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Editorial

Energy Catalytic Conversion and Environmental
Catalytic Purification

Zhijin Zhang 1, Shaomian Liu 2,*, Yuxi Liu 3,* and Yongjun Ji 1,*

1 School of Light Industry and Science, Beijing Technology and Business University, Beijing 100048, China;
2451041022@st.btbu.edu.cn

2 College of Chemistry and Chemical Engineering, Hebei Minzu Normal University, Chengde 067000, China
3 School of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, China
* Correspondence: shaomianliu@163.com (S.L.); yxliu@bjut.edu.cn (Y.L.); yjji@btbu.edu.cn (Y.J.)

Energy shortages, environmental pollution, and climate change have become critical
global issues, presenting significant challenges to the sustainable development of human so-
ciety [1,2]. In this context, advancing a low-energy-consumption and low-carbon economy,
reducing dependence on fossil fuels, and restoring ecological environments have emerged
as collective priorities [3]. Within this framework, catalytic conversion technology plays
a crucial role in addressing the interconnected challenges of energy and environmental
sustainability [4].

Advancements in catalytic technology face significant challenges. From a scientific
perspective, current catalytic systems are constrained by three fundamental issues [5,6]. First,
achieving an optimal balance among catalytic activity, selectivity, and stability remains a
persistent challenge [7]. Second, there is a limited understanding of the fundamental catalytic
mechanisms, which perpetuates reliance on empirical trial-and-error methods in catalyst
development, thereby reducing research efficiency and extending innovation timelines [8–10].
Third, rigid reaction conditions impose critical constraints on catalytic applications. From
industrial viewpoints, basic research tends to prioritize theoretical breakthroughs while
insufficiently addressing engineering problems, such as large-scale catalyst synthesis and
ensuring long-term stability under industrial operating conditions [11]. This Special Issue
aims to provide a comprehensive overview of recent advances in catalysis for environmental
and energy conversion applications, emphasizing both heterogeneous and homogeneous
catalysis. The scope includes key topics of both scientific and industrial significance.

Lian et al. provided a comprehensive review of the applications of Mn-based cata-
lysts, including both bulk and supported MnOx catalysts as well as bulk and supported
Mn-based composite oxide catalysts, in the CO-selective catalytic reduction of NOx (CO-
SCR) technology. Compared to other transition metal-based catalysts, Mn-based catalysts
demonstrate superior catalytic efficiency under low-temperature and low-oxygen condi-
tions, underscoring their considerable potential for practical applications [Contribution
1].

Gomha et al. synthesized three 2-cyano-N′-(2-cyano-3-azobutyl-2-enyl)-3-azobutyl-2-
enyl hydrazides employing L-proline as an organic catalyst. This synthetic approach is notable
for the catalyst’s reusability, mild reaction conditions, environmentally benign process, opera-
tional simplicity, high product purity, short reaction time, and elevated yield. Consequently, it
holds significant importance in the domain of green drug synthesis [Contribution 2].

Another contribution by the Gomha team involves the use of homophenyl tetram-
ethylimide benzoyl thiourea cross-linked chitosan (PIBTUCS) hydrogel as a green bio-
catalyst for the efficient synthesis of novel thiazole derivatives. A series of new thi-
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azole derivatives were synthesized through the catalysis of the reaction between 2-(4-
((2-aminoformylhydrazyl) methyl) phenoxy)-N-(4-chlorophenyl) acetamide and various
hydrazone acyl halides as well as α-halogenated ketones [Contribution 3].

Hu et al. discussed the current challenges confronted by biogas dry reforming tech-
nology and outlined the future development trends, providing valuable insights and
suggestions for subsequent research and industrial applications [Contribution 4].

Adriana et al. highlighted that iron oxides and hydroxides (Fe-OH) extracted from
natural sources have attracted extensive attention in a range of catalytic applications, such
as advanced oxidation processes (AOPs), electrochemical applications, catalytic cracking,
and biodiesel production [Contribution 5].

Carlos et al. synthesized CeO2 photocatalytic supports via a precipitation method.
Their study demonstrated that sulfation, characterized by bidentate coordination between
sulfate groups and semiconductor metal ions within the material, results in an increased
specific surface area and a decreased average grain size. The surface modification of
CeO2 was confirmed to be feasible, with sulfate groups acting as electron traps during the
photocatalytic process. This function reduces the recombination rate of charge carriers and
increases the availability of vacancies, thereby enhancing the degradation of pollutants.
This mechanism was supported by the material’s high photocatalytic activity in degrading
the herbicide 2,4-dichlorophenoxyacetic acid [Contribution 6].

Baaloudj et al. examined the synthesis and properties of a novel silicate material,
Bi12SnO20. Due to its unique characteristics and the distinctive structure associated with the
I23 space group, this silicate has attracted considerable research attention in recent years. In
their study, tetracycline, bisphenol A, and Rhodamine B were utilized as model pollutants,
and performance evaluations were conducted under visible light irradiation. The results
indicated that, at a pollutant concentration of 20 mg/L, the degradation efficiency reached
nearly 100% within 2 h [Contribution 7].

Li et al. investigated the effects of calcination temperature and hydrogen pretreatment
on the structural characteristics and catalytic performance of Pt/CeO2 catalysts. Hydrogen
pretreatment induces the formation of oxygen vacancies on the catalyst surface, which is
attributed to the reduction of PtOx to metallic Pt. This facilitates the generation of reactive
oxygen species, thereby improving the catalytic oxidation of NO. Experimental results indi-
cated that calcination temperature significantly influences the redox properties of the catalyst,
which in turn affects its efficiency in NO oxidation reactions. This research provides important
insights for the design and optimization of Pt/CeO2 catalysts in environmental applications,
particularly in the development of exhaust gas post-treatment technologies [Contribution 8].

Almotiry et al. utilized hydrothermally synthesized UiO-67 Metal–Organic Frame-
work (MOF) to evaluate the efficacy of various adsorption parameters in the removal of
antiviral drugs, specifically ritonavir (RTV) and lopinavir (LPV), from aqueous solutions.
Diffusion kinetic studies revealed that the adsorption process on the surface of UiO-67
MOF is predominantly catalytic. Thermodynamic analyses, including calculations of Gibbs
free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS), indicated that
the adsorption of RTV and LPV onto UiO-67 from aqueous solutions is spontaneous. These
results underscore the potential application of UiO-67 MOF as an effective adsorbent for
antiviral drugs [Contribution 9].

Guo et al. addressed the problems of low mineralization rates and limited durability
in the ozonated catalytic oxidation (OCO) of volatile organic compounds (VOCs) by en-
hancing the oxygen mobility and low-temperature reducibility of transition metal oxides.
They achieved this by incorporating highly dispersed Ag into Mn3O4 via a co-precipitation
method utilizing oxalic acid. The resulting Ag/Mn3O4 catalyst exhibited superior mineral-
ization rates and stability relative to pure Mn3O4 during the catalytic ozonation of benzene
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at ambient temperature. This study is expected to contribute to the improvement of VOC
mineralization efficiency through ozonated catalytic oxidation [Contribution 10].

These research directions are interrelated and mutually reinforcing, collectively form-
ing a framework for catalytic technologies aimed at addressing energy and environmental
challenges. It is anticipated that the academic exchanges facilitated by this Special Issue
will stimulate novel ideas and significant breakthroughs, thereby advancing innovations in
catalytic materials, principles, methodologies, and technologies. Moreover, such progress
is expected to accelerate the industrial implementation of catalytic technologies in areas
such as clean energy conversion and environmental pollution control. Additionally, this
Special Issue is envisioned to act as a catalyst for establishing a virtuous cycle encompass-
ing fundamental research, technological development, and industrial application within
the global catalysis community. This cycle will foster the widespread adoption of cat-
alytic technologies across the energy, environmental, and chemical engineering sectors,
ultimately contributing scholarly expertise toward the realization of a low-carbon, clean,
and sustainable future.
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Mn-Based Catalysts in the Selective Reduction of NOx with CO:
Current Status, Existing Challenges, and Future Perspectives

Dianxing Lian 1, Mohaoyang Chen 1, Huanli Wang 1, Chenxi Li 1, Botao Liu 1, Guiyao Dai 1, Shujun Hou 1,
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2 College of Environmental and Energy Engineering, Beijing University of Technology, Beijing 100124, China
* Correspondence: yxliu@bjut.edu.cn (Y.L.); yjji@btbu.edu.cn (Y.J.)

Abstract: The technology for the selective catalytic reduction of NOx by CO (CO-SCR) has the
capability to simultaneously eliminate CO and NOx from industrial flue gas and automobile exhaust,
thus making it a promising denitrification method. The advancement of cost-effective and high-
performing catalysts is crucial for the commercialization of this technology. Mn-based catalysts
demonstrate enhanced catalytic efficiency under conditions of low temperature and low oxygen
content when compared to other transition metal-based catalysts, indicating significant potential
for practical applications. This review outlines the diverse Mn-based catalysts, including bulk or
supported MnOx catalysts, bulk or supported Mn-based composite oxide catalysts, and the use
of MnOx as dopants. Subsequently, the synthesis methods and catalytic mechanism employed by
Mn-based catalysts are presented. The following section examines the impact of O2, H2O, and SO2 on
the catalytic performance. Finally, the potential and implications of this reaction are deliberated. This
work aims to offer theoretical guidance for the rational design of highly efficient Mn-based catalysts
in the CO-SCR reaction for industrial applications.

Keywords: CO-SCR; reaction mechanism; Mn-based catalysts; O2; H2O; SO2

1. Introduction

NOx, including NO and NO2, constitutes a significant portion of atmospheric pollu-
tants, which is primarily derived from vehicle exhaust and industrial emissions, notably
from coke oven and coal-fired power plant emissions. NOx can cause severe environmental
consequences, such as acid rain, photochemical smog, and ozone depletion [1–3], which
present substantial hazards to human health. Currently, the prevalent industrial denitrifica-
tion technique involves the selective reduction of NOx by NH3, known as NH3-SCR [4,5].
However, this technology presents several concerns, including the potential for ammonia
storage leakage, the formation of by-products that can lead to equipment blockage and
corrosion, and the inherent toxicity of ammonia [6]. Given the incomplete combustion of
fuel, flue gas also contains a certain amount of CO. The use of CO as the reducing agents for
the selective catalytic reduction of NOx (CO-SCR) obviates the necessity for extra reducing
agents, thereby reducing costs. Moreover, this technology assists in the removal of NOx
and CO emissions, enabling the concurrent elimination of both pollutants. Hence, CO-SCR
technology shows promising potential for practical application [7].

The ideal CO-SCR reaction is presented in Equation (1). However, in real flue gas, there
exists a high concentration of O2 and H2O, along with a minor quantity of SO2. The presence
of oxygen can lead to the preferential oxidation of NO and CO (Equations (2) and (3)),
while the existence of H2O and SO2 may cause catalyst poisoning; meanwhile, concurrent
side reactions may occur, producing N2O (Equation (4)), consequently diminishing the
selectivity for N2.

CO + NO → CO2 + N2 (1)

Catalysts 2024, 14, 462. https://doi.org/10.3390/catal14070462 https://www.mdpi.com/journal/catalysts5
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2CO + O2 → 2CO2 (2)

2NO + O2 → 2NO2 (3)

2NO + CO → N2O + CO2 (4)

Currently, the catalysts employed for the CO-SCR reaction are predominantly catego-
rized into two groups: noble metal catalysts and transition metal catalysts. Noble metal
catalysts, such as those based on Pd [8], Pt [9], and Ir [10], offer certain benefits such as
resistance to oxygen and high temperatures. However, some challenges exist, such as the
scarcity of precious metal, elevated costs, high reduction temperatures, and susceptibility
to sulfur- and water-induced deactivation [11]. For instance, in three-way catalyst (TWC)
systems, the CO-SCR reaction occurs concurrently with other reactions in the exhaust
pipe of a vehicle, which operates at high temperatures and low oxygen concentrations. In
this instance, the typical catalyst comprises Pt, Pd, and Rh. In contrast, transition metal
catalysts like Co-based [12], Mn-based [13], Cu-based [14] ones are preferred due to their
lower cost and superior catalytic activity at lower temperatures compared to noble metal
catalysts. Therefore, employing transition metal catalysts in CO-SCR is a favorable ap-
proach. Nevertheless, in oxygen-rich environments, transition metals tend to be oxidized
easily, leading to diminished oxygen resistance, N2 selectivity, and stability. Therefore, it is
imperative to develop cost-effective and efficient transition metal catalysts, which should
exhibit low-temperature catalytic reactivity, a broad temperature range, high O2 tolerance,
resilience to SO2 and H2O poisoning, and long-lasting stability.

In prior reviews, researchers have provided a summary of catalysts based on Ir [15],
Cu [16,17], and various transition metals [18]. Additionally, they have categorized and
deliberated on various noble catalyst types [19–21]. It is known that Mn-based catalysts
exhibit multiple oxidation states (Mn2+, Mn3+, and Mn4+), excellent redox capacity, and
abundant reactive oxygen species. Furthermore, Mn has the capability to be integrated into
various functional materials. More importantly, Mn-based catalysts have demonstrated
superior performances at low temperatures compared to other transition metal catalysts,
showing promising potential for use in the CO-SCR reaction. Thus, in recent years, Mn-
based catalysts have garnered increasing attention. However, they still encounter issues
related to inadequate oxygen resistance and instability. Given the scarcity of literature
reviews dedicated to Mn-based catalysts in the CO-SCR reaction, this review provides a
comprehensive examination of Mn-based catalysts, in terms of their current status, existing
challenges, and future perspectives, aiming to facilitate their industrial applications.

As illustrated in Figure 1, this review commences with an exploration of the various
classifications of Mn-based catalysts, followed by an examination of the synthesis methods
and a discussion of the reaction mechanism. It also offers a summary of the impact of O2,
H2O, and SO2 on the catalytic efficiency of Mn-based catalysts. This discussion is followed
by an examination of the challenges faced by these catalysts and the strategies developed
to address them. Finally, this review concludes by suggesting innovative strategies for the
advancement of highly effective Mn-based catalysts to enhance their future prospects.
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Figure 1. An overview of Mn-based catalysts.

2. Types of Mn-Based Catalysts

2.1. Bulk or Supported MnOx Catalysts

Manganese oxides, which are present in various crystal phases, are compounds char-
acterized by multiple oxidation states (Mn2+, Mn3+, and Mn4+), excellent redox capabilities,
and a rich supply of active oxygen. The efficiency of pure manganese oxides in reducing
NOx to N2 is ranked MnO2 > Mn5O8 > Mn2O3 > Mn3O4 > MnO. Highly oxidized man-
ganese oxides have higher CO-SCR activity, and oxygen vacancies (OVs) produced in the
reduction process serve as the adsorption site for NOx [22]. These properties empower
them to actively engage in and promote catalytic reactions. Therefore, manganese oxides
hold great potential in the CO-SCR reaction (Table 1). The surface manganese oxide phases
and redox properties of Mn oxide catalysts are crucial factors that significantly influence
the overall catalytic activity [23]. For the α-MnO2 nanorod catalyst, upon pretreatment
with H2, Mn4+ is first reduced to Mn2+. Subsequently, these Mn2+ sites undergo rapid
oxidation to Mn3+ in the presence of NO. In situ studies showed that the α-MnO2 surface
experiences significant recombination, forming a new surface active phase. Mn3+ and OVs
were the active sites [24].

Compared with other transition metal oxides, the low temperature activity of man-
ganese oxides on support for CO-SCR is higher than that of other transition metal oxides.
Boningari et al. [25] studied different titanium-supported transition metal-based catalysts
and found that MnOx/TiO2 had better CO-SCR performance at low temperatures. In
situ infrared spectroscopy showed that the Lewis acid site on the catalyst surface was
responsible for the reaction, not the Brønsted acid site. The reduced Mn site served as
the active site for activating NO. In Mn/TiO2 catalysts, the lattice oxygen proximal to Mn
atoms facilitates the oxidation of CO to CO2, leading to the creation of OVs. On Mn/TiO2,
the notable intermediate N2O can be reduced to N2, with an associated energy barrier of
0.51 eV, indicating a pronounced N2 selectivity. The Mn–OV pair present on the catalyst
surface serves as the active site for the adsorption of NO and the catalysis of N-O bond
cleavage [26]. Moreover, the comparison of the activities of different transition metal oxides

7



Catalysts 2024, 14, 462

(Cu, Ni, Fe, Mn, and Cr) showed that the TiO2-supported manganese oxide has good NO
reduction activity at 200 ◦C. The MnOx/TiO2 catalyst showed highly N2 selectivity even in
the presence of oxygen. The results indicate that the high surface area and the reducibility
of manganese oxide play an important role in the high activity for CO-SCR [27].

Table 1. Comparison of catalytic performances of the Mn-based catalysts in the literature.

Catalyst

Gas Composition (%) GHSV
or

WHSV

Temperature
(◦C)

NO
Conversion

(%)

CO
Conversion

(%)

N2

Selectivity
(%)

Ref.
NO CO O2 SO2 H2O

α-MnO2 nanorods 5.0 5.0 --- --- --- 30,000
mL h−1 g−1 400 85 --- 80 [24]

MnO2/TiO2 0.4 0.4 2.0 --- --- 50,000 h−1 200 95 --- --- [25]
Mn/TiO2 3.0 3.0 --- --- --- 20,000 h−1 450 100 --- 90 [26]

MnOx/TiO2 0.4 0.4 2.0 --- --- 50,000 h−1 175 100 --- 100 [27]
2MnOx-Fe3O4 1.0 2.0 --- --- --- 23,000 h−1 400 90 --- 70 [28]

Cu1.5Mn1.5O4 5.0 10.0 --- --- --- 24,000
mL h−1 g−1 250 100 45 95 [29]

CuO-Mn2O3/γ-Al2O3 5.0 10.0 --- --- --- 24,000 h−1 300 70 --- 85 [30]
NiMn-MOF-74 0.5 1.0 --- 0.1 5.0 30,000 h−1 200 100 --- --- [31]

Co0.3-OMS-2 0.5 0.5 --- 1.0 --- 24,000
mL h−1 g−1 150 95 --- 80 [32]

CuxMn3−xO4 1.0 2.0 --- --- --- 30,000 h−1 200 100 --- 55 [33]
Cu-Ce-Fe-Mn/TiO2 0.02 0.02 1.0 --- --- 10,000 h−1 200 100 82 --- [34]

0.010MnFeCu 5.0 10.0 --- 1.0 10.0 15,000
mL h−1 g−1 300 100 --- 100 [35]

Mn@La3-Fe1/AC 0.25 5.0 10.0 --- --- 26,000 h−1 400 93.8 --- --- [36]
MnxCo3−xO4 1.0 2.0 5.0 0.05 5.0 20,000 h−1 180 100 --- 100 [37]

Mn-CeO2@Co3O4 1.0 2.0 5.0 0.05 10.0 24,000 h−1 200 82 100 78 [38]
Cu-Mn2 0.6 1.6 5.0 --- --- 15,000 h−1 400 90 100 87 [39]
CuMnO2 1.0 2.0 --- --- --- 13,000 h−1 300 100 --- 80 [40]

Vx-OMS-2 0.5 0.5 --- 1.0 --- 24,000
mL h−1 g−1 300 95 --- --- [41]

Sb0.2-OMS-2 0.05 0.05 --- --- --- --- 300 100 90 --- [42]
Hox-OMS-2 0.05 0.05 0.05 --- --- 15,000 h−1 225 100 99 --- [43]

2.2. Bulk or Supported Mn-Based Composite Oxide Catalysts

When Mn forms a composite oxide with other metals, it frequently generates a syner-
gistic effect, enhancing its catalytic performance beyond that of an individual Mn oxide
(Table 1) [28]. The presence of surface synergistic oxygen vacancies (SSOVs) within com-
posite oxides facilitates the adsorption and activation of gas molecules, thereby enhancing
catalytic performance. In comparison to pure MnOx, Cu-Mn catalysts demonstrate a higher
propensity for oxidation and the generation of activated O species on their surface, thus
promoting the adsorption of oxygen molecules. Mn-based catalysts doped with copper
oxide comprise not only MnOx but also a linear Cu-CO active substance, which enhances
the adsorption of NOx. An intriguing phenomenon is that the surface dispersed Cux+-
O2−-Mny+ substance can be reduced to Cu+-�-Mn(4−x)+ active species with an elevation
in adsorption temperature. The synergistic effect between Cu and Mn (Cux+-O2−-Mny+)
plays a crucial role in the CO-SCR reaction (Figure 2a) [29]. Yao et al. [44] synthesized
CuO-MnO2/CeO2 using the co-impregnation method, which exhibited a stronger inter-
action and an excellent reduction behavior. This process facilitated the generation of
low-valence copper species (Cu+/Cu0) and increased oxygen vacancies, particularly SSOVs
(Cu+-�-Mn(4−x)+), during the reaction, which are conducive to the adsorption of CO and
the dissociation of NO, respectively. In another study [30], it was found that the catalytic
efficiency of CuO-Mn2O3/γ-Al2O3 catalysts, after being pretreated with CO, exhibited
superior performance compared to CuO/γ-Al2O3 and Mn2O3/γ-Al2O3. The formation of
SSOVs in the CuO-Mn2O3/γ-Al2O3 catalyst occurs following CO pretreatment, leading to
distinct adsorption properties compared to SOVs in CuO/γ-Al2O3 and Mn2O3/γ-Al2O3
catalysts. Exposed Cu+ and Mn2+ ions act synergistically as CO and NO adsorption sites,
respectively, and the SSOVs function as a crucial bridge, facilitating the interaction between
adjacent adsorbed CO and NO to promote the surface reaction. Therefore, SSOVs on the
CO-CuMnAl catalyst exhibit superior catalytic activity, facilitating the reduction of NO by
CO (Figure 2b) [30]. Due to the difference in cation radius, the incorporation of Mn and
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Ni into MOF-74 leads to an improvement in the specific surface area, which is conducive
to the formation of unsaturated coordination metal sites and Lewis acid sites for CO-SCR.
In addition, the electron interaction between Ni and Mn in NiMn-MOF-74 facilitates a
significant synergistic reaction (Mn3++ Ni3+ ↔ Mn4+ + Ni2+). This synergistic effect not
only enhances the formation of more active Mn4+ components, but also promotes the
generation of SSOVs, which exhibit higher catalytic activity compared to surface oxygen
vacancies (SOVs) [31].

 
Figure 2. (a) Schematic illustration of the proposed mechanism for the catalytic oxidation of CO over
Cu−Mn catalysts [29]; (b) proposed reaction mechanism for NO reduction by CO over CO−CuMnAl
catalyst [30]; (c) NO conversion curves of OMS−2 prepared by Co doping method [32]; (d) schematic
illustration of the proposed mechanism for the catalytic CO-SCR over CuxMn3−xO4 catalysts [33].

By adjusting the electronic configuration of manganese oxides, it is possible to alter
their redox characteristics, subsequently impacting their catalytic efficiency. During the
doping modification process, Co occupies the Mn site in the [MnO6] cell in the OMS-2
catalyst, forming a new [CoO6] crystal structure. The crystallinity of Co-doped OMS-2
decreases as the Co doping amount increases. Co substitutes for Mn, creating a novel
active site. The active sites comprising Co2+, Co3+, Mn3+, and Mn4+ adsorb CO and NO,
catalyzing the conversion of these compounds into CO2 and N2 (Equations (9) and (10)).
Compared with undoped OMS-2, the conversion of NO in the flue gas of Co0.3-OMS-2
reaches approximately 95% at 100–300 ◦C (Figure 2c) [32]. In the case of the CuxMn3−xO4
catalyst, the introduction of copper ions into Mn2O3 results in the formation of a spinel
structure with a high density of lattice defects and oxygen vacancies. This modification
increases the concentration of Mn4+, which has the capability to adsorb reactant molecules.
Consequently, this process enhances the redox performance of the catalyst, increases the
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mobility of reactive oxygen species, and ultimately boosts its catalytic activity. Compared
with CuO and Mn2O3, the catalytic activity of the CuxMn3−xO4 catalyst is enhanced.
The strong synergy between binary metal oxides also results in its improved stability
(Figure 2d) [33]. Mn demonstrates a propensity to exhibit synergistic interactions with
other metals, resulting in increased efficacy of catalysts operating at low temperatures.
When Ce, Fe and Co were introduced into a Mn-based catalyst and supported on TiO2,
the catalytic performance exhibited an enhancement compared to the performance of Mn
alone. Under anaerobic conditions, the Mn-Ce-Fe-Co/TiO2 catalyst achieved complete NO
conversion at 200 ◦C. The enhanced performance of the modified Mn-based catalyst can
be attributed to the increased oxygen mobility and the formation of Mn4+, resulting in an
elevated rate of NO conversion [34].

2.3. MnOx as Dopants

Mn is also a frequently utilized dopant in CO-SCR (Table 1). The introduction of Mn
doping has been found to facilitate the generation of oxygen vacancies on the catalyst
surface. This, in turn, enhances the adsorption and activation of NO, leading to an overall
improvement in the catalyst’s performance. When Cu2+ and Fe3+ combine to form a Fe-
based composite oxide in an alkaline solution, the addition of a specific quantity of Mn
facilitates its bonding with Fe. This process weakens the interaction between Cu and Fe,
leading to the precipitation of the CuO phase. The Cu2+ ions then selectively develop
along the surface of CuO(110), leading to enhanced catalytic activity. At high temperatures
(300–1000 ◦C), the presence of Mn3+ can impede the conversion of γ-Fe2O3 to α-Fe2O3,
thus achieving stable catalytic efficacy. The existence of Mn4+ leads to the generation of
reactive oxygen species, which can be readily reduced to create SSOVs during the reaction.
The resulting SSOVs can promote the dissociation of NO and facilitate the oxygen transfer
(Equation (5)). These factors ultimately result in the catalyst exhibiting good catalytic
performance across a wide temperature range [35]. Different metal cations M (M = Zr, Cr,
Mn, Fe, Co, and Sn) were doped into a CuO/Ce20M1Ox catalyst to explore their impact on
the catalyst’s structure and activity in the CO-SCR reaction. It was found that the doping
of Mn4+ into the CeO2 lattice promoted the generation of oxygen vacancies and surface
unsaturated metal cation. Hence, in comparison to Cu/CeO2 and other metal cation-doped
samples, Cu/CeMnOx demonstrated superior performance [45]. When MnOx was doped
into CuCeOx/γ-Al2O3, it significantly enhanced the catalytic activity at low temperatures,
with maximum conversions of NOx and CO of 98% and 96%, respectively, at 200 ◦C. The
robust interaction among Mn, Cu, and Ce oxides results in higher dispersibility and more
coordination-unsaturated ions. In addition, this interaction enhances the formation of
oxygen vacancies and acid sites, thereby enhancing the adsorption capacity for CO and
NOx [36]. The rise in the Fe2+/Fe3+ ratio subsequent to the addition of an accelerant
to the La-Fe/AC catalyst could be attributed to the supplementary synergistic impact
of M (Mn and Ce) and Fe via the redox equilibrium (M3+ + Fe3+ ↔ M4+ + Fe2+). This
phenomenon improves the redox cycle, promotes the formation of SSOVs, aids in the
decomposition of NO, and accelerates the CO-SCR process. The presence of O2 promotes
the formation of C(O) complexes and enhances the activation of metal sites. The NO
conversion of a Mn@La3-Fe1/AC catalyst reached 93.8% at 400 ◦C with 10% O2 [37]. Our
group reported that the hierarchically interconnected porous (HIP) MnxCo3−xO4 spinel,
synthesized through a citric acid-assisted sol–gel method, demonstrated high catalytic
efficiency for CO-SCR. The NO removal efficiency of the synthesized Mn0.3Co2.7O4 was
87% at 180 ◦C, exhibiting a wide active temperature range (100–400 ◦C). Its superior activity
can be attributed to the following factors: (i) the high oxidation states of Mn3+, Mn4+, and
Co3+ in the Co-O-Mn structure facilitates an effective redox cycle, creating adsorption sites
for NO and CO (Equations (9) and (10)), and (ii) the HIP structure significantly enhances
gas diffusion (Figure 3a) [46].
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Figure 3. (a) Schematic illustration of proposed CO-SCR reaction mechanism on Mn0.3Co2.7O4 [46];
(b) schematic illustration of proposed CO-SCR reaction mechanism on Mn−CeO2@Co3O4 [38].

Moreover, the catalyst’s electronic structure can be modified through Mn doping to
enhance its catalytic performance. Doping Mn into CeO2@Co3O4 generates additional
active sites and modulates the electronic structure of the catalyst (Figure 3b). When the O2
concentration was 5 vol% and the temperature was 200 ◦C, the Mn-CeO2@Co3O4 catalyst
exhibited an NO conversion of 82%, a CO conversion of 100%, and an N2 selectivity of
78% [38]. In the Mn2O3-modified CuO/γ-Al2O3 catalyst prepared by Wan et al. [47],
it was found that Mn2O3 can promote the dispersion of CuO on γ-Al2O3, forming a
monomolecular layer. This enhances the reducibility of CuO (Cu2+ + Mn3+ ↔ Cu+ + Mn4+),
thus boosting the adsorption capacity of CO on the CuO/γ-Al2O3 catalyst (Equation (9)).
As a result, both NO conversion and N2 selectivity are enhanced.

3. Synthesis Methods

Various synthesis methods yield distinct structures, influencing factors like the particle
size, the creation of specific morphologies, the generation of OVs, or the regulation of
valence states of the active center. These factors, in turn, impact the catalytic activity [39].

In order to implement the catalyst in industrial settings, it is imperative to devise
a synthesis approach that is easy to execute, amenable to upscaling, and cost-effective.
Currently, alternative preparation methods distinct from conventional synthesis techniques
have been reported in the literature. For instance, smooth spherical FexMnyO catalysts with
varying Fe contents were synthesized using the solvothermal method, and their CO-SCR
activity was tested. The results indicated that the introduction of FeOx enhances the Fe2+ +
Mn4+ ↔ Fe3+ + Mn3+ conversion, thereby facilitating oxygen cavitation and the production
of reactive oxygen species [40]. Also, a series of spherical Mnx-Fe2O3/C catalysts were
synthesized using MnFe-MOF-74 as a precursor through the sacrif-membrane plate method,
and they were used in the CO-SCR process. The characterization results revealed the
formation of a redox reaction involving Fe2+ and Mn4+ ions at the Fe-O-Mn site, leading to
the generation of Fe3+ + Mn3+ ions. This reaction significantly enhanced the adsorption
and activation of NO molecules. DFT calculations revealed that the incorporation of Mn
substantially enhances the local electron density at Fe-Mn sites, resulting not only in the
formation of robust C-Fe/Mn and N-Fe/Mn bonds, but also in the effective weakening of
N-O bonds [48]. While these approaches enhance the catalytic performance of Mn-based
catalysts in the CO-SCR reaction, they are associated with complex operational procedures
and high expenses.

Several researchers have employed coprecipitation as a method to synthesize La-Cu-
Mn-O catalysts with varying La concentrations. The incorporation of La has been shown
to facilitate the diminution of the particle size of copper–manganese oxides, inhibit its
agglomeration, improve the reducibility of the catalyst, and stimulate the augmentation
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of the exposed active sites and the reactivity between the reactants (NO and CO) [49].
Although the co-precipitation method is straightforward, the utilization of La is cost-
prohibitive, rendering it impractical for industrial applications.

Due to the complexity or high cost associated with the current synthesis methods,
there is a need to establish a straightforward and effective synthesis approach that achieves
catalytic activity for the preparation of the catalyst.

4. Reaction Mechanism

Generally, there exist three mechanisms for the CO-SCR reaction. The mechanisms
are categorized into the Langmuir–Hinshelwood (L-H) mechanism, the Eley–Rideal (E—
R) mechanism, and the Mars–Van Krevelen (MvK) mechanism. The L-H mechanism
involves the adsorption of two reaction gas molecules on the catalyst’s surface, where
the reaction proceeds through the interactions between the adsorbed species [50–52]. In
contrast, the E-R mechanism entails the adsorption of a reactant gas on the catalyst’s
surface, with the reaction occurring through molecular interactions between the adsorbed
species and the gas-phase molecules [53–55]. The MvK mechanism primarily pertains to
reactions that involve active lattice oxygen [50,56,57]. For Mn-based catalysts, many studies
have identified the prevalent mechanisms governing the CO-SCR reaction as the L-H
mechanism [31,33,38,58] and the E-R mechanism [23–25,49]. To date, there is no literature
reporting the involvement of the MvK mechanism in the CO-SCR reaction, where N2O acts
as the principal reaction intermediate in this process.

The E-R mechanism is likely to occur when Mn predominantly exists in a low valence
state in Mn-based catalysts. For the E-R mechanism, the formation of N2O can be described
as follows: NO initially adsorbs on the catalyst to produce NO* (Equation (5)). Subsequently,
NO* dissociates into N* and O* (Equation (6)), and N* reacts with another adsorbed NO to
form N2O* (Equation (7)). Finally, the adsorbed N2O is reduced to N2 and CO2 by gaseous
CO (Equation (8), where * denotes the adsorbed state).

NO → NO* (5)

NO* → N* + O* (6)

N* + NO* → N2O* (7)

N2O* + CO → N2 + CO2 (8)

The E-R mechanism is more likely to occur at low temperatures. Shan et al. [24]
synthesized α-MnO2 nanorods using a colloidal method and studied their catalytic behavior
in the reduction of NO by CO. They found that the reduction of NO by CO on α-MnO2
proceeds by initially generating N2O as an intermediate, which then dissociates into
N2 (Figure 4a). During the catalytic process, Mn2+ is easily oxidized to Mn3+, which
can subsequently adsorb and dissociate NO, thus forming the intermediate N2O. In situ
investigations revealed the reconstruction of the α-MnO2 surface, leading to the formation
of a new active surface phase consisting of Mn3+ and OVs serving as active sites. Among
the various TiO2-supported transition metal-based catalysts, MnOx/TiO2 shows the most
promising CO-SCR activity at low temperatures. As illustrated in Figure 4b, the presence of
NO on MnOx/TiO2 inhibits the oxidation of CO to CO2. Instead, in situ Fourier transform
infrared (FT-IR) studies found that the dissociation of NO takes place at the reduced Mn
site, resulting in the generation of N2O. N2O acts as an intermediate and then reacts with
CO to form N2 [25].

When Mn in the Mn-based catalysts is present in a high valence state with numerous
OVs, it leads to an increased adsorption capacity for NO and CO. This condition also
facilitates the occurrence of the L-H mechanism. In the L-H mechanism, the formation
process of N2O occurs as follows: NO and CO are adsorbed on the catalyst to form NO*
and CO* (Equations (9) and (10)); then, NO* dissociated into N* and O* (Equation (11)).
Subsequently, N* combines with another adsorbed NO to produce N2O* (Equation (12)),
which is further reduced by adsorbed CO to yield N2 and CO2 (Equation (13)):
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NO → NO* (9)

CO → CO* (10)

NO* → N* + O* (11)

N* + NO* → N2O* (12)

N2O* + CO* → N2 + CO2 (13)

Figure 4. (a) Reaction mechanism on α-MnO2 nanorod catalyst [24]; (b) reaction mechanism on
MnOx/TiO2 catalyst [25] (c) reaction mechanism on LaMnO3 catalyst [58].

For the LaMnO3 catalyst, the Mn site on its surface serves as the primary active site
for NO reduction. In this case, N2O2* generated through the NO coupling reaction acts as a
crucial intermediate in the CO-SCR process. N2O2* subsequently reacts with chemisorbed
CO to produce CO2 and N2O* intermediates. The reaction path of CO-SCR on the LaMnO3
surface consists of three sequential steps: 2NO* → N2O2*, N2O2* + CO* → N2O* + CO2,
and N2O* + CO* → N2 + CO2* (Figure 4c). The predominance of the bimolecular coupling
mechanism in the CO-SCR reaction on the LaMnO3 catalyst is attributed to the higher
activation energy barrier for NO decomposition to N2O on the LaMnO3 surface compared
to that of the N2O2* formation [58]. In the case of the NiMn-MOF-74 catalyst, the in situ
FT-IR results showed that NO molecules preferentially adsorbed on the catalyst surface
and dissociated to N* and O* under the action of surface SSOVs. This process weakens
the competitive adsorption of NO and CO on the catalyst. The dissociated NO undergoes
subsequent reactions with CO to form N2O intermediates, which are ultimately transformed
into N2 [31].
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The presence of abundant variable valence states plays a crucial role in the catalytic
activity and selectivity of Mn-based catalysts in the presence of oxygen. Mn3+ ions exhibit
efficient adsorption and dissociation of NO. Lewis acid sites are very important for the
CO-SCR reaction of MnOx-based catalysts by enhancing the adsorption capability of CO
molecules [41]. For the V0-OMS-2 catalyst, the reaction mechanism can be described
as follows:

Mn3+ (s)+ NO (g) → N2 (g) + Mn4+ (s) + O2 (g) (14)

Mn4+ (s) + O2 (g) + CO (g) → CO2 (g) + Mn3+ (s) (15)

In summary, different Mn-based catalysts show different reaction mechanisms. When
an N2O intermediate is generated, the selectivity of the CO-SCR reaction may be compro-
mised if N2O, functioning as an intermediate, is unable to undergo further reduction by
CO to form N2 and CO2. Therefore, it is necessary to modify the composition, structure,
oxidation state, and acid site of the Mn-based catalysts to facilitate the conversion of N2O
into N2. The diverse valence states of Mn play a crucial role in determining the catalytic
activity and selectivity of the catalyst during the CO-SCR reaction. By adjusting the catalyst
to achieve an appropriate oxidation state, it demonstrates improved resistance to oxygen.

5. Challenges

The concentrations of NO and CO in various industrial flue gases are different. Typi-
cally, the concentration of NO ranges between 500 ppm and 1600 ppm, whereas the CO
concentration falls within the range of 1 vol% to 1.25 vol%. Besides CO and NO gases,
there are also significant amounts of O2 (≥5 vol%) and H2O (≥10 vol%), as well as a minor
quantity of SO2 (≤50 ppm), which have a discernible impact on the catalytic activity of the
catalyst in the CO-SCR reaction. For instance, an excess of oxygen may lead to favoring of
the oxidation of CO and NO. SO2 tends to form sulfates on the catalyst’s surface, which
can obstruct the surface active sites. H2O can potentially compete with CO or NO for
adsorption sites. On the other hand, the high catalytic activity required at low temperatures
poses another challenge for the reaction. While the flue gas emission temperature in the
power industry typically exceeds 350 ◦C, most industrial furnaces operate at lower temper-
atures, with flue gas emissions ranging between 200 and 230 ◦C. The flue gas temperature
produced by industrial processes like steel sintering is typically below 150 ◦C. Hence,
the catalytic efficiency of the catalyst in the CO-SCR reaction at low temperatures is of
significant importance. Although the precious metal catalysts described in the literature
exhibit commendable catalytic activity under oxygen-rich conditions, their performance
notably diminishes at lower temperatures. In contrast, low-cost Mn-based catalysts demon-
strate significant potential in catalyzing the CO-SCR reaction at low temperatures (Table 2).
Further investigation in this field is anticipated to result in the creation of catalysts capable
of functioning at reduced reaction temperatures in oxygen-rich environments.

Table 2. Comparison of catalytic properties of Mn-based catalysts and other transition metal catalysts.

Catalyst

Gas Composition (%) GHSV
or

WHSV

Temperature
(◦C)

NO
Conversion

(%)

CO
Conversion

(%)

N2

Selectivity
(%)

Ref.
NO CO O2 SO2 H2O

MnOx/TiO2 0.4 0.4 2.0 --- --- 50,000 h−1 175 100 --- 100 [29]
NiMn-MOF-74 0.5 1.0 --- 0.1 5.0 30,000 h−1 200 100 --- --- [25]

Cu-Ce-Fe-Mn/TiO2 0.02 0.02 1.0 --- --- 10,000 h−1 200 100 82 --- [28]
Mn-CeO2@Co3O4 1.0 2.0 5.0 0.05 10.0 24,000 h−1 200 82 100 78 [38]

MnxCo3−xO4 1.0 2.0 5.0 0.05 5.0 20,000 h−1 180 100 --- 100 [37]
Cu1.2FeMg2.8-LDO 0.03 0.12 1.0 0.05 5.0 60,000 mL g−1h−1 225 100 --- 100 [59]

Ce-Cu-BTC 0.1 0.1 5 --- --- --- 300 100 70 100 [60]
CuO/TiO2 1.0 1.0 0.5 --- --- 12,000 h−1 250 100 --- 90 [61]
NiFe/CeO2 0.05 0.5 0.5 --- --- 22,800 h−1 250 100 --- 100 [62]
Fe-Co/ASC 0.1 0.5 0.1 --- --- 20,000 h−1 300 100 100 100 [63]

Fe@CeO2-ZIF-8 0.5 0.1 --- --- 5.0 22,800 h−1 300 100 50 99 [64]
Co3O4-CeO2-IOV 0.1 0.2 5.0 0.05 10.0 20,000 h−1 200 100 100 100 [65]

Co SA + CoOx NC/CZO 0.1 0.2 5.0 0.05 5.0 20,000 h−1 250 100 100 100 [12]
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5.1. O2

Due to the abundance of O2, CO and NO may exhibit a preference for reacting with
O2. This can lead to enhanced CO consumption while preventing the reduction of NO
to N2. In particular, the hindrance of the CO-SCR reaction by an excess of O2 (typically
exceeding 5 vol.%) poses a significant challenge for the practical application of CO-SCR.
On a Ni-Mn2 catalyst, the presence of O2 could inhibit the deNOx process. Under the
condition of a high O2 concentration, part of NO could be converted to NO2. Especially at
high temperatures, the amount of NO2 produced was greater than that of N2, leading to the
poor N2 selectivity of the Ni-Mn2 catalyst [66]. In the presence of 6% O2, the CO conversion
of the Mn-Ce-Fe-Co/TiO2 catalyst reached 92%. Nevertheless, the NO conversion by
Mn-Ce-Fe-Co/TiO2 decreased as the O2 content increased. This could be elucidated by
the observation that in the presence of O2, a portion of NO was oxidized to NO2 instead
of being converted to N2, consequently leading to reduced NOx conversion [34]. At an
O2 concentration of 8%, the NO conversion by a 5Fe-10Mn/AC catalyst was high in the
reaction’s early stages. However, its stability was notably poor, decreasing to 42% at 230 ◦C
after only 7 min [67]. There are abundant variable valence states in Mn-based catalysts, and
Mn3+ has been shown to be able to effectively adsorb and activate NO and strengthen N-O
bond cleavage. Thus, regulating the valence state of Mn in Mn-based catalysts may be a
solution to their poor catalytic activity and selectivity under oxygen-rich conditions.

Currently, it has been established that the dispersion of nanoparticles into single atoms
(SAs) and the manipulation of the charge state of SAs can enhance the resistance of catalysts
to O2 in the CO-SCR reaction to a certain degree [9,10,68]. The underlying principle is
that SACs possess an adaptable coordination structure, offering a favorable opportunity to
modulate their catalytic efficacy [69]. Theoretically, Mn displays a wide range of variable
valence states, and by adjusting the coordination environment of Mn SAs, distinct valence
states of Mn can be achieved. The distinctive valence of Mn affects its adsorption capacity
for reaction gases differently than that of O2, potentially improving the O2 resistance of
Mn-based catalysts. While the utilization of Mn SAs in CO-SCR reactions has not been
documented in the literature, studies have shown that Mn4+ in MnO2 exhibits a higher
affinity for NO compared to O2, leading to a decrease in O2 absorption [70]. Theoretically,
the dispersion of Mn species in Mn-based catalysts into single atoms and the exposure of
more Mn4+ species may enhance their O2 resistance.

5.2. H2O

In actual flue gas, a significant quantity of water is typically present. The presence of
water will compete with NO for adsorption sites, leading to a reduction in NO conversion
and N2 selectivity [71]. However, the impact of water on the catalyst is reversible, and the
catalyst can regain certain performance levels after the water is removed. For a CuMnO2
nanosheet catalyst with the synergistic effect, it could achieve 100% NO conversion to N2
at 310 ◦C. However, when 5% water vapor was introduced, the N2 selectivity suddenly
dropped from 90.2% to 10.1%, although the NO conversion increased from 89.2% to 100%
(Figure 5a) [72]. When MnOx was doped into CuO/CeO2, the Cu/CeMn-10:1 catalyst
(the molar ratio of CuO/CeO2 to MnOx was 10:1) showed the best catalytic activity in
the NO + CO reaction, with 100% NO conversion and 83% N2 selectivity at 220 ◦C in the
absence of oxygen. After the introduction of 10 vol% H2O into the reaction system, both
the NO conversion and N2 selectivity decreased, especially the N2 selectivity [73]. The
Mn-CeO2@Co3O4 catalyst achieved 82% NO conversion and 78% N2 selectivity at 200 ◦C
with 5% O2 present. When 10 vol.% H2O was introduced, the NO conversion decreased
to 65% (Figure 5b). The main reason for this decline was identified as the competitive
adsorption of NO and H2O [38].
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Figure 5. (a) N2 and NH3 selectivity of CuMnO2/SSM sample in the CO-SCR test under the
conditions of 5% water, 1000 ppm NO, and 2000 ppm CO [72]; (b) effect of H2O on NO conversion
on Mn-CeO2@Co3O4 catalyst activity at 200 ◦C [38]; (c) sulfur resistance stability test of OMS-2
and Sb0.2-OMS-2 [42]; (d) influence of SO2 on Ho0.05-OMS-2 catalyst activity. Reaction conditions:
NO = 0.05%, CO = 0.05%, O2 = 2%, SO2 = 0.02%, N2 = balance, and GHSV = 15,000 h−1 [43].

5.3. SO2

Small quantities of SO2 are present in flue gas. In the case of Mn-based catalysts, their
ability to tolerate sulfur is comparatively low. This is due to the formation of sulfides by
SO2 on the catalyst surface. In comparison to undoped OMS-2, an Sb-doped Sb0.2-OMS-2
catalyst exhibited an increased proportion of OVs on the catalyst surface and enriched
Lewis acid sites, thus facilitating the conversion of NO. The NO conversion improved
from 60% in OMS-2 to 83% in Sb-doped Sb0.2-OMS-2 at 150 ◦C and from 80% to 95% at
300 ◦C. When SO2 was introduced, the NO conversion of OMS-2 plummeted. While the
introduction of Sb led to some improvement in sulfur resistance, the conversion of NO
also showed a continuous decline, and the sulfur resistance was still limited (Figure 5c),
which required further improvement [42]. Moreover, incorporating the metal Ho into
OMS-2 also resulted in an enhancement in catalytic activity. Nonetheless, its resistance to
sulfur was comparable to that of Sb0.2-OMS-2 (Figure 5d) [43]. Likewise, the presence of
SO2 could have a substantial impact on the catalytic performance of Mn-Ce-Fe-Co/TiO2
catalysts. When 50 ppm of SO2 was introduced, the NO conversion of Mn-Ce-Fe-Co/TiO2
experienced a notable decrease, with the lowest NO conversion being only 20% [34]. Indeed,
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as mentioned above, the addition of metal can enhance sulfur resistance to some degree;
however, there remains significant potential for further enhancement.

By coordinating with a low-electronegativity atom, the central atom acquires a nega-
tive charge, thereby enhancing the resistance to O2 and SO2 of the catalyst to some degree.
This is based on the fact that the negatively charged single atom can boost the adsorption
of NO while reducing the adsorption of O2. Additionally, the adsorption capability of SO2
is also diminished [9,69].

6. Conclusions and Perspectives

In recent years, CO-SCR technology has emerged as a prominent research focus in
the denitrification field. Currently, the crucial aspect for the industrial implementation
of CO-SCR technology lies in the development of cost-effective and high-performance
catalysts. Mn-based catalysts offer advantages such as affordability and high activity at low
temperatures. However, their development is hindered primarily by poor N2 selectivity
and stability in the presence of oxygen, as well as their limited water and sulfur resistance.
In order to promote their industrialized application, it is crucial to tackle these issues.
Subsequent research endeavors may be pursued with a focus on the following aspects:

(i) Presently, numerous studies have been published on SACs of precious metals, such
as those based on Ir, Pd, and Pt. The dispersion of transition metals into single atoms to
form effective catalysts has also been documented. For instance, a single-atom Mn catalyst
has been utilized in various reactions such as oxygen reduction reactions [74] and the
photocatalytic removal of water-based organics [75]. These reports provide support for
the feasibility of synthesizing Mn SACs. However, currently, there is a lack of literature
regarding the use of Mn SACs for the CO-SCR reaction. Previously, under the guidance
of DFT, our research group successfully developed a catalyst consisting of Co SAs and
CoOx nanoclusters (NCs) with dual active centers co-anchored on the CZO support, which
achieved superior catalytic performance at a broad temperature range between 250 and
400 ◦C and under 5 vol% O2 conditions [12]. Therefore, by leveraging the benefits of
the high low-temperature activity of Mn-based catalysts, there is the potential to obtain
low-temperature performance. Furthermore, combining the Mn SAs with a support that
possesses oxygen resistance may lead to outstanding low-temperature performance under
oxygen-rich conditions.

(ii) Our group discovered that modifying the type and quantity of coordination atoms
can alter their valence state in SACs. The adsorption behaviors of NO, CO, O2, and SO2
on negatively charged SACs significantly differ from those on positively charged SACs
or nanoparticle catalysts [9,10]. For Mn-based catalysts, upon dispersing them into single
atoms, the coordination type of the Mn atoms is adjusted to induce a negative charge, with
the extent of negativity regulated by the quantity of coordinating atoms. By synthesizing
negatively charged Mn SACs, it is possible to enhance their antioxidant properties and
resistance to sulfur dioxide.

(iii) Various in situ characterization methods, such as in situ electron paramagnetic
resonance (EPR), in situ transmission electron microscope (TEM), and in situ X-ray photo-
electron spectroscopy (XPS), are frequently employed for defect identification of reaction
intermediates and the changes in the structure and oxidation states of catalysts. Mn-based
catalysts usually exhibit a significant number of defects, underscoring the critical necessity
of accurately determining the defect type and density to gain insights into the underlying
reaction mechanisms. Utilizing in situ techniques for observing the changes throughout the
reaction process and integrating a variety of in situ characterization methods to thoroughly
investigate the CO-SCR reaction process and elucidate the dynamic structure–activity
relationship are crucial aspects. Hence, various in situ characterization techniques can be
employed to observe reaction intermediates and clarify the reaction pathways for Mn-based
catalysts, which is significant for designing more efficient Mn-based catalysts.

(iv) Our group employed solid-state ball milling technology to synthesize Co-based
catalysts with excellent oxygen resistance and relatively high activity levels at low tem-
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peratures [65]. The application of catalysts in industry necessitates simple preparation
methods, superior catalytic performance, reproducibility, cost efficiency, and scalability
for mass production. Hence, the development of straightforward, replicable, scalable, and
promising preparation methodologies for Mn-based catalyst are imperative.
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Abstract: Green synthesis using L-proline as an organocatalyst is crucial due to its reusability, mild
conditions, clean reactions, easy workup, high purity, short reaction times, and high yields. However,
existing methods often involve harsh conditions and longer reaction times. In this study, 2-cyano-
N’-(2-cyanoacetyl)acetohydrazide (3) was prepared and condensed with various benzaldehyde
derivatives to yield 2-cyano-N’-(2-cyano-3-phenylacryloyl)-3-phenylacrylohydrazide derivatives
(5a–e, 7a,b) using a grinding technique with moist L-proline. Additionally, three 2-cyano-N’-(2-
cyano-3-heterylbut-2-enoyl)-3-heterylbut-2-enehydrazides (9, 11, 13) were synthesized by condensing
compound 3 with respective (heteraryl)ketones (8, 10, 12) following the same method. The synthe-
sized compounds were characterized using IR, NMR, and MS spectroscopy. L-proline’s reusability
was confirmed for up to four cycles without significant yield loss, showcasing the protocol’s efficiency
and sustainability. The new compounds were screened for anticancer activities against the HCT-116
colon carcinoma cell line using the MTT assay. Molecular docking studies revealed the binding
conformations of the most potent compounds to the target protein (PDB ID 6MTU), correlating
well with in vitro results. In silico ADMET analysis indicated favorable pharmacokinetic properties,
highlighting these novel compounds as promising targeted anti-colon cancer agents.

Keywords: 2-cyanoacetohydrazide; condensation; grinding; hydrazides; anticancer activity; molecular
docking study; in silico study

1. Introduction

Green chemistry aims to design products and processes that reduce or eliminate haz-
ardous substances [1]. This field emphasizes the importance of developing safer chemicals,
reducing waste, and improving energy efficiency. An overview of the twelve principles
of green chemistry highlights key aspects such as the design of safer chemicals, waste
reduction, and energy efficiency improvements. The focus is on creating environmentally
sustainable chemical procedures that are safe for biological activity and industry-leading
molecules [1–4]. It emphasizes alternatives such as reduced solvent use, high atom econ-
omy and selectivity, elimination of hazardous wastes, simple product separation and
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purification methods, and alternative energy sources for organic transformations [5–10].
Mechanosynthesis, using “ball milling” or simple grinding methods [11,12], fits this sus-
tainable and “greener” definition. Manual grinding with a mortar and pestle is especially
useful at the laboratory scale, offering an energy-efficient, economical, and ecologically
advantageous process without external heating [13]. Toda and colleagues demonstrated
that many organic exothermic reactions could be performed using mortar and pestle grind-
ing with good yields [14], including condensation reactions like Schiff base and oxime
formation [15]. Recently, this method has also proven efficient for constructing biologically
important heteroaromatic compounds [16–19].

Organocatalysis has gained significant interest due to its ease of use, stability, non-
toxicity, and cost-effectiveness. It does not require an inert atmosphere or anhydrous
conditions, making it suitable for mild conditions [20,21]. The field has grown exponen-
tially, with new catalysts and reactions producing asymmetric products in classical reactions
such as Diels–Alder, Mannich, and Michael reactions [22,23]. L-proline, a naturally occur-
ring amino acid, has gained significant attention as a catalyst in green chemistry due to its
effectiveness and environmental friendliness [24–27]. As an organocatalyst, L-proline is
used in various organic transformations, such as aldol reactions, Michael additions, and
Mannich reactions. It offers advantages, including biodegradability, non-toxicity, high
selectivity, and mild reaction conditions, making it a valuable tool for synthesizing complex
molecules with high enantioselectivity and yield [24–27]. Proline’s biological relevance
extends to both natural and synthetic compounds. In nature, proline is a significant compo-
nent of proteins, particularly collagen, contributing to structural stability. It also plays a
role in neurotransmission and enzyme catalysis. In synthetic compounds, proline and its
derivatives are used to design pharmaceuticals with enhanced stability, bioavailability, and
therapeutic efficacy, including antiviral, anticancer, and anti-inflammatory agents [28–30].

Cancer continues to be a significant global health challenge, with its incidence rising
in both developed and developing countries. Colorectal cancer (CRC) is the third most
commonly diagnosed cancer and the fourth leading cause of cancer-related deaths world-
wide [31]. This disease affects both men and women similarly, being the third most common
cancer in men and the second most common in women [32]. Despite its prevalence, CRC is
considered one of the most preventable cancers through lifestyle modifications [17,33,34].
Current CRC chemotherapy mainly involves 5-fluorouracil, often combined with oxali-
platin, irinotecan, leucovorin, or folic acid in various treatment protocols. While these
treatments are effective, they come with significant side effects, including neurological
and gastrointestinal disorders, myelosuppression, anemia, and neutropenia [35–38]. Given
the drawbacks of conventional chemotherapy, there is an urgent need to develop new
treatment strategies for colorectal cancer. Chemoprevention, which involves using natural,
synthetic, or biological agents to reverse, suppress, or prevent carcinogenesis at any stage
(initiation, promotion, or progression), has emerged as a promising approach [39,40].

The pharmacological activities of hydrazides (–CO–NH–NH–) and hydrazones
(–CO–NH–N=) have been extensively evaluated, making them a significant class of com-
pounds [41–43]. Hydrazones, important compounds with diverse pharmacological ac-
tivities, are currently in clinical trials, such as pyridoxal isonicotinoyl hydrazone (I) [44].
For instance, compounds (II) and (III) demonstrated antiproliferative activity with IC50
values of 0.29 and 3.1 μM against HCT 116 cells, outperforming the drug 5-fluorouracil
(IC50 = 5 μM) [45]. Hydrazone (IV) induced a cytostatic effect in p53-competent HCT116
cells, leading to cell cycle arrest at the S/G2 phase [46]. Acylhydrazone (V) exhibited
toxicity in colon cancer cells without harming nonmalignant cells, triggering apoptosis and
cell cycle arrest in the G2/M phase [47]. Compound (VII) showed greater antiproliferative
activity than compound (I) due to its high chelation efficacy [48], while compound (VI)
displayed strong antiproliferative activity on esophageal carcinoma cells with IC50 values
of 1.09 and 2.79 μM, inducing apoptosis and cell cycle arrest at the G0/G1 phase [49]
(Figure 1). This makes hydrazides and their derivatives promising candidates for develop-
ing effective cancer therapies.
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Figure 1. Reported hydrazones with anticancer activity.

Furthermore, the biological profile of the new hydrazides was evaluated, and the
results were followed by an in silico docking study. Recently, in silico computational
methods have become important in the drug discovery area [50]. Using molecular docking,
an important computational technique, to understand the theoretical interactions of com-
pounds with a macromolecular structure and provide assistance to the results of in vitro
assays. In this research, we targeted this protein with PDB ID (6MTU) and docked it with
novel synthesized compounds to present its effect as anti-colon cancer. For the majority
of therapeutic drugs, one of these investigations combined the methods of Absorption,
Distribution, Metabolism, and Toxicity (ADMET). The procedure by which a medication
enters the systemic circulation after administration is known as absorption. Distribution is
the movement of medication from systemic circulation to extravascular sites. Metabolism
involves the enzymatic breakdown of a drug into metabolites that are cleared from the
body. Excretion is the passive or active transport of intact drug molecules into the urine or
bile [51]. Toxicology is described in this article as the negative effects that drug substances
have on humanity. Early-stage medication development is drawing attention to ADMET
characteristics due to their increased significance [52,53].

Building on our research into bioactive heterocyclic frameworks [5,9,17,19,54–60], we
synthesized novel hydrazide derivatives via solvent-free mechanical grinding of 2-cyano-
N’-(2-cyanoacetyl)acetohydrazide with various aldehydes and ketones, using L-proline as
an efficient organocatalyst. This method achieved high yields, short reaction times, and
low costs. The synthesis was conducted using both thermal and grinding techniques. We
then assessed the in vitro and in silico cytotoxicity of these derivatives against the HCT-116
colon carcinoma cell line. This comprehensive approach, integrating synthetic chemistry,
biological evaluation, and computational modeling, highlights the potential of hydrazide
derivatives as anticancer agents. The promising results from both experimental and in
silico analyses support further development and optimization of these compounds for
cancer therapy.

2. Results and Discussion

The main precursor for synthesizing new compounds, 2-cyano-N’-(2-cyanoacetyl)
acetohydrazide (3), is formed by reacting 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile
with 2-cyanoacetohydrazide under reflux in dioxane [61]. Carbonyl compounds, including
aldehydes and ketones, can react with compound 3 to produce hydrazide derivatives
through either conventional reflux or green grinding processes, using moist L-proline as
the basic organocatalyst. Specifically, reacting compound 3 with two equivalents of various
benzaldehyde derivatives (4a–e) yields the corresponding hydrazide derivatives (5a–e)
in high to excellent yields, irrespective of the substituents being electron-withdrawing or
electron-donating, as shown in Scheme 1.
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Scheme 1. Synthesis of compounds 5a–e and 7a,b.

The identification of the structures of the isolated products 5a–e was established
through spectral data and elemental analyses. The 1H-NMR spectra of the condensation
products 5a–e revealed the absence of signals associated with CH2 groups, indicating the
formation of enone. Additionally, the methine proton –CH= was distinctly observed at
approximately δ 8.14 ppm, along with the anticipated aromatic protons. The IR spectrum
of compound 5a showed absorption bands at 3277 cm−1 (NH), 2216 cm−1 (CN), and
1661 cm−1 (C=O). The 3277 cm−1 band indicates NH groups, typical of amines. The
2216 cm−1 band confirms the cyano (C≡N) group. The 1661 cm−1 band suggests a carbonyl
(C=O) group. The mass spectra of products 5a–e displayed molecular ion peaks matching
their molecular weights.

Similarly, in the presence of moist L-proline organocatalyst, 2-cyano-N’-(2-cyanoacetyl)
acetohydrazide (3) was reacted with two equivalents of 2-(4-formyl-3-methoxyaryloxy)-
N-phenylacetamides (6a,b) to form the respective 2,2′-(((hydrazine-1,2-diylbis(2-cyano-3-
oxoprop-1-ene-3,1-diyl))bis(3-methoxy-4,1-phenylene))bis(oxy))bis(N-arylacetamide) deriva-
tives (7a,b) as depicted in Scheme 1.

We extended our synthesis efforts to produce ketonic hydrazides by reacting com-
pound 3 with three different acetyl compounds: 1-(4-bromophenyl)ethan-1-one (8), 1-(1H-
indol-3-yl)ethan-1-one (10), and 1-(pyridin-3-yl)ethan-1-one (12) (two equivalents). These
reactions were carried out using both thermal and grinding methods, resulting in the
formation of the corresponding hydrazides (9, 11, and 13) in satisfactory yields, as shown
in Scheme 2. The structures of these compounds were confirmed through spectral analysis
(IR, 1H-NMR, and MS) and elemental analyses. For instance, the IR spectrum of compound
11 shows absorption bands at 3403 cm−1 and 3233 cm−1 (NH groups), 2216 cm−1 (CN
group), and 1670 cm−1 (C=O group). Its 1H-NMR spectrum revealed three singlet signals
at δ 2.41, 10.46, and 11.88 ppm, corresponding to the methyl group and two NH groups. In
addition, the ten aromatic protons resonated as multiplet signals at δ 7.13–8.27 ppm. Mass
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analysis further identified the molecular ion peak at m/z = 448 (73%), consistent with the
molecular formula (C26H20N6O2).

Scheme 2. Synthesis of compounds 9, 11, and 13.

Additionally, a comparative study of the conventional (thermal) method and the green
(grinding) method using moist L-proline as the basic catalyst is presented in Table 1.

Table 1. Comparison of the synthesis of products 5a–e, 7a,b, 9, 11, and 13 using thermal and green
methods with L-proline organocatalyst.

Compounds
Thermal Method Grinding Method

Time (h) (%) Yield Time (min) (%) Yield

5a 5 75 25 90
5b 4 74 27 89
5c 3 79 21 92
5d 4 73 26 91
5e 3 78 20 89
7a 5 72 29 84
7b 5 70 30 85
9 4 78 27 91

11 5 77 23 90
13 4 79 28 90
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Table 1 compares the synthesis of products 5a–f, 7a,b, 9, 11, and 13 using both tra-
ditional reflux and the eco-friendly grinding method with moist L-proline as the basic
catalyst. The green method demonstrated significantly shorter reaction times and generally
higher yields than the conventional reflux method. For example, compound 5a achieved a
yield of 75% in 5 h under reflux, whereas the grinding method yielded 90% in just 25 min.
This trend was consistent for other compounds, highlighting that the grinding method is
not only more time-efficient but also produces comparable or improved yields, making it a
promising greener alternative for synthesizing these compounds.

Additionally, Table 2 presents the optimization of catalyst loading for the synthesis of
compound 5a using the grinding method with moist L-proline as the basic catalyst.

Table 2. Optimization of the catalyst loading for the synthesis of compound 5a using the grind-
ing method.

Entry Catalyst (mol%) Time (min) Temperature (◦C) Yield (%)

1 1 25 25 71
2 3 25 25 83

3 a 5 25 25 90
4 10 25 25 90

a The best reaction condition for the synthesis of compound 5a.

Table 2 presents the optimization process for catalyst loading in the synthesis of
compound 5a. Each entry reflects a different catalyst percentage, along with corresponding
reaction times, temperatures, and yields. Notably, entry 3, with a catalyst loading of 5 mol%,
achieved the highest yield of 90%, indicating the optimal conditions for synthesizing
compound 5a in this experimental setup.

Additionally, we explored the catalyst’s regeneration and reusability. The reaction
between compound 3 and p-anisaldehyde 4a was conducted under optimized conditions.
Upon completion of the reaction, the mixture was diluted with 10 mL of water, and the
crude solid product was filtered and washed with 2–5 mL of water. The L-proline catalyst
was removed by washing with water, as it is water-soluble. The catalyst was then recovered
by evaporating the water, washed with diethyl ether, and reused for subsequent catalytic
runs, as detailed in Table 3.

Table 3. Recyclability of L-proline (5 mol%).

State of Catalyst
New Catalyst Recycled Catalyst

(1) (2) (3) (4) (5)

Yield of product 5a 90 87 81 78 74 49

Table 3 showcases the recyclability data for the L-proline organocatalyst, comparing
its performance as a fresh catalyst (1) and after multiple recycling cycles (2 to 5). The yield
of compound 5a serves as a benchmark for assessing the catalyst’s efficiency. Initially,
the new catalyst achieves a 90% yield. However, with each recycling cycle, a gradual
decrease in yield is observed: 87% after the first cycle, 81% after the second, 78% after the
third, and 74% after the fourth cycle. A notable decline in performance is evident after
the third cycle, with the yield dropping to 49% by the fifth cycle. This trend indicates a
reduction in the catalyst’s recyclability over successive uses, although it remains effective
for up to four cycles with minimal loss in activity. The loss in yield after the fifth cycle
of recycling L-proline as a catalyst is primarily due to cumulative structural degradation,
loss of catalyst quantity, contamination, and changes in physical properties affecting its
catalytic performance. These cumulative effects lead to a significant reduction in yield,
dropping from 90% with a new catalyst to 49% after the fifth recycle.
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2.1. Antitumor Study

The in vitro cytotoxic activity of ten newly synthesized target compounds was evalu-
ated against the HCT-116 colon carcinoma cell line. The bioactivity of these compounds
was assessed using the MTT assay, which measures cell viability and proliferation. Cis-
platin, a well-known chemotherapeutic agent, was used as a reference standard to compare
the calculated IC50 values of the new compounds. The results of this comparative study
are presented in Table 4, providing insights into the potential efficacy of the synthesized
compounds relative to the established drug.

Table 4. In vitro cytotoxic effect of synthesized compounds against the HCT-116 cell line.

Tested
Compounds

IC50 Values (μM)
Tested

Compounds
IC50 Values (μM)

5a 3.8 ± 0.7 7b 37.2 ± 4.2
5b 3.2 ± 1.1 9 9.3 ± 1.7
5c 9.3 ± 1.4 11 2.5 ± 0.81
5d 8.5 ± 1.3 13 3.7 ± 1.0
5e 27.0 ± 2.5 Cisplatin* 2.43 ± 1.1
7a 35.3 ± 3.1

* Reference drug.

The outline data in Table 4 showed that the in vitro cytotoxic effect of synthesized
compounds against the HCT-116 cell line reveals a range of efficacies, as indicated by their
IC50 values (μM). Among the synthesized compounds, compound 11 (IC50 = 2.5 ± 0.81 μM)
exhibits the highest cytotoxicity, closely followed by compound 5b (IC50 = 3.2 ± 1.1 μM)
and compound 13 (IC50 = 3.7 ± 1.0 μM). These compounds show comparable efficacy to
Cisplatin, a known chemotherapeutic agent, which has an IC50 value of 2.43 ± 1.1 μM.
Compounds 5a (IC50 = 3.8 ± 0.7 μM) and 9 (IC50 = 9.3 ± 1.7 μM) demonstrate moderate
cytotoxicity, while compounds 5c (IC50 = 9.3 ± 1.4 μM) and 5d (IC50 = 8.5 ± 1.3 μM) exhibit
higher IC50 values, indicating lower cytotoxicity. Compounds 7a (IC50 = 35.3 ± 3.1 μM)
and 7b (IC50 = 37.2 ± 4.2 μM) are the least effective, with the highest IC50 values among
the tested compounds. Compound 5e (IC50 = 27.0 ± 2.5 μM) also shows relatively lower
efficacy. These findings highlight compounds 11, 5b, and 13 as potential candidates for
further development as anticancer agents, given their promising cytotoxic effects against
the HCT-116 cell line.

The structure–activity relationship (SAR) analysis examines how the chemical struc-
ture of the synthesized compounds affects their cytotoxicity against the HCT-116 cell
line. Compounds with aromatic substituents exhibit varying cytotoxicity, with specific
patterns enhancing activity, as seen with compound 5b (IC50 = 3.2 ± 1.1 μM) compared
to 5a (IC50 = 3.8 ± 0.7 μM) and 5c (IC50 = 9.3 ± 1.4 μM). Chalcone derivatives, such as 7a

(IC50 = 35.3 ± 3.1 μM) and 7b (IC50 = 37.2 ± 4.2 μM), show higher IC50 values, indicating
lower cytotoxicity. Conversely, heterocyclic compounds like 11 (IC50 = 2.5 ± 0.81 μM)
demonstrate the lowest IC50 values, suggesting enhanced effectiveness. Larger and
more flexible compounds, such as 5e (IC50 = 27.0 ± 2.5 μM), have reduced activity,
highlighting the importance of balancing rigidity and flexibility for effective interaction
with the target protein. The comparable efficacy of compounds 11 and 5b to Cisplatin
(IC50 = 2.43 ± 1.1 μM) underscores their potential as anticancer agents. These findings
indicate that the nature and position of substituents, the core structure, and the overall size
and flexibility of the compounds play significant roles in their cytotoxicity, providing a
basis for optimizing structures to improve anticancer properties.

28



Catalysts 2024, 14, 489

2.2. Molecular Docking Study

After identifying the potent compounds against the HCT-116 colon carcinoma cell
line, docking studies were performed to understand their binding interactions with the
prepared protein (PDB ID: 6MTU). Molecular docking was used to examine how the ligands
interact with the protein’s active site [62]. The results, compared to the co-crystallized
ligand SEP, revealed significant interactions with the protein residues, as shown in Figure 2.
Key findings include (i) more negative binding energies for our ligands than the CCL
(co-crystallized ligand), indicating greater stability; (ii) various interactions, including
hydrogen donors, hydrogen acceptors, π–H, and π–π interactions; (iii) key binding residues
were glycine, isoleucine, arginine, and leucine; (iv) primary interaction sites were oxygen,
nitrogen, and six-membered rings; and (v) compounds 5a and 5b are predicted to exhibit
the strongest inhibition against the 6MTU protein in cancer. As shown in Table 5, the test
compound 5a formed four H-bond acceptors: two between oxygen atoms of the carbonyl
moiety with the active site residues Gly739 and Ile740, and another two H-bond acceptors
between nitrogen atoms of the cyano group with Arg733 and Gly737. Additionally, in test
compound 5b, four H-bond acceptors were formed: three between the oxygen atoms of
carbonyl groups with the active site residues Ile740, Gly737, and Gly739, and another one
between the nitrogen atoms of the cyano moiety with Gly737. The 3D model of compound
5c showed one H-bond donor between its N and Ile740. On the contrary, the docking of 5d

gave one H-bond acceptor between the oxygen atom and the residue of Gly739. Finally, the
docking of 11 gave one H-bond donor between the N of the hydrazinylidene moiety and
the residue of Ile740; additionally, there were three H-bond acceptors: two between the
nitrogen atom of the cyano group with the Arg733 and Arg801, and another one between
the oxygen atom of the carbonyl group with the Leu738.

Table 5. Docking score (kcal/mol), No. of H-bonding, and No. of arene interaction of potent
synthesized compounds 5a–d and 11 with the 6MTU receptor relative to the CCL.

Compounds
Docking Score

(kcal/mol)
No. of Hydrogen

Bonding
No. of Arene
Interaction

Donor Atom Acceptor Atom

5a −5.75

1 (Gly739)
1 (Ile740)
1 (Arg733)
1 (Gly737)

1 (π-H) [Gly739] -
O

N

5b −5.78
1 (Ile740)
2 (Gly737)
1 (Gly739)

- -
O

O/N
O

5c −5.61 1 (Ile740)
1 (π-H) [Leu738]

1 (π-Cation)
[Arg801]

N -

5d −5.72 1(Gly739) 1 (π-H) [Gly739] - O

11 −6.40

1 (Ile740)
1 (Leu738)
1 (Arg733)
1 (Arg801)

-

N
-
-
-

-
O
N
N

CCL −4.60

2 (Ile740)
1 (Gly739)
1 (Leu738)
1 (Arg733)

-

N/-
-
-
-

-/O
O
O
O
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Figure 2. Three-dimensional and two-dimensional ligand interactions within the binding site of
6MTU for potent synthesized compounds 5a–d, 11, and CCL.

2.3. In Silico Pharmacokinetic Profile (ADMET)

The tested compounds showed intestinal absorption rates between 65.21% and 92.60%,
with a volume of distribution (log L/kg) ranging from −0.51 to 0.30. The derivative 5a

inhibited CYP3A4, while 5b and 5c were metabolized by CYP1A2. Additionally, derivatives
5c and 5d inhibited CYP3A4, CYP2C19, and CYP2C9. The compound 11 was metabolized
by all of the cytochrome substrates and inhibitors. The evaluated substances’ excretion
was determined using a log value of ml/min/kg, with values ranging from −0.61 to
1.24. Table 6 displays all the previous detailed data. Subsequently, the toxicity prediction
findings showed that none of the investigated substances had AMES toxicity.

Table 6. Results of ADMET properties of potent synthetic compounds 5a–d, 11, and Cisplatin.

Compounds

Absorption Distribution

Metabolism Excretion
(Log mL/min/kg)

Toxicity

Intestinal Absorption
(Human)

Numeric (% Absorbed)

VDss
(Log L/kg)

AMES Toxicity
(Categorical)

(Yes/No)

5a 74.39 −0.5 CYP3A4 Substrate and
CYP3A4 inhibitor 0.25 No

5b 65.21 −0.33 CYP1A2 inhibitor 0.13 No

5c 81.9 −0.51

CYP3A4 substrate;
CYP1A2, CYP2C19,

CYP2C9 and CYP3A4
inhibitor

−0.57 No

31



Catalysts 2024, 14, 489

Table 6. Cont.

Compounds

Absorption Distribution

Metabolism Excretion
(Log mL/min/kg)

Toxicity

Intestinal Absorption
(Human)

Numeric (% Absorbed)

VDss
(Log L/kg)

AMES Toxicity
(Categorical)

(Yes/No)

5d 81.37 −0.48
CYP3A4 substrate;

CYP2C19, CYP2C9 and
CYP3A4 inhibitor

−0.61 No

11 83.02 −0.04

CYP2D6, CYP3A4
substrate; CYP1A2,

CYP2C19, CYP2C9, and
CYP3A4 inhibitor

0.76 No

Cisplatin * 92.60 0.30 - 1.24 No

* Reference drug.

3. Experimental

The melting points of the newly synthesized compounds were determined using an
electrothermal Gallenkamp apparatus, Cambridge, UK. IR spectra were obtained with a
Pye-Unicam SP300 instrument (Pye, Cambridge, UK) using potassium bromide discs. Mass
spectra were acquired using GCMS-Q1000-EX Shimadzu (Kyoto, Japan) and GCMS 5988-A
HP spectrometers (HP Inc., Palo Alto, CA, USA), operating at an ionizing voltage of 70 eV.
The 1H-NMR and 13C-NMR spectra were recorded using a Jeol-500 spectrometer (JEOL,
Tokyo, Japan), operating at 500 MHz for 1H-NMR and 125 MHz for 13C-NMR. Elemental
analyses were conducted at the Microanalytical Center of Cairo University, Giza, Egypt.

3.1. Synthesis of 2-cyano-N’-(2-cyanoacetyl)acetohydrazide (3)

A mixture of 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile 1 (1.63 g, 10 mmol)
and 2-cyanoacetohydrazide 2 (1.00 g, 10 mmol) was dissolved in 30 mL of dioxane and
heated under reflux for 2 h. The resulting solid, which formed after cooling, was collected
by filtration and recrystallized from aqueous ethanol, yielding colorless needles with an
89% yield and a melting point of 207–209 ◦C (lit., 207–208 ◦C) [61].

3.2. Reaction of 3 with Aromatic (or Heteroarmatic) Carbonyl Compounds 4a–e, 6a,b, 8, 10,
and 12

3.2.1. Method A

A mixture of 2-cyano-N’-(2-cyanoacetyl)acetohydrazide (3, 0.166 g, 1 mmol) and the
appropriate carbonyl compounds as substituted benzaldehyde derivatives (4a–e), 2-(4-
formyl-3-methoxyphenoxy)-N-arylacetamide derivatives (6a,b), 1-(4-bromophenyl)ethan-
1-one (8), 1-(1H-indol-3-yl)ethan-1-one (10), or 1-(pyridin-3-yl)ethan-1-one (12) (2 mmol
for each) was dissolved in 20 mL of aqueous ethanol (1:1) containing L-proline (0.006 g,
5 mol %). The mixture was refluxed for 3–5 h. After confirming the completion of the
reaction by TLC (EtOAc: n-hexane, 1:1, v/v), the reaction mixture was cooled. The insoluble
catalyst was separated by filtration, washed, dried, and reused up to four times. The solid
was washed with cold water and recrystallized from DMF or DMF-EtOH to obtain pure
compounds (5a–e, 7a,b, 9, 11, and 13), respectively.

3.2.2. Method B

A mixture of 2-cyano-N’-(2-cyanoacetyl)acetohydrazide (3, 0.166 g, 1 mmol) and the
appropriate carbonyl compounds as substituted benzaldehyde derivatives (4a–e), 2-(4-
formyl-3-methoxyphenoxy)-N-arylacetamide derivatives (6a,b), 1-(4-bromophenyl)ethan-
1-one (8), 1-(1H-indol-3-yl)ethan-1-one (10), or 1-(pyridin-3-yl)ethan-1-one (12) (each at
2 mmol), was ground in a mortar with a pestle at 25 ◦C in the presence of L-proline (0.006 g,
5 mol%) and one drop of water. The initially syrupy reaction mixture solidified within
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20–30 min. The reaction’s completion was monitored by TLC (EtOAc: n-hexane, 1:1, v/v).
The solid was washed with cold water and recrystallized from DMF or DMF-EtOH to
obtain pure compounds (5a–e, 7a,b, 9, 11, and 13), respectively. The spectral data (available
in the Supplementary Materials) and physical constants for these products are listed below:

2-Cyano-N’-(2-cyano-3-(4-methoxyphenyl)acryloyl)-3-(4-methoxyphenyl) acrylohy-

drazide (5a).

Orange crystal; mp 216–218 ◦C (DMF-EtOH); IR(KBr) υ (cm−1) 3277 (NH), 2216 (CN),
1661 (C=O); 1H-NMR (DMSO-d6): δ 3.79 (s, 6H, 2OCH3), 7.35–7.61 (m, 8H, Ar-H), 8.14 (s,
2H, 2CH=), 10.40 (s, 2H, 2NH) ppm; 13C-NMR (DMSO-d6): δ = 57.7 (OCH3), 115.4, 121.8,
128.0, 129.3, 132.2, 137.7, 149.6, (Ar-C and C=N), 166.9 (C=O) ppm; MS m/z (%): 402 (M+,
60), 328 (71), 232 (100), 165 (50), 63 (83). Anal.Calcd for C22H18N4O4 (402.41): C, 65.66; H,
4.51; N, 13.92. Found C, 65.47; H, 4.38; N, 13.73%.

2-Cyano-N’-(2-cyano-3-(4-hydroxyphenyl)acryloyl)-3-(4-hydroxyphenyl) acrylohydrazide

(5b).

Orange crystals; mp 186–188 ◦C (DMF-EtOH); IR(KBr) υ (cm−1) 3408, 3288 (OH and
NH), 2215 (CN), 1679 (C=O); 1H-NMR (DMSO-d6): δ 8.06 (s, 2H, 2CH=), 6.89–7.73 (m, 8H,
Ar-H), 9.76 (s, 2H, 2OH), 10.61 (s, 2H, 2NH) ppm; 13C-NMR (DMSO-d6): δ = 115.5, 124.6,
128.1, 129.3, 131.1, 134.7, 146.7 (Ar-C and C=N), 165.8 (C=O) ppm; MS m/z (%): 374 (M+,
46), 227 (100), 104 (72), 61 (92). Anal. Calcd for C20H14N4O4 (374.36): C, 64.17; H, 3.77; N,
14.97. Found C, 64.05; H, 3.62; N, 14.85%.

3-(4-Chlorophenyl)-N’-(3-(4-chlorophenyl)-2-cyanoacryloyl)-2-cyanoacrylohydrazide (5c).

Orange crystals; mp 241–243 ◦C (DMF); IR(KBr) υ (cm−1) 3279 (NH), 2218 (CN), 1652
(C=O); 1H-NMR (DMSO-d6): δ 8.24 (s, 2H, 2CH=), 7.29–7.99 (m, 8H, Ar-H), 10.78 (s, 2H,
2NH) ppm; MS m/z (%): 411 (M+, 29), 317 (47), 227 (100), 126 (63), 59 (67). Anal. Calcd for
C20H12Cl2N4O2 (411.24): C, 58.41; H, 2.94; N, 13.62. Found C, 58.30; H, 2.85; N, 13.49%.

3-(4-Bromophenyl)-N’-(3-(4-bromophenyl)-2-cyanoacryloyl)-2-cyanoacrylohydrazide (5d).

Orange crystals; mp 230–232 ◦C (DMF); IR(KBr) υ (cm−1) 3290 (NH), 2217 (CN), 1657
(C=O); 1H-NMR (DMSO-d6): δ 8.14 (s, 2H, 2CH=), 7.78–7.88 (m, 8H, Ar-H), 10.76 (s, 2H,
2NH) ppm; 13C-NMR (DMSO-d6): δ = 115.2, 128.4, 128.8, 129.2, 129.4, 132.1, 149.4 (Ar-C
and C=N), 165.8 (C=O) ppm; MS m/z (%): 500 (M+, 83), 412 (47), 360 (62), 273 (100), 171
(52), 57 (55). Anal. Calcd for C20H12Br2N4O2 (500.15): C, 48.03; H, 2.42; N, 11.20. Found C,
48.15; H, 2.35; N, 11.04%.

2-Cyano-N’-(2-cyano-3-(4-nitrophenyl)acryloyl)-3-(4-nitrophenyl)acrylohydrazide (5e).

Yellow solid; mp 237–239 ◦C (DMF); IR(KBr) υ (cm−1) 3271 (NH), 2221 (CN), 1677
(C=O); 1H-NMR (DMSO-d6): δ 8.13–8.39 (m, 8H, Ar-H), 8.82 (s, 2H, 2CH=), 10.96 (s, 2H,
2NH) ppm; MS m/z (%): 432 (M+, 48), 303 (39), 217 (100), 130 (66), 61 (53). Anal. Calcd for
C20H12N6O6 (432.35): C, 55.56; H, 2.80; N, 19.44. Found C, 55.44; H, 2.69; N, 19.28%.

2,2′-((-Hydrazine-1,2-diylbis(2-cyano-3-oxoprop-1-ene-3,1-diyl))bis(3-methoxy-4,1-

phenylene))bis(oxy))bis(N-(4-chlorophenyl)acetamide) (7a).

Yellow microcrystals; mp 212–214 ◦C (DMF-EtOH); IR(KBr) υ (cm−1) 3381, 3218 (2NH),
2215 (CN), 1664 (C=O); 1H-NMR (DMSO-d6): δ 3.73 (s, 6H, 2OCH3), 4.77 (s, 4H, 2CH2),
6.98–7.83 (m, 14H, Ar-H), 8.13 (s, 2H, 2CH=), 10.23 (s, 2H, 2NH), 11.32 (s, 2H, 2NH) ppm;
13C-NMR (DMSO-d6): δ = 55.4 (OCH3), 65.2 (CH2O), 112.5, 116.8, 118.9, 120.0, 121.8, 122.1,
123.2, 131.1, 132.6, 135.2, 144.3, 153.1, 158.3 (Ar-C and C=N), 165.7, 168.5 (C=O) ppm; MS
m/z (%): 769 (M+, 45), 612 (59), 417 (60), 363 (44), 232 (100), 141 (38), 61 (54). Anal. Calcd
for C38H30Cl2N6O8 (769.59): C, 59.31; H, 3.93; N, 10.92. Found C, 59.19; H, 3.82; N, 10.85%.

2,2′-((-Hydrazine-1,2-diylbis(2-cyano-3-oxoprop-1-ene-3,1-diyl))bis(3-methoxy-4,1-

phenylene))bis(oxy))bis(N-(4-bromophenyl)acetamide) (7b).

Yellow microcrystals; mp 217–219 ◦C (DMF-EtOH); IR(KBr) υ (cm−1) 3399, 3247 (2NH),
2216 (CN), 1663 (C=O); 1H-NMR (DMSO-d6): δ 3.79 (s, 6H, 2OCH3), 4.82 (s, 4H, 2CH2),
7.41–7.56 (m, 14H, Ar-H), 8.10 (s, 2H, 2CH=), 10.30 (s, 2H, 2NH), 11.22 (s, 2H, 2NH) ppm;
MS m/z (%): 858 (M+, 36), 683 (48), 493 (72), 366 (100), 281 (80), 163 (70), 63 (81). Anal.
Calcd for C38H30Br2N6O8 (858.50): C, 53.16; H, 3.52; N, 9.79. Found C, 53.04; H, 3.47; N,
9.60%.
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3-(4-Bromophenyl)-N’-(3-(4-bromophenyl)-2-cyanobut-2-enoyl)-2-cyanobut-2-enehydrazide

(9).

Yellow crystals; mp 211–213 ◦C (DMF); IR(KBr) υ (cm−1) 3248 (NH), 2216 (CN), 1660
(C=O); 1H-NMR (DMSO-d6): δ 2.32 (s, 6H, 2CH3), 6.98–7.96 (m, 8H, Ar-H), 11.32 (s, 2H,
2NH) ppm; 13C-NMR (DMSO-d6): δ = 15.1 (CH3), 115.4, 120.2, 126.9, 128.9, 130.2, 138.3,
150.8 (Ar-C and C=N), 165.6 (C=O) ppm; MS m/z (%): 528 (M+, 27), 440 (51), 294 (100), 171
(50), 63 (79). Anal. Calcd for C22H16Br2N4O2 (528.20): C, 50.03; H, 3.05; N, 10.61. Found C,
50.14; H, 3.01; N, 10.49%.

2-Cyano-N’-(2-cyano-3-(1H-indol-3-yl)but-2-enoyl)-3-(1H-indol-3-yl)but-2-enehydrazide

(11).

Orange crystals; mp 233–235 ◦C (DMF); IR(KBr) υ (cm−1) 3403, 3233 (2NH), 2216 (CN),
1670 (C=O); 1H-NMR (DMSO-d6): δ 2.41 (s, 6H, 2CH3), 7.13–8.27 (m, 10H, Ar-H), 10.46
(s, 2H, 2NH), 11.88 (s, 2H, 2NH) ppm; 13C-NMR (DMSO-d6): δ = 15.5 (CH3), 115.0, 122.8,
126.8, 127.4, 128.1, 128.8, 129.2, 130.2, 138.3, 147.9, 158.3 (Ar-C and C=N), 165.6 (C=O) ppm;
MS m/z (%): 448 (M+, 73), 310 (62), 218 (100), 162 (38), 61 (52). Anal. Calcd for C26H20N6O2
(448.49): C, 69.63; H, 4.50; N, 18.74. Found C, 69.53; H, 4.44; N, 18.68%.

2-Cyano-N’-(2-cyano-3-(pyridin-3-yl)but-2-enoyl)-3-(pyridin-3-yl)but-2-enehydrazide

(13).

Brown crystals; mp 250–252 ◦C (DMF); IR(KBr) υ (cm−1) 3271 (NH), 2217 (CN), 1673
(C=O); 1H-NMR (DMSO-d6): δ 2.36 (s, 6H, 2CH3), 8.07–9.31 (m, 8H, Ar-H), 10.57 (s, 2H,
2NH) ppm; 13C-NMR (DMSO-d6): δ = 15.4 (CH3), 115.7, 121.7, 127.9, 129.3, 132.2, 137.8,
142.5, 159.6 (Ar-C and C=N), 167.0 (C=O) ppm; MS m/z (%): 372 (M+, 100), 277 (63), 185
(82), 63 (74). Anal. Calcd for C20H16N6O2 (372.39): C, 64.51; H, 4.33; N, 22.57. Found C,
64.43; H, 4.26; N, 22.40%.

3.3. Cytotoxicity Assay

In the cytotoxicity and antitumor studies, cells were planted in 96-well plates at
5 × 104 cells/well and incubated for 24 h. Subsequently, different concentrations of the
compounds were applied in six replicates per concentration. Control wells contained only
medium or 0.5% DMSO. After a 24 h treatment period, the MTT assay was employed to
evaluate cell viability [17,56].

3.4. Docking Study

Ligand preparation: Compounds with the lowest IC50 values in the MTT assay were
selected for docking with the target protein. Using CheDraw Professional 16.0, the potent
molecules were sketched, and molecular modeling was performed with MOE software
(http://structure.bioc.cam.ac.uk/pkcsm, accessed 20 May 2024). Minimizations were
performed until a root mean square deviation (RMSD) gradient of 0.5 kcal·mol−1Å−1

was achieved using MMFF 94× (Merck Molecular Force Field 94×) [63]. The oriented
compounds were then saved in MDB format for docking.

Protein preparation: Protein preparation involved downloading the enzyme’s X-ray
crystal structure (PDB ID: 6MTU, resolution: 2.14 Å) from the Protein Data Bank [64]. The
enzyme was prepared for docking as follows [65]: (1) Retaining the SEP co-crystalline
ligand and removing crystallographic water molecules. (2) Adding hydrogen atoms with
standard geometry, reconnecting broken bonds, and fixing potentials. (3) Using Alpha Site
Finder to identify large sites with dummy atoms. (4) Marking the protein’s binding pocket.
(5) Saving the identified pocket in Moe format for modeling ligand-enzyme interactions.
Figure 3 shows the prepared protein. (6) Analyzing interactions between the ligand and
active site amino acids. Following the docking process, both 2D and 3D interactions with
amino acid residues were visualized. As per established protocols, all docking procedures
and scoring were meticulously documented [66].
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Figure 3. Prepared colon cancer protein (largest pocket).

In silico pharmacokinetic profile (ADMET)

Using pkCSM, the pharmacokinetic profile of Cisplatin and the most significant
synthesized compounds were predicted [67]. A web server that is publicly available
(http://structure.bioc.cam.ac.uk/pkcsm, accessed 27 July 2024) offers a comprehensive
platform for quickly assessing pharmacokinetic [68] and toxicity properties [69]. Predicting
the features of new compounds related to ADMET is an effort that requires linking their
pharmacokinetic and toxicological characteristics [70].

4. Conclusions

This study demonstrates the effectiveness of green synthesis using L-proline as an
organocatalyst, highlighting its reusability, mild conditions, clean reactions, easy workup,
high purity, short reaction times, and high yields. The synthesized compounds, including
various 2-cyano-N’-(2-cyanoacetyl)acetohydrazide derivatives, were structurally charac-
terized and screened for anticancer activities against the HCT-116 colon carcinoma cell
line. The reusability of L-proline was confirmed, making the synthesis protocol efficient
and sustainable. Molecular docking studies and in silico ADMET investigations revealed
that the most potent compounds have favorable binding properties and pharmacokinetic
profiles. The docking study showed that compound 11 was the most effective agent against
the colon cancer cell line. Additionally, studies using the ADMET tool showed that hy-
drazide compounds have drug-like properties. These findings suggest that the novel
compounds have significant potential as targeted anti-colon cancer agents. The information
supports the conclusion that, in 3OCH3, the use of advanced technology may result in
the development and production of novel, potent colon anticancer medications based on
these molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14080489/s1, File S1: 1H-NMR and 13C-NMR spectra of
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Abstract: In the current study, pyromellitimide benzoyl thiourea cross-linked chitosan (PIBTU-
CS) hydrogel, was evaluated as a green biocatalyst for the efficient synthesis of novel thiazole
derivatives. The PIBTU-CS hydrogel showcased key advantages, such as an expanded surface area
and superior thermal stability, establishing it as a potent eco-friendly catalyst. By employing PIBTU-
CS alongside ultrasonic irradiation, we successfully synthesized a series of novel thiazoles through the
reaction of 2-(4-((2-carbamothioylhydrazineylidene)methyl)phenoxy)-N-(4-chlorophenyl)acetamide
with a variety of hydrazonoyl halides (6a–f) and α-haloketones (8a–c or 10a,b). A comparative
analysis with TEA revealed that PIBTU-CS hydrogel consistently delivered significantly higher
yields. This synthetic strategy provided several benefits, including mild reaction conditions, reduced
reaction times, and consistently high yields. The robustness of PIBTU-CS was further underscored
by its ability to be reused multiple times without a substantial reduction in catalytic efficiency.
The structures of the synthesized thiazole derivatives were meticulously characterized using a
range of analytical techniques, including IR, 1H-NMR, 13C-NMR, and mass spectrometry (MS),
confirming their successful formation. These results underscore the potential of PIBTU-CS hydrogel
as a sustainable and recyclable catalyst for the synthesis of heterocyclic compounds. Additionally, all
synthesized products were tested for their anticancer activity against HepG2-1 cells, with several
new compounds exhibiting good anticancer effects.

Keywords: chitosan; heterogeneous catalysis; hydrazonoyl halides; thiazoles; synthesis; anticancer

1. Introduction

Green chemistry has gained significant attention in recent years due to its potential to
reduce human risk, minimize environmental pollution, decrease chemical hazards, and
reduce waste generation. In organic synthesis, catalysts play a crucial role by reducing
reaction times and enhancing product yields [1]. The development of heterogeneous
catalytic systems for liquid-phase chemical and biochemical transformations has become
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a major research focus. These systems offer the advantage of ease of catalyst separation,
recovery, and reusability, which are key for cleaner and more efficient processes [2].

Chitosan, a biopolymer derived from chitin, has attracted considerable attention in
both scientific and engineering fields [3]. As a renewable and biodegradable material,
chitosan-based catalysts are seen as promising candidates for organic catalysis due to their
environmental friendliness [4]. Numerous studies have focused on modifying chitosan to
enhance its hydrophilicity, chemical stability, solubility, and biological activity, making it
suitable for a variety of applications [5].

Hydrophilic gels, known as hydrogels, are cross-linked materials that absorb signifi-
cant amounts of water without dissolving. Their softness, smartness, and water retention
capabilities make hydrogels unique materials. The water absorption capacity arises from
hydrophilic functional groups on the polymer backbone, while their resistance to dissolu-
tion results from cross-links between polymer chains. In acidic environments, the amino
groups of cross-linked chitosan are protonated, forming a cationic hydrogel that swells
within the network. Various strategies, including cross-linking, grafting, and blending,
have been employed to prepare chitosan hydrogels [6]. Reagents such as dialdehydes [7]
and diisothiocyanates [8] are commonly used as chemical cross-linkers for chitosan.

Moreover, chitosan hydrogels have been successfully utilized as cationic catalysts in
organic transformations [4,9]. Chitosan hydrogel offers several advantages as a catalyst,
including the ability to retain reactant molecules within its cavities, facilitating their interac-
tions and leading to higher product yields. In this work, a chitosan hydrogel was prepared
by cross-linking with a functionalized crosslinker containing thiourea and imide moieties.
These moieties, when protonated in acidic conditions, enhance the cationic nature of the
polymeric matrix.

Ultrasound-assisted reactions offer several benefits, including shorter reaction times,
simple experimental setups, high yields, improved selectivity, and cleaner processes [10,11].
Ultrasonic irradiation plays a pivotal role in such reactions, especially in cases where
conventional methods require harsh conditions or prolonged reaction times [12,13].

The liver plays a vital role in regulating essential metabolic functions, including bile
acid, fatty acid, cholesterol, and glucose metabolism [14–16]. Cancer is a complex and
varied group of diseases that can affect almost any organ or tissue in the body, characterized
by uncontrolled and accelerated cell growth, resulting in malignant tumors [17]. Globally,
cancer remains one of the leading causes of death, posing a significant barrier to improving
life expectancy across many countries [18,19]. According to GLOBOCAN 2020, around
19.3 million deaths worldwide were attributed to cancer [20]. Although chemotherapy
is one of the primary treatments for cancer, its effectiveness is often compromised by
a lack of selectivity and the development of drug resistance [21,22]. As a result, the
development of safer and more effective anticancer therapies has become a major focus
of global research. While several anticancer drugs, including the antitumor antibiotic
doxorubicin, are currently in clinical use, recent research has increasingly concentrated on
developing new chemically synthesized compounds to enhance cancer treatment.

The 1,3-thiazole core has been extensively explored as a key structure in the search
for new lead compounds in drug discovery. Various thiazole-containing therapies have
gained recognition, including tiazofurin, an inhibitor of IMP dehydrogenase [23]; dasatinib,
a Bcr-Abl tyrosine kinase inhibitor [24]; dabrafenib, which inhibits the enzyme B-RAF [25];
ixabepilone, known for stabilizing microtubules [26]; and epothilone, which disrupts
microtubule function (Figure 1) [27]. These compounds either became top-selling drugs or
served as foundational lead structures in drug development. Several research teams have
also investigated the thiazole scaffold’s potential for designing anticancer drugs [28–31].

Considering the favorable results achieved in our previous studies on green synthe-
sis [32–34], we now introduce an eco-friendly protocol for the synthesis of 1,3-thiazole
derivatives using PIBTU-CS hydrogel as an efficient and recyclable base catalyst. This
method utilizes ultrasonic irradiation, offering a mild and energy-efficient alternative to
conventional heating while maintaining high product yields and reaction efficiency. Build-
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ing on our earlier work, this study further emphasizes the eco-friendly characteristics and
catalytic efficiency of the PIBTU-CS hydrogel. The reusability of the hydrogel, coupled
with its minimal environmental impact, highlights its potential as a sustainable catalyst for
green chemistry applications.

Figure 1. Examples of thiazole-bearing anticancer drugs.

2. Results and Discussion

2.1. Synthesis and Characterization of PIBTU-CS Hydrogel

Using a previously reported three-step method [8], N,N′-bis [4-(chlorocarbonyl)phenyl]
pyromellitimide was synthesized and further reacted to form PIBTU-CS hydrogel. Pyromel-
litic anhydride and p-aminobenzoic acid were dissolved in DMF, followed by sequential
reactions with acetic anhydride and thionyl chloride, yielding N,N′-bis[4-(isothiocyanate
carbonyl)phenyl]pyromellitimide. This compound was then reacted with chitosan, produc-
ing PIBTU-CS hydrogel (Scheme 1; details in SI).

Scheme 1. Synthesis of PIBTU-CS hydrogel.

The hydrogel’s structure was confirmed using elemental analysis, FTIR, 1H-NMR,
XRD, and SEM, aligning with previous findings [8]. Elemental analysis showed increased
nitrogen (8.95%) and sulfur (3.13%), confirming successful preparation. FTIR indicated NH,
C=O, and N–C–S groups, while 1H-NMR revealed characteristic signals for glucose and
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aromatic rings. XRD showed reduced crystallinity due to crosslinking, and SEM displayed a
porous and channel-like surface, enhancing water permeation compared to smooth chitosan.

PIBTU-CS-2 was selected for this study based on its superior properties observed in
previous research [12]. Among the four hydrogels synthesized with varying degrees of
crosslinking, PIBTU-CS-2 demonstrated an optimal balance of porosity, thermal stability,
and catalytic efficiency, making it the most suitable candidate for the synthesis of thiazole
derivatives. These properties, combined with its reusability, highlight PIBTU-CS-2 as a
robust and eco-friendly catalyst for green synthetic applications.

2.2. Thermogravimetric (TG) Analysis

The application of chitosan as an eco-friendly green biocatalyst for organic synthe-
sis needs to reinforce its stabilization against thermal deterioration. There are many
strategies suggested to improve the stability of chitosan against elevated temperatures,
including the formation of chitosan derivatives, chitosan copolymers, chitosan blends, and
chitosan metal nanocomposites. The chemical cross-linking process has already been estab-
lished as an effective way to boost chitosan for high heat resistance. In the current study,
we used chitosan that has previously been crosslinked with N,N′-bis [4-(isothiocyanate
carbonyl)phenyl]pyromellitimide to obtain chitosan/pyromellitimide benzoyl thiourea
super-porous hydrogel (PIBTU-CS).

The alteration that arose in the thermal stability of chitosan subsequent to crosslink-
ing could be evaluated employing thermogravimetric analysis (TG) mensuration. The
degradation demeanor and the heat stability of PIBTU-CS hydrogel were inspected via
temperatures with a scope of 25 and 500 ◦C, in a nitrogen atmosphere at a flow rate of
30 mL min−1, and at a rate of heating of 10 ◦C min−1.

Table 1 and Figure 2 showed the loss in mass that was observed during the measuring
of TG of chitosan and PIBTU-CS hydrogel. Both of them showed a similar degradation
pattern, encompassing double-steps event at which remarkable losses in mass were noticed.

In the early stage, at temperatures between 25 and 150 ◦C, the recorded first losses
in mass of PIBTU-CS was 1.00% versus 9.00% for parent chitosan (Table 1). During this
stage, the adsorbed water was vaporized from the inspected samples. The losses in mass at
temperatures over 100 ◦C could be ascribed to breaking down the hydrogen bonding that
formed between H2O and the functional groups of the examined samples.

Table 1. TG measurements data of chitosan and PIBTU-CS hydrogel.

Temperature (◦C) Weight Loss (%) a

Chitosan PIBTU-CS

25 0.41 0.00
50 1.66 0.00
100 6.04 0.00
150 9.00 1.00
200 10.48 2.50
250 12.53 4.70
260 14.26 7.59
270 17.53 8.51
280 22.20 10.00
290 27.29 11.35
300 31.41 13.63
310 33.80 16.51
320 35.49 19.44
330 37.07 22.00
340 38.30 24.65
350 39.36 27.00
400 42.60 29.00
450 44.77 33.99
500 47.06 37.16

a Weight loss (%) indicates thermal stability under test conditions.
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Figure 2. TG analysis of chitosan and PIBTU-CS hydrogel.

In the subsequent stage, a steep thermal deterioration operation was noticed which
initiated at around 250 ◦C. At 500 ◦C, PIBTU-CS showed a 37.16% loss in mass in compari-
son to 47.06% of the virgin chitosan (Table 1). The decomposition process is proceeded by
multi-steps reaction, comprising dehydrating and indiscriminate splitting of the saccharide
nuclei as well as the emancipation and fumigation of the decomposition products. The
results confirmed that PIBTU-CS has better thermal stability than that of chitosan. This
was clarified not only from its lesser mass losses but also from its greater mass residues at
all the inspected temperatures. This is associated with the possession of the cross linkages
in the imide moieties, thiourea groups, and aromatic nuclei that are known by their high
ability to tolerate the high heat.

2.3. Synthesis of Thiazole Derivatives Using PIBTU-CS Hydrogel as Basic Heterogeneous Catalyst

In this study, we present a simple and efficient method for the synthesis of novel
thiazoles. The key intermediate, thiosemicarbazone derivative 5, was initially prepared
by condensing N-(4-chlorophenyl)-2-(4-formylphenoxy)acetamide 3 [35] with thiosemicar-
bazide 5 in acidic ethanol solution following the reported method [36] (Scheme 2). The
structure of thiosemicarbazone derivative 5 was confirmed through spectroscopic data,
including IR, 1H NMR, and MS.

Subsequently, new thiazole derivatives 7a–f were synthesized by reacting equimolar
amounts of thiosemicarbazone derivative 5 with 2-oxo-N-arylpropanehydrazonoyl halides
6a–f in ethanol, using either triethylamine (TEA) or PIBTU-CS hydrogel as a base catalyst
(Scheme 2). The structures of the newly synthesized thiazoles 7a–f were validated through
various spectral techniques (IR, MS, 1H-NMR, 13C-NMR) and elemental analysis. For
example, the 1H-NMR spectrum of compound 7a displayed the expected signals, including
five singlets at 2.46 ppm (thiazole-CH3), 4.79 ppm (CH2O), 8.10 ppm (CH=N), and two D2O-
exchangeable NH signals at 10.24 and 11.31 ppm, along with thirteen multiplet aromatic
proton signals between 6.98 and 7.95 ppm. The infrared spectrum of 7a also showed
characteristic bands at 3413, 3306, and 1681 cm−1, corresponding to the two NH and C=O
groups, respectively.
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Scheme 2. Synthesis of arylazothiazoles 7a–f.

The heightened catalytic activity of PIBTU-CS can be attributed to the presence of
amine groups (CS–NH and CS–NH2), which facilitate proton abstraction from the thiol
form of the thiosemicarbazone derivative 5. This process enables the formation of a thiolate
intermediate that reacts with hydrazonoyl halide, producing the S-alkylated product. The
S-alkylated product subsequently undergoes dehydrative cyclization, yielding the desired
thiazole derivatives (7a–f) as shown in Scheme 3. This mechanism highlights the critical
role of PIBTU-CS’s functional groups in promoting efficient and selective catalysis under
mild conditions.

 
Scheme 3. Proposed mechanism for synthesis of arylazothiazoles 7a–f.

Similarly, the reaction of compound 5 with 2-bromo-1-arylethan-1-ones 8a–c, 3-chloro-
pentane-2,4-dione 10a, and ethyl 2-chloro-3-oxobutanoate 10b, using TEA and PIBTU-CS
hydrogel as basic catalysts under the same conditions described in Scheme 4, led to the
formation of thiazoles 9a–c and 11a,b as the final products. The chemical structures of the
target compounds 9a–c and 11a,b were verified through comprehensive analysis of their IR,
1H-NMR, 13C-NMR, and MS spectra, as outlined in the Experimental section. The progress
of all reactions was monitored using thin-layer chromatography (TLC).
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Scheme 4. Synthesis of thiazoles 9a–c and 11a,b.

The yields of products 7a–f, 9a–c, and 11a,b were evaluated and are summarized in
Table 2.

Table 2. The reaction time and yield percentages of thiazoles 7a–f, 9a–c, and 11a,b were compared
using two different basic catalysts under ultrasonic irradiation.

Compound. R1 R2 TEA PIBTU-CS Hydrogel

Time (min) (%) Yield b Time (min) (%) Yield b

7a Me C6H5 48 69 25 87
7b Me 4-MeC6H4 51 71 27 89
7c Me 4-MeOC6H4 57 72 35 86
7d Me 4-ClC6H4 47 70 22 90
7e Me 4-NO2C6H4 32 73 20 87
7f Ph Ph 49 74 30 90
9a 4-ClC6H4 H 53 71 26 88
9b 4-BrC6H4 H 39 72 28 87
9c 4-NO2C6H4 H 44 68 21 89

11a Me COCH3 49 70 29 87
11b Me COOEt 60 67 31 85

b Yield (%) represents the isolated product after purification.

The investigation into the most effective basic catalyst commenced at the start of the
study (Table 2).

As demonstrated in Table 2, PIBTU-CS hydrogel outperformed traditional TEA as
a basic catalyst under ultrasonic irradiation. Replacing triethylamine with PIBTU-CS
hydrogel resulted in higher yields of the desired products (7a–f, 9a–c, and 11a,b) and
shorter reaction times, all under the same reaction conditions.

To identify the optimal conditions and variables for the reaction of 5 with 6a to
synthesize thiazole derivative 7a, we explored factors such as catalyst loading, temperature,
solvent, and reaction time, using PIBTU-CS hydrogel under ultrasonic irradiation (USI).

We first investigated the effect of catalyst concentration on the yield of 7a (Table 3,
entries 1–3). The highest yield (87%) was obtained with a catalyst loading of 15 mol%
(Table 3, entry 3), while reducing the catalyst amount resulted in lower yields (Table 3).
Next, we examined the performance of various solvents under ultrasonic irradiation (USI)
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(Table 3, entries 3, 4, and 5). Ethanol proved to be the most effective, providing the highest
yield and the fastest reaction rate (Table 3, entry 3). We then optimized the reaction time
(Table 3, entries 3, 6, and 7), identifying 25 min as the most efficient for producing 7a

(Table 3, entry 3). Lastly, we explored the impact of temperature (Table 3, entries 3, 8, 9, and
10). As the temperature increased from 25 ◦C to 35 ◦C and 50 ◦C, the yields improved from
75% to 82% and ultimately 87%. The optimal temperature for the reaction was determined
to be 40 ◦C (Table 3, entry 3).

Table 3. The synthesis of compound 7a was optimized by adjusting catalyst loading, solvent, reaction
time, and temperature.

Entry Catalyst (Wt%) Solvent Time (min) Temperature (◦C) Yield (%)

1 5 EtOH 25 40 61
2 10 EtOH 25 40 83

3 a 15 EtOH 25 40 87
4 15 DMSO 25 40 78
5 15 Dioxan 25 40 80
6 15 EtOH 20 40 81
7 15 EtOH 30 40 87
8 15 EtOH 25 25 75
9 15 EtOH 25 35 82
10 15 EtOH 25 50 87

a The optimal reaction condition for synthesizing compound 7a.

The recyclability of PIBTU-CS hydrogel as a basic catalyst was evaluated by assessing
its performance over multiple reaction cycles. After each use, the catalyst was cleaned with
distilled water and dried at 60 ◦C for 30 min before being reused. The catalyst maintained
high catalytic activity over three consecutive cycles with only a slight decrease in efficiency,
demonstrating its potential for reuse under optimal conditions, as detailed in Table 4.

Table 4. Recyclability of PIBTU-CS hydrogel as basic catalyst.

State of Catalyst Fresh Catalyst Run 1 Run 2 Run 3 Run 4

Product 7a (% Yield) b 87 85 82 79 55
b Yield (%) represents the isolated product after purification.

Based on the data in Table 4, the catalyst retained approximately 90.8% of its perfor-
mance after three runs, with an average reduction of about 2.6% per run. However, in the
fourth run, it lost around 30.4% of its performance, dropping to a 55% yield.

The optimal reaction conditions for synthesizing product 7a, as shown in Table 3,
involve the reaction of 5 with 6a in ethanol under ultrasonic irradiation (USI) with PIBTU-
CS hydrogel (15% wt) at 40 ◦C for 25 min. Under these conditions, the irradiation of 5 with
6b–f resulted in the successful formation of thiazole derivatives 7b–f (Scheme 2), along
with 9a–c and 11a,b (Scheme 3).

2.4. Antitumor Activity

The synthesized compounds (7a–f, 9a–c, and 11a,b) were evaluated for cytotoxicity
against the liver carcinoma cell line (HEPG2-1) using the MTT assay, with doxorubicin
serving as the control drug. Data from these tests were used to generate dose–response
curves, which helped determine the concentration (μM) of each compound required to
achieve a 50% reduction in cell viability (IC50). The cytotoxicity findings were expressed as
mean IC50 values, derived from three independent experiments (Table 5, Figure 3).
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Table 5. Cytotoxic activity of the tested compounds against HEPG2-1.

Compound R1 R2 IC50 (μM) a

7a Me C6H5N=N- 2.31 ± 0.57
7b Me 4-MeC6H4N=N- 1.25 ± 0.67
7c Me 4-MeOC6H4N=N- 0.73 ± 0.48
7d Me 4-ClC6H4N=N- 9.04 ± 0.77
7e Me 4-NO2C6H4N=N- 14.36 ± 0.53
7f Ph Ph 35.27 ± 0.75
9a 4-ClC6H4 H 8.08 ± 0.96
9b 4-BrC6H4 H 7.06 ± 0.48
9c 4-NO2C6H4 H 17.35 ± 0.94

11a Me COCH3 1.42 ± 0.71
11b Me COOEt 1.03 ± 0.29

Doxorubicin - - 0.31 ± 0.48
a IC50 (μM) shows the concentration needed for 50% inhibition of cell viability.

Figure 3. Cytotoxic effects of the tested compounds on HEPG2-1 cells.

The structure-activity relationship (SAR) analysis for the synthesized compounds
(7a–f, 9a–c, and 11a,b) against the HEPG2-1 liver carcinoma cell line reveals key trends in
cytotoxic activity based on the nature of the substituents at R1 and R2.

For compounds 7a–f, electron-donating groups like methoxy (-OMe) and methyl
(-Me) at the para position significantly enhance cytotoxicity. Compound 7c, with a methoxy
group, showed the highest potency (IC50 = 0.73 μM), while 7b with a methyl group followed
closely (IC50 = 1.25 μM). In contrast, the unsubstituted 7a (IC50 = 2.31 μM) had moderate
activity, and electron-withdrawing groups like chloro (-Cl) in 7d (IC50 = 9.04 μM) and nitro
(-NO2) in 7e (IC50 = 14.36 μM) reduced potency. Bulky phenyl groups in 7f led to the lowest
activity (IC50 = 35.27 μM).

In compounds 9a–c, halogen substituents, such as chlorine (-Cl) in 9a (IC50 = 8.08 μM)
and bromine (-Br) in 9b (IC50 = 7.06 μM), maintained moderate activity. However, the nitro
group in 9c resulted in lower potency (IC50 = 17.35 μM), reinforcing the negative impact of
electron-withdrawing groups.
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Compounds 11a and 11b, with carbonyl substituents, showed strong cytotoxicity.
Compound 11b, containing an ethyl ester (-COOEt), exhibited an IC50 of 1.03 μM, while
11a, with an acetyl group (-COCH3), showed an IC50 of 1.42 μM, indicating that carbonyl
groups enhance activity, with esters being slightly more favorable.

Compared to doxorubicin (IC50 = 0.31 μM), compounds 7c and 11b showed good cyto-
toxicity, though not exceeding the reference drug’s potency. The SAR analysis indicates that
electron-donating groups (e.g., methoxy, methyl) and carbonyl-containing substituents enhance
cytotoxicity, while electron-withdrawing groups and bulky substituents reduce activity.

3. Materials and Methods

3.1. Apparatus and Instrumentations

Details Were Inserted in SI.

3.2. Synthesis and Characterization of (PIBTU-CS) Hydrogel

N,N′-Bis[4-(chlorocarbonyl)phenyl]pyromellitimide was reacted with ammonium
thiocyanate in methylene chloride using polyethylene glycol-400 as a catalyst. The resulting
N,N′-bis[4-(isothiocyanate carbonyl)phenyl]pyromellitimide was combined with a chitosan
solution in acetic acid and stirred at 60 ◦C to form the PIBTU-CS hydrogel (Scheme 1).
The hydrogel was neutralized, dewatered, dried, and labeled as PIBTU-CS, corresponding
to PIBTU-CS-2 in previous research [12]. The structure and morphology were confirmed
using elemental analysis, FTIR, 1H-NMR, XRD, and SEM.

3.3. Synthesis of 2-(4-((2-Carbamothioylhydrazineylidene)Methyl)Phenoxy)-N-(4-
Chlorophenyl)Acetamide (5)

A mixture of N-(4-chlorophenyl)-2-(4-formylphenoxy)acetamide 3 (2.89 g, 10 mmol)
and thiosemicarbazide 4 (0.91 g, 10 mmol) was dissolved in 30 mL of EtOH and treated with
a catalytic amount of concentrated hydrochloric acid. The reaction mixture was subjected
to ultrasonic irradiation in a water bath at 50 ◦C for 20 min. After cooling, the resulting
precipitate was filtered, washed with ethanol, and recrystallized from acetic acid to yield
thiosemicarbazones 5 as a yellowish-white solid with a 77% yield: m.p. 258–260 ◦C (Lit.
m.p. 256–260 ◦C [37]).

3.4. Synthesis of Thiazole Derivatives 7a–f, 9a–c, and 11a,b

Method A: An equivalent amount of triethylamine (0.101 g, 1 mmol) was added
to a solution containing equimolar amounts of thiosemicarbazone derivative 5 (0.362 g,
1 mmol) and the corresponding hydrazonoyl halides 6a–f or α-haloketones 8a–c or 10a,b
(1 mmol each) in 20 mL of ethanol. The mixture was irradiated in a water bath at 40 ◦C for
30–60 min using an ultrasonic generator operating at a frequency of 40 kHz and a power
of 250 W. The reaction progress was monitored by thin-layer chromatography (TLC), and
irradiation was continued until the starting materials were fully consumed and the desired
product formed. Upon completion, the reaction mixture was allowed to cool, and the
resulting red precipitate was filtered, washed with ethanol, and dried. The product was
then recrystallized from the proper solvent to afford the thiazole derivatives 7a–f, 9a–c,
and 11a,b. The physical constants for the synthesized thiazoles 7a–f, 9a–c, and 11a,b are
provided below.

Method B: A PIBTU-CS hydrogel (15% wt) was added to a solution of equimolar
amounts of thiosemicarbazone derivative 5 (0.362 g, 1 mmol) and the appropriate hydra-
zonoyl halides 6a–f or α-haloketones 8a–c or 10a,b (1 mmol each) in 20 mL of ethanol. The
mixture was subjected to ultrasonic irradiation using a generator operating at 40 kHz and
250 W in a water bath at 40 ◦C for 20–35 min. After completion, the PIBTU-CS hydrogel
was removed by filtration, and the excess solvent was evaporated under reduced pres-
sure. The resulting residue was treated with methanol to remove impurities and facilitate
the isolation of the crude products. The solid products were then filtered, recrystallized
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from the appropriate solvent, and their purity was confirmed by melting point analysis
and microanalysis.

N-(4-Chlorophenyl)-2-(4-((E)-(2-(4-methyl-5-((E)-phenyldiazenyl)thiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (7a).

Red solid, mp. 195–197 ◦C (EtOH); IR (KBr): v 3413, 3306 (2NH), 3052, 2924 (CH), 1681
(C=O), 1607 (C=N) cm−1; 1H NMR (DMSO-d6): δ 2.46 (s, 3H, CH3), 4.79 (s, 2H, -CH2O),
6.98–7.95 (m, 13H, Ar-H), 8.10 (s, 1H, CH=N), 10.24 (br s, 1H, NH), 11.31 (br s, 1H, NH)
ppm; MS m/z (%): 504 (M+, 38). Anal. Calcd for C25H21ClN6O2S (504.99): C, 59.46; H, 4.19;
N, 16.64. Found: C, 59.37; H, 4.06; N, 16.55%.

N-(4-Chlorophenyl)-2-(4-((E)-(2-(4-methyl-5-((E)-p-tolyldiazenyl)thiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (7b).

Red solid, mp. 181–183 ◦C (EtOH); IR (KBr): v 3403, 3326 (2NH), 3044, 2927 (CH), 1679
(C=O), 1609 (C=N) cm−1; 1H NMR (DMSO-d6): δ 2.29 (s, 3H, CH3), 2.46 (s, 3H, CH3), 4.73
(s, 2H, -CH2O), 6.98–7.96 (m, 12H, Ar-H), 8.09 (s, 1H, CH=N), 10.24 (br s, 1H, NH), 11.32
(br s, 1H, NH) ppm; MS m/z (%): 519 (M+, 33). Anal. Calcd for C26H23ClN6O2S (519.02): C,
60.17; H, 4.47; N, 16.19. Found: C, 60.01; H, 4.33; N, 16.03%.

N-(4-Chlorophenyl)-2-(4-((E)-(2-(5-((E)-(4-methoxyphenyl)diazenyl)-4-methylthiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (7c).

Red solid, mp. 175–177 ◦C (EtOH); IR (KBr): v 3417, 3273 (2NH), 3058, 2929 (CH), 1683
(C=O), 1603 (C=N) cm−1; 1H NMR (DMSO-d6): δ 2.46 (s, 3H, CH3), 3.77 (s, 3H, OCH3), 4.72
(s, 2H, -CH2O), 6.98–7.96 (m, 12H, Ar-H), 8.09 (s, 1H, CH=N), 10.23 (br s, 1H, NH), 11.32
(br s, 1H, NH) ppm; MS m/z (%): 535 (M+, 47). Anal. Calcd for C26H23ClN6O3S (535.02):
C, 58.37; H, 4.33; N, 15.71. Found: C, 58.21; H, 4.25; N, 15.57%.

N-(4-Chlorophenyl)-2-(4-((E)-(2-(5-((E)-(4-chlorophenyl)diazenyl)-4-methylthiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (7d).

Red solid, mp. 207–209 ◦C (Dioxan); IR (KBr): v 3402, 3298 (2NH), 3052, 2927 (CH),
1680 (C=O), 1609 (C=N) cm−1; 1H NMR (DMSO-d6): δ 2.46 (s, 3H, CH3), 4.73 (s, 2H, -CH2O),
6.98–7.96 (m, 12H, Ar-H), 8.11 (s, 1H, CH=N), 10.22 (br s, 1H, NH), 11.32 (br s, 1H, NH)
ppm; MS m/z (%): 539 (M+, 56). Anal. Calcd for C25H20Cl2N6O2S (539.441): C, 55.66; H,
3.74; N, 15.58. Found: C, 55.53; H, 3.71; N, 15.47%.

N-(4-Chlorophenyl)-2-(4-((E)-(2-(4-methyl-5-((E)-(4-nitrophenyl)diazenyl)thiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (7e).

Brown solid, mp. 193–195 ◦C (EtOH); IR (KBr): v 3415, 3299 (2NH), 3055, 2931 (CH),
1688 (C=O), 1613 (C=N) cm−1; 1H NMR (DMSO-d6): δ 2.46 (s, 3H, CH3), 4.79 (s, 2H, -CH2O),
6.98–7.95 (m, 12H, Ar-H), 8.16 (s, 1H, CH=N), 10.22 (br s, 1H, NH), 11.32 (br s, 1H, NH)
ppm; MS m/z (%): 549 (M+, 100). Anal. Calcd for C25H20ClN7O4S (549.99): C, 54.60; H,
3.67; N, 17.83. Found: C, 54.39; H, 3.44; N, 17.72%.

N-(4-Chlorophenyl)-2-(4-((E)-(2-(4-phenyl-5-((E)-phenyldiazenyl)thiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (7f).

Orange solid, mp. 219–241 ◦C (DMF); IR (KBr): v 3409, 3302 (2NH), 3039, 2927 (CH),
1681 (C=O), 1603 (C=N) cm−1; 1H NMR (DMSO-d6): δ 4.73 (s, 2H, -CH2O), 6.98–7.96 (m,
18H, Ar-H), 8.12 (s, 1H, CH=N), 10.22 (br s, 1H, NH), 11.32 (br s, 1H, NH) ppm; MS m/z
(%): 567 (M+, 58). Anal. Calcd for C30H23ClN6O2S (567.06): C, 63.54; H, 4.09; N, 14.82.
Found: C, 63.42; H, 4.01; N, 14.73%.

(E)-N-(4-Chlorophenyl)-2-(4-((2-(4-(4-chlorophenyl)thiazol-2-

yl)hydrazineylidene) methyl)phenoxy)acetamide (9a).

Red solid, mp. 254–256 ◦C (DMF); IR (KBr): v 3399, 3297 (2NH), 3038, 2979 (CH), 1674
(C=O), 1602 (C=N) cm−1; 1H NMR (DMSO-d6): δ 4.73 (s, 2H, -CH2O), 6.98–7.96 (m, 13H,
12Ar-H and thiazole-H5), 8.09 (s, 1H, CH=N), 10.23 (br s, 1H, NH), 11.33 (br s, 1H, NH)
ppm; MS m/z (%): 497 (M+, 32). Anal. Calcd for C24H18Cl2N4O2S (497.39): C, 57.95; H,
3.65; 11.26. Found: C, 57.72; H, 3.49; 11.17%.
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(E)-2-(4-((2-(4-(4-Bromophenyl)thiazol-2-yl)hydrazineylidene)methyl)phenoxy)-N-

(4-chlorophenyl)acetamide (9b).

Brown solid, mp. 241–243 ◦C (DMF); IR (KBr): v 3413, 3305 (2NH), 3051, 2926 (CH),
1679 (C=O), 1601 (C=N) cm−1; 1H NMR (DMSO-d6): δ 4.73 (s, 2H, -CH2O), 7.34–7.96 (m,
13H, 12Ar-H and thiazole-H5), 8.10 (s, 1H, CH=N), 10.23 (br s, 1H, NH), 11.32 (br s, 1H,
NH) ppm; MS m/z (%): 541 (M+, 60). Anal. Calcd for C24H18BrClN4O2S (541.85): C, 53.20;
H, 3.35; N, 10.34. Found: C, 53.13; H, 3.31; N, 10.25%.

(E)-N-(4-Chlorophenyl)-2-(4-((2-(4-(4-nitrophenyl)thiazol-2-

yl)hydrazineylidene)methyl)phenoxy)acetamide (9c).

Brown solid, mp. 247–249 ◦C (DMF); IR (KBr): v 3422, 3325 (2NH), 3050, 2932 (CH),
1682 (C=O), 1618 (C=N) cm−1; 1H NMR (DMSO-d6): δ 4.74 (s, 2H, -CH2O), 7.35–8.08 (m,
13H, 12Ar-H and thiazole-H5), 8.23 (s, 1H, CH=N), 10.22 (br s, 1H, NH), 11.33 (br s, 1H,
NH) ppm; MS m/z (%): 507 (M+, 92). Anal. Calcd for C24H18ClN5O4S (507.95): C, 56.75; H,
3.57; N, 13.79. Found: C, 56.68; H, 3.52; N, 13.61%.

(E)-2-(4-((2-(5-Acetyl-4-methylthiazol-2-yl)hydrazineylidene)methyl)phenoxy)-N-(4-

chlorophenyl)acetamide (11a).

Yellow solid, mp. 213–215 ◦C (DMF); IR (KBr): v 3419, 3283 (2NH), 3037, 2924 (CH),
1707, 1680 (2C=O), 1604 (C=N) cm−1; 1H NMR (DMSO-d6): δ 2.37 (s, 3H, CH3), 2.46 (s, 3H,
CH3), 4.73 (s, 2H, -CH2O), 7.00–7.96 (m, 8H, Ar-H), 8.09 (s, 1H, CH=N), 10.23 (br s, 1H,
NH), 11.32 (br s, 1H, NH) ppm; MS m/z (%): 442 (M+, 63). Anal. Calcd for C21H19ClN4O3S
(442.92): C, 56.95; H, 4.32; N, 12.65. Found: C, 56.64; H, 4.27; N, 12.49%.

Ethyl (E)-2-(2-(4-(2-((4-chlorophenyl)amino)-2-oxoethoxy)benzylidene)hydrazineyl)-

4- methylthiazole-5-carboxylate (11b).

Yellow solid, mp. 191–193 ◦C (EtOH); IR (KBr): v 3426, 3305 (2NH), 3044, 2927 (CH),
1729, 1680 (2C=O), 1606 (C=N) cm−1; 1H NMR (DMSO-d6): δ 1.25 (t, 3H, CH3CH2), 2.37 (s,
3H, CH3), 4.27 (q, 2H, CH3CH2), 4.72 (s, 2H, -CH2O), 6.98–7.96 (m, 8H, Ar-H), 8.09 (s, 1H,
CH=N), 10.22 (br s, 1H, NH), 11.32 (br s, 1H, NH) ppm; MS m/z (%): 472 (M+, 33). Anal.
Calcd for C22H21ClN4O4S (472.94): C, 55.87; H, 4.48; N, 11.85. Found: C, 55.71; H, 4.39;
N, 11.77%.

3.5. Anticancer Activity

The assessment of cytotoxicity for the synthesized compounds was measured follow-
ing the method reported in reference [33,34,38].

4. Conclusions

In conclusion, the PIBTU-CS hydrogel proved to be an effective and eco-friendly
biocatalyst for the synthesis of novel thiazole derivatives, offering numerous advantages
such as high yields, mild reaction conditions, and reusability without significant loss
in efficiency. The use of ultrasonic irradiation further enhanced the reaction process,
making it a sustainable approach. The synthesized thiazole derivatives were successfully
characterized and showed good anticancer activity against HepG2 cells, indicating potential
for future development as hepatocarcinogenic agents.

Supplementary Materials: Supporting information is available for download at https://www.mdpi.
com/article/10.3390/catal14120840/s1. This includes Figure S1, demonstrating the synthesis of N,N′-
bis[4-(chlorocarbonyl)phenyl] pyromellitimide; Figure S2, presenting the FTIR spectra of chitosan and
PIBTU-CS hydrogel; Figure S3, showcasing the 1H-NMR spectrum of PIBTU-CS hydrogel; Figure S4,
illustrating the powder X-ray diffraction of chitosan and PIBTU-CS hydrogel; and Figure S5, featuring
SEM images of chitosan and PIBTU-CS hydrogel. Additionally, detailed descriptions of the Chemicals
and Materials and Measurements are included.
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Abstract: Amidst the rapid expansion of the global economy, the demand for energy has escalated.
The depletion of traditional energy sources coupled with environmental pollution concerns has
catalyzed a shift towards the development and utilization of clean, renewable energy. Biogas,
as a renewable energy source, provides diverse applications and holds the potential to alleviate
energy shortages. Recently, biogas dry reforming technology has garnered substantial attention
as a significant pathway for renewable energy utilization, particularly in the development and
optimization of catalysts. Contemporary research predominantly focuses on enhancing the activity
and stability of catalysts, with particular emphasis on their resistance to coking and sintering.
This review delineates the classification of biogas dry reforming catalysts, their catalytic activity,
and issues related to carbon deposition, contrasting biogas dry reforming with traditional dry
reforming in catalyst design. It synthesizes numerous studies from recent years aimed at mitigating
carbon deposition during the biogas dry reforming process and boosting catalytic activity via active
components, carriers, and promoters in both precious and non-precious metal catalysts. Furthermore,
it discusses the current challenges of biogas dry reforming technology and outlines prospective future
development trends. This discussion provides an in-depth understanding of biogas dry reforming
technology and catalyst design, offering insights and recommendations for future research and
industrial applications.

Keywords: biogas; renewable energy; dry reforming; catalysts; carbon deposition

1. Introduction

Biogas, a combustible gas, is produced from organic wastes (including crop residues,
animal manure, discarded fruits and vegetables, kitchen waste, and agricultural by-
products) via microbial fermentation under anaerobic conditions, requiring specific temper-
atures and pH levels [1–4]. Despite biogas’s origin from biodegradable materials classifying
it as a renewable energy source, its potential is frequently underestimated [5]. Even with the
advancement of the shale gas revolution, traditional shale gas may have cost advantages
in certain regions. However, utilizing biogas can create additional economic value for the
agriculture and waste management industries, promoting their sustainable development.
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For example, in 2019, the biogas industry created approximately 335,000 temporary con-
struction jobs and 23,000 full-time operational positions. In China, the biogas industry
employs 209,000 workers [6]. And recent years have seen biogas technology’s rising po-
tential in addressing global energy shortages, evidenced by a surge in global production
from 9519 MW in 2010 to 20,108 MW in 2020, more than doubling the installed capacity [7].
Therefore, from the perspective of sustainable development and environmental impact,
biogas possesses distinct advantages over traditional shale gas for utilization.

Biogas primarily finds application in electricity generation, heating, fueling, trans-
portation, chemical production, and biogas upgrading [8–10]. However, biogas’s direct
combustion may contribute to environmental pollution by emitting NOx and particu-
lates [11]. Enhancing biogas’s value involves converting its methane (CH4) content into
chemical raw materials (like methanol, ethanol, and formaldehyde) or into synthesis gas
(H2 and CO) via dry reforming [12,13]. This technology not only mitigates greenhouse
gas emissions but also yields significant economic benefits, underscoring its substantial
application potential [14,15]. Unlike classical dry reforming, which relies heavily on nat-
ural gas as a feedstock, biogas dry reforming leverages renewable resources, making it
more environmentally friendly. Additionally, the integration of biogas, which is often
produced from organic waste, can help mitigate greenhouse gas emissions while providing
a consistent and localized energy source. As the shale gas revolution has indeed made
classical dry reforming more competitive, biogas dry reforming offers a unique advantage
by transforming waste into valuable energy, aligning with global efforts to promote circular
economy practices and reduce reliance on fossil fuels.

Current review literature primarily examines the synthesis, characterization, and
reactivity of catalysts for biogas dry reforming, notably nickel-based catalysts, while
often neglecting a detailed categorization of catalysts and the carbon deposition issues
encountered during the reaction [16,17]. This review systematically categorizes catalysts
for biogas dry reforming into noble and non-noble metal catalysts, delves into the catalytic
activity of different catalyst types, and emphasizes addressing carbon deposition issues. It
concludes by outlining the current challenges biogas dry reforming technology faces and
discussing potential future development trends.

2. Basis of Biogas Dry Reforming Technology

Biogas consists mainly of CH4 and CO2, with minor traces of impurities including
H2S, H2, N2, NH3, H2O, and O2 [18]. Dry reforming of biogas primarily targets CH4 and
CO2, with other impurities effectively removed by current technologies [19]. Extensive
research has focused on enhancing the conversion rates of reactants and product selectivity.
The high bond dissociation energies of CH4 and CO2 (435 and 526 kJ mol−1, respectively)
make the dry reforming process energy-intensive [17]. Thermodynamic analyses show
that higher reaction temperatures promote biogas dry reforming’s forward conversion,
activating CO2 and CH4 at temperatures above 700 ◦C (Equation (1)) [20]. Several side
reactions accompany this process, including the reverse water–gas shift reaction that
converts CO2 and H2 into CO and H2O (Equation (2)) [21]. Furthermore, below 800 ◦C,
CH4 decomposition (Equation (3)) and CO disproportionation (Equation (4)) can lead to
carbon formation and catalyst deactivation [22,23].

CH4 + CO2 � 2CO + 2H2 → ΔH298K = +247 kJ mol−1 (1)

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

CH4 � C(s) + 2H2 → ΔH298K = +75 kJ mol−1 (3)

2CO � C(s) + CO2 → ΔH298K = −171 kJ mol−1 (4)

In dry reforming of biogas, CH4 and CO2 initially dissociate into reactive intermediates,
CH4 on the active metal and CO2 at the metal–support interface [24]. CH4 activation results
in C-H bond breakage, yielding active methyl (•CH3) and hydrogen (H) atoms; CO2

54



Catalysts 2024, 14, 494

activation splits the C=O double bond to generate oxygen (O) and carbon monoxide
(CO) [25,26]. These intermediates, arising from carbon and hydrogen atom separation,
form on the catalyst surface and are crucial for transforming the reaction into the final
products, CO and H2, through complex steps [27,28].

Microbial anaerobic digestion, driven mainly by methanogens, converts organic mat-
ter’s carbon and hydrogen into CH4, yielding a biogas CH4-to-CO2 ratio of about 1.5 [29,30].
Excessive CH4 may worsen side reactions like methane decomposition, causing carbon
deposition on the catalyst, obstructing active sites, and altering surface structure and
morphology [31,32]. This reduction in specific surface area and reactant adsorption and
activation capacity slows the reaction rate, leading to catalyst deactivation [33]. Traditional
dry reforming typically employs pure CH4 and CO2 as feedstock in a 1:1 ratio, which
lessens the impact of carbon deposition [34]. Consequently, this necessitates the use of
different catalysts. Biogas dry reforming catalysts emphasize addressing carbon deposi-
tion, while traditional dry reforming catalysts, benefiting from feedstock purity and an
adjustable CH4-to-CO2 ratio, prioritize enhancing catalytic activity and selectivity.

Dry reforming of biogas catalysts comprises active components, supports, and pro-
moters. Active components, anchored on stable supports, enhance surface area and sta-
bility [35]. Promoters optimize catalyst performance, enhancing reaction stability and
efficiency [35,36]. Catalysts are classified into noble and non-noble metal types based on
their active components [37]. Noble metal catalysts, with superior activity and selectivity,
face limited application due to high costs [38]. Non-noble metal catalysts show significant
activity when well dispersed but suffer from carbon deposition and thermal instability,
causing deactivation and sintering [39]. To reduce carbon deposition and enhance activity,
specific catalyst supports and promoters are selected. Researchers have explored metal
oxides like Al2O3, SiO2, La2O3, CeO2, and ZrO2 as supports [40,41] and used transition
(e.g., Fe, Co, Sn) [37,42], noble (e.g., Ag, Pt, Pd) [43], rare earth (e.g., La, Ce, Pr) [44,45], and
alkaline earth metals (e.g., Sr, Ca, Ba) [46] as promoters, creating a carrier-mediated system
to enhance the reaction [47,48].

3. Advances in Catalyst Research

3.1. Noble Metal Catalysts

Noble metal catalysts in biogas dry reforming show high-temperature stability and
resistance to carbon deposition, extending their lifespan [49]. Researchers improve no-
ble metal utilization and efficiency by designing catalyst structures and compositions,
including single-atom and supported variants [50]. Selecting appropriate support materials
and optimizing their morphology and surface attributes enhances the catalysts’ thermal
stability and anti-sintering features [51,52]. The influence of reactant gas ratios on biogas
dry reforming efficiency in different catalyst systems has been studied to boost syngas
production and quality.

A.L.A. Marinho and his colleagues [53] compared the performance of Pt-encapsulated
CeO2 catalysts, synthesized in a single step via the sol–gel method, against Pt/CeO2
catalysts prepared by the traditional impregnation method in DRM reactions. Figure 1a,b
show the changes in the number of exchanged oxygen atoms during TPOIE and IOIE
processes at 400 ◦C for Pt@CeO2 and Pt@CeZrO2 catalysts. The results showed that
embedding Pt nanoparticles in Pt@CeO2 and Pt@CeZrO2 catalysts balanced carbon’s
formation and gasification rates due to the high active oxygen content at the metal–support
interface, enhancing carbon deposition resistance. Compared to supported Pt, embedded Pt
nanoparticles interact more strongly with Ce, increasing active lattice oxygen on the catalyst
surface and facilitating carbon gasification. Stability tests simulated biogas reactions at
800 ◦C for 24 h under CH4/CO2 molar ratios of 1.0 and 1.5. At a CH4/CO2 molar ratio of 1.5,
all catalysts showed significant stability. Faris Jasim Al-Doghachi et al. [54] enhanced MgO-
based catalysts by doping them with varying proportions of NiO to examine the resultant
effects on catalyst performance. As demonstrated in Figure 1c through FT-IR analysis, the
altered Pt/Mg1−xNixO catalysts revealed the presence of Pt-O, Ni-O, and MgO bonds.

55



Catalysts 2024, 14, 494

The Pt-O and Ni-O bonds likely serve as catalytic active sites, essential for the methane
dry reforming reaction’s CH4 and CO2 conversion. These bonds are posited to facilitate
critical reaction steps, such as methane dissociation and CO2 activation, thus accelerating
the reaction rate. All catalysts achieved CO2 and CH4 conversion rates over 95%, with the
following efficiency rankings: Pt/Mg0.85Ni0.15O > Pt/Mg0.93Ni0.07O > Pt/Mg0.97Ni0.03O >
Pt/MgO. The pore volume to specific surface area ratio (SBET) aligned with the catalytic
activity order, indicating that a higher ratio improves performance. Additionally, at a
CH4/CO2 molar ratio of 2, the catalysts showed enhanced resistance to deactivation from
carbon formation and superior H2 and CO selectivity.

Figure 1. (a) The evolution of the number of exchanged oxygen atoms during the TPOIE process
on Pt/CeO2, Pt@CeO2, and Pt@CeZrO2 and (b) the evolution of the number of exchanged oxygen
atoms during the IOIE process at 400 ◦C. Reprinted with permission from Ref. [53]. Copyright
2021, Elsevier. (c) FT-IR for different catalysts (Pt/MgO, Pt/Mg0.85Ni0.15O, Pt/Mg0.97Ni0.03O, and
Pt/Mg0.93Ni0.07O). Reprinted with permission from Ref. [54]. Copyright 2015, Elsevier.

Ainara Morala et al. [49] investigated Rh-based catalysts utilizing γ-Al2O3, SiO2,
and CeO2 as supports, comparing their activities across various gas hourly space veloc-
ities (GHSV) and highlighting CH4 conversion rates. The findings revealed that both
laboratory-prepared and commercial Rh/Al2O3 catalysts surpassed others in performance,
with a catalytic activity ranking of Rh/Al2O3 > Rh/SiO2 > Rh/CeO2. Specifically, the
Rh/Al2O3 catalyst showed the highest metal dispersion (approximately 36%), offering
superior sintering resistance.

At a GHSV of 30 N L CH4/(gcat·h) and 700 ◦C, dry reforming of biogas with a
commercial Rh catalyst reaches equilibrium after 2 h. With higher GHSV values (150 and
300 N L CH4/(gcat·h)), catalytic activity declines over time, particularly at the highest
flow rates. Even at elevated flow rates and temperatures, coke production stays minimal,
underscoring the substantial benefits of noble metal catalysts like Rh in this process.

Recent research has significantly enhanced the carbon gasification process by increas-
ing the active lattice oxygen on catalyst surfaces, which is crucial for boosting long-term
stability and catalytic efficiency. Additionally, the optimization of the catalyst’s pore volume
and surface area ratio, alongside improvements in metal dispersibility and sintering resis-
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tance through the use of diverse supports or element doping, has been achieved. However,
the prohibitive cost of precious metals constrains the large-scale industrial deployment
of these catalysts. Future studies should focus on ways to sustain catalytic performance
while minimizing costs, such as by identifying alternatives to precious metals or refining
manufacturing processes. Moreover, the stability and long-term performance of these
catalysts in actual applications still require further validation and enhancement. Through
these initiatives, we aim to develop commercially viable advanced catalytic technologies
that offer practical solutions to global energy challenges.

3.2. Non-Noble Metal Catalysts

Noble metal catalysts are known for their excellent resistance to carbon deposition,
activity, and stability, yet their development is constrained by limited resources. Non-noble
metal catalysts, like Ni, Co, and Fe, offer economic benefits and are more apt for large-scale
industrial use compared to noble metals [45,55]. However, nickel-based catalysts often
rapidly deactivate due to carbon buildup and active phase sintering [56]. Cobalt-based
catalysts, in comparison to nickel-based ones, exhibit lower CH4 conversion activity and
are costlier, diminishing their economic benefit [57]. Iron-based catalysts are the least
expensive, yet they may not match the activity and stability of nickel- or cobalt-based
alternatives [38]. Addressing non-noble metal catalysts’ issues involves using diverse
preparation methods and modification techniques to optimize performance under various
conditions or refining the catalyst composition by incorporating promoters or alloying
to boost activity and stability [58,59]. Table 1 summarizes some typical non-noble metal
catalysts for biogas dry reforming.

Table 1. Reaction conversion rate and product selectivity on non-noble metal catalysts in biogas
dry reforming.

Entry Catalysts Reaction Conditions
CH4

Conversion
(%)

CO2

Conversion
(%)

Product
Selectivity

(H2/CO Ratio)
References

1 Ni/MgO CH4/CO2/N2 = 2:2:1, 750 ◦C, 200 mg 96.4 91.7 ≈1.06 [60]
2 Co(NO3)2 + Al(NO3)3 CH4/CO2 = 1:1, 900 ◦C 100 86.2 ≈1.16 [61]
3 NiLaTi-I CH4/CO2 = 1.5:1, 800 ◦C, 200 mg 79 ≈79 >1 [62]
4 Ni0.11/Ce0.20 (Al2O3-TiO2) CH4/CO2 = 1.5:1, 850 ◦C, 150 mg 84.9 95.6 1.06 [55]
5 LaNiO3 CH4/CO2 = 1.5:1, 850 ◦C, 0.5 g 97.2 93.8 1.6 [34]
6 0.2Ca-10Co/Al2O3 CH4/CO2 = 1:1, 973 K, 100 mg 84 89 0.74 [63]
7 Gd.Ni/Mg1.3AlOx CH4/CO2 = 2:1, 750 ◦C, 50 mg 49 95 >0.9 [64]
8 Ni0.10/(Zn0.1-Ce0.9) CH4/CO2 = 1.5:1, 900 ◦C, 150 mg 83.1 97 1.04 [65]
9 Ni/Al2O3 CH4/CO2/N2 = 2:2:1, 750 ◦C, 200 mg 82.7 / >0.9 [66]
10 NiO/ZrO2/MgO CH4/CO2 = 1.5:1, 900 ◦C, 150 mg 97 100 1.7 [67]
11 Ni-SiO2@SiO2 CH4/CO2 = 1.5:1, 700 ◦C, 100 mg 72.7 93 0.95 [68]
12 Fe5%Ni5%Al2O3 CH4/CO2 = 1.8:1, 700 ◦C, 100 mg 22 49 ≈1.16 [69]
13 Fe/ZrO2 CH4/CO2 = 1.5:1, 900 ◦C, 3.5 g 92 89 2.25 [70]
14 NiMo/MgO CH4/CO2 = 1.5:1, 900 ◦C, 1 g 95 100 3.1 [71]

3.2.1. Nickel-Based Catalysts

Nickel-based catalysts activate CH4 and CO2 efficiently at lower temperatures, accel-
erating product formation [72]. As an active component, Ni lowers the energy needed for
C-H bond breaking, thus easing CH4 decomposition [73]. Its surface sites enhance CO2
adsorption and activation, simplifying reactions with C and H. However, nickel particle
sintering and surface carbon formation during reactions reduce active sites, diminishing cat-
alytic activity. Recently, researchers have improved the catalyst’s performance by reducing
its size, adjusting its structure, and modifying the carrier [74,75].

Developing nickel-based catalysts with strong metal–support interaction to enhance
CO2 adsorption and conversion is crucial for mitigating metal sintering and minimizing
carbon deposition [76]. Pali Rosha et al. [55] synthesized CeO2-promoted Ni catalysts on
TiO2 and Al2O3 supports using the wet impregnation method to investigate biogas dry
reforming. Figure 2a shows that H2-TPR results, after impregnating 11wt% Ni on TiO2
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support, reveal a shift in the NiO reduction peak to a higher temperature, indicating a
strong metal–support interaction. Enhanced binding force between the metal and support
hinders active metal migration, thereby slowing metal sintering. Additionally, CeO2’s
inclusion boosts CH4 and CO2 conversion rates, thanks to its high oxygen storage capacity
that facilitates timely C and O combination during reactions, thereby somewhat preventing
carbon formation. At 850 ◦C and a CH4/CO2 ratio of 1.5, the Ni0.11/Ce0.20 (Al2O3-TiO2)
catalyst achieved the highest CH4 and CO2 conversion rates (84.9% and 95.5%, respectively),
operating stably for 7 h with a carbon deposition rate of 8.8 wt%. Danhua Mei et al. [77]
employed Dielectric Barrier Discharge (DBD) technology for plasma catalytic dry reforming
of biogas using nickel-based bimetallic catalysts. Figure 2b illustrates that, compared to
10Ni, 10Ni3Co has the highest CO2 desorption peak temperature. Furthermore, the base
site quantity ranks as follows: 10Ni3Co > 10Ni3Mn > 10Ni > 10Ni3Cu. Catalysts with
higher basicity more effectively adsorb and dissociate CO2. Absorption at these sites yields
more surface oxygen, facilitating carbon gasification and thus increasing resistance to
carbon deposition. After a 150-min reaction at 50 W, 10Ni3Co showed minimal carbon
deposition (2.9%). At 60 W, it achieved the highest CH4 (49.1%) and CO2 (29.8%) conversion
rates.

Figure 2. (a) H2-TPR spectra of different catalysts. Reprinted with permission from Ref. [55].
Copyright 2018, Elsevier. (b) CO2-TPD spectra of different catalysts. Reprinted with permission
from Ref. [77]. Copyright 2023, Elsevier. (c) Biogas dry reforming conversions and H2/CO ratios
of Gd.Ni/Mg1.3AlOx and Sc.Ni/Mg1.3AlOx at 100 h. Reprinted with permission from Ref. [64].
Copyright 2022, Elsevier. (d) Ni0.10/(Zn0.1-Ce0.9) catalyst stability test at 900 ◦C. Reprinted with
permission from Ref. [65]. Copyright 2019, Elsevier. (e) O 1s XPS spectra of the reduction catalyst.
Reprinted with permission from Ref. [66]. Copyright 2020, Elsevier.

Rare-earth-metal-promoted nickel-based catalysts enhance stability by improving CO2
adsorption and activation capabilities. Quan Luu Manh Ha and colleagues examined
low-nickel-load (2.5 wt%) catalysts modified by Gd, Sc, or La, noting that Gd and Sc
modifications maintained CH4 and CO2 conversion rates during a 100 h stability test, as
depicted in Figure 2c. This stability results from the strong metal–support interaction that
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stabilizes micro-nickel particles and boosts CO2 adsorption and activation, thus increasing
resistance to carbon accumulation [64].

Optimizing support materials enhances metal–support interactions and supplies ac-
tive oxygen to the catalyst surface. Pali Rosha et al. [65] explored the impact of 10 wt%
nickel catalysts on CeO2 and ZnO supports in methane dry reforming. For the Ni0.10/CeO2
catalyst, adding 10 wt% Zn improved metal–support interaction, Ni particle dispersion at
high temperatures, and reduced carbon deposition. CeO2, offering numerous oxygen va-
cancies and releasing oxygen, curbs carbon buildup and fortifies metal–support interaction,
thereby enhancing the catalyst’s activity and selectivity in the reforming reaction. Zinc
oxide’s high melting point (1975 ◦C) preserves surface area at elevated temperatures, aids
nickel particle dispersion, and boosts active sites, thus improving CH4 and CO2 conversion
rates. Figure 2d demonstrates that the Ni0.10/(Zn0.1-Ce0.9) catalyst, with lower carbon depo-
sition, attained high CH4 conversion rates (83.1%) and H2 yield (33.6%). Similarly, Yuchen
Gao and colleagues synthesized nickel catalysts supported by Al2O3, SiO2, MgO, CeO2,
and ZnO. Ni/Al2O3, characterized by its smaller particle size and strong metal–support
interaction, offers more active sites, thereby enhancing the adsorption and surface reaction
rates of CH4 and CO2, resulting in the highest CH4 conversion efficiency of 82.7%. The O 1s
XPS spectrum, illustrated in Figure 2e, reveals an Oα/Oβ ratio, calculated from peak areas,
indicative of oxygen activity. Ni/MgO, with an Oα/Oβ ratio of 1.46, suggests a surface
rich in active oxygen. This active oxygen interacts with CO2 to form intermediates such as
CO3

2−, which enhances CO2 adsorption and activation, speeds up the dry reforming reac-
tion, and helps oxidize surface carbon deposits, thereby reducing carbon accumulation and
maintaining catalyst activity and stability. A 12 h stability test indicated a slight decrease
in the CH4 conversion rate of Ni/MgO from 68% to 64%; however, unlike the other four
catalysts, it did not experience any blockage [66].

Smaller catalyst particle sizes yield a greater number of required active sites. Studies
show that incorporating precious metals reduces catalyst particle size [78], boosting the
quantity of highly efficient active sites. S. Carrasco-Ruiz et al. developed a stable Ni-Rh
bimetallic catalyst on CeO2-Al2O3 mixed oxides. Adding a small amount of Rh decreased
the active metal’s average particle size, increased active sites, and enhanced reducibility,
showcasing superior redox capabilities. This improved CH4 and CO2 adsorption and
conversion, minimized carbon deposition, and prolonged the catalyst’s lifespan, as depicted
in Figure 3a [79].

The preparation method significantly affects the particle size of Ni mixed catalysts. San-
tiago Veiga et al. [62] synthesized Ni-La-Ti catalysts through impregnation, co-precipitation,
and an improved Pechini method. Significant differences in Ni particle size were observed
among catalysts prepared by different methods, as illustrated in Figure 3b. The improved
Pechini method yielded catalysts with smaller active metal particle sizes and stronger
metal–support interactions, which mitigated metal sintering and increased the number of
active sites. Figure 3c shows that the catalyst prepared using the improved Pechini method
demonstrated excellent stability and activity during a 10 h stability test at a CH4/CO2 ratio
of 1.5.

The stability of the methane dry reforming reaction relies heavily on the catalyst’s
structure. Matinee Chuenjai et al. [67] synthesized NiO/MgO/ZrO2 catalysts using urea
carbon surface modification technology. Figure 4a illustrates that adding MgO stabilizes
ZrO2’s tetragonal phase and enhances ZrO2-MgO interaction, which prevents phase trans-
formation, boosts catalyst stability, and increases alkalinity. This process enhances CO2
adsorption and reduction on the catalyst surface, leading to CO production. Surendar
Moogi et al. [34] prepared perovskite catalysts (LaCoO3 and LaNiO3) using both the citrate–
gel combustion and co-precipitation methods, observing more severe carbon deposition
under CH4/CO2 = 1.5 than CH4/CO2 = 1.0. Figure 4b shows TEM-EDS images of the
reduced catalyst. TEM analysis of perovskite catalysts indicated that synthesis methods in-
fluenced particle sizes; notably, the citrate–gel method produced smaller particles than the
co-precipitation method, resulting in more active sites. The citrate–gel combustion method
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enhances internal porosity of the catalysts, facilitating methane diffusion and product
desorption at active sites, crucial for minimizing carbon deposition. Consequently, catalysts
synthesized via the citrate–gel combustion method showed reduced carbon content.

Figure 3. (a) Schematic diagram of the structure and properties of bimetallic Ni-Rh catalysts.
Reprinted with permission from Ref. [79]. Copyright 2023, Elsevier. (b) Histogram of the distribution
of nickel particles; (c) stability test carried out for 10 h at CH4/CO2 = 1.5 feed ratio. Reprinted with
permission from Ref. [62]. Copyright 2023, Elsevier.

In previous studies, Maryam Kaviani et al. [68] employed the ammonia evaporation
method to synthesize SiO2-coated Ni-SiO2@SiO2 core–shell catalysts, enhancing stability
and coking resistance at a CH4/CO2 ratio of 1.5, as depicted in Figure 4c. At 700 ◦C and
with 10 wt% Ni loading, Ni-SiO2@SiO2 exhibited stable and high CH4 and CO2 conversion
rates with negligible carbon formation, as Figure 4d shows. The core–shell catalyst’s high
stability is due to its silica-coated core, which limits nickel particle mobility and imparts
anti-migration and anti-sintering properties. The catalyst’s unique interlayer structure
encapsulates Ni particles between the SiO2 core and shell. During the reduction process,
this leads to a Ni-SiO2 core forming from layered nickel silicate, enhancing Ni particle
dispersion and Ni-SiO2 interaction, thus increasing stable active sites during the reaction.

Employing diverse synthesis methods and designing catalysts with core–shell con-
figurations can effectively restrict nickel particle migration, conferring anti-migration and
anti-sintering properties that enhance catalyst stability. Optimizing metal–support inter-
actions boosts CO2 adsorption and conversion, increases active sites, and reduces metal
sintering and carbon deposition. These innovative strategies are essential for developing
efficient and environmentally friendly catalysts, especially in the methane dry reforming
process for sustainable energy conversion. Continued research and optimization of these
methods could enable future industrial applications of these high-performance catalysts,
which would significantly lower energy consumption and carbon emissions, guiding the
energy sector towards a more sustainable and greener path.
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Figure 4. (a) XRD spectra of NiO/ZrO2/MgO catalysts synthesized with different MgO dosages
using surface modification technique. Reprinted with permission from Ref. [67]. Copyright 2022,
Elsevier. (b) TEM-EDS patterns of the reduced catalysts. Reprinted with permission from Ref. [34].
Copyright 2022, Elsevier. (c) Schematic structure of Ni-SiO2@SiO2 catalysts and (d) stability test of
Ni-SiO2@SiO2. Reprinted with permission from Ref. [68]. Copyright 2022, Elsevier.

3.2.2. Cobalt-Based Catalysts

The key distinction between cobalt-based catalysts in conventional and biogas dry
reforming is the minor variations in CH4/CO2 feed ratios and the reactants’ complexity in
biogas dry reforming. Research into the application of cobalt-based catalysts is vital given
their significance in these domains, yet the challenges they present are non-trivial [80]. Cata-
lyst deactivation primarily results from Co oxidation or carbon deposition, with smaller Co
particles more susceptible to oxidation and larger particles predominantly losing activity
due to carbon formation [81]. Cobalt-based catalysts exhibit lower conversion rates com-
pared to precious metals and nickel-based catalysts [82]. Adding promoters is an effective
strategy to boost Co-based catalysts’ activity and stability [83]. Promoters enhance active
metal particle dispersion, electron transfer, carbon gasification, and catalyst reducibility,
thereby increasing activity while reducing the reaction’s temperature requirement [84,85].
Promoters encompass alkanes, alkaline earth metals, transition metals, and rare earth
metals, with alkanes and alkaline earth metals offering notable advantages in availability
and cost [86,87].

Zhang et al. [88] synthesized a series of cobalt-based catalysts using γ-Al2O3 as the
support and rare earth metals (Y, Tb, Gd) as promoters to mitigate carbon deposition. They
introduced a carbon elimination mechanism involving rare earth metal oxides, where a
bidentate carbonate intermediate is formed by a reaction with CO2, as depicted in Figure 5a.
This intermediate interacts with carbon deposits on the catalyst surface, yielding CO and
metal oxides. Employing an oxidation–reduction cycle process significantly improves the
catalyst’s resistance to carbon accumulation. Additionally, the influence of alkalinity on
coke formation has not been extensively investigated. Anh Ngoc T. Cao et al. [63] em-
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ployed γ-Al2O3 as a support with the impregnation method to synthesize cobalt catalysts.
The reaction mechanism, depicted in Figure 5b, involves the adsorption and subsequent
dissociation of CH4 into hydrogen and hydrocarbons (CHx). These CHx intermediates
then react with activated oxygen species (O*) from CO2 to form CHxO* radicals, which
further react to produce CO and H2. Illustrated in Figure 6c, calcium addition notably
enhances the catalyst’s surface alkalinity, thereby improving its CO2 adsorption capacity
and modifying the reaction pathways to prevent carbon buildup at primary active sites.
With low calcium dosages, the average crystallite size of Co3O4 is reduced, suggesting an
improved dispersion of cobalt. This discovery opens new avenues for using earth-abundant
catalysts to enhance the performance of simulated biogas dry reforming. Mabkhoot Al-
saiari et al. [82] incorporated cost-effective iron into cobalt-based catalysts, as shown in
Figure 5d, significantly affecting the material’s alkalinity due to the iron load. The alkalinity
peaked at 705.7 μmol CO2 g−1 in the 2Fe-5Co/Al2O3 formulation. They established a
correlation between the catalytic activity and the physicochemical properties of the mate-
rials. The 0.8Fe-5Co/Al2O3 sample demonstrated superior performance, improving the
dispersion, reducibility, and alkalinity of cobalt on the support. This additive facilitated
carbon gasification and effectively minimized coke deposition.

Figure 5. (a) The proposed reaction mechanism of carbon elimination. Reprinted with permission
from Ref. [88]. Copyright 2023, Elsevier. (b) Proposed mechanism for methane dry reforming over
Ca-Co/Al2O3 catalyst. (c) The effects of calcium loading on methane conversion and total basicity of
catalyst. Reprinted with permission from Ref. [63]. Copyright 2022, Elsevier. (d) The material basicity
measurement using the CO2− TPD method of the pristine and iron-promoted catalyst. Reprinted
with permission from Ref. [82]. Copyright 2024, Elsevier. (e) Dependence of the crystallite size on
the concentration of Al(NO3)3; 1—CoAl2O4 (511), 2—Co2AlO4 (511), 3—Co3O4 (511), 4—CoO (200),
5—AlCo (200), 6—Al (311). Reprinted with permission from Ref. [61]. Copyright 2021, Authors
of MDPI.
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Figure 6. (a) XRD patterns of the spent catalysts: effect of reaction temperature; (b) TPR profiles of
the iron-loaded catalysts. Reprinted with permission from Ref. [70]. Copyright 2020, Elsevier. (c) The
composition of effluent gases over FeMo/MgO catalysts, GHSV = 4500 mL/(g·h). Reprinted with
permission from Ref. [71]. Copyright 2022, Elsevier. (d) TGA profiles of spent catalysts: a Fe10%Al2O3,
b Fe7.5%Ni2.5%Al2O3, c Fe5%Ni5%Al2O3, d Fe2.5%Ni7.5%Al2O3, and e Ni5%Al2O3. Reprinted with
permission from Ref. [69]. Copyright 2019, Elsevier.

Manapkhan Zhumabek et al. [61] synthesized syngas using catalysts prepared from
Co(NO3)2–Al(NO3)3–urea mixtures with varied compositions. The crystallite sizes of the
catalysts, estimated from the widths of the XRD peaks as shown in Figure 5e, decreased as
the Al(NO3)3 content increased, enhancing the catalysts’ thermal stability and resistance to
carbon deposition—attributes vital for prolonged catalytic operations. For CO2 conversion,
the CoxAly phase, with a lattice parameter of 1.423 Å, closely matches the C-O bond
length of 1.43 Å in CO2, suggesting that CoxAly could serve as an active site for C-O bond
activation. Additionally, incorporating metals such as Zn is seen as an effective strategy to
prevent metal oxidation and manage carbon deposition on catalysts. Previous research has
indicated that Zn addition prevents the oxidation of Co in the Co/ZrO2 catalyst during
ethanol steam reforming. Jung-Hyun Park et al. [81] examined the effects of Zn addition
on the catalytic performance of CoZn(x)/ZrO2 in methane dry reforming. Introducing
2 wt% Zn to Co/ZrO2 notably improved catalyst stability; however, exceeding this amount
reversed the effect, with higher oxidation rates and extents observed in CoZn(2)/ZrO2
compared to Co/ZrO2. Catalysts enhanced by Zn demonstrated increased stability, as the
formation of a Co-Zn alloy impeded Co oxidation.

Adding promoters significantly enhances cobalt-based catalysts’ performance in dry
reforming reactions by improving their activity, selectivity, stability, and carbon deposition
resistance. Mesoporous carriers, like γ-Al2O3, have been shown to improve active metal
dispersion and thermal stability in traditional dry reforming [89]. However, their appli-
cation research in methane dry reforming remains limited. Adding promoters not only
optimizes the catalyst’s physical and chemical properties but also boosts catalytic efficiency,
opening new avenues for optimizing methane dry reforming and its industrial applications.
Nonetheless, further research is needed to determine the optimal amounts, methods of
doping, and the mechanisms by which promoters affect catalysts.
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3.2.3. Iron-Based Catalysts

Iron, as the second most abundant metal in the Earth’s crust, offers substantial eco-
nomic benefits, being approximately 250 times cheaper than Ni or Co [69]. With appropriate
preparation and use, iron-based catalysts show excellent thermal stability and poison re-
sistance [90]. Despite Fe’s economic advantages in methane conversion, related research
remains limited. Additionally, under high temperatures and certain conditions, iron-based
catalysts can experience structural changes like particle growth or phase transformation.
While iron-based catalysts resist poisoning, trace impurities like sulfur and chlorine in
methane can lead to their deactivation [29]. Currently, the deactivation mechanisms and
reasons for monometallic iron catalysts remain unclear. Studies on bimetallic catalysts
highlight iron’s potential to enhance the performance of other metals [37]. Research has
also concentrated on using secondary metals to boost iron’s reactivity, aiming to develop
cost-effective, primarily iron-based catalysts for industrial use [91].

Zahira Yaakob et al. [70] synthesized a Fe/ZrO catalyst via a urea-assisted solid-
state combustion technique, applied in the thermal catalytic decomposition of undiluted
biogas. This approach promotes the uniform dispersion of catalysts. As evidenced in
Figure 6a, at elevated reaction temperatures, such as 800 ◦C and 900 ◦C, the peak intensity
of iron nanoparticles reaches its maximum, suggesting a more thorough reduction of Fe,
thereby enhancing catalytic activity. Concurrently, Figure 6b illustrates that the area of
the TPR peaks increases substantially with added Fe content, indicating that higher re-
action temperatures and greater iron content can improve CH4 and CO2 conversion and
the generation of hydrogen-rich syngas by augmenting the number of active sites and
enhancing metal–carrier interactions. This methodology, in contrast to the absence of a
catalyst or the use of alternative catalyst types, allows for more efficient exploitation of
biogas as a feedstock, converting it into higher-value products. Thunyathon Kludpantana-
pan et al. [71] investigated monometallic Fe and bimetallic Fe-based catalysts on MgO
supports for synthesizing carbon nanotubes and hydrogen from biogas. The Fe/MgO
catalyst showed poor catalytic activity due to the CO2-induced oxidation of iron, resulting
in significant deactivation. Nonetheless, the addition of Mo significantly improved metal
dispersion and strengthened metal–support interactions, as evidenced in Figure 6c, leading
to substantial increases in conversion rates and syngas production, thereby boosting the
yields of H2 and CNTs. Additionally, Karam Jabbour and colleagues developed ordered
mesoporous Fe10% and FexNi(1−x) catalysts within Al2O3 using an evaporation-induced
self-assembly direct “one-pot” method to generate syngas [69]. Figure 6d illustrates that
carbon deposition is directly proportional to the Fe content and inversely proportional to
the Ni content in the catalysts, suggesting that higher Ni levels reduce carbon accumulation.
The introduction of Ni facilitates the formation of a Fe-Ni alloy, minimizing the segregation
of iron species and the accumulation of iron oxides and carbon. Furthermore, Ni catalyzes
the activation of CO2, where the resulting oxygen atoms oxidize deposited carbon (C(s))
to CO, diminishing carbon buildup. Regarding the resistance to poisoning, particularly
against sulfide in real-world applications, incorporating additives enhances the resilience
of iron-based catalysts and supports their regeneration and reuse. Research indicates that
chromium additives notably improve the low-temperature denitrification activity and
sulfur resistance of these catalysts.

Adopting innovative synthesis methods or incorporating secondary metals such as
Mo significantly enhances metal dispersion and strengthens metal–support interactions.
These advancements lead to marked increases in conversion rates and syngas production,
consequently enhancing the yields of hydrogen and carbon nanotubes (CNTs). More-
over, introducing nickel facilitates the formation of a Fe-Ni alloy, which minimizes the
segregation of iron species and reduces the accumulation of iron oxides and carbon. This
improvement promotes CO2 activation, potentially enhancing the catalyst’s resistance to
poisoning and its regenerative capabilities in practical applications. These developments
not only underscore the potential of iron-based catalysts in the methane dry reforming
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process but also create essential technological pathways for developing more efficient and
environmentally friendly catalytic systems.

4. Challenges and Future Trends

Biogas dry reforming technology enables the conversion of biogas into syngas, ef-
fectively using waste resources and decreasing reliance on traditional fossil fuels, thus
promoting sustainable energy use. Furthermore, this technology transforms greenhouse
gases into high-value syngas, offering significant environmental and economic benefits,
with considerable potential for future expansion. This review classifies noble and non-noble
metal catalysts for biogas dry reforming, summarizing recent advances through strategies
like smaller particle size design and improved metal–support interactions. The findings
suggest that current methods effectively reduce carbon deposition and enhance catalyst ac-
tivity. Despite laboratory progress, biogas dry reforming technology encounters challenges
in industrial production and large-scale applications. Primary challenges encompass the
long-term catalyst stability meeting industrial standards and issues in process parame-
ter control, equipment design, and optimization, which are crucial for the technology’s
commercial application.

Future research will primarily concentrate on enhancing the electronic and structural
properties of catalyst surfaces. This will be achieved through strategic modifications in-
cluding structural alterations, the introduction of additives, and alloying to improve both
the resistance to carbon deposition and reaction efficiency. Additionally, efforts will be
directed towards the development of innovative catalysts, such as those featuring layered,
porous, or nanostructured oxides, sulfides, and nitrides. These structures are expected to
offer a greater number of active sites and superior surface activity. Designing catalysts
for improved light interaction is a promising research direction. Research demonstrates
that illumination not only diminishes the thermal demands of reactions but also stimulates
catalyst surface electrons, resulting in the activated adsorption of reactants. Consequently,
this enhances the reaction rate and significantly reduces carbon deposition. Investigating
the effects of illumination on the electronic properties of catalyst surfaces, and the control of
reaction pathways through illumination, can potentially increase both the conversion rate
of methane and the selectivity of products. Generative artificial intelligence (AI), including
Transformer, Diffusion models, and Generative Adversarial Nets (GANs), is increasingly
pivotal in driving catalyst design innovations. By learning from extensive datasets, these
models produce catalyst structures with enhanced predictive capabilities, overcoming the
constraints of traditional design methods. In developing biogas dry reforming catalysts,
these technologies enable rapid screening and optimization, simulating material reactivity
and stability to predict performance. This approach not only accelerates the experimental
process but also reduces research and development costs. Additionally, generative AI deep-
ens understanding of catalytic mechanisms, shows how various structures and components
influence efficiency and selectivity, and offers a scientific basis for designing more efficient
and eco-friendly catalysts. The interplay between theoretical simulation and experimental
validation remains vital, uncovering the methane dry reforming reaction’s mechanisms
and key steps. Deep insights into the reaction mechanism will inform catalyst design and
optimization, enhancing reaction efficiency and reducing carbon deposition. Such research
will offer crucial theoretical and technical support for the industrial use of methane dry
reforming and sustainable production.
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Abstract: Iron oxides and hydroxides (Fe-OH) extracted from natural sources have gar-
nered significant attention for their diverse catalytic applications. This article provides a
comprehensive overview of the catalytic potential of naturally occurring Fe-OH, focus-
ing on the influence of natural sources and preparation methods on their morphological
characteristics and application in heterogeneous catalysis. The unique physicochemical
properties of these catalysts, including their high surface area, redox activity, and tunable
surface chemistry, make them promising candidates for various catalytic processes. The
review discusses key catalytic reactions facilitated by natural Fe-OH, such as advanced
oxidation processes (AOPs), electrochemical applications, catalytic cracking, and biodiesel
production. Furthermore, it highlights recent advancements and challenges in utilizing
these materials as heterogeneous catalysts. By presenting an analysis of the catalytic poten-
tial of natural iron oxides, this review aims to stimulate further research about the use of
these materials, which are widely distributed in the Earth’s crust.

Keywords: minerals; natural sources; hematite; maghemite; magnetite

1. Introduction

Iron oxides and hydroxides, both referred to here as Fe-OH, are ubiquitous earth
materials with high adsorption capacities for toxic elements and degradation ability to-
wards organic contaminants. By mass, iron is the fourth most abundant element in the
Earth’s crust, being found in 16 Fe-OH [1]. Iron oxides are widely distributed in nature and
can be found across various components of the global system, including the lithosphere,
hydrosphere, biosphere, pedosphere, and atmosphere. They participate in the complex in-
teractions between these environmental compartments [2]. Iron’s different oxidation states
(ferric (Fe3+) and ferrous (Fe2+)) further influence its interactions within these systems. For
instance, iron availability in the oceans affects the growth of phytoplankton, impacting the
entire marine food chain.

Geological Abundance of Iron Oxide and Hydroxide Minerals

Iron constitutes a significant portion of minerals on our planet, ranging from 28 to 35%
of Earth’s total mass. The Earth’s inner core primarily comprises solid iron (Fe) and nickel
(Ni), while the outer core consists of iron alloyed with 10–20% of other elements, such as
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oxygen (O), sulfur (S), and potassium (K). In the Earth’s structure, the primitive mantle
contains roughly 12% iron, whereas the crust holds 4.32% iron, ranking just below oxygen
(47.2%), silicon (Si, 28.8%), and aluminum (Al, 7.96%) in abundance. Consequently, iron sil-
icates and iron oxides emerge as the most prevalent minerals in the Earth’s crust [3]. Table 1
enumerates the naturally occurring iron oxide and hydroxide minerals. Goethite, hematite,
and magnetite are the most prevalent, often occurring as standalone rock formations in
nature. Lepidocrocite, ferrihydrite, and maghemite are found in significantly smaller quan-
tities but are still distributed across many locations. On the other hand, wüstite, akaganéite,
feroxyhyte, and bernalite are comparatively rare, both in terms of their distribution and
abundance [4].

Table 1. Naturally occurring iron oxide minerals. Reproduced with permission from Reference [3].
Copyright© 2016, John Wiley and Sons.

Name Formula Crystal Symmetry

Magnetite (Mt) Fe3O4 Cubic spinel
Hematite (Ht) α-Fe2O3 Rhombohedral
Goethite (Gt) α-FeOOH Orthorhombic
Lepidocrocite γ-FeOOH Orthorhombic
Ferrihydrite (Fh) 5Fe2O3·9H2O Hexagonal
Maghemite (Mh) γ-Fe2O3 Cubic spinel
Wüstite FeO Isometric-hexoctahedral
Akaganéite β-FeOOH Monoclinic
Feroxyhyte δ′-FeOOH Hexagonal
Bernalite Fe(OH)3 Orthorhombic

The primary source of iron is the rocks known as banded iron formations (BIFs). These
formations are named for their characteristic composition, featuring alternating layers of
iron (hematite or magnetite) and silica. Iron can also be found in geological formations like
greenschist, gabbro, basalt, amphibolite, and others [5].

Schwertmann and Fitzpatrick (1993) [6] describe various notable features of iron
oxides found on Earth’s surface. These minerals are physicochemical environmental
indicators with unique mineral characteristics and strong pigmenting abilities, even at
low concentrations. They tend to have fine grain sizes (5–100 nm) and large surface areas,
allowing functionalized surfaces to absorb a range of molecules. Iron oxides are also
highly insoluble and may include other cations like aluminum in their crystal structure.
Due to their limited crystallinity, advanced techniques, such as Mössbauer spectroscopy,
X-ray absorption near-edge structure (XANES), thermogravimetric analysis (TGA), X-
ray diffraction (XRD), infrared spectroscopy (IR), differential thermal analysis (DTA),
transmission electron microscopy (TEM), and selective chemical dissolution, are essential
for identification [6].

Over the past decade, numerous researchers have investigated the utilization of natu-
rally derived iron oxides as heterogeneous catalysts, driven by their widespread viability,
readily accessible sources, low production costs, appealing physicochemical properties,
and inherent biocompatibility [7–9]. The success achieved in numerous applications has led
to reviews of articles on the subject. However, to the best of our knowledge, these works
have focused on specific processes or the use of specific minerals. Therefore, there is a need
for a comprehensive and integrative view of the topic. Fenton’s reaction, a well-established
catalytic process, utilizes ferrous and/or ferric ions to decompose hydrogen peroxide, gen-
erating potent oxidizing agents capable of degrading a wide range of organic and inorganic
contaminants. This reaction exemplifies a catalytic application of iron oxides. Thus, it is
only tangentially addressed, referring readers to the reviews already published. A search
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on Scopus with the search terms TITLE (* “iron” AND “Catalyst” AND “review”) yields
35 results, of which only 14 are about natural minerals of iron oxyhydroxides. Three of
these address their use in Fenton, photo-Fenton, and electro-Fenton processes [10–12], with
four on water–gas shift, syngas and Fischer–Tropsch synthesis [13–16], three on persulfate
activation [17–19], one on peroxides [20], one on nanoparticles applied in different cata-
lysts [21], and two on advanced oxidation [22,23]. Additionally, a review of the performance
of magnetite [24] in Fenton-like processes is identified. In just the last two years, by using
the search terms ’iron’, ’oxide’, ’catalysts’, and ’review’ in article titles, the SciFinder® search
platform has yielded additional examples focused on Fischer–Tropsch synthesis [25,26],
persulfate activation [27], NOx reduction [28,29], oxygen reduction reaction [30], and se-
lective oxidation of hydrogen sulfide [31]. However, none of these address the use of
natural materials. However, other catalytic processes involving iron oxides have also been
tested. Among these applications are hydrocracking of coal tar, biodiesel production, hy-
drogenation, ammonia synthesis, reduction of nitrates, heterogeneous catalytic ozonation,
oxidation and reduction of inorganic ions, hydrogen production, and water dissociation,
which have not been sufficiently disseminated and analyzed in the literature. The main
catalytic application of Fe-OH and the iron species used in them are depicted in Figure 1.

Figure 1. Scheme of main catalytic applications of Fe-OH from natural sources and natural iron
species.

To the authors’ knowledge, there has been no previous attempt to present, in a single
document, most of the applications proposed in the literature for naturally derived Fe-
OH. In this review, chemical industry research professionals will find a comprehensive
compilation of the identified applications of Fe-OH, especially in the last two decades. The
aim is to provide an integrative approach, emphasizing the abundance and versatility of
natural iron catalysts, which makes them economically attractive and environmentally
benign. This document presents basic information on the relative abundance of Fe-OH
in the Earth’s crust, their occurrence in nature, pretreatments of the catalysts, and both
common and uncommon applications. It is divided into three sections: the first one for the
most abundant, the second one for those less abundant but distributed globally, and finally,
the third one for those considered difficult to obtain.
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2. Most Prevalent Iron Oxides and Hydroxides

Magnetite (Fe3O4) and hematite (α-Fe2O3) are among the most prevalent iron oxides,
while goethite (α-FeOOH) is the most abundant iron hydroxide. In this section, we will ex-
plore principal characteristics and both the primary and less common catalytic applications
of these iron oxides and hydroxides.

2.1. Magnetite (Fe3O4)

Magnetite is a widely distributed accessory mineral in numerous ore deposits and
ranks among the most abundant oxide minerals in the continental crust [32]. It occurs
globally and can form under diverse temperature and pressure conditions in igneous,
metamorphic, and sedimentary settings [33].

At ambient conditions, they crystallize in the inverse spinel cubic structure, which
belongs to the space group Fd3m. Its distinctive structure is characterized by a combination
of diverse anions and cations. In a conventional spinel arrangement, divalent cations
exclusively occupy tetrahedral positions, while trivalent cations are confined to octahedral
coordination. However, within an inverse spinel configuration, the octahedral sites accom-
modate both divalent and trivalent cations simultaneously [34]. Fe3+ ions are positioned
in tetrahedral (A) sites coordinated by oxygen, while octahedral (B) sites contain an equal
mixture of Fe3+ and Fe2+ ions. Below the magnetic transition temperature of 850 K, the
spins of iron atoms in the A and B sublattices align in a ferrimagnetic configuration [35].

Fe3O4 is the most utilized among various iron oxides, including FeO, γ-Fe2O3, and
FeTiO3, because it exhibits a notable degree of spin polarization at the Fermi level, a high
Curie temperature, and electrocatalytic effect, stability, and ease of synthesis. Furthermore,
nano-sized Fe3O4 shows additional advantageous features beyond those inherited from its
bulk form (see Table 2), such as remarkable size and shape controllability, a large specific
surface area, and excellent magnetothermal conversion capability. Magnetite nanoparticles
have been utilized in a wide range of catalytic applications, such as drug delivery, cancer
treatment, organic synthesis, environmental remediation, synthesis of biodiesel, and elec-
trocatalysis [36]. Magnetite is widely used in advanced oxidation processes (AOPs) [24];
however, its catalytic applications include organic synthesis, electrocatalysis, and environ-
mental remediation, among others [36].

Table 2. Characteristics of bulk Fe3O4 and Fe3O4 NPs. Reproduced with permission from
Reference [36]. Copyright© 2023 MDPI/CC BY 4.0.

Characteristics Bulk Fe3O4 Fe3O4 NPs

Magnetism Ferromagnetism Superparamagnetism or
ferrimagnetism

Saturation magnetization (Ms, 300 K, emu/g) ~(84–100) Depend on size, shape, and coating:
~(0.5–92)

Size controllability Unachievable Precisely controllable:
~(2–100) nm

Shape controllability
(Spherical, cubic, rod, hollow, and 2D nanoplate) Unachievable Precisely controllable

Specific surface area (m2/g) 0.34 * Depend on size, shape, and coating:
~(20–300)

Magnetothermal conversion (W/g) Absent ~(100–2500)
Electrocatalytic activity Achievable Achievable

* For an average crystallite size between 38 and 62 μm.

The catalytic performance of magnetite nanoparticles is strongly influenced by their
size. In general, smaller nanoparticles exhibit enhanced catalytic efficiency due to their
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higher surface area and greater number of active sites compared to larger particles.
Magnetite-based nanocatalysts are gaining prominence as adaptable tools in heterogeneous
catalysis, contributing to the advancement of sustainable reaction methodologies [37].

Numerous methods exist for synthesizing bulk and magnetite nanoparticles [38].
However, the extraction of magnetite nanoparticles from natural sources has received
limited attention. While some studies have explored this area [39–43], the primary objective
of these syntheses typically differs from catalytic applications. Furthermore, it has been
reported that different natural sources of magnetite and preparation methods significantly
influence the morphology and size of the particles.

Magnetite prepared from iron sand via coprecipitation shows a more uniform mor-
phology and particle size distribution. In contrast, the ball milling method allows control
of particle size based on milling time, with longer times resulting in smaller particles
but more irregular shapes (Figure 2A). On the other hand, when the natural source is
mineral magnetite, the particles have more regular shapes. Nevertheless, the particle size
distribution is broader (Figure 2B,C).

Figure 2. SEM micrographs of magnetite particles prepared from natural sources: (A) iron sand via
ball milling, (B) raw ore after washing and heat treatment, and (C) mineral magnetite after magnetic
separation and 20 min of ball milling. Reproduced with permission from References (A) [44], (B) [45],
and (C) [46]. Copyright© 2020 IOPScience/CC BY 3.0, 2016 and 2021 Elsevier.

Main catalytic applications. Magnetite’s capacity to generate hydroxyl radicals enables
its utilization in various advanced oxidation processes (AOPs), including Fenton, electro-
Fenton, photo-Fenton, and Fenton-like reactions. These processes share the common
principle of involving the interaction between iron-based catalysts and H2O2 to generate
highly reactive hydroxyl radicals for degrading organic pollutants in water. Variations
arise in activation methods: in electro-Fenton, H2O2 is generated by O2 reduction at the
cathode, photo-Fenton utilizes light to generate •OH and Fe2+ from water and Fe3+, and
Fenton-like reactions use alternative iron species or transition metals [47]. According to
catalytic evaluations and findings performed on various iron oxides in Fenton reactions,
magnetite is highly active for both H2O2 decomposition and O2 production at neutral and
basic pH [48]. However, due to the magnetic nature of magnetite, the reactor design must
consider conditions to prevent particle agglomeration, which could inhibit its catalytic
activity by limiting proper dispersion in the solution. To address this issue, magnetic
stirring is omitted, using centrifugal [49] or peristaltic pumps [50] for the recirculation of
contaminants.

Mineral magnetite has been used to obtain catalysts for the degradation of organic
pollutants such as p-nitrophenol [1], textile dye [44,49,51], methylparaben [52], and cefo-
taxime [46]. The natural sources used for the preparation of these catalysts were mineral
magnetite and ferruginous sands. Additionally, the preparation of the catalysts commonly
involves magnetic and gravitational separation as well as sieving and ball milling. In some
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cases, chemical treatment with acid, mainly HCl, is preferred to remove impurities present
in the natural magnetite source.

Typical ranges of dosage for the Fenton and Fenton-like reactions are between 0.1
and 0.5 g·L−1, and optimal degradation occurs in acidic or neutral conditions, with pH
values of 3 to 7. Although H2O2 is the primary oxidizing agent used, other species, such as
S2O8

2− [49,52], can also be employed. Magnetite obtained from natural sources commonly
contains other minerals, including Cr, Mn, Ni, Co, and Ti, among others. However, these
impurities can enhance catalytic activity. For example, the comparison between synthetic
magnetite and mineral magnetite [1] for p-nitrophenol (p-NP) degradation indicates that
the combination of nano-sized magnetite and H2O2 does not exhibit significant degrada-
tion throughout the entire process, underscoring the superior catalytic efficacy of natural
magnetite compared to its synthetic counterpart. This fact was attributed to the presence of
exsolved spinel due to the incorporation of transition metals with variable valence.

The preparation method of catalysts from natural sources significantly influences con-
trol over particle size, shape, and purity. Mufti et al. [51] and Amiruddin et al. [44] prepared
magnetite nanoparticles using different approaches (coprecipitation and ball milling) and
tested them in photo-Fenton degradation and Fenton degradation of methylene blue (MB),
respectively. The coprecipitation method resulted in smaller particle sizes compared to the
ball milling method (11 nm vs. 24–49 nm), with more uniform particle size distribution and
a high-purity crystal phase; also, SBET was higher compared to the usual values reported
for Fe3O4. However, it involved the use of high molar concentrations of HCl and NH4OH,
as well as thermal treatment, which are avoided in the milling method. Although the
catalytic performance was evaluated under different conditions (photo-Fenton and Fenton),
the results for MB degradation were similar (80% vs. 86.89%). However, the reaction times
required to achieve these results differed significantly (30 min vs. 120 min). Similarly, in
the Fenton-like degradation of acid orange 7 (AO7) using natural magnetite and persulfate
(S2O8

2−), high degradation efficiency (90%) was achieved within 120 min under optimized
conditions, including 0.5 gL−1 of catalyst and 0.2 mM of S2O8

2− under acidic pH [49]. The
catalyst exhibited low iron leaching and the potential to be scalable, while the reaction time
was longer compared to systems leveraging photo-Fenton activation.

The catalytic degradation of methylparaben (MeP) using a Fenton-like process demon-
strated the effectiveness of persulfate (SPS) activation by natural magnetite as a hetero-
geneous catalyst. Peroxymonosulfate and peroxydisulfate are common ions in aqueous
effluents, whose presence can be leveraged to generate strong oxidants (SO4.−, •OH, and
1O2) through appropriate catalysts [53]. The study achieved a high degradation efficiency
of 99.5% and mineralization rates of up to 37% within 60 min under optimized conditions,
including a catalyst loading of 0.1–0.3 g·L−1 and SPS concentrations of 1–5 mmol·L−1

under acidic pH. The catalyst exhibited excellent reusability, maintaining over 90% degra-
dation efficiency after five cycles, with minimal decline in performance. This highlights its
potential as a cost-effective and robust option for pollutant removal [52].

The preparation of composites of TiO2/magnetite nanoparticles using natural mag-
netite and P25 as raw materials resulted in particle sizes of about 20–80 nm [46]. No signifi-
cant increase in SBET was observed. These particles were tested on Fenton, photo-Fenton,
and photocatalysis processes. In the photo-Fenton under UV light and photocatalysis pro-
cesses, the composites achieved complete degradation of cefotaxime, whereas in the Fenton
reaction, the degradation was negligible. The higher degradation rate reached by mediated
light degradation was attributed to the fact that Fe3+ in the magnetic nanoparticle could
capture photo-generated electrons from TiO2, which accelerated Fe2+/Fe3+ cycles in the
Fenton reaction, the separation of electron–hole pairs in photocatalysis, the decomposition
of H2O2, and the production of OH radical, resulting in the effective removal of cefotaxime.
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Regarding its application in an electro-Fenton process, it was able to reach a degradation
efficiency of about 40% on the degradation of gemcitabine at a pH of 3, which is related to
ferrous ions in its structure [54].

In an initial approach to synthesizing nanoparticles from mineral magnetite, Munoz
et al. [55] evaluated their catalytic activity in the catalytic wet peroxide oxidation (CWPO) of
phenol. In this mode of the Fenton process (heterogeneous), the catalyst used to decompose
H2O2 into •OH is an insoluble solid [56]. The preparation involved only sieving the raw
material, which was obtained from Marphil, Madrid, Spain. This resulted in a Fe3O4

catalyst with an SBET of 8 m2g−1 and a saturation magnetization (Ms) of 77.7 emu g−1.
Under optimal reaction conditions (H2O2 = 500 mg·L−1, Fe3O4 = 2 g·L−1, T = 75 ◦C,
pH = 3, and t = 4 h), the enhanced performance of the minerals was confirmed in the
CWPO of phenol (100 mg·L−1), achieving complete conversion of the target pollutant
with a high degree of mineralization (70–80%). However, even though the process was
effective, relatively low oxidation rates were observed, requiring up to 3.5 h of reaction
time to reach the complete removal of the pollutant under ambient temperature and
circumneutral pH. Therefore, mineral magnetite was modified through thermal treatments
of controlled oxidation and reduction to obtain core–shell materials [57]. A slight growth
in the magnetization of the material was observed with an increase in the reduction
temperature. At a pH of 5, ambient temperature (25 ◦C), the stoichiometric amount of
H2O2 for the complete mineralization of sulfamethoxazole (SMX), and a catalyst load of
1 g·L−1 were selected. The initial concentration of SMX was fixed at 5 mg·L−1. Reduced
iron species exhibited greater activity in the CWPO of SMX, leading to complete removal
within 1.5 h. The optimal catalyst was reduced at 400 ◦C. This material remained active
even after five reaction cycles.

Recently, the CWPO of azole pesticides, using natural magnetite as a catalyst, has
been investigated [50]. The study utilized a fixed-bed reactor packed with natural mag-
netite powder to eliminate a representative blend of azole pesticides. System perfor-
mance was assessed by examining the effects of inlet flow rate (0.25–1 mL·min−1), mag-
netite loading (2–8 g), H2O2 dosage (3.6–13.4 mg·L−1), and initial pollutant concentra-
tion (100–1000 μg·L−1) over 300 h of continuous operation. Under optimized conditions
(T = 25 ◦C, pH = 5, flow rate = 0.5 mL·min−1, [H2O2] = 6.7 mg·L−1, and [Fe3O4] = 8 g),
azole pesticide removal exceeded 80%. The catalytic system exhibited high stability over
500 h of operation, with limited iron leaching. Also, the efficiency of the catalyst was
proven in the treatment of a real wastewater treatment plant (WWTP) effluent sample,
spiked with a mixture of azole pesticides at 500 μg·L−1. The process was less efficient in the
WWTP effluent; this was attributed to the presence of organic and inorganic compounds in
the treated water since they exhibit OH scavenging properties. On CWPO, H2O2 dosage
and catalyst loading are the most significant variables that influence catalytic activity; even
with low SBET and high particle size, effective degradation can be reached. The reactions
are described well by pseudo-first-order rate constants.

Non-common catalytic applications. The use of catalysts based on magnetite obtained
from natural sources is not limited to environmental remediation applications. It has also
been tested in the conversion of spent engine oil into reusable diesel-like fuel [45]. This
process, known as catalytic pyrolysis, involves the use of solid catalysts to break down long
organic matter chains into lighter hydrocarbons, promoting specific transformations such
as dehydration, dehydrogenation, deoxygenation, and decarboxylation [58]. Natural mag-
netite was extracted from freshly mined raw ore through magnetic separation. Pyrolysis
reactions were conducted at 500 ◦C with a residence time of 90 min. The overall yield was
close to 100% in a thermal non-catalyzed run and decreased linearly with magnetite dosage.
However, the results indicated that magnetite was selective to liquid fraction and could
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promote different product compositions due to cracking and oxidative dehydrogenation of
the paraffinic and alkyl aromatics. The resultant catalytically derived liquid product has
fuel properties comparable to commercial diesel. Recently, CaO/MgO/Fe3O4 prepared
from iron sand and dolomite was tested as a catalyst for biodiesel production from waste
cooking oil [57]. The catalyst calcinated at 1000 ◦C reached 95.64% yield. The produced
biodiesel fulfilled the quality standards for density and viscosity.

Pyrolysis is a promising option in regions with limited petroleum and gas resources
because it offers a solution by producing char, tar, and gases simultaneously. Char can
be used for combustion or gasification, while tar can be processed into liquid fuels and
chemicals, improving economic feasibility. However, coal-derived tar often contains heavy
compounds that complicate processing and cause operational challenges. To address this,
He et al. [59] proposed a coal pyrolysis method combined with iron ore reduction. Iron
facilitates the breaking of C-C and C-O bonds. The study used magnetite with a chemical
composition primarily consisting of Fe (62.65%) and minor components like SiO2 and
MgO. Pyrolysis experiments were conducted using a Pt-filament pyrolyzer, with volatiles
adsorbed and later desorbed at 300 ◦C for GC/MS analysis. Coal and catalyst samples
were heated to 700 ◦C under argon. Magnetite showed a low surface area (3.32 m2·g−1)
and primarily produced phenols and CO2 but performed poorly compared to other iron
ores like ilmenite and siderite. Also, the nanohybrid catalyst Fe@C, using natural magnetite
as an iron source, was evaluated on Fischer–Tropsch synthesis, a collection of reactions
for converting syngas (hydrogen and carbon monoxide) into liquid hydrocarbons [60].
The core–shell structure was confirmed by TEM analysis. The results indicated that CO
conversion exceeded 98%, with C5 hydrocarbon selectivity of 51.7% and stability over 180 h
of steam [61].

Table 3 summarizes the catalytic applications of hematite prepared from natural
sources. Although its main applications are Fenton-type processes, its use for fuel pro-
duction is also notable. Furthermore, the analysis of the elimination based on the main
parameters in AOPs (Figure 3) shows that the specific surface is not a determining factor
in the catalytic activity of magnetite; likewise, acidic or neutral conditions allow better
performance. In addition, specific surface area is not a determining factor in the catalytic
activity of magnetite, while acidic or neutral pH conditions enable better performance.
Even with small specific surface areas and low catalyst concentrations, magnetite enables
removal rates close to 100% in advanced oxidation processes.

Figure 3. Removal as a function of magnetite catalyst concentration (A), pH (B), oxidant concentration
(C), and specific surface area (SBET, (D)). Elaborated with data from References [1,46,50,52,55,62].
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2.2. Hematite (α-Fe2O3)

Hematite (α-Fe2O3) is the oldest recognized form of iron oxide, widely found in soils
and rocks. It is more commonly found in sedimentary rocks, either as detrital particles or
as precipitates. Hematite is abundant in environments with ample oxygen as the ferric
oxyhydroxides initially formed age and transform into hematite. It typically coexists with
other iron oxides like goethite. Hematite formation is favored by low water content and
elevated temperatures [64]. When finely powdered, hematite exhibits a reddish hue, while
in bulk form, it appears black or gray. Known for its exceptional stability, hematite often
represents the final stage in the transformation of other iron oxides [2]. Its crystalline
structure resembles corundum, with lattice parameters a = 5.0340 Å and c = 13.750 Å.

This mineral displays two magnetic transitions, specifically the Morin transition (TM)
around T = 260 K and the Curie transition at approximately 950 K. The manifestation of
its weak ferromagnetic conduct stems from a slight misalignment in spin antiparallelism.
Notably, a correlation is established between the TM and the hematite particle size, with
smaller particle sizes correlating to reduced TM values. However, this relationship is
heavily contingent upon preparation methodologies, crystalline lattice defects, and the
incorporation of OH groups into the hematite structure [65].

Magnetic properties are intimately tied to nanoparticle morphology and size. For ex-
ample, the magnetization of saturation decreases and coercivity increases with Mn doping,
which are attributed to the presence of more manganese atoms at the grain boundaries [66].
The coercivity interval (Hc) spans from 31 to 530 Oe, while the remanent magnetization (Mr)
ranges between 0.6 and 16 Am2 kg−1 [67–69]. Higher Hc and Mr values are closely linked
to larger particle sizes. Conversely, smaller hematite particles of varied morphologies
exhibit superparamagnetic behavior beyond the blocking temperature [70]. It is deemed a
n-type semiconductor, characterized by a bandgap of 2.2 eV. The valence band comprises
occupied 3d orbitals of Fe3+ alongside some non-bonding 2p orbitals of oxygen. Meanwhile,
the conduction band is composed of vacant 3d orbitals of Fe3+ [71]. Regarding its specific
surface area, it is recognized that this parameter is influenced by the synthesis method and
calcination temperature. Hematite subjected to thermal treatment between 1173 and 1273 K
yields a specific surface area below 5 m2·g−1 due to particle sintering. Broadly, hematite
produced at low calcination temperatures (<373 K) possesses specific surface areas ranging
from 10 to 90 m2·g−1, while those generated through Fe3+ hydrolysis are dependent on
particle size and shape, encompassing values between 2 and 30 m2·g−1 [2].

Main catalytic applications. While numerous publications document the use of
hematite for dye removal, the majority of these studies focus on laboratory-synthesized
hematite. However, dye removal using hematite-based catalysts from natural sources has
been tested by some research groups. Photo-Fenton [72], Fenton [73,74], Fenton-like [75],
and photocatalysis reactions [66,76–78] are the main applications where hematite has been
tested. In photocatalysis, photon absorption by a material excites electrons from the valence
band to the conduction band. The resulting electrons and holes react with O2 and H2O,
generating O2

•− and •OH radicals [76]. Although the preparation of hematite catalysts
can result in various morphologies, temperature is the key parameter influencing this
characteristic. For instance, catalysts prepared from natural hematite (Figure 4A) and from
iron ore (Figure 4B) underwent a calcination process at 700 ◦C, resulting in similar spherical
morphologies.

Phenol is naturally found in oilfield-produced waters, and it is commonly used in
sectors such as pesticides and pharmaceuticals. Due to its persistence in the environment,
much research focuses on its degradation by different catalytic processes. In an interesting
approach, a catalyst using natural clay with cassava starch as a porogenic agent and raw
material was tested on phenol photodegradation [78]. The catalyst presented around 40%
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of α-Fe2O3. The maximum phenol photodegradation achieved was 59.15% at a cassava
starch concentration of 7%. Even after eight recycling cycles, the degradation efficiency
remained above 90%. However, the synthesis method is more complex compared to other
preparation methods [74] used to obtain catalysts for similar applications. Iron-bearing
mining rejected from the amethyst geode deposit was processed by grinding, ball milling,
and sieving to produce a catalyst for the photo-Fenton degradation of phenol. After this
processing, the final percentage of Fe2O3 was close to 25%. Although the material had low
porosity, it demonstrated significant catalytic efficiency in phenol degradation, achieving
mineralization and removal efficiencies of 78% and 96.5%, respectively. This performance
is largely attributed to its iron content, which effectively facilitates OH radical generation.
Both studies demonstrated innovative approaches for preparing Fe2O3-based catalysts
using low-cost raw materials. Despite differences in synthesis methods and reaction
conditions, both highlight sustainable strategies for wastewater treatment.

Figure 4. SEM micrographs of α-Fe2O3 nanoparticles prepared from natural sources: (A) natural
hematite via purification and calcination and (B) iron ore via magnetic separation, ball milling, and
calcination. Reproduced with permission from References (A) [73] and (B) [76]. Copyright© 2018
Elsevier and 2018 IOPScience/CC BY 3.0, respectively.

A similar organic compound, namely, the low-molecular-mass 4-nitrophenol (4-NP),
which is involved in many chemical processes and commonly present in soils and in surface
and ground waters, causes severe environmental impacts and health risks. Fe2O3 [79]
and Cu/Fe2O3 [77] catalysts were evaluated on the photocatalytic reduction of 4-NP to
4-aminophenol (4-AP), a less harmful compound. The raw material (iron ore) was crushed,
sieved, and thermally treated to prepare the catalysts. Even if goethite was the main phase
of iron oxide in the raw material, after heat treatment at 450 ◦C, only peaks related to
hematite were found in an XRD powder pattern. The morphology of the catalyst prepared
from natural sources and from iron nitrate is spherical in both cases. TEM analysis revealed
a significant difference in particle size, with values of 50 nm (from natural sources) and
20 nm (synthesized). Impregnation with Cu (5 and 20 wt%) and calcination at higher
temperatures resulted in a smaller particle size (50 nm) and reduction in SBET (38 m2·g−1),
compared to hematite calcinated at 700 ◦C (34 nm and 10 m2·g−1, respectively). The same
reaction conditions were applied to 4-NP reduction, and conversion reached >99% in both
cases. The rate constant was higher using Cu/Fe2O3. This was attributed to the presence
of the copper ferrite CuFe2O4.

Hematite catalysts from natural sources have also been successfully tested in dye
degradation. For the oxidation and mineralization of methyl orange (MO), catalysts were
prepared from Fe-sand [72]. The sand underwent a series of purification steps to enhance
its catalytic properties. Degradation experiments were conducted in a cylindrical batch
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photoreactor under UV irradiation. A higher rate constant of 0.048 min−1 was achieved for
a dye concentration of 100 mg·L−1. One of the major current challenges is the scaling up
of catalysts to enable their use in treatment plants [80]. A first step towards this goal is to
test them in the laboratory using wastewater samples from real effluents. Under optimized
conditions, including 200 mL of textile effluent, 0.3 g of catalyst, pH of 2.5, and an initial
H2O2 concentration of 200 mg·L−1, the system achieved an 88% reduction in optical density
and a 79% decrease in chemical oxygen demand (COD) after 60 min. One interesting
property of using iron oxide catalysts is their magnetic response, which allows for easy
recovery and subsequent reuse. In this case, the catalyst was able to reach a degradation
of 89% after four cycles, with no obvious leaching. Also, hematite can be used as a
catalyst in combination with clay for the photocatalytic degradation of dye using raw iron
ore [76]. α-Fe2O3/bentonite was further evaluated through photocatalytic degradation on
indigo carmine (IC) of a composite prepared by mechanical milling, followed by magnetic
separation and purification with HCl. Photocatalytic evaluation was performed under
UV and solar light. The α-Fe2O3/bentonite composite has high photocatalytic activity on
the removal of IC dye compared to extracted α-Fe2O3. The maximum removal efficiency
(almost 100%) of IC was achieved with the following optimal conditions: pH = 1, 250 mg of
catalyst, and 5 mg·L−1 of IC. The photocatalytic activity under solar light was higher than
that of UV irradiation. The removal of 88.88 % of MB was achieved by Mg/Fe2O3 prepared
from iron sand in a photo-Fenton reaction [66].

The growing interest in the degradation of emergent pollutants results in the
evaluation of novel or well-known catalysts in processes related to them. Among
these emerging contaminants are herbicides. The simultaneous catalytic degradation of
2,4-dichlorophenoxyacetic acid (2,4-D) and 2-methyl-4-chlorophenoxyacetic acid (MCPA)
herbicides over persulfate (PS) activated by mineral hematite via Fenton-like processes
resulted in 36% of mineralization under optimum conditions (0.5 g·L−1 of catalyst;
200 mg·L−1 of 2,4-D and MCPA; 0.025 M of PS; pH = 3; T = 50 ◦C; and t = 120 min) [73]. The
FESEM analysis indicated that the catalyst was almost porous, providing active sites for
the adsorption of both pollutants and oxidant molecules. The synergistic effect between PS
and catalysts showed better performance in acidic environments and higher temperatures
in the degradation of herbicides.

Due to its abundance on Earth’s surface, different sources can be used to obtain
hematite. In this line of knowledge, the same research group evaluated the use of Hormuz
Red Soil (HRS) as a catalyst for the degradation of diclofenac (DCF) via PS activation [75].
The catalyst beads were prepared by ionic gelation encapsulation using alginate beads.
For comparison, HRS in powder form was evaluated too. The catalytic experiments were
conducted in two modes: batch experiments for the activation of peroxymonosulfate
(PMS) by HRS and supported HRS by alginate beads in flow-through reactors. X-ray
fluorescence (XRF) indicated that hematite was the main oxide on HRS (59.30%), with SiO2

as the second most abundant compound (16.72%). Fresh catalyst particles were spherical,
while HRS beads displayed a rougher irregular surface due to HRS crosslinking with
alginate, enhancing the surface area and active sites for improved catalytic performance.
Additionally, 98.2% of removal (HRS = 5 mg·L−1; 75 mg·L−1 of PMS; 50 mg·L−1 of DCF;
and t = 10 min) was achieved with HRS in suspension with PMS. Complete degradation
was achieved in HRS supported on alginate beads in batch-mode processes (five granules of
HRS beads; 75 mg·L−1 of PMS; 50 mg·L−1 of DCF; t = 2 min; and neutral pH). The alginate-
supported HRS demonstrated superior performance, achieving complete degradation in
significantly shorter reaction times under neutral pH conditions. However, the batch
experiment was also efficient, with nearly 100% removal. Also, the catalytic ozonation and
peroxone-mediated removal of acetaminophen (ACT) by HRS resulted in the complete
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degradation of 50 mg·L−1 of ACT at 10 min. The calcinated catalyst exhibited high stability
and reusability in consecutive catalytic cycles [81].

At the degradation of gemcitabine via the electro-Fenton process, hematite had poor
degradation efficiency (20%) [54]. The analysis of parameters in Fenton and Fenton-like
reactions catalyzed by hematite indicates that a narrow interval of pH values is available
(Figure 5). This trend indicates that higher values of all these parameters cause a decrease
in the removal efficiency of different contaminants in reactions catalyzed by hematite.

Figure 5. Removal as a function of hematite catalyst concentration (A), pH (B), oxidant concentration
(C), and specific surface area (SBET, (D)). Elaborated with data from References [72–75].

Non-common catalytic applications. While Fenton and Fenton-like reactions constitute
the most prevalent applications of hematite, its utility has also been explored in hydrogen
reactions. However, the literature reveals inconsistent results across different research
groups in this area. The preparation of catalysts Mo/Al2O3/Fe2O3 using bauxite was
evaluated through the hydrocracking of high-temperature coal tar, which was used as
the raw material [82]. Hydrocracking involves breaking long C-C chains using a catalyst,
hydrogen, and high pressures or temperatures [83]. The higher percentage of hematite was
16.85 wt%, and its catalytic evaluation results demonstrated varying conversion ratios and
product yields among different bauxite-derived catalysts. The superior catalytic activity of
the best catalyst was attributed to the leaching of Fe2O3 and the enrichment of Al2O3 in
the bauxite modified with HCl, leading to increased acidity and specific surface area. This
optimal combination enhanced mass transfer and acidity, resulting in compromised per-
formance in terms of high-temperature catalytic treatment (HTCT) conversion and liquid
yield. This result indicates that the presence of Fe2O3 is not favorable to the hydrocracking
of high-temperature coal tar. In contrast, Kairbekov and coworkers [84] investigated the
use of modified iron-containing catalysts and the preliminary ozonization of coal for its
hydrogenation. The study focused on catalysts derived from natural bauxite samples with
varying Fe2O3 contents. Among the tested materials, bauxite samples exhibited superior
performance with 23.7% Fe2O3, achieving a higher yield of liquid products compared to
other bauxite samples and catalysts such as red mud and pyrite concentrate. This result
highlights the importance of Fe2O3 content in the catalytic hydrogenation process. In
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catalytic hydrogenation, hydrogen gas is used to reduce unsaturated organic compounds,
such as aromatic rings, alkenes, or carbonyl groups, in the presence of a catalyst [85]. Al-
though the specific iron oxide phase was not identified, it is likely that the Fe2O3 was in the
hematite phase as bauxite typically contains hematite, goethite, and ilmenite. Furthermore,
the study noted that the conversion of iron oxides into finely dispersed pyrrhotine during
the hydrogenation process, particularly after modification with elemental sulfur, enhanced
the catalytic activity of the iron-containing materials.

According to Widayat et al. [86], Indonesia’s substantial demand for catalysts is
primarily fulfilled through imports, underscoring the critical need to identify and utilize
domestic natural resources for catalyst production. Additionally, biofuel, particularly
biodiesel, is one of the most widely used energy sources in the country, offering advantages
such as being renewable and biodegradable, having lower emission levels, and promoting
complete combustion in engines. The preparation of hematite catalysts from sand is of
interest to address these issues.

In 2019, Widayat and coworkers prepared magnetic hematite nanoparticles from iron
sand and tested them as catalysts for biodiesel production from waste cooking oil. The
preparation of catalysts included acid leaching with HCl, chemical coprecipitation, and cal-
cination at varied temperatures (650–800 ◦C). The optimal catalyst was calcinated at 700 ◦C.
The catalysts were able to support both esterification and transesterification; biodiesel yield
reached 86.78%, with 87.88% of fatty acid methyl ester; yield optimization was found to de-
pend on the calcination temperature. Furthermore, Widayat’s group explored the potential
of bifunctional α-Fe2O3/CaO2 catalysts derived from iron sand for biodiesel production
using waste cooking oil [87]. In the study, the catalysts were synthesized by combining
hematite obtained through chemical coprecipitation with CaO2 prepared from sources such
as Ca(OH)2, CaCO3, and limestone. The catalytic performance varied depending on the
CaO2 source, with the limestone-derived catalyst yielding the highest biodiesel output at
77.17%. However, the CaCO3-derived catalyst met both Indonesian and European biodiesel
standards. It was also discovered that the α-Fe2O3 component favored the esterification
reaction and formation of diglycerides, while CaO2 favored the transesterification reaction
and formation of methyl esters.

Catalytic cracking is a widely employed chemical process that breaks down complex
hydrocarbons into simpler molecules using a catalyst. This process facilities the cleavage of
carbon–carbon bonds in large hydrocarbons at lower temperatures and pressures compared
to non-catalytic methods, resulting in enhanced energy efficiency and cost-effectiveness. In
heavy oil, the increase in lighter hydrocarbons and reduced resin–asphaltene components
was achieved by natural hematite containing 41% Fe, 58% Si, and impurities of Al, K, S,
Ca, and Cu using a hydrothermal catalytic system. The density of the oil decreased as
resin–asphaltene content was reduced [88], and the results demonstrated the possibility
of increasing the number of lighter hydrocarbons and reducing their density by a regular
decrease in the amount of resin–asphaltene components.

Hematite can be obtained via the heat treatment of other iron oxides. The catalytic
cracking performance of hematite derived from thermally treated natural limonite was
evaluated using toluene as a model compound for biomass tar [89]. The limonite was
crushed, sieved, and calcinated at 700 ◦C for 2 h under an air atmosphere. The as-prepared
hematite achieved 95% toluene conversion at 700 ◦C. However, at temperatures exceeding
700 ◦C, the excessive consumption of lattice oxygen led to carbon deposit accumulation,
negatively impacting the conversion rate. The evaluation of the stability of the catalysts
indicated that toluene conversion was maintained above 80% at 600 min. CO2 and CO
production confirmed the role of hematite as an oxygen carrier. XRD analysis showed
the transformation of hematite into magnetite, which occurred due to the consumption
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of active lattice oxygen and the deposition of carbon; because of this, the spent catalyst
was regenerated by heat treatment in an air atmosphere, with the regenerated catalyst
maintaining a toluene conversion rate above 85% for the first three cycles.

Natural hematite has also proven to be effective in the catalytic cracking of coal tar [90].
Fe/Al and Fe/Ni composite oxygen carriers (OCs) were prepared through mechanical
mixing. The hematite block was first crushed into a fine powder using a jaw crusher and
then mixed with γ-Al2O3 or NiO powder. After extrusion molding and granulation, the
mixture was dried in an oven at 100 ◦C for 12 h. Compared to natural hematite, the addition
of γ-Al2O3 helps reduce the carbon deposition, while the inclusion of NiO promotes it.
The carbon deposits on the reduced OCs mainly consist of hard coke formed through the
graphitization of carbon black at high temperatures. In addition, γ-Al2O3 helps improve
and preserve the porosity of the OC particles, significantly reducing sintering.

In recent years, catalysts from natural hematite have been tested on catalytic sys-
tems, which had not been evaluated before. Iron ore (72% hematite, 22% magnetite,
and 6% goethite) was ball-milled as a precursor for the synthesis of a Ni-Fe catalyst for
oxygen evolution reaction (OER) [91]. The OER involves the anodic electrooxidation of
water in acidic media or OH− in alkaline media to generate O2. This reaction is ubiqui-
tous in aqueous environments and typically requires significant overpotentials to proceed,
which has driven extensive research into electrocatalysts [92]. Even at a low overpotential
(280 mV), this electrocatalyst reaches a current density of 10 mA cm−2 and retains its
catalytic performance over prolonged electrolysis under alkaline pH. Synthetic hematite
has been applied in various structures for the oxygen evolution reaction (OER), includ-
ing metal–organic frameworks, carbon-supported materials, heterojunctions, and metal–
nonmetal/anion-doped Fe2O3, primarily in alkaline media (KOH). Catalyst stability varies
significantly, with no clear correlation to synthesis methods or composition. One of the
cases reporting the lowest stability is Fe2O3/g-C3N4, which lasts only 10 min and is syn-
thesized by a thermal method [93]. Stability durations of 5–12 h are observed for C-doped
CoFe2O4/Fe2O3 [94], Co3O4/Fe3O4 [95], Fe/Fe2O3-Fe-N-doped C [96], FeS/Fe2O3 [97],
Fe2O3/FeS [98], Fe2O3/CNT [99], and Fe2O3/FeP [100], synthesized by calcination, copre-
cipitation, pyrolysis, chemical etching/solvothermal, hydrothermal, coprecipitation, and
hydrothermal methods, respectively. On the other hand, cases with acceptable operational
durations (about 100 h) are reported for RuNi-Fe2O3/IF [101], WO3/Fe2O3-NiO [102], and
CoMo/Fe2O3 [103], synthesized via hydrothermal, chemical etching/decomposition, and
hydrothermal/electrodeposition techniques, respectively. Finally, examples with extended
durability include IrO2–Fe2O3, which maintained its performance for 600 voltammetry
cycles via thermal decomposition [104], and Fe2O3–MnO, synthesized via a sol–gel process
with 1000 cycles [105].

Twelve minerals, which were washed, dried, milled, and sieved, were evaluated using
the catalytic hydrolysis of microcystin-LR (MC-LR). Limonite displayed the best catalytic
activity, while hematite resulted in poor yields [106]. Also, Fischer–Tropsch synthesis could
be catalyzed by iron oxides. Hematite derived from iron ores allowed CO conversion of
up to 80% when H2 was the reducing gas. This conversion is higher than those achieved
by commercial catalysts. However, it was achieved using relatively higher temperature
and pressure (270 ◦C vs. 250 ◦C and 20.9 vs. 1.85 bar, respectively) [107]. Table 4 provides
a summary of the catalytic applications of hematite, which can be derived from various
sources. It is the most extensively utilized natural iron oxide in heterogeneous catalysis.
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2.3. Goethite (α-FeOOH)

Goethite (α-FeOOH) is one of the most thermodynamically stable and abundant
crystal structures of iron in minerals, sediments, and soils. It results from various pro-
cesses (hydroxylation, oxidation, hydration, or decomposition) of iron silicates, mag-
netite, siderite, and pyrite [108]. Goethite adopts a compact hexagonal arrangement of
OH− and O2

− anions, with Fe3+ at the center of the octahedra aligned parallel to the [001]
direction [109]. Goethite is antiferromagnetic, with two Neel temperatures of 63 and 97 ◦C.
Above this, it becomes paramagnetic, transitioning to hematite at temperatures above
400 ◦C [110]. It often exhibits a weak ferromagnetic component caused by a mismatch in
the antiferromagnetic grid, associated with a higher number of defects such as hollows,
boundaries, and grain rotations [111].

Main catalytic applications. Goethite has proven to be effective as a catalyst for remov-
ing organic contaminants from aqueous effluents, making it a promising natural candidate
for water treatment applications due to its widespread abundance in the environment. Liu
et al. [109] and Ruan et al. [22] conducted reviews of Fenton-like processes based on the
literature on this topic. The direct formation of 1O2 and •OH has been identified, either
independently or in the presence of H2O2 or UV [112], under slightly acidic pH conditions.
Examples such as hydroquinone, 2-chlorophenol, oxalate, succinate, bisphenol A, and
benzoate have been treated in this manner [113–116].

As a Fenton reagent, goethite demonstrates remarkable performance. De la Plata and
colleagues [117] conducted a comparison between goethite and TiO2 in heterogeneous photo-
Fenton catalysis. The authors employed a spectrophotometric system specifically designed
for highly precise measurement of the optical properties of catalysts, demonstrating that
goethite has a significantly larger optical path length and the ability to effectively degrade
2-chlorophenol. In a more comprehensive study [118], it was demonstrated that the decompo-
sition of various organic contaminants follows a trend: salicylic acid ≈ m-hydroxybenzoic
acid > p-hydroxybenzoic acid ≈ benzoic acid > p-bipthalic acid > phenol > benzenesulfonic
acid. This trend is analogous to the sorption pattern of these species on goethite, which, in
turn, depends on the structure (substituent groups and number of rings).

Yeh et al. [119] conducted a comparison of the degradation of five chlorinated ethylenes
and three aromatic hydrocarbons through Fenton-like processes. They observed that aro-
matics were more readily degradable than chlorinated compounds. However, removal was
achieved within a few minutes in all cases. The type of electrolyte significantly influences
•OH generation by goethite–H2O2. Lin et al. [120], demonstrated that the maximum genera-
tion occurs at pH 3, remaining substantial at pH 6–7. The most suitable electrolyte would be
ClO4

− as it does not impact radical formation, while other tested inorganic anions showed
interference tendencies: H2PO4 > SO4

2− > Cl− > NO3
−. Cl− and SO4

2− more severely
suppress •OH generation with an increasing concentration. The reason for this appears
to be related to the adsorption and blocking of active sites by these anions. In general,
based on the results reported in the literature [22], it can be concluded that for goethite, the
photo-Fenton process yields better results than simple Fenton processes, and electro-Fenton
is more effective than photo-Fenton. During toluene oxidation, Mn/goethite nanoparticles
(Figure 6A) selectively produced CO2 and water because no significant formation of an
incomplete combustion product (CO) was detected [121]. In order to avoid changes in the
catalyst structure, the catalytic performance was evaluated at a maximum temperature of
450 ◦C.

Natural goethite (Figure 6B) has been successfully applied to produce nanofibers for
water disinfection under visible light, demonstrating remarkable efficiency in both dye
degradation and bacterial inactivation. Specifically, it achieved 90% degradation of MB
within 5 h. Its recyclability was confirmed by retaining a 65% degradation rate after five
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reaction cycles. The goethite used was sourced from an abandoned mine in the Taouz
region of Errachidia Province, Morocco. Nanoparticles were synthesized by high-energy
ball milling of goethite rock and wet milling of metallic iron rocks in a planetary ball mill.
The process utilized stainless steel vials and iron balls, with a ball-to-powder mass ratio of
40:1, operating at a rotational speed of 450 rpm for 5 h [122].

More recently, highly dispersed natural goethite/Fe3O4 composites (Figure 6C) were
synthesized via a one-step hydrothermal method, demonstrating a potential as catalysts
for tetracycline removal. Under optimal conditions (pH of 3.0, tetracycline concentration of
100 mg·L−1, catalyst dosage of 0.3 g·L−1, and H2O2 concentration of 6.0 mM), a removal
efficiency of 90.1% was achieved within 30 min. The system also exhibited strong durability,
retaining a tetracycline elimination rate of 73.3% after five treatment cycles [123].

Another application of goethite is its role as an efficient dissociator of ozone molecules,
making it valuable in heterogeneous catalytic ozonation [124], as demonstrated in the case
of nitrobenzene by Zhang, Ma and coworkers [125]. In heterogeneous catalytic ozonation,
O3 is added to a contaminated effluent, along with a solid catalyst that decomposes the
ozone molecule into reactive oxygen species, which, in turn, degrade the pollutant [126].
Toxic inorganic agents such as AsO3

3− can also be oxidized (to AsO4
3−) this way, being

more effective in the presence of H2O2 and UV. Zhang et al. [127] utilized goethite to adsorb
tartaric acid and reduce dissolved Cr6+ in water through this process. They demonstrated
that the presence of goethite is crucial; in its absence, tartaric acid alone promotes only a
12% reduction in Cr6+ in 72 h. However, the reduction is 100% within 24 h and can occur
in just 4 h when reducing the acid concentration, allowing for the co-adsorption of Cr6+.
The authors suggest that goethite’s role is to provide efficient channels for electron transfer
between the reactants. Similar results were obtained for the reduction and stabilization of
Cr6+ in soil by using calcium polysulfide catalyzed by goethite and hematite, where the
presence of these oxides enhanced the performance. The removal of Cr6+ improved with
increasing iron oxide content, from 0 to 9 g kg−1, but then declined as the concentration
rose from 9 to 12 g kg−1 [128]. Pelalak and colleagues synthesized plasma-treated goethite
nanoparticles, which exhibited enhanced surface area and a higher density of surface
hydroxyl groups. These nanoparticles were derived from natural goethite [129]. They
enhanced the heterogeneous catalytic ozonation of the sulfasalazine (SSZ) antibiotic.

Non-common catalytic applications. In a study on chemical synthesis, Fernández-
Marchante [130] investigated the catalytic activity of goethite in the Westinghouse process
for hydrogen production (HP), specifically focusing on the transformation of H2SO4 into
SO2. The study compared the performance of goethite to that of other established catalysts.
According to their results, goethite demonstrated superior behavior compared to SiC but
was lower than that of Fe2O3 and similar to that of CuO. The advantage lies in its resistance
to sintering, making catalyst deactivation less likely over the long term. Shehzad et al. [131]
used goethite as a catalyst for water dissociation in catalytic bipolar membranes (CBMs),
reducing the activation energy (calculated by DFT) of the process by 80% compared to state-
of-the-art membranes. This, combined with the natural availability of goethite, significantly
enhances the process both economically and energetically. They achieved excellent catalyst
stability through a protection strategy involving the in situ growth of conductive polyani-
line (PANI). Hu et al. [132] employed goethite nanoflowers as support for Rh nanoparticles
in the reduction and hydrogenation of nitrostyrene to vinylaniline. A key advantage over
alternative methodologies is the ability to achieve 100% conversion without compromising
the integrity of the vinyl group. This is a significant improvement as the co-reduction of
other unsaturated groups is a common challenge in heterogeneous catalysts, often necessi-
tating lower conversions to prevent unwanted side reactions. As a hydrogen donor, the use
of hydrazine hydrate avoids the challenges of handling H2 directly, generating only water
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and N2 as byproducts in this process. Regarding stability, the authors conducted six cycles
of catalyst recovery and reuse, detecting no loss of activity. Composites of Mn, Co, Ni,
Cu, and Zn oxides were employed by Kuncser et al. [133] in the oxidation of cyclooctene.
Catalytic oxidation occurs in the presence of O2, using isobutyraldehyde as a reducing
agent and CH3CN as a solvent. In all instances, selectivity towards the formation of the
corresponding epoxide exceeded 99% in the composites. However, the conversion varied
in the order of Mn > Fe > Co > Ni > Zn > Cu, ranging from 55% to 4%. The concentration
of basic sites in the composites was determined by measuring the UV–Vis signal of acrylic
acid, irreversibly adsorbed by the materials. The results show a complete correlation
between conversion and the ratio of the basic sites to the acidic sites of the composites. In
microbial fuel cells (MFCs), goethite has demonstrated its ability to enhance catalysis [134];
the mineral was extracted from mining mud, and its performance was compared to stain-
less steel alone. Raw goethite tripled the electrical power obtained with stainless steel
(11 W m−3 compared to 3.5 W m−3). Furthermore, when goethite was treated at 550 ◦C,
the power increased to 17.1 W m−3. Additionally, it substantially improved the current and
current efficiency obtained while reducing COD. Goethite exhibited superior performance
compared to specularite and hematite as a catalytic bed for the catalytic reforming of
lignite-blended co-pyrolysis with corn straw [135]. The process significantly enhanced the
formation of light aromatic hydrocarbons. Verma et al. [136] employed goethite for the
synthesis of α-aminonitriles from N,N-dimethylaniline using atmospheric oxygen. The
authors experimented with various iron salts and minerals, including Fe(OAc)2, FeCl2,
FeSO4, FeCl3, Fe(NO3)3, Fe2(SO4)3, Fe(acac)2, Fe(acac)3, FeO@GO, Fe3O4, FeO, Fe@g-C3N4,
and goethite. However, none yielded a performance greater than 17%. Remarkably, when
goethite assumed a lychee-like morphology, the yield increased to 96%, indicating a high
dependence on maintaining this specific morphology.

Figure 6. SEM micrographs of α-FeOOH particles prepared from natural sources: (A) acid mine
drainage; (B) goethite rocks; (C) mineral goethite/Fe3O4; and (D) mineral goethite. Reproduced
with permission from References (A) [121], (B) [122], (C) [123], and (D) [137]. Copyright © 2012, 2023
American Chemical Society; 2020 MDPI/CC BY 4.0; and 2023 Elsevier, respectively.

A recent study [137] examined the sunlight-driven activity and wavelength depen-
dency of goethite obtained from Bingzhou, Hunan Province (Figure 6D). Before conducting
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photochemical experiments, the mineral was crushed, milled, and sieved to attain a par-
ticle size of less than 48 μm (<300 mesh). Goethite displayed strong light absorption,
extending to approximately 570 nm in the visible spectrum, suggesting a narrow band
gap favorable for photocarrier generation. Regarding hydroxyl radical (•OH) production,
goethite achieved a rate of 0.648 nM min−1, surpassing both hematite and magnetite. Its
performance in H2O2 production was still lower than that of hematite.

A comparative study on •OH photochemical production between natural and syn-
thetic iron minerals revealed much higher rates in natural minerals. Specifically, natural
goethite, hematite, and magnetite showed 1.7-, 4.1-, and 4.9-fold increases in •OH produc-
tion, respectively, compared to their synthetic counterparts. Interestingly, the relatively
smaller improvement in natural goethite’s performance corresponds to its lower impurity
levels compared to the other minerals.

Goethite exhibits optimal catalytic performance under slightly acidic to neutral pH
conditions, where the generation of hydroxyl radicals (•OH) and reactive oxygen species is
enhanced.

Table 5 presents the catalytic applications of goethite prepared from natural sources,
with advanced oxidation processes being the most prominent. However, as previously
discussed, synthetic goethite has been successfully used in other types of reactions, such
as reduction and selective hydrogenation. Therefore, it would be worthwhile to test the
efficiency of natural goethite in the same reactions. Nonetheless, its transformation into
hematite above 400 ◦C should be considered.

Table 5. Summary of catalytic applications of natural goethite (α-FeOOH). Unless otherwise stated,
the catalyst is goethite.

Catalytic
Reaction

Natural
Source

Pretreatment
Method

SBET

(m2·g−1)
Reaction Conditions

Results of Catalytic
Evaluation

Rate Constant Ref.

Oxidation of
toluene *

Acid mine
drainage

Sequential
precipitation
method and
wetness
impregnation

115.70

Cat = 1 g; T = 250–450
◦C; toluene = 0.9 vol%;
flow rate = 500 L·min−1;
GHSV = 18,000 h−1

30% of toluene
conversion;
selectivity to CO2

ND [121]

Photocatalytic
degradation of
MB **

Goethite
rocks

Ball milling,
stirring, sonication,
and
electro-spinning
process

ND
Cat = 0.5 g; MB = 100
mL (10 ppm); t = 5 h;
visible light and UV

90% of bleaching
after 5 h of
illumination

0.0141 min−1; similar in UV
and visible light [122]

Fenton-like TC
degradation
***

Mineral
goethite

Hydrothermal
method 20.4

Cat = 0.3 g·L−1; pH = 3;
TC = 100 mg·L−1;
H2O2 = 6.0 mM

90.1% removal after
30 min of treatment ND [123]

Reduction and
stabilization of
Cr(VI) in soil

Natural
goethite As received ND Cat = 3, 6, 9, and 12 g;

pH = 8.6 to 9

Goethite increased
the apparent rate
constant

3.33 × 10−6 kg·mg−1·min−1

to
8.33 × 10−6 kg·mg−·min−1

[128]

Ozonation of
SSZ ****

Natural
goethite

Crushing, milling,
washing, and
plasma process

29.65, 73.24
and 77.31,
respectively

Cat = 1–9 mg·L−1;
T = 25 ◦C; P = 1 atm;
inlet flow = 1 L·h−1;
Na2SO3 = 1 mL (0.01 M)

96.5% degradation
efficiency reached
by N2-goethite after
40 min of reaction

0.076 min−1 [129]

Catalytic
reforming of
volatiles from
co-pyrolysis

Mineral
goethite Dehydration 18.05–140.28

15–20 mg of a mixture of
raw lignite and corn
straw; T = room
temperature to 800 ◦C;
Ar flow = 100 mL·min−1

Goethite
significantly
promotes the
production of light
aromatic
hydrocarbons

ND [135]

Production of
ROS

Natural
goethite

Mechanical
crushing, milling,
and sieving

ND
Cat = 0.1 g·L−1; LI = 10
mW cm−2; pH = 7;
T = 25 ◦C

Natural goethite
ROS production
was 4.9-fold higher
than the standard

0.648 nM min−1 [137]

* Mn/goethite; ** PAN/goethite nanofibers; *** Goethite/Fe3O4; **** Natural N2-treated goethite; ND = No data;
LI = Light intensity.

Although the most abundant oxides are widely used in catalytic reactions, their
preparation from natural sources is less common. In applications where high phase purity
is required, their use can be detrimental to the reaction due to impurities commonly found in
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the sources from which they are obtained. However, these impurities can enhance catalytic
activity in other processes. Additionally, in highly reducing or oxidizing environments, a
phase change may occur during the process, potentially leading to its deactivation. While
its magnetic properties are widely known and catalysts are magnetically characterized in
some research reports, such characterization is carried out with a focus on the recovery and
reuse of the catalysts. In spite of this, the effect of magnetic properties on catalytic activity
has rarely been studied.

3. Less Abundant but Widely Distributed Fe-OH

While less abundant than magnetite and hematite, iron oxide such as maghemite (γ-
Fe2O3), lepidocrocite (γ-FeOOH), and ferrihydrite (Fe8.2O8.5(OH)7.4 + 3H2O) also exhibit
notable catalytic properties. This section will explore some of their applications in catalysis.

3.1. Maghemite (γ-Fe2O3)

Maghemite is widely recognized as a common component of various soils, partic-
ularly in highly weathered toxic soils found in tropical and subtropical regions. Recent
environmental magnetic studies have shown that maghemite is distributed globally, having
been detected in tropical, subtropical, arid, and tundra regions. The formation of ultra-
fine maghemite during pedogenesis is considered the primary factor behind magnetic
enhancement in paleosols. Studies have detailed the pedogenic processes responsible
for maghemite formation, revealing that pedogenic maghemite, often associated with
hematite, acts as an intermediate phase in the transformation of ferrihydrite into hematite.
Experimental findings demonstrate that when phosphated ferrihydrite is subjected to a
temperature of 150 ◦C for 120 days, it forms hydromaghemite (with grain sizes between
10 and 30 nm). Over time, the grain size of hydromaghemite grows, transitioning from
the superparamagnetic to the single-domain range. After four months, hydromaghemite
further transforms into the more thermodynamically stable hematite [138]; at nanosizes
(36–40 nm), it transforms into hematite at 576 ◦C [139].

Maghemite (γ-Fe2O3) possesses an inverse spinel cubic structure with a lattice param-
eter a = 8.3500 Å. Its nomenclature derives from the amalgamation of magnetite (Fe3O4)
and hematite (α-Fe2O3), owing to substantial congruence in both structural attributes and
chemical composition. Operating as a ferrimagnetic substance at ambient temperature, it
exhibits saturation magnetization values as impressive as 90 emu g−1. However, its stability
is inferior to that of hematite. Characterized as an n-type semiconductor, it displays a band
gap of 2.0 eV. Similarities with magnetite (Fe3O4) are clearly observable. The distinctive
demarcation lies in the exclusive presence of the Fe3+ oxidation state within maghemite,
while magnetite encompasses both Fe2+ and Fe3+. The distinction between maghemite
and magnetite is often complex when using XRD and X-ray photoelectron spectroscopy
(XPS). However, some methods have been proposed to differentiate them from one an-
other [140,141]. Determining the Curie temperature of maghemite has been proven to be
challenging due to its tendency to transform into hematite, even at temperatures such as
413 K. This transformational behavior is contingent upon precursor selection, synthesis
methodology, and external pressure exerted [142]. In addition, its Curie temperature is esti-
mated to be within the range of 820 to 986 K [143,144]; nanoparticles present a considerably
lower value of about 545 K [145]. Notwithstanding, since this analysis was conducted via
the thermogravimetric analysis (TGA) technique and the observed transition temperature
closely corresponds to the maghemite-to-hematite phase transition, assigning it as the
Curie temperature remains a significant challenge.

Concerning its band structure, ab initio calculations elucidate that the upper segment
of the valence band is dominated by oxygen 2p orbitals, with occupied 3d levels of Fe
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situated 6 to 7 eV below the Fermi level. The lower tier of the conduction band is populated
by unoccupied 3d levels of Fe (octahedrally coordinated). This classification designates
maghemite as a charge transfer semiconductor, with the foremost excitation potentially
corresponding to electron transfer from O2− anions to octahedral Fe3+ cations [146].

Synthetic maghemite has been successfully tested in hydrogenation reactions, with
remarkable yields, especially when used in conjunction with other oxides [85,147,148].
However, to the best of our knowledge, maghemite prepared from natural sources has
been poorly explored as a catalyst. Vasanthakumar and Karvembu [149] reported the
catalytic evaluation of maghemite, obtained from river sand (Figure 7A), based on the
base-free transfer hydrogenation of furfural, levulinic acid, and o-vanillin. River sand
was collected from the Cauvery River in Kallanai, Tamil Nadu, India, and γ-Fe2O3 was
separated using simple magnetic separation with a bar magnet. The γ-Fe2O3 powder was
then washed with acetone, ethanol, and water to remove impurities and was dried at 80 ◦C
for 3 h. To compare the catalytic activity of natural γ-Fe2O3, synthetic γ-Fe2O3 was also
prepared following existing literature protocols. Catalytic tests were performed under a
vacuum at 80 ◦C for 3 h. The activated catalyst was added to a sealed tube containing 1
mmol of substrate in 2-propanol and placed in a preheated oil bath at 150 ◦C for a specific
duration. After 30–90 min, depending on the substrate, the catalyst was separated with
an Nd magnet, and the solution was centrifuged. Magnetic characterization showed that
the γ-Fe2O3 from river sand had higher saturation and remanent magnetization than
synthetic γ-Fe2O3, exhibiting stronger magnetic behavior. Catalytic tests revealed that river
sand γ-Fe2O3 displayed superior catalytic activity, which remained effective even after
10 cycles. The base-free catalytic transformation of levulinic acid to γ-valerolactone, via
the 4-hydroxypentanoic acid intermediate, was attributed to the presence of silica in the
γ-Fe2O3 from river sand.

Figure 7. Micrographs of catalysts from natural sources of less abundant and rare oxides: (A) γ-Fe2O3

from river sand, (B) TEM image of ferrihydrite from AMD, and (C) wüstite from Probus reagents.
Reproduced with permission from References (A) [149], (B) [150], and (C) [151]. Copyright© 2020,
2007 American Chemical Society and 2022 Elsevier, respectively.

Iron ore raw materials obtained through the catalytic reduction of NO with NH3

resulted in excellent selective catalytic reduction (SCR) activity (above 80% at 170–350 ◦C)
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and N2 selectivity (above 90% up to 250 ◦C) at low temperatures. However, the addition of
H2O and SO2 in the feed gas showed some adverse effects on SCR activity.

For the preparation of catalysts, the iron ore raw materials were dried at 105 ◦C
for 4 h and ground. Then, these ground samples were dried again at 105 ◦C for 5 h.
Finally, they were calcinated at 250, 350, and 450 ◦C, respectively, for 6 h [152]. The
characterization results indicated that the best catalytic performance was achieved by a
catalyst comprised mainly of α-Fe2O3 and γ-Fe2O3. The utilization of natural maghemite
as a catalyst presents challenges due to its inherent impurities. Natural maghemite typically
contains substitutional metal cations such as Ti4+, Mg2+, or Al+3, among others, which can
significantly influence its catalytic properties. Since γ-Fe2O3 is a metastable phase, the
methods used to prepare catalysts based on this compound must be adequate to avoid the
formation of the most thermodynamically stable hematite (α-Fe2O3) [153]. The summary
results are presented in Table 6.

Table 6. Summary of catalytic applications of less abundant and rare Fe-OH prepared from natural
sources.

Catalytic Reaction Catalyst
Mineral
Source

Pretreatment
Method

SBET

(m2·g−1)
Reaction Conditions Results of Catalytic Evaluation Ref.

Transfer
hydrogenation of
furfural, levulinic
acid, and o-vanillin

γ-Fe2O3
River
sand

Magnetic
separation,
grinding,
washing, and
drying at 80 ◦C

22.3

Cat = 20 mg (7 mol %);
T = 150 ◦C; 1 mmol of substrate
in 2-propanol
(3 mL); t = 30–90 min

γ-Fe2O3 recovered from the
natural source exhibited
superior activity compared to
the synthetic counterpart under
base-free conditions

[149]

Catalytic reduction
of NO with NH3

α-Fe2O3/
γ-Fe2O3

Iron ores Drying, grinding,
and calcination 22.8–42.5

NO = 500 ppm; NH3 = 500 ppm;
O2 = 3 vol %; SO2 (when used)
= 150 ppm;
H2O (when used) = 5 vol%;
N2 = 145 mL·min−1;
GHSV = 20,000 h−1

Selectivity catalytic reduction
activity above 80% at 170–350
◦C and N2 selectivity (above
90% up to 250 ◦C) at low
temperatures

[152]

Decomposition of
hydrogen peroxide Ferrihydrite Acid mine

drainage Vacuum drying 270 Cat = 1 g·L−1; H2O2 = 0.02 M

Waste ferrihydrite shows the
same catalytic activity for H2O2
decomposition as the
commercial goethite-based
catalyst

[150]

Photo-Fenton
degradation of
ENR and LEV

Wüstite ND ND 108.7

Cat = 10 mg·L−1; ENR = LEV =
0.05 mmol·L−1; H2O2 = 1.0
mmol·L−1; pH = 6.5; T = 35 ◦C;
t = 180 min

100% and 55 % of antibiotic
activity elimination in 180 min
for ENR and LEV, respectively;
complete antibiotic activity
elimination for ENR in the next
four recycling cycles

[151]

ND = No data.

3.2. Lepidocrocite (γ-FeOOH)

Lepidocrocite is named after its platy crystal shape and orange coloration [2]. It is
commonly found in hydromorphic soils with alternating reducing and oxidizing conditions
and can biogenically be obtained [154]. It is metastable, serving as a precursor to more mag-
netic phases like maghemite and magnetite [155], and plays a key role in the geochemical
behavior of nutrients, heavy metals, and organic pollutants. It presents an orthorhombic
crystal structure with lattice parameters a = 3.072(2), b = 12.516(3), c = 3.873(2) Å, and space
group Cmcm [156]. In the lepidocrocite structure, ferric iron is coordinated in edge-shared
octahedra, which form layers within [001] linked by hydrogen bridges. In contrast to
other oxyhydroxides, lepidocrocite exhibits a low Neel temperature, which ranges between
50 and 70 K [157].

Up to the time of writing this article and to the best of the authors’ knowledge,
lepidocrocite has only been used in its synthetic form in Fenton [158] and Fenton-like pro-
cesses [159–161], photodegradation [162,163], water splitting [164], CO oxidation [154], ar-
senic adsorption [165], and the combination of H2O2 and PMS to produce ROS and remove
chloramphenicol (CAP) [166]. However, no reports were found in the literature regarding
its use in mineral form, likely because it is rare to find it in ore deposits [167]. The unique
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way to form lepidocrocite is the oxidation of Fe(OH)2 by air in suspension at pH ≈ 7 [2].
When it is prepared in the presence of citric acid, the crystallization of lepidocrocite can be
controlled by its concentration, which decreases with its increasing concentration [162]. Re-
lated to photocatalytic activity, visible light and the presence of ethylenediaminetetraacetic
acid (EDTA) could accelerate the reaction rate of lepidocrocite [163].

Experimental laboratory results indicate that the morphology of catalysts influences
the exposed facets and interaction with OH groups of iron oxides, having a direct effect on
their reactivity. For example, the adsorption and degradation of Orange G (OG) on lath-like
particles were mediated by the interaction with the μ-OH groups of the (010) facet, while
in rod morphology, it was adsorbed laterally by the interactions with the μ-OH and μ3-OH
groups of the (010) and (001) facets [161].

When lepidocrocite VOOH hollow nanospheres were prepared by the hydrothermal
method, a variation in the reaction temperature allowed the tuning of the surface area,
modifying the catalytic activity. Also, it exhibited stability in alkaline media and achieved
good performance in water splitting at a potential of 270 mV for OER [164].

The findings from the evaluation of the adsorption of arsenic suggest that pH affects it
remarkably and the co-occurrence of aqueous Fe2+ and Fe3+ solids is beneficial for arsenic
removal because Fe2+ can induce As3+ oxidation to As5+. Above pH = 8, As5+ can be
more mobile than As3+; at low pH, the radical scavengers can compete with As3+ for the
oxidants [165].

Theoretical results comparing goethite and lepidocrocite in the elimination of
5-bromosalicylic acid (BSA) via the Fenton process show that electrons are more easily
transferred from the H2O2 molecule to the Fe atoms of α-FeOOH (goethite), enabling it
to perform better in catalyzing the decomposition of H2O2. However, free radicals are
more likely to desorb from γ-FeOOH (lepidocrocite), making the γ-FeOOH/H2O2 system
more efficient in degrading BSA [168]. Lepidocrocite’s catalytic applications are versatile,
but its metastability, crystal morphology, and interaction with functional groups affect its
reactivity and performance.

3.3. Ferrihydrite (Fe8.2O8.5(OH)7.4 + 3H2O)

Ferrihydrite is a hydrated Fe(III) nano-oxide commonly found in various surface
environments on Earth. Its presence has a significant impact on soil properties. Ferrihydrite
was officially recognized as a mineral by the International Mineralogical Association
(IMA) in 1975. In nature, it is commonly associated with silicates (with an atomic ratio
of Si/Fe ranging from 0.17 to 0.37), and these silicates seem to directly influence its low
crystallinity. Due to its small particle size and poor crystallinity, ferrihydrite exhibits crystal
and compositional properties that are challenging to characterize [169]. The complexity
of ferrihydrite’s structural analysis is also influenced by the presence of various other
species in its composition, including 0.5–31.5 wt% SiO2, 0.5–9.6 wt% Al2O3, and up to
7.2 wt% PO4, along with As(V), which ranges from 0.7 to 28.3 wt% [170]. Initially, its
formula was identified as 5Fe2O3 + 9H2O, featuring a hexagonal unit cell with parameters
of a = 0.508 nm and c = 0.94 nm and containing FeO6 octahedra [171]. Eggleton and
Fitzpatrick [172] proposed a trigonal cell structure for ferrihydrite, with two-thirds of the
iron in octahedral coordination and one-third in tetrahedral coordination. However, other
studies have questioned the presence of tetrahedral Fe [173]. Additional formulas such as
Fe5HO8 + 4H2O [174] and Fe2O3 + 2FeOOH + 6H2O [175] have also been suggested. The
number of X-ray diffraction peaks varies from two to five in natural ferrihydrites, while
synthetic forms can show up to seven well-defined peaks, reflecting the degree of Fe atom
ordering in the lattice.
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Currently, one of the most accepted crystalline structures for two-line ferrihydrite is
Fe8.2O8.5(OH)7.4 + 3H2O [176], which consists of 20% tetrahedral iron and approximately
80% octahedral iron, featuring a local δ-Keggin structure. Additionally, the structural
depletion (SD) model proposed by Hiemstra in 2013 suggests a distinction between the
nanoparticle’s core and surface. While the core is largely free of defects, the surface is
depleted of tetrahedral structures. The ideal structure of ferrihydrite consists of three types
of Fe: two hexacoordinated and one tetracoordinated, arranged in a δ-Keggin framework
with proportions of 60%, 20%, and 20%, respectively. The general structure includes three
layers of polyhedra, with the first hexacoordinated Fe located in the outer layers, the second
hexacoordinated Fe in the middle (surrounding the tetracoordinated Fe), and the third
octahedral Fe, which is highly distorted, located in the inner layer [177].

Ferrihydrite, owing to its widespread presence, common occurrence as a coating on
particles, and reactive surface with a small particle size (1–7 nm), is widely recognized for
its role in influencing the mobility of both inorganic and organic pollutants via sorption
processes. It typically forms under near-neutral pH conditions in a variety of redox-active
environments as well as in large sedimentary deposits where there is a significant supply
of ferrous iron from groundwater and high oxidation rates [170]. Its chemical composition
and crystal structure have been debated for over five decades, largely due to its extremely
small particle size and the high degree of structural defects it incorporates [178]. Ab
initio calculation results suggest that its reaction sites are mainly disposed along rows
at the edges of sheets of iron octahedra. Molecular dynamics studies on nanoparticles
of up to 10 nm show that highly reactive hydroxo groups on the surface are typically
unbound, but they participate as hydrogen bond acceptors in a network with less reactive
groups [179]. Magnetic properties reveal that ferrihydrite exhibits antiferromagnetism with
a ferromagnetic-like moment at lower temperatures (100 K and 10 K), but it is paramagnetic
at room temperature. As the crystallite size of ferrihydrite increases, both magnetization
and coercivity decrease, a trend attributed to the pronounced surface effects found in
fine-grained materials [180].

The main catalytic applications of ferrihydrite are related to the Fenton reaction [181],
primarily conducted with synthetic ferrihydrite. In their review, Zhu et al. [181] highlighted
that ferrihydrite consistently exhibits higher reactivity with H2O2 compared to other iron
minerals. Specifically, they noted performance hierarchies, such as ferrihydrite > hematite
> goethite, ferrihydrite > feroxyhyte ≈ magnetite > maghemite > goethite > hematite, and
ferrihydrite > hematite > goethite. These comparisons underscore ferrihydrite’s superior
catalytic potential. The use of ferrihydrite in the Fischer–Tropsch (FT) reaction has been
studied by Kyu Seomoon [182]. By incorporating Al, Cu, and K into the synthesis of
the catalyst and analyzing the FT reaction using gas chromatography–mass spectrometry
(GC-MS) over 100 h, Seomoon observed a 25% increase in paraffin selectivity, attributed to
reduced catalyst basicity. Increasing the H2/CO ratio from 1 to 3 reduced CO2 emissions
by 40% and enhanced hydrocarbon formation. Similarly, Sumit Bali et al. [183] doped
ferrihydrite with Al and Cu, achieving slightly better FT performance than a commercial
fixed-bed catalyst, securing a patent for their synthesis method. However, there are some
reports on the use of natural minerals as catalysts. The decomposition of hydrogen peroxide
was tested using ferrihydrite obtained directly from acid mine drainage in the Zlaté Hory
underground mine district (Czech Republic). In this case, the only further treatment was
vacuum drying of the collected solid. The dried sample was gently powdered to minimize
mechanical disruption (Figure 7B) [150]. Physicochemical characterization revealed a
composition of mainly iron oxyhydroxides (approximately 96 wt%), with ferrihydrite as the
principal phase, along with traces of goethite and possibly schwertmannite. The constant
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rate (6.59 min−1) was slightly higher than that of commercial goethite, with the advantage
of using extremely low-cost precursors or even industrial waste.

Ferrihydrite has been extensively used to adsorb heavy metals and other ions. The
adsorption mechanisms for metals such as lead [184], copper [185], molybdenum [186],
chromium [187,188], and zinc [189] occur via inner-sphere complexation, typically forming
bidentate or bidentate–monodentate complexes depending on the pH and concentration.
For radium and barium, tetradentate bonds with a single surface functional group are
feasible [190]. Actinides like thorium [191], plutonium [192], and uranium [193] also prefer
bidentate adsorption, with the latter two being extensively studied for removal from
industrial systems through ferrihydrite nanoparticle precipitation.

Sorption capacity is strongly influenced by temperature and pH. Anion adsorp-
tion can significantly influence cation sorption by competing for available binding sites
on the surface, thereby reducing the capacity for cation uptake. Carbonates alter fer-
rihydrite solubility [194], while phosphate addition enhances Cd2+ sorption by shift-
ing from bidentate to ternary complex formation [195]. Zhu et al. [196] observed
that ligands’ ability to inhibit arsenic (As3+ and As5+) sorption follows the sequence
SeO4 ≈ SO4 < oxalic acid ≈ malic acid < citric acid < SeO3 << PO4. Additionally, the con-
tent of other metals in ferrihydrite’s lattice, such as aluminum, affects the sorption of
chromates, selenates, and sulfates, as demonstrated by Johnston and Chrysochoou [187].

Maghemite, lepidocrocite, and ferrihydrite are considered less abundant oxides.
Maghemite can only be distinguished from magnetite through characterizations that iden-
tify the oxidation states of iron. However, in the absence of such results, its catalytic
activity may be mistakenly attributed to magnetite. Additionally, it is common to find
traces of maghemite during hematite synthesis, making the evaluation of its performance
as a catalyst a challenge.

Lepidocrocite, on the other hand, is rarely found in ore deposits as it is a metastable
phase that serves as a precursor to other magnetic phases. Nevertheless, its synthesis can
be achieved under controlled laboratory conditions by adjusting factors such as pH and
the presence of additives. The morphology of the obtained particles is highly related to
their catalytic activity.

As for ferrihydrite, it is found in nanometric sizes and, compared to other oxides and
hydroxides, its recognition as a mineral is relatively recent. Its nanometric size and lack of
crystallinity make it difficult to even determine its chemical formula. However, its capacity
to adsorb heavy metals has been well established.

4. Rare Iron Oxides and Hydroxides

This section explores the catalytic applications of several rare iron oxides, including
wüstite (FeO), akaganéite (β-FeOOH, feroxyhyte (δ′-FeOOH), and bernalite (Fe(OH)3). The
unique properties of these iron oxides and their potential catalytic applications will be
discussed.

4.1. Wüstite (FeO)

Under ambient conditions, wüstite (FeO) crystallizes in a highly defective form of
the ideal NaCl-type structure, with a nonstoichiometric formula of Fe1−xO [197]. It is
metastable and tends to decay into a two-phase mixture of α-Fe and magnetite Fe3O4. In
addition, cubic Fe1−xO can be synthesized at ambient pressure for iron deficiencies ranging
from 0.05 < x < 0.15 at 560 ◦C [198,199]. The number of vacant octahedral sites is twice the
amount of iron deficiency (x), according to the neutron diffraction data, implying a fraction
approximately equal to x of iron located at interstitial tetrahedral sites. Further analysis of
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several samples reveals a direct linear relationship between the stoichiometry of Fe1-xO
and its lattice parameter, given by the equation a (Å) = 3.856 + 0.478(1 − x).

Wüstite exhibits antiferromagnetic ordering as temperatures descend below approxi-
mately 195 K. The nature of the magnetic order–disorder transition undergoes modulation
in response to variations in the composition of Fe1−xO, displaying heightened cooperativity
in the presence of nearly stoichiometric FeO. The Fe2+ ion spins align antiferromagnetically
along the (111) plane, with the predominant magnetic vector aligned parallel to the [111]
direction. However, this axial component (3.8 μB for Fe0.99O) is accompanied by a less
perpendicular component (1.3 μB for Fe0.99O). The magnitude of the ordered magnetic
moment experiences a marked reduction in samples with decreased iron content. The
paramagnetic phase assumes the structural attributes of a NaCl-type arrangement (space
group Fm3m), while the lower temperature phase exhibits a rhombohedral distortion (space
group R3) [200].

Liu and colleagues [201] have conducted a review of the applications of wüstite in
ammonia synthesis. The most successful ammonia synthesis method is the Haber–Bosch
process, in which atmospheric nitrogen is converted into ammonia in the presence of a
catalyst, high pressures, and high temperatures [202]. According to their findings, wüstite
demonstrates ideal performance in terms of stability, activity, and cost. Its two industrial-
level competitors are catalysts based on magnetite and ruthenium. The Ru/C catalyst
can be up to 20 times more active than the magnetite-based catalyst (Haber catalyst), but
in comparison to wüstite, it lacks competitiveness. Pernicone et al. [203] compared the
performance of wüstite A301 to that of the best Ru/C catalyst [204], obtaining equivalent
results. This positions wüstite as the most attractive option due to its abundance and
cost-effectiveness. Its main challenges still lie in its production as wüstite does not exist
naturally. In the laboratory, it is obtained by the decomposition of ferrous oxalate, resulting
in a mixture with Fe3O4 and Fe that lacks the high-purity properties of wüstite. Industrially,
it is obtained by reducing natural magnetite, using Fe as a reducing agent, directly in the
smelting furnace at T > 834.5 K, incurring a significant energy cost.

Wüstite, with a bandgap of 2.1 eV (Figure 7C), has been utilized as a photocatalyst for
removing fluoroquinolones from water [151]. When combined with H2O2, it functions as a
photo-Fenton heterogeneous catalytic system, facilitating the generation of reactive oxygen
species (ROS), including O2

•−, 1O2, and •OH. The complete elimination of microbial
activity is achieved within 3 h, accompanied by the mineralization of 21% of enrofloxacin.
The catalyst’s performance proves reproducible for at least four treatment cycles following
the recovery and drying of wüstite in an oven at 105 ◦C. The reduction of nitrates (NO3

−)
is another application in which wüstite has been implicated [205]. Nearly stoichiometric
conversion from NO3

− to NH4
+ is attained, with NO2

− identified as an intermediate. In
this case, it is not a catalysis but rather a heterogeneous redox reaction as FeO serves as a
reactant, forming Fe3O4 as a product. Advanced oxidation processes represent a field where
iron oxides and hydroxides have been extensively applied [206]. In a study by Expósito
and colleagues [207], the performance of wüstite was compared to that of other iron oxides
in the electro-Fenton removal of aniline. Wüstite and magnetite, along with hematite,
goethite, and FeSO4, exhibited approximately 80% total organic carbon (TOC) removal at
a rate similar to FeSO4 (homogeneous phase). Furthermore, the decay pattern and final
concentrations of H2O2 and Fe2+ also mirrored the homogeneous phase process. This
suggests that the mechanism of the degradation of wüstite aligns with the homogeneous
phase, initiated by dissolved iron ions. The advantage lies in the minerals’ ability to self-
regulate the supply of iron ions to the solution based on the process’s requirements. Also,
FeO catalysis based on the catalytic degradation of chloramphenicol (CAP) by water falling
film dielectric barrier discharge (WFFDBD) enhanced the degradation from 69.5% to 97.7%
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in 8 min by just using WFFDBD. The reaction conditions are shown in Table 6. DFT studies
of the catalytic mechanism showed that the key step in the catalytic reactions was the
electron transfer from FeO to the antibonding orbitals of dissolved oxygen, H2O2, and O3,
which facilitated their transformation and decomposition. This process converted dissolved
oxygen into O2

•−, which was then adsorbed onto FeO through electron transfer, crucial to
the catalytic reaction. Additionally, oxygen vacancies increased the charge density of Fe,
enhancing electron transfer [208].

The metastable nature of wüstite, its tendency to decompose into magnetite and
hematite, and the difficulty in obtaining high-purity forms are the main limitations to its
widespread use. Here, wüstite is effective for ammonia synthesis. However, its effectiveness
in AOPs is dependent on acidic conditions (pH~3).

4.2. Akaganéite (β-FeOOH)

Akaganeite (β-FeOOH) derives its name from the Akagané mine in Japan, where its
initial discovery occurred in 1962 [209]. Widely acknowledged as a corrosion byproduct of
steel [210], it stands as the predominant iron oxide in both soils and geothermal brines [211].
Showing a hollandite-like structure, its empirical formula is Fe7.6Ni0.4O6.35(OH)9.65Cl1.25,
discerned from the corrosion crust formed on the Camp del Cielo meteorite. Exhibit-
ing monoclinic symmetry (space group I2/m), its lattice parameters are characterized by
a = 10.600(2) Å, b = 3.0339(5) Å, c = 10.513(2) Å, and β = 90.24(2)◦. Within akaganeite, Fe3+

ions occupy octahedral sites, forming a double-chain structure that shares corners, thereby
allowing ample space for the inclusion of large tunnels featuring square cross-sections,
suitable for hosting Cl and H atoms [212]. This compound is recognized as an antiferromag-
netic material, manifesting a Neel temperature of 259 K, coupled with ferromagnetic-type
hysteresis [213].

Akaganeite is particularly characterized by its ability to remove contaminants through
adsorption. According to Zhao et al.’s review [214], the successful adsorption of As3+, As5+,
Cr6+, Zn2+, U6+, Cd2+, Cs+, and PO4

3− has been explored previously (for further details on
the removal of these contaminants, please refer to that work and the references cited therein).
Briefly, the morphology (size and shape) of akaganeite largely determines its properties.
Nanocrystals with various shapes, such as rods, bundles, needles, fibrils, and cigars, have
been obtained. These depend on the preparation method, usually involving hydrolysis and
the use of different surfactant templates such as polymers, zeolites, activated carbon, and
clays. Using ATR-FTIR and liquid chromatography, Marsac et al. [215] demonstrated that in
the case of oxolinic acid removal, the removal occurs via the adsorption of the contaminant
and not by oxidation on akaganeite. This adsorption occurred via metal complexes under
slightly acidic pH and via hydrogen-bonded complexes under alkaline pH. They even
determined that the most reactive crystal plane is (010).

Additionally, degradation applications have been found. In the laboratory, starting
from FeCl3, in the presence of glucose or the surfactant Brij30 at 60 ◦C for 3 days, Xiong
et al. [216] determined that it can remove 100% of methyl orange in the presence of H2O2

and when pH = 4.5 using photo-Fenton reactions. This capacity is reduced to 86% after
four working cycles. Polyaniline degrades acidic orange II even better than akaganeite
alone [217] in Fenton processes. The β-FeOOH@GO catalyst, evaluated in a photo-Fenton-
like system using UV irradiation, achieved 99.7% decolorization of MB after 60 min. The
pseudo-first-order rate constant was 0.632 min−1. The proposed degradation pathway of
MB predominantly proceeded with the rupture of phenothiazine ring oxides with •OH,
HO2•−, and singlet oxygen (1O2) radicals [218].
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4.3. Feroxyhyte (δ′-FeOOH)

It is a relatively uncommon iron oxide mineral and one of the few phases in the Fe2O3-
H2O system [219]. The feroxyhyte structure is composed of O2− and OH− ions arranged
in the closest packing, with the Fe3+ ions statistically distributed in half of the octahedral
positions. It has a hexagonal cell, with parameters a = 2.93 Å and c = 4.6 Å. It is completely
converted to goethite in 6 h at a temperature of 60 ◦C and is partially transformed into
hematite at 80 ◦C. Feroxyhyte is ferrimagnetic with a low Curie temperature (155 ◦C).
The widely varying degree of the order leads to the formation of both magnetic and
nonmagnetic varieties. The specific magnetic susceptibility reached 5000 × 10−6 cm3·g−1

and only 400 × 10−6 cm3·g−1 in the studied coarse crystalline and fine crystalline samples
of synthetic feroxyhyte, respectively. Magnetic susceptibility was even lower in the finer
crystals. In natural occurrences, it is always fine-grained, although samples with larger
particle sizes and better crystallinity can be prepared in the laboratory [220].

Feroxyhite has demonstrated strong catalytic performance in various applications, al-
though reported uses primarily involve laboratory-synthesized materials, often as nanopar-
ticles. Among FeOOH polymorphs, feroxyhite stands out for its sufficient magnetic proper-
ties, enabling easy recovery in aqueous media. It can be synthesized through a single-step
reaction—a critical factor for scalability in laboratory chemical processes [80]—and features
a significantly higher proportion of surface OH groups compared to common magnetic
iron oxides [221]. Recent studies highlight its use in photo-Fenton reactions, water splitting,
and metal adsorption [222–224].

Weiping Du [225] studied the photodegradation of orange II using synthetic hematite,
maghemite, magnetite, goethite, lepidocrocite, and feroxyhite. According to their data,
hydroxides outperformed iron oxides, contrary to the authors’ expectations. Among
hydroxides, feroxyhite showed the lowest performance. The mechanism involved dye
adsorption, significantly enhanced by H2O2, AgNO3, and NaF through different pathways.
Pinto [226] utilized synthetic feroxyhite to decompose H2O2 into radicals via the Haber–
Weiss mechanism, effectively degrading MB and IC. They demonstrated that the adsorption
of anionic dyes is more effective than that of cationic dyes. Here, the degradation reaction
occurred almost entirely on the surface, primarily through the generation of •OH radicals.
Li et al. [227] developed δ-FeOOH/BiOBrxI1-x for the visible-light photodegradation of
tetracycline, demonstrating improved charge transfer, synergy with H2O2, and enhanced
recyclability. Radical species O2

•− and •OH were identified as key players.
Chen Wang [228], in a review of FeOOH applications, highlighted that δ-FeOOH

exhibits the smallest band gap (1.94 eV) and the largest specific surface area among FeOOH
crystalline phases, making its band edge positions ideal for oxidizing H2O to •OH radicals.
Pereira [229] first applied synthetic feroxyhite for water splitting and H2 production, citing
its 2.2 eV band gap as being sufficient for water dissociation while absorbing visible light.
The photocurrent generated was tenfold that of P25 (TiO2). Da Silva Rocha et al. [230]
demonstrated that Ni2+ doping in synthetic δ-FeOOH enhanced photocatalytic activity,
conductivity, and charge transfer, while surface Ni(OH)2 improved charge separation.

When modified with other materials, one of the most common applications of
δ-FeOOH is the removal of heavy metals from water. Jing Hu [231] used δ-FeOOH-coated
γ-Fe2O3 for Cr6+ adsorption via an outer-sphere complexation mechanism. In a Fe/Mn
oxy-hydroxide (δ-Fe0.76Mn0.24OOH), Tresintsi et al. [232] found it to be highly efficient for
As3+ and As5+ adsorption. Pinakidou [233] employed amorphous tetravalent manganese
feroxyhyte nanoparticles (TMFx) to remove As5+. Later, Kokkinos et al. [234] reported
TMFx as being effective in eliminating Cd, Hg, and Ni.

The versatility of these materials is also evident in their ability to immobilize phos-
phates with the aid of Fe2+, achieving up to 94% removal under acidic pH [221]. Ad-
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ditionally, they have biomedical applications, such as controlled heat release under an
AC magnetic field [235]. Recently, Lacerda and coworkers proposed, using ab initio cal-
culations, that feroxyhyte doped with niobium can function as a bifunctional catalyst.
Their results suggest that doping δ-FeOOH layers leads to stronger van der Waals inter-
actions, enhancing the catalyst’s thermal stability. Additionally, the incorporation of Nb
enhances Brönsted acid characteristics and introduces Lewis acidic sites on the catalyst’s
surface [236].

4.4. Bernalite (Fe(OH)3)

Bernalite, Fe(OH)3, is one of the more recently identified iron oxyhydroxide min-
erals, recognized in 1992. It is the scarcest iron mineral and has been documented in
only a handful of locations [4], including New South Wales, Australia, and the central
Black Forest, Germany [237]. McCammon et al. deduced [238] its empirical formula
to be [(H2O)0.04(CO2)0.03Pb0.01]Fe3+

0.93Si0.06Zn0.01)(OH)2.95O0.04. This mineral exhibits a
protonated octahedral framework (POF), adopting a distorted perovskite-type structure
(ReO3) within the Pmmn space group [239]. Its tilt system of a + b + c− arises from the
topology of hydrogen bonds, resulting in alternating layers of Fe(1) and Fe(2) octahedra
with an inverted tilt along the [001] direction, n-glides passing through the Fe atoms, and
notable anisotropy in hydrogen bond topology [239]. With a slight deviation from the
collinear antiferromagnet, bernalite manifests a weak ferromagnetic moment [240]. To date,
there exists scant specific information regarding its application as a catalyst, neither within
Scopus nor Google Scholar. Scopus records a mere seven references with “bernalite” in the
title, with only two in the last two decades, the remainder hailing from the 1990s. Of these,
four discuss structural or magnetic properties.

Recently, a potential use for this mineral was serendipitously uncovered. Under con-
ditions of pH = 10, in the presence of arsenates, goethite undergoes partial transformation
into bernalite. Remarkably, bernalite exhibits 2.18 times greater arsenate sorption than
goethite, achieved through the formation of monodentate mononuclear (MM) complexes.
The goethite used in these studies was sourced from rod-shaped nano-goethite (US3162)
crystals obtained from US Research Nanomaterials (USA) [241] or Sigma-Aldrich (St. Louis,
MO, USA) [242]. In another possible application, a composite comprising bernalite, Fe2O3,
and Ru was synthesized through microwave-assisted heating in deionized water. This
resultant material demonstrates the potential for oxygen reduction and hydrogen oxida-
tion reactions. In spite of that, discerning the catalytic role of each component remains
challenging [243].

Wüstite, akaganéite, feroxyhyte, and bernalite are among the least abundant iron
oxyhydroxides, limiting their use in large-scale applications due to the rarity of natural
sources. Their catalytic applications are less explored compared to more common iron
oxides. Nevertheless, these materials exhibit properties suitable for advanced oxidation
processes (AOPs), particularly in acidic conditions and systems like Fenton, photo-Fenton,
and electro-Fenton reactions. Their optical band gaps, i.e., 1–2.1 eV for wüstite [151,198],
1.94 eV for feroxyhyte, and 2.1 eV for akaganéite [244], make them suitable for solar light-
driven photocatalysis. Excluding wüstite, their crystal structure and chemical composition
provide a high affinity for adsorbing heavy metals and organic pollutants. Notable differ-
ences include akaganéite’s superior chemical stability and wüstite’s potential in ammonia
synthesis. Bernalite remains underexplored due to its rarity, although recent studies hint at
promising environmental and electrochemical applications.

Production challenges include synthesis complexity and stability, especially for large-
scale use. With magnetic properties, feroxyhyte is easier to handle in aqueous environments,
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while wüstite’s instability and bernalite’s scarcity hinder broader adoption. These contrasts
highlight the need for innovative applications that optimize cost-effectiveness.

5. Future Directions and Perspectives on Catalytic Systems

The reaction mechanism of Fe-OH catalysts from natural sources depends on the
evaluated reaction, conditions, and impurities. For example, in photocatalytic processes
with Fe2O3 over gelcasting porous ceramic [78] (cf. Figure 8A), UV-induced electron
excitation produces ROS that attack phenolic compounds. In contrast, persulfate (PS)
activation (cf. Figure 8D), used for the catalytic degradation of 2,4-D and MCPA [73],
occurs via Fe2+-generating SO4

•− radicals both in homogeneous and heterogeneous phases.
This dual-phase reaction provides enhanced degradation efficiency, with higher pH values
compared to the more pH-dependent process photocatalytic, Fenton, and photo-Fenton
processes.

Figure 8. Schemes of proposed mechanism for different processes catalyzed by iron oxides and
hydroxides from natural sources: (A) Photodegradation of phenol by α-Fe2O3 catalyst impregnated
on gelcasting porous ceramic, (B) ozonation of ACT over HRS, (C) ozonation of SSZ over goethite, (D)
Fenton-like oxidation of 2,4-D and MCPA over hematite, (E) photocatalytic reduction of 4 NP to 4 AP
over hematite, (F) transfer hydrogenation of LA to form GVL over maghemite, and (G) waste cooking
oil-based biodiesel production over α-Fe2O3/CaO2. Reproduced with permission from References
(A) [78], (B) [81], (C) [129], (D) [73], (E) [77], (F) [149], and (G) [87]. Copyright© 2022 IIETA/CC BY
4.0, 2022, 2020, 2018, and 2020 Elsevier; 2020 American Chemical Society; and 2022 Springer Nature,
respectively.

The mechanism of the catalytic ozonation process mediated by HRS [81] (Figure 8B)
involves three main pathways for the degradation of acetaminophen (ACT): (i) the direct
oxidation of ACT by dissolved ozone (O3) molecules in the bulk solution; (ii) the radical-
based degradation of ACT by hydroxyl radicals (•OH) generated in the solution, and
(iii) the indirect oxidation through the interaction of O3 with the catalyst surface, which
produces •OH and superoxide radicals (O2

•−). The presence of ions like phosphate and
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carbonate can hinder the process by occupying active sites on the catalyst or reacting with
•OH. In turn, two key mechanisms drive SSZ ozonation using goethite as a catalyst [129] (cf.
Figure 8C): (i) the reductive degradation on the catalyst surface and (ii) the direct oxidation
by non-adsorbed O2

•− radicals. Additionally, plasma treatment on α-FeOOH enhances the
production of •OH and O2

•−, improving the ozonation process.
Figure 8E shows the mechanism of the photocatalytic reduction of 4-NP over

Cu/α-Fe2O3 [77]. Here, we can observe that this follows three main steps: (i) the dif-
fusion and adsorption of 4-NP onto the metal catalyst surface, (ii) electron transfer from
BH4

− to 4-NP, mediated by Fe and Cu metal particles, and (iii) the reduction of the
nitro group by hydride transfer from a metal–hydride complex. This leads to the forma-
tion of 4-hydroxylaminophenol as a stable intermediate, which undergoes three hydro-
deoxygenation reactions to produce 4-AP. Finally, 4-AP desorbs from the catalyst surface.

In transfer hydrogenation (cf. Figure 8F), the γ-Fe2O3 catalyst facilitates the initial
activation of levulinic acid (LA) by interacting with its carbonyl carbon [149]. This interac-
tion enhances the reactivity of LA, allowing it to interact with 2-propanol, which donates
hydrogen to form 4-hydroxypentanoic acid as an intermediate. The iron catalyst promotes
hydrogen transfer. For example, 4-hydroxypentanoic acid undergoes dehydration, which
leads to the formation of Gamma-valerolactone (GVL). The Fe-OH minerals from nat-
ural sources can act as catalysts for biodiesel production. The mechanism proposed in
Figure 8G [87] initiates with the adsorption of the carbonyl group in free fatty acids (FFAs)
onto the acidic site and the adsorption of methanol onto the basic site of the catalyst. These
interactions generate a carbocation and an oxygen anion, respectively. A nucleophilic
attack occurs; the carbocation reacts with the hydroxyl group in glycerol on the acidic site,
while the oxygen anion in methanol reacts with the carbonyl group in triglycerides on
the basic site. This leads to the transesterification reaction, breaking down the three fatty
acid chains of the triglyceride, yielding biodiesel molecules and glycerol as a byproduct.
Simultaneously, the esterification of glycerol with FFAs on the acidic site produces water
and diglycerides. Finally, the reaction products desorb, and the catalytic cycle restarts.

The separation of Fe-OH from other minerals and their purification can be difficult
to achieve due to their textural intergrowths. However, the impurities present in Fe-
OH catalysts can either inhibit or enhance catalytic reactions. There are few studies
comparing synthetic catalysts to those prepared from natural sources. Based on existing
comparative results [1,149], Fe-OHs from natural sources are more effective than their
synthetic counterparts, but their catalytic activity is much more complex. For example,
catalysts from different sources of mineral Fe3O4 with similar impurity content showed
marked differences in the degradation of p-NP, indicating that the purity of the mineral
might not be the determining factor for its catalytic activity. Here, the key factor in the
performance is related to the surface site density of the parameter.

Maghemite prepared from river sand exhibited higher biomass conversion by transfer
hydrogenation [149]. This was attributed to its crystallinity and higher pore size, allowing
more interaction with the reactants. The presence of impurities of silica and metal carbon-
ates also promotes the Lewis acidic sites. Therefore, one of the challenges for the use of
these types of catalysts is understanding the effect of impurities on catalytic activity. A
greater number of comparative studies between synthetic catalysts and those prepared
from natural sources are needed, focusing on both their physicochemical characteristics
and catalytic performances.

On the other hand, catalytic evaluation requires an appropriate experimental design as
magnetic stirring could cause poor dispersion of particles in the solution, while mechanical
stirring could hinder the scaling up of reactors to pilot or large-scale levels. Figure 9
shows different catalytic systems where Fe-OH prepared from natural sources were used as
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catalysts. At the laboratory scale, magnetic stirring (Figure 9C,F) can be used when there is
a decrease in the magnetic response of catalysts. However, the use of pumps (Figure 9A,B,F)
or gas carriers (Figure 9D,E) allows the continuous flow of solutions passing through the
catalyst bed. To facilitate real-world scaling, we propose adapting and optimizing proven
experimental reactor designs from analogous catalytic processes [80,245,246].

 

Figure 9. Schemes of reactors used in different processes catalyzed by Fe-OH from natural sources:
(A) FBR packed with powdered magnetite catalyst used in the continuous CWPO experiments, (B)
photocatalytic reactor continuous flow system for MB degradation, (C) photocatalytic reactor system
for oxidation and mineralization of MO, (D) pyrolysis reactor to produce diesel-like fuel, (E) catalytic
cracking of toluene, and (F) ozonation and peroxone-mediated removal of ACT. Reproduced with
permission from References (A) [50], (B) [122], (C) [72], (D) [45], (E) [89], and (F) [81]. Copyright©
2024 Springer Nature, 2020 MDPI/CC BY, and 2020, 2016, 2016, and 2022 Elsevier, respectively.

The scalability of catalysts largely depends on their stability, lifespan, and resistance
to poisoning. One of the most remarkable characteristics of Fe-OH is their ability to be
recovered using magnetic fields, enabling their reuse. Figure 10 depicts conversion versus
the number of cycles reached by natural Fe-OH. There is more information available on
the reuse cycles of the most abundant iron oxide (magnetite (Figure 10A) and hematite
(Figure 10B)) and hydroxide catalysts (goethite, Figure 10C). In contrast, information about
less abundant and rare Fe-OH (maghemite and wüstite, Figure 10D) is rarely found.

According to reported results, magnetite prepared from natural sources is a stable cata-
lyst in the photo-Fenton degradation of cefotaxime [46], CWPO degradation of phenol [62],
and Fenton-like degradation of MeP reactions [52], showing less than 10% of deactivation
until after five reused cycles. The primary cause of deactivation appears to be the partial
oxidation of the catalyst surface, leading to a progressive decrease in the Fe2+/Fe3+ ra-
tio [57]. Nevertheless, to understand the decrease in reaction performance, it is necessary
to characterize the catalysts after being recovered from the reaction. Comparisons between
the physicochemical properties before and after the catalytic performance would help
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elucidate the mechanism of catalyst deactivation. The reuse results of hematite indicate
that its conversion capacity decreases only slightly in the photocatalytic reduction of 4-NP
to 4-AP [77], the ozonation of ACT [81], and the photo-Fenton degradation of phenol [74].
It also demonstrates stability in the cracking of toluene [89], where the reaction conditions
are more aggressive than in AOPs. In this case, the catalysts’ deactivation is attributed to
carbon deposits, the aggregation of active metal particles, and poisonous impurities. This
decline could be due to (i) the loss of Fe mass and/or iron leaching from the surface after
each usage cycle, (ii) the reduction in the activation rate of PS molecules by the catalyst, and,
as a result, (iii) the reduction in the efficiency of the heterogeneous catalytic degradation
process. However, the iron loss was minimal, which confirmed the stability of the catalyst.
Further characterization is needed to better understand the deactivation mechanism.

Figure 10. Conversion vs. recycled use of iron oxides and hydroxides: (A) magnetite,
(B) hematite, (C) goethite, and (D) maghemite and wüstite. Elaborated with data from
References [46,49,51,52,55,57,62], [72–74,77,81,89], [122,123,129], and [149,151], respectively. Dash
lines are guides for the eye.

The decrease in catalytic conversion mediated by goethite is more evident (cf.
Figure 10C) compared to magnetite and hematite, being more stable on the ozonation
of SSZ using plasma-treated goethite (shown by pink triangles) [129]. Natural goethite
(shown by blue triangles) interestingly exhibited a higher drop in conversion. Using plasma
treatment, the surface enhancement of α-FeOOH can increase the density of hydroxyl
groups at the surface.

Related to less abundant and rare iron oxides, the scant available results about reuse
indicated that they are highly stable during transfer hydrogenation [149] and the photo-
Fenton degradation of ENR [151]. The recovered catalyst (maghemite) from transfer
hydrogenation remained stable and did not lose crystallinity, phase purity, and activity,
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even after extensive usage. Meanwhile, the surface area of the goethite decreased compared
to that of the fresh catalyst [149]. This is consistent with the discussion throughout this
review, which suggests that surface area is not the determining factor in the activity of
these catalysts. In the photo-Fenton degradation of ENR, the reuse of wüstite resulted in
the release of iron, but after the first cycle, iron leaching decreases, and the macroscopic
solid undergoes disaggregation. Additionally, the first cycle shows a reduction in catalyst
particle size. Furthermore, the observed disaggregation and particle size reduction suggest
alterations to the solid surface throughout reuse cycles, potentially impacting the catalyst’s
interaction with light and H2O2 [151].

Generally, the reuse of Fe-OH catalysts does not require thermal treatments to reac-
tivate the recovered catalysts, which reduces energy consumption and preparation costs.
Additionally, the fact that they can be pretreated (or used directly without the need for
thermal or chemical treatments) from inexpensive, accessible, and widely available sources
may contribute to their scalability to real-world applications. One of the challenges to
overcome in AOPs is the need for acidic pH conditions for these catalysts to remain active.
One potential approach is exploring the use of oxidizing agents other than H2O2, such as
PS, which has been shown to require nearly neutral pH conditions for effective catalytic
reactions. In catalytic cracking, high temperatures are required, which can lead to the exces-
sive consumption of network oxygen, causing catalyst deactivation. A thermal treatment
in an oxidizing atmosphere could help reactivate it. However, this would increase energy
consumption, potentially hindering its large-scale application.

Natural Fe-OH catalysts present challenges that must be addressed to enable their
practical application. Their composition and mineralogical structure can vary depending
on the source, affecting catalytic activity and reproducibility. Also, impurities may either
inhibit or enhance catalytic performance, making it crucial to understand their role. In
addition, AOP processes usually require acidic pH conditions, which limit natural Fe-OH
applications in environmental samples or industrial waters. Another key challenge is the
stability and reusability of these catalysts as iron leaching, surface fouling, or structural
changes can lead to deactivation over multiple cycles. Furthermore, natural catalysts are
widely available and cost-effective, but their efficiency must be comparable to synthetic
catalysts to justify large-scale implementation without excessive energy-consuming treat-
ments. Proper experimental design is also essential since factors such as stirring methods
can impact catalyst dispersion and overall performance. To overcome these challenges,
more comparative studies between natural and synthetic catalysts are needed, along with
strategies to enhance stability, efficiency, and operational conditions.

6. Conclusions

While iron oxides are abundantly available in the Earth’s crust, their utilization as
catalysts has been largely overshadowed by the prevalence of laboratory-synthesized mate-
rials. A key advantage of iron oxide catalysts lies in their magnetic properties, facilitating
easy recovery and potential for reuse. However, crucial knowledge gaps remain. First,
the impact of repeated reuse cycles on the magnetic properties of these catalysts and their
subsequent influence on catalytic performance requires further investigation. Second, a
comprehensive comparative cost analysis between the synthesis of iron oxide catalysts and
their extraction and preparation from natural sources is currently lacking. The main applica-
tions of iron oxides are AOPs, electrochemical applications (water splitting and OER), FTS,
and ammonia synthesis. Hematite (α-Fe2O3) is the most widely used naturally sourced
iron oxide, probably because it usually represents the final stage in the transformation of
other iron oxides. However, AOPs are operative only in a narrow interval of pH compared
to other iron oxides. The next most used iron oxides are magnetite (Fe3O4) and goethite
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(α-FeOOH). The catalytic activity of magnetite has been related to the presence of Fe3+ and
Fe2+ in its structure, where the oxidizing conditions can transform it into hematite. On
the other hand, goethite can participate in redox reactions through the interconversion of
Fe3+; and Fe2+, facilitating electron transfer in catalytic processes. This results in reactions
where reactive species such as hydroxyl radicals (•OH) are necessary. Additionally, goethite
exhibits the highest specific surface area among the three most used iron oxides.

Although conventional catalyst preparation often involves acid purification and ther-
mal treatments, simpler approaches utilizing magnetic separation, grinding, sieving, and
milling have demonstrated promising catalytic activity in some evaluations. Despite that,
these methods may have limitations when precise control over particle size and morphol-
ogy is critical as achieving consistent shape and size distribution through these techniques
can be challenging.

The preparation and evaluation of catalytic applications of less abundant natural
iron oxides, such as maghemite (γ-Fe2O3), lepidocrocite (γ-FeOOH), and ferrihydrite
(5Fe2O3·9H2O), face diverse challenges, as follows: natural maghemite is not readily avail-
able in a pure form, and lepidocrocite is rarely found in natural ore deposits, limiting its
accessibility for catalytic applications. On the one hand, ferrihydrite exhibits poor crys-
tallinity, a small particle size, and structural defects that make its physicochemical character-
ization and reproducibility in catalytic processes difficult. On the other hand, the so-called
rare iron oxides, i.e., wüstite (FeO), akaganeite (β-FeOOH), feroxyhyte (δ′-FeOOH), and
bernalite (Fe(OH)3), have been employed in their synthetic forms in few catalytic reactions.
This may be related to their metastability, synthesis complexity, and dependence on specific
operational conditions.

Despite the potential complexities associated with the preparation and evaluation of
catalysts derived from natural sources, their abundance on the Earth’s surface, coupled
with their unique physicochemical properties and low-cost availability, presents a com-
pelling opportunity to address environmental and energy-related challenges. Regardless,
optimizing their catalytic performance necessitates a thorough understanding of the spe-
cific characteristics of each iron oxide to enable the development of effective strategies for
scaling up these processes to pilot and industrial levels.
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The following abbreviations are used in this manuscript:
2,4-D 2,4-dichlorophenoxyacetic acid
4AP 4-aminophenol
4-NP 4-nitrophenol
ACT Acetaminophen
AO7 Acid orange 7
AOP Advanced oxidation process
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ATR-FTIR Attenuated total reflection–Fourier transform infrared spectroscopy
BIFs Banded iron formations
BSA 5-bromosalicylic acid
CAP Chloramphenicol
CGW Contaminated groundwater
COD Chemical oxygen demand
CWPO Catalytic wet peroxide oxidation
DCF Diclofenac
DFT Density functional theory
DTA Differential thermal analysis
EDTA Ethylenediaminetetracetic acid
ENR Enrofloxacin
FBR Fixed-bed reactor
Fe-OH Iron oxides and iron hydroxides
GC/MS Gas chromatography–mass spectrometry
GHSV Gas hourly space velocity
GVL Gamma-valerolactone
Hc Coercivity
HER Hydrogen evolution reaction
HRS Hormuz red soil
HTCT High-temperature catalytic treatment
IC Indigo carmine
IMA International Mineralogical Association
IR Infrared spectroscopy
LA Levulinic acid
LEV Levofloxacin
MB Methylene blue
MC-LR Microcystin-LR
MCPA 2-methyl-4-chlorophenoxyacetic acid
MeP Methylparaben
MFCs Microbial fuel cells
MM Monodentate mononuclear
MO Methyl orange
Mr Remanent magnetization
NPs Nanoparticles
OCs Oxygen carriers
OER Oxygen evolution reaction
ORR Oxygen reduction reaction
OG Orange G
PANI Polyaniline
p-NP p-nitrophenol
PS Persulfate
ROS Reactive oxygen species
SEM Scanning electron microscopy
SMX Sulfamethoxazole
SPS Persulfate
SSZ Sulfasalazine antibiotic
TC Tetracycline
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TM Temperature of Morin transition
WFFDBD Water falling film dielectric barrier discharge
WWTP Wastewater treatment plant
XANES X-ray absorption near-edge structure
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XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
XRF X-ray fluorescence
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Abstract: The present study presents the results obtained from evaluating the photocatalytic be-
havior of a series of sulfated CeO2 materials in the photocatalytic degradation of the herbicide
2,4-dichlorophenoxyacetic acid. The CeO2 photocatalytic support was prepared using the precipita-
tion synthesis method. Subsequently, the support was wetly impregnated with different contents
of sulfate ions (0.5, 1.0, and 2.0 wt.%). The materials were characterized using X-ray diffraction,
nitrogen physisorption, infrared spectroscopy, diffuse reflectance UV–Vis spectrophotometry, and
thermal analysis. The characterization results showed that the sulfation of the material promoted
an increase in the surface area and a decrease in the average size of the crystallites. Likewise, it was
possible to demonstrate the surface sulfation of the support through bidentate coordination of the
sulfate groups to the semiconductor metal. Concerning photoactivity, the convenience of the surface
modification of CeO2 was confirmed because the sulfate groups acted as capturers of the electrons
generated during the photocatalytic process, reducing the frequency of recombination of the charge
carriers and allowing the availability of the gaps to favor the degradation reaction of the contaminant.
Finally, it was evident that a percentage of 1.0 wt.% of the sulfate anion is the optimal content to
improve the photocatalytic properties of CeO2.

Keywords: photocatalysis; degradation; 2,4-dichlorophenoxyacetic acid; sulfated CeO2

1. Introduction

The frequent use of herbicides for weed control and to improve agricultural produc-
tion processes represents an important environmental challenge, due to the resistance of
these products to conventional degradation, associated with factors such as their chemical
structure, limited biodegradability, microbial resistance, and adverse environmental condi-
tions [1]. A herbicide highly recognized for its extensive use is 2,4-dichlorophenoxyacetic
acid (2,4-D), classified as an auxin herbicide due to its antitumor, antimicrobial, and in-
hibitory properties towards the growth and development of weeds. Still, they are harmful
to human health, because they can be absorbed through the skin, or inhaled, which can
cause damage to the liver, kidneys, muscles, and brain tissue.

Recently, some techniques have been used, such as adsorption on activated carbon [2],
flocculation [3], and ultrafiltration [4] with porous resins or biological treatments [5], to
eliminate contaminants present in water sources. However, applying advanced oxida-
tion processes (AOPs), such as heterogeneous photocatalysis, is considered an attractive,
sustainable, and versatile strategy to remove organic contaminants at low concentrations,
potentially leading to their total mineralization. The photocatalytic process requires a
photocatalytic material, generally a semiconductor solid, which is activated by irradiation,
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generating highly reactive charge carriers (electron–hole pairs). The released electrons can
participate in reduction reactions. At the same time, the holes can react with water to form
highly oxidizing hydroxyl radicals (•OH) capable of decomposing organic contaminants
present in water, converting them into less harmful products [6].

Thus, one of the main challenges for researchers in photocatalysis is related to the
development of materials with adequate physicochemical characteristics that favor activity
in reactions promoted via activation of the material with radiation. In this sense, studies
on the textural, structural, and morphological modification of materials have experienced
significant growth in recent years, given that these modifications can have a significant
impact on photocatalytic behavior [7]. Recent research indicates that rare earth oxides
are high-performance materials in catalytic and photocatalytic reactions. Among these
solids, CeO2 has been successfully tested in photocatalysis, due to its chemical stability,
non-toxicity, biocompatibility [8,9], strong absorption in the ultraviolet region (typical
absorption edge between 385−400 nm), and the strong redox potential of the Ce4+/Ce3+

pair that promotes the separation of the photogenerated electron–hole pairs [10]. Regarding
this last aspect, in the electron transfer process, the Ce4+/Ce3+ pair acts as an electron trap;
thus, the Ce4+ species can accept an electron and be reduced to Ce3+. Subsequently, the
Ce3+ species can return to the oxidized state by releasing the electron, which is transferred
to the substrates adsorbed on the semiconductor [11,12].

However, recent studies confirm the convenience of the surface modification of CeO2
with anionic species such as phosphates, reflected in an improvement in the physicochemi-
cal and photocatalytic properties of the semiconductor in degradation reactions of phenolic
contaminants [6]. This behavior is associated with the phosphate species bound to the
surface of the support in bidentate mode, which could favor a decrease in the recombination
frequency of the charge carriers.

To improve the physicochemical properties and effectiveness of CeO2 for photocat-
alytic applications, it is interesting to evaluate the effects produced by surface modification
through sulfation processes. The use of the sulfation route to modify catalysts has been
shown to improve photocatalytic properties, which results in a highly effective removal of
organic compounds and dyes [13–15].

In this way, we intend to verify the potential use of the series of sulfated ceria materials
in photocatalytic applications, specifically in environmental remediation processes, through
the degradation of herbicide 2,4-dichlorophenoxyacetic acid, which is characterized by a
long half-life, which allows enough time for it to be transferred to surface and groundwater
and create kidney and liver problems in animals and humans.

According to the above, the main aim of this work is to present the results of the
synthesis, physicochemical characterization, and evaluation of the photocatalytic behavior
of a series of materials of sulfated CeO2 with different contents of anion (0.5, 1.0, and
2.0 wt.%) during the degradation of 2,4-D under UV irradiation.

2. Results and Discussion

2.1. Characterization of the Photocatalysts

The crystallinity of the CeO2 support and the sulfated materials was determined
through XRD analysis, as depicted in Figure 1. Characteristic X-ray diffraction signals of
cerium dioxide were detected at 2θ angles of 28.2◦, 32.4◦, 47.0◦, 55.9◦, 58.5◦, 69.0◦, 76.5◦,
and 78.8◦. These signals correspond to the pure cubic fluorite structure characteristic of
CeO2 (JCPDS 34-0394).
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θ
Figure 1. X-ray diffraction results of the materials studied.

Furthermore, as shown in Figure 1, no shifts in diffraction signals are observed in
the sulfated materials compared to the photocatalytic support. This could suggest that
the bulk structure of CeO2 does not change during the sulfation procedure. It is crucial
to note that substituting Ce4+ ions (with an ionic radius of 0.092 nm) with S6+ ions (with
an ionic radius of 0.029 nm), which could be originated from the sulfuric acid used in the
impregnation process of the support, would probably promote shifts in the diffraction
signal towards higher angles, suggesting lattice contraction. Consequently, to corroborate
the surface modification of the CeO2 support, lattice parameter values were calculated
and included in Table 1. As observed, there is no change in the edges, confirming that no
substitutions of oxygen or cerium by sulfide ions have occurred.

Table 1. Physicochemical properties of the materials studied.

Photocatalyst
Crystallite
Size (nm)

Lattice Parameter
a (nm)

SBET (m2/g) Pore Size (Å) Eg (eV)

CeO2 6.2 0.552 146 46 3.00
0.5SO4

2−/CeO2 5.6 0.554 149 46 3.08
1.0SO4

2−/CeO2 5.2 0.552 158 43 3.08
2.0SO4

2−/CeO2 5.0 0.552 161 45 3.08

Figure 2 presents nitrogen adsorption–desorption isotherms for the CeO2 support
and SO4

2−/CeO2 photocatalysts. According to the IUPAC classification, typical type IV(a)
isotherms were observed in the samples associated with mesoporous solids [6]. A hysteresis
loop of type H2 (b) was observed in the isotherms of the support and the materials sulfated
with 0.5 and 1.0% anion content, characteristic of materials featuring pores with a narrow
distribution in the body and a broad distribution in neck size [16]. However, a detailed
observation of the desorption branch in the isotherm corresponding to the 2.0SO4

2−/CeO2
material shows a H2 (a) hysteresis loop, indicating a narrow distribution of pore neck
widths, resulting in a very pronounced desorption branch, possibly due to the amount of
H2SO4 and the pH reached during the synthesis of the material [17].
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Figure 2. N2 adsorption–desorption isotherms of the materials studied.

The surface areas and pore size values calculated for the materials studied are listed
in Table 1. The modification of the CeO2 support with sulfate ions promotes an increase
in surface areas. Literature reports indicate that sulfated metal oxides, such as TiO2 [18],
ZrO2 [19], and SnO2 [20], present a higher surface area compared to the unmodified mate-
rial. These results are associated with the dispersed sulfate species on the surface, which
prevent the agglomeration of metal oxide particles, leading to a reduction in crystallite size
and consequently an increase in the surface area [21].

Figure 3 presents the ATR-FTIR spectra of the CeO2 support and the sulfated materials.
ATR-FTIR analysis was conducted to confirm the presence of sulfate groups in the sulfated
ceria catalyst and to assess the effect of sulfate ion concentration on the intensity of the band
for each functional group of the synthesized catalyst. The CeO2 support presents a small
band around 3720 cm−1, corresponding to isolated hydroxyl groups. At approximately
3360 cm−1, a broadband corresponding to the stretching vibration of the O-H bond of
adsorbed water molecules was identified [22]. Additionally, the band near 1634 cm−1 is
attributed to the bending vibration of the hydroxyl group assigned as chemisorbed water;
this band increases in intensity, which could be associated with a more hydroxylated surface
as sulfate content increases, in line with the previously described surface area results [23].
The increase in the surface hydroxylation could be associated with the negative charges
of the sulfate ions anchored on the surface of CeO2, which attracts water molecules. It
is important to consider that the presence of hydroxylated surfaces is desirable in pho-
tocatalytic processes because the surface hydroxyls could experience oxidation reactions
with the photogenerated holes in the semiconductor and favor both the decrease in the
recombination frequency of the charge carriers and the formation of hydroxyl radicals,
which are mainly responsible for the degradation of organic contaminants [24,25].

The stretching vibration of Ce-O-Ce bonds becomes evident in the band at 1320 cm−1,
whose intensity decreases with the increase in the sulfate ion content impregnated in the
material. The stretching vibration mode of the Ce-O bond of CeO2 nanoparticles is shown
in the band at 610 cm−1. Regarding the sulfated photocatalysts, their spectra reveal a band
near 1110 cm−1, corresponding to the vibration of the S=O group of sulfate species, which
exhibits a characteristic band between 1222 cm−1 and 1100 cm−1. Furthermore, bands
between 1057 cm−1 and 994 cm−1 are attributed to the stretching vibrations in symmetric
and asymmetric modes of the S-O bonds [23]. The presence of these bands confirms the
sulfation process and indicates the bidentate coordination of the sulfate groups to the metal
atom of the support [26,27]. Besides, the decrease in the intensity of the band located at
1320 cm−1 mentioned previously could be a consequence of the surface sulfation of the
semiconductor, which would inhibit the vibration of the Ce-O-Ce bonds.
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Figure 3. ATR-FTIR spectra of the materials studied.

The UV–Vis spectra of the CeO2 support and the sulfated materials are shown in
Figure 4a. The typical absorption region of the CeO2 semiconductor was observed around
420 nm. Two bands at 228 and 280 nm, corresponding to the direct charge transition
between the Ce4+ and O2− states, are evident [28].

 

α

Figure 4. (a) UV–Vis spectra and (b) Tauc plot of the materials studied.

The Tauc plot as a function of absorbed light energy is depicted in Figure 4b. The
values of the bandgap energy (Eg) were calculated through linear fitting with the energy
axis and are presented in Table 1. As observed, the modification of the support with
sulfate anions promoted a slight blue shift in the UV–Vis spectra, which suggests a slight
increase in the value of Eg (CeO2 3.00 eV and sulfated CeO2 materials 3.08 eV), which is
consistent with the decrease in crystallite size in the sulfated materials, as evidenced by
X-ray diffraction analyses. It is widely recognized that the increase in the energy of the band
gap with the decrease in crystallite size is associated with the quantum confinement effect
(particle sizes less than 10 nm), which favors the presence of discrete energy levels [29,30].
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Furthermore, based on these results, the insertion of sulfide ions into the CeO2 lattice
can be ruled out, as such a modification in the crystal structure would lead to a decrease in
the energy of the band gap [31]. Thus, the surface sulfation of the semiconductor in the
materials evaluated in this study is confirmed. On the other hand, the increase in sulfate
ion content on the material surface does not produce significant variations in the values
of Eg.

The results of the thermal analysis of the materials coupled with mass spectroscopy
(TGA-MS) are shown in Figure 5. The TGA-MS of the uncalcined CeO2 support is shown in
Figure 5a; the mass loss between 50–200 ◦C is associated with the desorption of adsorbed
water and ammonia remaining following the support synthesis [32,33]. CO2 was released
during the various mass-loss steps between 110–250 ◦C and 310–460 ◦C. In addition, at
temperatures ranging from 200 to 460 ◦C, the dehydration of water strongly bound to the
surface of the nanoparticles occurs, generating a network of water and dehydroxylation of
surface OH groups [34]. The mass loss recorded at the end of the process was 19%.

Figure 5. TGA-MS results of (a) uncalcined CeO2 support and (b) 1.0SO4
2−/CeO2 photocatalyst.

In Figure 5b, the thermogram of the photocatalyst 1.0SO4
2−/CeO2 is shown. The

removal of adsorbed water from the material is observed at a temperature close to 200 ◦C,
resulting in a mass loss of 6.2%. In addition, the release of residual ammonia following
the synthesis was seen. The CO2 released in this material is significantly lower than in the
support considering that the impregnation of the anions occurred on the calcined CeO2
support. Additionally, another stage in the thermogram is evident, corresponding to the
loss of sulfates from the material at higher temperatures (500–800 ◦C); the SO4

2− ions from
the sulfated sample are released in the form of SO2 and SO [23], which were confirmed by
MS analysis. The mass loss recorded at the end of the process was 10%. The difference
in total mass loss between the uncalcined CeO2 support and the sulfated material can
be attributed to changes in the chemical composition of the materials, due to the surface
modification of the support with sulfate anions carried out on the calcined CeO2.

The recombination of the photogenerated electron–hole pairs is a critical factor to
consider in photocatalysis and likely the most significant one, as it prevents the oxidation–
reduction processes from taking place. To understand the behavior of the photogenerated
charge carriers in the materials, photoluminescence spectra were obtained for the CeO2
support and the sulfated solids (Figure 6).
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Figure 6. Photoluminescence spectra of the materials studied.

The photocatalytic materials exhibited a fluorescence emission signal at 468 nm when
excited using a fixed wavelength of 254 nm. The emission band ranging from 360 nm to
530 nm is attributed to the presence of defects related to the Ce 4f and O 2p states [35,36].
As can be seen, the CeO2 support showed the signal with the highest intensity, suggesting a
greater charge recombination capacity. Conversely, the 1.0 wt.% sulfated material evidenced
an emission signal with lower intensity compared to the other materials, which is associated
with a lower capacity for electron–hole pair recombination in the semiconductor. This
result suggests that the 1.0SO4

2−/CeO2 material is likely to exhibit the best photocatalytic
behavior in the degradation of the herbicide 2,4-D, as it favors a decrease in the charge
carrier recombination rate [37].

2.2. Evaluation of the Photocatalytic Activity

The photocatalytic behavior of CeO2 support and sulfated materials was evaluated in
the degradation of the 2,4-dichlorophenoxyacetic acid (2,4-D) herbicide using UV radiation.

Photocatalytic Degradation of 2,4-Dichlorophenoxyacetic Acid

The ultraviolet absorption spectra corresponding to the degradation monitoring of
2,4-dichlorophenoxyacetic acid using the 1.0SO4

2−/CeO2 photocatalyst are presented in
Figure 7a. The absorption bands identified at 203 and 227 nm are associated with the
π→π* transition of the aromatic ring, while the band located at 282 nm is related to n→π*
transitions [38,39]. As the reaction progresses, a decrease in the intensity of the absorption
band is observed, indicating herbicide degradation.

The variation of the relative concentration of 2,4-dichlorophenoxyacetic acid with
reaction time is presented in Figure 7b. As observed, conducting the reaction in the absence
of a photocatalytic material (photolysis) promotes a 37% degradation of the contaminant.
The degradation of the molecule is contingent upon its ability to absorb incident radiation
and reach an excited state, leading to bond cleavages. If the molecule does not degrade
directly via photolysis, indirect degradation may occur by forming hydroxyl radicals from
water [40,41]. In the presence of the photocatalysts, a reduction in the herbicide concen-
tration is observed during the irradiation time. After 180 min of reaction, a degradation
of the contaminant of approximately 87%, 87%, 95%, and 88% was achieved using CeO2,
0.5SO4

2−/CeO2, 1.0SO4
2−/CeO2, and 2.0SO4

2−/CeO2, respectively.
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Figure 7. (a) UV spectra of the 2,4-D photodegradation using 1.0SO4
2−/CeO2 photocatalyst, and

(b) variation of the relative concentration of 2,4-D as a function of reaction time using materials studied.

As can be seen in Figure 7b, the 1.0SO4
2−/CeO2 material shows significant adsorption

at 30 min in the dark. To confirm the behavior of the sulfated material with an anion
content of 1.0 wt.% in the adsorption process, the herbicide degradation reaction was
conducted under the experimental conditions described in the methodology, in the absence
of radiation. The results indicated that after 30 min of reaction, the pollutant was adsorbed
by the material; however, no further decrease in concentration was observed over time. This
suggests that the material has reached its adsorption equilibrium or maximum capacity,
and extending the time in the dark may not lead to a significant reduction in herbicide
concentration. UV spectra of the 2,4-D adsorption using the 1.0SO4

2−/CeO2 photocatalyst
and the comparison between the adsorption and the photocatalytic degradation of the
herbicide are shown in Figure 8.

 

Figure 8. (a) UV spectra of the 2,4-D adsorption using 1.0SO4
2−/CeO2 photocatalyst. (b) Comparison

between the adsorption reaction and the photocatalytic degradation of the 2,4-D herbicide.

Based on the results obtained from the evaluation of the photocatalytic behavior of the
studied materials, it was observed that the degradation of 2,4-D acid follows a first-order
kinetic behavior. The values of the kinetic constants, as well as the half-life time (t1/2) and
the coefficient of linearization R2, are detailed in Table 2.
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Table 2. Kinetic parameters of the herbicide’s photocatalytic degradation using the materials studied.

Photocatalyst
2,4-Dichlorophenoxyacetic Acid

k (×10−3 min−1) t1/2 (min) R2

CeO2 5.5 126 0.972
0.5SO4

2−/CeO2 5.8 119 0.970
1.0SO4

2−/CeO2 8.6 80 0.989
2.0SO4

2−/CeO2 6.9 100 0.982

As can be seen, a higher photodegradation rate and a shorter half-life time (t1/2)
were recorded when using the 1.0SO4

2−/CeO2 photocatalyst. The reaction rate constant
when employing the material with a 1.0 wt.% anion content is 1.6 times higher than that
obtained using the CeO2 support, indicating that sulfation enhances the degradation rate
of the contaminant.

Mineralization of the contaminant was analyzed by measuring the percentage of
residual total organic carbon (TOC) content after 180 min of reaction. Conducting the
reaction in the absence of a photocatalyst results in approximately a 2% TOC removal;
however, using CeO2 as a support promotes a 28% removal. On the other hand, employing
modified materials achieves a TOC removal of 25%, 50%, and 31% for 0.5SO4

2−/CeO2,
1.0SO4

2−/CeO2, and 2.0SO4
2−/CeO2, respectively.

Based on the results obtained, the suitability of modifying the CeO2 support via
surface sulfation was confirmed, as it enhanced its photocatalytic properties, resulting in
increased effectiveness in degrading the contaminant and the percentage of mineralization
of this herbicide. Additionally, it was shown that a 1% sulfate anion content is optimal
for promoting higher photodegradation of the compound. Through FTIR results, it was
possible to confirm the bidentate coordination of the SO4

2− groups on the semiconductor
surface, which could act as electron collectors during photocatalytic activation, thereby
decreasing carrier velocity and increasing herbicide degradation.

In this regard, the photocatalytic degradation of the herbicide 2,4-D using the 1.0SO4
2−/

CeO2 material is depicted in Figure 9. Once the photocatalyst is irradiated, electron–
hole pairs are generated; the photogenerated electrons are attracted to the sulfate groups
anchored on the semiconductor surface, acting as trap centers for these charge carriers.
Adsorbed oxygen (O2) is then reduced through interaction with the electrons, leading to the
formation of superoxide radicals (O2

•−). Consequently, the photogenerated holes remain
available in the semiconductor to undergo reactions with hydroxyl groups from water,
facilitating the formation of hydroxyl radicals (•OH), which are responsible for degrading
the organic contaminant.

 
Figure 9. Representation of the photocatalytic process in the degradation of 2,4-D using the
1.0SO4

2−/CeO2 material.
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However, the results also demonstrated that sulfate anion concentrations exceeding
1.0 wt.% exert a negative effect on the photoactivity. This could be attributed to a significant
coverage of the active sites on the semiconductor, hindering effective interaction between
the contaminant and the photocatalyst. Similar findings have been observed by other
researchers in sulfated metal oxide materials [42].

2.3. Response Surface Methodology (RSM)

The randomly chosen photocatalyst was 1.0SO4
2−/CeO2, which was utilized in the

central composite design with a constant reaction time of 180 min. Experiments were
randomized using the following code in RStudio software (https://posit.co/download/
rstudio-desktop/). Several models were explored, and among them, the one showing
the best fit was obtained from the CCD matrix. This matrix was constructed with the
13 randomized experiments, and the results along with predicted values are detailed in
Table 3.

Table 3. Experiment randomization for response surface design.

Test N◦ Catalyst
Mass (x1)

Contaminant
Concentration (x2)

%Y
Calculated

%Y
Experimental

%
Error

1 (−1) 50 (−1) 25 71.9 71 1.22
2 (1) 150 (−1) 25 80.2 79 1.48
3 (−1) 50 (1) 55 72.5 65 10.3
4 (1) 150 (1) 55 80.8 69 14.6
5 (−0.5) 10 (0) 40 52.1 73 40.2
6 (0.5) 190 (0) 40 67.0 75 11.9
7 (0) 100 (−0.5) 5 46.9 64 36.6
8 (0) 100 (0.5) 75 48.3 60 24.3
9 (0) 100 (0) 40 96.9 92 5.09

10 (0) 100 (0) 40 96.9 91 6.12
11 (0) 100 (0) 40 96.9 93 4.06
12 (0) 100 (0) 40 96.9 92 5.09
13 (0) 100 (0) 40 96.9 90 7.15

Values exceeding a 10% error may be attributed to significant changes in reaction
conditions. These changes can induce effects external to the reaction itself. For example,
an excess of material may lead to shielding phenomena in the reaction, resulting in not
only photocatalytic but also catalytic processes, altering the degradation mechanisms of the
molecule [43]. In situations where there is an excess of photons and a shortage of material
capable of capturing them and generating charged species responsible for degrading the
contaminant, the removal efficiency of the contaminant is limited [44]. Additionally, at
low contaminant concentrations, the interaction between it and the photocatalyst may
be restricted due to the limited availability of contaminant molecules, competition with
other species, secondary reactions, and reduced quantum efficiency, resulting in limited
removal efficiency of the contaminant through photocatalytic processes [43]. On the other
hand, discrepancies between calculated and experimental values may be due to random
laboratory errors. These errors, occurring unpredictably, may result from variations in
environmental conditions, fluctuations in measurement instruments, and random human
errors, among other factors. Although they can be minimized, it is difficult to eliminate
them, and they cannot be fully controlled.

During the analysis of variance (ANOVA), the factors under study and their interac-
tions were explored, and their influence on the variable of interest was examined. Table A1
presents the analysis results (Appendix A), providing a detailed view of how each variable
contributes to the proposed model.
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Based on the data analysis an empirical quadratic equation was proposed for the
photocatalytic degradation of 2,4-D using the photocatalyst 1.0SO4

2−/CeO2:

Y% = −22.782 + (1.0057)× M + (3.2438)× C − (0.0046131)× M2 − (0.040299)× C2 (1)

In the presented equation, Y% denotes the degradation percentage, while M and
C represent the catalyst mass and the contaminant concentration, respectively. Upon
examining the regression coefficients in Equation (1), it is observed that the value associated
with C (3.2438) is considerably larger than the value associated with M (1.0057). This
suggests that the contaminant concentration (C) has a more significant impact on Y%
compared to the catalyst mass (M). The analysis of the variance of the data supports
this conclusion, showing an F-value for the model of 35.5 and a P-value for the model fit
(0.0001973 < 0.05), confirming consistency between the proposed equation and experimental
data. Furthermore, the influence of variables M and C on the degradation percentage (Y%)
is depicted in Figure 10a,b, where it can be observed that the maximum value for Y% is
achieved when the concentration of 2,4-D and the mass of the photocatalyst are 38.5 ppm
and 103.4 mg, respectively (optimal conditions).

 
(a) (b) 

Figure 10. (a) Surface plots and (b) contour plots representing the effect of 2,4-D concentration and
photocatalyst mass on the degradation percentage.

2.4. Reuse of the 1.0SO4
2−/CeO2 Photocatalyst in the Degradation of 2,4-Dichlorophenoxyacetic Aacid

The reusability of the 1.0SO4
2−/CeO2 photocatalyst was evaluated over three photo-

catalytic cycles under identical conditions, reintroducing the recovered solid into a new
solution of 2,4-dichlorophenoxyacetic acid. The results, depicted in Figure 11, show that
the photodegradation of 2,4-D experiences a decrease, with degradation percentages of
95%, 85%, and 71% for each cycle, respectively, after 180 min of reaction. In terms of the
percentage of removal of the total organic carbon (TOC) content, values of 50%, 42%, and
32% were observed in the three cycles, respectively.
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Figure 11. Reuse of the 1.0SO4
2−/CeO2 photocatalyst in the photocatalytic degradation of 2,4-

dichlorophenoxyacetic acid (2,4-D).

Figure 12 shows the ATR-FTIR spectra of the 1.0SO4
2−/CeO2 material reused in the

cycle experiments and the material used in the adsorption test. As can be seen, the intensity
of the signal associated with the vibrational mode of the Ce-O-Ce bonds at 1320 cm−1

decreases as a function of the reuse cycles.

−

−

−

− −

Figure 12. ATR-FTIR spectra of the 1.0SO4
2−/CeO2 material reused in the cycle experiments and the

material used in the adsorption test.

These results could be related to the permanent adsorption of the herbicide or the
degradation intermediates formed on the material surface during each reaction cycle. To
corroborate this information, the ATR-FTIR spectrum of the material collected after the
adsorption study was analyzed and it is shown in Figure 12. The spectrum reveals the
decrease in the intensity in the signal located at 1320 cm−1, which suggests that the Ce-
O-Ce sites are probably responsible for the pollutant adsorption. Thus, the progressive
decrease in the percentage of degradation as the cycles increase would be related to the
lower availability of the sites (Ce-O-Ce) for herbicide adsorption.
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3. Materials and Methods

3.1. Synthesis of the Photocatalysts

The CeO2 support was synthesized by slowly adding a 0.33 M sodium hydroxide
(NaOH) solution to a solution prepared with 4.34 g of cerium (III) nitrate hexahydrate
(Ce(NO)3·6H2O) and 2.19 g of cetyltrimethylammonium bromide (CTAB) in 200 mL of
distilled water. The mixture was continuously stirred at 300 rpm for 24 h. Subsequently, the
solution was thermally treated at 90 ◦C for 3 h, forming a precipitate, which was filtered
and washed using hot water. The material was dried at 100 ◦C for 6 h, ground, and then
calcined at 450 ◦C for 4 h.

The sulfation procedure of the support was carried out by adding 1 g of CeO2 into a
beaker and 20 mL of distilled water was added. Then, the appropriate amount of 0.1 M
sulfuric acid (H2SO4) solution was added to achieve sulfate ion concentrations of 0.5%, 1.0%,
and 2.0 wt.%, respectively. The solution was stirred for 12 h at 400 rpm, and subsequently
dried for 12 h at 85 ◦C. The material was then ground to obtain a fine powder and finally
calcined at 450 ◦C for 2 h. The catalysts were labeled as 0.5SO4

2−/CeO2, 1.0SO4
2−/CeO2,

and 2.0SO4
2−/CeO2. The sulfate anion contents were selected based on recent studies with

similar materials, where it was shown that the surface modification of the semiconductors
such as TiO2 and CeO2 with sulfate, fluoride, and phosphate anions in contents higher than
2.0 or 3.0 wt.% does not cause photocatalytic activity, which is associated with a hindered
effective interaction between the pollutant with the semiconductor, which leads to a decline
in photoactivity [6,17,45,46].

3.2. Charactherization of the Photocatalysts

The photocatalytic materials were characterized using various techniques to determine
their physicochemical properties. The crystalline structure and crystallite size of the
materials were obtained from X-ray diffraction (XRD) analyses performed using a Bruker
2D Phaser instrument irradiated with Cu Kα radiation (Bruker Corporation, Billerica, MA,
USA), considering the range of 10 to 80◦. The textural properties of the solids were obtained
through nitrogen physisorption analysis at −196 ◦C. For this purpose, the materials were
degassed at 200 ◦C for 6 h and analyzed using an ASAP 2020 porosimetry instrument
(Micromeritics Instrument Corporation, Norcross, Georgia, EE. UU). The values of specific
surface area were calculated using the BET method, and the average pore sizes were
determined using the BJH method applied to the desorption branch of the isotherms.
Fourier transform infrared (FTIR) spectroscopy analyses were performed using a Thermo
Scientific Nicolet iS50 FTIR spectrometer equipped with an attenuated total reflectance
(ATR) device (Thermo Scientific, Waltham, MA, USA), considering a range between 4000 to
200 cm−1, a resolution of 8 cm−1, and 32 scans. The band gap energies (Eg) of the materials
were determined from UV-Vis spectra obtained using an Evolution 300 spectrophotometer
with a Praying Mantis accessory (Thermo Scientific, Waltham, MA, USA), in the range
of 200 to 700 nm. BaSO4 was used as a reference material. Additionally, the materials
were studied using thermogravimetric analysis (TGA) performed on thermal analyzer DTA
DSC SETARAM 1600 (SETARAM Instrumentation, Lyon, France), in a temperature range
between 20 to 800 ◦C, employing a heating rate of 10 ◦C/min. Photoluminescence analyses
were conducted on the synthesized samples using a Scinco FS-2 fluorescence spectrometer
(Scinco, Seoul, Republic of Korea). Excitation occurred at a wavelength of 254 nm, with
readings taken within the 300 to 700 nm range.

3.3. Evaluation of the Photocatalytic Activity

The photocatalytic behavior of the series of sulfated CeO2 materials was studied in the
photocatalytic degradation of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). For this
purpose, 200 mL of an aqueous solution with a concentration of 40 ppm of the herbicide and
100 mg of the photocatalyst were added to a glass reactor. The suspension was continuously
stirred at 700 rpm, bubbled with airflow, and irradiated with a high-pressure mercury lamp
emitting at 254 nm with an intensity of 4.4 mW, protected with a quartz tube and immersed
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in the solution. To achieve an adsorption–desorption equilibrium of the corresponding
acid on the surface of the photocatalyst, the suspension was kept in darkness for the first
30 min of the reaction. Then, it was irradiated, and samples were taken every 30 min for
3 h. The samples were filtered using a 0.45-micron membrane filter and analyzed by UV
spectrophotometry using an Evolution 300 instrument. The mineralization process was
monitored by determining the samples’ residual total organic carbon (TOC) content.

3.4. Experimental Design-Data Analysis

A central composite design (CCD) and response surface methodology (RSM) were
employed to model and optimize the photocatalytic degradation of 2,4-D. The variables
under study were the catalyst mass (x1) and the 2,4-D concentration (x2). The percent-
age degradation of 2,4-dichlorophenoxyacetic acid (Y%) after 180 min of treatment was
considered the response variable, according to Equation (2):

Y(%) =

[
Co − Ct

Co

]
× 100 (2)

where Co is the initial concentration of 2,4-D in ppm and Ct is the concentration after
photocatalytic treatment (ppm). In the experimental design, low (−1) and high (+1) levels
were considered, as well as central points (0), for the investigated independent variables. A
total of 13 experiments were conducted using this dataset to optimize the response of the
percentage of photocatalytic degradation of 2,4-D.

The statistical analysis was performed using RStudio software, employing a second-
order polynomial response equation (Equation (3)) to correlate the response variable with
the independent variables:

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i +

k

∑
i=1

k

∑
<j=1

βijxixj + ε (3)

The response variable Y represents the degradation percentage, while β0 denotes the
constant term. The regression coefficients, βi, βii, and βij indicate the linear, quadratic,
and interaction effects, respectively, where xi and xj represent the independent variables.
Additionally, ε represents the random error term in the model. The data were analyzed
through an analysis of variance (ANOVA) based on the proposed model and subsequently
evaluated. The precision and applicability of the polynomial model were determined using
the coefficient of determination (R2, adjusted R2), while statistical significance was verified
through F values (Fisher’s variation coefficient) and P-values. All terms of the model were
assessed at a significance level of 95%. Additionally, response surface and contour plots
were generated to visualize the interaction effects between the independent variables on
the degradation of 2,4-D.

4. Conclusions

The photocatalytic activity of a series of sulfated CeO2 materials during the degra-
dation of the herbicide 2,4-dichlorophenoxyacetic acid using ultraviolet radiation was
explored. Characterization of the materials confirmed the effect of surface sulfation of
the semiconductor on the textural and structural properties of the support. Specifically,
the anchoring of sulfate groups on the surface of CeO2 in a bidentate mode was shown,
promoting an increase in the surface area of the materials, which enhances the adsorp-
tion and subsequent degradation of the contaminant. Additionally, the role of sulfate
groups as traps for photogenerated electrons was confirmed, leading to a reduction in the
recombination rate of charge carriers. Finally, the effect of the percentage of sulfate anion
on the photocatalytic activity was observed, with an optimal content of the anion at 1.0
wt.%, suggesting that higher amounts could generate recombination centers, leading to a
decrease in herbicide degradation.
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Appendix A

Table A1. Analysis of Variance (ANOVA).

Calculated Standard Error t-Value Pr (>|t|)

(Intercept) −22.782 12.182 −1.8701 0.1106605
Block 2 19.766 3.5074 5.6355 0.0013366
Mass 1.0057 1.2655 × 10−1 7.9473 0.0002111

Concentration 3.2438 3.4174 × 10−1 9.4919 7.791 × 10−5

Mass:Concentration −1.3333 × 10−3 1.9027 × 10−3 −0.7008 0.5097046
Mass2 −4.6131 × 10−3 4.9778 × 10−4 −9.2673 8.923 × 10−5

Concentration2 −4.0299 × 10−2 3.4945 × 10−3 −11.5321 2.5560 × 10−5

R2 = 0.9726 R2 adjusted = 0.9452 p-value: 0.0001973
F-Statistic: 35.5

The stationary point of the response surface:
OPTIMAL CONDITIONS

Mass (mg)
103.3840

Concentration (ppm)
38.53572
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Abstract: Sillenite materials have been the focus of intense research in recent years due to their unique
properties and distinct structure with the I23 space group. This electronic structure has reflected
high-quality applications and results for some environmental processes such as photocatalysis. This
paper investigates the synthesis of a new sillenite, Bi12SnO20, and its characteristics, emphasizing its
potential for photocatalytic applications. The sillenite Bi12SnO20 has been synthesized through the
co-precipitation method by mixing the appropriate ratio of Bi and Sn ions. The obtained particles
after precipitation and drying were characterized by thermogravimetric analysis (TGA) and then
calcined at different temperatures based on this analysis. The phase has been identified by structural
analysis using X-ray diffraction (XRD), and its morphology after identification was carried out by
scanning electron microscopy (SEM). The calcination temperature has been found to have a critical
role in obtaining the phase, where the phase was found to be formed at temperatures between
310 and 400 ◦C and changed to other phases within higher temperatures. The physicochemical
properties of this sillenite were also studied by Fourier-transform infrared spectroscopy (FTIR) and
UV Visible Spectrometer (UV-Vis). To study the obtained phases at different calcination temperatures,
performance testing was performed under visible light to remove different contaminants, which are
Tetracycline, Bisphenol A, and Rhodamine B. The phase Bi12SnO20 obtained at 350 ◦C with a catalyst
dose of 1 g/L showed the highest performance for removing these pollutants with concentrations
of 20 mg/L, with an efficiency of almost 100% within 2 h. This work will be useful as an important
resource and strategy for the development of this sillenite material in its pure phase.

Keywords: sillenite; synthesis; calcination temperature; characterization; photocatalysis

1. Introduction

The catalysts’ core metal ion is one of the most important components in the creation
of effective photocatalysts [1,2]. As the metal core of catalysts, bismuth ions have attracted
a lot of attention recently because of their many unique characteristics, including their
high chemical stability, strong light absorption, low rate of pair recombination, and small
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band gap [3]. Currently, bismuth sillenites, with the chemical formula Bix[M]Oy (M is
the core metal), have been identified as materials with high photocatalytic potential [4].
Among them, ideal sillenite, Bi12[M]O20, has been studied the most [5,6]. Researchers have
recently become interested in ideal sillenite materials because of their optical properties
and photocatalytic potential [3,7], and they are considered desirable materials for a range of
potentially beneficial applications, such as photocatalysis and other photonic domains [8,9].

Although numerous recent studies conducted by researchers have synthesized and
examined bismuth sillenites as catalysts, the sillenite composed of bismuth (Bi) and tin (Sn),
two of the most preferred ions for producing catalysts [10,11], has not yet been studied due
to the challenges associated with its synthesis, including perceived difficulties in prepara-
tion and instability. In a study by Rafael et al., they found Bi1 nO20 as an impurity during
the synthesis of Bi2Sn2O7 [12]. It was also claimed that Bi12SnO20 demonstrates instabil-
ity and is difficult to synthesize, requiring quenching, which would limit its widespread
investigation and application. In another study by Aming Lin et al. [13], it is stated that
Bi12SnO20 has not been studied in terms of its properties, except for sporadic reports on
its possible existence. By theoretical analysis, they explained the lack of comprehensive
research on this sillenite can be attributed to its high formation energy, as indicated by
its high ΔG value (Gibbs free energy). This formation energy can be influenced by the
stability of the binary oxide SnO2, since SnO2 is highly stable, which makes the formation of
Bi12SnO20 energetically unfavorable. Other studies have reported the presence of sillenite
Bi12SnO20 as an unintended byproduct during the synthesis of other materials [14–16].
However, these studies did not delve into a dedicated investigation or understand its
characteristics.

In the context of synthesizing the novel sillenite Bi12SnO20 and investigating its activ-
ity, the co-precipitation method was used. Thermogravimetric analysis (TGA) was utilized
to analyze the powder that was obtained after the coprecipitation in order to determine the
phases that had formed. X-ray diffraction analysis (XRD) was then employed to determine
the phase. Further characterization techniques were employed to examine its optical charac-
teristics, composition, and features. To comprehend the phase formation, the photocatalytic
performance of this material was assessed using three distinct pollutants: Tetracycline,
Bisphenol A, and Rhodamine B, with the sillenite at varying calcination temperatures.
Finally, this investigation ended with perspectives that offered broad recommendations. To
our knowledge, no study has been carried out yet concerning the synthesis of the sillenite
Bi12SnO20 and its use for photocatalysis applications.

2. Materials and Methods

2.1. Chemicals

The chemicals used in the synthesis of sillenite were Bi(NO3)3·5H2O (Chem-Lab,
Zedelgem, Belgium, 98%), SnCl4 (Sigma Aldrich, Saint Louis, MO, USA, 98%), nitric acid
HNO3 (Sigma Aldrich, 60%) and NaOH (Fluka, Buchs, Switzerland, ≥97%). Tetracycline,
Bisphenol A, and Rhodamine B were sourced from a pharmaceutical company in Canada.
Distilled water was used as a solvent.

2.2. Preparation of the Sillenite Bi12SnO20

In order to create the sillenite, bismuth nitrate [Bi(NO3)3·5H2O] and Tin(IV) chloride
SnCl4 were combined in stoichiometric proportions and dissolved while being stirred in
10% nitric acid. The solutions were then heated to 50 ◦C for an hour on a hot plate. Then, the
mixture was mixed with the NaOH (6 M) solution to bring the pH for precipitation to levels
between 9 and 10. Once the pH was reached, white precipitation was observed. Following
that, the precipitate was removed and repeatedly cleaned with distilled water before being
dried in an autoclave for twenty-four hours at 120 ◦C. After this procedure, an amorphous
powder was produced. After being ground in an agate mortar to a homogeneous powder,
the mixture was calcined for 6 h at various temperatures. The final product after calcination,
which had a whitish-yellow color, was passed on for optical and structural characterization
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and phase identification. The preparation process to obtain Bi12SnO20 sillenite is shown in
Figure 1.

Figure 1. Co-precipitation synthesis of sillenite-type Bi12SnO20.

2.3. Characterization

Thermogravimetric analysis (TGA) was performed using a PerkinElmer Diamond
TGA/DSC apparatus, the sample weight was 12.232 mg, and it was held at 50.00 ◦C for
1 min, then heated from 50.00 ◦C to 800.00 ◦C at a rate of 10.00 ◦C/min. After reaching
800.00 ◦C, the sample was cooled back to 50.00 ◦C at a rate of 20.00 ◦C/min. X-ray
diffraction (XRD) analysis was performed using a Rigaku MiniFlexTM 600 diffractometer
using filtered Cu Ka radiation (1.540593 Å) at an accelerating voltage of 40 kV. Fourier
Transformed InfraRed Spectrometer (FTIR) analysis was performed using Cary 630 Agilent.
The morphology of the samples, along with energy dispersive X-ray (EDX) analysis and
mapping, was characterized using a Scanning Electron Microscope (SEM, Hitachi SU3500,
Tokyo, Japan). UV-Vis diffuse reflectance spectra were recorded on a SHIMADZU (Tokyo,
Japan) UV-2550 spectrophotometer with an integrating sphere.

2.4. Photocatalytic Application

To evaluate the photocatalytic performance of the materials at each calcination tem-
perature, three hazardous and non-biodegradable pollutants, i.e., Rhodamine B, Bisphenol
A, and Tetracycline, were examined. The photocatalytic removal tests were conducted
using a photoreactor equipped with 60 W high-intensity 5000K LEDs that were purchased
from a local store. An amount of 5.0 mg of the catalyst powder (1 g/L) was mixed with
5.0 mL of the pollutants (20 mg/L as inlet concentration) to investigate the photocatalytic
efficiency of the materials. After that, the mixture was continuously stirred at a speed
of 300 rpm. Before starting the photocatalytic process and irradiation, it was crucial to
examine the catalyst’s adsorption of the materials by mixing the pollutant samples with it
in a dark environment for two hours to preserve the equilibrium between adsorption and
desorption [17]. An air-cooling system was used to maintain a nearly constant temperature
at 25 ◦C throughout the photocatalytic process. The photoreaction was carried out for 2 h.
A Cary 60 UV-Vis Spectrophotometer was used to monitor the pollution concentrations.
Using Equation (1), the removal efficiency both in the dark and under irradiation was
assessed, and Equation (2) was used to study the kinetics using the pseudo-first-order
kinetic model.

Removal efficiency (%) =
(C0 − Ct)

C0
× 100% (1)
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ln
C0

Ct
= kapp(t) (2)

C0 is the initial concentration of the pollutants, and Ct is the concentration on the time
(t), kapp is the apparent pseudo-first-order rate constant represented in min−1.

3. Results and Discussion

3.1. Characterization of the Materials
3.1.1. Phase Identification and Structural Investigation

The thermogravimetric analysis (TGA) and derivative curve (DTG) shown in Figure 2
have been used to study the thermal transitions and phase changes in the materials. The
peak at 100.15 ◦C in the derivative curve is attributed to the evaporation of water in an
endothermic reaction, which is accompanied by weight loss at this stage. The peaks at
212.83 ◦C and 307.55 ◦C can be associated with denitrification and nitrate decomposition
as exothermic reactions [18,19], whereas the significant peak at 307.55 ◦C accompanied
by the mass loss and significant exothermic effect can be due to the decomposition of
hydroxide of bismuth tin mixture (Bi1 n(OH)20) into oxide (Bi12SnO20) where the material
started to crystallize [20,21]. It can be observed that a phase has been reached after a
temperature of 310 ◦C. A chemical reaction occurs with a significant downward peak at
481 ◦C accompanied by significant weight loss, which is associated with an endothermic
melting reaction. Within this temperature, the obtained phase has been transformed into
other phases stable across higher temperatures. Based on the derivative curve results, the
Bi12SnO20 phase can be obtained at temperatures between 310 and 400 ◦C in air and this is
in line with the literature [22]. To maintain a sufficient temperature and prevent phase loss,
a calcination temperature of 350 ◦C was selected to be investigated.

 

Figure 2. Thermogravimetric analysis and derivative curve of the amorphic powder before calcination.

X-ray diffractometry (XRD) was used to study the development of the sillenite phase.
The nature of the phases generated after a calcination temperature of 310 ◦C has been further
investigated. Figure 3 displays the usual XRD patterns of Bi-Sn powder that has been
calcined at 350 ◦C and 600 ◦C. In the sample that calcined at 350 ◦C, crystalline sillenite
nanoparticles of Bi12SnO20 were identified by comparing them to the calculated sillenite phase
XRD generated by Vista software (ver. 3.5.8), and the results were in good agreement with
the international card ASTM 054-1004 [14]. However, the phase was not pure, and some
impurities such as Bi64SnO98 were also observed. In this calcination temperature, there is
the possibility of the formation of Bi12Sn(OH)20 as another impurity due to the presence of
the undecomposed hydroxyl group product –OH at low temperatures. The XRD pattern
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of the sample calcinated at 600 ◦C shows sharper and narrower diffraction lines, a mixed
phase of SnO2 (JCPDS No. 41-1445 [23]), tetragonal Bi2O3 (JCPDS No. 78-1793 [24]), Bi2O3
doped Sn, and other new phases such as Bi2Sn3O9 and Bi2Sn2O7 [12,15,16]. The material
calcinated at this temperature was not identical to the calculated XRD of the sillenite Bi12SnO20.
According to the TGA/DTG and XRD analysis, it can be concluded that the sillenite phase
formed between the temperatures 310 and 400 ◦C, and it is unstable, whereby increasing the
temperature causes the decomposition and melting of the phase and leads to the formation of
other stable compounds such as SnO2, which is stable at high calcination temperatures. Based
on the strongest diffraction lines in the XRD at 350 ◦C, the average size of the nanocrystals in
the obtained phase was determined to be D = 34.215 nm. This was calculated using the full
width at half maximum (β, in radians) and the Debye–Scherrer equation.

Figure 3. XRD analysis of Bi-Sn powder calcinated at 350 ◦C and 600 ◦C.

In order to investigate if the temperature of the calcination 350 ◦C is sufficient for
the development of sillenite catalysts, Fourier Transform Infrared (FT-IR) has been inte-
grated [23]. This temperature was selected based on XRD where the appropriate calcination
temperature at which the sillenite crystalline nanoparticles were detected. The spectra
illustrated in Figure 4 show the contents of the sample after 350 ◦C calcination over the
range of 700–3600 cm−1, and the focus was on this area in order to investigate the remaining
impurities such as nitrates in the phase post-calcination. In general, the metal oxide bonds
Sn–O and Bi–O are frequently detected by absorption peaks in the 500–700 cm−1 region,
as already demonstrated in the literature [25,26]. The stretching vibration of hydroxyl
groups and the deformation vibration of adsorbed water molecules, respectively, are re-
sponsible for the absorption peaks around 3400 cm−1 and 1600 cm−1, respectively [27].
The remaining nitrates in the sample were responsible for the broadband absorption peaks
at 1300–1400 cm−1 (N–O asymmetric stretching) [28], 1040 cm−1 (N–O symmetric stretch-
ing) [26], and 840 cm−1 (N–O bending vibrations) [29]. The presence of nitrates in the
sample was expected since the remaining nitrogen after thermal treatment cannot be com-
pletely removed by calcination at 350 ◦C, and if higher heat is used during calcination, the
sillenite phase may be lost, which is a limitation in obtaining this phase.
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Wavenumber cm
1

Figure 4. FTIR spectra of the sillenite Bi12SnO20 calcinated at 350 ◦C.

3.1.2. Morphology Investigation

The morphology of the particles calcined at 350 ◦C is depicted in the scanning electron
microscope (SEM) image in Figure 5a. The figure shows that the powder consists of irregular
sub-micron aggregate grains, dispersed throughout the agglomerate in a nearly orderly
manner, often forming a sphere-like geometry. The particles forming the agglomeration are
less than 1 μm and are confirmed to be nanoparticles, which aligns with the XRD-calculated
crystallite size. It is also evident from the morphology that the sample is porous, which
promotes both photocatalysis and adsorption. Additionally, the EDX spectra were used to
examine the elemental composition. The representative EDX spectrum of the nanoparticles
is shown in Figure 5b. Several distinct lines detected the elements O, Sn, and Bi. The
measured average content ratios of O/Sn and Bi/Sn were 8.45 and 15.55, respectively,
which is close to the theoretical value found in the Bi12SnO20 formulas.

(a) (b)

Figure 5. (a) SEM images and (b) EDX analysis of Bi12SnO20 calcinated at 350 ◦C.

The mapping analysis depicted in the images in Figure 6 demonstrates a homogenous
distribution of the elements throughout the sample. This finding confirms the successful
formation of homogeneous phases within the material. Additionally, this homogeneous
distribution demonstrates that the Sn and Bi oxides have not significantly existed in the
sample; instead, they have formed the sillenite phase. This uniformity ensures predictable
and reliable performance in the application of this material.
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(a) (b) (c)

Figure 6. Mapping analysis of the elements (a) Sn, (b) Bi, and (c) O for the sillenite Bi12SnO20.

3.1.3. Optical Study

The optical characteristics of photocatalyst materials are important information for
their application, and the band gap energy is one of the parameters controlling the photo-
catalytic activity [30]. UV–Vis diffuse reflectance spectra of Bi12SnO20 at room temperature
are shown in Figure 7a. The reflectance spectrum of Bi12SnO20 exhibits a sharp increase
before 470 nm. This falls higher than the ultraviolet (UV) region (>400 nm), which suggests
that this catalyst can also absorb visible spectrum rather than only the UV region. Tauc’s
formula (Equation (3)) can be used to determine the energy bandgap (Eg)—a significant
parameter that can be used to describe the optical properties of photocatalysts. The Eg

value can be calculated by the intercept of the linear plots of direct transition (αhν)2 with
the hν-axis (Figure 7b).

(αhν)2 = K
(
hν − Eg

)
(3)

where hν is the photon energy, α is the absorption coefficient and K is the constant relative
to the material type.

(a) (b)

Figure 7. (a) Diffuse reflectance spectrum, (b) Tauc plot for measurement of the band gap of Bi12SnO20.

The slope of the linear part suggests the band gap energy of Bi12SnO20 powder is
2.86 eV, which matches previous reports [11,31]. This value of Eg can be favorable for
photo generation upon photoexcitation, even with visible light (Eg < 3). Therefore, the
Bi12SnO20 catalyst has the ability of photocatalytic degradation with both visible light and
UV light irradiation.

3.2. Material Performance Tests

Following the examination of the characteristics of the Bi-Sn materials after their
calcination at varying temperatures, a sequence of experiments was conducted to assess
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their effectiveness and potential applications for treating various contaminants. Before per-
forming the photocatalytic degradation tests under irradiation, these experiments involved
assessing the materials under dark adsorption tests at different temperatures. Figure 8
presents the efficiency of removal under irradiation as well as the adsorption efficiency
after 1 h for the material Bi-Sn calcinated at 300, 350, 400, 500, and 600 ◦C for 6 h. The exper-
iments were performed with an initial concentration of 20 mg/L with the materials added
to the solution with a catalyst dose of 1 g/L and a reaction time of 1 h in the dark and under
irradiation. These experiments showed that Tetracycline and Bisphenol A had slightly
high adsorption efficiencies in dark conditions under different calcination temperatures,
but Rhodamine B had low adsorption efficiency. In contrast, when exposed to radiation,
the materials underwent considerable increases in the removal of all contaminants under
certain conditions, albeit with variations across different temperatures. With all studied
pollutants, almost the same behavior was recorded, where the photocatalytic activity of
the Bi-Sn material increased with the calcination temperature, peaking at 350 ◦C, and then
decreased with further temperature increases. The removal efficiency after 1 h of reaction
for the Bi-Sn sample calcined at 350 ◦C for Rhodamine B, Bisphenol A, and Tetracycline
were 98.92, 95.04 and 76.97% respectively. These results suggest that at 350 ◦C, there is a
phase that can be activated by light to generate radicals, and that phase, as XRD showed, is
the sillenite Bi12SnO20. Samples that are calcined above 350 ◦C exhibit lower photocatalytic
activity as a result of the loss of this phase. The XRD analysis indicates that the phase has
nearly completely disappeared after calcining at 600 ◦C, which likely contributed to the
decreased photocatalytic efficiency. The enhanced efficiency of phase Bi12SnO20, which
was detected at 350 ◦C, was higher than that of SnO2 and Bi2O3, which were detected at
600 ◦C. This may be because Bi12SnO20 has a greater absorption of incident visible light,
which results in the generation of more photogenerated electrons to improve the efficiency
of charge separation. This, in turn, enhances the photocatalytic activity, as demonstrated
by UV–Vis diffuse reflectance spectra. The improvement in removal performance can also
be attributed to several factors such as particle size, morphology, porosity, crystallinity,
and surface area [32–35]. However, in this material, the difference is mainly due to phase
transformation as it is a total phase change, and for that, the calcination temperature played
a crucial role in determining the efficiency of the samples. The results obtained from
this application were in line with previous reports about similar materials [36–38]. From
the data and results shown in Figure 8, we can conclude that the calcination at 350 ◦C is
identified as the optimum temperature for sillenite Bi12SnO20, where the catalyst exhibited
the highest catalytic activity, avoiding the phase transformation that reduces photocatalytic
efficiency, and the enhanced photocatalytic activity could be attributed to the presence of
the Bi12SnO20 phase within this temperature.

 
(a) (b) (c) 

Figure 8. Adsorption and removal efficiency of the system Bi-Sn as a function of the calcination
temperature for (a) Rhodamine B (b) Bisphenol A (c) Tetracycline, [Pollutants]0 = 20 mg/L, catalyst
dose 1 g/L, Reaction time 1 h.
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Bi-Sn material calcined at 350 ◦C, which exhibits the dominant phase sillenite Bi12SnO20,
has demonstrated an effective removal for the removal of Tetracycline, Bisphenol A, and
Rhodamine B. Thus, a kinetic study has been conducted using this material for the removal
of these pollutants. The kinetics of photodegradation of these pollutants on the sillenite can
be described by a pseudo-first-order reaction model (PFO). Figure 9 shows the kinetic data
of the removal of the three pollutants that were fitted with the first-order model, and as can
be seen, the sillenite Bi12SnO20 calcined at 350 ◦C demonstrated a strong photodegradation
rate and nearly a total removal of the three pollutants within two hours.

Figure 9. Removal kinetics of the pollutants using sillenite Bi12SnO20, [concentration]0 = 20 mg/L
and catalyst dose 1 g/L.

From the fitting with the PFO model, the reaction rate constant (k) and correlation
coefficient (R2) were calculated and are summarized in Table 1. The slight differences in
reaction rate constants between the three pollutants may be attributed to factors such as
chemical structure, stability, and adsorption affinity on the photocatalyst surface. Specifi-
cally, Tetracycline’s complex structure and large molecular size likely contribute to its lower
reaction rate constant compared to other pollutants.

Table 1. Kinetic parameters of the pseudo-first-order model for the removal of pollutants using the
sillenite Bi12SnO20.

Pollutant kapp (min−1) R2

Rhodamine B 0.042 0.99
Bisphenol A 0.04 0.99
Tetracycline 0.026 0.99

4. Conclusions

This study successfully obtained the challenging sillenite material Bi12SnO20 via a
co-precipitation method. Thermogravimetric analysis (TGA) guided the selection of appro-
priate calcination temperatures, followed by X-ray diffraction (XRD) for phase identification
and scanning electron microscopy (SEM) for morphological characterization. The results
revealed that Bi12SnO20 formation occurs between 300 ◦C and 400 ◦C, transforming to other
phases at higher temperatures. Fourier-transform infrared spectroscopy (FTIR) and UV-Vis
spectroscopy provided further insights into the material’s physicochemical properties,
where the sillenite was found to have a bandgap of 2.8 eV. Performance testing under visi-
ble light for contaminant removal on the Bi-Sn material calcined in different temperatures
demonstrated a high efficiency with the Bi-Sn material in which the Bi12SnO20 phase was
identified. The efficiency has achieved a nearly total removal of Tetracycline, Bisphenol
A, and Rhodamine B (20 mg/L each) within 2 h with a catalyst dose of 1 g/L. This re-
search paves the way for further exploration of Bi12SnO20 as a novel sillenite photocatalyst,
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but more efforts are needed to refine the synthesis method to obtain a pure Bi12SnO20
phase. This sillenite has demonstrated exceptional performance, achieving nearly 100%
removal of various pollutants within a short timeframe. This merits further exploration
and development to unlock its full potential for environmental remediation applications.
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Abstract: The Pt/CeO2 catalyst has attracted significant attention due to its exceptional performance
in NO oxidation. This study comprehensively examines the effects of calcination temperature and H2

pretreatment on the structure and activity of the Pt/CeO2 catalyst. Experimental findings indicate that
the calcination temperature significantly affects the catalyst’s redox performance, thereby modulating
its efficacy in NO oxidation reactions. H2 pretreatment facilitates the creation of oxygen vacancies on
the catalyst, assisted by the reduction in PtOx to Pt, enhancing the formation of activated oxygen and
thereby improving NO oxidation. This study offers valuable insights into the design and optimization
of Pt/CeO2 catalysts for environmental applications, particularly in the development of exhaust gas
after-treatment technologies.

Keywords: NO oxidation; Pt/CeO2 catalyst; oxygen species activation; H2 pretreatment

1. Introduction

Nitrogen oxides (NOx) are among the primary atmospheric contaminants, contributing
to various environmental hazards, including photochemical smog, acid rain, the greenhouse
effect, and depletion of the stratospheric ozone layer [1,2]. NO oxidation plays a critical role
in advanced exhaust gas treatment technologies, particularly in selective catalytic reduction
(SCR) [3], non-selective catalytic reduction (NSCR) [4], and NOx storage reduction (NSR) [5].
These technologies are predominantly employed to mitigate nitrogen oxide emissions,
especially from automotive exhaust and power plants. It is widely recognized that the
conversion of NO to NO2 is a critical step in the rapid SCR reaction, significantly enhancing
the rate of the SCR reaction [6]

Currently, a common challenge faced by all NO oxidation catalysts is their activity,
which is restricted to a relatively narrow high-temperature range. This limitation not
only reduces their efficiency in low-temperature environments but also increases energy
consumption and operational costs. Consequently, there is an imperative need to innovate
and develop catalysts that can perform effectively at lower temperatures. Such advance-
ments would broaden their applicability and significantly enhance overall performance.
To address this challenge, researchers are actively exploring various strategies to lower
the activation temperature of catalysts. These approaches include optimizing the chemical
composition and microstructure of catalysts, such as introducing novel active components,
modifying the properties of the support material, incorporating promoters to alter surface
and electronic characteristics, and utilizing nanotechnology to fabricate materials with en-
hanced surface activity and distinctive catalytic performance. Given the complex operating
conditions of diesel vehicles, it is essential to investigate composite catalysts that improve
the overall efficiency of NOx reduction. Under fuel-rich conditions, the CO water–gas shift
reaction can be employed to generate H2, which then reacts with NO to produce NH3, a
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key component for the downstream SCR unit. This approach aims to achieve a higher NOx
conversion rate than that observed under steady-state experimental conditions, effectively
addressing the complexity of diesel exhaust emissions. During lean-burn conditions, diesel
engines attain complete combustion, and molecular sieve catalysts adsorb the resulting
NOx. In the subsequent fuel-rich phase, NH3 produced through the Cu/CeO2 catalyst
can then reduce the adsorbed NOx. This innovative strategy eliminates the need for urea
and platinum-group metals, significantly reducing operational costs. By employing such
dual-function catalysts, this approach not only improves NOx conversion efficiency but also
offers a cost-effective solution for managing the fluctuating exhaust conditions of diesel
engines. This intricate interplay of reactions ensures the system dynamically adapts to vary-
ing conditions, thereby optimizing catalytic performance and minimizing environmental
impact [7].

For NO oxidation catalysts, the main categories include multi-metal oxide catalysts,
perovskite catalysts, carbon-based catalysts, fast SCR catalysts, and supported catalysts [8].
Additionally, Wu et al. [9] introduced MnOx-CeO2 mixed oxide into a Pt/Al2O3 catalyst to
enhance its NO oxidation activity. The superior redox properties of the MnOx-CeO2 mixed
oxide significantly improved the catalyst’s performance, achieving a maximum NO conver-
sion rate of 80% at 350 ◦C. Nickolov et al. [10] and Zhuo et al. [11] demonstrated that TiO2
promotes the superior dispersion of active components on its surface, effectively preventing
the agglomeration of catalyst particles. Kim et al. [12] found that Sr-doped perovskite
catalysts (La0.9Sr0.1CoO3) exhibit excellent NO oxidation activity, achieving a maximum
NO conversion rate of 86% at 300 ◦C. Guo et al. [13] studied the oxidation of NO using
activated carbon (AC) derived from coconut shell, coal tar, and polyacrylonitrile. Under
identical conditions, coconut shell-derived AC exhibited the highest activity, maintaining
robust NO oxidation even in low concentrations of O2. Additionally, noble metals exhibit
excellent catalytic activity for NH3-SCR at low temperatures. Kim et al. [14] evaluated
the NO oxidation and NH3-SCR of Pt/Al2O3, Cu/Al2O3, and Pt-Cu/Al2O3 catalysts. The
Pt/Al2O3 catalyst exhibited the highest efficiency for both NO oxidation efficiency and
NOx removal. However, a common challenge associated with these metal oxide catalysts
is their limited capacity to generate and migrate oxygen vacancies, as well as their poor
thermal stability. Furthermore, achieving optimal catalytic performance often requires a
high loading of precious metals, which limits their activity in NO oxidation reactions.

In the case of supported catalysts, which include noble metals and metal oxides,
the active component predominantly resides on the catalyst surface, while the support
offers a large surface area for separating the active phase and providing the necessary
space for the catalytic reaction. Hernánove et al. [15] found that an Au-TiO2 photocatalyst
with a gold content of 0.5% exhibited the best catalytic performance, attaining an NO
conversion rate of 85% within 60 min under UV irradiation. Single-atom catalysts (SACs)
are synthesized using atomic-level dispersion techniques to create atomically dispersed
catalysts (ADCs). In these catalysts, active metal atoms are uniformly distributed across
the support, with each metal atom individually dispersed rather than forming metal
nanoparticles [16]. Liu et al. utilized atomic dispersion techniques to load Ru metal
onto MgAl1.2Fe0.8O4 and compared its activity with that of conventional Ru nanocatalysts
supported on MgAl1.2Fe0.8O4. The results revealed that the atomically dispersed catalyst
demonstrated superior N2O decomposition performance under both low and high N2O
concentration conditions. Characterization data indicated that the atomically dispersed
Ru acted as the primary active site responsible for this enhanced performance [17]. Due to
its high reducibility and exceptional oxygen storage capacity, CeO2 has been extensively
used as a catalyst support or promoter [18]. Olsson’s study confirms that the reaction rate
of NO oxidation decreases with decreasing platinum particle sizes [19]. They explain that
smaller platinum particles are more prone to the formation of PtO and PtO2, which exhibit
lower activity compared to metallic platinum. When Pt is loaded onto CeO2, the strong
interaction at the Pt-Ce interface often results in significant electron perturbation, thereby
greatly enhancing the catalytic activity of the catalyst [20,21]. It is widely recognized that
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the CO oxidation process on Pt/CeO2 surfaces involves a reaction between CO adsorbed
on Pt and active oxygen species supplied by CeO2 [22]. This process does not involve
competitive adsorption between CO and O2. Zhang et al. found that the composition of Au
species in Au/CeO2 catalysts remains relatively stable after redox reactions. In this context,
Ce4+-OH species are reduced to Ce3+ by CO, which are subsequently re-oxidized to Ce4+-
OH by H2O, generating oxygen vacancies (Ce3+-Ov-Ce3+) in the process. They proposed an
associative redox mechanism to explain the redox dynamics at the metal-support interface
of the catalyst [23]. However, current research has not yet fully elucidated the state of Pt,
the interactions between Pt and Ce, the redox cycling mechanisms between Ce3+ and Ce4+,
and their collective influence on NO oxidation activity.

In this study, a series of 1 wt% Pt/CeO2 catalysts with varying calcination temper-
atures were prepared using the impregnation method. The NO oxidation activity of the
Pt/CeO2 catalysts, both before and after H2 pretreatment, was evaluated. Characterization
techniques such as XRD, TPD, TPR, and in situ DRIFTS were employed to investigate the
impact of H2 treatment on the activity of the catalyst annealed at different temperatures.
The primary focus was on examining the influence of H2 reduction treatment on catalyst
activity and the synergistic effects between the Pt and CeO2 surfaces. The role of active
oxygen species on the Pt/CeO2 surface was studied, and the catalytic sites and mecha-
nisms of the NO oxidation reaction were elucidated based on proposed mechanisms in
the literature.

2. Results and Discussion

2.1. NO Oxidation Performance

The NO oxidation performance of the Pt/CeO2 catalyst gradually decreased with the
increasing calcination temperature. This trend persisted even after the catalyst underwent
H2 pretreatment. During the H2 pretreatment process, the total flow rate of 10% H2/N2
was 200 mL/min. The catalyst was thermally treated at a heating rate of 5 ◦C/min at 200 ◦C
for 30 min. Moreover, NO conversion of the catalyst increased following H2 pretreatment,
with a particularly marked improvement observed in the catalysts calcined at 500 and
600 ◦C. Compared to the NO reaction rate of 0.13 μmol/(g·h) at 325 ◦C over the 1 wt%
Pt/CeO2 catalyst reported in the literature [24], those over the 1 wt% Pt/CeO2-500 catalysts
before and after H2 reduction treatment obtained in the present work were 0.76 and
0.87 μmol/(g·h), respectively. Obviously, our catalyst outperformed the catalyst reported
in the literature [24].

The catalytic stability test of the 1 wt% Pt/CeO2-500 catalyst after H2 pretreatment
was carried out at 325 ◦C for 10 h of NO oxidation, and its result is shown in Figure 1c.
Apparently, no significant decreases in NO conversion were observed in 10 h of NO
oxidation under the adopted reaction condition.

2.2. Kinetic Study

The kinetics of the NO reaction on a 1 wt% Pt/CeO2 catalyst were studied at various
temperatures. The effects of calcination temperature and H2 reduction treatment on the
kinetics of NO oxidation were investigated. As the calcination temperature increased,
the activation energy (Ea) of the catalyst also rose. The Ea of the catalyst decreased from
23.7 to 19.5 kJ/mol after H2 pretreatment, which is comparable to the reported Ea value
of 31.4 kJ/mol for 0.5 wt% Pt/CeO2 [25]. Table 1 presents the activation energies of the
catalysts with different calcination temperatures. As the calcination temperature increased,
the Ea of the catalyst gradually rose, which is inconsistent with the activity test results.
This indicates that the calcination temperature influences various properties of the catalyst,
including the specific surface area, crystalline phase composition, metal dispersion, and
metal-support interactions. These properties can affect the catalytic activity, and even if the
Ea is higher, the overall performance of the catalyst may still improve. In comparison to
Pt/SiO2 (57.7 kJ/mol) and Pt/CeZrO2 (34.6 kJ/mol) [26], the Pt/CeO2 catalyst displays
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a lower activation energy, indicating a reduction in the reaction barrier. This ultimately
facilitates the NO oxidation reaction, making it more favorable.

Figure 1. Catalytic activities of the 1 wt% Pt/CeO2 catalysts (a) without hydrogen pretreatment and
(b) with H2 pretreatment, and (c) the catalytic stability of the 1 wt% Pt/CeO2-500 catalyst after H2 pre-
treatment. Reaction conditions: [NO] = 500 ppm, [O2] = 10%, N2 (balance), WHSV = 60,000 mL/(g·h).

Table 1. Summary of kinetic parameters for NO oxidation over Pt/CeO2.

Catalyst

Ea

(kJ/mol) Feed Gas Composition Ref.

Fresh H2 Pretreatment

1 wt% Pt/CeO2-500 23.7 19.5

500 ppm NO, 10% O2, N2 (balance) This work
1 wt% Pt/CeO2-600 26.7 20.9
1 wt% Pt/CeO2-700 31.1 30.6
1 wt% Pt/CeO2-800 32.2 31.8

0.5 wt% Pt/CeO2-500 31.4 − 500 ppm NO, 10% O2, N2 (balance) [25]
1.7 wt% Pt/SiO2-500 57.7 − 250 ppm NO, 3.5%O2, N2 (balance) [26]

0.35 wt% Pt/CeZrO2-500 34.6 − 500 ppm NO, 8% O2, N2 (balance) [26]

During the kinetic studies, it was observed that adjusting the O2 concentration while
keeping the NO concentration constant led to significant changes in the NO conversion
of the catalyst. In contrast, varying NO concentration while maintaining a fixed O2 con-
centration resulted in only minor changes in NO conversion. The results demonstrate a
significant impact of O2 concentration on the NO conversion efficiency of the catalyst, high-
lighting the dominant role of the oxygen vacancy mechanism. Notably, the concentration
and replenishment of oxygen exhibit a direct correlation with O2 concentration. When
the O2 concentration is increased, more oxygen molecules are adsorbed and dissociated,
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generating a greater number of active oxygen atoms. These atoms can quickly fill the
oxygen vacancies, thereby enhancing NO conversion [27]. This finding highlights the
critical importance of controlling oxygen vacancy dynamics to maximize catalytic per-
formance, suggesting that optimizing O2 concentration is essential for achieving higher
NO conversions.

2.3. Catalyst Characterization
2.3.1. XRD Analysis

The XRD patterns of the catalysts exhibit characteristic peaks at 2θ values of 28.55◦,
33.08◦, 47.48◦, 56.33◦, 59.09◦, 69.40◦, 76.70◦, 79.07◦, and 88.41◦, corresponding to the CeO2
crystal planes with Miller indices (111), (200), (220), (311), (222), (400), (331), (420), and (422)
(JCPDS PDF# 34-0394), respectively.

Figure 2 reveals that the XRD patterns of the Pt-loaded catalysts lack characteristic Pt
diffraction peaks at 2θ angles of 39.8◦, 46.2◦, 67.5◦, 81.2◦, and 85.7◦ [28], indicating high
dispersion of Pt species on the CeO2 surface, potentially in an amorphous state or obscured
by CeO2 peaks. This suggests the absence of Pt clusters or particles. Notably, increasing
the calcination temperature enhances the sharpness of CeO2 diffraction peaks.

Figure 2. XRD patterns of the Pt/CeO2 catalysts.

In practical applications, catalysts must withstand high temperatures over extended
periods to prevent deactivation or performance degradation due to phase transforma-
tions. CeO2 facilitates effective oxygen storage and release at high temperatures, enhanc-
ing the catalyst’s redox properties. The stable crystal phase of CeO2 provides an ideal
carrier environment, promoting the uniform dispersion of Pt nanoparticles and strong
metal-support interactions. This synergy enhances the catalyst’s selectivity, stability, and
overall performance.

2.3.2. TEM Analysis

The cubic structure of CeO2 was identified by the lattice fringes of the (111) and
(200) crystal planes with interplanar spacings of d = 0.32 and 0.29 nm, respectively. The
lattice fringe of the Pt particles was measured at 0.22 nm, corresponding to the Pt (111)
crystal plane. Figure 3e–i displays representative elemental distribution maps obtained via
EDS, illustrating the distribution of Pt, Ce, and O elements in the 1 wt% Pt/CeO2 catalyst.
Notably, all three elements are uniformly distributed along the TEM cross-section. The
density of Pt species on the CeO2 support is relatively uniform, and the complementary
profiles of O and Ce elements further indicate the uniform distribution of Pt particles on
the surface of CeO2, leading to the formation of more Pt-O-Ce bonds [29]. This enhances
both the structural stability and catalytic activity of the catalyst. It can be found from the
TEM images (Figure 3a,b) that the lattice fringes of CeO2 and PtO2 species are clearly seen
in the Pt/CeO2 catalysts calcined at 500 and 800 ◦C, indicating the possible formation of a
Pt-O-Ce-like bond. Such a deduction was confirmed by the subsequent EDS mappings of Pt,
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O, and Ce elements, in which the Pt species are uniformly dispersed on the CeO2 support
(i.e., there might be the formation of a Pt-O-Ce-like bond) [30,31]. The high-resolution TEM
images of the 1 wt% Pt/CeO2-500 catalysts before and after H2 treatment are shown in
Figure 3c,d. Due to the similar contrast of Pt and Ce, it was difficult to distinguish them in
the high-resolution TEM images. Therefore, we did not provide the sizes of Pt particles
before and after H2 treatment.

 

Figure 3. TEM images of the 1 wt% Pt/CeO2 catalysts calcined at (a) 500 ◦C and (b) 800 ◦C,
(c,d) HRTEM images of 1 wt% Pt/CeO2-500 before and after H2 pretreatment, and (e–i) corresponding
EDS mappings of Pt, Ce, and O elements. The red circle in subfigure (a,b) is the interface between Pt
and CeO2.
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2.3.3. H2-TPR Analysis

Three principal reduction peaks are observed in the Pt/CeO2 sample shown in Figure 4:
a low-temperature reduction peak (α peak) at below 200 ◦C, attributed to the reduction in
PtOx [32]; a peak at approximately 266 ◦C (β peak), associated with the reduction in surface-
active oxygen species near the Pt/Ce interface [33]; and a peak around 390 ◦C (γ peak),
attributed to the reduction in surface lattice oxygen on CeO2, away from Pt. Furthermore,
this peak gradually shifts to lower temperatures as the catalyst calcination temperature
increases. At lower temperatures, the formation of Pt-O-Ce bonds activates the O-Ce
bonds through electron transfer, facilitating the reduction in surface oxygen species on the
catalyst [27]. Characterization results exhibit a significant decrease in the low-temperature
peak area of the catalyst following H2 reduction treatment. This observation indicates that
the H2 reduction process effectively reduces some of the more readily reducible oxygen
species or active sites on the catalyst surface, resulting in a diminished presence of oxygen
species on the catalyst.

 
Figure 4. H2-TPR profiles of the (a) fresh and (b) H2 pretreated catalysts.

To further compare the low-temperature reducibility of the Pt/CeO2 catalysts, the
H2 consumption of the catalysts was calculated, as summarized in Table 2. After air pre-
treatment, H2 consumption increased with the rising calcination temperature, although the
increase was not significant. However, for catalysts subjected to H2 reduction treatment,
the changes in H2 consumption were more pronounced and did not follow a clear trend
with the increasing calcination temperature. The 1 wt% Pt/CeO2 catalyst subjected to H2
reduction at 600 ◦C exhibited increased H2 consumption compared with its 500 ◦C calcined
counterpart, indicating a higher density of oxygen vacancies on its surface. However, its
catalytic activity was surprisingly lower, suggesting that the mere presence of oxygen
vacancies alone is insufficient to enhance NO oxidation. Efficient oxygen migration and
supply mechanisms are essential for facilitating this reaction, highlighting that the oxygen
vacancy quantity alone is not the sole determining factor.

Table 2. H2 consumption (μmol) of the catalysts after H2 or air pretreatment.

Catalyst 1 wt% Pt/CeO2-500 1 wt% Pt/CeO2-600 1 wt% Pt/CeO2-800

Fresh 75.81 81.20 108.62
H2 pretreatment 51.60 74.94 50.03

2.3.4. NO-TPSR Analysis

The variation in NO2 product signal intensity on the Pt/CeO2 catalyst and the tem-
perature are depicted in the graph. As shown in the NO-TPSR profiles of the 1 wt%
Pt/CeO2-500 and 1 wt% Pt/CeO2-800 samples (Figure 5), the intensity of the NO2 signal
was stronger in the sample treated in H2 at 500 or 800 ◦C than that in the sample treated in
air at 500 or 800 ◦C, indicating that H2 treatment was beneficial for the improvement in
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catalytic activity of the sample. The worse activity of the sample treated at 800 ◦C than the
sample treated at 500 ◦C might be due to its sintering. The most significant change in the
low-temperature peak intensity suggests that the catalyst displays an increased number of
surface Pt active sites and oxygen vacancies following H2 reduction treatment. This enables
the availability of a greater number of oxygen species at lower temperatures, thereby facili-
tating NO dissociation [34]. Consequently, the catalyst treated with H2 reduction exhibits
enhanced NO oxidation activity, aligning with the findings from catalyst activity testing.

 
Figure 5. NO-TPSR profiles of the catalysts before and after H2 pretreatment at 500 and 800 ◦C.

2.3.5. O2-TPD Analysis

As shown in Figure 6, the peak at approximately 108 ◦C, within the low-temperature
range (<200 ◦C), is attributed to the desorption of weakly adsorbed oxygen species, O2

−
(ads), from the catalyst surface. The peak centered at 282 ◦C is associated with the des-
orption of chemisorbed oxygen, O− (sur), which is predominantly bound to the active
sites on the CeO2 surface. Furthermore, the incorporation of Pt enhances the activation
and adsorption of oxygen species, although the primary adsorption sites remain on the
CeO2 surface. Notably, the peak at approximately 490 ◦C is attributed to the desorption
of lattice oxygen, O2− (latt), which is strongly bound to the surface and requires elevated
temperatures for release [35]. The catalytic activity of metal oxides is strongly influenced
by surface-adsorbed oxygen, which possesses greater mobility and reactivity than lattice
oxygen, facilitating its desorption and subsequent participation in catalytic reactions.

Figure 6. O2-TPD profiles of the catalysts before and after H2 pretreatment at calcination temperatures
of 500 and 800 ◦C.

Oxygen vacancies are typically regarded as centers for oxygen adsorption and des-
orption, acting as a bridge for the adsorption of active gaseous oxygen [36]. Compared to
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catalysts calcined at 800 ◦C, those calcined at 500 ◦C exhibit stronger desorption peaks and
larger peak areas for chemisorbed oxygen, indicating that a greater amount of adsorbed
oxygen is released from the catalyst. This suggests an increased desorption of adsorbed
oxygen from the catalyst, implying an enhanced oxygen supply capability. However, at
800 ◦C, Pt particle sintering on the catalyst surface likely occurs, leading to increased parti-
cle size, reduced surface area, and decreased active sites. Consequently, the O2 adsorption
capacity decreases, yielding a smaller desorption peak area. Furthermore, H2 reduction
treatment modifies the surface structure, leading to reduced active sites and decreased ad-
sorbed oxygen species. The greater the amount of desorbed oxygen, the higher the oxygen
migration rate, indicating a larger number of oxygen vacancies and a richer abundance
of active sites, which promotes the catalytic oxidation of NO. This is consistent with the
catalyst’s activity in NO oxidation.

2.3.6. XPS Analysis

The metal chemical valence and adsorbed oxygen species of the catalysts play impor-
tant roles in catalyzing NO oxidation. XPS characterization experiments for the Pt/CeO2
catalysts were performed, and the results are shown in Figure 7 and Table 3. Each of the
asymmetrical O 1s XPS spectra of the catalysts were divided into three components at
binding energies of 529.3, 531.3, and 533.1 eV (Figure 7a), which were attributed to the
surface lattice oxygen (Olatt), adsorbed oxygen (Oads), and adsorbed water or carbonate
species [37], respectively. The Oads/Olatt molar ratios of Pt/CeO2-500 and Pt/CeO2-600 in-
creased from 0.35 and 0.32 to 0.51 and 0.35 after H2 pretreatment, respectively. The increase
in the Oads/Olatt molar ratio enhanced the catalytic activity of the Pt/CeO2 catalyst for NO
oxidation.

Table 3. The surface element compositions of the 1 wt% Pt/CeO2 catalysts obtained through the
XPS technique.

Catalyst
Molar Ratio

Pt0/(Pt2+ + Pt4+) Ce3+/Ce4+ Oads/Olatt

1 wt% Pt/CeO2-500 0.86 0.18 0.35
1 wt% Pt/CeO2-600 0.48 0.25 0.32

1 wt% Pt/CeO2-500-H2 0.98 0.49 0.51
1 wt% Pt/CeO2-600-H2 0.86 0.37 0.35

The Pt 4f XPS spectra of the Pt/CeO2-500 and Pt/CeO2-600 catalysts are shown in
Figure 7b. Pt was present mainly in a metallic state (Pt0) and as platinum oxide (Ptn+, i.e.,
Pt2+ and Pt4+). The deconvoluted components at binding energies of 71.5 and 74.8 eV were
related to the 4f7/2 and 4f5/2 states of the surface Pt0 species, those at binding energies of
72.6 and 75.9 eV were assigned to the 4f7/2 and 4f5/2 of the surface Pt2+ species, and the
those at binding energies of 74.2 and 77.5 eV were ascribed to 4f7/2 and 4f5/2 states of the
surface Pt4+ species [27]. The signals of Pt 4f5/2 were 3.3 eV higher than those of Pt 4f7/2.
After H2 treatment, the Pt4+ species nearly disappeared. The Pt0/(Pt2+ + Pt4+) molar ratios
on the surface of the 1 wt% Pt/CeO2-500 and 1 wt% Pt/CeO2-600 catalysts before and after
H2 treatment were from 0.86 and 0.48 to 0.98 and 0.86, respectively. In other words, the rise
in the Pt0/(Pt2+ + Pt4+) molar ratio increased the activity of the Pt/CeO2 catalyst after H2
treatment for NO oxidation [31].
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Figure 7. (a) O 1s, (b) Pt 4f, and (c) Ce 3d XPS spectra of the as-prepared catalysts.

The deconvolution of Ce 3d XPS spectra (Figure 7c) indicates that both Ce3+ and Ce4+

species exist on the surface of Pt/CeO2. It is generally believed that oxygen vacancies
are generated to maintain the electroneutrality of a catalyst, owing to the existence of
Ce3+. The higher the content of Ce3+, the more oxygen vacancies. The H2 pretreatment
increased the content of Ce3+, leading to an increase in the oxygen vacancy concentration
on the catalyst surface. The Ce3+/Ce4+ molar ratios of the 1 wt% Pt/CeO2-500 and 1 wt%
Pt/CeO2-600 catalysts before and after H2 treatment were from 0.18 and 0.25 to 0.49 and
0.37, respectively. It is well known that oxygen vacancies on the surface of a catalyst can
adsorb O2 to generate the reactive adsorbed oxygen species [37]. Hence, the more oxygen
vacancies, the better the catalytic activity of the Pt/CeO2 catalyst.

The XPS spectra of the 1 wt% Pt/CeO2-500 and 1 wt% Pt/CeO2-600 catalysts before
and after H2 pretreatment are shown Figure 7. The positions of the O 1s, Pt 4f, and Ce 3d
peaks of the two catalysts after H2 pretreatment were significantly shifted, revealing the
formation of a Pt-O-Ce-like bond in the Pt/CeO2 catalysts.

2.3.7. In Situ DRIFTS Analysis
NO Adsorption and Desorption

Figure 8 presents the DRIFTS spectra of NO adsorption on the Pt/CeO2 catalyst. The
prominent band at 1608 cm−1 is typically attributed to NO2 species on the catalyst surface.
As the adsorption time increases, the band intensity also increases, indicating the reaction
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of adsorbed NO with lattice oxygen on the catalyst to form NO2 species. The bands at 1369
and 1536 cm−1 are attributed to monodentate nitro (-NO2) and bidentate nitrate species,
respectively. The band at 1450 cm−1 corresponds to linear nitrite [25]. Bands at 1273
and 1238 cm−1 are attributed to monodentate nitrate species. The band at 1012 cm−1 is
associated with N-O stretching vibrations of nitrate or nitrite species, formed through the
reaction of NO with surface oxygen. Under continuous N2 purging, the positions and
intensities of these bands remain unchanged, indicating the stability of the relevant surface
species and chemical states.

Figure 8. In situ DRIFTS spectra of NO adsorption and desorption after air treatment over the
1 wt% Pt/CeO2-500 catalyst: (a) adsorption and desorption, (b) a comparison of the different
treatment methods.

As shown in Figures 8b and S1, the NO adsorption spectra following hydrogen and
air treatments exhibit similar trends. After air pretreatment, the Pt nanoparticles on the
catalyst are oxidized to higher oxidation states, such as Pt2+ or Pt4+, resulting in weaker
CO adsorption by the oxidized Pt species. This weaker adsorption is typically indicated by
higher-frequency vibrational modes. Additionally, air pretreatment creates oxygen vacan-
cies on the surface of CeO2, which serve as active sites and influence the CO adsorption
behavior. Following air treatment, the intensity of the band attributed to NO2 increases,
which may be associated with the rise in surface-adsorbed oxygen. Notably, after H2
treatment, the bands at 1539 and 1369 cm−1 weaken or disappear, while the band attributed
to linear nitrite (1450 cm−1) intensifies significantly. The H2 reduction treatment increases
oxygen vacancies on the catalyst surface and enhances surface reducibility, potentially
leading to the reduction or conversion of nitrate species to nitrite (NO2

−).

Pt and Oxygen Species Confirmation Probed by CO over Pt/CeO2

To clearly identify Pt species and oxygen species on the Pt/CeO2 catalyst, CO was
introduced to a chamber as a probe molecule due to its strong adsorption capability on
various active sites of the catalyst surface. This technique facilitates the identification of
intermediate species involved in CO-related chemical reactions on the catalyst surface,
thereby enhancing the understanding of surface chemical reaction processes. It also enables
the inference of the presence and distribution of different active sites and indirectly provides
insights into changes in the surface oxidation states of CeO2.

The CO-DRIFTS spectra of CO adsorption on the catalysts are shown in Figure 9.
The band at 2086 cm−1 is associated with the linear adsorption of CO on Pt nanoparticles.
For the catalyst calcined at 500 ◦C, the band observed at 2117 cm−1 is attributed to the
linear adsorption of CO on the oxidized Pt species, the band at 2166 cm−1 is linked to CO
adsorbed on the Ce3+ ions [34,38], and the bands at 1481 and 1566 cm−1 are related to the
products (e.g., carbonates) of CO oxidation [30].
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Figure 9. In situ DRIFTS spectra of CO adsorption and desorption after H2 treatment over (a) 1 wt%
Pt/CeO2-500 and (b) 1 wt% Pt/CeO2-800 catalysts.

With continuous purging by N2, the CO adsorption bands on Pt2+ and Ce3+ gradually
disappear, while the CO adsorption band on Pt0 weakens but remains at a certain intensity.
This suggests that the CO adsorption on Ce3+ and Pt2+ is relatively weak, making it more
easily removed during N2 purging [39]. Therefore, it can be inferred that the CO adsorption
bonds at these sites have lower binding energies. The interaction between CO molecules
and the surface is relatively weak, making them more susceptible to disruption during
N2 purging. In contrast, CO adsorption on Pt0 is stronger and persists even during N2
purging, indicating that the CO adsorption bond energy on Pt0 is higher and less easily
disrupted. This suggests that different adsorption sites exhibit varying selectivity toward
CO adsorption. CO adsorption sites on Pt0 may possess higher stability and selectivity,
while those on Ce3+ and Pt2+ are more vulnerable to environmental changes, such as
N2 purging.

Compared to the catalyst calcined at 500 ◦C, the CO-DRIFTS spectrum bands of
the catalyst calcined at 800 ◦C shifted to higher wavenumbers. The bands at 1592 and
1528 cm−1 were attributed to the products (e.g., carbonates) of CO oxidation [40]. The
bands within the 800–1200 cm−1 range were likely associated with adsorption modes linked
to oxygen vacancies on the CeO2 surface or Pt/CeO2 interface, suggesting that oxygen
vacancies generated by H2 pretreatment significantly impact CO adsorption. Figure S2
shows that after 30 min N2 purging, the bands at 2117 and 2166 cm−1 for the 500 ◦C-calcined
catalyst significantly diminish, whereas those for the 800 ◦C-calcined catalyst remain largely
unchanged [41]. This indicates that the 500 ◦C-calcined catalyst has a weaker affinity for
CO, and the catalyst calcined at 800 ◦C maintains its surface species more effectively, likely
due to stronger binding sites or a more stable surface structure.

H2 pretreatment can modify the surface chemistry and structure of the catalyst, thereby
influencing its adsorption behavior towards different species. For Pt/CeO2 catalysts, H2
pretreatment typically reduces a portion of the Pt and CeO2, leading to the formation
of more metallic Pt nanoparticles and oxygen vacancies. These metallic Pt nanoparticles
exhibit higher surface activity and stronger CO adsorption capability, which influence
the adsorption mode and vibrational frequencies of CO. As the adsorption time increases,
CO gradually accumulates onto the catalyst surface, resulting in an increased adsorp-
tion amount.

O2 and Pre-Adsorbed NO

The transient reaction of O2 with pre-adsorbed NO was investigated, and the cor-
responding DRIFTS spectra for this process over the 1 wt% Pt/CeO2-500 catalyst are
presented in Figure 10. As shown in Figure 10a, NO pretreatment yields various adsorbed
NO species on the catalyst. Specifically, the intense band at ca. 1176 cm−1 is attributed to
nitrite species, while the weaker band around 1296 cm−1 is assigned to monodentate nitrite
species [25]. As time progresses, significant changes occur in the intensities of these bands.
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This process is believed to involve the reaction of NO with oxygen species on the catalyst
surface, oxygen vacancies on CeO2, or oxygen associated with PtOx. Notably, the spectral
bands corresponding to bridging bidentate nitrate species (1569 cm−1) progressively de-
crease in intensity over time, indicating a possible conversion to nitrite species. The NO or
nitrite species at 1473 and 1386 cm−1 gradually transform into nitrate species at 1435 cm−1

after the introduction of O2. The nitrite species at 1176 cm−1 are progressively converted
into monodentate nitrate or bridging nitrate species at 1227 and 1257 cm−1, as well as
bidentate nitrate species at 1015 cm−1. The nitrate species are relatively stable and did not
signify notable changes during subsequent cyclic adsorption processes. These observations
suggest that NO is adsorbed on Pt/CeO2 as a mixture of nitrite and nitrate species, a finding
that aligns with the results reported by Philipp et al. [42] The decomposition of nitrate
species occurs within the temperature range of 300–500 ◦C, releasing NO into the gas phase.
These NO molecules can undergo further oxidation to form NO2 on the catalyst surface [43].
At appropriate temperatures, the decomposition of nitrate species and the oxidation of NO
can synergistically enhance the efficiency of the catalyst. This observation is consistent with
the results obtained from activity tests conducted at different temperatures.

Figure 10. In situ DRIFTS spectra of NO and O2 adsorption after H2 treatment over the 1 wt%
Pt/CeO2-500 catalyst: (a) NO adsorption and (b) O2 adsorption.

Upon air introduction, the reaction between O2 and pre-adsorbed NO occurs. At
200 ◦C, a distinct spectral band emerges at 1543 cm−1, indicating the predominant formation
of monodentate nitrate species as a result of NO oxidation. Notably, the monodentate
nitrate species exhibit relatively low stability, thereby facilitating NO oxidation. In the
second cycle of NO adsorption and O2 adsorption, the DRIFTS spectra remain largely
unchanged, with consistent band positions and intensities. This suggests that the adsorbed
species, including nitrate and nitrite, have attained a dynamic equilibrium on the catalyst
surface. Subsequent NO and O2 adsorption does not yield additional reaction product
intermediates, indicating equilibrium stabilization.

159



Catalysts 2024, 14, 778

2.4. Catalytic Mechanism

The kinetic test results indicate that NO oxidation on the catalyst surface proceeds
via the oxygen vacancy mechanism. Consequently, the catalytic mechanism for the 1 wt%
Pt/CeO2 catalyst is illustrated in Figure 11. During the initial adsorption phase, NO is
more readily adsorbed onto the metallic Pt nanoparticles than on the Pt oxides. This
adsorption is notably stronger, resulting in the formation of stable chemical bonds that are
essential for the initial activation of NO. After H2 pretreatment, the Ce4+ species in CeO2
are partially reduced to the Ce3+ species, forming a large number of oxygen vacancies on
the catalyst surface. Molecular oxygen are first adsorbed at the oxygen vacancies and Pt
sites, which then react with the adsorbed NO. The active adsorbed oxygen species might
be the most effective factor for the high activity of the Pt/CeO2 catalyst. This unique
property enables efficient oxygen extraction and migration from the Pt-Ce interface to
the Pt nanoparticles, resulting in the formation of abundant oxygen vacancies on the
catalyst surface. The surface oxygen vacancies play a vital role in enhancing the Pt/CeO2
system’s catalytic performance, especially after H2 reduction, which enhances reactive
oxygen species generation and reactant adsorptions, thereby optimizing NO oxidation.

Figure 11. Catalytic mechanism diagram of NO oxidation over Pt/CeO2.

3. Experimental Section

3.1. Catalyst Synthesis

A total of 1 wt% Pt/CeO2 noble metal catalysts were prepared at different calcination
temperatures using the impregnation method. First, cerium nitrate was calcined at 550 ◦C in
a muffle furnace with a heating rate of 5 ◦C/min for 4 h to obtain CeO2. A specific amount
of chloroplatinic acid and CeO2 was then dissolved in water according to the calculated
ratio. The mixture was stirred in a water bath until the water completely evaporated and
was subsequently dried in an oven at 110 ◦C. After drying, the solid was ground into a
powder using an agate mortar and pestle and then calcined at different temperatures in a
muffle furnace with a heating rate of 10 ◦C/min for 4 h. The mass fraction of Pt was 1 wt%.
The resulting catalysts were labeled as 1 wt% Pt/CeO2-500, 1 wt% Pt/CeO2-600, 1 wt%
Pt/CeO2-700, and 1 wt% Pt/CeO2-800, respectively.

3.2. Catalytic Testing

An activity evaluation was conducted in a fixed-bed quartz tubular reactor, with the
tested temperature range set between 100 and 500 ◦C. The NO oxidation performance was
assessed using 1.0 g of catalyst in a simulated feed gas containing 500 ppm NO, 10% O2,
and N2 as the balance gas. The total gas flow rate was 1000 mL/min, and the weight hourly
space velocity (WHSV) was controlled at 60,000 mL/(g·h) using mass flow meters. The gas
mixture at the reactor outlet included NO, NO2, and NOx, which were monitored using
an exhaust gas analyzer (Thermo 42i-HL, Waltham, MA, USA). The NO conversion was
analyzed using the following equations:

NO conversion =
NO2out

NOxout

× 100% (1)

where [NOx] = [NO] + [NO2]. The subscript “out” represents the concentrations of the
corresponding substances at the inlet and outlet, respectively.
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Kinetic measurements were carried out at different temperatures while maintaining
the NO conversion below 20% to eliminate the effects of heat and diffusion. The feed gas
consisted of NO (300–800 ppm), O2 (5%), and N2 as the balance gas, with a total flow rate of
400 mL/min. The gas concentrations were continuously monitored using a NOx analyzer
(Thermo, 42i-HL). To better evaluate the catalytic activity of the catalyst, the following
equation was used to calculate the kinetic parameters for NO oxidation:

k = − V
W

× ln (1 − x) (2)

where k is the reaction rate constant (cm3/(g·s)), V is the total gas flow rate (cm3/s), W is
the actual mass of the catalyst (g), and x is the NO conversion.

The apparent activation energy was calculated using the Arrhenius equation, given by
the following equation:

K = A · exp (− Ea

RT
) (3)

where k is the rate constant, R is the molar gas constant, T is the thermodynamic tempera-
ture, Ea is the apparent activation energy, and A is the pre-exponential factor. This equation
can also be expressed as lnk = lnA − Ea/RT. By plotting the data, a straight line could be
obtained. The apparent activation energy was determined from the slope of this line, and
the pre-exponential factor was calculated from the intercept.

3.3. Catalyst Characterization Methods

X-ray diffraction (XRD) was conducted using a Bruker/AXS D8 Advance X-ray diffrac-
tometer (Bruker, Billerica, MA, USA) with Cu Kα radiation (λ = 1.54 Å) over a 2θ range of
10 to 80◦. Detailed morphological and structural information about the Pt/CeO2 catalyst
was obtained through transmission electron microscopy (TEM).

Hydrogen temperature programmed reduction (H2-TPR) was conducted using an
Auto Chem II 2920 chemisorption analyzer (Micromeritics, Norcross, GA, USA). The testing
method involved weighing 0.1 g of the catalyst sample with a particle size of 0.3–0.45 mm
into a U-shaped reaction tube. The sample was heated under air conditions at a rate of
10 ◦C/min to 300 ◦C and maintained at the temperature for 1 h. It was then purged with
helium (He) and cooled to room temperature. Subsequently, the sample was exposed to
10% H2/Ar and heated at a rate of 10 ◦C/min to 800 ◦C, with signal detection carried out
using a thermal conductivity detector (TCD).

For the nitric oxide temperature-programmed surface reaction (NO-TPSR), 50 mg of
the catalyst was preheated in air at 500 ◦C for 30 min, cooled to room temperature, and
then purged with 900 ppm NO/N2 gas until the baseline stabilized. The temperature was
subsequently increased from room temperature to 800 ◦C at a rate of 10 ◦C/min. The
testing conditions for the air reduction in the samples at 500 and 800 ◦C are as follows:
50 mg of the catalyst was heated under air conditions at 500 ◦C for 30 min, then cooled to
200 ◦C in the same atmosphere. The catalyst was subsequently exposed to 5% H2/Ar for
30 min, followed by cooling to room temperature. The sample was then purged with 5%
NO/N2 gas until the baseline stabilized, after which the temperature was increased from
room temperature to 800 ◦C at a rate of 20 ◦C/min. The desorbed gas was detected using a
mass spectrometer (QGA, Hiden, Warrington, UK).

For oxygen temperature-programmed desorption (O2-TPD), a 100 mg sample was pre-
treated at 300 ◦C for 1 h. After cooling to 30 ◦C, the sample was exposed to 10% synthetic
air for 1 h until saturation was achieved. The Ar flow (40 mL/min) was then activated for
1 h to remove weakly adsorbed O2 from the surface. Finally, the desorption process was
conducted by ramping the temperature from 30 to 800 ◦C at a rate of 10 ◦C/min under an
Ar atmosphere, and the desorbed gas was analyzed using a mass spectrometer (MS).

X-ray photoelectron spectroscopy (XPS) was used to investigate the surface elemental
compositions of the catalysts using a Thermo Scientific ESCALAB 250xi (Thermo Fisher
Scientific, Waltham, MA, USA) with a 0.1 eV step and a 46.95 eV pass energy (PE) rate.

161



Catalysts 2024, 14, 778

The X-ray source was monochromatized with Al Kα radiation (hν = 1486.6 eV), and the
contaminant carbon peak (C 1s = 284.8 eV) was used to calibrate the shift in binding energy.

In situ diffuse reflectance infrared Fourier transform spectroscopic (In situ DRIFTS)
experiments of the catalysts were conducted using an infrared spectrometer (Nicolet 6700,
Thermo Fisher Company, Waltham, MA, USA) with a liquid-nitrogen-cooled MCT detector.
The samples were preheated at 300 ◦C in an N2 atmosphere for 1 h to remove water and
adsorbed gases from the surface. As the sample cooled to 50 ◦C, the background spectrum
was collected. All spectra were recorded by accumulating 32 scans with a resolution of
4 cm−1.

4. Conclusions

This study explores the influence of calcination temperature and H2 pretreatment on
NO oxidation catalysis, revealing the critical role of oxygen vacancies in enhancing reaction
rates. However, excessive temperature exposure is detrimental, as it depletes surface-
active oxygen and inhibits NO oxidation performance. The H2 pretreatment-induced
augmentation of surface oxygen vacancies in 1 wt% Pt/CeO2-800 and 1 wt% Pt/CeO2-
500 catalysts substantially enhances NO oxidation. This highlights the pivotal role of
oxygen vacancy dynamics in driving catalytic performance, emphasizing the importance of
optimizing calcination temperature and oxygen vacancy availability to achieve maximum
NO conversion, as the presence and renewal of oxygen vacancies are integral to the
catalyst’s efficacy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal14110778/s1, Figure S1: In situ DRIFTS spectra of NO and
CO adsorption and desorption after H2 or air treatment over the 1 wt% Pt/CeO2-500 catalyst: (a)
adsorption and (b) desorption; Figure S2: In situ DRIFTS spectra of CO adsorption and desorption
after H2 or air treatment over the 1 wt% Pt/CeO2-800 catalyst: (a) adsorption and (b) desorption.
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Abstract: Metal–organic frameworks (MOFs) have attained significant usage as adsorbents for antivi-
ral medicines in contemporary times. This study focused on synthesizing a UiO-67 metal–organic
framework using the hydrothermal method. The synthesized framework was then characterized
using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), ther-
mogravimetric analyses (TGA), and zeta potential measurements. The UiO-67 was then employed
for the purpose of assessing the efficiency of various adsorption factors in the removal of antiviral
medicines from aqueous solutions, including drugs such as ritonavir (RTV) and lopinavir (LPV),
which were extensively used for the treatment of coronavirus (COVID-19) during the pandemic. The
variables examined were the quantity of adsorbent used, different pH of the solution, temperature,
and contact duration. The experimental findings indicate that the highest level of RTV elimination
was 91.2% and of experimental adsorption capacity (qe,exp) was 9.7 mg/g and for LPV this was 85.9%,
and (qe,exp) 8.9 mg/g, using 50 mg of UiO-67 at a pH 8, temperature of 298 K, and for 120 min.
The impact of contact duration and temperature on the kinetics of adsorption was examined by
employing pseudo-first-order and pseudo-second-order kinetic models. The experimental results
showed a good match with the pseudo-second-order kinetic model with value of R2 0.99 and the
qe,calc was 9.7 RTV and 8.9 mg/g LPV, which is a good match with qe,exp. Also, based on diffusion
kinetic studies, the adsorption was confirmed to be catalytic in nature on the surface of the UiO-67
MOFs. A thermodynamic analysis of adsorption was conducted, whereby calculations for the Gibbs
free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS) were performed. The
positive ΔH values confirm the endothermic nature of the adsorption of RTV and LPV by UiO-67.
The ΔG values exhibited negativity across all temperatures, suggesting the spontaneous nature of the
adsorption process of RTV and LPV by UiO-67 from an aqueous solution. UiO-67 was shown to be
highly effective in extracting RTV and LPV from real environmental samples.

Keywords: COVID-19 drugs; ritonavir; lopinavir; metal–organic frameworks UiO-67; catalytic
adsorption

1. Introduction

Over the past few decades, there has been a growing recognition of pharmaceutical
compounds and their metabolites as a major source of water pollution, exerting a consid-
erable influence on the worldwide environment [1,2]. The substantial utilization of some
pharmaceutical compounds in recent years has resulted in an escalation of their levels in
urban wastewater [3,4]. Among the widely used antivirals are ritonavir (RTV) are lopinavir
(LPV) [5,6]. These pharmaceuticals have gained attention as emerging organic contaminants
(EOCs) because of their recent utilization in the treatment of COVID-19 [7–9]. Also, LPV
and RTV were detected in the wastewater effluent (41.0 ng/L and 4.8 ng/L), downstream
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of municipal wastewater treatment plants (31.5 ng/L and 5.8 ng/L), and surface water in
Wuhan, China (4.7 ng/L and 4.2 ng/L) [10], and South Africa sewage treatment plants
(maximum mean concentration 2.5 μg/L and 3.2 μg/L, respectively [11]. The existence of
EOCs in water has been found to have adverse effects on the reproductive, neurological,
and immunological systems of both aquatic organisms and human beings [12], especially
RTV, and LPV [13,14]. The buildup of these medications in aquatic creatures presents a
significant environmental concern, as indicated by previous studies [15,16]. Hence, the
elimination of pharmaceutical compounds from water sources presents an imperative task,
necessitating the exploration and implementation of alternative methodologies. There are
many technologies used for the elimination of antiviral drugs such as RTV and LPV from
aquatic environment, such as adsorption by sludge [17], photocatalysis [18], photolosis
(UV) [19], membrane bioreactor and ozonation [20], electrochemical advanced oxidation
process [21], and activated sludge [22]. The efficiency of adsorption technology in the re-
moval of pharmaceutical pollutants from discarded water has been recognized, along with
its economic advantages stemming from its efficient target absorption, high removal rate,
and ease of operation [23,24]. Many adsorptive materials have been extensively studied
for the purpose of pharmaceutical removal. These materials encompass silica-based mate-
rials [25,26], resins [27], metal oxides [28], activated carbon [29], and graphene oxide [30].
In recent times, there has been a growing interest in metal–organic frameworks (MOFs)
as very promising adsorbents for liquid-phase adsorption [31–34]. MOFs are a highly
sophisticated category of porous crystalline materials that exhibit intriguing structures and
features. These include the presence of several aromatic organic ligands and Lewis’s acid
sites, a large surface area, the ability for surface functionalization, and a diverse range of
shapes and topologies [35–37].

In 1995, the first MOF with a three-dimensional open skeleton structure was developed
by Yaghi et al. [38]. Since then, various excellent MOFs have been constructed in large
quantities and there are various reports about water remediation by MOFs. Karimi and
Namazi et al. (2024) utilized hydrogel beads of a magnetic graphene oxide@MIL-88
metal–organic framework (GO@Fe3O4@MIL-88@Alg) for the absorption of treatments
used for COVID-19 such as doxycycline (DOX), hydroxychloroquine (HCQ), naproxen
(NAP), and dipyrone (DIP) from aquatic environment [39]. Pharmaceutical drugs and
personal care products (PPCPs) were treated by the manufacture of a Pd@ MIL-100 (Fe)
nanocomposite [40]. The widespread use of MOFs is mostly related to the stability of
the water in environmental remediation [41,42]. The University of Oslo (UiO) series, the
Material of Institute Lavoisier (MIL) series, and the Zeolitic Imidazolate Framework (ZIF)
series materials are common water-stable MOFs [38]. The MOFs of UiO-67 are a member of
the UiO Zr-MOF family, which is characterized by its microporous nature [43–46]. This type
of MOF has wide applications due to its thermal and chemical composition and mechanical
stability [47–50].

The main objective of the current study is aquatic environmental sustainability through
the remediation of water polluted with organic pollutants such as antiviral drugs. The
novelty of the current study involved the synthesis of UiO-67 metal–organic frameworks
using the hydrothermal technique and their application, for the first time, to remove RTV
and LPV as antivirals drugs from aqueous solutions.

The morphological and structural characteristics of the synthesized UiO-67 will be
investigated. The adsorption process will be studied with different parameters such as
pH of the solution, different temperatures, varied UiO-67 mass, and contact duration. The
adsorption process will be studied kinetically and thermodynamically. The treatment and
removal of RTV and LPV from real water samples will also be explored by UiO-67 via an
adsorption procedure.
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2. Results and Discussion

2.1. Characterization of UiO-67

Solvothermal preparation was used to create the UiO-67. The powder XRD pattern
in Figure 1A confirms that the synthesized materials display a typical cubic close-packed
structure that is consistent with the work that has been previously reported [51,52]. A
thermal gravimetric analysis (TGA) was conducted on a sample of UiO-67. As depicted in
Figure 1B, the thermal gravimetric analysis (TGA) of the specimen exhibits three distinct
phases: initial evaporation of the solvent at around 100 ◦C, subsequent removal of the
compensatory agent at around 450 ◦C, and eventual disintegration of the framework
within the temperature range of 450 ◦C to 600 ◦C. Considering the structural characteristics
of the sample UiO-67, this study examines the percentage of mass loss (% ZrO2) in the
temperature range of 450 ◦C to 600 ◦C, which was around 65%. The same observations were
reported previously for UiO-67 [53], UiO-66 MOFs [54], and zeolitic tetrazolate imidazole
frameworks (ZTIFs) [55]. The UiO-67 material had an average zeta potential value of
+20.8 mV, indicating a satisfactory level of stability Figure 1C in accordance with previous
reported work [56]. A higher magnitude of zeta potential signifies enhanced physical
colloidal stability as a result of electrostatic repulsion among the constituent particles.
In the N2 adsorption–desorption isotherms shown in Figure 1D, UiO-67 demonstrates
a type-I isotherm, indicating that it is a characteristic microporous material [57], with a
BET specific surface area of 1415 m2/g, whereas the average pore width and the pore
volume of the UiO-67 channels were 2.06 nm and 0.801 cm3/g, respectively, which agreed
well with previous reported value for different MOFs such as UiO-67 [56], MIL-53(Al)
MOFs modified with rice husk [58], MIL-53(Al) modified by biomass hydrochar [59], and
sulfonic-functionalized MIL-100-Fe MOF [60]. In the FTIR spectra presented in Figure 2A,
the absorption bands at 3382 cm−1 are ascribed to hydrogen bonding. The peaks detected
at 1600 and 1581 cm−1 are assigned to the coordinated carboxylate groups (COO-). The
strong peak detected at 1418 cm−1 is assigned to the skeletal vibrations of the benzene ring
(C=C). The morphology of UiO-67 depicted by SEM in Figure 2B,C, where the octahedral
structure of Zr-MOF crystals is visible with an average crystal dimension of 450 nm, is in
accordance with a previous reported study [61].

Figure 1. Cont.
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Figure 1. XRD patterns of the simulated and synthesized UiO-67 (A), the mass changes in UiO-67
with temperature measured by TGA (B), the zeta potential measurement of UiO-67 (C), and N2

adsorption–desorption isotherms of UiO-67 at 77K (D).

(B) 

Figure 2. Cont.
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(C) 

Figure 2. TIR spectra of UiO-67 (A) and SEM images of UiO-67 (B,C).

2.2. Adsorption Parameter

The parameters encompassed in this study are contact time, UiO-67 mass, and solution
conditions including pH and temperature. Therefore, the effect of different factors on the
interaction between UiO-67 and RTV and LPV was explored and studied. Figure 3A shows
the effect of a different UiO-67 mass on the removal of RTV and LPV. The mass added
started with 5 mg of UiO-67; the percentage removal was 7.9% of RTV and 4.6% of LPV after
60 min. The removal percentage of RTV and LPV gradually increased with the increasing
amount of UiO-67 added: 50 mg resulted in 92.3% of the RTV and 86.5% of LPV. These
percentages of RTV and LPV removed increased by adding 70 mg UiO-67 to the solution
until they reached 94.2% and 97.6% removal of RTV and LPV, respectively. A further
increase in the amount of UiO-67 to 100.0 mg increased the % removal of RTV to almost
99.2%, and of LPV to 94.9%, after 60 min. It is clear from the findings that there is an
increase in the % removal of RTV and LPV with the increase in UiO-67 mass.

The influence of solution pH on the removal process is a significant physico-chemical
component that affects the adsorption mechanism at the interface between the solid and
solution. Hence, an investigation was conducted to examine the impact of solution pH on
the elimination of RTV and LPV by the utilization of UiO-67. The pH levels ranged from
2.0 to 12.0, and the corresponding results in Figure 3B show that the maximum elimination
was seen at pH 8 as 95.6% for RTV and 79.9% for LPV, which is the optimal pH value.
Figure 3C shows the impact of solution temperature on the adsorption process for RTV and
LPV. Additionally, as the temperature of the solution increased, there was a progressive
increase in the removal % of RTV and LPV.

Figure 4 shows the dependence of the % removed of RTV and LPV by UiO-67 on the
contact time at different temperatures, 296 K, 308 K, and 322 K. In general, Figure 4 shows
that the percentage of adsorption of the RTV and LPV by UiO-67 after 5.0 min at 296 K was
91.2% for RTV and 85.9% for LPV, and at 308 K the removal percent was increased to 91.7%
for RTV and 86.9% for LPV. The results showed that by increasing the temperature to 322 K,
the removal percentage also increased to 92.7% for RTV and 89.3% for LPV. Meanwhile,
increasing the contact time by more than 10.0 min slowly increased the removal percentage
until it reached 97.4% and 89.46% at 296 K, 96.9% and 94.4% at 308 K, and 99.5% and 95.3%
at 322 K for RTV and LPV, respectively. Figure 4 shows the effect of contact time on the
removal of RTV and LPV by the UiO-67 as a function of amount removed. The amount
removed after 5.0 min by UiO-67 was 9.2, 9.0, and 9.3 mg/g of RTV at 296 K, 302 K, and
322 K, respectively. The amount removed for LPV after 5 min was 8.6, 8.7, and 8.9 mg/g
LPV by UiO-67 at 296 K, 302 K, and 323 K. Increasing the contact time was associated with
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a slight increase in the amount removed until it became constant after 60 min with amount
removed of RTV being 9.6, 9.7, and 9.9 mg/g at 296 K, 302 K, and 323 K, respectively,
and the amount removed of LPV being 8.9, 9.4, and 9.5 mg/g at 296 K, 308 K, and 322 K,
respectively. Overall, the data shown in the results indicate that the process of adsorption
exhibited endothermic behavior.

 

Figure 3. Effect of different adsorbent mass (A), pH of solution (B), and solution temperature (C) on
the elimination of RTV and LPV by UiO-67 from aqueous solution.
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Figure 4. The effect of contact time on the % removal and adsorption capacity of RTV and LPV from
aqueous solution at 60 min by 50 mg UiO-67.

2.3. Adsorption Kinetics Models

To obtain a comprehensive understanding of the adsorption and remediation process,
it is imperative to conduct a thorough investigation of the kinetic adsorption process. This
entails closely monitoring the experimental variables that may influence the rate of adsorp-
tion, thereby facilitating the achievement of equilibrium within a suitable period. These
investigations provide insights into the potential adsorption process and the transitional
phases involved in the production of the ultimate adsorbate–adsorbent complex. Once
the reaction rates and their corresponding dependent parameters have been definitively
determined, this knowledge might apply to the development of adsorbent materials for
commercial purposes. Additionally, it will contribute to a deeper understanding of the
intricate dynamics involved in the process of adsorption.

The adsorption of RTV and LPV into UiO-67 was applied to pseudo-first-order model
Equation (8) by plotting ln (qe − qt) vs. t; RTV and LPV at different temperatures did not
converge well and did not give straight lines with an R2 value of 0.66 as is clear from
Figure 5, with unacceptable regression coefficients, as is presented in Tables 1 and 2. Also,
the estimated values of the amount adsorbed at equilibrium (qe,calc) were not close to the
experimental values (qe,exp). This indicated that the adsorption of the RTV and LPV by
UiO-67 could not described by the pseudo-first-order Lagergren equation.
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Figure 5. Pseudo–first–order (A,B) and pseudo–second–order model (C,D) for the adsorption of RTV
and LPV by UiO-67 at different temperatures.

The linearized form of pseudo-second-order rate Equation (9) for the adsorption of
RTV and LPV onto UiO-67 by plotting t/qt vs. t is presented in Figure 5A; good converging
was obtained to the experimental data and the straight lines obtained gave excellent
regression coefficients (R2 > 0.99), as is presented in Tables 1 and 2.

These findings confirm the suitability of the pseudo-second-order rate equation for
the description of RTV and LPV adsorption by UiO-67 from aqueous solution. Also, it is
clear from the results that the amount adsorbed per unit mass of UiO-67 at equilibrium
(qe,calc) calculated from the slope of the pseudo-second-order plot was in good agreement
with the experimental values (qe,exp), as is presented in Tables 1 and 2. These findings
agreed well with previous studies and showed the suitability of the pseudo-second-order
kinetic model to describe the removal process of different pharmaceuticals, personal care
products, dyes, and endocrine-disrupting chemicals (EDCs) in aqueous solution, such
as graphene nanoplatelets for the removal of aspirin, acetaminophen, and caffeine [62],
Multiwalled Carbon Nanotubes for the decolorization of methylene blue cationic dye [63],
the removal of Ketoprofen and Ibuprofen by an Al/Ni-layered double-hydroxide onto
polyaniline-wrapped sisal fibers [64], the removal of hydroxychloroquine sulfate by cocoa
shell activated carbon [65], the adsorption of metronidazole antibiotic from water with a
stable Zr(IV)-MOFs [54], adsorption of the antiviral drugs (oseltamivir and ritonavir) by
zeolitic tetrazolate imidazole frameworks (ZTIFs) [55], adsorption of glyphosate by a MIL-
53(Al)@rice husk hybrid [58], MIL-53(Al) modified by biomass hydrochar for the removal
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of ketorolac and naproxen [59], and the removal of diclofenac by the sulfonic-functionalized
MIL-100-Fe MOF from aqueous solution [60].

Table 1. Different kinetic models for the adsorption of ritonavir on UiO-67 at different temperatures.

Pseudo-First-Order Kinetic Model

Temperature qe,exp (mg/g) qe,calc (mg/g) k1

(
min−1

)
R2

294 K 9.707 1.014 0.024 0.620
308 K 9.718 0.611 0.047 0.662
322 K 9.952 0.921 0.046 0.826

Pseudo-Second-Order Kinetic Model

Temperature qe,exp (mg/g) qe,calc (mg/g) k2 (g/mg·min) h R2

294 K 9.707 9.71 0.274 25.859 0.999
308 K 9.718 9.80 0.539 51.897 0.999
322 K 9.952 9.95 0.372 36.882 0.999

Liquid Film Diffusion Model

Temperature kfd (min−1) R2

294 K 0.011 0.863
308 K 0.014 0.540
322 K 0.023 0.847

Intra-Particle Diffusion Model

Temperature kid (mg/g·min1/2) C (mg/g) R2

294 K 0.357 7.038 0.224
308 K 0.384 6.918 0.225
322 K 0.367 7.250 0.223

Table 2. Different kinetic models for the adsorption of lopinavir on UiO-67at different temperatures.

Pseudo-First-Order Kinetic Model

Temperature qe,exp (mg/g) qe,calc (mg/g) K1

(
min−1

)
R2

294 K 9.0 0.581 0.026 0.495
308 K 9.5 0.866 0.029 0.594
322 K 9.6 0.739 0.029 0.563

Pseudo-Second-Order Kinetic Model

Temperature qe,exp (mg/g) qe,calc (mg/g) K2 (g/mg·min) h R2

294 K 9.0 8.949 0.719 57.581 0.999
308 K 9.5 9.454 0.398 35.531 0.999
322 K 9.6 9.554 0.493 44.972 0.999

Liquid Film Diffusion Model

Temperature kfd (min−1) R2

294 K 0.003 0.405
308 K 0.008 0.613
322 K 0.008 0.613

Intra-Particle Diffusion Model

Temperature kid (mg/g·min1/2) C (mg/g) R2

294 K 0.329 6.569 0.219
308 K 0.367 6.743 0.249
322 K 0.356 6.744 0.227
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2.4. Adsorption Rate-Controlling Mechanism

The adsorption process usually occurs through a series of consecutive steps. Initially,
the adsorbate molecules are transported from the bulk aqueous phase to the surface
of the stagnant-boundary liquid film surrounding the solid adsorbent. Subsequently,
diffusion takes place through the boundary layer, allowing the adsorbate molecules to
reach the external surface of the solid adsorbent. At this point, adsorption takes place at
an active site on the surface of the solid adsorbent. Finally, intra-particle diffusion and
adsorption occur through the pores and aggregates of the solid adsorbent. This section
describes an investigation that was conducted to determine the rate-controlling mechanism
for the adsorption of RTV and LPV by UiO-67 from an aqueous solution. Two distinct
models, namely the liquid film diffusion model and the intra-particle diffusion model,
were employed for this purpose. The liquid film diffusion model is another kinetic model
that assumes the flow of adsorbed molecules through a liquid film surrounding the solid
adsorbent, as in the following Equation (1):

ln(1 − F) = −k f d × t (1)

where F is the fractional attainment of equilibrium (qt/qe) and kfd (min−1) is the film
diffusion rate coefficient. A linear plot of −ln(1 − F) vs. t with zero intercept suggests that
the kinetics of the adsorption process is controlled by liquid film. The rate of diffusion
within particles is expressed by the following Equation (2):

qe = kidt1l2 + Ci (2)

where kid (mg/g·min) is the intra-particle diffusion constant. As shown in Figure 6A,B,
the experimental data for absorption of RTV and LPV by UiO-67 were analyzed using an
intra-particle diffusion model.

 
Figure 6. Intra-particle diffusion (A,B) and liquid film diffusion model plots (C,D) for the adsorption
of RTV and LPV by UiO-67 at different temperatures. (Experimental conditions: 10 mL sample
volume and 50 mg UiO-67).
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The use of the liquid film diffusion model to analyze the adsorption data of RTV and
LPV by UiO-67 exhibited moderate convergence and yielded moderate linear regression
coefficients, as depicted in Figure 6C,D and Tables 1 and 2. However, the use of the
intra-particle diffusion model to analyze the experimental data did not provide straight
lines passing through the origin, resulting in unsatisfactory linear regression coefficients,
as shown in Tables 1 and 2. The convergence and the linear regression of the liquid film
diffusion model are much better than the intra-particle diffusion model, which may indicate
that the adsorption processes of RTV and LPV by UiO-67 occur mainly on the surface of the
UiO-67 active sites, and not inside the pores of the UiO-67. These results suggested that the
adsorption was catalytic in nature on the surface of the UiO-67 MOFs due to the interaction
of the RTV and LPV with the active sites present on the UiO-67 surface. It is well known in
heterogeneous catalysis reactions that reactants diffuse from the bulk fluid phase to adsorb
on the catalyst surface, which in this case is the solid adsorbent UiO-67. So, the adsorbate
molecules (RTV and LPV), must migrate across the surface to an active site of the UiO-67,
where RTV and LPV molecules are adsorbed and immobilized physically to form physical
bonds with the UiO-67 (product) by following a more energetically facile path through
catalytic intermediates, as the adsorption takes place in different intermediate steps, and
the adsorption rate is affected by different factors including solution temperature and mass
transfer. After the desorption process, the active site on the MOF adsorbent is available for
another cycle of adsorption [49].

2.5. Thermodynamic Studies

The adsorption of RTV and LPV by UiO-67 was studied thermodynamically to explore
the spontaneity of the process. Different thermodynamic parameters were calculated,
Gibbs free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS) from the
variation in the thermodynamic distribution coefficient D with a change in temperature
according to Equation (3), and the ΔH and ΔS were calculated according to the Equation
(4):

D =
qe

Ce
(3)

lnD =
ΔS

◦

R
− ΔH

◦

2.303 RT
(4)

where R is the gas constant (8.314 J/(mol K)), T is the absolute temperature (K), and D is
the distribution coefficient of the adsorbate.

When plotting lnD vs. 1/T for the adsorption of RTV and LPV by UiO-67, straight lines
were obtained, as presented in Figure 7. The ΔH and ΔS values were calculated from the
slope and the intercept of the straight line. The ΔH values were positive, +23.5 kJ/mole and
+24.4 kJ/mole for the adsorption of RTV and LPV, respectively, by UiO-67 from aqueous
solution. The positive ΔH values confirm the endothermic nature of the adsorption of RTV
and LPV by UiO-67, which explains the increase in adsorption with the rising solution
temperature. Also, the values of ΔH suggests a strong affinity between RTV and LPV for
UiO-67, and the physical nature of the adsorption. The positive values of ΔS, +36.2 KJ/mole
for RTV and +40.3 KJ/mole for LPV, suggested an increase in the degree of randomness at
the UiO-67 solution interface during the adsorption and immobilization of RTV and LPV.
The ΔG values were calculated for 296 K using the following Equation (5):

ΔG
◦
= ΔH

◦−TΔS
◦

(5)
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The adsorption of RTV and LPV by UiO-67 was spontaneous, as indicated by the
negative values of the calculated free energy change, ΔG −6.9 kJ/mole and −7.2 kJ/mole for
the adsorption of RTV and LPV, respectively, by UiO-67 from aqueous solution. Generally,
the negative values of ΔG positive values of ΔH and ΔS suggested that the adsorption of
RTV and LPV by UiO-67 process is an entropy-driven process.

 
Figure 7. Thermodynamic parameters for the adsorption of RTV and LPV by UiO-67. (Experimental
conditions: 10 mL sample volume and 50 mg UiO-67).

3. Environmental Applications

The present study aimed to assess the effectiveness of UiO-67 as a solid adsorbent for
the removal of RTV and LPV from real water samples. For this investigation, a selection
of five samples was chosen, including sea water, wastewater, well water, tap water, and
bottled water. The amounts of RTV and LPV were measured first, and it was found that
they were below the detection limit of the HPLC method. This suggests that the selected
water samples were free from these pollutants. Consequently, the real water samples were
spiked with RTV and LPV, with a resultant concentration of 50.0 mg/L for both RTV and
LPV, and then the real samples were equilibrated overnight.

Following this, an amount of 50.0 mg of UiO-67 was added to the spiked samples and
left for 60 min. The amount adsorbed was calculated by comparing the concentrations of
RTV and LPV before and after the adsorption, and the results are presented in Figure 8. The
data shown in Figure 8 demonstrate that around 90% of RTV and LPV was removed from
the spiked real water samples, confirming the applicability of UiO-67 for environmental
remediation, especially in the case of pollution with antiviral drugs such as RTV and LPV.
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Figure 8. Removal of RTV and LPV by UiO-67 from spiked environmental water samples.

4. Materials and Methods

4.1. Materials

The chemical reagents employed in the production of UiO-67 include Zirconium
tetrachloride (ZrCl4) 98%, which was purchased from Energy Chemical (Shanghai, China),
4,4′-biphenyldicarboxylic acid (BPDC) 98%, obtained from Tianjin Hewns Biochem LLC.
(Tianjin, China), acetic acid, hydrochloric acid (HCl) at a concentration of 37%, dimethylfor-
mamide (DMF) 99%, and acetone 96%, which were obtained from Shenzhen Biocomma
Biotech (Shenzhen, China). The pharmaceutical drugs, ritonavir (RTV) and lopinavir
(LPV), the chemical composition is shown in Figure 9, were purchased from Sigma–Aldrich
(Darmstadt, Germany) at an analytical purity of 98%. All solutions were prepared using
deionized water.

Figure 9. The chemical structures of antivirals lopinavir (LPV) and ritonavir (RTV).

4.2. Preparation of UiO-67

The UiO-67 metal–organic framework (MOF) was synthesized as shown in Scheme 1
using a mixture of ZrCl4 (233 mg, 1 mmol), 4,4′-biphenyldicarboxylic acid (BPDC, 242 mg,
1 mmol), acetic acid (0.6 g, 10 mmol), and HCl (37%, 12 M; 0.16 mL, 2 mmol) mixed in
30 mL of N, N-dimethylformamide (DMF) using the process of sonication. The mixture
was placed in a 100 mL Teflon-lined stainless-steel autoclave and heated at 120 ◦C for 48 h.
Subsequently, the UiO-67 white product was obtained by the process of centrifugation and
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subjected to three rounds of washing with DMF. The UiO-67 material, in its original form,
was immersed in DMF at ambient temperature for a duration of 6 h in order to eliminate
any residual BPDC that was not bound. Subsequently, the particles that were acquired
underwent several washes with acetone to facilitate the displacement of the entrapped
DMF, followed by a drying process at a temperature of 100 ◦C for a duration of 24 h, as
shown in Scheme 1.

 

Scheme 1. Synthesis UiO-67 metal-organic framework (MOF).

4.3. Characterization of UiO-67

Powder XRD (X-ray diffraction) patterns were obtained using a D8 ADVANCE ECO
(Bruker, Billerica, MA, USA) with Cu Kα radiation (40 kV, 40 mA) at a rate of 6◦ min−1

over a range of 4–40◦ (2θ). The thermogravimetric analyses (TGA) were carried out
using a TG/SDTQ600 (USA) instrument in atmosphere within a temperature range of
0.0–900 K at a heating rate of 10 ◦C min−1 under a nitrogen flow of 100 mL min−1 with
open alumina pans. The morphology of the samples was examined by using a scanning
electron microscope (SEM, JSM-6701F, Tokyo, Japan). The FTIR spectra were recorded
using a FTIR spectrophotometer (Spectrum 100, Perkin Elmer, Shelton, CT, USA). The zeta
potential was obtained through measurement of the electrophoretic mobility of the particles
using a Zeta sizer (Malvern Instruments GmbH, Malvern, WR14 1XZ, UK). Nitrogen
adsorption–desorption isotherms were measured by using a N2 porosimeter (Tristar 3020,
Micromeritics, Norcross, GA, USA) at 77 K; the samples were degassed at 150 ◦C for 12 h
under vacuum before this analysis.

4.4. Analytical Method

The concentrations of RTV and LPV were determined using high-performance liq-
uid chromatography (HPLC) with a Hewlett Packard 1100 series liquid chromatograph
(Avondale, CA, USA). The high-performance liquid chromatography (HPLC) system was
comprised of two pumps and a UV detector. The separations were conducted using an
analytical reversed-phase C18 column with dimensions of 4.6 mm × 150 mm and a particle
size of 5 μm. The mobile phase flow rate was set at 1.5 mL/min, and gradient conditions
were employed. The mobile phase consisted of a combination of deionized water with 1%
formic acid and acetonitrile, with a volume ratio of 40:60. A volume of 10 μL was utilized
for the injected sample size, while the detection wavelength for UV analysis was set at
254 nm. The chromatogram results are shown in Figure 10.
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Figure 10. Chromatogram data of ritonavir and lopinavir at 254 nm.

4.5. Adsorption Studies

Adsorption tests were conducted in the study to investigate the impact of several
adsorption factors, including adsorbent mass, solution pH, solution temperature, and
adsorption time. A set of 10.0 mL solutions, each containing 50.0 mg/L of lopinavir and
ritonavir, were created in 25.0 mL glass bottles and maintained at a certain temperature. A
test for the effect of UiO-67 mass was performed by using different masses (0, 5, 10, 15, 30,
50, 70, and 100 mg) in 10 mL of diluted RTV and LPV drug mixture and 60 min contact time
at 296 K. A test for the effect of solution pH was performed by using different pH values (2,
4, 6, 8, and 11) that were adjusted using HCl solution and NaOH solution and using 50 mg
of UiO-67 in 10 mL of diluted drug mixture and 60 min contact time at 296 K. A test for
the effect of temperature was performed by measuring the amount adsorbed at different
temperatures (280, 294, 302, 308, 313, 318, and 322 K) using 10 mg of UiO-67 in 10 mL of
diluted drug mixture and 60 min contact time. A test for the effect of adsorption time was
performed by measuring the amount adsorbed at different times (1, 2, 3, 5, 7, 10, 15, 20, 30,
45, 60, 90, and 120 min) using 10 mg of UiO-67 in 10 mL of diluted drug mixture and 60 min
contact time at 296 K. Subsequently, the solution was promptly filtered using a filter paper
(specifically, Whatman® quantitative filter paper, ashless, Grade 42, 2.5 μm) to collect the
supernatant. The concentrations of lopinavir and ritonavir in the aqueous solution were
subsequently analyzed using high-performance liquid chromatography (HPLC). Prior to
injection, the solution was filtered through a 0.45 μm syringe filter made of cellulose acetate.
This filtration step was implemented to ensure that the injected solution did not contain any
UiO-67, which could potentially obstruct the HPLC column and lead to inaccurate findings.
The percentage of removal in the solution was determined by utilizing Equation (6) [35]:

Removal % =
Ci − Ce

Ci
× 100 (6)

where Ci is the initial concentration and Ce is the equilibrium concentration of RTV and
LPV in solution (mg/L).

The adsorption capacity at any time was calculated according to the following Equation (7):

qe =
Ci − Ce

m
× V (7)

where qe is the amount of RTV and LPV adsorbed by the UiO-67 (mg/g) at equilibrium,
V is the initial solution volume (L), and m is the mass of UiO-67 (g). It is noteworthy to
mention that each experiment was performed in triplicate and the reported values are the
average of three measurements.
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The adsorption process of RTV and LPV by solid adsorbents such as UiO-67 was
applied to the most used kinetic models: Lagergren pseudo-first-order model Equation (8)
and the pseudo-second-order Equation (9) [50,51]:

ln(qe − qt) = log qe − k1

2.303
t (8)

t
qt

=
1

k2qe2
+

1
qe

t (9)

where k1 (min−1) is the pseudo-first-order rate coefficient, k2 (g/(mg·min)) is the pseudo-
second-order rate coefficient, and qe and qt are the values of the amount absorbed per unit
mass mg/g at equilibrium and at any time t, respectively.

4.6. Real Water Samples

Five environmental water samples were used to evaluate the efficiency of UiO-67 in
the removal of lopinavir and ritonavir. The water samples include seawater, sewage water,
well water, tap water, and bottled water. The samples underwent filtration using a 0.45 L
Millipore filter paper and after that were kept in Teflon bottles at a temperature of 5 ◦C in
the dark.

5. Conclusions

This study investigated the adsorption of antiviral drugs such as RTV and LPV com-
pounds from aqueous solutions onto the metal–organic framework UiO-67. The adsorption
experimental findings show that the highest level of adsorption capacity for RTV and LPV
was (qe,exp) 9.9 mg/g, which was attained with an efficiency of 91.2% for RTV and 85.9%
for LPV using 50 mg of UiO-67 at a temperature of 298 K, pH 8, and duration time 120 min.
The adsorption of RTV and LPV on the UiO-67 MOFs followed the second-order-model
with R2 0.99, and the data depict that the adsorption capacity at equilibrium was 9.9 mg/g
(qe,calc), which is in good agreement with the experimental values (qe,exp). Moreover, the
rate-determining step of adsorption was mainly due to the liquid film diffusion, which
suggested the catalytic nature of the adsorption mechanism at the surface of the UiO-67
MOFs due to the interaction of the RTV and LPV molecules with the active sites present
on the UiO-67 surface. The adsorption was spontaneous, as indicated by the negative
values of the calculated free energy change, ΔG −6.9 kJ/mole. Generally, the negative
values of ΔG and the positive values of ΔH +24.2 kJ/mole endothermic nature and the ΔS
+39.5 KJ/mole suggested that the adsorption of RTV and LPV by UiO-67 process is one of
random disorder. The utilization of UiO-67 as an adsorbent has shown significant efficacy
in the removal of RTV and LPV from real environmental samples. Therefore, it is evident
that UiO-67 has high efficiency and adsorption capabilities as a composite material for the
removal of RTV and LPV from aqueous solutions. In future studies, UiO-67’s exhibited
potential as a promising adsorbent, capable of effectively facilitating the removal of diverse
components through the utilization of adsorption techniques, will be further studied.
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Abstract: Transition metal oxides show high activity while still facing the challenges of low mineral-
ization and poor durability in the ozone catalytic oxidation (OCO) of volatile organic compounds
(VOCs). Improving the oxygen mobility and low-temperature reducibility of transition metal oxides
was found to be an effective way to address the above challenges. Here, highly dispersed Ag was
added to Mn3O4 via the co-precipitation oxalate route, and the obtained Ag/Mn3O4 exhibited higher
mineralization and stability in benzene catalytic ozonation at room temperature. Compared to
Mn3O4, the concentration of CO2 formed from benzene oxidation over Ag/Mn3O4 was significantly
increased, from 585.4 ppm to 810.9 ppm, while CO generation was greatly suppressed to only one
tenth of its original value (194 ppm vs. 19 ppm). In addition, Ag/Mn3O4 exhibited higher catalytic
stability than Mn3O4. The introduction of Ag obviously improved the oxygen mobility and low-
temperature reducibility of Mn3O4. Moreover, the highly dispersed Ag also promoted the activity of
surface oxygen species and the chemisorption of benzene on Mn3O4. The above physicochemical
properties contributed to the excellent catalytic performance and durability of Ag/Mn3O4. This
research could shed light on the improvement in VOC mineralization via ozone catalytic oxidation.

Keywords: ozone catalytic oxidation; VOCs; Ag/Mn3O4; benzene mineralization

1. Introduction

Volatile organic compounds (VOCs), typically emitted from paint shops, oil refineries, etc.,
are considered precursors of photochemical smog and haze and could cause serious harm
to both humans and the eco-environment [1,2]. VOCs not only have a high potential to
form ozone and particulate matter (PM2.5) but also exhibit toxicity and carcinogenicity [3,4].
Therefore, the governments in many countries have implemented strict measures and
extremely low emission limits to control VOC pollution. Currently, there are various
treatment methods for VOCs, such as adsorption, catalytic oxidation, combustion, and
so on [5,6]. Among the numerous VOC removal technologies, ozone catalytic oxidation
(OCO) exhibited several advantages. For example, during the OCO process, O3 can be
decomposed into oxygen atoms and further transformed into a variety of powerful reactive
oxygen species (ROS), which can precisely and effectively react with the VOCs at near-room
temperature, thus ensuring energy efficiency and safety [7,8]. Consequently, OCO has been
extensively investigated for the removal of various types of VOCs, such as formaldehyde,
methyl mercaptan, dichloroethane, aromatic VOCs, etc. [9–12].
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Catalysts play an important role in the OCO of VOCs. In general, noble metal catalysts
such as Pt, Pd, and Rh always show excellent performance, but the high price and the
disadvantage of easy poisoning limit their practical application [13]. Compared to noble
metal catalysts, transition metal oxides (Mn, Co, Ni, etc.) show several advantages, such
as a preferential reducibility, abundant oxygen species, a high anti-poisoning ability, and
so on. Moreover, the cost of these transition metal oxides is also lower than that of noble
metals [14]. Therefore, transition metal oxides have been widely applied in the OCO
of VOCs.

Among the various transition metal oxides, MnOx usually exerts multiple manganese
oxidation states, resulting in fruit oxygen vacancies as well as strong low-temperature
reducibility, which are key factors for the redox steps of VOC ozonation [15,16]. Compared
to other MnOx such as Mn2O3 and MnO2, Mn3O4 was reported to facilitate the reactions
between VOC molecules and ozone to form surface-adsorbed oxygen atomic species, which
could be more easily and deeply oxidized [17]. However, Mn3O4 usually suffered from the
incomplete oxidation of VOC molecules, low ozone utilization, and severe instability, which
prevented its further application in OCO technology [18]. As a result, further research
should be conducted to improve both the catalytic activity and stability of Mn3O4.

It is widely accepted that the addition of another suitable metal could always promote
the catalytic activity and durability of single-metal oxides, which would be attributed to
the “electronic effect” and “geometric effect” [19,20]. Thus, many transition metals have
been introduced to modify the Mn3O4 in ozone decomposition, such as Cu, Fe, Ce, and so
on [21,22]. For example, Fu et al. found that the partial substitution of Mn by Fe in Mn3O4
could result in abundant oxygen species and active sites of Mn3+, thus greatly promoting
ozone decomposition [23]. Of all the transition metals, Ag has distinctive characteristics. It
has been reported that Ag-containing catalysts usually have quantities of active sites with
high activity in ozone decomposition or the OCO of VOCs [24]. In addition, the application
of Ag could also promote the chemisorption of VOCs, which is a crucial step in the OCO
process [10]. Therefore, Ag was introduced into manganese oxides, and the synthesized
Ag-Mn catalysts were applied to ozone decomposition. Xie et al. argued that the deposition
of Ag on Mn3O4 nanosheets noticeably improved the reducibility and generated more
highly active oxygen vacancies; thus, the obtained Mn3O4@Ag exhibited excellent and
stable catalytic performance in O3 decomposition [25]. Moreover, Liu et al. reported that
the OCO of VOCs involves ozone decomposition and the oxidation of VOC molecules [7].
Therefore, the higher catalytic performance of Ag/Mn3O4 in ozone decomposition also
indicated its potential in the OCO of VOCs.

In this paper, highly dispersed Ag was added to Mn3O4 via the co-precipitation
oxalate route, and the obtained Ag/Mn3O4 catalyst was then applied to the OCO of
benzene. The introduction of Ag greatly improved benzene mineralization, with much less
by-products, and the catalytic stability of Mn3O4 at room temperature, which was attributed
to the promoted oxygen mobility, enhanced low-temperature reducibility, activated surface
oxygen species, and enhanced chemisorption of benzene. This work provides us with a
new way to improve VOC mineralization with low by-products and catalytic durability in
the OCO of VOCs.

2. Results and Discussions

2.1. Crystal Phase and Textures of Mn3O4-Based Catalysts

The XRD patterns and N2 adsorption/desorption isotherms and pore size distributions
are shown in Figure 1. From Figure 1a, the Mn3O4, Ag/Mn3O4 somewhat showed the
same XRD patterns as standard cubic Mn3O4 (PDF # 18-0803) according to the analysis
results of Jade 6.5, indicating that Ag doping did not change the crystal phase of manganese
oxide. In addition, the diffraction peaks assigned to Ag or Ag2O could hardly be observed,
indicating the high dispersion of Ag in Mn3O4 [26].
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Figure 1. XRD spectra (a) and N2-adsorption/desorption isotherms (b), inset pore size distribution
curves) of the obtained catalysts.

The N2 adsorption/desorption isotherms of the two catalysts in Figure 1b are both
type IV with H3 hysteresis loops within a wide relative pressure range of 0.4–1.0, implying
the development of mesoporous structures after calcination [27]. Notably, Mn3O4 showed
a specific surface area of 385.2 m2·g−1, while Ag doping resulted only in a slight decrease
in the specific surface area of Ag/Mn3O4 (see Table 1). The results were beneficial to the
adsorption of ozone and benzene, and the higher specific surface area would also provide
more active sites to promote the OCO of benzene.

Table 1. Summary of BJH parameters of Mn3O4 and Ag/Mn3O4.

Sample
Specific Surface

Area/m2·g−1
Pore

Volume/cm3·g−1
Average Pore

Size/nm

Mn3O4 385.2 0.40 4.2
Ag/Mn3O4 372.4 0.44 4.8

Figure 2 shows the high-resolution TEM (HRTEM) image and high-angle annular
dark-field STEM images of Ag/Mn3O4, respectively. As shown in Figure 2b, the interplanar
spacings were 0.299 nm and 0.253 nm, which were very close to the (2 2 0) and (3 1 1) crystal
planes of Mn3O4 (PDF # 13-0162), respectively. Furthermore, the dispersion of Ag was
uniform, without any agglomeration, as shown in Figure 2b,d, which was in somewhat of
an agreement with the XRD results in Table 1. Summary of BJH parameters of Mn3O4 and
Ag/Mn3O4.

2.2. Surface Chemical Properties of the Obtained Catalysts

The surface chemical compositions, apparent element concentration and valence, and
oxygen species of the two samples were determined by the XPS technique. The Mn 2p, Ag
3d, and O 1s spectra of Mn3O4 and Ag/Mn3O4 are shown in Figure 3, and the quantitative
analysis results are summarized in Table 2.
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Figure 2. HRTEM image (a), HAADF-STEM image (b), and elemental mapping ((c): Mn, (d): Ag) of
Ag/Mn3O4.

 

Figure 3. XPS curves of Mn3O4 and Ag/Mn3O4 ((a): Mn 2p 3/2; (b): Ag 2d 5/2; and (c): O 1 s).

Table 2. Summary of the XPS analysis results.

Catalyst
Mn3+ Mn4+ Ag+ Oα Oβ + Oγ

BE/eV % BE/eV % BE/eV % §1 BE/eV % BE/eV %

Mn3O4 641.8 79.81 643.3 20.19 - - 529.8 66.1 531.2 33.9
Ag/Mn3O4 641.5 75.70 643.0 24.30 367.4 5.01 529.5 57.0 530.6 43.0

§1: The ratio of surface Ag+ to the total surface metal ions.
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As seen in Figure 3a, the asymmetric Mn 2p 3/2 spectra of the two catalysts can be
decomposed into two symmetric peaks ranging from 641.5 to 641.8 eV and from 643.0 to
643.3 eV, which should be attributed to the surface Mn3+ and Mn4+, respectively [28,29].
As shown in Table 2, Ag doping resulted in a higher proportion of surface Mn4+ compared
to Mn3O4, and the result was favorable for the formation of oxygen vacancies due to
the charge compensation principle [30]. Furthermore, the higher-valence manganese
ions were reported to be in the form of Mn4+-Osurf. (surface oxygen species) Lewis acid–
base pairs, which could efficiently activate O3 [14]. Notably, the Ag 3d 5/2 spectra in
Figure 3b show only one peak, centered at 367.4 eV, which could correspond to Ag+ [31].
As shown in Table 2, the surface ratio of Ag+ to Mnn+ was very close to the designed
value, indicating that the co-precipitation method via the oxalate route could make the
Ag uniformly dispersed in both the bulk and apparent phases. Ag or other noble metal
nanoparticles with higher surface energy often agglomerate and form large-sized particles
as a result of Ostwald ripening [32]. Considering the analysis results of XRD, HAADF-
STEM, and XPS, it can be concluded that Ag doping through the oxalate route could avoid
the formation of Ag agglomeration.

The O 1s XPS spectra of Mn3O4 and Ag/Mn3O4 shown in Figure 3c could be fitted with
two main symmetrical peaks, and the peaks centered at 529.5–529.8 eV should be surface
lattice oxygen species (denoted as Oα), while the peaks at 530.6–531.2 eV are assigned as
surface adsorbed oxygen species or oxygen vacancies (denoted as Oα) [33,34]. In addition,
the O 1s spectra of Ag/Mn3O4 also showed another peak centered at about 533.7 eV, which
was widely accepted as surface-adsorbed OH/oxy-carbonate species [35]. Noticeably, the
total amount of surface-adsorbed oxygen species/vacancies (including both Oβ and Oγ) of
Ag/Mn3O4 was larger than that of Mn3O4 displayed in Table 2, indicating that Ag doping
not only made the surface oxygen species more active but also increased the ratio of more
active adsorbed oxygen species. The above analysis results of the O 1s XPS spectra are
somewhat consistent with those of the Mn 2p XPS spectra. Many researchers have proven
that surface adsorbed oxygen species/vacancies and surface OH/oxy-carbonate species
are beneficial for both O3 activation and VOC catalytic oxidation [36,37]. Thus, we can
expect a satisfactory catalytic performance of Ag/Mn3O4.

2.3. Evolution of Oxygen Species and Reducibility of the Gained Catalysts

The evolution of the surface oxygen species of the two catalysts was investigated
by the O2-TPD technique, and the results are shown in Figure 4a. In general, the desorp-
tion of adsorbed oxygen species occurred at temperatures ranging from 200 to 400 ◦C,
while the surface lattice oxygen species usually desorbed at temperatures ranging from
400 to 600 ◦C [38,39]. For the Mn3O4 sample, the peak centered at 276 and 498 ◦C should
represent the desorption of adsorbed oxygen species and lattice oxygen species, respec-
tively. In comparison, the desorption peak of adsorbed oxygen species from Ag/Mn3O4
at 325 ◦C, with an obvious shoulder at 241 ◦C, indicated that the introduction of Ag into
Mn3O4 resulted in surface oxygen species with a higher reactivity. It is widely accepted
that active surface oxygen species would not only generate unsaturated chemical bonds
but also lead to unbalanced charges, which would ultimately make the decomposition of
ozone as well as the redox reactions occur more easily [40,41]. Since the surface oxygen
species of Ag/Mn3O4 showed a higher activity than that of Mn3O4, the former sample
would exert a better catalytic performance in the OCO of benzene.

The reducibility, which could be detected by the H2-TPR technique, played an im-
portant role in the catalytic oxidation of VOCs, and the H2-TPR curves of Mn3O4 and
Ag/Mn3O4 are shown in Figure 4b. The reduction of Mnn+ by H2 usually followed the
order of Mn4+→Mn3+→Mn2+ [42,43]. For sample Mn3O4, the first reduction peak at 275 ◦C
with a shoulder at 180 ◦C should represent the reduction of the Mn3+ located in the lat-
tice sites to Mn2+, and the latter peak, centered at 431 ◦C, could be assigned to the final
reduction of Mn3+ to Mn2+ [44]. With Ag doping, the reduction peaks of Ag/Mn3O4 were
shifted to lower temperatures compared to those of Mn3O4. In other words, the Ag/Mn3O4
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catalyst in this research exerted a much better low-temperature reducibility, bringing a
positive effect to the subsequent OCO of benzene.

Figure 4. O2-TPD (a) and H2-TPR (b) profiles of as-prepared catalysts.

2.4. Temperature-Programmed Surface Reaction on the Obtained Catalysts

To illustrate the activity of surface oxygen species and the adsorption/desorption
behavior of benzene on the as-prepared catalysts, the C6H6-TPSR technique was introduced,
and the profiles are shown in Figure 5.

 

Figure 5. C6H6-TPSR profiles of Mn3O4 (a) and Ag/Mn3O4 (b).

As shown in Figure 5, the desorption of benzene from Ag/Mn3O4 had a larger peak
than that of Mn3O4, which was inconsistent with their pore volumes in Table 1. The
CO2 was probably formed from the reaction between chemisorbed benzene and adsorbed
surface oxygen species, considering both the C6H6-TPSR process and the O2-TPD re-
sults [45,46]. Apparently, sample Ag/Mn3O4 showed a higher CO2 desorption but a lower
peak temperature than Mn3O4 under the N2 atmosphere, indicating that the surface oxygen
species of the former catalyst was more active than that of the latter. In addition, the intro-
duction of Ag also provided more active sites, which was beneficial for the chemisorption
of benzene [47]. Researchers have demonstrated that active surface oxygen species could
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easily react with VOC molecules and that the formed oxygen vacancies would be favorable
for ozone decomposition, which, in turn, would be beneficial for benzene ozonation [48].

2.5. Catalytic Performance of Benzene OCO

The performance of benzene OCO over the two obtained catalysts is shown in Figure 6,
and some important related data are summarized in Table 3.

 

Figure 6. Benzene conversion and concentrations of CO2, CO, and O3 as a function of time at 25 ◦C
and 70 ◦C, respectively ((a,b): Mn3O4; (c,d): Ag/Mn3O4).

Table 3. Summary of benzene OCO with two samples at 25 ◦C and 70 ◦C, respectively.

Sample

25 ◦C 70 ◦C

C6H6

rem./% §2
CO2

/ppm
CO

/ppm
Res.

O3/ppm
C6H6

rem./% §3
CO2

/ppm
CO

/ppm
Res.

O3/ppm

Mn3O4 91.8 585.4 194.7 270.2 99.8 1046.4 301.4 0
Ag/Mn3O4 97.4 810.9 19.2 67.2 99.8 1165.4 157.5 0

§2 The value was measured after the OCO of benzene lasted for 170 min at 25 ◦C. §3 The benzene removal efficiency
was detected after the OCO of benzene lasted for 70 min at 70 ◦C.

From Figure 6a,c, it can be seen that the benzene removal efficiencies over Mn3O4 and
Ag/Mn3O4 rapidly increased from 0 to nearly 100% but then gradually decreased to 91.8%
and 97.4% at 25 ◦C after 170 min (Table 3), respectively. This is because benzene can hardly
be completely mineralized by ozone at low temperatures, and some inorganic intermediates
would be formed during this process on the surface active sites, leading to the gradual
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deactivation of the catalysts [49]. According to Einaga et al., some intermediates such as
weakly bound formic acid and strongly bound formates (carboxylic acid) may be formed
and accumulated on Mn-based catalysts during the OCO of benzene, and some of the above
intermediates could be further oxidized to CO2 or CO at relatively higher temperatures [11].
With the consumption of these intermediates, the activity of the catalyst could be recovered,
and this would be consistent with the catalytic performance of the two samples in Figure 6.
Noticeably, Ag doping improved the catalytic activity and stability of Mn3O4, which might
have been due to the active oxygen species on Ag/Mn3O4 which could easily react with the
intermediates at low temperatures, and the results were in fair agreement with the O2-TPD
and XPS data. Consequently, more CO2 and much less CO as a by-product were generated
when Ag/Mn3O4 was applied (see Figure 6d), which might have been mainly due to more
active oxygen species, according to the O2-TPD and C6H6-TPSR results. In Table 3, we
can clearly see that the CO2 generation at 25 ◦C was about 585.4 ppm and 810.9 ppm with
Mn3O4 and Ag/Mn3O4, respectively, while CO production was suppressed to only one
tenth of the original value when the latter catalyst was used (19.2 ppm with Ag/Mn3O4
vs. 194.7 ppm with Mn3O4). That is to say, introducing Ag is beneficial for the complete
mineralization of benzene, while also reducing the formation of by-products.

When the temperature was increased to 70 ◦C, the benzene conversion rates recovered
rapidly to nearly 100%, and no deactivation was observed in the last 70 min (Figure 6a,c).
Moreover, the elevated temperature also favored the production of CO2 and CO, which
showed a sharp increase in the first 30 min and then decreased to stable, normal values.
The sharp peaks for both CO2 and CO were attributed to the oxidation of some organic
intermediates simulated in the catalytic oxidation of benzene at 25 ◦C [44]. The benzene
mineralization percentage for both samples at 70 ◦C in the last 60 min was very close to
100%, according to the data in Table 3, but Ag/Mn3O4 also showed higher CO2 produc-
tion and lower CO generation than Mn3O4. Meanwhile, nearly no O3 could be detected
in the outlet, further demonstrating that the two samples exerted a satisfying catalytic
performance at 70 ◦C.

Briefly, the Ag doping of Mn3O4 improved mineralization and durability in the OCO
of benzene at mild temperatures. CO2 production was promoted while CO generation
was noticeably suppressed when Ag/Mn3O4 was applied. Considering the above analysis
results of the catalysts’ characterization, it can be concluded that the highly dispersed Ag
in Mn3O4 resulted in more active oxygen species, which improved the oxygen mobility
and low-temperature reducibility of Mn3O4. Moreover, the active oxygen species were
also beneficial for the decomposition and activation of ozone, generating reactive oxygen
species which could easily and rapidly react with the benzene molecules or intermediates
on Ag/Mn3O4. As a result, the inorganic intermediates accumulated on the surface of
Mn3O4 were quickly and deeply oxidized with Ag doping. The above factors can likely
be attributed to the preferred mineralization and catalytic durability of Ag/Mn3O4 in the
OCO of benzene.

3. Experimental

3.1. Catalyst Preparation

Three reagents were used in this research without further purification. The manganese
nitrate solution (50 wt%, AR) and ammonium oxalate monohydrate (AR) were purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Silver nitrate (AR) was
purchased from Lingfeng Chemical Reagent Co., Ltd., Shanghai, China.

The MnOx and AgMn bimetallic catalysts were synthesized by the (co)precipitation
method. First, 3.58 g of manganese nitrate solution and 1.42 g of ammonium oxalate
monohydrate were diluted in 100 mL of deionized water. Then, the manganese nitrate
solution was added drop by drop to the oxalic acid solution while stirring, and the mixed
solution was stirred for another 30 min to ensure the complete precipitation of manganese
ions. Then, the mixed solution was filtered and washed three times with deionized water
and once with absolute alcohol. The filtered sediment was then dried at 80 ◦C overnight.
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Finally, the dried sediment was calcined at 250 ◦C for 5 h under static air, with a heating rate
of 2 ◦C·min−1. After calcination, the resulting catalyst was Mn3O4. The AgMn bimetallic
catalyst with a Ag/Mn molar ratio of 1:19 was obtained by the co-precipitation method.
The molar ratio of metal ions to oxalate ions was the same as that used in the preparation
of Mn3O4, and it was designated as Ag/Mn3O4.

3.2. Characterizations

The XRD patterns of the obtained catalysts were recorded using a Rigaku RINT 2200
system (Rigaku Co. Ltd., Sevenoaks, UK) with a Cu Kα radiation, and the 2θ ranged
from 10 to 80◦. In addition, N2 adsorption/desorption isotherms were performed using
a Micromeritics TriStar II, and the sample was degassed at 200 ◦C for 1 h prior to mea-
surement. High-resolution transmission electron microscopy (JEM-ARM200F, JEOL) was
used to determine the microstructures and interplanar spacings of the as-prepared samples.
Oxygen temperature-programmed desorption was carried out using a BELCAT-30 flow-
type catalyst analyzer (BEL JAPAN, Inc., Haradanaka, Toyonaka-shi, Japan); both obtained
catalysts were pretreated under Ar flow at 250 ◦C for 1 h before testing. In the O2-TPD
test, the atmosphere was changed to 5% O2/N2 when the pretreated catalyst was cooled
to r.t. The Ar flow was turned on again when the adsorption of oxygen on the pretreated
catalyst reached dynamic equilibrium. Finally, the data were recorded at a temperature
ranging from r.t. to 600 ◦C. The pretreatment of the catalyst during the H2-TPR test was
the same as that of O2-TPD. The H2-TPR signal was marked down when the Ar flow was
replaced by 5% H2/N2, and the operating temperature also ranged from r.t. to 600 ◦C.
X-ray photoelectron spectroscopy (XPS, AXIS UltraDLD, Kratos group, Spring Valley, NV,
USA) was used to determine the metal oxidation states, chemical composition, and surface
oxygen species of the as-prepared catalysts. In addition, a C6H6 temperature-programmed
surface reaction (C6H6-TPSR) was performed using FTIR (Perkin-Elmer, Spectrum 100,
Waltham, MA, USA), with a gas cell at a resolution of 4 cm−1.

3.3. Catalytic Activity Measurements

The catalytic performance test of the synthesized catalysts (40–60 mesh) was carried
out in a U-type quartz tube fixed-bed reactor with an inner diameter of 8 mm. In each
test, 100 mg of the selected sample was used and heated at 250 ◦C in simulated air for
1 h. The temperature was maintained at 25 ◦C for some time and then increased to
70 ◦C until the end of the test. The weight hourly space velocity (WHSV) in this research
was 60,000 mL·gcat

−1·h−1, and the reaction air flow was 100 mL·min−1, with an initial
benzene concentration of 200 ppm. The ozone was generated by a UV lamp, and the initial
concentration was 2200 ppm. The compositions (C6H6, CO, CO2, etc.) of the downstream
flow were analyzed online using an FTIR spectrometer (Perkin-Elmer, Waltham, MA, USA,
resolution of 4 cm−1) equipped with a gas cell (2 m path length), while the residual ozone
was measured using an ozone analyzer (EG-600, Ebara Jitsugyo, Japan). Prior to the tests,
the potential compositions were calibrated with standard C6H6, CO, CO2, etc. In addition,
the benzene removal efficiency, CO2 selectivity, and COx (CO2 + CO) selectivity were
calculated using the following equations [44]:

ηC6 H6 =
200 − CC6 H6

200
× 100% (1)

SCO2 =
CCO2

6 × (
200 − CC6 H6

) × 100% (2)

SCOx =
CCO2 + CCO

6 × (
200 − CC6 H6

) × 100% (3)

where CC6H6, CCO2, and CCO were the initial concentrations of benzene, CO2, and CO,
respectively, after the reaction became stabilized.
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4. Conclusions

Ag/Mn3O4 was synthesized by the co-precipitation oxalate route and applied to
benzene OCO. Ag doping greatly improved crucial physicochemical properties of Mn3O4,
such as better low-temperature reducibility, oxygen mobility, and surface active oxygen
species, and promoted the chemisorption of benzene. As a result, Ag/Mn3O4 exhibited
an excellent catalytic performance in the OCO of benzene at mild temperatures. For
example, CO2 generation was 585.4 ppm with Mn3O4, while it increased to 810.9 ppm
when Ag/Mn3O4 was used. Meanwhile, CO generation was strongly suppressed to one
tenth of its original value (194 ppm vs. 19 ppm). The addition of Ag species to Mn3O4 could
lead to higher benzene mineralization during the OCO process. Moreover, Ag/Mn3O4 also
exerted an improved catalytic durability, indicating that the surface intermediates oxidized
faster than those on Mn3O4.
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