−Cu; and (g) Zc−Cu site. Yellow and blue colors
represent the increase and decrease in electron density, respectively. Si (yellow), O (red), N (blue), Al
(pink), Cu (orange).

3. N2O-ODHP Activity Measurement

As is well known, in addition to the [Cu]+ cations, the CuOx species can also exist over
Cu-modified zeolite catalyst (Cu-Zeolite) and shed more light on the activity behaviors
of these different Cu species. The 1%Cu-BEA and 1%CuO-SiO2 were prepared by the
impregnation method (the metal loading of 1wt.%), and they were further evaluated for
the N2O-ODHP. In addition, the Fe-modified zeolites (Fe-Zeolite) have also been reported
to possess excellent N2O dissociation activity in order to produce αO [17], and to make
a comparison with the Cu modified zeolite, the 1%Fe-BEA, and 1%Fe-ZSM-5 were also
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prepared by the impregnation method (metal loading of 1 wt.%) and evaluated by N2O-
ODHP. The specific preparation method is stated in detail in the Supporting Information
section of this paper. The activity measurement results, including the C3H8 and N2O
conversions as well as the product selectivity, were profiled in Figure 7a–c. As can be
seen there, the 1%Cu-BEA displays a higher C3H8 conversion (31.5%) and a higher C3H6
selectivity (74.5%) than the other catalyst samples, especially in comparison with that of
1%CuO-SiO2, displaying a C3H8 conversion of 3.5% and a C3H6 selectivity of 43.5%. This
finding indicates that the CuO species would not constitute the major active species for the
N2O-ODHP.

Figure 7. Activity measurement of N2O-ODHP over 1%Cu-BEA (orange), 1%Fe-BEA (red), 1%Fe-
ZSM-5 (dark blue), and 1%CuO-SiO2 (green): (a) C3H8 conversion; (b) N2O conversion; (c) product
selectivity of C2H6 (light green), CH4 (light purple), CO (light blue), CO2 (blue), C2H4 (light pink),
and C3H6 (light red). GHSV = 12,000 h−1, C3H8:N2O:He = 10:10:80, T = 550 ◦C.

As further shown by the N2O conversion of Figure 7b, the 1%CuO-SiO2 displays a
much lower N2O conversion (27.2%) than the 1%Cu-BEA (69.4%). This finding shows
that the lower N2O dissociation activity of CuO species probably constitutes one of the
major reactions that leads to the extremely low N2O-ODHP activity of the 1%CuO-SiO2.
Conversely, the 1%Cu-BEA possessing active Cu cations for N2O dissociation that generate
αO exhibits a much higher level of N2O-ODHP activity relative to the 1%CuO-SiO2. As has
also been reported on a theoretical level [22], the CuO exhibits a much high energy barrier
(2.71 eV) for N2O dissociation, which indicates that it is very difficult to decompose N2O
and produce α-O over CuO.

As for the samples of 1%Fe-BEA and 1%Fe-ZSM-5, the nearly complete N2O conver-
sion (~100%) can be achieved due to the superior N2O dissociation activity of Fe cations
than those of the Cu cations [23], although this does lead to the ready overoxidation of
C3H8 into COx (CO and CO2 of 64.1 and 46.0%, respectively; see Figure 7c). This finding
shows that the Fe cations are active for N2O dissociation, although they suffer from the
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overoxidation of C3H8. The Cu-based zeolites would therefore probably be much more
suitable for the N2O-ODHP relative to that of the Fe-based zeolite catalyst. However, we
would also like to emphasize that such works still need further investigation. We would
also like to note that the TPR and UV-vis correlate with the active-site-structure in the
theoretical calculation. This will be further studied in our research in the future, which will
focus on the influence of a diversely structured topologized zeolite (MFI, FER, MOR, and
BEA) on a specific structure, as well as on the location of [Cu]+ cations and how they are
related to N2O-ODHP catalytic behaviors, both experimentally and theoretically.

4. Computational Modeling and Methodology

Density functional theory (DFT) adopts the Vienna ab-initio simulation package
(VASP). The Projection Enhanced Wave (PAW) method utilizes the interaction between
electrons and the core, and it uses Generalized Gradient Approximation (GGA) and Perdew
Burke Ernzerhof (PBE) functions to achieve electron exchange correlation [24]. In the
process of geometric optimization, the convergence achieved at the energy difference is
10−5 eV, with an ion relaxation convergence standard of 0.05 eV/Å. The energy cutoff of
the set plane wave is 400 eV. The K point of the Brillouin region is set to 2 × 2 × 1 in the
calculation of the structure, and it is set to 4 × 4 × 2 in the partial wave density of states.
In the International Zeolite Association (IZA) database, the cellular model data for BEA is
A = 12, B = 12.632, and C = 9.421 Å [25]. The calculation of the transition state (TS) uses the
climbing image light pushing elastic bond (CI-NEB) and the dimer method. Four points are
inserted between the initial state and the final state, and the saddle points corresponding to
the transition state are located in order to find the lowest energy path. The TS state is only
identified on one imaginary frequency [25–29]. The method of micro-dynamic modeling is
included in the Supporting Information section of this paper.

5. Conclusions

The present work theoretically investigates N2O-ODHP over Cu-BEA with three
types of Cu sites—-monomeric [Cu]+ (Za−Cu), dimeric [Cu−Cu]2+ (Zb−Cu), and distant
[Cu]+—[Cu]+ (Zc−Cu). The Za−Cu is beneficial for αH dehydrogenation (0.05 eV), but
it requires a high energy barrier in N2O dissociation and βH dehydrogenation (1.40 and
1.94 eV) to be overcome. The Zb−Cu, with a Cu—Cu distance of 4.91 Å, is suitable for
the N2O dissociation step (0.95 eV), but it is highly resistant to the βH hydrogenation step
because it displays an extremely high barrier of 2.15 eV. Being contrary to the scenarios
of the Za−Cu and the Zb−Cu, the Zc−Cu site with the Cu—Cu distance of 5.82 Å is not
only favorable for N2O dissociation (0.89 eV) but also greatly active for the ODHP steps
of αH (0.01 eV) and βH (0.33 eV) dehydrogenation. The microkinetic modeling further
showed that the Zc−Cu exhibits a five to six orders of magnitude higher net reaction rate
than those of the Za−Cu and the Zb−Cu sites. This is closely correlated with the specific
structure of the Zc−Cu, which possesses a much stronger electric field effect on the C3H8
molecule due to the synergic effect of Cu, as this possesses the smallest band gaps and they
are favorable to the charge transfers between the Cu active site and the C3H8 molecule.
Generally, we ultimately propose that modulating the Cu active site distance (Cu—Cu)
probably constitutes a promising strategy for highly-efficient Cu-zeolite design for the
N2O-ODHP. Additionally, we would like to mention that it is not possible for there to be
only one type of Z−Cu site (Cu cation site)] experimentally, and other types of Cu site
(such as [Cu3O3]2+, which is proposed by Lercher et al. [30] for methane direct oxidation
to methanol) may also be active for the N2O-ODHP, which would be a good direction for
further study of this subject.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13081212/s1, Figure S1. Optimized Cu-BEA models with
diverse Cu active site motifs (a) Za-Cu; (b) Zb-Cu; (c) Zc-Cu site; Si (yellow), O (red), N (blue), Al
(pink), Cu (orange); Scheme S1. Schematic reaction for N2O-ODHP over Za-Cu (reaction Route A),
Zb-Cu (reaction Route B) and Zc-Cu (reaction Route C), respectively; Table S1. Micro-dynamics
parameters of the reaction steps over Za-Cu, Zb-Cu and Zc-Cu site; Figure S2. The comparison
of net reaction rate over Schematic reaction for N2O-ODHP over Za-Cu, Zb-Cu and Zc-Cu site at
823 K [17,18,25,31–36].
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Abstract: Zeolites are porous materials with plentiful and adjustable pore structures, which are widely
applied in various fields such as fossil fuel energy conversion, preparation of clean energy, chemical
product conversion, CO2 capture, VOC treatment, and so on. Zeolites exhibited advantageous
adsorption compared with traditional adsorbents such as activated carbon; in addition, they can also
provide abundant reaction sites for various molecules. The chemical composition, structural acidity,
and distribution of pore size can distinctly affect the efficiency of the reaction. The modification
of zeolite structure, the development of novel and efficient preparation methods, as well as the
improvement of reaction efficiency, have always been the focus of research for zeolites.

Keywords: zeolite; catalyst; pore structure; redox; applications

1. Introduction

Adsorption and catalytic oxidation technology have extensive uses in energy, chemical
engineering, and environmental industries, such as the cracking of fossil fuels, conversion
of biomass, synthesis of non-petroleum products, low-cost production of hydrogen, cat-
alytic treatment of industrial exhaust gas, etc. [1,2]. The efficiency of catalytic reactions is
strongly influenced by adsorbents and catalysts. Under normal conditions, adsorbents are
porous materials with huge specific surface areas that can provide enough space for redox
reactions. Activated carbons (ACs), porous alumina, metal-organic frameworks (MOFs),
and molecular sieves are constantly used as adsorbents because of their pore structure.
More specifically, considering the thermal stability and the modification of pore structure,
molecular sieves exhibited better performance than activated carbons.

Zeolite has generally been utilized in various synthetic processes in industrial products
since its development (as shown in Figure 1). For zeolites, the basic structural unit (TO4) is
connected by bridging oxygen atoms to form a secondary building structure (SBU), which
can be further combined to form composite building structures (CBUs), and multiple rings
(n) are simultaneously formed [3]. Zeolites can be classified as different types according to
the pore size and the number of rings: (1) small pore zeolites with n = 8, (2) medium pore
zeolites with n = 10, (3) large pore zeolites with n = 12, (4) extra-large pore zeolites with
n > 12.

Catalysts 2023, 13, 1197. https://doi.org/10.3390/catal13081197 https://www.mdpi.com/journal/catalysts
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Figure 1. Various applications of zeolites in sustainable energy.

Due to the different combinations of basic units, there are significant differences in the
pore structure and size of different types of zeolite molecular sieves. So far, A type, X type,
Y type, β-zeolite, and ZSM-5 zeolite have been the most widely used zeolites.

A type (Linde type A, LTA) zeolites have a cubic crystal system. It has 3-dimensional
channels ranging from 3 Å to 5 Å and an 8-membered topological structure. β zeolite is
composed of 12-membered rings with an average channel size of 6 Å − 8 Å. X type and Y
type zeolites are classified as FAU zeolites. Both of them belong to cubic crystals and are
composed of hexagonal column cages and β cages formed from 6-membered rings. The
Si/Al ratio of the X type varies from 2.2 to 3, and the Y type is higher than 3. Due to the
special channels, X type and Y type zeolites have a large adsorption capacity for organic
pollutant molecules. However, the adsorption capacity of organic molecules is reduced
in moist gases. ZSM-5 is a typical MFI zeolite with a “zigzag” shaped 10-membered ring
channel and vertically oriented 10-membered ring channels. The medium pore size (~5 Å)
and excellent hydrothermal stability facilitated its application in the petrochemical industry.

Additionally, catalysts are pretty active components in the reaction process, includ-
ing three types of catalysts: noble metals, non-noble metal oxides, and composite metal
oxides. In order to increase the efficiency of the catalytic oxidation process, the selection of
adsorbents and catalysts and the regulation of their modification should be prioritized.

This article illustrates the main applications of zeolite catalysts in summary and
analyzes new advances in zeolite catalytic redox chemistry. The effects of porous structure,
acidity, and other parameters, including zeolite type, catalyst, and reaction temperature, on
the activity, selectivity, stability, and deactivation of zeolites are also summarized. Finally,
the challenges and strategies of zeolite catalytic technology are discussed further.

2. The Application of Zeolite Catalysts

2.1. Catalytic Cracking of Petroleum Resources

Fluid catalytic cracking (FCC) technology is an effective alkyl removal technology
that is increasingly widely utilized in the biomass oil and petrochemical industry. FCC
catalysts consist of various zeolites with multi-component active ingredients that can
greatly improve the efficiency of catalytic cracking [4,5].

For crude oil, it is extremely important to ameliorate the selectivity of catalysts towards
products and increase the yield of specific products. In addition, Y-type zeolite has gained
widespread use as a molecular sieve. Introducing and increasing mesoporous surface area
can effectively reduce heavy oil production. Liu et al. prepared ordered silica aluminate
on an industrial scale using a pre-crystallization unit of Y zeolite precursor. However,
when a single layer of zeolite was dispersed on the catalyst surface, the composite catalyst
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exhibited the best activity for heavy oil cracking [6]. Pre-cracking is the first process to be
carried out in the base pores, followed by further cracking and selective generation of its
different products. Although Y zeolite is commonly used in heavy oil catalytic cracking
and hydrocracking, the mass transfer efficiency between active sites is lower than expected.
Cui et al. obtained mesoporous materials with octahedra by synthesizing ultra-stable
mesoporous high-silicon molecular sieves directly. Compared to industrial FCC catalysts,
the conversion rate was increased by 7.64%, and the gasoline yield was increased by 16.37%,
even after these catalysts were aged at 800 ◦C [7].

Due to the requirements of the sixth national standard for the olefin content of au-
tomotive fuels, it is of great necessity to reduce the olefin content in gasoline. Through
hydrothermal treatment, the acidity of ZSM-5 loaded metal catalysts (La-Ni-Zn) was re-
duced, and the B/L ratio (B = Brønsted acid, L = Lewis acid) was increased, which finally
increased the aromatic production by 5% and the isoalkane production by 16%, making it
an industrial catalyst for the catalytic cracking of gasoline [8]. To enhance the steam stability
of Y zeolite, Yu et al. prepared rare earth (RE)-exchanged Y zeolite. The substitution of
Y3+ ions for counter-ions Na+ resulted in a noticeable shrinkage of the unit cell owing to
the relatively small ionic radius and high charge density of Y3+ ions. Therefore, this kind
of zeolite exhibited better performance in steam stability and was more favorable for the
generation of liquefied petroleum gas and C5+ gasoline products in n-dodecane cracking [9].
Except for Y3+, Al-exchanged Y zeolite was also proved to be able to promote liquefied
petroleum gas production as a result of its strong acidity [10].

Except for routine chemical products, Li et al. have conducted extensive research on
the production of high value-added products through dealkylation of light fraction light
circulating oil and found that mesoporous BEA zeolite catalysts with appropriate acidity
and mass transfer ability can greatly raise the yield of value-added products [11]. It can be
seen that, although FCC was regarded as an efficient technology of dealkylation, the modi-
fying of micropores and B acidic sites of zeolite need more research to elevate mass transfer
ability. Thus, the optimization of catalysts in FCC, such as product selectivity, thermal
stability, and cycle life, should receive focused attention so as to increase production.

2.2. Conversion of Biomass

Biomass is a promising green and renewable organic carbon source, but its calorific
value is sharply lower than that of fossil fuels due to its abundant aerobic molecules, making
it difficult to utilize directly [12,13]. It is necessary to transform biomass into valuable
bioproducts. Two critical processes are involved in this strategy. One is the conversion of
biomass into platform molecules, and the other is the upgrading of platform molecules into
valuable fuels. Usually, the biomass comprised 40–50% cellulose, 25–35% hemicellulose,
15–20% lignin, and others [14]. Levulinic acid (LeA) and 5-hydroxymethylfurfural (HMF)
are two common biomass platform molecules due to the highly reactive functional groups
such as carboxyls, aldehydes, hydroxymethyls, and furan rings. LeA can be obtained from
cellulose via the C5 route or hemicellulose via the C6 route, and HMF is usually produced
from cellulose via the C6 route.

(1) LeA via C5 and C6 route

In the C6 route, cellulose was hydrolyzed to form C6 sugar, which was dehydrated
to form HMF. LA was obtained after the hydrolysis of HMF. Due to the high separation
cost of LA and formic acid, synthesizing LA from C6 sugar was mainly adopted in the
laboratory. For the C5 route, intermediates such as furfuryl and furfuryl alcohol (FAL)
were successively converted to LeA, which made the carbon utilization more efficient
than that of the C6 route [15]. HY zeolite mixed with ionic liquid (ionic liquid: HY = 0.5)
has more Lewis acid sites than Bronsted acid sites and exhibits a LeA yield of 62.2% [16].
ZSM-5 zeolite with mesopores was treated by tandem alkaline and acid washing, and
ZSM-5-OH0.2-H zeolite was therefore obtained; the modification of pore structure and Al
distribution promoted the hydrolytic efficiency of FAL to LeA, the LeA yield reached 64.5%
after three cycles [17].
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(2) HMF via the C6 route

HMF from biomass can be utilized to synthesize various biochemicals. The conversion
of HMF from biomass can be divided into three processes: glucose hydrolyzed from
cellulose, the isomerization of glucose to fructose, and the dehydration of fructose [15].
Therefore, fructose was usually used as a model molecule in HMF preparation, and many
zeolites such as ZSM, HY, H-USY, and MAPO were adopted. Scholars prepared Cu-
Cr/ZSM-5 zeolite using the ion-exchange method; when the zeolite was 20 wt.% of glucose,
50.4% HMF was achieved from glucose at 140 ◦C for 4 h [18]. To efficiently convert
carbohydrates into HMF, β zeolite doping with 0.4 wt.% Cr was prepared and exhibited
a superior 72% HMF yield and 83% selectivity due to the moderate L/B (Lewis acid
sites/Brønsted acid sites) [19]. Low L/B hindered the isomerization of glucose to fructose;
high L/B excessively accelerated the dehydration of fructose and led to the degradation of
fructose to humin.

As the most abundant part of biomass, cellulose can be hydrolyzed and further
converted into various chemical substances, one of which is lactic acid. Lactic acid (LA) from
biomass was also among the top 30 candidates for synthetic fossil product substitutes [20].
Many important industrial chemicals can be derived from LA molecules, such as polylactic
acid (PLA) [21], acrylic acid (AA), and propanoic acid (PA) (as shown in Figure 2). While
cellulose was hydrolyzed to produce lactic acid (LA), various products such as levulinic
acid and 5-hydroxymethylfurfural (HMF) were also produced, which resulted in a lower LA
yield (around 30%). Therefore, it is necessary to improve the LA selectivity. In recent years,
catalysts with acidic sites, especially solid Lewis acid catalysts, have received extensive
research [22,23]. It was found that yttrium-modified siliceous material β zeolite catalysts
can effectively regulate the surface acidity of zeolite and inhibit the yield of dehydration
products such as HMF and other derivatives. The results indicated that when Lewis acidity
was increased, the yield of LA from cellulose reached 49.2% within 30 min, more efficient
than previous research studies [24].

Figure 2. Reaction pathway of bio-renewable lactic acid (reproduced from reference [23]).

It was noteworthy that the composition of some organic compounds may have side
effects on the catalytic performance of the catalyst. For example, phenolic substances
derived from lignin not only contain O molecules but also have adverse impacts on catalysts.
For this reason, the key to the catalytic cracking of bio-oil conversion is the optimization of
efficient catalysts. Different catalysts have been adopted for different biomass and products.
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In addition, NiMo/ASA Al2O3, Co Mo, HY zeolite, and ASA Al2O3 were simulated and
found to be suitable for producing high distillate diesel [25]. The theoretical calculation
results also indicated that larger mesoporous volume and surface area accelerated the
diffusion rate of biomass inside the zeolite. However, this effect was continually weakened
with increasing reaction time [26]. Because of the damage of by-products to catalysts and
zeolites, the mass transfer efficiency was consequently decreased. To restrict the destruction
of zeolites and catalysts and decrease the coke formation, an SFCC catalyst was employed
in the cracking of high acid-value waste edible oil to produce biofuels. Moreover, the
catalytic efficiency was attributed to doping with rare earth metals. Nguyen-Phuc et al.
found that propylene and liquefied petroleum gas production were obviously improved
by increasing the content of rare earth elements in ZSM-5 zeolite. Specifically, the yields
of diesel, gasoline, and liquefied petroleum gas reached 29 wt.%, 42 wt.%, and 18 wt.%,
respectively [27]. Additionally, to promote the conversion of biomass to valuable energy,
a novel catalytic system similar to the Dylison Cycle Riser (DCR) should be designed
and developed, which can produce hydrocarbon fuel intermediates from biomass-derived
pyrolysis steam, such as pine and oak [28].

2.3. Preparation of Propylene

Propylene has been widely applied in diverse chemical products that are badly needed.
Developing alternative methods to produce propylene using economical raw materials has
attracted considerable interest, such as the hydrogenation of methanol to propylene and
the dehydrogenation of propane to propylene [29–31].

2.3.1. Methanol to Propylene (MTP)

Methanol to propylene (MTP) was considered a substitutable approach to propylene
production because of the extensive sources of methanol available. Due to its selectivity
for propylene and the high resistance of the zeolite, ZSM-5 was preferred in the process
(Table 1).

Si/Al makes a great difference to the morphology and aluminum distribution of
molecular sieves. By increasing the Si/Al ratio in HZSM-5 zeolite, the selectivity of zeolite
for propylene can be improved [32]. In the ZSM-5 catalyst, when the channel intersection
is rich in Al pairs, the selectivity for ethylene and aromatics is higher. While the channel
intersection has multiple single Al sites and lower Al pairs, it exhibits higher propylene
selectivity and lower aromatic hydrocarbon selectivity [33].

Ion doping can also scale up the selectivity of zeolites towards specific products. When
boron was introduced into the ZSM-5 structure through impregnation and hydrothermal
synthesis, the orthogonal crystal structure of the zeolite was characterized, which retained
the preferred growth orientation and high crystallinity hierarchical structure and changed
the surface acidity. The selectivity of propylene was increased to 67%, and the propy-
lene/ethylene ratio reached 8 [34]. When Mn enters the framework structure of ZSM-5,
weak Brønsted acid sites increase the Al in the channel of the framework. Consequently, the
carbon deposition rate was lowered, and the selectivity for propylene was improved [35].

Preventing catalyst deactivation and coke deposition from clogging pores and im-
proving the lifespan of catalysts are still facing great challenges. Usually, modification
of structural properties and catalyst acidity can efficiently solve these problems. To re-
duce acidity and consequently inhibit the aromatic hydrocarbon cycle, fluoride-assisted
low-temperature crystallization can be applied to prepare plate-like MFI molecular sieves
with similar crystal morphology and controllable acidity, which made propylene selectiv-
ity reach 52%, and catalyst lifespan 252 h [36]. In the initial process of MTP, long chain
alkenes not being cracked diffused out from MFI zeolite and were found in the products (as
shown in Figure 3, blue frame). Simultaneously, the long-chain alkenes propagated from
olefins or alkenes were converted to polymethyl-benzenes and dienylic carbenium ions.
Subsequently, lower olefins were produced in the aromatic cycle (as shown in Figure 3,
red frame). Moreover, lower-density plate-like MFI can effectively inhibit the circulation
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of aromatic hydrocarbon groups, promote the hydrocarbon cycle, and exhibit excellent
stability [37].

 
Figure 3. Dual-cycle mechanism in the MTP conversion over the plate-like H[Ga]MFI catalysts [36].

Table 1. Effects of Si/Al and specific surface area on the selectivity of propylene in MTP.

Catalysts Method Si/Al SBET
Selectivity of

Propylene
P/E

HZSM-5 two-stage crystallization

130
130
124
139

361 50.95
48.13
49.68
50.10

4.40
4.44
5.89
7.48

[32]
356
352
340

MFI
template

202 428 58 7.9
[34]B-MFI 205 404 66.3 7.9

Cr-MFI 201 408 59.8 2.7

[Al/Ga]MFI
fluoride-assisted low-temperature

crystallization
70–73

65–275 *
415–423

52% - [36]411–441
ZSM-5 quasi-solid-phase 50 353 41.4% - [35]

* Si/Ga determined by ICP.

2.3.2. Propane to Propylene (PDH)

The dehydrogenation of propane (PDH) was a conventional way to produce propylene.
Driven by the huge demand for propylene, Pt- or Cr- containing catalysts have drawn
great attention and been applied to industrial manufacture. Although ZSM-5 is frequently
used for PDH reactions due to its unique pore structure and good thermal stability, the
high acidity of ZSM-5 can lead to a decrease in propylene selectivity. Through catalyst
dealumination and additive regulation, the surface acidity of ZSM-5 can be reduced, and
its propylene selectivity and catalytic stability in PDH can be improved. Some scholars
have adopted the sequential impregnation method to introduce Ga and Mg to improve the
Si/Al in HZSM-5, which can produce an effect on its stability and propylene selectivity
(90.8%) [38].

Additionally, the separation of propylene and propane is another indispensable pro-
cess in PDH, and it can be promoted by enhancing the propylene affinity of the adsorption
site. What provided new ideas for the effective separation of propylene and propane is
that scholars have prepared Ag exchanged Y zeolite (Ag-Y); this modified zeolite exhibited
rapid adsorption kinetics and reversible propylene adsorption [39]. The results of molecular
dynamics simulation research indicated that raising the temperature was beneficial for an
increase in propane adsorption capacity, as the critical temperature of propane is higher
than that of propylene. The smaller radius of non-skeletal cations in zeolite contributed
to the higher efficiency of propylene adsorption [40]. After dealumination, vacant T-atom
sites appeared in Si-BEA and silanol group forms. The introduced Co2+ can interact with
silanol groups and form four coordinated structures in the zeolite (as shown in Figure 4),
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which consequently selectively activates the C–H bonds in propane, thereby improving the
desorption efficiency after propylene generation and improving the long-term stability of
the catalyst [41].

 
Figure 4. Local structure evolution of BEA zeolite during dealumination and Co2+ introduction
(reproduced from reference [41]).

2.4. Selective Catalytic Reduction (SCR) of NOx

Nitrogen oxides (NOx) were one of the most destructive polluting gases that were
mainly produced in the combustion of fossil fuels, such as car exhaust and coal combustion.
In China, more than 90% of NOx comes from vehicle exhaust emissions. Selective catalytic
technology (SCR) is one efficient method to solve the problem of nitrogen oxide emissions.
The catalytic reduction reactions between NOx and NH3 were conducted on the surface of
the catalyst, and NOx was therefore transformed into N2. Currently, the adopted catalysts
are mainly divided into metal matrix catalysts and zeolite-based catalysts. V2O5-WO3/TiO2
was once supposed to be the most effective catalyst for NOx treatment. However, the
biological toxicity, poor thermostability, and narrow working temperature range extremely
restrained its application. In the 1980s, a ZSM-5 catalyst load with Cu2+ was discovered
and exhibited excellent activity to NOx and anti-toxicity.

Adsorption is the key process in catalytic oxidation and reduction. Zeolite cata-
lysts exhibit good adsorption performance on NOx owing to the large specific surface
area, good thermal stability, adjustable acidity, excellent absorption, and ion exchange
capabilities [42,43]. The overall efficiency of NOx reduction can be greatly improved by
metal doping and modification of zeolite catalysts. Cu-doped and Fe-doped zeolite catalysts
have received more attention, such as Cu/ZSM-5, Cu/BEA, Cu/SAPO-34, and Cu/SSZ-13,
which have been reported for the NH3-SCR reaction of NOx. The Cu-based catalyst exhibits
excellent anti-propylene poisoning ability in the NH3-SCR reaction. Researchers have
found that moderately copper-doped zeolite, such as the Cu7.55-ZK-5 catalyst, can isolate a
large amount of Cu2+, which is beneficial for the adsorption and activation of NOx [44].

Based on Cu/MOR, the addition of promoting the separation of Cu2+ can create
more Brønsted acid sites and inhibit the high-temperature ammonia oxygen reactions.
This catalyst exhibited a NOx conversion of about 88% and N2 selectivity above 99% at
350–560 ◦C [45].

Hydrothermal stability is another factor influencing the application of zeolite catalysts.
Yttrium-doped Cu-based zeolite catalysts can significantly reduce the fracture of Si-O-
Al, improve the dispersion of Cu2+ active components and promote the adsorption and
conversion efficiency of NOx [46].

NOx can be adsorbed with five reactions on Cu-ZSM-5 zeolites (as shown in Figure 5).
The adsorption can be enhanced by the coordination interaction between Cu and N. Cu
can be precisely dopped into H-ZSM-5 using an improved method called initial wetting
impregnation microwave drying (IM). Compared with H-ZSM-5 and Na-ZSM-5, the des-
orption energy was reduced and the NOx adsorption was significantly increased [47]. By
designing novel pore structures, such as three dimensionally-ordered (3DOM) microporous
zeolites, the contact area can be obviously extended. Some scholars have developed the
steam seed-assisted colloid crystal template (SSAC) method to prepare 3DOM zeolites.
After sonication, drying, and calcination, the PrxMn1−xOδ/3DOM ZSM-5 catalyst with
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different Pr/Mn ratios was obtained (as shown in Figure 6) and showed an NO conversion
rate of 90% [48].

 
Figure 5. Proposed schematic diagram of NOx adsorption process on Cu-HZSM5_IM [47].

 
Figure 6. Schematic diagram for the preparation of PrxMn1−xOd/3DOM ZSM-5 catalysts [48].

Except for these zeolite catalysts, scholars tried to combine metal-based catalysts
(V2O5-WO3/TiO2) with zeolite catalysts (H-ZSM-5) to prepare the composite catalyst
PM. The PM catalyst exhibited higher catalytic activity than the V2O5 WO3/TiO2 catalyst
because the PM catalyst adsorbed more NO2 and N2O4 [49]. Given the complexity of the
exhaust purification system in SCR, some researchers adopted an H2 selective catalytic
reduction method using Pt/KFI molecular sieve catalysts from 150 ◦C to 250 ◦C, and the
conversion rate of NOx reached 80% [50].

78



Catalysts 2023, 13, 1197

2.5. Hydrogen Preparation

Hydrogen energy has been viewed as a potential alternative energy in the future.
However, producing hydrogen economically and environmentally is extremely challenging.
Hydrogen can be prepared from natural gas (reforming of methane steam to produce
hydrogen, SMR), coal gasification, electrolysis of water, and transformation of biomass. Var-
ious hydrogen production processes depend on catalysts. Due to the wide and renewable
sources, the utilization of organic matter to produce hydrogen energy is gradually receiving
attention. Relevant technical methods mainly include two methods. One is thermochem-
istry hydrogen production, which consists of high-temperature pyrolysis, liquefaction, and
gasification, and the other is biomass hydrogen production which refers to the preparation
of hydrogen from biomass after anaerobic fermentation, biological metabolism, and re-
forming. The catalysts used in hydrogen are mainly precious metals and transition metals,
such as Rh, Ru, Pd, Pt, Cu, Co, Ni, etc. Molecular sieves are often used as carriers for
these catalysts.

At present, ethanol steam reforming (ESR) is the most suitable industrial method
for ethanol to produce hydrogen, but there are some vital problems with this technol-
ogy: (1) high energy consumption; (2) expensive separation of CO2 and H2. Choosing
appropriate catalyst carriers and catalysts can help improve catalytic activity and reduce
costs. Furthermore, the Ni catalyst was relatively inexpensive and had good hydrogen
generation activity. Zeolites have a large content of micropores, and the structure can be
modified. However, carbon deposition during the catalytic process of Ni-loaded zeolite
can easily lead to decreasing catalytic activity. A new type of quaternary ammonium
cation cationic surfactant was introduced to synthesize the supported calcium-modified
nickel-step classification β zeolite catalysts. The BET and pore volume of this modified
zeolite were larger than that without modification. The introduction of Ca2+ changed the
internal structure of the catalyst to some extent, which promoted the interaction between
the carrier and Ni. Consequently, the yield of H2 was increased [51,52]. When Mg was
introduced into Rh/β zeolite, Rh clusters from the atomic level to the sub-nanometer scale
were formed in microporous channels. It was found that the C=O formed in the reaction
was the key to increasing selectivity, which can be promoted by Mg addition [53]. The
DFT calculation results indicated that the stability was obviously affected by the zeolite
structure. Specifically, after dealumination, the binding energy of Rh to the vacancy defect
was reduced by 0.2 eV. If the Mg was added to the zeolite structure, the binding energy
was additionally reduced to −1.927 eV (as shown in Figure 7a). Due to the proximity of
Rh and Mg in zeolite with Mg, the energy barrier of O-H was significantly reduced, which
was beneficial to the dissociation of phenol to phenoxy (as shown in Figure 7b). ITQ-6
zeolite loaded with Ni and Co can also be used in ESR. Among them, the ITQ–6 zeolite
loaded with Co exhibited higher hydrogen production on account of the smaller size of
Co particles. Moreover, the carbon deposition effect of Co/ITQ-6 was weaker, and the
deactivation was lower [54].

In order to reduce catalyst deactivation, some scholars have tried to design catalysts
with small metal nanoparticles. An encapsulated ultra-small Ni catalyst with mesoporous
and hollow structure was prepared using separated metal dispersions Si-1 zeolite with
high Ni dispersion (Ni@Si-1), which facilitated local mass transfer and reduced carbon
deposition [55]. The research on supercritical water dynamics indicated that the gasification
of catalysts such as Ni can be promoted by improving hydrogen selectivity. The pore
distribution of Ni particles can be divided into micropores (1–10 nm) and mesopores
(20–60 nm). When the size of the mesopores was distributed reasonably in zeolite, the
active sites increased, and the catalytic activity was higher [56].
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Figure 7. (a) Structural configurations of Rh located on three different supports and corresponding
binding energies and (b) relative energy levels for O–H bond dissociation of phenol in zeolite Beta
with and without Mg [53].

In addition to ethanol, methanol can also be used as the raw material for hydrogen
production, that is, methanol steam reforming (MSR). A catalyst suitable for the catalytic
reaction of MSR was prepared using an attapulgite molecular sieve as a carrier and Cu-Zr
active components. The addition of Zr significantly increased the distribution of active
metal particles and reaction sites, as well as the H2 yield. At the same time, the sintering of
active metals and coke were inhibited [57].

Photocatalysis is another important method for producing hydrogen gas, and zeo-
lite loaded with TiO2 photocatalyst was supposed to be one of the potentially efficient
catalysts [58,59]. To improve the transmission efficiency of photoelectrons, some scholars
have designed Cu2O@TiO2@ZIF-8, where an internal electric field was formed due to
the p-n junction, which promoted the transfer of electrons to the conduction band. The
photoelectrons generated from TiO2 were transferred to the conduction band and further
transferred through ZIF-8. The water can be therefore reduced by these photoelectrons (as
shown in Figure 8) [52]. To provide more proton sources and active sites, Na+/K+/Ca2+

can be added into zeolite, which consequently promotes the hydrogen evolution rate [60].
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Figure 8. Proposed mechanism in the Cu2O@TiO2@ZIF-8 photocatalyst [58].

2.6. VOCs Abatement

Volatile organic compounds (VOCs) refer to organic compounds with a boiling temper-
ature in the range of 50–260 ◦C. They were usually emitted in the petrochemical industry
and the rubber industry and had serious effects on human health and the natural envi-
ronment. With the rapid development of industry and increasing consumption of fossil
fuel energy in vehicles, the emission of VOCs has dramatically increased in recent years.
According to their boiling points, molecular structures, and molecular polarities, VOCs can
be classified into different types [61]. They were hard to eliminate using direct combustion
due to the low concentration of VOCs. To reduce the pollution and damage of VOCs, mul-
tiple technologies have been developed and applied, such as adsorption, a photocatalytic
degradation method, plasma degradation, catalytic combustion, etc. Whether adopting
an adsorption method or catalytic oxidation method, it is no wonder that developing effi-
cient adsorbent and porous materials are principal considerations. An excellent adsorbent
should have massive adsorption sites, good hydrothermal stability, and weak resistance
to molecular diffusion. Worldwide, research studies show that activated carbons [62],
metal-organic frameworks, and zeolites are all potential adsorption materials that have
exhibited excellent adsorption performance in many experiments. However, the combus-
tion of activated carbons and the high cost of metal-organic frameworks restrained their
application in VOC treatment.

The zeolite of the 255 framework type, approved by the International Zeolite Associa-
tion (IZA), was considered a promising absorbent due to its abundant micropores, adjustive
chemical stability, etc. The adsorption efficiency of different zeolite structures on different
VOCs molecules and the competitive adsorption mechanism of various VOCs have been
a puzzle to reveal. The absorption of VOCs can be influenced by the specific surface
area, pore structure, and surface functional groups. Additionally, the kinetic diameter and
polarity of the VOC molecule may also affect the absorption process.

The absorption efficiency was also proved to be related to humidity. Therefore, de-
veloping novel zeolites and improving the hydrophobicity of zeolites contributed to the
adsorption efficiency of zeolites under humid conditions. The hydrophobicity of zeolites
can be improved through ion doping and coating. A Mo-doped MEL zeolite was devel-
oped using a self-developed recrystallization method for the adsorption and reduction of
non-methane hydrocarbons (NMHC) in cooking oil fumes. The affinity for VOC molecules
is significantly enhanced due to its high atomic coordination level and lack of silanol, espe-
cially under humid conditions. This Mo MEL zeolite exhibited longer adsorption saturation
time, larger adsorption capacity, and better hydrophobicity, which led to the more excellent
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adsorption efficiency of Mo MEL than that of Si MEL and Al MEL [63]. In addition to Mo,
introducing Mn (Cu or Fe) to replace Al can also improve the hydrophobicity of zeolites [64].
The addition of Mn affected the crystallization behavior of zeolites, which in turn, changed
the distribution of Mn in zeolites and the properties of zeolites. Y-type zeolite, with a high
specific surface area and unique microporous structure, can have its hydrophobicity and
diffusion efficiency improved by being coated with mesoporous SiO2 [65]. In general, after
being coated with mesoporous hydrophobic materials, the diffusion activation energy of
VOCs was decreased, and the diffusion coefficient was increased. The π-n electron pair
interaction was weakened, while the dipole interaction was enhanced. The dispersion
interaction plays a positive role in the adsorption of VOCs and gradually enhances with
increasing relative humidity. However, the repeatability of core-shell composite materials
needs to be verified. The evaporation-induced self-assembly (EISA) method was adopted
to prepare NaY zeolite loaded with metal oxide nanoparticles. It strongly improved the
adsorption capacity of VOCs. Li SHI et al. successfully prepared uniformly dispersed
Y@MxOy nanoparticles, which significantly improved the adsorption effect of Y-zeolite
on isopropanol and acetone in humid environments under RH = 50%. The metal oxides
enhanced the adsorption capacity of VOCs, and greatly reduced the competitive adsorp-
tion between water molecules and VOCs molecules [66]. Multilevel mesoporous USY
molecular sieves can be prepared using etching and surfactant template processes, during
which the non-skeletal aluminum was effectively removed inside the zeolite, leading to
a mesoporous size of approximately 4 nm [67]. Some scholars have also proposed a new
strategy called citric acid sacrifice that can synthesize non adhesive monolithic zeolites. The
mechanical strength and the water resistance were obviously improved. After the in situ
dealuminization, the specific surface area and mesoporous volume were greatly improved,
the adsorption capacities of toluene and acetone were also increased. When the relative
humidity was 90%, the adsorption efficiency of acetone and toluene reached 90% of that
attained in dry conditions [68].

Adjusting the pore structure of molecular sieves is also vital for improving the adsorp-
tion and reaction rates of VOCs. The hierarchical design and synthesis of zeolite structures
are gradually receiving attention [69,70]. For example, the microporous size of ZSM-5
zeolite is generally less than 2 nm, and larger VOC molecules have a slower diffusion rate
during the adsorption process, making it difficult to quickly enter the reaction active center
and the generation rate of specific products is pretty low. When ZSM-5 is modified with
organic functionalized silica and organic additives, the size and surface morphology of
ZSM-5 nanocrystals can be greatly improved, forming a hierarchical mesoporous structure,
and the adsorption capacity for toluene is greatly increased [71]. According to the hier-
archical crystallization mechanism revealed in the corresponding research (as shown in
Figure 9), organic silica fragments modified by organosilane PHAPTMS were combined
and then gathered around MFI. After hydrolysis of -SiO3, PHAPTMS participated in the
formation of nanocrystalline frameworks in a hydrothermal process. The inter-crystalline
and intra-crystalline mesopores were finally formed after calcination.

The adsorption and catalytic efficiency of zeolite can be effectively improved by
regulating the active sites. Effective regulation of active sites can reduce carbon deposition
in pore structures and improve the durability of catalysts. Nano Pt is usually adopted
as an active ingredient, and its high dispersibility facilitates the catalytic oxidation of
aromatic hydrocarbons and alkanes. Synergistically, it can interact with surface acid sites
that contribute to the removal of VOCs at low temperatures [72]. Generally, adjusting
the Si/Al ratio in zeolites can help regulate the acidic sites. A controllable framework
modulation strategy can be adopted to prepare high-silica zeolites. In this strategy, it was
very important to control the matching degree of dealumination and Si-insertion. For Pt/β
zeolite, Pt0 has a stronger activation ability for O2 and shows higher efficiency than Ptδ+.
That makes it much easier to supply oxygen, which is more conducive to the ring opening
reaction of the benzene ring, thus reducing the production of gaseous benzene on the high
silicon catalyst. Furthermore, both high-silicon and low-silicon Pt/Beta catalysts show
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excellent durability and follow a similar toluene oxidation path to form intermediates,
including alcohol oxide, carboxylate, and anhydride [73]. For Pt/ZSM-5, the main active
oxidation site is Pt0. For the deep catalytic oxidation of oxygen/nitrogen-containing VOCs,
Pt/ZSM-5 had abundant acidic sites on its surface. Different SiO2/Al2O3, Pt0 ratio, and Pt
dispersion equilibrium in the catalyst may be changed, and the synergistic effect of acidic
sites and oxidation sites were promoted, which led to higher reaction activity of Pt/ZSM-5
(25), with a T90% value of only 207 ◦C for acetonitrile and 175 ◦C for ethyl acetate. It is
beneficial for low-temperature catalytic degradation of specific VOCs [74].

 

Figure 9. The crystallization mechanism diagram for the ZSM-5 zeolites [71].

In industrial activities, multiple types of VOCs are often generated simultaneously.
Ideally, a single adsorbent and catalyst can simultaneously handle multiple VOCs. How-
ever, due to the various molecular structure of VOCs, the different pore structures, and the
complexity of the catalyst’s electronic structure, ensuring the treatment effect of VOCs is
difficult. Therefore, it is particularly important to explore and understand the adsorption
and oxidation mechanism of catalysts, which contributes to the development of novel
catalysts and adsorbents aimed at VOC mixtures. The molecular polarity and volatility of
VOCs play a crucial role in the adsorption process. For these VOC mixtures, the priority
order of adsorption varies. For example, under static equilibrium conditions, the absorption
order was determined as acetone > ethyl acetate > toluene. However, under dynamical
conditions, molecular polarity and volatility played key roles. The absorption order was
found to be ethyl acetate > toluene > acetone [75]. Complex interference effects were
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identified when this VOC mixture was adsorbed onto different zeolites. The adsorption
effect of toluene on USY is significantly better than that on 13X. However, for acetone, the
adsorption of 13X and ZSM-5 is better. ZSM-5 and β Zeolites can selectively adsorb ethyl
acetate, as evidenced by DFT calculations. This competitive adsorption widely exists in the
treatment of various VOCs, and the differential adsorption effect is one of the problems to
be solved in the future [75]. To develop efficient catalysts, some scholars have attempted
to explore the possibility of synergistic treatment of acetone and benzene by changing
the amount of Mn added [76]. When Mn was introduced, the activity of the catalyst for
acetone was significantly increased, while the activity for benzene was decreased. Because
the introduction of Mn regulated the electronic structure of Pt, leading to the transfer of
electrons to Pt, which enhanced the adsorption of acetone and gaseous oxygen and im-
proved the performance of the acetone oxidation catalyst, and promoted the degradation of
acetone. However, the high electron density of Pt inhibited the adsorption and degradation
of benzene, reducing the production of formic acid products.

In addition, the treatment of VOCs in open spaces has gradually attracted the attention
of researchers. For example, asphalt materials are often used in the process of road paving
and continually release VOCs into the open air. Due to the limitations of open spaces,
it is very difficult to collect and dispose of these VOCs. Steel slag and red mud were
usually used as road materials, zeolites synthesized from these materials can reduce the
volatility of asphalt and absorb VOCs in road structures [77]. Therefore, preparing efficient
zeolites using in-road materials (such as steel slag) was the key approach to deal with VOC
emissions in open spaces.

2.7. CO2 Capture

CO2 has been regarded as the main greenhouse gas resulting in global warming,
which is one of the most challenging environmental issues. To prevent the damage caused
by global warming, various technologies are being developed [78]. Among them, one
technology called carbon capture, utilization, and storage (CCUS) has received great
attention. In the CCUS system, CO2 capture is the key stage that matures this technology.
According to the manufacturing methods of CO2, pre-combustion capture, post-combustion
capture, and oxyfuel combustion were the main approaches. Regardless of different
approaches, the CO2 separation process was the critical part of CO2 capture, such as
absorption, membranes, adsorption, chemical looping combustion, and calcium looping,
and adsorption has been considered one of the most promising ways to capture CO2.

Compared with other CO2 adsorbents, zeolite exhibited a stable cycle, huge surface
area, and fast kinetics of CO2 adsorption. X-type zeolite, Y-type zeolite, and A-type zeolite
were usually studied as CO2 capture adsorbents. Therefore, zeolite has received increasing
attention in CO2 capture over the past decades. It has been found that there are several
factors influencing the capture efficiency of CO2, such as Si/Al, distribution of pore sizes,
exchangeable ions, and moisture effects.

As a kind of aluminosilicate, Al ions can replace Si ions in the TO4 structure, which
breaks the charge balance of the original structure and leads to increasing basicity. It was
reported that higher basicity contributes to higher CO2 adsorption [78]. Zeolites with
a lower Si/Al ratio were more stable at high temperatures and less likely to exchange
with other ions. To achieve higher CO2 capacity, the chemical composition of zeolites
can be optimized. Scholars found that the Si/Al of GIS-type zeolite strongly affected the
mechanism of CO2 adsorption. Specifically, for Na-GIS with Si/Al lower than 2.2, the
CO2 adsorption was hindered, and CO2 uptake was negligible due to the large number of
extra-framework cations near the 8-ring window [79].

The pore size of different zeolites was usually distributed in the range from 0.5 nm
to 1.2 nm due to their crystalline nature. It means that only when the kinetic diameter of
gas molecules is smaller than the pore size the gas can be adsorbed. To strengthen the
adsorption efficiency of CO2, it is very promising to synthesize zeolites with mesopores.
Due to the hierarchical structure, the obstruction of molecular diffusion is obviously re-

84



Catalysts 2023, 13, 1197

duced, which can consequently promote CO2 adsorption. Chen et al. prepared mesoporous
LTA zeolite (Meso-LTA); it exhibited faster CO2 adsorption kinetics (1 bar) and higher CO2
adsorption capacities (>10 bar) at 298 K compared with microporous LTA zeolite [80].

CO2 adsorption is essentially the interaction between CO2 molecules and the electric
field caused by ions in zeolites, which is similar to CO2 desorption. Therefore, the CO2
capture efficiency can be promoted by adjusting the chemical composition of zeolite, for
instance, ion exchange. For instance, the simulation and experimental results of ion-
exchanged 13X zeolite (FAU type) indicated that, compared with Na+ and K+, LiX-80
exhibited better separation of CO2/N2. Furthermore, the doping of Pd2+ and Ag+ changed
the gradient of potential and strengthened the electrostatic potential (ESP), which increased
the CO2 adsorption capacity (1.89%) and the CO2/N2 selectivity (85.97%) compared with
LiX-80 [81].

Apart from the above factors, in flue gas, vapor is always accompanied by CO2. The
water molecules may compete with CO2 molecules for the active sites in zeolites, which
dramatically reduces the efficiency of CO2 adsorption. Some scholars proposed a strategy
that fabricating a shell around the zeolite using sol-gel coating and a poly-ethylenimine
impregnation process, and the diffusion of water molecules was hindered [82].

As a kind of promising CO2 solid adsorbent, zeolite has drawn great attention for
the past decades and exhibited excellent performance. However, its application still faces
a lot of challenges due to its structure characteristics and chemical composition. The
modification of zeolite used for CO2 capture will still be a research focus in the future.

3. Conclusions and Future Perspectives

Zeolite catalyst is featured in energy conversion, selective separation, pollution preven-
tion, and treatment. Generally, it exhibited better adsorption when the pore size of zeolite
was equivalent to that of the adsorbed molecule. Therefore, it was very important to select
the appropriate zeolite for different catalytic reactions. Since a state of long-term hydrother-
mal treatment at high temperatures is a necessary condition for its synthesis, numerous
problems such as long synthesis time, high energy consumption, high equipment cost, and
safety issues caused by the use of high-pressure hot-pressing tanks continuously emerged.
There is no doubt that shortening synthesis time and lowering synthesis temperature are
desperately needed. Reducing synthesis costs (energy consumption, autoclave productivity,
etc.) and environmental footprint and safety issues has always been the primary issue.

Despite the special structure and excellent properties, the promotion of the application
of zeolite catalysts also faces great challenges, such as the selectivity of specific products,
temperature adaptability, and the lifetime of catalysts. It was also noticed that the retention
of the reaction medium leads to the generation of by-products, resulting in micropore
blockage and reduced catalytic activity. However, it can be noticed that upgrading the
preparation method, regulating the pore structure, and increasing acid sites are three
awesome measures to improve the properties of zeolite catalysts. Zeolites are expected to
show their great advantage in energy-saving catalytic processes, environmentally friendly
adsorption and separation, and energy storage.
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Abstract: To enable the reuse of carbon dioxide (CO2), electrocatalytic reduction of CO2 (CO2RR) into
syngas with a controllable H2/CO ratio is considered a cost-effective and intriguing approach. Here,
a number of silver (Ag)-doped, zeolitic imidazole framework composites were prepared by a facile
method. The outcomes demonstrate that CO2 electroreduction on Ag-doped ZIF-8 catalysts produces
just CO and H2, without having any liquid fuel, resulting in a total faradaic efficiency approaching
100%. The most optimal Ag-Zn-ZIF-8 (10% Ag, 90% Zn) demonstrates good selectivity for syngas
(CO and H2) that can be easily adjusted from 3:1 to 1:3 (H2/CO) by changing the applied voltage
during the CO2 conversion process.

Keywords: metal–organic frameworks; bimetallic; electrocatalysts; CO2 utilization; syngas

1. Introduction

Syngas, known as synthetic gas, comprises carbon monoxide (CO) and diatomic
hydrogen (H2). It can be prepared using a number of processes, such as steam-reforming
methane, partial oxidation of hydrocarbons, and gasification of biomass. Syngas is a fuel
gas mixture that can be used in many ways [1]. It has the ability to make several products,
including chemicals, fuels, and electricity. Compositions of syngas that consist of varying
volumetric ratios of H2/CO in quantities of 33.33/66.67, 50/50, 66.67/33.33, 80/20, and
100/0 can be used as precursors to make synthetic fuels such as natural gas, methanol, and
dimethyl ether via a Fischer–Tropsch (F–T) process [2]. In addition, syngas can be used
as an alternative to fossil fuels because it can be made from different feedstocks, such as
biomass and waste feedstock, and can be further used in gas turbines to produce electricity,
which generates less greenhouse gas overall [3].

One such greenhouse gas is carbon dioxide (CO2), a colorless and odorless compound
that is a vital part of the carbon cycle. One of the main causes of the world’s climate
change is the rising level of CO2 in the atmosphere. The current concentration of CO2 in the
atmosphere is at 414 ppm [4]. This high level of CO2 in air is a detriment to the environment.
In order to preserve human health and safety, monitoring and managing CO2 levels in our
environment is crucial. Net zero emissions is the desired outcome of minimizing the worst
effects of climate change and limiting the rise in global temperatures. The term “net zero
emission” describes a situation in which the amount of greenhouse gas emissions created is
equal to the amount of those emissions that are removed from the atmosphere. Numerous
nations, businesses, and organizations have established goals to reach net zero emissions
by a target year, in most cases, either 2050 or 2060. This goal can be accomplished in a
number of ways by following the four Rs—rethink, reduce, reuse, and recycle. Examples
of such approaches include the utilization of renewable energy sources, improvements in
energy efficiency, and the transition to low-carbon modes of transportation. The above
strategies can also be combined with the removal of carbon dioxide from the atmosphere
through practices such as reforestation and afforestation, as well as carbon capture, storage,
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and utilization [5]. Reusing CO2 as a feedstock for various compounds, such as methane,
formic acid, alcohol, and hydrocarbons, is a promising approach. Moreover, producing
syngas by the CO2 reduction reaction (CO2RR) method can address the above issues while
reducing the greenhouse effect [6].

Electrochemical CO2 reduction is a promising method for lowering greenhouse gas
emissions and creating useful products from CO2 due to its high selectivity, durability,
energy efficiency, and versatility. However, there are still a number of improvements
required before widespread industrial use, including raising the effectiveness and longevity
of catalysts, enhancing reaction conditions, and lowering costs [7–9].

Metal–organic frameworks (MOFs) are crystalline porous materials made up of metal
ions or nodes joined by organic linkers [10,11]. They possess favourable properties, includ-
ing high porosity, substantial surface area, variable pore size, exceptional tunability, and
good stability, which have drawn much research attention. A number of applications take
advantage of the distinctive characteristics of MOFs, such as gas storage and separation,
catalysis, drug delivery, and sensing [10,12–16]. One such application is CO2 conversion—a
critical step in the effort to lower the emissions of greenhouse gases. In CO2 conversion
operations, MOFs can be utilized as catalysts to transform CO2 efficiently into usable
products or fuels. The zeolitic imidazolate framework (ZIF) is an important subclass of
MOFs, with the majority of series including Zn or Co as the metal core and imidazole as
linkers. Among ZIFs, the Zn-based zeolitic imidazole framework (ZIF-8) shows strong
thermal and chemical stability that distinguishes it from other MOFs.

Ag and its composite materials are usually used as promising catalysts due to their
inexpensive cost, high catalytic activity, and stability [17–20]. Ag-anchored ZIFs have shown
promising synergetic applications [21–23]. Research has demonstrated that Ag is capable
of converting CO2 to CO with a high faradaic efficiency (FE), although the current density
remains low [24–31]. Therefore, this work aimed to use Ag and ZIF-8 composite materials
for the E(electrochemical) CO2RR. ZIF-8 was used to anchor doped silver nanoparticles by a
simple, low-temperature chemical deposition technique. Characterization and application
of the resulting catalysts for electrochemical CO2 reduction reaction (ECO2RR) to syngas
were evaluated in aqueous solutions of 0.1 M KHCO3 at room temperature in an H-cell. In
addition, the materials were examined in flow cells to assess their electrocatalytic properties
in depth to produce pure syngas at various potentials.

2. Results and Discussion

The overall strategy in this work relied on using ZIF-8 to disperse the Ag nanoparticles
in the framework. ZIF-8 contains Zn atoms as metal centers, which are considered as
promising active sites for CO2 electrocution to CO [32]. In addition, the ZIF-8 contains
homogenous pores that can act as nano-reactors to confine the growth of Ag+ nanoparti-
cles [33]. Finally, a mild reducing agent such as ascorbic acid is used to reduce Ag+ into
metallic Ag nanoparticles within the pores of the ZIF-8. The washing step prior to reduction
was crucial in removing most of the surface Ag ions to avoid the agglomeration and the
growth of large Ag particles, which could lead to a significant drop in the surface area. The
as-prepared Ag-ZIF-8 was characterized with several techniques.

X-ray diffraction (XRD) was carried out to investigate the phase formation and purity
of the prepared material. As can be observed in Figure 1a, the ZIF-8 sample exhibited a
sharp and intense diffraction pattern, which confirms the formation of high crystalline
material and is in agreement with the simulated reference pattern [34]. The samples of
5% Ag-ZIF-8 and 10% Ag-ZIF-8 showed similar diffraction patterns, with the exception
of a noticeable peak at 38.0◦ in 10% Ag-ZIF-8 corresponding to phase 111 of metallic
Ag [35]. The elemental composition was confirmed by the energy dispersive X-ray (EDX)
in Figure 1b,c and showed the existence of Ag and ZIF-8 elements (Zn, C, N and O) for 5%
Ag-ZIF-8 and 10% Ag-ZIF-8. The calculated Ag ratio in Figure S1 is in good agreement
with the theoretical one, 4.6 and 8.5% for the samples of 5% Ag-ZIF-8 and 10% Ag-ZIF-8,
respectively. Conversely, due to the small Ag loading in 5% Ag-ZIF-8, the same peak
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was not as clear. The elemental composition was studied by the energy dispersive X-ray
(EDX) in Figure 1b, which confirmed the presence of Ag, Zn, and O atoms in the 10%
Ag-ZIF-8 sample.

Figure 1. (a) The XRD of ZIF-8 and Ag-ZIF-8, (b) the EDX of 5% Ag-ZIF-8, (c) the EDX of 10% Ag-ZIF-8.

The morphological and structural properties of the prepared material were investi-
gated by the SEM. Figure 2a shows the SEM of ZIF-8, which reveals uniform dodecahedron
crystals. In comparison of ZIF-8 with the Ag-loaded sample, there was no significant
difference in the morphology and no agglomeration of Ag nanoparticles was observed. The
SEM results were supported after carrying out the TEM (Figure 2g–i). The TEM showed
uniform crystals corresponding to the ZIF-8 frame work. In the high-resolution image,
no Ag particles agglomerated were observed on the surface of the MOF. The elemental
mapping (Figure 3) confirmed the uniform dispersion of the elements (C, N, Zn, O, and Ag).
The phase of Zn in the ZIF-8 was Zn2+ due to its binding with the nitrogen atoms in the
organic imidazole linkers, while the doped Ag phase was metallic within the framework as
confirmed by XRD, and had no covalent bond with the organic linker or the metal node in
the framework. These results were also supported by XPS analysis [34,36,37].

The surface area of the ZIF-8 and Ag-ZIF-8 was investigated with the aid of the BET
surface analyzer (Figure 4a). The pristine ZIF-8 showed a high surface area characteristic of
most MOFs, which is about 1500 m2 g−1. Upon the loading of the silver nanoparticles, a
decrease in the surface area was observed to ~1200 and 1000 m2 g−1 for 5% Ag-ZIF-8 and
10% Ag-ZIF-8, respectively, which further confirmed the loading of the nanoparticles into
the framework of the ZIF-8, as shown in Figure 4a. Moreover, FTIR was carried out for
ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8, revealing identical IR spectra as shown in Figure 4b.
The peak for 2-methylimidazole (MeIm) was seen at 694 cm−1 (C-H bend).
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Figure 2. SEM of (a,d) ZIF-8, (b,e) 5% Ag-ZIF-8, and (c,f) 10% Ag-ZIF-8. TEM of (g–i) 10% Ag-ZIF-8.

 
Figure 3. The elemental mapping of 10% Ag-ZIF-8.
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Figure 4. (a) BET isotherm of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8; (b) FTIR spectra of ZIF-8, 5%
Ag-ZIF-8 and 10% Ag-ZIF-8.

The in-plane deformation vibration of (=C-H) was confirmed by the peak at 1147 cm−1.
The CH2 wagging transmits light at 1313 cm−1, and the =C-H in-plane bending happens at
995 cm−1. Both CH3 and CH2 responded at 1384 cm−1 and 1427 cm−1, respectively, due to
their asymmetric bends. Stretches of the carbon–carbon double bond (C=C stretch) and
the carbon-nitrogen double bond (C=N stretch) had peaks at 1456 cm−1 and 1585 cm−1,
respectively. The (C-H) symmetric stretch and (=C-H) stretch were both confirmed by
the two tiny narrow peaks at 2931 cm−1 and 3137 cm−1, respectively. The IR spectra in
Figure 4b confirm the preservation of the framework even after Ag loading [38], which
further supports the XRD results.

In order to demonstrate the overall electrocatalytic performance, the electrocatalysts
(ZIF-8, 5% Ag-ZIF-8, 10% Ag-ZIF-8) were analyzed using linear sweep voltammetry (LSV)
in N2- or CO2-saturated 0.1 M KHCO3 electrolytes (Figure 5a). The faradaic currents found
in an N2-saturated electrolyte are inextricably linked to the hydrogen evolution reaction
(HER), whereas the faradaic currents in the presence of CO2 are ascribed to contributions
from both the HER and CO2RR. In all cases, the CO2-saturated electrolyte exhibited higher
current densities than the N2-saturated electrolyte. It can be observed clearly that pristine
ZIF-8 showed the lowest current density. Upon the loading of the ZIF-8 with 5% Ag, the
current density increased significantly (from 5 to 10 mA cm−2). The current density also
increased with a greater Ag loading of 10% to 14.5 mA cm−2.

To gain insight about the mechanism and the kinetics of the ECO2RR, the Tafel slope
was estimated from the polarization curves (Figure 5b). Tafel values of 420, 221, and
154 mV dec−1 were calculated for the electrodes ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8,
respectively. The lowest Tafel slope value suggests faster reaction kinetics and facilitated
adsorption of the CO2•− intermediate [39].

Another important factor is the electrochemical active surface area (ESCA), which can
be estimated from the double-layer capacitance (Cdl). The Cdl was evaluated by recording
cyclic voltammograms (Figure S2) at different scan rates (50, 100, 150, 200, and 250 mV s−1)
and plotting the capacitive current vs. the scan rate. As shown in Figure 5c, 10% Ag-
ZIF-8 exhibited the highest Cdl value (1.25 mF), followed by 5% Ag-ZIF-8 (1.00 mF), and
the pristine ZIF-8 showed the lowest Cdl value (0.90 mF). Electrochemical impedance
spectroscopy (EIS) was used to study the interaction between the electrode and electrolyte
interface through charge transfer resistance (Rct), which was obtained from Nyquist plot [40]
(Figure 5d). The high frequency is ascribed to the CO2RR to CO (mass transport), whereas
the low frequency could be related to the electrolysis process (HER). The Rct values were 205,
148, and 140 Ω cm2 for the electrodes ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8, respectively.
It can be seen that doping the ZIF-8 with Ag enhances the charge transfer rate dramatically,
and the 10% loading showed the lowest Rct.
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Figure 5. (a) The polarization curves of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8 in N2 and CO2-saturated
0.1 M KHCO3. (b) Tafel slope of ZIF-8, 5% Ag-ZIF-8, 10% Ag-ZIF-8. (c) Cdl slopes of ZIF-8, 5% Ag-ZIF-8,
and 10% Ag-ZIF-8. (d) Nyquist plots of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8 (e) chronoamperometry
of 10% Ag-ZIF-8 in CO2-saturated 0.1 M KHCO3. (f) FE of ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8 in
CO2-saturated 0.1 M KHCO3.

The electrode durability was investigated using chronoamperometry (Figure 5e) in
0.1 M KHCO3. The long-term current time curve revealed a good stability for 16 h. The elec-
trochemical performance toward CO2 reduction was investigated for the three electrodes
(ZIF-8, 5% Ag-ZIF-8, and 10% Ag-ZIF-8) using the chronoamperometry at different applied
potentials for 1 h and the products were quantified using online connected GC-BID. The CO
faradic efficiency (FE) of the electrodes is compared in Figure 5f. The three electrocatalysts
showed a similar trend in the CO production. At low applied potential, a low CO yield was
observed. Increasing the potential led to a significant increase in the CO FE%. The applied
potential −1.1 VRHE exhibited the highest FE%. A further increase in potential led to a
decrease in the FE%. The lower CO FEs at greater negative potentials (–1.3 V versus RHE)
may result from the limited CO2 and polarization losses. The applied voltage increased the
current densities of the electrocatalysts, the CO FE gradually reduced, and the CO current
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densities remained constant due to the competing HER on the electrode surface, which is
consistent with the results reported previously. The 5% Ag-ZIF-8 showed higher FE% than
the ZIF-8 at these applied potentials. The 10% Ag-ZIF-8 showed the highest FE (70% for
CO and 30% for H2) at −1.1 V.

The optimized electrode (10% Ag-ZIF-8) in the H-cell was also investigated in the flow
cell system, which is a more practical setup. The LSV and FE obtained from the flow cell
were compared with the results obtained from the H-cell. As can be observed in Figure 6a,
the current density in the flow cell was significantly higher than that in the H-cell. This
can be attributed to the GDE, which allows the diffusion of more CO2 gas into the catalyst
surface. Additionally, the flow system provides fresh electrolyte to the electrode surface,
which facilitates the overall reaction. Since the electrolyte compartments in the flow system
are separated, unlike the H-cell, two different electrolytes can be used. KOH in the anolyte
serves as a proton source due to the oxygen evolution reaction in the anode, which is more
efficient than KHCO3. The FE% trend was different in the case of the flow cell. The highest
FE% values (69.0 and 80%) were observed at relatively lower potentials (−0.7 and −0.9 VRHE).
Moreover, when the FEs were compared (Figure 6b,c), the flow cell showed higher conversion
rate at lower applied potential (80% at −0.9 VRHE) compared to (70% at −1.1 VRHE) for the
H-cell. In addition to the higher FE in the flow cell, its higher efficiency can be noted by
calculating the partial current density (the current utilized in the CO2 conversion). As shown
in Figure 6d, the current was almost 5 times the one used in the H-cell.

Figure 6. (a) Comparative LSV for 10% Ag-ZIF-8 using an H-cell and flow cell. (b) The partial current
density for 10% Ag-ZIF-8 using the H-cell and the flow cell and the FE using (c) the H-cell (d) the
flow cell.

The electrochemical performance and conversion efficiency of the current findings
are shown in (Table 1), which compares Ag-based, ZIF-8, and Ag-ZIF-8 composites for the
electroreduction of CO2 into usable liquid chemicals. The 10% Ag-ZIF-8 produced syngas
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with a FE% ratio of 70:30 (CO:H2) at a potential of −1.1 V vs. RHE and 80:20 at a potential
of −0.9 V vs. RHE, which is a marked improvement over previous reports.

Table 1. Comparison of the catalytic performances of 10% Ag-ZIF-8 and the similar electrocatalysts
reported in literature for the reduction of CO2.

Electrocatalyst Electrolyte
Main

Product
FE%

[CO:H2]

Current
Density

[mA cm−2]

Potential [V]
vs. RHE

Cell Type Ref.

ZIF-8 0.5 M NaCl CO 65:35 3 −1.14 H-cell [32]

ZIF-8 0.25 M K2SO4 CO 81:15 8.5 −1.1 H-cell [41]

ZIF-108 0.25 M K2SO4 CO 52:48 24.6 −1.3 H-cell [41]

ligand-doped ZIF-8 0.1 M KHCO3 CO 90:10 10.1 −1.2 H-cell [42]

Ag2O/layered ZIF 0.25 M K2SO4 CO 80:20 32 −1.3 H-cell [28]

Ag nanosheets 0.5 M KHCO3 CO 91:9 6.48 −0.9 H-cell [29]

Ag/carbon paper 0.5 M K2HPO4 + 0.5 M
KH2PO4 at pH 10 CO 80:20 51 3 V (ECell) Flow cell [43]

Ag/carbon paper 0.5 M KHCO3 CO 60:20 50 −1.45 Flow cell [44]

Ag/ZIF-8 0.5 M KHCO3 CO 70:30 2.6 −1.1 V H-cell This
work

Ag/ZIF-8 1 M KOH CO 80:20 28 −0.9 V Flow cell This
work

3. Experimental

3.1. Materials

Zinc nitrate (ZnNO3) (99.95%), silver nitrate (AgNO3), ascorbic acid (99.0%) 2-methyl
imidazole (99.0%), potassium bicarbonate (99.9), and potassium hydroxide(99.5%) were
purchased from Sigma Aldrich, St. Louis, MO, USA. Methanol (CH3OH) (99.8%) was
procured from Sharlu (Sharjah, United Arab Emirates).

3.2. Preparation of ZIF-8

ZIF-8 was prepared according to the procedure reported by Lee et al. [45]. Briefly, 1.31 g
of Zn(NO3)2 was dissolved in 45 mL of methanol in a 100 mL beaker. In another beaker,
2.87 g of 2-methyl imidazole was dissolved until a clear solution appeared. The two clear
solutions were mixed in a 150 mL round bottom flask and stirred at room temperature for
1 h. The synthesized white ZIF-8 suspension was separated by centrifugation at 8000 rpm
for 10 min. The white crystal was washed three times with methanol.

3.3. Preparation of Silver Nanoparticles Decorated on ZIF-8

The 5% Ag-ZIF-8 was prepared as follows (as shown in Figure 7). Briefly, 10 mg of silver
nitrate (AgNO3) was dissolved in 20 mL of methanol, then 100 mg the as-prepared ZIF-8 was
added to the solution. The solution was sonicated for 10 min and stirred for 2 h. The white
crystals were separated and washed with methanol three times to remove the surface Ag+.
The crystals were re-dispersed in 20 mL methanol and 20 mg of ascorbic acid was added and
the solution was stirred for 30 min. Then, the crystals were separated and washed several
times with DI water and methanol and dried at 50 ◦C under vacuum for 5 h.
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Figure 7. The schematic presentation of the synthesis of Ag-doped ZIF-8 particles.

3.4. Preparation of the Electrocatalyst
3.4.1. Electrode Fabrication of H-Cell

Ten milligrams of the ZIF-8 or Ag-ZIF-8 catalyst was dispersed in 1 mL mixture of
750 μL isopropanol, 200 μL DI water, and 50 μL Nafion (5%). The mixture was sonicated
for 20 min. Then, 100 μL of the suspension was drop-cast onto 1 cm2 conductive carbon
paper and dried at room temperature.

3.4.2. Electrode Fabrication of Flow Cell

The spray painting method was applied to prepare the working electrodes for the
flow cell. This process is efficient and cost-effective for creating gas diffusion electrode
(GDE) with superior electrochemical performance. Twenty milligrams of the ZIF-8 or
Ag-ZIF-8 catalyst was dispersed in a 2 mL mixture of 1500 μL isopropanol, 400 μL DI
water, and 100 μL Nafion (5%). The mixture was homogenized using a magnetic stirrer
or ultrasonication. Next, 200 μL of the prepared ink was kept under constant air flow and
pressure and sprayed on GDE using the spray gun method. Using a high-pressure air spray
gun, the catalyst ink was sprayed onto the carbon support material’s surface. The spray
nozzle is normally operated at 1.5 to 3 bar of pressure, with a 2 to 5 cm gap between it
and the GDE. The GDE coated with the catalyst ink was then dried for 30 to 60 min at a
temperature of 60 to 80 ◦C before its application in the flow cell.

3.5. Characterization

Morphological and detailed microstructural attributes of the materials were discerned
by field emission scanning electron microscopy (FESEM, Tescan Lyra-3, Kohoutovice, Czech
Republic). The sample was gold-coated for 30 s before SEM and EDS analysis. Another
technique employed for the characterization of the samples was X-ray diffraction (XRD,
Rigaku MiniFlex, Austin, TX, USA) to reveal the crystal structure of the materials. To begin,
the samples were finely powdered using a mill and pestle to ensure consistency and remove
any big pieces. The next step was to put the powdered samples into a sample holder. The
sample was then prepared for analysis by having its surface flattened and leveled using a
glass slide. This helps to ensure that reliable results are obtained. After that, the sample
holder was transferred into the XRD machine, and the analysis commenced. The obtained
XRD was matched with the simulated XRD of the materials. Fourier-transform infrared
(FT-IR Thermo, Waltham, MA, USA) was used to identify the functional groups in the
materials. BET surface analyzer (Triplex) was used to calculate the porous nature of a
material. This method is based on gas adsorption as a function of pressure. Typically the
sample is first degassed at 120 ◦C for 6 h. Under a nitrogen environment, the gas pressure
is measured vs. the amount of gas adsorbed by the sample to calculate the porosity. A gas
chromatographer (GC) equipped with barrier ion discharge detector (Shimadzu, Kyoto,
Japan), and potentiostat (Gammray 620, Warminster, UK) were used.
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3.6. The Electrochemical Studies

The ECO2RR performance was investigated with the aid of H-cell and flow cell
systems. The H-cell consisted of a silver silver-chloride electrode (Ag/AgCl) as a reference
electrode. A platinum mesh was used as a counter electrode. As-prepared Cu-NP@NC film
on conductive carbon paper was used as the working electrode. A potentiostat (Gammray
620) was connected to the electrodes in the cell.

The flow cell setup consisted of three main components. The first one was the elec-
trolyte compartments, one compartment containing the catholyte, which was 0.5 M KHCO3,
and the second compartment containing the anolyte, which was 1.0 M KOH. The second
component was the cell, which consisted of the cathode part (where the CO2 gas passes
on one side of the GDE and the catholyte passes on the other side) and the anode part
connected to the anolyte. The two parts of the cell were separated by a proton permeable
membrane to allow the produced H+ to pass from the anode to the cathode. The third com-
ponent of the flow cell was the pump, which controlled flows and circulated the catholyte
and anolyte between the electrolyte compartments to the cell. Similar to the H-cell, the
reference electrode was connected with working electrode (GDE) on the cathode side and
counter electrode on the anode side and all were connected to a potentiostat workstation
(Gammray 620).

The ECO2RR performance was evaluated by carrying out linear sweep voltammetry
(LSV) techniques, and calculation of the overpotential at different current densities (current
normalized to the geometric surface area of the electrode). The cyclic voltammetry (CV)
and LSV experiments were performed in 0.1 M potassium bicarbonate (KHCO3).

ERHE = EAg/AgCl + 0.059 × pH + Ag/AgCl (1)

where Ag/AgCl = 0.199 V [46].
The potential was swept from (0.0 to −1.4 V vs. RHE). The electrochemical impedance

spectroscopy (EIS) was performed by varying the frequency from 105 to 0.1 Hz under
identical electrolyte and electrodes to the LSV.

4. Conclusions

In conclusion, we prepared silver-doped ZIF-8 (Ag@ZIF-8) that acted as a good catalyst
for the production of syngas (CO and H2) at various loading and at various potentials. The
experimental findings show that Ag-doped ZIF materials had a higher current density than
ZIF-8. Furthermore, the flow cell had a higher current density than the H-cell. The product
analysis revealed 100% FE for the gas products. Based on qualitative and quantitative
analyses, the products contained syngas at various ratios of H2 and CO, and could be
influenced by the applied potential. These findings reveal that the Ag-ZIF-8 platform offers
promising materials for effective CO2 conversion to syngas.
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Abstract: The characteristics and preparation methods of zeolite-based adsorbents and membranes
were reviewed and their applications in gas separation and purification were introduced according
to classification. The effects of framework structure, equilibrium cations and pore size of zeolites as
well as temperature and pressure of the system on gas adsorption and separation were discussed,
and the separation mechanisms were also summarized. The main defects and improved methods
of zeolite-based adsorbents and membranes were briefly described, and their future trend for gas
separation and purification was finally prospected.

Keywords: zeolites; zeolitic membranes; gas separation and purification

1. Introduction

Nitrogen (N2), oxygen (O2), carbon dioxide (CO2), hydrogen (H2), light hydrocarbons
(CxHy, x ≤ 4) and other common industrial gases are mainly derived from petrochemical
and natural gas processing industries, and these are the basic energy resources and raw
materials for the production of important industrial chemicals [1]. However, the separation
and purification of these gases, which usually exist in the form of mixtures, is a very
critical and challenging industrial process. With people’s attention turned towards green
production, the living environment and their own health, the importance of adsorption
and separation technology has become increasingly apparent.

At present, the main separation technologies for common light gases (H2, CO2, O2,
N2, lower olefins and alkynes) include cryogenic distillation, pressure swing adsorption
(PSA) and membrane separation, among which the most effective and traditional method is
cryogenic distillation process with phase change and high energy consumption [2]. In order
to save energy and reduce consumption, PSA and membrane technologies without phase
change gradually expanded their markets to become the technology leader, and these are
also characterized by simple operation and less investment for facilities. The key of these
two technologies for gas separation, furthermore, lies in the research and development of
high-performance adsorbents and membrane materials.

In recent years, zeolites as advanced functional materials have attracted extensive
attention in more and more research fields, especially in the petroleum and chemical
industries. Different from disordered porous materials such as activated carbon (including
carbon molecular sieve), silica gel, porous alumina and diatomite, zeolites are ordered
crystalline and porous materials constructed by TO4 tetrahedrons (T = Al, Si, P, Ti, etc.) as
building blocks connected to each other by oxygen atoms, with regular pore structure, high
micropore volume and specific surface area, as well as outstanding thermal, mechanical
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and chemical stability [3]. The negative charged TO4 tetrahedrons which are balanced
by counter-ions (such as Na+, K+, or Ca2+) make the surface of zeolites highly polarized
to easily adsorb molecules with strong polarity. Moreover, the channel dimensions of
zeolites generally fall in the sub-nanometric scale, comparable with the kinetic diameters
of small molecules, which can be adjusted by ion-exchange properties and by modifying
the Si/Al ratio during synthesis [4]. Moreover, artificially-synthesized zeolites made
with cheap and easily available raw materials also ensure high purity and consistency of
products [5]. Zeolitic membrane is a kind of inorganic porous membrane, which refers
to the continuous defect-free membrane formed by the growth of zeolites. It has the
unique properties of zeolite itself, such as pore size uniformity, ion exchange, acid-base
resistance and high-temperature resistance, which has been widely adopted by virtue
of its advantages over organic polymer membrane in high-temperature resistance and
easy control of microporous structure in nanoscale. Thereupon, zeolite-based adsorbents
and membranes have extensive application value for gas separation. As emphasized in
Figure 1, the number of publications concerning on zeolite-based adsorbents or membranes
in gas separation and purification has experienced a considerable growth in recent decades.
Although its overall research is still in its infancy and in its rapid development stage,
zeolite-based adsorbents or membranes exhibit great potential in the field of gas separation
and purification from the perspective of a very limited number of research results showing
excellent separation effects.

 
Figure 1. Number of publications per year for the period of 2012–2022 based on Web of Science
database using the keywords: (Black columns) zeolites; (Red columns) gas separation and purification;
(Blue columns) zeolites, gas separation and purification; (Pink columns) zeolite membrane, gas
separation and purification.

2. Synthesis Strategies toward Zeolite-Based Adsorbents and Membranes

The early discovery and use of zeolites began with natural zeolites, of which clinop-
tilolite, chabazite, erionite, mordenite, phillipsite and ferrierite are suitable types for gas
adsorption and separation [6]. However, due to the limitations of the pore structure of

104



Catalysts 2023, 13, 855

natural zeolites, they are far from meeting the industrial demands with the increase of their
application volume and scope. Therefore, people began to research and synthesize artificial
zeolites. In recent years, with the advancement of techniques, synthesis methods have
become increasingly diverse so that zeolites with complex structures, stable performance
and high catalytic efficiency have been extensively synthesized, greatly expanding their
application fields.

2.1. Synthesis Methods of Powder Zeolites

The synthetic chemistry of zeolites is extremely complex. After long-term exploration,
researchers at home and abroad have continuously improved and innovated on tradi-
tional methods. At present, the main synthesis methods include: hydrothermal synthesis,
solvothermal synthesis, ionothermal synthesis, vapor-phase transport (VPT), dry gel con-
version, green synthesis, etc. [7–9]. Various synthesis methods have their own advantages
and disadvantages. A broad prospect will surely be opened for the green and efficient
synthesis of zeolites by integrating several different synthesis routes.

Hydrothermal synthesis is designed to fully mix alkali (NaOH, KOH, etc.), Al2O3, SiO2
and H2O in a certain proportion under heating in a closed vessel, followed by nucleation
and growth to form zeolites. As the most traditional synthesis method, it has the advantages
of uniform dissolution of reactants, mild reaction conditions, simple operation, low cost
and pollution. Different from hydrothermal synthesis, non-aqueous solvent instead of
water is applied in solvothermal synthesis to avoid the interference of H2O and break the
boundary of water solvent. However, the large use of organic solvent causes the problem
of high cost in actual production and greatly increases the production risk. Among them,
ion-thermal synthesis, which uses ionic liquids with low steam pressure, low volatility and
strong designability as both solvent and template, has gradually developed. However, the
high cost of ionic liquids is not suitable for the large-scale production of zeolites.

In vapor-phase transport (VPT), the gel reactants are heated at a certain temperature
in a specific reactor, without contact with organic amine and water in liquid phase. Derived
from VPT, dry gel conversion mixes the non-volatile directing agent (e.g., quaternary
ammonium base/salt) in gel reactants rather than in aqueous solvent, which has the
advantages of less pollution, saving raw materials and reducing costs, but limited practical
application due to the fussy operation process and impure products.

As the concept of “green chemistry” has taken root, the shortcomings of traditional
synthesis methods have also been exposed. Researchers have studied greening the synthesis
process of zeolites from various perspectives, including the application of natural minerals
(e.g., kaolinite and diatomite) and green organic templates as well as novel green synthesis
methods. Among them, zeolites synthesized by seeding growth which employs crystal
seeds instead of organic templates occupies a significant part, which plays an important
role in effectively shortening the nucleation and growth period, inhibiting the generation
of hybrid crystals and regulating the grain size. In solventless synthesis, raw materials in
solid phase are ground and mixed uniformly for high-temperature crystallization during
the reaction process without adding other solvents, which significantly increases available
space of reactor and reduces environmental pollution and resource waste with simple
operating procedures and lower reaction pressure. However, this method is still in the
exploration and research stage, and has not yet achieved large-scale industrial produc-
tion. Microwave-assisted synthesis can quickly transfer energy to the reaction system
and accelerate nucleation of microcrystalline and dissolution of reaction gel, however,
harmful radiation and high pressure generated under closed conditions should be highly
emphasized due to high microwave energy. Hydroxyl radical-assisted synthesis can also
effectively accelerate the crystallization of zeolites, reduce the amount of alkali and organic
templates, and minimize energy consumption by promoting the depolymerization and
polymerization of Si-O-Si bonds in initial aluminosilicate gel.
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2.2. Fabrications of Zeolite Membranes

For zeolitic membranes, the main synthesis methods include hydrothermal synthesis
(including in-situ and secondary growth), pore plugging, microwave heating, pulsed
laser deposition, and electrophoretic deposition [10]. Different from in-situ hydrothermal
synthesis in which zeolitic membranes nucleate and grow directly on the surface of support,
zeolitic membranes synthesized by secondary growth are formed based on crystal seeds
precoated on the surface of support, showing the characteristics of easy control of crystal
growth and membrane microstructure, as well as excellent permeability. Currently, most
research has focused on the synthesis of zeolitic membranes on porous carriers (e.g., Al2O3,
stainless steel, TiO2, SiO2, mullite, glass, etc.) for conferring mechanical strength using
in-situ hydrothermal synthesis or secondary growth, because the self-standing layer is
very brittle. The secondary growth, as mentioned above, is more reproducible than the
one-step method.

During the synthesis of zeolitic membranes, different methods of seed laying, hy-
drothermal and calcination conditions will have impacts on structure, density, gas per-
meability, and separation selectivity of the prepared membranes to varying degrees [11].
Currently, the main methods of seed laying include pull-up, wetting-rubbing seeding, vac-
uum seeding, electrophoretic deposition, spray coating, electrostatic adsorption, cross flow
filtration, pulsed laser deposition, graded seeds dip-coating, steam-assisted conversion
seeding, Langmuir-Blogett (L-B) assembly, etc. With the innovation of the crystallization
process, various novel methods such as dynamic heating, variable solution synthesis, vari-
able temperature synthesis, electric field-assisted crystallization, oil-bath heating, gel-free
steam-assisted conversion, two-step hydrothermal synthesis plus dry gel conversion, and
ultrasonic-assisted crystallization are gradually emerging in terms of accelerating nucle-
ation and crystallization, shortening synthesis time, reducing film thickness, improving
film flux, and reducing synthesis costs. Furthermore, recent developments designed to
avoid the formation of thermally induced defects include multi-stage calcination, ozone
oxidation, plasma-assisted calcination, rapid thermal processing (RTP), optimized rapid
thermal processing (O-RTP), etc. In the RTP or O-RTP, a composite membrane is instantly
heated by IR illumination to 600–900 ◦C without programmed heating for several min-
utes and then quickly cooled to room temperature to yield a zeolite membrane with far
less inter-crystalline defects, thus improving separation performance as compared with
membranes calcined using conventional ramp rates. In addition, post treatment of the
synthesized zeolitic films can not only repair the film defects, but also improve the surface
properties. For example, chemical vapor deposition (CVD) of silane compounds (usually
tetraethoxysilane) enables plugging of nanometer-scale defects, but it is inefficient for big
defects because a large quantity of silane compounds is required. Sol-gel or a polymeric
solution (e.g., silicon rubbers, mainly polydimethylsiloxane (PDMS)) can also be used for
plugging the defects of the membranes.

Over the years, some research groups have prepared membranes with oriented crystals
for improving the molecular sieving effect. Taking a zeolitic membrane with an MFI-type
topological structure (sinusoidal pore structure (a-axis orientation, 0.51 nm × 0.55 nm)
and straight channels (b-axis orientation, 0.53 nm × 0.56 nm)) as an example, the pore
structure within membrane varies greatly when crystals grow in different directions, which
will have a significant impact on its mass transfer characteristics [12]. Compared to MFI
zeolitic membranes with arbitrary orientation, the inter-crystalline defects within the mem-
brane will be significantly reduced alongside the membrane thickness and mass transfer
resistance when crystals grow perpendicular to the support surface in b-axis direction,
which would play a key role in improving permeability and separation selectivity [13].
Another route explored for reducing defects is using very thin zeolite nanosheets during
the seeding step. Two-dimensional zeolitic nanosheets have unique structural advantages
in constructing high-performance oriented zeolitic membranes due to their nanoscale thick-
ness and high aspect ratio. Dakhchoune et al. reported the fabrication of high-performance
H2/CO2 separation by zeolitic membranes prepared by a reactive assembly of sodalite
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nanosheets that host hydrogen-sieving six-membered rings (6-MRs) of SiO4 tetrahedra,
which effectively blocked CO2 transport and led to a H2/CO2 ideal selectivity of above 100
at 250–300 ◦C [14].

2.3. General Modification Strategies of Zeolite-Based Adsorbents and Membranes

Several common modification strategies for improving the adsorption and separation
performance of zeolite-based adsorbents and membranes are as follows:

(1) Adjustment of Si/Al ratios. To promote gas adsorption and separation of zeo-
lites/zeolitic membranes by adjusting Si/Al ratios, there are two primary aspects, namely,
enhancing surface adsorption and internal diffusion. In terms of enhancing surface adsorp-
tion, the lower the Si/Al ratios are, the more charge-compensated the cations will be, which
is more conducive to the adsorption of gas molecules with large dipole or quadrupole
moments and can promote the separation of gas mixtures with large polarity differences
(e.g., CO2/CH4); In terms of enhancing internal diffusion, the higher the Si/Al ratios, the
less the cations, which can reduce the steric hindrance of internal diffusion and promote
the separation of gas mixtures with large dynamic diameter differences (e.g., N2/CH4).
The study by Sun et al. demonstrated that the combination of X zeolites with a lower Si/Al
ratio and a lower number of binders is significantly effective in improving the adsorption
and separation properties of X zeolites in purification for LNG production with low CO2
concentration in the feed gas and at high pressure [15]. Guo et al. successfully synthe-
sized ZSM-11 zeolites with high Si/Al ratios (n(Si/Al) = 100, 500), the adsorption capacity
of the two samples for CH4 was higher than that of N2, and the selectivity of CH4/N2
reached more than 4.0 at 25 ◦C and 500 kPa, which is much higher than that of commercial
low-silica zeolites [16].

(2) Cation exchange. The exchange of various cations can not only change the adsorp-
tion behaviors of gas molecules on/in the surface/pore of zeolites/zeolitic membranes, but
also affect the permeation behavior of different gases. The higher the basicity of the cations
(low electronegativity), the stronger the binding force with weakly-acidic molecules; the
higher the charge density of the cations, the stronger the electrostatic interaction with gases.
In addition, the pore characteristics of zeolites will also change after cation exchange, thus
affecting the internal diffusion of gas molecules. The Li+, K+, Mg2+ and Ca2+-exchanged
X zeolites were prepared by Sun et al. as efficient adsorbents for purification of liquefied
natural gas (LNG), and the interaction between CO2 and zeolites were reported to not only
depend on the types of cations, but also on the amounts of cations, which significantly
affected the adsorption at low pressure [17].

(3) Heteroatom substitution. Taking the substitution of Al by Ti as an example, the sub-
stitution of Al atom in the framework of zeolites by Ti atom can make the zeolites/zeolitic
membranes have higher thermal stability, acidic stability and hydrophobicity, thus pro-
moting the gas adsorption and separation under wet conditions. CHA-type titanosilicate
(Ti-CHA) zeolite prepared by Araki et al. exhibited a relatively high CO2 permeance
compared with that of previously reported CHA-type zeolite membranes, and the CO2 per-
meance and selectivity were only marginally reduced as a result of the highly hydrophobic
pore structure in the presence of 1 vol.% H2O [18].

(4) Surface/pore modification. Based on the covalent bonding of Si-O-Si groups,
specific functional organic groups (including amino, hydroxy, hydrophobic groups, etc.)
are grafted on/in the surface or pore of zeolites/zeolitic membranes by covalent grafting
method to enhance the surface/pore polarity or acid-base properties, further promoting
adsorption and separation. The study by Ilyas et al. focused on achieving highly selective
membranes for CO2 by chemically grafting 4A zeolites with methoxy groups containing
cation and acetate anion based ionic liquid in order to enhance the CO2 solubility owing
to the molecular interaction of CO2 with methoxy moieties and acetate as anion due to its
hydrogen bond basicity [19].

(5) Advance techniques utilization. Other than commonly using chemical and/or phys-
ical modification methods, various advance techniques (i.e plasma technology, microwave,
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irradiation, ultrasonic, etc.) have also been proven to be used to make zeolitic modifica-
tions potentially for gas separation/adsorption. Wahono et al. prepared amine adsorbent
through a simple plasma polymerization and deposition on physicochemically modified
natural mordenite-clinoptilolite zeolite, resulting in a significant increase in surface area-
weighted CO2 adsorption capacity [20]. Tang et al. reported that ultrasound-assisted
method represents a rapid and controllable means of synthesizing nano/micro-scale zeo-
lites with enhanced mass transfer and adsorption capacity of CO2, CH4, N2, and O2 [21].
The conjunction of e fastvolumetric microwave heating with a unique counter diffusion of
metal and linker solutions by Hillman et al. enables the unprecedented rapid synthesis of
wellintergrown ZIF-7-8 membranes with tunable molecular sieving properties, showing
prospects for the commercial gas separation applications of ZIF membranes [22].

3. The Applications in Gas Separation and Purification

As a matter of fact, zeolites/zeolitic membranes have been employed in various
separation processes for over two centuries and they are still the most important candidates
for material-based separations. Generally, micropores play a decisive role in gas separation
and adsorption, while mesopores and macropores mainly serve as transport channels for
gas molecules. The comparison of pore size of typical zeolites with kinetic diameters of
common industrial gases is shown in Figure 2.

 
Figure 2. The comparison of pore size of typical zeolites with kinetic diameters of common
industrial gases.

3.1. Air Separation

Oxygen (O2) is not only known as the source of life, but also very important in
industrial production and scientific research. Oxygen-enriched combustion is considered an
effective method to improve energy efficiency, so O2/N2 separation is of great significance.
N2 with a lone pair of electrons has a larger quadrupole moment compared to O2, inducing
stronger interaction with cations in zeolites/zeolitic membranes and enriched O2 in outflow
gases. Researchers have carried out a large amount of research on O2/N2 separation based
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on the interaction between N2 and zeolitic cations. In addition, the Si/Al ratio is also an
important factor affecting O2/N2 adsorption and separation. Due to low Si/Al ratio of
A-type and X-type zeolites with a large number of ion-exchange sites, research on O2/N2
separation mainly focuses on A- and X-type zeolites/zeolitic membranes (Table 1).

Table 1. O2/N2 separation performances for various zeolites/zeolitic membranes.

Zeolites/
Zeolitic Membranes

(Support)
Rings Operating Conditions

O2 Permeability × 107

/[mol·(m2·s·Pa)−1] or Adsorption
Capacity/ <mmol/g>

Separation Factor
for O2/N2

Ref.

4A
(PDMS) 8 T = 25 ◦C

P = 1–2.50 bar [1052 Barrer] 2.6 [23]

CeY 12 T = 25 ◦C
P = 7 bar [0.67] 0.9 [24]

Li-RHO 8 T = 25 ◦C
P = 6 bar [0.05] 2447.72 [25]

CeLiX 12 T = 25 ◦C
P = 1 bar <0.35> 1.8 [26]

3A + ZSM-5
(Polyurethane-) 8, 5 T = 30 ◦C

P = 4 bar [21.5 Barrer] 2.7 [27]

NaA
(Si3N4) 12 T = 25 ◦C

P = 1 bar [117.9] 4.54 [28]

3.2. Hydrogen Purifification

Hydrogen (H2), which is mainly generated from natural gas reforming, coal gasifica-
tion and industrial by-products (e.g., coke oven gas (COG, 54–59% H2)), is widely used as
an important industrial raw material and zero-emission energy resource, while attracting
more and more attention for acquiring sufficient pure hydrogen in continuous long-term
industrial reprocessing (hydrogen production, purification and separation). In Table 2, H2
separation performances for various zeolites/zeolitic membranes are given. Taken together,
it is highly desired to prepare small pore zeolites/zeolitic membranes (e.g., SAPO-34) based
on the view of size-exclusion.

Table 2. H2 separation performances for various zeolites/zeolitic membranes.

Zeolites/
Zeolitic Membranes

(Support)
Rings Operating Conditions

H2 Permeability × 107/
[mol·(m2·s·Pa)−1]

Separation Factor Ref.

SSZ-13
(Mullite tube) 8

T = 25 ◦C
P = 2 bar

equimolar H2/CH4

- 43 [29]

Si-CHA
(α-Al2O3 tube) 8 T = 40 ◦C

P = 1 bar 11 34 (H2/CH4) [30]

Cs-LTA
(α-Al2O3 tube) 8 T = 50 ◦C

P = 2 bar -
8 (H2/CO2)

23.4 (H2/CH4)
176.8 (H2/C3H8)

[31]

STT
(α-Al2O3 hollow fiber) 7, 9

T = 25 ◦C
P = 2 bar

equimolar H2/CH4

0.28 49.6 [32]

SAPO-34
(α-Al2O3 hollow fiber) 8 T = 600 ◦C

equimolar H2/C3H8
3.1 41 [33]

SAPO-34
(α-Al2O3 tube) 8

T = 25 ◦C
P = 2 bar

equimolar H2/CH4

14.5 42.2 [34]

AlPO4-14
(Mullite tube) 8

T = 25 ◦C
P = 1 bar

equimolar H2/CH4

6.3 28 [35]

Natural zeolite
(Hydroxyethyl cellulose

mixed-matrix membrane)
- T = 25 ◦C

P = 4 bar 699.01 Barrer 8.85 (H2/CO2) [36]
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3.3. Separation of Light Hydrocarbons

Light hydrocarbons are basic organic chemical raw materials, and their production
capacity is an important standard to measure a country’s chemical level. Generally, light
hydrocarbons are mostly obtained through naphtha cracking and methanol to olefins,
among which there are many by-products (e.g., acetylene in trace amounts) seriously
affecting their further processing and utilization. Therefore, the separation and purification
of light hydrocarbons plays an important role in industry. As shown in Table 3, various
zeolites/zeolitic membranes are constantly reported for light hydrocarbons separation in
recent years, among which unsaturated hydrocarbon-selective adsorbents basically realized
with thermodynamic, kinetic, equilibrium-kinetic synergetic, gate-opening, and molecular
sieving separations are the most common. However, the development of alkane-selective
adsorbents is highly desired for industrial purification of unsaturated hydrocarbons in an
effort to simplify the separation process and save energy consumption.

Table 3. Separation performances of light hydrocarbons for various zeolites/zeolitic membranes.

Zeolites/
Zeolitic Membranes

(Support)
Rings Operating Conditions

Permeability ×
107/[mol·(m2·s·Pa)−1]

or Adsorption Capacity/<mmol/g>

[Separation Factor]
or <Purity>

Ref.

SSZ-13
(Mullite tube) 8 T = 30 ◦C, P = 2 bar

equimolar C2H4/C2H6
[0.029, C2H4] [11] [37]

Nano-sized K-Chabazite 8 T = 25 ◦C, P = 1 bar
equimolar CH4/N2

<1.79, CH4> [4.7]
<84%, CH4> [38]

Ni@FAU 12

T = 25 ◦C, P = 1 bar
equimolar C2H2/C2H4

<1.72, C2H2> [~100]
<C2H2 < 1 ppm>

[39]T = 25 ◦C, P = 1 bar
equimolar C3H4/C3H6

<1.59, C3H4> [92]
<C2H2 < 1 ppm>

T = 25 ◦C, P = 1 bar
equimolar C4H6/1, 3-C4H6

<1.58, C4H6> [83]
<C2H2 < 1 ppm>

T = 25 ◦C, P = 1 bar
equimolar C2H2/C3H4

<1.80, C2H2> [109]
<C2H2 < 1 ppm>

Ag-ZK-5 8 T = 25 ◦C, P = 1 bar
20% CH4/N2

< 1.6, CH4> [11.8] [40]

3.4. Capture and Separation of Carbon Dioxide

Carbon dioxide (CO2) is a common gas that is also a major greenhouse gas. The large
amount of CO2 released into the atmosphere brings about more than 60% of global warming
changes. About 80% this carbon dioxide comes from fuel combustion, industrial processes
and biogas/natural/shale gas processing. Capturing and separating CO2 effectively from
flue gas is of great importance to mitigate climate change resulting from greenhouse
gas emissions, which has attracted wide attention all over the world. Table 4 lists the
CO2 separation performances for various zeolites/zeolitic membranes. In the adsorption
process, high adsorption capacity and selectivity are two key parameters for effective
removal of carbon dioxide from gas stream. While in membrane separation, size screening
plays a major role, which allows the passing of CO2 and exclude other components from the
mixtures to be separated, and kinetic separation based on differences in the diffusion rates
also accounts for a portion. Generally, introduction of amine containing groups including
ionic liquids to enhance CO2 affinity is usually adopted.

3.5. Denitration for Flue Gas Purification

Nitrogen oxides (NOx) exhausted from stationary engines (thermal power, cement,
and steel industries, etc.) are one of the major sources of air contamination. At present,
selective catalytic reduction of NOx (NH3-SCR) technology using NH3 as a reductant
is considered to be the most effective NOx purification method, and catalyst is the key
of NH3-SCR process. Among various catalysts, zeolites with large specific area, strong
gas adsorption on abundant acid sites, wide temperature window, high thermal stability
and good SO2 durability play an indispensable role as efficient and stable catalysts in
the petrochemical, energy and environmental fields. As shown in Table 5, the NH3-SCR
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performances of various zeolites/zeolitic membranes are listed. Nowadays, the most
studied denitration catalysts are Fe, Cu zeolites, Mn, Ce zeolites and ZSM-5, BEA, SAPO-n,
SSZ-13 topological zeolites are also the current research hotspots due to their excellent
catalytic activity, selectivity and hydrothermal stability.

Table 4. CO2 separation performances for various zeolites/zeolitic membranes.

Zeolites/
Zeolitic Membranes

(Support)
Rings Operating Conditions

CO2

Permeability/[×10−7·mol·(m2·s·Pa)−1]
or Adsorption Capacity/<mmol/g>

[Separation Factor]
or <CO2 Purity>

Ref.

SSZ-13
(α-Al2O3 tube) 8

T = 20 ◦C
P = 1.4 bar

equimolar CO2/CH4

[39] [162] [41]

SAPO-34
(α-Al2O3 tube) 8

T = 25 ◦C
P = 1.4 bar

equimolar CO2/CH4

[44.6] [155] [42]

SSZ-13
(Mullite tube) 8

T = 25 ◦C
P = 2 bar

equimolar CO2/N2

- [32] [29]

HS-CHA
(α-Al2O3 tube) 8

T = 40 ◦C
P = 4 bar

equimolar CO2/CH4

[15] [115] [43]

5A 8
T = 130 ◦C

P = 3.5, 0.3 bar
10% CO2/N2

<5.2> <95.2%> [44]

Na-X 12
T = 20 ◦C
P = 1 bar

400 ppm CO2/air
<0.45> <99.5%> [45]

K13X 12
T = 30 ◦C
P = 40 bar

3% CO2/CH4

<4.00> [46] [17]

Amine-impregnated
natural zeolite
(clinoptilolite)

(Polysulfone mixed
matrix membranes)

8, 10
T = 35 ◦C

P = 3.45 bar
5% CO2/CH4

[22.79 Barrer] [45.78] [46]

Mordenite-clinoptilolite
natural zeolites 8, 10, 12 T = 0 ◦C

P = 30 bar <5.22> - [47]

Table 5. NH3-SCR performances for NOx removal by various zeolites/zeolitic membranes.

Zeolites/
Zeolitic Membranes
(Synthesis Methods)

T a

(X b > 80%)
Xmax

(T (Xmax))
S c

[Gas Permeation]
Reaction Conditions SO2 Tolerance Ref.

Cu-TNU-9,
Cu-ZSM-5

(Ion-exchange)
150–450 ◦C 100%

(200–350 ◦C)
~100% in the whole
temperature range

500 ppm NO, 575 ppm NH3,
4 Vol.% O2, 5 Vol.% H2O,

GHSV = 30,000 h−1
- [48]

Monolithic
MnOx/Cu-SSZ-13
(Ion-exchange &

3D printing)

160–540 ◦C 100%
(200–350 ◦C)

~100% in the whole
temperature range

[NO] = [NH3] = 500 ppm,
5 Vol.% O2, 2 Vol.% H2O,

GHSV = 30,000 h−1
- [49]

Fe/Cu-SSZ-13
(Hydrothermal method) 160–600 ◦C 100%

(180–570 ◦C) -
490 ppm NO, 10 ppm NO2,
500 ppm NH3, 5 Vol.% O2,

GHSV = 50,000 h−1

Remain at 100% for
the first 5 h with

50 ppm SO2, then
decline severely

[50]

Cu0.01Fe0.1SAPO-34 200–375 ◦C 100%
(250–375 ◦C) ~100% within 175–375 ◦C

[NO] = [NH3] = 600 ppm,
2.5 Vol.% O2,

GHSV = 37,500 h−1

Maintain > 90% in 4 h
with 100 ppm SO2 and

5 Vol.% H2O
[51]

Monolithic CuY-M-1
(Ion exchange) 100–360 ◦C 100%

(200–280 ◦C) >80% within 100–340 ◦C
715 ppm NO, 800 ppm NH3,

3 Vol.% O2,
GHSV = 20,000 h−1

<180 ◦C & >240 ◦C:
Without SO2

(100 ppm) poisoning
[52]

Pt/SAPO-34@SiC
membrane

(Hydrothermal method)
230–340 ◦C 95% (280 ◦C) - 300 ppm NO, 300

ppm NH3, 3 Vol.% O2
- [53]

MnOx@PTFE membrane
(Hydrothermal method) 120–240 ◦C 100%

(160–210 ◦C) [483.5 m3·m−2·h−1·kPa−1]
[NO] = [NH3] = 500 ppm,

5 Vol.% O2,
GHSV = 60,000 h−1

- [54]

a the reaction temperature window; b the NOx conversion; c the N2 selectivity.

3.6. Water Vapor Adsorption

The water adsorption/moisture removal is essential in many aspectss (e.g., adsorption
heat pumps (AHPs), electric dehumidifiers, dehydration of organic solvents and gaseous
industrial streams including hydrogen and natural gas), even in the storage of processed
foods and moisture-sensitive materials. As shown in Table 6, water vapor adsorption of
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various zeolites/zeolitic membranes are displayed. On the whole, water vapor adsorption
on zeolitic materials dominantly depends on specific surface area and the hydrophilic-
ity/hydrophobicity which directly dependent on the Si/Al ratio and surface hydroxyl
groups. Lower Si/Al ratio and higher surface hydroxyl groups can render the surface of
zeolites to be hydrophilic and vice versa.

Table 6. Water vapor adsorption by various zeolites/zeolitic membranes.

Zeolites/
Zeolitic Membranes

Rings Operating Conditions Si/Al Molar Ratio
Specific Surface

Area/[m2/g]
H2O Adsorption

Capacity/[mmol/g]
Ref.

HP-NaY-1
(Na2O/Al2O3 = 7.5)

12 T = 30 ◦C
P = 0.7 bar 7

698 17.32

[55]
HP-NaY-2

(Na2O/Al2O3 = 8) 706 17.45

HP-NaY-3
(Na2O/Al2O3 = 9) 749 17.98

HP-ZnY-1
(Na2O/Al2O3 = 7.5) 668 17.91

HP-MgY-1
(Na2O/Al2O3 = 7.5) 679 18.55

HP-LiY-1
(Na2O/Al2O3 = 7.5) 685 19.08

Natural zeolite - Stored in a desiccator
containing water at room

temperature for two months

11
179.44 4.33 [56]Natural zeolite with plasma

activation 153.15 9.17

Ag/5A
8 T = 26 ± 2 ◦C

P = 0.84 bar 1
128 8.82 [57]Ni/5A 113 5.96

4. Separation Mechanisms

The gas separation with zeolites/zeolitic membranes is generally divided into
two processes: surface adsorption and pore diffusion. Firstly, gas molecules are adsorbed
on the surface of zeolites/zeolitic membranes; then, under the action of chemical potential,
adsorbed molecules transition from one adsorption site to the next adsorption site or va-
cancy, thereby entering the zeolite channel and diffusing to the permeation side. The study
of separation rules helps to determine process conditions in practical applications, while
the separation mechanisms study helps to explain the differences generated by different gas
separation on various zeolites/zeolitic membranes, thereby selectively selecting separation
objects and types of zeolites/zeolitic membranes. The following is a brief overview of
several common separation mechanisms for zeolites/zeolitic membranes:

Molecular sieving effect, also known as the steric hindrance effect, is the most common
and easily-understood mechanism in adsorption and separation. It involves using the
difference of kinetic diameters to achieve screening through regular pore structures at
the level of kinetic diameters [58]. Two major categories in this method can be divided:
one is that gas molecules with kinetic diameters smaller than the pore size of zeolites/zeolitic
membranes can diffuse into the channels, while larger gas molecules are excluded; the
other is that the separation of gas molecules with kinetic diameters smaller than the pore
size of zeolites/zeolitic membranes may be related not only to the kinetic diameter but also
to the shape and size of molecules.

For two gases with a very small size difference, the energy potential barriers of the
two gases when passing through the pore of zeolites/zeolitic membranes may differ greatly
due to the different diffusion rates, which is called “kinetic effect” [59]. Usually, diffusion
selectivity takes place when molecules of one component are smaller and their diffusivity
in zeolite micropores is much faster than that of the larger component (e.g., H2/CH4 in
many 8MR zeolite membranes). Moreover the contribution of diffusion selectivity increases
with temperature.

Guest-host interactions with different adsorption strengths, including the well-known
physisorption (van der Waals interaction and electrostatic interaction) and chemisorption
(electron transfer, exchange or sharing between the adsorbates and adsorbents, irreversible)
have also been adopted to achieve separation. Generally, the highly-polarized pore en-
vironments originating from the local electric field make zeolites/zeolitic membranes
preferentially adsorb molecules with greater quadruple and dipole moments, thereby
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achieving adsorptive separations. However, powerful and irreversible chemisorption
does not meet the requirements of adsorption and separation, while weak chemical bonds
stronger than van der Waals interactions but still in the range of reversible adsorption are
also popular in adsorption and separation. Specifically, Π-complexation stronger than van
der Waals can be formed among molecules with Π-electrons and adsorbents or membranes
containing transition metals, resulting in higher adsorption selectivity, and is more suitable
for gas purification and separation with low target gas concentrations [60].

Interestingly, the extraframework cations in zeolites/zeolitic membranes can be
induced temporarily and reversibly deviating from the intrinsic position of channels
by some specific guest molecules which are subsequently allowed to enter the pores
of zeolites/zeolitic membranes, and the according phenomenon is called “molecular
trapdoor effect” [61].

Different from molecular trapdoor effect, “breathing effect” is generally caused by
the flexibility of zeolite framework, which has been frequently reported in MOFs [62].
The adsorbent hardly adsorbs the adsorbate or the adsorption amount is very low at low
pressures, but specific guest molecules can enter the interior as the pressure increases to
a certain extent, resulting in a rapid increase in adsorption capacity. Distinctively, the
adsorption isotherm of “molecular trapdoor effect” shows a typical type-I isotherm, while
for “breathing effect”, a rapid upward trend can be viewed after breaking a certain pressure.

When the difference between the size of gas molecules and the micropore diameter of
zeolites/zeolitic membranes is comparable with the de Broglie wavelength of gas molecules,
an uncertain quantum effect occurs at low temperatures, leading to different diffusion
rates of molecules [63]. At present, hydrogen isotope separation has already been achieved
based on “quantum effect”.

In actual adsorption and separation, the above mechanisms are often not separate
existence. Compatibility of multiple mechanisms in one class of adsorption or membrane
materials can make the adsorbents or membranes have better adsorption capacity and
selectivity, but it also adds difficulty to the study of adsorption and separation mechanisms.

5. Challenges and Future Perspectives

A good adsorbent or membrane for separation should not only have high selectivity,
but also have excellent adsorption capacity or permeability and mass transfer rate. The
selectivity determines whether the adsorbent or membrane can effectively separate gases,
while the adsorption capacity or permeability and mass transfer rate determine the capacity
to handle gases. In a general sense, homogeneous and thin films are more favorable to
harvest both high flux and high separation selectivity. The ordered microporous structure
in molecular scale qualifies zeolites with valuable characteristics in dealing with small
molecules and great potential for gas separations thereof. So far, zeolites/zeolitic mem-
branes have been successfully adopted as promising candidates in various separation and
purification processes like air separation, hydrogen purification, separation of light hydro-
carbons, CO2 capture and separation as well as gas drying. Zeolite separations, including
membrane separation and adsorptive separation, have become a research hotspot with a
bright industrial future.

At present, the research on zeolite-based adsorbents and membranes for gas separation
and purification is generally developing in the direction of high selectivity, high adsorption
capacity or high permeability. Although certain progress has been made and great applica-
tion prospects have been shown, it still faces many difficulties and challenges. The research
interests and developing trends of zeolites/zeolitic membranes in the application of gas
separation and purification are prospected as follows:

(1) Small-pore zeolites with pore size close to the kinetic diameter of gas molecules will
still be research hotspots;

(2) Research on hierarchical porous zeolites whereby the introduction of mesopores can
significantly improve the mass transfer rate and adsorption capacity;

(3) Preparation of new zeolites and zeolitic membranes;
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(4) Simplifying the preparation methods, enhancing the repeatability, reducing the prepa-
ration cost and realizing large-scale production are the common problems faced by
zeolite-based adsorbents and membranes.
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Abstract: Cu-exchanged SSZ-16 zeolite catalysts exhibit outstanding NH3-SCR activity, but their cat-
alytic performance after hydrothermal treatments is not ideal. In order to improve the hydrothermal
stability of Cu-SSZ-16, CuCex-SSZ-16 series catalysts were prepared via an ion exchange process, and
the effect of Ce modification on the hydrothermal stability was investigated. In addition, increasing
Ce contents significantly improved the hydrothermal stability, and CuCe0.87-SSZ-16 showed the
best hydrothermal stability. The effects of adding Ce to active species and the AFX framework
were studied by various characterization measurements. The 27Al MAS NMR results reveal that Ce
modification can strengthen the structural stability of the CuCex-SSZ-16 catalysts. Furthermore, the
combined results of XPS, H2-TPR, and in situ DRIFTS confirm that the introduction of Ce markedly
increases the active Cu2+-2Z species, contributing to the remarkable hydrothermal stability.

Keywords: Cu-SSZ-16; Ce content; NH3-SCR; low temperature; hydrothermal stability

1. Introduction

Nitrogen oxides (NOx) have been identified as a significant air pollutant that causes a
large number of environmental issues and harms human health [1,2]. The primary sources of
NOx in cities are emissions from power plants and automobile engines, of which diesel engines
account for a large proportion [3]. Consequently, the control of NOx emitted from diesel
engines is essential. Ammonia-selective catalytic reduction (NH3-SCR) is regarded as a highly
efficient denitration technique because of its excellent deNOx performance [4]. Nowadays,
many Cu-exchanged zeolites have been widely considered due to their outstanding deNOx
activity and hydrothermal stability. Among them, Cu-exchanged CHA, AEI, SFW, and AFX
catalysts have been extensively investigated in previous studies [5–10]. However, severe
high-temperature hydrothermal treatments destroy the skeleton of zeolite and reduce the
active species, causing the loss of NH3-SCR activity.

The effect of Cu species in Cu-exchanged zeolites has been extensively studied [11–13].
It is universally acknowledged that Cu2+ species, including Cu2+-2Z and [Cu(OH)]+-Z (where
Z stands for a framework negative charge), provide active sites for the NH3-SCR reaction [14].
Cu2+-2Z species refer to Cu2+ located in the 6-ring, while the Cu2+ sites residing in the 8-ring
are recorded as [Cu(OH)]+-Z [15,16]. The two kinds of Cu2+ species behave differently under
hydrothermal treatments. Cu2+-2Z species are considered relatively stable active sites with
higher hydrothermal stability, contributing to NOx removal [4,17–20]. However, [Cu(OH)]+-Z
is more beneficial to low-temperature (<300 ◦C) deNOx reactions, though it may transform to
Cu2+-2Z or CuOx clusters with increasing temperature [21,22]. The CuOx clusters might block
the pores of zeolites, leading to a reduction in NH3-SCR activity [23].
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The Cu-SSZ-16 with an AFX structure exhibits remarkable NH3-SCR performance, but
its low-temperature activity is reduced to varying degrees after hydrothermal treatments
at different temperatures [10]. Since hydrothermal stability is vital to the application
of catalysts, the improvement of zeolite catalysts should also focus on hydrothermal
stability. According to the literature, hydrothermal deactivation is mainly caused by a
decrease in the active Cu2+ species and the structural instability resulting from skeleton
dealumination, which can be alleviated by some means, for example, by introducing
some elements [24–26]. Previous studies have demonstrated that introducing Ce to Cu-
exchanged zeolites could ameliorate their hydrothermal stability. Wang et al. proposed that
the addition of Ce could greatly promote the catalytic activity and hydrothermal stability
of Cu-SSZ-39 catalysts [27]. Mao et al. perceived that the higher hydrothermal stability
of Cu-Ce/SAPO-34 might be obtained by increasing the additional content of Ce, for Ce
doping could prevent hydrothermal treatments from causing damage to the partial pore
structure and a reduction in the catalyst’s crystallinity [28]. Deng et al. found that Ce doping
could improve the hydrothermal stability of Cu/SSZ-13 catalysts, owing to the increased
framework aluminum and the more stable Cu sites [29]. Jiang and co-workers reported
that the introduction of Ce might stabilize the zeolite skeleton and increase the active Cu2+

species, leading to the excellent hydrothermal stability of CeCu-SSZ-52 [30]. However,
developing new catalysts with outstanding catalytic activity and hydrothermal stability
is still crucial. Cu-SSZ-16 catalysts show superior deNOx activity, but their hydrothermal
stability needs to be increased to allow commercial application.

In this study, CuCex-SSZ-16 series catalysts (x = 0.77 wt.% and 0.87 wt.%) were synthe-
sized to study their low-temperature NH3-SCR catalytic activity as well as their hydrother-
mal stability. Various characterization measurements such as XRD, 27Al MAS NMR, XPS,
H2-TPR, EPR, UV-vis, and in situ DRIFTS were used to probe the influence of adding Ce to
the catalysts, including the changes in the active species and zeolite framework.

2. Results and Discussion

2.1. NH3-SCR Activity and SO2 Resistance Test

The NOx conversion curves of the NH3-SCR reaction over Cu-SSZ-16-Fresh, CuCe0.77-
SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh (where “Fresh” represents the samples tested
before the hydrothermal treatments) are displayed in Figure 1a. The NOx reduction
efficiency of Cu-SSZ-16-Fresh reaches 90% at about 215 ◦C and remains above 90% at
215–400 ◦C. Compared with Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh and CuCe0.87-SSZ-
16-Fresh exhibit better low-temperature catalytic activity with higher NOx conversion from
150 to 250 ◦C and the conversion is maintained at 95% from 250 to 400 ◦C. Additionally,
the N2 selectivity is slightly improved, and the selectivity of the NO2 and N2O byproducts
declines at low temperatures (<250 ◦C) with the incorporation of Ce (Figure S1a–c).

In order to inquire about the changes in the hydrothermal stability with the addition
of Ce, Cu-SSZ-16, CuCe0.77-SSZ-16, and CuCe0.87-SSZ-16 catalysts were treated at the
hydrothermal temperature of 750 ◦C (referred to as Cu-SSZ-16-750HT, CuCe0.77-SSZ-16-
750HT, and CuCe0.87-SSZ-16-750HT). The catalytic data in Figure 1b illustrate that the
NOx reduction efficiency of Cu-SSZ-16-750HT reaches 90% at around 265 ◦C, while CuCex-
SSZ-16-750HT series catalysts achieve 90% NOx conversion at about 240 ◦C. The results
reveal that the NH3-SCR activity is enhanced at low temperatures (<250 ◦C) after Ce is added.
The N2, NO2, and N2O selectivity of the Cu-SSZ-16-750HT and CuCex-SSZ-16-750HT series
catalysts is presented in Figure S1d–f. The N2 selectivity of Cu-SSZ-16-750HT decreases by
4%, while the CuCex-SSZ-16-750HT series catalysts have little change compared with CuCex-
SSZ-16-Fresh. The selectivity of NO2 byproducts is below 2% for CuCex-SSZ-16-750HT series
catalysts in the whole temperature range. As for N2O, the selectivity for Cu-SSZ-16-750HT is
6% at 150 ◦C, compared to 4% for the CuCex-SSZ-16-750HT series catalysts.
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Figure 1. NOx conversion before (a), after hydrothermal treatments at 750 ◦C (b) and 800 ◦C (c),
and in the presence of SO2 (d) over Cu-SSZ-16, CuCe0.77-SSZ-16, and CuCe0.87-SSZ-16. Reaction
conditions: 500 ppm NO, 500 ppm NH3, 50 ppm SO2 (when used), 5 vol% O2, 5 vol% H2O, balance
N2, and GHSV = 200,000 h−1.

Additionally, to further investigate the effect of incorporating Ce on the hydrothermal
stability of CuCex-SSZ-16, the catalysts were hydrothermally aged under more severe
conditions of 800 ◦C. As shown in Figure 1c, the NOx conversion of Cu-SSZ-16-800HT
is below 90% at 150–400 ◦C. After introducing Ce species, the NOx reduction efficiency
of CuCe0.77-SSZ-16-800HT and CuCe0.87-SSZ-16-800HT is above 90% at 285–400 ◦C and
245–400 ◦C, respectively. The corresponding N2 selectivity of the CuCex-SSZ-16-800HT
series catalysts shows a noticeable improvement below 250 ◦C (Figure S1g). The N2
selectivity of Cu-SSZ-16-800HT is only 85% at 150 ◦C, while that of the CuCe0.77-SSZ-16-
800HT and CuCe0.87-SSZ-16-800HT catalysts is 89% and 93% at the same temperature,
respectively. The three samples aged at 800 ◦C maintain similar low NO2 selectivity (Figure
S1h). Compared with Cu-SSZ-16-800HT, the N2O selectivity of CuCe0.77-SSZ-16-800HT and
CuCe0.87-SSZ-16-800HT significantly declines at low temperatures, decreasing from 10% to
7% and then to 4% at 150 ◦C (Figure S1i). It is suggested that the addition of Ce improves
the hydrothermal stability of the catalysts and enables the aged catalysts to maintain better
NH3-SCR performance.

The CuCe0.87-SSZ-16-Fresh catalyst was selected to explore the influence of SO2 in the
reaction mixture, and the experimental results are depicted in Figure 1d. In the presence of
SO2, the NH3-SCR performance of CuCe0.87-SSZ-16-Fresh-SO2 (where “SO2” represents
50 ppm SO2 in the feed gas) is well maintained at the low-temperature range (<300 ◦C). The
catalytic activity of Cu-SSZ-16 significantly decreases due to the toxicity of SO2, compared
with Cu-SSZ-16-Fresh, the NOx conversion decreases by 11% at 250 ◦C for Cu-SSZ-16-Fresh-
SO2. Meanwhile, CuCe0.87-SSZ-16-Fresh-SO2 shows 94% NOx conversion at 250 ◦C, which
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is virtually identical to that of CuCe0.87-SSZ-16-Fresh, suggesting that the introduction of
Ce improves the SO2 resistance of the catalysts.

According to the above results, it can be inferred that the incorporation of Ce posi-
tively impacts the low-temperature NH3-SCR performance and the SO2 resistance. More
importantly, it improves the hydrothermal stability of the CuCex-SSZ-16 series catalysts.
Moreover, with the increase in the Ce contents, the positive effect is enhanced, and CuCe0.87-
SSZ-16 exhibits the best hydrothermal stability.

2.2. Structural Characterization

The chemical compositions of the fresh and aged catalysts are exhibited in Table 1. The
fresh catalysts contain similar Si/Al ratios and Cu contents. In addition, the changes in Cu
and Ce contents after hydrothermal treatment at 800 ◦C may be due to the destruction of the
framework [29]. Figure 2a,b, shows the PXRD patterns of the fresh catalysts and the samples
aged at 800 ◦C. As presented in Figure 2a, the PXRD patterns of the fresh catalysts exhibit
the typical characteristic peaks of SSZ-16 (2θ = 7.4◦, 8.6◦, 11.6◦, and 12.8◦), implying that the
AFX structure is well maintained after Cu and Ce ion exchange [31]. After hydrothermally
aging at 800 ◦C, an amorphous structure forms in the three aged catalysts, possibly due to
structural damage caused by hydrothermal treatments. Among them, the characteristic
peaks of the AFX structure can be identified in the PXRD pattern of CuCe0.87-SSZ-16-800HT.
It is suggested that CuCe0.87-SSZ-16-800HT maintains a partial AFX structure, which is
important for CuCe0.87-SSZ-16-800HT to exhibit high deNOx activity still. However, the
characteristic peaks of SSZ-16 could barely be recognized for Cu-SSZ-16-800HT, indicating
that the structure has collapsed after hydrothermal treatment at 800 ◦C. Notably, although
the crystallinity decreases significantly, no characteristic peaks corresponding to CuOx and
CeO2 are found on all the fresh and aged catalyst samples [32,33], indicating that CuOx or
CeO2 particles have not formed and the Cu and Ce are distributed well in all catalysts.

Table 1. The chemical compositions and textural parameters of Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh,
CuCe0.87-SSZ-16-Fresh, Cu-SSZ-16-800HT, CuCe0.77-SSZ-16-800HT, and CuCe0.87-SSZ-16-800HT.

Catalysts
Component Content a SBET

b

(m2·g−1)
Pore Volume b

(cm3·g−1)Si/Al Cu (wt.%) Ce (wt.%)

Cu-SSZ-16-Fresh 3.4 2.2 - 523 0.247
CuCe0.77-SSZ-16-Fresh 3.4 2.2 0.77 577 0.251
CuCe0.87-SSZ-16-Fresh 3.3 2.1 0.87 605 0.261

Cu-SSZ-16-800HT 3.1 2.8 - 13 0.030
CuCe0.77-SSZ-16-800HT 3.1 2.8 1.0 30 0.035
CuCe0.87-SSZ-16-800HT 3.1 2.7 1.1 37 0.060

a Measured by ICP-OES. b Derived from N2 adsorption–desorption isotherms.

 

Figure 2. PXRD patterns before (a) and after hydrothermal treatment at 800 ◦C (b) of SSZ-16,
Cu-SSZ-16, CuCe0.77-SSZ-16, and CuCe0.87-SSZ-16.
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The N2 adsorption–desorption analyses for Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh,
and CuCe0.87-SSZ-16-Fresh are demonstrated in Figure 3a,b. All three fresh catalysts show
type I isotherms related to typical microporous structures. Table 1 summarizes the BET
surface areas (SBET) and pore volumes of the fresh and aged catalysts. The table shows that
the SBET values are 523, 577, and 605 m2·g−1 for Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and
CuCe0.87-SSZ-16-Fresh, respectively. Correspondingly, the pore volumes gradually increase
from 0.247 cm3·g−1 to 0.251 cm3·g−1, then to 0.261 cm3·g−1. In general, both SBET and pore
volumes increase with an increase in the Ce mass fraction, and CuCe0.87-SSZ-16-Fresh has the
largest SBET and pore volumes. However, the SBET and pore volumes decline sharply after
hydrothermal treatment at 800 ◦C, which may be due to the collapse of the zeolite skeleton.
The SBET and pore volumes of Cu-SSZ-16-800HT are only 13 m2·g−1 and 0.030 cm3·g−1,
respectively, while they are 30 m2·g−1 and 0.035 cm3·g−1 for CuCe0.77-SSZ-16-800HT and
37 m2·g−1 and 0.060 cm3·g−1 for CuCe0.87-SSZ-16-800HT. The skeleton of Cu-SSZ-16-800HT
collapses more severely, which is consistent with the PXRD results. Pore structures are retained
in the aged catalysts, which may help the catalysts maintain catalytic activity.

 

Figure 3. (a) N2 adsorption–desorption isotherms and (b) Pore-size distribution spectra of Cu-SSZ-
16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh.

Figure 4 displays the SEM results of the fresh catalysts at different magnifications. All
the samples show similar morphologies of a double-cone prism with a similar average
length of 1–2 μm. It can be concluded that the incorporation of Ce does not affect the struc-
ture or morphology of the catalysts. However, the morphology changed after hydrothermal
treatment at 800 ◦C due to the damage to the zeolite framework (Figure S2). As shown in
Figure 5, the TEM in bright and dark fields and corresponding element mapping images
illustrate that both the Cu and Ce atoms are well dispersed in the catalyst samples, in
agreement with the PXRD results mentioned above. Moreover, CuOx or CeOx clusters are
not detected, leading to improved NH3-SCR performance.

 

Figure 4. SEM images of Cu-SSZ-16-Fresh (a,d), CuCe0.77-SSZ-16-Fresh (b,e), and CuCe0.87-SSZ-16-
Fresh (c,f).
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Figure 5. TEM in bright and dark fields and EDS mapping images of CuCe0.87-SSZ-16-Fresh (a–f),
CuCe0.77-SSZ-16-Fresh (g–l), and Cu-SSZ-16-Fresh (m–q).

The 27Al MAS NMR spectra of SSZ-16-Fresh, Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-
Fresh, and CuCe0.87-SSZ-16-Fresh are depicted in Figure 6a. Four peaks are determined at
around 57, 51, 30, and −1 ppm in the spectra of Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh,
and CuCe0.87-SSZ-16-Fresh, respectively. For SSZ-16-Fresh, there are only three peaks,
leaving out the peak at 30 ppm. The 57 ppm and 51 ppm signals are associated with
two kinds of framework aluminum in zeolite; the former is attributed to tetrahedrally
coordinated aluminum, and the latter corresponds to distorted aluminum [22,34]. The peak
signals centered at 30 ppm and −1 ppm are characteristic of penta-coordinated and octahe-
dral aluminum, respectively [35]. The peaks are integrally calculated and represented in
Figure S3 and Table 2. The percentage of octahedral aluminum in SSZ-16-Fresh is 0.9%,
which increases to 11.8% for Cu-SSZ-16-Fresh. It may be due to the distortion of the zeolite
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skeleton caused by Cu ion exchange, leading to the dealumination of the catalyst [34]. After
Ce ion exchange, the relative content of octahedral aluminum decreases from 11.8% to 9.7%
and 6.8%. The amount of tetrahedrally coordinated aluminum is markedly enhanced from
19.9% to 25.1% and 27.2%, indicating that the incorporation of Ce increases the framework
Al over CuCex-SSZ-16-Fresh. The proportions of framework Al increase with an increase in
Ce. After hydrothermal treatment at 800 ◦C, the peaks at 52 ppm and 0 ppm occupy a dom-
inant position for Cu-SSZ-16-800HT (Figure 6b). Compared with the Cu-SSZ-16-Fresh, the
non-framework Al accounts for a larger proportion of aluminum in the Cu-SSZ-16-800HT.
Furthermore, the framework Al in Cu-SSZ-16-800HT is mainly composed of distorted
aluminum. However, the peak at 57 ppm remains in the 27Al MAS NMR spectra of CuCex-
SSZ-16-800HT, demonstrating that more tetrahedrally coordinated aluminum exists in the
CuCex-SSZ-16-800HT series catalysts [5]. Compared with CuCex-SSZ-16-Fresh, although
the non-framework Al increases in CuCex-SSZ-16-800HT, the framework Al still accounts
for the majority of aluminum in CuCex-SSZ-16-800HT. It may be one of the reasons why
the CuCex-SSZ-16-800HT series catalysts can still maintain high NH3-SCR catalytic activity.
It is concluded that introducing Ce into the Cu-SSZ-16 catalysts reduces the dealumination
reaction and improves the crystallinity, leading to outstanding hydrothermal stability.

  
Figure 6. 27Al MAS NMR spectra of (a) SSZ-16-Fresh, Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh and
CuCe0.87-SSZ-16-Fresh, and (b) Cu-SSZ-16-800HT, CuCe0.77-SSZ-16-800HT, and CuCe0.87-SSZ-16-800HT.

Table 2. Quantitative analysis of the 27Al NMR results of SSZ-16-Fresh, Cu-SSZ-16-Fresh, CuCe0.77-
SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh.

Catalysts

27Al NMR Peak/ppm Relative Concentration (%)

57 51 30 −1

SSZ-16-Fresh 45.8 53.3 - 0.9
Cu-SSZ-16-Fresh 19.9 61.5 6.8 11.8

CuCe0.77-SSZ-16-Fresh 25.1 58.1 7.1 9.7
CuCe0.87-SSZ-16-Fresh 27.2 56.9 9.1 6.8

Furthermore, to investigate the change in the surface acidity, NH3-TPD measurements
were carried out on Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh
(Figure 7a). All the catalysts exhibit three desorption peaks at around 197, 318, and 505 ◦C
(referred to as S1, S2, and S3, respectively). The signal at 197 ◦C is related to the weak acid
sites, including physically adsorbed NH3, NH3 adsorbed on weak Brønsted acid sites, and
NH3 adsorbed by the surface hydroxyl groups [22,27,36]. The 318 ◦C peak is associated
with moderate Lewis acid sites produced by ion exchange [30]. The peak at 505 ◦C is
attributed to the NH3 adsorbed on strong Brønsted acid sites [27]. It can be found that all the
samples display similar locations and amounts of acid sites. The deconvolution areas of the
fresh catalysts are shown in Figure 7b. With the incorporation of Ce, the amount of the weak
acid sites (S1) decreases slightly, which may be due to the introduced Ce occupying some
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Brønsted acid sites [37]. The number of moderate and strong acid sites (S2 and S3) increases
with the addition of Ce, which is beneficial for NH3 storage and NH3-SCR performance.

 

Figure 7. (a) Deconvolution of the NH3-TPD curves and (b) the corresponding areas over Cu-SSZ-16-
Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh.

2.3. Cu and Ce Species

XPS was performed to inquire about the chemical state of the two species introduced,
and the XPS results of the fresh samples are exhibited in Figure 8. The Cu 2p spectrum
(Figure 8a) is divided into two peaks at around 933.1 and 935.9 eV, which may correspond
to the presence of Cu+ and Cu2+ species [28,33,38,39]. The integral area fraction results
of Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh are depicted in
Table 3. The relative amount of Cu2+ significantly increases from 32.8% to 40.4% and
then to 62.6%, while the proportion of Cu+ decreases as Ce increases, revealing that the
addition of Ce facilitates the formation of surface Cu2+. Moreover, the Ce 3d spectra of
CuCe0.77-SSZ-16-Fresh and CuCe0.87-SSZ-16-Fresh are obtained (Figure 8b). According to
the literature, the spectra can be recognized as having eight peaks, and the ones marked
u’ and v’ are related to Ce3+ species; the others, which are labeled u, v, u”, v”, u”’ and
v”’, are ascribed to Ce4+ species [40–43]. As generalized in Table 3, the Ce3+/(Ce3+ + Ce4+)
ratios increase from 44.4% to 54.4% over the surface with an increase in the Ce contents,
which is due to the formation of Cu2+ in the redox cycles Cu+ + Ce4+ → Cu2+ + Ce3+ [37,44].
Consequently, the addition of Ce leads to the electron transfer of Cu+, forming more Cu2+

and contributing to the high NH3-SCR activity. The XPS results of the catalysts aged at
800 ◦C are displayed in Figure S4, and the deconvolution areas are listed in Table 3. After
hydrothermal treatment at 800 ◦C, the percentage of Cu2+ decreases from 32.8% to 20.7%
in Cu-SSZ-16 because hydrothermal aging transfers some of the Cu2+ to CuOx [45]. The
proportion of Cu2+ in CuCe0.77-SSZ-16-800HT and CuCe0.87-SSZ-16-800HT is 33.5% and
35.8%, respectively. Although the proportion decreases compared with CuCe0.77-SSZ-16-
Fresh and CuCe0.87-SSZ-16-Fresh, it is still higher than that of Cu-SSZ-16-Fresh (32.8%).
Many active Cu2+ species are retained in the CuCex-SSZ-16-800HT samples, which is an
important reason for the low deactivation of CuCex-SSZ-16-800HT series catalysts. The
ratio of Ce3+/(Ce3+ + Ce4+) declines, meaning that the redox ability of the aged catalysts is
reduced by the hydrothermal treatment [46]. Even though the relative amounts of Cu2+ and
Ce3+ decrease for CuCex-SSZ-16-800HT, many remain in the aged catalysts, inhibiting a
sharp decline in catalytic activity. It is suggested that the introduction of Ce could increase
the active Cu2+ contents and improve the resistance to hydrothermal treatments [28].
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Figure 8. XPS spectra of Cu 2p (a) and Ce 3d (b) for Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and
CuCe0.87-SSZ-16-Fresh.

Table 3. The distribution of Cu and Ce species revealed by XPS.

Catalysts Cu2+ (%) Cu+ (%) Ce3+/(Ce3+ + Ce4+) (%)

Cu-SSZ-16-Fresh 32.8 67.2 -
CuCe0.77-SSZ-16-Fresh 40.4 59.6 44.4
CuCe0.87-SSZ-16-Fresh 62.6 37.4 54.4

Cu-SSZ-16-800HT 20.7 79.3 -
CuCe0.77-SSZ-16-800HT 33.5 66.5 37.8
CuCe0.87-SSZ-16-800HT 35.8 64.2 43.0

Figure S5 shows the UV-vis spectra of the fresh catalysts. All three catalysts display
two peaks at 202 and 733 nm, related to the charge transfer from the framework oxygen to
Cu2+ and the d-d transitions of Cu2+ in CuOx [12,47]. However, due to the good distribution
and relatively low content of CuOx, the peaks related to CuOx cannot be detected by PXRD.
Additionally, a new peak appears at 297 nm for CuCe0.77-SSZ-16-Fresh and CuCe0.87-SSZ-
16-Fresh, assigned to the charge transfer process of Ce3+ [48]. The intensity of the 202 nm
peak for CuCe0.77-SSZ-16-Fresh and CuCe0.87-SSZ-16-Fresh is significantly higher than
that of Cu-SSZ-16-Fresh, implying that more Cu2+ species exist in CuCe0.77-SSZ-16-Fresh
and CuCe0.87-SSZ-16-Fresh. Hence, it can be inferred that adding Ce contributes to the
rise in Cu2+ species in the catalysts, and the more pronounced effect is enhanced with an
increase in the Ce contents. The peak located at 297 nm suggests the existence of Ce3+ in the
CuCex-SSZ-16-Fresh series catalysts. Therefore, the incorporation of Ce might contribute to
the formation of Cu2+, which is also proven by the XPS results.

EPR was measured to evaluate the quantity and coordination environment of the Cu2+

species in zeolites because Cu+ and CuOx species could not be detected by EPR [49]. Figure
S6 depicts the EPR results of Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-
16-Fresh. The three samples show similar peak features. The sharp peaks (g⊥ = 2.08) can be
observed in all the samples, which correspond to isolated Cu2+ coordinated with oxygen.
After the introduction of Ce, the intensities of the g⊥ = 2.08 peaks are significantly enhanced.
The enhancement is greater with an increase in the Ce content, suggesting that the quantity
of Cu2+ gradually increases with the addition of Ce. Furthermore, the hyperfine features
of EPR are g‖ = 2.37 for Cu-SSZ-16-Fresh and CuCe0.77-SSZ-16-Fresh, demonstrating that
the Cu2+ species are in the identical coordination environment in the two samples. For
CuCe0.87-SSZ-16-Fresh, the hyperfine feature has g‖ = 2.33 due to the different coordination
environments of Cu2+ after the incorporation of Ce.

Additionally, to explore the distribution and amount of Cu species in the catalysts,
H2-TPR was measured over the fresh catalysts (Figure 9a) and the samples aged at 800 ◦C
(Figure 9b). The H2-TPR spectrum of Cu-SSZ-16-Fresh is deconvolved into five reduction
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peaks at approximately 236 ◦C, 323 ◦C, 390 ◦C, 477 ◦C, and 519 ◦C, with each peak repre-
senting one kind of Cu species. Among these, the 236 ◦C peak corresponds to [Cu(OH)]+-Z,
while that at 390 ◦C is related to Cu2+-2Z. Notably, Cu2+-2Z species require a higher tem-
perature to be reduced since they are situated in the 6-ring and are more stable. The peak
at 323 ◦C is associated with CuOx, which exerts negative effects on NH3-SCR performance
by blocking the pores of the zeolite catalysts. The signal at 477 ◦C is assigned to Cu(AlO2)2
in the catalysts, which is indirectly caused by the dealumination of the zeolite framework.
Cu+ species in the catalysts are reduced to Cu0 at 519 ◦C [50–52]. Furthermore, the H2-
TPR curves of CuCe0.77-SSZ-16-Fresh and CuCe0.87-SSZ-16-Fresh show five deconvolution
regions similar to those of Cu-SSZ-16-Fresh. Table 4 lists the integral calculation of the
H2-TPR profiles in the range of 100–400 ◦C. As presented here, the CuOx species account for
26.2% of the Cu-SSZ-16-Fresh catalyst but 19.4% and 11.5% of the CuCe0.77-SSZ-16-Fresh
and CuCe0.87-SSZ-16-Fresh catalysts, indicating that the modification of Ce combats the
generation of CuOx. The percentage of [Cu(OH)]+-Z is 11.8%, while that of Cu2+-2Z is
62.0% in Cu-SSZ-16-Fresh. After adding Ce, the proportions of [Cu(OH)]+-Z and Cu2+-2Z
increase to 13.0% and 67.6% in the CuCe0.77-SSZ-16-Fresh catalyst, respectively. Moreover,
[Cu(OH)]+-Z accounts for 14.1%, and Cu2+-2Z accounts for 74.4% in the CuCe0.87-SSZ-
16-Fresh catalyst when the Ce contents increase further. The two Cu2+ species increase
with an increase in Ce. Different from the fresh catalysts, the curves are only determined
to have four peaks after hydrothermal treatment at 800 ◦C, namely, at 339 ◦C, 421 ◦C,
560 ◦C, and 698 ◦C, related to CuOx, Cu2+-2Z, Cu(AlO2)2, and Cu+, respectively [52]. The
peaks shift toward high temperatures, which suggests that these Cu species have become
more stable during the hydrothermal treatment at 800 ◦C [52,53]. It is observed that the
peak at about 230 ◦C disappears after hydrothermal aging because the [Cu(OH)]+-Z is
unstable and transforms to Cu2+-2Z or CuOx species at high temperatures [21]. This can
also explain why the low-temperature catalytic activity of the aged samples significantly
decreases. As presented in Table 4, compared with the fresh samples, the proportion of
CuOx increases and the proportion of Cu2+-2Z declines in the samples aged at 800 ◦C.
However, most Cu2+-2Z species are retained in the aged catalysts, preventing a significant
decrease in NH3-SCR performance. The percentages of Cu2+-2Z species in Cu-SSZ-16-
800HT, CuCe0.77-SSZ-16-800HT, and CuCe0.87-SSZ-16-800HT are 51.4%, 54.0%, and 56.0%,
respectively. Compared with Cu-SSZ-16-800HT, more active Cu2+-2Z species are main-
tained in CuCex-SSZ-16-800HT, which helps the CuCex-SSZ-16-800HT catalysts maintain
high deNOx catalytic activity. The proportion of CuOx is 48.6%, compared to 46.0% and
44.0% for CuCe0.77-SSZ-16-800HT and CuCe0.87-SSZ-16-800HT, respectively, confirming
that the introduction of Ce can effectively prevent the formation of CuOx. Therefore, it
can be deduced that the formation of Cu2+ is promoted while the generation of CuOx is
inhibited by introducing Ce, leading to higher hydrothermal stability.

  

Figure 9. H2-TPR before (a) and after hydrothermal treatment at 800 ◦C (b) of Cu-SSZ-16, CuCe0.77-
SSZ-16, and CuCe0.87-SSZ-16.
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Table 4. The distribution of Cu species measured by H2-TPR.

Catalysts [Cu(OH)]+-Z (%) Cu2+-2Z (%) CuOx (%)

Cu-SSZ-16-Fresh 11.8 62.0 26.2
CuCe0.77-SSZ-16-Fresh 13.0 67.6 19.4
CuCe0.87-SSZ-16-Fresh 14.1 74.4 11.5

Cu-SSZ-16-800HT - 51.4 48.6
CuCe0.77-SSZ-16-800HT - 54.0 46.0
CuCe0.87-SSZ-16-800HT - 56.0 44.0

In situ DRIFTS measurements under NH3 adsorption are ideal for probing the rel-
ative contributions of the two Cu2+ species in the catalysts. The NH3-DRIFTS results
of Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh are displayed in
Figure 10. Two negative peaks appear in 860–1000 cm−1 wave numbers, one corresponding
to [Cu(OH)]+-Z at 949 cm−1 and the other related to Cu2+-2Z at 895 cm−1 [13,54,55]. The
two peak intensities increase effectively, demonstrating that the amounts of the two Cu2+

species increase through the introduction of Ce. The relative integral areas are shown in
Figure S7, revealing that the relative content of the two Cu2+ species also changes with the
addition of Ce. The percentage of Cu2+-2Z in Cu-SSZ-16-Fresh is 48.7%, which increases to
51.5% and 54.3% for CuCe0.77-SSZ-16-Fresh and CuCe0.87-SSZ-16-Fresh, respectively. With
an increase in the Ce contents, the relative proportion of Cu2+-2Z increases gradually, and
the percentage of [Cu(OH)]+-Z decreases. It is indicated that Ce addition is conducive to
forming Cu2+ species, especially Cu2+-2Z species, which is beneficial to the hydrothermal
stability of the catalysts.

Figure 10. In situ DRIFTS spectra of Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-S
SZ-16-Fresh.

From the analysis results above, we can conclude that the incorporation of Ce can
stabilize the skeleton of Cu-SSZ-16 and also promote the formation of [Cu(OH)]+-Z and
Cu2+-2Z, especially Cu2+-2Z. The PXRD results show that the AFX structure is retained
in the hydrothermally treated CuCex-SSZ-16, suggesting that adding Ce can improve the
structural stability of the catalysts. The 27Al MAS NMR results also confirm this deduction,
as the dealumination is reduced and the framework Al increases in fresh and aged catalysts
with Ce. Additionally, the framework Al is better maintained in CuCex-SSZ-16-800HT,
contributing to the excellent NH3-SCR performance of CuCex-SSZ-16-800HT. To further
investigate the promotional effect of introducing Ce, XPS, EPR, UV-vis, H2-TPR, and in situ
DRIFTS analyses were conducted. The XPS results show that the percentage of Cu2+ species
is only 32.8% for Cu-SSZ-16-Fresh but rises to 40.4% and 62.6% for CuCe0.77-SSZ-16-Fresh
and CuCe0.87-SSZ-16-Fresh, respectively, after the introduction of Ce. Correspondingly, the
Ce and Cu species constitute a redox cycle: Cu+ + Ce4+ → Cu2+ + Ce3+, meaning that the
incorporation of Ce is able to increase the Cu2+ species in catalysts. After hydrothermal
treatment at 800 ◦C, although the amount of Cu2+ species decreases for CuCe0.77-SSZ-16-
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800HT and CuCe0.87-SSZ-16-800HT, it is still higher than that of Cu-SSZ-16-Fresh. The
majority of Cu2+ is still retained in the CuCex-SSZ-16-800HT series catalysts, accounting
for high NH3-SCR activity. The EPR and UV-vis measurements exhibit similar results to
those of XPS, namely that the amounts of Cu2+ increase obviously with the addition of
Ce. For the H2-TPR analysis, the results suggest that the relative amount of CuOx reduces
from 26.2% to 19.4% and then to 11.5% for the fresh samples. Meanwhile, the proportion
of active Cu2+ rises after the incorporation of Ce. After hydrothermal aging at 800 ◦C,
even though Cu2+-2Z decreases in the aged catalysts, most active Cu2+-2Z species are
retained in the aged catalysts, which is an important reason for the low deactivation of
CuCex-SSZ-16-800HT series catalysts. It is confirmed that the incorporation of Ce can
promote the formation of active Cu2+ but limit the increase in CuOx. Moreover, the in situ
DRIFTS results reveal that adding Ce would significantly increase the relative content of
Cu2+-2Z, contributing to remarkable hydrothermal stability. In summary, the introduction
of Ce can improve the stability of the Cu-exchanged zeolite skeleton and increase the
active Cu2+ species in catalysts, thus improving hydrothermal stability. Furthermore, the
zeolite skeleton structure and active Cu2+ species are better maintained in the samples
hydrothermally aged at 800 ◦C, leading to low deactivation of the CuCex-SSZ-16-800HT
series catalysts.

3. Materials and Methods

3.1. Synthesis and Hydrothermal Treatments

Based on a previous report, the SSZ-16 catalyst was synthesized with a composition of
SiO2: 0.045 Al2O3: 0.11 OSDA: 0.8 NaOH: 20 H2O at 150 ◦C for 9 days [10]. The detailed
procedures are available in the Electronic Supplementary Information (ESI). The Cu-SSZ-
16 catalyst was obtained by successively exchanging the prepared SSZ-16 with a 0.1 M
CH3COONH4 and a 0.01 M Cu(NO3)2 solution. Then, Cu-SSZ-16 was exchanged with
a Ce(NO3)3 solution of different concentrations at 80 ◦C overnight to obtain the CuCex-
SSZ-16 series catalysts. After drying at 100 ◦C, the catalyst products were calcined in air at
290 ◦C for 2 h and then at 550 ◦C for 6 h, thus producing the fresh catalysts. Then the fresh
samples were hydrothermally aged at different temperatures in air containing 10 vol% H2O
for 10 h to obtain the aged samples.

3.2. Characterization of the Catalysts

The powder X-ray diffraction (PXRD) was applied to analyze the zeolite products
with a Bruker D2 Phaser instrument at a scanning speed of 0.2◦ s−1. The N2 adsorption–
desorption analyses were performed on a Micrometrics ASAP 2020 Plus apparatus at the
temperature of liquid nitrogen. The scanning electron microscopy (SEM) images were
captured with a Hitachi SU8010 microscope at 4 kV. The transmission electron microscopy
(TEM) images were recorded on an FEI Tecnai G2 F30, which was operated at an accelerating
voltage of 300 kV. The element distributions of the catalysts were detected by energy
dispersive spectrometer (EDS) mapping. A PE Avio200 (America) inductively coupled
plasma optical emission spectroscope (ICP-OES) was used to determine the elemental
compositions. For ICP-OES analysis, a 20 mg sample was mixed with 2 mL concentrated
nitric acid, 2 mL HF, and 0.5 mL H2O2. Furthermore, the mixture was treated at 80 ◦C
in a graphite digestion apparatus under sealed conditions. After about 2 h, when the
mixture became clear and transparent, it was diluted to the required concentration with
H2O. The 27Al solid-state nuclear magnetic resonance (NMR) test was carried out on a
Bruker AVANCE III HD 600 MHz spectrometer. The X-ray photoelectron spectra (XPS) were
determined with a Thermo Fisher Scientific K-Alpha. The electron paramagnetic resonance
(EPR) was analyzed with a JEOL JES-FA200 instrument at −196 ◦C. The ultraviolet–visible
spectra (UV-vis) were determined with a Shimadzu UV 3600 spectrometer, and BaSO4 was
used as the reference sample.

The temperature-programmed desorption of NH3 (NH3-TPD) was measured by an
MFTP-3060 chemisorption analyzer. First of all, a 100 mg catalyst was pretreated at 400 ◦C
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in N2 atmosphere for 1 h. After cooling to 30 ◦C and holding for 10 min, 4000 ppm NH3
was injected into the sample for 30 min. Subsequently, the purging process was conducted
at 100 ◦C with He gas for 1 h to remove physically adsorbed NH3. After these steps were
complete, the TPD profiles of NH3 were obtained under a He atmosphere from 100 to
700 ◦C with a temperature ramp rate of 10 ◦C min−1.

Additionally, to explore the reducibility of zeolite products, temperature-programmed
reduction of hydrogen (H2-TPR) was performed on an MFTP-3060 apparatus. To start
with, a 100 mg catalyst was treated using the same purification method as NH3-TPD, as
described above. Then 5% H2/He was introduced at a 30 mL min−1 flow rate to establish
a baseline. Eventually, the H2-TPR profiles were obtained from 100 ◦C to 850 ◦C with a
10 ◦C min−1 temperature ramp rate.

The in situ diffuse reflection infrared Fourier spectroscopy (DRIFTS) adsorption analyses
under NH3 were carried out on a Thermo Scientific Nicolet iS20 spectrometer with an in situ
diffuse reflection cell equipped with KBr windows. Firstly, the catalysts were purified by N2
at 400 ◦C for 1 h with a 50 mL min−1 flow rate. Later, the catalysts were cooled to 100 ◦C to
record the background spectra. To complete the NH3 adsorption process, the catalysts were
treated with NH3 for 30 min. After that, the catalysts were purged for 1 h under N2 conditions.
The spectra were collected by accumulating 32 scans with a resolution of 4 cm−1.

3.3. Catalytic Performance Tests

The NH3-SCR catalytic experiments were performed in a fixed-bed reactor system
with 100 mg (60–100 mesh) catalyst pellets, and the testing range was 150–400 ◦C. The
catalysts were tested at a total flow rate of 400 mL min−1, and the GHSV was 200,000 h−1.
Furthermore, the simulated test gases comprised 500 ppm NH3, 500 ppm NO, 50 ppm SO2
(when used), 5 vol% O2, and 5 vol% H2O, with the balance being N2. The outlet gases were
analyzed with a Thermo Scientific Nicolet Antaris IGS. The equations for calculating NOx
conversion, N2, NO2, and N2O selectivity are as follows:

NOx conversion =
[NO]in − [NO]out − [NO2]out−2[N2O]out

[NO]in
× 100% (1)

N2 selectivity =
[NH3]in + [NO]in − [NH3]out − [NO]out − [NO2]out−2[N2O]out

[NH3]in + [NO]in − [NH3]out − [NO]out
× 100%

(2)

NO2 selectivity =
[NO2]out

[NH3]in + [NO]in − [NH3]out − [NO]out
× 100% (3)

N2O selectivity =
2[N2O]out

[NH3]in + [NO]in − [NH3]out − [NO]out
× 100% (4)

where [NO]in and [NH3]in indicate the concentrations of NO and NH3 in the inlet gases,
respectively, while [NH3]out, [NO]out, [NO2]out and [N2O]out represent the concentrations
of NH3, NO, NO2 and N2O in the outlet gases, respectively.

4. Conclusions

The CuCex-SSZ-16 series catalysts modified with different amounts of Ce were synthe-
sized via the ion-exchange process and measured under simulated NH3-SCR conditions.
The results reveal that the CuCe0.77-SSZ-16 and CuCe0.87-SSZ-16 catalysts have better low-
temperature (<250 ◦C) NH3-SCR performance and outstanding hydrothermal stability
compared with Cu-SSZ-16. Meanwhile, the positive effects increase with an increase in
the Ce contents, and the CuCe0.87-SSZ-16 catalyst shows the best hydrothermal stability.
In general, the introduction of 0.87 wt.% Ce effectively promotes the stability of the AFX
framework and facilitates the formation of Cu2+-2Z species, which are beneficial to hy-
drothermal stability. Through a combination of multiple characterization techniques, the
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effects of adding Ce were investigated. The PXRD results show that the AFX structure
is retained in the hydrothermally treated sample with Ce, suggesting that adding Ce can
stabilize the skeleton of the catalysts. The 27Al MAS NMR results indicate that adding Ce
may have increased the framework aluminum in the catalysts, resulting in better structural
stability in the fresh and aged samples. Furthermore, the analyses of Cu species by XPS,
EPR, H2-TPR, and in situ DRIFTS demonstrate that Ce ion exchange significantly increases
the amount of Cu2+-2Z species in the catalysts and reduces the formation of CuOx, leading
to good hydrothermal stability. Even after hydrothermal treatment at 800 ◦C, most of
the framework aluminum and the majority of active Cu2+-2Z species are retained in the
aged catalysts with Ce additives, preventing a significant decrease in NH3-SCR activity. In
conclusion, CuCe0.87-SSZ-16 shows remarkable NH3-SCR performance and outstanding
hydrothermal stability and has great application prospects for NOx removal.

Supplementary Materials: The following supporting information can be downloaded at https:
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after hydrothermal treatment at 750 ◦C (d–f) and 800 ◦C (g–i). Figure S2: SEM images of Cu-
SSZ-16-800HT (a,d), CuCe0.77-SSZ-16-800HT (b,e), and CuCe0.87-SSZ-16-800HT (c,f). Figure S3:
Deconvolution of 27Al NMR spectra over SSZ-16-Fresh, Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh,
and CuCe0.87-SSZ-16-Fresh. Figure S4: XPS spectra of Cu 2p (a) and Ce 3d (b) over Cu-SSZ-16-800HT,
CuCe0.77-SSZ-16-800HT, and CuCe0.87-SSZ-16-800HT. Figure S5: UV-vis spectra of Cu-SSZ-16-Fresh,
CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh. Figure S6: EPR spectra of Cu-SSZ-16-Fresh,
CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh. Figure S7: Deconvolution of in situ DRIFTS
curves over Cu-SSZ-16-Fresh, CuCe0.77-SSZ-16-Fresh, and CuCe0.87-SSZ-16-Fresh.
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Abstract: Research results about the influence of BEA zeolite preliminary dealumination on the
acid–base characteristics and catalytic performance of 1% Zn-BEA compositions in propane dehydro-
genation with CO2 are presented. The catalyst samples, prepared through a two-step post-synthesis
procedure involving partial or complete dealumination of the BEA specimen followed by the intro-
duction of Zn2+ cations into the T-positions of the zeolite framework, were characterized using XRD,
XPS, MAS NMR, SEM/EDS, low-temperature N2 ad/desorption, C3H8/C3H6 (CO2, NH3)-TPD,
TPO-O2, and FTIR-Py techniques. Full dealumination resulted in the development of a mesoporous
structure and specific surface area (BET) with a twofold decrease in the total acidity and basicity of
Zn-BEA, and the formation of Lewis acid sites and basic sites of predominantly medium strength, as
well as the removal of Brønsted acid sites from the surface. In the presence of the ZnSiBEA catalyst,
which had the lowest total acidity and basicity, the obtained selectivity of 86–94% and yield of 30–33%
for propene (at 923 K) exceeded the values for ZnAlSiBEA and ZnAlBEA. The results of propane
dehydrogenation with/without carbon dioxide showed the advantages of producing the target olefin
in the presence of CO2 using Zn-BEA catalysts.

Keywords: Zn-BEA zeolites; dealumination; acid–base characteristics; propane dehydrogenation
with CO2; propene

1. Introduction

The world production of propene—the raw material for the synthesis of polypropy-
lene and many important organic compounds (propene oxide, acrylic acid, propylene
glycol, etc.)—exceeds 100 million tons per year. Conventional propene production through
the steam cracking or catalytic cracking of petroleum does not meet the growing market
needs. The catalytic dehydrogenation of propane, especially direct (PDH) and oxidative
dehydrogenation using O2 or N2O, and CO2-mediated dehydrogenation (CO2-PDH) are
considered a promising alternative to the oil-based cracking process [1,2]. The participation
of CO2 in the dehydrogenation of alkanes is of interest as a potential approach to utiliz-
ing carbon dioxide [3–5]. An important task for the realization of these processes is the
development of active and selective catalysts that are not rapidly deactivated (especially in
direct dehydrogenation) by coking.

Besides metal oxide catalysts for PDH or CO2-PDH, zeolites containing cations or oxide
nanoparticles of active components (mainly Cr, Ga, and Pt-Sn as components of known
metal oxide catalysts) are of great interest for the dehydrogenation of alkanes [1,4,6–12].
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It is known that the catalytic properties of zeolite catalysts are largely determined by
their acid–base characteristics, which, in turn, depend on the Si/Al ratio, the nature of the
active component, its form (nanoparticles, clusters, isolated cations), and quantity/density.
In particular, partial or complete dealumination of the zeolite has been shown to increase
the catalyst selectivity for the target product, especially for the dehydrogenation of propane
in the presence of CO2. This is due to changes in the acid–base properties of the system,
in particular, a reduction in the concentration of Brønsted acid sites (BAS) until they
are removed from the surface—as a result of complete dealumination—and changes in
the form of the active component, in particular, the formation of isolated cations or the
stabilization of oxidized subnanoclusters of the active component in/near vacant positions
in the dealuminated zeolite [7,13–16].

A number of recent works have shown the potential of eco-benign Zn-containing
catalysts for the dehydrogenation of alkanes, in which ZnO nanoparticles applied to the
zeolite act as the main component [13–15,17–19] or zinc species as isolated cations and ZnO
clusters are cocatalysts in bimetallic systems (Pt-Zn, Cr-Zn, Ni-Zn) based on high-silica
zeolites [20–24]. Thus, studies of Zn-containing zeolites have used samples containing zinc
oxide in amounts of ZnO ≥ 3–20 wt % [13–15,18]; in research on bimetallic systems with
isolated Zn(II) forming Lewis acid sites (LAS), the main focus is on the effect of zinc as
a transition metal cocatalyst. At the same time, the promoting effect of Zn2+ cations in
Zn2+/H-BEA and the synergistic effect of Zn sites and BAS on the activation of the C−H
bonds of methane is stronger than that of ZnO species in ZnO/H-BEA [25]. Therefore, it
can be expected that Zn-containing zeolites with isolated Zn (II) may also be of interest as
catalysts for propane dehydrogenation.

Despite the progress in the study of Zn-containing zeolite catalysts for DH or CO2-
DH processes of lower alkanes, it is not yet known how the location of zinc as isolated
atoms will affect their catalytic properties. The effect of the Si/Al ratio on the catalytic
properties of Zn-containing zeolites with BEA structure, which, according to Zhao et al. [18],
dominate over catalysts based on zeolites with other structural types in terms of activity
and selectivity to propene, has also not been clarified.

The CO2-PDH process on the catalysts, which do not undergo redox transformations
under reaction conditions (including Ga-, Zn-containing), is considered to be mainly direct
propane dehydrogenation (1), the equilibrium of which shifts in the direction of propene
production due to the consumption of hydrogen in the reverse water–gas shift reaction
(RWGSR) (2) [1–4]:

C3H8 ↔ C3H6 + H2 ΔH298K = + 124 kJ mol−1 (1)

CO2 + H2 ↔ CO + H2O ΔH298K = + 41 kJ mol−1 (2)

Carbon dioxide may also participate in coke gasification through the reverse Boudouard
reaction CO2 + C ↔ 2CO (ΔH298K = ΔH298K = + 172 k Jmol−1) that enhances the
catalyst stability.

In this paper, we report on the influence of the preliminary dealumination of BEA
zeolite on the acid–base characteristics of synthesized Zn-BEA samples and their catalytic
properties in the CO2-mediated dehydrogenation of propane to propene. Zn-BEA spec-
imens with different Si/Al ratios and a zinc loading of 1 wt % were prepared using a
two-step post-synthesis procedure including preliminary partial and full dealumination
of initial BEA zeolite followed by the incorporation of zinc cations into the vacant T-atom
sites of the zeolite framework. The catalytic behavior of the Zn-BEA zeolites in propane
dehydrogenation was tested both in the presence and absence of carbon dioxide in the
initial reaction mixture.
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2. Results and Discussion

2.1. Structure, Texture, and Acid–Base Characteristics of Zn-BEA Zeolites with Different
Si/Al Ratios

The presence of diffraction peaks typical of BEA zeolites in the corresponding XRD
patterns indicates that the dealumination of the initial TEABEA sample (Si/Al = 17) with
nitric acid and subsequent incorporation of zinc cations into the SiBEA framework does not
affect the crystallinity of the structure, as shown in Figure 1. The increase in the unit cell
parameter d302 to 3.976 Å (ZnSiBEA; 2θ = 22.36◦) compared to 3.920 Å (SiBEA; 2θ = 22.68◦)
is due to the expansion of the BEA zeolite matrix as a result of the interaction of zinc ions
with OH groups of vacant T-atom sites and, as a consequence, their incorporation into
the zeolite structure, resulting in an increase in the Zn-O bond length compared to Si-O
or Al-O.

 

Figure 1. X-ray diffraction patterns of Zn-BEA samples after calcination at 923 K.

Each studied Zn-BEA sample is characterized by the presence of micropores with a
total volume of ~0.2 cm3/g and an average diameter of ~1 nm, as given in Table 1. The
volume of mesopores of the samples is 0.32–0.37 cm3/g. As can be seen from the data
presented, the complete dealumination led to the formation of mesopores with the largest
diameter/surface of ~60 nm/80 m2/g and specific surface area (BET) of 605 m2/g.

Table 1. Texture characteristics of zeolite Zn-BEA samples.

Sample

Micropores Mesopores

SBET,
m2/g

Adsorption
Volume at

p/p0 = 1,
cm3/g

Volume
Vmi,

cm3/g

Diameter
dmi *,
nm

Volume
Vme,

cm3/g

Diameter
dme,
nm

(Sme + Souter),
m2/g

ZnAlBEA 0.19 1.00 0.37 32 ± 5 70 535 0.58
ZnAlSiBEA 0.18 1.01 0.32 50 ± 15 60 505 0.52

ZnSiBEA 0.21 1.05 0.33 ~60 * 80 605 0.56

* Determined through the Saito–Foley method.

In Figure S1, SEM images with a magnification of 25,000 (left) and 50,000 (right)
of ZnSiBEA (Figure S1a,b,) ZnAlSiBEA, (Figure S1c,d) and ZnAlBEA (Figure S1e,f) are
presented. They illustrate the morphology of the examined samples. SEM/EDS analysis

135



Catalysts 2023, 13, 681

reveals that they are composed of Si, O, Zn, and Al, and the amount of Al increases from
0.4 wt % in ZnSiBEA to 1.2 wt % in ZnAlSiBEA and 2.6 wt % in ZnAlBEA. The amount of
Zn is close to 1.2 wt %; however, ZnSiBEA exhibits the highest quantity of zinc (1.4 wt %).
It is worth noting that the ZnSiBEA sample exhibits the presence of the largest 160–100 nm
particles, while ZnAlSiBEA led to crystallites not exceeding 120 nm. The morphology of
the ZnAlBEA particles is very similar and in the range of 150–100 nm.

The relative abundance of elements on the surface of the Zn-BEA catalysts obtained
from the XPS survey scans in the depth of max. 11.2 nm are presented in Table 2.

Table 2. Surface elemental composition of Zn-BEA zeolites (at. %).

Sample Zn Si Al O C

ZnAlBEA 0.23 33.24 2.07 58.53 5.92
ZnAlSiBEA 0.25 34.53 0.59 59.68 4.95

ZnSiBEA 0.24 36.86 0.11 57.95 4.84

These were computed with the assumption that the samples are made of pure and
uniform SiO2 with a density equal to 2.18 g cm−3 [26]. The Si/Al ratios calculated for
ZnAlBEA (16), ZnAlSiBEA (58), and ZnSiBEA (335) prove strong dealumination of BEA
zeolite through the two-step post-synthesis procedure. High-resolution spectra of Zn 2p, Si
2p, Al 2p, O 1s, and C 1s were used to investigate the chemical states of the active phase in
the catalysts.

The C 1s core lines (Figure 2A) of the Zn-BEA catalysts are composed of three char-
acteristic peaks at 285.0 eV (organic contaminants), 285.9–286.3 eV (C-O groups), and
289.9–290.5 eV (O–C=O groups). ZnAlBEA has an additional fourth component with
a BE of 288.1 eV (13%) related to C=O groups. The dealuminated catalyst (ZnSiBEA)
shows significantly lower content of C–O groups (28%) compared to the others (42–44%),
whereas the amount of O–C=O groups does not exceed 8% in any sample (Table S1 in
Supplementary Materials). The hydrocarbon contamination was used as an internal cali-
bration for XPS spectra, as mentioned below in Section 3.1.

Figure 2. XPS spectra of Zn-BEA zeolites in the BE regions of C 1s (A), O 1s (B), and Zn 2p (C). Lines
marking the most intense components. Blue arrows show an additional component in the Zn 2p
spectrum of ZnAlBEA.

The O 1s spectra (Figure 2B) of the catalysts show three components: (i) a main-
line (over 90% of total spectrum area) at BE of 533.5–533.7 eV related to oxygen located
in the BEA zeolite lattice [27–30], (ii) oxygen from defective sites of the zeolite matrix
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(BE = 531.2–531.8 eV) [31–33], and (iii) a peak at BE > 535 eV assigned to physisorbed water,
and/or the oxygen of organic contaminants (Table S1 in Supplementary Materials). The
relative decrease in aluminum in the catalysts causes an increase in lattice components at
the cost of reducing the area of the low-BE component. This strongly suggests that as well
as Si-O-Zn bonds, Al-O bonds also contribute to this component. However, a slightly lower
BE range of the O 1s line (530.5–531.3 eV) was attributed to the thin films of Al2O3 [34,35].
The peak corresponding to the Zn–O bond (529.9 eV) [31,36] was not observed.

A single silicon component was detected with a Si 2p3/2 BE value close to 104.0 eV
in ZnAlBEA, 104.2 eV in the partially dealuminated catalyst, and 104.3 eV in ZnSiBEA
(Figure S2), and a single aluminum component was detected with an Al 2p3/2 BE value
close to 75.6 eV in ZnAlBEA, 75.5 eV in the partially dealuminated catalyst, and 75.0 eV
in ZnSiBEA (Table 3) (Figure S3). Such a contribution can be associated with the Al3+ in
tetrahedral positions similar to the case of Faujasites [37]. The spin-orbit splitting of the Al
2p doublet was constrained to ΔSO = 0.41 eV.

Table 3. XPS data of Zn-BEA zeolites.

Core
Excitation

ZnAlBEA ZnAlSiBEA ZnSiBEA

BE (eV) Area (%) BE (eV) Area (%) BE (eV) Area (%)

Zn 2p3/2 1023.8
1027.0

95.9
4.1 1023.5 100 1023.1 100 A

B

Si 2p3/2 104.0 100 104.2 2 100 104.3 100

Al 2p3/2 75.6 100 75.55 100 75.0 100

Figure 2C presents Zn 2p core-level spectra obtained for the ZnAlBEA, ZnAlSiBEA,
and ZnSiBEA samples. They can be well fitted by a single symmetric doublet with fairly
high Zn 2p3/2 BE values of 1023.1–1023.8 eV. It should be noted that the Zn 2p3/2 line
for ZnO was quoted at 1022.0 eV [36], whereas metallic Zn was reported at a BE of
1021.6 eV [38]. It is clear that the BE shift observed between bulk ZnO and our Zn-BEA
zeolites indicates different electronic states of Zn. Such an increase in BE could be a result
of the incorporation of Zn into the zeolite lattice. In this case, Zn species are localized at
the vacant T-atom sites, where the oxygen from the zeolite matrix exhibits higher elec-
tronegativity than the O2- ligand in bulk ZnO. This results in a reduction in the valence
electron density of Zn in the Zn–O–Si bond and an increased binding energy [31,39]. One
can note that a similar effect was observed in several zeolites doped with Zn, e.g., MFI [31],
ZSM-5 [25,40], FAU [37], BEA [41,42], and Y zeolites [43]. All these papers attribute the Zn
2p3/2 peak at about 1023.2 eV to the isolated [Zn(OH)]+ species, which are formed from the
tight interactions of zinc species with BEA zeolite. Such [Zn(OH)]+ species can decompose
to form water and [Zn–O–Zn]2+ [25,42,44]. Therefore, the Zn 2p doublets can be reasonably
assigned to the Zn(II) species located in the framework of the BEA zeolite with tetrahedral
symmetry. This is also confirmed by the spin-orbit splitting of 23.0 eV characteristic of
divalent Zn species.

Moreover, one can identify a very small component (4%) in ZnAlBEA with a BE
of 1027.0 eV related to unknown Zn(II) species. However, it has been stated that wet
chemistry-based techniques can lead to the incorporation of various Zn species into the
zeolite, including isolated Zn2+ or [Zn(OH)]+ cations localized at the exchange positions, as
well as binuclear [Zn–O–Zn]2+ or multinuclear [Zn–(O–Zn)n]2+ clusters [39,44,45]. Perhaps
cluster formation is the reason for the appearance of this additional component.

All Si 2p spectra are well fitted by a single doublet with a spin-orbit splitting of 0.61 eV.
The high binding energies of Si 2p3/2 shown in Table 3 prove that only Si(IV) species are
present in our BEA catalysts. It is worth mentioning that these values are slightly larger
than those reported for MFI and MOR zeolites elsewhere. The dealumination process does
not cause the appearance of an additional component in the Si 2p spectra, but only a shift

137



Catalysts 2023, 13, 681

of the main peak towards higher binding energies. At the same time, the Zn 2p lines are
shifted towards lower BE, which is additional evidence that zinc is built into the framework
positions and interacts with the zeolite matrix.

Figure 3 shows the MAS NMR spectra of ZnAlBEA, ZnAlSiBEA, and ZnSiBEA. In
all samples, we observe signals around −115 ppm, which correspond to silicon atoms in
a Si(OSi)4 environment (named Q4) located in different crystallographic sites [46]. While
the resonances are broad for the ZnAlBEA and ZnAlSiBEA samples, for ZnSiBEA, the
resonances are narrow. This increase in resolution may be related to the dealumination and,
thus, the departure of aluminum atoms, and the incorporation of zinc atoms could also
have an effect on the resolution of the different contributions of the Si(OSi)4 species. For
ZnAlBEA, the DP MAS NMR spectrum shows a broad signal around −100 ppm composed
of two contributions. The first one, at −103.5 ppm, corresponds to Si(OSi)3(OAl) species,
and the second one, at −101.5 ppm, to Si(OSi)3(OH) species [47,48]. This last contribution
is highlighted by the CPMAS experiments since it is strongly exalted in a non-quantitative
way. We observe a decrease in this large signal for ZnAlSiBEA and an even larger decrease
for ZnSiBEA. This decrease is due to both the departure of aluminum ions and the reaction
between the zinc ions and the silanols of the vacant T-atom sites. In the CP spectra, a
small fraction of Si atoms in a Si(OH)2(OSi)2 environment is also highlighted by the peak at
92.0 ppm.

Figure 3. 29Si MAS NMR spectra of ZnAlBEA (a), ZnAlSiBEA (b), and ZnSiBEA (c). Black curves are
direct polarization (DP) spectra and red dotted curves are cross polarization (CP) spectra.

Figure 4 shows the data (profiles) for studying Zn-BEA zeolites through the NH3(CO2)-
TPD technique, and corresponding acid–base characteristics are presented in Table 4.

Table 4. Acid–base characteristics of zeolite samples of Zn-BEA according to TPD-NH3(CO2) profiles.

Sample

Concentration of Acidic Sites, rel. un. 1 Concentration of Basic Sites, rel. un. 1

Weak
(293–423 K) 2

Medium
Strength

(423–673 K) 2

Strong
(>673 K) 2 Total

Weak
(293–423 K) 2

Medium
Strength

(423–673 K) 2
Total

ZnAlBEA 0.26 0.36 0.38 1.00 0.78 0.10 0.88
ZnAlSiBEA 0.14 0.38 0.08 0.60 0.89 0.11 1.00

ZnSiBEA 0.04 0.31 0.08 0.43 0.22 0.26 0.48
1 Rel. un. (Related unit)—ratio of the peak area over a certain temperature range to the peak area under the curve
corresponding to the sample with maximum acidity/basicity; 2 desorption temperatures of NH3 and CO2.
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(a) (b) 

Figure 4. Normalized NH3-TPD (a) and CO2-TPD (b) profiles for the ZnAlBEA, ZnAlSiBEA, and
ZnSiBEA compositions.

The ZnAlBEA sample is characterized by the highest total acidity among the zeolites
tested. The shape of the TPD-NH3 profile for the ZnAlSiBEA sample is similar to ZnAlBEA,
but its total acidity is lower (0.60), which is likely due to a reduction in the number of acid
sites formed with the participation of Al(III), which is consistent with [7,49]. In the case of
ZnSiBEA, the lowest total acidity is observed (0.43). In addition, the NH3-TPD profile for
ZnSiBEA has a significantly different shape compared to that of the samples containing
Al. Considering the weak acidity of the SiBEA surface [7,50], the acid sites present on
ZnSiBEA may be formed predominantly by Zn(II), incorporated into vacant T-atom sites of
the dealuminated BEA zeolite.

Analyzing the CO2-TPD data for the as-prepared Zn-BEA compositions, it should be
noted that the corresponding profiles of carbon dioxide desorption for all studied samples
have a single maximum in the temperature range of 383–388 K (Figure 4). The surface of
both ZnAlBEA and ZnAlSiBEA exhibits predominantly weak basic sites, while the surface
of the completely dealuminated ZnSiBEA specimen is characterized by a larger fraction
of basic sites of medium strength (Table 4). A more intense shoulder is observed in the
CO2-TPD profile for the ZnSiBEA sample at temperatures above 423 K compared to the
profiles for ZnAlBEA and ZnAlSiBEA. The function of the medium basic sites of medium
strength for the ZnSiBEA specimen is likely performed by oxygen anions/vacancies of
[Zn-O-Si] structures at the T-positions of the fully dealuminated zeolite or ZnO particles,
dispersed on the SiBEA surface.

The FTIR spectra of pyridine adsorbed on zeolite samples are presented in Figure 5.
The spectra contain the absorption bands (a.b.) of the skeletal vibrations of the

heteroaromatic ring (1446 (shoulder), 1453, 1454, 1456, 1490, 1495 (shoulder), 1578, 1600
(shoulder), 1612, 1614, 1616, and 1622 (shoulder) cm−1) [14,51]. At the same time, a. b.
1446, 1578, 1600, and 1622 cm−1 disappear after evacuation at 523 and 623 K, which allows
us to attribute them to weakly bound pyridine, likely through hydrogen bonding with
OH groups on the surface of the zeolite samples. The a.b. at 1453–1456, 1490, 1495, and
1612–1616 cm−1 refer to pyridine coordinated to Lewis acid sites of the surface [14,15].
Taking into account previous results on the zeolites SiBEA, AlBEA [50,52], AlSiBEA [49],
Zn/H-BEA [53], and ZnZr-SiBEA [54], the bands at 1456 cm−1 can be attributed to LAS
formed with Al3+ cations, whereas the bands at 1454–1453 cm−1 can be attributed to LAS
formed with Zn2+. The FTIR-Py spectra of ZnAlBEA and ZnAlSiBEA samples show a. b. at
1547 and 1638 cm−1, relating to the pyridinium ion (PyH+) [14,49,51], which indicates the
presence of BAS, due to the presence of bridging OH groups bound to aluminum cations at
the T-positions of the zeolite framework. The decrease in the intensity of these bands after
the heat treatment of these samples in a vacuum at 523 and 623 K is due to the desorption
of pyridine associated with BAS of weak/medium strength. The higher intensity of a. b.
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at 1453–1456, 1490, and 1616 cm−1 in the FTIR spectra of pyridine adsorbed at 423 K on
ZnAlBEA and ZnAlSiBEA compared to the corresponding bands for ZnSiBEA is caused by
the higher total concentration of acid centers on the surface of the samples based on the
initial and partially dealuminated zeolite (Table 4).

  
(a) (b) 

 
(c) 

Figure 5. Normalized FTIR absorption spectra of pyridine adsorbed at 423 K on ZnAlBEA (a), ZnAl-
SiBEA (b), and ZnSiBEA (c) after heat treatment at 873 K and subsequent evacuation at different
temperatures.

Thus, according to the analysis of FTIR-Py data, the preliminary complete dealumina-
tion of BEA zeolite followed by the incorporation of zinc atoms ensures the formation of the
ZnSiBEA composition, on the surface of which there are LAS (Zn(II) (likely bound to silanol
groups) and BAS are absent, whose function on the surface of ZnAlBEA and ZnAlSiBEA
is realized by bridging OH groups bound to aluminum cations at the T-positions of the
zeolite framework.

2.2. Catalytic Properties of Zn-BEA Zeolites in Propane Dehydrogenation

According to the results obtained, the initial propane conversions for the ZnAlBEA
and ZnAlSiBEA catalyst samples exceed those in the presence of the fully dealuminated
ZnSiBEA composition (Table 5 and Figure 6). At the same time, for ZnAlSiBEA and
ZnAlBEA specimens at 873 and 923 K, propane conversion decreases quite rapidly with
increasing TOS, whereas for ZnSiBEA, some decrease in XC3H8 with increasing TOS is
observed only at 923 K. At temperatures of 873–923 K, the highest formation selectivities
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(86–94%) and propene yields (16–18% at 873 K and 30–33% at 923 K) are obtained in the
presence of the ZnSiBEA catalyst. The change in selectivity on propene in the ZnSiBEA,
ZnAlSiBEA, and ZnAlBEA series occurs symbatically with a change in the Si/Al ratio (1000,
100, and 17, respectively). The highest propene yield is achieved in the presence of the
ZnSiBEA catalyst.

Figure 6. Indices of the propane dehydrogenation in the presence/absence of CO2 on the Zn-BEA
catalysts.
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Table 5. Indices of the propane dehydrogenation in the presence of CO2 on Zn-BEA catalysts for
different TOS.

Catalyst TOS,
min

823 K 873 K 923 K

XC3H8 SC3H6 YC3H6 XC3H8 SC3H6 YC3H6 XC3H8 SC3H6 YC3H6

ZnAlBEA
30 38 25 9.5 36 37 13.3 64 17 10.9
60 34 29 9.9 33 41 13.5 52 18 9.4

120 – – – 31 42 13.0 35 27 9.5

ZnAlSiBEA
30 29 36 10.4 45 40 18.0 58 21 12.2
60 23 42 9.7 39 41 16.0 44 24 10.6

120 – – – 31 43 13.3 29 33 9.6

ZnSiBEA
30 8 57 4.6 18 90 16.2 38 86 32.7
60 9 57 5.1 20 90 18.0 36 88 31.7

120 – – – 19 94 17.9 32 94 30.1

The by-products of propane conversion are mainly methane and others of propane
and propene cracking; coking of the catalyst surface was also observed. The analysis
of the obtained data regarding the by-products of the CO2-PDH process indicates that a
greater amount of by-products (CH4, C2H6, C2H4) is fixed on the Al-containing catalysts.
According to the number of by-products formed, the catalysts are arranged in the following
order: ZnAlBEA > ZnAlSiBEA > ZnSiBEA.

In the context of the above, it should be noted that Brønsted acid sites, as is well known,
intensify the cracking and oligomerization of the olefins including propene, followed by
carbonization and, accordingly, in this case, blocking of the active centers of the ZnAlBEA
and ZnAlSiBEA samples. Thus, the better catalytic performance of the zeolite composition
ZnSiBEA is caused by the absence of BAS on its surface. We note, however, that the absence
of Brønsted acid sites does not exclude the possibility of side reactions on the ZnSiBEA
catalyst, which are less intense anyway compared to the ZnAlBEA and ZnAlSiBEA samples.

To determine the effect of BEA dealumination on Zn-BEA coking in the CO2-PDH
process, O2-TPO profiles of spent catalysts were obtained (120 min at 923 K, at which
propane cracking is more intense). The results are shown in Figure 7. Assuming that the
intensity of the O2-TPO curves is proportional to the calcined coking products, the area
under the O2-TPO curve and the maximum temperature are comparable for the ZnAlSiBEA
and ZnAlBEA samples. This is consistent with similar propane conversion/propene yield
values at TOS = 120 min (Figure 7). For ZnSiBEA, the area under the O2-TPO curve is
much smaller compared to that for ZnAlSiBEA and ZnAlBEA, which is consistent with the
greater stability of the ZnSiBEA catalyst compared to Al-containing samples.

The more intense coking of the ZnAlSiBEA and ZnAlBEA samples (as opposed to
ZnSiBEA) may be due to the greater number of adsorption centers and their holding
capacity. The correlation between the ability to retain propene (according to C3H6-TPD)
and the coking of the catalyst was shown in [24].

To evaluate the number and strength of the propane and propene adsorption centers
under reaction conditions, a TPD study of propane and propene (after their adsorption on
the catalyst surface from the mixture of propane and propene) was performed.

The results obtained (Figure 8) indicate that the surface of ZnAlBEA has the highest
number of centers capable of retaining propane and propene.
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Figure 7. Normalized O2-TPO profiles of Zn-BEA catalysts after 2.5 h in the CO2-PDH reaction
mixture at 923 K.

  

Figure 8. Normalized TPD profiles of propane and propene for the Zn-BEA catalysts.

On the ZnAlSiBEA surface, the number of such centers is smaller, although quite
significant, especially the strong centers, as indicated by the temperature of the desorption
maximum. In the case of ZnSiBEA, the number of such centers is the smallest (compared to
ZnAlSiBEA and ZnAlBEA). Therefore, it can be assumed that the surface coking of Zn-BEA
samples occurs primarily as a result of propane/propene cracking on Al-containing sites
(especially BAS). Brønsted acid sites are capable of protonating (in the case of ZnAlBEA and
ZnAlSiBEA) the produced olefin in the π-bond with the formation of carbenium cations
C3H7

+, thus intensifying the course of the side reactions of cracking, oligomerization, and
carbonization of the catalyst surface [45,55,56]. The observed result is consistent with the
fact that high acidity can be detrimental to the selectivity of olefins due to the difficulty
in desorption of the resulting intermediates [5]. The presence of only strong adsorption
centers on the ZnAlSiBEA surface (Figure 8) may explain the shift of the maximum on the
O2-TPO profile compared to ZnAlBEA (Figure 7).

In general, the initial propane conversion on Zn-BEA catalysts decreases as the Si/Al
ratio increases, while propene selectivity and catalyst stability improve. Similar trends of
decreasing initial propane conversion and changing selectivity of the CO2-PDH process
were found on ZnO/HZSM-5 [14] and Ga2O3/HZSM-48 [57] catalysts, as well as in the
PDH process on ZnO/HZSM-5 [13]. Given the significant amount of BAS on the surface
of ZnAlSiBEA and ZnAlBEA, it can be assumed that the formation of propane cracking
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products is catalyzed primarily by BAS, which, according to Dzwigaj et al. [23], contribute
to the side reactions of oligomerization, alkylation and cracking in the dehydrogenation of
alkanes on zeolites.

As noted above, the ZnSiBEA sample is characterized by a more developed meso-
porous structure and specific surface area (BET) in comparison with other compositions
(Table 1), which contributes to the target CO2-PDH process. However, most important fac-
tor determining the catalytic performance of a fully dealuminated specimen is its acid–base
characteristics. The ZnSiBEA sample is characterized by the presence of LAS (Zn2+) and
basic sites (O2− anions and oxygen vacancies) of mostly medium strength on the surface, as
well as the absence of Brønsted acid sites, intensifying side reactions with subsequent car-
bonization of the catalyst surface. The higher concentration of medium-strength basic sites
for ZnSiBEA may be a favorable precondition for the most likely route of alkane molecule
activation at acid–base paired sites—through dissociation of the Cδ−–Hδ+ bond (as a rule,
the limiting stage of the propane DH [1–4,58–61]) via deprotonation by nucleophilic O2−
anions (Brønsted base sites) and subsequent coordination of the formed carbanions C3H7

−
with Zn2+ cations (LAS), also predominantly of medium strength. In this regard, it should
be emphasized that Brønsted base sites play an important role in propane transformations,
as they are the ones that ensure the heterolysis of the Cδ−–Hδ+ bond and, thus, “release”
the electron pair for the coordination of propyl anions with LAS. The basic properties of the
most propene-selective ZnSiBEA sample also facilitate carbon dioxide activation, involv-
ing the formation of CO2

·- radical anions [62,63] with dissociative adsorption on oxygen
vacancies of the zeolite framework lattice [64]. In order to determine the effect of CO2
on XC3H8, SC3H6, and YC3H6 targets for all catalysts, a propane dehydrogenation reaction
was performed in the absence of CO2 in the reaction medium at 923 K (the temperature at
which the highest rate of decrease in targets with increasing TOS is observed). The results
shown in Figure 6 indicate a positive effect of CO2 on propane conversion, formation
selectivity, and propene yield for all Zn-BEA catalyst samples. In the case of ZnAlBEA at
923 K, the presence of CO2 also contributes to a decrease in the catalyst deactivation; thus,
the reduction of XC3H8 at TOS = 20 min → 140 min in the CO2-PDH reaction is 70 → 32,
and in the PDH reaction is 77 → 30.

Thus, the results obtained demonstrate the benefits of producing propene from
propane in the presence of carbon dioxide. It is noteworthy that the direct dehydrogenation
of propane to propene C3H8 ↔ C3H6 + H2 is the reaction with volume increasing, whereas
the reverse water–gas shift CO2 + H2 ↔ CO + H2O is a molecularity-invariant reaction;
both are endothermic. As a result, a higher temperature and higher CO2 concentration
are thermodynamically favorable for a higher propane conversion to propene and greater
assistance of CO2 through the RWGSR. The equilibrium yield of olefin approaches 100%
at 973 K and an initial molar ratio of CO2/C3H8 = 5/1 according to thermodynamic cal-
culations [65]. However, the selectivity with reference to propene is significantly reduced
by sintering, agglomeration, and surface carbonization, thus causing catalyst deactivation.
Therefore, the optimal temperature range for propene formation is 873–923 K.

A more detailed characterization of the effect of the Si/Al ratio in Zn-BEA zeolites
on the propane conversion and average propene yield in CO2–PDH and PDH reactions
over Zn-BEA at TOS = 20 min → 140 min (T = 923 K) is shown in Figure S4. According
to the results of C3H8 dehydrogenation and cracking studies on Zn/H-MFI catalysts [66],
their higher activity and selectivity for C3H6 formation in the absence of cofeed H2 (or H2
removal by CO2 + H2 = CO + H2O reaction) may be a consequence of the conversion of
[ZnH]+ cations into bridging Zn2+ cations.

Figure 9 and Figure S5 show the temperature dependence of propane conversion and
the selectivity of propene formation and yield in the propane dehydrogenation process
in the presence/absence of CO2 in the reaction medium for the ZnSiBEA catalyst, which
provides better propene yields with stable operation over time.
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Figure 9. Mean values (for TOS = 20–120 min) of propane conversion, propene selectivity, and yield
of the propane dehydrogenation in the presence/absence of CO2 on the ZnSiBEA catalyst.

These results clearly indicate a positive effect of CO2 on the production of the target
product, propene. At the same time, the presence of CO2 in the reaction medium does not
counteract the coking of the catalyst, as evidenced by the slopes of the curves of changes in
propane conversion and propene yield over time (dependence of XC3H8 and YC3H6 on TOS).

When CO2 is introduced into the reaction mixture, the apparent activation energy
of propene formation, determined from Arrhenius plots (Figure S6), decreases from
124 ± 9 kJ·mol−1 to 110 ± 7 kJ·mol−1 (it is worth noting that the calculated Ea values
are close to those obtained in [67], but for ZrO2-based catalysts).

3. Materials and Methods

3.1. Zeolite Sample Preparation and Characterization

Zeolite samples were prepared based on templated tetraethylammonium BEA zeolite
(TEABEA, Si/Al = 17) manufactured by Research Institute of Petroleum Processing (RIPP),
Haidian District, Beijing, China.

To obtain the exemplary starting AlBEA zeolite, the TEABEA was calcined in air at
550 ◦C for 15 h. To obtain partially and fully dealuminated zeolite, the starting AlBEA
zeolite was treated with HNO3 solution (6 or 13 mol·L−1) for 4 h at 353 K according to the
method described in [49,68]. Partially and fully dealuminated zeolites with Si/Al = 100
(AlSiBEA) and 1000 (SiBEA) compositions were separated through centrifugation, washed
with distilled water, and dried for 24 h at 353 K.

In order to introduce 1 wt % of Zn into the AlBEA, AlSiBEA, and SiBEA zeolites, these
samples were treated with excess aqueous zinc(II) nitrate solutions at pH 3.0 to obtain the
ZnAlBEA, ZnAlSiBEA, and ZnSiBEA series.

X-ray diffraction patterns of the prepared zeolite specimens were recorded on a
Bruker AXS GmbH D8 Advance diffractometer (series II) (nickel filter, CuKα radiation,
λ = 0.154184 nm).

The texture characteristics (SBET, pore volume and size, mesopore surface) of the
studied samples were determined using N2 ad/desorption at a low temperature (77 K)
on a Sorptomatic 1990 porous materials analyzer with preliminary evacuation (573 K,
0.001 Pa/7.50 Torr). The pore size distribution was calculated using the Saito–Foley (micro-
pores) and Barrett–Joyner–Halenda (mesopores) methods, and the volume of micropores
and specific surface of mesopores were determined using the t-plot method.

The morphology of the samples was determined out using a JEOL JSM–7500F Field
Emission Scanning Electron Microscope (JEOL, Akishima, Japan) equipped with a re-
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tractable backscattered-electron detector (RBEI) and energy-dispersive spectra (EDS) detec-
tion system of a characteristic X-ray radiation Ztec Live for EDS system (Oxford Instruments,
Abingdon, London, UK).

The X-ray photoelectron spectroscopy (XPS) investigations were carried out in a multi-
chamber ultra-high-vacuum system equipped with a hemispherical analyzer (SES R4000,
Gammadata Scienta). A Mg Kα X-ray source (1253.6 eV) was used for photoelectron
generation. The anode was operated at 180 W (12 kV, 15 mA). The spectrometer was
calibrated according to ISO 15472:2001. The energy resolution of the system (pass energy
100 eV) determined for the Ag 3d5/2 excitation line was 0.9 eV. The base pressure in
the analytical chamber was 1 × 10−10 mbar and approximately 6 × 10−9 mbar during
the experiment. The powder samples were examined after being pressed in indium foil
and mounted on a special holder. The analysis area of the samples was about 4 mm2

(5 × 0.8 mm). High-resolution spectra were collected at a pass energy of 100 eV (with
a 25 meV step), while survey scans were collected at a pass energy of 200 eV (with a
0.25 eV step). The experimental curves were fitted in CasaXPS 2.3.23 using a combination
of Gaussian and Lorentzian lines with variable ratios (70:30) after subtracting a Shirley-type
background. The relative ratio of the intensities of the 2p3/2 and 2p1/2 lines in the doublets
was set to 2:1. All binding energies were charge-corrected to the carbon C 1s excitation,
which was set to 285.0 eV.

Solid-state magic angle spinning nuclear magnetic resonance (MAS NMR) experiments
were performed on a Bruker (Billerica, MA, USA) AVANCE500 spectrometer at 11.7 T in
4 mm zirconia rotors spinning at 14 kHz. 29Si direct polarization (DP) MAS NMR and
1H-29Si cross polarization (CP) MAS NMR were performed with a 5 mm zirconia rotor with
a 5 kHz spinning speed, 2 μs excitation pulse, and 10 s recycle delay. 3-(trimethylsilyl)-1-
propanosulfonic sodium salt was used for setting the Hartmann–Hahn conditions. The
proton π/2 pulse duration, the contact time, and recycle delay were 3 μs, 5 ms, and
5 s, respectively.

One-pass temperature-programmed desorption of propane/propene, carbon dioxide,
and/or ammonia (C3H8/C3H6 (CO2, NH3)-TPD) was carried out in an ultra-high-vacuum
(UHV) black chamber-type system, controlling the desorbed molecules using a time-of-
flight MSX-3PC mass spectrometer (Electron, Iviv, Ukraine). Zeolite samples of 0.02 g
each were preheated at 873 K for 2 h under a pressure of 10−9 Torr and then cooled to
room temperature in a vacuum. The adsorption of propane and propene (gas mixture
10% C3H8 + 10% C3H6 in He), ammonia (99.99%), and carbon dioxide (99.99%) were car-
ried out with the respective molecular probe gases for 12 h. The programmed temperature
rise was carried out at a rate of 9 K·min−1. The application of the TPD technique is
described in detail in [69].

The acidity and basicity of the samples were evaluated based on signal intensity
proportional to the amount of NH3 and CO2 adsorbed on the sample surface at a given
temperature, normalized to the sample mass. The areas under the curves for the TPD
profiles, corresponding to acidic or basic sites of a given strength on the surface of the
samples, were calculated after the deconvolution of the spectrum into a minimum number
of components (using a Gaussian distribution) so that the total curve of the deconvoluted
spectrum coincided with the experimental curve.

The nature of acid sites on the surfaces of the samples was investigated through
Fourier-transform infrared spectroscopy of adsorbed pyridine as a probing molecule (FTIR-
Py) using a Spectrum One FTIR spectrometer (Perkin Elmer, Waltham, MA, USA). Samples
in the form of thin wafers, pressed from fine powders with suitable catalytic compositions,
were pre-heated at 693 K for 1 h under a 10−3 Torr vacuum in a quartz cuvette reactor.
Adsorption of gaseous pyridine was carried out at 423 K and then evacuated at 423, 523,
and 623 K for 0.5 h. FTIR spectra of adsorbed Py were recorded at room temperature
(spectrometer beam temperature) with a resolution of 1 cm−1 and 24 scans.

The temperature-programmed oxidation of the catalysts with O2 (O2-TPO) was per-
formed on an AMI-300Lite Catalyst Characterization Instrument (Altamira Instruments,
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Pittsburgh, PA, USA). Prior to testing, samples (0.1 g after 2.5 h of work at 923 K in CO2-
PDH) were treated at 573 K for 20 min in He gas at a flow rate of 25 mL·min−1. After
cooling to 323 K, the samples were immediately reheated in 20 vol% O2 in He from 323 K
to 1073 K (a flow rate of 25 mL·min−1) with a linear temperature ramp of 5 K·min−1. The
signal changes of the effluent gases were analyzed using a thermal conductivity detector.

3.2. Catalytic Activity Measurements

Catalytic experiments were carried out in a flow-type quartz reactor at atmospheric
pressure, at a temperature of 823–923 K, with a gas hour space velocity (GHSV) of 6000 h–1

(catalyst loading 0.2 g, grain size of 0.25–0.5 mm, and reaction mixture (RM) flow rate of
30 cm3·min−1). The RM composition for CO2-PDH was 2.5 vol. % of C3H8 and 15 vol.
% CO2 in He; for PDH, it was –2.5 vol. % of C3H8 in He. The weight hour space veloc-
ity (WHSV) was 0.4 gC3H8·gcat

−1·h−1. The reagents and reaction products (C3H8, CO2,
C3H6, CH4, C2H4, C2H6) were analyzed using gas chromatography (Krystallux 4000M,
MetaChrom, Yoshkar-Ola, Russian Federation) equipped with a thermal conductivity de-
tector and a column packed with Porapak Q. The gas sample was preliminarily dried by
passing it through a calcium chloride trap.

Before evaluation, the catalysts were pretreated in He flow at the required temperatures
for 30 min. It should be noted that the study of catalytic properties was performed with a
gradual temperature rise in the range of 823–923 K with a step of 50 K, and with interstage
regeneration of the catalyst sample in situ before the RM was introduced into the reactor.
Regeneration of the sample was carried out through calcination in air at 873 K for 2 h to
remove coke particles.

The catalytic properties of samples in the CO2-PDH and PDH processes were charac-
terized on the basis of propane conversion (XC3H8), selectivity (SC3H6), and yield (YC3H6)
with respect to propene. The indices of the catalytic process were calculated using the
following formulas:

XC3H8 = (CC3H8 inlet − CC3H8 outlet)/CC3H8 inlet·100%,

SC3H6 = CC3H6/(CC3H8 inlet − CC3H8 outlet) 100%,

YC3H6 = XC3H8·SC3H6/100%,

where CC3H8 inlet(outlet) is the mole concentration of propane at the inlet (outlet) of the reactor
and CC3H6 is the mole concentration of produced propene.

The propene formation rate was calculated per unit mass of catalyst (molC3H6·kgcat
−1·s−1)

as follows:
rC3H6 = FC3H8·(YC3H6/100%)/mcat,

where FC3H8 is the molar flow rate of propane (mol/s) and mcat is the mass of catalyst (kg).
Based on these calculations, the Arrhenius plots for propene formation in the PDH and

CO2-PDH processes were drawn, and the associated activation energies were determined
from the slopes of the corresponding plots.

4. Conclusions

The effect of the preliminary dealumination of BEA zeolite on the acid–base character-
istics and catalytic performance of the 1%Zn-BEA compositions in the dehydrogenation of
propane in the presence/absence of CO2 was determined.

The post-synthesis procedure of preparing Zn-BEA catalyst samples including partial
and full preliminary dealumination of the TEABEA initial specimen (Si/Al = 17) followed
by introducing Zn2+ cations into vacant T-atom sites of the zeolite framework leads to a
reduction in the total acidity of ZnAlSiBEA (0.60, rel. un.) and ZnSiBEA (0.43) compared to
ZnAlBEA (1.0).
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Full dealumination also results in the development of mesoporous structure and
specific surface area (BET) while halving the total basicity of Zn-BEA, creating acid sites
(Lewis) and basic sites of predominantly medium strength, and removing Brønsted acid
sites from the surface.

In the presence of the ZnSiBEA sample, which has the lowest total acidity and basicity,
the achieved selectivity of 86–94% and yield of 30–33% related to propene in the CO2-PDH
process (at 923 K) exceed those for the ZnAlBEA and ZnAlSiBEA compositions.

The positive effect of full dealumination on selectivity and lower deactivation with
increasing TOS are mainly attributed to the lack of BAS on the surface of ZnSiBEA, which
are capable of protonating (in the case of ZnAlBEA and ZnAlSiBEA) the produced olefin in
the π-bond and, thus, intensifying the course of the side reactions of oligomerization and
cracking with subsequent carbonization of the catalyst surface.

A comparison of the achieved selectivity and yields for propene in the dehydrogena-
tion of propane with/without carbon dioxide demonstrates the advantages of target olefin
production in the presence of CO2 using Zn-BEA zeolite catalysts.
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www.mdpi.com/article/10.3390/catal13040681/s1, Table S1: XPS data obtained from C 1s and O 1s
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Abstract: A detailed investigation of the hydrothermal crystallization of SAPO-34 in the presence of
the novel 1-propylpyridinium hydroxide ([PrPy]OH) organic structural directing agent is presented.
The synthesis conditions are systematically tuned to investigate the effects of various parameters
(viz. concentrations of each reactant, crystallization time, and temperature) on the nucleation and
crystallization of SAPO-34. The results show that a careful variation in each of the synthesis param-
eters results in the formation of competing phases such as SAPO-5, SAPO-35, and SAPO-36. Pure
and fully crystalline SAPO-34 can be crystallized using a precursor hydrogel of a molar ratio of
2.0 Al: 4.7 P: 0.9 Si: 6.7 [PrPy]OH: 148 H2O at 200 ◦C for only 19 h, which is a shorter time than that
found in previous studies. The prepared SAPO-34 is also very active in the esterification of levulinic
acid and 1-propanol. By using microwave heating, 91.5% conversion with 100% selectivity toward
propyl levulinate is achieved within 20 min at 190 ◦C. Hence, the present study may open a new
insight into the optimum synthesis study of other zeolites using novel pyridinium organic moieties
and the opportunity of replacing conventional harmful and non-recyclable homogeneous catalysts in
levulinate biofuel synthesis.

Keywords: SAPO-34; zeolites; crystallization; esterification; propyl levulinate

1. Introduction

Aluminophosphates (AlPO-n) and silicoaluminophosphates (SAPO-n) are zeolite-
like microporous solids that have shown numerous promising industrial applications in
adsorption, ion exchange, and catalysis [1–3]. Among them, SAPO-34 (CHA topology),
which has a three-dimensional pore system with a diameter size of 3.80 × 3.80 Å2 and a
large CHA cage (9.4 Å in diameter), is one of the most important zeolites and has widely
been used in the methanol-to-olefins (MTO), gas separation, and hydroisomerization
reactions [4,5].

In general, several strategies can be used to crystallize SAPO-34, namely the hy-
drothermal technique [6], interzeolite conversion [7], and dry gel conversion [8]. During
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the crystallization process, aliphatic or aromatic amines, such as diethylamine [9], triethy-
lamine [10], tetraethylammonium hydroxide [11], piperidine [12], or morpholine [13], are
added and served as structure-directing agents (SDAs) to direct the crystallization of SAPO-
34 zeolite. However, the classical time-consuming hydrothermal treatment may severely
impact the scale-up production and cost, where the shortest crystallization time for the
formation of SAPO-34 so far requires at least 24 h at 200 ◦C [9,12,13]. In addition, the use of
various types and amounts of SDAs with different electronic and hydrophilic/hydrophobic
properties in SAPO-34 synthesis also leads to an alteration in the colloidal properties, and
thermodynamic stability and activity of the precursor hydrogel, which in turn affects the
overall nucleation and crystallization kinetics, final phase purity, chemical composition,
crystal size, and morphology of the synthesized zeolites [14,15]. Therefore, a detailed study
of synthesis variables via hydrothermal condition improvement is of utmost importance
for enabling comprehensive control of the zeolite crystallization process.

Pyridinium-based molecules are a new type of SDA that, thus far, have seldom been
synthesized and used in the preparation of zeolites. Due to their unique aromatic structure,
delocalization of π electrons, and presence of electronegative N atom in the cyclic ring,
pyridinium-based SDAs show different polarity, surface charge, and electron density
compared to aliphatic aminic SDAs, which may lead to different crystallization profiles
of zeolites (particularly in SAPO-34) [16]. In addition, other synthesis parameters, such as
the concentrations of various reactants, crystallization time, and temperature, also directly
affect the thermodynamic and crystallization process of zeolites [17,18]. Nevertheless,
knowledge about the effects of these parameters on the crystallization of SAPO-34 in the
presence of pyridinium-based SDA still remains limited.

In order to better understand the crystallization phenomenon of SAPO-34 and the
roles of synthesis variables in the formation of SAPO-34 in the presence of heterocyclic pyri-
dinium SDA, a systematic set of experiments is performed. Specifically, 1-propylpyridinium
is first prepared prior to being applied in the hydrothermal crystallization of SAPO-34.
Concurrently, a study of the influence of crystallization conditions by altering the synthesis
parameters is also carried out. Finally, the acidity and surface properties of SAPO-34 crys-
tals are studied before being tested in the production of propyl levulinate biofuel additive
via the esterification of levulinic acid and propanol using a microwave heating method.

2. Results and Discussion

2.1. Single-Parameter Tuning Synthesis of SAPO-34
2.1.1. Time-Dependent Formation Study of SAPO-34

Ostwald’s Law of successive reaction is frequently invoked in the formation of zeolitic
materials where successive phase transformations into more thermodynamically stable
zeolite phases occur due to their metastability. As such, the effect of crystallization time was
studied by heating the hydrogel of a molar composition of 2.0 Al: 4.7 P: 0.9 Si: 6.7 [PrPy]OH:
148 H2O for 0, 6, 12, 16, 19, and 30 h at 200 ◦C. Initially, at 0 h, the hydrogel is amorphous
indicating no crystalline phase is formed upon completion of hydrogel preparation (Table 1).
The white hydrogel is subjected to hydrothermal treatment to allow chemical reactions
(dissolution, polymerization, induction, nucleation, crystallization, etc.) to occur. The white
suspension solid dissolves entirely in the mother liquor after 6 h of heating, indicating the
formation of monomeric and oligomeric Si, P, and Al oxides in the mother liquor [19].

The precursor hydrogel is further heated for 12 h where a small amount of soft solid
is recovered upon centrifugation. The solid displays an irregular shape according to the
FESEM analysis, proving its XRD amorphous characteristics (Figure 1a). Hence, it reveals
that polymerization of Si, Al, and P oligomers has occurred, leading to the sedimentation
of a dense amorphous solid. Nucleation is witnessed at 16 h where several XRD peaks
corresponding to SAPO-34 slowly appear (Figure 1b). The solid comprises cubic SAPO-34
crystals with rough surfaces covered by amorphous entities.
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Table 1. The porous and acidity properties of SAPO-34 (S-3) crystallized using [PrPy]OH.

Sample
Si/(P + Al)

Ratio

SBET

(m2 g−1) a
SMicro

(m2 g−1) b
VTotal

(cm3 g−1) c

NH3-TPD (mmol g−1)

Weak-to-Medium d Mild-to-Strong e Total

S-3 0.24 673 661 0.27 1.27 1.25 2.52
a Specific surface area; b Micropore surface area; c Total pore volume; d Calculated based on TPD desorption
curves at 168 ◦C and 235 ◦C; e Calculated based on desorption curves at 404 ◦C and 479 ◦C.

Figure 1. XRD patterns and FESEM micrographs of (a) S-1, (b) S-2, (c) S-3, and (d) S-4 solids heated
at 150 ◦C for 12 h, 16 h, 19 h, and 30 h, respectively.

Further extending the crystallization time to 19 h confirms the complete formation of
SAPO-34 where the amorphous solid is entirely consumed for the crystal growth, leading
to well-defined cubic crystals with sharp edges (ca. 1.86 μm) (Figure 1c). As shown in
Figure 1, the XRD diffraction peaks corresponding to SAPO-34 crystallites (9.48◦ [100],
16.06◦ [11-1], 17.93◦ [111], 18.86◦ [200], 20.62◦ [20-1]) are intense and no additional peaks
are observed, reflecting its high crystallinity and purity.

The crystallization time is further extended to 30 h to study the metastable phase
formation. As seen in Figure 1, the main XRD peaks of SAPO-34 at 2θ = 9.49◦ “100”, 18.86◦
“200”, and 17.93◦ “111” are becoming weaker, and they are at the expense of the peaks
of SAPO-36 (2θ = 7.90◦ “110”, 8.24◦ “020”, 15.86◦ “220”, 16.52◦ “040”, and 20.78◦ “310”)
(Figure 1d). The intrazeolite transformation process is also detected by FESEM analysis
whereby the cuboid-shaped crystals (SAPO-34) are co-crystallized together with needle-like
crystals (SAPO-36), hence confirming the metastability feature of SAPO-34.

2.1.2. Effect of P/Al Molar Ratio

Phosphoric acid plays a significant role in the crystallization of SAPO-34 since it
is one of the basic building blocks of the zeolite. It also alters the pH of the hydrogel
that governs the entire crystallization process [20]. Hence, the effect of phosphoric acid
amount (presented in the form of P/Al molar ratio) is investigated by heating the precursor
hydrogel of 2.0 Al: w P: 0.9 Si: 6.7 [PrPy]OH: 148 H2O (w = 4.1, 4.7, 5.3 and 5.9) at 200 ◦C
for 19 h. Amorphous particles are obtained when w = 4.1 (P/Al = 2.05) (Figure 2a) due to
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weakly alkaline hydrogel (pH = 7.2) that inhibits the nucleation of SAPO-34 [21]. When
the P/Al ratio increases to 2.35 (w = 4.7), the pH of the precursor gel drops to 6.7. Under
this weakly acidic condition, SAPO-34 crystals with conventional cubic morphology (ca.
1.86 μm) are formed (Figure 2b).

Figure 2. XRD patterns and FESEM micrographs of (a) S-5 (w = 4.1), (b) S-3 (w = 4.7), (c) S-6 (w = 5.3),
and (d) S-7 (w = 5.9) samples. The samples were prepared using a hydrogel of 2.0 Al: w P: 0.9 Si: 6.7
[PrPy]OH: 148 H2O heated at 200 ◦C for 19 h.

Further adding phosphoric acid increases the acidity of the precursor hydrogel (pH 6.2
when w = 5.3, and pH 5.6 when w = 5.9) which also witnesses the interzeolite transformation
of SAPO-34 into SAPO-5 whereby the latter zeolite phase is preferentially formed under
acidic conditions (Figure 2c,d) [22]. As shown, SAPO-5 (2θ = 7.47◦ “100”, 19.85◦ “210”,
20.97◦ “002”, 22.46◦ “300”) is formed at the expense of SAPO-34 where the metastable
SAPO-34 particles are partially disintegrated in the mother liquor, releasing double 6-ring
(D6R) secondary building units—the seeding sites—for the crystallization of SAPO-5 [23].
Furthermore, the mild acidic hydrogel (pH = 5.0–6.0) at w = 5.9 also favors the formation of
SAPO-5, producing a hexagonal prism of crystals with sharp edges and smooth surfaces
(ca. 1.16 × 1.25 μm2).

2.1.3. Effect of Si Content

Silicon (Si) is another important parameter since it is the origin of the acid sites of
SAPO-34 besides altering the entire crystallization process [24,25]. Hence, the effects of
Si content on the formation of SAPO-34 were studied by heating the hydrogel of mo-
lar composition 2.0 Al: 4.7 P: x Si: 6.7 [PrPy]OH: 148 H2O (x = 0, 0.4, 0.9 and 1.3) at
200 ◦C for 19 h. The XRD analysis reveals that the sample without the addition of Si
is identified as an aluminophosphate (AlPO) clay solid with a thin layered morphology
(ca. 1.78 × 0.04 μm2) (Figure 3a). At x = 0.4, the clay material completely transforms into
pure SAPO-36 (ATS topology)—a 12-membered ring large pore zeolite with needle-like
shape (ca. 9.18 μm)—based on the major diffraction peaks at 2θ = 7.90◦ “110”, 8.29◦ “020”,
15.81◦ “220”, 16.41◦ “040”, and 20.67◦ “310” (Figure 3b) [23].
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Figure 3. XRD patterns and FESEM micrographs of (a) S-8 (x = 0), (b) S-9 (x = 0.4), (c) S-3 (x = 0.9),
and (d) S-10 (x = 1.3) samples. The samples were prepared using the hydrogel of 2.0 Al: 4.7 P: x Si: 6.7
[PrPy]OH: 148 H2O heated at 200 ◦C for 19 h.

When the Si content is slightly increased to x = 0.9, the phase transformation from
needle-like SAPO-36 into cuboid SAPO-34 crystallites (1.86 μm) is observed, thus showing
the active participation of Si in the framework rearrangement process (Figure 3c). With
further slightly increasing the Si content to x = 1.3, a partial transformation of cuboid
SAPO-34 (7.5 μm) into rhombohedral SAPO-35 (7.9 μm, LEV topology) occurs. This is
proven by the several SAPO-35 XRD major peaks (2θ = 8.63◦ “101”, 10.82◦ “012”, 13.49◦
“110”, 17.33◦ “202”, and 21.98◦ “122”) that co-exist with those of SAPO-34 (Figure 3d) [23].
Thus, the results suggest that besides the active involvement of Si atoms as building blocks
for self-organization, the mother liquor of SAPO-34 might contain double 6-rings (D6R)
secondary building units too which can act as secondary seeds for further promoting
SAPO-35 transformation (note: ATS, CHA, and LEV-type microporous solids have the
same D6R secondary building units) [26].

2.1.4. Effect of [PrPy]OH Content

Four precursor mixtures (2.0 Al: 4.7 P: 0.9 Si: y [PrPy]OH: 148 H2O) with different
amounts of [PrPy]OH (y = 5.3, 6.0, 6.7, and 7.4) were hydrothermally heated at 200 ◦C
for 19 h and the initial pH of the mixture was also measured. When y = 5.3, a mildly
acidic hydrogel is formed (pH 5.76), which leads to the crystallization of pure SAPO-5
crystals with a hexagonal prism rod shape (ca. 0.70 × 1.18 μm2) (Figure 4a) [27]. Partial
transformation of SAPO-5 into SAPO-34 is detected when the amount of [PrPy]OH organic
template increases to y = 6.0 (Figure 4b). At this point, the pH becomes nearly neutral
(pH = 6.31). As shown in the XRD pattern, SAPO-5 (2θ = 7.45◦ “100”, 12.92◦ “110”,
14.97◦ “200”, 19.85◦ “210”, 20.97◦ “002”, and 22.44◦ “300”) remains as the major crystalline
phase over SAPO-34 (2θ = 9.51◦ “100”, 16.06◦ “11-1”, 17.94◦ “111”, 20.62◦ “20-1”) in line
with the FESEM observation; SAPO-5 hexagonal prismatic crystals are intergrown on the
cuboid SAPO-34 crystals. Hence, increasing the hydrogel pH (by increasing the template
concentration) is beneficial for inducing the crystallization of SAPO-34.
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Figure 4. XRD patterns and FESEM micrographs of (a) S-11 (y = 5.3), (b) S-12 (y = 6.0), (c) S-3
(y = 6.7), and (d) S-13 (y = 7.4) samples. The samples were prepared using the hydrogel of 2.0 Al: 4.7
P: 0.9 Si: y [PrPy]OH: 148 H2O heated at 200 ◦C for 19 h.

The above speculation is proven when the pH of the hydrogel is adjusted to be
very close to neutral (pH = 6.67, y = 6.7) where fully crystalline cuboid SAPO-34 crystals
(ca. 1.33 μm) are formed (Figure 4c). However, further increasing the template content to
x = 7.4 (pH = 7.12) leads to the amorphization of the sample. Thus, the results demonstrate
that [PrPy]+ supramolecule (dimensional size of 6.8 × 3.2 Å2) helps in the formation of pore
framework structures of SAPO-5 and SAPO-34 via stabilizing their respective 12-membered
rings (7.3 × 7.3 × 7.3 Å3) and 8-membered rings (3.8 × 3.8 × 3.8 Å3) through side-on and
head-on orientations [24,28]. Furthermore, the addition of [PrPy]+ template in OH− form
also controls the pH of the hydrogel by providing a suitable environment for promoting
nucleation for crystallizing SAPO-5 and SAPO-34 materials [29].

2.1.5. Effect of H2O Content

Water content is one of the important components in precursor hydrogel as it controls
the concentration of reactants besides serving as the solvent in the hydrothermal synthesis
of zeolite [30]. As such, the effect of water content on the crystallization of SAPO-34 was
studied at 200 ◦C for 19 h by varying the amount of water in the hydrogel of 2.0 Al: 4.7 P:
0.9 Si: 6.7 [PrPy]OH: z H2O (z = 116, 148, 180, 240). From the experimental observation, the
crystallization condition is very sensitive to the water content. By varying the amount of
water, several competing phases, such as SAPO-36 (ATS), SAPO-35 (LEV), SAPO-34 (CHA),
and SAPO-5 (AFI), are detected. For instance, at z = 116, SAPO-36 forms as the competing
phase to SAPO-34 (Figure 5a) where the large cuboid SAPO-34 crystals (ca. 6.7 μm) are
grown with their surface covered by short needle-shaped crystals of SAPO-36 (ca. 1.1 μm).
The SAPO-36 phase, however, disappears at z = 148, forming only pure SAPO-34 as the final
product (Figure 5b). As seen, the crystallites are almost homogeneous and have uniform
size distribution (ca. 1.86 μm) due to the effects of water in altering the intermolecular
forces and supersaturation condition of the precursor [31].
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Figure 5. XRD patterns and FESEM micrographs of (a) S-14 (z = 116), (b) S-3 (z = 148), (c) S-15
(z = 180), and (d) S-16 (z = 240) samples. The samples were prepared using the hydrogel of 2.0 Al: 4.7
P: 0.9 Si: 6.7 [PrPy]OH: z H2O heated at 200 ◦C for 19 h.

Increasing the water content to z = 180 witnesses the re-appearance of SAPO-36 (needle-
like shape) where SAPO-35 (rhombohedral shape) together with SAPO-34 (cubic shape)
exist as the minor phase (Figure 5c). The main diffraction peaks related to SAPO-36 are
observed at 2θ = 7.90◦ “110”, 8.18◦ “020”, and 16.43◦ “040”, whereas those of SAPO-35 and
SAPO-34 are respectively found at 2θ = 10.84◦ “012” and 9.49◦ “100”. However, SAPO-5
(2θ = 7.49◦ “100”, 20.82◦ “002”, and 22.38◦ “211”) appears as the major phase over SAPO-36
when more water is added (z = 240) (Figure 5d) because, at high water content, the hydrogel
becomes more acidic which favors the crystallization of SAPO-5 [32]. A similar effect is
also detected by the FESEM analysis whereby needle-like SAPO-36 crystals are grown on
the surface of large rod-like SAPO-5 crystals.

Compared to other synthesis parameters, water content is less selective in controlling
the zeolite phases because water is used as a solvent for dissolving reactants and at the
same time, transporting nutrients to the inorganic matrices for nucleation and crystal
growth during hydrothermal synthesis [33]. The presence of different amounts of water
and autogenic pressure generated from water vapor at high temperatures also tend to
alter the nutrient concentration and solubility, which indirectly affect the supersaturation
profile of the zeolites. As a result, the resulting final products with multiple phases are
observed [34].

2.1.6. Effect of Crystallization Temperature

The heating temperature is the most important synthesis parameter since energy is
essential for chemical reactions (e.g., polycondensation, nucleation, crystallization, etc.) to
occur [35]. Hence, the effect of heating temperature on the crystallization of SAPO-34 was
studied by heating the hydrogels of 2.0 Al: 4.7 P: 0.9 Si: 6.7 [PrPy]OH: 148 H2O at 160, 180,
200, and 220 ◦C for 19 h. At 160 ◦C, the sample is amorphous according to XRD analysis,
but few cuboid crystallites (ca. 0.8 μm) can be seen amid spherical amorphous entities
indicating that nucleation of SAPO-34 has occurred at 160 ◦C (Figure 6a). By increasing the
temperature to 180 ◦C, it is possible to see more SAPO-34 crystals are formed which leads
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to the emergence of weak X-ray diffraction peaks at 2θ = 9.51◦ “100”, 16.05◦ “11-1”, and
20.65◦ “20-1” (Figure 6b). As shown in Figure 6, the XRD peaks are broad, indicating small
crystallites, which is confirmed by the FESEM data (ca. 1.1 μm) [24].

Figure 6. XRD patterns and FESEM micrographs of (a) S-17, (b) S-18, (c) S-3, and (d) S-19 samples
prepared using the hydrogel of 2.0 Al: 4.7 P: 0.9 Si: 6.7 [PrPy]OH: 148 H2O and heated at 160 ◦C,
180 ◦C, 200 ◦C and 220 ◦C for 19 h, respectively.

The crystallization and crystal growth rates are accelerated when increasing the heat-
ing temperature to 200 ◦C. As shown, only strong and narrow XRD diffraction peaks
corresponding to SAPO-34 are seen. Furthermore, no amorphous hump is detected reveal-
ing that all amorphous particles have been consumed serving as nutrients for SAPO-34
formation [36]. The same phenomenon is also shown by FESEM analysis where large
cuboid crystals (ca. 1.86 μm) without amorphous spherical particles are captured. However,
a partial transformation of SAPO-34 (CHA topology, FD = 15.1 T/1000 Å3) into SAPO-36
of a denser framework (ATS topology, FD = 16.1 T/1000 Å3) is observed with heating
temperature increases to 220 ◦C. As shown, the XRD results indicate SAPO-36 is formed at
the expense of SAPO-34 where the needle-like structures (ca. 7.5 μm, SAPO-36) dominate
the FESEM image over the cuboid SAPO-34 particles (Figure 6d). Hence, the results indicate
that the crystallization of SAPO-34 zeolite is a thermally activated process. However, its
metastable nature leads it to the transformation into another denser zeolite phase, especially
at higher temperatures [37].

The TGA/DTG technique is used to prove the role of [PrPy]+ as a supramolecular
structure-directing agent on SAPO-34. Figure 7 shows the TGA/DTG thermogram of
uncalcined SAPO-34 (S-3). The first stage of weight loss (7.3%) at below 200 ◦C is due to
physisorbed water, the second weight loss (7.9%) at 200–566 ◦C is due to the decomposition
of [PrPy]+ molecules, while the third weight loss (1.0%) at 566–795 ◦C is due to carbon coke
deposition from incomplete combustion of [PrPy]+. As seen, the decomposition of [PrPy]+

is delayed at higher temperatures due to the occlusion of [PrPy]+ in the pores of SAPO-34.
From the weight loss, it is found that one molecule of [PrPy]+ is packed and enfolded by ca.
18 units of TO2 primary building units (T = Si, Al, or P). It is believed that the occlusion
of [PrPy]+ adapts the “ship in a bottle” pathway where the TO2 units polymerize around
the [PrPy]+ (3.2 Å × 6.8 Å × 2.5 Å) before the supramolecule is trapped inside the pores
(3.8 Å × 3.8 Å) [28].
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Figure 7. TGA/DTG thermograms of uncalcined SAPO-34 (S-3) sample.

2.2. Surface Characterizations of SAPO-34

The porosity of SAPO-34 crystallized using PrPy]OH supramolecule was studied
using nitrogen adsorption-desorption analysis at −196 ◦C and the data is shown in
Figure 8 and Table 1. The solid displays a type I curve shape without steep N2 uptake
at high P/Po, indicating it merely has microporosity [38]. The solid has high poros-
ity showing a high specific surface area (SBET = 673 m2 g−1), micropore surface area
(661 m2 g−1), and total pore volume (VTotal = 0.27 cm3 g−1). In addition, the SAPO-34 solid
also exhibits moderate insertion of Si atoms (Si/(Al + P) ratio = 0.24) into the CHA zeolite
framework resulting in the formation of surface acidity of different strengths (Table 1). As
shown, the microporous solid possesses weak-to-medium (desorption curves at 168 ◦C
and 235 ◦C) and medium-to-strong (desorption curves at 404 ◦C and 479 ◦C) acid sites
arising from T–OH (T = Al, P, or Si) defect sites and framework tetrahedral Si sites, respec-
tively [39]. The total number of acid sites of [PrPy]OH-synthesized SAPO-34 is found to be
2.52 mmol g−1 which is higher than that of the classical TEAOH-synthesized SAPO-34
(1.79 mmol g−1) [11].

Figure 8. Nitrogen adsorption-desorption isotherm of SAPO-34 (S-3).
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2.3. Catalytic Reaction Study

SAPO-34 zeolite is an important solid catalyst for chemical production and hence
the catalytic behavior of SAPO-34 crystallized using [PrPy]OH was investigated in the
microwave-assisted esterification of levulinic acid with 1-propanol. The reaction was first
run at 130 ◦C without catalyst and no reaction conversion is observed after 60 min. This
shows that microwave heating is inactive in the esterification reaction. When SAPO-34
zeolite is added, a significant increase in reaction conversion (60.6%) with 100% selectivity
towards propyl levulinate is observed after 20 min of heating (Figure 9). The esterification
conversion keeps increasing with the extension of the heating time and 82.2% of conversion
is achieved at 60 min. Thus, the results show that SAPO-34 catalyst is active in this reaction
whereby the catalytic activity of SAPO-34 comes from the (P-O-Si-O-Al)−H+ active sites
located at the surface of the solid.

Figure 9. Microwave-assisted esterification of levulinic acid with 1-propanol in the presence of
SAPO-34 (S-3) catalyst at (a) 130 ◦C, (b) 150 ◦C, (c) 170 ◦C, and (d) 190 ◦C for 60 min. Reaction
conditions: Catalyst loading = 0.100 g; 1-propanol:levulinic acid molar ratio = 11:1; microwave
power = 800 W; solvent-free.

The esterification reaction is also carried out at elevated temperatures (130–190 ◦C)
over various times (0–60 min). As shown, a high reaction temperature is beneficial for the
esterification of levulinic acid since the reaction kinetics are exponentially proportional to
the temperature as shown by the Arrhenius theory [40]. For instance, the conversion is
significantly enhanced from 60.6% to 91.2% when the temperature increases from 130 ◦C
to 190 ◦C after 20 min of reaction. Thus, it is speculated that higher temperatures provide
higher kinetic energy to the reactants (levulinic acid and 1-propanol) and the organic
guest molecules are hence able to diffuse rapidly into the micropores of SAPO-34. The
confinement environment of the zeolite then facilitates the orientation and chemisorption
of reactants molecules, enabling the esterification to take place [41].

A catalytic comparative study between SAPO-34 and common homogeneous (e.g.,
sulfuric acid, hydrochloric acid, acetic acid) and heterogeneous (H-LTL, SAPO-18, H-FAU-
Y) catalysts was also carried out (Figure 10, see Supplementary Materials: Table S1). All
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heterogeneous catalysts are 100% selective to propyl levulinate, while medium pore SAPO-34
and SAPO-18 zeolites (>90%) show better performance than large pore H-LTL and H-FAU-Y
(ca. 75.0%) zeolites. The better catalytic activity of SAPO-34 (3.8 × 3.8 × 3.8 Å3) and SAPO-18
(3.8 × 3.8 × 3.6 Å3) could be due to their higher acidity and small pores that can exhibit
proximity effect, viz. allowing oriented molecular diffusion inside the narrow pores and
organize the levulinic acid (2.49 × 5.98 × 1.78 Å3) and 1-propanol (3.11 × 5.35 × 2.54 Å3)
molecules on the acid sites so that the reactants molecules are much closer together than they
would be in large pore FAU-Y (7.4 × 7.4 × 7.4 Å3) and LTL (7.5 × 2.1 × 2.1 Å3) zeolites [42].
Conversely, strong homogeneous catalysts like sulfuric acid and hydrochloric acid experience
full conversion of levulinic acid into propyl levulinate. Nevertheless, they are not reusable
and the system has to undergo laborious neutralization, separation, and purification processes
to isolate the reaction product [43]. For acetic acid, the conversion is the lowest (60.1%) due to
its weak acidity.

Figure 10. Catalytic performance of various homogeneous and heterogeneous acid catalysts in the es-
terification of levulinic acid with 1-propanol. Reaction conditions: Catalyst loading = 7.70 μmol equiv-
alent to 0.100 g SAPO-34; 1-propanol:levulinic acid molar ratio = 11:1; reaction temperature = 190 ◦C;
heating time = 20 min; microwave power = 800 W; solvent-free.

The major concern with heterogeneous catalysts is their stability and recyclabil-
ity [44]. Hence, the catalyst recyclability of SAPO-34 was tested (Figure 11). The results
reveal that the catalyst reactivity and stability are preserved even after five reaction
cycles where an insignificant loss in conversion and selectivity are observed; a slight
decrease in reaction conversion might be due to the physical loss of the catalyst during
the recovery operation. Hence, SAPO-34 can be a promising eco-friendly and recyclable
solid catalyst for the replacement of conventional homogeneous catalysts in biofuel
synthesis in addition to being an efficient molecular sieve for gas separation.
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Figure 11. SAPO-34 catalyst reusability test after five reaction cycles.

3. Materials and Methods

3.1. Preparation of 1-Propylpyridinium Hydroxide, [PrPy]OH

Scheme 1 displays the synthesis procedure of the novel [PrPy]OH organic template.
Typically, pyridine (82.20 g, 99%, Acros Organics, Geel, Belgium) and 1-bromopropane
(191.71 g, 99%, Acros Organics, Geel, Belgium) were first mixed and heated under
reflux for 18 h at 70 ◦C. The mixture was rotary evaporated under reduced pressure
to remove excessive and unreacted 1-bromopropane, producing 1-propylpyridinium
bromide ([PrPy]Br). The yellowish solid was soaked and purified with acetone (90 mL)
several times prior to drying at 100 ◦C overnight to give an 87% yield of [PrPy]Br. The
purity of [PrPy]Br was confirmed by 1H and 13C NMR, IR, and CHN analyses: 1H NMR:
δ (ppm) = 1.02 (triplet), 2.12 (multiplet), 4.70 (triplet), 8.18 (triplet), 8.65 (triplet), 8.97
(doublet). 13C NMR: δ (ppm) = 10.25, 24.08, 63.73, 127.86, 144.02, 145.58. FTIR: ν (cm−1)
= 1169 (C–N), 1488 (C=N), 1503 & 1632 (C=C), 2878 (Csp

3–H), 3054 (Csp
2–H), 3405 (O–H).

CHN analysis: C8H12NBr theoretical = C, 47.54%; H, 5.95%; N, 6.92%; Experimental = C,
46.80%; H, 5.84%; N, 6.84%.

Scheme 1. The synthesis pathway of [PrPy]OH organic structural directing agent.

Subsequently, 50.00 g of both [PrPy]Br ionic liquid and Amberlite® IRN-78 OH−
resins (Acros Organics, Geel, Belgium) were mixed with 50.00 g of deionized water. The
ion-exchange treatment was then performed at room temperature (17 h, 250 rpm). The
template solution and the resins are isolated using vacuum filtration where the percentage
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of OH− ion exchange was confirmed by using 1.0 mL of the solution titrated with HCl
(0.1 M). A similar ion-exchange procedure was performed until 87.0% OH− exchange
was achieved before allowing the sample to slowly concentrate to 32.8 wt.% in an electric
oven (55 ◦C).

3.2. Single-Parameter Tuning Synthesis and Crystallization of SAPO-34 Microporous Solid

The synthesis of SAPO-34 microporous solid was conducted as follows: Aluminum
triisopropoxide (0.6245 g, 98%, Sigma-Aldrich, Darmstadt, Germany) was first mixed with
the [PrPy]OH template solution (4.5002 g) and stirred (600 rpm) for 30 min at room tem-
perature. Afterward, deionized water (0.8350 g) was introduced. Then, orthophosphoric
acid (0.8065 g, 85%, Acros Organics, Geel, Belgium) was slowly added whereby the entire
addition process required 30 min. Lastly, tetraorthosilicate (0.2767 g, 98%. Sigma-Aldrich,
Darmstadt, Germany) was introduced and stirred, forming a hydrogel mixture composed
of 2.0 Al: 4.7 P: 6.7 [PrPy]OH: 0.9 Si: 148 H2O molar composition. The mixture was loaded
into an autoclave for crystallization at 200 ◦C for 19 h. The resulting solid product was
washed with deionized water via centrifugation (9500 rpm, 8 min) until pH = 7 before
being dried in an oven (70 ◦C, 16 h).

The effects of various parameters in the crystallization of SAPO-34 were also studied
by varying one parameter of the synthesis conditions each time as summarized in Table 2
using similar preparation protocols. The samples were designated as S-n whereby n
corresponded to the number of the sample.

Table 2. The hydrothermal crystallization conditions of SAPO-34 by varying the synthesis variables
and the phase products obtained.

Entry
Variable

Parameters

Hydrogel Composition in Molar Ratio T
(◦C)

t (h)
pH

before
Synthesis

pH after
Synthesis

Products *
Al P Si [PPy] H2O

S-0

Crystallization
time

2.0 4.7 0.9 6.7 148 200

6 6.68 6.75 No solid

S-1 12 6.72 6.80 Am

S-2 16 6.81 6.92 Am 
 CHA

S-3 19 6.67 6.88 CHA

S-4 30 6.70 6.90 ATS 
 CHA

S-5

P2O5 2.0

4.1

0.9 6.7 148 200 19

7.18 7.23 Am

S-3 4.7 6.67 6.88 CHA

S-6 5.3 6.18 6.77 CHA > AFI

S-7 5.9 5.61 6.34 AFI

S-8

SiO2 2.0 4.7

0

6.7 148 200 19

6.76 7.00 Layered SAPO

S-9 0.5 7.06 7.15 ATS

S-3 0.9 6.67 6.88 CHA

S-10 1.4 6.86 7.00 LEV 
 CHA

S-11

[PPy]2O 2.0 4.7 0.9

5.3

148 200 19

5.76 6.79 AFI

S-12 6.0 6.31 6.64 AFI 
 CHA

S-3 6.7 6.67 6.88 CHA

S-13 7.4 7.12 7.21 Am

S-14

H2O 2.0 4.7 0.9 6.7

116

200 19

7.03 7.09 ATS 
 CHA

S-3 148 6.67 6.88 CHA

S-15 180 6.55 6.86 ATS 
 LEV > CHA

S-16 240 6.49 6.85 AFI 
 ATS

S-17

Heating
temperature 2.0 4.7 0.9 6.7 148

160

19

6.79 7.09 Am 
 CHA

S-18 180 6.73 7.09 Am > CHA

S-3 200 6.67 6.88 CHA

S-19 220 6.80 6.44 ATS 
 CHA

* Am = Amorphous, AFI = SAPO-5, ATS = SAPO-36, CHA = SAPO-34, LEV = SAPO-35.
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3.3. Characterization

The elemental analysis of [PrPy]Br was performed using a Perkin Elmer 2400 Series
II CHNS/O instrument (Waltham, MA, USA). The liquid 1H and 13C NMR spectra were
acquired via a Bruker Advance 500 MHz spectrometer (Waltham, MA, USA) using a
single pulse excitation with π/2 (3 μs) pulses, operating at 500 and 126 MHz, respectively.
Deuterated oxide (D2O) and tetramethylsilane (TMS) were used as the solvent and reference,
respectively. The identity of the functional groups of [PrPy]Br was confirmed using a Perkin
Elmer’s System 2000 spectrometer (resolution 4 cm−1, 50 scans, Waltham, MA, USA). The
KBr pellet was prepared according to a KBr: sample weight ratio of 50:1. The crystallinity
and zeolite phase composition were investigated using a Bruker D8 Advance diffractometer
(Waltham, MA, USA) with copper Kα as the radiation source (λ = 0.154 nm at 40 kV and
10 mA, scanning rate 0.2◦ min−1). The morphology and surface properties of solids were
studied using a Hitachi Regulus 8220 FESEM microscope (Tokyo, Japan) at a voltage of
5 kV. The elemental composition of SAPO-34 (S-3 sample) was determined through a
Phillips X’Unique XRF spectrometer (Cambridge, UK). The organic and inorganic moieties
in the solid were studied using a Mettler TGA SDTA851 instrument (Columbus, OH,
USA, heating rate of 20 ◦C min−1) under a flow of air. The porous properties of SAPO-34
were investigated using a Micromeritics ASAP 2010 instrument (Norcross, GA, USA) at
−196 ◦C. Before the analysis, ca. 0.080 g of calcined SAPO-34 powder was first degassed
under vacuum at 250 ◦C for 6 h (to remove adsorbed impurities). The number and acid
strength of synthesized SAPO-34 were investigated via BELCAT-B analyzer (York, PA,
USA) using the NH3-TPD technique. First, ca. 80 mg of calcined SAPO-34 sample was
heated at 400 ◦C for 4 h under a helium flow of 30 cm3 min−1. Then, the solid was allowed
to adsorb with NH3. The excess NH3 was removed by purging with helium for 20 min
prior to initiating NH3 desorption from 50 ◦C to 700 ◦C using a heating rate of 10 ◦C min−1.

3.4. Catalytic Reaction Study

Esterification of levulinic acid and 1-propanol was used as a model reaction to study
the catalytic performance of SAPO-34 (S-3 sample) under microwave heating (Monowave
200, Anton Paar, Graz, Austria). The resulting reaction product—propyl levulinate—is a
very useful compound for biofuel applications [45]. First, the calcined SAPO-34 (0.100 g,
250 ◦C, 2 h) was mixed with levulinic acid (0.160 g, 1.34 mmol, 98%, Merck, Darmstadt,
Germany) and 1-propanol (0.893 g, 14.7 mmol, 99%, Merck, Darmstadt, Germany) in a
glass vessel. The resulting reaction mixture was stirred vigorously (500 rpm, 1 min) to
ensure its homogeneity before heating to 160–190 ◦C for 0–60 min. The liquid product
was separated using centrifugation (9000 rpm, 3 min) and subjected to qualitative and
quantitative analyses using GC-MS (Agilent 7000 Series Triple Quad, Santa Clara, CA,
USA) and GC-FID (Agilent’s HP6890 GC, Santa Clara, CA, USA), respectively. For quan-
titative analysis, toluene was used as the internal standard. For the recyclability study,
the spent catalyst after each cycle was soaked and washed with diethyl ether five times
(10 mL) before re-activation. A similar catalytic reaction procedure was repeated for the
next four cycles.

4. Conclusions

In conclusion, the effects of synthesis variables on the crystallization of SAPO-34 in the
presence of a 1-propylpyridinium hydroxide ([PrPy]OH) template have been systematically
investigated. The findings show that the nucleation, crystallization, structural purity and
metastability, crystallite size, and morphology are strongly affected by the synthesis conditions
of SAPO-34, namely, the chemical composition of the initial precursor gel, heating temperature,
and heating duration. During the course of the slight altering of the synthesis parameters,
SAPO-5 (AFI), SAPO-35 (LEV), and SAPO-36 (ATS) as the common competing phases are
observed. More specifically, the pH of the precursor gel influences the final zeolite phase
where SAPO-34 favors a nearly neutral precursor gel (pH = 6.6–6.8) while SAPO-5 tends
to predominate at lower pH values (pH = 5.6–5.8). Meanwhile, SAPO-36 forms at lower
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silicon content, higher crystallization temperatures, and longer heating times due to its higher
metastability and denser framework nature whereas SAPO-35 can only form at high silicon
content as revealed in the parameter effects study. In addition, the [PrPy]OH SDA not only
helps in forming a highly crystalline SAPO-34 zeolite structure but is also an SDA for SAPO-5
in a weakly acidic environment. Nevertheless, a precise water content (H2O/Al = 74) is
very important to ensure the crystallization of pure SAPO-34. Lastly, the SAPO-34 zeolite
synthesized using [PrPy]OH is also catalytically active in the synthesis of propyl levulinate
via esterification reaction where it shows 91.5% of conversion in only 20 min when heated
at 190 ◦C under microwave heating conditions. Hence, this study provides insights into
the structural-directing ability and selectivity of the novel [PrPy]OH organic template under
various synthesis parameters. In addition to being reusable, the prepared SAPO-34 hence
provides a promising green alternative for the economical and sustainable production of
renewable fuel blending levulinate compound.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13040680/s1, Table S1: Physicochemical properties of various
zeolites.
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Abstract: In this article, the role of surface sites of modified zeolites with semiconductor nanoparticles
as alternative photocatalyts for protecting post-harvest foodstuff from the detrimental effects of
ethylene is addressed. Two single and one double catalyst based on zinc and copper oxides supported
over modified zeolite samples were prepared. Physical, chemical, and surface properties of prepared
materials were studied by several characterization methods. UV-Vis absorption spectra show that the
applied modification procedures increase the optical absorption of light in the UV and visible regions,
suggesting that an increase in the photocatalytic activity could take place mainly in the obtained
co-impregnated catalyst. An ethylene conversion around 50% was achieved when the parent natural
zeolite support was modified with both transition metal oxides, obtaining higher removal efficiency
in comparison to single oxide catalysts. Adsorption and photocatalytic oxidation experiments were
also performed using single and double catalysts supported over fumed silica, attaining lower
ethylene conversion and thus highlighting the role of zeolite surfaces as adsorption sites for ethylene
during photocatalytic reactions. Operando diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies reveal that a synergistic mechanism occurs, involving ethylene adsorption at acidic
sites of zeolite and its photocatalytic oxidation due to the generation of radicals by the light activation
of nanoparticles of zinc and copper oxides.

Keywords: adsorption; natural zeolite support; single and double metal oxide catalysts; photocataly-
sis; synergistic mechanism

1. Introduction

Ethylene is regarded as a gaseous multifunctional phytohormone that regulates growth
and senescence of plants and fruits [1]. Even at a low concentration and temperature, ethy-
lene can accelerate the ageing and spoiling of harvested fruits [2]. This powerful plant
hormone cause effects at part-per-million (ppm) to part-per-billion (ppb) concentrations,
affecting both the aesthetics and function of climacteric and non-climacteric fruit and veg-
etables [1]. For example, in the case of climacteric fruit such as bananas, tomatoes, apricots,
and apples, the exposition to ethylene concentrations from 0.01 to 0.5 μL L−1 could induce
shrinkage and decay. Moreover, high score registration of loss in fruit sensitive to ethylene
was reported in the United Kingdom, where at least 1.4 million bananas and 1.5 million
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tomatoes were wasted daily in 2010, mainly caused by ethylene mediated effects [3]. More-
over, studies conducted in Germany during the same year mentioned that around 50%
of food waste belongs to fruit and vegetables directly related with ripening induced by
ethylene [4]. Hence, the control and removal of ethylene from fruits’ environment is an
important challenge for improving their quality and increasing their shelf life [5,6]. For
such purpose, several methods have been focused on the removal of ethylene, including
ventilation, recuperative adsorption, and techniques concerning destructive oxidation [7].
Among these methods, the combination of adsorbents with photocatalytic materials for the
oxidation of ethylene was suggested as a very promising and cost-effective technique [7].

As a result of their specific properties, different structures of zeolites have been used
for ethylene adsorption such as mordenite [8], clinoptilolite [9,10], and some synthetic
zeolites [11–13]. Zeolites can be used as adsorbent materials or as supports in photocatalytic
applications. Mechanical, physical, and chemical characteristics such as high mechanical
resistance, individual microporous and mesoporous structure, the presence of Brønsted
and Lewis acid sites, and a great ion-exchange capacity allow zeolites to be used in different
applications [14,15]. It has been indicated that the exchange of compensating cations
originally presented at zeolite surface by specific cations, increases the selectivity of the
adsorption towards several compounds, including ethylene [16–19].

In the last years, the combined effect of photocatalysis and adsorption in the removal
of pollutants has been of significant interest for the scientific community [14,20]. It has
been claimed that such combination allows the concentration of the contaminants near
photocatalytic active sites, promoting photocatalytic reactions, increasing the adsorption
of the intermediaries, and the re-use of the adsorbent [15]. Although studies concerning
both combined processes have been conducted [15,20], there is still a lack of experimental
evidence about the role of the active sites in the reaction mechanism. Results presented
here address this issue.

Semiconductor materials with a wide band gap, such as titanium dioxide (e.g., ~3.2 eV
for anatase phase), has been extensively used as an effective photocatalyst due to its
capacity to totally oxidize organic pollutants, its chemical stability, among some other
properties [21,22]. However, it has been reported that TiO2 tends to lose its activity during
the photocatalytic oxidation of contaminants because of a decrease in the number of
active sites on the catalyst surface, leading to the search of alternative materials [23,24].
Besides TiO2, there are several materials that present excellent photocatalytic activities
under UV light with a wide band gap energy. For instance, graphitic carbon nitride
(g-C3N4), a photocatalyst with high stability and adequate light adsorption [25]; bismuth
oxychloride (BiOCl), a novel semiconductor material used recently in the degradation
of caffeic and gallic acids [26]; zinc oxide, an environmentally friendly catalyst used in
the degradation and mineralization of environmental pollutants [27]; and some other
semiconductor materials.

Among them, zinc oxide has emerged as a non-toxic, very common in nature n-type
oxide semiconductor with a wide band gap (3.37 eV) and absorption bands in the UV spec-
tra that can be used in several applications such as for cytotoxicity, antibacterial activities,
solar cells, electrical and optical devices as well as in photocatalytic applications [28]. It
has a high thermal and electro-chemical stability. It is also relatively cheap due to its high
availability in nature [29]. Zinc oxide stands out for its high photocatalytic efficiency in
the mineralization of organic contaminants in comparison to other similar semiconductors,
including even TiO2, as well as for its high stability [21]. The photocatalytic activity of
ZnO has been proved several times, showing excellent results in the degradation of organic
compounds such as rose bengal [30], methyl orange [31], rhodamine B [32], and some other
emergent contaminants [33].

Recently, it has been suggested that the photocatalytic activity of zinc oxide can be
enhanced and extended to the visible spectrum by doping with metal ions or by creating
structures on the surface with lower energy gap semiconductors [34]. Copper oxide is
a p-type semiconductor oxide with a narrow band gap (1.2 eV) [35] and can be excited
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even with radiation of visible spectrum [20]. Excellent photocatalytic results have come
due to the modification of zinc oxide with copper oxide nanoparticles [36,37]. The high
availability, excellent physico-chemical properties, and the low cost of copper make it
an attractive material for applied research and encourage its recent use as a catalyst in
several applications. Photocatalytic materials containing CuO have also been applied in
the oxidation of organic pollutants such as methylene blue [38,39] and methyl orange [40]
among several organic contaminants [41].

Double catalysts, such as zinc and copper oxides supported on modified natural zeolite,
could enhance the photocatalytic activity by increasing the electron–hole pair separation
efficiency and also by diminishing the recombination of generated electron–hole pairs by
the mutual transfer of electrons or holes between both semiconductors [37], whereas acidic
surface sites of zeolite could contribute to the retention of the adsorbed molecules near
photocatalytic sites, enhancing catalytic performance.

Most of the research efforts for ethylene elimination have considered adsorption and
photocatalysis as separated processes [7–11,42,43]. Although some authors used zinc oxide
and copper oxide as single or bimetallic oxide heterojunctions supported on zeolites for
photocatalysis [44–46], these works were mainly focused on removal rate and reaction
kinetics. In this work, operando diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies were applied to unveil the chemical interactions that take place between
ethylene molecules and active surface sites of modified zeolite with supported single and
double zinc and copper oxides during the photocatalytic oxidation of ethylene. This work
was focused on studying the synergistic ethylene adsorption/photocatalytic oxidation
mechanism by considering the evolution of the infrared bands of the active sites under
operando DRIFTS assays. Moreover, to assess the effect of the support in the reaction
mechanism, fumed silica was used in control experiments as a support of metal oxides.
Additionally, TiO2 was mixed with the raw fumed silica and used as a benchmark photo-
catalyst for comparison. As a result, a surface reaction mechanism is proposed.

2. Results and Discussion

2.1. Physico-Chemical Characteristics

Chemical analyses of all samples are presented in Table 1. Nitrogen adsorption
isotherms at 77 K reveal a combination of characteristic type I and IV isotherms, related
to microporous and mesoporous structure behavior of the zeolite samples, respectively
(see Figure S1 in Supplementary Materials) [47]. Due to the removal of impurities in the
parent zeolite, the surface area increases and the Si/Al ratio diminishes by around 9% after
the double ion exchange conducted using the (NH4)2SO4 solution followed by a thermal
outgassing at 623 K (see Table 1). However, subsequent modifications with transition
metals diminish the surface areas, mainly in the samples impregnated with zinc oxides.

Table 1. Physical–chemical surface properties of parent zeolite and fumed silica supports and single
and double metal oxide catalysts supported on modified natural zeolite and on fumed silica.

Samples
SBET

a

[m2 g−1]
Vmicro

a

[cm3 g−1]
Vmeso

a

[cm3 g−1]
Si/Alb Si b,c

[%]
Al b,c

[%]
Ca b,c

[%]
Na b,c

[%]
Fe b,c

[%]
Ti b,c

[%]
Mg b,c

[%]
Zn b,c

[%]
Cub,c

[%]

Z_Nat 280.88 0.07 0.14 5.32 65.39 12.29 11.13 2.12 5.27 0.89 0.53 0.02 ND
ZH 358.24 0.12 0.10 5.44 71.13 13.07 6.83 0.38 5.66 0.90 0.30 0.02 ND

ZH_Cu 281.58 0.07 0.12 4.94 65.99 13.36 3.65 0.30 2.25 0.44 0.39 0.02 12.16
ZH_Zn 203.17 0.06 0.12 5.02 68.67 13.67 3.07 0.32 2.12 0.43 0.32 10.95 ND

ZH_Zn/Cu 261.40 0.04 0.13 5.01 68.42 13.65 3.03 0.41 2.16 0.44 0.31 5.42 5.42
FS 261.02 ND 0.32 ND 100.0 ND ND ND ND ND ND ND ND

FS_Cu 242.35 ND 0.31 ND 92.20 ND ND ND ND ND ND ND 7.80
FS_Zn 224.80 ND 0.31 ND 92.11 ND ND ND ND ND ND 7.89 ND

FS_Zn/Cu 220.29 ND 0.26 ND 92.07 ND ND ND ND ND ND 3.78 4.15

a Determined by nitrogen adsorption/desorption at 77 K. b Zeolite supported samples composition deter-
mined by X-ray fluorescence. c Fumed silica supported samples composition determined by energy dispersive
X-ray spectroscopy.

173



Catalysts 2023, 13, 610

Results obtained from XRD diffractograms shown in Figure 1 reveal that the miner-
alogical and structural composition of the parent zeolite is not significantly changed after
all the applied chemical and thermal treatments. The higher intensity peaks correspond to
clinoptilolite (JCPDS 39-183), mordenite (JCPDS 29-1257), and quartz (JCPDS 46-1045). Such
peaks remain with similar intensity after the applied modification procedures. Moreover,
the peaks related to copper oxide (JCPDS 48-1548) and zinc oxide (JCPDS 36-1451) can be
identified in the diffractograms of the modified samples.

Figure 1. X-ray diffraction patterns of parent zeolite support and prepared single and double
metal oxide catalysts supported on modified natural zeolite. (a) ZNAT; (b) ZH_Cu; (c) ZH_Zn;
(d) ZH_Zn/Cu. M: Mordenite, C: Clinoptilolite, Q: Quartz, #: copper oxide, *: zinc oxide.

Morphological structures, as observed by Scanning Electron Microscopy images, are
depicted for zeolite samples in Figure 2A,C–E. SEM images reveal porous lamellar mor-
phologies with individual zeolite crystals around a 40–70 nm width. Similar results were
reported in clinoptilolite pore network studies by other authors [48]. Meanwhile, for fumed
silica samples (see Figure 2B,F–H), individual quasi-spherical shaped particles around
60 μm were observed with an evident porous structure. The porous characteristics were
confirmed by nitrogen adsorption/desorption assays (see Table 1 and Figures S1 and S2 in
Supplementary Materials); however, in those samples supported on fumed silica, only a
mesoporosity network was found without a microporous structure. In the case of zeolite
samples, the surface area reduction after conducting the modification with transition metals
can be associated to the formation of metal oxide nanoparticles and their agglomeration,
generating particles of a bigger size inside the zeolite porous structure that can block
nitrogen diffusion. SEM and transmission electron microscopy (TEM) images corroborate
such findings (Figures 2 and 3).
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Figure 2. Scanning electron microscopy images of parent zeolite support and prepared single and
double metal oxide catalysts supported on modified natural zeolite: (A) ZNAT; (B) FS; (C) ZH_Cu;
(D) ZH_Zn; (E) ZH_Zn/Cu; (F) FS_Cu; (G) FS_Zn; (H) FS_Zn/Cu.

Figure 3. Transmission electron microscopy images of parent zeolite support and prepared single
and double metal oxides supported on modified natural zeolite and fumed silica: (A) ZNAT; (B) ZH;
(C) ZH_Cu; (D) ZH_Zn; (E) ZH_Zn/Cu; (F) FS_Cu; (G) FS_Zn; and (H) FS_Zn/Cu.

Additionally, Transmission Electron Microscopy images displayed in Figure 3 corrob-
orate the lamellar morphology and depict the incorporation of metal oxide nanoparticles on
the zeolite surface. Results show that the sequence of ion exchange and wet impregnation
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procedures using transition metal salts followed by the calcination treatment at 623 K do
not only exchange compensating cations presented in the zeolite sample, but also generate
nanoparticles of metal oxides (see Figure 3C–E). The formation of small oxide particles
around 10.01 ± 2.5 nm of diameters are obtained when only copper salt is used (Figure 3C).
However, when zinc nitrate is applied as a precursor for zinc oxide formation, metal oxide
nanoparticles of slightly higher sizes can be observed with particle sizes of 12.2 ± 3.20 nm
and 13.9 ± 3.65 nm (Figure 3D,E) for ZH_Zn and ZH_Zn/Cu, respectively. Such results
suggest that during zinc oxide formation, particles flocculate, leading to the clustering of
small particles and the formation of bigger metal oxide particles. During the impregnation
step, water is evaporated and concentrated transition metal salts are deposited onto zeolite
surface that later are decomposed during the calcination procedure, driving the generation
of the observed metal oxide nanoparticles. The generation of aggregates of nanoparticles of
a bigger size can explain the reduction in the surface area values listed in Table 1 for such
samples. Moreover, in the oxide supported catalysts over fumed silica (see Figure 3F–H), a
similar behavior was observed. However, in those cases, slightly higher particle sizes were
observed in the TEM assay. Particles of 11.5 ± 4.1 nm, 13.2 ± 3.9 nm nm, and 14.7 ± 3.7 nm
can be seen at FS_Cu, FS_Zn, and FS_Zn/Cu samples, respectively. Such findings could be
related to the existence of larger pores in the fumed silica as compared to natural zeolite as
it was observed during porosimetry measurements (see Table 1).

The UV-visible absorbance spectra of parent zeolite and fumed silica supports and
prepared single and double metal oxide catalysts supported on modified natural zeolite and
fumed silica are displayed in Figure 4A,B, respectively. Light absorption spectra acquired by
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) were transformed to Tauc
plots to determine the optical band gap energy of each assessed material (Figure 4C,D) [49].
The band gap energy was calculated by extrapolating the linear part of the vertical region
of the curve [50,51].

Figure 4. UV-visible absorbance spectra (upper part) and Tauc plots (bottom part) of parent supports
and prepared single and double metal oxide catalysts supported on modified natural zeolite (A,C),
and fumed silica (B,D). Additionally, TiO2 (A,C) is included as a benchmarked photo-catalyst.

As it can be seen in Figure 4A, the incorporation of copper and zinc oxides onto the
surface of natural zeolite increases the optical absorption in the UV and visible regions.
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Thus, the values of the band gap energy in the zeolite samples decrease in the following
order: ZH_Zn/Cu < ZH_Cu < ZH_Zn < ZNat (see Figure 4C and Table 2). Moreover, a
similar behavior regarding optical absorption was observed in the catalysts supported
on fumed silica; however, the band gap energies are higher than those obtained from the
catalysts supported on modified zeolite. In such cases, the band gap energies present the
following trend: FS_Cu < FS_Zn < FS_Zn/Cu < FS (see Figure 4D and Table 2).

Table 2. Band gap energies of prepared photo-catalysts, including their respective supports. Results
were obtained by UV-Vis DRS spectroscopy.

Samples Band Gap Values (eV)

Z_Nat 3.35
ZH_Cu 2.70
ZH_Zn 2.75

ZH_Zn/Cu 2.65
FS 4.20

FS_Cu 3.20
FS_Zn 3.85

FS_Zn/Cu 3.90
FS_TiO2 3.50

It is important to notice that zeolite supported samples present higher light absorbance
than fumed silica samples. Fumed silica is a transparent material which transmit most of
incident light, whereas zeolite is an opaquer material, increasing the light absorption in
the support. Hence, copper-based materials used here present different trends regarding
band gap measurements when they are deposited over the different supports. Indeed,
double catalyst samples also show differences. When zeolite is used as a support material
(ZH_Zn/Cu), a better particle dispersion was obtained, suggesting the formation of an
heterostrucure where exited electrons from the higher band gap material are trapped by
the surface of the deposited dopant (CuO), resulting in a lesser band gap energy [51].
Meanwhile, when fumed silica is applied as a support material (FS_Zn/Cu) the band gap
energy is similar to the higher band gap material (FS_Zn), suggesting that the formation of
the observed cluster in this sample affected the transition of the electrons generated from
ZnO to CuO particles.

2.2. In Situ FTIR Characterisation

Additionally, acidic characteristics of studied samples were determined by in situ

FTIR assays of pyridine adsorption and desorption under vacuum. Table 3 lists the
concentration of Brønsted acid sites (BAS) and Lewis acid sites (LAS) of natural and
modified zeolites as well as prepared single and double metal oxides supported on fumed
silica. In this sense, after conducting the modification of natural zeolite by ion exchange
with ammonium sulfate and thermally outgassed at 623 K (ZH sample), as it was expected,
BAS concentration increased; meanwhile, LAS concentration diminished as compared
to natural zeolite results. However, after the introduction of the copper and zinc oxides
on previously modified zeolites, BAS were not detected by pyridine adsorption, and the
amount of LAS is lower than in the other zeolite samples. Such results can be attributed to
diffusion limitations of pyridine to access such acidic sites present in the natural zeolite
and those created by ion exchange with ammonium, because of the blockage caused by
the formation of aggregates of metal oxide nanoparticles or to dissolution and washing of
the extra-framework phase during the process of metal introduction. Aggregates of metal
oxide particles of bigger size can be responsible for the blockage of micropores, decreasing
the catalyst surface area considerably, as shown in Table 1 [52].
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Table 3. Characterization of the nature and strength of acidic surface sites of parent supports and
prepared single and double metal oxide catalysts by in situ FTIR analyses using pyridine.

Samples
Concentration of

Brønsted Acidic Sites a

[μmol Py g−1]

Concentration of
Lewis Acidic Sites a

[μmol Py g−1]

Strength Distribution of
Lewis Acidic Sites (%) b

Weak Mild Strong

ZNAT 17.21 84.69 49.47 9.08 41.45
ZH 78.00 37.00 0 0 100

ZH_Cu ND 56.20 61.93 26.33 11.74
ZH_Zn ND 34.20 43.10 4.59 52.31

ZH_Zn/Cu ND 45.64 48.30 23.47 28.23
FS ND ND ND ND ND

FS_Cu ND 3.00 100 0 0
FS_Zn ND 106.00 61.30 29.20 9.50

FS_Zn/Cu ND 194.00 55.15 15.46 29.39
a Determined by in situ FTIR using pyridine as a probe molecule. b Determined by in situ FTIR after thermal-
programmed desorption of adsorbed pyridine.

Finally, after the pyridine adsorption experiment, a temperature-programmed des-
orption was applied in order to obtain a rough estimate of the strength of the Lewis acidic
sites. Results listed in Table 3 suggest that zinc sites enhance the Lewis acidity strength;
whereas, copper presents the opposite trend in the modified zeolite samples. Moreover, the
characterization of raw and modified fumed silica samples show a similar trend with an
increased strength of LAS in the samples modified with zinc oxide. However, in this case, a
higher LAS strength is observed when the double metal oxide catalyst was supported over
the fumed silica (FS_ZnO/CuO).

2.3. Photocatalytic Oxidation of Ethylene onto Parent Zeolite Support and Prepared Single and
Double Metal Oxide Catalysts Supported on Modified Natural Zeolite

The effect of the physical–chemical properties of the parent zeolite support and pre-
pared single and double metal oxide catalysts supported on modified natural zeolite on
the photocatalytic oxidation of ethylene are shown in Figures 5 and 6. Moreover, results
of control experiments using pure raw fumed silica, prepared single and double metal
oxide catalysts supported on fumed silica are also presented. Fumed silica consists of finely
dispersed amorphous silicon dioxide with a surface covered by silanol groups [53]. Its use
is widespread in industrial applications as a catalyst support and as an adsorbent [54,55].
Such kinds of experiments allow determination by comparison the role of acidic sites of
zeolite surface in the photocatalytic reaction. Additionally, a benchmarked assay using
TiO2 P25 mixed with raw fumed silica is also displayed to contrast the photocatalytic
performance of the composite materials under similar reaction conditions.

Curves of the ethylene dimensionless concentration at the reactor outlet stream as
the function of time are displayed in Figure 5. The first 600 min of every curve represents
the variation of ethylene dimensionless concentration during the adsorption step until
saturation is reached (without irradiation). Adsorbed amounts of ethylene during the
dynamic adsorption step onto the studied samples (μmol g−1) are reported in Figure 6.
Afterwards, the photocatalytic oxidation step takes place under irradiation conditions. As
it can be seen, the stationary state of the photocatalytic step is attained after a few minutes.
The photocatalytic removal of ethylene for each sample is also presented in Figure 6 and
was calculated considering the concentration of ethylene in the reactor inlet and outlet
streams in the stationary step.
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Figure 5. Ethylene adsorption and photocatalytic degradation using parent zeolite support. Pre-
pared single and double metal oxide catalysts supported on modified natural zeolite, raw fumed
silica, prepared single and double metal oxide catalysts supported on fumed silica, and TiO2 mixed
with raw fumed silica: • ZNAT, � ZH_Cu, � ZH_Zn, � ZH_Zn/Cu, � FS, � FS_Cu, � FS_Zn,
� FS_Zn/Cu, X FS_TiO2.

Figure 6. Ethylene adsorption and photocatalytic degradation results using parent zeolite support
(ZNat), single metal oxide catalysts supported on modified natural zeolite (ZH_Cu; ZH_Zn), copper
and zinc oxides supported on modified natural zeolite (ZH_Zn/Cu), raw fumed silica (FS), sin-
gle metal oxide catalysts supported on fumed silica (FS_Cu; FS_Zn), and copper and zinc oxides
supported on fumed silica (FS_Zn/Cu), and TiO2 P25 mixed with fumed silica (FS_TiO2).

Results displayed in Figures 5 and 6 provide evidence that the applied modification
procedures slightly affect the adsorption capacity of natural zeolite and fumed silica toward
ethylene molecules, mainly in those cases where samples are modified with copper salts.
During the adsorption step, it can be observed that ethylene adsorption is almost negligible
for raw and modified fumed silica samples compared to samples where zeolite is used as
a support. Such differences could be related to the favorable physical–chemical surface
properties of zeolite compared to fumed silica. The higher surface area, the presence of
microporous and mesoporous structure with several Si-OH, and Si-OH-Al and cationic
active sites contribute to the observed increase in the adsorption of ethylene in comparison
to fumed silica. In the case of prepared single and double metal oxide catalysts supported
on modified natural zeolite, the adsorption of ethylene during this step increases according
to the following order: ZH_Zn_ < ZH_Zn/Cu < ZNat < ZH_Cu. Such results agree with
those reported in a previous study [10]. Copper oxide supported on modified natural
zeolite, leads to an enhancement in the adsorption capacity toward ethylene. The good
dispersion of the copper oxides over the zeolite surface as reported in Figure 3C could
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favor its interaction with ethylene. Ethylene adsorption also takes place not only by the
interaction with Si-OH-Al bridge groups of zeolite surface but also by the interactions
between π-electrons of ethylene with metal cations deposited in the zeolite surface [5,10].
A lower adsorption of ethylene is obtained on ZH_Zn. Such a result could be related to
(i) the observed formation of bigger aggregates of nanoparticles in this sample, as indicated
by TEM images (see Figure 3D), (ii) the decrease in the surface area, as reported by N2
adsorption assays (see Table 1), and (iii) the low accessibility to Brønsted and Lewis sites, as
shown by pyridine adsorption (Table 3). The amount of adsorbed ethylene seems directly
related to the surface area of the samples and to the surface concentration of Lewis sites.

Results displayed in Figure 6 confirm the good adsorption capacity of the modified
natural zeolite used, as well as the single metal oxide catalysts supported on them. Some
other ethylene adsorbents have been studied previously including activated carbon-based
materials, carbon nanoballs, and synthetic and natural zeolites [7,9,12]. Such studies have
reported ethylene adsorption capacities around 10 to 80 μmol g−1 [7] at similar ethylene
concentrations. Regarding photocatalysis results, the highest degradation rate is achieved
when the parent natural zeolite support is modified with both transition metal oxides
(ZH_Zn/Cu). The single metal oxides supported on modified natural zeolite (ZH_Zn and
ZH_Cu) are less active.

No photocatalytic oxidation is registered using the parent natural zeolite support
(ZNat). A similar trend is attained during photocatalytic oxidation of ethylene using fumed
silica as a support for metal oxides (FS_Zn/Cu > FS_Zn > FS_Cu > FS). No photodegra-
dation is catalyzed by the raw fumed silica material (FS). Lower degradation values are
obtained when the fumed silica is used as a support for metal oxides rather than the zeolite.
In agreement with the stated working hypothesis, a higher photocatalytic degradation is
accomplished with the double metal oxides supported on modified natural zeolite obtained
by co-impregnation, being even higher than the benchmark TiO2 sample. Such behaviors
agree with those results obtained by UV-Vis spectroscopy characterization (see Figure 4).
A higher degradation rate is reached in the sample that presents the highest UV light
absorption as it is the case of ZH_Zn/Cu sample. Moreover, several studies have reported
that ZnO possesses an excellent photocatalytic activity similar or even greater than that of
TiO2, in the degradation of organic compounds [30,32,33]. In addition, it was also reported
that CuO presents a lower photocatalytic activity under UV irradiation than ZnO [56,57].
It is worth noting that the highest ethylene conversions are obtained when the catalysts
based on both transition metal oxides are used, even when different materials are applied
as supports.

In this heterostructure material zinc oxide could absorb UV photons, forming electron–
hole (e–h) pairs, whereas copper oxide nanoparticles could reduce the recombination
of e–h pairs, increasing the absorption of photons with lower energy [37]. It is well
known that (e–h) pairs react with oxygen and water molecules, generating superoxide
and hydroxyl radicals, respectively [22,42,58]. Such active species usually act as powerful
oxidants, leading to the oxidation of close adsorbed ethylene molecules. Previous studies
have reported the photocatalytic conversion of ethylene from 10 to 90% using TiO2 based
photocatalysts [7]. However, operational conditions were different from those applied in
this study. It is worth noting that during photocatalytic oxidation processes, parameters
such as wavelength irradiation, light intensity, catalyst load, among other factors could
have an impact in the removal efficiency [59,60]. Thus, TiO2 was used here as a benchmark
photocatalyst as a way of comparison.

In addition, studies concerning other ethylene oxidation techniques such as KMnO4
have shown almost full ethylene remotion at the first hours of use; however, it has a rapid
loss of reaction efficiency during the time of storage [61]. Similarly, it has been mentioned
that KMnO4 can cause product contamination [62].

Moreover, the observed degradation rate in the single and double metal oxide catalysts
supported on modified natural zeolite could have been favored by the presence of several
adsorption sites where ethylene molecules are adsorbed and oxidized by the radicals
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generated in the nearby semiconductor oxide nanoparticles. More detailed information
on such kinds of interactions is followed by operando DRIFTS studies and is presented
in Figure 7.

Figure 7. Evolution of subtracted DRIFTS spectra of the OH stretching vibration zone during the
adsorption step (left) and photocatalytic degradation step of ethylene (right) onto parent zeolite
support. Prepared single and double metal oxide catalysts supported on modified natural zeolite:
ZNAT (A,B), ZH_Cu; (C,D); ZH_Zn (E,F); ZH_Zn/Cu; (G,H).

The variations of operando DRIFTS spectra during the adsorption step (without irra-
diation) of the experimental results presented in Figures 5 and 6 of ethylene onto single
and double metal oxide catalysts supported on zeolite and fumed silica samples are shown
in Figure 7A,C,E,G and Figure 8A,C,E,G, respectively. Additionally, operando DRIFTS
spectra of TiO2 interactions with ethylene through the adsorption step are also included
in Figure 9A. Results displayed in Figures 7–9 represent the subtractions of the obtained
spectrum for each sample as a function of ethylene exposition time and the respective spec-
trum of activated samples prior to ethylene contact. As was previously reported [10,63], in
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the ν(OH) region, between 4000 and 3300 cm−1, the peak at 3745 cm−1 could be assigned
to silanol groups (Si-OH) vibration. Moreover, the band at 3690 cm−1 comes from extra-
framework phase, and the peak at 3610 cm−1 is the usual zeolitic Bronsted acidic OH group
known as the bridge silanol (Si-OH-Al). The progressive loss on the intensities of the IR
bands at 3590 cm−1, 3690 cm−1, and 3745 cm−1 related to OH groups are observed for the
parent zeolite support, the prepared single and double metal oxide catalysts supported
on modified natural zeolite. However, the higher difference is obtained at 3610 cm−1,
suggesting that most of ethylene adsorption occurs by the interaction with acidic Si-OH-Al
groups. Although an increase in the adsorption of ethylene is observed for the zeolite
samples modified with copper oxide (see Figure 6), no other IR vibrations are observed
in the DRIFTS spectra beside those already mentioned during the adsorption step. This
can be due to the low concentration of ethylene on the surface of the catalyst during the
experiment and the fast decomposition and desorption in the photocatalytic step.

Figure 8. Evolution of subtracted DRIFTS spectra of the OH stretching vibration zone during the
adsorption step (left) and photocatalytic degradation step of ethylene (right) onto raw fumed silica.
Prepared single and double metal oxide catalysts supported on fumed silica: raw FS (A,B), FS_Cu
(C,D), FS_Zn (E,F), and FS_Zn/Cu (G,H).
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Figure 9. Evolution of subtracted DRIFTS spectra of the OH stretching vibration zone during the
adsorption step (A) and photocatalytic degradation step of ethylene (B) onto TiO2 mixed with raw
fumed silica (FS_TiO2).

In the case of the fumed silica sample (Figure 8A), recorded spectra show only intensity
changes in the band located at 3745 cm−1 related to the presence of silanol groups in the
raw material and its interaction with ethylene molecules during adsorption. Such sites
are occupied quickly and remain invariable after the saturation is reached. A similar
trend is observed for single and double metal oxide catalysts supported on fumed silica
(Figure 8C,E,G) and for TiO2 mixed with raw fumed silica at 8% of weight (Figure 9A). Such
results agree with the almost negligible ethylene adsorption observed for these samples
compared to zeolite supported catalysts with acidic Brønsted sites.

Spectra reported in Figures 7 and 8 are obtained at different time periods as subtraction
of the registered spectra at specific times from the spectrum acquired when the saturation is
reached at the final step of the adsorption stage of each sample. During the photocatalysis
stage, as can be seen in Figure 7H, the ZH_Zn/Cu double catalyst show restored OH
vibration bands (3745 cm−1, 3690 cm−1, and 3610 cm−1) which had been consumed during
the adsorption stage (see Figure 7G). Under irradiation, they are released again and became
unoccupied due to the photocatalytic oxidation of adsorbed ethylene, leading to a new
adsorption equilibrium. Analogous behavior can be observed on the single zinc oxide
supported on modified natural zeolite (Figure 7F) and to a lesser extent, on the single
copper oxide supported on modified natural zeolite (Figure 7D). Ethylene molecules
adsorbed in such sites could be oxidized by radicals generated at nanoparticles of copper
and zinc oxides. Hence, some recovered adsorption sites allow new ethylene molecules
to be adsorbed and oxidized photocatalytically. However, in the case of the parent zeolite
support, subtracted DRIFTS spectra (Figure 7B) do not show any evolution in the vibration
of OH characteristic bands during the experiment, suggesting that in the absence of the
semiconductor particles, ethylene cannot be eliminated. Such results agree with those
obtained by monitoring the concentration of ethylene at the inlet and outlet stream of the
photocatalytic reaction cell using GC analyses (see Figures 5 and 6). The double metal oxide
catalyst based on copper and zinc oxides supported on modified natural zeolite shows the
highest removal efficiency toward ethylene oxidation in the series, and the parent natural
zeolite support (ZNAT) does not show any C2H4 removal.

Operando DRIFTS assays during the photocatalytic step with fumed silica samples
confirm that there is no contribution of the raw fumed silica during the photocatalytic
oxidation step and are shown in the supplementary materials. In the other fumed silica
samples, a slight change can be perceived in the IR band at 3745 cm−1, but only at the
beginning of the irradiation, It cannot be attributed to photocatalytic oxidation, but rather,
just to the effect of heating during this short transition period that leads to a fast elimination
of the few ethylene adsorbed in these samples. Afterwards, in the stationary state, the
surface of those samples remains unchanged.

Similar changes in the OH bands were observed when TiO2 mixed with raw fumed
silica was used (Figure 9). The spectra of such sample showed only the disappearance of
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the IR vibration band at 3745 cm−1 related to OH groups during the adsorption step. The
same signal came back after the photocatalytic step, indicating less adsorption sites for
ethylene compared to samples containing modified zeolite.

Results obtained here account for different factors that are involved during the pho-
tocatalytic oxidation of ethylene. When metal oxide semiconductors are deposited in a
support with almost negligible adsorption capacity, as with fumed silica compared to
zeolite, ethylene oxidation efficiencies are below 20% (see Figures 5 and 6). The observed
outcomes suggest that zinc oxide is mainly responsible for photocatalytic degradation.
When zinc oxide is combined with copper oxide, a material with higher photocatalytic
activity is obtained. Other researchers similarly reported that in heterostructure catalysts,
where zinc and copper oxides are combined, the electron–hole pair separation efficiency
is enhanced, increasing the photocatalytic activity [37,58,64]. However, when metal oxide
semiconductors are deposited over a material with a high adsorption capacity, such as
modified natural zeolite, the retention of ethylene molecules at adsorption sites in the
vicinity of semiconductor particles could be the main factor for the observed increase in the
overall oxidation efficiency. The DRIFTS assay of the ZH_Zn/Cu sample provides evidence
that adsorbed ethylene molecules at acidic surface sites are photocatalytically removed
once the semiconductors are irradiated. In this way, the oxidation ability of superoxide
and hydroxyl radicals generated due to the e–h pairs activation and their interactions with
oxygen and water molecules could be more efficient when the semiconductor materials are
supported over a material with high content of acidic surface sites that allow radicals to
oxidize ethylene molecules adsorbed in their vicinity.

2.4. Mechanistic Approach

Results reported here in addition to previous studies [10] contribute to validate the
hypothesis of ethylene elimination by a synergic mechanism that includes adsorption and
photocatalytic oxidation. DRIFTS analyses enable to track acidic groups of zeolite surface
and their behavior during the process. The use of modified natural zeolite as a support
for zinc and copper oxides allows ethylene to be mainly adsorbed at bridged hydroxyl
and at external and internal silanol sites as it is represented by Equation (1). Moreover, in
hydrophilic zeolites such as the natural zeolite used here, water molecules also interact
mainly with bridged hydroxyl groups affiliated mainly with aluminum in the zeolite lattice
(Equation (2)).

C2H4 + ∗ ↔ C2H4∗ (1)

H2O + ∗BAS ↔ H2O∗BAS (2)

Under irradiation, zinc and copper oxides seem to absorb UV photons, forming
electron–hole (e–h) pairs (Equation (3)).

ZnO/CuO + hv → n
(
h+ + e−

)
(3)

In the nanoparticles of semiconductors, zinc oxide increases the optical absorption;
whereas, copper oxide nanoparticles decrease the optical band gap of the material, in-
creasing the absorption of photons with lower energy and reducing the e–h recombination
rate [65–68]. It is generally accepted that generated electrons and electrons’ holes inter-
act with oxygen and water molecules, producing superoxide and hydroxyl radicals [60]
(Equations (4)–(8)) increasing the efficiency of the photocatalytic process [60,69,70].

h+ + H2O∗ → OH
◦∗+ H+ (4)

e− + O2 → O−
2
◦ (5)

O−
2
◦ + H+ → HO

◦
2 (6)

H+ + O−
2
◦ + HO

◦
2 → H2O2 + O2 (7)
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H2O2 + hv → 2OH
◦

(8)

Finally, such radical species seems to be the responsibility of photocatalytic degra-
dation of adsorbed ethylene at the neighboring site, generating intermediary oxidation
by-products [60] (Equations (9)–(10)) that finally lead to ethylene mineralization, as sum-
marized by Equation (11).

OH
◦∗+ C2H4∗ → Intermediates (9)

O−
2
◦ + C2H4∗ → Intermediates (10)

C2H4 + 3O2

hν
→
cat

2CO2 + 2H2O (11)

Comparative experiments conducted using fumed silica as a support with poor ad-
sorption capacity towards ethylene proved the important role of acidic surface sites of
zeolite, increasing the adsorption of ethylene and its photocatalytic oxidation in the vicinity
of zinc and copper oxides. Further experiments are needed in order to unveil the details
of the formation of intermediary oxidation by-products of higher molecular mass than
water and CO2. Dynamic studies of ethylene photocatalysis presented here were conducted
in a continuous packed bed cell set in a FT/IR spectrometer using only one initial ethy-
lene concentration in order to compare the catalysts’ activity. For the purpose to gather
kinetic information, further extensive experimentation must be conducted using ethylene
at different initial concentrations.

3. Materials and Methods

3.1. Materials and Reagents

A natural zeolite (53% clinoptilolite, 40% mordenite, and 7% quartz) was used in this
study as a parent support material and was provided by the Chilean mining company
“Minera Formas”. Ethylene (0.01% in Ar) was supplied by Indura (Santiago, Chile), whereas
argon (>99.9% purity) and oxygen (>99.5% purity) were supplied by Praxair (Santiago,
Chile). Inorganic chemicals (>99.5% purity) such as (NH4)2SO4 and Cu(NO3)2·3H2O were
purchased from Merck (Darmstadt, Germany). Zn(NO3)2·6H2O was supplied by Sigma-
Aldrich Corporation (St. Louis, MO, USA). Solutions were prepared using deionized water
(≥18.0 MΩ cm) produced in a Thermo Scientific Barnstead Easypure II RF system (Thermo
Fisher Scientific, Waltham, MA, USA).

3.2. Modification of Parent Support

Natural zeolite modification was carried out in consecutive stages. First, raw material
was ground and sieved to a range of 300–425 μm particle size. Then, it was rinsed with
deionized water and dried at 398 K for 24 h, using a LabTech® oven model LDO-080F
(Daihan LabTech Co., Ltd., Gyeonggi-do, Korea).

In the pre-treatment stage, raw zeolite was modified by ion exchange with ammonium
sulphate (0.1 mol dm−3) at 363 K for two hours in a temperature-controlled water bath,
using a mass volume ratio of 0.1 g of zeolite per cm3 of salt solution and then it was washed
with deionized water during 4 h to eliminate the excess of salt as it has been reported in
previous work [10]. This procedure was repeated once after rinsing. Samples were dried at
398 K for 24 h. Afterwards, samples were out-gassed at 623 K using a home-made tubular
furnace (heating rate of 3 K min−1) during two hours under argon flow (100 cm3 min−1).

During the metal loading stage, pre-treated samples were modified by wet impregna-
tion using an IKA® RV 10 vacuum rotary evaporator (IKA®-Werke, Staufen, Germany) at
363 K. Thus, two single metal oxide and one double metal oxide catalysts were obtained
by single impregnation with Cu(NO3)2·3(H2O) (0.13 mol dm−3), single impregnation with
Zn(NO3)2·6(H2O) (0.13 mol dm−3), and co-impregnation using a combination of both
salts at 0.065 mol dm−3, respectively. Salt solution concentrations were calculated to ob-

185



Catalysts 2023, 13, 610

tain single metal oxide catalysts with 8% of the desired metal oxide mass impregnated
in the zeolite surface and a double metal oxide catalyst with 4% of each metal oxide in
the co-impregnated sample. Subsequently, samples were dried using the same conditions
mentioned before. As the last modification step, samples were calcined under oxygen flow
(100 cm3 min−1) at 623 K (heating rate of 1 K min−1) for 4 h and stored in a desiccator
until their further use. Additionally, fumed silica was used as a support of metal oxides in
control experiments. Raw fumed silica was modified using the same sequential procedure
described before for the metal loading stage, including the followed modification steps. The
performance of the samples prepared using natural zeolite and fumed silica were compared
to understand the key role of acidic sites of zeolite surface in the photocatalytic process.

According to the applied modification methodology, samples were named as follows:

- Natural zeolite thermally outgassed at 623 K (ZNAT);
- H form of natural zeolite (ZH), obtained from natural zeolite modified by ion ex-

changed with ammonium and thermally outgassed at 623 K;
- Copper oxide supported on modified natural zeolite, obtained from natural zeolite

ion exchanged with ammonium followed by a single wet impregnation with copper
salt and later calcined at 623 K (ZH_Cu);

- Zinc oxide supported on modified natural zeolite, obtained from natural zeolite ion
exchanged with ammonium followed by a single wet impregnation with zinc salt and
later calcined at 623 K (ZH_Zn);

- Copper and zinc oxides supported on modified natural zeolite, obtained from natural
zeolite ion exchanged with ammonium followed by a wet co-impregnation with
copper and zinc salts and later calcined at 623 K (ZH_Zn/Cu);

- Raw fumed silica thermally outgassed at 623 K (FS);
- Copper oxide supported on fumed silica, obtained from fumed silica modified by

single wet impregnation with copper salt and later calcined at 623 K (FS_Cu);
- Zinc oxide supported on fumed silica, obtained from fumed silica modified by single

wet impregnation with zinc salt and later calcined at 623 K (FS_Zn);
- Copper and zinc oxides supported on fumed silica, obtained from fumed silica

modified by wet co-impregnation with copper and zinc salts and later calcined at
623 K (FS_Zn/Cu).

Furthermore, TiO2 (99.9% purity) supplied by Evonik (Nuremberg, Germany) was
mixed with the raw fumed silica at 8% weight and thermally outgassed at 623 K and used
as a benchmark catalyst for comparison (FS_TiO2).

3.3. Characterisation of the Parent Zeolite Support and of the Single and Double Metal
Oxide Catalysts

The parent zeolite support and the single and double metal oxide catalysts supported
on modified natural zeolite were characterized using different analytical techniques. X-ray
powder diffraction (XRD) patterns were obtained using a Bruker Endeavor diffractometer
model D4/MAX-B with a copper cathode lamp (λ = 1.541 Å), operated at 20 mA and 40 kV.
X-ray diffraction patterns were collected with a 0.02◦ resolution from 4◦ to 80◦ and a time
interval of 1 s. The specific surface areas were determined by nitrogen adsorption at 77 K,
using Micromeritics ASAP 2000 equipment (Norcross, GA, USA). Samples were previously
outgassed at 623 K during 2 h under inert flow (70% N2, 30% He). The surface area values
were determined using the single-point surface area method, as described elsewhere [71].
The chemical composition of the parent zeolite support, single and double metal oxide
catalysts supported on modified natural zeolite were determined by X-ray fluorescence
(XRF) using a Rigaku model ZSX Primus II spectrometer. Scanning electron microscopy
(SEM) images were obtained in a Mira L.M.H. microscope operated at 30 kV and 177 μA.
Samples were ground, deposited over a carbon film, and covered with a platinum coat. A
high vacuum (<3 × 10−4 mbar) was established in the microscope before image acquisition.
Transmission electron microscopy (TEM) studies were carried out in a JEOL, JEM 1200 EX-II
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device equipped with a Gatan 782 camera and using an accelerating voltage of 120 kV.
Samples were ground and deposited over a carbon covered mesh for imagery.

In situ IR assays of pyridine adsorption under vacuum were conducted to determine
the concentration and strength of acidic sites present in the parent supports and in the
prepared single and double metal oxide catalysts. Pyridine interactions with Brønsted and
Lewis acid sites were monitored by Fourier transform infrared spectroscopy (FTIR). Sam-
ples were ground to powder and compacted as self-supported pellets of 20 mg and 16 mm
diameter. Pellets were heated inside a thermo-regulated FTIR glass cell to 623 K (heating
rate of 3 K min−1) and activated under high vacuum (<7 × 10−5 mbar) for 12 h. Pyridine
adsorption experiments were carried out at 423 K in a Nicolet 5700 spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) equipped with an MCT/A detector. Spectra were
averaged from 32 consecutive acquisitions obtained in the range from 4000–1100 cm−1 with
a resolution of 4 cm−1, using the OMNIC software V 9.2.86. After adsorption experiments,
thermal-programmed desorption of pyridine was performed under vacuum. FTIR spectra
were collected after heating the pyridine saturated samples from 463 K to 723 K to study
strength of acidic sites. Thus, the percentage of pyridine desorbed at different temperature
ranges from 463 K to 523 K, from 523 K to 623 K, and from 623 K to 723 K are related to
weak, mild, and strong acidic sites, respectively [72].

The amount of Brønsted acid sites (BAS) and Lewis acid sites (LAS), expressed in terms
of μmol of adsorbed pyridine per gram of catalyst, were determined from the integrated
intensity of the absorption bands at 1545 cm−1 and at 1445–1450 cm−1, respectively, using
the commonly used modified Beer–Lambert–Bouguer law (Equation (12)):

A = ε
nPy

S
(12)

where nPy is the number of Py species (in μmol) adsorbed at the acidic site (Lewis or
Brønsted), A is the peak area (in cm−1), and S is the cross-section area of the zeolite disc
(S = 2 cm2). ε is the integrated molar absorption coefficient (in cm μmol−1). The values
for ε were taken from the work of Zholobenko et al. [73], as 1.38 and 1.87 cm μmol−1 for
Brønsted and Lewis acid sites, respectively, in mordenites.

UV-visible light absorption properties of the prepared photo-catalysts were assessed
by UV-Vis DRS spectroscopy. Experiments were carried out in a VARIAN 4000 UV-Vis
spectrophotometer equipped with an integration sphere. Solid samples were located in
the sample holder and spectra were collected in the range from 200–800 nm in absorbance
mode. The optical band gap energy was determined applying the Tauc Plot methodology
by extrapolating the linear part of the vertical region of the curve [41,51].

3.4. Photocatalytic Degradation of Ethylene

Photocatalytic experiments were conducted in a commercial Praying MantisTM DRIFTS
cell (Harrick Scientific, New York, NY, USA) containing a quartz window and set in a JASCO
FT/IR 4700 spectrometer equipped with an MCT/M detector (JASCO International Co.,
Ltd., Tokyo, Japan). Dynamic photocatalytic experiments were performed using 0.08 g of
sample deposited in the DRIFTS chamber. Prior to any experiment, zeolite samples were
activated for 2 h at 623 K (heating rate of 1 K min−1) under vacuum. Irradiation during
photo-catalytic experiments was supplied by a polychromatic light emitted by an LC8 spot
light source (L10852, 200 W) from Hamamatsu Photonics (Shizuoka, Japan). A light guide
from Hamamatsu was placed in the quartz window of the Praying Mantis DRIFTS cell. The
irradiation intensity was measured using a light power meter from Hamamatsu Photonics
(Shizuoka, Japan). The experimental setup used in this study (see Figure 10) was adapted
from one used previously [10].
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Figure 10. Schematic representation of the experimental set-up used for photocatalytic oxidation
of ethylene.

In a typical experiment, a total flow of 25 cm3 min−1 of a gas mixture composed of
80 ppmv of C2H4 and 20,000 ppmv of O2 balanced in argon was continuously supplied over
the sample bed (simulating the atmosphere around stored fruits). For each sample, an ad-
sorption step was initially conducted with the light turned off until saturation was reached.
Once the ethylene saturation was achieved, the light was turned on and the photocatalytic
step was initiated. The temperature of the photocatalytic reactor cell was kept constant at
293 K, using a water jacketed heat exchanger. During the whole experimentation, spectra
were collected as a function of time in the range of 4000–400 cm−1 with a resolution of
1 cm−1 using the spectra manager software V 2.14.02 (JASCO International Co., Ltd., Tokyo,
Japan). At the same time, the concentrations of ethylene and CO2 at the reactor outlet were
monitored on-line by gas chromatography (Perkin Elmer Clarus 500 gas chromatographer,
Waltham, MA, USA) using a flame ionization detector (FID) and a thermal conductivity
detector (TCD), respectively. More detailed information about analytic techniques can be
found elsewhere [10].

Adsorption capacities obtained during the first step (with the light turned off) toward
ethylene using the parent zeolite support. The prepared single and double metal oxide
catalysts supported on modified natural zeolite and fumed silica were determined by the
integration of the breakthrough curves until reaching saturation conditions (Equation (13)),
as follows:

qethylene =
FCin

m

∫ ts

0

(
1 − Cout

Cin

)
dt (13)

where qethylene (μmolethylene g−1) represents the total amount of ethylene adsorbed per gram
of sample, F (cm3 min−1) stands for the gas flow rate, m (g) is the mass of sample inside the
DRIFTS cell, ts (min) is the adsorption time to reach saturation, Cin and Cout (μmol dm−3)
are the inlet and outlet concentrations of ethylene as a function of time, respectively.

The percentage of photocatalytic removal of ethylene obtained during the second
step (with the light turned on) was calculated from experiments at steady state conditions,
taking into consideration the amount of ethylene in the reactor inlet and outlet streams.

4. Conclusions

Modified natural zeolites could be used as support for copper and zinc oxides leading
to efficient photocatalytic oxidation of ethylene. DRIFTS results evidenced a synergistic
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effect of adsorption and photocatalytic oxidation over the catalyst surface. Among the func-
tional groups of zeolite surface, acidic Al-OH-Si bridges are the most influential for ethylene
adsorption. Such surface groups concentrate ethylene molecules near to the photocatalyst
semiconductor nanoparticles of zinc and copper oxides that promote ethylene oxidation
under light irradiation. A photocatalyst based on nanoparticles of zinc and copper oxides
supported o modified natural zeolite provides the highest contribution to photocatalytic
activity toward ethylene oxidation. The increase in light absorption combined with a
reduction in the band gap energy contributes to an enhancement in the photocatalytic
oxidation of adsorbed ethylene. The development of new composite materials comprising
semiconductors supported over zeolite for photocatalytic oxidation of ethylene emissions
from fruit warehouses ought to consider the chemical surface interactions among the com-
bined materials and ethylene. Moreover, further experiments should be performed using
a light source with a wavelength corresponding to visible spectra in order to prove that
better photocatalytic efficiencies are obtained using zeolites modified with copper and zinc
oxide nanoparticles that take the advantage of the visible spectrum of solar radiation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13030610/s1, Figure S1: Nitrogen adsorption/desorption
isotherms at 77 K of parent zeolite support and prepared single and double metal oxide catalysts
supported on modified natural zeolite, Figure S2: Nitrogen adsorption/desorption isotherms at
77 K of fumed silica support and prepared single and double metal oxide catalysts supported on
fumed silica.
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Abstract: The mineral raw Egyptian kaolinite was used as a precursor in the synthesis of two sodalite
phases (sodium sodalite (Na.SD) and potassium sodalite (K.SD)) according to the low alkali fusion
technique. The synthesized Na.SD phase demonstrates enhanced total basicity (6.3 mmol OH/g),
surface area (232.4 m2/g), and ion exchange capacity (126.4 meq/100 g) compared to the K.SD phase
(217.6 m2/g (surface area), 96.8 meq/100 g (ion exchange capacity), 5.4 mmol OH/g (total basicity).
The catalytic performance of the two sodalite phases validates the higher activity of the sodium
phase (Na.SD) than the potassium phase (K.SD). The application of Na.SD resulted in biodiesel yields
of 97.3% and 96.4% after 90 min and 60 min, respectively, while the maximum yield using K.SD
(95.7%) was detected after 75 min. Robust base-catalyzed reactions using Na.SD and K.SD as catalysts
were suggested as part of an operated transesterification mechanism. Moreover, these reactions
exhibit pseudo-first order kinetics, and the rate constant values were estimated with consideration
of the change in temperature. The estimated activation energies of Na.SD (27.9 kJ.mol−1) and
K.SD (28.27 kJ.mol−1) reflected the suitability of these catalysts to be applied effectively under mild
conditions. The essential thermodynamic functions, such as Gibb’s free energy (65.16 kJ.mol−1

(Na.SD) and 65.26 kJ.mol−1 (K.SD)), enthalpy (25.23 kJ.mol−1 (Na.SD) and 25.55 kJ.mol−1 (K.SD)),
and entropy (−197.7 J.K−1.mol−1 (Na.SD) and −197.8 J.K−1.mol−1 (K.SD)), display the endothermic
and spontaneous nature of the two transesterification systems.

Keywords: alkali ions; sodalite; transesterification; kinetics; thermodynamic; mechanism

1. Introduction

The greenhouse effect, environmental side effects of utilizing fossil fuels, depletion of
fossil fuel supplies, and rising crude oil prices exhibit notable negative consequences on the
world economy and the safety of our ecosystem. Therefore, developing and introducing
additional and sustainable energy sources with eco-friendly and renewable properties
are the main concern and interest of researchers, governments, and environmental au-
thorities [1,2]. Generally, biofuels such as biodiesel were assessed in several studies as
clean, low-cost, sustainable, effective, and non-toxic alternative fuels [3]. As a fuel, the
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commonly developed biodiesel products exhibit notable high lubricant properties, viscosity,
and an acceptable flash point (>130 ◦C) [4]. Moreover, as biodiesel products are sulfur
and aromatic-free fuels, they burn cleaner than commercial diesel, giving them significant
environmental value [5,6].

Recently, numerous studies have been introduced to utilize fatty acid methyl esters
(FAMEs) to produce manufactured products such as lubricants [7], stabilizing agents for
polyvinyl chloride [8], plasticizer [9], surfactants, corrosion inhibitors, and water repel-
lents [10,11]; additionally, it can be used for the production of gas, fatty alcohol, and
hydrocarbon, which form the standard raw materials for chemical industries [11]. Chemi-
cally, biodiesel is known as a series of fatty acid methyl esters (FAME) that can be obtained
by the facile transesterification processes of edible or non-edible vegetable oils as well as
animal fats as sources of triglyceride with short-chain alcohols (methyl alcohol or ethyl
alcohol) in the presence of appropriate heterogeneous or homogenous catalysts [12,13].
However, several triglyceride feedstocks were evaluated during the production of biodiesel
(spent oil [14], palm oil [15], virgin cottonseed oil [16], and rubber seed oil [17]. Their
availability, accessibility, cost, and suitability to various climatic conditions are essential
factors to consider during the selection of the feedstock [18]. Therefore, several studies
were introduced in later periods to assess the possible extraction of biodiesel from spent or
waste cooking oil, which can act as low-cost, commercial, and recyclable precursors [19].

Most of the previous studies demonstrated a controlling effect of the incorporated
catalyst on the efficiencies and rate of the transesterification reactions, in addition to the
physical properties of the obtained biodiesel [20]. H2SO4, NaOH, and KOH are common
and effective catalysts for homogeneously catalyzed transesterification reactions, and have
resulted in significant biodiesel yields after acceptable periods and at moderate tempera-
ture values [21,22]. However, homogeneous transesterification is an effective process; it
is associated with huge quantities of toxic effluent as a byproduct, complex separation
processes, and a low recyclability value, which pose several environmental restrictions on
its commercial applications [23]. The reported technical and environmental advantages of
heterogeneous catalysts, which are known as multi-phase catalysts, over homogeneous
catalysts strongly make them an essential part in the generation of biodiesel [24]. These
advantages involve their high reusability, the facile separation process involved, their low
energy consumption, and the fact that it creates no toxic effluents as by-products [25,26].
Therefore, great efforts have been made to introduce new species of effective heterogeneous
catalysts or to enhance the catalytic performances of the commonly used catalysts [3].

Natural and synthetic structures of alkali-enriched (K+, Na+, and Ca2+) aluminosilicate,
especially the zeolite phases, are in a highly recommended class of multi-phase catalysts
in the potential transesterification of various types of vegetable oils as well as their spent
products [13,27]. This is due to their affordable costs, simple production processes, the
availability of their precursors, and their significant physicochemical properties [12,28,29].
The synthetic phases of zeolite display a notable and significant micro-porous structure,
surface area, ion exchangeability, thermal stability, surface reactivity, chemical and crys-
talline flexibility, dispersion properties, and mechanical stability [30–32]. Generally, zeolite
is a crystalline, microporous, and hydrated aluminosilicate material that is enriched in
alkaline earth and/or alkaline ions. Structurally, it consists of SiO4 and Al2O4 tetrahedral
units and their connection by three-dimensional corner oxygen sharing, forming a series of
linked cages with highly ordered structural nanochannels or pores [33,34]. Several types
of synthetic zeolite (sodalite, zeolite-A, cancrinite, zeolite-P, zeolite-Y, and zeolite-X) were
studied as catalysts; they are still part of an active and attractive research area considering
the insufficient studies that were introduced to describe the kinetics and mass transfer
properties of their transesterification catalytic systems [35]. Moreover, several studies
demonstrated notable changes in their morphology as well as their main physicochemical
properties, including their porosity, crystalline degree, surface area, ion exchange capacity,
basicity, and adsorption affinity in terms of the type of the incorporated raw materials
and synthesis conditions (temperature, time interval, degree of alkalinity, and the type of
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alkaline solution) [27,30,36]. Recently, the production of synthetic zeolite phases by alkali
fusion methods followed by a hydrothermal treatment was recommended strongly for the
synthesis phases of zeolite with enhanced stability, crystallinity, basicity, and ion exchange
capacity [37,38].

Based on the previous consideration, the presented study here focuses on the kinetic
and thermodynamic properties of synthetic zeolite-based catalysts in the transesterification
of waste cooking oil. The assessed zeolite phases are two sodalite forms (sodium sodalite
(Na.SD) and potassium sodalite (K.SD)), which were produced from natural Egyptian
kaolinite by the alkali fusion method. The catalytic performances of the two sodalite
phases were determined experimentally and theoretically based on detailed kinetic and
thermodynamic studies considering the types of dominant alkaline ions.

2. Results and Discussion

2.1. Characterization of the Catalysts

The following formation of the zeolite phases, the XRD patterns of the raw kaolinite, as
well as the synthetic samples, were presented in Figure 1.The starting precursor exhibited
the typical pattern of highly crystalline kaolinite with its notable peaks at about 12.3◦
(001), 24.9◦ (002), and 26.6◦ (111) (XRD. No. 04-012-5104). The zeolite samples, prepared
either by using NaOH or by KOH, showed the typical patterns of sodalite (Ref. Code.
04-009-5259) (Figure 1A). The identification peaks of sodalite, which was prepared using
NaOH (Na.SD), were marked at 14.33◦ (110), 24.69◦ (221), 31.84◦ (310), 35◦ (222), 38.2◦ (321),
and 43.09◦ (330) (Figure 1A). Those of the synthetic sodalite prepared using KOH (K.SD)
were marked at 14.48◦ (110), 24.76◦ (221), 31.98◦ (310), 35.09◦ (222), 38.44◦ (321), and 43.22◦
(330) (Figure 1A). The slight deviation in the observed positions of the diffraction peaks of
K.SD, compared to those of Na.SD, reflects the effect of the alkaline ions on the structure
of sodalite considering the ionic radius of these ions (1.94 Å (Na+) and 1.34 Å (K+)) and
the substitution capacity within the zeolite structure. This effect was also made evident
by the average crystallite’s size calculated according to the Scherrer equation (D = 0.9λ/W
cosθ), where W is the full width at half maximum in radians, θ is the Bragg’s angle, and λ is
the X-ray wavelength (CuKα = 0.15405 nm). The synthetic K.SD phase exhibited a smaller
crystallite size (34.2 nm) than the synthetic Na.SD phase did (40.3 nm).

Figure 1. XRD patterns of kaolinite and the synthetic sodalite phases (A), SEM image of Na-sodalite
(Na.SD) (B), and SEM image of K-sodalite (K.SD) (C).
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The formation of the sodalite was confirmed also by the morphological transformation
of the raw kaolinite material from characteristic pseudo-hexagonal flakes into different
forms (Figure 1B,C). The two obtained sodalite phases exhibited notable changes in mor-
phology. While the Na.SD particles showed well-developed spherical grains commonly
separated from each other, the K.SD particles appeared as aggregates of agglomerated
grains with spherical to cubic shapes (Figure 1C).

Moreover, the determined FT-IR spectra reflect the significant change from the kaolinite
structure into the zeolitic tectosilicate structure of sodalite (Figure 2). The spectrum of
kaolinite demonstrates the existence of structural Si-OH (3689 cm−1), structural Al-OH
(3622 and 912 cm−1), adsorbed O-H (1641 cm−1), Si-O (787 and 456 cm−1), Si-O-Al (526 and
680 cm−1), and Si-O-Si (1020 cm−1) as the characteristic chemical groups of natural kaolinite
minerals (Figure 2A) [38]. The estimated spectra of Na.SD and K.SD reveal that there was
considerable shifting in the corresponding bands of the essential aluminosilicate chemical
groups. This strongly signifies the impact of the alkaline alteration processes, which is
associated with significant leaching effects on the structural Si and Al ions in addition to
the remarkable exposure of the active siloxane groups [39]. Moreover, the detected bands
within the range from 630 to 635 cm−1 denote the known symmetric stretching of the
Si-O-Si group of the structural units of zeolite (Figure 2B,C) [40]. The formation of zeolite
was also confirmed by the identified band around 1475 cm−1, which signifies the presence
of trapped zeolitic water within the internal channels of the zeolite structure [41].

 
Figure 2. The FT–IR spectra of kaolinite (A), synthetic Na.SD (B), and synthetic K.SD (C).

The reported changes in the morphology as well as in the chemical and crystalline
structure significantly affected the textural and physicochemical properties of the synthetic
sodalite phases (Table 1). The synthetic Na.SD phase exhibited a higher surface area
(232.4 m2/g), ion exchange capacity (126.4 meq/100 g), and total basicity (6.3 mmol OH/g)
than the determined values of K.SD (217.6 m2/g (surface area), 96.8 meq/100 g (ion
exchange capacity), 5.4 mmol OH/g (total basicity)) (Table 1). While the high surface
area and total basicity of the Na.SD compared to those of the K.SD induced the former’s
catalytic activity, its high ion exchange capacity might have been caused by adverse and
saponification effects during the transesterification reactions.
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Table 1. The textural properties of kaolinite, K.SD, and Na.SD.

Sample Surface Area Total Pore Volume Average Pore Size Cation Exchange Capacity Total Basicity

Kaolinite 10 m2/g 0.072 cm3/g 43.2 nm ———– ———–
K.SD 217.6 m2/g 0.214 cm3/g 9.7 nm 96.8 meq/100 g 6.3 mmol OH/g

Na.SD 232.4 m2/g 0.247 cm3/g 7.4 nm 126.4 meq/100 g 5.4 mmol OH/g

2.2. Transesterification Results
2.2.1. Effect of the Experimental Variables
Effect of Transesterification Intervals at Different Temperatures

The experimental impact of the transesterification duration on the formation rate and
percentages of methyl ester was studied regularly from 15 min up to 120 min. This was
evaluated with consideration of the different values for the transesterification temperature
(40 ◦C up to 80 ◦C) and the fixed values for the other affecting parameters (methanol-to-oil
molar ratio: 12:1 and the catalyst load: 2.5 wt.%) (Figure 3A,B). A satisfactory transesterifi-
cation duration is essential to ensure the effective interaction and miscibility between the
different reactants, and doing so turn achieved the best conversion rate and efficiency [42].
Therefore, the short intervals observed in the K.SD and Na.SD transesterification systems
were associated with poor homogeneity, low miscibility, and high mass resistance in the
conversion systems [13,43]. This resulted in the notably low conversion rates of TG into
FAME during the initial intervals of the reactions at all the investigated temperature values,
either in the presence of Na.SD or K.SD (Figure 3A,B). Consequently, expanding the reac-
tion duration at a significant rate prompts the miscibility properties in the system, which
enhances the formation percentages of FAME. This can be observed up to certain intervals
at which the used Na.SD (90 min) and K.SD (75 min) achieved their best catalytic activities
in terms of the determined yields (Figure 3A,B). Beyond the previously mentioned intervals,
the Na.SD- and K.SD-based transesterification systems showed a considerable decrease in
the quantities of the produced FAME regardless of the temperature. This adverse effect was
attributed to the reversible nature of the methanolysis processes in addition to the expected
acceleration of some of the side reactions, which include the re-dissolving of the existing
glycerol into alcohol [12,42].

The experimental influence of the transesterification temperature on the activity of the
K.S D and Na.SD catalysts was assessed experimentally from 40 ◦C to 80 ◦C based on the
measured yields of FAME (Figure 3A,B). The measured FAME and the total yields accel-
erated strongly with the increase in the transesterification temperature up to 70 ◦C, using
both Na.SD (94.8% yield) and K.SD (88.6% yield), which is close to the reported boiling
point of the methyl alcohol (Figure 3A,B). This demonstrates that the transesterification
processes were endothermic reactions and that their threshold kinetic energies enhanced
the mass transfer properties within the system between the different reactants [44–46]. The
significant loss in the methanol content as a result of its evaporation from the system during
the conduction of the tests up to 70 ◦C had significant adverse impacts on the efficiency of
the production of FAME [47].

The determined yields of FAME as well as the recognized catalytic properties of Na.SD
and K.SD as functions of the assessed factors (temperature and reaction duration) validate
the significant differences between the two sodalite phases in their catalytic activities. The
sodium-rich phase (Na.SD) exhibited higher catalytic properties than the potassium-rich
phase (K.SD) did at lower intervals. This was credited to the determined high basicity and
surface area of the Na.SD compared to the K.SD, which reflect the significant effect of the
species of the used alkaline solutions on the synthesis of the sodalite catalyst.
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Figure 3. The effect of (A) the transesterification duration in different temperature conditions on
the catalytic activity of Na.SD, (B) the transesterification duration on the catalytic activity of K.SD,
(C) the effect of the catalyst loading of Na.SD on the obtained biodiesel yield, (D) the effect of the
catalyst loading of K.SD on the obtained biodiesel yield, (E) the methanol-to-oil molar ratio, and
(F) the recyclability properties of Na.SD and K.SD as heterogeneous catalysts.

Effects of the Catalysts Dosages on FAME Yield

The impact of the Na.SD and K.SD dosages on the efficiency of the production of FAME
was studied from 1.5 wt.% up to 4.5 wt.%. This was evaluated with consideration of the
different values of the transesterification duration (15 min up to 120 min) and of the fixed
values of the other affecting parameters (methanol-to-oil molar ratio: 12:1 and temperature:
70 ◦C). Considering the best identified transesterification durations in the presence of
Na.SD (90 min) and K.SD (75 min), the incorporated dosages of them exhibited a notable
enhancement of the produced FAME as well as of the rate of the production of FAME
(Figure 3C,D). This was detected within the assessed range from 1.5 wt.% (79.7% yield
(Na.SD) and 60.2% yield (K.SD)) to 3.5 wt.% (96.8% yield (Na.SD) and 91.4% yield (K.SD))
(Figure 3C,D). The incorporation of Na.SD and K.SD at satisfactorily high dosages were
associated with a significant enhancement of the availability of the effective catalytic sites
as well as of the interactive interfaces between the catalyst grains and the liquid phases [44].
This resulted in the reported enhancement of the generation quantities of FAME as well
as of the actual transformation rates of triglycerides. However, the conducted tests in the
presence of a dosage of 4.5 wt.% of both Na.SD and K.SD demonstrated observable adverse
effects on the quantities of formed FAME (Figure 3C,D). This was reported in the literature
as a result of the negative impacts of the presence of dosages beyond the threshold in the
system on the viscosity, homogeneity, and mass transfer resistance between the spent oil,
methanol, the sodalite particles as reactants [20,48,49].

Effect of Methanol-to Oil Molar Ratio

The molar ratio of methyl alcohol to triglyceride content is a crucial parameter that
controls the efficiency of the generation of biodiesel during the conversion of the incor-
porated spent cooking oil [1,50]. According to stoichiometry, the best transesterification
efficiency can be achieved by the successful reaction between 3 moles of methyl alcohol
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and 1 mole of triglyceride, which normally results in 3 moles of FAME in addition to
1 mole of glycerol [47]. According to Lee Chatelier’s concept, the alcohol content in the
systems should be preserved at levels higher than the reported stoichiometric value to keep
the reaction progressing in the forward direction and to avoid the reversible properties
of such transesterification processes [1,44]. The actual impact of the molar ratio of the
alcohol to the oil on the Na.SD and K.SD transesterification systems were studied from
10:1 to 15:1 (Figure 3E). This was evaluated with consideration of the best values of the
other affecting parameters obtained from the previously mentioned tests (sodalite dosage:
3.5 wt.%; temperature: 70 ◦C; and duration time: 90 min (Na.SD) and 75 min (K.SD)).

The efficiency of the production of FAME as well as the rate of its production were
enhanced notably in terms of the increase in the adjusted molar ratio of the used alcohol
up to 13:1 either in the presence of Na.SD (97.3%) or K.SD (95.7%) (Figure 3E). An excess
in methanol within the recommended stoichiometric levels significantly enhances the
miscibility properties of the system by reducing the viscosity as well as the mass transfer
resistance [50]. Furthermore, high methanol ratios exhibit remarkable acceleration effects on
the collision or the interaction processes between the triglycerides as dissolved molecules
and the surface of the sodalite solid particles [44]. However, this was detected up to
a certain ratio (14:1) in the experiment, and then the excess in the used alcohol caused
observable adverse properties that resulted in low FAME yields, especially at the highest
level of the adjusted methanol/oil ratio (15:1) (94.8% (Na.SD) and 91.6% (K.SD)) (Figure 3E).
This reversible effect was documented in previous studies and was illustrated as being a
result of the predicted re-dissolving of the glycerol molecules within the excess methanol
beyond the stoichiometric levels. This negatively affected the balance between the biodiesel
and glycerol in the transesterification reaction and effective phase separation, causing
reversible reactions [13,51]. Moreover, the free alcohol molecules might create deactivation
effects on the essential active catalytic chemical groups of the sodalite particles. Also, this
might be associated with the significant conversion of them into non-preferred emulsifier
centers after the expected inversion of the polar groups [52,53].

Recyclability of Na.SD and K.SD Catalysts

The stability and recyclability potentials of the prepared Na.SD and K.SD phases as
solid heterogeneous catalysts were studied as critical parameters during the assessment
of the products for realistic and commercial applications. The extracted Na.SD and K.SD
particles after the transesterification processes were washed firstly with methanol as a com-
mon solvent of adsorbed organic molecules (fatty acid and glycerol) on their surfaces. This
step was repeated for five runs, each run taking about 10 min, and then the particles were
washed with distilled water for 15 min. After the washing step, the obtained Na.SD and
K.SD were dried at 80 ◦C for about 12 h and then re-used again in a new transesterification
test. All the recyclability tests were adjusted to the experimentally detected best values
(sodalite dosage: 3.5 wt.%; temperature: 70 ◦C; methanol/oil ratio: 13:1; and duration time:
90 min (Na.SD) and 75 min (K.SD)) (Figure 3F).

Based on the measured results, Na.SD showed considerable recyclability properties
and stability as an incorporated basic catalyst in the heterogeneous catalytic transesterifica-
tion systems compared to K.SD considering the number of runs (5 runs) in which it was
reused. In terms of the reusability of Na.SD, it reflected its ability to obtain FAME yields
beyond 97% after two runs, beyond 95% after three runs, and above 89% after five runs
(Figure 3F); additionally, the reusability properties of K.SD allowed it to obtain FAME yields
higher than 95% and 92% after two and three runs, respectively, yet it is accompanied by a
noticeable decrease at the fifth run, with a FAME yield of 83% (Figure 3F). The observable
dwindling in the FAME yield and the activities of both the Na.SD and K.SD with the regular
repetition of the reusing runs might be credited to the expected leaching of some of the
exchangeable Na+ and K+ ions within the structure of sodalite during the washing and
transesterification processes [32,54]. Furthermore, the over-accumulation of glycerol on the
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surfaces of their particles might have negatively affected the exposure of the active sites
and might have deactivated them as active centers [12].

2.2.2. Physical and Chemical Properties of The Obtained Biodiesel

Both the ASTM D-6751 and EN 14214 biodiesel international standards were used to
assess the physical qualifications of the biodiesel products obtained by the Na.SD and K.SD
transesterification systems to be used as safe and suitable biofuel (Table 2). According to the
presented criteria, the products by obtained both the Na.SD and K.SD exhibited acceptable
viscosity and density for their use directly as suitable fuel. Additionally, the cetane index of
the two biodiesel products is more than 45, signifying that their combustion quality and
ignition delay time are acceptable for their use as effective and safe fuels in engines [13].
The determined flashpoint values as well as the calorific values of two biodiesel products
validate the significant safety of their properties, as commercial products, for their handling
and transportation, which is in agreement with the low values of the measured pour and
cloud points (Table 2).

Table 2. The physical properties of the biodiesel products using Na.SD and K.SD catalysts.

Contents ASTM D-6751 EN 14214 Na.SD K.SD

Viscosity (mm2/s) 1.9–6 3.5–5 3.72 3.24
Moisture content (wt.(%)) <0.05 <0.05 0.041 0.032

Flash point (◦C) >93 >120 134.2 129.8
Calorific value (MJ/kg) ——– >32.9 37.4 36.5

Cloud point (◦C) −3 to 15 ——– 5.7 5.33
Pour point (pp) −5 to 10 ——– 6.2 5.7
Cetane number ≥47 ≥51 54.3 52.5
Density (g/cm3) 0.82–0.9 0.86–0.9 0.87 0.84

Acid value (Mg/KOH/g) ≤0.5 ≤0.5 0.42 0.37

The determined species of the formed esters, according to the GC-MS analysis, demon-
strated the existence of oleic acid, palmitoleic acid, and linoleic acid methyl esters as the
dominant phases of the generated fatty acid methyl esters (FAME) (Table S1). Moreover,
other phases were detected but at small percentages, such as myristic acid, palmitic acid,
eicosanoic acid, stearic acid, caprylic acid, and behenic acid methyl esters (Table S1).

2.2.3. The Suggested Mechanism

By considering the differential spectra of the fresh Na.SD and K.SD as well as their used
products after the performed experiments, their effective transesterification mechanisms
can be illustrated. The notable observation of the identified FT-IR bands of the CH2 aliphatic
group as well as of the ester carbonyl group in the spectra of the used products validates the
considerable adsorption of triglyceride molecules by the active sites of both Na.SD and K.SD.
The non-detection of any bands related to the formation of sodium or potassium methoxides
suggested no effects of the interaction between the active sites of the two sodalite phases
and the methanol molecules on their mechanistic behaviors during the transesterification
processes [12]. Therefore, it is suggested here that the transesterification on the surfaces
of the Na.SD and K.SD initiated significant interactions between the basic alkali bonds
of the sodalite structures (Na-O and K-O) and the triglycerides of the transformed oil
(Figure 4) [44]. This suggestion is supported by the previously identified CH2 aliphatic
and ester carbonyl groups [55,56]. The previous step was followed with surface interaction
processes between the triglyceride molecules and the alcohol molecules at the active
functional sites on the surfaces of the Na.SD and K.SD (Figure 5). During this interaction,
the position of the O in Na-O and K-O was substituted with the methoxide molecules
(CH3O-), forming fatty acid methyl ester. After that, the effective capturing of the hydrogen
ions from the system by the starting glycerol backbone resulted in the formation of stable
glycerol molecules that desorbed immediately from the surfaces of the Na.SD and K.SD
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(Figure 4) [1]. This caused the evacuation of the effective active catalytic centers and their
transformation into free sites for new runs of triglyceride interaction. Considering the
previously reported mechanistic steps, the high surface area and total basicity of the Na.SD
accelerated the transesterification rate at a higher efficiency compared to K.SD, reflecting
the significant impacts of the used types of alkali on the procedures of the synthesis of
sodalite from kaolinite as well as on the applied synthesis methodology.

 

Figure 4. Schematic diagram of the transesterification of waste cooking oil into biodiesel using the
synthetic Na.SD and K.SD catalysts.

Figure 5. Results of the fitting of the biodiesel yields of Na.SD and K.SD with the pseudo-first-order
kinetic model (A,B), with the Arrhenius equation (C), and with the Eyring–Polanyi equation (D).
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2.2.4. Kinetics and Thermodynamics

The kinetic and thermodynamic functions of the Na.SD- and K.SD-based transes-
terification systems as well as their significance were evaluated based on the reported
procedures in Section 2. The essential kinetic functions that were investigated in this study
were the activation energy and reaction rate constant, while the obtained thermodynamic
functions were the activation entropy, activation enthalpy, and Gibb’s free energy.

Kinetic Studies

The Reactions Rate Constants

The rate constant (Kc) values of the occurred transesterification reactions based on
the Na.SD and K.SD systems were obtained as mathematical parameters for the linear
regression relations between -ln (1-X) vs. the reaction duration in min (Figure 5A,B).
This was assessed with consideration of the experimental range of temperatures from
40 ◦C to 70 ◦C and the duration range from 15 min to 75 min after the fixation of the other
factors (methanol-to-oil molar ratio: 12:1 and the catalyst load: 2.5 wt.). The fitting processes
demonstrated the pseudo-first-order kinetic properties of the reactions that occurred during
the conversion of waste cooking oil based on the Na.SD and K.SD transesterification systems
with considerably high determination coefficients (R2 > 0.87) (Figure 5A,B). This kinetic
behavior validates the occurrence of the reaction according to the three significant steps of
adsorption, surface interaction, and desorption progressive processes that are in notable
agreement with the obtained findings of the FT-IR analysis of the used Na.SD and K.SD
particles [29,42]. The observable increases in the theoretically estimated values of the Kc
according to the temperature of the tests exhibited notable agreement with the observed
experimental behaviors, including the positive influence of the temperature on the catalytic
systems of the Na.SD and K.SD (Table 3). Moreover, the Kc values of the reactions that
occurred in the presence of Na.SD were higher than those of the accomplished reactions in
the presence of K.SD, validating the higher catalytic activity of the sodium sodalite phase.

Table 3. The estimated values of the determination coefficient and rate constant of the pseudo-first-
order kinetic model.

Catalyst Temperature (◦C) Kc (min−1) (R2)

Na.SD

40 0.01723 0.97813
50 0.01958 0.99603
60 0.03666 0.99031
70 0.0397 0.99457

K.SD

40 0.01214 0.97264
50 0.02143 0.871
60 0.02386 0.9912
70 0.03353 0.97781

The Reaction Activation Energy and Pre-Exponential Values

The regression relations between the rate constants and the values of 1/T previously
estimated according to the Arrhenius equation were used to estimate the values of the
activation energy (Ea) of the transformation reactions of the spent oil in the Na.SD and
K.SD transesterification systems (Figure 5C; Table 4). The calculated activation energies
during the transesterification processes in presence of the Na.SD and K.SD catalysts were
27.9 kJ.mol−1 and K.SD 28.27 kJ.mol−1, respectively, while the obtained pre-exponential
factors for the occurred reactions by Na.SD and K.SD were 758.94 min−1 and 688.33 min−1,
respectively (Table 4). It was reported that the transesterification systems that exhibit low
activation energy were characterized by low energy barriers and could achieve signified
yields and efficiencies at low to moderate operating temperatures [57]. Regarding the
pre-exponential factor, the system which showed high values exhibited enhanced collision
properties and enhanced chances of interaction between the different reactants and the
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exposed active catalytic centers of sodalite, and this in turn induced the methylation of
the triglyceride molecules. This, in addition to the previously mentioned physicochemical
properties, illustrates the higher catalytic activity of Na.SD compared to K.SD.

Table 4. The activation energy and pre-exponential values of the performed transesterification
reactions using Na.SD and K.SD.

Parameters Na.SD K.SD

Slope −3.36 −3.40
Intercept 6.63 6.534

Determination coefficient (R2) 0.848 0.907
Activation energy (ΔE*) (kJ.mol−1) 27.9 28.27
Pre-exponential value (A) (min−1) 758.94 688.33

The Thermodynamic Functions (Enthalpy, Entropy, and Gibb’s Free Energy)

The main thermodynamic functions of the Na.SD- and K.SD-based transesterification
reactions were obtained as mathematical theoretical parameters of the fitting results with
the Eyring–Polanyi equation with consideration of the linear regression relations between
ln (Kc/T) and 1/T (Figure 5D, Table 5). Based on the notable positively signed values
of enthalpy (ΔH*) (25.233 kJ.mol−1 (Na.SD) and 25.55 kJ.mol−1 (K.SD)) and Gibb’s free
energy (ΔG*) (61.9–67.836 kJ.mol−1 (Na.SD) and 61.93–67.87 kJ.mol−1 (K.SD)) validate the
spontaneous and endothermic behaviors of the two transesterification systems (Table 5).
Moreover, the negatively signed entropy (ΔS*) values of both Na.SD (−197.7 J.K−1.mol−1)
K.SD (−197.8 J.K−1.mol−1) reflects a considerable reduction in the randomness of the
reactions that occurred with the elevation in the transesterification temperature.

Table 5. The estimated thermodynamic functions of Na.SD and K.SD transesterification systems.

Thermodynamic Parameters Na.SD K.SD

Slope −3.03508 −3.0734

Intercept −0.16003 −0.25768
R2 0.81843 0.88793

ΔH* (kJ. mol−1) 25.233 25.55
ΔS* (J.K−1.mol−1) −197.7 −197.8

(ΔG*) (kJ. mol−1)

40 ◦C
50 ◦C
60 ◦C
70 ◦C

61.905
63.882
65.859
67.836

61.936
63.914
65.892
67.87

2.2.5. Comparison Study

The catalytic activities of both Na.SD and K.SD were compared with other assessed
basic heterogeneous catalysts in terms of the determined yields in certain experimental
conditions. The assessed synthetic sodium and potassium sodalite phases obtained by the
low-temperature alkaline fusion of natural kaolinite exhibited higher activity than several
investigated products did, these products including synthetic apatite, nickel oxide-based
catalysts, Cs modified silica, CaO, CaO/SiO2, and kettle limescale (Table 6). Moreover,
these results suggest that the alkaline fusion synthesis of sodalite using NaOH, rather
than KOH, should be recommended to obtain a more effective catalyst that can achieve
promising yields within reasonable time intervals in the presence of low solid dosages and
low alcohol content.
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Table 6. Comparison between the obtained biodiesel yield using Na.SD and K.SD catalysts and other
catalysts in the literature.

Catalyst Time
Temperature

(◦C)
Methanol/Oil

Ratio
Dosage (wt.%) Yield (%) References

CaO/SiO2 3 h 65 21:1 11 90.2 [58]
Kettle lime scale 15 min 61.7 3:1.7 8.9 93.4 [59]

Zeolite Na-X 8 h 65 6:1 3 83.5 [60]
CaO 3 h 65 20:1 5 95 [61]

Cesium modified
silica 3 h 65 20:1 3 90 [62]

Ni/Fe carbonate-
fuorapatite 2 h 70 8:1 10 97.5 [63]

Coconut coir husk 3 h 130 12:1 10 89.8 [64]
Diatomite/CaO/MgO 2 h 90 15:1 6 96.4 [50]

Ni/NiO@
Diatomite 117 min 63.7 11.6:1 4 93.2 [20]

Na.SD 90 min 70 13:1 2.5 97.3 This study
K.SD 75 min 70 13:1 2.5 95.7 This study

3. Experimental Work

3.1. Materials

The kaolinite powder that was used as a precursor was delivered from the Central
Metallurgical Research & Development Institute in Egypt after gentle beneficiation steps.
NaOH scales (97%; Alfa Aesar, Egypt) as well as KOH pellets (90%; Sigma-Aldrich, Egypt)
were used as the sources of the main alkaline ions during the alkali fusion of kaolinite.
The spent cooking oil sample tested during the operated transesterification experiments
represented a mixture of different commercial samples, which were obtained from different
local restaurants. The composition of the incorporated spent cooking oil sample is detailed
in Table S2.

3.2. Synthesis of Sodalite Catalysts

The two sodalite phases of sodium sodalite and potassium sodalite were obtained
by the alkali fusion of the kaolinite, followed by a gentle hydrothermal alteration step.
The kaolinite precursor was mixed in separate experiments with NaOH and KOH with
consideration of the weight ratio at 1(kaolinite): 2(alkali hydroxide), and then the resulting
mixtures were fused gently at 200 ◦C for 4 h. The fused products were ground carefully, and
about 6 g of each fused product (NaOH/kaolinite and KOH/kaolinite) was homogenized
within 100 mL of distilled water at an adjusted temperature of 70 ◦C while stirring for
2 h. This step was followed by the hydrothermal alteration of the mixtures at 90 ◦C for
4 h after transferring them into two Teflon-lined stainless steel reactors. By the end of the
alteration interval, the reactors were cooled down and the synthesized sodalities fractions
were separated from the residual alkaline solutions. Finally, the products were neutralized
and washed from the excess alkali ions, dried (85 ◦C overnight), and labeled as Na.SD
(sodium sodalite) and K.SD (potassium sodalite) (Figure 6).

3.3. Characterization Techniques

A transformation of the kaolinite into sodalite zeolite phases occurred, as revealed
by the X-ray diffraction patterns determined using an X-ray diffractometer (PANalytical
(Empyrean)) within the 5◦ to 70◦ determination range. The predicted changes in the
chemical groups followed, as revealed by their FT-IR spectra, which were measured by a
Fourier Transform Infrared spectrometer (Shimadzu FTIR−8400S) with a frequency range
from 400 up to 4000 cm−1. A scanning electron microscope (Gemini, Zeiss-Ultra 55) was
used to determine and describe the morphological features of the raw and synthesized
products based on the SEN images obtained at an accelerating voltage of 30 kV. The
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basicity properties were illustrated based on the determined values of the K.SD and Na.SD
according to the reported methods by [33]. The ion exchange capacities of both the Na.SD
and K.SD, as essential parameters in the transesterification processes, were measured by
the BaCl2 technique according to the reported procedures by [34]. The textural studies were
assessed according to the BET surface area and porosity of the two sodalite phases, which
were revealed by the adsorption/desorption isotherm curves obtained using the Beckman
Coulter surface area analyzer (SA3100 type).

 

Figure 6. Schematic diagram of the synthesis procedures of Na.sodalite and K.sodalite.

3.4. Transesterification System

Stoichiometrically, each mol of triglyceride can be transesterified with three mol of
methanol, producing one mol of pure glycerol and three mol of fatty acid methyl ester
(FAME) (biodiesel). According to the previous stoichiometric base, the transesterification
of the investigated spent oil sample was accomplished within a considerable experimental
range for the incorporated reactants and operating conditions to attend to the appropriate
ratios. All the performed reactions between the incorporated reactants were carried out in a
specific reactor, the Teflon autoclave (150 mL), which was attached with a digital magnetic
stirrer and hot plate to control the homogenization degree and the temperature according
to the selected values. The main variables that were investigated during the study were the
methanol molar ratio, sodalite loading, transesterification duration, and temperature, and
the best obtained value of each test was considered during the operation of the next test.

The experimental procedures that were followed during the tests involved, firstly, the
careful and effective filtration of the collected spent oil samples to get rid of the tough
suspensions. Then, a certain volume of the filtrated oil sample was heated directly at 100 ◦C
for 20 min to get rid of the present water molecules and to avoid the side effects of humidity.
After cooling the heated oil sample, the sodalite catalysts (Na.SD and K.SD) were mixed
separately with the oil at a certain dosage for 50 min followed by a gradual increase in the
operating temperature up to a certain value according to the experimental design. This step
is associated with the controlled incorporation of the methanol at an adjustable volume
according to the pre-calculated molar ratio to the oil sample for a certain transesterification
interval. By completing the reaction duration, the Na.SD and K.SD particles were separated
by centrifugation from the liquid phases (biodiesel + glycerol) and were then separated
from each other by a glass separating funnel. Then, the obtained sample was left for an
additional 24 h to confirm the complete separation of the glycerol content, and this was
followed by heating the sample for 3 h at about 70 ◦C to certify the effective evaporation
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of the rest of the methanol molecules. After that, the quantities as well as the types of the
formed FAMEs were determined by gas chromatography coupled with a mass spectroscopy
unit (GC-Mass) instrument (Agilent 7890A). The determined values were applied in the
direct calculation of the experimentally obtained biodiesel yield (Equation (1)).

Biodiesel yield (%) =
(wieght of biodiesel) × % FAME

weight of triglycerides
× 100 (1)

3.5. Analysis of the FAME Samples

The types, as well as the quantities of the formed fatty acid methyl esters during the
transesterification reactions using both N.SD and K.SD, were measured by gas chromatog-
raphy coupled with a mass spectroscopy unit (GC-Mass) instrument, Agilent-7890A. All the
measurements were conducted with the existence of n-hexane as a non-polar solvent of the
FAME molecules and methyl heptadecanoate (1 μL) as an analytical internal standard. The
Agilent-7890A series gas chromatography system used was coupled with a flame ionization
detector, split/splitless injector, and capillary column (DB WAX (30 m × 0.25 m × 0.25 μm))
saturated with a hydrogen carrier and with a 100:1split proportion. During its operation,
the working temperature of the detector as well as the injector was maintained at about
280 ◦C, while the temperature of the oven was adjusted firstly to 120 ◦C and then raised up
to 260 ◦C at an accelerating rate of 10 ◦C/min.

3.6. Kinetics Studies

The kinetic properties of the Na.SD and K.SD transesterification-based systems were
observed within various intervals from 15 min up to 120 min and within an experimental
temperature range from 40 ◦C until 70 ◦C with consideration of the other experimen-
tal conditions at certain values (catalyst dosage = 2.5 wt.% and methyl alcohol/spent
oil molar ratio = 12:1). The transesterification process involves three essential consecu-
tive reversible reactions and all of them include reactions between triacylglycerol- (TG)
and methyl-producing diacylglycerols (DG*) (Equation (2)), monoacylglycerols (MG*)
(Equation (3)), and fatty acid methyl esters (FAME) in addition to glycerol (GL)
(Equation (4)) [65]. These reactions reflect the neglected impacts of the transesterifica-
tion intermediates on the efficiency of the process as the FAMEs molecules can be produced
directly during the reaction between the triglycerides and methyl alcohol. Therefore, the
overall transesterification of triglycerides can be represented by one step according to
Equation (5) [66]. Stoichiometrically, each mol of TG, DG*, and MG* react with one mol of
alcohol (R-OH) to produce only one mol of GL and 3 mol of FAME [67].

TG + R − OH � DG∗ + FAME (2)

TG + R − OH � MG∗ + FAME (3)

TG + R − OH � GL + FAME (4)

TG + 3R − OH � GL + 3FAME (5)

This assumption was suggested based on four essential parameters as follows: (A) the
incorporated main reactants of triglycerides, methanol, and solid catalyst particles is dis-
tributed homogenously within the system, (B) the possible occurrence of reverse reactions
as well as the changes in the catalyst dosage can be neglected by adjusting the catalyst
dosage at an appropriate amount, (C) the incorporated concentration of the methyl alcohol
is assumed to be almost constant throughout the transesterification reaction, and (D) the
generated intermediates during transesterification reactions are ignored. According to
the reported mechanistic steps in the literature, the formation of the FAME by the hetero-
geneous solid catalyst involves (1) the adsorption of triacylglycerol by the active sites of
sodalite as the initial step, (2) a surface reaction between the adsorbed molecules and active
catalytic sites, and finally, (3) the desorption of glycerol [43].
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3.6.1. Adsorption of Triglyceride by Active Sites of Sodalite

The transesterification efficiency of the adsorbed triacylglycerol molecules on the
surfaces of both the Na.SD and K.SD as incorporated heterogeneous catalysts and the
resulting fatty acid methyl esters are affected by the methanol content rather than by the
concentrations of the triglycerides. This process depends essentially on the adsorption of
significant quantities of TG molecules on the surfaces of both Na.SD and K.SD according
to Equation (6), using the values of the free active catalytic sites (S) and the adsorbed
quantities of TG (TG.S). Furthermore, the transesterification rate law can be expressed
by Equation (7).

TG + S � TG.S (6)

rad = Ka[TG][S]− (K−a[TG.S]) (7)

3.6.2. Surface Reaction

This step involved significant reactions between the adsorbed TG and the alcohol
molecules, where the TG molecules were affected by the nucleophilic attack of a methoxy
group (CH3O-) forming a series of different species of fatty acid methyl esters in addition
to the glycerol byproducts. The high affinity of the remaining free sites to the produced GL
molecules causes the facile and significant diffusion of the AME molecules according to
Equation (8), which uses the quantities of the GL molecules (GL.S) adsorbed by sodalite,
and the rate of this surface reaction can be represented by Equation (9) [44].

R − OH + TG � GL.S + FAME (8)

rs = Ks[R − OH][TG.S]− (K−s[GL.S][FAME]) (9)

3.6.3. Desorption of Glycerol

The release behavior of the adsorbed GL molecule (GL.S) can be determined according
to Equation (10), and the rate law of this reaction can be represented by Equation (11).
Based on this equation (Equation (10)) and the other representative equations of the mech-
anistic steps of transesterification (adsorption and surface reaction), the three steps can
be represented by a general equation (Equation (12)) using the total quantities of the free
active sites (Stotal). Based on Equation (12), the rate of the surface reaction was modified, as
in Equation (13), according to the values of the Stotal instead of those of the TG.S and GL.S.

GL.S + GL � S (10)

rd = Kd[GL.S][S]− (K−d[GL] [S]) (11)

[TG.S].[Stotal ] = [S] + [TG.S] + [GL.S] (12)

rs = Ka.Ks[Stotal ]([TG][R − OH]− [GL][R − COOCH3]/Kc)/(1 + KA [TG] + [GL]/Kd) (13)

The final representative equation of the general transesterification reaction rate is
represented by Equation (14), which uses the rate constant (Kc) of the reaction, which was
estimated according to Equation (15). The general reaction rate equation (Equation (14))
was presented with consideration of four essential factors, these being (1) the fact that the
desorption of GL occurred at a higher rate than its adsorption did, (2) that both the Ka [TG]
and [GL]/Kd exhibited values equal to zero, (3) that the concentration of the incorporated
alcohol [R-OH] was higher than the present TG, and (4) that Stotal values were constant
for the studied heterogeneous catalyst. Using the variation in the TG content within the
studied system from the start of the reaction ([TG]0) up to a certain time interval ([TG]t),
the equation can be modified to the presented form in Equation (16). The methyl ester
conversion (X(FAME)) can be derived from the mass balance by Equation (17) and subse-
quently, Equation (18). The integration of the representative equation of the reaction rate
as a function of the methyl ester conversion (X(FAME)) resulted in the final equation of the
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system (Equation (19)). Therefore, the conversion efficiency as well as the transesterification
rate were affected only by the availability or concentrations of TG molecules, suggesting
only pseudo- first-order kinetic behavior [1].

rs = d[TG]/dt = Kc[GL] (14)

Kc = Ka × Ks × [R − OH] × [Stotal ] (15)

− ln([TG]t/[TG]0) = Kc × t (16)

X(R−COOCH3)
= 1 − ([TG]t/[TG]0) (17)

[TG]t = [TG]0 ×
(

1 − X(FAME)

)
(18)

− ln(X(R−COOCH3)
) = Kc × t (19)

3.7. The Activation Energy (Ea) and Thermodynamic Functions

The Arrhenius equation (Equation (20)) was used to estimate the activation energies
(Ea) of the preformed transesterification reactions in the presence of both Na.SD and K.SD as
heterogeneous basic catalysts. The values of Ea were obtained as mathematical parameters
for the performance of the linear regression fitting processes of ln (Kc) versus the reciprocal
values of the experimental activation temperature (1/T), where the slope indicates the Ea
values and the intercept reflects the pre-exponential value (ln (A)).

Kc = A exp (−Ea/RT) (20)

3.8. The Thermodynamic Functions

The thermodynamic functions of the transesterification systems of Na.SD and K.SD
that occurred were determined based on the Erying–Polanyi equation (Equation (21)).
The included symbols, R, K, h, and Kb, identify the universal gas constant, rate constant,
Planck’s constant (6.626176 × 10−34 Js), and Boltzmann constant (1.3806 × 10−23 K−1). The
enthalpy (ΔH*) and entropy (ΔS*) values were obtained as parameters of the preformed
linear regression plotting of ln (K/T) vs. (1/T) the slope (-H*/ΔRT) and intercept. However,
the Gibbs free energy (ΔG*) was calculated using Equation (22).

ln(K/T) = −(ΔH∗/RT) + ln(Kb/h) + (ΔS∗/R) (21)

ΔG∗ = ΔH∗ − TΔS∗ (22)

4. Conclusions

Two sodalite forms, the sodium-rich form (Na.SD) and potassium-rich form (K.SD),
were prepared successfully by the low-temperature alkali fusion of kaolinite as potential
basic catalysts in the fabrication of biodiesel by transesterification reactions. The Na.SD
form confirms the considerable enhancement of catalytic activity and of the essential
physicochemical parameters (total basicity: 6.3 mmol OH/g and surface area: 232.4 m2/g)
compared to K.SD (total basicity: 5.4 mmol OH/g and surface area: (217.6 m2/g). The
best yield obtained by using Na.SD, this being 97.3%, was maintained at 70 ◦C, with a
13:1 methanol: oil molar ratio and at a dose of 2.5 wt.% for 90 min, while the best yield
thatwas obtained by K.SD was 95.7%, which was maintained at 70 ◦C with a 13:1 methanol:
oil molar ratio and a dose of 2.5 wt.% for 75 min. Furthermore, the two catalyst showed
enhanced recyclability during the four run;, the fifth run of Na.SD showed a slight decrease
in the FAME yield to 89%, yet the fifth run of K.SD showed a remarkable decrease to
83%. The kinetic properties (pseudo-first order kinetics) reflected the operation of the
transesterification processes according to the progressive steps of adsorption, surface
reaction, and desorption. The activation energies of the two transesterification systems as
well as the thermodynamic functions (Gibb’s free energy, enthalpy, and entropy) signify
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the endothermic and spontaneous catalytic reactions that occur when using Na.SD and
K.SD in addition to their significant performances under the low-temperature conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13030462/s1, Table S1. The determined fatty acid methyl
esters in the obtained biodiesel sample over N.SD. Table S2. the Fatty acid content and physical
properties of the inspected spent oil
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Abstract: A facial one-step synthesis procedure was applied to prepare porous sponge-like ceria
(CeO2). The synthesis was performed by mixing cerium nitrate with citric acid, followed by thermal
treatment. The produced solid material was characterized by several techniques, such as XRD,
SEM, N2 sorption measurement, DR-UV-vis, and Raman spectroscopy. The characterization data
showed that the nanoparticles of the porous ceria were formed with a three-dimensional pore
system. Moreover, the measured surface area of the porous sample was eight times higher than the
commercially available ceria. The photocatalytic performance of the porous ceria was investigated
in two different applications under visible light illumination. The first was the decolorization of a
methyl green aqueous solution, while the second was the photocatalytic elimination of a gaseous
mixture consisting of five short-chain hydrocarbons (C1–C3). The obtained results showed that the
photocatalytic activity of porous ceria was higher than that of the commercial sample. Finally, the
recycling of porous ceria showed low deactivation (less than 9%) after four consecutive runs.

Keywords: cerium oxide; photocatalysis; flash combustion; water treatment; air purification;
visible light

1. Introduction

The main concern of increasing industrial activity around the world is the issue of
environmental pollution, and in particular, the pollution of water sources and air contami-
nation [1]. The influence of water pollution is not limited to human life only but extends
to other living organisms and, indeed, ecological life [2]. Moreover, air contamination
can deteriorate human health and plant health as well. In 1972, researchers developed
a cost-effective technique that provides the possibility to remove most of the pollutants
either from water or air, which is a photocatalytic technique [3]. Photocatalysis has drawn
a lot of interest recently, especially if a sustainable light source is utilized to activate the
photocatalyst [4]. Unlike conventional heterogeneous catalysis, in which intensive heating
processes may be required, photocatalysis occurs at room temperature and in a simple way
using just light as the energy source [5]. The ideal photocatalyst should be photoactive,
cost-effective, stable, nontoxic, and able to use visible and/or near UV light [6].

During the past two decades, the demand for active materials that can be used as
photocatalysts in the visible light range has increased. Metal oxides (semiconductors), such
as TiO2 and ZnO, were among the materials that attracted the most attention and were
used as photocatalysts to remove organic pollutants with high efficiency [7]. However,
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most semiconductors can only utilize light from the UV region, which limits the use of
these materials in real industrial applications [8]. Amongst semiconductors, cerium oxide
(ceria) is a promising photocatalyst with moderate activity under visible light illumination,
which is a big advantage when compared to other metal oxides [9]. Ceria has attracted a
lot of interest, and several publications were reported to present its utilization in different
photocatalytic applications. The number of publications that deal with ceria has increased
dramatically from 466 papers in 2001 to 2367 papers in 2021. Ceria is a cubic fluorite-
type oxide that belongs to the rare earth oxides. It exists in both trivalent and tetravalent
oxidation states; however, the electronic structure Ce4+([Xe]4f0) is more stable than Ce3+

([Xe]4f1) [10–12]. Moreover, ceria is considered an n-type semiconductor material with a
broad bandgap of roughly 3.1–3.44 eV [13]. According to the literature, the overall reaction
rate of ceria under sunlight illumination is small due to its reducing potential and also due
to the fast recombination of the photogenerated electron-hole pairs [14]. In order to improve
the photocatalytic efficiency of ceria, several tactics can be applied, such as doping with
other elements, composite formation with other semiconductors, nanoparticle preparation,
and the formation of oxygen-defected sites. Increasing the photocatalytic efficiency of ceria
will positively reflect on its utilization in industrial processes, such as in water treatment,
air purification, and solar cells.

Several attempts were reported to improve the physical and photochemical properties
of ceria. Fagen et al. prepared ceria nanoparticles via a precipitation method and produced
ceria with a surface area of 24 m2/g [15]. In another study, Ramasamy et al. applied
a sol–gel procedure to prepare ceria nanoparticles with an energy gap of ≈3.79 eV [16].
Moreover, Govindhasamy et al. applied a one-step chemical precipitation method to the
facial synthesis of ceria nanoparticles with a bandgap energy of 3.2 eV [17]. Mostafa et al.
applied the hydrothermal method to prepare ceria nanoparticles with a surface area of
57.5 m2/g [18]. In addition, Yoki et al. synthesized ceria nanoparticles with a bandgap
value of 3.48 eV via the sol–gel method [19]. In these studies, the photocatalytic efficiency of
ceria under visible light illumination was not as high as expected, which indicates that more
improvements are required for ceria nanoparticles to enhance their photocatalytic activity.

In the current study, porous ceria nanoparticles were prepared in a simple one-step
thermal technique to improve photocatalytic performance. The produced materials were
characterized by several techniques, such as X-ray diffraction (XRD), N2 sorption mea-
surements, ultraviolet–visible spectroscopy (UV–vis), scanning electron microscopy (SEM),
and Raman spectrometer. The photocatalytic activity of the prepared porous ceria was
evaluated in two different applications under visible light illumination. The first is the
decolorization reaction of methyl green (MG) dye in an aqueous solution, while the second
is the photocatalytic elimination of a gaseous mixture consisting of five short-chain hydro-
carbons (C1–C3). Commercial ceria nanoparticles were involved in the study as a control
sample. The kinetics and rate constant of each reaction were calculated, and the obtained
results are reported and discussed herewith.

2. Results

2.1. The Characterization Data

The phase composition of the two samples: the porous and the commercial ceria, was
studied through XRD analysis, and the obtained patterns are presented in Figure 1. All
the diffraction patterns are well indexed to the face-centered cubic-fluorite structure of
ceria [20,21], with characteristic indexing planes of (111), (200), (220), (311), (222), and (400).
Moreover, the absence of any additional phases in the prepared samples indicates that
cerium nitrate was completely transformed into ceria by the applied thermal treatment.
It is noteworthy that the commercial ceria sample showed sharp peaks, indicating high
crystalline bulky particles. A slight decrease in the intensity of the porous ceria peaks
causes the full width to be increased by half the maximum, and thus the particle size is
reduced. Further analysis of the lattice and structural parameters was performed. The
lattice parameters and unit cell volume were calculated to be a = b = c = 5.41744 Å and
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V = 158.99458 Å3 (for porous ceria) and 5.40656 Å and V = 158.03847 Å3 (for commercial
ceria) using the relations [22,23]: 1/d2 = (h2 + k2 + l2)/a2, here (a111 = √3×d), and volume
V = a3, which are well matched with the standard card JCPDS#01-0800 of cubic crystal
system of ceria. The microstructural parameters, such as crystallite size, dislocation density,
and strain values, were determined using the following equations: Lhkl = 0.9λ/(β cosθ),
δhkl = 1/L2, and ε = β cosθ/4 and were found to be 4.8 nm, 4.38 × 10−2 nm−1, and
2.93 × 10−2, respectively, for porous ceria and 19.4 nm, 2.93 × 10−3 nm−1, and 7.25 × 10−3,
respectively, for the commercial ceria sample. These values show a great variation in
crystallite size and hence in other values.

Figure 1. The XRD patterns of the porous ceria compared to that of commercial ceria.

Figure 2 represents the nitrogen sorption isotherm of the commercial ceria compared
with that of the porous ceria. BET surface area was remarkably enhanced from 5.96 m2/g in
the commercial ceria to 47.18 m2/g in the porous ceria, respectively. The N2 isotherms of the
investigated ceria samples are presented in Figure 2. A typical IV adsorption–desorption
curve indicates the mesoporous properties of these prepared porous samples, while a
typical II for the commercial ceria indicates nonporous properties. Moreover, the textural
properties are summarized in Table 1. The pore size and pore volume of the prepared
porous sample were 2.8 nm and 0.138 cm3/g. The pore characteristics clearly illustrate the
formation of mesopores in the ceria due to the use of citric acid during its synthesis.

Figure 2. (Left) The N2 sorption isotherms of the prepared porous ceria compared with a commercial
ceria sample. (Right) the corresponding pore size distribution.
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Table 1. The textural properties of the porous ceria compared with that of commercial ceria, as
obtained from N2 sorption measurements.

Sample Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm)

Com CeO2 5.96 0.51 -
Porous CeO2 47.18 0.138 2.8

The prepared porous ceria was investigated by using Raman spectroscopy (Figure 3).
Theoretically, the fluorite-type cubic crystal structure of ceria exhibits only one Raman
active fundamental mode at 464 cm−1, which is the triply degenerate F2g mode that
corresponds to a symmetric Ce-O stretching vibration in the Oh point group [24]. It can be
regarded as a symmetric breathing mode of the six oxygen atoms around the central cerium
ion [25]. In Figure 3, the porous ceria sample exhibited a broad peak compared to the
commercial sample due to the stretching vibrations of the ceria nanoparticles. Therefore,
Raman analysis added further evidence for the formation of ceria nanoparticles without
contamination and/or phase change.

Figure 3. Raman spectrum for porous ceria compared to that of commercial ceria.

The morphological structure of the prepared porous ceria was explored by using
SEM, and the obtained micrographs are presented in Figure 4. The SEM micrographs
show a great morphological difference between the porous and commercial samples. The
commercial ceria consists of agglomerated sheets or layers, while the prepared sample
clearly shows a rough, porous nature with a sponge-like structure.

Diffuse reflectance UV-vis spectra are plotted and expressed in the Kubelka-Munk
function as a function of the measured wavelength for the porous and commercial ceria
samples (Figure 5). Generally speaking, the two samples have strong absorption bands
in the UV region; this could be due to charge transfer during the O2p-to-Ce4f transition
with Ce4+ and O2− states, which is higher than the 4f1–5d1 transition in ceria with mixed
valences [26]. Moreover, the bandgap of the investigated samples was calculated from the
equation E = h × c/λ, where h is Plank’s constant (6.626 × 10−34 J s−1), c is the speed of
light (3.0 × 108 m s−1), and λ is the cutoff wavelength (nanometers) [27]. However, the
bandgap energy (Eg) for the porous ceria shows a slightly smaller bandgap energy (3.08 eV)
than the commercial ceria (3.14 eV) despite their nanostructure and the small size of the
crystallites, as characterized by XRD studies.
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Figure 4. The SEM micrographs of the porous ceria sample (A,C) and the commercial ceria sample
(B,D).

Figure 5. The adsorption behavior of the compared ceria samples expressed as Kubelka-Munk as
a function of the measured wavelength (nm). Bandgap calculation was 3.12 and 3.01 eV for the
commercial and porous ceria, respectively.

2.2. Photocatalytic Activity

In the photocatalytic study, the activity of the prepared porous ceria (porous CeO2)
was compared with two samples: the commercial ceria (com CeO2) and the thermally
treated commercial ceria (TT CeO2). The first application, which was applied to investigate
the photocatalytic activity of the porous ceria, was the decolorization reaction of methyl
green dye under visible light illumination. Several blank experiments were performed at
the beginning of the study, such as the photolysis of MG dye, the catalytic decolorization of
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the dye, and the adsorption of the dye over cerium oxide. The obtained results show that
the dye is very stable, and no photolysis could be observed under the light. Moreover, the
ceria could not activate the decolorization reaction without light. Finally, the adsorption
affinity of ceria towards the investigated dye was insignificant.

The photocatalytic decolorization profiles of the applied dye over the investigated
samples are plotted in Figure 6A. The obtained results show the difference in activity
between the samples. The porous ceria exhibited the highest activity, with 40% dye
decolorization achieved after 120 min, whereas the commercial ceria and the thermally
treated sample exhibited a decolorization activity of almost 20% over the same time, i.e.,
120 min. Moreover, the decolorization profiles fit perfectly with a first-order reaction
rate model, as seen in Figure 6B, with R-squared values of 0.99 as an indication of the
highly fitting property. Furthermore, the first-order rate constant (k) of the samples in
the decolorization reaction of methyl green is shown in Figure 6C. The calculated rate
constants of commercial (ZnO, CeO2, and TiO2) and porous ceria are 9 × 10−4, 1 × 10−3,
2.3 × 10−3, and 3.35 × 10−3 min−1, respectively. In other words, the obtained rate constant
of the porous ceria was higher than the other three photocatalysts. The obtained high
activity is strong evidence for the positive effect of morphological and textural properties
on photocatalytic activity. The reusability study was carried out by using porous ceria
for four consecutive runs without sample treatment; the obtained results are plotted in
Figure 6D. The calculated (k) of the four reactions shows that the recycling of porous ceria
showed small deactivation (less than 9%) after four consecutive runs.

Figure 6. The obtained photocatalytic data for the decolorization reaction of methyl green dye
under the illumination of visible light: (A) the decolorization profiles, (B) the first-order kinetic
profiles, (C) the first-order rate constants for samples, and (D) the reusability of porous ceria sample
in consecutive four runs.

In the second photocatalytic application, the elimination of a gas mixture over the
porous and commercial ceria is shown in Figure 7. The gas mixture contained five different
gases: methane, ethane, ethene, propane, and propene. Methane was very stable and did
not show any elimination over the investigated photocatalysts. Ethane exhibited some
resistance over the commercial ceria [28], but over the porous ceria, almost 36% of the
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25 ppm ethane was eliminated. For ethene, the first unsaturated hydrocarbon in the gas
mixture that was eliminated over the two samples, it took almost 60 min over commercial
ceria and 45 min over porous ceria. Almost the same result was obtained for propane, the
largest saturated hydrocarbon in the gas mixture. The last hydrocarbon in the mixture
was propene, which is the second-most unsaturated hydrocarbon; over porous ceria, total
elimination was observed after 30 min, while over commercial ceria, total elimination was
obtained after 45 min.

Figure 7. The elimination profile of (A) ethane, (B) ethene, (C) propane, and (D) propene over porous,
commercial, and thermally treated ceria.

The elimination profiles of the hydrocarbon mixture were fit to the first-order kinetic
model, and the first-order rate constant k (min−1) was calculated and plotted (Figure 8).
Generally speaking, the obtained results show that the order of hydrocarbon activity can
be arranged as follows: propene > propane ≥ ethene >> ethane. However, the calculated
rate constants for the elimination of ethene, propane, and propene over porous ceria were
48%, 32%, and 67% higher than those over commercial ceria. These results, again, reflect
the high activity of porous (over commercial ceria).

Figure 8. The first-order rate constant of the hydrocarbon elimination over porous, commercial, and
thermally treated ceria.
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3. Discussion

3.1. The Formation Mechanism of Porous Ceria

The synthesis of porous ceria was performed by using the citric–nitrate combustion
process. The synthesis mechanism can be described in four main steps. Step (1) is the
complex formation between citric acid and cerium cations. The citric acid (C6H8O7) acts as
a readily available, cost-effective, and effective chelating agent. Due to its high complexing
ability, citric acid, when in an aqueous solution with cerium nitrate Ce(NO3)3, forms
cerium-citric acid complex (Figure 9), as reported by K. Amalajyothi et al. [29].

Figure 9. The formed complex between citric acid and cerium cation.

The gel formation is the second step of the synthesis mechanism. Under vigorous
stirring, the citric–cerium complexes can be hydrolyzed to produce the colloidal sol or
sometimes gel of cerium hydroxide nanoparticles, with extensive adsorption of citric acid
on the surface of the formed nanoparticles. It was reported that the adsorption process of
citric acid molecules on cerium hydroxide limits the growth of such crystals and produces
nanoparticles [30].

In step (3), the obtained gel solution is subjected to thermal treatment. In this step, a
great amount of gas (mainly H2O, CO2 and N2) is released [31]; these gases are responsible
for the formation of the voluminous foamy structure [32,33]. Finally, step four is the
combustion process. At this stage, very small ceria particles (under 5 nm) are formed
without agglomeration [30]. The calcined powders showed characteristic porous features
due to the release of large amounts of gas during combustion. The combustion reaction can
be expressed as follows:

Ce(NO3)3 · 6H2O + 5/6 C6H8O7 = CeO2 + 5 CO2 + 28/3 H2O + 3/2 N2

As observed, there is no impurity content in the as-synthesized product, which can
be attributed to the fact that the heat released during the combustion reaction is lower for
the lean fuel composition, thereby yielding powders without any carbonaceous residue.
Moreover, a good amount of oxygen will be available for combustion when fuel-deficient
composition is used [32]. The combustion reactions with citric acid are less violent and
more controllable compared to urea or glycine due to its weak exothermic nature [34].
Citric acid fuel can play dual functions: first, as a fuel, and second, as a chelating agent. So,
the morphology of the sample synthesized by citric acid was porous with a sponge-like
morphology [35].

3.2. The Higher Photocatalytic Activity of Porous Ceria

The photocatalytic performance of a certain material can be effect by many factors,
such as light absorption, chemical composition, the presence of contamination, textural
properties, OH surface density, reaction conditions, etc. In this section, the reason for the
high photocatalytic performance of porous ceria, when compared to that of commercial
ceria, is discussed. Chemical structure and the presence of contaminations factors can be
neglected because the two materials have the same chemical composition. Moreover, the
presence of contaminations was not observed. As obtained from the bandgap calculation, it
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was found that the bandgap of the commercial ceria is 3.14 eV, which is very close to earlier
reports [36]. However, the bandgap of porous ceria was reduced to 3.01 eV as a result of
particle size, which was reduced to a few nanometers. The relationship between bandgap
and particle size was discussed earlier by Segets et al. [37,38]. As a result, this small red
shift simply means that porous ceria can harvest more photons from the visible light region,
and more electron/hole pairs can be formed. On the other hand, different opinions were
reported about the role of surface area in photocatalytic activity. Laosiripojana reported
a positive opinion about the effect of surface area on ceria [39]. In the current study, it
was found that porous ceria is 3.1 times greater than commercial ceria. The obtained high
surface area could play a positive role in the photocatalytic activity of porous ceria due
to the high number of catalytic centers which are subject to light. Obviously, this can be
compared with the high surface area of porous titania (UV-100) over Titania P-25 [40].
Finally, the morphology of the porous ceria may play a role in activity enhancement [41].
The presence of a three-dimensional pore system offers high diffusion of the dye molecules
and hydrocarbon gases to and from the catalytic-active centers. A similar hypothesis was
proposed earlier by Shen et al. [42,43]. Based on the obtained results, porous ceria seems a
promising photocatalyst, either in liquid or gas phase applications.

4. Materials and Methods

4.1. Synthesis

The ceria sample was prepared by using a one-step thermal technique. In a typical
synthesis, 5 g of cerium nitrate hexahydrate (97% Sigma) was dissolved in 5 g of demi
water, then 1 g of citric acid (98% Aldrich) was added to the solution, and it was stirred
until complete dissolution. The solution was moved into a porcelain crucible and dried
at 90 ◦C for 24 h. Finally, the formed solid was calcined in a muffle furnace at 550 ◦C for
180 min by using a heating ramp of 18 ◦C/min. The obtained porous ceria was labeled
(porous CeO2). On the other hand, for comparison purposes, another sample was prepared
by thermal treatment for the commercial ceria (TT CeO2) at 550 ◦C for 180 min.

4.2. Characterization

A Shimadzu LabX-6000 diffractometer with CuKα radiation (λ = 1.54056 Å) was oper-
ated at 40/30 kV/mA at 2◦/m between 20–70◦ angles for structural studies. A JEOL JSM
6310-SEM coupled with an EDX system operating at 20 kV was used to capture e-mapping,
elemental composition, and morphology. BET surface area was calculated from nitrogen
adsorption/desorption isotherms, which was recorded on a QuantaChromeNOVA2000e
instrument. A Shimadzu UV-3600 diffused reflectance spectrophotometer (DRS) setup
was used, employed to investigate the optical properties of the prepared samples. The
diffuse reflectance spectra were converted into a Kubelka-Munk function F(R) by using the
equation F(R) = (1−R)2/2R. Raman spectra were recorded using a THERMO SCIENTIFIC
DXRFT-Raman spectrometer with a laser source emitting at 532 nm and had a power of
2 mW.

4.3. Catalytic Activity

The photocatalytic activity of the prepared samples was investigated through the pho-
tocatalytic decolorization of methyl green (MG) dye under light illumination. In a typical
experiment, 0.1 g of catalyst is dispersed into 50 mL of 0.02 g/L of the dye solution, and the
overall mixture is stirred for 1 h to attain a uniform dispersion of catalytic material. Later,
the suspension was kept in a photocatalytic chamber containing six Phillips light bulbs
(18 W power), and the moment the light turns ON is considered the initial time of the reac-
tion. Then, the samples were taken periodically at equal time intervals, and the absorption
spectra were recorded to measure the catalytic activity parameters. After completing the
experiments, the catalyst material was removed (by filtering) and was tested for reusability
for up to 4 sequential runs. Moreover, the photocatalytic elimination of the hydrocarbon
mixture was performed in a stainless-steel reactor with a maximum capacity of 35 mL. A
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total of 0.1 g of the applied catalyst was spread at the bottom of the reactor, and the reactor
was closed tightly. Air was vacuumed from the reactor through the ultra-vacuum pump
and then a hydrocarbon mixture was introduced into the reactor. The mixture contained
1% vol. of the five different gases: methane, ethane, ethene, propane, and propene balanced
with argon as an inner gas. The applied light source (wavelength range from 300–650 nm)
was introduced into the reactor through the glass window. Samples were withdrawn every
15 min through the automated valve and sent to on-line gas chromatography equipped
with FID and TCD detectors.

5. Conclusions

Porous ceria nanoparticles were prepared by applying a one-step thermal technique.
The prepared material exhibited a surface area eight times greater than commercial ceria.
The photocatalytic activity of the porous ceria was higher than other commercial semicon-
ductors under the illumination of visible light. The obtained higher photocatalytic activity
of porous ceria can be related to its morphological, textural, and optical properties.
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