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Preface

Green chemistry, often referred to as sustainable chemistry, has emerged in response to growing

concerns over the environmental impact of chemical manufacturing, particularly the release of harmful

emissions. Its central aim is to design products and processes that minimize or eliminate the use and

generation of hazardous substances.

In chemical plants, where raw materials are transformed into valuable products, green chemistry

plays a crucial role in selecting reaction environments and optimizing reaction conditions. Among

the key facilitators of these transformations are heterogeneous catalysts, which are considered the

backbone of the chemical industry. These catalysts not only facilitate reactions, but also significantly

influence feed conversion, product purity, and the continuity of production—factors that generally

determine the feasibility, economic viability, and environmental footprint of a process.

The discovery and implementation of suitable catalysts can make chemical processes greener

by enhancing conversion rates and product selectivity, thereby reducing the need for extensive

downstream separation and purification. This special issue focuses on recent advancements in

the application of heterogeneous catalysts within the framework of green chemistry. We have

assembled ten invited articles that explore various dimensions of this topic, including catalyst synthesis,

characterization, performance evaluation, and their roles in improving chemical conversion, selectivity,

and stability. These contributions collectively explore a diverse list of chemical manufacturing.

We extend our sincere thanks to all the authors for their valuable contributions and commitment

to this Special Issue. We are also deeply grateful to the peer reviewers whose rigorous evaluations

helped uphold the scholarly standards of this collection. Special appreciation goes to the editorial team

and support staff for their dedication and timely coordination throughout the publication process.

We hope that this Special Issue serves as a meaningful platform for researchers to appreciate the

role of heterogeneous catalysts in advancing green chemistry.

Anand Kumar, Siham Y. Al-Qaradawi, and Mohamed Ali S. Saad

Guest Editors
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Applications of Heterogeneous Catalysts in Green Chemistry

Anand Kumar 1,*, Mohammed Ali H. S. Saad 1,2,* and Siham Y. Al-Qaradawi 3,*

1 Department of Chemical Engineering, College of Engineering, Qatar University, Doha P.O. Box 2713, Qatar
2 Gas Processing Center, College of Engineering, Qatar University, Doha P.O. Box 2713, Qatar
3 Department of Chemistry and Earth Sciences, College of Arts and Sciences, Qatar University,

Doha P.O. Box 2713, Qatar
* Correspondence: akumar@qu.edu.qa (A.K.); m.saleh@qu.edu.qa (M.A.H.S.S.); siham@qu.edu.qa (S.Y.A.-Q.)

In our day-to-day lives, the utilization of industrial products, including chemicals
and fuels, is essential. The vast majority of these products are manufactured in chemical
plants that transform raw materials into products that are suitable for the market based
on the requirements of local and international regulatory authorities [1–4]. A chemical
plant, in general, consists of many reactors and separator units, which are essential for
the purification of the feed, its chemical conversion into the desired products and the
subsequent purification of the products [5–7]. Each unit of a chemical plant is carefully
designed and optimized to achieve a certain level of conversion and separation efficiency
that eventually determines the volume and purity of the final products and plays a crucial
role in bringing them to the market [5,8,9]. The efficiency of the entire chemical plant
helps with minimizing the production cost and maintaining a competitive advantage in the
market [5,7,10–12]. However, based on the process selected, the units of chemical plants
may generate harmful emissions, such as liquid discharge, gases and particulate matter, that
need to be controlled or treated before being released into the environment to avoid severe
consequences [13–16]. Green chemistry [17–21] has emerged as an alternative strategy for
producing chemicals in a more environmentally friendly and sustainable manner, as the
environmentally harmful chemicals are replaced by more benign ones [22–27].

Heterogeneous catalysts play a central role in chemical industries, driving the molec-
ular transformations required to generate the desired products [28,29]. Their role is even
more significant in green processes [12,30–34]. A highly active, selective and stable catalyst
can help with achieving sustainability goals and minimizing harmful emissions [35–40].
An effective catalyst must be efficient at converting the feedstock into the targeted products
and will require minimum process interruptions caused by catalyst deactivation [41–46].
High activity ensures energy efficiency and the ability to process large quantities of feed-
stock in reactors with smaller footprints, while high product selectivity ensures fewer
undesired byproducts that need to be separated after production. A stable catalyst with
a steady performance is ideal for any industry, as it eliminates frequent plant shutdowns
and restarts, with the overall impact of lowering operational costs and boosting plant
productivity [47–50]. Additionally, efficient catalysts reduce the separation requirement by
generating a lower number of byproducts. In short, the role of heterogeneous catalysts is
vital for making sustainable and environmentally friendly processes a reality.

In this Special Issue, our objective was to gather original articles and review papers
highlighting the critical roles of heterogeneous catalysts in green processes. Various topics
were considered to cover the various aspects of chemistry and chemical industries, such as
green synthesis techniques, pollution control, energy efficiency, environmental catalysis,
clean energy, CO2 conversion, hydrogen production, automobile emission catalysts etc.
As we finalize the Special Issue, we can see that it provides a balanced list of review and
original articles covering various applications of catalysis in green chemistry [36,51–59].

This collection includes three review articles [36,51,58] and seven original research
works [52,54–58,60]. Hydrocarbon reforming, energy conversion and carbon dioxide

Catalysts 2024, 14, 699. https://doi.org/10.3390/catal14100699 https://www.mdpi.com/journal/catalysts1
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emission control via capture, utilization and conversion are the primary goals in industries
for address pressing environmental issues [60–64]. The review articles provide an overview
of the development of biomass-based catalysts for biodiesel production [36], catalyst
development for the conversion of CO2 into syngas [51] and other products including
olefins and aromatics using structured catalysts [58]. Biomass-derived catalysts show their
potential as green ways of achieving for catalyst and chemical product synthesis. CO2’s
conversion into syngas via the reverse water gas shift (RWGS) reaction provides a pathway
for converting industrially generated CO2 back into value-added chemicals and fuels.
There has been considerable growth in the field of catalyst synthesis to ensure a precise
control of nanostructures up to the atomic level [65,66], as well as in our understanding of
the roles of defects [67], acidic/basic supports [68,69] and oxygen storage materials [70],
which can be exploited for improving catalytic performances of various reactions. The
reviews included in this Special Issue cover a broad spectrum of heterogeneous catalysts
supported by robust structured zeolites and oxides with mobile surface oxygen.

The compilation of original articles is based on their application of catalysis for ad-
dressing challenging reactions related to various aspects of green chemistry. Bioderived
catalysts show their potential to use the transesterification reaction to produce alkyl es-
ters [60], as well as the synthesis of furfural from corncob [57]. Studies on the applications
of solid acid catalysts in the esterification process [55], the promotional effects of bimetallic
catalysts for methane decomposition [56], RuOx/MoS2 catalyst use for sugar’s conversion
into lactic acid [54] and the degradation and mineralization of pesticide wastewaters in
laboratory- and pilot-scale reactors [53] are included to demonstrate the breadth of the
applications of heterogeneous catalysts in addressing challenging issues. Additionally,
some fundamental aspects of heterogeneous catalysts such as the impact of site geometry
and local composition on surface carbon’s conversion into methane over transition metal
and bimetal (Ni, Co and NiCo) catalysts were also included [52] for readers interested in
understanding the core issues of catalysis related to the structure–activity relationship. In
conclusion, the present Special Issue provides a well-rounded collection of reviews and
original research articles addressing various aspects of heterogeneous catalysis applied in
green chemistry. We hope that this collection satisfies the curiosity of many researchers
interested in catalysis and green chemistry.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The catalytic conversion of CO2 to CO by the reverse water gas shift (RWGS) reaction
followed by well-established synthesis gas conversion technologies could be a practical technique to
convert CO2 to valuable chemicals and fuels in industrial settings. For catalyst developers, prevention
of side reactions like methanation, low-temperature activity, and selectivity enhancements for the
RWGS reaction are crucial concerns. Cerium oxide (ceria, CeO2) has received considerable attention
in recent years due to its exceptional physical and chemical properties. This study reviews the
use of ceria-supported active metal catalysts in RWGS reaction along with discussing some basic
and fundamental features of ceria. The RWGS reaction mechanism, reaction kinetics on supported
catalysts, as well as the importance of oxygen vacancies are also explored. Besides, recent advances
in CeO2 supported metal catalyst design strategies for increasing CO2 conversion activity and
selectivity towards CO are systematically identified, summarized, and assessed to understand the
impacts of physicochemical parameters on catalytic performance such as morphologies, nanosize
effects, compositions, promotional abilities, metal-support interactions (MSI) and the role of selected
synthesis procedures for forming distinct structural morphologies. This brief review may help with
future RWGS catalyst design and optimization.

Keywords: reverse water gas shift reaction; mechanism and kinetics; CeO2 support; CO2 conversion;
affecting parameters

1. Introduction

Carbon dioxide has been identified as the primary anthropogenic greenhouse gas
that has resulted in catastrophic climate change and ocean acidification [1,2]. Various
approaches have been employed to reduce the amount of CO2 in the atmosphere. For
example, power-to-liquid (PtL) sustainable aviation fuel (SAF) was recently proposed as
a long-term and scalable solution to minimize aircraft CO2 emissions. The procedure
turns CO2 into a synthetic fuel with less sulfur and fewer aromatics, which enhances
local air quality and minimizes the effect of aviation at high altitudes [3]. On the other
hand, since enormous amounts of low-cost, relatively pure carbon dioxide are available
from carbon sequestration and storage facilities, more efforts have been made to utilize
CO2 as an alternative C1 source rather than merely considering it as waste [4]. A unique
and appealing alternative to storing CO2 through sequestration would be recycling the
gas into energy-rich compounds via carbon capture, storage and utilization (CCSU) [5,6].
E-fuels, also known as electrofuels or powerfuels, are hydrocarbon fuels produced from
hydrogen and CO2 in which hydrogen is generated from water and electricity through
electrolysis and CO2 is either captured from fossil sources (such as industrial sectors) or
the atmosphere [7–9]. E-fuels aim to directly electrify a system without the demand-side
adjustments necessary for a direct electrification by substituting fossil fuels with renewable
power [7]. However, the CO2 molecule is a relatively inert and unreactive molecule with
a high level of thermodynamic and chemical stability due to its linear chemical structure
with double bonds connecting the carbon and oxygen atoms, so converting it to the more
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reactive CO is energy-intensive [10]. Among the systems currently available for CO2
conversion, catalytic conversion to CO, commonly known as the reverse water-gas shift
(RWGS) reaction (Equation (1)), is one of the most promising reversible hydrogenation
methods that offer a high potential efficiency [11].

CO2 + H2 ↔ CO +H2O ΔH0 = +41.3 kJ/mol (1)

RWGS reaction is recognized as an important intermediate stage in a number of key
CO2 hydrogenation reactions such as the Sabatier process [12] and methanol synthesis [13],
and is hence referred to as the “building block stage” [14]. Synthesis gas (CO + H2), a
crucial precursor in the field of C1 chemistry, can be produced using the RWGS reaction
in the presence of an appropriate catalyst. The syngas can further be used as a feedstock
for the Fischer–Tropsch synthesis reaction (FTS) to produce organic compounds, such
as methanol (a crucial component of synthetic fuels and polymers), hydrocarbons, or
oxygenated hydrocarbons [15,16]. ExxonMobil recently revealed that its “methanol-to-jet”
technology can provide SAF from methanol derived through waste, biomass, captured
carbon dioxide, and low-carbon hydrogen [17]. However, further side reactions, such as
CO methanation (Equation (2)) [18], could emerge under the same reaction conditions,
consuming a large amount of hydrogen. The CO2 methanation reaction is an exothermic
catalytic process that normally takes place at temperatures from 150 ◦C to 550 ◦C in the
presence of a catalyst [19]. The CO2 conversion and CH4 selectivity can almost approach
100%; however, as the temperature rises, the reaction rate increases [20], with preference
for RWGS at higher temperature. Therefore, at low reaction temperatures, the highly
exothermic methanation reaction is thermodynamically more preferred to the slightly
endothermic RWGS reaction [21,22]; hence, reducing methanation throughout RWGS has
been a challenging issue. A remaining concern seems to be either the RWGS reaction should
be operated at high temperature (over 900 ◦C), which is thermodynamically favorable,
but carbon and undesirable byproducts may also be present; or it should be performed
at low temperatures (below 500 ◦C), in which case it is not kinetically favored but may
be made up for by extensive catalyst use [23]. Over the temperature range of 100 to
1000 ◦C, Kaiser et al. investigated the equilibrium composition of the gaseous products
in RWGS reaction for a three-to-one molar H2/CO2 input ratio [24]. Based on the results,
methanation was thermodynamically preferred at low temperatures (below 600 ◦C), while,
the only product that could form at temperatures beyond 700 ◦C was CO and very little
to no methane. However, to cut down on the energy losses and investment expenses,
the temperature must be kept as low as feasible [24]. They proposed that using RWGS at
greater pressures in conjunction with high temperature and high-pressure steam electrolysis
might be an alternative [24]. Additionally, the FTS normally operates at 2.5 MPa, and the
produced syngas or the RWGS supply gas must be compressed [25]. Kaiser et al. came to
the conclusion that at this pressure (2.5 MPa), the methane curve was pushed to higher
temperatures; for instance, at 900 ◦C, the equilibrium methane level was 4 mol% as opposed
to 660 ◦C at 1 atm pressure [24]. When Unde et al. tested the Al2O3 catalyst through RWGS
reaction, they discovered that the CO2 to CO conversion equilibrium was reached at a high
temperature of 900 ◦C. Reaction was controlled kinetically between 300 and 700 ◦C, and
thermodynamically above this temperature range [26]. As a result, production of active
RWGS catalysts operated at low-temperature with higher CO selectivity and limited CH4
production was required. Insight into the mechanisms of CO production is also vital for
rational catalyst design in such processes. Various reaction routes could lead to various
kinetic parameters and selectivity variations for CO2 hydrogenation [27].

CO2 + 3H2 ↔ CH4 +H2O ΔH0 = −206.5 kJ/mol (2)

According to the concept of microscopic reversibility and the fact that the RWGS
reaction is typically carried out at equilibrium, the active catalysts in the water gas shift
(WGS) process are also effective in the RWGS reaction, but may be under different reaction
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conditions, suggesting that similar catalysts should enhance both reactions [28]. Some
typical features of WGS catalysts include the presence of oxygen vacancies, the strength
at which CO can be adsorbed, and activity for dissociation of water [29]. In our earlier
study, a thorough overview of the most recent advancements of catalysts utilized in low-
temperature WGS reactions is presented [30]. In various CO2 conversion processes, many
types of catalysts have been used, including oxide-supported metal catalysts and oxide
catalysts in which cerium oxide (CeO2) has had a key role [30,31]. CeO2 is a typical rare
earth metal oxide with a face-centered cubic (FCC) fluorite structural pattern, and has
oxygen storage capacity (OSC) and a number of intriguing features that can be exploited
to improve catalytic efficiency [28,32]. In comparison to other reducible oxides, oxygen
vacancies on the surface of CeO2 are more easily formed during the reduction process
owing to its unique electron arrangement [33]. Besides, the reversible redox pair Ce3+/C4+

and the acid basic surface properties of CeO2 are effectively leading to its broader catalytic
application [34]. It was found that the reducibility of ceria had an inverse connection
with the bimetallic cluster promoted local electronic band, which caused the stability of
germinal OH groups and was assumed to be the reason for higher WGS activity [35].
Besides, the RWGS reaction has been reported to work well with noble metal–loaded CeO2
catalysts [36]. In a comparative study, Castao et al. looked at the efficiency of platinum
and gold catalysts on ceria supports [37]. Transition metals supported on CeO2 also have
greater RWGS activity than metals supported on non-reducible supports. Moreira et al.
investigated the sorption-accelerated WGS process at low temperature (125–295 ◦C) over
Cu-CeO2/HTlc catalysts; Cu supported on polyhedral nanoparticle-sized ceria displayed a
high conversion of 87.6% [38]. Comparing the performances of 1.7% Pt-CeO2 and Pt-Al2O3
at 573 K in WGS reaction, Porosof and Chen examined the amount of CO uptake as an
indicator of the dispersion of Pt metal. They found out that the amount of CO uptake using
Pt-CeO2 is ~5.7 times higher than that on Pt-Al2O3 [39].

As it is shown in Figure 1, the CeO2 nanocrystal surface consists of three low-index lat-
tice planes: (100), (110), and (111) [40,41]. The three planes have distinct activity and follow
the sequence (100) > (110) > (111), while showing an opposite trend for stability [42–45].
The basis of the face impact of ceria on catalytic function is the variation in electronic
properties and surface atomic configuration of ceria, both of which affect the ability of
oxygen vacancy formation and the structure of surface intermediates [46–50]. Based on
catalytic activity evaluation, CeO2 alone as a catalyst does not perform well and can only
generate a limited number of oxygen vacancies; therefore, adding metal components to
CeO2 improves its reducibility and capacity to create oxygen vacancies [51,52]. The role of
ceria in distributing the active phase appears to be particularly important in defining CO
selectivity. According to recent findings, large metal particles are generally selective for
methane, but well-dispersed smaller nanoparticles are more in favor of the RWGS reaction
than methanation [53–55]. The potential of ceria surface to initiate a variety of CO2 reaction
pathways leading to various products is also important in this regard [56,57]. Different
synthesis methods [58] and treatment procedures can be used to design and control the
shape and size of ceria nanocrystals in order to increase redox characteristics and catalytic
activity [59,60].

The use of different catalysts in the RWGS reaction has been considered in some
review articles related to the catalytic conversion of CO2 to chemicals and fuels [61,62].
Porosof et al., for example, looked at several catalysts for converting CO2 to CO, methanol,
and liquid hydrocarbons [63]. Kattel et al. investigated the conversion of CO2 to the CO
products containing C1 only, such as CO, methanol, and methane, with an emphasis on
the effect of metal/oxide catalyst interfaces in these processes [64]. Moreover, attempts
have been made to review the RWGS reaction mechanism on supported metal and oxide
catalysts. For example, Su et al. looked into the RWGS reaction pathways over different
types of catalysts (supported metal catalysts (including ceria), mixed oxide catalysts, and
transition metal carbide catalysts) [65]. After going through many papers utilizing various
catalysts for each type, they found that large volumes of water are generated in all CO2

7



Catalysts 2022, 12, 1101

hydrogenation processes, and the creation of hydroxyls can poison the catalyst. Therefore,
due to the fact that RWGS reaction is typically carried out at a moderate to high temperature,
catalysts with great water tolerance are desirable for practical applications [65]. As they
suggested, this shortcoming might be resolved by converting CO2 to CO using the RWGS
method and then treating the CO2 with a moisture separator unit before it enters the
subsequent reactor systems [65]. In any case, stable, modern water-tolerant catalysts with
affordable facilities are still appealing for direct CO2 conversion. On the other side, there
are several studies describing the principles of CeO2, and a number of recent reviews detail
their catalytic uses in different CO2 hydrogenation reactions [66–69].

Figure 1. (a) CeO2 FCC Unit cell, (b–d) the (100) [or (200)], (110), and (111) planes of the CeO2

structure, reprinted with permission from [41]. Copyright Royal Society of Chemistry, 2014.

Unlike prior studies that provided an overview of several types of catalysts for the
RWGS reaction, this review focuses on the function of ceria-supported catalysts in the
RWGS reaction for CO2 valorization, to highlight the benefits and drawbacks of using
selected catalytic systems. Besides, the physicochemical properties of supported catalysts,
which affect the catalytic activity/stability and CO selectivity in the RWGS reaction, such
as the morphologies, metal loading, and metal size, are discussed to explain the structure–
activity correlations. The unique significance of ceria in RWGS reaction mechanisms is
also discussed with the prospect of developing cost-effective formulations based on ceria
oxides to help relevant CO2 conversion technologies gain market acceptance. In order
to comprehend how CeO2 performs in the RWGS reaction system, a detailed review of
reaction mechanism is performed in addition to considering the thermodynamic factors.
With all these aspects, the objective of this review is to provide a comprehensive framework
for understanding the development of heterogeneous catalysts based on CeO2 support
that successfully catalyze the RWGS reaction. The review also examines the associated
challenges and presents the future prospects of this field.

2. Mechanism

According to the literature, the nature of the support has a substantial influence on
the reaction mechanism [70,71]. Two RWGS mechanisms have been suggested based on
reaction kinetics, spectroscopy, and density functional theory (DFT) simulations; Surface
Redox Mechanism and Associative Mechanism [72,73]. Nevertheless, redox and associative
mechanisms have been highly controversial since the mechanism is so susceptible to the
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catalyst types and reaction conditions. Hence, no clear consensus on the RWGS reaction
mechanism has been established yet [74]. The primary step that is different between the
two pathways is whether the dissociated H atoms are implicated in the production of
carbon-containing intermediates, e.g., formates and carboxyls [75]; the potential chemical
pathways are depicted schematically in Figure 2 [76].

Figure 2. Simple schematic of RWGS mechanism for direct and H-assisted CO2 dissociation processes,
reprinted with permission from [76]. Copyright Royal Society of Chemistry, 2021.

In the redox mechanism, CO2 is reduced to CO while the catalyst is directly oxidized, and
subsequently H2 reduces the catalyst to fulfill the catalytic turnover (Equations (3) and (4)) [77].
This mechanism is only viable when two essential criteria are met: (i) H2 can reduce the
catalyst surface and (ii) the partially reduced catalyst surface can be reoxidized effectively
by CO2 under RWGS experimental parameters [78]. Reducible oxide catalysts, which have
the advantage of being easily reduced and oxidized during the reaction settings due to the
fact that oxygen is provided by the support itself, have been found to largely follow this
mechanism [79]. In the case of CeO2, CO adsorbs on a metal surface and gets oxidized by
oxygen atoms from the ceria, before being re-oxidized by water [80]. This mechanism is most
commonly reported on Cu-based catalysts. For example, Lin et al. investigated Cu-CeO2
nancatalysts in the RWGS reaction and discovered that it follows the redox mechanism to
effectively improve CO2 dissociative activation (Figure 3a) [81].

In another study by Lee et al. a series of catalysts with different CeO2 and TiO2
support proportions were synthesized via impregnation [82]. They discovered that in
the RWGS reaction over Pt/CeO2-TiO2 catalyst, the redox and dissociation mechanisms
coexisted, and more importantly, adding a proper amount of CeO2 improved the redox
properties and catalytic activity (Figure 3b) [82]. According to Kim et al., the sequencing
of the injections affects how much CO is produced [79]. Therefore, Lee et al. measured
the CO produced by feeding CO2 after H2 for the first run of their step reaction tests and
the CO produced by feeding H2 after CO2 for the second run in order to investigate the
impact of the injection sequence [82]. The results showed that CO production increases
when H2 is added first [82]. The catalytic mechanisms of RWGS on ceria nanocrystal
were explored by Liu et al., with a function of oxygen vacancies in ceria being particularly
highlighted [83]. CO can be produced by two alternative CO2 dissociation routes, one of
which takes place over ceria oxygen vacancy. As it is concluded by them, in case of ceria,
the oxygen vacancy could travel through bulk active oxygen. The oxygen-ion conductivity
and density of surface oxygen vacancies were boosted by the apt nanostructure of ceria,
which included more exposed active planes and bulk mobile oxygens [83]. Furthermore,
adsorbed or dissociated hydrogen can interact with the surface active oxygen of ceria
to form water and generate a new oxygen vacancy at the initial location (Figure 3c) [83].
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They investigated the mechanism using Ni as an active site supported on CeO2 and found
that CO is directly formed by the dissociation adsorption of CO2 on the nickel surface
(Figure 3d) [83]. Absorbed hydrogen, whether dissociated or not, combines with oxygen
species provided by CO2 dissociation to form water, and then with CO to make CHx species,
e.g., CH4 [83].

CO2 + ∗ � CO + O − ∗ (3)

H2 + O − ∗ � H2O + ∗ (4)

where ∗ stands for a surface site, such as a metal surface site.

Figure 3. The Redox reaction mechanism of the RWGS reaction over (a) Cu-CeO2, reprinted with
permission from [81]. Copyright ACS, 2018, (b) Pt-CeO2-TiO2, (c) ceria nanocube, reprinted with
permission from [83]. Elsevier, 2016, and (d) Ni-CeO2 nanocube, reprinted with permission from [83].
Elsevier, 2016.

The adsorption and dissociation of CO2 on defects of ceria surface followed by the
generation of surface carbonate and formate species are also often postulated as reaction
mechanism for the RWGS reaction over ceria-supported catalysts [84]. Cu/CeO2 catalysts
have been found to have significant catalytic activity, probably due to the emergence of
intermediates like formates and bidentate carbonates [81]. In this mechanism, known as
the “associative mechanism”, CO2 adsorbs onto the catalyst surface and interacts with
dissociated H in order to create transitional molecules such as formate (*HCOO), carboxyl
(*COOH), carbonate (CO3

−2), and bicarbonate (HCO3
−), that will then be degraded to

the final RWGS reaction products, CO and H2O [65]. For example, in a study led by
Zhu et al. the reaction over the Au/CeO2 catalyst was found to follow an associative
pathway through a surface formate intermediate, which was proven by DRIFTS and mass
spectrometry analysis [85]. In another study conducted by Lu et al., the RWGS reaction
mechanism over liquid nitrogen (LN)-CeO2 catalyst was evaluated resulting in formation of
intermediate formates as shown in Figure 4a [86]. They examined the reaction intermediates
in the RWGS reaction using in situ FTIR to identify the types of reactants adsorbed and
carbonate species generated on LN-CeO2 catalysts and understand the pathway of the CO2
hydrogenation process (Figure 5a) [86]. The spectra peaks that they described are presented
as follows [86]. The notable peaks between 2200 and 2500 cm−1 could be explained by
different types of CO2 or gas molecules that have been adsorbed on the LN-CeO2 surface.
Two sharp peaks were visible at 3730 and 3628 cm−1, and many small peaks between 3800
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and 3000 cm−1 can be attributed to the stretching vibration of the OH group on the LN-
CeO2-100 catalysts. The large peaks that appear at frequencies from 2500 and 2800 cm−1

centered near 2560 cm−1 were caused by the stretching vibration of the COO group of the
carboxylate on the LN-CeO2-100 catalysts. The broad peak, which occurred at 2078 cm−1,
was related to CO-Ce3+ and was caused by CO adsorption on LN-CeO2 catalysts. The
sharp peak at 1036 cm−1 and many smaller peaks around 1020–1100 cm−1 may be linked
to the vibration modes of carbonate species produced on the LN–CeO2 catalyst surface.
It is possible to attribute the sharp peak at 1278 cm−1 to the bidentate carbonates O-C-O
stretching vibration. The peaks, which were the typical peak of formate species, were found
approximately at 1600 cm−1, and can be linked to the asymmetric stretching vibration of
the O-C-O group. These results indicate that the formate (HCOO−) species was formed by
LN-CeO2 catalysts. In this scenario, the intermediate formate (HCOO−) species in the CO2
hydrogenation process could be configured on the LN-CeO2-100 catalysts, and the formate
(HCOO−) species passed through deconstruction to release CO at high temperature [87].

The decomposition of formate has long been regarded as a significant pathway for
the RWGS reaction. Nonetheless, one of the most essential paths, particularly for re-
ducible oxide-supported metal catalysts, is the carbonate route [88]. Surface carbonates
are designated as reaction intermediates, while formates are characterized as “minor in-
termediates” owing to a stronger bonding and lower exchange rate found in transient
isotopic studies [89]. Using in situ DRIFTS experiments, Zhang et al. revealed that CO2
may be activated efficiently over the Cu-CeO2 catalyst via the formate and carbonate
pathways in the presence of oxygen vacancies [88]. To discover reaction intermediates and
speculate the probable reaction routes, Dai et al. performed in situ DRIFTS analysis on a
series of Ga2O3CeO2 composite oxide catalysts with varied Ga2O3 and CeO2 ratios [90].
They concluded that, in case of pure Ga2O3 with no CeO2 the system creates bicarbonate
intermediates, which are more likely to hydrogenate to CH4 at high H2 levels. The reaction
mechanism for composite oxides and CeO2 may involve the formation of formate, which
reacts with H* to generate HCOOH*, dehydrates to produce CO*, and then eventually
transforms to CO (Figure 4b) [90]. Li. et al. used Cu and Cu-In active metals to get insight
into the RWGS reaction mechanisms over the bimetallic catalysts on CeO2 support [91].
In case of Cu-CeO2, the rich contact between a highly dispersed Cu, for H2 dissociation
(Equation (5)), and defective CeO2, for CO2 activation (Equation (6)), results in a high
RWGS activity on CeO2 (Figure 4c). On the other hand, Cu5In5-CeO2 has lower RWGS
activity than Cu10-CeO2 due to the presence of In, which enhances the level of Cu aggrega-
tion and fills oxygen vacancies on CeO2 (Figure 4d). The catalysts were followed the routes
shown in Equations (5)–(8) [91].

H2 � 2H∗ (5)

CO2 + O∗ � CO∗
3 (6)

2H∗ + CO∗
3 � HCOO∗ (7)

H∗ + HCOO∗ � CO + H2O (8)

Although noble metal–loaded CeO2 catalysts have been proven to be active for the
RWGS reaction, the reaction mechanism remains a point of contention. Earlier research
on Pt-CeO2 catalysts, for instance, has revealed that intermediates like carbonates and
formates have an essential part in the reaction, implying an associative mechanism [89,92].
At 300 ◦C, however, WGS process is predominantly controlled by a redox mechanism over
Pt-CeO2 catalyst [93]. Chen et al. in their research work on Pt-CeO2 catalyst identified that
despite the fact the redox and dissociation mechanisms coexisted in the RWGS reaction over
Pt/CeO2 catalyst, the dissociation mechanism, which involves the creation of intermediates,
has been identified as the main pathway for CO generation due to difficulty of the CO2
molecules adsorbing on Ce3+ active sites to directly generating CO (Figure 6a) [94]. In situ
reflectance FTIR studies were carried out to gain more understanding of the reaction process
and to analyze the generated intermediates during the RWGS reaction (Figure 5b) [94]. The
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peaks at 2045 and 1772 cm−1 were thought to be responsible for the linear- and bridge-
bonded CO on the reduced Pt particles’ surface. The peak at 1940 cm−1 was attributed to
the linearly adsorbed CO at the Pt and CeO2 contact areas. The spectrum at 2130 cm−1

was compatible with the Ce3+−CO assignment, where the CO is adsorbed on Ce3+ sites.
The peaks of 2830 and 1600 cm−1, respectively, emerged by formation of the formate and
carbonate species. Purged by He stream, the evidence of the formates and CO adsorbed on
Ce3+ sites diminished immediately, whereas the strength of the peaks due to the linearly
adsorbed CO at the contact sites and the Pt-CO species faded gradually. This indicates that
even while inert gas was flowing, the produced CO was highly adsorbed on certain metals
or interfacial sites. In the meantime, there is a weak connection between the produced
formate species and the CO adsorbed on Ce3+ sites. The findings reveal that it is challenging
for the CO2 molecules adsorbed on Ce3+ active sites to produce CO directly (surface redox
mechanism). The alternate dissociative pathway is more likely, where the synthesis of
formate species as major intermediates is possible via the interaction of adsorbed CO2 with
H2 that ultimately decomposes into CO [94].

Figure 4. The associative mechanism of the RWGS reaction over (a) LN-CeO2, reprinted with per-
mission from [86]. Copyright Elsevier, 2022, (b) Ga2O3−CeO2, reprinted with permission from [90].
Copyright Wiley, 2022, (c) Cu-CeO2, reprinted with permission from [91]. Copyright ACS, 2022,
(d) Cu5In5-CeO2, reprinted with permission from [91]. Copyright ACS, 2022.

Goguet et al. investigated the reaction mechanism and intermediates in RWGS us-
ing a Pt/CeO2 catalyst and reported that it followed the redox mechanism [84]. They
stated that the RWGS reaction took place through surface carbonate intermediates, with
carbonate species forming at the reduced CeO2 surface (Figure 6b) [84]. On Au-CeO2
catalysts, heterolytic dissociation is feasible at 150 ◦C, leading to a hydroxide and gold
hydride groups [95]. In order to have a better understanding of the mechanism, Wang et al.
conducted research on Au-CeO2 (Figure 6c,d) [80,96]. In their study in 2013, they found that
CO2 reacts with a pre-reduced Au/CeO2 catalyst to produce active oxygen, indicating a
redox mechanism for the RWGS reaction at temperatures over 200 ◦C (Figure 6c) [80]. Later,
in their published work in 2015, they concluded that even though it was thought that the
RWGS reaction was dominated by an associative reaction pathway, some evidence of redox
mechanism was seen in the RWGS reaction at temperatures above 120 ◦C (Figure 6d) [96].
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Figure 5. Operating DRIFT spectra captured after injecting a CO2/H2 mixture: (a) LN−CeO2,
reprinted with permission from [86]. Copyright Elsevier, 2022, (b) Pt−Ce catalyst calcined at 500 ◦C,
reprinted with permission from [94]. Copyright Elsevier, 2016.

Figure 6. Model for the reaction mechanism of the RWGS reaction over (a) Pt−CeO2, reprinted
with permission from [94]. Copyright Elsevier, 2016, (b) Pt−CeO2, reprinted with permission
from [84]. Copyright Elsevier, 2004, (c) Au−CeO2, reprinted with permission from [80]. Elsevier,
2013, (d) Au−CeO2, reprinted with permission from [96]. Copyright Royal Society of Chemistry, 2015.

There are some reports indicating the reaction to follow neither of the two dominant
pathways. Shen et al., for example, investigated the mechanism on the Ni-CeO2 catalyst in
the RWGS reaction and proposed a novel perspective into the reaction mechanism (Figure 7),
arguing that CO2 was initially adsorbed on the hydroxyl groups of Ce3+–OH rather than
oxygen vacancies (1, 2), resulting in the formation of the bicarbonate intermediate (*HCO3)
(3). The bicarbonate intermediate was then converted to formate (*HCOO) (4), with CO
being generated by the highly active H− in Ce–H (5) [97]. According to DFT and DRIFTS
investigations, the high selectivity is attributed to the low CO affinity, but the higher
catalytic activity is due to the abundance of C-H species [97].
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Figure 7. The proposed reaction mechanism of the RWGS reaction over Ni-CeO2 catalyst.

Deng et al. synthesized 10Ga5Cu-CeO2 catalyst using direct pyrolysis for pho-
tothermal catalytic RWGS reaction and identified the mechanism by in situ DRIFTS
(Figure 8a) [98]. It revealed that the addition of Ga increased the synthesis of formate
species, which are essential intermediates in CO2 hydrogenation, and light irradiation
promoted the breakdown of formate species to carbonyl, resulting in increased CO genera-
tion [98]. In contrast, by using Ga2O3 as a catalyst for the RWGS reaction after adding an
amount of CeO2 as a promoter, Zhao et al. established that adding CeO2 to the reaction
increased the development of bicarbonate species intermediates that could form H2O and
CO by interacting with H dissociated on the Ga2O3 surface [99]. Yang et al. provided a
unique approach for boosting RWGS rate under H2 lean conditions at low temperatures,
in which they evaluated a % Cu-CeO2 catalyst under visible light illumination, which
increased catalytic activity by 30% at 250 ◦C (Figure 8b) [100]. Using various techniques
and analysis, they discovered that, under visible light irradiation, the localized surface
plasmon resonance (LSPR) created by Cu nanoparticles induces heated electron transfer to
ceria, triggering desorption of bidentate formate and linear-CO transition specie [100].

Figure 8. The associative mechanism of the RWGS reaction over (a) 10Ga5Cu−CeO2, reprinted with
permission from [98]. Copyright Elsevier, 2021, (b) Cu−CeO2, reprinted with permission from [100].
Copyright Elsevier, 2022.
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These possible alternatives indicate that there is no universal mechanism in RWGS
reaction, and the reaction pathway is highly sensitive to the active metals/oxides, supports,
and reaction conditions. Therefore, condensing such data into a table that succinctly
explains the impact of the selectivity or functionality of active metal oxide on RWGS
reaction mechanism is beneficial (Table 1).

Table 1. Dominated mechanism in RWGS reaction based on different kinds of metal-CeO2.

Active Metal Mechanism Ref.

Cu Redox or Associative [81,91,100]

Cu5In5 Associative [91]

Ni Redox [83]

Ga Associative [90]

Pt Redox and/or Associative [84,94]

Au Redox and/or Associative [80,96]

10Ga5Cu Associative [98]

Ce Redox [83]

3. Kinetics of RWGS Reaction

An understanding of reaction kinetics is necessary for designing a practical reactor. The
majority of stated kinetic rate formulations for CO2 hydrogenation reactions are based on
Langmuir-type expressions since various reactions occur and adsorption factors influence
the kinetics [101]. Interestingly, CO2 RWGS is reported to be a faster process with a lower
activation energy than the WGS reaction on many of the metal/oxides [102,103]. Recently,
much research on the activity and stability of different active metals using CeO2 support
has been performed on the RWGS reaction; however, just a few kinetic and mechanistic
studies have been reported on the RWGS reaction [104–106]; in most cases, the Langmuir
kinetic model or power law equations have been used to explain the reaction kinetics.

Poto et al. adopted single-, dual-, and three-adsorption-site to model the kinetics
of CO2 hydrogenation to methanol over a Cu-CeO2/ZrO2 catalyst [107]. The findings
reveal that H2 is adsorbed and dissociated on Cu0 sites, whereas CO2 is drawn to the
oxygen vacancies formed by the CeO2-ZrO2 solid solution. Following that, the adsorbed
H interacts selectively with the carbon atom, preferring the “formate” pathway. The CO
produced by the RWGS process could desorb to the gas phase or undergo hydrogenation
to yield methanol. Table 2 shows the suggested rate equations for the RWGS, where k1 is
the kinetic constant and bi adsorption constants of i compound. The reaction rate law, first
proposed by Henkel [108], was later modified by Graaf et al. [109]. The results showed that
the reaction rates rise noticeably with the H2/CO2 concentration ratio and exponentially
with temperature. They found that higher reaction rates and less H2 consumption in the
feed could be obtained from a more hydrophobic surface due to a lower H2O adsorption
and higher desorption rate from Cu0 sites on such surfaces [107]. In order to increase the
resilience of the model results, they developed a process that evaluated the sensitivity
of models to the preliminary data. This method included repeatedly conducting the
optimization algorithm (as a loop), with recently obtained results serving as the initial
guesses. Based on the examination, it was determined that the kinetic model satisfied the
physicochemical restrictions [107]. To speed up reactions and decrease the demand for H2
in the feed, the authors suggested a more hydrophobic surface which may exhibit faster
desorption from Cu0 sites and weaker H2O adsorption [107]. Unfortunately, very few
investigations have looked into the reaction rate of M-CeO2 catalysts in RWGS reaction;
hence, the following studies will compare the reaction rates of several catalytic systems in
order to gain insight into the kinetics of the RWGS reaction and the factors that affect the
rate of CO2 conversion into CO.
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Lalinde et al., studied the RWGS reaction kinetics using an ordered-mesoporous
Ni-Al2O3 catalyst [110]. Within the studied temperature range, they found that the rate
equation for the RWGS reaction (Table 2) also comprises the WGS reaction, owing to the
low equilibrium constant (Keq,RWGS = 0.03 and 0.1 at 320 ◦C and 420 ◦C, respectively,) and
formation of CO being the rate-determining step (RDS) [110]. In their proposed reaction
rate the parameters are: k2 = kCO·kCO2 as rate constant, kβ as the theoretical gas phase
equilibrium compared to the equilibrium on the catalyst surface, and pi as partial pressure
of species i in gas mixture (bar). The experimental results and the local concentrations
predicted by models were in good agreement [110]. Moreover, the results were consistent
with another similar work by Kopyscinski et al. [111]. The reaction orders and the RDS can
change depending on reaction parameters [112]. For example, reaction orders involving
PH2 and PCO2 alter as the partial pressures of the gases change [104,105,113]. Ginés et al.
investigated the reaction rate on the CuO-ZnO/Al2O3 catalyst as well as establishing
a relationship between the reaction orders for H2 and CO2 in the RWGS reaction [105].
They confirmed that over a PCO2:PH2 ratio of less than 1:3, the reaction rate was strongly
sensitive to PCO2 (order of 1.1) and irrespective to H2 (0 order), probably owing to surface
deconstruction that favors CO2 dissociation. Whereas, at a moderate ratio of partial
pressures (>1:3), they suggested that the reaction rate is reliant on both gases with order
of 0.3 for PCO2 and 0.8 for PH2. The terms in their proposed reaction rate (provided in
Table 2) are as follows: X denotes CO2 conversion and Lo indicates the amounts of active
sites in a fresh sample [105]. Kim et al. found that the RWGS reaction kinetics with
Pt-reducible supports, e.g., Pt-TiO2 and Pt-Al2O3 synthesized by impregnation method,
were compatible with the redox mechanism [79,114]. The suggested reaction rate, as
presented in Table 2, was developed using Ct as the concentration of active sites in unused
catalysts [79]. Using a commercial Pt-Al2O3 catalyst this time, Jadhav et al. studied the
RWGS reaction kinetics and impact of reaction parameters on catalyst efficiency, and
discovered that increasing pressure increased CO2 conversion value [115]. The reactor was
tested in varied reaction settings to see how the temperature and H2/CO2 ratio in the feed
affected reaction rate. It was realized that as the H2 concentration in the feed increased (the
partial pressure of hydrogen increased) a higher CO2 conversion and reaction rate were
achieved. Moreover, at the same PH2/PCO2, as the temperature increased from 573 to 673 K,
the reaction rate rose from 0.009 to 0.044 mol/h/g [115]. In addition, the conversion values
calculated in this study were lower than those obtained by Kim et al. using impregnated Pt-
Al2O3 [79,115]. Ghodoosi et al. used a redox kinetic model over the Fe-Mo/Al2O3 catalyst
for the RWGS reaction in a fixed-bed reactor to develop their rate model to describe the
reaction kinetics [116]. They looked at the influence of feed gas temperature and discovered
that, at high feed temperatures, the temperature drop in the reactor rises. The reason is, with
increasing gas mixture temperature in feed, the rate of the reaction increases and because of
the endothermic nature of RWGS reaction, it consumes more heat, causing the temperature
to decrease [116]. In order to assess the proposed reactor model, three sets of experimental
data were used. The outcomes demonstrated a good consistency between the model
predictions and experimental findings under non-equilibrium conditions, with an average
deviation of 2.7%, and an average absolute inaccuracy of 5.6%, proving that the suggested
model can effectively predict the operation of the fixed-bed reactor for the catalytic RWGS
reaction [116]. In another study, Chen et al. employed atomic layer epitaxy (ALE) as an
alternate approach to synthesize homogenous Cu nanoparticles supported on SiO2 [117].
The RWGS pathway using ALE-Cu/SiO2 catalysts proceeded via a formate transition
species, and the CO2 and CO adsorption sites for the forward and reverse mechanisms were
independent [117]. Najari et al. synthesized Fe-K/γ-Al2O3 catalysts via the impregnation
method to perform the RWGS reaction in a lab-scale fixed-bed reactor [118]. Based on
their observations, they suggested the use of the Artificial Bee Colony (ABC) method to
predict kinetic values and utilize Differential Evolution (DE) optimization methods based
on the Langmuir–Hinshelwood–Hougen–Watson (LHHW) mechanism to meet the kinetic
requirements [118]. The ABC method outperformed the DE algorithm in forecasting total
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hydrocarbon selectivity, with an error rate of 6.3% compared to 32.9%. As a result, the
ABC model was used to analyze the distribution of the products. Results showed that at
573 K and 1 MPa, a maximum selectivity of 73.21% for hydrocarbons can be reached with
a 0.85% inaccuracy compared to the experimental result of 72.59% [118]. The proposed
reaction rate (presented in Table 2), is similar to their other works [61,119]. As per their
evaluations, the kinetic parameters obtained by using the ABC algorithm were roughly
in line with those published in earlier investigations, taking into account the different
catalytic characteristics and reaction conditions [118]. More research is required to fully
comprehend how critical factors affect reaction rate and distribution of products. Using the
same catalyst, but the two-step incipient wetness impregnation technique, Brübach et al.
developed a new LHHW type kinetic rate statement for RWGS reaction [120]. The best
performing model was derived under the assumption of H-assisted CO2 and H-assisted
CO dissociation mechanisms, supported by recent mechanistic studies. The statistical
analysis demonstrated a significant association between the inhibition coefficients and
reaction rate constants, as well as some lack of certainty in the estimated parameters. Since
LHHW expressions have a mathematical structure, it is unfortunate that this seems to be
inevitable. At a similar actual flow rate, pressure changes from 10 to 20 bar resulted in a
considerable increase in CO2 conversion. Nevertheless, they believed this was primarily
due to an increase in residency time. Increasing the temperatures accelerated the reaction
rate and pushed the CO selectivity to higher values for the same CO2 conversion rate. A
similar impact was seen when the H2/CO2 ratio was increased [120].

Table 2. Proposed reaction rate for some catalysts in RWGS reaction.

Catalyst RWGS Reaction Rate Assumption Ref.
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Pt-TiO2 Pt-Al2O3 r =
kAkbCt(pCO2

pH2
−pCOpH2O/keq)

(kApCO2
+k−ApCO+k−bpH2O)

- CO2 dissociation as RDS
- Adsorption of CO and H2O at the site of

catalytic activity was not counted
- At low PH2 (1 < P0

H2/P0
CO2 < 4) the

dissociation adsorption phase was
not included

- Langmuir–Hinshelwood and surface
redox mechanisms

[79]

Pt-Al2O3 r =
CS(k1k2pCO2

pH2
−k−1k−2pCOpH2O)

k2pH2
+k−1pCO

- In low CO2 conversions
- Surface redox mechanism and associative

formate mechanism
- Steady state; r = r1 = r2

[115]

FeMo-Al2O3 −rCO2 =
k(pCO2

−
pCOpH2O

kepH2
)

1+kH2O
pH2O
pH2

- Redox kinetic model [116]

ALE-Cu/SiO2 r = 21/2k4k1/2
1 k1/2

2 k3p1/2
H2

p1/2
CO2

- HCOO–2S → CO–S + OH–S is RDS
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Table 2. Cont.

Catalyst RWGS Reaction Rate Assumption Ref.
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- LHHW mechanism
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- LHHW mechanism
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[120]

4. Effect of Different Parameters on Catalyst Performance in RWGS Reaction

4.1. Preparation Methods

The method of catalyst preparation determines the metal-support interaction and
morphological properties of the final catalysts that considerably impact the performance
of the catalysts. The impact of different preparation procedures of 1 wt.% Ni-CeO2,
e.g., co-precipitation (CP), deposition–precipitation (DP), and impregnation (IM) approaches,
on the physicochemical and catalytic characteristics in the RWGS reaction was explored
by Luhui et al. [121]. The Ni-CeO2-CP catalyst achieved the highest conversion rate in the
RWGS reaction when compared to the Ni-CeO2-DP and Ni-CeO2-IM catalysts (Figure 9a);
however, the CO selectivity followed the order: Ni-CeO2-IM > Ni-CeO2-CP > Ni-CeO2-DP
(Figure 9b). As confirmed by TPR analysis, an integration of numerous oxygen vacan-
cies and broadly dispersed small NiO particles was considered to be the reason for the
outstanding performance of the Ni-CeO2-CP catalyst in terms of high activity and good
selectivity. This suggests that more nickel ions were integrated into the CeO2 lattice to
develop a solid solution. The Ni-CeO2-DP catalyst has only a limited number of oxygen
vacancies in comparison to the Ni-CeO2-CP catalyst, which results in low RWGS selectivity.
It was proposed that the RWGS selectivity was strongly influenced by the oxygen vacancies.
It is believed that the solid solution of CexNiyO is produced when the Ni2+ ions are inserted
into the ceria lattice to substitute certain Ce4+ cations [121]. Oxygen vacancies are produced
by the lattice distortion and charge imbalance that occur within the CeO2 structure [122,123].
Several reports have indicated that precipitated ceria-based catalysts have distinct proper-
ties depending on the precipitants used, which significantly influence structural properties
and catalytic performance [124–129]. In other work by the same group, Luhui et al. used
the CP method to make a range of Ni-CeO2 catalysts using Na2CO3, NaOH, as well as a
combination of precipitants (Na2CO3:NaOH; 1:1 ratio) in order to investigate their catalytic
efficacy in the RWGS reaction [130]. According to the structural characterization findings,
the catalyst developed by the mixed precipitating agents (Na2CO3:NaOH; 1:1 ratio) exhib-
ited the highest oxygen vacancies along with high Ni particle dispersion, resulting in the
highest catalytic activity for the corresponding catalyst (Figure 9c), whereas the precipi-
tants’ catalytic selectivity for CO were ranked as: NaOH > Na2CO3 > Na2CO3:NaOH = 1:1
(Figure 9d) [130]. The technique used to synthesize the CeO2 catalyst has a substantial
impact on its structure, and the structure of the synthesized catalysts can greatly influence
the catalytic performance in the CO2 RWGS reaction [131]. Hard-template (HT), complex
(CA), and precipitation strategies (PC) were used to synthesize CeO2 catalysts with various
structures, and their efficiency in the CO2 RWGS reaction was examined by Dai et al. [131].
The Ce-HT catalyst had the greatest CO2 RWGS reaction activity due to its porous structure
(TEM), high specific surface area of 144.9 m2.g−1 (BET), and abundance of oxygen vacancies;
Ce-HT > Ce-CA > Ce-PC is the temperature sequence in which the catalysts reduce in the
presence of H2 at low temperatures (H2-TPR) [131]. Xiaodong et al. carried out the RWGS
reaction over Pt-CeO2 catalysts at temperatures between 200 and 500 ◦C under atmospheric
pressure and various pretreatment conditions using the co-precipitated technique [94]. The
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samples were represented as PC-M-N, where PC stands for the co-precipitated 1%Pt-CeO2
catalyst and M and N stand for the calcination and reduction temperatures of the samples,
respectively, (Figure 9e) [94]. The catalyst prepared at a lower calcination temperature (PC-
500-400) demonstrated a more favorable catalytic performance than the others due to its high
Pt dispersion [94]. In another study, Ronda–Lloret et al. investigated the use of metal organic
frameworks (MOFs) as precursors instead of merely using the traditional wet impregnation
(WI) method in the production of CuOx-CeO2 catalysts [132]. After impregnating Cu-MOF
using a ceria precursor, they flash-pyrolized (PF) the impregnated MOF applying distinctive
conditions and procedures and compared the performances in the RWGS reaction with
the WI synthesis technique finding that the MOF-derived catalyst outperformed the other
catalyst (Figure 9f) [132]. Throughout the thermal decomposition procedure, the metal
ions in MOFs are transformed into metallic or metal oxide nanoparticles, while the organic
linkers produce carbonaceous formations which can function as supports and promote
active phase distribution [133]. As Ronda–Lloret et al. concluded, by changing the pyrolysis
environment, an oxidizing environment may be produced that prevents sintering and keeps
copper oxidized during decomposition. Using air in the decomposition process causes
the creation of copper oxide compounds that sinter with more difficultly than the metallic
copper. This promotes the interaction with the ceria support, which improves its catalytic
behavior. Thus, by utilizing air, highly dispersed CuO on CeO2 can be created that is readily
reducible and exhibits strong interactions with the ceria [132].

Figure 9. Effect of preparation methods on metal-CeO2 RWGS reaction: (a) Ni-CeO2 -activity,
reprinted with permission from [121]. Copyright Elsevier, 2013, (b) Ni-CeO2-selectivity, reprinted
with permission from [121]. Copyright Elsevier, 2013, (c) Ni-CeO2 -activity, reprinted with permission
from [130]. Copyright Elsevier, 2013, (d) Ni-CeO2-selectivity, reprinted with permission from [130].
Copyright Elsevier, 2013, (e) Pt-CeO2, reprinted with permission from [94]. Copyright Elsevier, 2016,
(f) CuOx-CeO2-activity, reprinted with permission from [132]. Copyright Elsevier, 2018.

4.2. Shape and Crystal Face Effect

The form and exposed crystal face of catalysts have a major impact on RWGS reaction
activity since they may control the adsorption and desorption energies of precursors in
the reaction process [134–136]. Thus, the efficiency of CeO2 supported catalysts can be
modified by conducting experiments with various morphologies. The RWGS reaction was
studied by Kovacevic et al. over cerium oxide catalysts of various morphologies: cubes,
rods, and particles [137]. Using TPR they found that surface oxygen is less removable
in the case of nanoshapes with a high concentration of oxygen vacancies and, compared
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to rods and particles, cerium oxide cubes had twice more activity per surface area. The
stronger intrinsic reactivity of (100) crystal planes encapsulating cubes, as opposed to
less intrinsically reactive (111) facets exhibited in rods and particles, results in enhanced
catalytic activity of ceria cubes in RWGS [137]. In another study, Lin et al. found that
under similar conditions and the same active metal, the CeO2(110) surface has substantially
more activity than the CeO2(111) surface, indicating that the ceria support performance
is facet-dependent (Figure 10a,b) [81]. According to their study, once Cu particles are
loaded onto the CeO2-Nanorod (NR) and CeO2-Nanosphere (NS) surfaces, the NR sample
exhibits greater RWGS reaction activity. This is mostly due to the increased feasibility
of CO2 dissociative activation and the generation of active bidentate carbonate and for-
mate intermediates over CeO2(110) [81]. Liu et al. used RWGS to compare crystal plane
reactive activity in three nano-CeO2s with varied exposed planes [83]. The overall or-
der of RWGS reactive efficiency of the three studied CeO2 shapes was ceria nanocube
(NC) > ceria-NR > ceria-nanooctahedra (NO), as shown in Figure 10c [83]. It is well estab-
lished that oxygen vacancies formation on ceria (100) or (110) consume less energy than
creating them on ceria (111) [138,139]. As a result, the ceria (100) and (110) planes seem
to be more attractive choices for catalyzing processes that involve an oxygen cycle with
adsorbates [83]. This could be the main reason why the ceria-NC exposed (100) plane had
the best CO2 conversion and selectivity.

Figure 10. Effect of shape and crystal face on metal-CeO2 RWGS reaction: (a,b) Cu−CeO2, reprinted
with permission from [81]. Copyright ACS, 2018, (c) CeO2, reprinted with permission from [83].
Copyright Elsevier, 2016, (d) Cu−CeO2, reprinted with permission from [88]. Copyright Elsevier,
2020, (e,f) M−CeO2 (M = Co or Cu), reprinted with permission from [140]. Copyright MDPI, 2019.

Zhang et al. developed self-assembled CeO2 with 3D hollow nanosphere (hs) (111),
nanoparticle (np) (111), and nanocube (nc) (200) morphologies that were employed to
support Cu particles [88]. Owing to the large levels of active oxygen vacancy sites, the
Cu-CeO2-hs(111) exhibited the greatest RWGS catalytic activity among the studied catalysts
(Figure 10d) [88]. Konsolakis et al. looked into the influence of the active phase type and
ceria nanoparticle support morphology (NR or NC) on the physicochemical characteristics
and CO2 hydrogenation capability of M-CeO2 (M = Co or Cu) composites at 1 atm [140].
Regardless of support structure, CO2 conversion was reported to follow the following order:
Co-CeO2 > Cu-CeO2 > CeO2 with the Cu-CeO2 sample being far more selective toward CO
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than Co-CeO2 (Figure 10e,f). The Co catalysts supported on NC ceria demonstrated slightly
higher catalytic activity than Co supported on rod-like forms, highlighting the importance
of support morphology in addition to the choice of metal element; for Cu-based samples
and bare CeO2, the pattern was the opposite [140].

Figure 11 displays the lattice characteristics of cerium oxide under various conditions
based on the work of Lin et al. [81]. To assess the reduction level of support, nonthermal
lattice expansion of cerium oxide was used (which represents the creation of Ce3+ in the
bulk phase). Ceria lattice constant would rapidly drop when the reduced catalysts were
exposed to reactant gas at room temperature, suggesting that the oxygen vacancies were
regenerated by CO2 breakdown on the surface of the catalyst. As marked with red squares
in Figure 11, in reaction settings and in temperatures ranging from 45 to 110 ◦C, the CeO2
lattice of Cu/CeO2-NR shrank significantly with temperature. Cu/CeO2-NS, however, had
a small rise in the lattice parameter. This behavior suggested that, at low temperatures,
Cu/CeO2-NR was more favorable for CO2 activation than Cu/CeO2-NS [81].

Figure 11. CeO2 lattice constant for Cu/CeO2-NR and Cu/CeO2-NS catalysts, reprinted with
permission from [81]. Copyright ACS, 2018.

4.3. Metal–Support Interactions

Activation of catalysts by pretreatment at high-temperature in the presence of hydro-
gen is often adopted to reduce the oxide nanoparticles and generate oxygen vacancies on
the reducible support surface; however, such activation procedures can develop greater
interactions between metal nanoparticles and the support, which has been reported to
impact catalytic activity in varying ways: positively [141], negatively [142], or in some cases
insignificantly [143]. The strong metal–support interaction (SMSI) phenomenon, which
typically develops in metals and reducible oxides subjected to high reduction temperature,
is one such case [144]. The type of the support [145], metal composition [146], and catalyst
synthesis procedure can all influence metal–support interaction (MSI) [147]. According
to Goguet et al., the major active site in the RWGS reaction over Pt-CeO2 catalyst is the
interface among Pt and CeO2 and the reducible site of CeO2, which is created by the SMSI
effect of Pt and CeO2 [84].

SMSI between Cu species and CeO2 helps in boosting the reducibility and stability of
associated catalysts, which is favorable for catalytic reduction processes [148]. The results of
a study by Zhou et al. showed that the H2 reduction at 400 ◦C can create oxygen vacancies
and active Cu0 species as active sites in Cu-CeO2 catalysts [149]. The SMSI phenomenon
allows electrons to move from Cu to Ce on its surface, forming the Ce3+-Ov-Cu0 and
Cu0-CeO2-δ interface structures that increase the adsorption and activation of the reactant
in RWGS reaction. The results suggested that the Cu-CeO2 catalyst with 8 wt.% Cu had the
best CO2 conversion yield (Figure 12a). The full synergistic interaction between the active

21



Catalysts 2022, 12, 1101

species via Ce3+- oxygen vacancy-Cu0 was attributed to its high catalytic activity in the
RWGS process [149].

Aitbekova et al. designed the 2.6 nm Ru equally distributed on Al2O3, TiO2, and
CeO2 supports and tested in a CO2 reduction process [55]. Ru catalysts supported on
TiO2 and CeO2 were significantly more active than those supported on Al2O3, but CH4
was the predominant product in all cases. Nonetheless, they reported that moderate
oxidization of the catalyst at a temperature of 230 ◦C followed by low temperature reduction
(230 ◦C), named as OX-LTR, leads to the Ru particles’ re-dispersion on CeO2, giving a nearly
complete switching of product selectivity from methane to CO (Figure 12b), indicating that
a weaker adsorption of CO on the single RuOx site is likely to result in increased selectivity.
As they stated in their research, such re-dispersion appears only slightly in Al2O3- and
TiO2-supported Ru, probably due to the lower Al2O3 and TiO2 and RuOx interaction as
compared to the CeO2 support with RuOx. Moreover, a light oxidation of the catalysts at
230 ◦C coupled with a high reduction temperature of 500 ◦C, named as OX-HTR, favored
the formation of SMSI in the case of Ru-TiO2; however, the Ru-CeO2 catalysts (both OX-LTR
and OX-HTR) exhibited fairly similar rates, implying the effect of SMSI is negligible for
CeO2-supported Ru materials under the CO2 hydrogenation conditions investigated [55].
Similar conclusions were derived by Tauster et al. in a separate study [150].

A capping layer encircling the supported nanoparticles is commonly observed as
evidence of the impact [151]. The existence of such an action, on the other hand, could be
linked to charge transfer across metallic nanoparticles and the oxide support [152]. For
example, Figueiredo et al. synthesized CuxNi1–x-CeO2 (x = 0.25, 0.35 and 60) nanoparticles
for use in the RWGS reaction and investigated the SMSI influence on CO2 dissociation
reaction by exploring the nanoparticles’ electrical and structural features and discovered
the reactivity of nanoparticles was proportional to the Cu content on the surface with Cu-
richer ones having a negative impact on the CO2 dissociation reactivity [153]. According
to their experimental results, through the reduction treatment, the SMSI effect does not
actually impact nanoparticles synthesized with low Cu amounts (Figure 12c). The SMSI
situation caused the support’s capping layer that surrounds the nanoparticle surface to
cover the catalytic active spots on the surface of the nanoparticle, leading to a decrease in
the reactivity of CO2 dissociation [153].

Figure 12. Effect of Effect of metal–support interactions on metal-CeO2 in RWGS reaction: (a) Cu-
CeO2, reprinted with permission from [149]. Copyright Elsevier, 2020, (b) Ru-CeO2, reprinted with
permission from [55]. Copyright ACS, 2018, (c) CuxNi1–x-CeO2, reprinted with permission from [153].
Copyright ACS, 2020.

Looking more into the work of Zhou et al., the CO2-TPD profiles of the xCu/CeO2-δ
catalysts are presented in Figure 13, and show two unique CO2 desorption peaks for each
sample [149]. The area of the CO2 desorption peak and the number of CO2 adsorption
active sites present on the surface of the relevant catalyst are invariably connected. By
increasing Cu loading, the peak regions for the ε peak exhibited a volcano pattern, reaching
their highest on the 8Cu/CeO2-δ catalyst. This was explained in their work by the fact that
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increasing Cu loading (8%) led to a greater number of Cu- CeO2-δ junctions and encouraged
strong MSI. Nonetheless, at larger Cu loadings (>8%), a portion of the surface active sites
may be coated by an extreme amount of Cu species [149]. When it comes to the peak ϕ,
the peak regions initially start to increase, up to Cu loading of 10%, and then continue to
decrease. This was explained by the fact that at lower Cu loadings up to 10%, the catalysts’
high specific surface areas enable CO2 molecules to adsorb on their surfaces, whereas at
larger Cu loadings (above 10%), the catalysts’ active sites are reduced as a result of the
evident decrease in specific surface areas [149].

Figure 13. CO2-TPD analysis of the Cu/CeO2-δ catalysts, reprinted with permission from [149].
Copyright Elsevier, 2020.

4.4. Active Metal Loading

The influence of the catalysts’ composition has been investigated in many studies.
Lloret et al. designed catalysts with two different Cu concentrations and two different quan-
tities of ceria precursor, aiming to have two distinct molar ratios of 20Cu:80Ce and 40Cu:60Ce
with two different decomposition methods: pyrolysis (P), and PF (Figure 14a) [132]. It was
revealed that samples with a higher Cu level have weak catalytic activity, whereas catalysts
with a lower Cu content have better catalytic behavior in the RWGS process [132]. It is
interesting to note that the ceria crystal size is smaller in the catalyst with higher ceria
content (lower Cu), and copper dispersion is reduced when there is a large copper loading.
According to the TPR results, hydrogen consumption was higher and peaked at lower
temperatures in the sample with less Cu. A high Cu content needed the degradation of a
greater quantity of HKUST-1, creating a more reducing environment. Therefore, if higher
Cu content is there, additional MOFs are needed to break down to adjust to the reducing
environment [132]. The impact of metal nanoparticle concentration on CeO2-supported
Pt and Ru catalysts with metal contents of 1, 5, and 10% on CeO2 has been investigated
by Einakchi et al. [154]. Comparing Figure 14b,c, raising the metal loading from 1 wt.%
to 10 wt.% clearly degrades the activity of Pt catalysts, while it seems to favor the RWGS
activity of Ru catalysts. Ru and Pt catalysts are likely to have lower metal dispersion at
10 wt.% when compared to metal loadings of 1 wt.%. The high catalytic performance of
Pt-CeO2 was found to be linked with metal loading and particularly sensitive to metal
dispersion, with 1 wt.% Pt displaying the optimum catalytic performance. Unlike Pt-CeO2,
no correlation was identified between Ru catalyst RWGS activity and metal loading (Ru
dispersion); nonetheless, 5 wt.% Ru metal was proven to be the best loading for Ru-CeO2
catalysts [154]. In another study, Wang et al. prepared Co-CeO2 catalysts with different
cobalt concentrations (0, 1, 2, 5, 10%) using the CP method employed in the RWGS reac-
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tion [54]. The findings revealed that the sample with 2% Co on CeO2 support showed highly
dispersed Co3O4 on CeO2 surface displaying a strong MSI that resulted in an outstanding
RWGS catalytic efficiency in terms of activity, CO selectivity, and minimal carbon depo-
sition. Nevertheless, bulk Co3O4 with bigger particle size generated in catalysts having
high Co content (5% and 10%) lead to considerably higher carbon deposition and enhanced
by-product CH4 generation throughout the process. Their results suggested that for the
RWGS reaction, widely dispersed Co which is reduced from highly distributed Co3O4 on
CeO2 support, ought to be a major active material, whereas solid Co that has a large particle
size could be the main active component for methanation as well as carbon deposition
(Figure 14d,e) [54]. The same group in another study investigated the effect of the content
of cobalt supported on CeO2 prepared by a colloidal solution combustion technique to
form mesoporous catalysts (Co-CeO2-M) and examined their activity and selectivity toward
RWGS reaction and then compared the optimum Co amount sample with the same catalyst
prepared by IM and CP [155]. The catalytic analyses revealed that the mesoporous 5%
and 10%Co-CeO2 catalyst had high activity in the RWGS reaction (Figure 14f); however,
10%Co-CeO2 was less selective to CO formation than the 5%Co-CeO2 one. Nonetheless,
both had good stability over a 10-h period at 600 ◦C. Moreover, the activity and selectivity
of 5% Co-CeO2-M was higher than the 5% Co-CeO2-IM and 5%Co-CeO2-CP catalysts. They
concluded that the superior catalytic performance of the 5%Co-CeO2-M catalyst was owing
to its unique mesoporous configuration, in which the Co particle is dispersed throughout
the pore wall and is in close contact to small CeO2 particles [155]. When defining the
optimal catalyst in terms of activity and selectivity, metal dispersion is not the only factor to
consider; the nature of the support also plays an important role. According to research by
Jurkovic et al. on various supports for Cu-based catalysts, the supports with the greatest
Cu dispersion were Al2O3 (77.7%) followed by ZrO2 (73.6%), CeO2 (67.6%), TiO2 (66.3%),
and SiO2 (36.2%) [156]. Nevertheless, the alumina support was found to have the highest
reported catalytic activity, followed by ceria, titania, silica, and zirconia. Ceria was ranked
by TPR as the second-best support among the studied group, while having the third-best Cu
dispersion, most likely because of its reducibility and capacity to hold oxygen [156]. More-
over, according to the literature, there is a direct correlation between the catalysts’ activity
and acid-base properties [157]. According to Pino et al., the synergistic interaction of Ni and
La2O3 on a La2O3 doped Ni-CeO2 catalyst boosted catalytic activity because of the creation
of a basic site and Ni dispersion improvement [158]. Therefore, it can also be concluded
that improving basicity of a catalyst might facilitate CO2 adsorption [74]. According to
the research of Jurkovic et al., Al2O3 is a frequently used irreducible support with good
performance, where its modest acidity could be a likely contributing factor [74,156].

4.5. Metal Size Effect

The RWGS reaction is sensitive to the structure of the supported catalysts, and the
size of the attached metal active sties that influence the adsorption, intermediate formation
and desorption of the products [159]. Reducing the metal particle size may improve MSI
by generating a larger metal–support interface, leading to positively increasing the RWGS
reaction activity. Indeed, due to the SMSI affect, more oxygen atoms should be attached to
the metal surface when the particle size decreases [160]. For example, Li et al. developed
a 5% Ir-CeO2 catalyst including an Ir particle size of around 1 nm, and a 0.7% Ir-CeO2
catalyst with atomic dispersion of Ir [161]. Even though the dominant product of CH4
was produced by an Ir-CeO2 catalyst with large Ir particles (>2.5 nm), CO was produced
mainly by the 5% and 0.7% Ir-CeO2 catalysts when Ir particle size was less than 1 nm,
and the catalytic activity per mole of Ir increased (Figure 15a). They also discovered that
due of the intense interaction with CeO2, 1 nm Ir particles and atomically dispersed Ir
get partially oxidized, but large Ir particles, more than 2.5 nm, are mostly reduced. As a
result, they concluded that the primary active site for a RWGS reaction is partly oxidized
Ir that engages extensively with CeO2 support regardless of Ir particles or atomically
dispersed Ir atoms [161]. Metal active sites distributed on an atomic level add more to
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the CO product than metal clusters at a 3D level [162]. In a study, Zhao et al. produced
Pt-CeO2 catalysts with various Pt sizes to test the influence of size on CO selectivity in
the RWGS reaction [163]. Three Pt-CeO2 catalysts were produced using CeO2 nanorods,
including atomically dispersed Pt species as well as Pt clusters or particles of two different
sizes (2.1 and 5.2). According to Figure 15 b, within the temperature range of 200 to 450 ◦C,
the atomically distributed Pt-CeO2 catalyst (shown as Pt-CeO2-AA-350) exhibited almost
100% CO selectivity, whereas CO selectivity using Pt nanoparticles (5Pt-CeO2-IMP-350
catalyst with 5.2 nm particle size) reduced noticeably at elevated reaction temperature.
Large-sized Pt species demonstrated high CO adsorption, resulting in the production of
CH4 by further hydrogenation [163].

Figure 14. Effect of metal loading on metal-CeO2 RWGS reaction: (a) CuOx-CeO2, adapted with
permission from [132]. Copyright Elsevier, 2018, (b,c) CO yield at 450 ◦C, (b) Pt-CeO2, (c) Ru-CeO2,
(d,e) activity and selectivity of Co-CeO2, reprinted with permission from [54]. Copyright Elsevier,
2017, (f) Co-CeO2, reprinted with permission from [155]. Copyright Elsevier, 2018.

Lu et al. developed mesoporous CeO2 (surface area = 100 m2 g−1) as well as NiO-CeO2
with large surface areas, narrow pore size dispersion, and homogeneous mesopores (in-
tercrystallite voids) [53]. According to the results, with increasing temperature and NiO
quantity, the CO2 conversion rate in RWGS reaction increased. As for CO selectivity, when
less than 3 wt.% NiO was used, NiO particles monodispersed in mesoporous CeO2 result-
ing in a complete CO2 conversion to CO which was irrespective of temperature. For more
than 3.5 wt.%, due to NiO particle aggregation, 100% CO selectivity was improbable below
700 ◦C (Figure 15c) [53]. Wang et al. studied the effect of CeO2 on RWGS in comparison
to In2O3 [164]. The surface areas of the In2O3–CeO2 catalysts enhanced compared to pure
In2O3; as the CeO2 content increased, the size of the In2O3 particles in the In2O3–CeO2
samples reduced and the dispersion of In2O3 particles in the In2O3–CeO2 increased. Be-
sides, additional oxygen vacancies were formed (Figure 15d), which in turn enhanced
the dissociative hydrogen adsorption and increased the quantity of bicarbonate species
produced by activated CO2 adsorption [164].
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Figure 15. Effect of metal size CeO2 support on RWGS reaction: (a) Ir-CeO2, reprinted with permis-
sion from [161], Copyright Wiley, 2017, (b) Pt-CeO2, reprinted with permission from [163]. Copyright
Elsevier, 2021, (c) NiO-CeO2, reprinted with permission from [53]. Copyright Elsevier, 2014, (d) In2O3–
CeO2, reprinted with permission from [164]. Copyright Elsevier, 2016.

4.6. Effect of Adding CeO2 as a Reducible Transition Metal Oxide Promoter

The inclusion of a cerium oxide as a promoter can affect CO2 adsorption and activation,
as well as the activity and selectivity of the RWGS process [165,166]. Yang et al. showed in
their work how adding ceria to alumina support (CeO2-Al2O3) helped in lowering acidity
of Ni-based catalysts, which also minimized carbon deposition [167]. Figure 10a shows the
catalytic performance of all samples versus temperature in terms of CO2 conversion. More-
over, introduction CeO2 to the unpromoted Ni-Al catalyst also improved its reducibility.
As it is shown in Figure 16a, ceria improved unpromoted Ni-Al catalyst reducibility in that
the Ni-CeAl catalyst had a reduction percentage (RP) of ~93%, compared to 86.5% for the
reference Ni-Al catalyst. The authors concluded that their findings were mostly due to two
aspects occurring together: (1) CeO2, as a promoter here, reduced the Ni-Al2O3 connection,
leading to an increase in Ni particle reducibility, owing to the generated Ni-promoter
interaction, and (2) because of its intrinsic redox capabilities, CeO2 offered additional
oxygen mobility to the catalysts [96]. In another study by Lee et al., a set of Pt-CeO2-TiO2
catalysts were impregnated with different support combinations ranging from 0 to 20%
to evaluate the influence of varied CeO2/TiO2 ratio on catalytic activity during RWGS
reaction [82]. Accordingly (Figure 16b), increasing CeO2 loading improved the catalytic
activity of Pt-impregnated catalysts, the Pt-20%CeO2-TiO2 sample showing the highest CO2
conversion. Based on their analysis, by substituting TiO2 with CeO2, the lattice and pore
configuration changed in favor of more CO2 conversion in RWGS reaction (the mechanism
is explained in Figure 3b) [82]. With the aim of improving adsorption and activation of
CO2 on Ga2O3, Zhao et al. used CeO2 as a promoter with an optimum Ga:Ce ratio of 99:1
and employed RWGS reaction as a test reaction and indicator for the catalytic performance
of the resultant samples [99]. The results showed the positive performance of CeO2-Ga2O3
(Figure 16c) due to the fact that the inclusion of CeO2 increases the production of bicar-
bonate species in CO2 adsorption, which is thermodynamically more advantageous [99].
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The same catalytic system was studied by Dai et al., where the gel sol-gel process was
used to create a variety of Ga2O3-CeO2 composite oxide catalysts with various Ga2O3 and
CeO2 ratios [90]. When compared to pure Ga2O3 and pure CeO2, the composite oxide
catalysts had smaller particles and showed high CO selectivity in the RWGS process. It was
discovered that Ga2O3 has distinct reaction intermediates from CeO2 and Ga2O3-CeO2,
making it easier to create methane in high H2 conditions, whereas CeO2 promotes CO
selectivity. In a Ga2O3 to CeO2 ratio of 3:1, composite oxide showed the greatest activity
(Figure 16d). This is mostly due to the creation of the GaxCeyOz solid solution phase and
the development of additional active sites that result in an increased number of oxygen
vacancies, which facilitate CO2 adsorption and activation. Moreover, it was found that
GaCe composite oxides have a more homogeneous mesoporous structure and a greater
pore volume, making mass transport in reactions easier [90]. In contrast, there are a few
cases in which once ceria was introduced to a catalytic system, CO selectivity improved
but CO2 conversion was slightly decreased [168]. Galvita et al., for example, developed
a Fe2O3–CeO2 composite and discovered that incorporating ceria to iron oxide increased
solid solution stability but reduced CO production capabilities [169].

Figure 16. Effect of adding promoters on RWGS reaction: (a) Ni-CeAl, reprinted with permission
from [167]. Copyright Elsevier, 2018, (b) Pt-CeTi at 400 ◦C, (c) CeO2-Ga2O3, reprinted with permission
from [99]. Copyright Elsevier, 2012, (d) Ga2O3−CeO2, reprinted with permission from [90]. Copyright
Wiley, 2022.

On the other hand, when a non-reducible transition metal oxide is used as a promoter
for M-CeO2 catalysts, more oxygen vacancies can emerge during the reduction process [170].
For example, more thermally stable support can be developed by a mixed framework of
Al2O3-CeO2 which offers a broad surface for optimum active phase dispersion and enables
the development of oxygen vacancies on the surface throughout the catalytic reaction to
improve catalytic performance [171]. Zonetti et al. and Wenzel et al. showed that adding
Zr to the CeO2 lattice improved its ability to create oxygen vacancies as well as its thermal
stability, which is a desirable feature of catalytic systems [172,173].

4.7. Bimetallic Effect

Reports indicate that bimetals, where a second metal is introduced along with the
primary active metal, can be used to help boost the catalytically active phase [174]. Evi-
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dently in many systems, bimetallic compounds have outperformed their individual com-
ponents [175]. Furthermore, the generation of metal carbide (coke precursor) could be
prevented due to the electrical effect caused by metal–metal interactions, resulting in less
deactivation [176]. Yang et al. showed how the inclusion of a second element (Cr or Fe) can
positively affect the reducibility of monometallic Ni-based catalysts (Ni-CeAl) [167]. As it
is displayed in Figure 17a, the addition of Fe to the Ni-CeAl catalyst system can increase
the reducibility of Ni- to 95% compared to 93% for the Ni-CeAl catalyst [167]. Chen et al.
synthesized a Cu-Fe bimetallic phase loaded on CeO2 and evaluated its performance for
RWGS reaction at temperatures ranging from 450 to 750 ◦C at 1 atm (Figure 17b). The
efficiency of the iron-containing copper-based catalyst was greatly increased over that of
the catalyst without iron, and CO2 conversion nearly approached theoretical levels. The
bimetallic CeO2-supported catalyst was shown to have high selectivity, stability, with no
secondary reactions, and no carbon deposition on the catalyst surface after the process [177].
In contrast, Li et al. used CuIn bimetallic catalysts for the RWGS reaction, demonstrating
that the promotional impact of In on Cu is support dependent [91]. The CO2 conversion
of the CuIn-ZrO2 catalyst was higher by far than the Cu-ZrO2 catalyst; however, the CO2
conversion of CuIn-CeO2 was considerably lower than Cu-CeO2 (Figure 17c). The cause
of the support-sensitivity of RWGS activity was further discovered through systematic
analysis. Cu and In combined to form CuIn alloys on the ZrO2 support, which allowed
CO2 to be activated by oxygen vacancies from partially reduced In2O3, whereas, Cu and In
were found as metallic Cu and In2O3 on the CeO2 support, respectively. The addition of
In prevented Cu dispersion and the development of oxygen vacancies on CeO2, resulting
in lower RWGS activity [91]. The cata lytic activity of 5 wt.% mono- and bimetallic Ru-
and Pt-based catalysts supported on CeO2 was compared as a function of temperature as
shown in Figure 17d [154]. The bimetallic activity is higher than that of the individual Ru
activities due to the synergy between Ru, Pt, and CeO2. Moreover, the Fe-promotional
impact in the Ru90Fe10-CeO2 catalyst is most noticeable at lower temperatures, whereas
there is no difference in catalytic activity above 450 ◦C when compared to Ru-CeO2 [154].

Figure 17. Effect of bimetallic on metal-CeO2 in RWGS reaction: (a) NiFe-CeO2, reprinted with
permission from [167]. Copyright Elsevier, 2018, (b) CuFe-CeO2, reprinted with permission from [177].
Copyright Elsevier, 2021, (c) CuIn-CeO2, reprinted with permission from [91]. Copyright ACS, 2022,
(d) CO yield for RuPt/CeO2 and RuFe/CeO2 at 600 ◦C.
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The following table (Table 3) provides a summary of M-CeO2 catalysts used in
RWGS reaction. The synthesis methods and relevant results are provided for compar-
ing their performance.

Table 3. Conditions and catalytic performance in RWGS reaction on different kinds of metal-CeO2.

Catalyst Synthesizing Method Temperature (◦C) Conversion (%) Selectivity (%) Ref.

Pt-CeO2 Co-Precipitation 300 6.7 - [94]
2%Pt-CeO2 Commercial 290 21.7 ~100 [178]
1 wt.%Pt-CeO2 Polyol 500 ~24 ~100 [154]
3.2%PtCo-CeO2 Incipient Wetness Impregnation 300 9.1 92.3 [179]
5 wt.%Ru-CeO2 Polyol 500 ~25 ~100 [154]
5%Ru-CeO2 Polyol 350 ~16 ~31 [180]
Ru50Pt50-CeO2 Polyol 500 ~28 ~100 [154]
RuNi-CeZ Wet Impregnation 350 53 93 [181]
5%Ru/Sm-CeO2 Polyol 350 ~16 ~69 [180]
FeNi-CeZr Wet Impregnation 350 13 60 [181]
PtCo-CeO2 Incipient Wetness Impregnation 300 9.1 92.31 [179]
0.5Pd10Cu-CeO2 Precipitation–Impregnation 270 12 - [182]
1Pd10Cu-CeO2 Precipitation–Impregnation 270 17.8 - [182]
2Pd10Cu-CeO2 Precipitation–Impregnation 270 11.3 - [182]
PdNi-CeO2 Incipient Wetness Impregnation 300 2.5 37.5 [183]
10Cu-CeO2 Precipitation-Impregnation 270 6.4 - [182]
Cu-CeO2 Space-Confined 300 ~18 ~100 [184]

CeO2-NC Hydrothermal–Incipient Wetness
Impregnation 700 27.8 ~100 [83]

CeO2-NR Hydrothermal–Incipient Wetness
Impregnation 700 23.8 ~100 [83]

CeO2-NO Hydrothermal–Incipient Wetness
Impregnation 700 19.8 ~100 [83]

CeO2-HT Hard-Template 580 15.9 ~100 [131]
Cu/CeO2 Wet Impregnation 380 52 95 [140]
CuCeOx Hard Template 400 33 ~100 [51]
CuOx-CeO2 Wet Impregnation 400 10 ~100 [132]
1 wt.%Cu-CeO2 Combustion 600 ~70 ~100 [28]
5.60 wt.%Cu-CeO2-hs Hydrothermal–Impregnation 600 ~50 ~100 [88]

5 wt.%Cu-CeO2-nr Hydrothermal–incipient wetness
impregnation 450 ~50 - [81]

5 wt.%Cu-CeO2-ns Microemulsion-incipient wetness
impregnation 450 ~40 - [81]

0.25 mole%Cu-CeO2 Hard Template–Impregnation 400 31.34 100 [185]
5Cu/48CeO2/ZSM Physical Mixing 600 ~68 100 [186]
Fe-CeO2 Hard Template–Impregnation 340 3.3 ~100 [185]
Mn-CeO2 Hard Template–Impregnation 340 3.3 ~100 [128]
Co-CeO2 Hard Template–Impregnation 340 9.3 ~100 [128]
10%Co-CeO2 Colloidal Solution Combustion 300 3.8 39.4 [155]
10Cu5Fe-CeO2 Impregnation 750 42 100 [177]
5Cu5In-CeO2 Impregnation 500 45 100 [91]
10Cu-CeO2 Impregnation 500 50 100 [91]
10 wt.%Co-CeO2 Co-precipitation–Impregnation 500 28 ~91 [187]
1%K10% Co-CeO2 Co-precipitation–Impregnation 500 31 100 [187]
l%Ni-CeO2 Co-precipitation 600 ~35 100 [188]
1%Ni-CeO2 Co-precipitation 400 ~4.5 ~90 [130]
Ni-CeO2 Co-precipitation 700 37.5 ~100 [121]
Ni-CeO2 Deposition–Precipitation 700 41.7 ~100 [121]
Ni-CeO2 Impregnation 700 29.2 ~100 [121]
Ni-CeZrOx Impregnation 700 46.1 97.3 [189]
Ni/CeO2-Al2O3 Wet Impregnation 750 59 94 [167]
Ni-CeZrOx Precipitation-Co-precipitation 550 48 87.5 [172]
1%NiO-CeO2/SBA-15 Calcination 450 ~2.5 100 [53]
6%Ni/Al2O3-CeO2 Combustion 750 ~63 ~90 [190]
RuFe-CeO2 Polyol 800 47.5 ~100 [180]
0.7%Ir-CeO2 Adsorption–Precipitation 300 2.9 >99 [161]
5%Ir-CeO2 Adsorption–Precipitation 300 6.8 >99 [161]
20%Ir-CeO2 Adsorption–Precipitation 300 8.8 12 [161]
In2O3-CeO2 Co-precipitation 500 20.4 ~100 [164]
Ga2O3-CeO2 Physical Mixing 400 5.14 ~100 [99]
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5. Summary and Outlook

The RWGS is a potential process with a promising prospect for large-scale CO2 to CO
conversion in the near future, when integrated with large-scale technologies for sustainable
H2 production. If the RWGS reaction is to play a significant role in lowering CO2 levels in
the atmosphere, a suitable catalyst made of earth-abundant elements is desirable. CeO2
support has been shown to aid in increasing CO2 catalytic activity, and the following key
features make CeO2 an attractive choice:

- CeO2 supports are renowned for their acid-base properties, and high oxygen mobility
and stability, which improve RWGS reaction activity when added to a suitable active
metal catalytic system.

- Surface defects (Ce3+ and oxygen vacancies) enable metal particles to attach well to
the ceria support, resulting in increased metal dispersion.

- A Ce4+/Ce3+ redox pair with strong activity can significantly improve CO2 dissocia-
tive activation.

- Sintering processes and coke formation may be hampered by a strong metal–support
interaction (SMSI) leading to an enhancement in catalyst stability.

- CeO2 can be produced by a variety of methods to provide suitable design and technical
features generating appropriate metal–support interactions that can further be tuned
by synthesis methods and catalyst pretreatment techniques.

- CeO2 support could influence the reaction mechanism by changing the adsorption
energy of key intermediates with MSI.

The mechanism of the RWGS reaction involving CeO2 as a support, as well as an
active site, have been thoroughly debated, since understanding these concepts is critical for
the rational design of highly efficient and selective RWGS catalysts. Although the RWGS
reaction mechanism is still a controversial topic, the reaction routes on different catalysts
working under different reaction parameters may be clarified in the near future due to the
advancements in in situ and operando spectroscopic technologies, including in situ (or near
ambient pressure (NAP)) XPS and in situ XRD, in combination with theoretical approaches
involving DFT. Identifying the deactivation pathway may also help in the development of
stable catalysts for the RWGS reaction.

In this context, developing a more structurally and thermally stable CeO2 that can
achieve high CO selectivity at high CO2 conversion rates with less carbon deposition to
prevent catalyst deactivation is critical. A careful approach is needed to develop and
activate CeO2 based catalysts and fine-tune their properties by regulating MSI to generate
the desired effects. The literature shows the implementation of a range of parameters that
influence CeO2 catalyst performance in RWGS reaction, such as the addition of a suitable
second metal in bimetallic systems, adaptation of apt catalyst preparation methods to
optimize active metal size, addition of CeO2 as a promoter for metal-supported catalysts,
tuning CeO2 crystal planes for oxide catalysts etc. Recently, transition metal carbides
have been seen as an appealing and suitable option for commercial applications in the
RWGS reaction due to their interesting features comparable to those of noble metals such
as their dual capabilities for H2 dissociation and C-O bond regulation, and possibility to
act similarly to reducible oxides. Even though numerous materials have been investigated,
no commercial-scale catalyst is available for RWGS reaction and further progress and
scientific understanding is required before an industrial level of implementation can be
thought of. So far, only a few studies are available on the kinetic model and reaction
rate determination on M-CeO2 catalysts in RWGS reaction, and more dedicated future
studies are required to fulfill this critical gap; it is necessary to expand this study further, to
reactor development and large-scale expansion. The engineering of an industrial RWGS
unit requires a comprehensive knowledge of reaction kinetics, involving internal/external
mass transport impacts, along with the RWGS thermodynamic equilibrium.
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Abbreviations

ABC Artificial Bee Colony
ALE Atomic Layer Epitaxy
BET Brunauer–Emmett–Teller
CA Complex
CP Co-Precipitation
DE Differential Evolution
DFT Density Functional Theory
DP Deposition-Precipitation
DRIFTS Diffuse Reflectance Infrared Fourier-Transform Spectroscopy
EDX Energy Dispersive X-ray
FCC Face-Centered Cubic
FTS Fischer–Tropsch Synthesis
HT Hard-template
HTR High Temperature Reduction
IM Impregnation
LHHW Langmuir–Hinshelwood–Hougen–Watson
LN Liquid Nitrogen
LSPR Localized Surface Plasmon Resonance
LTR Low Temperature Reduction
M Mesoporous
MOF Metal Organic Framework
MSI Metal–Support Interaction
NAP Near Ambient Pressure
NC Nanocube
NO Nanooctahedra
NR Nanorod
NS Nanospheres
OSC Oxygen Storage Capacity
OX Oxidation
P Pyrolysis
PC Precipitation
PF Flash Pyrolized
RDS Rate-Determining Step
RM Reverse Microemulsion
RP Reduction Percentage
RWGS Reverse Water Gas Shift
SEM Scanning Electron Microscopy
SMSI Strong Metal–Support Interaction
TEM Transmission Electron Microscopy
TPR Temperature Programmed Reduction
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WGS Water Gas Shift
WI Wet Impregnation
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
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Abstract: The scientific community is being forced to consider alternative renewable fuels such
as biodiesel as a result of the sharp increases in the price of petroleum and the increased demand
for petroleum-derived products. Transesterification is a technique used to create biodiesel where a
variety of edible oils, non-edible oils, and animal fats are used. For this, either a homogeneous or
heterogeneous catalyst is utilized. An appropriate catalyst is chosen based on the quantity of free
fatty acid content in the oil. The main distinction between homogeneous and heterogeneous catalysts
is that compared to the heterogeneous catalyst, the homogeneous catalyst is not affected by the
quantity of free fatty acids in the oil. Early methods of producing biodiesel relied on homogeneous
catalysts, which have drawbacks such as high flammability, toxicity, corrosion, byproducts such
as soap and glycerol, and high wastewater output. The majority of these issues are solved by
heterogeneous catalysts. Recent innovations use novel heterogeneous catalysts that are obtained from
biomass and biowaste resources. Numerous researchers have documented the use of biomass-derived
heterogeneous catalysts in the production of high-quality, pure biodiesel as a potentially greener
manufacturing method. The catalysts were significantly altered through conventional physical
processes that were both cost- and energy-effective. The present review is intended to analyze
catalysts from biowaste for making biodiesel at a minimal cost. The most recent methods for creating
diverse kinds of catalysts—including acidic, basic, bifunctional, and nanocatalysts—from various
chemicals and biomass are highlighted in this review. Additionally, the effects of various catalyst
preparation methods on biodiesel yield are thoroughly explored.

Keywords: biomass; heterogeneous catalyst; biodiesel

1. Introduction

In recent years, nanomaterials with different architectures and supports have been
playing a key role in industrial catalysis [1]. Because of worries about the destructive
effects of fossil fuel usage, such as climate change, global warming, and their detrimental
effects on human health, biomass is now the most popular renewable energy source,
and its utilization is growing [2,3]. In reality, biomass has enormous potential for use
as a source of renewable energy, with the ability to produce biofuels for heat, power,
and transportation. Rising bioenergy endorsement as part of agricultural policies has
resulted in a different and more fruitful utilization of land and has greatly aided in the
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advancement of economic possibilities for rural areas, as well as a ramp-up in farmer
income, a reduction in rural–urban migration, and environmental and cultural preservation.
Recent technological advancements in biomass exploitation have led to the development
of promising methods for efficiently generating heat, power, and liquid biofuels out of
these widely available and affordable natural resources [4]. A blend of monoalkyl esters
made from renewable bioresources known as biodiesel is of particular relevance since it
is quickly becoming a significant transportation fuel. Due to its lower pollution levels,
biodiesel has been promoted as a cleaner alternative to gasoline and diesel (primarily in
terms of CO2 emissions). A multitude of air pollutants, including particulate matter, sulfur,
hydrocarbons, and carbon monoxide, can be considerably reduced by using biodiesel.
The advantages of biodiesel for the environment are driving up production. However,
production costs are still quite high compared to diesel fuel made from petroleum. With
the addition of a solid heterogeneous catalyst, biodiesel production could lower its cost
and become economically competitive with diesel. As a result, recent significant research
efforts have been made to identify the appropriate catalysts.

Biomass is any organic material that originates in some way from the photosynthetic
process. The definition of biomass varies because of the variability of the components, the
purpose, and the place of origin. However, in a broader sense, biomass is a collection of
organically derived materials, including those from plants such as crops, trees, shrubs, and
algae as well as any other materials made of an organic matrix, with the exception of plastics
made from petrochemical and fossil resources [5]. The most significant biomass sources
include sewage [6], algae [7], aquatic crops [8], agricultural and forestry leftovers [9], animal
residues [10], and waste products from the wood-processing sector [11]. They also fall
under the biomass classification particularly if they cannot be reused in later processing
such as municipal solid waste and waste discharges from human activities. Biomass has
a remarkably diversified chemical makeup. For instance, grains and livestock waste are
mostly made up of starch, whereas residues of plant origin are primarily made up of
cellulose, hemicellulose, and lignin in different amounts. Obviously, various chemical
characteristics come from diverse chemical structures. Figure 1 depicts the schematic
diagram for the synthesis of biodiesel from biomass.

 

Figure 1. Schematic diagram for the synthesis of biodiesel by transesterification. Reprinted with
permission from Ref. [12]. 2022, Elsevier.

Fatty acid methyl esters (FAME) are the main component of the renewable trans-
portation fuel known as biodiesel [13,14]. These FAME are normally prepared by the
transesterification of vegetable and animal fats. The demand for biodiesel is rising both
domestically and internationally. Concerns over greenhouse gas (GHG) emissions and

40



Catalysts 2022, 12, 1501

climate change, a need for renewable/sustainable energy sources, and a desire to build
domestic and more reliable fuel supplies are the main drivers behind this. Although the
terms “first generation” and “second generation” biofuels are used often, they have no
legal or regulatory significance [15,16]. The phrase “1st Generation” often refers to biofuels
made from readily accessible, edible feedstocks utilizing proven conversion techniques.
The majority of current biofuels are categorized as first generation. This comprises biodiesel
created by the transesterification of triglycerides present in animal fat and vegetable oils
and ethanol made through the fermentation of sugars with its source in maize, sugar cane,
or sorghum, etc. The phrase “2nd Generation” can be used to describe biofuels made from
cutting-edge, non-food feedstocks or via the use of modern processing technologies. The
non-edible triglycerides and lignocellulose are two examples of advanced feedstocks that
include algae and jatropha. Catalytic hydroprocessing of triglycerides to create sustainable
fuel and thermal conversion such as pyrolysis and gasification of lignocellulose are two
examples of contemporary processing technology [17,18].

Direct usage and mixing of raw oils [19], microemulsion [20], thermal cracking [21],
pyrolysis [22], and transesterification [23] are some of the current processes for making
biodiesel. Transesterification is by far the simplest and most economical process for pro-
ducing biodiesel. Transesterification, also known as alcoholysis, is the process by which
fats or oils react with an alcohol in the presence of a catalyst to produce glycerol and
fatty acid methyl ester [24]. We can utilize methanol, ethanol, butanol, and amyl alcohol,
among other forms of alcohol. Nevertheless, methanol is frequently employed since it
is less expensive, has a short chain, reacts rapidly, and disperses readily in the reaction
media [25]. Although many different FAME species can be found in biodiesel fuel made by
transesterification of triglycerides, most fuels are typically dominated by a limited number
of species such as lauric acid, Myristic acid, myristoleic acid, palmitic acid, palmitoleic acid,
stearic acid, oleic acid, linoleic acid, linolenic acid, arachidic acid, gondoic acid, behenic
acid, and erucic acid [26]. The most efficient technique for producing biodiesel is thought
to be enzymatic transesterification. However, the highly expensive cost of the catalyst and
the slower reaction rate prevent its wider use [27]. Figure 2 illustrates the mechanism for
the formation of biodiesel. To produce three moles of fatty acid methyl ester and one mole
of glycerol, the process needs three moles of methanol and one mole of triglyceride. Mono-
glycerides and diglycerides are produced as intermediates in three sequential reversible
processes that result from this. Following the reaction, the glycerol is separated by settling
or centrifugation, and then it is purified for various applications. Before being employed as
a diesel fuel, the methyl ester fraction is purified.

 
Figure 2. Formation of FAME from triglyceride [28].
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1.1. Homogeneous Catalysis

At the moment, homogenous base catalysts are often used on an industrial basis
to produce biodiesel [29]. The benefits of a homogeneous base catalyst, such as sodium
hydroxide (NaOH) and potassium hydroxide (KOH), include high catalytic activity, faster
reaction times, moderate working conditions, and readily accessible and inexpensive raw
materials. Free fatty acids (FFA) and water can greatly affect the homogeneous base catalyst
process [30]. Additionally, the production of soaps as a byproduct of neutralization and
saponification would hinder the extraction and purification process, create a significant
amount of wastewater, and increase operating costs [31]. This requirement renders this
catalyst unfavorable to the environment.

For feedstock with a high FFA concentration, such as used cooking oil, unrefined
vegetable oils, and animal fats, homogenous acid catalysts such as H2SO4, HCl, and
H3PO4 are appropriate. The lack of sensitivity to the existence of FFA and water, the
capacity to catalyze both transesterification and esterification processes, and the absence
of soap byproduct production are some of its main benefits. The main obstacle to the
widespread use of this catalyst, however, is its delayed response time. According to
reports, base-catalyzed transesterification has a conversion rate that is around 4000 times
slower than acid-catalyzed transesterification [32]. Homogeneous acid catalysts are also
extremely acidic and reactive by nature. In a homogenous operation, product isolation
and purification requires a number of stages, generates a lot of effluents, and increases
operational costs. The recovery and recycling of homogeneous catalysts are challenging,
impractical, costly, and need additional processing [33].

1.2. Heterogeneous Catalysis

In recent years, research in using solid or heterogeneous catalysts in the synthesis of
biodiesel has significantly grown [34]. The phases or states of heterogeneous catalysts differ
from those of reactants. These are just the kinds of catalysts that usually generate active
sites during a reaction with their reactants [35]. Due to the fact that it takes place in a three-
phase system with a solid heterogeneous catalyst and two immiscible liquid phases such
as methanol and oil, the heterogeneously catalyzed methanolysis process is exceedingly
complicated. Along with methanolysis, other processes including the saponification of
glycerides and methyl esters and the catalyst-assisted neutralization of FFAs also take
place. The main drawbacks of this catalysis comprise higher oil/alcohol ratios and higher
temperatures than in homogeneous catalysis. It is simpler to extract the catalysts from
the product afterward since they are not either destroyed or decomposed in the reaction
mixture. Additionally, since the recovered catalyst may be utilized again in the process, less
catalyst is needed overall, reducing the expenses. The heterogeneous-based operation has a
number of advantages, such as being noncorrosive, ease of separation, and having extended
catalyst endurance [36,37]. Examples of heterogeneous catalysts including alkaline earth
metals such as MgO and SrO are commonly employed. The most popular application of
CaO is as a transesterification catalyst. As a heterogeneous base catalyst, Al is employed
in the form of oxides such as Al2 O3, which are supported by CaO and MgO. Numerous
naturally occurring calcium sources, including eggshell, mollusk shell, and bones, are
frequently employed as the starting materials for the manufacture of catalysts because they
can both reduce wastes and yield catalysts with a high level of cost competitiveness. Several
catalysts are on sale for basic-catalyzed reactions, including metal oxide, mixed oxide, and
hydrotalcite [38]. On the contrary side, catalysts for acidic activity include various forms
of carbon, zeolites, ion-exchange resin, and transition metal oxides [39]. Nevertheless, the
three-phase system’s existence in a heterogeneous environment will cause a diffusion issue
that will hinder the reaction [40]. The mass transfer performance is constrained by three
highly immiscible phases such as solid catalyst, alcohol, and oil, which slow the pace of
reaction. These solid catalysts generated from non-renewable resources and ecologically
unfriendly sources suffer from a smaller number of active sites, microporosity, leaching,
being poisonous, and costly [41]. Therefore, the catalyst must possess a larger pore diameter
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and greater specific surface area that support the hydrophobicity and external catalytic
sites in them to make a superior solid acid catalyst.

1.3. Enzymatic Catalysis

A lipase-catalyzed approach has been devised and has been the subject of substantial
research over the past 10 years to reduce the issues related to the use of acid and/or alkali
for the synthesis of biodiesel [42]. The enzyme-based biodiesel process has the following
benefits: (1) a more straightforward manufacturing process; (2) less energy consumption;
(3) higher purity of the byproduct glycerol; (4) no soap development in the system; and
(5) simple separation and recycling of immobilized enzymes [43]. The enzymatic path-
way for the manufacturing of biodiesel is now viewed as an ecofriendly substitute that is
increasingly feasible as new, more effective, and less expensive enzymes are now being
evolved. However, the enzyme catalyst has some limitations, primarily linked to lower
reaction rates, increased prices, and loss of activity or enzyme inhibition. The enzymatic
catalyst may be regenerated to reduce enzyme costs, which improves the effectiveness
of recovering biodiesel. Additionally, genetic engineering and the identification of high
alcohol-tolerant microorganisms can be used to improve enzyme catalytic activity [44].
Introducing enzymes that can catalyze both the esterification of FFA and the transester-
ification of TGs will make it much easier to overcome the significant challenge posed
by the existence of FFA in the precursor material that prevents transesterification using
conventional techniques. Waste oils and fats include FFA that can be totally turned into
biodiesel. In reality, as the FFA are immediately esterified enzymatically into FAME, the
enzyme-catalyzed transesterification is more appropriate for usage on FFA-rich feedstocks
including waste oils, greases, beef tallow, and lard [27].

1.4. Non-Catalyzed Process

Non-catalytic approaches have been examined for the production of biodiesel in
order to overcome challenges related to traditional catalyzed (trans)esterification. Saka
and Kusdiana, who explored the synthesis of biodiesel from rapeseed oil using methanol
under the supercritical state in 2001, discovered non-catalytic (trans)esterification [45]. If
reactions are conducted at temperatures of 239 ◦C and pressures 8.09 MPa above the critical
point of methanol, as demonstrated in the reactions they have conducted, large yields
may be reached in a short amount of time even without the use of a catalyst. Molecules
have high kinetic energy and density under supercritical conditions of the alkyl donor,
increasing chemical reactivity. Protic solvents have lower dielectric constants because
they easily break hydrogen bonds, making them miscible with oils and fats. The authors
also listed additional advantages of supercritical methanol transesterification, including
easier product purification and an environmentally beneficial method. The severity of
the processing conditions affecting operational safety and energy needs is the key issue
with this strategy. According to the literature that is currently accessible, this technique
of catalyst-free alcoholysis reactions at high temperature and pressure settings allows
for strong phase solubility and less mass-transfer constraints. Since the reaction rate is
drastically accelerated in the supercritical state, the reaction is guaranteed to be completed
in a shorter amount of time while requiring less laborious segregation and purification
processes [46].

Additionally, the presence of alcohol, which performs a double function as a reactant
and a catalyst, amplifies the absence of a catalyst. Moreover, compared to the standard
alkali-catalyzed process, the supercritical method (SCM) has been claimed to be more
tolerant of the accompanying water and free fatty acids in the feedstock [47]. Conse-
quently, the method is considerably more successful against different kinds of vegetable
oils, which has increased interest in research considering the application of this method in
an unconventional way.
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2. Common Methodology for the Synthesis of Heterogeneous Catalyst

2.1. Hydrothermal

With the advantage of the economical synthesis method and ease of optimization of
time and temperature, hydrothermal synthesis is an excellent method for producing bulk
metal catalysts with high purity. Teo et al. studied the effectiveness of a catalyst for trans-
esterifying crude Jatropha curcas oil (JCO), which has a high fatty acid content and was
evaluated in the current study. At various synthesis times, calcium methoxide (Ca(OCH3)2)
has been produced effectively using a cost-effective hydrothermal technique [48]. CaO was
utilized as a precursor because it is widely available, reasonably priced, and ecologically
safe. On the surface of CaO, Ca(OCH3)2 can form, and its active basic surface is excep-
tionally developed. Three different morphologies of Ca(OCH3)2 catalysts were observed,
including (a) spherical particles with non-uniform sizes, (b) well-organization plate-like
structures with irregular surfaces, and (c) a collection of small plate-like designs with even
surfaces. The relationship between the biodiesel yield and the catalysts’ synthesis time,
surface area, and shape was investigated. At ideal experimental parameters of 2 h reaction
time, Ca(OCH3)2 was able to sustain 86% of FAME content after a 5th cycle. The optimized
condition was the temperature (65 ◦C), 1 molar ratio (methanol: oil), and a catalyst loading
(2 wt.%). For the transesterification process of non-edible Jatropha curcas oil for biodiesel
synthesis, Ca(OCH3)2 was proved to be the better solid heterogeneous catalyst.

Using acid and basic catalysts, the transesterification of triglycerides from waste
oilseed fruits with methanol has been explored in heterogeneous and homogeneous sys-
tems. Macario and his co-workers performed hydrothermal synthesis to synthesize the
acid catalysts MCM-41 and ITQ-6 [49]. Ionic exchange was used to load potassium onto
various materials to create acid-base catalysts (obtaining K-MCM-41, K-ITQ-6), as shown
in Figure 3. After 24 h of reaction at 180 ◦C, K-ITQ-6 catalysts produced the maximum
levels of triglycerides conversion and biodiesel output. This catalyst is deactivated by
potassium leaching, yet it is possible and simple to regenerate and reuse it. Soltani and
his co-workers prepared a highly recyclable mesoporous SO3H-GO@TiO2 catalyst that has
both Lewis and Brönsted acid sites for one-pot catalyzing the esterification of cheap acidic
feedstocks, such as palm fatty acid distillate (PFAD), which contains a significant amount
of water (3 wt.%) and FFAs > 85 wt.% [50]. The mesoporous sulfonated GO@TiO2 catalyst
was synthesized utilizing a two-step hydrothermal microwave-assisted technique that
included post-sulfonation treatment and homogenous TiO2 nanoparticle dispersion inside
the GO mesopore framework [50]. After examining the effects of several GO:Ti ratios on
textural characteristics, the ratio of 1:1 was chosen as the best ratio. The outcomes showed
that the catalyst had high acidity with a mix of Brönsted and Lewis acid sites, as well as
favorable textural qualities. Additionally, the post-sulfonation treatment had no effect on
the crystalline structure of the as-prepared mesoporous GO@TiO2 material. Furthermore,
ten repeated esterification processes using the synthesized mesoporous SO3H-GO@TiO2
catalyst demonstrated good stability without further interventions.

An alternate method for creating activated carbon in the nanometer range from
biomass with a large surface area is hydrothermal carbonization (HTC). In their work,
RF Abdullah et al. synthesized empty fruit bunch-based activated carbon (EFBHAC)
using the HTC method [51]. K2CO3 and Cu(NO3)2 were added to the activated carbon to
create a bifunctional nanocatalyst for the tandem esterification and transesterification of
waste cooking oil (WCO). As a consequence of hydrolysis, dehydration, decarboxylation,
aromatization, and recondensation during the HTC process, the generated EFBHAC had
a BET surface area (4056.17 m2 g−1), pore volume (0.827 cm3 g−1), and pore diameter
(5.42 nm). The maximum biodiesel yield of 97.1% was obtained by impregnating K2CO3
and Cu(NO3)2, over EFBHAC, which resulted in high levels of basicity (9.21 mmol g−1)
and acidity (31.41 mmol g−1). The optimized conditions were 5 wt.% catalyst loading,
12:1 methanol-to-oil molar ratio, and 70 ◦C for 2 h. After the fifth cycle, more than 80% of
biodiesel was generated, demonstrating its high reusability. These findings demonstrate
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the outstanding potential of waste materials to make bifunctional nanocatalysts that can
increase biodiesel output and have commercial viability.

Figure 3. N2 adsorption isotherms of catalyst (a) before and (b) after ionic exchange. Reprinted with
permission from Ref. [49]. 2022, Elsevier.

In order to produce biodiesel from the transesterification of soybean oil with methanol,
Mo-KIT-6 catalyst precursors produced by direct hydrothermal synthesis utilizing various
Si/Mo molar ratios (10, 20, and 30) were reported by Cardoso and his group [52]. The
factorial design revealed that employing the 10 Mo-KIT-6 catalysts and an alcohol/oil
ratio of 20/1 at 150 ◦C for 3 h are the ideal conditions for optimizing biodiesel production.
However, when employing the 20 Mo-KIT-6 catalysts with a 15:1 alcohol-to-oil ratio, the
biodiesel output approaches its maximal potential while also benefiting from the use of
less methanol, which reduces the energy required for the separation of unreacted alcohol.

2.2. Carbonization

Based on the report by Atelge, in his work, a heterogeneous catalyst made of activated
carbon derived from used coffee grounds was produced utilizing KOH as an activator by
the carbonization method [53]. The synthesized catalyst was characterized and assessed in
terms of biodiesel and hydrogen generation efficiency, with the maximum iodine number
being achieved at 600 ◦C carbonization temperature. Three-weight percent catalyst loading,
a 9:1 methanol-to-waste cooking oil molar ratio, a reaction temperature of 90 ◦C, and
a reaction duration of 120 min were found to be the ideal transesterification reaction
conditions. The yield of biodiesel under ideal reaction conditions was 91.57%. In order to
verify the catalyst’s capacity to be reused, the selected superior catalyst was successfully
utilized five times. For both the transesterification and the dehydrogenation processes, the
catalyst performance was nearly identical to that of the initial cycle following regeneration.
Furthermore, 19.15 and 15.48 kJ/mol were estimated as the activation energies of the
transesterification and methanolysis processes, respectively.

Through a transesterification process, Fernández et al. produced biodiesel using
biochar and coffee husk ashes as heterogeneous catalysts [54]. The raw coffee husks were
carbonized, activated, and charred to produce the catalysts. The findings demonstrated
the existence of several inorganic compounds combined with the turbostratic structure,
primarily K- and Ca-containing phases (in the case of the biochar samples). The synthesized
biochar sample at 700 ◦C demonstrates a biodiesel conversion of 66%; the activated biochar
catalyst prepared at the same temperature exhibited a higher biodiesel conversion (74%),
which explains its outstanding specific surface area. Coffee husk ashes had the highest
catalytic effectiveness (biodiesel conversion of 93%), which is consistent with their greater
Ca and K salt levels when compared to biochar samples.
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For the formation of biodiesel, incomplete carbonization of shrimp shell with loading
KF on the resulting material and activation at a specified temperature were used by Yang
and his co-workers to create a high-performance and ecologically friendly shrimp shell
catalyst [55]. The transesterification of rapeseed oil with methanol was used to study the
catalytic performance. The outcomes showed that the ideal preparation conditions were
ideal for carbonization at 450 ◦C, loading KF at 25 wt.%, and activation at 250 ◦C. The
chemical reaction using shrimp shell as the catalyst was conducted at 65 ◦C with a 2.5 wt.%
of catalyst loading, 9:1 of a methanol/rapeseed oil molar ratio, and 3 h reaction duration
to achieve the desired conversion. The catalyst shrimp shell had a porous framework
morphology, and the active sites created by the interaction of the shrimp shell that had not
fully carbonized with KF during the activation phase were what gave it its catalytic activity
for transesterification. It was discovered that the shrimp shell has significant catalytic
activity and environmentally favorable qualities, offering the possibility of using it as a
heterogeneous base catalyst in the biodiesel synthesis method.

2.3. Calcination

Jayakumar et al. performed a calcination method to develop a low-cost, pollution-less,
and very efficient heterogeneous catalytic synthesis for the conversion of Jatropha curcas
oil (JCO) into biodiesel using waste animal (ox) bone [56]. The calcined ox bone catalyst
analysis clearly demonstrated that there was a significant amount of catalytic activity
for the production of biodiesel. According to the reaction time (1–4 h) and temperature,
biodiesel yields at a 500 rpm agitation speed, a 5% catalyst loading rate (w/w) of oil, and a
12:1 methanol-oil ratio (molar) were monitored (313–338 ◦C). It was discovered that 338 ◦C
was the ideal temperature for achieving the highest (96.82%) biodiesel output. With a
frequency factor of 7.03 × 106 h−1, the activation needed 38.55 kJ mol−1 of energy (Ea).
The experiments on reusability showed that the calcined animal bone catalyst was very
stable for up to three cycles with FAME > 90%, which was considerably reduced to 61%
in the fourth cycle. The findings of this analysis revealed the potential for using JCO and
calcined ox bone catalyst as inexpensive and easily accessible unwanted waste materials
that may be utilized as feedstock for the market-scale production of biodiesel to meet the
potential needs of the community.

The potential of using discarded rohu fish (Labeo rohita) scale as a high-performance,
recyclable, and inexpensive heterogeneous catalyst for the synthesis of biodiesel from
soybean oil is examined in the research performed by Chakraborty et al. [57]. X-ray
diffraction and thermogravimetric analysis showed that calcining hydroxyapatite over
900 ◦C for two hours might convert a sizeable amount of β-tri-calcium phosphate. A fibrous
layer with a porous structure was seen in SEM morphological investigations of the calcined
scale, and a BET surface area of 39 m2/g was determined. The ideal parametric parameters
were 6.27:1 (methanol/oil molar ratio), 997.42 ◦C (the calcination temperature), and the
catalyst concentration (1.01 wt.% of oil), leading to the best FAME production of 97.73%,
which was found using response surface methodology. Reusability tests depict that the
developed catalyst might be used up to six more times, opening up a possible route for the
production of biodiesel.

It was reported by Nair et al. that waste frying oil can be converted into biodiesel utilizing
a heterogeneous catalyst made of powdered calcined clamshell (Mereterix mereterix) [58].
Clamshells calcined for 2.5 and 3.5 h at 1173 ◦C showed varying catalytic activity. A catalyst
with increased activity and a quicker transesterification reaction time was produced after
3.5 h of calcination. According to XRF analysis, the catalyst is mostly composed of calcium
(97%) as well as some minor elements such as Na, Si, Fe, Sr, Al, Mn, and S. Figure 4
represents the XRD spectrum of the catalyst before and after the reaction. The calcined
clamshell’s surface area was determined to be 2.6 m2 g−1, and 3.0 g of catalyst and 6.03:1
(methanol to oil molar ratio) at 333 ◦C in 3 h were determined to be the best values for key
variables. On the basis of variable optimization, high yields (>89%) and conversions (>97%)
were attained.
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Figure 4. XRD of clamshell (a) calcined at 1173 K for 3.5 h and (b) after use. Reprinted with permission
from Ref. [58]. 2022, Elsevier.

2.4. Pyrolysis

According to the experiment performed by Li and his co-researchers, the catalyst
used was rice husk that had been pyrolyzed and sulfonated using strong sulfuric acid [59].
The catalyst was then applied to catalyze the transesterification and esterification of WCO
to produce biodiesel. The conversion of FFAs to FAME in the presence of the catalyst
achieved 98.17% after 3 h and 87.57% after 15 h. In comparison, the standard solid acid
catalyst Amberlyst-15 only produced FFA conversion and FAME yields of 95.25 and 45.17%,
respectively. As a result, the produced catalyst displayed a high catalytic activity for both
transesterification and esterification to occur simultaneously.

The transformation of potato peel as a possible source of bio-oil and green heteroge-
neous catalysts has been reported by Daimary and his co-workers using pyrolysis [60].
The thermochemical conversion’s biochar waste was recycled as a clean, sustainable, and
recyclable source for heterogeneous catalysts. The alkali and alkaline-rich biochar was
reclaimed through calcination and converted into bio-based mixed metal oxide and carbon-
ates. Reasonably high bio-char (29.50%) was observed to be generated at 500 ◦C, which was
also the optimal operating temperature for pyrolysis. The high potassium concentration
(36.54%) in both the oxide and carbonate forms of the produced catalyst contributed to
its high catalytic activity. The optimal parameters of temperature, methanol-to-oil ratio,
duration, and catalyst loading were used to achieve the highest oil conversion (97.50%)
possible. Utilizing an integrated process for catalyst synthesis, food waste was converted
into high-value products including biochar and bio-oil.

In another work by Bhatia and the team, WCO was subjected to transesterification
using a heterogeneous catalyst made by a pyrolyzing waste cork (Quercus suber), as
shown in Figure 5 [61]. The findings of the experiment reveal that the optimum FAME
conversion (98%) was achieved at alcohol:oil ratios of 25:1, catalyst loadings of 1.5%
w/v, and temperatures of 65 ◦C for heterogeneous catalysts produced at 600 ◦C. WCO
is used to generate biodiesel, which is mainly made up of FAME in the ascending order
C18:1, C18:2, C16:0, C18:0, C20:0. The cetane number (CN) 50.56, higher heating value
(HHV) 39.5, kinematic viscosity 3.9, and density 0.87 were determined as the properties of
the generated biodiesel.

Hazm et al. described the anaerobic pyrolysis of waste polyethylene terephthalate
food containers to produce plastic waste char (PWC), which was then transformed into
an acidic solid catalyst for the biodiesel production process [62]. Such a strategy may
enable the development of biofuels while also offering a potential answer to the PW
environmental problem. Here, plastic waste was carbonized at 600 ◦C to produce a carbon
precursor, which was then subjected to three sulfonation ratios of sulfuric acid (1:10, 1:15,
and 1:20), resulting in a series of solid acid sulfonated carbon catalysts, PWC-SO3H (a), (b),
and (c). The PWC-SO3H catalysts that were created were thermally stable up to 375 ◦C. A
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mesoporous textural morphology with non-uniform dispersion of the sulfonate group was
discovered via surface morphology screening. The esterification of PFAD with methanol
then assessed the effectiveness of the catalysts in producing biodiesel. The best conversion
of PFAD-derived biodiesel (96.9%) was produced by the PWC-SO3H (b) catalyst with an
impregnation ratio (1:15) under the ideal experimental parameters of 5 wt.% catalysts at
110 ◦C for 2 h and an 18:1 PFAD molar ratio with methanol. According to research on
recyclability, the PWC-SO3H (b) catalyst may be reused for four subsequent reactions while
still having a high level of catalytic activity.

 

Figure 5. Pictorial representation of transesterification of waste cooking oil by using a heterogeneous
catalyst prepared by pyrolysis of waste cork (Quercus suber). Reprinted with permission from
Ref. [61]. 2022, Elsevier.

2.5. Impregnation

The investigation performed by Mahesh et al. proposed wet impregnation to synthe-
size a heterogeneous catalyst (KBr/CaO) using conventional calcium oxide and potassium
bromide [63]. Tests on this solid catalyst for transesterification of used cooking oil were
conducted. Techniques such as FTIR, XRD, and SEM were used to analyze the produced cat-
alyst. Regression models revealed that the ideal conditions were ideal for a 12:1 methanol:oil
ratio, a 3 wt.% catalyst loading, and a 1.8 h reaction time.

The work performed by Alsharif et al. concentrated on developing a heterogeneous
catalyst for the transesterification process by wet impregnating lithium onto TiO2 [64].
With varying quantities of Li (20, 30, 40 wt.%) and at varying calcination temperatures,
a series of Li/TiO2 was produced (450, 600, 750). The most effective catalysts, with a
transesterification yield of 98%, were determined to be the Li/TiO2 catalysts with 30%
w/w Li and calcined at 600 ◦C. The highest catalyst performance was obtained using a
methanol-to-oil ratio of 24:1, a 5 wt.% catalyst loading, and reaction temperatures of 55
◦C for three hours. According to the kinetic studies, the transesterification process was
acceptable with the zero-order hypothesis. However, with each subsequent usage, the
reusability lowers.

Wang et al. reported the synthesis of biodiesel from soybean oil, very stable het-
erogeneous catalysts synthesized by the method of impregnation where the carbonates’
suspension solutions were over the electric furnace dust (EFD) [65]. The single impreg-
nation with K2CO3 suspension solution can only enhance its catalytic performance in the
initial phase, whereas in the process of impregnating with various suspension solutions
of CdCO3, BaCO3, CaCO3, and SrCO3 and being calcined at high temperature did not
enhance the catalytic performance of the EFD powder. A kinetic study using Na2CO3@EFD
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was conducted, and it was noticed that the values 32.81 kJ/mol (activation energy) and
3760.85 /min (frequency factor) were both lesser than those for the solid base catalysts that
have been previously reported. This suggested that the as-prepared Na2CO3@EFD catalyst
was a potential candidate for industrial use in biomass transformation to energy.

2.6. Sol-Gel

Using the sol-gel process, Shimada and his group created four catalysts that altered
the molar ratios [66]. They produced two zinc aluminates (Al:Zn = 1:0.1 and Al:Zn = 1:1)
and two potassium aluminates (Al:K = 1:0.1 and Al:K = 1:1). The heterogeneous catalyst
underwent one transesterification and five recycling processes while displaying an amor-
phous structure. Comparable to homogeneous catalysts, the reaction time was less than
that of heterogeneous catalysts. Because the catalyst may be recycled, this may lower the
expenses associated with producing biodiesel. With strong catalytic activity (97.58% ester
concentration and 92.94% yield) and effective biodiesel production, the novel catalyst also
generated wastewater and glycerin with less residue.

Salinas and his co-workers synthesized La2O3-ZrO2-mixed oxides with different La2O3
contents (0, 1, 2, 3, and 5 wt.%) and calcined them at 600 ◦C using the sol-gel technique [67].
The synthesis of biodiesel from canola oil through a transesterification process served as the
benchmark for catalytic activity. According to the characterization results, the development
of La2O3 monolayers and the degree of m-ZrO2 basicity significantly impact the generation
of biodiesel. The 3% La2O3-ZrO2 catalyst produced a higher conversion of biodiesel (56%
at 4 h) in the presence of basic sites and the creation of a monolayer of La2O3.

Pure αFe2O3 and αFe2O3 1−x/ZnOx nanoparticles were synthesized by Maleki et al.
using the sol-gel method [68]. The sonochemical technique was used to examine the ability
of pure αFe2O3 and αFe2O3 1−x/ZnOx nanoparticles to produce biodiesel from canola oil.
x = 0, 40, and 80 weight percent. The dispersion of ZnO is well integrated into the structure
of Fe2O3, improving the basicity of the nanocatalyst by producing oxygen vacancy, accord-
ing to the CO2-TPD and Raman data. The catalytic performance of ZnO was optimally
included when x = 47.24 wt.%. In addition, the optimized nanocatalyst had dimensions
of 40 nm and a form of a needle or hexagon. The reaction was optimized, and the high-
est biodiesel output was 94.21%. However, after seven successive cycles of reusing the
best catalysts, findings indicate that Fe2O3/ZnO nanoparticles performed better catalyt-
ically and were more stable than pure Fe2O3. The findings of the engine test show that
canola biodiesel’s high oxygen content significantly improves fuel combustion conditions,
especially in B30 (30% biodiesel/70% diesel).

2.7. Co-Solvent Preparation

In this research, Pham et al. examined the optimal conditions for biodiesel synthesis
with 10 wt.% isopropanol (IPA) as a co-solvent and the transesterification kinetics at various
IPA concentrations [69]. The transesterification process was assigned in a heterogeneous
state, which includes both FAME and glycerol [GL] phases in the IPA quantity of 5 to
25 wt.% as the GL phase developed and isolated from the FAME phase. The correlation
coefficient (r) between the rate constant and IPA amount was 0.97 (p < 0.05), indicating that
the transesterification rate increased as IPA quantity increased. The following were the
ideal transesterification parameters for producing biodiesel from canola oil with 10 wt.%
IPA: 1.0 wt.% KOH, a 6:1 molar ratio of MeOH to oil, and a 30 ◦C reaction temperature.
Phase separation following the reaction was able to be facilitated, and waste was decreased
by transesterification using 10% IPA. Since IPA recovered at a rate of >96% during the
FAME step, IPA was able to be recycled. These findings showed that IPA was a more
effective co-solvent for producing biodiesel from feedstocks derived from plant oils.

A homogeneous reaction procedure employing acetone as a co-solvent for the trans-
esterification of vegetable oils with methanol and the inclusion of a potassium hydroxide
catalyst have been proposed by Okitsu and his team [70]. The impacts of the primary
factors, such as the quantities of acetone and KOH, the molar ratio of methanol to oil, and
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the reaction temperature, on FAME production were examined. The ideal parameters were
25 wt.% acetone and 1 wt.% KOH catalyst in oil, 4.5 wt.% methanol in oil, and a reaction
temperature of 25 ◦C. After 30 min, the transformation of vegetable oil to FAME under
these circumstances approached 98%.

The research by Akkarawatkhoosith et al. focuses on a quick and efficient method for
concurrently raising gasoline quality and biodiesel synthesis. To achieve this, co-solvent
technology was used [71]. The transesterification of ethanol and palm oil in a microtube
reactor at supercritical conditions served as the basis for experiments. The isopropanol
was added to the process and served as a co-solvent to improve the homogeneity of the
mixture as well as a source of reactant to synthesize isopropyl esters. Considering reaction
temperature, pressure, residence time, and the ethanol-to-oil molar ratio, large biodiesel
yields were produced after the addition of isopropanol at milder parameters than those
described in the literature. Biodiesel quality was improved, especially the cloud and pour
points, which were superior to those produced using more traditional methods.

3. Biodiesel Production Using Heterogeneous Catalysts

A number of feedstocks were used to produce biodiesel. The choice of feedstock
is crucial to the production of biodiesel since it affects a variety of variables, including
chemical composition, yield, and biodiesel quality. The availability, pricing, amount
of oil, and physical and chemical characteristics of the feedstocks can all be taken into
consideration. Both edible and non-edible vegetable oils are used extensively in the
production of biodiesel. Vegetable oils’ primary component, triglyceride, controls the
chemical and physical properties of these feedstocks, as well as the quality of biodiesel.
Figure 6 represents the flowchart for the production of biodiesel using the heterogeneous
catalyst.

 

Figure 6. Flowchart of biodiesel synthesis using heterogeneous catalyst. Reprinted with permission
from Ref. [12]. 2022, Elsevier.
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3.1. Edible Plant Oils

Because edible oils are used in the manufacturing of biodiesel and the food business,
two significant industries, there is a growing need and demand for them. Numerous edible
plant oils, including coconut, rapeseed, palm, canola, peanut, olive, mustard, soybean,
and sunflower, have been used in the production of biodiesel. As a result of these types
of feedstocks’ low FFA and water content, as well as their simple conversion method,
first-generation biodiesel are produced using them. However, rising production costs and
questions about food versus fuel are the primary drawbacks of edible feedstocks that have
prompted many researchers to look for more dependable alternatives. Crops containing
edible oil require growing agricultural areas and are weather-dependent. Additionally,
moving these commodities from their growing site to the plant location may raise the
overall cost of making biodiesel. Therefore, producing biodiesel from food oils is not
worthwhile and indicates the need for greater study into using less expensive and more
friendly feedstocks.

The study by Bambase et al. looked at the usage of OH-impregnated CaO as a
heterogeneous catalyst in the conversion of refined coconut oil into crude biodiesel [72].
The effects of NaOH content (10–20% (w/v) solution), calcination temperature (550–700 ◦C),
and calcination duration were investigated using the wet impregnation technique (2–5.5 h).
Using OH-impregnated CaO as a catalyst, refined coconut oil was transesterified with
methanol at 60 ◦C to produce biodiesel. The results indicate that when 20% (w/v) NaOH
solution was employed during impregnation with calcination at 600 ◦C for 2 h, a 66.36%
conversion to biodiesel could be accomplished in 10 min. Tetrahydrofuran was added
as a co-solvent, which further boosted conversion to 81.70%. This is equivalent to the
85.98% conversion rate attained when employing NaOH as a catalyst under identical
reaction conditions.

The comparative physicochemical and catalytic analyses of metal oxide MgO cata-
lysts in a transesterification process using rapeseed are presented by Szkudlarek and his
group [73]. It was thoroughly assessed how the Si/Al ratio in the catalytic material affected
their catalytic characteristics in the process under study. Additionally, the impact of the
zeolite’s ZSM-5 form on the catalytic reactivity of catalysts made of magnesium oxide
was looked at. The impregnation approach was used to create a number of MgO/ZSM-
5 catalysts in order to accomplish the major objectives of this study. The MgO catalyst
based on ZSM-5 with the greatest silica-to-alumina ratio had the best activity in the in-
vestigated process, and 10% MgO/ZSM-5 (Si/Al = 280), which demonstrated the greatest
value of higher fatty acid methyl esters (94.6%) and a high yield of triglyceride conversion
(92.9%), was the best active catalyst combination in the transesterification process. The
alkalinity, methanol-specific sorption characteristics, and large specific surface area of this
system relative to the other MgO-based catalysts under investigation all contribute to its
high activity.

Wild olive (Olea oleaster) plant oil was selected as a potential feedstock for effec-
tive biodiesel synthesis by Islam and his co-workers [74]. Various concentrations of
12-tungstophosphonic acid (TPA) were added to mixed oxides of aluminium and chromium
to produce biodiesel from inexpensive local wild olive oil. Transesterification utilizing a
Cr-Al mixed oxide catalyst coated with TPA allowed the biodiesel process to be completed
in a single step. The optimal parameters of the oil/methanol molar ratio of 1:21, reaction
temperature of 80 ◦C, catalyst dose of 4 wt.%, reaction periods of 5 h, and stirring speed
of 600 rpm led to the highest 93% biodiesel production. The reusability tests, which were
interesting, revealed that the synthesized catalyst maintained outstanding stability and
reusability for up to five runs in the biodiesel synthesis from wild olive oil. Additionally,
the synthetic biodiesel complies with all applicable international criteria.

3.2. Non-Edible Plant Oils

Because they include some harmful elements, non-edible resource oils are not fit for
human consumption. Therefore, it is anticipated that the use of non-edible vegetable oils
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will assist biodiesel to be more cost-competitive than the use of food-grade vegetable oils.
Non-edible vegetable oils provide a number of benefits over edible ones when used as
diesel fuel, including mobility, quick availability, renewability, a greater rate of combustion,
lower sulfur, and aromatic content, as well as a better rate of biodegradability. However,
a significant disadvantage is that the majority of non-edible oils have high levels of free
fatty acids (FFAs), which raises the price of producing biodiesel. Vegetable oil contains a
variety of fatty acids, depending on the plant’s species and environmental factors that affect
its growth. Non-edible oilseed crops come in a variety of forms, including the Jatropha
tree (Jatropha curcas), Karanja (Pongamia pinnata), mahua (Madhuca indica), castor bean
seed (Ricinus communis), neem (Azadirachta indica), rubber seed tree (Hevea brasiliensis),
tobacco seed (Nicotiana tabacum), and rice bran, etc. Over the past few years, a great
deal of research has been done on the manufacture of biodiesel from various non-edible
oilseed crops.

By hydrothermally treating Jatropha oil in an autoclave reactor with TiO2/CaO base
and SO4/TiO2 acid catalysts, biodiesel from Jatropha oil has been produced by Pratika and
their team [75]. Utilizing H2SO4, the acid catalyst was synthesized by sulfating TiO2. By
loading TiO2 on CaO, the basic catalyst was prepared. This study produced the greatest
basicity and acidity catalysts from TiO2/CaO and SO4/TiO2 catalysts, respectively. They
were used for the esterification of Jatropha oil to lower its free fatty acid content and the
transesterification of esterified Jatropha oil to produce biodiesel. The ST-2-400 catalyst
among the SO4/TiO2 catalysts had an ideal total acidity of 6.93 mmol NH3/g. With a
catalyst weight of 3%, an oil-to-methanol ratio of 1:15, and a reaction period of 90 min,
this catalyst was capable of lowering the FFA level of Jatropha oil from 1.22% to 0.59%.
The TiO2/CaO catalyst with the highest total basicity, TC-20-800, had a total basicity of
28.67 mmol HCl/g. Using 3% of TC-20-800 catalyst and 65 ◦C for 90 min, Jatropha oil was
converted into biodiesel by esterification. Approximately 79.68% of biodiesel could be
produced with the TC-20-800 catalyst.

The goal of the investigation carried out by Pandiangan et al. was to learn more about
the best alcohol for converting rubber seed oil into biodiesel [76]. In this investigation, three
distinct kinds of short-chain alcohols, including methanol, ethanol, and 2-propanol, were
used for the transesterification of rubber seed oil. Each alcohol was utilized in a 3:1 ratio
with the oil, and transesterification was performed at 70 ◦C for 6 h with a 10% MgO/SiO2
catalyst present. Gas chromatography–mass spectrometry (GC-MS) examination of the
transesterification products was used to verify the conversion of fatty acids in the oil into
esters. The findings indicated that methanol, ethanol, and 2-propanol are the alcohols that
are most reactive, with percentages of oil conversion to products of 90.1, 73.3, and 63.2%,
respectively. These findings suggest that methanol is the best alcohol for transesterifying
rubber seed oil.

The study by Khan and his team describes the synthesis and use of praseodymium-
doped mussel shell-based CaO catalysts for the transesterification process that produces
biodiesel using castor oil [77]. Wet chemistry was successfully employed to create Pr-CaO
catalysts, which were then used as a stable, effective, and reasonably priced heterogeneous
catalyst for the transesterification of castor oil and methanol to produce ecologically friendly
and green biodiesel. In contrast to the yield of FAME produced by undoped, calcined CaO,
which was roughly 80%, a FAME yield of 87.42% was obtained using a 7% Pr-CaO mixed
oxide catalyst under ideal reaction conditions of 2.5 wt.% catalysts, an oil/methanol ratio
of 8:1, and a temperature of 65 ◦C.

3.3. Waste Cooking Oil

Rezania et al. looked at the possibility of using LaPO4 foam as a heterogeneous catalyst
to convert highly acidic WCO into biodiesel [78]. Under the study’s circumstances, a 5:1
methanol-to-oil molar ratio and a reaction temperature of 90 ◦C resulted in a 91% FAME
yield in 120 min using 2.5 wt.% LaPO4. The outcomes showed that LaPO4 foam might
function well as a heterogeneous catalyst with outstanding catalytic efficiency (>90%),
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facile isolation, and great stability. The research was performed by Mohadesi et al. to find
out if WCO could be converted to biodiesel using a clay/CaO heterogeneous catalyst [79].
Clay was used for creating the catalyst, which was then calcined using calcium oxide.
Natural soil components such as clay include a lot of amorphous silica. High surface area
silica with an amorphous structure was created by processing calcium oxide and heating at
800 ◦C. The response surface approach assessed the impact of five parameters—reaction
temperature, catalyst concentration, oil-to-methanol volume ratio, toluene concentration,
and reaction time—on the biodiesel’s purity (RSM). The conversion rate was 97.16% under
ideal circumstances, which included a temperature of 54.97 ◦C, a catalyst concentration
of 9.6 wt.%, an oil-to-methanol volume ratio of 1.94 vol:vol, a toluene concentration of
16.13 wt.%, and a reaction duration of 74.32 min. The catalyst preparation may be utilized
as a reliable and affordable catalyst for the manufacture of biodiesel because the catalyst
recovery test results revealed that it could be utilized up to five times.

The technique for converting WCO to biodiesel by transesterification was examined
by Kataria and their team [80]. For the best biodiesel generation, the base-catalyzed
transesterification under various reactant ratios—such as the molar ratio of alcohol to
oil and the mass ratio of catalyst to oil—was examined. The ideal ratio and amount of
zinc-doped calcium oxide were found to be 12:1 and 5 wt.%, respectively, for base-catalyzed
transesterification of WCO. The calorific value, flash point, and density of the generated
biodiesel were evaluated and contrasted with those of regular diesel.

3.4. Animal Fats

Animal fat wastes (AFWs), a non-edible feedstock, have recently gained wide accep-
tance as an alternative to vegetable oils in biodiesel production. They are inexpensive,
preserve the environment, and improve the grade of the resulting biodiesel fuel (low NOx
emissions, high cetane number, and oxidative stability). AFWs are an excellent feedstock
for making biodiesel as a consequence.

Mutreja et al. reported MgO impregnated with KOH as a heterogeneous catalyst for
the transesterification of mutton fat with methanol [81]. With 4 wt.% of MgO-KOH-201
(MgO impregnated with 20 wt.% of KOH), the mutton fat (fat) with methanol (1:22 M
ratios) at 65 ◦C demonstrated > 98% conversion to biodiesel in 20 min and the 1H NMR
spectrum of mutton fat and biodiesel. The quantity of KOH impregnation (5–20 wt.%), the
amount of catalyst (1.5–4 wt.%, catalyst/fat), the reaction temperature (45–65 ◦C), the ratio
of fat to methanol (1:11 to 1:22), and the impact of adding oleic acid, water, or palmitic acid
(1 wt.%) were the reaction conditions that were optimized.

In order to perform the transesterification of pig fat into biodiesel, an alumina-doped
calcium oxide nanocomposite was reported as a heterogeneous catalyst by Cherian’s
group [82]. Waste egg shells that had been doped with alumina were used to create
calcium oxide. The methanol:oil molar ratio, catalyst concentration, reaction duration, and
temperature were changed to optimize the generation of biodiesel. The 8% (w/w) (catalyst
loading), 9:1 (methanol-to-oil ratio), 65 ◦C (reaction temperature) at 90 min of reaction
period was found to be optimal. They resulted in the highest biodiesel synthesis of 92.5%.

It was reported by Seffati et al. that by employing chicken fat and a CaO/CuFe2O4
nanocatalyst (shown in Figure 7) during the transesterification process, biodiesel was
formed [83]. The impact of several factors, including the methanol-to-oil ratio (4:1–24:1),
reaction duration (0.5–6 h), reaction temperature (50–80 ◦C), and catalyst concentration
(0.5–7%), was carefully examined in order to find the biodiesel manufacturing process with
the maximum output. The outcome showed that a 15:1 methanol-to-oil ratio, 4 h reaction
duration, reaction temperature of 70 ◦C, and a catalyst concentration of 3%, which was
94.52%, produced the maximum biodiesel yield. The optimally generated biodiesel was
then blended with different percentages of gasoline.
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Figure 7. XRD spectrum of the nanocatalyst CaO and CaO/CuFe2O4. Reprinted with permission
from Ref. [83]. 2022, Elsevier.

3.5. Algal Oil

Due to its oleaginous character and quick growth rate, microalgal biomass is a viable
feedstock for the production of biofuels. Additionally, since its production does not compete
with the area used for growing crops, the conflict between food and fuel is eliminated.

With CaO and 80 wt.% CaO.Al2O3 as catalysts, Narula et al. investigated the methods
to improve the process parameters for the transesterification of algal oil [84]. The process
of low-temperature transesterification was chosen. Response surface methodology was
used to obtain an 88.89% biodiesel production with a methanol/oil volumetric ratio of
(3.2:10) in 125 min at a temperature of 50 ◦C. It was shown that the volumetric ratio of
methanol to oil, catalyst concentration, and reaction duration all significantly impacted
yield. Additionally, this concept including a heterogeneous catalyst may be employed
in the industry to produce biodiesel from algae oil quickly and cheaply by adjusting the
process variables.

In work conducted by Abdala et al., calcium-doped zinc oxide nanocatalysts were
produced in a UV shaker and used to examine heterogeneous transesterification of algal
oil to biodiesel [85]. The prepared catalyst was exposed to various UV and non-UV light
sources, calcium concentrations of 0.01, 0.03, and 0.05 M, and calcination temperatures
of 600, 700, and 800 ◦C. The impacts of the various catalyst preparation parameters were
investigated for the transesterification of algal oil, as shown in Figure 8. The catalyst that
obtained a 99.18% yield of biodiesel and had a calcium loading of 0.05 M and a calcination
temperature of 700 ◦C was thought to be the most appropriate nanocatalyst. With a 76%
yield, the catalyst was utilized three times.

The production of bio-oil from algal biomass and the synthesis and characterization of
a noble CaO-based heterogeneous catalyst for the conversion of bio-oil to biodiesel was
conducted by Malpani and co-workers [86]. In a Soxhlet system, the bio-oil was extracted
from the algal biomass using hexane as the solvent, and then it was transesterified using
noble heterogeneous catalysts based on CaO to produce biodiesel. Among all the catalysts
prepared, one with a TiO2:CaO molar ratio of 0.25 and a calcination temperature of 700 ◦C
was shown to be the best suited.

3.6. Biodiesel Production for Biomass-Derived Heterogeneous Catalysts

In a report by Roy and Mohanty, de-oiled microalgae was used as biomass that was
subjected to carbonization, followed by sulfonation, to create a new carbon-based solid
acid catalyst, as illustrated in Figure 9 [87]. It was found how several catalyst synthesis

54



Catalysts 2022, 12, 1501

parameters, such as carbonization reaction temperature, sulfonation time, and concen-
tration of H2SO4, affected the catalyst’s surface acidity and the conversion of free fatty
acids. The FTIR examination and XPS analysis both showed that the de-oiled microalgal
biomass-based solid acid catalyst was mostly made up of carboxylic, sulfonic, and phenolic
groups. Under ideal transesterification parameters, FAME production of microalgal oil
and WCO was 94.23% and 96.25%, respectively. Up to the fourth cycle, the catalyst had a
high catalytic activity with FAME conversion > 90%. FT. Yani et al.’s research describes the
use of a source of water hyacinth biomass to produce a heterogeneous catalyst to lessen
the adverse effects of water hyacinth’s extensive use on the environment [88]. Hyacinth
biomass that had been crushed up was calcined at 600 degrees to create the catalyst. K2CO3
was then added as a co-catalyst using the impregnation technique. The surface topography,
particle size, and atom composition of a water hyacinth catalyst with K2CO3 impregnation
were examined in order to better understand the consequences of the impregnation. It was
investigated how well the synthesized catalyst handled the transesterification of palm oil
into biodiesel. Methanol and oil had a molar ratio of 12:1, and 15% of the catalyst was
loaded. The procedure used 15% of the hyacinth-based catalyst impregnated with 10%
K2CO3 and produced the best yield (97.57%).

Figure 8. Transesterification of algal oil to biodiesel. Reprinted with permission from Ref. [85]. 2020,
American Chemical Society.

To lower the cost of producing biodiesel, a highly effective, low-cost catalyst that
can transesterify oil at ambient settings is needed. Tarigan et al. reported that a passion
fruit peel could be used to create a new heterogeneous catalyst [89]. Using a factorial
design, the catalytic activity of calcined waste passion fruit peel (WPFP), which mainly
contains potassium in the forms of chloride and carbonate, has been assessed. This included
examining the interactions between the molar ratio of oil to methanol, the weight of the
catalyst, and the reaction time with respect to three different reaction conditions: 65, 45, and
room temperature. Given that the leaching investigation revealed a drop of 22% in catalyst
weight, specific amounts of catalyst must be added in order to reuse the catalyst. The
prospect of cost is made possible by calcined WPFP’s capacity to catalyze transesterification
at room temperature.

Boz et al. used Al2O3 nanoparticles coated with KF that were calcined and utilized
as heterogeneous catalysts to undergo transesterification of vegetable oil with methanol
to produce biodiesel [90]. The study’s variables included the ratio of KF to γ-Al2O3,
calcination temperature, the molar ratio of methanol to oil, temperature and duration of the
transesterification process, and catalyst concentration. Under the catalyst preparation and
transesterification conditions of 15 wt.% KF loading, 773 ◦C calcination temperature, eight
hours of reaction time at 338 ◦C, use of 3 wt.% catalysts, and a 15:1 molar ratio of methanol
to oil, a methyl ester yield of 97.7 ± 2.14% was produced. The acquired high basicity of
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the catalyst surface (1.68 mmol/g) and the high surface-to-volume ratio of the γ-Al2O3
nanoparticles were thought to be responsible for the unusually high transformation of
vegetable oil to biodiesel. Table 1 shows the various other biomass-derived heterogeneous
catalysts used for diesel production.

 

Figure 9. Pictorial representation of biodiesel synthesis using de-oiled microalgal biomass by car-
bonization, followed by sulfonation, to synthesize a new carbon-based solid acid catalyst. Reprinted
with permission from Ref. [87]. 2021, Elsevier.

Table 1. Biomass-derived heterogeneous catalysts for biodiesel production.

Biomass Feedstock Yield Reference

D-glucose Oleic acid and stearic acid 44 μmol/min [91]

Starch Waste cooking oil 95% [92]

Cellulose Waste cooking oil 88% [92]

Sucrose Waste cooking oil 80% [92]

Lime stone Soybean oil 93% [93]

Lime mud Peanut oil 94% [94]

Red mud Soybean oil 94% [95]

Dolomite rock Palm kernel oil 99% [96]

Chicken eggshell Palm olein oil 94% [97]

Snail shell Palm olein oil 93.20% [97]

Mussel shell Chinese tallow oil 90% [98]

Quail eggshell Palm oil 98.00% [99]

Pig bones Palm oil >90.00% [100]

Sheep bones Canola oil 95.15% [101]

Turkey bones mustard oil 91.22% [102]
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4. Optimization of Reaction Parameters for Biodiesel Production Using
Heterogeneous Catalysts

One normally needs a large number of results to completely cover the input area in
order to optimize the reaction condition. For instance, the methanol-to-oil ratio, tempera-
ture, catalyst loading, reaction time, and stirring rate with a fixed type of catalyst and oil
feedstock are factors that determine the outcome of biodiesel output. Further discussion of
these parameters’ effects follows.

The goal of Mohamed et al.’s research was to create a new catalyst that is as effective
as the one that was used to make biodiesel from WCO [103]. Fast pyrolysis of rice straw
was used to create a heterogeneous solid acid catalyst, which was then subjected to a
sulfonation procedure. Concentrated sulfuric acid was used to produce it. The reaction
temperature, time, catalyst concentration, temperature, and methanol:oil molar ratio were
all investigated as they affected the transesterification process. Biodiesel had a maximum
bulk yield of 90.37%, FAME content was approximately 97.71 wt.%, the raw material
conversion efficiency was 90.38 wt.%, and FFA% conversion was 91.1% under the ideal
conditions of 10 wt.% catalysts and methanol:oil molar ratio of 20 for 6 h at 70 ◦C.

Mares’ group examined the catalytic activity of acai seed ash for the methyl trans-
esterification of soybean oil to produce biodiesel [104]. To find the ideal conditions for
catalyst formation, açaí seeds were calcined at various temperatures (500–900 ◦C) and times
(2–5 h). The ideal conditions were 100 ◦C, an 18:1 alcohol:oil molar ratio, 12.0% (w/w)
catalyst concentration, and a 1 h reaction time, which produced biodiesel with 98.5 ± 0.21%
ester content. The catalyst characterization revealed that the high metal oxide content and
carbonates with basic surface sites, which make them extremely effective for biodiesel
production, gave them their catalytic activity. Following the regeneration procedure, the
yield was calculated to be more than 80.0%. The catalyst has several benefits, including
being derived from commonly accessible biomass waste, perhaps inexpensive, and being
simple to synthesize, making it a green and effective catalyst for the generation of biodiesel.

As a heterogeneous catalyst, waste chicken eggshell-derived CaO particles were syn-
thesized by Attar’s group [105]. In order to produce biodiesel from CWO, ultrasonic
technology was used along with CaO as a catalyst. Response surface methodology (RSM)
based on central composite design (CCD) was used to examine and optimize the effects of
reaction parameters on biodiesel yield and specific energy consumption (SEC), such as cat-
alyst loading (6–12 w/w%), methanol-to-oil ratio (6:1–12:1), ultrasonic power (150–300 W),
and reaction time (20–40 min). Except for the impacts of the molar ratio on SEC, the results
indicated substantial effects of the factors on biodiesel yield and SEC. Additionally, the
ideal parameters for the reaction were a catalyst loading of 6.04 wt.%, an oil-to-methanol
molar ratio of 8.33, an ultrasonic power of 299.66, and a reaction duration of 39.84 min,
which produced a biodiesel yield of 98.62% and an SEC of 5.01 kJ g−1.

In the use of industrial catalytic processes, catalyst deactivation—the gradual loss of
catalytic activity and/or selectivity—is a topic of major and continuing concern. The annual
cost to the industry of replacing catalysts and shutting down processes is in the billions.
The design and operation of a large-scale catalytic process face significant problems in
preventing catalyst degradation. Catalyst deterioration can happen in a variety of ways.
One of the dozen impurities present in the feed, for instance, could poison a catalyst.
Carbon or coke formed by the cracking/condensation reactions of hydrocarbon reactants,
intermediates, and/or products could also block the catalyst’s surface, pores, and voids.
According to published research, there are three main reasons for the deactivation of
CaO-based catalysts for transesterification: leaching of active sites, surface poisoning,
and/or pore-clogging [106]. In order to prevent ambient CO2 interaction with the catalyst
right after removal from the reaction mixture, Endalew et al. coated the CaO-based
catalyst with glycerol [107]. The collapse of the layered structure is the final factor in the
deactivation of CaO-based catalysts. Due to its huge accessible surface area for the catalyst
to react on, mesoporous catalysts have attracted a lot of attention for the manufacture
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of biodiesel [17]. However, the mesopores of CaO-based catalysts can disintegrate at
moderate-to-high temperatures.

5. Summary and Future Perspective

One of the key requirements for the development of biodiesel is the need for a more
affordable fuel. Traditional catalysis, which uses a homogenous basic catalyst, produces
a significant amount of effluent and is susceptible to purifying issues. Therefore, the
final result of this method cannot be guaranteed to be pure biodiesel. In this review,
we have explained various types of catalysts, with a special focus on the heterogeneous
catalyst. Various synthesis procedures in heterogeneous catalysts were also described
in detail. The types of heterogeneous catalysts used in biodiesel were also given more
attention. The parameters affecting biodiesel production were carefully analyzed for
better understanding. We have found that the catalyst’s performance is influenced by
the temperature and duration of the calcination. Due to its fundamental character, the
heterogeneous catalyst made from biomass materials promotes sustained development
and yields excellent results in the conversion of triglycerides. More organic compounds
need to be examined despite the investigation of a variety of inexpensive biomass-derived
catalysts that have been provided.

Researchers concentrated on the manufacture of FAME from various renewable
sources as an efficient method in this setting. The manufacturing of biodiesel has been
proposed using a number of techniques. Transesterification is seen to be the best option
out of all the procedures now in use. Heterogeneous catalysts have many benefits over
homogeneous catalysts, including the ease with which continuous reactors may be realized,
the generation of cleaner glycerol, and the lack of both the need to neutralize the alkaline
catalyst and the requirement to replenish the spent catalyst. These benefits have made it
possible for heterogeneous catalysts to provide another potent route for the generation of
FAME. The kind of oil, the molar ratio of alcohol to oil, the temperature, and the type of
reactor are the primary factors that affect the solid catalyst’s reactivity. Therefore, choos-
ing these factors at their best is an important first step. Since only the external-surface
active species of the porous solid support are engaged in the reaction, and considering
that these catalysts may sometimes be recovered, heterogeneous catalysts are viewed as
somewhat promising.

Processing non-edible and waste oil or fat with a high FFA concentration can be con-
ducted using non-catalytic and heterogeneous acid-based-catalyzed biodiesel synthesis
processes. Temperature optimization is essential in attaining an acceptable biodiesel yield
among the investigated reaction parameters. The mass transfer restriction among the
alcohol and oil phases is significantly lessened when co-solvent is used in heterogeneously
catalyzed three-phase systems, which increases biodiesel yield while lowering the val-
ues of other optimized parameters such as reaction time, reaction temperature, catalyst
concentration, and methanol. Algal lipids have far less comprehensive compositional
data available than vegetable oils. Few of the more than 40,000 known algae species have
FA compositional characteristics. The tremendous compositional heterogeneity between
several algae species is evident, nevertheless. Compared to ordinary vegetable oils, certain
species exhibit substantially greater degrees of unsaturation.

The current investigation results showed that the basicity and acidity of the catalyst’s
characteristics are crucial for the generation of biodiesel. Numerous literature studies
contend that transesterification directly correlates with the basicity of the catalyst. Similarly
to this, the catalyst’s acidity determines its esterification activity. With an increase in
catalyst acidity, the esterification activity rises. Aside from the fact that these biomass-
derived materials are relatively scarce in nature for commercialization prospects, the high
energy requisite for catalyst modification to increase its activity, the rapid decline of catalyst
efficiency due to the interaction of basic sites with ambient CO2 and water, as well as the
possibility of an active site drop caused by reaction with FFA and leaching of CaO into the
polar solvent, invite further research into these resources.
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The study’s primary goal is to enhance already employed biodiesel production tech-
niques as well as create new methods for producing biodiesel that may satisfy industrial
demands. It is challenging to improve upon presently used processes and introduce new
ones in order to enhance biodiesel production, particularly in the sector. In addition to the
reusability of the catalyst, efficient reactor design, and exploitation of alternative resources,
several strategies are investigated to reduce the cost implications. The use of the biomass-
derived heterogeneous catalyst for biodiesel synthesis appears to be a viable option since it
eliminates the laborious issues associated with homogeneous processes. Exploring trash
or biomass as a source of catalysts might lower the price of commercially available solid
catalysts and open up new uses for the waste. While the quantitative (yield) influence of
catalysts has been extensively covered in the literature review, the relevance of the qualita-
tive function of catalysts is unclear. Because of this, researchers currently have a limited
grasp of catalyst behavior while working under dynamic reaction settings. Government
assistance in the form of tax exemptions or reductions, as well as the establishment of
regulations that promote the use of recycled materials from waste, is required to develop
waste into catalysts. In other words, if encouraged, waste-derived catalysts might boost
the economy and create jobs. More research and development of catalysts produced from
biomass are required to enhance the catalytic performance for the manufacture of biodiesel
and other chemical processes.
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Abstract: This review focuses on an extensive synopsis of the recent improvements in CO2 hydro-
genation over structured zeolites, including their properties, synthesis methods, and characterization.
Key features such as bimodal mesoporous structures, surface oxygen vacancies, and the Si/Al ratio
are explored for their roles in enhancing catalytic activity. Additionally, the impact of porosity,
thermal stability, and structural integrity on the performance of zeolites, as well as their interactions
with electrical and plasma environments, are discussed in detail. The synthesis of structured zeolites
is analyzed by comparing the advantages and limitations of bottom-up methods, including hard
templating, soft templating, and non-templating approaches, to top-down methods, such as dealu-
mination, desilication, and recrystallization. The review addresses the challenges associated with
these synthesis techniques, such as pore-induced diffusion limitations, morphological constraints,
and maintaining crystal integrity, highlighting the need for innovative solutions and optimization
strategies. Advanced characterization techniques are emphasized as essential for understanding
the catalytic mechanisms and dynamic behaviors of zeolites, thereby facilitating further research
into their efficient and effective use. The study concludes by underscoring the importance of con-
tinued research to refine synthesis and characterization methods, which is crucial for optimizing
catalytic activity in CO2 hydrogenation. This effort is important for achieving selective catalysis and
is paramount to the global initiative to reduce carbon emissions and address climate change.

Keywords: carbon dioxide hydrogenation; structured zeolites; zeolites synthesis and characterization

1. Introduction

Global warming is a significant concern as it is exacerbated by the excessive emissions
of greenhouse gases, specifically carbon dioxide (CO2), which contribute to mounting
climate-related issues [1]. CO2 hydrogenation is gradually emerging as a critical technology
for carbon neutrality, which provides a route for CO2 valorization into valuable chemicals
and fuels [2,3]. The process offers a two-fold solution; besides addressing the pivotal issue of
CO2 emissions, it also assists in the sustainable production of heavy hydrocarbons [4]. The
selective and optimized transformation of CO2 represents a current challenge considering
its thermodynamic stability and inert properties [5].

There are two primary methods for converting CO2 into hydrocarbons, both of which
have also been industrially applied for decades, reflecting their proven scalability and
commercial viability. The first method, modified Fischer–Tropsch synthesis (modified-
FTS), combines the reverse water-gas shift (RWGS) reaction and the Fischer–Tropsch
reaction [6]. This process not only synergistically utilizes CO2 but also transforms it into
various hydrocarbons, as evidenced by the long-standing operation of SASOL plants in
South Africa and the ORYX GTL plant in Qatar, which all utilize FTS technology [7,8]. The
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second method is the methanol-mediated route, where CO2 is first converted into methanol
and then transformed into hydrocarbons through the methanol-to-hydrocarbon (MTH)
process. This pathway is exemplified by the operation of the world’s largest methanol plant
in Iran, which uses CO2 as a feedstock [9]. Given the thermal hydrogenation foundation
of both technologies, unless otherwise stated, this review will therefore primarily focus
on the thermal hydrogenation of CO2. This approach has been comprehensively explored
over structured zeolites in terms of mechanisms, kinetics, catalyst development, and
industrial improvements and applications, as reviewed extensively by Ye et al. [10], Ojelade
and Zaman [11], and Wang et al. [12], who have detailed the underlying processes and
implementations of both the modified-FTS and MTH routes. Structured zeolites, with
their unequaled porous structures and acid-base properties, are used as catalysts in a
whole range of chemical processes, among them CO2 hydrogenation. Figure 1 shows
the classes of well-known zeolites (e.g., natural [13], and synthetic [14–16]). Both zeolite
types have been widely applied not just in catalysis [17], but even in other industries such
as water and wastewater treatment, agriculture, biomedicine, laundry detergents, and
construction [18–22].

Figure 1. Types of zeolites and their synthesis, application, and performance.

For CO2 hydrogenation, zeolite application has received considerable attention over
the last decade. Figure 2 shows the distribution of several articles displayed on Google
Scholar when the phrase “CO2 hydrogenation over zeolites” is used to search articles. The
trend indicates unprecedented growth in the application of zeolites for CO2 conversion
reactions, particularly over the last decade, where an exponential trend has been seen.
The recent signs of progress have mainly concentrated on the improvement of the zeolites
through careful control of their compositions, porous characteristics, and coupling of thermal
and mechanical properties that render promotion of reaction selectivity and enhance the
production of longer-chained hydrocarbons such as aromatics, liquid fuels, alcohols, and
heavy olefins [5,23]. It should be noted that zeolites by themselves have been widely studied
for various applications as aforementioned; nonetheless, the recent developments in the field
of CO2 catalysis and the growing interest of researchers in the application of zeolites for CO2
conversion create a demand for a review covering the growth in the field, primarily over the
last decade, which is the motivation behind this article. This study intends to summarize
the recent advances in the area of CO2 hydrogenation over structured zeolites by offering a
synoptic view of the different influential parameters, synthesis techniques, characterization
requirements, and catalytic functions. The review critically evaluates the current literature
that should bring out new ideas, findings of key innovations, and significant breakthroughs.
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It will embrace the rudiments of the process, the specific traits of structured zeolites, and
their role in augmenting catalytic activity. In addition, there will be reflections on the
challenges and prospects in this field; hence, one can get ideas on structured zeolites and
the way they may be used to reduce the global CO2 problem.

Figure 2. Number of publications displayed by Google Scholar search using the phrase “CO2

Hydrogenation over zeolites”.

2. Thermal CO2 Hydrogenation over Other Methods: A Brief Overview

In addition to the well-established thermal routes for CO2 hydrogenation, such as FTS
and MTH mentioned in the introduction section, various alternative methods have been
explored to expand the range of technologies for CO2 reduction. Table 1 shows the alternatives,
which include electrochemical, photocatalytic, biochemical, and chemo-enzymatic methods,
each characterized by distinct mechanisms and specific applications. While each technology
has its own merits and limitations, its implementation in industries largely depends on the
type of industry, the purity level of the product, and the scale of processing.

Table 1. State-of-the-art overview of CO2 hydrogenation technologies: assessing advantages and
limitations.

Method Advantages Disadvantages

Thermal
[10–12]

Proven scalability, high product yields,
extensively used in industrial settings

Can be energy-intensive; less environmentally
friendly without renewable energy integration;

catalyst stability issues

Electrochemical
[24,25]

Facilitates CO2 reduction using electricity,
can be integrated with renewable
electricity sources; scalable; stable

long-term

Often a broad product distribution at high
conversions; high energy demand; economically

challenging

Photocatalytic
[26,27]

Utilizes sunlight, environmentally
friendly; no need for external energy

inputs; economically feasible

Lower efficiency and stability, which hinders
scalability; lower yields

Biochemical and
Chemo-enzymatic

[28–30]

High selectivity; operates under mild
conditions; efficient for producing

bulk chemicals

Slow reaction rates; complex maintenance of
biocatalytic activity; high temperatures can inhibit

enzyme activity
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However, despite the diversity of available technologies, the foundation of hydrocarbon
processing industrial plants still predominantly relies on thermal conversion methods. This is
not only evident in traditional sectors like chemical synthesis via the FTS and MTH routes
but is also a staple in the oil and gas industries. Processes such as Gas to Liquid (GTL) and
Natural Gas Reforming (NGR) for hydrogen production extensively employ thermal methods
due to their robustness and scalability [31,32]. These processes are integral to the production
workflows in these industries, underlining the predominance of thermal techniques.

The thermal CO2 hydrogenation process appears more energy-efficient than the solar
route. For example, the thermal method benefits from a novel membrane reactor that
enhances methanol yield and requires a smaller reactor, which exhibits superior energy
efficiency at 70.3% [33]. In contrast, a solar CO2 hydrogenation process achieves an energy
efficiency of 15.5%, with a 26% improvement over such previous methods possible under
optimal conditions [34]. Despite the advancements in solar hydrogenation, the thermal
approach is suggested to be superior in terms of energy efficiency. This sharp contrast high-
lights the larger energy savings characteristic of thermal CO2 hydrogenation. In addition,
Zeng et al. [35] highlighted that plasma power (a form of thermal hydrogenation) is more
efficient than heating power (a form of solar hydrogenation), even at lower temperatures,
showing the highest conversions in the presence of plasma.

Unlike thermal processes, electrochemical processes are energy-intensive, and the
lifespan of catalytic materials is low for such processes [36]. Hence, the application of
electrochemical conversion in industries remains limited, even today, due to practical chal-
lenges in optimizing key parameters such as Faradaic efficiency (FE), Energetic Efficiency
(EE), and Current Density (CD), which are crucial for the success of this approach [37,38].
To overcome these obstacles, catalysts must possess rapid electron transmission capabilities,
superior electron transport ability, and robust electron-transporting features [36,39].

The primary distinction between photocatalytic CO2 reduction and electrochemical
CO2 reduction is in their electron sources. In photocatalytic reduction, electrons are gener-
ated by exposing semiconductors to light, whereas in electrochemical reduction, electrons
are sourced through the application of an electrical current. However, since photocat-
alytic methods depend on light absorption, they often suffer from limited efficiency, poor
selectivity, and insufficient product variety [40]. In addition, such processes are intricate, en-
compassing various mechanisms like electron and proton transfer as well as the formation
and breaking of chemical bonds, which remain poorly comprehended [37]. Furthermore,
the process of photocatalytic conversion necessitates substantial capital investment and
energy, especially when using semiconductors with wide band gaps [41]. Substantial
challenges in substrate-based photocatalysts include the degradation of polymers, the
creation of volatile by-products, and the complexities in separating the catalyst from the
final product [41]. Therefore, the catalysts used in such a conversion process need to be
optimized and treated, which can additionally increase the overall expenses [42].

Biochemical and chemo-enzymatic methods, though innovative and sustainable, face
challenges due to the high cost of cofactors, and complex biological systems and demand
a need for efficient cofactor regeneration for large-scale applications [43,44]. One of the
challenges that the biochemical conversion process faces is the maintenance of an adequate
nutrient supply, the collection of end products, and the sustainability of the microbial
cultures. It has been suggested that genetic modification of these organisms could overcome
such problems [43]. However, this approach can fail in some cases, as the insertion of many
gene copies can accidentally inactivate some genes—a situation called genetic knockout [41].
Hence, pretreatment is required, and productivity is lower when compared to that of the
thermo-chemical process. Generally, enzymes, often costly and characterized by limited
stability, activity, and reusability, face constraints in their industrial usage. Technologies like
enzyme modification and immobilization require further advancement to decrease costs
and boost enzyme performance and recyclability, thereby enhancing economic viability [45].
Additionally, the slow reaction rate significantly hinders the industrial application of
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enzymatic CO2 conversion, necessitating the deployment of biocatalysts to address kinetic
issues and achieve a faster, more effective conversion process.

Therefore, considering the extensive application, proven scalability, and integration
within the hydrocarbon industrial processes, the thermal route remains the preferred
method for CO2 hydrogenation due to its robustness and higher reaction rates, especially
when efficiency and selectivity are paramount. This assertion is corroborated by the above
case studies, which clearly illustrated the limitations inherent in alternative methods and
the comparative strengths of the thermal approach. Drawing upon these insights, Table 2
encapsulates the array of advantages that thermal methods hold over their electrochemical,
photocatalytic, biochemical, and chemo-enzymatic counterparts.

Table 2. Efficacy of thermal conversion against electrochemical, photocatalytic, biochemical, and
chemo-enzymatic methods in CO2 hydrogenation.

Hydrogenation
Feature

Thermal
Conversion

[33–35]

Electrochemical
Conversion

[36–39]

Photocatalytic
Conversion
[37,40–42]

Biochemical and
Chemo-Enzymatic

Conversion
[41,43–45]

Energy
Efficiency

High, but varies based on the
used catalytic materials

Energy-intensive with
usually low catalytic

material lifespan

Limited by light
absorption efficiency

High cofactor costs impact
overall efficiency

CO2 Conversion
Rate

High at moderate to high
temperatures

Can be high based on
applied potential and choice

of catalyst

Hampered by poor
selectivity and product

variety

Less productive, slow
reaction rates

Catalyst
Durability

Robust; choice of reducible
supports enhances durability

Often short lifespan due to
rigorous operational

conditions

Challenges with catalyst
degradation and

by-product formation

Enzyme stability and
recyclability need

enhancement

Capital and
Operational Costs

Relatively cost-effective due to
higher efficiencies, and easy
integration with reforming

industries

Relatively high due to the
need for optimizing

efficiency and current
density. Still requires

technological maturity for
CO2 conv.

Significant capital
investment and energy
required, especially for

wide bandgap
semiconductors

Costly due to the high
price of enzymes and

cofactors

Technological
Maturity Advanced Remains limited in industry

due to practical challenges

Processes are complex and
mechanisms are not fully

understood

Requires advancements in
enzyme modification and

immobilization

Reaction
Mechanisms

Complex but widely studied
on a variety of catalysts

Complex with limited
understanding. Requires
intricate tools to monitor

reaction intermediates near
electrodes in liquid medium

Involves intricate
mechanisms that are
poorly understood

Constrained by the
complexity of biological

systems

Selectivity High and can be tailored for
desired outcomes

Low; produces a mix of
products. High conversion is

often reported with broad
product distribution

Often poor due to
multiple possible reactions

Can be very selective.
Dependent on the

specificity of biological
pathways

Scalability Highly scalable and suitable
for industrial scale-up

Faces practical challenges in
scaling. Requires further

technological development.

Limited scalability due to
technical and efficiency

constraints

Challenging due to the
need to maintain

microbial cultures and
nutrient delivery

Downstream
Processing

Simplified due to few
by-products

Could require separation of
multiple by-products

Complexities in separating
the catalyst from the

product increase expenses

Demands efficient cofactor
regeneration and faces
genetic knockout issues

Potential for
improvement

Relatively well-established
with room for incremental

improvements based on
catalyst and reactor design

Requires catalysts with fast
electron transfer and robust

transport features

Needs optimization of
photocatalysts and
treatment processes

Genetic engineering is
suggested but leads to
challenges like genetic

knockout

Recently, the literature documents the generation of liquid fuels, aromatics, and olefin
compounds via the thermal catalytic hydrogenation process applied to CO2 [12,46,47].
In addition, studies indicate that the inclusion of structured zeolites in thermo-catalytic
hydrogenation processes has the potential to enhance the selectivity of hydrocarbon prod-
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ucts [48,49]. For example, by integrating a Fe-Zn-Zr catalyst with H-ZSM-5, a notable
selectivity for isoalkane products, reaching up to 91.9%, can be achieved [49]. Hence, utiliz-
ing the thermal CO2 hydrogenation approach for zeolites as a catalytic medium brings forth
a spectrum of advantages, underscored by their structural features that dictate the path-
ways of the hydrogenation reaction (more in Section 3.1). In addition, zeolites are highly
effective in thermal CO2 hydrogenation due to their extensive surface area and porosity,
which provide numerous active sites, enhancing reaction rates and energy efficiency (more
in Section 3.2). Their selective pore structure also plays a crucial role by ensuring molecular
sieving, allowing only specific hydrocarbon production, thus increasing selectivity and
reducing the need for further separation processes. This makes zeolites exceptionally
suitable for controlled and efficient chemical processes. The acidity of zeolites is adjustable,
which can be tailored to enhance catalytic activity for thermal CO2 hydrogenation (more in
Section 3.3).

Furthermore, zeolites’ thermal stability is also pivotal, as they withstand the neces-
sary high temperatures for thermal hydrogenation, preserving catalytic activity (more in
Section 3.4). Additionally, zeolites’ ability to be regenerated through thermal treatments al-
lows for their reuse, ensuring economic viability. The ability to regenerate zeolites thermally
without significant loss of structural integrity or catalytic activity is a crucial advantage
over other catalysts that might degrade or require complex regeneration processes. This
is particularly aligned with the characteristics emphasized by the synthesis methods for
zeolites; bottom-up and top-down approaches (more in Section 4). This renderability, along
potential cost savings and a reduced environmental impact due to less frequent catalyst
replacement and decreased waste, positions thermal CO2 hydrogenation with zeolites as
a method that is both efficient and sustainable compared to the aforementioned hydro-
genation approaches. Furthermore, zeolites are already widely used in various industrial
applications, including oil refining and petrochemical processes [50]. Thus, their use in CO2
hydrogenation does not require radically new technologies or setups. This compatibility
with existing industrial infrastructure and processes reduces the barriers to implementation
and capital investment, making it a more feasible option compared to other methods that
might require specialized equipment or conditions.

3. Influential Parameters

Zeolites, with their tunable structural and functional properties, are key catalysts in
CO2 hydrogenation processes [51,52]. These structured zeolites offer specific pore struc-
tures, a balanced density of acid/basic sites, and the capacity to support and stabilize active
metal sites, making them essential for controlled catalytic activity and improved product
selectivity. This section explores complex parameters influencing zeolite performance in
CO2 hydrogenation, such as their composition, bimodal mesoporosity, oxygen vacancies,
Si/Al ratio, thermal stability, structural integrity, and electrical and plasma interactions.
Understanding these factors is crucial not only for defining their role in developing ef-
fective and sustainable processes for converting CO2 into valuable chemicals but also for
optimizing zeolites for their potential in industrial applications. Selected examples are
presented further to highlight this key aspect of structured zeolites in CO2 conversion.

3.1. Interplay of Composition and Preparation

Structured zeolites, typically modified with metal-based catalysts, present a multi-
faceted platform where the interplay between the zeolite topology, metal characteristics,
and preparation methods determines the efficiency and outcome of the hydrogenation
process. Metal-based catalysts are instrumental in defining product selectivity. These
catalysts, when integrated with zeolites, leverage the unique hybrid nature of active sites
within the zeolite framework. This configuration supports specific reaction intermediates
that dictate the pathways of the hydrogenation reaction, thereby influencing the selectivity
toward different hydrocarbons [5]. Wei et al.’s [53] investigation found that the topology of
various zeolites, including H-Y and H-BEA, influenced the distribution of hydrocarbons
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during fuel production, although CO2 conversion rates remained consistent. Zeolites with
ten-membered rings, such as HZSM-5, were notably efficient in enhancing the selectiv-
ity towards larger hydrocarbon molecules in the gasoline range (C5–C11), with HZSM-5
demonstrating a preference for heavier fractions. Acidity levels were critical, with medium
acidity in HZSM-5 (160) favoring the desired reaction, whereas stronger acidity prompted
excessive cracking of larger hydrocarbons. Popova et al. [54] developed both mono- and
bimetallic catalysts with Ni and Ru on ZSM-5 zeolites, noting the impact of nickel (Ni)
content and the introduction of ruthenium (Ru) on their properties. Characterization
techniques (XRD, TPR-TGA, TEM, XPS) revealed a fine dispersion of Ni and ruthenium
oxide (e.g., RuO2, RuO4) across the zeolite’s surface and pores (more in Section 5). Tests in
CO2 hydrogenation showed that the 10Ni5RuZSM-5 variant exhibited excellent methane
production efficiency, achieving 100% conversion with complete selectivity at 400 ◦C, and
displayed promising stability for practical use. Furthermore, the composition of zeolites,
particularly when doped with metals such as lithium (Li), can significantly alter catalyst
reactivity. For instance, Kitamura et al. [55] investigated CO2 hydrogenation using Rh
zeolites enhanced with Li (see Figure 3a,b). They found that increasing Li levels shifted the
primary product from methane to CO and ethanol, with a notable increase in ethanol pro-
duction when CO was present. FTIR and TPR analyses suggested that Li additives fostered
new reaction pathways on the catalyst surface, leading to improved CO2 adsorption and
stabilization of adsorbed CO species. Similarly, incorporating molecules like Na+, N, and
Ge into the ZSM-5 zeolite framework was demonstrated to lower the energy barriers for
CO2 hydrogenation, thereby enhancing the overall catalytic efficacy [56].

Preparative methods also significantly contribute to tuning the characteristics of ze-
olites for the best performance in CO2 hydrogenation. The synthesis method of zeolite,
such as the choice of template, calcination conditions, and metal loading approaches, can
also significantly affect the structural and chemical properties of the catalyst. Liu et al. [57]
investigated how alkali metal promotion in Co-zeolite catalysts affects product selectivity,
comparing IWI with the IE approach (see Figure 3c,d). Their findings revealed distinct
differences: IWI led to a higher yield of olefins and C5+ hydrocarbons, attributed to an
elevated Si/Al ratio (see Figure 3e). In contrast, the IE method’s selectivity remained largely
unaffected by changes in the Si/Al ratio, likely due to alkaline poisoning (see Figure 3f).
Hence, the zeolite framework topology determines the behavior of CO2 and hydrogen (H2)
in the active sites. Specific zeolite structures with specific synthesis procedures can selec-
tively adsorb these reactants and promote their transformation into the desired products
under the appropriate conditions. For instance, Ramirez et al. [58] explored the significant
role of zeolite topology in the direct conversion of CO2 into valuable hydrocarbons. They
reported that catalysts using different zeolite frameworks, specifically MOR and ZSM-5,
exhibit markedly different behaviors in their ability to convert CO2 to olefins and aromatics,
respectively. The study also highlighted that the unique structural characteristics of MOR
favor olefin production, while the properties of ZSM-5 enhance aromatic synthesis under
the same reaction conditions. This variation is attributed to how these zeolite structures
interact with potassium superoxide-doped iron oxide catalysts, influencing the formation
of surface formate species and the activity of carbocation intermediates (see Figure 4).
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Figure 3. (a,b) Visual representation of the chemical interactions and mechanisms on a Li/RhY
catalyst consisted of 5 wt% Rh and a Li/Rh ratio of 10 [55]. (c,d) Analysis of the impact of preparative
techniques, specifically incipient wetness impregnation (IWI) and ion exchange (IE), on the perfor-
mance of Co-zeolite catalysts [57], focusing on (e) product selectivity for IWI catalysts at different
Si/Al ratios and (f) product selectivity for IE catalysts at varying Si/Al ratios.

Figure 4. Suggested CO2 conversion pathways to produce light olefins and aromatics [58]. (A) path-
way for utilizing only Fe2O3@KO2/zeolite catalyst (B) CO integration pathway on MOR and ZSM-5

71



Catalysts 2024, 14, 328

(C) Aromatics generation pathway on ZSM-5. ‡ indicates the formation of a short-lived interme-
diate in the reaction pathway. Specifically, it points to a “ketene-like transition state” during CO
incorporation into a surface-adsorbed dimethyl ether.

3.2. Bimodal Mesoporous Structure and Surface Oxygen Vacancies

Bimodal mesoporous zeolites, with their dual-sized pores, optimize CO2 hydrogena-
tion by boosting mass transfer and catalytic site availability. The adjustment of the zeolite’s
pore architecture can be accomplished by developing a hierarchical pore system. This sys-
tem ensures that the zeolite not only retains its intrinsic micropores but also incorporates
supplementary meso- or macropores, which may be located either within or between the
crystals [59,60]. In this way, the mesopores enhance the ingress of reactants like CO2 and
H2, while surface oxygen vacancies act as active sites or alter adjacent metal sites to better
activate CO2 and promote essential reduction steps in the hydrogenation process. Song
et al. [61] explored the influence of zeolite morphology and pore structure, focusing on
aromatics production using a Cu-Fe2O3-HZSM-5 catalyst. The study involved commer-
cial zeolites and those synthesized via various methods such as dry-gel, hydrothermal,
and phase-transfer techniques. Their research found a preference for mesoporous struc-
tures in enhancing aromatic production, particularly noting that the HZSM-5 produced by
the phase-transfer method showed an improved selectivity for aromatics from 56.61% to
61.94%, attributed to its rich 5–12 nm pores, which facilitate the formation of aromatics like
BTX. In the same investigation, they also proposed an “H recycling mechanism” for CO2
hydrogenation to aromatics, suggesting that hydrogen species from the zeolite can move to
the oxide interface and interact with adsorbed CO2 at oxygen vacancies. Similarly, Tian
et al. [62] developed M(Z, Ca, In)-UIO-66/palygorskite-HZSM-5 zeolite tandem catalysts
for converting CO2 directly into aromatics, employing Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) and Density Functional Theory (DFT) to investigate the
reaction mechanisms. The standout, 6%Zn-UIO-662/Z5 at 550 ◦C, achieved the highest
specific surface area of 437.50 m2/g, optimal acidity, and numerous oxygen vacancies,
leading to an impressive CO2 conversion rate and aromatics selectivity of 88.8%.

The adsorption properties and pore size distributions of Zn-UIO-66/Z5 tandem cat-
alysts across varying calcination temperatures and Zn contents are depicted in Figure 5.
The catalysts exhibited type IV isotherms with H4-type hysteresis at higher pressures
(P/P0 = 0.7–1.0), indicating the presence of both micropores and mesopores, the latter
attributed to the agglomeration state of acidified palygorskite nanofibers. Adjusting crystal-
lization times during Z5 zeolite preparation allowed for controlled interstitial pore formation
between nanofiber crystals, thus improving reactant and product diffusion. Notably, the
addition of Zn enhanced the adsorption capacities, with optimal results at 6% Zn inclu-
sion. However, excessive calcination temperatures can compromise structural integrity and
reduce adsorption capacities. The integration of Zn and UIO-66 into Z5 zeolite and the
presence of acidified palygorskite were key to enhancing pore structure and surface area,
which in turn improved the catalyst’s performance in CO2 hydrogenation to aromatics. The
pore size distribution is predominantly centered around 10–20 nm, contributing to efficient
catalysis. Therefore, the mesoporous structure within zeolites enhances the movement
of olefin intermediates towards acidic sites. This improved diffusion pathway leads to
increased production yields of aromatic compounds. Furthermore, in the work by Yan
et al. [63], they discovered that Ni catalysts supported on zeolites with lower Si/Al ratios
(such as 4A, Ni-5A, and Ni-13X) possess large Ni nanoparticles that engage weakly with
the support and exhibit lower activation temperatures, leading to notable CO2 methanation
activity, with conversions between 70.4–70.9% and a high methane selectivity of 92.4–96.4%.
In contrast, zeolites with higher Si/Al ratios and mesoporous structures (such as Ni-ZSM-5
and Ni-BEA), while demonstrating smaller Ni particles and stronger metal-support interac-
tion, resulted in lower CO2 conversion rates (71.2–73.4%) and methane selectivity, indicating
another crucial role of mesopores in catalytic performance. When selectivity decreases in
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conjunction with the mesoporous structure of zeolites, it suggests that while the mesopores
may enhance the accessibility of reactants to the catalytic sites by improving diffusion, they
may also allow for a wider range of reactions to occur, which can lead to a broader array of
products. In other words, the larger mesopores are not as selective in facilitating only the de-
sired reaction pathways; instead, they might enable side reactions, leading to an assortment
of products rather than selectively yielding the target molecule. For CO2 hydrogenation
specifically, if a mesoporous zeolite results in decreased selectivity, it means that while more
CO2 might be converted (enhanced activity), the proportion of the desired product (such
as methane in the case of methanation in Yan et al.’s study [63]) is lower because other
products are also formed. This could be because mesopores allow not only the desired
reactants to access the active sites more easily but also potentially allow unwanted reactants
to participate in the reactions, or they might not effectively stabilize the transition states
leading to the desired products. Overall, while bimodal mesoporosity and surface oxygen
vacancies can improve catalytic activity, their influence on selectivity is a delicate balance
that requires careful optimization to favor the desired CO2 hydrogenation pathways.

Figure 5. Bimodal mesoporous performance [62]: (a) N2 adsorption–desorption isotherms, and (b) pore
size distribution for Zn-UIO-66/Z5 at varying calcination temperatures. (c) N2 adsorption–desorption
isotherms, and (d) pore size distribution for Zn-UIO-66/Z5 with different zinc concentrations.

3.3. Si/Al Ratio

Zeolites with minimal acidity tend to promote hydrogen transfer reactions, often
leading to the generation of longer-chain hydrocarbons. In contrast, an excessive number
of active sites may be conducive to the formation of saturated hydrocarbons, eventually
leading to coking [11]. Thus, the Si/Al ratio must be adjusted with high precision, because
this ratio is a direct measure of acidity, to maximize the number of Brønsted acid sites for
the best performance. Da Costa-Serra et al. [64] found that Ni-based catalysts mounted on
delaminated ITQ-2 zeolite, when presenting higher Si/Al ratios, demonstrated enhanced
catalytic activity attributed to increased hydrophobicity. The catalytic outcomes for the ITO-
2 and ZSM-5 frameworks varied based on their aluminum content, with high aluminum
leading to consistent catalytic behaviors across different zeolite types. Notably, a reduction
in aluminum content in the support contributes significantly to catalytic efficiency, as seen
in delaminated ITO-2, identified by XRD (see Figure 6a) to have smaller NiO crystallite
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sizes, resulting in higher CO2 conversion (50% improvement) and CH4 selectivity (98%).
However, the size distribution of Ni0 particles in the 5Ni/ITQ-2(∞) sample remains tightly
controlled and closely matches the pre-reaction size, measuring 2.8 nm after the reaction
compared to 2.4 nm beforehand (see Figure 6b).

 

Figure 6. Catalytic Activity of Ni catalysts [64]: (a) XRD profiles when mounted on ITQ-2 and ZSM-5.
(b) HR-TEM image of particle size distribution of Ni0 in the 5 wt.% Ni catalyst supported on ITQ-2
and ZSM-5 with varying Si/Al ratios following the methanation reaction.

The study by the same authors revealed that higher aluminum content supports
(lower Si/Al ratio) yielded similar performances in catalysts due to enhanced Brønsted
acidity and hydrophobicity, which are beneficial for reaction progress. Additionally, a
high Si/Al ratio improves the dispersion and stability of Ni nanoparticles, influencing
their initial dispersion and subsequent thermal redistribution. This relationship highlights
the crucial role of aluminum content and Si/Al ratios in determining the properties and
effectiveness of these catalysts, which were also previously reported to be significant for
methanation processes [65]. Delving deeper, Tada et al. [66] developed multifunctional
catalysts, ZnO/ZrO2, by blending mordenite (MOR) zeolites with varying Si/Al ratios (9,
14, and 104) with ZnO/ZrO2 and assessed their impact on CO2 hydrogenation efficiency
using a high-pressure flow reactor. Figure 7 illustrates the space-time yield of various
hydrocarbons for three different catalysts, namely MOR009, MOR014, and MOR104, over a
span of time.

Figure 7. Performance of Zn catalysts supported by MOR zeolites with varied Si/Al ratios and
space-time yield of methanol [66]: (a) MOR009, (b) MOR014, (c) MOR104.

For MOR009 (see Figure 7a), the production levels of methane and C2–C4 olefins are
fairly consistent, though the yield of methanol shows slight fluctuations. Notably, the
production of C5 olefins and paraffins is almost non-existent, which indicates a limited

74



Catalysts 2024, 14, 328

ability to generate higher carbon number hydrocarbons. In contrast, MOR014 in Figure 7b
demonstrates a growing yield of C5 olefins that peaks midway through the assessment
period and then modestly declines, while the output of C5 paraffins remains stable. This
behavior suggests a heightened capacity for creating heavier olefins compared to MOR009.
Lastly, the MOR104 catalyst in Figure 7c maintains a stable output of C5 olefins throughout
the period, with only minor fluctuations observed. The production rates for C2–C4 paraffins
are consistent, although C5 paraffins exhibit some variability. Overall, MOR104 displays
a robust capability for producing C5 olefins, highlighting its effectiveness for sustained
light olefin production. For CO2 aromatization, Cui et al. [67] assessed the impact of zeolite
acidity by varying the Si/Al ratio using a Na-modified spinel oxide ZnFeOx coupled
with H-ZSM-5 zeolites. They observed that an increased Si/Al ratio led to a decrease in
aromatic selectivity due to the reduced density of Brønsted acid sites, which are pivotal
for aromatization. Consequently, a higher density of Brønsted acid sites results in greater
selectivity for aromatics [68].

However, greater CO2 adsorption does not necessarily imply greater hydrogenation
activity, which is the main problem with typical zeolite catalysts. The hydrogenation
process is not solely dependent upon the amount of CO2 adsorbed. Instead, it is also
dependent upon the availability and reactivity of H2 within the catalyst system and the
catalyst’s ability to help the reaction between CO2 and H2 to form hydrocarbons. A zeolite
with a higher CO2 adsorption capacity, in consequence of its higher basicity (linked to a
lower Si/Al ratio), may be able to retain CO2 more tightly, thus hindering the reaction with
H2, if the CO2 is not easily released to react with H2. The equilibrium between the strength
of the adsorption and the reactivity is fragile, whereby strong adsorption could interfere
with the catalytic process, while weak adsorption might not capture CO2 efficiently enough
for the reaction. Therefore, the ideal scenario for enhanced hydrogenation activity is not
just high CO2 adsorption but also an optimal level of adsorption that allows for effective
interaction with H2, leading to the formation of the desired hydrocarbon products.

3.4. Porosity, Thermal Stability, and Structural Integrity

The porosity, thermal stability, and structural integrity of structured zeolites are
also pivotal for optimizing CO2 hydrogenation processes. These factors are integral to
the zeolite’s ability to adsorb reactants, withstand high temperatures, and maintain its
structure under reaction conditions, which, in turn, affects catalytic performance, product
selectivity, and potentially its commercial applicability. In a pioneering study by Xiang
et al. [69], an AFX-type SAPO-56 zeolite was innovatively augmented with copper (Cu)
nanoparticles, crafting a multifaceted catalyst aimed at converting CO2 to methanol. This
novel catalyst achieved a CO2 to methanol conversion rate of 16.4% and showcased an
impressive 80.9% selectivity for methanol production. In this study, the strategic dispersion
of Cu nanoparticles across the extensive pore network of the SAPO-56 zeolite markedly
boosted H2 adsorption and its subsequent dissociation, facilitating widespread H2 atom
availability. These atoms interacted with the zeolite’s intrinsic Lewis acid sites, effectively
catalyzing methanol synthesis. The catalyst’s hierarchically structured porosity was pivotal
in steering product selectivity while ensuring exceptional stability, highlighting its potential
for industrial deployment in CO2 reduction initiatives. Similarly, Cui et al. [70] made
significant strides in the catalytic conversion of CO2 to methanol by creating a zeolite-
encapsulated Cu/ZnOx@Na-ZSM-5 catalyst with a core–shell structure derived from
bimetallic CuZn-HKUST-1 nanoparticles via hydrothermal synthesis. This design also
effectively prevented Cu sintering and enhanced the catalyst’s thermal stability. The zeolite
framework not only contributes to a higher methanol yield by ensuring a synergistic effect
and intimate interaction of the encapsulated nanoparticles but also upholds the structural
integrity of the catalyst, promoting sustained activity over prolonged durations. These
innovations demonstrate the critical role of porosity and the architectural solidity of zeolites
in fostering stable and efficient CO2 hydrogenation processes.
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3.5. Electrical and Plasma Interactions

The control of electrical and plasma properties in catalyst design is also essential for
achieving high CO2 conversion rates and selectivity to the desired products operating
under various operational conditions. Figure 8 illustrates a setup for plasma-assisted CO2
hydrogenation using a dielectric barrier discharge (DBD) reactor [71]. Feliz et. al. [72]
observed that zeolite structures affect the ionic conductivity and dielectric constant of the
catalyst in plasma-assisted reactions. Lower ionic conductivity facilitates a better CO2
conversion (34%) because of decreased plasma density and CO2 dissociation at ambient
pressure and temperatures under 100 ◦C. Owing to zeolites’ unique structures, they have
been recognized as prospective catalyst supports for DBD plasma systems intended for CO2-
to-methane conversion. Attention has been especially given to Ni-based catalysts within
these plasma systems [73,74]. For example, the utilization of Ni/beta zeolite catalysts has
been associated with a greater selectivity for methane production, with up to 95% conversion
for either CO or CO2 [75]. It was noted that Ni particles could be redistributed under DBD
plasma exposure, which might improve the catalytic process. In addition, this treatment
was recommended to promote the desorption of the adsorbed molecules from the catalyst,
whereby these adsorbed molecules have much weaker bonds compared to their gaseous
counterparts. Reactive species that were produced by plasma were believed to play a role in
removing the adsorbed CO molecules, which is a key step for achieving higher methane
yield, while the accumulation of water on the catalyst’s active sites, emerging as a reaction
byproduct, poses a significant limitation for thermal CO2 methanation by obstructing access
to these sites, in line with the insights provided by Sabatier’s principle [76,77].

Figure 8. Plasma-assisted catalytic conversion of CO2 to ethane using a DBD reactor [71]: (a) reactor
set-up, (b) cross-sectional view of the reactor, (c) process flow diagram of the overall set-up.

When discussing electrical and plasma interactions in such catalytic systems, it is
useful to look at the wider meaning of ionic conductivity and its impact on catalytic
processes. The work of Henckel et al. [78] is a relevant example of this, as they used
Electrochemical Impedance Spectroscopy (EIS) to investigate the interaction between the
catalyst and ionomer, with a particular interest in the transport of hydroxide ions in the
electrochemical CO to ethylene conversion. The results confirmed that fine-tuning ionic
conductivity can substantially promote the Faradaic efficiency of ethylene and the cell
voltage. Although the study did not directly concern zeolite materials and hydrogenation
of CO2, the principles that can be derived from their work are of great interest to CO2
hydrogenation over structured zeolites. The principle of modulating ionic behavior to
maximize catalyst performance is a general concept that is observed in diverse catalyst
systems, including zeolites for CO2 hydrogenation. As it happens in electrochemical
systems where both ionic transport and electrical interactions are crucial for the reaction
outcomes, in zeolite catalysts, these characteristics can affect the diffusion of reactants and
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the distribution of active sites and subsequently determine the efficiency and selectivity of
the hydrogenation reactions.

4. Synthesis Methods

Structured zeolites can be synthesized in many ways by utilizing precursors in soluble
form and reducing them, or by using existing solid compounds and modifying their
structures. These methods can be broadly grouped into two categories: bottom-up and
top-down approaches [79], as shown in Figure 9a.

Figure 9. Pathways for zeolite synthesis. (a) Conventional routes and their preparation principles.
(b) Schematic formation of new crystalline phases via hydrothermal synthesis.

4.1. Bottom-Up Approach

The bottom-up approach focuses on creating mesopores within the zeolite structure
using a variety of templating methods. Hard-templating involves using rigid carbonaceous
materials like carbon black, carbon nanotubes/nanofibers, or 3DOM carbon templates to
shape the forming zeolite structure [80–82]. In a study by Wu et al. [83], Ni nanoparticles
were encapsulated within microporous graphene-like carbon derived from a NaY zeolite
template. The resulting Ni-loaded catalyst demonstrated efficient CO2 hydrogenation to
methane, with 50% conversion and 96% methane selectivity at high space-time yields,
showcasing remarkable long-term stability. Subsequently, soft-templating is less rigid and
facilitates the crystallization of zeolites by forming interactions with zeolite precursors or
frameworks through a range of covalent and electrostatic forces, including van der Waals
interactions, hydrogen bonds, and ionic attractions [84]. It utilizes quaternary ammonium
surfactants such as cetyltrimethylammonium bromide (CTAB) or cationic polyelectrolytes
such as polydiallyldimethylammonium chloride (PDDA-Cl) and polydiallyldimethylam-

77



Catalysts 2024, 14, 328

monium chloride (PDADMAC) [85–87]. These create microporous zeolite crystallization,
while the organosilane’s hydrophobic alkyl chains direct mesopore formation [88]. How-
ever, the conventional hydrothermal synthesis method (see Figure 9b), is notable for its
substantial byproduct generation, including waste materials and gases such as CO2 and
N2, and its prolonged crystallization process typically leads to reduced production effi-
ciency [89]. Therefore, alternative ‘green’ synthesis routes have been sustainably employed
to overcome such concerns. For example, Tian et al. [90] described an innovative approach
for crafting SAPO-34 zeolites with layered porosity using only rice husk as the silicon source.
The resulting bio-SAPO-34 exhibited high efficiency in converting CO2 to olefins, with an
impressive C2–C4 olefin selectivity of 94.5%. The study found that CH3O* species were
pivotal intermediates, with DRIFTS analysis showing their formation on the ZnZrOx catalyst
surface and subsequent transfer to the acid sites of bio-SAPO-34 for effective carbon–carbon
coupling. In addition, and interestingly, Din et al. [91] performed the green synthesis of
bimetallic catalysts supported on zeolites, whereby it involved the deposition of Cu and
Co onto the zeolite rather than the synthesis of the zeolite framework itself, which did
not require extensive washing of precipitates. The process included dissolving the metal
acetates in water, adding zeolite to the solution, adjusting the pH with sodium hydroxide,
and maintaining the mixture at a specified temperature while stirring. The final product
was then dried, resulting in the formation of bimetallic Cu-Co/zeolite catalysts. The ideal
balance of Cu:Co at a 1:1 ratio was determined to be the most effective among the various
metal combinations tested, leading to the highest observed rate of methanol synthesis.

Furthermore, non-templating methods rely on alternative strategies like one-pot
synthesis, dry-gel conversion, or seed-induced crystallization without using traditional
templates [54,89]. For instance, Wei et al. [53] developed a Na–Fe3O4/HZSM-5 catalyst
using a one-pot synthesis technique. This catalyst demonstrated the ability to transform
CO2 into hydrocarbons within the gasoline range (C5–C11), achieving a selectivity of 78%
among hydrocarbons and limiting methane to just 4%, with a CO2 conversion rate of 22%
under conditions pertinent to industry. They built the catalyst at the molecular level and
relied on chemical reactions between iron salts and NaOH in solution to spontaneously
form the catalyst without a structural template.

The bottom-up approach to structured zeolite synthesis is not without difficulties.
A principal issue is the intrinsic fragility of hierarchical zeolite structures, which could
result in loose intermolecular interactions, thereby affecting mechanical stability and charge
transport [92]. This can be an especially serious issue when zeolites are used under the high-
temperature and high-pressure conditions characteristic of CO2 hydrogenation processes.
One possible approach is to optimize the strength and performance of the materials by
linking the molecules through strong covalent bonding that involves the reaction directly
on the surfaces [92]. Furthermore, the bottom-up approach sometimes struggles with the
controlled physical and chemical transformations within liquid droplets, a process that
is integral to the synthesis of zeolites [93]. An alternative method, encompassing sol-gel
and aerosol-assisted approaches, is proposed due to its enhanced focus on controlling
the physical and chemical properties during the synthesis of nanomaterials, particularly
resultant zeolites [94,95]. Another challenge in the bottom-up synthesis of zeolites is
managing intercrystallite diffusion, which can impede reactant and product movement
within the crystalline lattice [96]. To address this, an optimal strategy involves enhancing
porosity through methods like dealumination, desilication, and recrystallization. These
techniques, which now fall under the top-down approach, modify existing zeolite structures
to improve molecular accessibility and diffusion pathways.

4.2. Top-Down Approach

The top-down approach involves modifying pre-existing zeolite structures through
post-synthesis treatments to enhance their properties, rather than constructing new mate-
rials from the ground up. This method focuses on altering existing materials to develop
structures with novel characteristics. Top-down approaches play a vital role in the de-
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velopment of hierarchical zeolite structures, which boast improved catalytic properties
due to increased surface area and pore volume, as well as the surface properties of the
zeolites. Dealumination is a process where aluminum atoms are removed from the zeolite
framework through methods such as acid leaching or steam treatment, impacting the Si/Al
ratio [97–99]. Its counterpart, desilication, involves the removal of silica atoms, typically by
treating them with a base solution [100]. This procedure enhances mesoporosity within
the zeolite structure [101]. Recrystallization typically involves dissolving the zeolite in a
suitable solvent and then causing the material to precipitate out of the solution, forming a
more ordered crystalline structure [102,103]. The parameters of the process, such as tem-
perature, concentration, and choice of solvent, can significantly influence the outcome [89].
For example, Oishi et al. [48] employed a multi-top-down approach to modify MOR zeo-
lite, initially transforming it into a slurry via milling and subsequently recrystallizing it
under heat in an autoclave, resulting in nanosized MOR particles. The processed MOR
underwent ion exchange with NH4Cl, fine-tuning its ionic makeup. They then performed
dealumination, using different sulfuric acid concentrations to adjust the Si/Al ratio, thus
tailoring the zeolite’s acidity and enhancing its catalytic abilities. Lastly, defect healing with
a fluoride solution was conducted on the dealuminated MOR to mend structural imperfec-
tions, optimizing the material. Following the modifications, the enhanced MOR sample
exhibited improved catalysis in CO2 hydrogenation to lower olefins, notably doubling
the olefin-to-paraffin ratio from 0.69 to 1.4, thus signifying a more selective and efficient
reaction. Furthermore, Liu et al. [57] demonstrated alternative top-down approaches such
as incipient wetness impregnation (IWI) and ion exchange (IE) for a series of Co/ZSM-5
catalysts to facilitate CO2 hydrogenation to value-added chemicals via the modified-FTS
pathway. They found that the selectivity for CO2 hydrogenation on catalysts prepared
by IWI strongly depends on the Si/Al ratio. In contrast, such a ratio has little impact
on catalysts produced via IE. Enhancing the Si/Al ratio in impregnated catalysts usually
improves olefin production, which is associated with acidic features and cobalt reducibility.
However, in the same study, altering the Si/Al ratio in ion-exchanged catalysts did not
influence the acid properties of K-ZSM-5 for catalytic performance. This lack of effect can
be attributed to the introduction of alkali metals, which increased the number of basic sites
and reduced the crystallinity. Therefore, it is essential to avoid excessive modification of
atoms, as this can lead to the destruction of the crystal structure, thus underscoring the
necessity for controlled and balanced treatment processes [50].

The top-down methodology for synthesizing zeolites also encapsulates a set of dis-
tinctive challenges that command innovative solutions to further enhance their catalytic
performance. Firstly, inadequate characterization methods used for zeolites synthesized
by the top-down approach prove to be one of the serious limitations whereby it is cru-
cial to disclose the specific T-sites where the metal centers are situated, as these locations
dictate the geometry of the active centers within the zeolites and, consequently, define
their reactivity [104,105]. To address this challenge, Dapsens et al. [106] emphasized the
utilization of advanced X-ray Absorption Spectroscopy methods, such as the integration
of Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge
Structure (XANES), in overcoming analytical limitations. These techniques were pivotal
in the studies conducted by Liu et al. [57] and Ding et al. [107], which focused on the
characterization of Co/ZSM-5 and Cu@NaBeta catalysts, respectively. Their investigations
demonstrated that the synergistic interaction between metal nanoparticles and the zeolitic
framework plays a critical role in forming high-performance catalysts for CO2 hydrogena-
tion to olefins and ethanol accordingly. Next, the structural integrity of catalysts can be
compromised by water generated during reactions. Specifically, during a CO2 methanation
reaction, zeolites are vulnerable to dealumination, a process in which aluminum atoms
are stripped from the framework. This occurs under high operating temperatures and
pressures in the equipment, particularly in the presence of water molecules, leading to
partial degradation or impairment of the zeolite structure [108]. Such conditions can also
result in the clogging of the zeolite pores as the released aluminum accumulates within
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the structure, further compromising its effectiveness. To mitigate these concerns, Bacariza
et al. [109] suggested that commercial USY zeolites, typically used in fluid catalytic cracking
(FCC) industrial processes and subjected to ultra-stabilization treatments including con-
trolled steaming for dealumination, could serve as effective supports for CO2 methanation
catalysts. The same authors also pointed out that employing USY zeolite as a support
demonstrated promising results, with no structural damage observed in the samples after
both conventional and deactivation tests, even when exposed to water during the reaction.
In addition, Verboekend et al. noted desilication issues like limited Si/Al ratio control, over-
extraction of silicon, structural damage, ineffective pore agents, and uneven mesopores
affecting zeolite performance [110]. Optimizing zeolite desilication involves careful control
of alkali treatment conditions and the use of pore-directing agents to ensure consistent
pore size while maintaining the zeolite’s structure and acid sites [111]. Selective treatment
is key to achieving ideal mesoporosity without compromising catalytic efficiency. Using
tetrapropylammonium hydroxide (TPAOH) for selective desilication, for example, Dai
et al. [112] engineered silicalite-1 with precise mesoporosity, achieving nanocube sizes up
to 600 nm. This approach also improved CO2–hydrocarbon conversion, with a marked
increase in C5+ hydrocarbon selectivity when iron-based catalysts were supported on these
tailored zeolites. Similarly, Sharma et al. [113] designed a novel two-bed catalytic system
for CO2 hydrogenation via the MTH pathway, leveraging a desilicated HZSM-5 zeolite
to boost hydrocarbon yields, with a notable hydrocarbon selectivity of up to 71.2%. This
system, through selective desilication, enhanced the production of longer-chain liquid
hydrocarbons, impressively improving C8–C12 selectivity from 29.2% to 42.4%. Finally,
recrystallization concerns are not singled out because they can be part of a broader set
of synthesis conditions that also include dealumination and desilication. Overall, these
conditions collectively impact the structural and compositional modifications of zeolites
during the top-down approach.

5. Characterization Techniques

From the preceding sections, it is clear that catalyst characterization techniques are in-
dispensable tools for gaining a comprehensive understanding of the catalytic mechanisms,
performance, and intricate behavior of zeolites in catalysis, such as CO2 hydrogenation pro-
cesses. These advanced techniques in Table 3 help elucidate the structural and chemical
properties of catalysts, which are critical for optimizing their activity and stability under
tailored reaction conditions. In this section, we will delve deeper into the specific methods and
their applications in detailing the structural adaptations and chemical dynamics of zeolites,
which facilitate their efficacy in CO2 hydrogenation. We will explore how these characteriza-
tion methods contribute to a better understanding of the interaction between catalysts and
reactants and how this knowledge can lead to the development of more efficient catalytic
systems. For the subsequent discussions, we will only highlight specific characterization
methods from each category, providing detailed illustrations of how these techniques are
applied to enhance our understanding of zeolite catalysis in CO2 hydrogenation.

Table 3. Advanced characterization techniques for structured zeolites in catalytic reactions like CO2

hydrogenation.

Category Method Application

Molecular and
Chemical Structure

Analysis
[5,114,115]

Fourier-transform infrared (FTIR) spectroscopy Quantify absorption spectra in chemical bonds and
functional groups in molecules

Raman spectroscopy Postulate information about molecular vibrations,
crystal structures, and phase transitions

Nuclear Magnetic Resonance (NMR)
spectroscopy

Provide detailed information on the framework
aluminum distribution and the nature of acid sites

Small-angle X-ray Scattering (SAXS)
Analyze the structural details of materials at the

nanoscale level by detecting inhomogeneities and phase
separation within
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Table 3. Cont.

Category Method Application

Crystallographic and
Phase Analysis

[54,115,116]

X-ray diffraction (XRD) Assess crystalline structures, crystal phases, and crystal
defects

Powder X-ray Diffraction (PXRD) Analyze powdered crystalline materials for crystal
structure identification

Selected Area Electron Diffraction (SAED) Obtain crystallographic information from a sample area

Surface and
Elemental Analysis

[91,117,118]

X-ray photoelectron spectroscopy (XPS)
Examine the chemistry of the surface, including aspects
such as elemental composition, chemical and empirical

states, and the electronic state of elements
X-ray Absorption Spectroscopy (XAS) Determine local geometric/electronic structural order

Auger Electron Spectroscopy (AES) Detect emitted energy of electrons from the catalyst
surface

Microscopy
and Imaging

[115,119]

Scanning Electron Microscopy (SEM) Generate high-resolution images of the surface, internal
structure, morphology, and crystallography of

nanomaterials
Transmission Electron

Microscopy (TEM)

Thermal Analysis
[4,5,54,115,120]

Temperature-Programmed
Reduction-Thermogravimetric

Analysis (TPR-TGA)

TPR: Measure the change in chemical state upon heating
TGA: Measure changes in physical and chemical states

upon heating

Temperature-Programmed Desorption (TPD) Investigate adsorption and desorption behaviors on
surface interactions and binding energies

Temperature-Programmed Oxidation (TPO)
Evaluate oxidation behaviors, particularly in
carbonaceous materials, catalyst deactivation

investigations

Temperature-Programmed Reaction (TPRe) Study reaction kinetics, and catalytic stability under
different thermal environments

Temperature-Programmed Surface
Reaction (TPSR)

Focus on surface reactions; mechanisms of
surface-mediated reactions

Temperature-Programmed
Reduction/Oxidation (TPR-O) Explore redox properties for redox reactions

Temperature Programmed
Reduction-Differential

Thermogravimetry (TPR-DTG)

Determine the temperatures at which reduction events
occur and the quantitative aspects amount of oxygen

removed from an oxide
Temperature-Programmed Ammonia

Desorption (TPAD) Observe ammonia-desorption for acid catalysis

Molecular and chemical structure analysis techniques, such as FTIR and Raman
spectroscopy, measure molecular vibrations and identify chemical bonds to reveal the
composition of substances. NMR spectroscopy offers a detailed view of atomic-level
structure, while SAXS enables the investigation of nanoscale inhomogeneities and phase
distribution within materials. In a study by Ramirez et al. [5], NMR spectroscopy provided
detailed insights into the selective catalytic roles of various zeolites (MOR, ZSM-22, FER,
and ZSM-5) to explore the role of CO at the RWGS reaction phase of the modified-FTS route
for CO2 hydrogenation to alkenes, aromatic compounds, and alkanes. Figure 10a highlights
how MOR zeolites are inclined towards producing lighter olefins, whereas ZSM-22 zeolites
preferentially lead to heavier olefin production. Additionally, ZSM-5 achieves complete
ethylene conversion, while MOR and ZSM-22 exhibit the lowest, with MOR specifically
favoring paraffin production when 13CO is absent. However, the introduction of 13CO
sees MOR attain the highest conversion rate at around 4%, with ZSM-5 and ZSM-22 at
roughly 1% (Figure 10b). Solid-state NMR confirms COs direct incorporation into the
zeolite structure (Figure 10c), and a notable carbonyl peak at 177.5 ppm associates with
methyl acetate suggests a ketene intermediate in the reaction (Figure 10d). This set of NMR
figures paints a comprehensive picture of how each zeolite type uniquely influences the
reaction pathway and product distribution.

81



Catalysts 2024, 14, 328

 

Figure 10. NMR spectroscopic analysis by Ramirez et al. [5] detailed the catalytic activity of various
zeolites (e.g., MOR, ZSM-22, FER, ZSM-5), where (a) revealed the behavior of these zeolites with
ethylene and (b) showed the dynamics with enriched 13CO under hydrogen-rich conditions. (c) The
isotopic enrichment of 13CO correlated with its consumption during the reaction, and (d) captured the
identification of methyl acetate in FER zeolites, suggesting the involvement of ketene intermediates.

Crystallographic and phase analysis methods encompass techniques like XRD, which
examines the arrangement of atoms within crystals and identifies phases and defects.
PXRD is tailored to analyze powdered samples for structural identification, while SAED
provides crystallographic information from targeted areas within a specimen. On the other
hand, microscopy and imaging techniques like SEM and TEM are pivotal for capturing
high-resolution images that reveal surface features, internal structures, morphologies, and
the crystallography of zeolites. Krachuamram et al. [115] conducted a study to fine-tune
the synthesis of NaA/NaX zeolite to maximize surface area and pore volume, finding
the best conditions to be a 5 day aging and a 9 h crystallization process in the presence
of CTAB and heptane. When used as a support for Ni impregnation at various loadings,
the zeolite synthesized under these conditions showed the highest catalytic activity for
CO2 methanation at a 15% Ni level, attributed to the optimal dispersion of Ni on the
zeolite surface. Their XRD analyses indicated a notable reduction in the crystallinity of
the zeolite, with peak intensities for NaX and NaA decreasing upon Ni impregnation
(Figure 11a), and NiO reflections becoming more pronounced. The specific surface area
of the zeolite increased significantly from 166.5 m2/g to 1411 m2/g with Ni addition
(Figure 12b), suggesting a dispersion of Ni that did not disrupt the zeolite’s structure, as
confirmed by SEM images (Figure 12a). Despite these structural changes, the catalytic
efficiency remained primarily reliant on gas adsorption capacities rather than on the surface
area, with the presence of Ni-enhancing adsorption sites for H2 and CO2 (Figure 11b).

Surface and elemental analysis for zeolites typically employ techniques such as XPS,
which analyzes surface chemistry, including elemental composition and states; XAS, for
assessing the local structure and electronic state order; and AES, which detects the energies
of electrons emitted from surfaces, providing details on the surface’s elemental composition.
Conversely, under varying thermal conditions, TPR-TGA allows for the study of reduction
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processes and zeolite stability. TPD can help determine the strength and nature of adsorption
sites by measuring the gases desorbed as the temperature increases. Similarly, TPR-O and
TPR-DTG provide insight into the oxidative and reductive characteristics of zeolites, while
TPSR and TPAD are employed to examine surface interactions and acidity, respectively.

Figure 11. Krachuamram et al. [115] demonstrated the (a) XRD profiles of the zeolite framework and
the zeolite after 15% nickel has been added. (b) Shows the N2 adsorption–desorption curves for the
zeolite treated with an organic phase (Z_5D_9h) compared to the zeolite not treated with an organic
phase.

Figure 12. Krachuamram et al. [115] presented (a) SEM visuals of the zeolite before and after nickel
impregnation and (b) SEM images and elemental mapping of the zeolite supports with and without
the addition of the organic phase (Z_5D_9h).

Popova et al. [54] developed micro-mesoporous ZSM-5 catalysts modified with Ni and
Ru through wet impregnation, examining how Ni content and the addition of Ru influenced
the catalysts’ properties by utilizing TPR-DTG to analyze, and they observed distinct
reduction peaks. For monometallic samples with 10%Ru, a significant reduction peak
occurred at 190 ◦C, while samples with 5%Ni and 10%Ni exhibited two peaks spanning
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temperatures of 195–205 ◦C and 325–360 ◦C, respectively, suggesting Ni’s influence on
the reduction process and dispersion on the zeolite (Figure 13a). The XPS analysis post-
reduction offered insights into the surface chemistry, indicating a prevalence of RuO2 for
the monometallic samples (e.g., 5RuZSM-5) and a more balanced presence of reduced and
oxidized Ru states in the bimetallic samples, such as 10Ni5RuZSM-5 (Figure 13c). These
findings aligned with their TPR-DTG results, revealing that bimetallic samples with higher
Ni content have more Ni accessible on the surface, which enhanced catalytic activity due
to a greater number of active sites, whereby 10Ni5RuZSM-5 exhibits a single, wider peak
reaching its apex at 268 ◦C (Figure 13b). As a result, the 10Ni5RuZSM-5 catalyst showcased
high efficiency, achieving 100% selectivity for methane production from CO2 at 400 ◦C.
This performance, coupled with its stability and the potential for reuse, underscores the
catalyst’s applicability in practical settings.

Figure 13. Popova et al. [54] performed TPR-DTG analysis of ZSM-5 zeolites modified with Ni and
Ru in (a) single-metal and (b) dual-metal configurations, and (c) XPS profiles for Ru (left) and Ni
(right) on the 10NiZSM-5, 5RuZSM-5, and 10Ni5RuZSM-5 zeolites post-reduction.

In common practice, a combination of these characterization techniques in Table 3 often
provides a more complete picture. For instance, SEM might be paired with XRD to correlate
surface morphology with crystalline structure, or TPR-TGA might be used alongside XPS to
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evaluate how thermal treatments affect surface chemistry. The choice depends on whether
the study aims to optimize the catalyst’s structural properties, understand the chemical
processes occurring during the reaction, or improve the catalyst’s stability and reusability.
A multi-technique approach often yields the most comprehensive understanding of the
catalytic system.

6. Conclusions

CO2 hydrogenation over structured zeolites has emerged as a significant technological
approach for carbon neutrality, leveraging the conversion of CO2 into valuable hydrocar-
bons. Two main methods, the modified-FTS and the MTH route, effectively channel CO2
into a variety of hydrocarbons, with zeolites playing a pivotal role due to their unique
catalytic properties. The thermal hydrogenation method stands out over electrochemi-
cal, photocatalytic, biochemical, and chemo-enzymatic approaches for its high efficiency,
selectivity, and proven scalability. This positions zeolites as an optimal catalyst for CO2 hy-
drogenation, capable of undergoing regeneration and withstanding the high temperatures
required for these processes.

Subsequently, the efficacy of structured zeolites in CO2 hydrogenation depends on the
synergy between their composition, preparation, and unique structural properties. Careful
calibration of the Si/Al ratio is critical, as it influences acidity and CO2 adsorption, which
are key factors for selectivity and conversion efficiency. Bimodal mesoporous zeolites
improve catalytic activity due to enhanced mass transfer and accessible sites but require
careful optimization to maintain product specificity. The integration of metals such as
Cu and Ni within zeolite frameworks, coupled with plasma treatments, has been shown
to boost performance, balancing strong adsorption with necessary reactivity. Attention
to electrical and plasma interactions within the catalyst design is therefore paramount,
ensuring high conversion rates and desired selectivity in CO2 hydrogenation processes.

In addition, optimizing zeolite synthesis through bottom-up and top-down methods is
critical for enhancing CO2 hydrogenation. Bottom-up strategies, such as various templating
techniques, improve mass transfer by overcoming the diffusion limitations inherent in
microporous zeolites and by embedding metals like Cu and Co to augment hydrocarbon
production. To combat issues like stability under extreme conditions, these methods are
evolving to reinforce molecular bonds and manage intracrystalline diffusion. Top-down
methods, including dealumination and recrystallization, further refine zeolite structures,
bolstering mesoporosity and catalytic selectivity without altering the crystal integrity.
Advanced spectroscopy (e.g., EXAFS and XANES) plays a key role in this fine-tuning,
guiding the precise distribution of metal nanoparticles and ensuring optimal catalytic
functionality. Furthermore, CO2 hydrogenation over zeolites benefits from a suite of
characterization techniques. FTIR and NMR reveal molecular intricacies and active sites
critical for the catalytic process, while phase analyses like XRD detail crystalline structures
that influence functionality. Elemental analyses like XPS provide surface analysis crucial
for CO2 interaction, and microscopic imaging like SEM gives insight into morphology
and metal distribution, affecting activity and selectivity. Thermal methods, like TPR-TGA
gauge stability and reducibility, are essential for catalyst durability.

Looking forward, the trajectory of CO2 hydrogenation using structured zeolites is set
towards transformative progress. Further development of synthesis approaches (bottom-up
and top-down), together with sophisticated characterization methods as listed in Table 3,
is fundamental for realizing the whole potential of zeolite as an efficient catalyst. With
the world moving towards greener and more sustainable options, structured zeolites play
a more and more significant role in holistically converting CO2 into high-value-added
chemical products. Achieving optimal selectivity is a delicate balance that is centered
on numerous factors, including the accessibility of active sites, metal particle dynamics,
support structure interactions, and overall porosity, each shaped by synthesis and char-
acterization methods. Future research will focus on overcoming current limitations, as
remarked in this review, and innovating to enhance catalyst efficiency and selectivity,
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thereby contributing to the wider goal of reducing the carbon footprint and addressing
climate change.
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Abstract: Surface carbon deposits deactivate Ni and Co catalysts in reactions involving hydrocarbons
and COx. Electronic properties, adsorption energies of H, C, and CHx species, and the energetics
of the hydrogenation of surface C atom to methane are studied for (100) and (111) surfaces of
monometallic Ni and Co, and bimetallic NiCo. The bimetallic catalyst exhibits a Co→Ni electron
donation and a concomitant increase in the magnetization of Co atoms. The CHx species resulting
from sequential hydrogenation are more stable on Co than on Ni atoms of the NiCo surfaces due to
more favorable (C-H)–Co agostic interactions. These interactions and differences between Co and
Ni sites are more significant for (111) than for (100) bimetallic surfaces. On (111) surfaces, CH is the
most stable species, and the first hydrogenation of C atom exhibits the highest barrier, followed by
the CH3 hydrogenation steps. In contrast, on (100) surfaces, surface C atom is the most stable species
and CH2 or *CH3 hydrogenations exhibit the highest barriers. The Gibbs free energy profiles suggest
that C removal on (111) surfaces is thermodynamically favorable and exhibits a lower barrier than on
the (100) surfaces. Thus, the (100) surfaces, especially Ni(100), are more prone to C poisoning. The
NiCo(100) surfaces exhibit weaker binding of C and CHx species than Ni(100) and Co(100), which
improves C poisoning resistance and lowers hydrogenation barriers. These results show that the
electronic effects of alloying Ni and Co strongly depend on the local site composition and geometry.

Keywords: alloy; cobalt; coking; DFT; hydrogenation; intermetallic; nickel

1. Introduction

H2 and small carbon-containing species such as CO, CO2, and CH4 are produced
and utilized as feedstocks in large industrial processes, making their interconversions
important for the economy and environment. Prominent examples of such processes
include CO and CO2 methanation, Fischer–Tropsch synthesis, methane reforming using
H2O (steam reforming) or CO2 (dry reforming of methane, DRM), decomposition of larger
hydrocarbons, and H2 production. The rational selection and design of catalysts that
are active at milder reaction conditions, selective for the desired products, and can be
used uninterruptedly for longer periods lead to more efficient and greener processes with
lower energy requirements. Noble metals (e.g., Ru, Rh, and Pt) show high activity for
methanation and DRM reactions [1,2] while being resistant to deactivation, but their scarcity
and high cost limit their industrial applications. More abundant and cheaper Ni-based
catalysts exhibit high selectivity for CH4 in methanation processes, and high activity for
both methanation and DRM, but suffer from rapid deactivation due to carbon deposition.
Therefore, understanding molecular details and site requirements for C deposition in
Ni-based catalysts is important.
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Cobalt is also more abundant than noble metals and shows high activity for metha-
nation and DRM. More importantly, Co shows a higher resistance to carbon poisoning.
However, it forms carbon deposits (sheets and filaments) in other reactions, such as ethanol
dehydrogenation [3], and has been found to deactivate by oxidation at high temperatures
used in DRM processes [4,5]. Co forms homogeneous alloys with nickel over wide compo-
sition and temperature ranges [6], making it a good candidate for a bimetallic CoNi catalyst.
Alloying or doping Ni-based catalysts with transition metals has been shown to affect
the resistance to carbon deposition and, in turn, the activity and selectivity for DRM and
methanation [2,4,7–9]. This fine-tuning of catalytic (and electronic) properties via alloying
has received significant attention in recent theoretical and experimental studies [2,8,10–12]
and is a promising area for the development of more active, selective, and stable catalysts
for a wide range of reactions.

For example, activity for the decomposition of ethanol on Co-mixed oxides was
improved by the formation of active NiCo phases, but began to decrease after 14 h, showing
significant deposition of carbonaceous species (carbon nano-filaments and multi-walled
nanotubes according to the particle size) [13]. Takanabe et al. [4] experimentally studied
Co-Ni/TiO2 catalysts in DRM conditions, showing that while >80%Ni alloys underwent
C formation and >90%Co alloys deactivate by metal oxidation, the intermediate NiCo
alloys performed stably with high activity. Adding oxygen to the feed has been reported
to considerably decrease coke formation during DRM on Ni-rich NiCo catalysts [14]. The
higher oxophilicity (affinity to bind O and OH) of Co surfaces has been proposed to
propitiate oxidation and removal of surface carbon deposits, making it more resistant to
coke poisoning [8,15]. Tu et al. [8] studied (111) surfaces by DFT and proposed that the
higher surface O coverage on Co(111) and CoNi(111) allows an O-assisted dissociative
adsorption of CH4 (not favored on pure Ni surfaces) that enhances methane activation in
the DRM conditions. Chen and Yang recently studied NiCo step B5 sites by DFT, suggesting
that higher *C coverage on Ni steps may relate to carbon deposition and higher *O coverage
on Co steps may relate to deactivation by oxidation. Ou et al. [2] used DFT to study CH4
dehydrogenation to surface *C on clean and Co-doped Ni(111) surfaces, finding a negative
effect of the Co doping for direct dissociative adsorption of CH4, which was suggested to
be the rate-determining step. They also reported that the incorporation of Co weakened *C
adsorption and lowered the barriers for the desired *C + *H → *CH step, which suggested
the thermodynamically and kinetically enhanced removal of surface carbon on Co-doped
(111) surfaces. The *CH dehydrogenation has been found to be a kinetically relevant barrier,
sometimes competing with the dissociative adsorption of CH4 as the rate-determining
step for surface *C production in various DRM-DFT studies of the close-packed Co [1,16],
Ni(111) [17,18], and NiCo(111) surfaces [7,9,19], with one barrier or the other being higher
depending on the specific system and conditions considered. For example, Liu et al. [19]
agree with the results of Ou et al. [2] for higher CH4 dissociative adsorption barriers on
NiCo(111) systems, but the formation of surface *C from *CH has been proposed as the
highest overall barrier on Ni(111) [19] and Co(111) [7], also in agreement with Li et al.’s
results [9] for Ni alloying with 9-group metals, and closely competing with CH4 dissociation
on NiCo(111) [7].

Notably, these and most other studies use the close-packed (111) (and similar (0001) for
Co) surfaces in density functional theory (DFT) modeling, with a few recent exceptions [20].
Although the (111) surfaces show clear differences between Ni and Co, other surfaces
that are also present on monometallic Ni [21,22] and Co [23] clusters in smaller but still
significant proportions may exhibit very different binding properties that make them worth
studying in comparison to the (111) surface. For example, on Ni-based single-atom alloys,
the CO dissociation has been shown to be endothermic on (111) surfaces but exothermic on
(100) surfaces [11]. The dissociation routes (direct or H-assisted) are favored for Ni surfaces
on (100) and step sites [24], which are also more reactive than close-packed facets for both
CH4 steam reforming and the formation of C deposits over certain crystal sizes [25]. The
hydrogenation of *CH3 (or the methane dissociative adsorption) has been suggested as the
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rate-limiting step for CH4 formation (or DRM) on various fcc and hcp Co surfaces [26,27]
and activation barriers related to the corresponding surface d-band centers [26], but with
different dominating paths and deactivation methods for Co(111) and Co(211) [26]. Stronger
*C binding with lower mobility and considerably lower *CH dehydrogenation barriers
are reported for Co [16] and Ni [17] (100) surfaces compared to the close-packed (111)
surfaces [16], and the strong square planar adsorption of *C on Ni and Co (100) sites also
promotes significant surface restructuration [28].

Thus, the surface geometry significantly affects CHx reactions on both monometallic
Ni and Co surfaces. The most studied close-packed (111) facets tend to be less active for
CHx conversions, but also more resistant to the formation of surface C formation, than
the (100) facets. Overall activity, selectivity, and deactivation resistance may come from
a combination of these (and other relevant) surfaces. These strong differences between
monometallic facets and reported properties of NiCo(111) alloys led us to comparatively
study paths for the elimination of surface *C on the monometallic and NiCo alloys of
both (111) and (100) surfaces. The results presented here analyze in detail the differences
between the reactivity of these surfaces and their links to the surface electronic properties
resulting from the from the Ni–Co alloying.

2. Results and Discussion

2.1. Structure and Electronic Properties of Ni, Co, and NiCo

Nickel nanoparticles exhibit an fcc crystal structure. Cobalt can form both fcc and
hcp (hexagonal close-packed) phases, depending on the preparation temperature and
nanoparticle size [29], which also affects its catalytic properties [23]. For homogeneous
NiCo alloys, the fcc phase is experimentally observed when the Ni content is greater than
35 wt.% [6] and forms naturally from NiCoO2 mixed oxide after reduction [13]. Only the
fcc phase is considered in this work to avoid crystallographic effects and focus on alloying
effects. The lattice constants fitting the RPBE-derived bulk energies to the Murnaghan
equation of state are 3.55 Å for Ni, Co, and NiCo, within the accepted DFT error [20] but
slightly larger than experimental values (near 3.52 Å) [6,30–32].

From the bulk model, (111) and (100) surfaces were constructed. Figure 1 shows the
unique adsorption sites of the monometallic (a and b, Co as an example) and bimetal-
lic (b and c) slab models. The Ni2Co or NiCo2 local surface composition of three-fold
(111) sites distinguishes Ni-rich or Co-rich sites. The four-fold (100) sites are analogously
distinguished by a subsurface Ni or Co atom (hN and hC in Figure 1d, respectively).

Figure 1. Unique adsorption sites on surface models: (a) Co(111), (b) Co(100), (c) NiCo(111), and (d)
NiCo(100). Symbols according to site geometry: • t for top, � fcc, � hcp, — b for bridge, and � h for
four-fold hollow sites, filled symbols for Co or Co-rich sites, open symbols on Ni or Ni-rich sites.

The atomic magnetic moments derived from the DDEC6 method for bulk Co and
Ni are 1.66 and 0.65 μB, respectively (Table 1), in agreement with Bader partitions (SI.2,
Table S2) and previously published values [5,33,34]. Surface atoms in monometallic (111)
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and (100) surfaces remain essentially neutral (DDEC6 electronic charges ~±0.01 e, Table 1)
but exhibit higher magnetic moments than the bulk atoms (1.72 and 1.78 μB for Co, 0.67 and
0.70 μB for Ni, Table 1). DDEC6 and Bader charges show electron density donation from
Co atoms to the more electronegative Ni atoms in bulk and surface models. The magnetic
moment of Co@NiCo is higher than monometallic bulk Co and monometallic surface Co,
but the magnetic moment of Ni@NiCo for the bulk and surfaces remains essentially the
same as monometallic bulk Ni and slightly lower than monometallic surface Ni. The extent
of charge donation and magnetic moment change in Co is higher for the less coordinated
(100) surfaces than the (111) surface. This increase in magnetic moment of Co upon alloying
but slight decrease for Ni is not explained by simple electronic donation and requires
consideration of their corresponding density of states, as discussed next.

Table 1. DDEC6 atomic (average) electronic charges and spin magnetic moments.

Electronic Charges (e) Spin Magnetic Moment (μB)

Bulk (111)surf. (100)surf. Bulk (111)surf. (100)surf.

Co 0 −0.01 +0.01 1.66 1.72 1.82
Co(@ NiCo) +0.04 +0.04 +0.10 1.72 1.81 1.89
Ni(@ NiCo) −0.04 −0.05 −0.09 0.65 0.64 0.65
Ni 0 −0.01 +0.01 0.65 0.67 0.70

The projected density of states for the d-band (d-PDOS) of Co and Ni atoms in mono-
and inter-metallic bulk, (111), and (100) surfaces are shown in Figure 2.

Figure 2. d-band projected density of states (PDOS) in bulk, (100), and (111) surfaces for (a) Co, (b)
Co in NiCo, (c) Ni in NiCo, and (d) Ni. Vertical lines show the corresponding d-band centers.

The spin-up components of Co atoms (Figure 2a,b) appear at significantly lower
energies than the spin-down component. Spin-up bands are completely filled, while the
spin-down bands span across the Fermi level, leading to a considerable fraction of empty
states above the Fermi level. The Ni atoms (Figure 2c,d) contain relatively more symmetric
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spin-up and spin-down components at the low-energy end with the spin-up also completely
filled but fewer unoccupied states above the Fermi level for the spin-down component.
These differences in d-bands are consistent with the higher magnetization of Co than
Ni. This asymmetry in band structure suggests that a simple Co→Ni electron donation
will make Co band occupancies more asymmetric by withdrawing spin-down electrons
near the Fermi level, consistent with the observed increase in Co magnetic moment. A
corresponding increase in Ni spin-down electrons will decrease the Ni magnetic moment,
qualitatively explaining the trends in Table 1. However, these magnetization changes are
also affected by changes in the band structure caused by the interactions of Ni and Co
bands in the alloy, as discussed next.

For bulk metals and surfaces, the alloying and the Co→Ni electron donation increase
the amount of Co empty states just above the Fermi level, with only a slight reduction of
occupied states around −0.5 eV. A similar reduction around that energy is also observed for
the Ni atoms in the alloy, but in this case the density of unoccupied states is also reduced
around the Fermi level and spread to higher energies, while the occupied states concentrate
at lower energies compared to the monometallic Ni (~−1.2 eV).

These changes in band and filled states’ distributions can be represented by the Fermi-
corrected d-PDOS first moment (i.e., the d-band center ed, Table 2 and vertical lines in
Figure 2). For monometallic surfaces, the reported ed values are higher for Ni(100) than
Ni(111) [17], but lower for Co(100) than Co(111) [1], which is consistent with the trends in
Table 2. Such changes are attributed to the polarization of Co atoms. For Ni and Ni@NiCo
atoms, there is little difference in ed between bulk and both surfaces, consistent with the
smaller effect on magnetization in Table 1 compared to Co atoms. More importantly, the
overall effect of the Ni–Co interaction is a reduction of the d-band centers for both Co and
Ni in all bulk, (111), and (100) surfaces. Ni atoms also show a larger downward shift from
mono- to bi-metallic even when only occupied levels are considered (see SI.3).

Table 2. Average d-band centers (ed in eV) for bulk, (111), and (100) surfaces.

Bulk (111)surf. (100)surf.

Co −1.01 −1.23 −1.32

Co@ NiCo −1.08 −1.32 −1.38
NiCo (average) −1.24 −1.38 −1.40
Ni @ NiCo −1.39 −1.43 −1.41

Ni −1.21 −1.26 −1.18

The atomic charges, band structures, and band center energies suggest that alloying
significantly modifies the electronic properties of both Ni and Co atoms. Next, we discuss
the effect of such modification on binding energies of surface species on monometallic and
bimetallic surfaces.

2.2. Geometries and Adsorption Energies of C, H, and CHx Species

Previous DFT studies have shown that C, H, and CHx (x = 1–3) species preferentially
bind to three- and four-fold sites of (111) and (100) Ni and Co surfaces, respectively, with
the exception of CH3 that prefers a bidentate bridge site on (100) surfaces [35,36]. Our
results are consistent with those reports, and we further probe in detail the differences
between hcp and fcc sites, and differences from the local site composition on the (111)
and (100) intermetallic surfaces. Figure 3 shows adsorption energies for the most stable
geometries of adsorbed H, C, CH, CH2, and CH3 species on surfaces, and the symbol
shapes for the different site geometries are � fcc,� hcp, — bridge, and � hollow (same as
Figure 1, open and filled symbols represent Ni-rich and Co-rich sites, respectively) (images,
energies, and geometric parameters can be found in SI.7).
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Figure 3. Adsorption energies (ΔEad) on Co, NiCo, and Ni for H (a,f), C (b,g), CH (c,h), CH2 (d,i),
and CH3 (e,j) on (111) and (100) surfaces, respectively. Sites geometries: � fcc, � hcp, — bridge, and
� hollow, using filled symbols on Co and Co-rich sites and open symbols on Ni and Ni-rich sites.
Top views of geometries are shown as insets.

2.2.1. H and Cn Adsorptions

Figure 3 shows that C and H atoms exhibit similar binding strengths on Ni(111) and
Co(111) surfaces (Figure 3a,b), but both bind significantly more strongly on Ni(100) than
Co(100) (Figure 3f,g). Moreover, while H binds more strongly on the (111) fcc sites than
on the four-fold sites of (100) surfaces, C binds over 100 kJ/mol more strongly on the
(100) surface than on the (111) hcp sites. For C on (111) surfaces, Co and the Co-rich
intermetallic sites show similar binding energies, close to Ni and significantly stronger than
the Ni-rich intermetallic site. For the intermetallic sites, weaker adsorptions are found for
H on both surfaces and for C on (100), which is qualitatively consistent with the lower band
centers according to the d-band model [37]. This anti-synergistic effect is more clear and
significantly greater on the (100) surface than on the previously studied (111) surface [9,19],
especially for C on NiCo(100), being 9 kJ/mol less stable than on Co(100) and 30 kJ/mol
than on Ni(100). Weaker C and H binding also suggests a higher surface mobility that can
promote hydrogenation, lessen carbon deposits, and render intermetallic sites less prone to
poisoning.

The strong binding of C is consistent with the well-reported deactivation due to the
formation of surface C deposits, especially for Ni-based catalysts. Such deactivation is
also observed for Co in DRM conditions [27] but not usually reported, for example, under
milder methanation conditions. The build-up of a small amount of C was studied through
the formation of C-chains from atomic *C (Figure 4; images, energies, and geometric
parameters are presented in SI.8), that are reported to be thermodynamically stable and
have higher mobility than adatoms and serve as a precursor of star-like formations, rings,
and later graphitic overlayers [38].
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Figure 4. Surface C addition, reaction of electronic energies on (a) (111) and (b) (100) surfaces.

On (111) surfaces, the C-chains become more stable with increasing chain length
(Figure 4a), compared to surface C species. In contrast, on (100) surfaces, the longer chains
are less stable, which suggests that the high stability of C adsorbed on the four-fold M4 sites
hinders the formation of C-C bonds. Other reconstruction or deactivation processes [28,39]
may be more favorable on (100) surfaces. For the (111) intermetallic surface, two chain
directions, one along and the other across the Co–Ni interface lines (Figure 4a, insets l- and
t-), exhibit some differences in the energies of C2 and C3 chains but give similar energies
for longer chains. For (100), C5 chains are similar or more stable than C4 chains, and C3 are
more stable than C2. On both C2 and C4 chains, one terminal C ends on a less stable bridge
site. Thus, the position of terminal C atoms instead of the direction of chains appears to
dominate the formation energy of short linear Cn.

2.2.2. Adsorption of CHx Species

CH: From Figure 3c, on (111) surfaces, the hcp sites are preferred on monometallic
Co and the NiCo alloy, but fcc sites are preferred on Ni(111). The CH species binding is
strongest on Ni, followed by Co-rich NiCo sites, Co(111), and lastly, Ni-rich NiCo, for their
respective preferred sites. These energy differences span a range of about 10 kJ/mol from
the strongest binding Ni(111) and weakest binding Ni-rich NiCo(111). From Figure 3h, all
(100) sites bind CH species at least 30 kJ/mol more strongly than the (111) sites of similar
composition. Among the (100) sites, the CH binding is the strongest on Ni(100), followed
by Co(100) and the Ni-rich NiCo(100) sites (17 kJ/mol weaker). In this case, the energy
difference between the strongest binding Ni and weakest binding Co-rich NiCo sites is over
30 kJ/mol. Compared to pure Ni and Co surfaces, both NiCo sites appear less effective to
stabilize C-containing surface species.

CH2: CH2 species adsorbs with an H atom above the C atom and the second H
(with longer C-H bond) in a top or bridge position (Figure 3d,i insets, and SI.7, M-H
distances between 1.7 and 1.8 Å). The fcc sites are preferred on Co(111), Ni(111), and the
Co-rich NiCo(111) sites. The Co-rich NiCo(111) site adsorbs CH2 most strongly, followed
by Ni(111), Co(111), and 10 kJ/mol more strongly than the Ni-rich NiCo(111) sites. On
NiCo(111), *CH2 orientations with the second H on top of a Co atom are preferred over that
on top of Ni atoms by at least 5 kJ/mol, suggesting that (C-H)–Co agostic interactions (i.e.,
interactions of C-H bonds with metal atoms [18,40]) are stronger than (C-H)–Ni interactions.
Adsorption of CH2 on Ni(100) is about 12 kJ/mol stronger than on Co(100) and the Ni-
rich NiCo(100) sites, but 27 kJ/mol stronger than the Co-rich sites on NiCo(100). On the
NiCo(100) surfaces, the preference for Ni-rich sites suggests a predominant effect of the
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more stable Ni–Carbon interaction, as observed for C and CH (Figure 3g,h), rather than the
(C-H)–Co agostic interactions that exist in (111) surfaces.

CH3: On (111) surfaces, CH3 sits in a three-fold site with its three H atoms on top of
surface metal atoms (inset in Figure 3e, and SI.7, M-H distance between 2.0 and 2.1 Å). The
fcc sites bind CH3 more strongly than the hcp sites by about 3 kJ/mol on both monometallic
sites and by 5.6 kJ/mol on the NiCo(111) Co-rich sites. The Co and Co-rich (111) fcc
sites exhibit the strongest binding, 6.7 kJ/mol stronger than Ni(111) and over 11 kJ/mol
stronger than the hcp Ni-rich site on NiCo(111). On (100) surfaces, the CH3 species binds
preferentially through C on a bridge site and one of the three H atoms over a surface metal
(inset Figure 3j). The binding on Ni(100) is slightly stronger than on Co(100) (2 kJ/mol) but
both monometallic sites bind CH3 more strongly than the NiCo(100) surface. In contrast to
other CHx species, the Co-rich NiCo(100) sites bind CH3 more strongly than the Ni-rich
NiCo(100), and all (100) surfaces bind CH3 weaker than the (111) surfaces and the Co-rich
NiCo(100) site is preferred to the Ni-rich NiCo(100) site.

In summary, adsorption energies of H, C, and CHx species exhibit complex trends
resulting from electronic and geometric factors. The adsorption energy of CHx species on
(100) and (111) surfaces becomes less negative (weaker binding) for more hydrogenated
species. On the (100) surface, all species exhibit similar trends for composition effects on
adsorption energy, with bimetallic sites binding species less strongly than monometallic
sites, which potentially makes *C adsorption energy a descriptor for CHx species. Similar
trends have been described for CHx species on other (111) surfaces [41], but no significant
trends exist between CH3 and C adsorption energies for Ni, Co, and NiCo (111) surfaces
(see CHx vs. C relations in SI.9). For the three-fold sites on NiCo, adsorption of C and CHx
species is stronger on the Co-rich sites than on the Ni-rich sites regardless of the distinction
between fcc and hcp geometries. In contrast, on the four-fold NiCo(100) sites C, CH, and
CH2 show a preferred adsorption on Ni-rich NiCo sites that is consistent with the stronger
adsorption on Ni(100) compared to Co(100). For CH2 on (111) and CH3 on both surfaces,
the preferred adsorption configuration allows favorable alignment of H atoms with surface
metal atoms at short distances (1.7–2.1 Å), suggesting a role of agostic interactions between
electron-deficient metal and C-H σ-bonds. The (C-H)–Co agostic interactions are stronger
than (C-H)–Ni interactions, which accounts for stronger adsorption on Co(111) than on
Ni(111), contrary to other CHx species. For the (100) surfaces, the Ni(100) is preferred to
Co(100) and the Ni-rich sites are preferred on NiCo(100), which suggests that the strong
interaction with Ni atoms in four-fold sites is the predominant effect. Weaker adsorption on
Ni-rich sites is observed for all species and surfaces compared to the monometallic Ni and
it is also weaker than monometallic Co in most cases, which suggest a strong anti-synergy
from alloying Ni and Co in the less coordinated surface. From the Co → Ni electronic
donation, the slightly more negative Ni atoms (also with fewer states near the Fermi level)
form weaker binding sites for CHx. In turn, the more electronically unsaturated Co atoms
offer stronger binding sites and are able to further stabilize C-H σ-bonds through agostic
interactions. These Co atoms in the alloy provide more stable M-(C-H) centers that may
also function as transition states for hydrogenation/dehydrogenation reactive steps, as
discussed later.

2.3. Elementary Steps and Energetics for Hydrogenation of Surface Carbon

The sequential hydrogenation of an adsorbed C atom to methane was studied through
the elementary steps in Scheme 1. Figure 5 shows the free energy reaction profile on the (111)
and (100) surfaces (265 ◦C, 25 kPa H2, and 1 kPa CH4). Free energies, electronic energies,
and the electronic energy profile are shown in the Supplementary Information (SI.10 and
SI.11, respectively). The free energy for dissociative H2 co-adsorption is positive, suggesting
absence of a pool of bound H atoms. Therefore, H atoms are added sequentially for each
hydrogenation and referenced to gas-phase H2-free energy. Regardless, H2 dissociation and
migration steps exhibit low barriers [42–45] (~10 kJ/mol) and are considered kinetically
irrelevant compared to the hydrogenation steps. The transition states for the H2 dissociation
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are therefore not shown in Figure 5 for brevity. Figures 6 and 7 show the geometries of
steps R1–R4 on the (111) and (100) surfaces of the alloy (other surfaces are shown in SI.10,
geometric parameters in Tables S12 and S13), and the exploration of different reaction paths
for the kinetically relevant steps converged to the paths presented here.

Scheme 1. Steps involved in the hydrogenation of *C to CH4. Surface sites are represented by *.

Figure 5. Gibbs free energy profiles for the hydrogenation of *C to CH4(g) on (a) Co, (b) NiCo and
(c) Ni, (111) (dotted lines) and (100) (solid lines) surfaces (265 ◦C, 25 kPa H2, 1 kPa CH4).

Figure 6. Hydrogenation sequence on the NiCo(111) surface to form (a–c) *CH, (d) *CH2, (e) *CH3

and (f,g) *CH4(phys). Atom colors: Cyan—Co, purple—Ni, gray—C, white—H.
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Figure 7. Hydrogenation steps on the NiCo(100) surface to form (a) *CH, (b) CH2, (c,d) *CH3 and
(e,f) *CH4(phys). Atom colors: Cyan—Co, purple—Ni, gray—C, white—H.

2.3.1. Hydrogenation Steps on (111) Surfaces

The sequential hydrogenation of *C species requires H2 dissociation at an empty
site and the migration of a *H species close to a CHx species. The C-H bond formation
transition state for the first H addition (step R1, Scheme 1) can involve an H atom atop
a surface metal atom or in the bridge position between two metal atoms (Figure 6a–c).
The transition states with H atoms on top of metal atoms are more stable on Co(111) and
NiCo(111) surfaces, consistent with the importance of (C-H)–metal agostic interactions
observed in Section 2.2.2. In the case of NiCo(111), transitions started with H atop a Co
atom are more stable than those atop Ni atoms. Subsequent H additions (steps R2–R4) also
involve similar interactions involving H atoms in top positions and favoring Co atoms over
Ni in the intermetallic surfaces.

On all (111) surfaces, the first hydrogenation step R1 (Scheme 1) is exoergic (dotted
lines; ΔGr < 0; Figure 5), favoring the formation of *CH from *C. The *CH is the lowest
free energy CHx species on the (111) surface for Co(111), NiCo(111), and Ni(111), making
it the most abundant surface species. The transition states for the second (R2; TS.2) and
third hydrogenations (R3; TS.3) on all (111) surfaces exhibit lower free energy than the
first hydrogenation (TS.1). Thus, interconversion between *CH, *CH2, and *CH3 can occur
more frequently than between *C and *CH. The transition state for the hydrogenation
of *CH3 to form methane (TS.4) has higher free energy than the hydrogenation of *CH
(TS.2) and *CH2 (TS.3) on all (111) surfaces, close to the free energy barrier for the first
hydrogenation (TS.1) on Co(111) and NiCo(111), but 16 kJ/mol lower on Ni(111). This
suggests that the first (R1) and last (R4) hydrogenations have similar kinetic relevance on
Co(111) and NiCo(111) surfaces, but the first hydrogenation limits the rate on Ni(111) at
the simulated conditions. Conditions that inhibit the H2 dissociative adsorption (higher
ΔGr, e.g., for lower H2 pressure or higher temperature) will push the later hydrogenation
barriers (TS.2, TS.3, and TS.4) to higher energies, thus making the last hydrogenation
more relevant (see SI.11). At the reaction conditions, the complete hydrogenation of *C
towards CH4(g) is thermodynamically favored on all (111) surfaces (ΔGr < −100 kJ/mol),
similar on Co(111) and NiCo(111), and slightly more negative on Ni(111). The free en-
ergies of *CH, CH4(g), and the TS.4 transition state on NiCo(111) are similar to Co(111)
(e.g., TS.4 ΔG 65, 61, and 47 kJ/mol in Co, NiCo, and Ni; Figure 5), suggesting that the
equimolar intermetallic behaves kinetically more similar to the monometallic Co(111) than
Ni(111). Ni catalysts are experimentally known to deactivate by C poisoning more than
Co catalysts, but the TS.1 barriers are slightly lower on Ni(111) than on Co(111) and the
TS.4 barriers for Ni(111) are 14 kJ/mol lower than for Co(111) or NiCo(111), suggesting a
more facile elimination of *C through hydrogenation on Ni(111) surfaces. Therefore, even
though the combination of *C in *Cn chains is favored on (111) surfaces (Section 2.2.1), the
flat (111) surfaces are not the primary reason for deactivation processes by C poisoning.
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2.3.2. Hydrogenation Steps on (100) Surfaces

The transition states for sequential hydrogenation of *C involve a bridging position
of the first and second added H atoms (R1, R2; Figure 7). The third and the fourth H
atoms are near the top of a metal atom in their respective hydrogenation transition states
(R3, R4). The free energy of the first hydrogenation transition states (TS.1; Figure 5) on
(100) surfaces is within 5 kJ/mol of values on corresponding (111) surfaces. However, on
(100) surfaces, the first hydrogenation step R1 is endoergic (ΔGr > 17 kJ/mol) and all TS.2
free energies are higher than TS.1. This suggests a favored equilibrium towards *C rather
than *CH. Moreover, for all (100) surfaces, the transition state energies are in the order
TS.1 < TS.2 < TS.3~TS.4. Thus, all *CHx species favor further dehydrogenation and *C is
the most abundant surface species. In particular, the small TS.2 (reverse) barriers compared
to *CH2 suggest an equilibrium entirely displaced towards the dehydrogenation and any
*CH2 formed quickly dissociates to *CH, especially on the Ni(100) surface. TS.4 presents
the highest barrier for methane formation on all Ni(100) and Co(100) surfaces, but within
5 kJ/mol of the *CH2 hydrogenation barrier (TS.3). The significant dehydrogenation
barriers for *CH3 (>57 kJ/mol, with TS.3 as the reverse barrier) suggest that *CH3 species
may also be relevant for other reaction conditions. For instance, previous studies of
the DMR process on (100) monometallic surfaces [16,17] coincide with the dissociative
adsorption of CH4(g) as the highest barrier towards *C.

The TS.1 free energies are similar on all (100) surfaces (~74 kJ/mol), but the values for
TS.2, TS.3, and TS.4 are lower on NiCo(100) than on monometallic (100) surfaces, suggesting
a more facile hydrogenation of *C on NiCo(100) surfaces consistent with the experimentally
observed C poisoning resistance of NiCo catalysts [46]. In particular, the higher TS.4 barrier
on Ni(100) compared to Co(100) and NiCo(100) suggest a more difficult elimination of *C
from the four-fold sites by hydrogenation on Ni(100). These *C do not recombine favorably
to Cn chains (Section 2.2.1) but are hard to eliminate by hydrogenation (specially on the
Ni(100) surface), and this suggests that *C species may distribute on (100) surfaces, blocking
four-fold sites. The accumulation of *C on four-fold sites is related to deactivation near
step edges [39] and propitiates surface restructuring of flat surfaces [28] (though such
reconstructions are easier on Co than Ni surfaces). These results suggest that (100) surfaces
are more relevant for explaining deactivation phenomena and the greater resistance of
NiCo bimetallic sites to C poisoning.

The formation of CH4(g) from *C is thermodynamically more favored on NiCo(100)
than on Co(100) and significantly less favored on Ni(100). This trend is consistent with
the trends in adsorption energy discussed in Section 2.2, with all species (especially *C)
binding more strongly on Ni(100) and significantly weaker on the NiCo(100) surface.

2.3.3. Effect of Density of States on Transition State Stabilization

As discussed in Section 2.3.1 and 2.3.2, all transition states on (111) and (100) surfaces
involving H atoms on top of a metal atom are stabilized more when that metal atom is
Co rather than Ni (Figures 5–7). Similarly, as shown in Section 2.2, CHx species involving
agostic interactions with Co are more stable than that with Ni. To analyze the difference
between top-Co and top-Ni TS.4 transition states on the NiCo(111) and NiCo(100) surfaces
in more detail, the atom-projected density of states (PDOS) for metal (Ni or Co), C, and H
atoms was computed as shown in Figure 8. The interaction of the forming bond with the
metal, i.e., M–(C-H(1)), is observed between −7.3 and −6.3 eV, while the non-interacting
H(3) and H(4) only have a peak in the same position as the C atoms near −5.6 eV. On
the (100) surfaces, the positions of the reacting peaks (−6.78 eV for Co, −6.83 eV for
Ni; Figure 8b,d) are closer to the Fermi level than on (111) surfaces (−7.16 eV for Co,
−7.22 eV for Ni; Figure 8a,c). On both (111) and (100) surfaces, these peaks are slightly
closer to the Fermi level for the top-Co transition states, in agreement with reports for
(111) bimetallic surfaces [2]. The H(2) atom in TS.4 is near the metal surface in the opposite
position to the forming C-H(1) bond. This H(2) atom shows populations overlapping
with the M-H(1) populations, and the non-reactive H(3) and H(4) populations, suggesting
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some interaction of H(2) with the metal that is consistent with the M–(C-H) interactions
proposed in Section 2.2.2 and the high stability of the Co over Ni transition states. Therefore,
the electronic and binding effects of alloying Ni and Co translate to kinetic effects that
differentiate NiCo surfaces from the expected average of monometallic Ni and Co surfaces.
Agostic interactions of the Co and Ni atoms (and to a smaller extent on Ni atoms) with the
forming C-H(1) bond and for the opposite C-H(2) bond are also observed in the spin density
isosurfaces in Figure S6 of the Supplementary Information (SI.13).

Figure 8. PDOS for the transition state *CH3 + *H → CH4(phys.) + 2*: (a) top-C path on NiCo(111),
(b) top-Co path on NiCo(100), (c) top-Ni on NiCo(111), and (d) top-Ni on NiCo(100).

The electronic adsorption energies (Section 2.2.2), the reaction energies to form key
intermediates, and transition states’ barriers suggest that the intermetallic surfaces behave
more similarly to monometallic Co than Ni. Although, it should be noted that the effects of
the Ni–Co interaction discussed here are specific to the local coordination degree, a specific
reaction path, and are strongly related to the site composition, with Ni atoms in the alloy
providing generally less stable adsorption and reaction sites compared to Co atoms in
the alloy and monometallic Ni surfaces. The (111) surfaces are usually the only surfaces
considered when studying the effects of alloying metals, but for a better description of the
differences between bimetallic and monometallic catalysts, the key insights on the Ni–Co
interactions derived from this work should be extended to study sites on other kinetically
relevant surfaces (e.g., steps and kinks).

3. Methodology

The direct hydrogenation path from surface C to methane on Ni, Co, and NiCo
surfaces was studied using density functional theory (DFT), as implemented in the VASP
5.4 code [47–50]. The revised PBE functional (RPBE [51]) was employed in spin-polarized
calculations to appropriately deal with nickel and cobalt magnetism. Core electrons were
described by the projector-augmented wave method [52,53]. A set of plane waves up to
460 eV was employed and a 0.05 Methfessel-Paxton [54] smearing of orbital populations was
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used to speed up calculations. All electronic energies were then extrapolated to 0 K. Energy
differences under 10−6 eV between iterations are required for electronic convergence.

Face-centered cubic (fcc) crystal models were used to fit lattice parameters according
to the Murnaghan equation of state [55] (see Section 2.1) and estimate atomic charges and
magnetization of bulk monometallic Ni, Co, and equimolar NiCo intermetallic sites (see
Supplementary Information, SI.1). One-sided slab models of (111) and (100) surfaces were
constructed in 20 Å periodic cells using 4 layers of 16 atoms with o(4 × 4) arrangement
and about a 15 Å vacuum between a slab and its periodic image. The resulting supercell
sizes were 10.0 Å × 8.7 Å × 22.3 Å for (111) surfaces and 10.0 Å × 10.0 Å × 22.2 Å for (100)
surfaces. Then, 12 × 12 × 12 and 4 × 4 × 1 Monkhorst-Pack [56] k-point meshes were
employed for bulk and surface models, respectively. The top two layers and any adsorbed
species were relaxed until all forces were below 0.02 eV/Å. Atomic charges and magnetism
were estimated through Bader partitions [57] and the density-derived electrostatic and
chemical (DDEC6) method [58] in the chargemol code [59] (see Supplementary Informa-
tion, SI.2). Projected densities of states (PDOS) and their d-band centers were computed
(see SI.3).

The electronic adsorption energy for A is defined as ΔEAd = ES·A − ES − EA, where
ES·A, ES, and EA are, respectively, the electronic energy of the surface with the adsorbed
species, clean surface, and free relaxed A species in a 15 Å empty box. Lower EAd values
correspond to a stronger binding to the surface. Vibrational frequencies were computed
through diagonalization of the hessian matrix constructed from finite displacements of
atomic coordinates assuming parabolic potentials. Only the degrees of vibrational freedom
of the free gases (H2, CH4) and adsorbed species were considered. Small frequencies
were truncated to 100 cm−1 (see SI.4). Real frequencies allow checking for configurational
stability and estimating zero-point vibrational energies (ZPVE), entropy, and enthalpy
contributions to compute Gibbs free energies (see SI.5). Transition states (TS) were ap-
proximated by climbing image-nudged elastic band (CI-NEB) reaction paths [60] and then
refined through a dimer relaxation [61] until all forces were below 0.02 eV/Å (see SI.6). A
single imaginary frequency and its visualization confirmed that the TS connected initial
and final structures. The reaction-free energy (ΔGr,s) of a step is the difference between its
final and initial free energies, and activation-free energy barriers (ΔGa) are the difference
between the free energy of the activated geometry and the free energy of the reference
initial state (*C + 4H2(g) on the different surfaces at conditions described before).

4. Conclusions

For the NiCo alloy, DDEC6 and Bader charge partitions show that Ni atoms draw
electronic charge from Co atoms. These charge donations are greater for the less coordi-
nated (100) surfaces and disproportionately affect the spin magnetic moment of surface
atoms, with a slight decrease for Ni atoms in the alloy regardless of the coordination degree
but a significant increase for Co atoms in the alloy bulk and surfaces. The PDOS for the
intermetallic surfaces shows a significant reorganization with more occupied and unoccu-
pied states around the Fermi level for Co atoms in the alloy compared to monometallic
Co. In contrast, Ni atoms show a lower population near the Fermi level, with grouping
of occupied states below and unoccupied states above the Fermi level. The electronic
adsorption energies of gaseous CHx fragments become less negative (weaker binding) with
the hydrogenation degree. C, CH, and CH2 species bind more strongly on (100) surfaces,
while H and CH3 species bind slightly more strongly on (111) surfaces. On NiCo(111),
adsorption of CHx species is more stable on Co-rich sites and favors orientations that
allow (C-H)–Co interactions. C and CHx species bind more strongly on Ni(100) than on
Co(100). On NiCo(100), the Ni-rich sites are more stable than Co-rich sites, though both
are significantly less stable than the average of the stability on monometallic Ni(100) and
Co(100), suggesting a strong anti-synergy effect of alloying on binding strengths. Unlike
the (111) surfaces, the formation of short Cn chains from *C is unfavorable on (100) surfaces
due to the particularly strong binding of C on four-fold sites.

103



Catalysts 2022, 12, 1380

The hydrogenation of *C to CH4(g) is similarly favored on all (111) surfaces. The first
hydrogenation is the highest barrier on (111) surfaces, followed by the last hydrogena-
tion barrier, and *CH is the most stable surface species. Ni(111) is found to offer lower
hydrogenation barriers than Co(111), with the first hydrogenation barrier being close to
NiCo(111). Thus, the elimination of *C is more favored on Ni(111) and NiCo(111) than
on Co(111). On (100) surfaces, the full hydrogenation towards CH4 is less favorable on
Ni(100) than Co(100) and most favored on NiCo(100), which is attributed to the weakly
bonded CHx species on NiCo(100). The hydrogenation of *CH2 and *CH3 are the main
reaction barriers. *C instead of *CH is the most stable surface species. These computed
free energies suggest that the greater deactivation by C poisoning of Ni catalysts compared
to Co catalysts can be explained based on the energetics on the (100) surfaces, rather than
(111). These energetics on (100) surfaces also show enhanced resistance to *C formation for
the NiCo catalysts.

For the kinetically relevant steps on the NiCo surfaces, lower barriers are observed
for transition states involving H on top of surface Co rather than surface Ni atoms, which
is consistent with electron-deficient Co atoms on the alloy surfaces better-stabilizing hy-
drogenation transition states. This also explains the binding strength trends for NiCo(111),
though the interaction of C with Ni is still more stable on the four-fold (100) sites, showing
that the effects of the bimetallic interaction are strongly affected by surface coordination.
Less coordinated sites and surface restructuring may also be involved in deactivation, but
(111) and (100) are likely more abundant sites in fresh catalysts. DFT results in this work
provide insight at the electronic level of key aspects that differentiate the kinetic behavior
of alloyed NiCo from monometallic Ni and Co surfaces of different coordination degrees.
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ters. Table S2: Bader and DDEC6 atomic electronic charges. Table S3: Bader and DDEC6 atomic
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(ΔGr,s), activation step barriers (ΔGa,s), and reverse step barriers (in parenthesis) on (111) and (100)
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as a reference, for reaction steps (ΔEr,s), activation step barriers (ΔEa,s), and reverse step barriers (in
parenthesis) on (111) and (100) surfaces. Scheme S1: Reaction steps for the construction of energy
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Abstract: Copper and iron-based bimetallic nickel catalysts supported on Mesostructured Silica
Nanoparticles (MSNs) with compositions of 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN were
prepared using an impregnation method, and they were compared with a monometallic 50% Ni–
MSN catalyst for their activity and stability in methane decomposition reaction. The influence of
promoters, such as Cu and Fe, at different reaction temperatures (700 ◦C, 800 ◦C and 900 ◦C) was
investigated. The results revealed that the Cu and Fe-promoted catalysts significantly increased the
hydrogen yield in methane decomposition compared with the unpromoted catalyst. This could be
attributed to the formation of Ni–Cu and Ni–Fe bimetallic alloys in the catalysts, respectively, and this
favored the stability of the catalysts. With increasing reaction temperature, the hydrogen yield also
increased. However, the hydrogen yield and the lifetime of the nickel catalyst were enhanced upon
the addition of iron compared to copper at all the reaction temperatures. The analysis conducted
over the spent catalysts validated the formation of multi-walled carbon nanotubes with a bamboo-
like internal channel over the catalysts along with a high crystallinity and graphitization degree of
the carbon produced.

Keywords: Mesoporous Silica Nanoparticles (MSNs); metal promoters; nickel catalyst; hydrogen;
methane decomposition; MWCNTs

1. Introduction

Global warming, a phenomenon caused by increased human activity, has instigated
widespread environmental pollution. The emission of greenhouse gases coming from
transportation, industrial and other human activities leads to severe environmental pollu-
tion. Therefore, an alternative to fossil fuel as a major source of energy for transportation
and stationary applications is needed. Many studies have been conducted to develop
alternative sources of renewable energy worldwide [1]. Hydrogen energy is a green energy
that can be used in stationary and practical applications [2]. Recently, hydrogen has been
applied in the field of transportation and has been used in fuel cell technology [3,4].

Hydrogen can be produced from various sources, such as biomass, water, natural gas
and hydrocarbon, via different kinds of available methods [5]. Methane decomposition
is a practical method to produce hydrogen directly from methane without producing any
greenhouse gas [6]. In contrast to conventional steam reforming, methane decomposition
requires no further process to purify the produced hydrogen [7]. A variety of carbon
structures, such as carbon nanotubes, graphite and graphene, were produced at the end of
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the reaction [8]. This graphitic carbon can be further utilized for miscellaneous applications,
such as a catalyst for several catalytic processes or in hydrogen storage materials [9,10].
Methane decomposition is a highly endothermic process that requires high temperatures
of approximately 1200 ◦C. The reaction can be represented as

CH4 → 2H2 + C ΔH = 74.87 kJ/mol

To reduce the reaction temperature, the use of heterogeneous catalysts has been
introduced in the reaction. Studies have assessed the use of metal catalysts in methane de-
composition [11]. Apart from being low cost, the abundance of transition metals, such as Ni,
Cu, Fe and Co, has made them the most used catalyst in methane decomposition [12–15].
Syed-Muhammad et al. summarized studies on metallic catalysts, promoters, metal load-
ing, operational conditions and feedstock mixtures in methane decomposition [16]. They
found that these factors play a crucial role in determining the performance in methane
decomposition. Ni catalysts supported over several metal oxides, such as silica, magnesia,
zirconia and titania, display optimal performance and higher stability in methane decompo-
sition compared with other monometallic catalysts, such as Co, Cu and Fe [17–19]. Hasnan
et al. recently found that Ni is the most active metal in methane decomposition [20]. The
selection of appropriate catalyst support is crucial in the performance of Ni-based cata-
lysts. Mesoporous silica-based materials are seldom used as catalyst support in methane
decomposition, but they are commonly used in other catalytic processes, such as dry re-
forming [21], CO2 methanation [22] and drug delivery [23]. The outstanding characteristics
of mesoporous silica, such as high surface area and porosity, contribute to adequate active
sites available for the reaction, and the presence of a large pore size would help in metal
dispersion [24,25].

Apart from that, the influence of the catalyst composition in the bimetallic catalyst
also plays an important role in determining its catalytic performance [26]. Pudukudy
et al. examined the performance of a Ni catalyst regarding Pd addition in the catalytic
decomposition of methane [10]. They found that the incorporation of a co-metal improves
the hydrogen yield and stability of the Ni catalyst throughout the 420 min of the reaction.
Even though only a small amount of Pd is added, the performance of the Ni-based catalyst
is still enhanced compared with that of the unpromoted catalyst. This result agrees with
the findings of another study by Pudukudy et al. on a monometallic Ni catalyst, in which
Ni/SiO2 displayed low stability during 300 min of reaction [27]. Saraswat and Pant reported
a Ni-based bimetallic catalyst in the catalytic decomposition of methane using Cu and Zn
as promoters supported over Ni/MCM-22 [28]. They found that the presence of Cu and Zn
prevents nanoparticle agglomeration and enhances the metal dispersion on the catalyst
support, thus contributing to the high catalytic performance in methane decomposition.
Hence, many studies focused on bimetallic catalysts to develop Ni-based catalysts with
improved activity in methane decomposition [29–33].

Cu and Fe are metals commonly studied as promoters in the methane decomposition
process. Cunha et al. reported that the formation of a Ni–Cu alloy promotes catalyst stability
during the reaction [34]. The addition of Cu inhibited the development of encapsulating
carbon, owing to the formation of a Ni–Cu alloy, which segregated the Ni active sites,
complicating the reaction of the adsorbed carbon species with each other on the catalyst
surface. This result agrees with the findings of Awad et al. [29]. In another study, Bayat
et al. examined the activity of a Ni–Fe/Al2O3 catalyst in methane decomposition and
noticed that the introduction of Fe improves the carbon diffusion rate, thus enhancing the
catalyst stability, even at high temperatures [32]. Tezel et al. synthesized a Ni–Fe-doped
catalyst via a co-impregnation method and obtained 69% methane conversion at 700 °C [35].
They reported that an increase in the reaction temperature improved the initial conversion
of methane and enhanced the stability of the catalyst throughout the reaction. This is
due to the high amount of Fe present in the catalyst as well as the formation of the cubic
structure of the Fe2O3 compared to the hexagonal structure, which helps to extend the
catalyst lifetime as well as enhance its catalytic stability throughout the reaction [36].
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Our previous work examined the effect of Ni loading (5%, 10%, 30% and 50%) over
a Mesostructured Silica Nanoparticle (MSN) support and found that a 50% Ni/MSN
catalyst exhibited the best results regarding the hydrogen yield and stability throughout
360 min of reaction [37]. This can be ascribed to the enhanced properties of the MSNs that
favored the dispersion of the Ni particles on the MSN surface. An increase in the reaction
temperature would result in increased activity because methane decomposition is a highly
endothermic process [33,36]. However, the stability of the catalyst would be affected as a
large amount of carbon is produced [16]. Therefore, this research has been conducted to
study the effect of Fe and Cu addition on the activity and stability of a Ni/MSN catalyst in
methane decomposition at different reaction temperatures, by considering the high thermal,
chemical and mechanical stability of the MSNs. Moreover, the properties of the deposited
nanocarbon were also evaluated using various analytical techniques.

2. Results and Discussion

2.1. Catalyst Characterization

The XRD patterns of the fresh 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5%
Fe/MSN catalysts are displayed in Figure 1. All the catalysts exhibited sharp diffraction
peaks at 2θ values of 37.2◦, 43.2◦, 62.9◦, 75.3◦ and 79.4◦, which were related to the formation
of NiO and Ni-based solid solutions for the unpromoted and Cu and Fe-promoted samples,
respectively [38,39]. No characteristic peaks for the MSNs were present, and only a small
hump was detected in all of the catalysts, which demonstrated the amorphous nature of the
MSNs [37]. The absence of any other diffraction peaks further validated the fine dispersion
of promoter metallic species in the catalysts. After 5% Cu incorporation in the 50% Ni/MSN
sample, a NixCu(1−x)O mixed oxide solid solution could be formed in the catalyst [40].
However, the peaks of NixCu(1−x)O mixed oxide were similar to the peaks of NiO. This
indicates that Cu ions are replaced with some Ni ions in its crystal lattice [29,41]. These
two species were difficult to differentiate. However, it should be noted that a calcination
temperature of 550 ◦C is sufficient for the formation of NixCu(1−x)O solid solution by their
interaction [42]. No other peaks for the formation of phase-segregated CuO and Cu2O were
noticed in the samples. The indistinguishable peaks of the NixCu(1−x)O mixed oxide and
NiO, as shown in the XRD patterns, may influence the physicochemical properties of the
Ni-based catalysts.

Figure 1. XRD pattern of the fresh catalysts: (a) 50% Ni/MSN, (b) 50% Ni–5% Cu/MSN and (c) 50%
Ni–5% Fe/MSN catalysts.
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Similar results were observed in the Ni–Fe/MSN catalyst. No peaks associated with
the Fe2O3 phase were detected in the XRD patterns. The existence of Fe in the catalyst was
expected to be in the form of spinel nickel ferrites [38], as both samples exhibited similar
diffraction peaks [40], as shown in Figure 1. The crystallite size of the metallic oxides (NiO)
in all of the catalysts was calculated using the integral breadth over the high peak intensity
diffraction peak at the (200) plane. The crystallite size was calculated to be 25.1 nm, 25.6 nm
and 26.5 nm for the 50% Ni/MSN, 50% Ni– 5%Cu/MSN and 50% Ni–5% Fe/MSN catalysts,
respectively. The crystallite size of NiO was not altered after the incorporation of metal
promoters into the catalysts, which is clear from the intensity of the diffraction peaks.

The surface functional groups present in the catalysts were studied by FTIR spec-
troscopy. The results presented in Figure 2 show three distinct transmission bands at
457 cm−1, 806 cm−1 and 1079 cm−1, which were related to the formation of MSNs [37,43].
These bands can be assigned to the asymmetric and symmetric stretching vibration of
the Si–O bonds and the asymmetric stretching vibration of the Si–O–Si bridges, respec-
tively [44]. Another weak band observed at 970 cm−1 could be attributed to the stretching
vibration of the Si–OH of the silanol groups [10]. All the transmission bands associated
with MSNs were maintained in the catalysts after the addition of Ni and promoters. The
weak band observed at 566 cm−1 was related to the bending vibration of the metal–oxygen
bond present in the sample [30]. The presence of a broad transmission band at 3431 cm−1

was attributed to the stretching and bending mode vibrations of the hydroxyl group, which
were induced by the presence of adsorbed water molecules.

Figure 2. FTIR spectra of 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts.

The morphology of the prepared catalysts was studied using FESEM analysis, and the
results are shown in Figure 3. The catalysts had an irregular morphology with polygonal-
shaped and non-uniform irregular particles, which were distributed on the MSN support.
The 50% Ni/MSN catalyst displayed nanoparticles with sizes ranging from 50 nm to
200 nm. Meanwhile, the Cu- and Fe-promoted Ni/MSN catalysts exhibited the presence
of more nano-sized particles ranging from 30 nm to 60 nm and well-developed tetragonal
structures with a size ranging from 100 nm to 200 nm. As shown in the figure, more
nanoparticles were accumulated in the promoted catalysts, which decreases the surface
area of the Ni/MSN catalyst [29]. This could be due to the additional surface coverage of
the MSNs after the addition of metal promoters.
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BET/BJH measurements were performed to study the textural properties of the cata-
lysts. As shown in Table 1, the MSNs possessed a very high surface area of 1095 m2/g and
a cumulative pore volume of 1.645 cm3/g, whereas the pore size was found to be 2.9 nm.
The surface area and pore volume were drastically decreased upon the loading of metals
on the MSN support. This can be associated with the agglomeration of particles on the
surface of the MSNs and the blocking of the MSN pores with metal particles, as confirmed
by morphological analysis [10,45].

Figure 3. FESEM images of the prepared catalysts at two different magnifications (A and B).

Figure 4 displays the EDX and elemental mapping analyses of the copper and iron-
promoted catalysts. The results confirmed the presence of Cu and Fe as promoter metals in
the catalyst where the metallic species were dispersed on the surface of the MSN support.
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Figure 4. FESEM–EDX spectra and elemental mapping images of the (a) Cu and (b) Fe-promoted
Ni/MSN catalysts.

Table 1. BET/BJH results of the prepared samples.

Sample
BET Surface Area

(m2/g)
Pore Size

(nm)
Pore Volume

(cm3/g)

MSN 1095 2.9 1.645
50% Ni/MSN 409 2.3 0.514

50% Ni–5% Cu/MSN 324 2.6 0.601
50% Ni–5% Fe/MSN 319 3.4 0.491

Figure 5 shows the N2 adsorption/desorption isotherm of the catalysts. The isotherms
were type IV isotherms with an H1 hysteresis loop for all of the prepared catalysts, indicat-
ing that the particles were uniformly arranged with a cylindrical pore geometry, suggesting
uniformity in the pore size distribution of the catalysts. Meanwhile, the 50% Ni/MSN
catalyst exhibited type IV isotherms with an H4 hysteresis loop, indicating narrow slit-like
pores and hollow spheres with walls composed of ordered mesoporous silica [37]. The
inset pore size distribution curves of the catalysts displayed a monomodal pore structure,
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and the pore size distribution was in the range of 2 to 3.4 nm. This finding was compatible
with the mean pore size data provided in Table 1.

Figure 5. N2 adsorption–desorption isotherms and pore size distribution curves of 50% Ni/MSN,
50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts.

The reducibility of the unpromoted and Cu and Fe-promoted catalysts was evaluated
using TPR analysis. As shown in Figure 6, a clear and well-defined peak centered at 423 ◦C
and one broader reduction hump centered at 577 ◦C were observed for the 50% Ni/MSN
catalyst. The first peak can be associated with the reduction of NiO species with a weak
interaction with the MSN support [10]. The latter peak can be ascribed to the reduction of
NiO with a strong metal–support interaction [27], as confirmed by Pudukudy et al. [10]
who reported that the strong interaction of NiO with the support is developed by the
encapsulation of NiO particles inside the SBA-15 mesopore. The 50% Ni–5% Cu/MSN
catalyst displayed a small reduction peak at 229 ◦C, which might be due to the reduction of
any copper oxide species in the samples [9,40]. Awad et al. validated the dissociation of H2
molecules into separate atoms with the help of Cu0, which leads to the reduction of NiO
by the spillover effect [29]. The reduction peaks of the Ni/MSN shifted toward a lower
temperature after the addition of Cu, indicating an improvement in the reducibility of the
Ni/MSN catalyst.
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Figure 6. TPR profile of 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts.

The H2-TPR profile of the 50% Ni–5% Fe/MSN displayed three reduction peaks. The
peaks located at 412 ◦C and 524 ◦C were attributed to the NiO reduction with weak and
strong metal–support interactions, respectively [40]. The last peak centered at 569 ◦C was
related to the reduction of NiFe2O4 species, which agreed with the XRD results [38,42,46].
It is noteworthy that the reducibility of the Ni/MSN catalyst improved upon the addition
of Fe, and the reduction temperature moved towards a lower temperature [36], which is in
agreement with Park et al. [47], as they reported the effect of the reduction condition on
the reaction over the surface of the catalyst as well as the growth mechanism of the carbon
nanotubes that are generated after the reaction.

2.2. Catalytic Decomposition of Methane

Methane decomposition is an endothermic process. Thus, the activity would increase
as the reaction temperature is increased. Methane decomposition reactions conducted at
high temperatures would produce high-quality nanocarbon and enhance the graphitic
order of the deposited carbon [48]. The production of multi-walled carbon nanotubes may
also increase despite the fact that the aggregation of metal particles may occur at high
reaction temperatures [8].

Figure 7 shows the catalytic activity of the prepared catalysts in the methane decompo-
sition. All of the catalysts displayed high initial activity in each of the reaction temperatures.
This is attributed to the enhanced textural properties of the MSN support, which provides
a high surface area and adequate sites for the active metals initially for the reaction. As
can be seen, with an increase in the reaction temperature, the catalytic performance was
enhanced for all of the catalysts. However, the Cu and Fe-promoted catalysts exhibited
better performance for the reaction compared to the unpromoted catalyst. At 700 ◦C,
the Cu and Fe-promoted Ni/MSN catalysts exhibited higher initial activity compared to
the unpromoted catalyst. The highest initial hydrogen yield and final yield measured at
360 min of time on stream were found to be 75% and 73%, 68% and 64% and 64.8% and
61% for the Fe and Cu-promoted and unpromoted catalysts, respectively.
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Figure 7. Catalytic performance of the samples for methane decomposition at various reaction
temperatures: (a) 700 ◦C, (b) 800 ◦C and (c) 900 ◦C.

However, all the catalysts exhibited good stability throughout the reaction time,
whereas the catalytic activity slightly decreased in all of the catalysts. The high stability
could be due to the formation of bimetallic alloys in the catalysts. The decreased activity of
the catalysts may be due to the deposition of carbon, which lowers the surface area for the
menthane molecules to interact with [48].

As the reaction temperature increased to 800 ◦C, the unpromoted and promoted
catalysts showed the same trend with a high hydrogen yield at the initial stage of the
reaction. At this temperature, the 50% Ni–5% Fe/MSN catalyst displayed the highest yield
(80%) during the first 20 min, followed by the 50% Ni–5% Cu/MSN and 50%-Ni/MSN
catalysts with 71% and 69% of the yield, respectively. After 30 min on stream, the activities
of the 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts started to
decrease slowly until the end of the reaction, and the yield was measured to be 54%, 63%
and 66%, respectively. Furthermore, it is worth mentioning that, as seen in Figure 7b, the
stability of the Cu and Fe-promoted catalysts was comparatively higher than that of the
unpromoted catalyst, as the hydrogen yield difference during the course of the reaction
seemed to be minimum for the promoted catalysts. This could be ascribed to the enhanced
role of the bimetallic alloys in the samples [30].
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A further increase in the reaction temperature to 900 ◦C increased the hydrogen yield
drastically during the first 10 min of the reaction, with a hydrogen yield of 85%, 88% and
91% for the unpromoted and Cu and Fe-promoted catalysts, respectively. As shown in
Figure 7c, the activity of the catalysts started to drop after 20 min on stream. The same
kinetic curve trend was observed for all of the catalysts. The hydrogen yield of the 50% Ni–
5% Cu/MSN catalyst decreased to 74% and remained more or less the same until 360 min
on stream, with a final yield of 67%. The 50% Ni–5% Fe/MSN catalyst displayed better
activity and stability at 900 ◦C, with 74% of the final hydrogen yield. This result may be
attributed to the Ni–Fe alloy formation, which decreased the rate of decomposition and then
enhanced the carbon diffusion rate on the surface of the metal and, therefore, prevented
the catalyst deactivation at high reaction temperatures [32,38]. The introduction of Fe
into Ni/MSN helped maintain the stability of the catalyst, even at high temperatures [46].
Catalyst deactivation is reported to occur when the carbon diffusion rate is slower than the
carbon formation rate, thus leading to the formation of encapsulating carbon [49]. Carbon
encapsulation occurs when carbon starts to build on the surface of the catalyst and then
encapsulates the metal particles. The high surface area and porosity of the MSNs helped
to prevent the agglomeration of metal particles on the MSN support. As a result, all the
catalysts achieved adequate stability throughout 360 min of the reaction conducted at
high temperatures up to 900 ◦C. This catalytic performance indicated that the enhanced
properties of the promoted catalyst were achieved at higher reaction temperatures owing
to the formation of bimetallic alloys [50]. Additionally, at high reaction temperatures, the
Ni–Cu or Ni–Fe alloys generated a quasi-liquid condition, then averted the fragmentation
process, which led to the generation of small particles as well as the rearrangement of the
structural and electronic properties, which prevented the catalysts from agglomerating and
then preserved their catalytic stability [51].

2.3. Characterisation of Spent Catalysts

Carbon yield is defined as the ratio of the amount of carbon deposited over the catalyst
to the total amount of metallic species present in the catalyst that has been used initially in
the decomposition reaction. The yield of carbon obtained after the decomposition reaction
at three different reaction temperatures was further calculated using Equation (2), and the
results are shown in Figure 8. As can be seen, with an increase in the reaction temperature,
the carbon yield increased significantly. The highest carbon yield was obtained for the
methane decomposition reaction at 900 ◦C. The yield was calculated to be 1254%, 1572%
and 1896% for the unpromoted Ni/MSN and Cu and Fe-promoted Ni/MSN catalysts at
900 ◦C, respectively. The increase in the carbon yield could be attributed to the higher
conversion of methane at high temperatures over the present catalysts. As expected, the Fe-
promoted catalyst exhibited the highest carbon yield as the highest yield of hydrogen was
also obtained for the same catalyst. Thus, consistency in the product yield was observed in
the methane decomposition reaction.

The morphology and the graphitization degree of the carbon produced by the spent
catalysts were further evaluated using XRD, FESEM, Raman and TEM analyses.

Figure 9 displays the XRD patterns of the 50% Ni/MSN, 50% Ni–5% Cu/MSN and
50% Ni–5% Fe/MSN catalysts after the methane decomposition reaction at 900 ◦C. The well-
defined peak centered at 26.3◦ in all the catalysts was assigned to the presence of graphitic
carbon in the spent catalysts. The most intense carbon peak with the highest intensity was
achieved by the 50% Ni–5% Fe/MSN catalyst (Figure 8c), which demonstrated that the
high crystallinity of nanocarbon was produced with the introduction of Fe at high reaction
temperatures. This result agrees with the findings of Torres et al. [48]. Additionally, the
d-spacing values of the 26.3◦ diffraction peaks of the 50% Ni/MSN, 50% Ni–5% Cu/MSN
and 50% Ni–5% Fe/MSN spent catalysts were calculated to be 0.3357 nm, 0.3356 nm and
0.3355 nm, respectively. These values were close to the ideal value for a graphite-like
structure, which is 0.34 nm, representing a higher quality of carbon produced in this study
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on the structure and oxidation activity of the solid carbon produced from the catalytic
decomposition of methane [52].

Figure 8. Carbon yield at various reaction temperatures over 50% Ni/MSN and 5% Cu and 5%
Fe–promoted 50% Ni/MSN catalysts.

Figure 9. XRD pattern of the spent catalysts: (a) 50% Ni/MSN, (b) 50% Ni–5% Cu/MSN and (c) 50%
Ni–5% Fe/MSN at reaction temperature of 900 ◦C.

The other small peak located at 43.7◦ also belonged to the graphitic carbon. Further-
more, the diffraction peaks at 44.5◦ and 51.9◦ were associated with the presence of metallic
Ni and Cu and Fe-based bimetallic nickel alloy species in the catalysts. This result indicates
that NiO or metallic oxide species were completely reduced to metallic Ni or bimetallic
alloys during the pre-treatment steps of the reaction. The higher intensity of these Ni0

peaks in the 50% Ni–5% Cu/MSN catalyst (Figure 8b) demonstrated the higher crystallinity
of the Ni–Cu alloy particles by the reduction treatment [53]. The other peaks were related
to the formation of metallic carbides formed by the reaction of the metals present in the
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catalyst with the formed carbon at high reaction temperatures, as reported by Pudukudy
et al. [54]. The formation of these bimetallic alloys, especially the Ni–Fe alloy, enhanced the
hydrogen yield and stability of the Ni catalyst at high temperatures.

Raman spectroscopy was employed to study the crystallinity and graphitization
degree of the carbon deposited over the catalysts, and the results are shown in Figure 10.
Each catalyst displays two well-defined peaks related to the D-band and G-band. The
D-band centered at 1340 cm−1 is assigned to the presence of disordered carbon in the
graphitic carbon, whereas the G-band centered at 1570 cm−1 is attributed to the stretching
vibration of in-plane carbon-carbon bonds [53]. The ID/IG ratios were found to be 0.82,
0.79 and 0.54 for the 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN spent
catalysts, respectively. The decreases in the ID/IG ratio indicated the improved crystallinity
and graphitization degree of the carbon produced at high reaction temperatures.

Figure 10. Raman spectra of the spent catalysts: (a) 50% Ni/MSN, (b) 50% Ni–5% Cu/MSN and
(c) 50% Ni–5% Fe/MSN at a reaction temperature of 900 ◦C.

The morphological features of the spent catalysts were investigated by FESEM analysis.
As the highest carbon yield was obtained for the Fe-promoted Ni/MSN catalyst, it was
further selected for the morphological studies and FESEM micrographs at two different
magnifications, as shown in Figure 11. As can be seen, the surfaces of the catalysts were
found to be accumulated with the bulk amount of carbon nanotubes (CNTs). The detailed
examination of the deposited carbon nanotubes validates the existence of open tips in
the CNTs. The lengths of the deposited CNTs were found to vary greatly, whereas the
widths were observed to be in the range of 40 nm to 80 nm. The development of the open
tips can be attributed to the presence of a strong metal–support interaction in the catalyst.
The strong metal–support interaction could be attributed to the encapsulation of metallic
nanoparticles on the mesopores of the MSN support. As a result of this, the carbon crystal
tends to grow by a base growth mechanism followed by an open tip, while the metal tends
to be at the bottom portion of the carbon nanotube [10].
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Figure 12 shows the internal morphology of the deposited nanocarbon obtained at
900 ◦C. The carbon was deposited in the form of a filamentous structure in all of the
catalysts. The TEM images showed that the produced filamentous carbon was in the form
of multi-walled carbon nanotubes with open tips and diameters ranging from 45 nm to
70 nm. An internal hollow channel diameter of 10 nm to 35 nm was observed for the CNTs,
regardless of the role of the promoters in the catalysts. In addition, a bamboo-like internal
tube structure was observed for the nanotubes, and some of the metal/alloy nanoparticles
were found to be encapsulated inside the carbon nanotubes, which is clearly evident in
the TEM images of the Cu-promoted spent catalysts. The metal nanoparticles with a weak
metal–support interaction could suffer the encapsulation process.

Figure 11. FESEM images of the spent 5%Fe–50%Ni/MSN catalyst obtained after methane decompo-
sition at 900 ◦C at two different scale bars (a) 200 nm and (b) 100 nm.
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Figure 12. TEM images of nanocarbon obtained over (a,b) 50% Ni /MSN, (c,d) 50% Ni–5% Cu/MSN
and (e,f) 50% Ni–5% Fe/MSN at a reaction temperature of 900 ◦C.

3. Materials and Methods

3.1. Preparation of the Catalysts

The catalyst support, Mesostructured Silica Nanoparticles (MSNs), was synthesized
according to our previous work [38]. Firstly, 9.68 g cetyltrimethylammonium bromide
(Merck, New York, NY, USA), 58 mL of ammonia solution and 240 mL of ethylene glycol
(Merck) were dissolved in 1440 mL of deionized water and then stirred at 50 ◦C for
30 min. Then, 11.4 mL of tetraethyl orthosilicate (Merck) and 2.1 mL of 3-(triethoxysilyl)-
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propylamine (Merck), which act as silica precursors, were added slowly to the mixture,
thereby turning the clear mixture into a white suspension. Then, the solution was further
stirred at 80 ◦C for 2 h. Afterwards, the white solution was kept in a refrigerator for
separation into two layers. After several days, the white precipitate separated in the
solution was collected and washed several times with a distilled water and ethanol mixture
at a ratio of 1:1. The obtained as-synthesized MSNs were dried in the oven overnight at
110 ◦C and then calcined for 3 h at 550 ◦C.

A co-impregnation method was employed in the synthesis of the metal-loaded MSN
catalysts. The desired amount of Ni salt, such as Ni(NO3)2·6H2O with 50 wt.% of metallic
nickel, in the final sample was weighed and then dissolved in 500 mL of deionized water.
The nitrate salts of the co-metal promoters, such as hydrated nitrated salts of Cu and Fe,
having 5 wt.% of each metal promoter, were also added. Then, the prepared MSN powder
was added slowly to the mixed-metal salt aqueous solution and heated at 90 ◦C and mixed
well with a magnetic stirrer until it became a homogenous paste. After that, the paste was
dried at 110 ◦C overnight and finally calcined at 550 ◦C for 3 h. The resulting catalysts were
in the form of a colored powder and were named 50% Ni/MSN, 50% Ni–5% Cu/MSN and
50% Ni–5% Fe/MSN.

3.2. Characterization of the Catalysts

The physical and chemical properties of the fresh catalyst samples were studied by var-
ious methods. X-ray diffraction analysis was used to determine the crystalline structure of
the catalysts using a D8 Focus Advance powder diffractometer (Bruker, Billerica, MA, USA)
with Cu Kα monochromatic radiation with a wavelength, λ, of 1.5406 Å. The diffraction
angle was set from 0 to 80◦, and the crystallite sizes were calculated using the Scherrer equa-
tion. The functional groups present in the catalysts were determined using Fourier Trans-
form Infrared spectroscopy (FTIR, Thermo Scientific NICOLET 6700 apparatus, Waltham,
MA, USA) performed in the range of 400 to 4000 cm−1 at room temperature. The nitrogen
adsorption–desorption isotherms, together with the surface area, pore size distribution
and pore volume, were measured using the BET/BJH method in a Micromeritics ASAP
2020 chemisorption analyzer (Norcross, GA, USA) at −196 ◦C. The treatment began as the
samples were degassed at 300 ◦C for 3 h before the analysis was carried out. Temperature-
programmed reduction (TPR) analysis was carried out to study the reducibility of the
catalyst using a Thermo Finnigan TPDRO 1100 model (San Jose, CA, USA). The surface
morphology of the catalysts and the spent catalysts was studied using a field emission
scanning electron microscope (FESEM) conducted in a Zeiss MERLIN COMPACT machine
(Carl Zeiss, Jena, Germany) with an accelerating voltage of 3 kV. The deposited carbon was
analyzed by Raman spectroscopy (Thermo Scientific, DXR2xi) and a transmission electron
microscope (TEM) (Thermo Fisher Talos 120C model, Waltham, MA, USA).

3.3. Investigation of the Catalytic Performance for Methane Decomposition

The activity of the catalyst was studied for the decomposition of undiluted methane
at various reaction temperatures (700–900 ◦C). The reactions were conducted in a tubular
fixed-bed reactor made of stainless steel (height of 60 cm; outer diameter of 3.1 cm; inner
diameter of 2.5 cm), which was heated by an electric muffle under atmospheric pressure.
The desired weight of the catalyst (1.0 g) was packed in the middle of the reactor. The
catalyst was reduced in-situ with hydrogen (150 mL/min) at 600 ◦C for 90 min. After that,
nitrogen gas (150 mL/min) was introduced into the reactor to increase the temperature of
the reactor to the desired temperature. The catalytic testing was carried out at atmospheric
pressure (0.1 MPa) with a flow of undiluted methane (100 mL/min) for 360 min on stream.
The products of the outlet gases were collected in gas bags and were analyzed by a gas
chromatograph, GC 2014C (Shimadzu, Osaka, Japan), equipped with a TDX-01 column
connected to a thermal conductivity detector (TCD), using helium as the carrier gas. At
the end of the experiments, the reactor was flushed with nitrogen (50 mL/min) to cool
down the reactor and, thus, the spent catalyst in the form of carbon was taken for further
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analysis. The hydrogen yield and carbon yield were calculated according to the following
Equations (1) and (2)

Hydrogen yield =
H2(outlet)

2 ∗ CH4(inlet)
∗ 100 (1)

Carbon yield =
Amount o f carbon deposited in gram

Total amount o f metallic species presnt in the catalyst in gram
∗ 100 (2)

4. Conclusions

Ni/MSN catalysts with Cu and Fe-promoters were synthesized by using an impregna-
tion method, and their performance in methane decomposition was investigated at 700 ◦C,
800 ◦C and 900 ◦C. Fine dispersion of the active phase NiO and Cu and Fe-incorporated
NiO on the MSN surface with proper metal–support interaction was achieved. Catalytic
activity tests revealed that both the hydrogen yield and stability of the Ni/MSN catalyst
increased upon the incorporation of Cu and Fe at all of the reaction temperatures. The
pronounced performance of the catalyst at high temperatures could be attributed to the
enhanced synergistic effects between the metallic nickel species and the MSN support, to-
gether with the formation of a bimetallic alloy, which enhanced the stability of the Ni/MSN
catalyst, even at high temperatures. The improved performance of the Ni/MSN catalysts
in methane decomposition can be ascribed to the high surface area, fine dispersion of the
metal species on the surface of the support, an appropriate metal–support interaction and
the presence of bimetallic alloy nanoparticles. The characterization studies of the deposited
carbon showed that MWCNTs with a high crystallinity and graphitization degree formed
over the catalysts after the methane decomposition reaction.
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Abstract: The homogeneous photocatalytic degradation of model pesticide clopyralid (CLPR) has
been investigated under various experimental setups. Lab-scale experiments under UV-A radiation
in an acidic environment showed that the degradation rate generally increased when increasing either
Fe3+ or H2O2 concentration up to a point beyond which (i.e., 100 mg L−1 for peroxide or 7 mg L−1

for ferric ions) Fenton reagents had little or even detrimental effect on degradation. Thus, there
is an optimum concentration of Fenton reagents for maximizing treatment performance, beyond
which degradation rates are not enhanced. Excessive concentrations of peroxide and/or catalyst
may (i) introduce unnecessary treatment costs, (ii) reduce performance due to scavenging effects,
and (iii) raise environmental concerns associated with the disposal of, e.g., high concentrations of
iron in the receiving water courses. Switching from UV-A to visible light led to similar rates of
degradation, i.e., 86% and 82.2%, respectively, after 90 min of reaction, highlighting the potential of
using renewable energy, i.e., natural sunlight, to drive the process. Treatment for 120 min also led to
90% mineralization and quantitative release of nitrogen originally present in the pesticide; this was
also accompanied by complete elimination of eco-toxicity to Vibrio fischeri. Pilot-scale experiments
were performed in a fountain-type reactor using a commercial pesticide formulation containing
CLPR. Both the degradation and mineralization rates increased with increasing the intensity of the
incident UV-A radiation from 1.88 to 4.03 mW cm−2. Experiments were also conducted with different
liquid volumes, i.e., from 3 to 8 L. Illumination of 5 L wastewater resulted in 80% mineralization after
60 min and this only slightly decreased to 73% at 8 L. Overall, the findings underline the promising
perspectives of the application of the treatment method in upgrading the quality of water and liquid
waste containing pesticides.

Keywords: photocatalysis; photo-Fenton; clopyralid; pesticides; mineralization; toxicity

1. Introduction

The growing global population that is projected to reach 9.7 and 11.0 billion by 2050
and 2100, respectively, generates enormous amount of waste, owing to the production of
food, energy, feed, fiber, etc. [1,2].

Pesticide pollution is an issue that negatively impacts on the environment and also
concerns human beings and wildlife, being a widespread problem [3–5]. These contami-
nants are typically chemically stable, resistant to direct decomposition by sunlight, non-
biodegradable, and highly toxic [3,6–8]. They are also characterized by relatively high
solubility in water, and mobility [9]. Although some common water treatment processes
are effective barriers for the abatement of many pesticides, some of them are not readily
removed by such technologies and thus advanced treatments are demanded to remove
them from the environment [3–5,7,8,10].
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Clopyralid (3,6–dichloro-2-pyridine-carboxylic acid) (CLPR) is an auxin-mimic-type
herbicide, from the polar and nonvolatile chemical class of pyridine compounds. It is a
selective herbicide widely applied to control broadleaf weeds in certain crops and turf and
provides control of some brush species on rangeland and pastures [11,12]. CLPR is highly
soluble in water, and its solubility increases with pH [7,13,14].

It is known to be particularly stable against hydrolysis and photolysis [13]. It has
been frequently detected in the environment and even in drinking water [3,5,11,13]. It is
hazardous to a number of endangered plant species and beneficial insects and toxic to
certain mammals [15]. Due to its resistance to biodegradation, CLPR is hardly removed by
conventional water and wastewater treatments [5,7]. Many studies indicate that a wide
range of pesticides are readily degradable by means of heterogenous or homogenous pho-
tocatalysis [15]. The pretreatment of wastes containing a hard-to-degrade anthropogenic
pollutant is currently one of the most critical challenges of environmental engineering [7].
When a photocatalytic process is applied as a pretreatment, the main objective is the
breakdown of organic contents into more biodegradable ones, as well as the removal of
toxicity [4,16].

Because of their high reactivity and nonselective oxidation, advanced oxidation pro-
cesses (AOPs) have been investigated for the treatment of emerging organic pollutants over
the past 20 years. They have been proposed as alternative water treatment methods aiming
for the mineralization of organic molecules, including pesticides [3,5,8,17–21]. Among
different AOPs, heterogenous and homogenous solar photocatalytic detoxification methods
have been proposed for the treatment of wastewater containing pesticides [22].

We have previously reported on the heterogenous photocatalytic degradation and
mineralization of CLPR in aqueous solutions, employing a wide range of commercial photo-
catalysts, providing a thorough kinetic analysis in terms of degradation and mineralization,
elucidating potential degradation pathways and determining ecotoxicity [15]. We have also
previously proposed an integrated system based on solar photocatalysis and constructed
wetlands and proven that it has the potential to effectively detoxify wastewater containing
CLPR. Three photocatalytic methods under solar light were investigated: the photo-Fenton
and the ferrioxalate reagent as well as the combination of photo-Fenton with TiO2 P25 [22].
We have also shown that reduced graphene oxide (rGO), a low-cost, nontoxic material, may
serve as a reliable alternative in the enhancement of TiO2 photocatalytic efficiency in water
processing applications, achieving disinfection and the degradation and mineralization
of CLPR [23]. All previous studies of our research group on the abatement of CLPR are
summarized in Table 1.

In the present study, we focused on the homogeneous photocatalytic process and
studied different factors that affect process efficiency (concentration of H2O2 and Fe3+

ions, type of irradiation (visible and UV-A)). We also studied the extent of photocatalytic
mineralization (DOC and total nitrogen), and the toxicity of CLPR solution. Additionally,
we assessed the homogeneous photocatalytic oxidation of simulated wastewater containing
CLPR in a pilot scale photoreactor under artificial light and studied the effects of the
intensity of the incident UV-A radiation, and of the illuminated volume.

Table 1. Previously published clopyralid studies of our research group, at a glance.

Treatment Photocatalytic Methods
Level of

Implementation
Matrix Main Outcome Reference

heterogenous
photocatalytic

experiments with CLPR
solutions containing TiO2
P25, TiO2 UV-100, ZnO,

TiO2 Kronos 7000, Kronos
7001 and Kronos 7500

under UV-A irradiation

different operational
conditions, e.g., type of
photocatalyst, catalyst
loading, initial pH and

hydrogen peroxide
(H2O2) concentration

lab aqueous solutions
of clopyralid

TiO2 mediated
photocatalysis has the
potential to provide a
sustainable solution in

the detoxification of
wastewater containing
recalcitrant pesticides,

either alone or in
combination with other

methods

[16]
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Table 1. Cont.

Treatment Photocatalytic Methods
Level of

Implementation
Matrix Main Outcome Reference

photocatalytic oxidation
of CLPR in a bench-scale

photocatalytic reactor,
equipped with a central

UV-A lamp

degradation and
mineralization

experiments in the
presence of three reduced

graphene oxide
(rGO)/TiO2 composites

containing a 1, 5 or
10 wt% nominal content
in rGO and bare P25 for
comparison purposes

lab aqueous solutions
of clopyralid

rGO, a low-cost, nontoxic
material may serve as a

reliable alternative in the
enhancement of TiO2

photocatalytic efficiency
in water processing

applications

[17]

solar photocatalytic
oxidation and

constructed wetlands

photo-Fenton and
ferrioxalate reagent, and

combination of
photo-Fenton with TiO2

P25

pilot simulated
wastewater

the integrated system
effectively detoxified

wastewater containing
clopyralid

[23]

2. Results and Discussion

2.1. Homogeneous Photocatalytic Oxidation of Model CLPR Pesticide in Laboratory Reactor

2.1.1. Effect of H2O2 and Fe3+ on Degradation Efficiency

The concentration of the reagents in the photo-Fenton method is of vital importance,
since it may not only affect the costs associated with the size of the photoreactor, but also
the operating costs. The addition of high amounts of hydrogen peroxide can unnecessarily
increase operating costs since: (i) reaction rates may be reduced, and (ii) peroxide is usually
the single most expensive operating parameter in the photo-Fenton and in similar methods.

Photocatalytic degradation of 40 mg L−1 CLPR with photo-Fenton reagent in the
presence of 7 mg L−1 Fe3+ and different H2O2 concentrations (200 mg L−1, 150 mg L−1,
100 mg L−1, 75 mg L−1, 50 mg L−1, 25 mg L−1, 0 mg L−1) is shown in Figure 1A. The
effect of H2O2 concentration on the initial degradation rate is shown in Figure 1B. In the
case of UV-A radiation, the rate increases as the H2O2 concentration increases to about
100 mg L−1. However, increasing the H2O2 concentration from 100 to 200 mg L−1 has
negative consequences, as at high concentrations H2O2 may act as an OH scavenger, as
shown below (1):

HO • + H2O2 → H2O + HO • (1)
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Figure 1. (A) Photocatalytic degradation of 40 mg L−1 CLPR with photo-Fenton reagent in the
presence of 7 mg L−1 Fe3+ and different H2O2 concentrations. [�] 200 mg L−1 H2O2: (•) 150 mg L−1

H2O2, (�) 100 mg L−1 H2O2, (�) 75 mg L−1 H2O2, (�) 50 mg L−1 H2O2, (�) 25 mg L−1 H2O2, (�)
0 mg L−1 H2O2. (B) Change in the initial degradation rate of CLPR with photo-Fenton reagent in the
presence of 7 mg L−1 Fe3+ and different H2O2 concentrations.
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In order to study the effect of iron ions on the degradation kinetic, experiments were
performed at different initial Fe3+ concentrations. As shown in Figure 2A, increasing the
Fe3+ concentration to 7 mg L−1 leads to an increase in the degradation rate. As trivalent
iron ions are photo-reduced into divalent ions, which are the major species catalyzing
hydrogen peroxide decomposition, the amount of added ferric ions is proportional to the
amount of produced hydroxide radicals and hence to the decomposition rate of CLPR.
However, increasing Fe3+ concentration from 7 to 28 mg L−1 did not appear to significantly
affect the initial oxidation rate (Figure 2B). This is explained by the fact that for Fe3+

concentrations higher than 7 mg L−1 the transmission of light is impeded due to the high
concentration of iron ions, and consequently it is also impeded in Fe3+ photoreduction with
oxidation products, thus reducing iron concentration in soluble form, which is capable of
causing oxidation.
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Figure 2. (A) Photocatalytic degradation of 40 mg L−1 CLPR with photo-Fenton reagent in the
presence of 100 mg L−1 H2O2 and: [�] 2 mg L−1 Fe3+, (•) 3.5 mg L−1 Fe3+, (�) 7 mg L−1 Fe3+,
(�) 14 mg L−1 Fe3+, (�) 28 mg L−1 Fe3+; (B) change in the initial degradation rate of CLPR with
photo-Fenton reagent in the presence of 100 mg L−1 H2O2 and different concentrations of Fe3+.

2.1.2. Effect of Irradiation Type

CLPR photocatalytic oxidation under visible radiation and in the presence of the photo-
Fenton reagent was promising, since despite the relatively reduced initial degradation
rate compared to that under UV-A, it eventually led to similar rates of CLPR degradation
after 90 min of irradiation (Figure 3, 82.2% and 86%, respectively). This underscores the
significant advantage of photo-Fenton reagent in decomposing organic pollutants into
liquid waste under sunlight. Trivalent iron ions also absorb part of the visible spectrum in
parallel with ultraviolet radiation.

2.1.3. Mineralization

Under the previously identified optimal conditions, the conversion of organic carbon
to inorganic was monitored (Figure 4). Pesticide mineralization in the presence of photo-
Fenton reagent was found to be very fast, reaching 90% within 120 min under irradiation
(100 mg L−1 H2O2, 7 mg L−1 Fe3+, UV-A). The change in total nitrogen concentration (as
a sum of NO3

−, NH4+, and NO2
−) over time, as a percentage of the theoretical nitrogen

contained in CLPR, under various experimental conditions, is shown in Figure 4. In all
cases, ammonia and nitrate anions were the predominantly formed species, while the
amounts of NO2

− were below the detection limit of the method and after prolonged
illumination they were oxidized to NO3

−. The nitrogen conversion of the pyridine ring of
the CLPR molecule, under the given experimental conditions, occurs rapidly, as 100% of
the total nitrogen of the molecule is released within 90 min of illumination.
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Figure 3. Photocatalytic degradation of 40 mg L−1 CLPR with photo-Fenton reagent in the presence
of 7 mg L−1 Fe3+ and 100 mg L−1 H2O2 at pH: 3.0: (�) visible and (•) UV-A radiation.
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Figure 4. Photocatalytic mineralization of 40 mg L−1 CLPR with photo-Fenton reagent in the presence
of 100 mg L−1 H2O2, 7 mg L−1 Fe3+ and UV-A radiation: (�) DOC and (•) total organic nitrogen.

2.1.4. Determination of Acute Toxicity

To determine the toxicity of the CLPR solution during the homogeneous photocatalytic
process, samples were collected at selected time intervals during treatment with photo-
Fenton reagent (7 mg L−1 Fe3+, 100 mg L−1 H2O2, pH: 3.0) and UV-A irradiation and their
toxicity was assessed on the basis of the inhibition of bioluminescence of V. fischeri bacteria
(Figure 5). The initial CLPR solution (40 mg L−1) was found to be highly toxic to these
microorganisms, causing 89% inhibition of bioluminescence after 15 min of incubation. The
profile of the photocatalytically treated samples showed that there is a declining trend in
their toxicity, up to 90 min of illumination (7%) while up to 180 min it remains constant.
Toxicity is then nullified, which underscores the efficacy of the photo-Fenton reagent in
completely eliminating CLPR toxicity under these experimental conditions.
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Figure 5. Change of the toxicity of a CLPR solution of initial concentration of 40 mg L−1 during
photocatalytic oxidation in the presence of photo-Fenton reagent (7 mg L−1 Fe3+, 100 mg L−1 H2O2)
and UV-A radiation.

2.2. Homogeneous Photocatalytic Oxidation of Simulated Wastewater Containing CLPR in the
Pilot-Scale Photoreactor
2.2.1. Effect of Intensity of Incident UV-A Radiation

The study on the degradation and mineralization of the simulated wastewater was
also focused on the homogeneous photocatalytic oxidation with the photo-Fenton reagent
(Fe3+/H2O2/UV-A, Vis/pH: 3.0) under artificial (UV-A) non-solar illumination. More
specifically, the effect of the intensity of the incident UV-A radiation was studied, in the
presence of the photo-Fenton reagent (7 mg L−1 Fe3+, 100 mg L−1 H2O2, pH: 3.0). The
intensity of the radiation in the pilot photocatalytic system can be changed by varying the
distance of the light sources (lamps) from the surface of the photocatalytic treatment tank.
Experiments were conducted under five different radiation intensities, and it was found
that by progressively increasing the intensity, an increase in both the initial degradation
rate (Figure 6A) and the reaction rate constant k (Figure 6B) occurs.

A B

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

k 
(m

in
-1
)

I (mW cm-2)
0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

0

time (min)

Figure 6. (A) Effect of incident UV-A radiation intensity on the degradation of simulated wastew-
ater containing 40 mg L−1 CLPR in the presence of the photo-Fenton reagent (7 mg L−1 Fe3+,
100 mg L−1 H2O2, pH: 3.0): [�] I = 4.03 mW cm−2, [•] I = 3.39 mW cm−2, [�] I = 2.83 mW cm−2,
[�] I = 2.37 mW cm−2, [�] I = 1.88 mW cm−2. Total volume: 15 L, illuminated volume: 5 L.; (B) effect
of the intensity of incident UV-A radiation on the reaction rate constant, k.
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Moreover, similar conclusions were drawn from the study of the mineralization of
the simulated wastewater carried out through the determination of the dissolved organic
carbon (DOC) of samples collected at different time intervals (Figure 7A), since the increase
in the incident radiation from 1.88 mW cm−2 to 4.03 mW cm−2 led to a fourfold increase in
the rate constant of the mineralization, kDOC (Figure 7B).
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Figure 7. (A) Effect of incident UV-A radiation intensity on the mineralization of simulated wastew-
ater containing 40 mg L−1 CLPR in the presence of the photo-Fenton reagent (7 mg L−1 Fe3+,
100 mg L−1 H2O2, pH: 3.0): [�] I = 4.03 mW cm−2, [•] I = 3.39 mW cm−2, [�] I = 2.83 mW cm−2,
[�] I = 2.37 mW cm−2, [�] I = 1.88 mW cm−2. Total volume: 15 L, illuminated volume: 5 L.; (B) effect
of intensity of incident UV-A radiation on the reaction constant, kDOC.

2.2.2. Effect of the Illuminated Volume

To assess the effect of the illumination of the simulated wastewater in the homogeneous
photocatalytic degradation of CLRP with the photo-Fenton reagent, more experiments
were carried out. The volume of illuminated wastewater varies by adding suitable overflow
rings that are adapted to the photocatalytic treatment tank and allow it to be filled with
3, 5, or 8 L of wastewater. From Figure 8A, it can be seen that increasing the volume
of illuminated wastewater from 3 to 8 L has practically no effect on the degradation of
CLPR. Regarding mineralization (Figure 8B), it appears that the illumination of 5 L of the
simulated wastewater leads to slightly higher percentages of mineralization after 60 min of
illumination (80%) compared to the experiments where the illuminated volume was 3 or
8 L (~73%).
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Figure 8. (A) Effect of illuminated volume on the degradation efficiency of simulated wastewater
containing 40 mg L−1 CLPR in the presence of the photo-Fenton reagent (7 mg L−1 Fe3+, 100 mg L−1

H2O2, pH: 3.0): [�] V= 5 L, [•] V = 8 L, [�] V = 3 L. Intensity of incident UV-A light 3.39 mW cm−2;
(B) mineralization of simulated wastewater containing 40 mg L−1 CLPR in the presence of the photo-
Fenton reagent (7 mg L−1 Fe3+, 100 mg L−1 H2O2, pH: 3.0): [�] V = 5 L, [•] V= 8 L, [�] V = 3 L.
Intensity of incident UV-A radiation: 3.39 mW cm−2.
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3. Materials and Methods

3.1. Materials

Clopyralid (3,6-dichloro-2-pyridine-carboxylic acid, CAS No. 1702-17-6, Mr: 192 g mol−1,
Product No: 36758, PESTANAL®, analytical standard) was a product of Fluka (Sigma-
Aldrich Laborchemicalien GmbH, Sellze, Germany) and was used as received. All other
reagent-grade chemicals were purchased from Merck and were used without further purifi-
cation. Doubly deionized water was used throughout the study [14]. For the preparation
of simulated wastewater containing clopyralid, used in the pilot scale experiments, appro-
priate dilutions of a commercial herbicide, Lontrel 100AS® (active ingredient: clopyralid,
10% w/v, Dow Agrosciences, Indianapolis, IN, USA), with tap water were used.

3.2. Photocatalytic Experiments

Photocatalytic experiments were performed in laboratory-scale and pilot-scale reactors.
Laboratory-scale experiments were performed in a closed-type glass cylinder reactor of
500 mL capacity under magnetic stirring, as previously described [14]. Internally, the
glass cylinder reactor had a smaller borosilicate glass cylinder adapted to house the light
source. The borosilicate glass allows radiation of wavelengths higher than 300 nm to pass.
Two types of lamps were used: ultraviolet radiation, region A (320 < hv < 400), with a
maximum at 365 nm (OSRAM DULUX 9W/78, UV-A, Munich, Germany); and visible
spectrum radiation (400 < hv < 550), with a maximum at 450 nm (OSRAM DULUX S
8/71, Vis, Munich, Germany). After the addition of the pesticide solution to the reactor, its
pH was adjusted to 3.0 by adding H2SO4 to ensure the presence of Fe3+ ions in a soluble
form. Subsequently, a sample was collected, Fe3+ and H2O2 were consecutively added, the
solution was illuminated, and samples were collected at certain time intervals and stored
in the dark at 25 ◦C, before any further analysis. Experiments in a pilot-scale reactor were
performed as previously described [22], in a unit constituted by three parts: (a) a fountain-
type photocatalytic reactor, (b) a reservoir for storing wastewater, which was placed at the
bottom part of the reactor, and (c) an Imhoff-type tank. The reactor is illustrated in Figure 9.

Figure 9. (A) Schematic diagram of the fountain-type pilot photocatalytic reactor operating under
artificial illumination (UV-A or visible) (front view); (B) photo of the fountain-type pilot photocatalytic
reactor; (C) top view of the photocatalytic treatment tank. The six nozzles through which the waste
enters the tank and the hole/pipe through which the waste overflows and returns to the waste
collection tank can be distinguished.

3.3. Analytical Procedures

Changes in the concentration of clopyralid were monitored via its characteristic ab-
sorption band at 280 nm using a UV-visible spectrophotometer (UV-1700, PharmaSpec,
Shimadzu, Kyoto, Japan). Since a linear dependence between the initial concentration of
the pesticide and absorption at 280 nm is observed, photodecomposition was monitored
spectrophotometrically at this wavelength. Determination of dissolved organic carbon
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(DOC) was conducted according to standard methods using a total organic carbon analyzer
(Shimadzu VCSH 5000, Kyoto, Japan). Inorganic ions were determined in a Shimadzu
system consisting of an LC-10 AD pump, a CDD-6A conductometric detector (0.25 μL
flow-cell) and a CTO-10A column oven, as previously described [15]. Chromatographic
conditions have also previously been described in detail [15,22].

3.4. Toxicity Analysis

Toxicity analysis was performed using the Microtox Model 500 Analyzer (Azur Envi-
ronmental, Carlsbad, CA, USA), by assessing the bioluminescence of the marine bacteria
V. fischeri. Freeze-dried bacteria, reconstitution solution, diluent (2% w/v NaCl), and ad-
justment solution (non-toxic 22% w/v NaCl) were obtained from Azur. Change in the
toxicity of a CLPR solution of initial concentration of 40 mg L−1 during photocatalytic
oxidation in the presence of photo-Fenton reagent (7 mg L−1 Fe3+, 100 mg L−1 H2O2)
and UV-A radiation was studied. The inhibition of bioluminescence, compared with a
toxic-free control to provide the percentage of inhibition, was calculated using Microtox
calculation software.

4. Conclusions

Concerning the homogeneous photocatalytic oxidation of CLPR pesticide in a labora-
tory photocatalytic reactor, the following conclusions were drawn:

• There usually is an optimum concentration of Fenton reagents to maximize treat-
ment performance, beyond which degradation rates are not enhanced. This has been
demonstrated in this work with lab-scale photocatalytic experiments. Excessive con-
centrations of peroxide and/or catalyst may (i) introduce unnecessary treatment costs,
(ii) reduce performance due to scavenging effects, and (iii) raise environmental con-
cerns associated with the disposal of, e.g., high concentrations of iron in the receiving
water courses.

• Interestingly, photocatalytic oxidation under visible light resulted in comparable
degradation rates to UV-A radiation; this pinpoints the potential of using renewable
energy, i.e., natural sunlight, to drive the process.

• Moreover, the proposed process was capable of converting the organic carbon of CLPR
to carbon dioxide, as well as the nitrogen content of the pyridine ring to NO3

− and
NH4

+. Mineralization was accompanied by detoxification as has been demonstrated
in experiments on marine bacteria.

• The process was tested in a pilot-scale, fountain-type reactor treating a commercial
formulation of the pesticide under consideration. The results were promising, re-
sulting in considerable degradation and mineralization, whose rates increased with
increasing light intensity; an increase of the incident radiation from 1.88 mW cm−2 to
4.03 mW cm−2 led to a quadrupling of the reaction rate constant kDOC.

• The increase in the volume of the illuminated wastewater does not practically af-
fect the initial rate of its degradation during the photocatalytic oxidation with the
photo-Fenton reagent. Regarding mineralization, illumination of 5 L of simulated
wastewater leads to slightly higher mineralization rates after 60 min of illumination
(80%), compared to experiments where the illuminated volume was 3 or 8 L (~73%).
Thus, wastewater volumes up to 8 L could be treated without efficiency loss, which
shows the potential of the process for large-scale applications.
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Abstract: The catalytic transformation of sugars into lactic acid has shown great potential for the
scalable utilization of renewable biomass. Herein, RuOx/MoS2 catalysts were synthesized with the
assistance of CaO for the one-pot conversion of glucose to lactic acid. Under the reaction conditions
of 120 ◦C and 1 MPa O2, a 96.6% glucose conversion and a 54.3% lactic acid yield were realized
in the one-pot catalytic reaction, with relatively high stability after four successive cycles. This
catalytic system was also effective for the conversion of many other carbohydrate substrates, such as
fructose, xylose and cellulose (selectivity 68.9%, 78.2% and 50.6%, respectively). According to catalyst
characterizations and conditional experiments, the highly dispersed RuOx species on the surface
of MoS2, together with OH−, promoted isomerization, retro-aldol condensation, dehydration and
hydration reactions, resulting in a relatively high lactic acid yield for sugar conversions.

Keywords: glucose; catalyst; lactic acid; ruthenium; calcium

1. Introduction

As the only abundant renewable carbon resource, the efficient conversion of biomass
into fuel and chemicals has attracted significant attention [1,2]. Due to their abundance
and wide availability, cellulose and sugars have been used in central research on biomass
conversion and converted into a range of oxygen-containing compounds [3–6]. Among
these attractive chemicals, lactic acid (LA) has emerged as one of the most promising due
to its fast-growing market [7–9]. Currently, LA is widely used in the food and beverage
sector as well as the cosmetics and pharmaceutics industries. Additionally, LA is also an
important raw material for the production of bioplastics, polylactide in particular, which
is regarded as one of the top ten industrially important chemicals by the United States
Department of Energy [10,11].

At present, the fermentation of starch is the most common method for LA production,
providing more than 90% of LA in market [12,13]. However, the bacterial fermentation
method has the disadvantages of multiple treatment steps and low productivity. Alter-
natively, the catalytic conversion method of LA production from biomass has attracted
increasing research interest during recent years thanks to its versatile feedstocks and high
reaction efficiency [14]. To alleviate the condensation or decomposition reactions, the
catalytic reaction is usually conducted under alcohol medium to produce esters or in water
solution with metal salts to stabilize the final LA. Typically, Sn(IV)-beta or Sn(IV) grafted
onto mesoporous silica support catalyzed the conversion of carbohydrates in an alcohol
medium into a ca. 60–75% yield of alkyl lactate [15–19]. Alternatively, homogeneous metal
salts were applied to crack sugars and cellulosic biomass into LA under hydrothermal
conditions and yielded > 60% LA from the lignocellulose-based biomass [20–24]. The
carbohydrates, including glucose, cellulose and starch, are feasibly transformed into LA
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in the presence of NaOH and/or Ca(OH)2 but suffer from low LA selectivity and fierce
reaction conditions [25]. Therefore, a number of works have investigated heterogeneous
catalysts to promote the conversion of sugars into LA. For instance, Murzin et al. developed
a Sn(salen)/octylmethyl imidazolium bromide catalyst and achieved a 58% yield of LA
with 68% glucose conversion at 473 K [26]. Zhang et al. reported that the introduction of
indium and tin into Beta zeolites is able to promote the transformation of glucose to LA,
affording a LA yield of 53% at 443 K [27]. Nakajima et al. synthesized a new type of solid
acid-base bifunctional catalyst YNbO4 through a simple co-precipitation method, which
obtained a 36% LA yield at 413 K for 5 h [28]. For instance, Choudhary et al. prepared
a CTAB-capped Cu/MgO catalyst for the conversion of biomass-derived sugars in the
presence of NaOH and obtained a 70% yield of LA at a mild temperature of 393 K [6]. Wang
et al. employed the polymerizates of imidazole and epichlorohydrin ([IMEP]Cl) as catalysts
to convert glucose to LA in water in the presence of 50 mM NaOH and yielded 63% LA
with 99% glucose conversion at 373 K [29]. In spite of these impressive results, developing
novel catalysts for the conversion of sugars to LA is still a hotly researched topic.

Ru-based catalysts have been widely used in the conversion of biomass-derived
chemicals to organic acids due to the unique chemical properties of Ru/RuOx [30,31].
Additionally, MoS2 is a promising catalyst or stable support used in hydrothermal condi-
tions [32,33]. Herein, a series of RuOx/MoS2 catalysts were synthesized for the conversion
of sugars into LA with the assistance of CaO in aqueous solutions. Different catalysts and
supports were first screened to yield the best RuOx/MoS2 catalyst. The influence of pivotal
reaction parameters on the LA yield was investigated. Then, the optimized catalysts were
systematically characterized to unveil the role of Ru species in the reaction and the reaction
networks was proposed according to conditional experiments.

2. Results and Discussion

2.1. Catalytic Conversion of Glucose via Different Catalysts

In view of the versatile acidic and metallic properties of Ru-based catalysts in biomass
conversions [30,34], a variety of 1 wt% Ru catalysts supported on different carriers were
screened in glucose conversion for LA production. As shown in Table 1, under a mild
condition of 2 h reaction at 120 ◦C under the pressure of 1.0 MPa O2, the glucose conversion
ranged from 30% to 98%, and the LA selectivity varied greatly with the carbon balance
changed within a large range of 40–85%, according to the HPLC, GC-MS and HPLC-MS
analysis of the products. Via the activated carbon (AC)- and TS-1-supported RuOx catalysts
(Table 1, Entries 1–2), fructose was the major product, with 30–50% selectivity and high
conversions (>72%) of glucose, but LA selectivity was merely ca. 10%. This indicates
that these two catalysts have notable activity in glucose isomerization but are much less
active for retro-aldol reaction and C-C bond breakage [35]. On the other hand, besides
the low yields of LA, the 1RuOx/MWW and 1RuOx/HPA catalysts (Table 1, Entries 3–4)
exhibited distinguished selectivity (ca. 25%) for gluconic acid formation, reflecting the
typical activity for catalytic oxidation usually observed via a noble metal catalyst [36,37].
With respect to the LA formation, the most remarkable performance was observed in
the catalysts of 1RuOx/TiO2, 1RuOx/BN and 1RuOx/MoS2 (Table 1, Entries 5–7), which
provided 30–46% LA selectivity and 65–95% glucose conversion. The carbon balance in
the reaction v these RuOx catalysts changed within the large range of 40–85%, suggesting
that certain side reactions often took place. The reactant solution was clear and colorless
after the reaction. The HPLC analysis showed that no 5-hydroxylmethylfurfural (a product
of fructose dehydration, often serving as a precursor for polymerization to form humins)
was detected in the products, indicating the formation of heavier products was not the
main cause of the carbon loss. The analysis of the gas phase product showed that CO2 was
generated in the reaction. We speculated that the CO2 production largely accounted for
the loss of carbon balance in the reaction. According to the highest LA selectivity and the
high thermal stability of the MoS2-supported metal catalysts previously observed [38], the
RuOx/MoS2 system was chosen for further investigation.
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Table 1. Product distribution for glucose conversion via different Ru-based catalysts.

Entry a Catalysts
Con.
(%)

Sel. (%)

L-Lactic
Acid

Glycolic
Acid

Glyceric
Acid

Gluconic
Acid

Fructose

1 1RuOx/AC 98.3 9.3 5.1 6.3 0 32.8
2 1RuOx/TS-1 72.1 17.4 0 0 16.2 50.0
3 1RuOx/MWW 94.5 17.0 5.6 0 25.8 6.7
4 1RuOx/HPA 30.1 12.6 0 0 29.3 0
5 1RuOx/TiO2 94.6 35.7 4.5 0 2.4 30.2
6 1RuOx/BN 73.6 30.4 2.1 0 0 15.5
7 1RuOx/MoS2 64.9 46.3 5.5 14.0 2.3 0

a Reaction conditions: 20 mL 1% glucose, 0.10 g catalyst, 120 ◦C, 1.0 MPa O2, 2 h; con., sel., MWW and BN are
abbreviations for conversion, selectivity, zeolite with MWW structure and boron nitride, respectively.

Alkaline environments greatly contribute to the catalytic conversion of bio-based
compounds to LA [39]. Therefore, two types of frequently used base, i.e., NaOH and CaO,
with different alkalinities, were added into the reaction system for glucose conversion.
As shown in Table 2, Entries 1 and 2, the addition of the base obviously improved the
conversion of glucose, while the selectivity to LA was only increased under the assistance
of CaO. According to the reaction results and previous studies [40–42], we speculated
that CaO provided alkalinity and Ca2+ cations for the reaction. The glucose isomerization
and the followed retro-aldol reaction were catalyzed by the suitable base, forming C3
intermediates as the precursor of LA. At the same time, the soluble Ca2+ combined with
part of the generated LA to form more stable calcium lactate to a certain extent, which
promoted the forward reaction. Via the 1RuOx/MoS2+CaO catalyst, the LA selectivity was
improved to 50.5% with a 98.9% glucose conversion. To investigate the role of different
sectors in the catalytic conversion, CaO, MoS2 and MoS2+CaO were evaluated in the
catalytic system, respectively. As shown in Table 2, Entries 3–5, the presence of MoS2
merely showed a remarkable selectivity to gluconic acid but not to the LA product (38.8%
vs. 9.2%). On the other hand, CaO afforded 29.5% yield of LA along with 15.2% gluconic
acid formation. Combining the MoS2+CaO in the reaction simply obtained a compromised
performance but without the synergistic effect on LA or gluconic acid production. In
another case, Ru was loaded on CaO to detect the collaboration between them. Over the
1RuOx/CaO catalyst (Table 2, Entry 6), LA selectivity was very similar to that of CaO, but
the fructose selectivity was increased by more than 25%, similar to that via 1RuOx/TiO2
(Table 1, entry 5). Thus, from these conditional experiments, it can be learned that merely
through the RuOx/MoS2+CaO catalyst, synergistic effects were observed, which realized a
higher yield of LA and glucose conversion simultaneously. Note that the carrier CaO was
partially hydrolyzed during the reaction process, which may induce the supported RuOx
species to being dissolved in aqueous solution. In contrast, the MoS2 is very stable under
hydrothermal conditions, providing a potential stable support to load Ru species [43]. Thus,
the RuOx/MoS2 catalyst was optimized for conversions under different conditions.

The effect of Ru loading on catalytic performance was finally investigated. As shown
in Table 2, Entries 7–9, the LA yield was maximized to 53.7% via the 2RuOx/MoS2 catalyst.
At lower Ru loadings (0.5% and 1%), the main by-product was C6 acids, indicating the
weak activity of catalysts in retro-aldol condensation reactions. In contrast, at a high Ru
loading of 5%, glyceric acid and fructose was formed largely due to the hydration of
dihydroxyacetone and/or glyceraldehyde and depressed retro-aldol condensation. Thus,
a reasonable Ru content, i.e., 2%, should be loaded on MoS2 to balance the retro-aldol
condensation and hydration reactions for high LA yields.
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Table 2. Effects of different components via catalysts on the glucose conversions.

Entry a. Catalyst
Con.
(%)

Sel. (%)

L-Lactic
Acid

Glycolic
Acid

Glyceric
Acid

Gluconic
Acid

Fructose

1 b 1RuOx/MoS2+ NaOH 75.5 37.9 1.9 2.1 27.7 3.1
2 c 1RuOx/MoS2+ CaO 98.9 50.5 7.5 6.7 6.3 0
3 CaO 100 29.5 20.0 7.1 15.2 2.7
4 MoS2 70.1 9.2 0.6 0 38.3 0
5 MoS2+CaO 100 25.0 16.1 10.7 31.3 4.2
6 1RuOx/CaO 97.4 30.5 7.2 0 0 29.3
7 0.5RuOx/CaO 80.7 50.5 6.7 9.7 15.2 0
8 2RuOx/CaO 96.6 54.3 5.4 4.6 6.3 0
9 5RuOx/CaO 99.2 49.3 10.6 1.1 1.7 30.2

a Reaction conditions: 20 mL 1% glucose, 0.10 g catalyst, 120 ◦C, 1.0 MPa O2, 2 h; con. and sel. are abbreviations
for conversion and selectivity, respectively. b 0.10 mol/L NaOH. c 0.10 g CaO.

For the optimized 2RuOx/CaO catalyst, the reaction parameters, including reaction
temperature, time, CaO dosage and catalyst stability, were investigated for the conversion
of glucose to LA. As shown in Figure 1a, the selectivity to LA displayed a volcano curve as
a function of temperature and was maximized to 54.3% at 120 ◦C with the conversion of
glucose maintained at 95% at temperatures between 100 ◦C and 160 ◦C. When the reaction
temperature was higher than the optimal point of 120 ◦C, the yield of LA decreased
dramatically with a concomitantly increased yield of acetic acid. The reason for this should
be attributed to the random decomposition of glucose and the oxidative decarbonylation
of LA due to the metastable of glucose and LA at high temperatures. The influence of
reaction time is shown in Figure 1b. At the 0.5 h reaction, the glucose conversion reached
93.1% with ca. 30% LA selectivity. Prolonging the reaction time to 2 h led to the increased
LA yield, mainly due to the cascade conversion of the key intermediate of fructose to the
downstream product. It is worth noting that even further extending the reaction time,
the product compositions remained almost unchanged, confirming the good stability of
LA in the present reaction system. The reaction atmosphere was also tested, as seen in
Figure S1. Although the conversion of glucose to LA did not need the participation of O2,
the presence of O2 herein encouraged the synthesis of LA in comparison to that in the N2
atmosphere. The enhanced performance should be related to the catalyst state under the
oxidation conditions, e.g., RuOx species.

As the key catalytic component in this catalytic system, the effect of CaO dosage was
investigated and is shown in Figure 1c. As expected, LA formation is very dependent on
the amount of CaO, reaching a maximum with a 0.10 g addition of CaO. Concurrently,
the undesired glucose oxidation route was greatly depressed by the competition of base-
catalyzed glucose isomerization and retro-aldol condensation reaction. Excessive CaO
dosage played negative roles in LA production, which should be attributed to the low
saturated solubility of Ca(OH)2 (~0.025 M at room temperature) and uncontrollable basicity.
The reusability of RuOx/MoS2 catalyst was evaluated, and results are shown in Figure 1d.
After four cycles, the glucose conversion slightly decreased from 96% to 76% with a
relatively stable LA selectivity of ca. 45%, indicating the relatively high stability of the
catalyst. After the second cycle, the key intermediate of fructose emerged, which can be
attributed to the coverage of the Ru species with a strongly interacting Ca species.

2.2. Active Sites for Glucose Conversions

To verify the stability of support and the optimized catalyst under oxygen-containing
hydrothermal reaction conditions, TGA was carried out to evaluate the decomposition
temperature of the MoS2 and the supported 2RuOx/MoS2 in air. As shown in Figure 2a,
the first weight loss stage from room temperature to 54 ◦C corresponds to the desorption
of physically adsorbed water. The second and third weight losses distributed at around
390 ◦C and 720 ◦C could be attributed to the decomposition of the surficial and complete
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oxidation of MoS2, respectively [44]. Figure 2b illustrates that the introduction of the Ru
species has no discernible impact on the thermal stability of the sample. Thus, at low
reaction temperatures between 100 ◦C and 160 ◦C, the catalyst structure will not suffer from
oxidative deterioration, which provides solid guarantee for the high stability of catalysts in
the reaction.

Figure 1. Catalytic conversion of glucose at different (a) reaction temperatures, (b) reaction times, (c)
amounts of CaO and (d) stabilities of catalysts (typical reaction conditions: 20 mL 1% glucose, 0.10 g
catalyst, 120 ◦C, 1.0 MPa O2, 2 h. One condition was altered while other factors were kept the same
in each case).

Figure 2. TGA curves of (a) MoS2 and (b) 2RuOx/MoS2 catalyst.

The XRD patterns of the fresh and used catalysts are displayed in Figure 3a. For the
fresh 2RuOx/MoS2 catalyst, the diffraction peaks at 14.4◦, 32.2◦, 39.6◦, 49.8◦, 58.8◦ (labeled
with clubs), and 37.4◦ and 53.8◦ (labeled with spades) were attributed to MoS2 and CaO,
respectively. No characteristic peaks corresponding to RuOx were detected, indicating the
high dispersion of the Ru species. For the used catalyst, new peaks attributed to the CaCO3
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phase appeared, which may be caused by the reaction of CaO with CO2 generated in the
reaction. Raman spectra in Figure 3b further reveal the structure of catalysts. Both MoS2 and
2RuOx/MoS2 showed two characteristic peaks at 409 cm−1 and 383 cm−1, corresponding
to the E1

2g and A1g characteristic vibration modes of MoS2-2H phase, respectively [45].
Similar to the XRD patterns, the RuOx species were not detected, confirming the high
dispersion of the Ru species.

Figure 3. (a) XRD patterns and (b) Raman spectra of the fresh and used 2RuOx/MoS2+CaO catalyst.

To disclose the metal dispersion and morphology of catalysts, the SEM and TEM
images of the optimized catalyst are compiled in Figure 4. The carrier MoS2 showed a mul-
tilayer smooth sheet morphology with a thickness of about 100 nm. The highly dispersed
of RuOx species are clearly shown in the high-resolution TEM images of Figure 4c,d. Even
up to 2 wt% of the metal loading onto the MoS2 with a low BET surface area of < 10 m2/g
(Figure S2), the average size of RuOx particles was centered at 0.53 nm. Meanwhile, the
elemental mapping in Figure 4e–j reveals that the Ru particles were uniformly distributed
on the catalyst surface. This is highly consistent with the results obtained via the Pt/MoS2
catalysts reported previously, owing to the uniquely strong interaction between MoS2 and
noble metals [38]. The used catalyst was also characterized and is shown in Figure S3. Ac-
cording to the SEM image, a large number of amorphous particles attributed to Ca species
were randomly distributed on the layered MoS2. In addition, the TEM and EDS analyses
verified the remarkable structural stability of 2RuOx/MoS2. The intrinsic structures of
MoS2 and RuOx were completely maintained through the catalytic reaction, similar to that
of the fresh catalyst. The ICP-OES measurements in Table 3 further highlighted the fact that
Ru leaching rarely occurred under hydrothermal reaction conditions. Above all, despite
Ru sites being partially covered by Ca species, the 2RuOx/MoS2 catalyst was still able to
produce a reasonable yield of LA in the subsequent cycling tests thanks to its excellent
stability.

Table 3. Elemental analysis of catalysts and product solution by ICP-OES.

Catalysts Ru Loading a

/%
Mo Amount

/%

Leached Amount/% b

Ru Mo

2RuOx/MoS2 2.3 60.0 2.4 × 10−5 9.5 × 10−4

2RuOx/MoS2
-used 2.0 56.2 2.9 × 10−6 5.5 × 10−6

a The Ru loading of the catalysts. b The mass ratio of elements leached into product solution.
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Figure 4. (a,b) SEM images, (c,d) TEM images and (e–j) element mapping of the 2RuOx/MoS2

catalyst.

The chemical states of Mo and Ru species on the catalysts were investigated by XPS
(the whole spectrum is shown in Figure S4). As shown in Figure 5a, for the catalyst of
2RuOx/MoS2, three valence states of Mo species were identified, including the domi-
nant Mo4+ (229.09 eV and 232.28 eV) and a small amount of Mo5+ (233.45 eV) and Mo6+

(235.56 eV) [46,47]. Since no MoO3 related signals were observed by Raman characteriza-
tions, it was speculated that the high-valence Mo species was distributed in the bulk phase
of MoS2. Through the catalytic reaction, the proportion of Mo6+ increased by 8.95% after
reaction, which may be caused by the partial oxidation of the carrier under the oxidizing
atmosphere. For the Ru spectra in Figure 5b, the signal of Ru 3d overlaps with that of
C ls. By means of deconvolution analysis, the Ru4+ species in the form of RuO2 (280.93
eV and 286.08 eV) were observed [48]. After the reaction, characteristic peaks assigned
to RuO2 vanished, which should be attributed to the tendentiously deposition of CaCO3
onto the metal sites of the 2RuOx/MoS2 catalyst, agreeing with our hypothesis that the Ru
species were covered to decrease the activity, rather than the deactivation of 2RuOx/MoS2
catalysts.

(a) (b) 

Figure 5. XPS spectra of the fresh and used 2RuOx/MoS2 catalyst (a) Mo 3d, (b) Ru 3d and C1s.

2.3. Reaction Networks

Various C5 and C6 sugars, polyols and polyhydroxy acids were employed as feed-
stocks to evaluate the possible reaction networks via this catalytic system. As shown in
Table 4, Entries 1–3, the RuOx/MoS2 catalyst with the assistance of CaO showed a good
catalytic performance in the conversion of sugars, including glucose, fructose and xylose.
As expected, because the obstacle of glucose isomerization was eliminated, the feedstock of
fructose provided a higher selectivity to LA than glucose (68.9% vs. 54.3%). Interestingly,
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xylose exhibited the best performance for LA production, possibly due to the fewer side
reactions occurring after the C5 reactant being degraded into C3 and C2 moieties. More-
over, it was difficult to effectively convert both polyols and gluconic acid into LA. It is
noteworthy that the selectivity of LA reached 50.6% in the 8 h reaction at 160 ◦C when
cellulose was used as the reactant (Table 4, Entry 7). This suggests that the RuOx/MoS2+
CaO catalyst has a potential to treat recalcitrant feedstock.

Table 4. Catalytic performance of RuOx/MoS2 catalyst in the presence of CaO with different feed-
stocks a.

Entry Reagent Con.
/%

Sel./%

L-Lactic
Acid

Glycolic
Acid

Glyceric
Acid

Gluconic
Acid

Fructose

1 Glucose 96.6 54.3 5.4 4.6 6.3 0
2 Fructose 97.3 68.9 6.2 5.0 0 0
3 Xylose 100 78.2 17.6 0 0 0
4 Sorbitol 51.8 35.5 27.5 0 0 0
5 Mannitol 100 9.3 8.4 0 0 0
6 Gluconic acid 58.1 12.9 3.2 4.8 0 0

7 b Cellulose 20.5 50.6 4.8 2.1 0 0
8 c Glucose 76.2 43.5 2.6 1.9 0 0

a Reaction conditions: 20 mL 1% reagent, 0.10 g catalyst, 0.10 g CaO, 120 ◦C, 1.0 MPa O2, 2 h; b 20 mL H2O,
0.16g reagent, 160 ◦C, 8 h; c 20 mL 5 wt% reagent, 0.50 g catalyst, 0.50 g CaO; con. and sel. are abbreviations for
conversion and selectivity, respectively.

In addition, the activity of the catalyst was tested in glucose conversion at a high
concentration (5 wt%). As shown in Table 4, Entry 8, the selectivity of LA was slightly
decreased to 43.5%, providing LA productivity of 8.3 g/L/h, which is notably higher than
that of the standard of LA production via industrial fermentation (5 g/L/h) [49].

The above results demonstrate again that the base-catalyzed and RuOx/MoS2-catalyzed
retro-aldol condensation route together contributed to the LA formation. CaO dissolved in
water to release OH− and Ca2+. OH- catalyzed the isomerization of glucose to fructose,
followed by degradation into dihydroxyacetone and glyceraldehyde through retro-aldol
condensation. Afterward, glyceraldehyde was further catalytically dehydrated by the
elimination reaction under the actions of OH− to generate the pyruvaldehyde interme-
diate [40,42]. Finally, obtained pyruvaldehyde can form metal chelates with Ca2+ and
transform into LA and/or lactate via the 1,2-hydride shift [41]. On the other hand, the
Ru species on the RuOx/MoS2 in an oxidation state played the crucial role in promoting
retro-aldol condensation reactions.

Finally, the reaction pathway is briefly proposed in Scheme 1. Under the mild condi-
tions of 120 ◦C and 1MPa O2, the CaO and Ru species catalyzed the isomerization of glucose
into fructose. Afterward, the retro-aldol condensation occurred via the RuOx species with
dihydroxyacetone and glyceraldehyde production. Finally, the obtained glyceraldehyde
was transformed into LA via dehydration and hydration reactions via the Ru species.
Simultaneously, side reactions, such as glucose direct oxidation and the direct conversion
of dihydroxyacetone, occurred, resulting in the by-products of gluconic acid, glyceric acid,
glycolic acid and acetic acid.
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Scheme 1. Proposed reaction pathways for the catalytic conversion of glucose to lactic acid via the
RuOx/MoS2 catalyst in the presence of CaO [42,49].

3. Materials and Methods

3.1. Materials

All reagents were purchased commercially without further purification. Glucose
(99%) and calcium oxide were purchased from Tianjin Damao Chemical Reagent Co.,
Ltd. (Tianjin, China). Sodium hydroxide was purchased from Tianjin Yongda Chemical
Reagent Co. Ltd. Activated carbon (AC) was purchased from Norit Corporation. Calcium
carbonate was purchased from Xilong Science Co., Ltd. (Shantou, China). Standard sample
of lactic acid (LA) with 95% purity was purchased from Sigma-Aldrich Co., Ltd. (St. Louis,
MO, USA). Ruthenium chloride hydrate, molybdenum disulfide, hydroxyapatite (HPA),
titanium dioxide, titanium silicalite-1 (TS-1), Boron nitride (BN) and all other chemicals
were analytical reagents and purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China).

3.2. Catalysts Preparation

RuOx/support catalysts were prepared using the incipient wetness impregnation
method with MoS2, AC, TiO2, TS-1, HPA and BN as supports. Typically, 2 g of support was
mixed with 0.26–2.6mL aqueous solutions of RuCl3·3H2O (3.792% g/mL) and maintained
at 25 ◦C for 12 h. Then, the sample was dried at 60 ◦C overnight and calcined at 350 ◦C for
4 h in air. The theoretical contents of Ru were controlled to remain at 0.5–5 wt%. The cost
of preparing 1 g of 1RuOx/MoS2 catalyst was approximately CNY 1.1 (USD 0.16).

3.3. Catalysts Characterizations

X-ray powder diffraction (XRD, PANalytical B. V., Almelo, The Netherlands) patterns
of catalysts were collected on a PANalytical X’pert Pro-1 equipped with Cu-Kα monochro-
matic radiation (0.1541 nm), operating at 40 kV and 40 mA. A continuous mode was used
in the 2θ range from 10◦ to 80◦ at a scanning speed of 5◦/min.

Thermogravimetric (TG, TA Instruments, Newcastle, DE, USA) analysis was con-
ducted with SDT Q600 equipment under an air flow of 100 mL/min from 30 to 900 ◦C at a
heating rate of 10 ◦C/min.

Scanning electron microscopy (SEM, HITACHI, Tokyo, Japan) images were obtained
by using a Carl Zeiss Merlin Compact scanning electron microscope.
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High-angle annular dark-field scanning-transmission electron microscopy (HAADF-
STEM, JEOL, Tokyo, Japan) images and energy-dispersive X-ray spectroscopy (EDS, JEOL,
Tokyo, Japan) elemental mapping were obtained by using a JEM-2100F microscope, oper-
ated at a voltage of 200 kV.

The contents of Ru and Mo in the synthesized catalysts and the leaching amount in
the reaction solution were determined by an inductively coupled plasma optical emission
spectrometer (ICP-OES, PerkinElmer, Waltham, MA, USA) on a Perkin Elmer ICP-OES
7300DV.

X-ray photoelectron spectra (XPS Thermo Fisher Scientific, Waltham, MA, USA) were
recorded on a Thermo Scientific K-Alpha+ spectrometer with a monochromatic Al-Kα

X-ray source as the excitation source. The binding energies were corrected by using the C1s
peak at 284.4 eV as a reference.

3.4. Catalytic Conversion of Glucose

The catalytic conversion of glucose was carried out in a high-pressure batch reactor.
Typically, 20 mL of 1% glucose aqueous solutions, 0.10 g of catalyst and 0.10 g of CaO were
placed into the reactor. Then, the reactor was charged in O2 five times to remove the air.
Finally, the oxygen pressure in the reactor was increased to 1.0 MPa and sealed for the
reaction at 120 ◦C for 2 h.

After reaction, the product was cooled to room temperature and analyzed with a
high-performance liquid chromatograph HPLC, Agilent 1200, (Agilent Technologies, Palo
Alto, CA, USA) equipped with a Rezex ROA-Orgenic Acid H+ column and a differential
refractive index detector with 5 mM sulfuric acid aqueous as the mobile phase. In detail,
the GC-MS (Agilent Technologies, Palo Alto, CA, USA) and HPLC-MS methods (Agilent
Technologies, Palo Alto, CA, USA)were used to identify the products in reaction solutions
or identify the products after methyl esterification treatment [31]. Then, the standard
samples were used to further confirm and quantitatively analyze the products on the HPLC
instrument.

Glucose conversion and product selectivity were calculated using following equations:

Conversion (%) = (1 − moles of unconverted glucose
moles of initial glucose

)× 100% (1)

Selectivity (%) =
moles of product

theoretical moles of product
× 100% (2)

4. Conclusions

A series of RuOx/MoS2 catalysts were synthesized for the conversion of sugars into LA
with the assistance of CaO. Unlike the conventional base-catalyst system, the 2RuOx/MoS2
catalyst exhibited enhanced catalytic activity and stability. Under the low reaction tempera-
ture of 120 ◦C with low alkalinity, the LA yield reached 54.3% at a 96.6% glucose conversion,
even in the recycle runs. The RuOx species promoted the isomerization of glucose to fruc-
tose, and then the fructose was cracked into the C3 compound of glyceraldehyde via the
RuOx species via the retro-aldol condensation reaction. Finally, the C3 intermediate was
further converted into LA via dehydration and hydration reactions. Although the finally
yield of LA still needs to be improved, this work still provides valuable information for
the development of the novel heterogeneous catalyst for carbohydrates conversions. The
future study may focus on how to further enhance the LA selectivity and the reaction
efficiency, particularly in the cellulosic feedstock conversion, which involves the catalyst
development as well as a kinetic reaction investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal13030545/s1: Figure S1. Results of catalytic conversion of glucose at different reaction
atmospheres (reaction conditions: 20 mL 1% glucose, 0.10 g catalyst, 0.10 g CaO. 120 ◦C, 1.0 MPa O2,
2 h); Figure S2. Nitrogen adsorption–desorption isotherms BET surface area of 2RuOx/MoS2 catalyst;
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Figure S3. TEM and EDS images of the used 2RuOx/MoS2; Figure S4. The survey spectra of fresh
and used 2RuOx/MoS2 catalysts.
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Abstract: Methyl benzoate (MB) compounds are prepared by reacting various benzoic acids with
methanol using an acidic catalyst. In this study, the solid acids of zirconium metal solids fixed with
various substances were studied. We determined that zirconium metal catalysts with fixed Ti had the
best activity. The catalytic synthesis of a series of MB compounds using titanium zirconium solid
acids was studied. The direct condensation of benzoic acid and methanol using a metallic Lewis acid
without other auxiliary Bronsted acids is reported for the first time.

Keywords: methyl benzoate; solid acid; catalysis

1. Introduction

Methyl benzoate (MB) compounds are an important class of chemical products. Most
of these compounds have low toxicity and are mainly used in scents and as solvents [1–14].
For example, MB has a fruity flavor that can be used in pineapple, strawberry, and cherry
syrups, and it as acts as a solvent in resin rubber. Additionally, p-methoxybenzoic acid is
also used as a flavoring, and methyl p-bromobenzoate is the main raw material of peme-
trexed disodium, an antitumor drug, and diglitin A [15], an antifungal compound [16–18].

The synthesis of MB is catalyzed by various inorganic and organic acids, such as
sulfuric, phosphoric, and p-toluenesulfonic acid [19–25]. However, these acids are not
recoverable, and a large amount of water is required to clean them; therefore, a large
amount of wastewater is produced during this process, polluting the environment. Sulfuric
acid is often used in industry because of its low price; however, the yield of sulfuric acid
is not high because of its oxidation. Solid acids are now being developed for use in ester
synthesis reactions as an alternative to common acids [6,26].

Solid acids are both strongly acidic and insoluble in organic solvents [26,27]. Therefore,
solid acids are recoverable and can be used multiple times. Herein, we present our synthesis
of a series of reusable supported solid acids for use in the synthesis of MB compounds.
Beena Tyagi’s research group reported the use of zirconate sulfate as a catalyst for methyl
palmitate [28,29]. A zirconia-based phyto-nanocatalyst was used to catalyze novel non-
edible Bischofia javanica seed oil into methyl ester [30]. In this study, zirconium with
various carriers was used as a catalyst in the synthesis of methyl benzoates. Pure zirconium
compounds are solids, such as zirconia, which can be used in the form of solid spheres [30].
The addition of a carrier leads to zirconium forming a cage structure more conducive
to catalysis.

Zirconium solid acid was synthesized using catalysts with different supports, and the
catalyst with the highest activity was selected. This catalyst catalyzed the esterification
of methanol and benzoic acid with different functional groups. The catalytic formation
of methyl benzoate using Lewis Al2O3 has been reported, requiring the auxiliary catalyst
MeSO3H [31]. The catalytic generation of methyl benzoate with Lewis Fe2(SO4)3·xH2O
has been reported. The auxiliary catalyst concentrated H2SO4 is needed [32]. The use
of metal Lewis as a catalyst for the synthesis of MB without adding other acids has not
been reported.

Catalysts 2023, 13, 915. https://doi.org/10.3390/catal13050915 https://www.mdpi.com/journal/catalysts149
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2. Results

2.1. Characteristics of the Catalyst

Zirconium solid acid and its carriers were synthesized in a one-to-one atomic molar
ratio. These zirconium solid acids were synthesized from various raw materials (Table 1).
In order for these atoms to mix well, the raw materials used must be completely liquid.
The ingredients chosen are either inherently liquid or very soluble in water. The selection
of raw materials is shown in Table 1. The solid form of the raw material was mixed into a
certain concentration of water solution before use.

Table 1. Various raw materials for zirconium solid acids.

No. Raw Material/g Raw Material/g

1 ZrOCl2·8H2O 10 g (C4H9O)4Ti 10.56 g

2 ZrOCl2·8H2O 10 g CdCl2 5.69 g

3 ZrOCl2·8H2O 10 g FeCl3 5.03 g

4 ZrOCl2·8H2O 10 g - -

5 ZrOCl2·8H2O 10 g AlCl3 4.14 g

6 ZrOCl2·8H2O 10 g (C2H5O)4Si 6.46 g

7 ZrOCl2·8H2O 10 g ZnCl2 4.23 g

2.1.1. XRD

Figure 1 shows the X-ray diffraction (XRD) patterns of the solid acids (Table 1). The
XRD curves indicate that the catalysts had a large number of amorphous phases and show
obvious amorphous diffraction peaks (steamed bun peaks) in the range of 2θ = 10◦–40◦.
Zinc oxide [33] and titanium oxide [34] have been reported to have good crystal forms. The
prepared catalysts had poor crystal forms.

Figure 1. XRD curves of the catalysts in Table 1.

2.1.2. FT-IR

Above is the infrared spectrum of Zr/Ti (entry 10, Table 2, abbreviated as ZT10).
The infrared multiplet absorption peak at 1040–1180 cm−1 (Figure 2) was attributed to
the S=O double bond. It was observed that the [SO4]2− was bonded to the catalyst. The
peak at 1400 cm−1 was attributed to the vibrational absorption of the covalent S=O double
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bond, which is the characteristic absorption of a solid superacid. This finding indicates the
successful synthesis of the solid superacid. The other absorption peaks belonging to the
solid catalysts are not detailed.

Table 2. Synthesis of methyl p-toluenate and methyl p-chlorobenzoate using different catalysts a,b.

Entry Zr:C c Molar Ratio COCH3

O
COCH3

O
Cl

1 Zr:Ti 1:1 55.9% 52.7%
2 Zr:Cd 1:1 49.9% 35.8%
3 Zr:Fe 1:1 50.4% 50.4%
4 Zr - 10.0% 7.2%
5 Zr:Al 1:1 9.0% 14.6%
6 Zr:Si 1:1 19.9% 21.5%
7 Zr:Zn 1:1 51.2% 50.1%
8 Zr:Ti 1:0.5 50.4% 50.3%
9 Zr:Ti 0.5:1 43.1% 45.5%

10 Zr:Ti 1.5:1 66.1% 68.1%
11 Zr:Ti 1.2:1 60.3% 62.1%
12 Zr:Ti 2:1 40.5% 45.2%

a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%), Oil bath (120 ◦C), 6 h. b Isolated yields.
c C = Carrier atom.

 
Figure 2. FT−IR spectra of ZT10.

2.1.3. SEM

The following are the SEM pictures. Diagram A shows a 1 μm electron microscopy
of ZT10. B shows a 5 μm electron microscopic image of ZT10. C presents an electron
microscopy of Zr (entry 4, Table 2, abbreviated as Zr0) at 1 μm (Figure 3). D shows a
5 μm electron microscope image of Zr0. Titanium metal was used as a carrier to form a
honeycomb solid of zirconium metal. In the catalytic process, methyl alcohol and benzoic
acid can enter the honeycomb to react, effectively improving the catalytic activity.

2.1.4. EDS

It can be seen from Figure 4 that the surface of ZT10 contained C, Ti, O, Zr, S, etc. The
content of Zr was particularly high, which indicates that zirconium plays a major role in
the synthesized catalyst. Sulfur, oxygen, and metals were partly in the form of sulfate.
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(A) (B)

(C) (D)

Figure 3. SEM images: (A) (ZT10, 1 μm), (B) (Zr0, 1 μm), (C) (ZT10, 5 μm), (D) (Zr0, 5 μm).

Figure 4. EDS image of ZT10.

Figure 5 below shows the TGA of catalyst ZT10. The results show that there was
a significant weightlessness at 84.32 ◦C. This was due to the evaporation of free water
on the surface of the sample. The main weight loss temperature was 735.28 ◦C. At this
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temperature C, S, and O atoms were recombined to form small molecules such as CO2, CO,
SO2, etc. The evaporation of these small molecules was the reason for the mass loss.

Figure 5. TGA of ZT10.

2.2. Comparison of Catalyst Activity

These solid acids catalyzed reactions of methanol with p-chlorobenzoic acid and
p-methylbenzoic acid. Titanium, as a supporting compound, exhibited the highest catalytic
activity among the solid acids. The catalytic activities of zirconium and titanium mixtures
with different atomic molar ratios were observed. The zirconium-titanium atomic molar
ratio of 1.2 exhibited the highest catalytic activity. Zirconium alone was found to have a
poor catalytic effect. The honeycomb structure of ZT10 results in higher catalytic activity.
Zinc-zif-7 (CAS:909531-29-9) with a three-dimensional network structure was used to
catalyze the reaction between benzoic acid and methyl ester (under the same conditions as
in Table 2) with a yield of only 34.1%. This may be due to the fact that the central metal
zinc atom is less acidic than zirconium.

The mechanism of esterification may be ZT10 binding with carboxylate. Fast disso-
ciation of hydrogen ions was observed. The hydrogen ion activated the carbonyl group.
Methanol electrophiles formed the carbonyl group. The water molecules were removed to
form methyl benzoate.

2.3. Properties and Activity of Preferred Catalyst

The strength of ZT10 was determined using the Hammett method. The solid acid could
significantly change the color of 2,4-dinitrotoluene (H0 = −13.75) and 2,4-dinitrofluorobenzene
(H0 = −14.52) but not that of 1,3,5-trinitrobenzene (H0 = −16.02). The catalyst was an acid
with an acid strength range of −16.02 < H0 < −14.52. This indicates that the solid acid was
a solid superacid.

A series of catalytic studies were carried out using the preferred solid acid with a
Zr–Ti atomic ratio of 1.2:1. The catalytic results are summarized in Table 3. The yields of the
compounds (1, 4, 7, 10, 13) indicate that the presence of a large group in the ortho position
decreased the yield. Orthosteric effects play a dominant role in the esterification process.
However, the steric hindrance effect at the para-position was small (16, 17, 18). Therefore,
MB with strong electron-absorbing groups on the benzene ring was obtained in a low yield.
For example, the yield of MB with a nitro group in the ortho position was only 20.1%, and
the compound with a trifluoromethyl group in the ortho position was obtained with only
29.1% yield. This is because of high steric hindrance and strong electron absorption effects,
which make esterification difficult. For the same functional group, the para-substituted
product yields were higher than those of the relative and intermediate sites, regardless of
whether it was an electron-withdrawing or electron-donating group (e.g., 1, 2, 3; 4, 5, 6;
19, 20, 21). In the case of the benzene ring with two carboxyl groups, the reaction activity
was low because of the large steric hindrance and strong electric absorption of the carboxyl
group. The two carboxyl groups each underwent esterification, and moderate yields were
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also obtained for 31, which had a large steric hindrance from three methoxy groups, and
32, which had a perfluorinated substitution.

Table 3. Synthesis of methyl benzoate with substituents a,b.

COCH3

OR
COH
OR

CH3OH Cat.(10%wt)

EsterAcid

24 h

COCH3

O

COCH3

O

 COCH3

O COCH3

O

NO2

COCH3

O
O2N

 
COCH3

O
O2N

1 85.2% 2 87.8% 3 91.2% 19 20.1% 20 34.6% 21 45.2%

COCH3

O

F  
COCH3

O
F

COCH3

O
F

COCH3

O

OCH3
COCH3

O
H3CO

COCH3

O
H3CO

4 84.2% 5 87.8% 6 91.1% 22 88.2% 23 86.5% 24 95.7%

COCH3

O

Cl  
COCH3

O
Cl

COCH3

O
Cl

COCH3

O

CF3
COCH3

O
F3C

COCH3

O
F3C

7 83.1% 8 83.4% 9 86.3% 25 29.1% 26 33.4% 27 55.0%

 
COCH3

O

Br  
COCH3

O
Br

COCH3

O
Br

O

O

OCH3

OCH3

OO

H3CO OCH3

 

O

O

OCH3
H3CO

10 70.1% 11 79.3% 12 83.9% 28 34.2% 29 45.6% 30 60.3%

COCH3

O

I
COCH3

O
I

COCH3

O
I  

COCH3

O
H3CO

H3CO

H3CO

COCH3

O
F

F F

FF

13 70.0% 14 74.2% 15 79.3% 31 50.2% 32 75.6%

COCH3

O
COCH3

O
COCH3

O
Me2N

16 90.5% 17 91.7% 18 93.3%
a Reaction condition: acid (2.0 mmol), CH3OH (15 mL), Cat. (10 wt%) (Zr:Ti = 1.2:1), oil bath (120 ◦C), 24 h.
b Isolated yields.

As previously reported, direct metal–Lewis acid interaction has not been found to
catalyze the reaction of direct benzoic acid and methanol to form methyl benzoate. De-
hydration esterification is a reversible reaction. It requires high energy and the removal
of the resulting water molecules to move the reaction forward. In the catalytic process,
methanol is strongly reflux. Methanol can be supplemented when the amount of methanol
is too low. The methanol that does not condense will remove the water and move the
reaction forward.

2.4. Properties and Activity of Recovered Catalyst

Because the esterification reaction is heterogeneous, the catalyst and reactants can be
directly separated via solid–liquid separation after the initial reaction. After the reaction
liquid was filtered and discarded, new reactants were added. The activity of the second
reaction was similar to that of the first. Taking compound 7 as an example, the catalyst
afforded an 84.1% yield in the second reaction.

Nitrogen adsorption of the recovered and original catalysts was also studied. The
specific surface area of the catalyst was 242 m2/g, and the pore size was approximately
2 nm. The recovered and primary catalysts exhibited comparable pore structures and
specific surface areas (Table 4).

154



Catalysts 2023, 13, 915

Table 4. Surface properties of the catalyst and the regenerated one.

Samples
Surface Area

(m2/g)
Pore Volume

(cm−3g−1)
Pore Diameter

(nm)

Catalyst
(zirconium: titanium = 1.2:1) 242 0.210 2.32

Regenerated Catalyst
(zirconium: titanium = 1.2:1) 248 0.205 2.34

3. Materials and Methods

3.1. Synthesis of the Catalyst

Dichlorooxyzirconium, cadmium chloride, aluminum chloride, tetraethoxysilane iron
chloride, zinc chloride, tetrabutyl titanate, and methanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) Benzoic acid and other benzene compounds
were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China) Deionized water
(18.2 MΩ·cm) was used in the catalyst synthesis. All materials were used as received. 1H,
19F, and 13C NMR spectra (Figures S1–S32) were measured on a Bruker AVANCE (400 MHz,
Bruker, Billerica, MA, USA) spectrometer using TMS as the internal standard and CDCl3 as
a solvent.

The zirconium catalyst was synthesized with cadmium as a carrier. Zirconium oxy-
chloride was prepared as a 50% aqueous solution. Cadmium chloride was prepared as 30%
aqueous solutions. The ratio of the solutions was calculated according to the molar ratio,
and quantitative zirconium oxychloride and aqueous chloride solutions were mixed by
weight. The mixture was placed in an oven at 100 ◦C until it reached a constant weight.
The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for 24 h. After
soaking, the products were dried in the oven at 120 ◦C until the weight was constant. The
mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

The zirconium catalyst was synthesized with cadmium as a carrier. Zirconium oxy-
chloride was prepared as a 50% aqueous solution. Zinc chloride was prepared as 50%
aqueous solutions. The ratio of the solutions was calculated according to the molar ratio,
and quantitative zirconium oxychloride and aqueous chloride solutions were mixed by
weight. The mixture was placed in an oven at 100 ◦C until it reached a constant weight.
The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for 24 h. After
soaking, the products were dried in the oven at 120 ◦C until the weight was constant. The
mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

The zirconium catalyst was synthesized with aluminum as a carrier. Zirconium
oxychloride was prepared as a 50% aqueous solution. Aluminum chloride was prepared as
60% aqueous solutions. The ratio of the solutions was calculated according to the molar
ratio, and quantitative zirconium oxychloride and aqueous chloride solutions were mixed
by weight. The mixture was placed in an oven at 100 ◦C until it reached a constant weight.
The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for 24 h. After
soaking, the products were dried in the oven at 120 ◦C until the weight was constant. The
mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

A zirconium oxychloride solution was prepared using silicon as the support catalyst
at 50 wt% based on the molar ratio. After rapid stirring, proportional ethyl orthosilicate
was added. The mixture was stirred and placed in the oven at 100 ◦C until the weight was
constant. The dried mixture was added to a 2 mol/L sulfuric acid solution and soaked for
24 h. The mixed solution was placed in the oven at 120 ◦C until the weight was constant.
The mixture was bagged and heated in a Muffle furnace at 550 ◦C for 12 h.

A zirconium oxychloride solution was prepared using titanium as the support catalyst
at 50 wt% based on the molar ratio. A proportional amount of tetrabutyl titanate was
added after rapid stirring. After thorough mixing, it was placed in the oven to bake at 100
◦C until the weight was constant. The dried mixture was added to a 2 mol/L sulfuric acid
solution and soaked for 24 h. The mixed solution was placed in the oven at 120 ◦C until the
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weight was constant. The mixture was bagged and heated in a Muffle furnace at 550 ◦C for
12 h.

3.2. General Catalytic Process

Taking p-methylbenzoic acid as an example, 0.27 g of (2 mmol) p-methylbenzoic acid,
15.00 mL of methanol, and 0.027 g of catalyst were added into a 25 mL single-mouth flask
successively and vigorously stirred. In an oil bath at 120 ◦C, the mixture was strongly
refluxed. If there is too little methanol during reflux, a small amount can be added.
The reaction was stopped after 24 h, and the catalyst was removed. The product was
isolated using column chromatography with petroleum ether/ethyl acetate (5:1 v/v) as the
mobile phase.

3.3. Recovery Catalyst Catalytic Process

The reaction was completed and the reaction liquid was poured out. A small amount
of residual solid from methanol washing was used as a catalyst. Additionally, 0.27 g of
(2 mmol) p-methylbenzoic acid and 15.00 mL of methanol were then added into a 25 mL
single-mouth flask with the used catalyst and vigorously stirred. In an oil bath at 120 ◦C,
the mixture was strongly refluxed. If there was too little methanol during reflux, a small
amount was added. The reaction was stopped after 24 h, and the catalyst was removed. The
product was isolated using column chromatography with petroleum ether/ethyl acetate
(5:1 v/v) as the mobile phase.

After the catalyst was recovered, it was baked at 100 ◦C until a constant weight was
reached for nitrogen adsorption.

4. Conclusions

Zirconium solid acid catalysts, supported by various compounds, have been synthe-
sized, and their catalytic activities for synthesizing MB compounds were studied. The
experimental results show that titanium was the best carrier for zirconium. The catalyst
(ZT10) prepared with a Zr: Ti molar ratio of 1.2:1 exhibited the best catalytic effect.

ZT10 catalyzed the synthesis of MB from benzoic acid with a substituted group
and methanol. The experimental results demonstrate that this catalyst could catalyze
the reactions of benzoic acid and methanol, regardless of whether the benzene ring of
benzoic acid contains electron-donating groups, strong electron-absorbing groups, small
steric hindrance groups, or large steric hindrance groups. We also demonstrated that the
catalyst could be easily separated from a reaction mixture and reused with no impact on
its performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13050915/s1; Figure S1: 1H and 13C NMR of methyl
2-methylbenzoate; Figure S2: 1H and 13C NMR of methyl 3-methylbenzoate; Figure S3: 1H and 13C
NMR of methyl 4-methylbenzoate; Figure S4: 1H, 13C and 19F NMR of methyl methyl
2-fluorobenzoate; Figure S5: 1H, 13C and 19F NMR of methyl methyl 3-fluorobenzoate; Figure
S6: 1H, 13C and 19F NMR of methyl methyl 4-fluorobenzoate; Figure S7: 1H and 13C NMR of methyl
2-chlorobenzoate; Figure S8: 1H and 13C NMR of methyl 3-chlorobenzoate; Figure S9: 1H and
13C NMR of methyl 4-chlorobenzoate; Figure S10: 1H and 13C NMR of methyl 2-bromobenzoate;
Figure S11: 1H and 13C NMR of methyl 3-bromobenzoate; Figure S12: 1H and 13C NMR of methyl
4-bromobenzoate; Figure S13: 1H and 13C NMR of methyl 2-iodobenzoate; Figure S14: 1H and 13C
NMR of methyl 3-iodobenzoate; Figure S15: 1H and 13C NMR of methyl 4-iodobenzoate; Figure S16:
1H and 13C NMR of methyl benzoate; Figure S17: 1H and 13C NMR of methyl 4-Tert-Butylbenzoate;
Figure S18: 1H and 13C NMR of methyl 4-cyanobenzoate; Figure S19: 1H and 13C NMR of Methyl
2-nitrobenzoate; Figure S20: 1H and 13C NMR of Methyl 3-nitrobenzoate; Figure S21: 1H and
13C NMR of Methyl 4-nitrobenzoate; Figure S22: 1H and 13C NMR of Methyl 2-methoxybenzoate;
Figure S23: 1H and 13C NMR of Methyl 3-methoxybenzoate; Figure S24: 1H and 13C NMR of
Methyl 4-methoxybenzoate; Figure S25: 1H, 13C and 19F NMR of Methyl 2-trifluoromethylbenzoate;
Figure S26: 1H, 13C and 19F NMR of Methyl 3-trifluoromethylbenzoate; Figure S27: 1H, 13C and
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19F NMR of Methyl 4-trifluoromethylbenzoate; Figure S28: 1H and 13C NMR of o-Dimethyl phtha-
late; Figure S29: 1H and 13C NMR of m-Dimethyl terephthalate; Figure S30: 1H and 13C NMR of
p-Dimethyl terephthalate; Figure S31: 1H and 13C NMR of methyl 3,4,5-trimethoxybenzoate; Figure
S32: 1H, 13C and 19F NMR of Methyl 2,3,4,5,6-pentafluorobenzoate. References [35–41] are cited in
the Supplementary Materials.
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Abstract: The use of plentiful and renewable feedstock for producing chemicals is fundamental
for the development of sustainable chemical processes. Using fish scale as a biobased carrier, a
novel biochar SO4

2−/SnO2-FFS heterogeneous chemocatalyst was prepared to catalyze furfural
production from xylose-rich corncob-hydrolysates obtained from acid hydrolysis of corncob in a deep
eutectic solvent (DES)–water system. By characterizing the physical as well as chemical properties of
SO4

2−/SnO2-FFS by NH3-TPD, FT-IR, XPS, XRD, and SEM, it was shown that the chemocatalyst had
Lewis/Brönsted acid centers, and its surface roughness could be well expanded to contact substrates.
The corncob was initially hydrolyzed at 140 ◦C to obtain xylose-rich hydrolysate. Subsequently,
SO4

2−/SnO2-FFS (3.6 wt.%) was used to catalyze the corn cob hydrolysate containing D-xylose
(20.0 g/L) at a reaction temperature of 170 ◦C for 15 min. Additionally, ZnCl2 (20.0 g/L) was added.
Ultimately, furfural (93.8 mM, 70.5% yield) was produced in the deep eutectic solvent ChCl:maleic
acid–water (DESMLA–water = 10:90, v/v). A synergistic catalytic mechanism for transforming xylose-
rich corncob-hydrolysate into furfural and byproducts were proposed using SO4

2−/SnO2-FFS as
a chemocatalyst in DESMLA–water containing ZnCl2. Consequently, the efficient use of biochar
SO4

2−/SnO2-FFS chemocatalysts for the sustainable synthesis of biobased furan compounds from
biomass holds great promise in the future.

Keywords: biofuran; biochar catalyst; deep eutectic solvent; ZnCl2; lignocellulose

1. Introduction

The continued use of non-renewable energy has raised people’s awareness of nat-
ural resource depletion and global warming, shifting the focus of many countries to
renewable energy [1,2]. It is known that lignocellulosic biomass (LB) is renewable and
eco-friendly [3–5], which is considered a replacement for manufacture biofuels, ma-
terials, and high-value biobased compounds because it is plentiful, inexpensive, and
promising [6–10]. As one of the important chemical intermediates, furfural (FAL) can
be transformed from lignocellulose or its derivatives (e.g., xylan and D-xylose) via hy-
drothermal reaction [11]. In industrial production, FAL has been widely used. It has
become a raw material for pharmaceuticals, industrial solvents, and numerous fuel
additives [12]. By deeper processing, it can be transformed into various furan-based
compounds (e.g., tetrahydrofuran, furoic acid, tetrahydrofuran, dihydropyran, acetyl
furan, furfuryl alcohol, and furfurylamine) [13].

Generally, furfural (FAL) can be synthesized using both homogeneous and heteroge-
neous catalysts. Utilizing homogeneous catalysts such as hydrochloric acid, the highest
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FAL yield from xylose could reach 37.5% [14]. Combining Lewis acid (AlCl3) and Brønsted
acid (HCl) as homogeneous catalysts for the catalytic conversion of untreated cellulose
resulted in a remarkable FAL yield of 75% [15]. However, the use of homogeneous catalysis
might accelerate equipment corrosion and lead to difficulties in recycling, posing challenges
in terms of both economic efficiency and environmental sustainability [16]. Consequently,
more eco-friendly heterogeneous catalysts have been employed for FAL synthesis [17,18].
Among these, sulfonated carbon derived from biomass has garnered attention due to its
low cost, favorable thermal stability, and acidity. Using biochar-based SO4

2−/SnO2-CS as
a catalyst, the corn stalk was transformed into FAL with a yield of 68% at a temperature
of 170 ◦C for 0.5 h [19]. A total of 62% of FAL yield from D-xylose by carbonized and
sulfonated teff straw was achieved in a toluene-water system at 170 ◦C for 0.5 h [20]. FAL
was synthesized from corncob with sulfonated tin-loaded rice husk-activated carbon, and
the yield of FAL was 40.9% [21]. Employing 4-BDS as a sulfonating agent, sucrose was
carbonized into a solid acid catalyst, achieving a 61% FAL yield from a corn stalk in 100 min
at a temperature of 200 ◦C [22]. This highlights the significant potential of using biomass as
a catalyst carrier. Therefore, utilizing sulfonated carbon derived from biomass as a catalyst
or carrier is essential for achieving high-value utilization of biomass.

Appropriate solvents also play a crucial role in enhancing FAL productivity [23]. Deep
eutectic solvents (DESs) are defined as systems that combine eutectic Lewis (L) or Brönsted
(B) acids with various ionic species [24]. Compared to traditional reaction systems, DESs
offer several advantages including ease of preparation, non-toxicity, non-volatility, and
reusability [25]. Utilizing choline chloride (ChCl)-lactic acid as a chemical catalyst and
reaction medium, rice straw was transformed into FAL (12% yield) at 180 ◦C for 2 h [26].
Water–ChCl:oxalic acid was employed as a medium to convert corncob (CC) at 180 ◦C
for 0.5 h, achieving a FAL yield of 46% [27]. ChCl-carboxylic acid containing H+ and Cl−
might facilitate the dehydration of D-xylose to produce FAL [28]. Therefore, to further
enhance the FAL yield, a synergistic catalysis approach using carboxylic acid-based DES
and heterogeneous catalysts can be employed in the reaction system, providing a more
environmentally friendly and efficient means of catalyzing biomass-derived D-xylose
into FAL.

As one kind of bioresource, fish scales are rich in collagen, hydroxyapatite (HAP),
and lipids [29]. According to the statistics, the fish processing industry produces about
30 million tons of fish waste each year, which contains 4% of fish scales. In recent years,
fish scales have been used in the chemistry, medicine, and food industry [30]. As one
main component of fish scales, HAP is a calcium phosphate biomaterial, which serves
as an ideal catalyst carrier due to its ion exchange, adsorption, acid–base properties, and
stability. Currently, there is limited information on the effective transformation of biomass
or D-xylose to FAL using fish scale-based biochar solid acid catalysts. In order to realize the
reuse of fresh fish scales (FFS) and improve the efficiency of FAL production by biomass
catalysis, a novel biochar heterogeneous catalyst (SO4

2−/SnO2-FFS) was prepared using
FFS as a carrier. The structure and morphology of SO4

2−/SnO2-FFS were characterized
by NH3-TPD, FT-IR, XPS, XRD, and SEM. In addition, an attempt was made to synthesize
FAL from hydrolysate from CC in DESMLA–water system using SO4

2−/SnO2-FFS as a
heterogeneous catalyst. The process conditions for preparing FAL (such as SO4

2−/SnO2-
FFS dosage, catalytic temperature, catalytic time, cycle time, chloride salt, etc.) were
optimized. Finally, a sustainable strategy for the synthesis of FAL using fish scale-based
heterogeneous catalysts in an environmentally friendly catalytic reaction system was
established (Figure 1)
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Figure 1. The process of catalytically converting the D-xylose solution obtained from the hydrolysis of
corncob at 140 ◦C for 40 min into FAL using SO4

2−/SnO2-FFS in a DES-water system (a); a chemical
strategy for synthesis of FAL from corncob with biochar-based heterogeneous chemocatalyst (b).

2. Results and Discussion

2.1. Characterization of Biochar-Based Catalyst SO4
2−/SnO2-FFS Using FFS as Biobased Carrier

FFS of carp is one of the underutilized fishery wastes [31]. Tin-based heterogeneous
chemocatalysts have been proven to be able to utilize to dehydrate corncob-derived D-
xylose to FAL. In this work, sulfonated tin-loaded heterogeneous chemocatalyst SO4

2−/
SnO2-FFS was prepared by using carbonized FFS as biobased carrier. The surface area
changes of SO4

2−/SnO2-FFS and FFS were tested by BET, and the results were displayed in
Table 1. The surface change of the carrier FFS and catalyst SO4

2−/SnO2-FFS was compared.
Specific surface area (SSA) of FFS was 12.4 m2/g. SO4

2−/SnO2-FFS had bigger SSA
(29.4 m2/g). Large SSA might promote the contact between the catalytic active sites on solid
acid catalyst and the substrate molecules, which would result in the enhancement of FAL
productivity [32]. SO4

2−/SnO2-FFS appeared smaller pore size (4.7 nm) compared with the
FFS pore size (14.5 nm), and a reduced pore volume of SO4

2−/SnO2-FFS (0.010 cm3/g) was
evident. The pore size of SO4

2−/SnO2-FFS was bigger than the molecular dynamics (MD)
radius of FAL (0.68 nm) and D-xylose (0.86 nm) [33], suggesting that D-xylose might be
beneficial to spread into the acid sites on the surface of SO4

2−/SnO2-FFS and was further
dehydrated into FAL.

Table 1. Surface and pore difference of FFS and SO4
2−/SnO2-FFS.

Sample
BET Surface Area,

m2/g
Pore Volume,

cm3/g
Pore Size,

nm

FFS 12.4 0.03 14.5
SO4

2−/SnO2-FFS 29.4 0.01 4.7

The SEM image depicted that the surface of FFS was comparatively smooth, while
the surface of SO4

2−/SnO2-FFS was rough (Figure 2). It showed that SnO2 and SO4
2−

were loaded on the carrier FFS, and enhanced the contact between SO4
2−/SnO2-FFS and D-

xylose. As described in FT-IR (Figure 3), SO4
2−/SnO2-FFS had obvious surface compared to

FFS. The peaks near 3421 cm−1 and 2922 cm−1 were attributed to the presence of hydroxyl
groups and H+ of -COOH stretching [34]. The peak about 1628 cm−1 corresponded to the
stretching vibration of the amide in FFS [35]. The peak around 1404 cm−1 was associated
with O-H stretching [36]. The peak near 1128 cm−1 corresponded to sulfonic acid groups
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(SO3H) [37]. The peaks around 741 cm−1 and 592 cm−1 were related to the inorganic
phase, representing the bending mode of P-O groups, as well as hydroxyl stretching of
the adsorption water [38]. The XRD spectra of FFS and SO4

2−/SnO2-FFS were displayed
in Figure 4. The peak near 26.1◦ was associated with the crystal plane of amorphous
carbon [39], and the peak around 31.9◦ was assigned to hydroxyl apatite [40]. The sharp
characteristic peaks of crystalline SnO2 were reflected at 25.9◦, 33.8◦, and 51.9◦ through the
XRD analysis [41]. The observed XRD pattern was characteristic for HAP as reported in the
literature [42]. XRD patterns of SO4

2−/SnO2-FFS also indicated that SnO2 had been loaded.
By using NH3-TPD (temperature-programmed desorption of ammonia) (Figure 5), the acid
properties of SO4

2−/SnO2-FFS were measured. Through the analysis with desorption of
NH3 under the various temperatures, the weak-, medium-, and strong-acid sites on the
heterogeneous catalyst might be detected based on the temperature 100–200 ◦C, 200–400 ◦C,
and 400–800 ◦C, respectively. From the observation of Figure 5, it could be deduced that
SO4

2−/SnO2-FFS possessed a predominant type of acid site (weak acid site) only at 108 ◦C.
As displayed in XPS image (Figure 6), SO4

2−/SnO2-FFS had been accompanied by Sn, and
Sn had three valences (+4, +2, 0). The fraction of Sn4+3d5/2, Sn2+3d5/2, and Sn03d5/2 were
48.4%, 46.1%, and 5.5%, respectively.

Figure 2. SEM image of FFS (A) and solid acid SO4
2−/SnO2-FFS (B).

Figure 3. Fourier transform infrared spectroscopy (FT-IR) images of chemocatalyst SO4
2−/SnO2-FFS

and FFS. FT-IR was conducted by using Nicolet IS50 (Thermo Scientific, Waltham, MA, USA) in the
range of 4000–500 cm−1.
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Figure 4. X-ray diffraction (XRD) images of chemocatalyst SO4
2−/SnO2-FFS and FFS (XRD was

carried out by using a D/max-2500 (Japan) instrument (Rigaku Co., Akishima-shi, Japan)). The 2θ

angle was scanned between 10◦ and 80◦.

 
Figure 5. Temperature-programmed desorption of ammonia (NH3-TPD) image of SO4

2−/SnO2-FFS.
The temperature was scanned between 0–600 ◦C.

Figure 6. X-ray photoelectron spectroscopy (XPS) image of SO4
2−/SnO2-FFS. The B.E. (eV) was

scanned between 480–500.
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It has been reported that tin and sulfonic acid group have good catalytic activity for
FAL production, forming lignocellulose and xylose-rich hydrolysate [43]. By comparing
the surface structure, pore properties, and chemical groups, SO4

2−/SnO2-FFS preparation
process could slightly alter the surface structure of FFS. The preparation of SO4

2−/SnO2-
FFS involved the solvent immersion and sulfonation reaction by H2SO4, which would
result in the dissolution of FFS and the disordered structure. Sn4+ as the Lewis acid center
on the tin-based solid acid could promote the production of FAL [19].

2.2. Effects of SO4
2−/SnO2-FFS Load, Dehydration Temperature, and Reaction Duration on the

FAL Generation

To promote the generation of FAL, three key parameters including SO4
2−/SnO2-FFS

load (0–4.8 wt.%), dehydration temperature (160–190 ◦C), and reaction duration (10–50 min)
were tested on the dehydration of xylose. As displayed in Figure 7a, when the loading
of SO4

2−/SnO2-FFS increased from 0 to 3.6 wt.%, a significant enhancement in FAL yield
was observed, and a maximum (48.8% yield) was obtained in the existence of 3.6 wt.%
SO4

2−/SnO2-FFS at 160 ◦C in 15 min. With increasing the SO4
2−/SnO2-FFS content from

3.6 to 4.8 wt.%, the FAL yields did not change apparently. Significantly, the suitable load
of SO4

2−/SnO2-FFS was 3.6 wt.%. Sulfonated montmorillonite (2.0 wt.%) transformed
corncob to FAL (40% yield) under the temperature of 180 ◦C after 10 min [44]. Sulfonated
argil (3.6 wt.%) transformed D-xylose (20 g/L) to FAL (44% yield) after 20 min under the
temperature of 180 ◦C [45]. In this work, SO4

2−/SnO2-FFS (3.6 wt.%) catalyzed corncob
hydrolysates containing D-xylose under the temperature of 160 ◦C after 15 min to generate
FAL in the yield of 48.8% yield.

By comparing the yield of reaction at 160–190 ◦C for 10–50 min, the highest FAL
yield (58.8%) was achieved at 170 ◦C for 15 min, and the reaction temperature was higher
compared with the optimization measures in the previous step. When the dehydration tem-
perature was above 170 ◦C, the dehydration activity was weakened, achieving a declined
FAL yield. A higher performance temperature did not favor the formation of FAL [46],
and a low FAL yield could be obtained [47]. Although a higher dehydration temperature
might increase the dehydration activity for converting xylose into FAL, the unwanted
side-reaction potentially would happen [48]. Some unnecessary substances might deposit
in the catalytic centers on SO4

2−/SnO2-FFS, and significant influence the catalytic activity
and the FAL yield was thusly decreased [19]. When the reaction duration was more than
15 min, the generation of FAL was weakened (Figure 7b). SO4

2−/SnO2-FFS had good
catalytic activity to catalyze the synthesis of FAL from corncob-derived D-xylose within
15 min at 170 ◦C.

In order to analyze the impact of the SO4
2−/SnO2-FFS catalyst on FAL yield, xylose

aqueous solution was employed as the substrate in a DESMLA–water system, with the addi-
tion of ZnCl2, and the reaction was conducted at 170 ◦C for 15 min. The results are presented
in Table S1 (in Support Information), revealing that SnO2-FFS and SO4

2−/SnO2 could give
higher FAL yields compared to the control group without a catalyst. Furthermore, the FAL
was achieved in the highest yield (70.5%) through the catalysis of SO4

2−/SnO2-FFS. This
could be attributed to the synergistic effect of Lewis and Brønsted acidic sites in sulfonated
SnO2-FFS, resulting in more active acid sites [49,50]. In summary, the solid acid catalyst
SO4

2−/SnO2-FFS employed in this study exhibited enhanced catalytic activity in biomass
conversion to FAL.
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Figure 7. Effects of catalyst SO4
2−/SnO2-FFS loading (0–4.8 wt.%) on the FAL yield (xylose-rich

hydrolysate containing 20 g/L xylose, 0–4.8 wt.% SO4
2−/SnO2-FFS, 160 ◦C, 15 min, 500 rpm) (a);

effects of reaction temperature (160–180 ◦C) and duration (5–50 min) on the FAL yield (xylose-rich
hydrolysate containing 20 g/L xylose, 3.6 wt.% SO4

2−/SnO2-FFS, 500 rpm) (b).

2.3. Effects of DES–Water Systems on the FAL Formation

DES acted as a reaction solvent in the catalytic transformation of lignocellulose and
its derived sugars [51,52]. Five kinds of carboxylic acids, including maleic acid (MLA)
(pKa = 1.9), malic acid (MA) (pKa = 3.46), lactic acid (LA) (pKa = 3.86), citric acid (CA)
(pKa = 3.13), and tartaric acid (TA) (pKa = 3.04), were selected to synthesize DESs (DESMLA,
DESMA, DESLA, DESCA, and DESTA) with ChCl (hydrogen bond acceptor, HBA). Using
3.6 wt.% SO4

2−/SnO2-FFS as a catalyst, xylose-rich hydrolysates were catalyzed to gen-
erate FAL in a DES–water (20:80, v/v) system. The dissociation constant (pKa) values of
carboxylic acids in DESs were close to those in water and also might be associated with
the FAL yield [53]. When xylose was dehydrated into FAL in acidic DESs, the pKa value
of carboxylic acid in DESs had a certain correlation with the yield of FAL. The results
indicated that a lower pKa value would give a higher the yield of FAL (Figure 8a). The
carboxylic acid with low pKa value in DES was beneficial to the FAL generation. As a
hydrogen bond donor (HBD), MLA has the lowest pKa value (1.9), which facilitated to the
FAL formation (FAL yield 63.0%). The dicarboxylic structure of MLA with stable positive
anions might form by hydrogen bonds due to the action of protonation. The cis-anion
structure could bind to ChCl to enhance the generation of a more stable liquid, which was
necessary for transforming D-xylose efficiently into FAL. Additionally, with the increase
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in the -OH group in the carbon chain, the pKa value of carboxylic acid in DESs would be
lower and a higher FAL yield would be obtained [54]. Using MLA (pKA = 1.9), CA (pKA =
3.13) and LA (pKA = 3.86) as HBDs, the prepared ChCl-based DESs had apparently influ-
enced the FAL yields. In the water system, the yield of FAL was 58.8%, which was lower
than the yield of FAL in DESMLA–water (63.0% yield). The influence of the DESMLA–H2O
volumetric ratio (0:1−4:6, v/v) was examined on the FAL generation through the conver-
sion of D-xylose-rich corncob-hydrolysate into FAL with SO4

2−/SnO2-FFS (Figure 8b). In
the DESMLA–water system, the FAL yield exhibited a significant increase with the rising
volumetric ratio of DESMLA. When DES was absent from the reaction system, the FAL
yield approached 60%. However, with an increase in DESMLA volumetric ratio up to 10%,
the yield of FAL exceeded 60%. The highest yield was achieved in DESMLA–water (1:9,
v/v). Furthermore, as the volumetric ratio of DESMLA was further increased, the FAL
yield displayed a noticeable decline. A high content of DESMLA (> 10%) would increase
the viscosity of the reaction medium, leading to the reduction in FAL yield. Accordingly,
DESMLA–water (1:9, v/v) was regarded as the most suitable reaction system.

 

Figure 8. Effect of different DES type and the pKa value of different organic acid in DES on the FAL
yield in DES–water (20:80, v/v) system (xylose-rich hydrolysate containing 20 g/L xylose, 3.6 wt.%
SO4

2−/SnO2-FFS, 170 ◦C, 15 min, 500 rpm) (a); effect of DESMLA–water system (0:1–7:3, v/v) on
the FAL yield (xylose-rich hydrolysate containing 20 g/L xylose, 3.6 wt.% SO4

2−/SnO2-FFS, 170 ◦C,
15 min, 500 rpm) (b).

2.4. Effect of Chloride Salts on the FAL Yield

Chloride salts are frequently employed to stabilize the transition state and interme-
diate structures in catalytic processes, thereby reducing undesirable side reactions and
significantly improving the yield of FAL [55]. Hence, different chloride salts (15 g/L) were
individually supplemented into the catalytic system, which would result in the promotion
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of the dispersion and yield of FAL. Distinct from the control group, SnCl4 and LiCl2 could
apparently hinder the production of FAL (Figure 9a). Most of the chloride salts (CaCl2,
MgCl2, NH4Cl, AlCl3, KCl, MnCl2, BaCl2, and NaCl) did not significantly promote the
catalytic activity. However, NiCl2 and ZnCl2 exhibited positive effects on the enhancement
of catalytic reactions. Particularly, the addition of ZnCl2 (15 g/L) facilitated the FAL for-
mation and resulted in the highest FAL yield of 66.6%. Moreover, different loads of ZnCl2
(0–30 g/L) were supplemented into DESMLA–water mediums (Figure 9b), and the catalytic
effect on the generation of FAL from D-xylose was tested. When the content of ZnCl2 was
20 g/L, the highest FAL yield reached 70.5% for 15 min in DESMLA–water (170 ◦C). In
the absence of ZnCl2, the FAL yield was only 63%. The addition of ZnCl2 enhanced the
selectivity of FAL production from xylan-rich biomass, reducing the occurrence of side
reactions and the formation of by-products [56]. As a result, this led to a further increase in
the overall FAL yield.

Figure 9. Effect of different chloride salts (15 g/L) on the FAL yield (xylose-rich hydrolysate con-
taining 20 g/L xylose, 3.6 wt.% SO4

2−/SnO2-FFS, DESMLA–water system (1:9, v/v), 170 ◦C, 15 min,
500 rpm) (a); effect of ZnCl2 dosage (0–30 g/L) on the FAL yield (xylose-rich hydrolysate contain-
ing 20 g/L xylose, 3.6 wt.% SO4

2−/SnO2-FFS, DESMLA–water system (1:9, v/v), 170 ◦C, 15 min,
500 rpm) (b).

To sum up, the yield of FAL was up to 70.5% from D-xylose-rich corncob-hydrolysate
(20 g/L) by 3.6 wt.% SO4

2−/SnO2-FFS and 20 g/L ZnCl2 in DESMLA–water (1:9, v/v) sys-
tem. Various solid acids prepared by different carriers were used to catalyze the synthesis
of FAL from biomass or xylose. Using Sn-adamellite or Sn-sepiolite as a catalyst, biomass
treated by an alkalic solution was catalyzed into FAL under acidic conditions, and the yields

167



Catalysts 2023, 13, 1277

were below 60% [57]. Sn-zeolite, SO4
2−/SnO2-CS, and Sn-GP were also employed to trans-

form lignocellulose to FAL in the yield of 52.3%, 68.2%, and 47.3%, respectively [16,19,29].
Coconut shell-activated carbon-based biochar solid acid transformed sugarcane bagasse to
FAL with a yield of 49% [11]. Accordingly, SO4

2−/SnO2-FFS had high catalytic ability for
the catalysis of biomass to yield FAL (70.5% yield). Notably, this was the first report that
fish scale-based solid acids could be efficiently utilized to catalyze biomass into FAL with
high yield in DESMLA–water.

2.5. Recyclability of SO4
2−/SnO2-FFS and DESMLA–Water

The main benefit of using solid acid catalysts is that they can be easy to recycle and
reuse [58]. In order to test the stability of SO4

2−/SnO2-FFS used in D-xylose dehydration
to prepare FAL in DESMLA–water, a five-cycle experiment was carried out. Before each
use, the recovered catalyst was regenerated by sulfonation. As displayed in Figure 10, FAL
could reach 70.5% by using fresh SO4

2−/SnO2-FFS. Then, the yield of FAL dropped to
66.6% at 170 ◦C for 15 min in the DESMLA–water system at the first reuse of the catalyst,
and the FAL yield was weakened gradually to 54.2% after five cycles. The catalytic ability
of SO4

2−/SnO2-FFS decreased slightly but it still could achieve a yield of FAL up to 54%,
which had a favorable thermostability. Furthermore, the reduction in catalytic ability
might be related to the loss of the catalytic component SnO2. Sn-zeolite was reused seven
times, and the FAL yields were declined from 52% (1st batch) to 37% (seventh batch) [16].
After three cycles of Sn-MMT, the yield of FAL was weakened by 12% [59]. These results
displayed that SO4

2−/SnO2-FFS had good reusability and high thermostability. The good
reusability of SO4

2−/SnO2-FFS could effectively reduce operating costs. Furthermore,
DESMLA also could be reused. After being extracted and purified, DESMLA–water was
recycled for the next batch. It could be reused five times without a remarkable impact on
the productivity of FAL. In conclusion, well recyclability and stability of DESMLA–water
showed high potential for industrial production of FAL.

Figure 10. Recycled of SO4
2−/SnO2-FFS and DESMLA catalyzed xylose-rich hydrolysate to FAL

(xylose-rich hydrolysate containing 20 g/L xylose, 3.6 wt.% SO4
2−/SnO2-FFS, DESMLA–water system

(1:9, v/v), 20 g/L ZnCl2, 170 ◦C, 15 min, 500 rpm).

2.6. Mass Flow from Corncob to FAL

In Figure 11, the mass flow from CC to FAL in DESMLA–water system was summarized.
The 100 g of CC consisted of 41.5 g of glucan, 31.5 g of xylan, 22.5 g of lignin and 4.5 g of
others. 1 L of D-xylose hydrolysate (containing 20 g D-xylose) was obtained after acidolysis
of 100 g CC. After carbonization, sulfonation, and loading on FFS, SO4

2−/SnO2-FFS was
finally obtained. The FAL preparation was generally carried out in a 10 L stainless steel
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reactor which contained 20 g of D-xylose, 36 g of catalyst, 0.1 L DESMLA, 0.9 L water and
20 g ZnCl2, then the reaction was well-distributed and mixed at 170 ◦C for 15 min by
stirring at 500 rpm. In the DESMLA–water system, 20 g of D-xylose was converted into
9.0 g of FAL. The yield of FAL reached up to 70.5%. This result of mass balance confirmed
that CC could be utilized to produce FAL effectively via SO4

2−/SnO2-FFS. In the fish
processing industry, 1 million tons of fish scale are produced each year [60]. Fish scale is
an economic, abundant, and sustainable bioresource. In this study, the carbonized fish
scale was utilized as a carrier to synthesize biochar-based heterogeneous SO4

2−/SnO2-
FFS catalyst for producing FAL via the dehydration of D-xylose in a sustainable reaction
system (DESMLA–water). The waste FFSs were prepared into biochar-based solid acid and
catalyzed to produce FAL, which realized the efficient utilization of FFSs. A core-shell
sulfonated tin-loaded diatomite catalyst could be utilized to prepare FAL from xylose
with a yield of 66% [61]. SO4

2−/SnO2-FFS, which was produced by utilizing carbonized
FFS as a carrier, transformed xylose-rich hydrolysate to FAL with a yield of 70.5% at
170 ◦C for 15 min in DESMLA–water. Apparently, the abundant and renewable fish scale
could be utilized to prepare solid acid for the catalytic synthesis of FAL from biomass
hydrolysates efficiently.

Figure 11. Mass flow for corncob (CC) to FAL.

2.7. Proposed Mechanism for Synergistic Catalysis of D-Xylose-Rich Hydrolysate into FAL in
DESMLA–Water

In this study, the biochar catalyst SO4
2−/SnO2-FFS is a biomass-based carbon material

with a pore size of 4.5 nm (Table 1), high surface area, and contained uniform load content
(Figure 1). In the SO4

2−/SnO2-FFS catalyst, the induction effect of S=O might cause the
electron cloud on the Sn-O to deviate wildly, which would strengthen the L acid site [62].
The hydroxyl group (-OH) of HAP in FFSs might be replaced by fluoride, chloride, and
carbonate ions to form fluoroapatite or chloroapatite. The Ca2+ can be replaced with
various metal ions through an ion exchange reaction to generate apatite corresponding
to metal ions. Sn ions had been successfully loaded into SO4

2−/SnO2-FFS, which might
have a positive effect on the catalytic efficiency of FAL [63]. Furthermore, the L acid site
on SO4

2−/SnO2-FFS had a strong attraction to the electrons of water molecules, which
could dissociate the L acid site and then form the B acid site. In the dehydration reaction,
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DESMLA could be utilized as both catalyst and solvent with acidic and ionic properties to
transform biomass-derived sugars to FAL.

In an aqueous system, it was speculated that SO4
2−/SnO2-FFS and DESMLA had a

synergistic catalytic action in the production of FAL (Figure 12). According to the HPLC
analysis results, the reaction solution contained D-xylose, glucose, cellobiose, formic acid,
levulinic acid, and FAL (data not shown). Sn ions and acid ions were uniformly supported
on the catalyst carrier. The proposed catalytic mechanism was as follows: the loop-opening
reaction of D-xylose from D-xylose hydrolysate of CC produced chain structure, and the L
acid site of SO4

2−/SnO2-FFS cooperated with acyclic D-xylose to generate more reactive
isomer through hydrogen transfer reaction. FAL was further synthesized by loop-closing
and dehydration by B acid. The pore size of the FFS carbon base was suitable for contact
between D-xylose and the active center, which might promote the transformation of D-
xylose. Moreover, the HAP component in FFS was prone to ion exchange reactions with tin
ions, and tin ions had a certain attraction to sulfate ions and chloride ions, which improved
the acidity. ChCl might improve the proton availability and activity in the system under
acidic conditions. Additionally, Cl− from ChCl could be beneficial to the isomerization
of the D-xylose molecule and strengthen its attraction on the SO4

2− site, which might
increase the reaction rate [64]. It was worth noting that chloride salt might accelerate
the transformation of D-xylose from lignocellulose to FAL [65]. Hence, DESMLA played
a synergistic role in FAL production when SO4

2−/SnO2-FFS was used as a chemocata-
lyst. In addition, under this system, glucose from hydrolysate might be isomerized and
dehydrated to form HMF, which could be also partially decomposed into formic acid and
levulinic acid.

Figure 12. Proposed catalytic mechanism for catalyzing D-Xylose hydrolysate of CC into FAL and
byproduct at 170 ◦C for 15 min with 20 g/L ZnCl2 in DESMLA–water (1:9, v/v) system.

Clean production of biobased chemicals from renewable lignocellulose is essential
in a sustainable biorefinery [66]. Lignocellulose, with its wide range of sources, low cost,
and sustainable production, can be derived from various biomass materials (e.g., straw,
bagasse, wheat husk, etc.) for the production of FAL [67]. In China, about 900 million tons
of crop waste are produced each year, 11.1% of which is CC [65]. In addition, FFS as a
waste bioresource has good biocompatibility and degradability, and excellent mechanical
properties due to their highly ordered layered microstructure and composition similar
to human hard tissue, which has been utilized in tissue engineering, biological filling,
sewage processing, and flexible electronics [30]. In this study, FFS was first used as a carrier
to prepare biochar chemocatalyst (SO4

2−/SnO2-FFS) for FAL production. The yield of
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FAL (70.5%) was obtained by catalyzing the CC-hydrolysate containing xylose to FAL in
DESMLA–water system using SO4

2−/SnO2-FFS as catalyst, verifying that available, cheap,
and renewable FFS could be used as a bio-based carrier for the synthesis of highly catalytic
activity of heterogeneous biochar catalysts to transform biomass-derived D-xylose into FAL
in a high yield. Compared with the conditions or yields of FAL production from biomass
or xylose catalyzed by other solid acids, the yield of FAL by SO4

2−/SnO2-FFS was higher,
the reaction time was shorter, and the reaction solution could be reused, which would not
only save energy, but also be more friendly to the environment. Apparently, the prepared
biochar catalyst catalyzed biomass for FAL production has full application prospects.

3. Materials and Methods

3.1. Reagents and Materials

Fresh fish scale of carp was collected from a fishery in Weifang (Weifang, China).
Choline chloride (ChCl), malic acid (MA), maleic acid (MLA), lactic acid (LA), Citric acid
(CA), tartaric acid (TA), MgCl2, NaCl, KCl, FeCl3, AlCl3, CrCl3, CuCl2, CoCl2, NH4Cl,
ZnCl2, furfural (FAL), SnCl4·5H2O, ammonia, ethanol, sulfuric acid (H2SO4), and other
chemicals were bought from other commercial sources (Shanghai, China).

3.2. Synthesis of DESs

DES was prepared according to the procedure as previously reported [68]. The seven
DESs used in this study were DESLA, DESMA DESCA, DESMLA, and DESTA. These DESs
were prepared by mixing ChCl and a corresponding organic acid at 80 ◦C. The ratio of
ChCl to organic acid was 1:1 (mol/mol).

3.3. Preparation of Xylose-Rich Hydrolysate from Corncob and SO4
2−/SnO2-FFS Catalyst

Xylose-rich hydrolysate from corncob was produced by hydrothermal reaction. Corn-
cob was hydrolyzed with DESMLA at 140 ◦C for 40 min. Then, xylose-rich hydrolysate was
obtained by filtration. By concentration, the xylose in hydrolysate reached 20 g/L.

FFS was thoroughly washed with tap water, followed by boiling in deionized water.
Subsequently, the boiled mixture was filtered to remove gelatin, proteins, and other impu-
rities. The obtained wet fish scale was then dried in a 60 ◦C oven for 16 h. The desiccated
solid was finely ground using a milling machine to achieve particle sizes between 60 and
80 mesh. Finally, the powdered fish scale was placed in a muffle furnace and subjected to a
temperature of 300 ◦C for 1 h, resulting in the formation of biochar. The obtained powders
were immersed in 4 M H2SO4 at 60 ◦C for 4 h for sulfonation. The sulfonated solid powders
were obtained by filtration and rinsed continuously with deionized water until neutral.
The acid-treated FFS (AT-FFS) was blended with SnCl4·5H2O and anhydrous ethanol, and
then ammonia (25.0 wt.%) was slowly dripped into this mixture to regulate the pH to 6.0.
This generated colloidal liquor was dried in an oven (70 ◦C) for 12 h and then oven dried at
90 ◦C for another 12 h. The collected powders were steeped in 500 mM H2SO4 for 180 min.
The acidic solid powders were separated by filtration. The powders ware dried for 12 h in
an oven (80 ◦C), and then calcined in a muffle furnace (500 ◦C) for 4 h. Finally, the formed
SO4

2−/SnO2-FFS was collected for further use.

3.4. Transformation of Xylose-Rich Hydrolysate into FAL by SO4
2−/SnO2-FFS in DES–Water System

In 40 mL DES-water system, xylose-rich hydrolysate (20 g/L) was mixed with SO4
2−/

SnO2-FFS in a 100 mL stainless-steel autoclave (TGYF-A-0.1L, Zhengzhou Huate Instrument
Equipment Co., Ltd., Zhengzhou, China) by stirring (500 rpm). After the xylose-rich
corncob-hydrolysate was catalyzed with SO4

2−/SnO2-FFS (0–4.8 wt.%) at 160–180 ◦C for
10–50 min in DES−water (0:1–4:6, v/v) containing chlorite salts (0–30.0 g/L), the autoclave
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was quenched in an ice-water bath to room temperature. FAL yields were calculated as
below equation:

FAL yield (%) =
FAL produced (g)

D-Xylose (g)
× 150

96
×100

3.5. Reuse of SO4
2−/SnO2-FFS and DES

To evaluate the activity and stability of solid acid, SO4
2−/SnO2-FFS was recovered and

repeatedly reused five times to catalyze D-xylose into FAL. After each use, SO4
2−/SnO2-

FFS was extracted by suction flask, washed thoroughly with deionized water, and dried
in an oven (60 ◦C). Then it was calcined in the muffle furnace to remove product residues
and further sulfonation. The recovered SO4

2−/SnO2-FFS was used in the next batch of
reaction to measure its effect. Each batch was performed for 15 min in an autoclave (170 ◦C)
containing 40 mL of DES−water (10:90, v/v), 20.0 g/L of D-xylose, and 20.0 g/L of ZnCl2.
Subsequently, the reaction media were extracted with ethyl acetate three times, and the
reaction liquid was reused five times.

3.6. Analytical Methods

Through FTIR, XRD, and BET and XPS [69], the diversity between SO4
2−/SnO2-FFS

and FFS was discovered. FAL was measured with HPLC as reported in reference [45].
NH3-TPD was carried out by using a ChemiSorb 2720 chemisorption system (Micromeritics,
Norcross, GA, USA) to measure the acid strength of SO4

2−/SnO2-FFS. SO4
2−/SnO2-FFS

(0.10 g) was treated for 120 min with helium (300 ◦C). After the NH3 adsorption for 60 min
at 50 ◦C, SO4

2−/SnO2-FFS was pretreated with helium to remove excessive NH3 until a
stable baseline was obtained. SO4

2−/SnO2-FFS was heated to 850 ◦C for NH3 desorption
at a flow rate of 30–50 mL per minute and a heating rate of 10 ◦C per minute.

4. Conclusions

In this work, the abundant biobased FFS was used as a carrier to prepare the biochar
SO4

2−/SnO2-FFS catalyst. After the acid hydrolysis of corncob, xylose-rich corncob-
hydrolysate was used as a substrate to produce FAL through the catalysis with biochar
SO4

2−/SnO2-FFS catalyst. In DESMLA–water (DESMLA, 10 vol%), the FAL yield was ob-
tained at 70.5% by SO4

2−/SnO2-FFS (3.6 wt.%) with ZnCl2 (20.0 g/L) for 15 min under
the temperature of 170 ◦C. The potential catalytic mechanism for the production of FAL
from corncob catalyzed by SO4

2−/SnO2-FFS in DESMLA–water was proposed. An efficient
method for the synthesis of biofuran from lignocellulose was successfully developed by
using a biochar solid acid catalyst in a green reaction system.
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Author Contributions: Methodology, software, validation, formal analysis, investigation, resources,
data curation, writing—original draft preparation, L.Y., Y.L. and Y.W.; visualization, supervision,
writing—review and editing, Y.H.; Methodology, formal analysis, investigation, resources, data
curation, C.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was kindly funded by Open Project Program of the State Key Laboratory of
Bioreactor Engineering.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the Analysis and Testing Center (Changzhou University) for
the analysis of solid acid with FT-IR, SEM, XRD, BET analysis, NH3-TPD, and XPS.

Conflicts of Interest: The authors declare no conflict of interest.

172



Catalysts 2023, 13, 1277

Abbreviations

DES deep eutectic solvent
LB lignocellulosic biomass
FFS fresh fish scale
L Lewis
B Brönsted
ChCl choline chloride
CC corncob
HAP hydroxyapatite
MA malic acid
MLA maleic acid
LA lactic acid
CA citric acid
TA tartaric acid
HBD hydrogen bond donor
XPS X-ray photoelectron spectroscopy
HPLC high performance liquid chromatography
FAL furfural
FOL furfuryl alcohol
XRD X-ray diffraction
BET Brunner–Emmet–Teller measurements
TG thermogravimetric analysis
SEM scanning electron microscopy
FT-IR Fourier transform infrared spectroscopy

References

1. Chen, X.J.; Guo, T.; Mo, X.; Zhang, L.D.; Wang, R.F.; Xue, Y.N.; Fan, X.L.; Sun, S.L. Reduced nutrient release and greenhouse
gas emissions of lignin-based coated urea by synergy of carbon black and polysiloxane. Int. J. Biol. Macromol. 2023, 231, 123334.
[CrossRef]

2. He, Y.C.; Liu, F.; Di, J.H.; Ding, Y.; Zhu, Z.Z.; Wu, Y.Q.; Chen, L.; Wang, C.; Xue, Y.F.; Chong, G.G. Effective enzymatic
saccharification of dilute NaOH extraction of chestnut shell pretreated by acidified aqueous ethylene glycol media. Ind. Crops
Prod. 2016, 81, 129–138. [CrossRef]

3. Hu, L.; Wu, Z.; Jiang, Y.T.; Wang, X.Y.; He, A.Y.; Song, J.; Xu, J.M.; Zhou, S.Y.; Zhao, Y.J.; Xu, J.X. Recent advances in catalytic and
autocatalytic production of biomass-derived 5-hydroxymethylfurfural. Renew. Sustain. Energy Rev. 2020, 134, 110317. [CrossRef]

4. Chen, X.J.; Guo, T.; Yang, H.C.; Zhang, L.D.; Xue, Y.N.; Wang, R.F.; Fan, X.L.; Sun, S.L. Environmentally friendly preparation of
lignin/paraffin/epoxy resin composite-coated urea and evaluation for nitrogen efficiency in lettuce. Int. J. Biol. Macromol. 2022,
221, 1130–1141. [CrossRef]

5. Jia, W.; Zhang, J.; Yu, X.; Feng, Y.; Wang, Q.; Sun, Y.; Tang, X.; Zeng, X.; Lin, L. Insight into the Mars-van Krevelen mechanism for
production 2,5-diformylfuran over FeNx@C catalyst. Biomass Bioenergy 2022, 156, 106320. [CrossRef]

6. He, J.; Huang, C.; Lai, C.; Wang, Z.; Yuan, L.; Ragauskas, A.; Yan, Y.; Yong, Q. Revealing the mechanism of lignin re-polymerization
inhibitor in acidic pretreatment and its impact on enzymatic hydrolysis. Ind. Crops Prod. 2022, 179, 114631. [CrossRef]

7. Hu, L.; Jiang, Y.; Wu, Z.; Wang, X.Y.; He, A.Y.; Xu, J.X.; Xu, J.M. State-of-the-art advances and perspectives in the separation of
biomass-derived 5-hydroxymethylfurfural. J. Clean. Prod. 2020, 276, 124219. [CrossRef]

8. Ma, S.; Chen, B.; Zeng, A.; Li, Z.; Tang, X.; Sun, Y.; Lin, L.; Zeng, X. Chemical structure change of lignin extracted from bamboo
biomass by maleic acid. Int. J. Biol. Macromol. 2022, 221, 986–993. [CrossRef] [PubMed]

9. Amini, E.; Valls, C.; Roncero, M.B. Ionic liquid-assisted bioconversion of lignocellulosic biomass for the development of value-
added products. J. Clean. Prod. 2021, 326, 129275. [CrossRef]

10. Zhou, Z.; Ju, X.; Zhou, M.; Xu, X.; Fu, J.; Li, L. An enhanced ionic liquid-tolerant immobilized cellulase system via hydrogel
microsphere for improving in situ saccharification of biomass. Bioresour. Technol. 2019, 294, 122146. [CrossRef]

11. Li, Q.; Ma, C.L.; Zhang, P.Q.; Li, Y.Y.; Zhu, X.; He, Y.C. Effective conversion of sugarcane bagasse to furfural by coconut shell
activated carbon-based solid acid for enhancing whole-cell biosynthesis of furfurylamine. Ind. Crops Prod. 2021, 160, 113169.
[CrossRef]

12. Ramírez, E.; Bringué, R.; Fité, C.; Iborra, M.; Tejero, J.; Cunill, F. Role of ion-exchange resins as catalyst in the reaction-network of
transformation of biomass into biofuels. J. Chem. Technol. Biotechnol. 2017, 92, 2775–2786. [CrossRef]

13. Xia, Z.-H.; Zong, M.-H.; Li, N. Catalytic synthesis of 2,5-bis(hydroxymethyl)furan from 5-hydroxymethylfurfual by recombinant
Saccharomyces cerevisiae. Enzym. Microb. Technol. 2020, 134, 109491. [CrossRef] [PubMed]

173



Catalysts 2023, 13, 1277
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Abstract: Heterogeneous catalysts, basic, acidic or bifunctional, can catalyze transesterification
reactions where the raw material has a significant content of FFA fatty acids, such as used cooking
oils or other lipid-based residues, which do not have the purity required for homogeneous catalysis,
in which case the purity of the triglycerides above 99.5% is the first condition for the initiation of
the reaction, to avoid saponification. In this work, a green supported catalyst was developed, using
bacterial cellulose as catalytic support and biodegradable superbase as a chemical compound, for
transesterification reaction to obtain alkyl esters, yielding over 99% of its content at 70 ◦C temperature
and 7.5% catalyst loading (1.5/20 w/w catalyst:oil). A Plackett—Burman design was used for
screening experiments to explore the main effect in terms of catalytic activity and performance of the
triglyceride conversion reaction.

Keywords: bacterial cellulose; heterogeneous catalyst; superbases; transesterification; Plackett–Burman
design; methyl esters

1. Introduction

Biofuels should be non-disputable alternatives to fossil fuels, as biofuel technologies
already scaled up, or in pilot phase (involving production of biodiesel, bioethanol or biogas)
are waiting to be integrated in the fuel matrix of any economy, lowering the pressure on its
energy system.

Considering the multiple disadvantages of the production, refining, and use of fossil
fuels, starting with their depletion, or the environmental problems due to CO2 emissions,
one can instead resort to technologies for the production of biofuels or synthetic fuels,
which can be produced as much as necessary, benefiting from the knowledge of the last
15–20 years of new techniques and technologies [1], gaining in the end its own energy
dependence, fuels or otherwise.

Regarding the insertion of biofuels into the fuel matrix of the economy, it should be
noted that, for several years, solutions have also started to come from the large companies
producing petro-fuels, and two directions are worth mentioning; the first would be the
one where they comply with the biofuel content regulations at the gas station pump,
ranging from 6 to 10% ethanol (E6/E10) or B6/B10, while the second is the solution
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they proposed in regarding awareness of climate change issues, namely hydrotreating or
hydroprocessing [2–5], the option that some oil companies are considering to address, or
even commercially produce, so-called green diesel.

Hydroprocessing of vegetable oils involves hydrodeoxygenation of triglycerides and
hydrorefining of derived products in the presence of catalysts and H2 environment. This type
of process leads to obtaining mixtures and liquid hydrocarbons (HC), usually n-paraffins
C15–C18, with a boiling point below that specific to fossil diesel, which are also called
green diesel or bio-dehydrogenated diesel. In most cases, the hydrodeoxygenation process
takes place on Ni/Co/Mo-Al2O3-type catalysts or other proprietary patented catalysts [2] to
obtain long chains of n-paraffins, while the hydro-isomerization step is carried out by using
specific, specially designed catalysts to obtain specific cold flow properties by converting
n-paraffins to iso-paraffins. This hydro-isomerization is the most critical stage because
obtaining the flow properties for the produced green diesel must not compromise the cetane
number or other properties required for its use in aviation, for example.

This technology is already applied commercially [5] and, among the existing solutions,
we also find the possibility of retrofitting in the case of some industrial platforms with
installations for fossil fuels. The implementation of these operations does not require addi-
tional installations and can be easily integrated into the infrastructure of some refineries,
with several companies expressing their interest in this green diesel production technology.

Biofuels are, on the other hand, chemical compounds of synthesis. Homogeneously
catalyzed commercial biodiesel is an excellent choice, therefore, to complement fossil
fuel (or even replace it in some cases, e.g., agriculture operation involving diesel engine
machinery, interurban merchandise transport, or in areas of temperate continental clime).
This process converts, mostly, fresh soy, sun flower, or rapeseed oil (considered though
conflictual raw material [6]) to the final main product, alkyl esters. Improvements have been
made in the last years regarding safety or environmental consideration [7]. Still, alkyl esters
producing technologies can also sustain changes, in terms of raw material nonconflictual
destination, reduced stage number of the process, which contributes further to minimizing
several process costs, and even a better control of end-process waste waters. Such changes
may involve using lipid wastes of all kinds, from waste cooking oils, animal factory waste,
or municipal waste; basically, every waste containing lipid can be transformed into a
transesterification raw material process, all of them conditioned by its availability as raw
material (feedstock process) for production capacity ranging between 20,000 t/year for
local, small communities and up to 100–1,000,000 t/year, similar to those of fossil fuel.

Although mature as a technology, the commercial production of biodiesel could still
undergo another injection of new techniques, such as that of heterogeneous catalysis, which
is insufficiently widespread but can be helpful in increasing biodiesel production, based on
long-term and precise strategies on a certain (broad) economy market segment—agriculture,
transport, and residential heating—and depending on how much this biofuel can replace
or supplement fossil fuel. The transition to the second (or third) generation of biofuel will
only complete this circle of green solutions offered for this in climate change issues [8].

A different technique can also be approached in terms of transesterification catalysis,
particularly in heterogeneous base catalysts [9], able to transform such second-generation-
type raw materials and able to yield 98% conversion at alcohol:oil (25:1), catalyst loading
(1.5% w/v), and temperature 65 ◦C [9]; ~98.5% biodiesel using methanol: oil molar ratio of 9:1
in 1.5 h reaction time at 65 ◦C reaction temperature of catalyst loading of 10 wt.% (to oil) [10];
or 98% fatty acids methyl esters content for 2.5 wt.% catalyst loading and 1:9 oil:methanol
molar ratio at 65 ◦C reaction temperature [11]. Other advantages of this approach are the
ease of separation of the final product, the ability to build a heterogeneous catalyst adapted
to a certain type of waste raw material, and perhaps cost reductions, obtained from the first
two [10,11]. If the heterogeneous catalyst is built from a catalytic support and combined
with a compound (basic in our case), the key lies in choosing a specific type of catalytic
support from many others (there are a multitude of options), compatible with the basic or
acid catalyst, it being rather difficult to find an exact fit for these two components.
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Among this multitude of suitable materials capable of being transformed into a
catalytic support, bacterial cellulose (BC) has the versatility required for this type of
approach, if considered as a catalytic support.

As can be found in many studies, the versatility of BC is special. The characteristics
of the cellulosic matrix or the absence of hemicellulose [12] provide multiple options in
functionalization strategies. The use of BC falls into many fields, with just as many ap-
plications. Applications in the biomedical field can be developed around the characteristics
and properties of BC [13,14] and can go from the construction and use as a material bio-
compatible with human tissue, respectively, in different forms of treatments [15] up to the
drug carrier, helping to transport it [16].

Due to the inclusive improvement of BC production methods, whether it is about its
production in a static medium or especially if a mobile medium is used [17], the applications
for which BC can be used, based on its mechanical properties as well as special ones that can
help it incorporate classic materials, include the textile industry or the leather industry [17].
Different membranes can be obtained by functionalizing BC membranes or are capable of
permeation or simple filtration [18–20].

The functionalization strategy of BC membranes can include at least two different
approaches, the first being the use of this membrane after the post-production treatment
process and after total dehydration and the second involves membrane pre-drying treat-
ments, aiming to replace water molecules with functional molecules, capable of easily
binding to compounds with the required properties [21]. In this context, a heterogeneous
green catalyst was developed in this work, within the concept of green chemistry, in terms
of environmentally friendly, nontoxic, and highly biodegradable nonconflictual materials,
by using the newly produced solid material as a matrix to combine it with a superbase also
having green chemistry characteristics and used to heterogeneously catalyze transesterifi-
cation reactions, yielding over 99% methyl ester content, while a Plackett–Burman design
was used for screening experiments to explore the main effect in terms of catalytic activity
and triglyceride conversion reaction performance.

2. Results and Discussion

2.1. Scanning Electron Microscope (SEM) Analysis of Heterogeneous Catalyst and
Catalytic Support

The surface morphology study for the bacterial cellulose membranes was performed
using scanning electron spectroscopy (SEM) for each type of material stu. Figure 1 shows
images for a membrane (simple, nontreated BC) surface with morphological characteristics
often found in similar studies: a cellulose fibrillar network, yet unaltered (Figure 1c), with
whole fibers intercrossed, in short, a typical BC surface morphology.

Figure 2 shows images of BCGu membrane with slight structural changes ((Figure 2b,d)—
very slight modification if compared with the images for plain BC from Figure 1c with images
from Figure 2a,c) and nanocrystals starting to aggregate on the membrane surface.

Visible morphological changes of catalyst BCGu-4K24 h can be observed in SEM images
in Figure 3a compared to both the surface non-altered by alkalinity of BC shown in Figure 1c
and the slightly modified BC surface morphology shown in Figure 2.

The shape of the 3D nanocrystals can be observed, different from that noticed in
Figure 2c, whose formation may be due to the reaction product between the two strong
bases. It should also be noted that the heterogeneous catalyst shown in Figure 3 (SEM
image of its surface) was kept for 24 h after the impregnation reaction in a 4K BCGu-K
solution because, compared to the surface morphology of the BCGu catalyst, significant
changes in the dispersion of basic aggregates on its surface are easy to spot, introducing us
to a first variable to follow when developing the strategy of combining the two, catalyst
and catalytic support.

A similar approach can be discussed after comparing Figures 4 and 5 with Figure 6,
in terms of adsorption capacity vs. adsorption time strategy, which is probably time-
dependent in this impregnation reaction. The catalyst loading is more visible on the BC
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surface shown in the SEM image of Figure 5 with a functionalization time of 24 h than on
the BC surface in the SEM image of Figure 4, where, although the functionalization time is
96 h, the BC was treated in 8 K solution, while the BC in the SEM image of Figure 6 shows
the highest presence of superbase nanocrystals dispersed on the BC surface.

  
(a) (b) 

  
(c) (d) 

Figure 1. SEM image of catalytic support (BC) before functionalization, common Acetobacter sp.
strain specific surface: (a,b,d) pore network (channels); (c) membrane surface with visible cellulosic
network fibrils.

  
(a) (b) 

  
(c) (d) 

Figure 2. SEM catalytic support (BCGu) after functionalization in guanidine alcoholic solution:
(a,c,d) loaded/dispersed guanidine nanocrystals; (b) membrane surface altered by alkalinity.
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(a) (b) 

  
(c) (d) 

Figure 3. SEM image of catalyst (BCGu-4K24 h): (a,b) microcrystals of alkaline compound dispersed;
(c) altered surface, newly formed pore channel; (d) intercalated catalyst and fibrillar cellulose.

.   
(a) (b) 

  
(c) (d) 

Figure 4. SEM image of catalyst (BCGu-4K96 h): nanoparticle aggregation due to higher impregnation
time (b,c); (a,d) improved distribution on the surface due to a possible better adsorption.
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(a) (b) 

  
(c) (d) 

Figure 5. SEM image of catalyst (BCGu-8K24 h): (a,c) fibrillar network (intercrossed) and nanoparticle-
wrapped; (b,d) pores acting as sites for basic nanoparticle aggregates.

  
(a) (b) 

  
(c) (d) 

Figure 6. SEM image of catalyst (BCGu-8K96 h): (a,b) highly visible 3D shape of basic nanocrystals (b,c);
(c,d) enhanced distribution on the surface due to higher nanoparticle adsorption.

2.2. Fourier Transform Infrared Spectroscopy for Heterogeneous Catalyst and Catalytic Support

FT-IR analysis was conducted to evaluate potential interactions and functional groups
present both in the nonfunctionalized BC materials and the treated BC (basic heterogeneous
catalyst). Figure 7 shows the characteristic peaks of a simple BC membrane, similar to those
found in the literature data, common to the membranes produced by different strains [22–24],
in a range of 4000–400 cm−1, and OH groups at the wavelength of 3342 cm−1 can be
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observed due to its stretching vibrations and C–H bonds at 2899 cm−1 wavelength band
due to stretching vibration of aliphatic C–H bonds.

 

Figure 7. FT-IR spectra of simple BC: particular potential functional groups specific to a simple BC
membrane from Acetobacter sp. strain.

Characteristic peaks can also be observed at wavelength 1054 cm−1, which can be
attributed to C–O bond stretching; at 1365.35 cm−1 wavelengths and 1432 cm−1, which
can be attributed to C–H deformation; and at 1432 cm−1 wavelength for potential C–H
symmetric bending, [22–24] while peaks at 1159 cm−1 can be attributed to asymmetric
bending of the C–O–C bonds [22–24].

Figures 8 and 9 show new peaks following the functionalization of BC of potential
N–H bonds, characteristic at wavelength bands of 3230–3285 cm−1 from the stretching
vibration of N–H groups, linked to guanidinium cations [23], as well as the characteristic
peaks for potential C–N bonds at 1368−1370 cm−1 from the hydrogen bond vibration [23],
as expected to be influenced by guanidine treatment.

 

Figure 8. FT-IR spectra of BC from Acetobacter sp. strain: functional groups specific to functionaliza-
tion with guanidine/potassium hydroxide (BCGu-4K).
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Figure 9. FT-IR spectra of BC from Acetobacter sp. strain: functional groups specific to functionaliza-
tion with guanidine/potassium hydroxide (BCGu-8K).

Figure 10 summarizes the evaluation of potential chemical bonds and functional
groups, before and after the preparation of the catalyst, allowing us to observe how the
chemical bonds potentially formed on the bare catalytic support were affected by the
superbase impregnation by weakening the hydrogen bonds, allowing the development of
new ones but with the intended characteristics in terms of strong basicity due to both the
amino- and imino-functional group.

 

Figure 10. FT-IR summarizing spectra of BC from Acetobacter sp. strain: functional groups specific
for BC, (BCGu-4K), and (BCGu-48K).

2.3. Predicted Responses and Process Factor Optimization

The effects of process factors, i.e., KOH concentration in impregnation solution (A),
mean surface area of catalyst particle (B), agitation speed (C), initial alkoxide tempera-
ture (D), methanol-to-oil molar ratio (E), initial oil temperature (F), and impregnation
time (G), on FAME phase yield (Ypred) and soap content in the FAME phase (Spred) were
quantified using statistical models described by Equations (1) and (2), where regression
coefficients were determined based on experimental data summarized in Table 1 (exp. 1–8).
According to Equation (1), higher levels of F and lower levels of the other factors lead to
higher values of Ypred = Y. Equation (2) indicates higher values of Spred = S at higher levels
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of A, C, and D, as well as at lower levels of B, E, F, and G. Equations (1) and (2) can be used
to predict the process responses for values of process factors within ranges considered in
the experimental study.

Ypred = Y = 103.7 − 163.7A − 0.830B − 0.003C − 0.021D − 0.060E + 0.113F − 0.057G (1)

Spred = S = 3027 + 7311A − 81.61B + 1.076C + 12.19D − 132.7E − 7.884F − 6.587G (2)

Table 1. Levels of process factors and responses.

Exp.
A

(g/mL)
B

(cm2)
C

(rpm)
D

(◦C)
E

(mol/mol)
F

(◦C)
G

(h)
Y

(%)
S

(ppm)

1 0.053 6.250 300 70 12 70 96 89.08 1303
2 0.053 6.250 0 25 6 25 96 86.32 1583
3 0.053 0.640 300 70 6 25 24 93.12 3386
4 0.053 0.640 0 25 12 70 24 99.81 1364
5 0.027 6.250 300 25 12 25 24 93.32 1394
6 0.027 6.250 0 70 6 70 24 98.81 2061
7 0.027 0.640 300 25 6 70 96 99.31 1819
8 0.027 0.640 0 70 12 25 96 93.92 1603
9 0.027 0.640 0 25 12 70 96 99.91 721.9

10 0.027 0.640 0 25 12 70 96 99.88 704.8
11 0.027 0.640 0 25 12 70 96 99.79 691.4

(A) KOH concentration in impregnation solution; (B) mean surface area of catalyst particle; (C) agitation speed;
(D) initial alkoxide temperature; (E) methanol-to-oil molar ratio; (F) initial oil temperature; (G) impregnation time;
(Y) FAME phase yield determined using Equation (4); (S) soap content determined using Equation (5).

A desirability function approach was used to determine the optimum factor levels
to maximize the FAME phase yield (Ypred = Y). A desirability function, d(Y), is defined
by Equation (3), where LY and UY (Figure 11) are the lower and upper limits of response
Y [25,26]. A completely desirable value of response corresponds to d(Y) = 1, whereas
d(Y) = 0 represents an undesirable value.

d(Y) =

⎧⎪⎨
⎪⎩

0 if Y < LY
Y−LY

UY−LY
if LY ≤ Y ≤ UY

1 if Y > UY

(3)

Profiles for predicted values of Y and for desirability function, which are shown in
Figure 11, indicate that the optimum values of process factors for maximizing the response
Y are the low levels of A, B, C, and D and high levels of E, F, and D specified in Table 1
(exp. 1–8), as follows: Alow = 0.027 g/mL, Blow = 0.640 cm2, Clow = 0 rpm, Dlow = 25 ◦C,
Ehigh = 12 mol/mol, Fhigh = 70 ◦C, and Ghigh = 96 h. Under these optimum conditions, the
process response is Yopt = 99.96% and desirability function is d(Yopt) = 1.

In order to validate the statistical model described by Equation (1), three experimental
runs (exp. 9–11 in Table 1) were performed at optimum values of process factors. The
difference between the mean value of these replicates (Ymn,opt = 99.86%) and that predicted
by Equation (1), i.e., Yopt = 99.96%, is statistically nonsignificant (the modulus of t-statistic
(−2.75) is lower than its critical value (2.92 for one tail and 4.30 for two tails at a significance
level of 0.05)), which demonstrates the model validity. The values of soap content for
exp. 9–11, calculated using Equation (2), are also included in Table 1. The difference be-
tween the mean value of these replicates and that predicted by Equation (2), i.e., 706.0 ppm
and 699.7 ppm, is statistically nonsignificant (t-statistic of 0.71 is lower than its critical
value), which proves the validity of the statistical model described by Equation (2).
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Figure 11. Profiles for predicted values of biodiesel yield (Ypred = Y) and related desirability; (A) KOH
concentration in impregnation solution; (B) mean surface area of catalyst particle; (C) agitation
speed; (D) initial alkoxide temperature; (E) methanol-to-oil molar ratio; (F) initial oil temperature;
(G) impregnation time.

2.4. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

GC-MS analysis for alkyl ester identification was carried out for exp. 1 and exp. 8 from
present experimental research, and FAME total proportion and chemical composition can
be seen in Figures 12 and 13. Figure 12 shows that GC-MS analysis of alkyl esters from exp.
1 led to the identification of 15 different components, with 9,12-octadecadienoic acid (Z,Z)-
methyl ester as the major component (51.07%), 9-octadecenoic acid methyl ester, (E)- as the
second major component (38.45%), and hexadecanoic acid methyl ester as the third major
component (9.65%). The remaining 12 components were found having under 1% methyl
hexadec-9-enoate (0.29%), methyl tetradecanoate (0.22%), linolenic acid methyl ester (0.1),
linoleic acid ethyl ester (0.06%), 4-penten-2-ol (0.04%), heptadecanoic acid methyl ester
(0.04%), cis-10-heptadecenoic acid methyl ester (0.04%), pentadecanoic acid methyl ester
(0.03), and octanoic acid methyl ester (0.01%).

 

Figure 12. GC-MS analysis for the composition of the alkyl esters in exp. 1.
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Figure 13. GC-MS analysis for the composition of the alkyl esters in exp. 8.

Figure 13 shows that GC-MS analysis of alkyl esters from exp. 8 led again to the
identification of 15 different components, with 9,12-octadecadienoic acid (Z,Z)- methyl
ester as the major component (49.44%), 9-octadecenoic acid methyl ester, (E)- as the sec-
ond major component (37.23%), and hexadecanoic acid methyl ester as the third major
component (10.95%).

The remaining 12 components were found having under 1% and being slightly differ-
ent in composition (components and percentage): docosanoic acid methyl ester (0.81%),
methyl tetradecanoate (0.67%), palmitoleic acid (0.33%), 9-hexadecenoic acid methyl ester,
(Z) (0.30%), 4-penten-2-ol (0.05%), 7-hexadecenoic acid methyl ester, (Z) (0.04%), heptade-
canoic acid methyl ester (0.04%), cis-10-heptadecenoic acid methyl ester (0.04%), octanoic
acid methyl ester (0.03%), methyl 13-methyltetradecanoate (0.03 b%), undecanoic acid,
10-methyl-, methyl ester (0.02%), and 2,4-decadienal (0.02%).

Although they are present in small proportions, rather considerable traces, the pres-
ence of docosanoic acid methyl ester, palmitoleic acid (0.33%), 9-hexadecenoic acid methyl
ester, (Z), 7-hexadecenoic acid methyl ester, (Z), methyl 13-methyltetradecanoate (0.03 b%),
undecanoic acid, 10-methyl-, methyl ester, and 2,4-decadienal provides important data
regarding alkyl ester composition, considering these compounds were missing in exp. 1
alkyl ester chemical composition.

3. Materials and Methods

3.1. Materials

Potassium hydroxide pellets (VWR BDH Chemicals, Prague, Czech Republic), methanol
99.9% (Avantor, Gliwice, Poland), guanidine hydrochloride (VWR Chemicals, Radnor, PA,
USA), 2-propanol 100% (VWR Chemicals, Paris, France), bromphenol blue (Sigma–Aldrich,
Darmstadt, Germany), and waste cooking oil were the materials used in this experimen-
tal research.

BC membranes (99% water content) were obtained in static culture from Acetobacter
sp. strain isolated from traditionally fermented vinegar in the Mass Transfer Laboratory of
the Chemical and Biochemical Engineering Department of National University of Sciences
and Technologies POLITEHNICA Bucharest [16,27].

3.2. Bacterial Cellulose Production

BC production was performed using a method from previous work [16,27].
Depending on the application, the production time of a BC membrane can be in the

range of 7–30 days or even longer. At the daily temperature of 25–30 ◦C, or at 18–24 ◦C at
night (a temperature considered in the optimal range for the development of BC culture)
without thermostating, the period of 7–10 days was sufficient to obtain a BC membrane of
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110 mm diameter and of 8 mm thickness [21], which, following post-production treatments,
after the drying operation, reached a membrane of 80 mm diameter and of 2.5 mm thickness
for a moisture content of 99.4% (experimental). In the present work, the period allocated to
the process of obtaining BC was intentionally extended to more than 25 days, resulting in
the production of the BC membrane shown in Figure 14b,c.

 

 
(a) (b) (c) 

   
(d) (e) (f) 

Figure 14. Bacterial cellulose production: (a) culture medium, 6 days; (b) after 29 days; (c,d,f) after
weak acid treatment, followed by neutralization; (e) under weak acid treatment, ready for functional-
ization.

After production, the BC can be preserved for a long period of time if kept in a
weak acid solution, while its further use involves a fairly standard neutralization method
before it is functionalized. For this work, this post-treatment was approached similarly
as part of the catalyst construction strategy. After neutralization BC was dried to remove
even traces of moisture at 70 ◦C in a Biovita DEH450 (Figure 14f) dehydrator (voltage
of 220–240 V 50 Hz and power of 420–500 W) and then deposited in desiccator. At this
stage, this membrane of BC was considered the solid material used for the subsequent
functionalization to catalytic support.

Following our strategy developed for the construction of the catalyst, the particles
(pieces) of BC of specific dimensions were prepared (Figure 15), after which the impregna-
tion solutions were prepared. These solutions were made in two steps; in the first step, a
methanol solution of guanidine hydrochloride and potassium hydroxide of Gu-KOH 1:1
molar ratio was prepared at reflux by heating the reaction mixture under stirring for 6 h at
60 ◦C and keeping it for 24 h to complete the reaction. In the second stage, the alcoholic
guanidine solution (Gua) was divided and used for BC functionalization.
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(a) (b) (c) 

  
(d) (e) (f) 

Figure 15. Dried BC: (a,b) from dehydrator, large dimensions; (c,d) large pieces according to experi-
mental plan; (e,f) small particles according to experimental plan.

3.3. Catalyst Preparation

Four Gua solutions were later used to prepare the final basic compound for combining
with the catalytic support by impregnation: two mixtures for each particle type by adding
KOH 1:18.75 w/v to alcoholic guanidine solution (denoted 8K) kept at reflux for 6 h at
60 ◦C, under stirring, and left for 24 h to complete the reaction and another two different
mixtures by adding 1:37.5 w/v KOH in alcoholic guanidine solution (denoted 4K), reacted
in a similar way (Table 2), with all four reactions performed in respect with experimental
research design. At this point, the catalyst was considered prepared and ready to be tested.

Table 2. BC and BC catalyst types obtained after functionalization.

Exp.No. Catalytic Supp./Catalyst Comments Observations

1 BC BC, plain, simple Evaluation
2 BCGu BC in alcoholic guanidine, without KOH Evaluation
3 BCGu-4K24h BC/superbase (Gu-KOH, 4K, impregnation time 24 h) * Heterogeneous catalyst
4 BCGu-4K96h BC/superbase (Gu-KOH, 4K, impregnation time 96 h) Heterogeneous catalyst
5 BCGu-8K24h BC/superbase (Gu-KOH, 8K, impregnation time 24 h) ** Heterogeneous catalyst
6 BCGu-4K96h BC/superbase (Gu-KOH, 8K, impregnation time 96 h) Heterogeneous catalyst

* KOH 1:18.75 w/v in alcoholic guanidine solution, ** KOH 1:37.5 w/v in alcoholic guanidine solution.

3.4. Catalyst Characterization

Specific analysis was performed for both the characterization of the catalytic support
and the heterogeneous catalyst.

3.4.1. Scanning Electron Microscope (SEM) Analysis

The morphology of the guanidine-based catalyst loading in section and on the surface
was evaluated using a TM4000Plus Tabletop Scanning Electron Microscope (Hitachi, Tokyo,
Japan) at 15 kV in standard vacuum conditions (according to the TM4000Plus Software
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vacuum settings). The SEM images were obtained using both backscattered electron (BSE)
and/or secondary electron (SE) detectors at multiple magnifications.

3.4.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (ATR-FTIR) was performed in the range of
4000–400 cm−1 with a Vertex 80 spectrometer (Bruker Optik GMBH, Billerica, MA, USA).
An attenuated total reflectance (ATR) accessory was used.

3.5. Catalyst Testing and Analysis
3.5.1. Catalyst Testing in Transesterification Reactions to Alkyl Esters

Testing of the heterogeneous catalyst involved a set of transesterification reactions to
alkyl esters under conditions that were specifically selected to be similar to commercial
biodiesel production.

3.5.2. Analysis of Main Product in Transesterification Reactions to Alkyl Esters

Alkyl (methyl) ester characterization was performed by gas chromatography–mass
spectrometry (GC-MS) analysis using the Agilent 7890 A GC-MS/MS TRIPLE QUAD
system. A capillary column Agilent DB-WAX of 30 m length, 0.25 mm internal diameter,
and 0.25 μm film thickness was used, having helium at a flow rate of 1 mL/min as the carrier
gas. The starting oven temperature was 40 ◦C; then, a gradual increas up to 210 ◦C was
performed, with an increase of 3 ◦C/min between 40 and 80 ◦C, which was kept for 2 min,
and then of 15 ◦C/min up to 210 ◦C, where it was held again for 2 min. The temperature
for GC injector was 250 ◦C, while the MS detector was set at 150 ◦C. The temperature for
the transfer line was maintained at 280 ◦C. Electron ionization (EI) mode was used for
MS detection, at 70 eV, with a mass scan range of m/z 50–450. The identification of peaks
within the analyzed samples was performed according to NIST MS database.

3.5.3. Soap Content in FAME Test Reaction Product

Soap formation during the transesterification reaction to alkyl esters is inevitable [28].
Regardless of whether the methanol is in excess and the reaction is shifted to the desired
triesters and regardless of the percentage of FFA reduction or how effectively any traces of
water were removed, if you have methanol and NaOH reacting (homogeneous catalyst),
you will also have soap. Studies showed, however, that, using heterogeneous catalyst, a
lower soap content value can be attained, this being another advantage beside an easier
main reaction product separation, thus allowing the alkyl esters to enter the biodiesel
standard in this respect. In this context, soap content was determined while testing the
catalyst in transesterification reaction in this work.

3.5.4. Independent and Dependent Process Variables

KOH concentration in impregnation solution (A), mean surface area of catalyst particle
(B), agitation speed (C), initial alkoxide temperature (D), methanol-to-oil molar ratio (E),
initial oil temperature (F), and impregnation time (G) were selected as process independent
variables (factors). Process dependent variables (responses) were FAME phase yield (Y)
and final soap content in the FAME phase (S), calculated using Equations (4) and (5), where
mFAME, moil, and mS are the masses of FAME phase, oil, and soap.

Y = 100
mFAME

moil
(4)

S = 106 mS
mFAME

(5)

3.5.5. Experimental Design, Statistical Analysis, and Optimization

Experimental design, statistical analysis, and process factor optimization were per-
formed using STATISTICA 10 software (Stat Soft Inc., Tulsa, OK, USA). According to a
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Plackett–Burman design, eight experimental runs (1–8 in Table 1) were performed at two
levels of process factors.

4. Conclusions

BC used as a catalytic support was able, after impregnation with a guanidine/potassium
hydroxide superbase, to heterogeneously catalyze the transesterification of untreated used
cooking oil, yielding over 99% methyl esters and, considering the percentage of 96.5%
standard biodiesel for its content, it can be said (from this approach alone) that biodiesel is
what has been achieved under process conditions similar to those of commercial biodiesel.
Further studies and experimental research are needed on the response of BC to different
treatments, applied especially after its production and before similar functionalization
considering the multitude of variables that need to be addressed in terms of impregnation
conditions, targeted chemisorption, or process factors’ optimal number of variables.
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